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Preface

rity benefits has spurred research and investments in the development of alternatives
to petroleum, the dominant source of liquid transportation fuels. Because of its high
biomass (and oil productivity in some cases), algae and cyanobacteria (commonly referred
to as blue-green algae) frequently have been considered a promising renewable feedstock
for fuel production. We all were taught that petroleum and other fossil fuels formed on this
planet from plant remains that were compressed for millions of years at high temperatures.
It seems fitting that scientists would choose to study some of the most primitive life forms
to develop large-scale biofuel replacements for such fossil fuels. Algae have been grown
under a variety of conditions for the production of lipids and high-value products for sev-
eral decades. Two factors that influenced the consideration of algal biofuel production in
the past were the cost of a barrel of oil and the ability to cultivate algae and process them
into transportation fuel at a reasonable cost. The U.S. Department of Energy (DOE) had a
robust program to develop biofuels from algae from 1978 to 1996, when it was concluded
that algal biofuel would not be cost competitive with petroleum soon. Fast forward to 2012,
and with advances in genetics and engineering, we are back to the future in considering
whether algae can be an economic and sustainable alternative source of liquid transporta-
tion fuels. Could it be that use of algae to produce biofuels is the answer to becoming less
dependent on foreign oil?
At the request of DOE, the National Research Council (NRC) appointed a committee of
15 experts with diverse backgrounds and experience to examine the sustainability of algal
biofuels. The committee reviewed many scientific papers and government and industry
reports, and listened first hand to company representatives, academic experts, and govern-
ment agency program managers who deal with production of algal biofuels. The committee
also met three times and held regularly scheduled conference calls to deliberate and reach
agreement as to how to best address the charge from DOE to identify potential sustainability
concerns, mitigate environmental concerns, and identify indicators of sustainability and
metrics that could be used to monitor progress as the technology advances on several fronts.

The desire to develop energy sources that can provide greater environmental and secu-

ix
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In its consideration of the task, the committee examined the algal biofuel supply chain
from the characteristics of the species to the methods for cultivation and processing into
fuels. It separated the potential pathways for deployment into four basic scenarios and
used those scenarios to help assess the resource needs and environmental concerns result-
ing from the location and design of large-scale production. The outcome of the current
knowledge available through literature and discussion by the committee is this report on
sustainable development of algal biofuels. This report does not address economic analyses
or comparative life-cycle analyses. However, it provides a framework for assessing sustain-
ability as the DOE continues to invest in algal biofuel research and development.

I thank the committee members and NRC staff for the very stimulating and thought-
provoking dialogue and for their many contributions to the writing of this report.

Jennie C. Hunter-Cevera

Chair, Committee on Sustainable
Development of Algal Biofuels
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Summary

to meet the dual goals of improving energy security and decreasing greenhouse-

gas (GHG) emissions from the transportation sector in the United States. Biofuels
produced from microalgae and cyanobacteria! offer potential advantages over terrestrial
plant-based biofuels, such as high biomass productivity and the ability to grow in culti-
vation ponds or photobioreactors on non-arable lands using saline water or wastewater
sources. However, along with potential environmental and social benefits, production of
algal biofuels could result in significant resource inputs and in negative environmental and
other detrimental effects, as is true of all forms of energy production.

At the request of the Department of Energy, Office of Energy Efficiency and Renewable
Energy’s (DOE-EERE) Office of Biomass Program, the National Research Council (NRC)
convened a committee of 15 experts to examine the sustainable development of algal bio-
fuels. (See Appendix A for biographical sketches of committee members.) The purpose of
this study was to identify and anticipate potential sustainability concerns associated with a
selected number of pathways for large-scale deployment of algal biofuels, discuss potential
strategies for mitigating those concerns, and suggest indicators and metrics that could be
used and data to be collected for assessing sustainability across the biofuel supply chain to
monitor progress as the industry develops. (See Appendix B for the complete statement of
task.) In addition, the committee was asked to identify indicators that are most critical to
address or have the greatest potential for improvement through DOE intervention and to
suggest preferred cost-benefit analyses that could best aid in the decision-making process.

“Sustainable development is development that meets the needs of the present without
compromising the ability of future generations to meet their own needs.”? The sustainability

Domestic production of renewable fuels, including algal biofuels, has the potential

Referred to as algal biofuels hereafter. Cyanobacteria, historically known as blue-green algae, are prokaryotes
whereas algae are eukaryotes.

Definition from United Nations. 1987. Report of the World Commission on Environment and Development:
Our common future. Available online at http://www.un-documents.net/ocf-02.htm. Accessed August 21, 2012.

Copyright National Academy of Sciences. All rights reserved.
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2 SUSTAINABLE DEVELOPMENT OF ALGAL BIOFUELS

goals for developing algal biofuels are to contribute to energy security by providing domes-
tically sourced fuels, to maintain and enhance the natural resource base and environmental
quality, to produce fuel that is economically viable, and to enhance the quality of life for
society as a whole. Although economics is an important aspect of sustainability, this report
does not assess the economics or costs of algal biofuels, as specified in the statement of task.
Heterotrophic approaches? for algae cultivation are not considered in this report because
DOE-EERE considers the production of biofuel using heterotrophic algae a biochemical
pathway to convert another feedstock (a sugar source such as cellulosic biomass) rather
than a pathway that uses algae as a feedstock for fuels.

The intent of this report is to help anticipate the major sustainability concerns associ-
ated with resource use and the potential environmental and societal consequences if com-
mercial-scale algal biofuel production is widely deployed and to explore the opportunities
for mitigating the concerns. However, the ultimate productivity of algal biofuels, some of
their resource use and environmental concerns, and some strategies for mitigating the con-
cerns might affect the economic viability of algal biofuels. This report makes reference to
economics if there are synergies or trade-offs among economics, productivity, resource use,
and environmental effects. This report also discusses tools for assessing the multi-attribute
nature of sustainability of algal biofuels.

POTENTIAL SUSTAINABILITY CONCERNS

Assessing the sustainability of an algal biofuel requires an understanding of the indi-
vidual components that make up an algal biofuel production system. An algal biofuel pro-
duction system involves cultivating selected strain(s) of algae; collecting the biomass and
dewatering it, if necessary; and processing the algal lipid, biomass, or secreted products
into fuels and possibly other co-products. The production of fuels and energy from algae
is not an established industry and a variety of production systems have been proposed.
Figure S-1 is a simplified diagram that attempts to limit and group the potential steps in
the algal biofuel production pathway. Each row of the diagram details a processing step or
process option. Different combinations of cultivation and processing options have resulted
in more than 60 different proposed pathways for producing algal biofuels.

Based on a review of literature published until the authoring of this report, the commit-
tee concluded that the scale-up of algal biofuel production sufficient to meet at least 5
percent of U.S. demand for transportation fuels* would place unsustainable demands
on energy, water, and nutrients with current technologies and knowledge. However, the
potential to shift this dynamic through improvements in biological and engineering
variables exists.

For some system designs analyzed, the energy outputs of algal biofuels (and co-
products if they are produced) are less than the energy inputs for producing the fuel.
Estimated values for energy return on investment range from 0.13 to 3.33. The estimated

3Some algae can grow heterotrophically in the absence of light by taking up organic molecules (such as glucose)
as a source of carbon.

4U.S. consumption of fuels for transportation was about 784 billion liters in 2010. Five percent of the annual U.S.
consumption of transportation fuels, which would be about 39 billion liters, is mentioned to provide a quantita-
tive illustration of the water and nutrients required to produce algal biofuels to meet a small portion of the U.S.
fuel demand.

Copyright National Academy of Sciences. All rights reserved.
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Potential Variation in Each Step
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FIGURE S-1 Pathways for cultivating and processing algae to fuels and their products. Heterotrophic
routes are outside the scope of this analysis.

Products

consumptive use of fresh water for producing 1 liter of gasoline equivalent of algal biofuel
is 3.15 to 3,650 liters, depending on whether the algae or cyanobacteria need to be harvested
to be processed to fuels or if they secrete fuel products; whether fresh water, inland saline
water, marine water, or wastewater is used as a culture medium; the climatic condition of
the region if open ponds are used; and whether the harvest water from algae cultivation
is recycled. In other words, at least 123 billion liters of water would be needed to produce
39 billion liters of algal biofuels or an equivalent of 5 percent of U.S. demand for transporta-
tion fuels. The estimated requirement for nitrogen and phosphorus needed to produce that
amount of algal biofuels ranges from 6 million to 15 million metric tons of nitrogen and
from 1 million to 2 million metric tons of phosphorus if the nutrients are not recycled or
included and used in coproducts. Those estimated requirements represent 44 to 107 percent
of the total nitrogen use and 20 to 51 percent of total phosphorus use in the United States.

Sustainable development of algal biofuels would require research, development, and
demonstration of the following:

e Algal strain selection and improvement to enhance desired characteristics and
biofuel productivity.

e An EROI that is comparable to other transportation fuels, or at least improving
and approaching the EROIs of other transportation fuels.

* The use of wastewater for cultivating algae for fuels or the recycling of harvest
water, particularly if freshwater algae are used.

* Recycling of nutrients in algal biofuel pathways that require harvesting unless
coproducts that meet an equivalent nutrient need are produced.
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4 SUSTAINABLE DEVELOPMENT OF ALGAL BIOFUELS

Another resource that could pose a limit on the potential amount of algal biofuel that
could be produced is land area and the number of suitable and available sites for algae
cultivation. A number of site-specific factors—suitable topography, climate, proximity to
sustainable water supplies (whether fresh water, inland saline water, marine water, or
wastewater), and proximity to sustainable and economic nutrient supplies—would have
to be matched carefully with algal cultivation systems to ensure the successful and sustain-
able production of algal biomass for fuels. Although the use of inland saline water, marine
water, or wastewater has been suggested as a mitigation strategy for reducing freshwater
use, information on the depth and accessible volume of saline aquifers is lacking, and the
actual land area close to wastewater sources suitable for algae cultivation has not been as-
sessed. If the sites are near urban or suburban centers or coastal recreation areas, the price
of those lands could hinder their use for algae cultivation.

A national assessment of land requirements for algae cultivation that takes into ac-
count climatic conditions; fresh water, inland and coastal saline water, and wastewater
resources; sources of CO,; and land prices is needed to inform the potential amount of
algal biofuels that could be produced economically in the United States.

The potential environmental effects listed in Box 5-1 can be divided into three types:

¢ Effects that can be minimized or prevented by proper management of algal cultiva-
tion systems or mitigated by engineering designs—for example, accidental release
and seepage of culture water, waste products from algal biofuel production, and
mosquito-borne diseases.

¢ DPotential effects that have not been assessed or reported extensively in the
literature—for example, the effects of large-scale, open-pond algae cultivation on
terrestrial wildlife, natural ecosystems, and local climate; potential adverse effects
of genetically engineered algae; and presence of unknown or unidentified toxins.
Large investments into researching these topics might not be necessary at this early
stage of development, but some preliminary assessment now and periodic moni-
toring as the industry develops would be prudent.

e Effects that need to be assessed for each pathway for algal biofuel production or
considered carefully before deployment of algal biofuels—for example, potential
land conversion and its effects on GHG emissions; net GHG emissions; air emis-
sions; and safety and nutritional quality of feedstuff coproducts if a pathway relies
heavily on coproduct production to achieve high EROI, economic viability, or low
resource use.

INNOVATION POTENTIAL

Algal biofuels have the potential to contribute to improving the sustainability of the
transportation sector, but the potential is not yet realized. Additional innovations that re-
quire research and development are needed to realize the full potential of algal biofuels.

The use of algae offers the potential for sustainability benefits over petroleum-based
fuels. The potential benefits stem from the ability to produce algal biofuels domestically, the
inherently high photosynthetic productivities of algae relative to terrestrial plants, the use
of alternative water sources to reduce the freshwater requirement, the ability to use non-
arable lands, and the potential to remediate wastewater and use it as a nutrient and water

Copyright National Academy of Sciences. All rights reserved.
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Box S-1
Potential Sustainability Concerns for
Large-Scale Development of Algal Biofuels

This report identifies the following resource use and environmental effects as potential sustainability
concerns for large-scale development of algal biofuels. The concerns of high importance are the ones
that have to be addressed, if they are not being addressed already, for a sustainable development of algal
biofuels. The concerns of medium importance generally reflect the ones that require some assessment
or monitoring to ensure that they do not present serious sustainability concerns. The concerns of low
importance are ones that are likely avoidable with proper management and good engineering designs.

Concerns of High Importance

e The quantity of water (whether fresh water or saline water) required for algae cultivation and the
quantity of freshwater addition and water purge to maintain the appropriate water chemistry. Mainte-
nance of water level and quality in open-pond systems or evaporative loss of cooling water if it is used
to maintain temperature in photobioreactors could be a concern because of the potential for high net
evaporative losses, particularly in arid regions where solar resources are most suitable for cultivation.

* Supply of the key nutrients for algal growth—nitrogen, phosphorus, and CO,. Nutrient sources
can include virgin sources and waste streams such as flue gas. Preparation and transport of these
waste streams for reuse, nutrient recycling, production of coproducts, and fossil inputs required to
produce necessary nutrients all affect the energy return and GHG emissions.

* Appropriate land area with suitable climate and slope, near water and nutrient sources (for example,
a stationary source of CO, such as a coal-fired power plant or a wastewater source such as munici-
pality, industry, or agriculture).

e Energy return on investment. Algal biofuel production would have to produce sufficiently more
energy than is required in cultivation and fuel conversion to be sustainable.

e GHG emissions over the life cycle of algal biofuels. Algal biofuel production would have to produce
a GHG benefit relative to other fuel options such as fossil fuels. Yet, estimates of life-cycle GHG emis-
sions of algal biofuels span a wide range, and depend on many factors including the source of CO,,
and the disposition of coproducts.

Concerns of Medium Importance

* Presence of waterborne toxicants in cultivation systems that use flue gas as a source of CO, or
wastewater as a source of culture water and nutrients, particularly if fertilizers or feedstuff are to be
produced as coproducts.

e Effects from land-use changes if pasture and rangeland are to be converted to algae cultivation.
Displacing pasture and rangeland could incur direct and indirect land-use changes (ILUC) that
would affect the net GHG emissions of algal biofuels.

* Airquality emissions over the life cycle of algal biofuels. Emissions from the processing facilities
and tailpipe emissions will be regulated. The committee is not aware of any published studies that
include measured emissions of air pollutants from open-pond cultivation.

* Potential effects on local climate. The introduction of large-scale algal cultivation systems in arid or
semi-arid environments could alter the local climate of the area by increasing humidity and altering
temperature extremes.

* Releases of cultivated algae to natural environments and potential alteration of species composition
in receiving waters.

e Effects on terrestrial biodiversity from changing landscape pattern as a result of infrastructure devel-
opment for algal biofuels.

e Potential adverse effects and unintended consequences of introduction of genetically engineered
algae for biofuel production.

e Waste products from processing algae to fuels.

e Potential presence of pathogens if wastewater is used for algae cultivation.

* Potential presence of unknown, unidentified, or unexpected algal toxins.

continued
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Box S-1 Continued

Concerns of Low Importance

e Accidental releases of culture water and infiltration of nutrients and chemicals into soil or surround-
ing water.

e Seepage of culture water into the local groundwater system if clay-lined ponds are used or if plastic
liners are breached through normal weathering or from extreme weather events.

e Potential presence of mosquitoes and mosquito-borne diseases around poorly managed open
ponds.

source. If algal biofuels are to contribute a significant amount of fuels for transportation,
the following are needed:

Improvements in the algal strains used.
Testing additional strains for desired characteristics.

® Advancements in the materials and methods used for algae cultivation and for
processing algal biomass into fuels.

¢ Reductions in the energy requirements for cultivation, algae collection, and pro-
cessing to fuels.

Algal strain development is needed to enhance traits that contribute to increasing fuel
production per unit resource use, reducing the environmental effects per unit fuel pro-
duced, and enhancing economic viability. Improvements in biomass or product (lipid,
alcohol, or hydrocarbons) yield, culture density, nutrient uptake, ease of harvest, and
photosynthetic efficiency are some of the improvements that would improve sustain-
ability of algal biofuels.

The strains used for large-scale algal biofuel production are being improved through
selection and genetic approaches. Breakthroughs and innovations in areas such as increas-
ing the capability of algae to use nutrients efficiently or engineering designs to reduce pro-
cessing requirements have the potential to greatly improve the energy balance and enhance
the overall sustainability of algal biofuels.

Engineering solutions to enhance algae cultivation, to facilitate biomass or product
collection, and to improve processing of algae-derived fuels can increase the EROI and
reduce the GHG emissions of algal biofuel production.

Lipid collection and conversion have dominated algal biofuel development for several
decades. Processing improvements to reduce energy requirements and increase productiv-
ity continue to be proposed. Whole-cell processing of algae into fuels also has been investi-
gated. Innovations focused on reducing energy use, nutrient requirements, water use, and
land use are necessary for the sustainable development of algal biofuels. These innova-
tions may require algal strain improvements, engineering solutions to improve hardware
required for fuel production, and the interplay of the two.
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A FRAMEWORK TO ASSESS SUSTAINABLE DEVELOPMENT

Given the multiple resource requirements and potential environmental effects, specific
sustainability concerns cannot be viewed in isolation from others. Any one life-cycle assess-
ment (LCA) for a single resource use or environmental effect is insufficient to determine
the overall sustainability of an algal biofuel production system. Challenges arise regarding
how to assess the overall environmental sustainability of algal biofuels holistically and
how to balance the environmental objectives against the economic and social objectives
of sustainable development. An overall and comparative assessment of sustainability is
complicated by the fact that some sustainability objectives can be estimated on the basis of
mass balance or engineering principles and compared across systems—for example, nutri-
ent budgets, energy balances, and GHG emissions—while others are region specific. Other
sustainability objectives are specific to region and maybe species, and the environmental
effects in one region might not be directly comparable to another—for example, land-use
change (LUC) and biodiversity.

The committee proposes a stepwise framework (Figure S-2) to aid DOE in its decision-
making process that would help ensure sustainable development of algal biofuels. The
framework uses a variety of tools for assessing overall sustainability including LCAs that
integrate a particular aspect of sustainability through the supply chain, cumulative impact
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Assess energy balanceand | . Energy balance Life-cycle
GHG emissions GHG emissions assessment
\_ Y. \ . \ W,
m
g v
< N 4 ) 4 )
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FIGURE S-2 A potential framework for assessing sustainability of algal biofuels during
different stages of development.
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analyses that examine the cumulative effects of a resource use or an environmental effect
of algal biofuel production in addition to the existing activities in the production area, and
cost-benefit analyses that integrate the monetized environmental costs of algal biofuel pro-
duction with the monetized environmental benefits.

Determining the sustainability of algal biofuel production requires comparisons with
fuels being used today to assess whether substituting algal biofuels for an existing option
contributes to improving sustainability. The framework starts with assessing two of the
primary goals for developing alternative liquid fuels—improving energy security and
reducing GHG emissions. To be a sustainable source, any fuel produced needs to return
more energy in use than was required for its production; therefore, EROI is a logical first
step for assessment. Some authors suggest an EROI of less than 3 for any fuel to be consid-
ered unsustainable. Therefore, the EROIs of algal biofuels at least have to show progress
toward a value that is within the range of EROIs of other transportation fuels. Ideally, the
alternative fuel that is replacing petroleum-based fuels will improve energy security and
contribute to reducing GHG emissions.

If algal biofuels show promise for achieving these two goals, then a few variables that
reflect commonly agreed-upon sustainability objectives and that can be estimated from
mass balance and engineering principles are assessed. For example, nitrogen and phospho-
rus inputs and freshwater use are sustainability objectives that can be assessed using LCAs.
Avoiding competition for these resources between food and fuel production is a commonly
agreed-upon objective. The estimated EROI, GHG emissions, nutrient, and freshwater
requirements would have to be reassessed once the likely locations of deployment are
determined. Then the productivities of algal feedstocks and fuel products and any poten-
tial land-use changes can be estimated with increased certainty, and the precision of the
estimated resource requirements and GHG emissions can be improved. When the industry
is further along in its development, direct measurements can be made in operating algal
biofuel production systems to verify estimates. In addition, progressively comprehensive
and regional assessments that include other variables can be made.

Though some resource use or emissions can be estimated quantitatively, some bio-
logical effects (for example, biodiversity) or the impact of some environmental effects (for
example, air-quality emissions and water use) are location specific. For example, water use
(coastal or inland saline water or fresh water) can be estimated over the life cycle of biofuel,
but the effect of the water use has to be put into the context of regional availability. The
effect of algal biofuel production on biodiversity cannot be assessed unless the specific lo-
cation of deployment and the species present there are known. Some of these effects might
be easily quantifiable. Other effects might require research and data collection before the
effects can be understood and quantified.

The resource requirements and environmental effects also have to be assessed in the
context of existing activities at the sites where algal biofuel production systems are to be
developed. As the algal biofuel industry develops, the ability of different pathways for algal
biofuel production to meet and balance productivity of fuel with the other environmental,
economic, and social sustainability goals has to be assessed in a holistic manner. Such as-
sessment by itself does not inform whether algal biofuels would contribute to improving
sustainability of the transportation sector.

The environmental, economic, and social effects of algal biofuel production and use have

to be compared with those of petroleum-based fuels and other fuel alternatives to de-
termine whether algal biofuels contribute to improving sustainability. Such comparison
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will be possible only if thorough assessments of each step in the various pathways for
algal biofuel production are conducted.

Given the four aspects of sustainability and the multiple goals within each aspect, a
participatory approach is necessary to develop a collective vision of the importance of
various sustainability objectives relative to each other. An approach that involves different
stakeholders (for example, algal biofuel producers, fuel consumers, environmental groups,
and residents near areas to be developed for algae cultivation or biofuel refinery) from the
beginning of a sustainability assessment would help ensure that trade-offs among sustain-
ability goals would be acceptable to the various parties.

CONCLUSIONS

This report identified EROI; GHG emissions; water use; supply of nitrogen, phospho-
rus, and carbon dioxide; and appropriate land resources as potential sustainability con-
cerns of high importance. The committee does not consider any one of these sustainability
concerns a definitive barrier to sustainable development of algal biofuels because mitiga-
tion strategies for each of those concerns have been proposed and are being developed.
However, all of the key sustainability concerns have to be addressed to some extent and in
an integrative manner. Therefore, research, development, and demonstration are needed
to test and refine the production systems and the mitigation strategies for sustainability
concerns and to evaluate the systems and strategies based on the sustainability goals if
the promise of sustainable development of algal biofuels has any chance of being realized.
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1.1 INTEREST IN ALGAL BIOFUELS

States for decades. Until the 1960s, domestic production of these fuels met the vast

majority of the nation’s demand. U.S. oil production peaked in the 1970s, but demand
continued to grow. The desire to reduce reliance on foreign oil imports and to improve
energy security sparked interests in research and development (R&D) of alternative fuels.
In 1978, the U.S. Department of Energy’s (DOE) Office of Fuels Development initiated the
Aquatic Species Program whose goal is to produce renewable transportation fuels from
algae (Sheehan et al., 1998). That program furthered the understanding of algae’s potential
as a feedstock for fuel through its development and characterization of a large collection
of oil-producing algae, its research to improve understanding of the biological triggers for
enhancing oil production in algae, and its work on demonstrating open-pond systems for
large-scale algae cultivation (Sheehan et al., 1998). Biofuels derived from algae and cyano-
bacteria! were considered a promising alternative fuel for improving energy security for
the following reasons:

P etroleum-based fuels have been the primary type of transportation fuel in the United

¢ Microalgae, macroalgae,? and cyanobacteria convert solar energy to chemical en-
ergy for their growth and development through the process of photosynthesis.
Some species also can be grown in heterotrophic conditions, where an exogenous
source of organic carbon is provided.

ICyanobacteria, also called cyanoprokaryotes, were historically known as blue-green algae. For simplicity,
biofuels derived from macroalgae, microalgae, and cyanobacteria grown under photosynthetic conditions all are
referred to as algal biofuels.

2Macroalgae are multicellular algae that lack true roots and leaves. Macroalgae are found in fresh water and
marine water, soil, and growing on other organisms.

11
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®  Unicellular algae and cyanobacteria have the advantage of being able to complete
a reproductive cycle in a matter of hours or a few days. Therefore, they can be har-
vested on a daily or weekly basis.

¢ The oil productivity of many species of algae exceeds that of oil crops (Patil et al.,
2008).

During its two decades of operation, the Aquatic Species Program built a collection
of more than 3,000 species of oil-producing microalgae (Sheehan et al., 1998). Program
research shed light on algal physiology and biochemistry and the relationship between oil
content in cells and algal productivity. Efforts also were made to demonstrate the feasibility
of large-scale cultivation of algae in open ponds (Sheehan et al., 1998). The Aquatic Species
Program was terminated in 1996 when DOE was under budget pressure. At that time, the
price of oil was less than $20 per barrel (EIA, 1999). In contrast, a technoeconomic analysis
conducted in 1982 estimated algal biofuels would cost about $60 per barrel of oil equivalent
under an optimistic scenario and about $120 per barrel of oil equivalent under a conserva-
tive scenario (Benemann et al., 1982).

Volatile oil prices observed from 2000 to the present renewed interests in alternative
fuels. In addition, mounting evidence of global climate change raised concern over the
carbon footprint of using fossil fuels. Greenhouse gases (GHG)—such as carbon dioxide
(CO,), nitrous oxide, and methane—are heat-trapping gases that produce a warming effect
on the Earth’s atmosphere. CO, emissions from burning of fossil fuels account for a large
portion of GHG emissions (NRC, 2011a). In the United States, the use of petroleum-based
fuel in the transportation sector accounted for 30 percent of the nation’s CO, emissions in
2009. Although using algal biofuels for transportation would produce tailpipe emissions
comparable to those from using petroleum-based fuels, algae and cyanobacteria take up
CO, during growth and thereby offset some of the CO, emissions (Brune et al., 2009). In
addition, the net impact on CO, emissions also depends on the quantity of fossil fuels used
throughout the algal biofuel production pathway. Life-cycle assessment (LCA), discussed
later in this chapter, attempts to account for and aggregate the energy requirements and
CO, impacts over the whole production pathway.

Domestic production of renewable fuels including algal biofuels has the potential to
meet the dual goals of improving energy security and decreasing GHG emissions from
the transportation sector. However, a dramatic decrease in foreign oil importation and
reduction in GHG emissions in the United States will require the production and use of
multiple alternative transportation fuels. Biofuels produced from algal feedstock could be
one of the alternatives. The number of startup companies working on the development of
algal biofuels has been increasing, and some oil companies are investing in algal biofuels
(Mascarelli, 2009; Mouawad, 2009). The U.S. military is interested in substituting part of
its fuel use with renewable energy sources including algal biofuel (Physorg.com, 2010),
and the Defense Advanced Research Projects Agency funded projects for developing tech-
nologies to produce affordable algal biofuels (Lundquist et al., 2010). Given the interest in
algal biofuels, the DOE Energy Efficiency and Renewable Energy’s (DOE-EERE) Office of
Biomass Program (OBP) held a workshop in 2008 “to discuss and identify the critical barri-
ers currently preventing the economical production of algal biofuels at a commercial scale”
(DOE, 2010). DOE and private companies are actively investing in R&D for algal biofuels
to resolve technical barriers, improve feasibility of large-scale production, and reduce costs.
In addition to developing production technologies, any developing industry also needs to
consider sustainability. Addressing sustainability concerns and challenges as the industry
develops can help ensure its success well into the future. Ignoring sustainability at the
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BOX 1-1
Statement of Task

The committee is tasked to examine the promise of sustainable development of algal biofuels, identify
potential concerns and unforeseen sustainability challenges and unintended consequences for a range of
approaches to algal biofuel production, explore ways to address those challenges, and suggest appropri-
ate indicators and metrics that can inform future assessments of environmental performance and social
acceptance associated with sustainability. Although economics is an important aspect of sustainability, the
study will not assess costs of algal biofuels. Algal biofuel production approaches and technical systems
are still emerging, and facilities have not reached commercial scale. Public data on the economics of algal
biofuel production is sparse. Therefore, it is premature for the committee to conduct generalized economic
analyses of algal biofuels.

The committee will:

e |dentify the potential sustainability concerns for commercial production (including larger centralized
and smaller distributed facilities) of algal biofuels associated with a selected number of different
pathways of biomass production and conversion. Potential concerns to be addressed could include
the availability and use of land, water, and nutrient resources; human health and safety associated
with feedstock cultivation and processing; potential toxicity associated with algal metabolites and
their adverse impacts on downstream coproducts, and other impacts that are of social and envi-
ronmental concern.

e |dentify information or data gaps related to the impacts of algal biofuel production.

e Suggest indicators and metrics to be used to assess sustainability concerns across the algal biofuel
supply chain and data to be collected now to establish baseline and to assess sustainability. ldentify
indicators that are most critical to address or have the greatest potential for improvement through
DOE intervention. This input will inform DOE-EERE OBP'S broader analysis of biofuels and bioenergy
sustainability.

® Using selected approaches as illustrations, discuss whether any, or combinations of, the identified
challenges could present major sustainability concerns. Are there preferred cost and benefit analyses
that could best aid in the decision-making process, and could those decisions be performance based
and technology neutral?

outset might exacerbate the sustainability issues for future generations and make it difficult
for an industry to successfully scale-up (Azapagic and Perdan, 2000).

At the request of DOE-EERE’s OBP, the National Research Council (NRC) appointed
an independent committee to examine the sustainable development of algal biofuels. (See
Appendix A for committee membership.) The purpose of this study is to identify and an-
ticipate sustainability concerns associated with large-scale deployment of algal biofuels,
discuss potential mitigation strategies, and suggest indicators and metrics that could be
used and data that could be collected to evaluate sustainability across the biofuel supply
chain to monitor progress as the industry develops (Box 1-1).

1.2 SUSTAINABLE DEVELOPMENT OF BIOFUELS

1.2.1 Defining Sustainable Development

“Sustainable development is development that meets the needs of the present with-
out compromising the ability of future generations to meet their own needs” (United
Nations, 1987). Most definitions of sustainability include and integrate an economic, an
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environmental, and a social dimension (Hammond, 2000; IISD, 2011; United Nations, 2011).
A recent NRC report identified four key societal sustainability goals for agriculture. Those
goals are:

“Satisfy human food, feed, and fiber needs, and contribute to biofuel needs.
Enhance environmental quality and resource base.

Sustain the economic viability of agriculture.

Enhance the quality of life for farmers, farm workers, and society as a whole.”
(NRC, 2010b; p.23)

In the context of algal biofuels, the goals of sustainable development can be framed as
follows:

¢ Contribute to energy security, particularly the domestic supply of transportation
fuel.
Maintain and enhance the natural resource base and environmental quality.
Produce fuel that is economically viable.

¢ Enhance the quality of life for society as a whole.

The four aspects of sustainability are interconnected in many ways, some of which are
synergistic or mutually reinforcing, others of which might involve tradeoffs among goals.
An example of synergy could be technological improvements in algae and cyanobacteria
production and in processing the biomass to fuels. Those improvements would enhance
fuel yield, contribute to energy security, increase resource use efficiency, and reduce cost
of production, and therefore contribute to transportation fuel needs and improve environ-
mental, economic, and social sustainability. An example of a tradeoff could be pollutant
management, which would contribute to maintaining environmental quality and minimiz-
ing human-health impacts but could add to the cost of production.

1.2.2 Components of Sustainable Biofuel Development

As in the case of plant-based biofuels (NRC, 2011b), algal biofuels could provide op-
portunities to improve energy security, reduce GHG emissions, and maintain and enhance
the resource base and environmental quality, but their production also could raise sustain-
ability concerns. Whether those opportunities will be realized depends on how the industry
develops. It is prudent to consider potential sustainability concerns that might arise and
to avoid or mitigate them as the industry develops. Sustainability of plant-based biofuels
has been discussed, and criteria for assessments have been developed by various entities
over the past decade (ESA, 2008; Markevicius et al., 2010; NRC, 2010a,c). Examples of sus-
tainability criteria are shown in Table 1-1. Many of the sustainability criteria apply to algal
biofuels.

1.2.2.1 Energy Security

Whether and how much algal biofuels would contribute to energy security depends in
part on the resources (for example, land and water) available for algal biofuel production,
the productivity of algae cultivation, the yield of the processing of algae to fuel, and the
ability to integrate the various components of algal biofuel production into one functional
system and to scale it up. Resource limitations bound how much algal biofuel could be
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TABLE 1-1 Examples of Sustainability Criteria Used to Evaluate Plant-Based Biofuels.

Sustainability Criteria

Explanation

Economic

e Cost of production

® Economic development
e Fiscal effects

¢ Employment

Resource Use and Environmental
¢ Energy balance

® Resource use including land and water

e Pollutant emissions including GHG and
criteria pollutants

¢ Biodiversity

Social
¢ Competition for resources being used for
other human activities

e Cultural acceptability
¢ Visual impacts

Cost competitiveness with respect to other fuel alternatives.
Effects on the standard of living and economic health.
Effects on fiscal balances.

Employment creation.

Energy output in fuel per unit of energy input to make the fuel
over its life cycle.

Land and water requirements to produce one unit of fuel.
Emissions (for example, CO, and sulfur oxides) over the life
cycle of one unit of fuel.

Effects on ecological species and communities (for example,
habitat destruction or enhancement).

Effects of resource use (for example, water and nutrients) for
biofuel production on other activities (for example, farming
food crops and animals).

Acceptability of the effects of biofuel production.

Perception of landscape aesthetics.

e Health effects Effects of emissions (for example, air-quality emissions) on

human health.

produced, but technological progress could enhance the productivity of algal feedstock
and fuel yield.

1.2.2.2 Economics

Cost of production is an important aspect of sustainable development that applies to
all nonpetroleum-based alternative fuels including algal biofuels. Alternative fuels are not
likely to penetrate the fuel markets if they are much more expensive for consumers than
other fuel alternatives (NRC, 2008, 2011b). Although government policies and subsidies can
facilitate and accelerate the market penetration of biofuels, the biofuels eventually would
have to become economically viable without subsidy. Brazilian ethanol was heavily subsi-
dized when Brazil’s National Alcohol Program was initiated, but the government subsidies
gradually were phased out in the 1990s. Sugar-cane ethanol has been economically viable
in Brazil since 2003 (Solomon, 2010).

As discussed in Box 1-1, the committee was not asked to analyze costs of algal biofuels.
Published estimates for costs of algal oil and algal biofuels span a wide range of about $1-
$25 per gallon (Williams and Laurens, 2010; Gallagher, 2011; and references cited therein).
The wide range reflects a number of factors including when the estimate was made. The
cost estimates reported in the literature were not in constant dollars and therefore are not
directly comparable. Some cost estimates were for algal oil before upgrading to fuels. A
wide range of technologies could be used in an algal biofuel production system resulting
in varying costs. This range in estimated costs reflects the immaturity of algal biofuel pro-
duction and the uncertainties associated with a developing industry (Williams and Lau-
rens, 2010). It is still premature to analyze and draw any conclusions about the economic
sustainability of algal biofuels, particularly when costs likely will decrease with ongoing
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technological developments. Although this report does not address costs of algal biofuels,
it makes occasional reference to economics if there are known critical synergies or tradeoffs
between economics, productivity, resource use, and environmental effects.

1.2.2.3 Resource Use and Environmental Effects

Land, water, and nutrients are required for cultivating plants and algae. Cropland acre-
age in the United States has been decreasing in the past few decades (Nickerson et al., 2011),
and the water levels of some aquifers used for irrigated agriculture have been declining
(NRC, 2001). Nutrient runoff from row-crop agriculture into surface water and its environ-
mental effects has raised concerns (NRC, 2009). Some of these concerns for resource use
and availability and for the environment might be alleviated by developing algal biofuels
because the production of algae and cyanobacteria biomass does not require high-quality
land resources, as in the case of the production of sugar cane or corn for ethanol, and soy-
bean or other oilseeds for biodiesel (Schenk et al., 2008). Algae and cyanobacteria can be
grown in saline waters or nutrient-rich wastewater that is not suitable for agriculture or
human consumption (Woertz et al., 2009; Bhatnagar et al., 2010; Chinnasamy et al., 2010;
Craggs et al., 2011). In addition, enriching algae and cyanobacteria cultures with CO, and
other nutrients helps maximize photosynthetic algal biomass production on a large scale.
One suggestion is to co-locate algal biomass production sites with stationary industrial CO,
emission sources like fossil fuel-fired power plants to integrate the plant CO, emissions
with the algal cultivation system. Another suggestion is to locate algal biomass produc-
tion facilities near wastewater sources, such as municipal wastewater treatment plants.
Algae cultivation systems can use the nutrients present in wastewater that has undergone
primary or secondary treatment thereby serving as a nutrient removal component of waste-
water treatment. An important issue then to assess is the number of potential sites for algae
cultivation that are near both a source of CO,, such as fossil-fired power plants, and a source
of nonpotable water, such as wastewater or saline water. Resource use and maintaining
the quality of the natural resource base necessary for developing algal biofuels will play a
role in the sustainable development of algal biofuel. This report focuses on the sustainable
development of algal biofuels with respect to resource use and effects on the environment.

1.2.2.4 Social Well Being

Although biomass production of algae and cyanobacteria is not likely to compete for
high-quality arable land with crops, there could be social concerns about land use that
need to be considered in the development of algal biofuels. For example, situating algae
and cyanobacteria biomass production in the U.S. desert Southwest could be perceived
as a good use of low-value land by some, but as an intrusion into pristine land by others.
Similarly, the use of genetically engineered organisms in production systems could affect
social acceptability. This report discusses how the resource use and environmental effects
of large-scale algal biofuel production could affect the social acceptability of algal biofuels.

1.2.3 Sustainability of Transportation Fuel

The preceding section mentioned some potential sustainability concerns for large-scale
development of algal biofuels (which will be discussed in detail in later chapters along with
opportunities to mitigate them), but the sustainability of algal biofuels cannot be viewed
in isolation and needs to be put into the broader context of the transportation-fuel sector
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for two reasons. First, there is not one alternative fuel that can replace all the petroleum-
based fuels used in U.S. transportation. Few options are available to reduce petroleum
use (NAS-NAE-NRC, 2009), and algal biofuels could become a future option for reduc-
ing petroleum use and GHG emissions from the transportation sector. Second, every fuel
source has its positive and negative effects on the resource base or other aspects of the
environment. Therefore, the overall sustainabilities of different fuels have to be compared
to assess whether replacing one fuel with another would contribute to improving sustain-
ability. Therefore, the committee cautions that the report is not to be read as a mere list of
sustainability concerns, but as a discussion of resource use and environmental effects that
need to be compared with those of other fuels to see which fuel option is more sustainable
or better balances the various sustainability objectives.

1.3 TOOLS AND METHODOLOGIES FOR ASSESSING
SUSTAINABLE DEVELOPMENT OF ALGAL BIOFUELS

This section presents a brief overview of the tools and methodologies used for assessing
the sustainability of algal biofuels in this report. The objective here is not to provide results
from the application of these methodologies to algal biofuels, but to provide a brief descrip-
tion of the approaches used in this report and how they help meet the overall objectives
of providing indicators and approaches to measuring the sustainability of algal biofuels.
It focuses on several basic concepts: the systems analysis framework, indicators of sus-
tainability, LCA, and futures or scenario analysis. Indicators are repeated measurements,
observations, or model results that “are used to represent or serve as proxies for impacts
of outcomes of concerns” (NRC 2010b, p.32). LCA and futures analysis are methodologies
for estimating resource use and environmental effects. Systems analysis is an integrating
conceptual approach for evaluating impacts of algal biofuels.

1.3.1 Systems Analysis Framework

As Holmes and Wolman (2001) have pointed out, the systems analysis approach em-
phasizes the development of comprehensive strategies and impact assessments by inte-
grating all “critical physical, biological, socioeconomic, and engineering processes and
constraints into a unified framework” (Figure 1-1). Typically quantitative models are used
to define the most effective outcome or tradeoffs among multiple outcomes for a given set
of system inputs. Historically, the application of this methodology involved “elucidating
the objective(s) in the solution, developing a comprehensive description [of the system],
formulating alternative solutions, and [quantitatively] analyzing the alternatives with re-
spect to the magnitude and distribution of their consequences” (Holmes and Wolman, 2001,
p- 177). The systems analysis framework is particularly applicable to algal biofuels. Of all
of the current renewable energy alternatives, biofuels derived from algae and plant-based
resources represent one of the most complex systems integration challenges. Part of the
complexity is due to the diverse set of feedstocks, and logistical and conversion technolo-
gies that designers of bioenergy systems can select from as major components of a biofuel
industrial ecology. In addition, many of these technologies are at different evolutionary
stages of development ranging from an intriguing possibility to large-scale pilot demon-
strations. Further adding to this complexity is the diverse way that these technologies can
be integrated to design and implement advanced biofuel systems. This diversity in the
mixing of technologies and the possible integration schemes is a driver for innovation as
currently seen in the diverse commercial approaches to algal biofuel development. At the
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FIGURE 1-1 Schematic representation of a production system, including system inputs and
outputs.

same time, this diversity creates challenges for documenting critical material, energy, and
monetary flows needed to assess performance.

Understanding the performance of alternative designs for producing liquid fuels from
algae requires the adoption of a systems framework for assessing alternative designs. The
systems framework illustrates the interdependent nature of the individual supply chain
components and the system inputs and outputs. The understanding developed from such
a representation is fundamental for applying a wide array of sustainability tools such as
LCA, engineering process modeling, and cost-benefit analysis.

1.3.2 Indicators

Biofuel sustainability indicators are metrics of defined aspects of sustainability that rep-
resent system status or progress toward sustainability goals. Some researchers and institu-
tions distinguish between definitions of indicators and metrics, while others see substantial
overlap in the concepts. The definition of an indicator used in this report is “a measure that
is somehow indicative of some unmeasurable environmental goal such as environmental
integrity, ecosystem health, or sustainable resources” (Suter, 2001). Indication of sustainable
development of algal biofuels is indirect, through the union of metrics of resource use, other
environmental impacts, social acceptance (all considered in this report), and economics and
energy security (not considered in this report). Specific metrics of water quality or quantity
or GHG emissions, for example, are viewed as indicators of sustainability or sustainable
development.

Because sustainability includes environmental, economic, and social dimensions (in
addition to energy and energy security, which may be classified separately), indicators
also typically are divided among these categories. Categories of resource requirement
indicators that have been discussed for biofuels include total and consumptive water use,
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nutrient use, total land use, and net energy return, and categories of environmental indica-
tors include net GHG emissions, water quality, and biodiversity. This report emphasizes
the sustainability of the broad environment and thus presents categories of indicators of
aspects of the environment that are pertinent to algal biofuels. This report also emphasizes
the sustainability of resource use that determines the viability of the biofuel system. Indica-
tors at this interface between environmental and economic sustainability also are presented
and discussed in this report. Specific sustainability indicators pertaining to other aspects
of the economy (for example, international trade, profitability, employment) are beyond
the scope of this study, though clearly these will influence and be influenced by indicators
of environmental sustainability. Social indicators of biofuel sustainability often are not
derived or considered, but such potential indicators for algal biofuels could be developed.
However, the focus of this study is on environmental sustainability and indicators related
to environmental impacts and natural resource requirements.

Because sustainable development implies progress toward sustainability goals, it is
important to understand baselines for indicators of sustainability. Moreover, the attribu-
tion of particular environmental and social effects to algal biofuel production requires an
understanding of baseline and reference conditions. An appropriate definition of a baseline
is conditions that would have prevailed in the absence of algal biofuel production. In prin-
ciple, the baseline incorporates dynamic land-use and associated environmental changes
in the region, but in practice it is often simpler and more certain to consider the conditions
that prevailed prior to biofuel production.

The use of particular units can influence the way that sustainability indicators are
interpreted (Turnhout et al., 2007; Corbiere-Nicollier et al., 2011; Efroymson et al., 2012).
Units may include volume or mass of resources required; concentrations, emissions, or
loadings of chemicals to environmental media; and abundance of organisms or habitat
area. The units may have denominators of land area, energy produced, or volume of fuel.
Choosing a denominator such as land area or volume of fuel can facilitate comparisons
between alternative land uses or fuels but also can add to the uncertainty associated with
an indicator. For example, land area may include the area for infrastructure or the area for
infrastructure plus a buffer. Including time as a factor in an indicator allows the duration of
an environmental effect to be considered. Including coproduct quantities in the divisor of
an indicator can imply that decision makers have determined that part of an effect should
be formally attributed to the coproduct.?

Sustainability and sustainable development encompass diverse goals and targets that
relate to dynamic human values. Movement toward sustainability cannot be assessed un-
less the specific goals are defined and targets and metrics for aspects of sustainability are
selected. Many international organizations are developing sustainability indicators for bio-
fuels. These include the Roundtable on Sustainable Biofuels (RSB), the G-8-endorsed Global
Bioenergy Partnership (GBEP), and others (van Dam et al., 2008). Additional organizations
have been created to promote sustainable biofuel industries, such as the Council on Sustain-
able Biomass Production in the United States (CSBP, 2010). The International Sustainability
and Carbon Certification system for biomass and bioenergy has been implemented globally
by 750 stakeholders from 45 countries (ISCC, 2012). Some organizations recommend a large
number of sustainability indicators. For example, RSB (2011) recommends more than 200

3Coproducts are commercial products such as nutrient supplements, animal feedstuff, or chemical feedstocks
that can be coproduced from the pathways that produce algal biofuels and marketed. For example, after lipids
have been extracted from algal biomass, the lipid-extracted biomass might be processed to become animal feed-
stuff or animal feed supplements.
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indicators and measures of biofuel sustainability. A challenge is to winnow generic lists of
biofuel sustainability indicators to a suite that is appropriate for a particular assessment
problem and is technically and economically practical (McBride et al., 2011; Efroymson et
al., 2012). Many of the efforts to develop generic biofuel sustainability indicators have fo-
cused on plant-based biofuels—corn ethanol, cellulosic biofuels, and agricultural biodiesel.
Therefore, some recommended indicators may not be pertinent to algal biofuels, and some
important potential indicators may not appear on previously published lists.

Turnhout et al. (2007) suggested that the successful application of indicators is specific
to each situation. What typically leads to a sustainability assessment is a decision or other
purpose, combined with sustainability goals. Sustainability goals may include concepts
such as efficient use of resources, maintenance of water quality, maintenance of biodiver-
sity, and minimization of waste (Sydorovych and Wossink, 2008). Indicators would have to
be selected to reflect goals. Moreover, the context of a biofuel sustainability assessment is
important for selecting, measuring, and interpreting sustainability indicators (Efroymson
etal., 2012). The context for the application of sustainability indicators includes the purpose
of the assessment, the region, the scale of analysis, the relevant policies context, the decision
context (including stakeholders), and available data on baselines and reference scenarios
(Efroymson et al., 2012).

A sustainability assessment for algal biofuel production may entail comparing algal
biofuels with business-as-usual scenarios for energy use (that is, using mostly petroleum-
based gasoline in transportation as is done today), alternative energy sources (for example,
other biofuels or other algal biofuel pathways), previous land uses or land uses that would
have occurred in the absence of biofuel production, or alternative sites for the facility. These
comparisons may lead assessors to prioritize various sustainability indicators differently
and may lead to different measurement or modeling methods and units.

1.3.3 Life-Cycle Assessment

LCA is a set of methods, databases, and tools that aims to characterize the environ-
mental impacts over a life cycle of a product or service. LCA is defined as “a systematic
set of procedures for compiling and examining the inputs and outputs of materials and
energy and the associated environmental impacts directly attributable to the functioning
of a product or service system throughout its life cycle” (ISO, 2006). The life cycle in the
context of algal biofuel production refers to a chain of activities that includes extraction of
raw resources, producing materials, manufacturing, transportation, use, and disposal (Bau-
mann and Tillman, 2004; EPA, 2006). Figure 1-1 shows a schematic of the chain of activities
involved in a production system, and LCA attempts to account for and aggregate a resource
requirement or an environmental impact over the whole pathway. However, it is generally
infeasible to analyze every process in a life cycle. Data and knowledge limitations imply
that LCA entails selection of a “system boundary” that delineates processes included in the
analysis versus those excluded.

One approach to LCA involves numerical modeling of material flows in supply chains.
The idea is to map a target product to a set of activities or processes (or sectors) and use in-
put-output tables to estimate cumulative material flows per unit product. An input-output
table delineates requirements of inputs to generate a set of outputs (for example, iron ore,
coal, and electricity as inputs for crude steel as an output). This input-output approach has
the advantage of being able to rely on economy sector level data to quantify the relationship
between energy, resources, and the final products (Miller and Blair, 2009). However, given
the nascent nature of algal biofuel production, the LCAs discussed in this study will focus
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primarily on the process analysis approach to LCA that uses specific information on the
energy, nutrients, and emissions associated with each component of the process, which is
combined to get a complete LCA of resource requirements. The process approach to LCA
is a bottom-up approach that builds a full supply-chain estimate through the examination
of the individual components. In contrast, the economic input-output approach to LCA
(EIOLCA) (Bullard and Herendeen, 1975; Hendrickson et al., 2006) is a top-down approach
that uses a holistic model of an economy divided into sectors, with the input-output table
describing economic transactions between sectors (Leontief, 1970). To briefly address un-
certainty in LCA models, the bottom-up process method suffers from variations in defin-
ing the system boundary when data on part of the supply chain are unavailable, while
the EIOLCA has error associated with the aggregation of processes into economic sectors
(Williams et al., 2009). Hybrid LCA is a set of methods that aims to combine process and
EIOLCA methods to reduce uncertainty (for example, Bullard et al., 1978).

A second component of LCA, impact assessment, interprets life-cycle material flows in
terms of environmental impacts. A major thrust of impact assessment is mapping flows to
multiple types of impacts (for example, climate change, resource availability, and human
toxicity) and developing ways to inform decision-making tools to navigate these multiple
impacts (Baumann and Tillman, 2004; EPA, 2006). Many of the LCAs done for other biofuels
are reviewed in the NRC report Renewable Fuel Standard: Potential Economic and Environmen-
tal Effects of U.S. Biofuel Policy (NRC, 2011b).

LCA can provide important insights into the sustainability of algal biofuels. Algal bio-
fuels potentially have lower GHG emissions compared to petroleum-based fuels and they
might not generate significant new negative impacts. Estimates of life-cycle GHG emis-
sions for other biofuels span a wide range depending on the feedstock type, management
practices used to grow feedstock, and whether any land-use changes were incurred. Algal
biofuels thus need to be vetted with LCA and other approaches. Also, mass-scale agricul-
tural systems induce significant material inputs of water and nutrients and emit various
pollutants. LCA can help characterize material flows associated with such requirements for
an algal biofuel industry.

There are challenges to using LCA to assess sustainability of algal biofuels. These chal-
lenges, including the issues associated with defining the system boundary for LCA analysis,
are discussed in other publications (NAS-NAE-NRC, 2010; NRC, 2011b). LCA primarily is
formulated as a retrospective description of existing supply chains. Algal biofuel produc-
tion is in early development and there are limited historical data. In addition, technological
progress and scale-up will affect future material flows but are challenging to forecast.

In addition to LCAs for assessing environmental variables, social LCAs are being de-
veloped to compare social impacts of products, processes, or companies, and to identify
potential areas of improvements (Jorgensen et al., 2008). Social LCA is in early development
stage, and consensus has yet to be reached on the impact categories to be included and how
they would be measured (Dreyer et al., 2006; Jorgensen et al., 2008).

1.3.4 Scenario Analysis

Ascenario is a characterization of a possible future. Scenarios take many different forms
and can be constructed in many different ways (Chermack et al., 2001). Generally, scenarios
“provide conceptual and quantitative frameworks to describe and assess” an activity or
technology (NAS-NAE-NRC, 2010, p.292). Scenarios typically “use qualitative analysis
and quantitative assumptions to integrate the environmental, technologic, economic, and
deployment-related elements” into a framework to compare alternative possible outcomes
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(NAS-NAE-NRC, 2010, p.292). Scenarios do not simply extrapolate historical data but try
to develop internally consistent sets of conditions that are needed to occur to attain a given
set of outcomes. For example, scenarios for algal biofuels might look at potential system
design, resource requirements, and infrastructure needs required to reach a given percent-
age of the liquid fluids market. Scenarios can help define the environmental and resource
sustainability issues that might accompany a greatly expanded algal biofuel production
system.

Scenarios are a part of a more general future analysis. Elements of future analysis
include trend projections, systems modeling, and scenarios; the analysis can combine these
elements in different ways. Trend projection involves extrapolation of retrospective infor-
mation to the future. A central element of the trend projection process is simply deciding
on a functional form for the trend, such as linear, exponential, or some other relationship
(Craig et al., 2002). Further, trend analysis is best for known systems where there is a large
quantity of historical data, which is not true for algal biofuels. Systems modeling consists of
identifying relationships between variables of interest (Ibid). For example, an econometric
model finds the optimal statistical fit between variables that are assumed to be related by a
predefined functional form. A systems dynamics model develops causal relationships be-
tween quantities of interest and evolves the future from some initial condition using these
relationships. Future issues relevant to the sustainability of algal biofuels include: how indi-
vidual technology elements will develop (for example, algae cultivation), how technology
elements will combine to yield a fuel production system, and how the production system
will link to natural systems (for example, salt versus fresh water).

1.4 STUDY SCOPE AND APPROACH

Algal biofuels can be produced from a variety of feedstocks (autotrophic microalgae
and cyanobacteria, heterotrophic microalgae, and macroalgae) using different processing
technologies (for example, transesterification of algal oil, thermochemical conversion of
algal biomass such as gasification and pyrolysis, or direct synthesis of alcohol). Examining
the promise of different combinations of feedstocks and processing technologies to sustain-
ably develop algal biofuels within the timeframe of this study was not feasible. Therefore,
the committee limited the scope of the report in three ways following the guidance of the
study sponsor and the committee’s expert judgment.

First, this study focuses on biofuel production systems that use autotrophic microal-
gae as a feedstock in the United States. Heterotrophic approaches for algae cultivation are
excluded because DOE-EERE considers production of biofuel using heterotrophic algae
as a biochemical pathway to convert another feedstock (a sugar source such as cellulosic
biomass) rather than a pathway that directly produces fuels from algae (Pate, 2011). The ex-
clusion of the heterotrophic pathways is not a judgment on the validity of these approaches.
Second, the study sponsor indicated macroalgae as a feedstock was of lower priority for
this study than microalgae and cyanobacteria and suggested that the committee could
consider macroalgae if time and budget allowed. The committee could not fully address
the sustainability of using macroalgae as a feedstock not only because of time and budget
constraints, but also because of the sparse literature on this topic. The focus on microalgae
also is consistent with the research and investment patterns in algal biofuels. Third, the
study relies on published literature so that the well-studied topics are emphasized more
often than less well-studied topics relative to others in the report.

The committee developed its report based on members’ expertise and information
gathered from the public record. In its examination of publicly available information, the
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committee relied on peer-reviewed papers; reports produced by government agencies and
other interested parties; and documents filed as part of regulatory activities, including
patent applications and environmental-impact assessments. In addition, the committee
gathered information through presentations at open committee meetings from government
agencies, companies, and others involved in the algal biofuel supply chain, researchers
from academia, and other groups. The information gathered at these public meetings was
augmented by public webinars and solicitation of information from algal biofuel compa-
nies. The information gathered during these activities helped form the basis for the descrip-
tion of the algal biofuel supply chain, resource requirements, and impacts discussed in
subsequent chapters. In analyzing this information, the committee relied on the methods
described earlier.

1.5 STRUCTURE OF REPORT

The report addresses the statement of task in the following ways. Chapter 2 provides
an overview of algal biofuel supply chain and examples of different cultivation, harvest-
ing, dewatering, processing, and coproduction methods that could be used in producing
algal biofuels. Chapter 3 introduces selected algal biofuel production systems as examples
to illustrate challenges and sustainability concerns of algal biofuel production and possible
tradeoffs among sustainability goals. Chapters 4 and 5 discuss potential concerns related
to resource use (for example, availability of land, water, and nutrient resources) and en-
vironmental effects and how some of those concerns might affect social acceptability of
algal biofuels, respectively. For each category of resource use and environmental effect,
indicators and metrics to be employed and data to be collected to assess sustainability are
suggested. Chapter 6 summarizes the sustainability challenges for each of the selected algal
biofuel production systems introduced in Chapter 3 and uses them to illustrate benefits and
tradeoffs of each system.
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2

Overview of
Algal Biofuel Supply Chain

vidual components that make up potential supply chains. This chapter focuses

on the basic processes of algal biofuel production from the biology and traits of
the organisms, to methods for cultivation, and to processing into liquid fuels. It discusses
algal strains and the attributes of those strains critical for biofuel production, the photo-
autotrophic methods for algae cultivation through open-pond and closed photobioreactor
systems, the processes for collection and dewatering if necessary, and the processing of
algal lipid, biomass, or secreted products into fuels. It provides the basic descriptions of the
supply chain components used in later chapters and summarizes some critical process
improvements that could enhance the overall sustainability of algal biofuels.

A ssessing the sustainability of algal biofuels requires an understanding of the indi-

2.1 ALGAL FEEDSTOCKS

The organisms considered as potential feedstock for algal biofuel production belong to
a vast and diverse assemblage of aquatic organisms that carry out oxygen-evolving pho-
tosynthesis and lack the stems, roots, leaves, and embryos of plants (Leliaert et al., 2011).
The category includes eukaryotic species that are related to the plant lineage and can be
further categorized as macroalgae that are large structured species (for example, kelps) or
microalgae that are microscopic species (for example, Nannochloropsis spp.). In the context
of biofuel, the term “microalgae” also includes cyanobacteria, a diverse prokaryotic lineage
whose ancestor gave rise to the plant chloroplast (Keeling, 2010). More than 40,000 species
of microalgae have been described, and they collectively cover a comprehensive spectrum
of habitats and tolerances of ranges of pH, salinity, and temperature (Van den Hoek et al.,
1995; Falkowski and Raven, 1997; Paerl, 2000). McKenzie (2011) estimated that prokaryotic
and eukaryotic microalgae are responsible for more than 40 percent of net primary produc-
tivity on Earth. Algae can be a more appealing biofuel feedstock than land plants because
of their faster biomass doubling cycle, their more accessible forms of stored carbon than

27
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the lignocelluloses used for cellulosic biofuels, and their ability to thrive on water sources
and on land sites that are unsuitable for terrestrial farming.

Microalgae contain diverse pigments and metabolites that are desirable as nutritional
supplements and colorants. Examples of such products include astaxanthin, an antioxidant
derived from the alga Haematococcus, and a high-protein powder derived from cyanobac-
terial species of Spirulina (Arthrospira) (Gershwin, 2008; Guedes et al., 2011). Commercial-
scale algal ponds that grow these and other microalgae have operated for more than a
decade (Del Campo et al., 2007). However, the scale of deployment for algae cultivation for
fuel is expected to be much larger than the scale of algae cultivation for nutraceuticals or
other specialty products currently available in the market.

Generating biofuels from algae requires exploiting and expanding the demonstrated
commercial-scale growth of algal biomass, and harvesting the relatively accessible carbon
stored therein. Carbon is stored within algal cells in various forms, and these molecules
can be accessed by different technologies. Both eukaryotic and prokaryotic algal cells are
rich sources of polar lipids that are associated with membranes; in some cases, the photo-
synthetic thylakoid membranes are extensive. Carbon is such a crucial element for algae
that it is typical for them to store surplus carbon when cellular division is restricted by
some factor other than carbon availability—this situation is termed unbalanced growth. In
many eukaryotic microalgae, photosynthetic carbon fixation continues under unbalanced
conditions. Under extended periods of environmental stress, the excess fixed carbon is
stored in the form of neutral lipids called triacylglycerols (TAGs). TAGs are hydrocarbon
chains terminated in a carboxylic acid group. The three carboxyl groups are bound to
glycerol through an ester linkage. Biofuels containing hydrocarbon chains longer than six
carbons are particularly valued because of their high heats of combustion, volatility, and
compatibility with existing engines. As discussed later in this chapter, extracted TAGs can
be converted to biodiesel using a number of technologies, including transesterification and
hydrotreating. Even algal species that do not store large amounts of TAGs can be converted
to biofuels through various chemical conversion technologies. For example, species that
store polysaccharides can be fermented to yield ethanol, and other biomass processing
technologies, such as gasification, pyrolysis, and hydrothermal liquefaction, have shown
great utility for the conversion of whole biomass into biofuels.

The incipient algal biofuel industry is emerging and evolving from its early founda-
tions in algae cultivation for fish feedstuff and for human nutraceuticals. Early technology
development of processing algae to fuels emphasized the conversion of neutral lipids
(TAGs) to biodiesel. Choices of algal feedstocks have been expanding to address the goals
of fuel production rather than nutritional content and to exploit new technologies for pro-
cessing biomass that extend beyond those that focus on TAGs. Ideal attributes for algal
feedstock for fuels include rapid and dense growth; efficient use of nutrients, light, and
carbon dioxide (CO,) under a range of temperatures; resistance to pests and predators; ac-
cumulation of desirable macromolecules that can be processed into fuels; ease of harvest;
and the absence of undesirable by-products.

Commercial and research interest in the United States has focused on microalgae,
and these species are emphasized in this report. Microalgae have been reported to reach
short-term maximum productivities of 50-60 g dry weight per square meter (m?) per day in
CO,-enriched open ponds in Hawaii and California (Sheehan et al., 1998). These and other
data on productivity from laboratory-scale experiments have promoted the reputation of
microalgae as prime candidates for providing cheap biomass feedstocks for food, feedstuff,
or energy. Some authors have extrapolated values of maximal biomass productivity and
combined them with maximal oil content to predict oil yields of 100 tonnes per hectare
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(ha) per year. Such reports have spurred investment in intensive research on algal biofuel
production. However, such high productivity projections have yet to be obtained in large-
scale, long-term experiments. Serious barriers remain for reproducing optimal growth and
productivity conditions at a commercial scale. They include maintaining the stability of the
culture and delivering the required nutrients and other resources in an efficient manner at
such scales. Current yields from large-scale operations range from 40-60 tonnes dry weight
of algal biomass production per ha per year, and conservative projections anticipate up to
100 tonnes dry weight of biomass, or 30 tonnes of biodiesel per ha per year in subtropical
or tropical, sunny climates (Scott et al., 2010). Estimated yields from a variety of cultivation
systems are discussed later in the chapter.

2.1.1 Strain Diversity

The choice of strains for biomass production depends on the desired product and
technology to be used for fuel production, the source, and the type of cultivation facility
(open versus closed). Initial efforts using outdoor ponds focused on production of biodiesel
by the transesterification of TAGs to produce fatty-acid methyl esters (FAME).! Therefore,
strains that accumulate TAGs were selected. Five groups of microalgae were classified
as high priority for biofuel production by the U.S. Aquatic Species Program (Sheehan et
al., 1998): diatoms (Bacillariophyceae), green algae (Chlorophyceae), golden-brown algae
(Chrysophyceae), prymnesiophytes or haptophytes (including Prymnesiophyceae), and
eustigmatophytes (Eustigmatophyceae). Many strains and genera of eukaryotic microalgae
are potential high-oil producers for large-scale culture (Sheehan et al., 1998; Rodolfi et al.,
2009). These include species of Tetraselmis, Dunaliella, Chlorococcum, Scenedesmus, and Chlo-
rella, and particularly Neochloris oleoabundans and Botryococcus braunii from Chlorophyta;
the genera of Amphora, Amphiprora, Cylindrotheca, and Navicula, and the species of Nitzschia
dissipata, Phaeodactylum tricornutum, and Chaetoceros muelleri from Bacillariophyta; the spe-
cies of Nannochloropsis ocalata and N. salina from Eustigmatophyceae; and the genera of
Isochrysis and Pavlova from Haptophyta.

Improvements of technologies that convert total biomass to yield drop-in fuels—such
as those being pursued by companies such as Inventure (Inventure, 2012), Xtrudx (Xtrudx
Technologies, 2012), and Solvent Rescue Limited (Solvent Rescue Limited, 2012) and aca-
demic institutions such as Old Dominion University (Hatcher, 2011)—are changing the
scope of organisms that are being considered for biofuel production. All categories of algae
are rich in polar lipids that can be recovered by such processes, and they have cellulose or
other polysaccharide cell walls composed of sugars. Cyanobacteria store excess carbon as
glycogen rather than TAGs, and cyanobacteria and macroalgae accumulate quantities of
other complex polysaccharides. These and other macromolecules are all potential carbon
sources for producing drop-in fuels if appropriate processing technologies are available. In
addition, algal carbohydrate potentially can be a feedstock for fermentative fuel production
processes that are based on heterotrophic organisms, such as those used by LS9, Inc. (LS9
Inc., 2011) and Solazyme (Solazyme, 2012). Cyanobacteria are used directly for ethanol pro-
duction by Algenol (Chance et al., 2011a; Algenol Biofuels, 2012). As of 2012, a number of
marine macroalgal species are being considered for biofuel production in India. An example

1As Chapter 3 discusses, algal triacylglycerols are reacted with methanol to form fatty-acid methyl esters
(FAME). Due to its higher viscosity compared to conventional liquid transportation fuels, FAME cannot be used
as a drop-in fuel, but can be blended with conventional diesel.
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is the red algal species Kappaphycus alvarezii,a species cultivated for its high carrageenan?
content (Russell, 1983; Rodgers and Cox, 1999; Woo et al., 2000). Species of Spirulina have
properties suitable for aquaculture, and they are grown at relatively large scales for sale as
anutritional supplement (Earthrise Nutritional, 2009a). Still, the spectrum of cyanobacteria
that could be suitable for fuel production is largely unexplored. Prokaryotic algal species
provide additional diversity in light harvesting, tolerance of growth habitat and pH, and
facility of genetic modification.® Moreover, some cyanobacterial species are diazotrophs;
that is, they are able to fix atmospheric nitrogen (N). Although no current commercial
operations rely on a nitrogen-fixing strain, several filamentous strains that have good light-
harvesting properties and for which genetic methods are well developed are diazotrophic
(Heidorn et al., 2011; Ruffing, 2011). The use of these strains as a biofuel feedstock or as a ni-
trogen provider for non-fixing strains (to reduce nutrient input) has received little attention.

Clear differences exist in carbon storage forms (important as fuel feedstock), dominant
pigments (important for solar energy capture), and accessory pigments such as carotenoids
(which can be valuable commercial products) among different algal divisions (Table 2-1).
Furthermore, their pigmentation and composition are affected by growth conditions and
environmental stress.

Emphasizing individual strains that are intended for monoculture discounts potential
advantages that could be associated with mixed cultures. A recent study showed increased
lipid production in algal cultures as a function of species diversity in mixed cultures under
nutrient-limiting growth conditions (Stockenreiter et al., 2012). However, this effect has
been demonstrated only at the laboratory scale or in low-density natural algal populations,
and requires confirmation for extended periods of time and at relevant volumes. More-
over, lipid production of mixed algal culture could be different under the nutrient-replete
conditions of ponds designed for maximal growth. Mixed cultures might facilitate cross-
protection, diversity of products through product conversion, flocculation and harvesting
improvements, and efficient use of light in the water column (Stomp et al., 2007). However,
mixed cultures increase the heterogeneity of the potential product, which could affect the
quality of yield and the ability to optimize the diverse characteristics of the mixture for a
single product. The potential to enhance the supply chain of algal biofuel through growth
of mixed cultures merits additional research to determine the effects on desirable product
yield and biomass accumulation (see section Cultivation in this chapter). Because data are
not available for large-scale, mixed-species systems, this report introduces the concept of
mixed culture systems but focuses primarily on monoculture systems.

Among the biggest challenges for strain selection is the difficulty of translating desir-
able strain properties from the laboratory to the field. A desirable strain would have robust
growth in open ponds under natural weather and cultivation conditions, and would retain
attributes that are selected and measured in the controlled conditions of the laboratory.
However, the ability to grow well and compete when exposed to environmental conditions
is difficult to predict. Few strains are already proven to be robust in outdoor mass cultiva-
tion, and years of investment in time and process went into their commercial development.

2A gelatinous substance extracted from red algae and widely used as a stabilizing or thickening agent in indus-
trial, pharmaceutical, and food products.

3Within the text of this report, the committee will distinguish whether it is discussing “genetic modification” or
“genetic engineering” specifically. The committee considers genetic modification to be a general term and includes
in its definition any organism whose genetic material has been altered through an array of approaches, including
traditional cross breeding, mutagenesis, and genetic engineering. Genetic engineering is a modern technique that
enables the introduction of a foreign gene or genes into the genome of an organism through recombinant DNA
methods in an attempt to introduce a new trait into that organism.
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TABLE 2-1 Characteristics of Photoautotrophic Algae®

31

Dominant
Photosynthetic ~ Accessory Pigments Principal Energy
Division Pigment(s) (Carotenoids) Storage Compound % Protein® % Lipid®
Cyanoprokaryota Phycobilins, Zeaxanthin, beta-carotene,  Glycogen, other 10-70 1-20
(blue-green algae) Chlorophylla ~ myxoxanthin, echinenone,  polysaccharides,
canthaxanthin polyhydroxyalka-
noates,
Bacillariophyceae Chlorophylla,  Fucoxanthin, Lipid 5-35 5-55
Chlorophyllc  beta-carotene,
diadinoxanthin,
diatoxanthin
Haptophyceae Chlorophylla,  Beta-carotene Chrysolaminaran 5-30 5-55
Chlorophyll ¢
Chlorophyceae Chlorophylla,  Lutein, Starch 5-30 5->50
Chlorophyll b beta-carotene,
violaxanthin, neoxanthin
Haptophyceae Chlorophylla,  Fucoxanthin Starch 5-35 5-50
Chlorophyll ¢
Raphidophyceae = Chlorophylla  Diatoxanthin Lipid 5-35 5-55
Rhodophyceae Phycobilins, Starch 5-15 5-15
Chlorophyll a
Phaeophyceae Chlorophylla ~ Fucoxanthin Starch 5-15 5-15
Chrysophyta Chlorophyll Beta-carotene, fucoxanthin  Lipids (oil) Leucosin  20-30 30-40
aand c
Eustigmatophyta  Chlorophylla  vialaxanthin, beta-carotene  Lipids (oil) 10-30 40-65

2 Table shows wide ranges in the percentage of lipids and proteins, reflecting that these and other parameters are
dramatically affected by growth conditions.
b Percentages are given as a percent of dry weight.

Successful mass cultivation of new strains likewise will require intensive work to com-
mercialize, whether those strains are native, genetically modified, or bred for improved
attributes.

2.1.2 Desirable Strain Properties

Regardless of the technology or strain, the goal is to maximize the quantity of a final
product per unit time, area, or water volume. Further, the desire is to maximize the product
output per unit input of energy, nutrients, and other resources. Biomass and lipid accumu-
lation per unit time are two measures of productivity (see Rodolfi et al., 2009 for example).
Many other criteria are important for selecting algal strains for commercial biofuel produc-
tion, including variables that alter cost in the supply chain that are important for economic
viability (for example, AQUAFUEL, 2009). Ideally, the criteria for strain selection are mea-
surable. Among important selection criteria are:

e Photosynthetic efficiency. The most objective measure to compare productivity
of algae with land crops is photosynthetic efficiency. Photosynthetic efficiency is
defined as the percent of available light (energy) that is converted into biomass
energy. However, this definition might not be the most relevant for a given supply
chain, depending on how the biomass will be processed and what the final prod-
ucts and coproducts will be (Box 2-1).
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BOX 2-1
Relevance of Photosynthetic Efficiency to Biofuel Production

The amount of biofuel produced per unit of land area is a key parameter in the evaluation of any biofuel
production process. Photosynthetic efficiency, a measure of how efficiently light energy is converted to
chemical energy, is one of the key determinants of overall biomass yield. The measure relevant to biofuel
production is the amount of energy contained in biomass expressed as a ratio of the solar energy sup-
plied (Blankenship et al., 2011). The calculation is performed for a typical area integrated over a year or
a growing season. When done this way, values of up to 3 percent have been reported for microalgae
(Wijffels and Barbosa, 2010). Some authors choose to calculate photosynthetic efficiency based on only
the percentage of photosynthetically active radiation (PAR) present (Ort et al., 201 1), or even only the PAR
absorbed (Janssen et al., 2001). These calculations lead to considerably higher values and lead to some
confusion around the potential for biofuel production from algae.

Further complicating this particular discussion is determination of the heat of combustion, or the heat-
ing value,® to be used. For measures of total photosynthetic efficiency, the heat of combustion is generally
taken to be the higher heating value of the dried biomass (Jenkins et al., 1998).

The critical feature for this discussion is not the exact efficiency, but rather that the value is far below
what should be theoretically possible (Robertson et al., 2011). Indeed, many have lamented that photo-
synthesis uses one of the “slowest metabolic enzymes in the contemporary biosphere” (Parikh et al., 2006;
p.113). Considerable improvement in photosynthesis might be realized by any number of techniques of
modern biology. Improvements in photosynthesis would lead directly to more prolific production of bio-
fuels, which would consequently reduce the land, water, nutrient, and energy inputs required. Improve-
ments to photosynthesis would directly improve the sustainability of algal biofuels.

@ “The higher heating value (also known as gross calorific value or gross energy) of a fuel is defined as the amount of heat
released by a specified quantity (initially at 25°C) once it is combusted and the products have returned to a temperature
of 25°C, which takes into account the latent heat of vaporization of water in the combustion products. The lower heat-
ing value (also known as net calorific value) of a fuel is defined as the amount of heat released by combusting a specified
quantity (initially at 25°C) and returning the temperature of the combustion products to 150°C, which assumes the latent
heat of vaporization of water in the reaction products is not recovered” (DOE-EERE, 2012a).

* Quantity of final products. This category includes the total amount of biomass, its
composition, and the products to be refined, extracted, or excreted from the biomass:
» Total caloric value of the biomass (for combustion or a total biomass processing
technology).

* Percent lipids and lipid composition (for biodiesel).

e Percent starch and carbohydrate composition (for subsequent fermentation
and to identify higher value by-products such as agar).

* Percent protein and protein composition (soluble and insoluble protein for
food and feedstuff).

* Total secretion of desirable products.®

* Presence of high-value coproducts.

4Some companies, such as Joule and Algenol, have taken a dramatically different approach, relying not on ac-
cumulation of biomass, but on the secretion of desirable products from stable algal cultures (Robertson, D.E., S.A.
Jacobson, F. Morgan, D. Berry, G.M. Church, and N.B. Afeyan. 2011. A new dawn for industrial photosynthesis.
Photosynthesis Research 107(3):269-277). In this paradigm that uses photobioreactors, the criteria for strain selec-
tion are different from those used for open ponds. Planktonic unicellular species that would be difficult to protect
from grazers and to harvest from ponds, are desirable within bioreactors. Well-developed genetic model organ-
isms that are amenable to genetic engineering (such as Synechocystis sp. strain PCC 6803, Synechococcus sp. strain
PCC 7002, and Synechococcus elongatus PCC 7942; and the unicellular green alga Chlamydomonas reinhartii) can be
used in the controlled environment of photobioreactors.
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* Nutrient and other resource requirements. These include the quantity of nutri-
ents, such as CO,, nitrogen, and phosphorus; the type and quality of the water
supply; and siting requirements. Strains could be selected because of their nutrient-
use efficiency. Strains also might be selected because of their ability to flourish in
brackish or wastewater, which would reduce the demand on freshwater supplies,
and in the climatic conditions of a particular site.

* Robustness. This term describes the overall stability of the crop, which depends on
resistance to extremes of climate and environmental variables (for example, com-
petitors, pathogens and predators, salinity and dissolved solutes, temperature, and
pH). Tolerances to these variables vary widely within the diverse spectrum of mi-
croalgae. The ability to thrive in water with various salts, metals, and other solutes
could become increasingly important as competition for freshwater use among dif-
ferent sectors increases. Resistance to high pH allows growth in alkaline conditions
that favor a monoculture crop over sensitive predators and pathogens. Filamen-
tous species or species with large cell size tend to be more resistant to grazers than
unicellular species with small cell size (Tillmann, 2004). Tolerance to a broad range
of temperatures could be important if the algae are cultivated in regions with high
daily or seasonal fluctuation in temperature. To maintain year-round production,
it might be desirable to rotate strains that have different temperature tolerance pro-
files. The wide spectrum of sites that are under consideration for production ponds
will require organisms with different light, water quality, and climatic tolerances.
Robustness might be assessed by scoring the strain success under a wide range of
potentially relevant conditions such as in Evens and Niedz (2011).

* Harvestability. Harvesting cost and energy consumption can vary dramatically
among different algal strains (Uduman et al., 2010). Contributing factors include
the sedimentation rate and the capability for induced bioflocculation® or auto-floc-
culation. Filamentous strains that can be seined, species with positive buoyancy,
or species that settle out of the water column quickly once agitation ceases might
not require centrifugation, and they can be harvested easily. Growing mat-forming
algae or algal films could facilitate harvesting (Tang et al., 1997), but to the commit-
tee’s knowledge, such approaches have not been scaled up. Strategies that rely on
harvesting secreted products rather than biomass simplify the harvesting step, but
such strategies require photobioreactors for algae cultivation to prevent contami-
nation by microorganisms that would consume the product.

* Processability and extractability. This parameter includes factors that influence
the ease of extracting algal oil or processing algal biomass to fuels, for example,
cell volume, thickness and toughness of the cell wall, the presence of tough fibers
(for example, cellulose and silica) or cell walls, and the moisture content (Brennan
and Owende, 2010). A measure for processability and extractability could be the
energy input per gram of dry weight necessary for fractionation and full recovery
of all biomass components.

* Added value of coproducts. The algal biomass could be used to produce coprod-
ucts that have an intrinsic added value, such as carotenoids, phycobilins, docosa-
hexaenoic acid, or eicosapentaenoic acid (Pal et al., 2011). Coproducts can offset
some of the costs of the biofuel product. A specification of the compounds and their
expected added value per gram of dry biomass needs to be indicated. However,
the market value of coproducts could decrease under an excessive-supply and low-
demand condition.

SBioflocculation is the clumping together of microorganisms through biological interactions.
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* Local origin of strains. Using locally selected strains could ease management and
improve sustainability (RSB, 2011). Some governments have sought to restrict the
importation of nonnative species, for example, the 81st Texas Legislature House
Bill 3391 (2009). However, the cosmopolitan nature and wind-borne movements
of algae make it unlikely that legislation can reasonably define species as native or
nonnative. Regardless of legislation, local strains might have unique adaptations to
the local climate, water, and possible parasites that imported or laboratory-grown
strains might not have.

*  Non-toxic. The selection of non-toxic algal strains will increase social acceptability
and reduce the potential impacts related to occupational exposures and accidental
releases.

2.1.3 Strain Development and Engineering

Modern agriculture has advanced primarily on the development of improved germ-
plasm, and algae cultivation will likely advance using similar approaches. As with tradi-
tional agriculture, advances in breeding, mutagenesis, and genetic engineering are likely
to play roles in algal germplasm enhancement. Domestication of algae potentially could
change their phenotype dramatically because the desired characteristics for production are
different from those that have evolved in the selective pressures of the wild and because hy-
pereutrophic aquaculture conditions will support genotypes that would not be fit in natural
environments. Breeding and engineering will enable the stacking of desirable traits within a
single species or mixture of species. The definition of desirable traits, product type desired,
choice of production organism, and specification of growth and harvesting methods will
influence the needs for further development on a case-by-case basis.

The understanding of genetics, physiology, and metabolism at present is uneven across
the spectrum of genera and species of algae that might have desirable features for algal
biofuel production. Major hurdles include the need to develop genetic technologies for
new species that have not been domesticated previously and that have desirable char-
acteristics for large-scale cultivation. The application of genomic approaches could ac-
celerate the analysis of new strains by addressing changes in gene expression for a given
organism under various conditions and identifying conserved and nonconserved genes
among organisms. Those approaches facilitate the identification of candidate genes that
might be relevant for particular pathways of interest (Flaherty et al., 2011; Karpowicz et
al.,, 2011; Lopez et al., 2011; Weckwerth, 2011). Cryogenic storage methods, such as those
used at the Culture Collection of Algae at the University of Texas (UTEX, 2012), also may
prove important to maintaining germplasm stocks and to replenishing pond inocula with
a desired genotype after genetic drift of the crop population. Cultured algae, particularly
cultures held for more than 10 years in selective media, have been shown to have reduced
growth and production of unexpected secondary metabolites (Martins et al., 2004). A factor
that might be overlooked in efforts to genetically engineer metabolic pathways in algae is
that both eukaryotic and prokaryotic strains possess circadian clocks that time the peaks
of daily rhythmic changes in physiological and metabolic functions (Suzuki, 2001; Ditty et
al., 2003; Matsuo and Ishiura, 2010; O-Neill et al., 2011). The mechanisms and the physi-
ological and metabolic consequences of circadian rhythms are insufficiently understood in
these organisms.

At present, few eukaryotic algal species are readily amenable to breeding or genetic
engineering. Published transformation methods are well developed for Chlamydomonas
reinhardtii and Phaeodactylum tricornutum. Solazyme appears to rely on genetically engineered
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Chlorella species for heterotrophic fermentation of algal oils. About 30 strains of eukaryotic
microalgae have been transformed using biolistic bombardment, vigorous mixing with
glass beads, electroporation, or deoxyribonucleic acid (DNA) transfer from Agrobacterium
tumefaciens. Strains that have been transformed include representatives of green, red, and
brown algae; diatoms; euglenoids; and dinoflagellates (Radakovits et al., 2010). However,
in many cases the reported transformation is only transient (Radakovits et al., 2010), and
these reports have not led to routine adoption and application for most of those strains.
Nevertheless, the transformations demonstrate that developing genetic systems for diverse
species is possible with focused effort.

Targeted gene inactivation by homologous recombination has been a long-standing
challenge for manipulation of Chlamydomonas and other algal nuclear genes. However,
Kilian et al. (2011) made progress in this area when they reported successful knockouts of
Nannochloropsis sp. nuclear genes encoding nitrate reductase and nitrite reductase. Various
genes have been suppressed successfully in Chlamydomonas by interfering ribonucleic acid
(RNAs) (Cerutti et al., 2011). High-throughput methods to introduce interfering RNAs
could provide an effective way for gene inactivation in diverse strains that do not exhibit
homologous recombination of transgenic DNA. Another challenge for nuclear modification
is that gene expression is often silenced when heterologous genes are inserted randomly
into the Chlamydomonas reinhardtii nuclear genome (Fuhrmann et al., 1999). Manipulation
of the chloroplast genome is facile in C. reinhardtii, but not in other algae (Radakovits et
al., 2010). A report of stable chloroplast transformation in Porphyridium suggests that chlo-
roplast transformation via homologous recombination might be a universally applicable
approach (Lapidot et al., 2002). Waaland et al. (2004) reviewed macroalgal species as candi-
dates for genomic research and concluded that the red alga Porphyra yezoensis exhibits nu-
merous attributes conducive to further analyses. Extensive biochemical and physiological
research has been conducted on the macroalgae because of their use in the food industry.
Because there is extensive variation in the extent and type of genetic malleability among
different algal species, technologies would have to be developed on a case-by-case basis
for individual new algal types whose physiological and metabolic properties suggest their
potential as production strains. Moreover, it will be highly desirable to develop methods
that can be used to more rapidly develop a genetic system de 110vo in new strains or species
as they are discovered.

Genetic manipulation is more straightforward among cyanobacteria than eukaryotic
algae because prokaryotes are amenable to techniques of bacterial genetics (Figure 2-1);
some species are naturally transformable and take up exogenous DNA without specific
intervention (Heidorn, 2011; Ruffing, 2011). Figure 2-2 shows some of the biochemical
pathways in cyanobacteria that can be engineered to produce different desired products.
Methods for gene inactivation via homologous recombination and the stable expression of
transgenes, from plasmids or integrated into the chromosome, are well established in at
least a dozen diverse species (Ducat et al., 2011; Ruffing, 2011). However, the developed
model organisms have been maintained in the laboratory for several decades and are not
likely to be suitable for growth under outdoor cultivation conditions. The Spirulina species
that grow robustly outdoors have proven recalcitrant to manipulation. Despite some re-
ports of transgenic Spirulina (Toyomizu et al., 2001; Kawata et al., 2004), many laboratories
have failed to achieve stable transformation of the organism. This failure is likely, at least in
part, due to a host of restriction endonucleases that specifically cleave foreign DNA (Zhao
et al., 2006). Steps that protect plasmids by methylation while they are in an Escherichia coli
host and before they are introduced to the cyanobacterium by conjugation have facilitated
genetic technologies for the nitrogen-fixing filamentous strains Anabaena (Nostoc) sp. PCC
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FIGURE 2-1 Overview of cyanobacterial organization.

NOTE: The cartoon diagram in the middle shows the longitudinal section of a representative cyanobacterium
(modeled after Synechococcus elongatus). The major features are indicated on the cartoon diagram above and the
electron micrograph below.

SOURCE: Adapted from Ducat et al. (2011). Micrograph image courtesy of and reprinted with permission from
Lou Sherman, Purdue University.

7120, Anabaena sp. ATCC 29413, and Nostoc punctiforme ATTC 29133 (Elhai et al., 1997).
Similar approaches are likely to work for other strains that initially resist transformation.
A filamentous cyanobacterium isolated from an outdoor pond that has robust growth
properties similar to Spirulina species has been found to be easily manipulated by conjugal
introduction of transgenes and transposons (Taton et al., 2012). This finding suggests that
diverse cyanobacterial model strains that are more relevant for biofuel development than
current laboratory strains could be readily developed.

Genetic engineering holds the promise of transplanting completely novel pathways
from heterologous sources and making products of tailored composition (Figures 2-1 and
2-2; Ruffing, 2011). Some demonstrations from genetically engineered cyanobacteria in-
clude the production of 1-butanol, isobutyraldehyde, N-alkanes, free fatty acids, and sugars
from transformable species of Synechococcus (PCC 7002 and 7942), Thermosynechococcus (BP-
1), and Synechocystis (PCC 6803) (Atsumi et al., 2009; Niederholtmeyer et al., 2010; Lan and
Liao, 2011). Transgenic strains could play an important role in biofuel production, and some
companies are making major investments in these technologies (for example, the Exxon
Mobil alliance with Synthetic Genomics, Inc.; Marler, 2011; Roessler, 2011) even though
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FIGURE 2-2 Schematic representation of engineered biochemical pathways in cyanobacteria.
NOTE: Core metabolism of photosynthetic processes is shown in black text. Branch points used to pro-
duce various desired compounds are highlighted in colored boxes. Abbreviations: 3-PGA, 3-phosphoglyc-
erate; FNR, ferredoxin NADP+ reductase.

SOURCE: Adapted from Ducat et al. (2011).

strains have not been used in outdoor systems. The use of engineered strains in outdoor cul-
tivation will be regulated according to the type of genetic modifications applied. The U.S.
Environmental Protection Agency (EPA) under the Toxic Substances Control Act (TSCA)
recognizes microorganisms that carry sequences from another genus as new organisms
that require regulatory permitting (EPA, 2011). Under TSCA, organisms that are modified
by technologies based solely on rearranging and reinserting endogenous genetic material
into strains of interest are not categorized as genetically modified. Thus, self-cloned spe-
cies can be used in open ponds without special oversight. Growing genetically modified
algae in photobioreactors will follow the same regulatory standards that are common in
the fermentation and biotechnology industries.

Irrespective of the algal strain cultivated and its end use, some areas of improvement
in strain and cultivation are generally desirable. These include:

Modulation of carbon allocation.
Increases in culture density.

Net increase in photosynthetic efficiency.
Algal crop protection.

Other enhancements.

2.1.3.1 Modulation of Carbon Allocation

The basic strategies to adapt microalgae to increased oil production for processing to
diesel were summarized by Radakovits et al. (2010). A major target of genetic engineering
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is production of algal strains that accumulate and maintain high amounts of oil under
high growth rates in continuous cultivation systems. Most eukaryotic algae accumulate
increased amounts of oil only in response to nutrient stress or in late exponential growth
phase and do so at the expense of a reduced growth rate. Methods to enhance lipid ac-
cumulation in algae include enhancing certain enzymatic activities through genetic and
transcription engineering approaches (Courchesne et al., 2009; Turchetto-Zolet et al., 2011).
Research has focused on identifying the “nutrient stress trigger” that induces TAG accu-
mulation in an effort to make TAG production constitutive. Strains that maintain elevated
basal oil content might be produced by mutagenesis or genetic engineering. However,
the pathways that regulate stress responses—and key enzymes—that initiate oil produc-
tion are insufficiently understood at present. Understanding the metabolic regulatory net-
works that control carbon allocation to carbohydrates and lipid and identifying means to
modulate these networks are necessary to achieve constitutively elevated oil yields under
continuous growth. Assessments of whether metabolic modifications can be made without
genetic tradeoffs that result in suboptimal performance in other aspects of the cells” me-
tabolism are important.

An array of techniques for improving lipid yields is described in the literature. A few
examples are discussed in this section. Genetic manipulation of carbon allocation can en-
hance lipid production (Li et al., 2011). Starch production is blocked from the sta6 mutant
of C. reinhardtii, and its lipid body content increases 30-fold compared to 10-fold in the wild
type (Wang et al., 2009). Modifications to improve oil yields have been achieved in oil-seed
plants by altering the activities of dozens of genes, each of which results in an increase of a
few percent in 0il content (Thelen and Ohlrogge, 2002; Lardizabal et al., 2008; Clemente and
Cahoon, 2009). Similarly, a broad approach of modifying several genes, which operate in
both starch and lipid metabolism, could result in a substantial increase in oil content in algae.

Strategies that target steps in diverse metabolic pathways like starch metabolism, ace-
tyl-coenzyme A (acetyl-CoA) and fatty-acid biosynthesis, and reactions of TAG assembly
have shown significant effects on TAG accumulation in some organisms. For example,
acetyl-CoA carboxylase overexpression led to “a 40 percent increase in the total fatty acid
content of the non-oleaginous yeast Hansenula polymorpha” (Ruenwai et al., 2009). Mutants
of Arabidopsis that are deficient in plastid pyruvate kinase had 60 percent less seed oil than
the wild type, revealing a major role of this enzyme in pyruvate supply for acetyl-CoA
biosynthesis (Baud et al., 2007). Reactions in the latter steps of TAG biosynthetic assembly
might provide increased sink strength that could stimulate fatty-acid production (Thelen
and Ohlrogge, 2002). Indeed, stimulation in seed oil content of Arabidopsis and rapeseed
had been observed when a yeast long chain sn 2 acyltransferase was overexpressed (Zou
et al., 1997). The overexpression of a diacylglycerol acyltransferase (DGAT), a committed
and final step in TAG biosynthesis, increased seed oil content and seed weight in Arabidop-
sis (Jako et al., 2001) and tobacco leaves (Andrianov et al., 2009). A specific phenylalanine
residue in DGAT was found to be a key determinant of oil content and composition in
maize (Zheng et al., 2008), and the corresponding Phaeodactylum gene has been identified. A
novel acyl-CoA:diacylglycerol acyltransferase 1-like gene (PtDGAT1) has been cloned and
characterized from the diatom P. tricornutum (Guihéneuf et al., 2011) and will be tested in
transgenic algae. Structural components of oil globules such as oleosin and caleosin might
accelerate oil body formation in oil seeds of higher plants, but an oleosin gene has not been
identified in algae. However, a major oil body protein of Haematococcus has been described
(Peled et al., 2011).

Manipulating regulatory enzymes (such as transcription factors and signal transduc-
tion proteins) has been shown to enhance TAG accumulation in higher plants (Cernac and
Benning, 2004) and might be effective in eukaryotic algae. Similar engineering can affect
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glycogen accumulation in cyanobacteria (Osanai et al., 2005; Ehira and Ohmori, 2011). Sev-
eral microRNAs that are differentially expressed in C. reinhardtii, under conditions in which
lipid content is changed, were used to develop strains that produce 25 percent more oil than
the wild type strain (Maor Sasson, TransAlgae Ltd., Israel, personal unpublished data). The
redistribution of carbon from carbohydrates to lipids, higher alcohols, and hydrocarbons
requires a better understanding of carbon regulation networks in these species.

2.1.3.2 Increases in Culture Density

The product yield (expressed, for example, as grams per liter per day, or as grams per
square meter per day) of an outdoor algal culture is a function of its specific growth rate
and its biomass concentration. Thus, maintaining an outdoor culture at its optimal bio-
mass concentration is important to maximizing product yield. However, high cell density
reduces light penetration and limits the growth rate of cells below the surface. Although
counterintuitive, reducing the light-harvesting ability of individual cells could improve
the light availability to the culture and increase overall photosynthetic activity. By reduc-
ing wasteful absorption and dissipation of light energy by cells at the surface, excess light
is allowed to pass through to cells below. Thus, researchers have proposed selecting and
developing strains with low pigmentation level (small light-harvesting antenna® size) to
increase the standing biomass of the culture (Benemann, 1989; Huesemann et al., 2009; Ort
et al., 2011). This approach was evaluated in greenhouse conditions and shown to have a
positive effect on productivity (Polle et al., 2003). The challenge is to isolate such mutants
from the desired strain and to ensure they are stable under long-term outdoor cultivation.
More complex culture strategies might facilitate achieving this goal, for example, layering
strains that have different antenna sizes and spectra.

Whether factors other than light limit maximum culture densities is unknown. Little
work has been done regarding cell-to-cell communication within a given species of micro-
algae, but evidence of quorum sensing7 (Teplitski et al., 2004; Sharif et al., 2008) and wide-
spread interspecies allelopathic interactions have been reported (Gross, 2003). Endogenous
mechanisms that limit population density might exist, in which case genetic modification
may improve this aspect for aquaculture purposes.

2.1.3.3 Net Increase in Photosynthetic Efficiency

Along-time goal, as old as the techniques of genetic engineering itself, is to improve
photosynthetic efficiency by such alterations as reducing losses from photorespiration,
increasing the substrate selectivity of ribulose-1,5-bisphosphate carboxylase oxygenase
(Rubisco), and enhancing photosystem stability and efficiency. However, 30 years of efforts
in this area have not yielded any progress in higher plants or algae. Recent advances in
synthetic biology, by fundamentally redesigning prokaryotic photosynthetic organisms to
maximize the production of fuel molecules directly driven by photosynthesis (Chance et
al., 2011b; Algenol Biofuels, 2012; Joule Unlimited, 2012), might provide some progress in
this field. However, only laboratory-scale or small pilot-scale results have been presented.
Atsumi et al. (2009) found that overexpression of Rubisco in transgenic Synechococcus
elongatus PCC 7942 led to increased production of isobutyraldehyde without negatively

¢ Light-harvesting antennae are protein-pigment complexes that capture sunlight and direct the radiant energy
to the reaction centers.

7 Quorum sensing is the process of cell-to-cell communication in microorganisms that involves the production,
release, and subsequent detection of chemical-signal molecules.
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affecting photosynthetic oxygen evolution, suggesting that net improvements in carbon
fixation are reasonable. Chen and Blankenship (2011) made the challenging proposal that
photosynthetic capacity might be expanded by engineering cells to use different chloro-
phylls to capture a broader range of the light spectrum than non-engineered cells.

CO, abatement is a driver for developing algal biofuels. However, with current prac-
tices and species, CO, often is limited in production ponds and photobioreactors, and
addition of a CO, source is a significant production expense. The effects of CO, concentra-
tions on algal growth are discussed in the cultivation section later in this chapter, and CO2
requirements and sourcing issues are discussed in Chapter 4. Improved carbon concentrat-
ing strategies would address this aspect of photosynthetic efficiency. The enzyme carbonic
anhydrase is produced by several divisions of algae (Giordano et al., 2005). The enzyme
converts bicarbonate to CO, that is released intracellularly for fixation by Rubisco. Most
algae possess C3 metabolism. That is, the enzyme Rubisco is solely responsible for CO, fixa-
tion. The ability of some plants and microalgae (specifically diatoms and dinoflagellates) to
use CO, directly during C4-intermediate metabolism offers promise for reducing bicarbon-
ate limitation (Zimba et al., 1990; Raven, 2010). A November 2011 press release from Iowa
State University reports that Spalding et al. increased algal biomass by 50 to 80 percent in
C. reinhartii by artificially increasing the expression of genes that encode components of the
carbon-concentrating mechanism, which normally is induced only under low CO, condi-
tions. The cells presumably continue to actively scavenge CO, even when it is at relatively
abundant levels (Iowa State University, 2011).

2.1.3.4 Algal Crop Protection

Events in which the crop dies (pond “crash” or culture collapse) take a toll on resources
and could threaten the economic sustainability and the future potential of the algal biofuel
industry (see section Cultivation in this chapter). One cause of such culture collapse is the
activity of predators on high-density biomass cultures (see section Contamination and
Stability of Culture in this chapter). Simple genetic modifications that affect cell size can
improve resistance to grazers and could improve harvesting properties at the same time
(Jurgens et al., 1999). Focused screens to find mutations that confer resistance to specific
pathogens and grazers are likely to improve crop protection. Because their carbon- and
nutrient-allocating traits are the results of domestication, crop algae might carry a heavier
metabolic burden than invading weed species. For these reasons, trait modification to instill
resistance to herbicides, production of antifungals, and anti-grazer properties could be im-
portant. Indeed, at least one company has developed a genetically engineered algal strain
for use in open ponds that is resistant to herbicides (IP Monitor, 2009; Aravanis, 2011). Some
algae are known to increase lipid content when they are exposed to low levels of herbicide
(Ma et al., 2002, 2006). However, if residual biomass is to be used for food or feedstuff,
possible negative consequences of these traits would have to be considered. Algal species
production of allelopathic chemicals could be exploited to enhance or inhibit growth of
other organisms in crop cultures (Gross, 2003). The activities, pathways, and genes related
to the secondary metabolites of strains of interest need to be characterized to harness the
potential of intrinsic growth modulators.

2.1.3.5 Other Enhancements

The list of potential enhancements is open-ended and will expand as the specific al-
gal species are chosen for cultivation and their attributes become apparent and as the
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technologies to modify them increase. Some clearly desirable modifications would pro-
vide increases in tolerance to temperature, salinity, pH ranges, and metal concentrations.
Tolerances to a range of conditions contribute to crop robustness. Prior demonstrations of
such modifications include the conversion of freshwater cyanobacteria to use saline water
sources (Waditee et al., 2002; Laloknam et al., 2006). Other aspects of the supply chain can
be targeted through genetic modifications, including genetic engineering. For example,
groups at Los Alamos National Laboratory have transplanted genes from magnetotactic
bacteria. These genes direct the production of magnetic nanoparticles in green algae, which
allows simple harvesting by magnetic collection of cells and reduces energy input for cen-
trifugation and dewatering steps (Los Alamos National Laboratory, 2011).

2.2 CULTIVATION

Evaluating the sustainability of algal cultivation systems for biofuel production re-
quires examining the various material and energy inputs needed for the cultivation systems
to maintain scalable productivity, maximize system robustness, and minimize costs (Figure
2-3). Scalable productivity refers to a cultivation system’s ability to maintain productivities
with respect to algal biomass and algal product (mass/area-time or mass/volume-time)
from the laboratory scale to the commercial scale. System robustness refers to a cultiva-
tion system’s ability to reliably and dependably deliver consistent productivity and avoid
system crashes or failures as a result of either biological or physicochemical causes. Costs
pertain to capital and operating costs for a cultivation system.

Technoeconomic Criteria Production Inputs
Water
BIOLOGY Nutrients
Scalable Productivity
co,
System Robustness
CULTIVATION SCHEME: Land
*Growing System
*Product Collection
Low Cost Light
Power/Energy

FIGURE 2-3 Material and energy inputs required by a cultivation scheme. Together with the
biological scheme, these inputs determine the cultivation system’s productivity, robustness,
and cost.
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2.2.1 Overview of Algae-Growing Systems

The commercial large-scale cultivation of microalgae began in earnest in the 1960s with
the cultivation of Chlorella in Japan (Tsukuda et al., 1977) and the use of phytoplankton as a
feedstuff for animals reared in aquaculture (Duerr et al., 1998). In the 1970s, Spirulina was
harvested from Lake Texcoco in Mexico (Durand-Chastel, 1980) and produced in Thailand
(Kawaguchi, 1980). By 1980, 46 large-scale facilities operated in Asia producing more than
1,000 kg of microalgae each month (Kawaguchi, 1980). The global production of microalgal
biomass was estimated to be more than 5,000 dry tonnes in the year 2005 with a value of
more than U.S. $1.25 billion, which excludes the value of processed products (Spolaore et
al., 2006). About 3,000 dry tonnes of Spirulina are produced in China, India, Myanmar, the
United States, and Japan; 2,000 dry tonnes of Chlorella are produced in Taiwan, Germany,
and Japan; and 1,200 dry tonnes of Dunaliella salina are produced in Australia, Israel, the
United States, and China (Spolaore et al., 2006). In 2008, the global production of microalgal
biomass was estimated to be about 9,000 dry tonnes per year (Benemann, 2008).

In addition to algal biology and the intended algal products, numerous factors are
considered in selecting the particular algal cultivation system to be used. These include
the availability and cost of land, water, energy, nutrients, and labor, and the climate of
the location (Borowitzka, 1992). The characteristics of each cultivation system, including
its mixing or hydrodynamic characteristics, light utilization efficiency, ability to control
temperature, ability to maintain a unialgal culture, and ease of scaling from laboratory to
pilot and commercial scales also are considered (Borowitzka, 1999). The two general types
of algal cultivation systems discussed in this report are open-pond systems and closed
photobioreactor systems.

2.2.2 Open-Pond Systems

The majority of the large-scale microalgal production systems in commercial operation
today are open-pond systems, mainly due to economic factors and ease of scale up. Most
commercial-scale microalgal cultivation operations are for producing nutraceuticals, and
none of them are for producing fuel. The number of microalgal species that can be grown
effectively in open-pond systems is limited by the species’ ability to thrive in particularly
selective environments while the ponds remain relatively free of protozoan and other algal
species contamination (Borowitzka, 1999; Milledge, 2011). For example, Chlorella is grown
in a nutrient-rich medium, Spirulina at high pH and bicarbonate concentration, and Du-
naliella salina at high salinity (Borowitzka, 1999; Milledge, 2011).

The two most common types of open-pond systems are circular ponds and raceway
ponds. Circular ponds are round ponds, with depths of 30-70 centimeters (Moheimani and
Borowitzka, 2006). They are typically agitated through a centrally pivoted rotating arm.
Ponds up to 45 meters in diameter have been operated in Japan and Taiwan (Becker, 1994).
Oscillatoria grown in a circular pond achieved a productivity of about 15 grams dry weight
per m? per day (Sheehan et al., 1998). Mixing efficiency is poor in ponds with diameters
greater than 50 meters (Shen et al., 2009). Raceway ponds (Figure 2-4 a-e) are constructed
either as single units (Figure 2-4 b-e) or a group of continuous units that are joined together
(Figure 2-4a). The raceway channels enable culturing algae in ponds with depths of 15-40
centimeters. The channels are constructed from concrete or compacted earth that might be
lined with plastics. A paddle wheel, a propeller, or an air-lift pump operates at all times to
agitate and circulate the mixture to prevent algae sedimentation (Becker, 1994; Chen et al.,
2009). A key factor in open-pond design and operation is mixing, which evenly distributes
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a Paddlewheel

Harvest Feed

FIGURE 2-4 Open-pond designs for algae cultivation: schematic of raceway design (a), Earthrise
raceways (b), Cyanotech raceways (c), Sapphire Energy raceways (d), and Phyco raceways (e).
SOURCES: (a) Adapted from Spirulina Source (Spirulinasource, 1999).

(b) Earthrise (Algae Energy, 2012a). Reprinted with permission from Algae Energy.

(c) Cyanotech (2012). Reprinted with permission from Cyanotech.

(d) Sapphire (Mveda, 2011). Reprinted with permission from Sapphire and Mveda.

(e) Phyco Biosciences (Edwards, 2010). Reprinted with permission from Algae Industry Magazine.
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nutrients and exposes algal cells to sunlight and CO,. A velocity of 10-20 centimeters per
second (cm/s) prevents algal cells from depositing and settling (Shen et al., 2009). Higher
velocities are preferred, but a velocity greater than 30 cm/s could consume too much en-
ergy to be economically viable (Sheehan et al., 1998). Earthrise Nutritional, LLC, in Cali-
fornia, and Cyanotech Corporation, in Hawaii, have some of the largest algal open ponds
lined with plastic liners. Earthrise maintains 30 production ponds each about 5,000 m? and
a series of research ponds (1,000 m?, 200 m?, and 50 m?) (Earthrise Nutritional, LLC, 2009b).
Cyanotech has more than 60 ponds, each of which is about 2,900 m? (Lorenz, 2002; Enay,
2011). The depth of these ponds varies from 30 to 40 centimeters. For raceway ponds, a cell
concentration of up to 1 gram dry weight per liter can be achieved, and productivities of
10 to 25 grams dry weight per m? per day have been reported (Shen et al., 2009). Table 2-2
shows algal productivities for open systems, which vary widely depending on numerous
factors, including the type of open system and the algal species grown. Although a produc-
tivity of 50 to 60 g dry weight per m? per day is possible with open systems, achieving even
10 to 20 g dry weight per m? per day in large-scale systems is difficult on an annual basis
because of operational conditions and seasonal variations in temperature and sunlight
intensity (Shen et al., 2009).

In a raceway pond of 100 m?, a paddle wheel driven by an electric motor has a power
demand of 600 watts (W) (Becker, 1994). The overall energy requirement for paddle wheels
in a pond with a roughness coefficient of 0.025 has been estimated at 20 kilowatt hour
(kWh) per ha per day for a mixing velocity of 15 centimeters per second and 160 kilowatt

TABLE 2-2 Microalgae Productivities in Open Ponds

Areal Volumetric
Volume Microalgal Productivity Productivity
Pond Type (L) Species (g DW/m?/d) (g DW/L/d) Reference
Circular 1,960 Chlorella spp. 1.61-16.47 0.02-0.16 Kanazawa et al. (1958)
Scenedesmus spp.  2.43-13.52 0.03-0.13 Kanazawa et al. (1958)
Circular Oscillatoria 15 Sheehan et al. (1998)
Sloped (cascade) 1,970 Chlorella spp. 25 10 Lee (2001)
Slope 1,990 Scenesdesmus 24.8 Becker (1994)
obliquus
Raceway Spirulina 9-13 Olguin et al. (2003)
(Arthrospira) spp.
Raceway 282 Spirulina platensis ~ 14.47 0.183 Pushparaj et al. (1997)
Raceway 300 Anabaena spp. 9.4-235 0.031-0.078  Moreno et al. (2003)
Raceway 135,000 Spirulina 2-17 0.006-0.07 Jiménez et al. (2003)
(Arthrospira) spp.
Raceway Dunaliella salina 1.6-3.5 Garcfa-Gonzalez et al.
(2003)
Raceway 750 Spirulina platensis ~ 15-27 0.06-0.18 Richmond et al. (1990)
Raceway 4,150 Phaeodactylum 2.4-11.3 0.0028-0.13  Laws et al. (1988)
tricornutum
Hybrid system unknown 30 (anticipated) Phycal (2011)
(open ponds
and closed
photobioreactors)
Raceway Cyanobacteria spp.  15.36 (anticipated) Phyco BioSciences,
(proprietary lined Inc. (Cloud, 2011a,b)
“Super Trough
System”)

SOURCE: Adapted from Chen et al. (2009).
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hours per ha per day for a mixing velocity of 30 centimeters per second (Benemann, 1986).
Other estimates of power requirements for large ponds (for example, Cyanotech’s 2,900 m?
ponds mentioned earlier) range from about 1,200-3,700 W /ha for mixing velocities of 20 to
30 centimeters per second (Pedroni et al., 2001; Frank et al., 2011). A raceway pond of 85 m?
that uses an air-lift pump for circulation has a power consumption of 195 W based on a
compressor efficiency of 70 percent and an air demand of 120 liters per second. Ponds in
Chile and Brazil have used motor-driven drag boards as an alternative to paddle wheels;
the energy requirement was reported to be only 20 percent of the energy needed for a
comparable agitation with paddle wheels (Becker, 1994). Laws et al. (1983) introduced the
concept of foils that create circular vortices to effectively mix the pond suspension from top
to bottom. This is the type of agitation device that Algenol uses in its plastic and covered
photobioreactor design (Chance et al., 2011b; see also Chapter 3).

2.2.3 Photobioreactors

Mass cultivation of microalgal species that lack pronounced environmentally selective
advantages might require the use of photobioreactors (Milledge, 2011). Photobioreactors
are transparent containers or vessels designed to have reduced light path to enhance the
amount of available light to the algal cells, and the cultures within are continuously mixed
to enhance nutrient distribution and gas exchange. Photobioreactors for microalgae pro-
duction have an optimal thickness of about 2-4 centimeters (Borowitzka, 1999). The tubular
and the flat-plate are the two most common types of microalgal photobioreactors.

All photobioreactors have large surface to volume ratio (SVR). Because of their wide-
spread availability, tubes long have been used as a basic photobioreactor material. The
geometric configurations of tubular photobioreactors span a wide range from straight
horizontal, straight vertical, helical, to triangular configurations (Figures 2-5, 2-6). One of
the world’s largest photobioreactor facilities is in a greenhouse in Klotze, Germany. This
facility consists of straight horizontal tubes stacked in vertical fence-like arrays (Figure
2-7). The facility has a total volume of 700 cubic meters (m3), occupies a total land area of
10,000 m?, and produces 35-41 grams dry weight per m? per day or 120-140 dry tonnes per
year. Algae wall adhesion, biofouling, large pressure drop, and gradients in pH, dissolved
oxygen, or CO, can occur along the tube length. These factors are potential disadvantages
of tubular photobioreactors (Chen et al., 2009), which might be resolved by innovative
engineering designs.

Flat-plate (or flat-panel) photobioreactors are transparent rectangular containers (usu-
ally vertical or inclined) with a light path of 1-30 centimeters (Figure 2-8). Flat-plate photo-
bioreactors mix substrate by vigorous air sparging from the bottom.

Productivities of algal biomass in photobioreactors vary with the type of geometric
configuration used and the algal species grown (Table 2-3). Many novel production systems
have been designed and currently are being developed and tested. The new production
systems aim to lower construction and maintenance costs close to those of open-pond
systems and maintain the high, stable productivity and reduced contamination risk of
closed photobioreactors. These systems include the Solix, ACCORDION, Algenol, and the
National Aeronautics and Space Administration’s (NASA) Offshore Membrane Enclosure
for Growing Algae (OMEGA), and Photon8'’s traveling wave system.

The Solix photobioreactor is an elongated (low height-to-length ratio) flat-panel pho-
tobioreactor made of plastics. It is designed to bridge the gap from flask to open raceway
pond by serving as a controlled-environment test bed or as an algae inoculum scale-up
device (Figure 2-9; Solix Biofuels, 2011). The Solix photobioreactor allows for open-pond
deployment by using the water as a thermal regulator for open-air field applications. Air
sparging for aeration and mixing occurs along the full length of each panel.
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FIGURE 2-5 Tubular photobioreactors.

SOURCES: Clockwise from top left: (a) California Polytechnic State University;

(b) Kennedy et al. (1995); and

(c) NanoVoltaix (2012). Reprinted with permission from Qiang Hu and Arizona State University/
NanoVoltaix.
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FIGURE 2-6 Triangular external air-lift tubular photobioreactors.
SOURCES: Vunjak-Novakovic et al. (2005). Reprinted with permission from American Chemical Society.
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FIGURE 2-7 Tubular photobioreactors of straight horizontal tubes stacked in vertical fence-like arrays
housed in a greenhouse in Klotze, Germany.
SOURCE: Algomed. Reprinted with permission from AGU.

FIGURE 2-8 Flat-plate photobioreactors.
SOURCES: (a) Algae Energy (2012b);
(b) NanoVoltaix (2012). Reprinted with permission from Qiang Hu and Arizona State University /NanoVoltaix.

TABLE 2-3 Microalgae Productivities in Photobioreactors

Productivity
Photobioreactor Volume (L) Microalgal Species (g DW/L/d) Reference
Airlift tubular 200 Porphyridium cruentum 1.50 Camacho Rubio et al. (1999)
Airlift tubular 200 Phaeodactylon tricornutum 1.20 Acién Fernandez et al. (2001)
Airlift tubular 200 Phaeodactylon tricornutum 1.90 Molina et al. (2001)
Inclined tubular 6.0 Chlorella sorokiniana 1.47 Ugwu et al. (2002)
Undular row tubular 11 Arthrospira platensis 2.70 Carlozzi (2003)
Helical tubular 75 Phaeodactylon tricornutum 1.40 Hall et al. (2003)
Parallel tubular 25,000 Huaematococcus pluvialis 0.05 Olaizola (2000)
Bubble column 55 Haematococcus pluvialis 0.06 Lépez et al. (2006)
Flat plate 440 Nannochloropsis spp. 0.27 Cheng-Wu et al. (2001)
Flat plate 100 Nannochloropsis spp. 0.30 Rodolfi et al. (2009)
ACCORDION 60 Monodus subterraneous 0.40 Cuello and Ley (2011)

SOURCE: Adapted from Ugwu et al. (2007). Reprinted with permission from Elsevier.
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FIGURE 2-9 Solix photobioreactor.
SOURCE: Reprinted with permission from Solix Biosystems.

NASA’s OMEGA is a flat-panel photobioreactor made of plastic. Inserts of forward-
osmosis membranes allow the exit flow of oxygen and water while the photobioreactor is
laid down horizontally on a water surface (Figure 2-10; Trent, 2011). OMEGA is designed
for deployment on the surface of bodies of saline water (for example, sea and ocean) where
it exploits wave movements for mixing culture and regulating temperature. This photobio-
reactor currently is undergoing redesign to overcome technical challenges; the final design
likely will be more complex than its original design and could include some significant
deviations (Trent, 2011).

The ACCORDION photobioreactor is a vertical series of flat plastic panels through
which the algal suspension is grown in batch or grown continuously recirculated in batch,
semicontinuous, or continuous modes (Figure 2-11; Cuello and Ley, 2011). The adjustable
alternating vertical and angled flat plates, or alternating angled flat plates, are designed to
improve the light incidence on surfaces and enhance the mixing and flow patterns inside
the plates. For example, a treatment for a 60-liter ACCORDION photobioreactor with 45°
plate angle and liquid flow rate of 14 liters per minute resulted in algal productivity of 0.30
grams of dry weight per day that was statistically indistinguishable from that of a 1-liter
shake-flask control. The ACCORDION photobioreactor is a modular design that can be
scaled up by adding modules. This is equivalent to open raceway ponds achieving scale
up by adding raceway units. The ACCORDION photobioreactor currently is undergoing
further design and structural optimization (Cuello and Ley, 2011).
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FIGURE 2-10 NASA’s OMEGA photobioreactor.
SOURCE: Trent (2011).
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FIGURE 2-11 ACCORDION photobioreactor.
SOURCE: Cuello et al. (2011).
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FIGURE 2-12 Algenol photobioreactor.
SOURCES: Chance et al. (2011b); Algenol Biofuels (2012). Reprinted with permission from Ron Chance, Algenol
Biofuels.

The Algenol photobioreactor is a plastic, horizontal, half-cylinder vessel that uses a
hydrofoil that moves back and forth along the longitudinal axis of the photobioreactor
to mix substrate (Figure 2-12). The photobioreactor, which is designed for direct ethanol
production, is used to culture enhanced cyanobacteria that excrete ethanol into an aqueous
medium. The ethanol-water mixture evaporates to form liquid condensate on the photobio-
reactor’s concave ceiling and flows down both the sides of its internal walls where plastic
sleeves catch the ethanol-water condensate and convey it to a collection port at one end of
the photobioreactor (Chance et al., 2011b).

2.2.4 Comparison of Open Systems and Closed Systems

Table 2-4 compares open-pond systems and closed photobioreactor systems for photo-
autotrophic microalgae production. Although outside the scope of this report, the low costs
of construction and maintenance constitute one of the biggest advantages of open-pond

TABLE 2-4 Comparison of Open and Closed Algal Cultivation Systems

Parameter Open System Closed System Reference

Cost Lower Higher Shen et al. (2009)

Pumping energy Lower Higher Becker (1994); Shen et al. (2009)
Ease of scale up Greater Lower Shen et al. (2009)

Evaporative water loss up to 10L/m?/day  Negligible where wind cooling Becker (1994)
is sufficient; 1-2 L/m?/day
when water-spray cooling
is used; or similar to open
systems if photobioreactors
are submerged in ponds for

cooling
Land area required Higher Lower
Contamination risks Higher Lower Borowitzka (1999);
Milledge (2011); Shen et al. (2009)
Productivity Lower Higher See Tables 2-1 and 2-2
Productivity stability =~ More variable Less variable Shen et al. (2009)
Sparged CO, loss Higher Lower Becker (1994); Shen et al. (2009)

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13437

Sustainable Development of Algal Biofuels in the United States

OVERVIEW OF ALGAL BIOFUEL SUPPLY CHAIN 51

systems compared to photobioreactors. The conventional view was that the use of open-
pond cultivation is more likely to achieve the goal of technoeconomic feasibility for produc-
ing microalgae for biofuels than the use of photobioreactors. Because of their lower capital
costs and simpler designs, open-pond systems are easier to scale up to increase production
than photobioreactors. Most photobioreactor configurations are scaled up by multiplying
units and by increasing the unit volume. Increasing unit volume of photobioreactors re-
quires adjustments of physical variables to achieve appropriate flow dynamics within the
new unit volume. Disadvantages of open-pond systems include losses of water to evapo-
ration, risk of contamination by competing microorganisms, loss of algal biomass due to
weather, and loss of introduced CO,. (See Chapter 4 for details on evaporative water loss.)

Advantages of photobioreactors include significantly higher microalgal biomass pro-
ductivity and greater production stability over time than open-pond systems. For example,
the volumetric productivity of Nannochloropsis spp. in photobioreactors could exceed that
in open raceways by as much as 16 times (Table 2-4). The risk of biological contamination
is much greater in open-pond systems than in closed photobioreactor systems. With the
exception of Spirulina and Dunaliella salinas, which are cultivated in open systems under
highly selective growing conditions, the lack of competitive advantages of many of the
microalgal species being tested for biofuel production in open ponds and their susceptibil-
ity to culture crashes are concerns. Thus, the low volumetric productivity and susceptibility
to contamination could constitute a substantial risk to the economic sustainability of open-
pond cultivation systems compared to closed photobioreactor systems.

The utilization efficiencies of some vital input resources in terms of production per unit
input—particularly for water and land—are in general lower in open cultivation systems
than in closed photobioreactors (Table 2-5; Davis et al., 2011). As noted above, evaporative
water loss is of particular concern in open-pond systems. These losses could be as much as
10 liters per m? per day. Thus, a one hectare open pond could lose 100,000 L of water per
day or 36,500,000 liters of water per year. When the cooling of photobioreactors is achieved
through water-spray cooling or through submergence in open ponds, the evaporative wa-
ter loss associated with photobioreactors also can be substantial and as much as in open
systems. Table 2-5 further compares the land area requirement, energy consumption, net
energy ratio, and other criteria for cultivating Nannochloropsis spp. in an open raceway,
flat-plate photobioreactor, and tubular photobioreactor to produce 100,000 kg dry weight
(DW) of algal biomass per year (Jorquera et al., 2010). The land area required for the open
raceway exceeded that of the tubular photobioreactor by 241 percent and that of the flat-
plate photobioreactor by 256 percent. The total energy consumption for the open raceway,
flat-plate photobioreactor, and tubular photobioreactor were 3.72 watt per cubic meter
(W/m?), 53 W/m?, and 2,500 W/m?3, respectively. The resulting net energy ratios for oil
production, defined as the total energy produced divided by the total energy requirement,
were 3.05, 1.65, and 0.07 for the open raceway pond, flat-plate photobioreactor, and tubular
photobioreactor, respectively. While the tubular photobioreactor had a net energy ratio of
less than 1, and thus consumed more energy than it produced, the net energy ratios for flat-
plate photobioreactors and open raceway ponds were both greater than 1. Therefore, the
favorable energy balance might persist through mass cultivation of Nannochloropsis using
either of these methods. However, the 2010 study by Jorquera et al. did not consider the
harvest costs and the cost of oil extraction that add significantly to energy consumption. A
thorough discussion of life-cycle assessment (LCA) of energy balance for algal biofuels is in
Chapter 4. The Jorquera study was part of a meta-analysis that reanalyzed published data
to provide an estimate of the energy requirement for fuel production (Liu et al., 2012). The
true energy return may not fully be known until full-scale commercial production has been
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TABLE 2-5 Comparison of Raceway Ponds, Flat-plate, and Tubular Photobioreactors in
Cultivating Nannochloropsis spp. to Produce 100,000 kg DW Per Year

Flat-Plate Tubular
Variable Raceway Ponds  Photobioreactors Photobioreactors
Annual biomass production (kg/year) 100,000 100,000 100,000
Volumetric productivity (g/L per day) 0.035 0.27 0.56
[luminated areal® productivity (kg/m? per day) 0.011 0.014 0.0081
Occupied areal® productivity (kg/m? per day) 0.011 0.027 0.025
Occupied areal® productivity (t/ha per year) 39 99 93
[luminated areal® volume (per m?) 300 50 14
[lluminated area®/volume ratio (per m) 3.3 19 69
Occupied area®/volume ratio (per m) 2.3 10 22
Biomass concentration (g/L) 0.35 2.7 1.02
Dilution rate (per day) 0.1 0.1 0.1
Area required for biomass production of 26,000 11,000 11,000
100,000 kg/yr (m?)
Reactor volume required for biomass production of 7,800 1,000 490
100,000 kg/yr (m?)
Flow rate required to maintain a 0.1 /day dilution 780 100 49
rate (m®/day)
Hydpraulic retention time (volume/flow rate) 10 10 10
Relative oil content (%) 30 30 30
Net oil yield (m?/year) 33 33 33
Oil yield per area (m3/ha per year) 13 32 31
Energy consumption (W/m?) 3.7 53 2,500
Energy consumption required for accumulation of 29,000 54,000 1,200,000
100,000 kg/year biomass (W)
Total energy consumption (kWh/month) 8,700 16,000 370,000
Total energy consumption (GJ /year) 378 700 16,000
Energy produced as oil (GJ/year) 1,200 1,200 1,200
Total energy content in 100,000 kg biomass (GJ/year) 3,200 3,200 3,200
NER for oil production 3.1 1.7 0.07
NER for biomass production 8.3 4.5 0.20

lluminated area refers to the surface area of a raceway pond or photobioreactor subject to illumination.
"Occupied area refers to the land area occupied by the raceway pond or photobioreactor.

Note: Net Energy Ratio (NER) = total energy produced/total energy requirement.

SOURCE: Adapted from Jorquera et al. (2010). Reprinted with permission from Elsevier.

realized. Even then, uncertainty in the estimates of energy return might remain, as in the
case of corn-grain ethanol (Hall et al., 2011). Where biofuel feedstocks consist of genetically
modified organisms or other organisms of potential societal concern (for example, organ-
isms that have been invasive in one or more environments), photobioreactors may be more
acceptable to some communities or individuals.

In summary, open-ponds and closed photobioreactors each offer distinct advantages
and disadvantages. Open-pond systems allow for larger scale units at lower capital invest-
ments, lower operating costs, and lower energy demands than closed photobioreactors.
However, the open nature of such ponds makes them vulnerable to the natural elements,
including loss of water through evaporation and invasion of undesirable species. Closed
systems offer some protection of the cultivated algae from the natural elements. Because
they have pipes and tubes, closed photobioreactors are more expensive to construct and
require more energy to operate than open-pond systems. But closed photobioreactors can
improve the sun exposure and take advantage of specialized species, thereby improving
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productivity. It is premature to draw conclusions as to which system is preferable at this
nascent state of the development of algal biofuels. Other aspects of sustainability (for ex-
ample, economics) would have to be considered in selecting the cultivation systems for
algal biofuel production.

2.2.5 Design Considerations for Algal Cultivation Systems

2.2.5.1 Supplemental Carbon Dioxide

Because supplemental gaseous CO, significantly enhances algal biomass growth rates,
supplementation is recognized as a universal practice in mass cultivation (Ono and Cuello,
2004a,b, 2006; Williams and Laurens, 2010). Yue and Chen (2005) reported, for instance, that
the maximum growth rate for Chlorella ZY-1 strain was achieved when an air flow enriched
with 10 percent (v/v) CO2 was used (Figures 2-13 and 2-14). The linear growth rate under
that condition was about 1.17 g dry weight per liter perday (Figure 2-14), and the cell con-
centration reached 5.77 g dry weight per liter after 6 days of cultivation. Growth rates and
cell concentrations were higher in cultures grown with 5, 20, 30, and 60 percent CO, with
all CO, treatments delivered at a flow rate of 2.5 L/ min than without CO, supplementation
(Figure 2-13).

Supplemental carbon sources for algal cultures include bicarbonate dissolved in water
or CO, gas. If carbon is supplied as CO, gas in open ponds, then optimizing the size of gas
bubbles is critical to ensure that the CO, remains in the water and is taken up by algae.
Open-pond cultivation has used sintered porous stones or PVC pipes with a line of fine
holes on the upper part. In shallow ponds, however, these methods result in significant
losses of CO, to the atmosphere because the aqueous algal suspension retains the gas
bubbles only for a short time so that CO, cannot be absorbed completely unless counter-
current carbonation sumps are used. Achieving a utilization rate of more than 10 percent of
the supplied CO, under working conditions has been difficult (Becker, 1994). In addition,
mounting pipes or tubes at the bottom of ponds is technically challenging, and porous

Cell concentration (/L)

Thme (d}

FIGURE 2-13 Variations in growth of Chlorella ZY-1 strain with CO, con-
centrations (v/v).
SOURCE: Yue and Chen (2005). Reprinted with permission from Elsevier.
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FIGURE 2-14 Variations in growth rate of Chlorella ZY-1 strain with CO, concentrations (v/v).
SOURCE: Yue and Chen (2005). Reprinted with permission from Elsevier.

materials used for gas distribution tend to get clogged by algae and other debris and require
regular cleaning (Becker, 1994). Weissman et al. (1988) demonstrated that the rate of CO,
outgassing from an open raceway varied and could be reduced, based on pH, alkalinity,
and ionic strength. An alternative is the use of a floating CO, injector, such as one developed
in Peru (Vasquez and Heussler, 1985). The device consists of a floating compartment with
a hollow enclosure (preferably made from sealed PVC pipes and covered with transparent
sheeting). Flotation is achieved because of the gas cushion under the cover. Through a ball-
valve system, the compartment is filled with pure CO,. When the device emerges through
its buoyancy, the valve is shut, and vice versa. The resulting CO, loss is as low as 4 percent
of total CO, supply in some cases (Becker, 1994).

The amount of CO, offgassing from photobioreactors depends on the specific type of
photobioreactor and how it is operated. Flat-plate photobioreactors, for instance, generally
have much shorter gas paths than tubular photobioreactors (Sierra et al., 2008). Unlike in
open raceways, CO, offgassing from photobioreactors could be minimized by recycling the
effluent gas stream. If the recycled gas stream happens to have a high oxygen concentra-
tion, the challenge of stripping the oxygen to prevent inhibition of culture growth needs
to be addressed.

2.2.5.2 Contamination and Stability of Culture

If the product yield (for example, algal oil or ethanol) depends on the growth of a par-
ticular cultivated algal species, then growing and maintaining that monoculture is critical.
Citing Moheimani and Borowitzka (2006), Stephens et al. (2010) noted that some open-pond
systems could be run over 6 months without significant levels of contamination. Nonethe-
less, maintaining dominance and high biomass productivity of the preferred cultivated spe-
cies in open and non-aseptic algal monocultures remains one of the most formidable chal-
lenges in open-pond mass cultivation. Like monocultures of terrestrial crops, large algal
monocultures tend to be invaded by undesirable pests and pathogens, and crop protection
is a major challenge to algal pond sustainability (Hannon et al., 2010). The principal types
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of contaminants in algal cultures include other algal species, bacteria, zooplankton, fungi,
insects, and viruses. The types and populations of contaminants in algal cultures depend on
the local environmental conditions, the algal species cultivated, and the specific cultivation
system in use (Baptist et al., 1993; Becker, 1994; Mahan et al., 2005).

Contamination of open-pond algal cultures by other algal species is unavoidable be-
cause the growth conditions inevitably are suitable for the cultivated algal species and
other local species. Even in the case of the cyanobacterium Spirulina, which is cultivated at
highly selective growing conditions of high alkalinity and pH, contamination by another
cyanobacterium Oscillatoria or by algae has been reported at suboptimal growth conditions
such as at bicarbonate concentrations below 15 grams per liter (Becker, 1994). In extreme
cases, an invading algal species could become dominant and overgrow the intended spe-
cies. In cultures of Scenedesmus spp., the common contaminants include Chlorella spp.,
Selenastrum spp., and some species of diatoms (Becker, 1994). In Japan, it has been reported
that maintaining Chlorella cultures required frequent start-up of the culture with uncon-
taminated inoculum (Becker, 1994). While it is impossible to keep other algal species away
from an open-pond system, strategies can be adopted to keep the contamination at accept-
able levels, including using high concentrations of the inoculum, periodic cleaning of the
cultivation system, and implementing a specific nutrient or a combination of environmental
conditions that favor the desired species (Becker, 1994).

Algal cultures contaminated by Monas spp. or other species of protozoans often are
totally decimated within 12 to 18 hours after the corruption is first detected (Baptist et al.,
1993). The fungi chytrids have been detected in several algal cultures and often occur as epi-
demics, which sometimes result in the complete loss of cultures. The fungus Chytridium spp.
is the most dangerous fungus for cultures of Chlorophyceae, and often appears together
with the zooflagellate Aphelidium spp. Infections of Scenedesmus cultures by these organ-
isms have been detected practically worldwide. Such infection is characterized by heavy
flocculation of the algal suspension, a brown color of the culture medium, and decreased
oxygen evolution (Becker, 1994). By the time these symptoms appear in the algal culture, it
is already too late to control the parasite. The only biological control for Aphelidium infec-
tion in an early stage is a many-fold dilution of the culture with fresh medium, enabling
the algal population to remain in an exponential growth phase so that its multiplication
rate exceeds that of the parasite. Infection of Scenedesmus spp. cultures with Chytridium
spp. have been treated successfully in Israel by applying the fungicide Benomyl (methyl
1-butylcarbomoyl benzimidazolecarbamate) at a dosage of 1 milligram per liter (mg/L)
(Becker, 1994). Fungal contamination of C. reinhardtii can be controlled using the fungicides
carbendazim (1 mg/L), thiophanate-methyl (20 mg/L), and benomyl (20 mg/L) (Mahan
et al., 2005). A combination of carbendazim and the antibiotics ampicillin and cefotaxime
also has been shown to remove or reduce contamination of C. reinhardtii by three different
bacteria and two different fungi tested (Kan and Pan, 2010).

There have been occasional reports of contamination of algal cultures by the zoo-
plankton Lycrymanis spp., Colpidium spp., and Vorticella spp., though these organisms had
negligible effects on algal growth (Becker, 1994). Contamination by a group of rotifers
called Branchionus, however, may impede the growth of algal cells and in extreme cases
could spoil the entire algal culture. The most effective control has been to lower the pH of
the culture to about 3.0 by adding acid and keeping the culture at that pH for 1 to 2 hours
before the pH is readjusted back to 7.5 with potassium hydroxide (KOH). The treatment
effectively eliminates the rotifers without deleterious effects on the algal cultures (Becker,
1994).
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2.2.5.3 Open-Pond Operations

Open-pond facilities for the large-scale production of algal biofuels likely will need to
be managed as complex, bioengineered systems by applying known principles of popula-
tion, community, and ecosystem ecology (cf. Graham and Smith, 2004; Smith et al., 2010a).
Numerous configurations for open-pond systems can be envisioned, two of which are
discussed below.

2.2.5.3.1 Single species (target strain inoculum) hybrid system

One hybrid facility design for algae cultivation involves the front-end use of a pho-
tobioreactor that is later linked to open ponds. The upstream photobioreactor would be a
breeder or feeder system that provides an influx of high-density, target algae for production
and harvest in downstream open-raceway systems (DOE, 2010). However, several key eco-
logical factors potentially may complicate the stable long-term use of single-strain hybrid
or single-strain all open-pond systems.

First, nominally single-strain hybrid systems would be subjected constantly to poten-
tial invasions by microflora and microfauna present in the local landscape. For example,
resting stages or live individuals from taxonomically diverse groups of cyanobacteria and
algae can be deposited onto the surface of the open ponds, either via the direct deposition
of atmospheric particulates, or in association with rain and snowfall (for example, Brown
et al., 1964). In addition, open ponds will be invaded by a diverse community of aquatic
consumers, including rotifers, ciliates, insect larvae, and crustacean zooplankton. These
animal invaders can be transmitted primarily via insects, migratory waterfowl, and other
regionally mobile animals (for example, Frisch et al., 2007) and by wind and rainfall (Jen-
kins and Underwood, 1998). The taxonomic identities and total number of species that
ultimately become resident in these ponds depend on the size and composition of regional
species pools (Chase, 2003; Ptacnik et al., 2010), allelopathic interactions with the desired
species, competition for available resources, and the productivity and surface area of the
pond system (Hoffmann and Dodson, 2005; Smith et al., 2005). Some species of herbivorous
invaders are highly undesirable because their unrestricted growth can strongly suppress
algal growth (see the predator-prey dynamics discussion later in this chapter).

Second, the primary goal of the upstream photobioreactor is to provide a constant
supply of the target algal strain. However, once invasions by cyanobacteria and algae oc-
cur in the downstream open pond, the target algal strain may not continue to dominate
the algal community. This problem could exist whether the target strain is genetically
modified or naturally occurring. Such invasions could reduce overall biomass yield and
require costly interruptions of biomass production for system closure, cleaning, and strain
re-establishment.

In the most desired case, the target strain would be highly competitive and would con-
tinuously remain the dominant primary producer in the pond while the hybrid cultivation
system is in operation. However, strong temporal dynamics in species composition are
observed in most polycultures. Individual species tend to exhibit major changes in relative
abundance as conditions change over ecological time. Occasionally some species increase
from nearly undetectable abundance to strong numerical dominance during a period of
only weeks (for example, Reynolds, 1997). Such strong species dynamics are undesirable
because the oscillation of target strain abundance could create strong instability in algal
biofuel production rates via changes in algal biomass, lipid content and molecular compo-
sition, lipid extractability, and lipid harvestability. Zmora and Richmond (2003) summa-
rized the production of Nannochloropsis for rotifers and as a direct aquaculture feed. They
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reported that the highest lipid content in Nannochloropsis was observed in the summer, but
the highest eicosapentaenoic acid level was observed in winter. Daily harvesting of 25 to 30
percent of the culture volume during the summer yielded the most biomass. Contaminants
were controlled by pH shifts and use of low levels of chlorine.

2.2.5.3.2 Mixed species (natural plankton community inoculum) systems

Another facility design for algae cultivation uses open-pond systems that are inocu-
lated with planktonic assemblages obtained from natural water bodies in the nearby land-
scape. Such inocula contain a representative subset of the indigenous species pool of mi-
croflora and microfauna. This species pool will include aquatic viruses, bacteria, and fungi;
cyanobacteria and eukaryotic microalgae and macroalgae; and aquatic consumers such
as rotifers, ciliates, insect larvae, and crustacean zooplankton. Just as in the hybrid ponds
discussed earlier, mixed-species algal production systems potentially would be subjected
to daily invasions by species of microflora and microfauna that might not have been in the
original starting inoculum.

A mixed species assemblage provides potential advantages of improved biomass yield
and increased culture stability. The agricultural literature has long demonstrated that the
joint cultivation of multiple plant species (polyculture) typically provides a greater total
biomass yield than a single crop. This phenomenon is known as “overyielding” (Bessler
et al., 2009). Overyielding of biomass has been observed in algal assemblages (Weis et al.,
2008), leading Smith et al. (2010b) to hypothesize that mixed-species cultures could produce
higher yields of algal biomass and lipids than single-species algal cultures. Stockenreiter
et al. (2012) tested this hypothesis in both natural and laboratory microalgal communities
and found higher lipid production in diverse algal communities relative to algal monocul-
tures grown under the same resource supply conditions. This study supports the sugges-
tion that naturally occurring, multispecies, microalgal communities grown in open ponds
potentially could store more solar energy than single species communities cultivated in
closed photobioreactors (Smith et al., 2010b). Incorporating the ecological advantages of
diversity-related, resource-use dynamics into algal biomass production might provide a
cost-effective way to improve yield and the robustness of algae cultivation for biofuel pro-
duction (Stockenreiter et al., 2012).

Another key ecological interaction that applies to commercial-scale algae production
in open ponds is the predator-prey dynamic. Similar to their natural analogues, artificially
constructed open-pond systems will develop diverse biological communities. In particular,
because they will contain primary producers (algae) and primary consumers (herbivorous
zooplankton), these pond communities will tend to exhibit predator-prey population os-
cillations similar to insect outbreaks that damage crop yields in terrestrial agriculture. In
particular, unrestrained growth of large herbivorous zooplankton, such as Daphnia pulex
or Daphnia magna, is analogous to placing an excess of grazing animals in a field. They can
over-graze algal cells and result in order-of-magnitude reductions in algal biomass yields.
Selective grazing of desirable species coupled with nutrient release from grazers can alter
the composition of the resident algae to increased levels of undesirable forms. From a crop
protection point of view, this is a highly undesirable outcome. However, aquatic food webs
can be altered to lessen losses of algal biomass via top-down control (Carpenter and Kitchell,
1988). For example, the carnivorous mosquitofish (Gambusia affinis) can be added to pond
production systems to remove large zooplankton and help maximize the pond-grown algal
biomass for biofuel production (Smith et al., 2010b). The mixed community could contain
variable nutritional value as taxonomic composition changes. Changes in composition likely
would alter the lipid content and the potential quality of algal biomass for making fuels.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13437

Sustainable Development of Algal Biofuels in the United States

58 SUSTAINABLE DEVELOPMENT OF ALGAL BIOFUELS

2.3 PROCESSING ALGAL BIOMASS INTO FUELS

Fuel production from algal biomass is most commonly assumed to involve cultiva-
tion of microalgal species that have high lipid productivity and the processing of the lipid
to biodiesel. In this case, production of biofuel requires the algae to be concentrated and
subsequently treated to cause the release of the intracellular lipids. The concentration, or
harvest, step involves the separation and typically drying of the algal cells to prepare them
for lipid collection. Lipid collection usually is accomplished by rupturing the algal cells.
Subsequent extraction of the biomass might be required for economical oil recovery. Thus,
biodiesel production from algae requires two distinct separation steps—harvest and prod-
uct collection—regardless of whether growth occurs in open or closed photobioreactors.

The important feature in harvest and extraction is that the algae and the lipids are in-
soluble in water. The technical problem in the production of biodiesel is simply producing
a pure, dry triacylglycerol stream for subsequent processing to biofuels. Because the algal
biomass and the algal oils are immiscible in water, harvest can be completely spontaneous,
and there is no key thermodynamic separation energy to be overcome. The constraints on
the system are purely engineering-related, and better engineering can reduce the energy
expenditure required for separating the algal biomass from the culture water and drying
it for subsequent oil collection. Relatively low algal biomass concentrations and the small
size of microalgae make separation challenging and energy intensive. A meta-analysis of
published studies shows that more than 40 percent of the total energy required for biodiesel
production can be attributed to harvest and product collection (Clarens et al., 2010). (See
Chapter 4 for details on energy use.)

Purity of the algal lipid is an important parameter for processing into liquid transporta-
tion fuel. Inorganic materials that stay with the oil are a concern, and the method of harvest
and collection can influence the impurity levels. Inorganic salts and phospholipids are two
known impurities that could affect processing. Inorganic salts are in the culture medium
and occur naturally in algae, but they also can be introduced as flocculants.

2.3.1 Harvesting and Dewatering Methods

Microalgal cultures are about neutrally buoyant suspensions of microscopic particles.
As noted earlier in this chapter (see Tables 2-1, 2-2, and 2-4), algal cell biomass is most com-
monly reported to be up to about 0.4 grams per liter in open ponds and 3 g/L in photobio-
reactors, though concentrations up to 40 grams per liter have been reported (Brennan and
Owende, 2010). These concentrations require that almost a liter of water be removed from
the algae to produce a few grams of dry biomass. The pumping and processing of water
are energy intensive, and reducing the energy required to collect the algae directly affects
the sustainability of microalgae cultivation.

Microalgae are grown as insoluble particles in an aqueous medium. Furthermore, the
lipids present in the algae are similarly immiscible in water. In principle, the separation of
algal oils from the aqueous growth media can be spontaneous and require little energy. In
practice, the separation of algae from the growth media and the separation of lipids from
algal biomass in a timely manner is energy intensive. Reducing the energy required can be
accomplished through improvements in the algal strains, through engineering improve-
ments, and through favorable interplay of the two. As an example, improvements to algae
that increase the density of cells in the culture, in principle, reduce the amount of water that
has to be eliminated during recovery. Reducing the water processed would, all other things
being equal, reduce the energy expended during algae collection.
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Methods for harvest vary greatly depending on whether macroalgae or microalgae
are grown. Though the focus of this report is on microalgae, macroalgae are harvested
mechanically with relatively low-energy input today (Roesijadi et al., 2010). Harvesting
macroalgae is a more than 400-year-old industry (McHugh, 2003) with innovations still be-
ing proposed to improve efficiency (Garthwaite, 2012; OneWater, 2012). For microalgae, the
methods used for harvest rely on size exclusion or separation based on density (Table 2-6).
These include filtration, centrifugation, sedimentation, flotation, flocculation (coagulation),
and electrophoresis techniques (Uduman et al., 2010). Flocculation and gravity sedimenta-
tion are similar. Natural density separation can be sped up by adding agents that cause the
microalgae to aggregate. Triggers for aggregation include changes in pH or other chemical
triggers. Algae either may settle or will float to the surface of the liquid. The separation is a
relatively low-energy decanting that produces a majority water phase and an algal phase.
Inorganic or organic (synthetic) flocculants both are used, with the nature and disposition
of these materials being the sustainability concerns.

Use of inorganic flocculants, such as ferric chloride and alum, pose environmental and
processing concerns. Flocculants travel through the process with the algal biomass and would
have to be accounted for in the process. High concentrations of metals present in residual
algal biomass would limit its use as coproducts because of safety concerns. Organic floc-
culants may be susceptible to anaerobic digestion, removing them from the recycle stream.
The presence of flocculants may affect the suitable uses for the algal biomass as coproducts.

Centrifugation and filtration can be used alone or in concert with a preliminary density-
driven separation. Centrifugation rapidly concentrates organisms but requires high capital
and operating costs. Filtration may be inefficient because the microscopic algal cells tend
to clog the filter. Centrifugation and filtration are receiving considerable focus, and inno-
vations are being reported (for example, Heaven et al., 2011; Milledge, 2011; Bhave et al.,
2012). Other methods for harvest, such as acoustic manipulation of algal cells or electropho-
resis techniques including electrolytic coagulation and electrolytic flocculation, have been
reviewed, but their harvest rate and reliability vary (Sukenik and Shelef, 1984; Chen et al.,
2009; Uduman et al., 2010; Vandamme et al., 2011; Leckey and Hinders, 2012). As noted ear-
lier in this chapter, there also have been efforts to develop genetically engineered algae in-
corporating magnetic nanoparticles to reduce energy costs for harvesting and dewatering.

TABLE 2-6 Characteristics of Microalgae Harvesting Techniques.

Suspended Solids Operating Costs Cell Harvesting
Harvest Methods Concentration (%)  per Gallon of Water Efficiency Algal Species
Centrifuging High (< 22%) Very high ($20 to $50) >90% Almost all except
the very fragile
Filtration/screening Medium to high Medium to high 20% to 90% Algae with large
(5% to 18%) ($10 to $20) (> 5 pm) cells
Flocculation Low to medium Low to medium 50% to 90% Algae with low
(3% to 6%) ($3 to $10) density
Bioflocculation Low to medium Low ($0.20 to $0.50) About 90%
(2% to 5%)
Sedimentation/settling ~ Low (0.5% to 3%) Low to medium 10% to 90% Algae with high
($0.50 to $1.50) density

SOURCE: Adapted from Shen et al., 2009. Reprinted with permission from the American Society of Agricultural
and Biological Engineers.
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2.3.2 Extraction

Once the algal biomass has been harvested, oil needs to be extracted if lipids are the
desired primary product. For processing methods that use whole cells, harvest might be all
that is required for the next stage of fuel production. Biodiesel production is a technology
that in most variants requires collection of the algal lipids for post processing. Extraction
of oil from algal biomass has proven to be difficult. Unlike oil recovery from oilseed plants,
there is no well-defined, commercial lipid extraction process for algae on the market. As in
the case of oil recovery from seeds, extraction with organic solvents has been tested with
algal systems. There are two differences between oil extraction from seeds and algae. First,
simple milling of oilseeds creates an extractable meal. Second, the oilseed meal is about 90
percent solids. In contrast, algal biomass is high in water content, and cell membranes are
not easily ruptured to yield readily extractable oil.

High levels of oil expression have been reported for algae grown heterotrophically.
Levels reported up to 80 percent are said to be so high that only cell lysing is required for
collection, avoiding extraction (Dillon, 2011). There are no reports indicating that photoau-
totrophic cultivation has attained such high oil fractions.

Oil extraction can be done with dried algae or with the wet paste from harvest. Drying
is energy intensive, but yields a material that can be mechanically treated to open up access
for oil extraction (Viswanathan et al., 2011). Once dried, oils are extracted. Characteristics
of a desirable solvent include high solvent power, low toxicity, low specific heat, low heat
of vaporization, low cost, high availability, and preferably nonflammable. Examples of
solvents include hexane (most frequently cited as the solvent used for algal-oil extraction),
chloroform, methanol, ethanol, butanol, ethyl acetate, and petroleum ether. The solvent is
boiled away from the algal oil, recovered, and reused. Solvent recovery is high but is not 100
percent. A 0.5 to 5 percent loss can be assumed. The large volume of solvents and solvent
vapors in the process can represent a fire and explosion risk.

Solvents used for wet extraction usually are immiscible with water to save on energy use
in solvent recovery. The biomass generally is processed as whole cells because mechanical
membrane rupture is difficult in the wet pastes. The solution of algal lipid in solvent is recov-
ered for purification. The solvent is boiled away from the algal oil, as in oilseed processing.

2.3.3 Combined Harvest and Collection

Several methods that seek to use electric fields, heating, or other means to free oil from
algae without having to harvest the algae are being developed. Origin Oil, Open Algae,
and Diversified Technologies are a few of the companies that seek to substantially reduce
the energy requirement of harvest and oil collection. The premise of those methods is to
supply energy to an algal culture to rupture (lyse) the cells. Lipids in the cells then spon-
taneously separate from the biomass, rising to the surface while the biomass sinks. The
anticipated result is a solid sediment, an aqueous layer, and a free oil layer so that simple,
cost-effective, and energy-efficient gravity separation recovers the oil. These systems offer
the promise of substantial reduction in energy use and the elimination of solvent use. A new
extraction-harvest technique, microwave-assisted drying, uses microwaves to excite liquid
within algal cells, causing the cell wall to rupture and release lipids. Solvents then are used
to extract the lipids. Microwave-assisted drying can save time because algal biomass does
not have to be dehydrated before the lipid extraction. Whether microwaving would dimin-
ish the quality of the lipids or the practicality of scale-up to quantities needed for liquid
transportation fuel is unknown (Mercer and Armenta, 2011). Little information currently is
available about the effectiveness and energy balance of these processes.
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2.3.4 In-Situ Esterification

Treatment of wet algal biomass with alcohols can result in direct collection of fatty-acid
methyl esters. To date, this technology has shown little benefit when compared with the
more common oil recovery technologies (Ehimen et al., 2010).

2.3.5 Processing

The majority of the presentations to this committee and the published literature focus
on producing fuels from lipid-producing microalgae (Benneman, 2011; Clarens, 2011). These,
however, do not represent all available options for processing algae to fuels. Many of the
processing options are studied but not described in the literature, making a thorough analy-
sis difficult. Three key parameters influence the algal biofuel supply chain (Figure 2-15):

®  Whether microalgae or macroalgae is cultivated for fuel production (micro versus
macro).

®  Whether the algae are cultivated for short duration and harvested for processing or
cultivated in stable conditions while desired products emitted by algae are continu-
ously harvested (short duration versus stable).

®  Whether biochemical or thermochemical processes are used to produce biofuels
from algae (biological versus chemical).

Although the sustainability challenges identified in this report frequently cannot be ad-
dressed without quality data, categorizing the algal biofuel production pathways by these
three key parameters allows some general comments to be made about each combination
of parameters (Figure 2-15).

The categories used to distinguish the processing depend on the nature of the algae,
whether a stable culture is used, and whether the post processing is chemical or biological.
Algae can be divided into microalgae or macroalgae, independent of whether the algae are
fresh or salt water species. The dynamics of the culture are important and largely can be
divided into whether the desire is for a time-stable culture or whether the algae are killed in
the collection of the product. This designation, therefore, is largely determined by whether

short
duration /
stable biclogical
chemical
micro macro

FIGURE 2-15 Matrix showing combinations of key pa-
rameters that define algal biofuel processing pathways.
NOTE: The grey boxes indicate combinations of pathways
that are not pursued, to best of the committee’s knowledge.
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the desired products are retained within the algal cell walls or emitted extracellularly.
Currently all processes described that use stable cultures and emit desirable products use
closed photobioreactors. Presentations to the committee raised doubts that extracellular
products could be collected in open-pond systems because of potential microbial consump-
tion of the product (Benemann, 2011). Chemical processes, including conventional extrac-
tion of oil from microalgae and processing the oil to biodiesel, are typically used. Biological
processes, such as fermentation of microalgal biomass, have been demonstrated. Other
combinations have been described as a means for producing algal fuels.

2.3.5.1 Microalgae Harvested with Product Collected for Chemical Processing

The harvest of lipid-producing microalgae cultivated for short duration and the chemi-
cal processing of algal oil into fuel represent the most commonly discussed method for
production of algal biofuels. The expression level of the oil as a fraction of the total biomass
determines what processing will be required. High oil-expression levels sufficient to avoid
extraction were not found in published data. Extraction with volatile alkane, ester, or alco-
hol solvents will recover lipids and phospholipid fractions from the algal biomass. The lipid
recovery begins by boiling away the solvent, leaving the lipids for subsequent processing
(Sheehan et al., 1998). Oil collected then is subjected to degumming. Most degumming
methods involve a water wash step, creating an aqueous waste stream, which is reported
to be 10-30 kilograms per 1,000 kilograms of degummed oil for typical seed oil processes
(Crown Iron Works, 2008). Other component additions may be required, but are similarly
small. This step, while necessary, is not likely to have a big impact on the energy or raw
material requirements of the process.

The degummed oil then can be processed in several ways. Two main products are
commonly mentioned: traditional transesterified biodiesel and hydrotreated or so-called
green diesel. In traditional biodiesel production, methanol and a base catalyst react with the
triacylglycerol algal oil to produce a fatty-acid methyl ester. Homogeneous base catalysts,
commonly in the form of sodium or potassium hydroxide, are being replaced by hetero-
geneous catalysts, reducing waste (Ondrey, 2004). Glycerol is produced as a coproduct in
both methods.

Recent trends have been toward the production of hydrotreated diesels rather than
esters. In hydroprocessing, hydrogen reacts with the raw algal oil to produce alkanes,
propane, and water. Hydrotreated diesels are more similar to petroleum-based diesel and
are said to offer better performance than esters (Kalnes et al., 2007; Pew Center on Global
Climate Change, 2011). Hydrogenated diesels are assumed to be compatible with existing
petroleum infrastructure (DOE-EERE, 2012b), and whether they are sufficiently similar
enough to petroleum-based fuels to be considered drop-in fuels would have to be tested.

2.3.5.2 Extracellular Secretion of Products by Microalgae for Chemical Processing

Algenol and Joule Technologies are two companies exploiting the ability of algae to se-
crete products extracellularly (Algenol Biofuels, 2012; Joule Unlimited, 2012). The products
collect in the growth media for subsequent recovery. Algenol addressed the committee and
has described its production method in journal articles and patents (Chance et al., 2011b).
Algenol uses cyanobacteria that directly produce ethanol. Joule Technologies has patented
cyanobacteria that directly produce alkane (Reppas, 2012). Eukaryotic organisms also have
been described (Ramachandra et al., 2009). Algae and cyanobacteria emit a range of ma-
terials that could be used for fuel production. The best-described process in the published
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literature is Algenol’s method of producing ethanol. Ethanol requires only purification and
does not require subsequent processing. Recovery of ethanol from an aqueous solution is
energy intensive, even with the solar still arrangement used by Algenol to provide primary
concentration (Chance et al., 2011b).

The production methods described all use closed photobioreactors. This is likely a
result of the desire to maintain stable producing cultures for long periods of time. Introduc-
tion of competing algal species or microbial contamination would be detrimental. Closed
systems are a means to ensure culture purity and consistent product quality.

In principle, the energy required for separation in this mode of operation can be very
low. Engineering organisms that express immiscible products would result in spontaneous
separations that do not require energy input. Stable cultures can be maintained requir-
ing minimal water inputs. Water clearly is required to replenish any water lost to photo-
synthesis and during processing. While the promise is large, the available published studies
are insufficient for an accurate appraisal of the overall energy and LCAs to be performed.

2.3.5.3 Microalgae Harvested with Product Collected for Biological Processing

Although fermentation of microalgal biomass has been studied (Harun, 2010), it is not
being developed at commercial scale at present. Microalgae provide carbon sources in the
form of proteins and carbohydrates that can be exploited using fermentation. Some advan-
tages include rapid growth rates, short harvesting cycles, and the absence of lignin. Like
other biomass fermentations, a wide variety of products could be produced. There is a lack
of detailed studies on this processing pathway.

2.3.5.4 Extracellular Emission of Products by Microalgae for Biological Processing

Proterro (2012) describes a method that uses microalgae in a photobioreactor to gener-
ate sugars that can be recovered for subsequent use as a feedstock for other fermentations.
The sugar produced can be used for any fermentation process to produce fuels. Ethanol is
currently the largest volume fuel produced by fermentation. Butanol (Butamax Advanced
Biofuels, 2012; Gevo, 2012), farnesene (Amyris, 2012), alkanes (LS9 Inc., 2011; Solazyme,
2012), and other products also can be produced by sugar fermentation. Direct production
of sugars requires that the algal culture be protected from opportunistic microorganisms
and requires an environmentally sealed photobioreactor.

2.3.5.5 Macroalgae Harvested with Product Collected for Biological Processing

Bio Architecture Labs recently announced the development of a technology for the
fermentation of macroalgal biomass (Wargacki et al., 2012). Use of macroalgae as feedstock
for biochemical conversion is made possible by the development of organisms capable of
metabolizing alginate polysaccharides. Organisms engineered for alginate transport and
metabolism were further engineered for ethanol synthesis. This enables direct ethanol
synthesis from macroalgae. Brown macroalgae are said to be attractive feedstocks because
they do not require fertilizer input, arable land, and freshwater resources, and therefore do
not compete with existing food crops for those resources. Sugars can be released in simple
mechanical operations, like crushing and milling, because macroalgae do not contain lignin
(Wargacki et al., 2012). Furthermore, cultivation methods are established because macroal-
gae are harvested for food ingredients, animal feedstuff, and fertilizers. Saccharina japonica
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was demonstrated as a fermentation substrate. Gracilaria salicornia also has been shown to
be a suitable substrate for microbial fermentation to ethanol (Wang et al., 2011).

2.3.5.6 Microalgae or Macroalgae Harvested for Whole-Biomass Processing

Interest is increasing in whole-biomass conversion for processing of terrestrial biomass
(Marker et al., 2010; Wright et al., 2010). Pyrolysis of whole biomass yields an upgradeable
biocrude. A recent review (Anex et al., 2010) shows that these routes have cost advantages
relative to other biomass conversion technologies. The material produced potentially can
be used in an existing refinery, saving capital relative to other options.

Several forms of pyrolysis have been explored. Hydropyrolysis is reported to be ap-
propriate for use in processing of algal biomass (Marker et al., 2012). The low aromatic
content in algal biomass (because of the absence of lignin) is said to make algal biomass a
particularly good feedstock for hydropyrolysis.

The development of two pilot-scale alternatives has been reported, both producing
fossil fuel-compatible materials (Hatcher, 2011). These synthetic crudes are stated to be
compatible with existing refineries. In one of the processes, fertilizer is a coproduct.

Insufficient documentation is available for a detailed mass and energy balance of the
processes. It can be presumed that the detailed studies on terrestrial biomass will yield
similar results when algae are the feedstock. That is, whole-cell processing provides a po-
tentially viable means of producing drop-in replacement fuels, taking advantage of existing
refinery infrastructure to reduce risk and costs.

2.3.6 Fuel Products and Coproducts

The processes described above make many potential fuel components. Table 2-7 sum-
marizes some of the dominant inputs and outputs for the technologies described.

2.3.7 Status of Algal Biofuel Production

Algal biofuel production is rapidly evolving, and as such, any status report is outdated
at the moment of its completion. There are currently no operating algal biofuel production
facilities that are comparable in scale to the average capacity of about 13.5 million gallons
(51 million liters) per year for U.S. biodiesel refineries, much less rivaling the largest at
about 100 million gallons (378 million liters) per year (NBB, 2012). Many projects are still in
the research and development phase and exact production numbers are difficult to obtain.

2.4 CONCLUSIONS

An integrated coordination of biological (for example, algal strain selection and devel-
opment of algae cultivation) and engineering processes (for example, reactor design, har-
vesting and dewatering methods, and processing) is needed to realize the potential of algal
biofuels. However, the domestication of algae poses a special challenge as investigation into
key biological and ecological aspects of algal biofuel production has lagged far behind the
progress in feedstock processing design, system engineering, and life-cycle analyses over
the past few decades. Nonetheless, increased core understanding of algae and their po-
tential for improvements is fundamental to accelerating the entire algal biofuel enterprise.
Relative to the vast and diverse spectrum of potentially available organisms, only a narrow
range of currently cultivated microalgal strains are considered for commercial production
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TABLE 2-7 Dominant Inputs and Outputs for Algal Processing Technologies.

Duration of

Cultivation ~ Type of Type of Major Inputs
System Algae Processing Product for Processing Coproducts
Short Microalgae ~ Chemical Hydrogenated diesel Hydrogen, extraction Algal biomass,
solvent propane
Short Microalgae =~ Chemical Biodiesel Methanol, base catalyst ~ Algal biomass,
glycerol
Stable Microalgae ~ Chemical Ethanol
Stable Microalgae ~ Chemical Alkanes
Short Macroalgae  Biochemical = Ethanol, other
products
Short Microalgae  Biochemical Ethanol, other
products
Short Microalgae ~ Chemical Pyrolysis oil Char, off-gases
Short Macroalgae  Chemical Pyrolysis oil Char, off-gases

of biofuels. Extensive new genomic analyses and physiological studies will be useful for
screening and expanding the range of candidate species of microalgae and macroalgae that
can be used for commercial-scale production of biofuels.

The presence of dramatically different photosynthetic efficiencies and chemistries
across algal species underscores a critical need for basic and applied research to expand
the spectrum of germplasm available for the enterprise. Research on expanding the light
spectrum useful for photosynthesis, improving the distribution of incident light to various
aquatic photosynthetic scale-up processes, and enhancing the efficiency of Rubisco or other
basic physiological processes to better utilize carbon could lead to dramatic improvements
in productivity. Additional new breakthroughs in areas such as the capability of algae to
convert nutrients into biomass more efficiently or the reduction of processing costs associ-
ated with harvesting and dewatering (for example, via genetic enhancements that favor
autoflocculation) also have the potential to further improve the energy balance and to
enhance the overall sustainability of an expanding algal biofuel industry.

Equally important is crop protection research that focuses on reducing biomass losses
to pathogens and grazers. Because contamination by other algal species is largely unavoid-
able, especially in open-pond algal cultures, improving the existing understanding of how
algal biomass production systems can be managed as complex bioengineered systems
would be helpful. This can be achieved in part via the application of principles of popula-
tion, community, and ecosystem ecology. Identifying which ecophysiological parameters
and genes best provide protection against grazers and pathogens at commercial-scale pro-
duction levels also would be helpful.

Improvements in algae cultivation methods and the physical processes used to har-
vest, dewater, and convert algal biomass into fuels are as important to the sustainable de-
velopment of algal biofuels as improvements in algal strains. New ways to reduce the en-
ergy requirements for converting cultivated algae in an aqueous solution into a dewatered
state that can then be processed into fuel could be explored. Research and development in
understanding how dewatered algae can be processed into a fuel and whether algae can
produce a useful hydrocarbon directly without the need for harvest and dewatering and
with minimal processing could be an important contributor to reducing production costs.
Fundamentally, the questions involve integrating biology, ecology, and engineering into a
systematic understanding and improvement of the entire algal biofuel enterprise (Box 2-2).
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BOX 2-2
Research and Development for Enhancing Algal Biofuel Production

Research and development directed at domestication of algae for biofuel production is vitally important.
This effort will require improving the functional understanding of the biology, physiology, and ecology of
microalgae. This upstream research and development will help inform and guide downstream engineer-
ing methods and designs for cultivation and processing systems that will enhance the entire algal biofuel
production chain. Thus, concerted, complementary efforts in algal domestication and biofuel production
will include:

e Development of strategies to improve carbon fixation rates and yields of algal crops at commercial
production-level scale.

e Development of algal strains or multi-species assemblages that achieve high productivity and high
volumetric concentrations over a wide range of environmental conditions (including variations in
temperature and light levels) and are as easily harvested and processed as possible.

e FEvaluation and development of improved crop protection methods.

e Design and development of robust, low-cost, long-lasting production systems for algal strains
or multi-species assemblages that demand minimal regulations and control of environmental
parameters.

e Development of strains that excrete oil or other fuel precursors, especially immiscible products.

e Development of improved harvest technologies that reduce energy required during collecting and
processing.

e Design and development of integrated biological and engineering production strategies that obvi-
ate algae harvesting, drying, and oil-extraction processes.

e Design and development of integrated biological and engineering production strategies that con-
tinually reuse the algae, water, and nutrients.

* Design and development of systems that can process whole biomass into fuels.

SUMMARY FINDING FROM THIS CHAPTER

Algal strain development is needed to enhance traits that contribute to increasing fuel
production per unit resource use, reducing the environmental effects per unit fuel pro-
duced, and enhancing economic viability. Inprovements in biomass or product (lipid,
alcohol, or hydrocarbons) yield, culture density, nutrient uptake, ease of harvest, and
photosynthetic efficiency are some of the improvements that would improve sustain-
ability of algal biofuels.
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finally to fuel conversion is termed the pathway for algal biofuel production. This

chapter describes several contrasting pathways that lead from algae cultivation to
fuel production. The pathways described here are used in subsequent chapters to provide
a framework for understanding the sustainability impacts of different approaches for pro-
ducing algal biofuels. The intent is to group pathways that share common processes to help
contrast resource requirements and impacts of different approaches and to help clarify the
key biological and engineering advances that are needed to improve sustainability.

The set of processes that lead from algae cultivation to collection and harvest, and

77


http://www.nap.edu/13437

Sustainable Development of Algal Biofuels in the United States

78 SUSTAINABLE DEVELOPMENT OF ALGAL BIOFUELS

3.1 FEATURES OF BIOFUEL PATHWAYS

Pathways for producing liquid biofuels share many common features regardless of
the biomass feedstock being used. All have a cultivation step, a collection or harvest step,
and a processing or finishing step. Some land-based crops are used or being considered
for use as biofuel feedstock because of their ability to produce oils, their ability to produce
carbohydrates that are readily converted to fuels by microbial action, or their ability to
fix carbon with low input. Oil-producing crops, such as soybean, jatropha, and camelina,
are harvested and the oil is separated for subsequent processing. Sugar in sugarcane and
starch in corn grain can be converted efficiently to ethanol by yeast and bacteria. Dedicated
energy crops, such as poplar, switchgrass, and Miscanthus, are selected because of their
growth with low inputs of nutrients or their ability to store carbon in soil (Tilman et al.,
2006; Pyter et al., 2009; NRC, 2011). The lignocellulosic biomass can be converted chemi-
cally, thermochemically, or biologically to liquid fuels (NAS-NAE-NRC, 2009). There are
algal biofuel systems analogous to each of these feedstock types. Analysis of the options in
the cultivation, collection, and processing of algae is complicated by the vast number and
complexity of options. As discussed in more detail in Chapter 4, these options affect the
resource requirements needed to produce fuels. Analyzing all possible pathways in this
report is not practical. However, the pathways can be grouped by the main features they
share that are affecting resource use and energy balance. A few representative pathways are
analyzed to illustrate the current state of the technologies and where advances are needed
to reduce the resource requirements.

Trends observed in the science and technologies for other biofuel production are likely
to occur in algal biofuel production as the latter develops as an industry. These trends
include improvements in biomass production and total biomass processing discussed in
Chapter 2, and the increasing comparative analysis of the full life-cycle impacts and re-
quirements for various sources of alternative liquid fuels through the use of life-cycle as-
sessments (LCAs) discussed in Chapters 1,4, and 5. An additional trend is the move toward
drop-in fuels that are compatible with existing infrastructure for petroleum-based fuels.
Ethanol and fatty-acid methyl esters (FAME; or commonly called biodiesel) have compat-
ibility and performance issues in vehicles that hamper their adoption (NAS-NAE-NRC,
2009; NRC, 2011). Current trends are moving toward production of pure hydrocarbon fuels
or blendstocks that are compatible with existing fuel infrastructure and vehicle technolo-
gies (NREL, 2006).

The production of fuels and energy from algae is not an established industry and a
variety of production systems have been proposed. Figure 3-1 is a simplified diagram that
attempts to limit and group the potential steps in the algal biofuel production pathway.
Each row of the diagram details a processing step or process option. Different combinations
of cultivation and processing options have resulted in more than 60 different proposed
pathways for producing algal biofuels.

As noted in Chapter 1, this study focuses on algal production systems that rely directly
on photosynthesis (see Figures 3-1 and 3-2). Heterotrophic cultivation is, by design, outside
the scope of this report. The exclusion of heterotrophic production from this report is not a
judgment on the validity of these approaches but a reflection of the requirement to study
photosynthetic algae as a feedstock for fuel production. This report examines pathways for
producing liquid transportation fuels from algae. Gaseous power generation and hydrogen
production are not discussed. Proteins are considered only as coproducts.

From the perspective of this study, the large number of possible designs of an algal
biofuel pathway means that a small number of the most likely designs need be chosen

Copyright National Academy of Sciences. All rights reserved.
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FIGURE 3-1 Pathways for cultivating and processing algae to fuels and their products.
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FIGURE 3-2 An example of processes involved in converting algae to fuels.

and used as a framework for the analysis of sustainability. The pathways help illustrate
the resource requirements and potential impacts associated with greatly scaling up vari-
ous approaches to produce algal biofuels. These pathways also allow different approaches
to be compared and contrasted directionally, enabling conclusions to be drawn, pitfalls
identified, and potential solutions drafted. The reference pathway is drawn from the recent
National Renewable Energy Laboratory techno-economic analysis of algal biofuel produc-
tion (Davis et al., 2011).
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3.2 REFERENCE PATHWAY-RACEWAY
POND PRODUCING DROP-IN HYDROCARBON

For the purpose of this discussion, the reference pathway assumes that microalgae
are cultivated in saline water in an open raceway pond. Algae are harvested and lysed
to release lipids, which are collected for further processing into green diesel! (also called
renewable diesel), a drop-in hydrocarbon fuel (Figure 3-3).

Under the reference pathway, lipid-producing species are selected, and recovered lip-
ids are converted by known chemical processes to yield hydrocarbon fuels. The chemical
structures of these hydrocarbon fuels are oxygen-free and appropriate for use in aviation
and as on-road fuels. Lipid recovery in the most often described processes requires that the
cells be destroyed (lysed) and cell membranes ruptured to release intracellular oils. The al-
gal triacylglycerol can be processed in several ways. Similarly, the remaining cellular mass
can have different uses. Two of the uses being considered are recycling back to algae culti-
vation or selling as a coproduct. For the reference case, the biomass is treated anaerobically
to produce biogas for power generation, with the effluent being returned to the culture to
provide needed nutrients. According to Davis et al. (2011), this treatment recovers almost
all of the biomass phosphate and much of the nitrogen (N) used during cultivation.

The reference pathway is further amplified in Figure 3-4, which shows the details of the
processing steps. For this and subsequent figures, several conventions have been adopted.
Yellow diamonds show the inputs to the system and orange the outputs. Green process
steps represent those associated with algae cultivation, light blue with lipid collection, and

Potential Variation in Each Step
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FIGURE 3-3 Reference pathway: Open raceway pond producing green diesel, a drop-in hydro-
carbon fuel.

1Green diesel is a product of hydrotreating of triglycerides.
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FIGURE 3-4 Inputs and outputs of the reference pathway.

NOTES: Reference pathway uses open raceway pond to produce algae for processing to green diesel. Tankcar
symbol reflects only the option for separating the lipid production remote to the fuel processing. DAF is dissolved
air flotation, cent is centrifugation.

grey with chemical processing. Algae are harvested and ruptured during the oil extraction,
resulting in an oil and a lipid-extracted biomass. The reference pathway assumes that the
algal biomass is first recovered by flocculation by adding a chemical agent such as chitosan
(Davis et al., 2011). Material is recovered by dissolved air flotation (DAF). In DAF, air is
introduced to lift the algae to the surface where it can easily be recovered. DAF increases the
algal biomass to liquid ratio, but centrifugation is still required to reduce water content for
subsequent oil recovery. The lipid-extracted biomass is digested anaerobically to produce
high-quality energy, and its nutrient content is returned to the algal culture. The hydrotreat-
ing of algal lipids to produce pure hydrocarbon fuels is analogous to second generation
biodiesel production, which is based on seed crops to produce green diesel (NREL, 2006).
This pathway represents what the committee believes to be the one of the most probable
pathways for producing drop-in fuels from algae based on the current state-of-the-art tech-
nologies for cultivation and processing.

Hydrotreating is used to convert raw triacylglycerol into a drop-in hydrocarbon fuel
(Olusola et al., 2009; Serrano-Ruiz et al., 2012). Hydrotreating is a traditional refinery op-
eration that serves to remove heteroatoms from incoming fuels, hydrogenate olefinic spe-
cies to alkanes, and, potentially, to do some chain cleavage. Its main function with regard
to lipids is to remove oxygen from the feedstock, thereby making alkanes out of the lipid
chains, propane out of the glycerol backbone, and water out of all oxygen molecules (Davis
et al., 2011). Processing algal lipids by hydrotreating offers several advantages. First, a
drop-in replacement fuel is produced. Drop-in hydrocarbon fuels are increasingly desired,
and their production is accomplished by collecting algal triacylglycerol as an intermediate
product. This intermediate product can be shipped efficiently to refineries for inclusion in
the conventional fuel pool. Triacylglycerol also can be processed near the cultivation facility.
There are scale advantages in the hydrotreating that might favor transportation to a larger
facility fed by many algae farms. Among them is the requirement for hydrogen. Supplying
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hydrogen by pipeline or from a dedicated central facility likely has significant economic
benefits. Leveraging current processing assets provides a cost benefit during production.
Another advantage is that heteroatoms, in addition to oxygen, are removed, just as in con-
ventional refinery operation. Finally, hydrotreating is well known with currently existing
unit operation at refineries. Therefore, integration into existing assets is a relatively easy
transition.

Much of the energy discussion in the preceding section dealt with energy use in the
cultivation and harvest components, which are color-coded green in Figure 3-4. Many of
the completed LCA studies on energy use and greenhouse-gas (GHG) emissions that are
discussed in Chapters 4 and 5 have not included next-generation green diesel production
in their analyses. The pathway illustrated in Figure 3-4 introduces fossil energy inputs in
the form of hydrogen production for use in refinery operations. LCAs on algal biofuels
made by hydrotreating are not yet available. Thus, comments on the energy consumption
and LCA for this reference pathway are made based on analogies. Studies comparing the
production of drop-in hydrocarbon to conventional esterified biodiesels (FAME) suggest
that the conversion could be similar to or better than conventional biodiesel in terms of
fossil fuel inputs and GHG emissions (Kalnes et al., 2008). It can, therefore, be inferred that
production methods relying on hydrotreating have the potential to be as good as or better
than conventional biodiesel while yielding a fuel with better properties than FAME.

The reference pathway shows a dry process in which biomass is collected and dried
prior to extraction of oil. In that process, oil extraction is accomplished with the aid of
solvents that require purification prior to reuse. Figure 3-5 shows the energy and water
requirements for a pathway that uses such a dry process. The collection, drying, and ex-
traction components require significant levels of energy inputs and have the potential for
innovation to reduce overall energy use. Wet processes—where the cell membranes are
disrupted in the aqueous medium to release the lipids which phase separate to enable col-
lection—are likely to have considerably lower energy use than dry processes (Beal et al.,
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FIGURE 3-5 Carbon and water flow in the reference case scenario: Open raceway pond producing
green diesel.
SOURCE: Marler (2011). Reprinted with permission from the American Chemical Society.
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2011). The high content of neutral oils also may eliminate the need for solvent extraction.
These types of innovations are important for energy balance.

Phosphorus (P) within the organism in the form of phospholipids presents additional
complexity in processing algae into fuels. These molecules are detrimental to downstream
processing and in end-use can inhibit or poison catalysts used in fuel conversion and can
damage vehicle catalytic converters (Fan et al., 2010). ASTM D6751-11b, which is the stan-
dard specification for biodiesel fuel blend stock for middle distillate fuels, specifies maxi-
mum P content allowable in biodiesel blend stock. P compounds are removed using the
degumming technology developed for use with seed oils (Lurgi GmbH; AlfaLaval, 2010).
Most commonly, phospholipids are converted to immiscible solids that are then removed
by centrifugation. Methods of extracting phospholipids include water, acid, or enzymatic
degumming. The most commonly used acid is phosphoric acid. Any of these methods pro-
duces a crude gum stream for disposal or alternative use. Acid and enzymatic degumming,
while truly catalytic, require acid and enzyme additions.

3.3 ALTERNATIVE PATHWAY #1—RACEWXAY
POND PRODUCING DROP-IN HYDROCARBON AND COPRODUCTS

The next pathway, illustrated in Figures 3-6 and 3-7, assumes that the algal biomass
has sufficient value so that it provides a significant revenue stream. This pathway assumes
that the biomass has value in the unprocessed and dewatered state, and that subsequent
processing to recover minor valuable components is not done.

Potential Variation in Each Step
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FIGURE 3-6 Alternative pathway #1: Open raceway pond producing green diesel, a pure hydrocar-
bon fuel with coproduct for sale.
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FIGURE 3-7 Inputs and outputs of the alternative pathway #1: Open raceway pond producing green
diesel with fuel and animal feedstuff as coproducts.

This pathway results in the increased nutrient requirements for algae cultivation com-
pared to the reference pathway because of the loss of biomass nutrients from direct coprod-
uct sales. The scale of biofuel production has a large impact on the volume, and therefore
the value, of coproduct streams. The committee believed that coproducing high-value
products, such as chemical feedstocks, with biofuels would be viable only on a small scale.
If large quantities of high-value algal products are coproduced with biofuels, the coproduct
value likely decreases with market saturation. A coproduct that is likely to have a large
enough market to absorb the large quantities produced is animal feedstuff. The coproduct
value depends on the composition of the animal feedstuff and the characteristics of the
market in which it would be sold.

Coproducing algal biofuels and high-value products has been suggested as a strategy
to address the challenge of making algal biofuels economically viable. The strategy has
proven to be contentious at several levels. Coproducts are strongly linked to the econom-
ics and LCAs of algal biofuel production. The economics of algal biofuel production are
outside the scope of this analysis, but are a key reason for the importance of coproducts.
Coproducts are proposed as a means to improve the economics of algal biofuel production.
Economic benefit comes at a cost, however, and a simple analysis is presented to explain the
impacts and potential concerns. First, some general comments can be made based on pub-
lished works and presentations to the committee. Perhaps the strongest statements heard
involved the strategy of LiveFuels, Inc. in testimony before the committee (Morgenthaler-
Jones, 2011). The presenter believed that the economics of producing algal biofuels at a
cost that is competitive with fossil fuels is impossible. The company’s focus moved to fish
production with a coproduct oil outlet. The majority of the revenue is now envisioned to
come from fish, and all oils produced (fish oil for human or animal nutritional supplements
and biofuels for transportation) are sold. Others have taken a more measured approach
and have claimed that coproducts could contribute to the profitability of algal biofuels
while their market develops, and the cost of algal biofuel production would decrease with
efficiency improvements and economies of scale.
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FIGURE 3-8 Annual residual biomass production, in million tonnes per year, shown as a
function of annual fuel production and lipid fraction.
NOTES: A single algal biofuel refinery is likely to have a capacity of 90 million liters per year. Cur-
rent algae are cultivated in the 20 to 30-percent lipid mass fraction range. Five percent of annual U.S.
consumption of transportation fuels is about 39 billion liters.

The amount of residual biomass increases quickly as the scale of biofuels increases.
Residual biomass is a function of the amount of fuel produced and the fraction of the total
dry biomass. Plotting residual biomass as a function of both lipid fraction and annual fuel
production indicates the magnitude of the issue (Figure 3-8). An algal biofuel refinery sized
equally to a typical 95 million liter (25 million gallon) transesterification biodiesel refinery
yields more than 180 thousand tonnes of residual biomass at a 30 percent lipid fraction. If
an industry capable of supplying 3.8 billion liters (1 billion gallons) was built, which is still
only one-tenth of what the fuel ethanol is in the United States today, the residual biomass
would reach 7.7 million tonnes. As discussed with respect to the reference pathway, this
residual biomass can be used in anaerobic digestion to produce power, but some sludge
would remain and require disposal. (Waste management is discussed in Chapter 5.) The
alternative pathway #1 considers using this residual to produce coproducts such as animal
feedstuff.

Although coproduction of fuel and other products can improve the economics of algal
biofuels, it has limited potential and cannot be the single remedy to improving the economic
viability of widespread and large-scale deployment of algal biofuels. (See Appendix G for
details.) Markets tend to correlate scale and price of sale, which is the cost of production
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FIGURE 3-9 Chart showing the general power law dependence of a materials cost with
production scale.

NOTES: As scale increases, price generally decreases. This is true both for fuel components and co-
products. The dotted line shows Szmant’s original curve and the solid line is inflation corrected to
2010.

SOURCE: Adapted from Szmant (1989).

plus return on capital. This is frequently overlooked as coproducts are touted as a signifi-
cant source of additional revenues for an economically suspect fuel production process.
The correlation is somewhat poor across different products, but for a single product, scale
and price are related by a power law (Figure 3-9). This means that doubling scale reduces
price more than double. For materials intended to be sold into the massive fuels market,
coproduct volumes swell rapidly with the scaling of fuel production unless a wide variety
of coproducts for different markets are produced. From a resource sustainability perspec-
tive, the reference pathway described earlier closely represents the economic analyses and
LCAs that have been completed. The use of anaerobic digestion to return nutrients to the
algae cultivation and electrical power to the algal biofuel production system is a key com-
ponent of alternative pathway #1. Removing the residual biomass as a coproduct, therefore,
affects the energy balance of fuel production and the required nutrient load.

3.4 ALTERNATIVE PATHWAY #2-RACEWAY POND PRODUCING FAME

Most of the reports on algal biofuels assume that FAME is produced. FAME is not
a hydrocarbon fuel, but an ester made by transesterification of the triacylglycerol. This
pathway most closely approximates conventional biodiesel in the way that crude bio-oil
is converted to a transportation fuel (Figure 3-10). Algal triacylglycerol are reacted with
methanol to form FAME or so-called biodiesel (Figure 3-11; Van Gerpen, 2005). FAME
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FIGURE 3-10 Alternative pathway #2: Open raceway pond producing esterified biodiesel, also
known as fatty-acid methyl esters (FAME).
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FIGURE 3-11 Inputs and outputs of the alternative pathway #2: Open raceway pond pro-
ducing a fatty-acid methyl ester (FAME).

has poor cold-flow properties and cannot be used as pure components in cold environ-
ments. The increased viscosity relative to hydrocarbon diesel makes FAME difficult to
pump. Even in mixtures, cloud point issues can occur when wax crystals begin to form.
The wax crystals can lead to gel formation, which is incompatible with engine operation.

Copyright National Academy of Sciences. All rights reserved.
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Biodiesel-containing mixtures have higher cloud points and pour points (the temperature
at which the fuel has gelled so it no longer flows) than pure hydrocarbon diesels. Therefore,
biodiesel usually is blended with petroleum-based diesel for final use. Because of its higher
oxygen content, FAME has 10 percent lower energy content than hydrocarbon diesel; hence,
it has reduced vehicle mileage per gallon in use. FAME biodegrades with long-term storage
because of its chemical activity, and exposure to air and water accelerates the degradation
(NRC, 2011). However, FAME can be made with relative efficiency at small scales so that
algal processing and finished fuel production can occur at the same site. It also has low
sulfur content and aromatics, and therefore results in low particulate emissions when the
fuel is combusted. Coproduct glycerol also is produced in this pathway, but glycerol has a
low market value.

3.5 ALTERNATIVE PATHWAY #3-PHOTOBIOREACTORS
\WITH DIRECT SYNTHESIS OF ETHANOL

Previously described processes for algal biofuel production have focused on open-
pond systems for algae cultivation, and most analyses indicate that photobioreactor sys-
tems are cost prohibitive for the production of fuels (Williams and Laurens, 2010). At pres-
ent, photobioreactor systems are used to produce algal biomass for high-value products,
such as nutraceuticals and cosmetic ingredients (BioProcess Algae, 2011; Boussiba, 2011;
Photon8, 2011; Thomas, 2011). The next pathway described assumes that a marine species
of algae or cyanobacteria directly produce a valuable fuel product (Figure 3-12). Direct syn-
thesis of fuel components virtually requires that the algae or cyanobacteria be cultivated in

Potential Variation in Each Step
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FIGURE 3-12 The Algenol direct synthesis pathway uses a closed reactor with an organism that
directly produces alcohols.
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FIGURE 3-13 An illustration of the key differences between direct synthe-
sis and the more common practice of cell lysis for lipid collection and why
closed systems are required for continuous collection of volatile products.

a closed photobioreactor to prevent product degradation. This option differs dramatically
from the production of lipids that require rupture of the cell membrane to harvest. Harvest
is continual, with the organism releasing product into the media continuously. The algal or
cyanobacteria culture can be stable for months. This pathway cannot be carried out in an
open pond because the rate of fuel synthesis is believed to be about the same as the rate of
microbial degradation. In addition, volatile products would be lost to evaporation (Figures
3-13 and 3-14).

The alternative pathway #3 is effectively the Algenol process, as it was described to the
committee (Luo et al., 2010; Chance et al., 2011). Other companies known to be pursuing
direct production are Joule Unlimited and Synthetic Genomics, Inc. Publications from Joule
indicate that pure hydrocarbons are the company’s preferred target product (Robertson
et al., 2011; Joule Unlimited, 2012).

The Algenol process uses a marine species of cyanobacteria to directly produce ethanol
(see also Figure 2-12 in Chapter 2). Algenol reactors are polyethylene bags. The cyanobac-
teria release ethanol into the supporting media, which then partitions between the liquid
and photobioreactor headspace. Ethanol produced is trapped in the closed photobioreactor.
Solar energy penetrating the bag forms a kind of “solar still.” Primary collection of dilute
ethanol is mostly solar driven, but subsequent purification steps require input of fossil-
derived energy to produce an alcohol fuel product that meets fuel specifications.
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FIGURE 3-14 Inputs and outputs of the alternative pathway #3: Photobioreactors with
direct synthesis of ethanol.

Algenol measured the concentration in the ethanol condensate in the photobioreactor
and found that to be 0.5 to 2.0 percent (Chance et al., 2011). The energy required to recover
the alcohol as useable fuel largely determines the energy return and, hence, the GHG
emissions for the process. Figure 3-15 shows the impact of the ethanol concentration on
the energy consumption of the entire process. A combination of separation methods (for
example, vapor compression stream stripping, molecular sieve, vapor compression distil-
lation, distillation, and membrane) is needed for ethanol separation. The energy balance
results are generally favorable; that is, more energy is retained in the fuel than is required
to make it (Luo et al., 2010). The energy return on investment of this pathway reported to
the committee by a representative of Algenol is within the range of 1.2 widely reported for
corn-grain ethanol and 8 reported for ethanol from sugarcane (Chance et al., 2011). How-
ever, these results and those for other algal biofuels systems were not obtained from fully
scaled-up demonstration facilities.

Comparison of the Algenol results to other studies on algal biofuels is favorable in
terms of energy and other resource requirements. Eliminating the need for dewatering re-
duces energy requirements and is a clear advantage of processes that directly produce fuel.
Also inherent to a closed photobioreactor system are the advantages of lower water and nu-
trient consumption and reduced risk of contamination. The capital cost is a frequently cited
concern for biofuel-producing closed photobioreactor systems (Benemann, 2008; Williams
and Laurens, 2010), but it is not addressed in this report.

Water use can be significantly reduced in a closed bioreactor, but cannot be fully elimi-
nated. Water is lost to photosynthesis and in processing. Irrespective of whether marine or
freshwater algae are used, fresh water addition or water purge is required to maintain water
level and key concentrations, such as salinity. Photosynthesis consumes water:

{‘/e-s\phuk)ns IOH
H,0 +CO,—= -C-+0,
H (Eq. 3-1)
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FIGURE 3-15 Process energy requirements as a function of the alcohol concentration

in the condensate.

NOTE: The energy requirement is affected by the choice of subsequent purification technology.
Vapor compression steam stripping (VCSS), molecular sieve (Mol Sieve), and vapor compression
distillation are methods for ethanol separation.

SOURCE: Chance et al. (2011). Reprinted with permission from Ron Chance, Algenol Biofuels.

For every carbon fixed, at least one water molecule is reacted (Eq. 3-1). Even in the case
of no evaporative loss and full recycle of process water, water is consumed because of pho-
tosynthesis. This amount can be estimated from the stoichiometry of photosynthesis and
fuel production. The limiting cases for a closed system are shown in Figure 3-16.

The water consumed during photosynthesis depends on the apportioning of the fixed
carbons in biomass or fuel component. In the case of the Algenol design referenced here,
all the fixed carbons are effectively in the fuel component, which is ethanol that has a
gram atomic weight of 46 grams/mole. The carbon average molecular weight is 46/2 or 23
grams/mole. The carbon average molecular formula for biomass is CH,O, with a carbon
average molecular weight of 30 grams/mole. Lipids have a carbon average molecular
weight of approximately 16 grams/mole. The equation for the amount of water lost to
photosynthesis per liter of fuel produced is:

Lo GF Wiy X P ( 100 xGFW,, e e )
— + ) X
quel GFI/vf*uel X GFW;iumass %fuel biomass fuel (Eq 3_2)

where the GFW* are the carbon average molecular weight of the fuel component or residual
biomass (Eq. 3-2). Figure 3-17 shows the water to fuel volume ratio as a function of the
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FIGURE 3-16 Water consumption by photosynthesis in the production of algal biomass for
fuels.

NOTES: In the case of a stable culture that continuously secretes products for collection, there are no re-
sidual biomass carbons. In contrast, water was consumed fixing the carbons in both the residual biomass
and the fuel component in the case where algal cells are destroyed to collect lipids or to be processed to fuel.

carbon average molecular weight of the fuel component and the fuel component mass ratio
in the dry biomass. Using a closed photobioreactor to make ethanol from cyanobacteria
consumes less than 1 liter of water per liter of ethanol for photosynthesis. As discussed in
the previous chapter, water consumption through photosynthesis for lipid-forming algae
is at least three times higher.

3.6 ALTERNATIVE PATHWAY #4-\XYHOLE-CELL PROCESSING

Thermochemical pathways for processing biomass to fuels have garnered interest as
the focus shifts away from production of alcohols and esters and toward production of
“drop-in” hydrocarbon fuels (Figure 3-18; Huber and Dale, 2009). Figure 3-19 shows the
detail input and output of a thermochemical pathway—pyrolysis. Anaerobic heating of
virtually any biomass causes thermal degradation that begins to fractionate the biomass
into gaseous, liquid, and solid components (Mohan et al., 2006). Subsequently, liquid frac-
tions can be upgraded by hydrotreating to yield a hydrocarbon fuel. The final fuel products
are compatible with existing petroleum refinery infrastructure. An advantage of thermo-
chemical technologies is that they are largely feedstock agnostic and can accept any type of
biomass, including biomass of aquatic microalgal and macroalgal species. Pyrolysis is the
only process discussed that easily accepts macroalgal species.

Lipid-producing microalgae are not required for fuel production in this pathway. Algal
strains or mixed cultures are selected for their high biomass productivity and ability to fix
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FIGURE 3-17 Curves showing the volume ratio of water consumed in photosynthesis
per liter of fuel component produced assuming a fuel component density of 0.88 kg /L.
NOTES: The orange star approximates the Algenol direct ethanol synthesis assuming that etha-
nol is produced in a stable culture that produces no residual biomass. The red star is shown for
reference and approximates the case for a lipid forming algae at 30-percent lipid.
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FIGURE 3-18 Overview of the whole-cell processing to make drop-in replacement fuels. The key

feedstock is the entire cellular biomass.
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FIGURE 3-19 Inputs and outputs of the alternative pathway #4: Pyrolysis of cellular biomass and
hydrotreating to yield hydrocarbon blendstock.

NOTES: Several options exist for the pyrolysis of algal biomass. Shown here is a two-stage conversion where tank
cars indicate that it is possible to transport both pyrolysis oil and blendstock.
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carbon. Algae would have to be harvested, dewatered, and likely dried for use as feedstock.
Aquatic species present a challenge to a pyrolysis process because of the water they carry
into the process. Water serves as a largely unreactive diluent that saps away heat during
the pyrolysis step. As a diluent, water reduces efficiency of attempts to recover value from
the gas streams.

Several options exist for the pyrolysis process (Huber et al., 2006). Pyrolysis oil inter-
mediates pose some technical challenges. Pyrolysis oil is acidic and reactive, and storage
without stabilization is a challenge (Mohan et al., 2006; Hatcher, 2011). Integrated hydropy-
rolysis and hydroconversion (IH2) is a combined hydropyrolysis and hydrotreating process
developed by the Gas Technology Institute and collaborators and funded by the Depart-
ment of Energy. IH2 has many promising attributes and has been claimed to successfully
process algae at high yield (Marker et al., 2010; Sims, 2011). The particular combination of
steps is claimed to avoid pyrolysis oil issues. The IH2 technology uses low-pressure hy-
drogen together with a proprietary catalyst to remove virtually all of the oxygen present in
the starting biomass (Figure 3-20). Production of exportable steam is possible, and is likely
suitable for offsetting some of the energy requirements for drying. The hydrogen required
for the process is produced through steam reforming of the off-gas stream of methane and
other hydrocarbons from the process. Pilot-scale testing was promising and several demon-
stration units are now under construction. GHG reduction potential is reported to be lower
than competing processes (Marker et al., 2010; Sims, 2011).

Literature on performance of this process is limited. Yields of product fuels have ranged
from 26 to 46 percent on a dry, ash-free basis depending on feedstock. This represents more
than 70 percent efficient energy conversion for the highest yield. This process was selected
for comparison because of reports suggesting that supplemental energy and hydrogen are
not required. As a result, there are no extra feed or effluent streams that would affect the
analysis of the overall environmental footprint of fuel production. Projects are moving
forward using this technology for the conversion of algal biomass.

Copyright National Academy of Sciences. All rights reserved.
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FIGURE 3-20 IH2 process schematic.
SOURCE: Adapted from Marker et al. (2010).

3.7 OTHER POTENTIAL PATHWAYS

Many other processes for extracting fuel from microalgae are being discussed and
investigated. Lack of published or available data on key sustainability metrics means that
little can be said about the sustainability attributes of other potential pathways relative to
pathways discussed earlier. In addition to the pyrolysis route described above, microalgal
systems that use thermochemical transformation techniques to process whole algal cells
are beginning to be tested. These systems appear to have energy requirements similar to
other production techniques in which the cells are killed to harvest product. Clearly, ther-
mochemical pathways can manufacture a range of fuel products. Whether the subsequent
energy use in processing offers advantages from an energy or emissions perspective is
unclear. These whole-biomass systems offer the advantage that cultivation is not limited
to oleaginous species. Species can be grown at maximum carbon fixation rates to feed pro-
cesses that retain high fractions of the fixed carbon in their final fuels. Examples of whole
organism conversion technologies include (Gouveia, 2011; Hatcher, 2011):

e Fermentation of algal biomass to yield alcohols or hydrocarbons;

* Gasification and syngas conversion to alkanes, alcohols, or aromatics (through
methanol and subsequent conversion);

Gasification and syngas conversion to alcohols by conventional catalysis;
Gasification and syngas conversion to alcohols by syngas fermentation;
Anaerobic digestion to methane (making no liquid fuel); and

Hydrous pyrolysis (Hatcher, 2011).

These techniques are not widely used and could be put into wider practice (Gou-
veia, 2011). High water content is not a desirable characteristic of feedstock for fuels. The

Copyright National Academy of Sciences. All rights reserved.
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fundamentals of water removal from the product are critical in any discussions about large-
scale fuel production. Laboratory-scale or pilot-scale techniques that use solar drying are
relatively slow, require large land areas, and are not likely to scale up commercially.

3.8 SUMMARY

This chapter describes and contrasts pathways that lead from algae cultivation to fuel
production. Many technical options exist for each individual component in the process-
ing pathway (for example, algae can be cultivated in an array of open ponds or closed
photobioreactor systems with different designs). This chapter illustrates how particular
individual components are linked together to constitute the pathway for algal biofuel
production and how categorizing these processes into several distinctive pathways can
help with the analysis of the sustainability impacts of algal biofuels. This chapter further
discusses the potential fuel products and coproducts from various production pathways.
In concert with Chapters 4 and 5, the reference and alternate pathways demonstrate the
sustainability issues for the photosynthetic methods of producing fuels from microalgae
and highlight potential improvements that might alleviate critical sustainability concerns.

Though this chapter focuses on describing algal biofuel production pathways that are
further considered in following chapters, it is the only part of the report that considers the
value-added propositions associated with coproducts. The committee believed that copro-
ducing high-value products, such as nutraceutical products, with algal biofuels would be
viable only on a small scale. If large quantities of high-value algal products are coproduced
with biofuels, the value of coproducts likely decreases with market saturation. Animal feed-
stuff is the only coproduct that is likely to have a large enough market to absorb the large
quantities produced if algal biofuels are produced at commercial scale. The coproduct value
depends on the composition of the animal feedstuff and the characteristics of the market in
which it would be sold. In general, coproduct volumes swell with the scaling up of algal
biofuel production, potentially saturating markets for these products unless a wide variety
of coproducts for different markets are produced.
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biofuels require resource inputs in the form of water, energy, land, and nutrients. Algal

biofuels have been produced at small scale, sufficient to prove that there are a number
of possible production pathways. Although production of algal biofuels is technically feasi-
ble, they have to be shown to be economically, environmentally, and socially sustainable to
become a practical substitution for petroleum-based fuels. The scaling of the pathways for
algal biofuel production that are deemed practical for commercial production poses a new
demand on natural resources. The levels of nutrients, water, land, and energy necessary to

Fuel production from fossil and biological feedstocks is resource intensive, and algal
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FIGURE 4-1 Resource requirements of algal biodiesel production.
NOTE: WWTPs denote municipal wastewater treatment plants. CAFOs are concentrated
animal feeding operations.

produce alternative biofuels in an economically, environmentally, and socially sustainable
way would have to be carefully considered (McKone et al., 2011). This chapter focuses on
the current sustainability knowledge of the water, nutrient, land, and energy requirements
of algal biofuels at all steps in the photoautotrophic algae-based production process (Figure
4-1). Where relevant data are available, quantitative case studies for at least two potential
pathways for algal biofuel production are presented in this Chapter. In addition, potential
assessment indicators are provided when appropriate, and current knowledge and data
gaps are identified for each of the four resource requirement categories.

Major new advancements in the current knowledge base will require multi-hectare
scale demonstration facilities to be built and maintained in operation for a period of time
sufficient to allow detailed real-time analyses of the key variables required for commercial
success (Campbell et al., 2011). Moreover, commercial-scale demonstrations will be nec-
essary to assess and to improve algal biofuel technologies and their integration with the
existing energy infrastructure (Sagar and van der Zwaan, 2006; Katzer, 2010). Innovations
that result in reduced resource use along the entire algal biofuel supply chain will remove
some of the existing barriers to the development of large-scale, sustainable, and economi-
cally viable algal biofuel enterprises. In addition, improvements in algal productivity and
biofuel yield will help to reduce resource requirements per unit of algal biofuel produced.

4.1 WATER

Water provides the essential physical environment in which cultivated algae grow
and reproduce (Murphy and Allen, 2011). It also acts as a thermal regulator and provides a

Copyright National Academy of Sciences. All rights reserved.
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medium for essential nutrient resources—carbon dioxide (CO,), nitrogen (N), phosphorus
(P), and other nutrients—for algal biomass production. Water has to be pumped to and
contained and circulated in mass cultivation systems whether they involve either open
ponds or closed photobioreactors. Closed photobioreactors also may use water spraying
or submersion to maintain temperature of the culture. Given that the agricultural demand
for water in the United States accounts for 85 percent of consumptive water use, large-scale
production of biomass, including algae, has the potential for large regional strain on water
systems unless nonfreshwater sources are used when possible.

Irrespective of the type of fuel produced, water is an integral element of fuel produc-
tion, and thus an important nexus exists between fuel production and water supplies (Pate,
2007; Murphy and Allen, 2011). In the case of algal biofuel production, water is necessary
for biomass feedstock production, and it can be lost during the processing of the algal bio-
mass to fuels. This section discusses water requirement and consumptive use of fresh water
along different steps of the algal biofuel supply chain and throughout the life cycle of algal
biofuel production. In this report, water requirement refers to the quantity of water needed
throughout the life cycle of algal biofuel production. Consumptive use of fresh water is the
quantity of fresh water withdrawn from surface or groundwater sources that is lost to the
immediate environment through evaporation or incorporation into products. In a sustain-
ability assessment, the consumptive use of freshwater needs to be assessed in the context
of regional water availability. For example, water withdrawn from a fossil aquifer that is
declining quickly is less sustainable than the same amount of water withdrawn from an
aquifer that replenishes more quickly. Where data are available, estimates for water use are
compared to those for other biofuels and petroleum-based fuels.

4.1.1 Water Requirements in the Supply Chain

The water requirements of any algal cultivation system depend on the physical struc-
ture and configuration of the system, the local climate, and the ability to reclaim and reuse
system water (Table 4-2; Murphy and Allen, 2011). Open ponds are subject to evaporative
water losses (Yang et al., 2011) that are influenced by multiple factors including pond area,
volume, and water level; water and air temperature; and wind velocity, humidity, and at-
mospheric pressure (Boyd and Gross, 2000). The average U.S. evaporation rate from a pond
system is estimated to be 0.9 cubic meters of water per square meter per year (Murphy and
Allen, 2011), but evaporative losses from open ponds vary by geographical region. More-
over, some operation regimes (for example, stirring and sparging) can increase the water
loss to levels that are greater than would be predicted by evaporation and purging alone.

In outdoor open-pond algae cultivation, freshwater addition is necessary to compen-
sate for evaporative water loss and to avoid salt buildup. Therefore, fresh water is neces-
sary in any algal cultivation system, irrespective of the type of culture water used (Yang
et al., 2011). The linkage between evaporative losses and purging, or blow-down, for an
open-pond system is illustrated in Figure 4-2. A significant amount of water (F_ ) is lost to
evaporation in open ponds thereby concentrating total dissolved solids in the pond water.
Whether they are fed with fresh water or with saline water, all algal cultivation systems
have a control point for the maximum allowable concentration of dissolved solids that is
maintained in the culture. If this set point is based on salinity, evaporation would raise the
pond salinity so that steps would have to be taken to compensate for this increase. Addition
of water with a lower salt concentration and flushing of water from the pond are two steps
that can be taken to maintain salinity below the defined control point (x - Both steps
can increase the water requirement and consumptive water use.

contro.
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FIGURE 4-2 Dissolved solids control in a simplified open-pond cultivation system.
NOTE: Make-up water addition (F,)) and water purge (F_ ) are used to control the critical concentration of total
dissolved solids in the pond water (x_,..)- If the pond is well-mixed, the concentration of total dissolved solids

in the purge (x__,) is equal to the concentration in the pond (x

out control) .

In addition to evaporative losses, water can seep into and out of open ponds, particu-
larly if they are clay-lined or if liner failure occurs. Water percolation is strongly influenced
by the composition and texture of the underlying soils (for example, clay versus sand).
Seepage rates are typically on the order of 5 to 6 millimeters per day (Weissman et al., 1989;
Boyd and Gross, 2000), which is low compared to rates of evaporative water loss in many
regions of the United States. In contrast to open ponds, closed photobioreactors are not af-
fected by surface evaporation and seepage, and the lowest reported values for estimated
water use are associated with closed systems. However, the water requirements of a pho-
tobioreactor system depend on its actual configuration and operating conditions.

The reclamation and recycling of water are key determinants of the total water require-
ments of both open-pond and closed photobioreactor systems. Whether and how much
of the harvest water can be reclaimed and reused depend on the efficiency of separation
processes, the quality of the return water, and the sensitivity of the algal culture itself to
changes and impurities in the return water, including any waste products produced by the
resident algae (Murphy and Allen, 2011).

The water requirement for processing of algal biomass to biofuel is small relative to
evaporative losses during cultivation in open-pond systems. Water use for processing algal
biomass to fatty-acid methyl ester (FAME) was estimated to be 1 liter per liter of biodiesel
produced. Water loss during the drying of algae to prepare the biomass for processing to
fuel is unavoidable, and some water also is unavoidably lost during the extraction of oil
from algae and esterification of algal oil. However, Pate et al. (2011) stressed that evapora-
tive water loss under operating conditions involving the inland use of water with a high
salt content will result in salinity increases unless fresh water is used to make up for the
loss or steps are taken either to mitigate or adapt to salt build-up. The use of inland saline
water in algal biofuel production also could have other potential environmental effects (see
Chapter 5).
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4.1.2 Life-Cycle Water Requirements

Quantification of life-cycle water requirements of algal biofuel production would sup-
port managing future impacts on water demand and enable comparison of water use for
algal biofuel with other fuels. The estimation of life-cycle use of any requirement for algal
biofuel production (for example, water, nutrients, and energy), however, is complicated by
the developing nature of the technologies. In addition to uncertainty as to how algal biofuel
will evolve on the path of commercialization, there is also a lack of data on material and
energy requirements of the current technologies.

An additional complication in open-pond algae cultivation is that water use varies
significantly with climatic differences in temperature, humidity, and rainfall. Other biofuels
and agricultural crops show such variability in water use. For example, regional variability
in irrigation results in estimates of life-cycle water requirements to make ethanol from corn
varying from 5 to 2,140 liters of water per liter of fuel, depending on in which U.S. state the
corn is grown (Chiu et al., 2009). If the national average of water demand for corn-grain
production is used, Chiu et al. (2009) estimated the water use for corn-grain ethanol to be
142 liters of water per liter of fuel. However, the geographical distribution of additional
corn grown to meet ethanol demand is uncertain so that whether their water demand
matches the national average for all corn also is unclear. The water intensity of open-pond
algae cultivation depends critically on the future geographic distribution of cultivation.
This future distribution is difficult to forecast, however, being based on the conflux of
uncertain future technological performance, policy, and industry response. In the absence
of a reliable forecast, studies of water intensity can clarify relationships between location,
climate, and water use.

4.1.2.1 Life-Cycle Water Use of Freshwater Open-Pond Systems

Anumber of studies have analyzed water requirements of biofuel produced from algae
cultivated in open-pond systems and include different phases of the life cycle (Harto et al.,
2010; Wigmosta et al., 2011; Yang et al., 2011). There are large differences in assumptions
and results among studies, which is not surprising given the challenges mentioned above.
Table 4-1 summarizes the assumptions and results of three studies on open-pond algae
cultivation to highlight differences in results and the origins of these differences. The results
span over two orders of magnitude, from 32 to 3,650 liters of water per liter of algal biofuel.
As a comparison, 1.9-6.6 liters of water are consumed to produce 1 liter of petroleum-based
gasoline from crude oil or oil sands (King and Webber, 2008; Wu et al., 2009; Harto et al.,
2010). Resolving the variability and uncertainty in these results is beyond the scope of this
report. Instead, the goal of this report is to identify and prioritize issues that could affect
the long-term sustainability of algal biofuels. Prioritization of research and development
(R&D) for issues of concern could contribute to developing algal biofuels as a sustainable
part of the energy future.

Harto et al. (2010) analyze life-cycle water requirements of a number of alternative
transportation fuels, including corn-grain and switchgrass ethanol, soybean biodiesel, so-
lar and wind generated electricity, and algal biofuels with algae cultivation in open-pond
systems and closed photobioreactors. The scope of processes analyzed includes embodied
water in facilities and vehicles. In most scenarios, water use in evaporation and fuel produc-
tion dominate the life cycles. Scenario analyses that combine pessimistic versus optimistic
assumptions for productivities with evaporation yield variability from 32 to 656 liters of
fresh water per liter of biodiesel. The low-end scenario of 32 liters per liter applies to algae
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TABLE 4-2 Life-Cycle Water Requirements to Produce Biofuel from Corn and Soybean

Water Consumption

Crop Study (L/L) Notes
Corn Chiu et al., 2009 513-1,402 Average water use when irrigated. Range comes
from different U.S. states.
Dominguez-Faus 5-2,138 Average irrigated and nonirrigated. Range comes
et al., 2009 from state variability.
Chiu et al., 2009 142 National average of irrigated and nonirrigated.
Soybean = Dominguez-Faus 1,400-2,900 Average water use when irrigated. Range comes
et al., 2009 from different U.S. states.
Harto et al., 2010 133 National average irrigated and nonirrigated.

NOTE: L/L = water consumption per liter of ethanol or biodiesel produced. Ethanol has about two-thirds of the
energy content of gasoline. Biodiesel has about the same energy content as gasoline.

cultivated in regions in which rainfall makes up for evaporative losses. Allocation of water
use to coproducts in addition to fuel can significantly reduce water use associated with the
biofuel product.

Wigmosta et al. (2011) developed a geographically resolved model of variability in
water and land requirements in different areas in the United States. They estimated water
requirements that range from 22 to 3,600 liters of water per liter of o0il depending on location
of cultivation. Their assumptions for productivity of algae are much lower than those of
Harto et al. (2010) and Yang et al. (2011), highlighting the uncertainty associated with criti-
cal factors driving material requirements. Wigmosta et al. (2011) also constructed scenarios
that build out the geographical distribution of algal biofuel production, starting with areas
with lower evaporation and more rainfall. They found steep increases in water require-
ments as production moves to more water-intensive areas. Yang et al. (2011) explored water
recycling, use of saline water instead of fresh water, performance of different algal strains,
and geographic variability. They find that recycling harvest water is critical in managing
water requirements.

The committee reviewed what is known about water requirements for other algal bio-
fuel pathways. Sapphire Energy estimated that its proposed biorefinery in Columbus, New
Mexico, would require 3,500 acre feet (4.32 billion liters) of fresh water to produce 30,000
barrels (4.77 million liters) of green crude each year, or 906 liters of water per liter of green
crude. The green crude can be upgraded to drop-in fuels (USDA-RD, 2009). Therefore,
Sapphire Energy’s production pathway is comparable to either the reference pathway in
Chapter 3 or the alternative pathway #1 depending on whether coproducts are included.

The estimates of life-cycle water use of algal biofuels (Table 4-1) were compared to
those of other biofuels to explore whether algal biofuels are more or less water intensive
than other biofuels. Table 4-2 shows results of studies of life-cycle water requirements of
corn-grain ethanol and soybean biodiesel. For biofuels produced from corn grain, soybean,
and algae cultivated in open ponds, water use depends more on the climate (rainfall in
particular) where the biomass is grown rather than the type of biomass.

4.1.2.2 Life-Cycle Water Use in Closed Systems—Photobioreactors

Cultivating algae in photobioreactors has the potential to eliminate water consumption
from evaporation, which could significantly reduce overall water demand. However, data
for closed systems are even scarcer than for open systems. Harto et al. (2010) estimated the
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life-cycle water requirements of a photobioreactor system at 30-63 liters fresh water per
liter of biodiesel, though this result is based on expert opinion, not empirical measurement
of a functioning system. The Algenol process is a closed photobiorector using sea water
and fresh water. In its environmental impact assessment for a proposed biorefinery in Fort
Meyers, Florida, Algenol estimated that the facility would require 3.6 million gallons of
seawater and 210,000 gallons of fresh water to produce 100,000 gallons of algal ethanol each
year (or 36 liters of salt water per liter of ethanol and 2.1 liters of fresh water per liter of
ethanol) (DOE, 2010a). The freshwater use equals 3.15 liters of fresh water to produce each
liter of gasoline-equivalent fuel. The Algenol estimate does not include upstream water use
for inputs to their facilities.

4.1.2.3 Algae Cultivation Using Salt or Brackish Water or Wastewater

Using salt-tolerant algal species would allow the use of alternative water sources such
as seawater, saline, and brackish groundwater, or coproduced water derived from oil,
natural gas, and coal-bed methane wells (DOE, 2010b). This physiological flexibility of
algae implies that locating algae production to areas where alternative water sources are
available could reduce consumption of fresh water in cultivation. Cultivating saline algae
in inland ponds also could reduce the potential for invasion of the ponds by undesirable
freshwater organisms.

Vasudevan et al. (2012) estimated the consumption of fresh water in a saline water,
open-pond, algae cultivation facility for three cases that they formulated—a base case
(nominal, in their language) with reasonable assumptions in technology and system per-
formance, a case with pessimistic assumptions, and a case with optimistic assumptions.
The estimated requirement for freshwater make-up was 1,000 liters of freshwater per liter
of oil, with a range of 200-2,000 liters from optimistic to pessimistic cases (Vasudevan et al.,
2012). This result suggests that the need for freshwater make-up is significant when saline
water is used for algae cultivation. However, the make-up water use depends on productiv-
ity and salinity limits of algae used, climate, and other uncertainties and variabilities that
have yet to be resolved.

Wastewater also can be used in cultivating algae, thereby reducing groundwater and
surface water consumption and treating wastewater by reducing nitrogen and phospho-
rus content. Pittman et al. (2011) discussed the potential benefits and limitations of using
wastewater to produce algae for biofuels cost effectively, and concluded that dual-use mi-
croalgae cultivation for wastewater treatment and biofuel production has the potential to
use up nutrients in wastewater and reduce the amount of fresh water required for biofuel
generation from algal biomass. The potential environmental benefits and concerns of algal
biofuel production using wastewater as a water and nutrient feed will be discussed further
in Chapter 5 of this report, but this concept has not yet been tested at scale.

4.1.3 Scale-up Considerations

The freshwater demands of algal biofuel production will be high if algal biofuels are
used to substitute for a significant fraction of annual U.S. liquid transportation fuel con-
sumption, particularly if open ponds are to be used for algae cultivation. If open ponds
are used for algae production, then a significant amount of water will be required to re-
place evaporative losses from the pond surface and to prevent dissolved salt buildup in
the biomass cultivation system (Yang et al., 2011). Recent estimates reported by the U.S.
Department of Energy (DOE, 2010b) suggest that water losses on the order of several hun-
dred liters of water per liter of algal oil or algal biodiesel produced would result from the
operation of open ponds in arid, sunny regions of the continental United States. The most
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optimistic production scenario presented in DOE (2010b) was for the southwestern United
States. Those estimates were based on high rates of areal production (31 grams per square
meter [g/m?] per day) and high average cellular oil contents (50 percent by dry weight).
Taking meteorological conditions into account, Wigmosta et al. (2011) estimated the con-
sumptive water use to compensate for evaporative loss from ponds to be 312 trillion liters
per year if algae are grown to produce 220 billion liters of algal biofuels. That amount is
about twice the quantity of water used for irrigated agriculture in the United States (177
trillion liters in 2005; USGS, 2012). If they limit the algae cultivation to areas with high rain-
fall, such as areas near the Gulf Coast, the Great Lakes, and most of the eastern seaboard,
then consumptive use of fresh water per unit fuel produced can be reduced by 75 percent.

Pienkos (2007) estimated that between 16 and 120 trillion gallons (60 and 454 trillion
liters) of water per year would be required to produce the algal oil needed to produce 60
billion gallons (227 billion liters) per year of biodiesel. The amount of petroleum-based
fuels consumed by the U.S. transportation sector in 2010 was about 207 billion gallons (783
billion liters) per year (EIA, 2011).

Pate et al. (2011) estimated the consumptive use of fresh water necessary to achieve
target biodiesel production levels of 10 billion, 20 billion, and 50 billion gallons (37.8 bil-
lion, 75.7 billion, and 189 billion liters, respectively) per year from freshwater algae for
four regions of the United States. Their estimates of water use for algal biofuel (Figure 4-3)

Geographic Regions, Productivity Assumptions, and Target Bio-

Qil Feedstock Production Volumes for Scenario-Based Resource
Demand Implications Assessment of Algae Biofuels Scale-up
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FIGURE 4-3 Algal biofuel scale-up scenarios for four different geographical regions of the United
States: the Southwest, Midwest, Southeast, and nineteen lower-tier states.

SOURCE: Pate et al. (2011).

NOTE: 1 gallon = 3.78 liters; 1 acre = 0.40 hectare; 1 gallon per acre = 9.5 liters per hectare.
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varied with the geographic region, the volume of feedstock production targeted, and the
algal productivity assumed to be achieved. The projections of Pate et al. (2011) suggest that
using fresh water only in open-pond algal production systems likely will be a significant
sustainability issue if 10 billion gallons (37.8 billion liters) of biodiesel are to be produced
each year, depending on the region. Cultivating freshwater algae to 10 billion gallons (37.8
billion liters) per year production appeared to be unattainable in the Midwest and South-
east regions due to water requirements, which represent more than 70 percent and more
than 170 percent of the total water used for irrigation in the Midwest and in the Southeast,
respectively.

Although water requirements for algal biofuels are estimated to be higher than those of
petroleum-based fuels, sustainable use of freshwater needs to be considered in the context
of regional availability and other competing uses (NRC, 2011). For example, a petroleum
refinery located in a dry region, where groundwater recharge is low with water shortage
could be more detrimental to its local supply than would open-pond algal cultivation
systems located in a region with rising groundwater level, even though the petroleum re-
finery uses considerably less water than algae cultivation. The total demand on local water
resources by algal biofuel production will depend on management practices for individual
facilities (for example, the type and quantity of water used), the number of facilities located
within a watershed, and both the existing volume and time trends in the volume of local
aquifers, as influenced by competing water uses. Water use and freshwater and saline-
water withdrawals in the United States have been estimated by the U.S. Geological Survey
(Kenny et al., 2009).

Pate et al. (2011) suggested that the irrigation water from other agricultural applications
will need to be diverted to algal biofuel production if 10 billion gallons of fuels are to be
produced from algae cultivated in fresh water. Diverting irrigation water from agriculture
to algae cultivation for fuels will raise the concern of water use for fuel versus food and
feed. Large water withdrawals from surface waters or from groundwater that is connected
to surface water systems can affect ecosystems. Many ecosystems require minimum sea-
sonal flows to support life cycles of fish (Jager and Rose, 2003, Nagrodski et al., 2012) and
riparian vegetation (Stromberg et al., 1996, Greet et al., 2011). Stream macroinvertebrate
communities and diversity also are affected by stream flow (Dewson et al., 2007). In some
regions, groundwater depth can affect terrestrial vegetation composition and nutrient cy-
cling (Goedhart and Pataki, 2011). Effects of water withdrawals for algae cultivation on
ecological populations and ecosystem processes would be important to consider in concert
with effects of irrigation, hydropower, industrial water use, and municipal water use.

Pate et al. (2011) stressed that approaches are needed for algal biofuel production that
use nonfreshwater such as coastal marine water; wastewater from agricultural, municipal,
and industrial sources; brackish or saline groundwater; and produced water from oil, gas,
and coal-bed-methane wells. Cost-effective approaches for reducing evaporative water
loss and for dealing with salinity build-up need to be developed. Such approaches will be
more important for inland sites where evaporation and salinity build-up are expected to be
higher than in coastal marine operational settings that have high relative humidity.

4.1.4 Sustainability Indicators

The sustainability implications of water use are difficult to quantify. Many studies
use consumptive water use as a measure. Consumption is withdrawal and subsequent
“loss” of ground or surface water through evaporation or runoff. The link between water
consumption and sustainability effects, such as ecosystem change or scarcity for human
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needs, depends on local conditions. As water supplies are increasingly stressed, there is an
increasing need for methods to connect different uses of water to sustainability impacts.

Indicators of sustainability of freshwater requirements for algal biofuel production
include the following (Mulder et al., 2010; GBEP, 2011):

¢ Consumptive freshwater use expressed as kilograms of water per kilogram of fuel
produced (biodiesel or ethanol) or liters of water per liter of fuel produced.
* Energy return on water invested (EROWI), megajoule per liter (M]J/L).

These indicators permit general comparisons among sites, feedstocks, and production
technologies, but do not provide information about sustainability relative to local supplies.
Additional project-specific and site-specific information—total consumptive water use by
a facility relative to current supply at the site and relative to projected future demands for
all purposes, including biofuel production—will be required for this purpose. For example,
a facility estimated to require 1 percent of available supply in an area that is not expected
to experience significant population growth or increased agricultural demand for water is
likely to be more sustainable than a facility requiring 50 percent of available supply in an
area with a rapidly growing population or agricultural demand.

Indicators in addition to water consumption also are used. Water withdrawal refers to
the quantity of fresh or ground water withdrawn. The use of green, blue, and gray water
footprints are gaining interest in some research communities (Gerbens-Leenes et al., 2009;
Hoekstra, 2009). Green water is rainwater evaporated during production such as crop
growth. Blue water is irrigation water evaporated during crop growth. Grey water is the
quantity of water needed to dilute pollutants from a process to meet water-quality stan-
dards. The choice of which of these indicators to use is a matter of debate; it is important
that researchers report raw data on water use in addition to processed results for indicators.

4.1.5 Information and Data Gaps

Evaporation during cultivation is a major contributor to life-cycle water requirements.
Some studies use pan evaporation to approximate water use in algae cultivation (Harto et
al., 2010; Yang et al., 2011). Evaporation from algal ponds could, however, behave differ-
ently from pan evaporation. Wigmosta et al. (2011) used mathematical models intended to
improve upon the use of pan evaporation data. Empirical data from actual ponds in vari-
ous operating conditions would enable validation and construction of improved models.
The extent to which water can be recycled in harvesting and other process steps also is a
critical factor. Empirical data on and actual experience with water recycling in cultivation
systems are needed.

Water balance and management, along with issues associated with potential salt build-
up and salt management, are essential areas for future research, modeling, and field as-
sessment (NRC, 2008; Gerbens-Leenes et al., 2009). If nonfreshwater is to be used in algae
cultivation to alleviate consumptive use of fresh water, then current knowledge of the
extent, the water quality and chemistry, and the sustainable withdrawal capacity of those
nonfreshwater resources needs to be expanded (DOE, 2010b). For example, Subhadra and
Edwards (2011) described the principal fresh and saline aquifers located in the southwest-
ern United States, but comprehensive information on the geography and availability of
fresh and saline aquifers in other regions suitable for algal biofuel production is needed.
Although saline aquifers in the United States were mapped in the 1960s (Feth, 1965), the
depth of the aquifer and other factors, such as aquifer hydraulic conductivity and well
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yield, largely are unknown. The distribution and physical and chemical characteristics of
saline groundwater resources need to be defined to predict the effects of extracting saline
groundwater on freshwater resources and on the environment (Alley, 2003). Without such
information, coastal regions may be more suitable for large-scale saltwater algal production
systems than inland regions (Darzins et al., 2010).

Data on the regional availability of fresh water, salt water, and other nonfreshwater (for
example, wastewater) and on the regional demand of water for agriculture and other uses are
needed to assess the potential availability of different water resources for algae cultivation.

4.1.6 Potential Effect on Social Acceptability

Water security is a pressing concern globally and an emerging concern in the United
States. Algal biofuel production will, to a still unspecified extent, affect consumptive use
of fresh water. Freshwater availability and quality are intricately related to agricultural
productivity, human health, and safety. The security impacts to this system from large-
scale algal biofuel production could be significant. As global weather patterns continue to
become more and more extreme, resulting in harsh, prolonged drought in arid climates,
uncertainty over water availability has begun to threaten geopolitical stability and repre-
sents a serious risk to human health. While the relative abundance of freshwater resources
and advanced water transportation and irrigation infrastructure has insulated the United
States from the immediate and severe public health and water security issues that many
nations currently face, access to fresh water in multiple regions of the country is increas-
ingly limited and likely will become a major national security concern in the future. The
Ogallala Aquifer in the Midwestern United States, yielding approximately 30 percent of
the U.S. groundwater used for irrigation and supplying 82 percent of the potable water for
those living within the aquifer boundary, could be completely depleted in as little as two
to three decades (Guru and Horne, 2001). The Southwest has been facing and will continue
to face serious water shortages in the coming decades, as aquifers are drained and surface
water resources become increasingly scarce.

In recent years, public concern over energy security generally has overshadowed those
for water security as oil prices have fluctuated. However, in the coming years, public
concerns over water availability and the associated food security and health risks could
increase and override those for energy security. If the algal biofuel industry relies heavily
on freshwater resources, it could face a considerable setback as the increased use of fresh-
water resources becomes less acceptable to the public. This will be particularly damaging if
infrastructure is already in place and capital already has been deployed in facilities that are
subsequently shut down over concerns for their consumptive use of fresh water. Therefore,
water recycling and use of nonfreshwater resources are important to ensuring the social
acceptability of the large water requirements for algal biofuel production.

4.2 NUTRIENTS

Algae require key elemental nutrients for metabolic maintenance and growth, as
is true of terrestrial plants. The exact elemental stoichiometry of algal cells varies from
one environment to another and among different algal species. However, photoauto-
trophic algae use photosynthesis to convert light energy into new algal biomass with
an elemental stoichiometry that on average obeys the following equation (Stumm and
Morgan, 1988):
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106 CO, + 16 NO; + HPO?} + 122 H,0 + 18 H* ¢ C, , [H,,O0,, )N, P + 138 O, (Eq.4-1)

Rearranging Eq. 4-1, the elemental content of algae can be expressed more simply as:
(CH,0)106(NH,)16(H,PO,) (Eq. 4-2)

The carbon-to-nitrogen-to-phosphorus stoichiometry of algae can be considered to aver-
age C,.:N,.:P, by moles, a value that is commonly known as the Redfield ratio (Redfield,
1958). Although the Redfield ratio is not a universal biochemical optimum (see Sardans et
al., 2011b), Eq. 4-2 allows quantitative predictions to be made about the carbon, nitrogen, and
phosphorus demands of algal biomass production. As implied in Eq. 4-1, CO, is essential for
the photosynthetic production of algal biomass, providing elemental carbon that is required
for the cellular synthesis of organic biomolecules, including the carbohydrates and lipids
that can be converted into liquid biofuels (Falkowski and Raven, 2007). Nitrogen-containing
molecules are involved in energy capture and release, cell structure, and metabolism. Phos-
phorus-rich molecules are essential to energy transfer. Both nitrogen and phosphorus are
essential components of the genetic polymers ribonucleic acid (RNA) and deoxyribonucleic
acid (DNA) (Sterner and Elser, 2002). Providing sufficient and temporally stable supplies of
CO,, nitrogen, and phosphorus is essential if algal biofuel production is to be deployed at
large scale. If the species being cultivated are dominated by silicon (Si)-requiring taxa, such
as diatoms, then adequate Si would have to be provided. Unlike water requirements, the
amount of nutrients needed to promote algal growth can be expected to be the same whether
open ponds or closed photobioreactors are used. However, nutrients can be recycled more
readily in closed photobioreactors than in open ponds. The extent and efficiency of nutrient
recycling that is used in the post-cultivation processing of algal biomass into biofuels and
coproducts will affect the net nitrogen and phosphorus requirements of biofuel production
systems. Nutrients cannot be recycled 100 percent because of losses as a result of precipita-
tion! and nutrients tied up in dead algal biomass. The dead algal biomass cannot be left in
the pond to mineralize because of undesirable consequences to the culture medium. The
formation of such suspended sludge and the accompanying dissolved organic matter is a
sink for nutrients and reduces light availability for the growth of live algae. These practical
problems of nutrient recycling have not been discussed in the literature.

Understanding the limitations and needs for CO, is critical in addressing productivity
of feedstock formation (that is, biomass or lipid yield depending on the processing pathway
used to produce fuel). Feedstock productivity, in turn, affects the economic viability of algal
biofuels. If relatively pure streams of supplemental CO, are required for algae cultivation,
siting algae cultivation facilities close to this resource could reduce transportation costs.
However, the proximity to this resource could exacerbate the siting limitations imposed
by flat land and sufficient water resources. (See section on Land in this chapter.) Most
published studies on algal biofuels acknowledge that efficient algae production requires
external sources of concentrated CO, (supplied in gaseous form or as bicarbonate), in part
because the rate of resupply of CO, to algal cultivation systems from the atmosphere can be
limited by diffusion across the air-water interface (DOE, 2010b; Williams and Laurens, 2010;
Pate et al., 2011). As noted in Chapter 2, the provision of supplementary CO, can stimulate
algal biomass yield. For example, Yue and Chen (2005) observed more than a doubling

! Amount of nutrient loss due to precipitation depends on the chemical composition of the rainwater and the
nutrient composition of culture water.
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of Chlorella biomass when CO, concentrations were increased over ambient atmospheric
levels (see Figure 2-11 in Chapter 2). From an engineering perspective, maximum biomass
yields can be achieved only with aeration or supplementation. Companies responding to
the committee’s solicitation of input on resource requirements indicated that they rely on
supplemental CO, to maximize algae production.

Because atmospheric CO, concentration has been increasing, aquatic scientists have
begun to assess the potential effects of CO, concentration on algal productivity and stoi-
chiometry. In most algae, the activity of the primary photosynthetic enzyme ribulose-1,5-
bisphosphate carboxylase oxygenase (Rubisco) is less than half-saturated under CO, levels
in equilibrium with the atmosphere, suggesting that CO, is a factor that limits the rate of
photosynthetic carbon fixation (Urabe et al., 2003). For example, by using experimental
manipulations of the CO, concentration in supersaturated boreal lakes, Jansson et al. (2012)
demonstrated that rates of phytoplankton primary production were up to tenfold higher in
CO,-supersaturated lake water relative to water containing CO, at equilibrium concentra-
tions. Moreover, the supplementation of algal production systems with CO, potentially can
enhance algal biomass yields per unit nitrogen and phosphorus in algal cells, especially
under low-light conditions, thereby increasing nitrogen and phosphorus use efficiency.
Even a moderate increase in CO, could potentially yield increased C:N and C:P ratios in
algae (Leonardos and Geider, 2005; Hessen and Anderson, 2008; Van De Waal et al., 2010).
In a recent large-scale outdoor experiment, a threefold increase in CO, relative to current
atmospheric concentrations resulted in algal C:N ratios (8.0 by moles) that exceeded Red-
field stoichiometry (Riebesell et al., 2007).

4.2.1 Estimated Nutrient Requirements

4.2.1.1 Carbon Dioxide

The estimated CO, requirements for algal biofuel production are substantial. For ex-
ample, Pienkos (2007) estimated that 14-21 kilograms of CO, is required to produce the
algal biomass needed to create 1 gallon of biodiesel (3.69-5.54 kilograms of CO, per liter).
Pate et al. (2011) estimated that 14-35 kilograms of CO, is required to produce 1 gallon
of algal oil (3.69-9.23 kilograms of CO, per liter of algal oil). Both of these values can be
compared with estimates made by algal biofuel companies for their demonstration facili-
ties. For example, Algenol estimated that 734 tonnes of CO, would be required to produce
100,000 gallons (378,000 liters) of ethanol each year in all its photobioreactors (DOE, 2010a);
this is equivalent to 1.94 kilograms of CO, per liter of ethanol or 2.91 kilograms of CO, per
liter of gasoline equivalent. Sapphire Energy estimated that 15,000 to 30,000 tonnes of CO,
would be used annually as an additive to promote algal growth for the production of 30,000
barrels (4.78 million liters) of green crude (USDA-RD, 2009); this is equivalent to 3.14-6.28
kilograms of CO, per liter of green crude or gasoline equivalent, assuming that 1 liter of
green crude can be upgraded to 1 liter of gasoline-equivalent fuel product.

4.2.1.2 Nitrogen and Phosphorus

Pate et al. (2011) analyzed the nitrogen and phosphorus requirements of a production
system that uses open ponds for algae cultivation to produce algal oil. (This is analogous
to the reference pathway or alternative pathway #1 in Chapter 3). They assumed Redfield
C:N:P stoichiometry (Eq. 4-2) in algal biomass production. For simplicity, they assumed
100-percent nutrient uptake efficiencies, and did not account for the potentially higher

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13437

Sustainable Development of Algal Biofuels in the United States

NATURAL RESOURCE USE 113

nitrogen and phosphorus inputs necessary to compensate for inefficiencies and losses in the
biofuel production system. Nutrient recycling was not assumed in their model projections.
Calculating by these assumptions, they projected that each metric tonne of dry weight algal
biomass produced by their system required 88 kg N and 12 kg P. Assuming an algal biomass
with 50-percent oil content, these nitrogen and phosphorus requirements are equivalent to
0.61 kg N and 0.083 kg P per gallon of algal oil produced (or 0.16 kg N and 0.022 kg P per
liter of algal oil produced). However, if a 20 percent algal oil content is assumed, then these
nutrient requirements increase to 1.5 kilogram of nitrogen and 0.21 kilogram of phospho-
rus per gallon of oil produced (or 0.40 kg N and 0.055 kg P per liter of algal oil produced).
Similar estimates of 1.1 kilogram of nitrogen and 0.24 kilograms of phosphorus per gallon
of biodiesel produced (0.29 kg N and 0.063 kg P per liter of biodiesel) have been reported
by Yang et al. (2011).

Luo et al. (2010) suggested that direct ethanol synthesis could have lower nitrogen and
phosphorus requirements than the reference pathway because cyanobacterial biomass is
not removed from the production system during biofuel harvesting. Therefore, nitrogen
and phosphorus are needed only for the growth and maintenance of the standing biomass;
nutrients incorporated into the algal biomass are not lost during ethanol capture. Luo et al.
(2010) estimated that an ethanol production of 56,000 liters per hectare (ha) per year would
correspond to a nitrogen and phosphorus requirement of 0.065 g N/M] and 0.0024 g P/M]
(0.002 kg N and 0.0001 kg P per liter of gasoline equivalent).

4.2.2 Scale-up Considerations

4.2.2.1 Carbon Dioxide

Anthropogenically produced CO, can be used in algal biofuel production (DOE, 2010b).
For example, flue gas from coal-fired power plants is a potential source of CO, (Benemann
et al,, 2003a,b). The potential advantages of colocating algal production facilities with sta-
tionary industrial CO, sources and potential barriers to their use are discussed in the report,
National Algal Biofuels Technology Roadmap (DOE, 2010b). A map of power plant sources of
CO, located within 20 miles (32 kilometers) of municipal wastewater facilities in the pre-
ferred climate regions identified in the Sandia National Laboratories’ scoping assessment
is also included in that report. If colocating with stationary sources of CO, is not feasible,
then the cost of capturing and transporting CO, would have to be considered.

Under the scenario assumptions that Pate et al. (2011) used, about half of the station-
ary emission sources in the 19 lower-tier states would be needed to supply sufficient CO,
during daylight hours to support the production of 10 billion gallons (37.8 billion liters)
per year of algal oil. For all other scenario regions (Figure 4-3), 90 percent to 150 percent of
all CO, emission sources would be needed to produce 10 billion gallons of algal oil. They
concluded that only a small number of stationary emission sources would be within a
reasonably affordable access range in regions of the United States that are best suited for
large-scale algal biomass cultivation, unless a costly infrastructure for CO, capture and
pipelining is in place. Pienkos (2007) estimated that 0.9 billion to 1.5 billion tonnes of CO,
would be needed to produce algal oil for the much larger target of 60 billion gallons (227
billion liters) of biodiesel per year. This demand for CO, is equivalent to 36 to 56 percent of
all current CO, emissions from all U.S. power plants.

If CO, supplementation is required for high-yield production of algae, the extent to
which algal biomass can be produced affordably at a commercial scale in the United States
would be constrained. Moreover, as noted by Campbell et al. (2011), future commitments to
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reducing atmospheric CO, emissions under the Kyoto Protocol suggest that there could be
a substantial move toward electricity generation with low CO, emissions, for example, us-
ing renewable electricity (NAS-NAE-NRC, 2010) or coal-generated electricity with carbon
capture and storage (NAS-NAE-NRC, 2009). Decarbonizing electricity generation would
reduce the number of locations in which flue gas could be provided economically for algae
cultivation for biofuels. Other sources and forms of inorganic carbon, such as the provision
of solid bicarbonate, might be developed affordably for large-scale autotrophic microalgal
biomass production (Pate et al., 2011). However, if the solid bicarbonate is mined from
fossil sources, its use to produce algae for fuels could increase fossil energy input and the
life-cycle of greenhouse-gas (GHG) emissions of algal biofuels (see Chapter 6 for discussion
on GHG emissions).

4.2.2.2 Nitrogen and Phosphorus

The nitrogen and phosphorus demands that Pate et al. (2011) concluded would be nec-
essary to support four levels of algal biodiesel produced from algae grown in four different
geographical regions of the United States are shown in Table 4-3. The projected nitrogen
requirements for the producing 10 billion gallons per year (37.8 billion liters per year; as-
suming a biomass oil content of 50-percent dry weight) of algal oil represents about half of

TABLE 4-3 Estimates of the Nitrogen and Phosphorus Resource Demands (in millions of
metric tonnes/year) Required to Produce Different Levels of Algal Biodiesel Production
in Different Geographical Regions of the United States

Total biomass (BM) produced and projected
Scenario nitrogen (N) and phosphorus (P) needed?® in Projected nitrogen and phosphorus demand for
Region millions of metric tonnes per year (M mt/year) algae as percent of total U.S. use in 2006°

10 BGY 20 BGY 50 BGY 100 BGY 10 BGY 20 BGY 50 BGY 100 BGY
Nutrient use  (37.8 BLY) (75.7 BLY) (189.3 BLY) (378.5BLY) (37.8 BLY) (75.7 BLY) (189.3 BLY) (378.5 BLY)

SW, MW, and BM:70 BM:140 BM:350 BM:700

SE¢with 50% N:6.1 N:12.3 N:31 N:61 N:44 N:88 N:221 N:436

lipid P:0.8 P:1.7 P:4.2 P:8.3 P:20 P41 P:102 P:202

NLTS? region BM:170 BM:350 BM:870 BM:1740

with 20% lipid N:15 N:31 N:77 N:153 N:107 N:221 N:550 N:1093
P:2.1 pP:4.2 P:10 P:21 P:51 P:102 P:244 P:512

2Assuming elemental algal biomass composition C:N:P ratio of 106:16:1 (Redfield, 1934) and 100-percent nutrient-
uptake efficiency independent of algal productivity and cultivation system area at 50-percent dry-weight biomass
lipid content for SW (Southwest), MW (Midwest), and SE (Southeast) scenarios, and 20-percent lipid content for
scenario region.

PTotal U.S. consumption in 2006 estimated as 14.0 M mt elemental N consumed as ammonia and 4.1 M mt elemen-
tal P consumed as phosphate rock from Mineral Commodity Summaries in 2010 (USGS, 2010).

‘With scenario lipid productivities of ~6,500 (SW), ~4,100 (MW), and ~4,500 (SE) gal/acre (~24,600 [SW], ~15,500
[MW], and ~17,000 [SE] L/0.40 hectares) per year at 50-percent lipid.

INLTS (nineteen lower-tier state region) scenario assumes moderate annual average algal lipid productivity of
~2,100 gal/acre (~7,950 L/0.40 hectares) per year at 20-percent lipid content over nineteen lower-tier states of AZ,
AK, AL, CA, CO, FL, GA, 1A, KS, LA, MO, MS, NE, NM, NV, OK, SC, TX, and UT.

Note: The table shows the four different levels of algal biofuel production (10, 20, 50, and 100 billion gallons per
year; 37.8, 75.7, 189, and 379.5 billion liters per year (BLY), respectively) in four different geographical regions
of the United States (Southwest, Midwest, Southeast, and nineteen lower-tier states). Bold values show problem
levels for nutrient availability from commercial fertilizer.

SOURCE: Table 2 from Pate et al. (2011).
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the total U.S. consumption of nitrogen from ammonia and about one-fifth of total U.S. con-
sumption of phosphorus from phosphate rock in 2006. If the assumed average oil content
decreases from 50 to 20 percent, these requirements are about 107 percent for nitrogen from
ammonia and 51 percent for phosphorus of the total U.S. consumption in 2006. Assuming
that nutrients in harvest water are not recycled, Pate et al. (2011) concluded that these algal
biofuel-elevated demands for phosphorus likely would be unsustainable due to limited
natural resource supplies (for example, Cordell et al., 2009; Vaccari, 2009).

4.2.3 Opportunities for Mitigation

Recycling of spent growth medium and of the residual nitrogen and phosphorus that
remain in post-process algal biomass residuals will be essential for the sustainable produc-
tion of algal biofuels. If anaerobic digestion is used to process waste algal biomass after lipid
extraction, then cellular nitrogen and phosphorus can be recovered and recycled. The meth-
ane produced can be used to generate electricity and contribute to improving the energetic
balance in the overall algae-to-biofuel process (Sialve et al., 2009). In addition, municipal
and agricultural wastewater potentially can be used as nutrient feedstocks, thereby reduc-
ing external inputs of nitrogen and phosphorus fertilizers (see Chapter 5).

Sturm et al. (2012) performed a pilot-scale algal biomass production experiment using
four outdoor bioreactors fed by effluent from a Lawrence, Kansas, wastewater treatment
plant. Using wastewater for algae cultivation is expected to induce nitrogen-limited condi-
tions for algal growth. These actively aerated bioreactors were run as continuous-flow sys-
tems at a hydraulic residence time of 10 days, without additional CO, supplementation. In
contrast to natural freshwater and marine ecosystems, the algal biomass produced in these
wastewater cultivation systems had a lower average biomass C:P ratio of 67:1 by moles (and
thus a higher phosphorus demand per unit carbon sequestered) than would be predicted
either from Redfield stoichiometry or from the analysis of Sterner et al. (2008). That ratio is
also at the lower end of the range of C:P ratios observed in nutrient-replete phytoplankton
cultures (C:P = 64-86; see Table A2 in Geider and La Roche, 2002). In contrast, the algae
produced by these bioreactors contained a higher average C:N ratio of 17:1 by moles (and
thus a lower nitrogen demand) than predicted by Redfield or by Sterner et al. (2008). In ad-
dition, this value is at the upper limit of the range of C:N ratios observed in nutrient-replete
phytoplankton cultures (C:N = 4-17; see Table A2 in Geider and La Roche, 2002). The algal
biomass produced in these wastewater cultivation systems (Sturm et al., 2012) was rich in
phosphorus (low C:P ratios), and algal growth appeared to be limited by nitrogen (high C:N
ratios and low N:P ratios). It is thus unclear what C:N:P stoichiometry should be assumed
when calculating the potential nitrogen and phosphorus demands of large-scale algal bio-
mass production efforts, which potentially may be supplied with nutrient feedstocks having
widely varying N:P supply ratios and levels of inorganic carbon supplementation.

Colocation of biofuel production facilities with power plants could provide the facili-
ties with a ready source of supplemental CO,, but the number of sites suitable for colocation
would constrain the use of these CO, sources. The use of fossil bicarbonate could mitigate
the CO, constraint, but with consequent potential impacts on fossil energy input and life-
cycle GHG emissions.

4.2.4 Sustainability Indicators

The key nutrients required for algae cultivation are CO,, nitrogen, and phosphorus. Cor-
responding general indicators of sustainability of nutrient requirements include (GBEP, 2011):
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kg CO, required/L of fuel produced.

kg CO, required /tonne dry biomass of algae.
kg N required /L of fuel produced.

kg N required/tonne dry biomass of algae.
kg P required /L of fuel produced.

kg P required /tonne dry biomass of algae.

Additional indicators for assessment of nutrient requirements for diatoms:

¢ kg Sirequired/L of fuel produced.
¢ kg Sirequired/tonne dry biomass of algae.

Additional indicators that could be developed, analogous to EROWI, are the energy
return per amount of nutrient input (MJ/kg, or its inverse—nitrogen or phosphorus use,
kg/M]), and nutrients required to meet various production targets relative to existing na-
tional usage or supply.

4.2.5 Information and Data Gaps

Earlier sections discussed the use of wastewater and recycling nutrients from lipid-
extracted algae as opportunities to reduce synthetic nitrogen and phosphorus inputs. Those
opportunities are critical to meeting the sustainability objective of enhancing or maintain-
ing (rather than depleting) natural resources. However, integrating wastewater treatment
by algae with algae cultivation for fuels needs to undergo R&D and demonstration to
optimize the systems and establish the feasibility of the concept. Similarly, R&D is needed
to incorporate nutrient recycling into algal biofuel production systems. The potential for
combining the use of wastewater in algae cultivation and the production of a fertilizer co-
product is worth further investigation.

With respect to estimating nutrient requirements, additional calculations of the poten-
tial nitrogen and phosphorus demands of algal biofuel production need be performed to
confirm or modify the values suggested by Pate et al. (2011). (See Box 4-1 for detailed dis-
cussion.) The C:N:P stoichiometry of algae is critical to estimating the quantities of nutrients
required for large-scale deployment of algal biofuels.

4.2.6 Potential Effects on Social Acceptability

Large-scale deployment of algal biofuels requires large inputs of nitrogen and phos-
phorus fertilizers. If the nutrients are not recycled or supplied from waste sources, nutrient
requirements of algae for fuels could incur indirect and unintentional impacts on food
prices (Pate et al., 2011). The long-term supply of phosphorus is also cause for concern, as
many believe that the world’s supply of phosphate may have peaked or that a peak in sup-
ply is impending (Craswell et al., 2010). It will be detrimental to the algal biofuel industry
if it is viewed as massive sink for nutrients that are in short supply, particularly if it is per-
ceived that they are in direct competition with food producers. Technology development
to use wastewater in algae cultivation and to recycle nutrients tied up in lipid-extracted
algae could minimize potential competition for fertilizers between agricultural crops and
algae cultivation.
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BOX 4-1
Estimating Quantities of Nitrogen and Phosphorus
Needed to Support an Algal Biofuel Industry

Pate et al. (2011) estimated the quantities of nitrogen and phosphorus needed to produce at least
38 billion liters of algal biofuel. Their analysis was based on the assumption of Redfield stoichiometry de-
termined in marine systems (C,,.:N,,:P,). However, the canonical Redfield ratio recently has been called
into question by Sterner et al. (2008), who reviewed more than 2,000 measurements of the chemical
content of suspended particulate matter (seston) from freshwater and marine ecosystems worldwide and
documented an enormous level of variability in nutrient use efficiency. They found that small freshwater
lakes exhibited higher average ratios of C:P = 224 (standard deviation = 156) and C:N = 10.0 (standard
deviation = 3.0) than the Redfield stoichiometry (C:P = 106 and C:N = 6.6 by moles). Across their entire
dataset, a non-Redfield proportionality of C,,.:N,,:P, best described the elemental composition of algae.

These trends potentially imply a higher nitrogen- and phosphorus-use efficiency (a higher yield of algal
biomass per unit nitrogen and phosphorus consumed by algal cells) in artificial algal biomass production
systems than was assumed in the study by Pate et al. (201 1). Stoichiometric data provided in a recent algal
biofuel study by Sturm et al. (2012) do not support this conclusion for phosphorus, however. Sterner et
al. (2008) suggest that algal stoichiometry varies significantly with habitat type: freshwater seston tends
to have a greater nutrient use efficiency (higher C:P and C:N ratios) than marine seston, implying that the
future nitrogen and phosphorus demands of freshwater- versus marine-based algal biomass cultivation
systems potentially could differ.

Another key question revolves around the potential effects of CO, enrichment on algal nutrient-use
efficiency. The responses of both vascular plants and phytoplankton to enhanced CO, are variable and
often species-dependent (Sardans et al., 2011a), and the consistency of CO, effects remains uncertain.
Given the observed variation in algal C:N:P stoichiometry that has been reported in the literature, three
key questions therefore arise:

* What expected values (or what ranges of expected values) of C:P and C:N would best be used to
update the analyses of Pate et al. (2011)?

® Atwhat CO, levels will consistent and predictable effects of CO, enrichment on algal nutrient-use
efficiency occur?

e Will the net effects of CO, enrichment differ in single-strain algal cultivation systems versus systems
that contain mixed-species assemblages?

These three unanswered questions represent research needs that can be filled only by field-based
measurements of algal biomass yield and C:N:P stoichiometry, using pilot-scale or commercial-scale large
outdoor photobioreactor systems operating under a wide range of environmental conditions.

4.3 LAND

A major constraint on the future expansion of biofuel production is likely to be the
limited amount of land suitable for producing bioenergy crops and for expanding related
refinery and transportation infrastructure (Cai et al., 2011). Much greater efforts will be
needed to develop a comprehensive picture of the ideal siting locations for algae cultivation
facilities (Darzins et al., 2010). Careful land-use planning to create specific locations where
all-important resource demands can be met can help to build capacity and allow algae to
make a vital, even if only modest, contribution to the U.S. biofuels industry (Lundquist
et al., 2010).
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The future development and scale-up of algal biofuels needs to be assessed from the
multiple perspectives of site location, resource availability, and resource demands (DOE,
2010b). Key land considerations (Cai et al., 2011) can be expected to include:

e What total land area will be required for the proposed algal biofuel facility or

facilities?

What land and sites are potentially available?

Where is this land located?

What is this land currently being used for?

What is the price of this land?

What is the topography associated with this land?

What are the climatic conditions associated with this land?

Are the water resources required to support algal biofuel production available,

either on or sufficiently near this land?

® Are the nutrient resources required to support algal biofuel production available,
either on or sufficiently near this land?

e Which of the lands meeting all suitability criteria are available for actual facility
siting and development?

4.3.1 Siting Requirements

The mass cultivation of algae is likely to be technically feasible in many regions of
the United States (DOE, 2010b). However, the actual siting of future algal biofuel pro-
duction facilities will be influenced by numerous economic, legal, political, physical, and
social factors (Darzins et al., 2010). Complete detailed life-cycle assessments (LCA) and an
environmental-impact assessment before any large-scale deployment are useful to and
important for ensuring a smooth path to commercialization, particularly if the land being
considered for siting has not ever been developed (Pienkos and Darzins, 2009). In addition,
the sites where algal cultivation systems can be installed will be constrained by high land
cost, agricultural activity, environmental value, and intrinsic cultural value of the land be-
ing considered (Darzins et al., 2010). Biofuel-driven land-use change (LUC) also potentially
could create significant environmental impact and sustainability concerns (see Chapter 6).
A diverse set of site-specific factors (Figures 4-4, 4-5, and 4-6; Table 4-4) would have to be
matched carefully to the cultivation systems used for algal biofuel production if the es-
sential requirements for successful large-scale algal biomass production (suitable land and
climate, sustainable water supplies, and sustainable nutrient supplies) are to be aligned
in terms of their geographical location (DOE, 2010b). For example, local variation in solar
irradiance, day length, and air temperature determine the effective length of the growing
season for high-yield algae cultivation, as is the case for natural lakes (Marshall and Peters,
1989). In addition, surface water evaporation rates (Figure 4-6), which affect water losses if
open-pond systems are used for algae cultivation, vary geographically.

A preliminary high-level assessment of microalgal biomass production potential was
performed by Sandia National Laboratories and reported in DOE (2010b). The climate
criteria used in this spatially explicit analysis were: annual average cumulative sun hours
of 2,800 hours or above, annual average daily temperature of 55°F (12.8°C) or higher, and
annual average freeze-free days of 200 days or more. In terms of adequate sunlight and suit-
able climate, parts of Hawaii, California, Arizona, New Mexico, Texas, Louisiana, Georgia,
and Florida appeared to be the most promising in the United States. Northern states such as
Minnesota, Wisconsin, Michigan, and the New England states experienced strong seasonal
variability in insolation and temperature (see Exhibit 9.4 in DOE, 2010b). The apparent lack
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FIGURE 4-4 Resource availability for large-scale algae cultivation.
NOTE: (a) Depth to saline groundwater (units); (b) Annual average solar
radiation (units); (c) Large stationary sources of CO,.

SOURCE: Pienkos and Darzins (2009).
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FIGURE 4-5 Map of seawater and saline groundwater resources in the continental United
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TABLE 4-4 Key Land, Climate, and Water Resource Elements for
Large-Scale Algal Biofuel Production

Land (Siting) Local Climate Water

Topography Solar irradiance Location

Land use and land cover Temperature Supply and demand
Land ownership Evaporation rate Salinity

Soil type and geology Severe weather Allocation

SOURCE: Adapted from Exhibit 9.2 in DOE (2006).

of attractiveness of the Gulf Coast region in the Sandia study was attributed to lower an-
nual average solar insolation. In contrast, another study by the Pacific Northwest National
Laboratory (Wigmosta et al., 2011) suggested that annual productivities in this region
were higher than those estimated by the Sandia study. However, the predictions by Sandia
National Laboratories are consistent with the map of potential algal oil production devel-
oped by Wigmosta et al. (2011) for open-pond production systems (discussed in the next
section Estimated Land Requirement).

At the site level, local topography and soils also can potentially limit the availability
and suitability of land for open-pond cultivation. The installation of large shallow ponds
requires flat terrain that has a slope of no more than 5 percent because of the intrinsic needs
of the technology and because of increased costs of site development and fluid pumping
(Darzins et al., 2010). Local wind conditions affect mixing and temperature in ponds and
the integrity of pond liners. High wind in a dusty or sandy location could contribute to
sediment loading to open-pond cultivation systems, which may require frequent clean up.

Darzins et al. (2010) stressed that siting biofuel production systems close to water and
nutrient resources would place additional limits on algal biofuels” contributions to future
liquid transportation markets. They noted that even where land suitable for large-scale
algal biofuel production exists, the local availability of essential resources could affect the
economics of production, net energy return, and GHG emissions. The optimal sites for
commercial-scale algal biofuel production would have either the required resources in close
proximity or mechanisms in place to ensure adequate and uninterrupted supplies of these
resources. In particular, access to large volumes of fresh water, saline water, or both will
be essential for algae cultivation (see Figures 4-4a and 4-5). Darzins et al. (2010) expressed
concern that the availability of sufficient supplies of supplemental CO, is uncertain (see
Figure 4-4c) in the geographical regions that are best suited to year-round algae cultivation.

In addition to the photosynthetic surface area necessary for algae cultivation, estimates
of the total land required for an algae cultivation facility would include the space required
for inoculum cultivation; systems for delivering inoculum to cultivation vessels; harvesting
systems; reservoirs for holding water; waste management, storage, and recycling facilities;
and other support systems (Murphy and Allen, 2011). For example, basins may be needed
to hold water releases from blowdown in an open-pond system. Similarly, additional land
for berm formation is required if the raceway ponds are constructed with earthworks.
Murphy and Allen (2011) accounted for the land required for infrastructure to support the
primary cultivation facilities by using a scaling factor of 1.6:1 when estimating the total
area burden for open raceway ponds. This scaling factor is the ratio of photosynthetic pond
surface area to the area of associated land needed to support those ponds. Clarens et al.
(2011) used a smaller scaling factor of 1.25:1.

Algae cultivation facilities could be sited on unprofitable cropland (typically land that
is not suitable for commodity crops), in which case the potential for large-scale algal biofuel
production to affect food production would have to be considered. Pre-existing surface
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water resources (for example, aquaculture ponds and coastal zone waters) also could be
considered. In addition, algal biofuel facilities could be sited on lands that are highly suit-
able for solar energy production, such as arid lands in the southwest or sunny coastal
regions. However, insufficient information is currently available to assess the viability or
production capacity of these potential pathways. Moreover, potential tradeoffs (for ex-
ample, water availability) would have to be considered.

Nutrient removal from wastewater by algae can be coupled with biofuel production
(Pittman et al., 2011). For example, more than 15,000 existing U.S. domestic wastewater
treatment plants (WWTPs) collectively produce about 34 billion gallons (128.7 billion liters)
of wastewater effluent per day (EPA, 2008). Several thousand small (less than 10 ha) and a
few large-scale (more than 100 ha) algal pond systems currently are being operated in the
United States for municipal wastewater treatment (Lundquist et al., 2010). Food processing
facilities and agricultural dairy and feedlot operations are other sources of nutrient-rich
liquid wastes. Operations such as these potentially provide desirable colocation sites in
which wastewater could be used as a water and nutrient source for integrated algal biomass
production systems. One problem is that sufficient land is rarely available in WWTP loca-
tions in urban areas. Two types of systems can be envisioned: dedicated algae cultivation
facilities, whose primary purpose would be the production of algal biomass (such systems
also would require wastewater treatment and nutrient recycling); and wastewater treat-
ment facilities, whose primary goal would be to perform wastewater treatment, but would
produce harvestable algal biomass as a consequence of the treatment process (see Exhibit
9.7 and associated text in DOE, 2010b). Such integrated systems would be expected to have
multiple benefits, including providing an inexpensive nutrient source, reducing demands
for other sources of fresh water, potentially reducing operating costs for wastewater facili-
ties, improving the quality of treated effluents, and potentially reducing GHG emissions
(Craggs et al., 2011; Wiley et al., 2011). However, the number of potential colocation sites
with sufficient adjacent land area that would be suitable for large-scale algal biomass cul-
tivation is unclear.

Other innovative siting efforts might be feasible if suitable supplies of light and other
resources are available. For example, aquaculture is an extensive industry in the United
States; many catfish production ponds are out of production and thus potentially are avail-
able for alternative use in algal biofuel production. More than 100,000 hectares of catfish
production ponds potentially could be available in the state of Mississippi alone (Hanson,
2006) if these existing facilities were found to be suitable for algal biomass production and
harvesting.

4.3.2 Estimated Land Requirements

Algal biomass production potentially requires much less land area than terrestrial
biofuel feedstock cultivation. The land requirements for algal biofuel production are po-
tentially 1-2 orders of magnitude lower than any crop-based biofuel, whether based on
volumetric yield or energy yield per unit area (Table 4-5; see also Table 1 in Singh et al,,
2011). Future improvements in algal oil content and areal productivity (kg/ha per year) of
algal cultivation systems can be expected to further lessen the amount of land needed to
produce a given quantity of liquid biofuel (Pienkos and Darzins, 2009).

Wigmosta et al. (2011) performed a national-scale assessment of potential algal biofuel
production and its resource uses in open-pond systems. The assessment was based on
a theoretical facility consisting of 100 30-centimeter deep, 4-hectare ponds that required
about 400 hectares of land for the ponds themselves, and an additional 90 hectares to
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TABLE 4-5 Ranked Comparison of the Oil Yield and Land-Use Requirements of
Microalgae with Nine Agricultural Crop-Based Biodiesel Feedstocks

Biodiesel

Seed Oil Content Land Use Productivity

(% oil by weight Oil Yield (m?year/kg (kg biodiesel/
Plant Source in biomass) (Loil/hayear)  biodiesel) ha year)
Soybean (Glycine max L.) 18 636 18 562
Camelina (Camelina sativa L.) 42 915 12 809
Canola/rapeseed (Brassica napus L.) 41 974 12 862
Sunflower (Helianthus annuus L.) 40 1,070 11 946
Microalgae (low oil content) 30 58,700 0.2 51,927
Microalgae (medium oil content) 50 97,800 0.1 86,515
Microalgae (high oil content) 70 136,900 0.1 121,104

SOURCE: Adapted from Mata et al. (2010). Reprinted with permission from Elsevier.

accommodate operational infrastructure. Potential algal oil production and its associated
land and water resource requirements were simulated on the basis of the dominant physi-
cal processes that affect algal growth. The supplies of water, nutrients, and CO, were not
limited in the simulations to provide theoretical estimates for annual mean and annual
maximum open-pond microalgae production if all the sites with suitable land and water
requirements are developed.

The analysis by Wigmosta et al. (2011) identified 11,588 non-competitive areas totaling
430,830 km? that potentially could be used for large-scale, open-pond algae production.
Strong geographical variation in their theoretical annual mean levels of biofuel production
(L/ha per year) was projected (Figure 4-7)—the land and freshwater availability favors
locations in the Gulf Coast region. The highest predicted rates of annual mean production
occurred in South Central Texas and much of Florida, but land prices in those regions could
affect the feasibility of their use for algae cultivation. Their study suggested that under the
assumptions of their analysis and current technology, algae can potentially be cultivated
at large scale in 5.5 percent of the land in the conterminous United States to generate 220
billion liters of oil per year (Wigmosta et al., 2011). That amount of algal oil is equivalent to
28 percent of total U.S. petroleum consumption for transportation.

Pate et al. (2011) also performed quantitative assessments of the land demands result-
ing from algal biofuel generation and concluded that land requirements were likely to be
the most manageable among the resource demands (water, nutrients, and land) considered
in their study. As is the case with water requirements, land demands vary with the geo-
graphic region, the quantity of feedstock to be produced, and the level of algal produc-
tivity assumed to be achieved. They concluded that the Southwestern and the Nineteen
Lower-Tier State regions in the United States potentially were more likely to meet the siting
requirements for algal biofuel production scale-up than the Midwestern and Southeastern
regions. However, the total land area required to meet targeted biofuel production levels
is expected to be inversely correlated with the annual biomass productivity and algal lipid
contents that actually can be achieved in practice (see Figure 2 in Pate et al., 2011) (see also
Figure 3a in Xu et al., 2011). Batan et al. (2010; 2011) used a detailed, industrial-scale engi-
neering model for photobioreactor-grown Nannochloropsis to calculate a land requirement
of 4.41 million hectares (10.9 million acres) to produce 40 billion gallons (151.4 billion liters)
of microalgae-derived biodiesel per year. That land area is equivalent to 16 percent of the
total land area in Colorado and 0.45 percent of U.S. land area.
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FIGURE 4-7 Estimated mean annual algal oil production (L/ha per year) under current
technology in the continental United States, predicted by a GIS-based analysis. The insets
illustrate finer-level detail at two northern and two southern locations.

SOURCE: Wigmosta et al. (2011). Reprinted with permission from the American Geophysical Union.

4.3.3 Opportunities for Mitigation

Opportunities for mitigating land requirements for algal biofuel systems lie in produc-
tivity—the only way to reduce the area required is to increase the productivity per unit
area. Thus, developing more highly productive algal strains, engineering different pond
designs, or using photobioreactors rather than ponds all would reduce land requirements.
The related topics of impacts of land use and how to mitigate those effects are discussed
in Chapter 5.

4.3.4 Sustainability Indicators

Indicators of sustainability of land requirements for algal biofuel production include

the following:
¢ Liters of fuel produced per hectare.
¢ Kilograms of fuel produced per hectare.
* Energy return on land invested (M]/ha), analogous to EROWI.
L]

Land required to meet various production targets relative to existing national us-
age or supply.
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The definition of the indicators would need to specify whether energy needed to pre-
pare land and to transport resources to the site is included. Land indicators are highly
dependent on where the land is, though all the indicators have at least some site specificity.
DOE could help address these indicators through more detailed studies of the potential
biofuel production capacities of specific technologies in various regions of the country.

4.3.5 Information and Data Gaps

Land-use availability databases, land-suitability databases, and geo-spatial resource
maps compiled specifically for the purpose of assessing the potential for algal biofuel
production are incomplete (Darzins et al., 2010). A number of relevant resource maps for
the United States and the world can be found in Lundquist et al. (2010), who also present a
detailed geographic information systems (GIS)-based analysis of algal biofuel production
in California. Continued efforts to perform meta-analyses of existing LCAs are desirable to
comprehensively assess the land requirements and the most likely site locations for future
algal biofuel production.

4.3.6 Effects on Social Acceptability

Part of the appeal of algae production as a renewable fuel source is the potential small
land area required to produce a given quantity of energy relative to terrestrial crops. How-
ever, commercial-scale algal biofuel facilities, especially those relying on open-pond culti-
vation systems, still will require thousands of hectares of land to achieve sufficient econo-
mies of scale. Despite the algal industry’s general focus on using marginal and degraded
land for development of commercial-scale facilities, questions still may be raised as to the
potential social and health-related risks of developing such large areas for the purpose of
algae production.

Land in the desert Southwest is suitable for the scale-up of algae cultivation facilities
because of favorable climatic conditions for algal growth. While much of the land in this
region has been designated as marginal due to its inability to support food production, pub-
lic support for large-scale land developments, even in the renewable-energy sector, is not
guaranteed. The arid conditions and infertile soil in the desert Southwest support highly
fragile ecosystems that take far longer to recover following major disturbances than eco-
systems in wetter climates. These areas also contain a number of threatened or endangered
species that are the focus of major conservation efforts and public awareness campaigns,
such as the desert tortoise. Setbacks to the construction of commercial-scale photovoltaic
facilities have resulted over concern for the vulnerability of these ecosystems, forcing solar
developers to purchase additional land as conservation easements and to create wildlife
rehabilitation and protection programs (BLM and DOE, 2010). The algal biofuel industry
likely will face similar hurdles as it continues toward commercialization; actively engaging
the public and conservation organizations during the site selection and permitting process
could help overcome those barriers.

Even if algae developers have gained acceptance from the public, the definition of
marginal or degraded land is fluid and depends on both the technology available for farm-
ing and the macroeconomic and geopolitical conditions at a given time. For example, land
that is considered marginal and unsuitable for traditional freshwater farming today may
be considered suitable in the future if a cultivar of a food crop is developed to tolerate
dryer or less fertile soils. Pressure to use that land for food rather than energy production
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may be intensified if food security concerns escalate. This pressure would be magnified
significantly should breakthroughs in desalination technology make farming viable in areas
where it was previously uneconomical to move fresh ground or surface water. In such a
scenario, the acceptability of an algae development that has been permitted successfully
and previously in good standing with local communities and the public at large could be
called into question.

Land may have more value for development or recreational purposes than for massive
open-pond systems. Local municipalities and communities may not be open to production
facilities being located close to areas that might be developed to attract retirees, tourists, or
other economic development projects. Wind turbines are perceived by some to be aestheti-
cally unpleasing, and so could these large open or closed algal production systems. The
advantages and disadvantages of using prime recreational or production lands for algal
biofuel production will have to be discussed, debated, and decided upon by the stakeholder
community. If oil prices continue to rise, or if foreign oil supplies suddenly were no longer
available, then the argument to use land for algae production for biofuels over any eco-
nomic development or aesthetic might be more pro than con.

4.4 ENERGY

To exploit the high photosynthetic efficiency of algae, energy must be invested in cul-
tivation systems and biorefineries to grow the algae, to manage water utilizations, and to
process algae into the desired fuel. Given the considerable energy use in the supply chains
of other biofuels, (for example, Farrell et al., 2006), analysis of the full fuel cycle of algal sup-
ply chains is critical to understanding energy implications. This section reviews the state of
knowledge of the energy properties of algal biofuel production systems.

4.4.1 Life Cycle Energy Studies of Algal Biofuels

The method to assess energy and material flows of supply chains is LCA (see also
Chapter 1). The primary challenge in applying LCAs to algal biofuel production is the
early stage of development of the technology. It is not yet clear what technologies along
the processing chain will emerge as the most commercially feasible. Also, many technolo-
gies are in the laboratory or pilot-scale stage. Their technical (and energy) characteristics
when scaled up to the industrial level are not yet clear. Nonetheless, there is a great deal of
recent research activity to assess life-cycle energy use of algal biofuel production. Table 4-6
shows the energy return on investment (EROI) from a selection of recent publicly available
studies of raceway systems. EROI is defined as the ratio of total energy outputs (biofuel
+ coproducts) to energy inputs, where energy inputs are summed over the life cycle: cul-
tivation, nutrient procurement, harvesting, extraction, processing, and associated supply
chains (Eq. 4-3).

Energy outputs of fuel and coproducts
Energy inputs for growing and processing

EROI =
(Eq. 4-3)

Unless the EROI for an energy production system is greater than 1.0, energy needed to
make a fuel is greater than energy contained in the fuel and coproducts. Thus, production
pathways for algal biofuels that have EROI less than 1 clearly are unsustainable. Ideally,
the EROI of an algal biofuel is at least comparable to the EROI of other alternative fuels.
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TABLE 4-6 Energy Return on Investment (EROI) Values for Open-Pond Systems
Extraction/ Products and

Source Nutrients Harvesting Processing Coproducts EROI

Brentner et al. (2011) Flue gas Centrifuge, drying, Hexane/ BDP 0.13

reference case press esterification

Brentner et al. (2011) Flue gas Centrifuge, drying, =~ Hexane/ BDP, electricity, 0.28

reference case with press esterification nutrients

coproducts

Brentner (2011) best case Flue gas Chitosan- Supercritical BDP, electricity, 0.96

swap raceways flocculation methanol nutrients

Clarens et al. (2010) Industrial CO,  Alum flocculation, - Algal biomass 1.06
centrifuge

Clarens et al. (2011) C-2 CC?coal plant  Auto-flocculation, Hexane/ BDP, electricity, 1.36
gravity, esterification nutrients
homogenization

Clarens et al. (2011) C-3 Flue gas Auto-flocculation, Hexane/ BDP, electricity, 1.99
gravity, esterification nutrients
homogenization

Clarens et al. (2011) C-4 WWE, flue gas  Auto-flocculation, Hexane/ BDP, electricity, 2.32
gravity, esterification nutrients
homogenization

GREET baseline Flue gas Bio-flocculation, Hexane/ BDP, electricity, 0.39

pathway flotation, esterification nutrients
centrifuge,
homogenization

Jorquera et al. (2010) N/A N/A N/A Algal biomass 7.01

Sander and Murthy (2010) N/A Filter press, drying Hexane/ BDP, fermentation ~ 3.33

filter press esterification stock

Sander and Murthy (2010) N/A Centrifuge, drying Hexane/ BDY, fermentation  1.77

centrifuge esterification stock

Stephenson et al. (2010) Flue gas Alum flocculation, Hexane/ BDP, electricity, 1.60
centrifuge, esterification nutrients
homogenization

Vasudevan et al. (2012) Flue gas Dissolved air Belt dryer BD, electricity 0.3

dry extraction, nominal flotation, centrifuge

Vasudevan et al. (2012) Flue gas Dissolved air Stream lysing,  BD, electricity 2.51

wet extraction, nominal

flotation centrifuge

centrifuge, wash

ACC = carbon capture.
PBD = biodiesel.
‘WW = wastewater.

Notes: The GREET (Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation) model is a spread-
sheet model developed at the Argonne National Laboratory for evaluating energy and emission impacts of advanced
vehicle technologies and new transportation fuels.

Results in EROI show tremendous variation. The values at the low end suggest that
the technology in its current form is not feasible for net energy return. In contrast, values
at the high end suggest algal biofuel could have EROI considerably higher than corn-grain
ethanol (EROI = 1.2; see Farrell et al., 2006). One source of variation in EROI is differences
in choices of processes and inputs in the supply chain. Table 4-6 summarizes some results
from comparison of technology systems. The three scenarios from Clarens et al. (2011) show
changes as a function of carbon source and use of wastewater as replacement of nutrient
input. Brentner et al. (2011) and Sander and Murthy (2010) highlighted how changing har-
vesting (and extraction) technologies have major effects on energy use.
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TABLE 4-7 Energy Use in Cultivation Stage in Closed Photobioreactors

Cultivation Energy
Source Bioreactor Type (M] Input/M]J Biodiesel)
Stephenson et al. (2010) Air lift tubular 6
Jorquera et al. (2010) Air lift tubular 14
Jorquera et al. (2010) Flat plate 0.61
Brentner et al. (2011) Annular 19
Brentner et al. (2011) Tubular 57
Brentner et al. (2011) Flat plate 14

Coproducts significantly affect the energy analysis. The typical scenario analyzed is
anaerobic digestion of algae residuals to produce electricity and recover nutrients. One
can see from Brenter et al. (2011) that changing from landfilling of algae residuals to an-
aerobic digestion nearly doubles EROI in their calculations. In Sander and Murthy (2010),
the energy credit for using algae residuals is 10 times larger than the energy content of the
produced biodiesel. This result can be interpreted as an assertion that the algal biorefinery
becomes primarily a source of fermentation inputs and biodiesel is a secondary output.

There is considerable variability within similar technology or supply pathways—for
example, Sander and Murphy’s EROI of 1.77 versus Brentner et al.’s EROI of 0.28. This vari-
ability is related to the use of different data or assumptions for the same processes and dif-
ferent boundary choices for supply chains. Variability in data has two sources. One source
of variability is generic in LCA. Different analysts choose different data sources, and there is
not a systematic way to realize convergence (Williams et al., 2009). The second source of vari-
ability is tied to the emerging nature of the technology. LCA is a method designed to assess
existing technologies through chaining process input-output tables. Many processes in algal
biofuel production systems are still in the laboratory or pilot phase. There is much uncertainty
in how these technologies will evolve and scale up in the future; actual energy use could be
much higher or much lower than suggested by the current suite of initial LCA studies.

The results in Table 4-6 address open-pond cultivation. Given the potential for closed
photobioreactors to mitigate other resource and environmental issues such as water con-
sumption (Harto et al., 2010), the energy use of closed systems is important to consider. A
few studies estimated the direct energy use for the feedstock cultivation step in algal biofuel
production systems that use photobioreactors (Table 4-7; Jorquera et al., 2010; Stephenson
et al., 2010; Brentner et al., 2011). Tubular and annular reactors are thought to require far
more energy to operate than is contained in the biodiesel product. Flat-plate reactors are
thought to require far less energy, though Brentner et al. (2011) reported a net energy input
higher than contained in biodiesel output (1.4 megajoules per megajoule of biodiesel).
While the caveats for other results apply here as well, these studies suggest that the energy
use of photobioreactors could fundamentally affect the net energy balance of algal biofuels
(Jorquera et al., 2010).

4.4.2 Energy Requirements in the Supply Chain and Credits for Coproducts

Analyses of prior studies provide insight into the current understanding of what pro-
duction stages are important contributors to energy requirements despite the large uncer-
tainties and variability associated with energy requirements of algal biofuel production.
Table 4-8 abstracts results from a meta-analysis of LCA studies to summarize the range in
energy requirements of different stages (Liu et al., 2011). This meta-analysis included data
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TABLE 4-8 Range in Energy Requirements by Process Stage
for Open-Pond Cultivation of Algae to Produce Biodiesel

(Plus Coproducts)

Energy Requirement
Production Stage (M]/MJ Biodiesel)
Nutrients (fertilizer + CO,) 0.2-1.6
Cultivation 0.04-3.14
Separation 0.01-0.26
Extraction 0.19-0.51
Conversion 0.03-0.22

SOURCE: Liu et al. (2011). Reprinted with permission from Elsevier.

from several studies (Lardon et al., 2009; Clarens et al., 2010; Jorquera et al., 2010; Sander
and Murthy, 2010; Stephenson et al., 2010; Campbell et al., 2011).

The high end of the range of energy requirements for nutrients corresponds to the use
of virgin fertilizers and industrial CO, in production. Cultivation consumes energy primar-
ily for mixing and pumping water. Murphy and Allen (2011) suggested that energy needs
for water management could be substantially higher than current LCA studies indicate.
Extraction is generally assumed to be via hexane solvent and conversion to biodiesel via
transesterification.

The treatment of the energy credits for coproducts is critical in the energy balance of
algal biofuels. For production of bio-electricity, the energy credit per megajoule of biodiesel
ranges from 0.3-1.3 megajoule/megajoules biodiesel (Lardon et al., 2009; Stephenson et al.,
2010; Campbell et al., 2011). Sander and Murthy (2010) assume that residual biomass from
algae production substitutes for corn used in ethanol production, yielding an energy credit
for the coproduct of 10.7 megajoules/megajoule biodiesel.

4.4.3 LCA Issues Related to Algal-Lipid Processing

Pathways described in Chapter 3 describe two different ways of converting crude algal
lipids to liquid fuels. Both yield fuels suitable for use in diesel applications. The majority
of the published LCAs assumed the production of FAME diesels, which are less desirable
than “drop-in” fuels because of FAME’s incompatibility with existing infrastructure for
petroleum-based fuels. Given the lack of LCA work on green diesel products from algae,
differences in energy use between FAME and green diesel are addressed by analogy with
conventional diesel processing. A number of studies of conventional diesel processing that
have been reviewed allow comparisons to be made (Kalnes et al., 2009).

Comparison between seed oil-derived diesel fuels treated by esterification and by
hydrotreating show that there is little difference in either the energy return or carbon emis-
sions. These studies start with the same raw oils, meaning that the differences only reflect
the processing to finished fuel. Figure 4-8 shows that these are nearly identical and, there-
fore, life-cycle impacts will be similar between esterification processes and hydrotreating.

4.4.4 Opportunities for Mitigation

Keeping other factors constant, increasing the productivity of algal growth drives
down energy use for cultivation and harvesting. This said, if achieving higher productivity
involves major process changes, such as using photobioreactors instead of raceways, the
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FIGURE 4-8 Comparison of conventional esterified biodiesel production with green
diesel (GD) production based on soybean oil (SBO) and rapeseed oil (RSO).

NOTE: Each of the three completed studies shows little difference on energy use or carbon
emissions between green diesel and biodiesel. By analogy, green diesel production from algal
lipids relative to conventional biodiesel processing is likely to have similar life-cycle impacts.
SOURCE: Adapted from Kalnes et al. (2009).

embodied energy of the process change needs to be assessed and compared to direct energy
savings. Water management is clearly an important factor in energy use. Efficient pumps
and gravity-driven designs, for example, could mitigate high energy use for water manage-
ment. The embodied energy in providing nutrients, including CO,, can be substantial. The
extent to which waste products can be used as nutrients has the potential to substantially
reduce energy use. Separating algal products from water is a major factor driving energy
use in separation and extraction. Drying processes in particular are energy intensive. Brent-
ner et al. (2011) called attention to the potential of supercritical processes to reduce energy
use for processing algae. Given the importance of coproducts in the net energy balance,
developing higher “energy value” coproducts could be an important mitigation strategy.

4.4.5 Sustainability Indicators
A number of different metrics are already in use to assess energy systems (Farrell et al.,
2006; GBEP, 2011; Baral et al., 2012), including;:

¢ EROL
* Net Energy Value (NEV).
¢ Fossil Inputs.
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Before discussing the different measures in more detail, it is important to first recapitu-
late the definition and quantification of energy use. The key issue is that energy inputs and
outputs come in different forms having differing utility, in particular chemical (for example,
heating value of fuel), electricity, and heat. While one could simply add different energy
types by unit conversion, different forms of energy are not interchangeable. For example, it
takes more than one unit of heat to make one unit of electricity. One approach to put differ-
ent energy forms on a comparable basis is the idea of primary (or source) energy. The pre-
cise definition of primary energy varies, but in general it includes the heat or fossil inputs
needed to make electricity. In some cases, it also includes indirect energy use associated
with delivering fossil fuels. For the U.S. energy system, one common conversion used is 3.4
megajoules of upstream primary energy per kilowatt hour of electricity. Analysts often use
different definitions of energy and do not always explicitly state which definition is being
used. Care is needed when comparing energy results from different studies.

Energy outputs generally include only those utilized; that is, waste heat is not included.
Energy output is estimated by direct unit conversion, conversion to source energy, or in
some cases, using the energy needed to make products that coproducts replace. NEV forms
the difference.

NEV = Enerqy outputs of fuels and products — Energy inputs.

Fossil inputs measure quantities of fossil fuels used in processing. EROI and NEV refer
generically to energy, which could be supplied by fossil or renewable forms. Fossil inputs
are thus specific to how heat and electricity are supplied and thus require definition of the
enveloping energy system.

4.4.6 Information and Data Gaps

Much uncertainty remains as to the current and future energy properties of algal culti-
vation systems, pointing to critical gaps. Scarcity of data on material flows at existing scales
of algal biofuel production presents a challenge in assessing EROIL LCA studies of algae
use process modeling to estimate energy consumption. Additional empirical data can help
validate these models.

Although there are gaps in data, data collection by itself will not resolve the uncertain-
ties of life-cycle energy implications of algal biofuels. The true energy behavior is a result
of scale-up and learning processes that bring algae from the laboratory and pilot scale to in-
dustrial scale. While future energy behavior is challenging to forecast, given the substantial
investment and path dependence associated with bringing an energy technology to scale,
due diligence demands that a serious forecasting effort be made. While there are a variety
of cost forecasting methods available, such as learning curves and scaling factors, methods
to forecast energy and material flows of developing technologies are undeveloped. Efforts
need to be made to develop such methods. Increased data availability from laboratory and
pilot scales is critical to calibrate and validate the forecasting methods that emerge.

4.5 CONCLUSIONS

A review of published literature suggests that the scale-up of algal biofuel production
to yield 37.8 billion liters of algal oil (10 billion gallons) would place an unsustainable de-
mand on energy, water, and nutrients with current technology and knowledge. Estimated
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values for EROI range from 0.13 to 3.33. The estimated consumptive use of fresh water for
producing 1 liter of gasoline equivalent of algal biofuel is 3.15-3,650 liters. The estimated
requirement for nitrogen and phosphorus needed to produce 37.8 billion liters of algal
biofuels ranges from 6 million to 15 million metric tons of nitrogen and from 1 million to
2 million metric tons of phosphorus if the nutrients are not recycled or included and used
in coproducts.

Freshwater use for production of algal biofuel is inevitable because fresh water is nec-
essary to compensate for water loss and to avoid salt buildup as a result of evaporation
during cultivation. Two key drivers for freshwater requirement in algal biofuel production
are evaporative loss in open-pond cultivation and discharge of harvest water in biofuel
production systems that harvest the algae. Therefore, water use would be a serious concern
in an algal biofuel production system that uses fresh water in open ponds without recy-
cling harvest water. Freshwater use also could be reduced by using saltwater or brackish
water in algae cultivation. However, information on the availability of inland saline water
resources is sparse.

Recycling of harvest water also is important in reducing nitrogen and phosphorus in-
put to algae cultivation. To promote high yield, algae are cultivated in nutrient-rich media.
The nutrients will be lost if harvest water is not recycled. If algal biomass is harvested to
process to fuels, there could be another opportunity to recover nitrogen and phosphorus
after processing because the fuel products do not contain those two elements.

Recycling nutrients via reuse of harvest water or the use of wastewater from agricul-
tural or municipal sources provides an opportunity to reduce energy use, as synthetic fertil-
izer input contributes to energy input over the life cycle of algal biofuels. Energy inputs for
water management (for example, pumping groundwater, and moving water in cultivation
systems), harvesting, and water extraction (for example, drying of algal biomass) are two
key drivers in the overall energy balance of algal biofuel production systems.

A key aspect to sustainable development of algal biofuels is siting (for example, suit-
able climate and colocation of key resources) and recycling of key resources. Siting of algal
biofuel production facilities needs to account for climate, topography, and proximity to
water and nutrients. Siting algae cultivation far away from water and nutrient resources
would incur additional costs and energy consumption for transporting those resources to
the cultivation facilities. Although several studies assessed land, water, and nutrient re-
quirements and energy balance of algal biofuel production, few studies considered all four
requirements simultaneously.

Anational assessment of land requirements for algae cultivation that takes into account
climatic conditions; fresh water, inland and coastal saline water, and wastewater resources;
sources of CO,; and land prices is needed to inform the potential amount of algal biofuels
that could be produced economically in the United States.
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SUMMARY FINDINGS FROM THIS AND EARLIER CHAPTERS

Based on a review of literature published until the authoring of this report, the com-
mittee concluded that the scale-up of algal biofuel production sufficient to meet at least
5 percent of U.S. demand for transportation fuels® would place unsustainable demands
on energy, water, and nutrients with current technologies and knowledge. However,
the potential to shift this dynamic through improvements in biological and engineering
variables exists. (See also Chapters 2 and 3 on improvements in biological and engineering variables.

Sustainable development of algal biofuels would require research, development, and
demonstration of the following:

* Algal strain selection and improvement to enhance desired characteristics and
biofuel productivity. (See Chapter 2.)

e An EROI that is comparable to other transportation fuels, or at least improving
and approaching the EROIs of other transportation fuels.

e The use of wastewater for cultivating algae for fuels or the recycling of harvest
water, particularly if freshwater algae are used.

* Recycling of nutrients in algal biofuel pathways that require harvesting unless
coproducts that meet an equivalent nutrient need are produced.

A national assessment of land requirements for algae cultivation that takes into ac-
count climatic conditions; fresh water, inland and coastal saline water, and wastewater
resources; sources of COZ; and land prices is needed to inform the potential amount of
algal biofuels that could be produced economically in the United States.

2 U.S. consumption of fuels for transportation was about 784 billion liters in 2010. Five percent of the annual U.S. con-
sumption of transportation fuels, which would be about 39 billion liters, is mentioned to provide a quantitative illustration
of the water and nutrients required to produce algal biofuels to meet a small portion of the U.S. fuel demand.
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5

Environmental Effects

Potential Environmental Effects

benefits and adverse effects. This chapter discusses potential environmental effects

from the production and use of algal biofuels, the potential influence of perceived
or actual impacts on societal acceptance, and some of the health impacts potentially ema-
nating from the specific environmental effects. Potential environmental effects discussed in
this chapter include those resulting from land-use changes, water quality, net greenhouse-
gas (GHG) emissions, air quality, biodiversity, waste generation, and effects from geneti-
cally engineered algae (with an emphasis on new or enhanced traits).

A s with production and use of any fuels, aspects of biofuel production and use have
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Where possible, this chapter discusses the potential for algal biofuels to improve as-
pects of sustainability compared to petroleum-based fuels and other biofuels and the po-
tential for mitigating negative effects along the life cycle of algal biofuel. Environmental
indicators of sustainability and data to be collected to assess sustainability are suggested. In
some environments and biofuel management systems, metrics for assessing environmental
performance are easy to measure and adequate baseline data are available, but that is not
the case in all systems.

A number of potential environmental concerns are evident, and if the concerns are not
addressed they could become significant risks under large-scale deployment. As in any
other industrial or agricultural enterprise, once they are recognized, such risks can be man-
aged by standards or regulations so that industry is required to reduce effects to acceptable
levels. For the sake of comprehensiveness, a number of potential environmental risks are
mentioned in this chapter, but some are less likely to occur than others. Some of the environ-
mental risks might require exploratory assessment and subsequent monitoring to ensure
that they do not become sustainability concerns if algal biofuel production is scaled up.

5.1 WATER QUALITY

Producing algal biofuels could improve or harm water quality depending on the re-
source input and management used in algae cultivation, weather events, integrity of infra-
structure, and processing of spent water. Water-quality concerns associated with commer-
cial-scale production of algal biofuels, if sufficient culture waters are released to natural
environments, include eutrophication of waters, contamination of groundwater, and sali-
nization of water sources. Potential water-quality benefits are reduced runoff of herbicides
and insecticides compared to corn-grain ethanol or soybean-based biodiesel because of
their reduced use, and reduced eutrophication if there are no releases of culture water or
if algae are used as a means to remove nutrients from municipal waste, confined animal
feeding operations, and other liquid wastes. Water-quality effects will depend on the nutri-
ent content of the algal culture medium; whether feedstock production systems are sealed,
artificially lined, or clay lined; and the likelihood of extreme precipitation events. Leakage
of culture fluid to groundwater or surface water could occur if the integrity of the pond
or trough system is compromised, if flooding occurs, or if spills occur during transfers of
fluid during process stages or waste removal, but most of these events could be avoided
with proper management.

5.1.1 Releases of Culture and Process Water

As discussed in Chapter 4, the water for algae cultivation is likely to be reclaimed and
reused to reduce the water requirement and consumptive water use. The liquid effluent
also can be recycled from anaerobic digestion of lipid-extracted algae to produce biogas
(Davis et al., 2011). If harvest water is to be released instead of recycled, it or effluent from
anaerobic digestion would contain nitrogen (N) and phosphorus (P), the concentrations of
which depend on the nitrogen and phosphorus taken up by the harvested algal biomass
(Sturm and Lamer, 2011). Released waters could be more saline than receiving waters,
particularly if water from saline aquifers is used for algae cultivation. Such point-source
discharge will be regulated by the Clean Water Act, and a National Pollutant Discharge
Elimination System permit would have to be obtained to operate the algae cultivation facili-
ties (EPA, 2011a). However, permit violation has been observed in some biofuel refineries

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13437

Sustainable Development of Algal Biofuels in the United States

ENVIRONMENTAL EFFECTS 141

that use terrestrial crops as feedstock (Beeman, 2007; Smith, 2008; EPA, 2009b; Buntjer, 2010;
Meersman, 2010; O’Sullivan, 2010). Regulation and compliance assurance would address
concerns about release of harvest water.

The potential for accidental release of cultivation water exists; for example, clay or plas-
tic liners could be breached through normal weathering or from extreme weather events,
some of which are predictable. High precipitation or winds could lead to overtopping of
ponds or above-grade raceways. In those cases, the entire contents of algal cultures could be
lost to surface runoff and leaching to surface water or groundwater. Siting in areas prone to
tornadoes, hurricanes, or earthquakes would increase the likelihood of accidental releases.
However, producers are likely to take preventive measures when extreme weather events
are forecasted, and they would put effort into preventing accidental releases of cultivation
water because such events could adversely affect their profit margin.

5.1.2 Eutrophication

5.1.2.1 Potential Environmental Effects

Large-scale algae cultivation requires the provision of large quantities of nutrients,
especially nitrogen and phosphorus, to ensure high yield (see section Nutrients in Chapter
4). Even where nitrogen and phosphorus are not in oversupply, the total nutrient concen-
trations in algal biomass will be high. Although accidental release of cultivation water into
surface water and soil is unlikely, such an event could lead to eutrophication of downstream
freshwater and marine ecosystems, depending on the proximity of algal ponds to surface
and groundwater sources.

Eutrophication occurs when a body of water receives high concentrations of inorganic
nutrients, particularly nitrogen and phosphorus, stimulating algal growth and resulting
in excessive algal biomass. As the algae die off and decompose, high levels of organic
matter and the decomposition processes deplete oxygen in the water and result in anoxic
conditions (Smith, 2003; Breitburg et al., 2009; Rabalais et al., 2009; Smith and Schindler,
2009). In some cases, eutrophication-induced changes could be difficult or impossible to
reverse if alternative stable states can occur in the affected ecosystem (Scheffer et al., 2001;
Carpenter, 2005).

Eutrophication effects have been well studied, and they depend on the nutrient load-
ings to the receiving waters and the volume and residence time of water of these systems
(Smith et al., 1999; Smith, 2003). High nutrient loading could lead to anoxia in the deep cool
portion of lakes or in hypoxia in the receiving water bodies. Potential biotic effects of eutro-
phication include changes in algal density and in the structure and biomass of the broader
ecological community (Scheffer et al., 1997; Reynolds et al., 2002; Smayda and Reynolds,
2003). Fish yield is affected by phytoplankton' biomass and by the nutrient ratios in the
edibility of phytoplankton (Oglesby, 1977; Bachmann et al., 1996).

Nutrient levels play a key role in determining the productivity and structure of the
primary producing community in estuaries and coastal marine waters (Deegan et al., 2002;
Smith, 2006) and by extension, the productivity and structure of higher trophic levels.
Nutrient-enriched shallow marine systems tend to have a reduced seagrass community
(Burkholder et al., 1992; Hauxwell et al., 2003) because elevated nitrogen concentrations
and loadings adversely affect seagrass (Efroymson et al., 2007 and references cited therein).

1A collection of microscopic photosynthetic organisms that float or drift in fresh water or sea water.
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In high-nitrate environments, seagrasses can be shaded by epiphytic algae and macroalgae
(Drake et al., 2003) or sometimes by phytoplankton blooms (Nixon et al., 2001). Seagrasses
affect the entire estuarine food web because they stabilize sediments; serve as habitats and
temporary nurseries for fish and shellfish; are sources of food for fish, waterfowl, benthic
invertebrates, or manatees; and provide refuges from predation. Eutrophication and other
nutrient-related effects could be a concern for cultivation of microalgae or macroalgae in
large suspended offshore enclosures (for example, Honkanen and Helminen, 2000).

Eutrophication also has implications for social acceptability (Codd, 2000), for example,
because of eutrophication-related aesthetic concerns (Grant, 2010), and aesthetics can affect
the recreational value of water bodies. It is unknown whether rare releases of culture water
or the physical appearance of open ponds for algae cultivation could have negative effects
on the social acceptability of algal biofuels.

5.1.2.2 Opportunities for Mitigation

Quantifying water losses from raceways, ponds, or photobioreactors would indicate
whether repairs of small leaks are necessary. These culture systems can be designed and
tested to withstand natural disasters that are possible during the lifetime of the infrastruc-
ture. In coastal locations, for example, facility and infrastructure designs would need to
consider the probabilities that hurricane winds and water surges could reach the algae cul-
tivation site (Guikema, 2009). Mitigation plans for accidental releases would be desirable.
Open-pond algae cultivation also can be sited in locations that are not prone to hurricanes
or away from lakes and streams. With respect to harvest water, engineering solutions can
maximize recycling.

5.1.3 Waterborne Toxicants

5.1.3.1 Potential Environmental Effects

Some compounds present in algal ponds or photobioreactors could be toxic to humans
or other organisms depending on exposure levels. Herbicides often are added to open
systems to prevent growth of macrophytes and for selective control of algae (NALMS,
2004), but their application likely would be regulated as in the case of agriculture. If waste-
water or oil well-produced water (Shpiner et al., 2009) is used as a water source for algae
cultivation, heavy metals could be present. Wastewater could include industrial effluent
(Chinnasamy et al., 2010) and municipal wastewater that has undergone various levels of
treatment (Wang et al., 2010). The composition and amount of toxicants vary by the type
of wastewater. Produced water (water contained in oil and gas reservoirs that is produced
in conjunction with the fossil fuel) may contain high levels of organic compounds, oil and
grease, boron, and ammonia (NH,) (Drewes et al., 2009). Many algal species including
cyanobacteria, diatoms, and chlorophytes can bioconcentrate heavy metals (Watras and
Bloom, 1992; Vymazal, 1995; Mathews and Fisher, 2008). Mercury could be introduced into
feedstock production waters if unscrubbed flue gas from coal-fired power plants is used
as a carbon dioxide (CO,) source (O'Dowd et al., 2006). Therefore, potential risks from us-
ing each type of produced water need to be identified so that adequate containment and
mitigation measures can be implemented in cultivation and processing.

Waterborne toxicants (toxic substances made or introduced into the environment
anthropogenically, not including algal toxins) potentially pose risk to humans or other
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animals if exposures occur. Occupational exposures could be significant, especially during
the harvesting phase. Thus, monitoring of toxic compounds in the culture media is impor-
tant. Potential toxicity exposure to animals through drinking is discussed in the section on
terrestrial biodiversity. The release of culture waters to natural environments could pose
other risks to animal consumers. Toxic concentrations and doses for various chemicals are
available in the Environmental Protection Agency (EPA) Integrated Risk Information Sys-
tem database for humans (EPA, 2012), in Suter and Tsao (1996) for aquatic biota, in Sample
etal. (1996) for terrestrial wildlife, and in other government and independent compilations.
Cultivation of algae in wastewater may require special handling and means of containment.
Monitoring for the presence of toxicants or pathogens might be necessary to ensure the
quality of the culture water.

5.1.3.2 Opportunities for Mitigation

Monitoring of metals and other compounds in water sources, nutrient sources, and
culture media in demonstration facilities would provide information about whether wa-
terborne toxicants pose a significant concern. If so, technical solutions for removing wa-
terborne toxicants would be needed to prevent occupational and ecological exposures.
Mercury is removed from flue gas in some configurations of coal-fired electric-generating
units (EPA, 2010). However, mercury removal is ineffective for certain types of coal and
plant configurations (NETL, 2011). Contaminants in flue gas could place another constraint
on the type of coal-fired electricity facilities that would be suitable for providing CO, for
algae cultivation (see sections Estimated Land Requirements and Estimated Nutrient Re-
quirements in Chapter 4).

5.1.4 Groundwater Pollution

5.1.4.1 Potential Environmental Effects

Open ponds may not be suitable for many soil types without using lining, and a thor-
ough review of potential effects on surface water and groundwater quality would have to
be conducted if clay-lined ponds are to be used. If outdoor ponds are poorly lined or the
lining fails as a result of wear, then seepage of the pond water into the local groundwater
system could occur. Clays that are compacted and graded have structural integrity that can
be comparable to synthetic liners (Boyd, 1995). However, integrity can be compromised by
poor construction. Nitrate leaching has been observed below structured clay soils (White
et al., 1983), but the qualitative applicability of these results to clay-lined algal ponds is
unknown. Local terrestrial vegetation might take up some of the culture media released
through seepage. In some areas, if open ponds contain high concentrations of dissolved
inorganic nitrate, seepage may contribute to concerns related to nitrate poisoning if the
groundwater is used for drinking by livestock or humans.

Withdrawal of freshwater adjacent to briny aquifers or injection of saline wastewater
into the ground could result in salinization of groundwater if fresh water and briny aqui-
fers are not well separated. Salinization of groundwater is a potential problem for some
agricultural lands where irrigation is prevalent (Schoups et al., 2005). However, one of the
key advantages of algal biofuel is that the feedstock could be produced on nonarable land
(Ryan, 2009; Assmann et al., 2011), so salinization of agricultural lands as a result of fresh-
water withdrawal for algae cultivation is not likely.
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5.1.4.2 Opportunities for Mitigation

Using sealed algal cultivation systems would practically eliminate the potential for
leakage, barring catastrophic breaches. Where open systems are used, technologies (such
as the development of impermeable, long-lived liner systems) and regional solutions for
minimizing nutrient leakage could be deployed, and regulations to minimize leakage could
be developed. For example, Phyco BioSciences uses a trough system that has a lightweight,
fabricated liner. The liner is expected to eliminate leakage or minimize percolation to less
than 0.01 percent (Cloud, 2011). Potential preventive measures might include specifications
for soil type, combined with defined values for the minimum depth from the pond bot-
tom to groundwater. Moreover, local regulations likely require lined ponds, which would
reduce the probability of leakage of waters but contribute to capital costs and lead to tem-
porary system closures when the liners are replaced because of wear or failure. Measures to
prevent inadvertent discharge of water (for example, overflow corridors or basins) during
extreme weather events would be helpful in preventing water pollution.

5.1.5 Wastewater Treatment

Wastewaters derived from municipal, agricultural, and industrial activities potentially
could be used for cultivating algal feedstocks either in open ponds or in photobioreactors
for algal biofuels and could provide an environmental benefit. Microalgae have been used
in wastewater treatment for a long time (Oswald et al., 1957), where they provide photo-
synthetically produced oxygen for the bacterial breakdown of organic compounds present
in the waste (Benemann, 2008). Microalgae have been shown to be effective for wastewater
treatment in diverse systems including oxidation (stabilization) ponds and shallow race-
way systems and using both phytoplankton and periphyton (Green et al., 1995; Hoffmann,
1998; Pittman et al., 2011; Sandefur et al., 2011). High rate algal ponds (HRAPs), which
are shallow, open raceway ponds used for treating municipal, industrial, and agricultural
wastewater, combine heterotrophic bacterial and photosynthetic algal processes (Park et al.,
2011). The ponds allow the growth of high-standing crops of algae, which remove nitrogen
and phosphorus from the wastewater (Sturm et al., 2012). The concept of adapting HRAPs
for the purpose of biofuel production was proposed more than five decades ago (Oswald
and Golueke, 1960). Park et al. (2011) reviewed the potential benefits and opportunities of
using HRAPs for wastewater treatment and harvesting the algae for energy or fuel produc-
tion. The feasibility and scale of such systems will be determined by the amount of waste-
water, the availability of land near the facilities generating the wastewater and produced
water, and the climatic conditions of the region. (See also Chapter 4.) If wastewater is used,
the wastewater treatment rate and the harvesting schedule would determine the maximum
volume of ponds or photobioreactors.

A major goal of wastewater treatment is removal of nitrogen and phosphorus (Pittman
etal., 2011). In conventional treatment systems, phosphorus is especially difficult to remove
(Pittman et al., 2011). In advanced wastewater treatment, phosphorus typically is either
chemically precipitated using aluminum- or iron-based coagulants to form an insoluble
solid, or it is stripped from the water by microbial activity (EPA, 2007). The recovered phos-
phorus is then buried in a landfill or treated to create sludge fertilizer (Pittman et al., 2011).
Given that readily available supplies of phosphorus may begin running out by the end of
the 21st century (Vaccari, 2009), conservation and stewardship of U.S. phosphorus supplies
are essential. Recycling nutrients from wastewater and using them for further algae pro-
duction could be an attractive option for using otherwise discarded nutrients (Exhibit 9.7
and associated text in DOE, 2010b; see also section Nutrients in Chapter 4).
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Algae-based treatments have been found to be as efficient as chemical treatment
in removing phosphorus from wastewater (Hoffmann, 1998). Moreover, because har-
vested algal biomass contains the nutrients that were absorbed during cellular growth,
wastewater-integrated systems can perform an important nutrient removal service. In
laboratory-scale experiments, more than 90 percent of nitrogen and 80 percent of phos-
phorus were removed from primary treated sewage by the green alga Chlorella vulgaris
(Lau et al., 1995). Similarly, laboratory cultures of Chlorella and Scenedesmus removed 80
to 100 percent of NH,, nitrate, and total phosphorus from wastewater that already had
undergone secondary treatment (Martinez et al., 2000; Zhang et al., 2008; Ruiz-Marin et
al., 2010). Sturm et al. (2012) performed a six-month, pilot-scale algal production experi-
ment using large (10 cubic meters) outdoor bioreactors fed by effluent from the secondary
clarifier of the wastewater treatment facility in Lawrence, KS. They reported only a 19
percent removal of dissolved nitrogen and a 43 percent removal of dissolved phosphorus
from this treated effluent. These differences in nutrient removal observed may be related,
in part, to the different scales of the studies. The ultimate level of nutrient removal benefit
may depend on the level of wastewater treatment that occurs prior to nutrient uptake in
the algal cultivation systems and on the chemical and ecological conditions that exist in
the wastewater-fed production system.

Algae have the potential to remove nutrients from agricultural or industrial waste-
water. Some studies have found high efficiencies of removal of nitrogen and phosphorus
from wastewater containing manure (Gonzalez et al., 1997; Wilkie and Mulbry, 2002; An et
al., 2003), and this wastewater also could be used as input to algal biofuel systems. Algal
biofuel systems have the potential to increase water quality and to promote municipal or
agricultural wastewater treatment systems with improved sustainability. However, the
maintenance of lipid-rich strains and the manipulation of growth conditions to promote
high lipid production have yet to be demonstrated consistently for outdoor pond systems,
including wastewater treatment ponds (DOE, 2010b). Industrial wastewaters have lower
nutrient concentrations and higher toxicant concentrations, and thus are less likely to be
used to generate the algal biomass necessary for commercial-scale production of biofuels
(Pittman et al., 2011).

Integrated algal biofuel production systems can remove many other pollutants, such
as metals and organic contaminants, including endocrine disruptors (Mallick, 2002; Munoz
and Guieysse, 2006; Ahluwalia and Goyal, 2007; DOE, 2010b). Whether pollutant uptake by
algae is desirable depends on whether coproducts are to be produced with algal biofuels or
whether the lipid-extracted algae are to be used for nutrient recycling. Pollutant removal
by these systems would improve water quality, but it also could pose a potential risk if or-
ganisms such as migrating waterfowl] directly or incidentally consumed high metal content
algae during the cultivation process, or if humans or wildlife were exposed chronically to
the dried algae during biomass processing. Uptake of pollutants by algae is not desirable if
residual biomass is to be used for human cosmetic products or animal feed.

5.1.6 Comparison of Pathways

The pathways described in Chapter 3 affect the types, probabilities, and magnitudes of
water-quality effects (Table 5-1). For example, slow releases of nutrients to natural environ-
ments (and increased potential for eutrophication and groundwater pollution) are common
for open systems but not for closed systems. Herbicides likely would be used only in open
systems. The water quality benefit for wastewater treatment is achieved only if wastewaters
are used as nutrient sources, but the scenarios in Chapter 3 do not specify this.
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TABLE 5-1 An Illustration of Potential Benefits and Adverse Effects to Water Quality
from Different Pathways for Algal Biofuel Production

Potential Effect

Pathway

Open-pond, salt
water, producing
biodiesel,
recycling
nutrients and
water

Open-pond, salt
water, producing
biodiesel +
coproducts

Open-pond, salt
water, producing
FAME?, recycling
nutrients and
water

Photobioreactor,
salt water,
direct synthesis,
recycling water

Open-pond, salt
water, producing
biomass, pyrolysis,
recycling some
nutrients and
water

Releases of

Slow releases

Slow releases

Slow releases

No slow releases,

Slow releases

Culture Water  from seepage, from seepage, from seepage, catastrophic from seepage,
overtopping overtopping overtopping breaches rare overtopping
likely, likely, likely, likely, catastrophic
catastrophic catastrophic catastrophic breaches rare
breaches rare breaches rare breaches rare

Eutrophication Rare, only when Rare, only when Rare, only when Very rare, only Rare, only when

and Related large volume large volume large volume when large large volume

Effects releases occur releases occur releases occur volume releases  releases occur

occur

Waterborne Herbicides, Herbicides, Herbicides, Heavy metals Herbicides, heavy

Toxicants heavy metals heavy metals heavy metals may be present  metals may be
may be present  may be present  may be present  and pose present and pose
and pose and pose and pose occupational occupational
occupational occupational occupational exposures and or ecological
or ecological or ecological or ecological risks exposures and
exposures and exposures and exposures and risks
risks risks risks

Groundwater  Possible, Possible, Possible, Rare, only when  Possible,

Pollution depending depending depending catastrophic depending on
on soil type, on soil type, on soil type, breaches occur  soil type, distance
distance to distance to distance to to groundwater,
groundwater, groundwater, groundwater, and frequency of
and frequency of and frequency of and frequency of release
release release release

Wastewater Algae may treat  Algae may treat Algae may treat Algae may treat Algae may treat

Treatment wastewater if wastewater if wastewater if wastewater if wastewater if

wastewater is
used as nutrient
source

wastewater is
used as nutrient
source

wastewater is
used as nutrient
source

wastewater is
used as nutrient
source

wastewater is
used as nutrient
source

"Fatty-acid methyl esters.

5.1.7 Sustainability Indicators

Proposed sustainability indicators for water quality include aqueous concentrations
and loadings of nutrients, herbicides, metals, and salinity of groundwater (GBEP, 2012).
These indicators are standard measures for quality of water and wastewater (Eaton et al.,
2005). Concentrations of nutrients are included because they relate to benefits or potentially
adverse effects on water quality (for example, eutrophication). These usually are measured
quantities, and baseline levels and natural variability also can be measured. Loadings are
field measures or simulation results representing the contribution of released algal biofuel
culture media to receiving waters. These may be compared to other loadings to those

waters.
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Nitrate concentration in streams and groundwater.

Total nitrogen concentration in streams, lakes, reservoirs, and estuaries.
Total phosphorus concentration in streams, lakes, reservoirs, and estuaries.
Nitrate loading to streams and groundwater.

Total phosphorus loading to streams.

Herbicide concentrations in streams.

Herbicide loading to streams.

Metal concentrations in streams.

Metal concentrations in cultures.

Salinity of groundwater.

5.1.8 Information and Data Gaps

Good design and engineering would minimize the potential for releases of water and
nutrients from open-pond systems to surface water and to ground water. Toxicant concen-
trations (for example, metals) need to be characterized, particularly if wastewater or pro-
duced water is used as culture medium. Information on the nutrient removal efficiencies of
commercial-scale facilities would be needed if algal biofuel production is to be combined
with wastewater treatment.

5.2 LAND-USE CHANGE

5.2.1 Potential Environmental Effects

Land-use change is a change in anthropogenic activities on land, which often is char-
acterized in part by a change in land cover, including the dominant vegetation. Land-use
changes play a role in the sustainability of algal biofuel development because of associated
environmental effects, such as net GHG emissions, changes in biodiversity, and changes in
ecosystem services such as food production. Moreover, there is growing societal concern
about the spatial and temporal scales of some types of conversions, such as deforestation
and urbanization. The impacts of algal biofuel development will depend in part on the
type of land conversion, the extent (area) of land use that has changed, the intensity of land
disturbance and management, and the duration of the change (for example, whether it is
reversible).

Commercial-scale production of algal biofuels will require substantial land area for
each facility (see Chapter 4), and the large-scale deployment of algal biofuels will lead to
conversion of lands from other existing uses. Land conversion for ponds, processing facili-
ties, and refineries for most products will be localized, and potential land conversion for
related infrastructure, such as roads and power lines to the facilities, will be more diffuse
and will involve linear features. This section focuses on land-use change (LUC) associated
with algae cultivation, because change associated with feedstock processing or refining
facilities is not different in kind from that of other liquid fuel sources.

High-value lands used by agriculture, by other commodity industries, and for residen-
tial purposes are unlikely to be used for algae cultivation because algae cultivation does not
require fertile soils and because capital and operating costs would have to be kept low for
algal biofuel companies to operate close to the profit margin (Table 5-2). Similarly, the con-
version of forestland is unlikely because of the high costs of clearing and site preparation
and the high value for residential or recreational use. Land-use change for algal biofuels is
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TABLE 5-2 A Summary of the Committee’s Judgment on the Likelihood of Land
(or Water Surface) Conversion to Algae Cultivation Ponds and Facilities, Based on Value
for Other Land (or Surface Water) Uses

Land Type Possible or Likely Unlikely

Productive agricultural land X
Marginally or unproductive agricultural land X

Desert X

Brownfields X

High-value coastal land X
Low-value coastal land X

Forest land X
Rangeland, low-density grazing land X
Parks and conservation land

Wetlands

Residential land

Industrial parks X
Urban land other than brownfields X
Former catfish pond lands X

Offshore X

XXX

NOTE: Low-value land is assumed to be used to cultivate algae for biofuels.

more likely to involve brownfields?, rangelands, deserts, scrubland, abandoned farmland,
or unproductive farmland, some of which may be on coasts or in near-shore marine waters.
On coasts, dredge spoil islands might be additional options for use. For example, Phycal,
an algal biofuel company, is using fallow land in Hawaii that was previously a pineapple
plantation but is no longer economically viable for that use. Sapphire, another company
operating in the Southwest, plans to develop nonagricultural land for algae cultivation.
(Siting requirements are described in Chapter 4.) Competing land demands could change
over time and may influence the landscape of algal biofuels. For example, some of the same
lands that are attractive for algal biofuel development are also attractive for large-scale solar
power development (BLM and DOE, 2010).

Direct land-use change generally is defined as a direct cause-and-effect link between
biofuel development and land conversion in the absence of strong external mediating fac-
tors. Direct land-use change occurs within the biofuel production pathway when land for
one use is dedicated for biofuel production. However, in practice, direct land-use change
from biofuel production generally is assumed to include lands used for feedstock produc-
tion, processing, storage, and refining areas. Indirect land-use change occurs when biofuel
production causes new land-use changes elsewhere domestically or in another country
through market-mediated effects (NRC, 2011).

Direct and indirect land-use changes could affect the net GHG emissions of biofuels
(NRC, 2011). Direct land-use change can result in carbon sequestration or net GHG emis-
sions, depending on the type of land conversion and prior land use. For example, con-
verting from annual-crop production to perennial-crop production can enhance carbon
storage on that piece of land (Fargione et al., 2008). Conversely, clearing native ecosystems
to produce row-crops would result in a one-time release of a large quantity of GHGs into
the atmosphere (Fargione et al., 2008; Gibbs et al., 2008; Ravindranath et al., 2009). In the

2Brownfields are “industrial or commercial propertlies] that [remain] abandoned or underutilized because of
environmental contamination or the fear of such contamination” (Environmental Law Institute, 2012).
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context of algae cultivation, converting pastureland to algal ponds is likely to contribute to
GHG emissions. Perennial pasture is effective in sequestering carbon in soil (Franzluebbers,
2010; Gurian-Sherman, 2011). Removal of such vegetation would result in a one-time loss of
carbon and the elimination of any potential for further carbon sequestration if the land is to
be left as a pasture. In contrast, if the algae cultivation ponds are installed on degraded land
that is not storing much carbon, immediate emissions from the conversion will be minimal.

Indirect land-use change could occur if the use of land to cultivate biofuel feedstocks
replaces and ultimately reduces the production levels of crops destined for a commodity
market. The lowered production of those commodities could drive up market prices, which
in turn could trigger agricultural growers to clear land elsewhere to grow the displaced
crops in response to market signals (Babcock, 2009; Zilberman et al., 2010). However, as
stated above, because algal feedstock cultivation does not require fertile cropland, ar-
able land likely will not be used for algal biofuels (Sheehan et al., 1998; Gong and Jiang,
2011), and displacement of commodity crops by algae is unlikely. In addition, protein from
lipid-extracted algae potentially can replace soybean or other terrestrial crops as feedstuff
(Wijffels and Barbosa, 2010) and reduce the demand for land by terrestrial crops. The nu-
tritional compatibility of algal feedstuff and the animal diet would have to be examined.

Pasture and rangeland could be converted to algae cultivation, and displacement
of these land uses by algae also may or may not result in other indirect effects. If the
pasture or rangeland is surplus and not in use, then repurposing the land will not incur
indirect land-use change (ILUC). In contrast, if algae cultivation displaces grass-fed cattle
production, producers might decide to change to corn-fed cattle production. Changing
from grass-fed to corn-fed cattle production also would exert pressure on the corn-grain
market. Alternatively, if existing pasture and rangeland is limiting beef production, such
that removing some of this land would decrease production, then grass-fed cattle produc-
tion might be replaced elsewhere. The indirect land-use changes not only affect ecosystem
services, but result in changes in GHG emissions that have to be considered in life-cycle
GHG assessments for algal biofuels.

If the indirect effects of algal biofuel production are to be quantified, then the potential
biodiversity, water quality, and water balance impacts would include those associated with
indirect land conversions. Previous quantification of indirect effects of biofuels generally
has been limited to GHG effects and food security effects.

As in the case of terrestrial-crop biofuels, market-mediated indirect land-use changes
are difficult to ascertain, and estimates of associated GHG emissions are highly uncertain
(NRC, 2011). Although complex models have been used to project the extent of indirect
land-use changes as a result of terrestrial-crop biofuels, the committee is not aware of simi-
lar projections for algal biofuels. Algae cultivation is less likely to incur indirect land-use
changes because it does not require prime agricultural land. Converting crop lands to new
crops (algal biofuels) also will require new ownership or a willingness on the part of farm-
ers to grow a new commodity. Growing algal biofuels will require differing work schedules
than row crop farming. Even if cropland is not to be converted to algal ponds, the above dis-
cussion of potential pasture conversion illustrates a potential for indirect land-use change.

5.2.2 Comparison of Pathways

With respect to land-use change, the primary relevant difference among the pathways
in Chapter 3 is the difference between the land required for open-pond and photobioreac-
tor systems (see Chapter 4). The spatial and temporal scales of land-use change would be
commensurate with those of land use.
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5.2.3 Potential Opportunities for Mitigation

In general, algal biofuel development will avoid forestland and land with agricultural
value. Avoiding pastureland and areas of high biodiversity or recreational value also would
eliminate some of the sustainability concerns associated with commercial development of
algal biofuels.

5.2.4 Sustainability Indicators

Land-use change is not consistently proposed as a criterion for sustainability, even
though it often is considered a factor influencing aspects of the sustainability of biofuel
(for example, GHG emissions, biodiversity, water quality, and soil quality). Therefore,
some compilations of sustainability indicators do not include indicators of sustainable
land use (for example, McBride et al., 2011). However, there are aspects of land use, such
as infrastructure, impervious surfaces, and some disturbances, that may be long lasting or
irreversible and may not be adequately considered using indicators of other categories of
sustainability. Potential indicators of sustainable land use include percent impervious sur-
face (Sutton et al., 2009; Uphoff et al., 2011; Weiland et al., 2011) and land disturbance area.
Changes in impervious surface area affect the water cycle and watershed dynamics, as well
as terrestrial and aquatic habitats. The area of land disturbed can be considered a measure
of sustainability. Land disturbance areas can be normalized based on a land-condition
factor (Eq. 5-1) that captures the degree to which aspects of development, processing,
infrastructure, potential accidents, and use of energy change the land from its natural state
(Lenzen and Murray, 2001, 2003) and its ability to provide ecosystem services.

Land Disturbance Area x Land Condition Factor
Energy Output (or Volume) of Liquid Fuel

(Eq. 5-1)

Table 5-3 shows examples of land condition factors that can be multiplied by disturbed
area to give a currency of disturbance. This metric relates to ecological footprint methods
that sometimes are applied to energy comparisons (Stoglehner, 2003), but it does not attempt
to encompass effects on water, GHG emissions, and other ecological impacts that can be
more controversially subsumed in ecological footprints (Fiala, 2008; Ozdemir et al., 2011).

TABLE 5-3 Illustrative Land Condition Factors for Land-Cover Changes
Relevant to Algal Biofuel Production

Land Use or Land Cover Type Land Condition®
Built® (refineries, offices) or paved 1.0
Ground denuded of vegetation but no pond 0.8
Earthen pond or raceway containing algal culture 0.5
Lined pond or raceway containing algal culture 0.6
Partially disturbed grazing land® 0.2

?Value taken from Lenzen and Murray (2003). Reprinted with permission from Elsevier.
PValue taken from Lenzen and Murray (2003) and can represent areas between algal biofuel
facilities, where grazing may occur. Reprinted with permission from Elsevier.

‘Land condition factors capture the proportion of disturbed land or relative intensity of
disturbance, with land in a natural state having a land condition factor of 0 and paved land
having a land condition factor of 1. Land condition factors are multiplied by disturbance area
to allow comparison of disturbed areas of different intensities and scales.
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Trends in land-use change related to algal biofuel production are important to quantify.
However, until there is a history of commercial development of algal biofuel production fa-
cilities, probable land-use changes and trends will need to be projected based on economic
and social drivers and environmental contributing factors.

Where important or rare ecosystem services are provided by the baseline land use, a
measure of those services could serve as a sustainability indicator for algal biofuels. The
services of pastures, rangelands, and coastal waters that might be displaced by feedstock
production facilities would be important to quantify. Relevant metrics would be:

¢ National or regional area of grassland and shrubland devoted to livestock grazing;
however, data are lacking on the acreage used for livestock grazing (The H. John
Heinz III Center for Science and the Environment, 2008).

e Number of livestock fed on grasslands and shrublands (West, 2003; The H. John
Heinz III Center for Science and the Environment, 2008).

* DPasture yield calculated on a per-area or per-forage biomass basis (methods
described in Burns, 2008).

A less direct indicator of livestock numbers or biomass would be area covered by
grassland and shrubland (West, 2003; The H. John Heinz III Center for Science and the Envi-
ronment, 2008). Additional sustainability indicators have been suggested for brownfield
redevelopment efforts. Some of these are summarized in Wedding and Crawford-Brown
(2007) and would be appropriate where algal biofuel production is sited on brownfields.

5.3 GREENHOUSE-GAS EMISSIONS

The potential to mitigate GHG emissions is one of the motivations to develop biofuels.
The basis of mitigation is that carbon emissions from combusting a biofuel are cancelled
by the corresponding capture in photosynthesis. This said, the net GHG emissions of pro-
ducing biofuels and coproducts are not zero because of carbon and other GHGs emitted in
processing. In this section, the results of life-cycle assessment (LCA) studies of GHG emis-
sions are reviewed critically.

5.3.1 Life-Cycle GHG Emissions of Algal Biofuels

Primary GHG emissions from algal biofuels are expected to be connected to the use of
energy in the processing chain (see section Energy in Chapter 4). The translation of energy
use to GHG emissions is complicated by variability in the carbon overhead of different
forms of energy, in particular electricity. The average direct GHG emissions of electricity
production in the United States is 606 grams of CO, equivalent per kilowatt hour (EIA,
2002). Depending on the mix of fossil fuels, hydropower, nuclear, wind, and other sources
providing power to the grid, emissions vary by state from 13 to 1,017 grams CO, equivalent
per kilowatt hour (EIA, 2002). The approach taken by many analysts is to use a national
average emission factor (Liu et al., 2011).

LCA results for net GHG emissions for algae biofuel production vary from a net nega-
tive value (that is, a carbon sink) to positive values substantially higher than petroleum
gasoline (Table 5-4). As with the case for energy use (see Chapter 4), drivers of variability
in CO, emissions are nutrient source, productivity and process performance, and the credit
associated with coproducts. For example, Sander and Murthy (2010) assumed that residual
algal biomass substitutes for corn in ethanol plants. Corn is energy intensive to produce; the
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TABLE 5-4 Results from Sample Studies of Life-Cycle CO,
Emissions of Algal Biodiesel Production in Common Normalization

Life-Cycle CO, Emissions

Source (kg CO, equivalent per liter of biodiesel)
Clarens et al. (2010) 8.7
Lardon et al. (2009) 4.0
Stephenson et al. (2010) 0.6
Sander and Murthy (2010) -0.8
Campbell et al. (2011) -1.1

TABLE 5-5 Meta-Analysis Results for Ranges in Carbon Emissions
Over the Life Cycle of Algal Biofuel Estimated by Various Studies

GHG Emissions
Scenario (kilograms CO, eq per liter biodiesel)
Virgin CO,, no coproduct 59-8.2
Virgin CO,, w/ coproduct 2.0-4.2
Recycled CO,, no coproduct 2.1-2.9
Recycled CO,, w/ coproduct (-1.2)-(-2.9)

NOTE: The direct carbon emissions of driving an average gasoline automobile is about
0.15 kg CO, eq per kilometer.
SOURCE: Liu et al. (2012). Reprinted with permission from Elsevier.

GHG credit from replacing corn with oil-extracted algae as a feedstock for ethanol results in
anegative carbon balance. For reference, the direct carbon emission of combusting gasoline
is about 2.7 kg CO, equivalent per liter of fuel (Farrell et al., 2006).

The vast differences in results in Table 5-4, ranging from a net carbon credit to emis-
sions far larger than those from petroleum-based diesel, present a challenge for interpre-
tation. Liu et al. (2012) performed a meta-analysis of these studies to analyze variability
in processing energy by replacing differences in data and assumptions for nutrients and
coproducts with common data (Lardon et al., 2009; Clarens et al., 2010; Jorquera et al., 2010;
Sander and Murthy, 2010; Stephenson et al., 2010; Campbell et al., 2011). Differences in nu-
trient sourcing and coproducts are treated via four scenarios: virgin versus recycled CO,
and no coproducts versus coproducts. The common coproduct system used is generation
of bioelectricity from gas generated by anaerobic digestion with the electricity generated
substituting for carbon emissions from the U.S. grid. Table 5-5 shows the ranges in results
from the six treated studies, after normalization, for the four scenarios.

These meta-analysis results suggest that the CO, source and coproducts are critical
factors in the GHG balance. It is, however, premature to conclude that algal biofuels based
on recycling CO, and producing biogas has net negative GHG emissions. The variability in
Table 5-5 is based on differences in energy data and assumptions in the six existing studies.
It is not yet clear if current LCA analyses of algal biofuel production systems will accurately
reflect the energy use of a real-world, scaled-up system.

None of the studies above addresses the potential issue of indirect land-use change
from biofuels. As stated earlier, it is possible that conversion of pastureland to algae cultiva-
tion facilities would necessitate conversions to pastureland elsewhere. However, uncertain-
ties are too great to quantify this probability or to calculate net GHG emissions under these
assumptions. (See section Land-Use Change in this chapter.)
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While many agricultural processes emit non-carbon GHGs such as nitrous oxide (N,0)
and methane (Weber and Matthews, 2008), these emissions have not been established em-
pirically as significant for algae cultivation. NZO could be emitted from cultivation systems,
and these emissions would need to be quantified in the future for cultivation conditions
that might promote N,O or methane emission. One study of a single species quantified
N,O emissions from algal culture under laboratory conditions (Fagerstone et al., 2011). In
this study of Nannochloropsis salina with nitrate as a nitrogen source, elevated N,O emis-
sions were observed under a nitrogen headspace (photobioreactor simulation) during dark
periods, but N,O emissions were low during light periods. In contrast, when the headspace
consisted of air (open-pond simulation), N,O emissions were negligible. Denitrifying bac-
teria were present.

Denitrification is the microbial reduction of nitrate and nitrite with generation of N,O
and, ultimately, gaseous nitrogen. Anaerobic environments are required for the transfor-
mation, but high rates of denitrification occur where oxygen is available alternately, then
unavailable (Kleiner, 1974). In rivers, ponds, lakes, and estuaries, the production of N,O is
correlated with nitrate concentrations in the water (Stadmark and Leonardson, 2005). The
denitrification rate depends on the underlying soil and the liner’s permeability.

Whether anaerobic denitrification is the only potential pathway for N,O generation in
algal cultivation systems is unclear. Weathers (1984) has shown that certain Chlorophyceae
in axenic culture evolve N,O when using nitrite as a nitrogen source. Florez-Leiva et al. (2010)
found that coastal open-pond systems containing Nannochloris emitted large quantities of
N,O during senescence. They speculated that oxidation of ammonium (NH,) by bacteria
was the likeliest N,O-generation pathway under the observed aerobic conditions. Proper
management of the algal cultivation systems, which would prevent senescence of algae and
maintain aerobic conditions in ponds, likely would keep N,O emissions to low levels.

Methanogenesis can occur in freshwater and marine sediments, waterlogged soils,
marshes, and swamps where oxygen is low. These conditions might prevail in some ponds
with substantial biomass or other organic matter in the sediment. Methane is released
when organic acids, alcohols, celluloses, hemicelluloses, and proteins are degraded. Meth-
ane production is related to water temperature (Stadmark and Leonardson, 2005) and is
maximized at neutral pH (Alexander, 1977). Methanogenesis is suppressed by nitrogen
compounds that bacteria can use as electron acceptors, including nitrate and nitrite (Bollag
and Czlonkowski, 1973), but these compounds may be reduced easily in oxygen-depleted
environments. Methanogenesis and denitrification might be enhanced if the culture fails.
During catastrophic failure of the culture, the dense algal cultures in algal biofuel ponds
can become anaerobic and emit a variety of volatile nitrous or sulfur compounds as well
as methane. However, culture failures would be expected to be short-term and rare occur-
rences if algal biofuel companies are to maintain a profit margin.

5.3.2 Opportunities for Mitigation

The opportunities for mitigating energy use discussed in the section Energy in Chapter
4 apply to reduction of GHG emissions. There is additional potential to mitigate GHGs by
using low-carbon energy sources for processing and by substituting for carbon-intensive
coproducts. For example, the carbon benefit of generating bioelectricity is larger in areas
where the grid relies on fossil fuels. The yields for producing and properties of different
coproduct options are poorly understood. The potential for N,O and methane emissions
could be reduced through thorough mixing and proper management of algae cultivation
(Fagerstone et al., 2011).
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5.3.3. Data and Method Gaps

The data gaps for estimating energy use and the method gaps in reducing energy use
discussed in the section Energy (Chapter 4) apply to reduction of GHG emissions.

5.3.4 Sustainability Indicators

An appropriate sustainability indicator for GHG emissions is the amount of CO, equiv-
alent emitted per unit energy produced, which has been selected as an indicator for GHG
emissions of biodiesel and commonly has been used in discussing energy-related GHG
emissions (GBEP, 2011; Mata et al., 2010).

5.4 LOCAL CLIMATE

5.4.1. Potential Environmental Effects

The introduction of large bodies of water in arid or semi-arid environments could alter
the local climate of the area by increasing humidity and reducing temperature extremes.
Similarly, the introduction of large-scale, open-pond algal cultivation systems in arid or
semi-arid environments, where much of algae production in the United States is projected
to take place (see Chapter 4), could affect local climate and ecosystems. The use of photo-
bioreactors would not likely alter local climate.

Studies of reservoirs provide some useful ecological information. Reservoirs created by
the damming of rivers could affect evaporation rates of the surrounding landscape, leading
to changes in vegetation cover and terrestrial species diversity (Huntley et al., 1998). Large
dams can affect surrounding climate and precipitation, particularly in Mediterranean and
semi-arid climates (Degu et al., 2011).

5.4.2 Sustainability Indicators

The sustainability indicators for potential changes in local climate are trends in relative
humidity and trends in temperature distribution statistics.

5.4.3 Information and Data Gaps

While parallels can be drawn from the introduction of large reservoirs in arid regions,
the variability in size, geography, and production methods that will emerge as the algae
industry grows will necessitate additional research to fully understand and address the
impacts associated with local climate alteration.

5.5 AIR QUALITY

5.5.1 Potential Environmental Effects

The air quality impacts of algal biofuel production will depend on system design.
Different air quality issues arise in conjunction with the different steps of the algal biofuel
supply chain. Thus, this section is organized by the steps along the production pathways.
The wide range of potential organisms for producing algal biofuels and the wide range of
final fuel products result in a broad range of possible air emissions.
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This section focuses on the air quality emissions unique to algal biofuel production
and does not consider emissions of fossil fuels used to power processing equipment or
emissions of fossil fuels that may be used in manufacturing fertilizer or pesticides. The
purpose of the chapter is to consider emissions unique to algal biofuel production so that
appropriate indicators are identified. However, emissions from fossil fuels used along the
production pathway of algal biofuel would need to be considered in any LCA of the air-
quality impacts of different algal biofuel designs. Further, how algal biofuels will be scaled
up and how air quality might change with increasing scale is uncertain.

5.5.1.1 Open-Pond Cultivation

The committee is not aware of any measured emissions of atmospheric pollutants
from algal biofuel feedstock ponds published in the literature. Under normal running
conditions in open ponds, the cultures are aerobic, and low emissions of volatile organic
compounds (VOCs) are expected (Rasmussen, 1974; A. Ben-Amotz, Israel Oceanographic
and Limnological Research Ltd., personal communication on November 1, 2011; Zuo et al,,
2012). However, macroalgae and microalgae growing in natural marine environments are
known to be important sources of VOCs, including isoprene and monoterpenes (Giese et
al., 1999; Shaw et al., 2010). Researchers from Texas A&M University currently are screen-
ing and quantifying VOCs from a wide variety of marine and freshwater algal cultures and
algal paste. Three of the species tested are being grown for biofuels in open raceways, open
ponds, and closed photobioreactors, with test samples derived from cultures being grown
in treated wastewater with CO, enrichment. In preliminary findings, 45 VOCs have been
identified (P. Zimba, Texas A&M University, unpublished data).

Other emissions expected are aerosols that may be emitted directly or created in the
atmosphere through reactions of gaseous emissions of precursor gases of sulfur dioxide
(80,), nitrogen oxides (NOx), NH,, and VOCs. Aerosols could include algae and nutrients,
as well as a wide range of compounds that are produced by microalgae, including toxins.
(See section Pathogens and Toxins later in this chapter.) Microalgae in the natural marine
environment are known sources of sulfate aerosols (for example, Liss et al., 1997).

A large number of algae produce odorous secondary metabolites (reviewed in Smith
et al., 2008), but those algae are not likely to be selected for large-scale production. The
odors are produced during aerobic growth as secondary metabolites. Other odorous com-
pounds are associated with the decay of algae under anaerobic conditions where bacteria
break down the organic material and produce hydrogen sulfide and NH,, both of which
have a strong odor. In open ponds intended for algae cultivation, anaerobic conditions are
minimized. Emissions from photobioreactors would be lower than those from open ponds
if undesirable gaseous products and odorous chemicals are scrubbed before gas exchange
with the outside environment is permitted.

5.5.1.2 Drying

Drying processes may produce coarse and fine particulates, including algae and lysed
algae. The concentrations of particulates in air will depend on the technologies used; for
example, belt dryers and convective systems will lead to greater local emissions than pas-
sive solar drying. Whether emissions move beyond the facility will depend on the level
of containment. Particulates could be an occupational hazard even in closed facilities. In
confined areas, dust could be an explosion hazard. Poor drying methods also can give rise
to decomposition of biomass and release of VOCs, amines, methane, and other compounds.
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5.5.1.3 Extraction

Most proposed algal biofuel processing methods involve extraction of lipids or other
compounds from cells using organic solvents. Extraction with organic chemicals, by neces-
sity, results in some solvent emissions, and the quantities emitted depend on the technology
applied. The most common solvent that is openly discussed by manufacturers is hexane
(Demirbas, 2009; Lardon et al., 2009; Gong and Jiang, 2011). In an environmental assess-
ment, Sapphire Energy, Inc., an algal biofuel company, noted that “less than 50 ppm of hex-
ane will remain in the algal solids after the hexane recovery process. This residual hexane
will be emitted fugitively from the algal solids to the atmosphere during conveyance to the
IABR [Integrated Algal Biorefinery] oil purification process” (USDA-RD, 2009). Desirable
properties of these solvents are low cost, recoverability, low toxicity, nonpolar structure,
and poor extractor of non-lipid cell components (Rawat et al., 2011). Hexane is used as an
extractant of vegetable oils in biodiesel production with fugitive hexane emissions (Hess et
al., 2009). Compliance with regulatory standards likely would minimize release of solvents.

5.5.1.4 Pyrolysis

Technologies to convert total biomass to drop-in liquid fuels are being tested. These
processes may have additional feed inputs and will have different air emissions from those
from production of esterified or green diesels. Pyrolysis of biomass yields three energy
products—solids (char), liquids (bio-oils), and gases—in various proportions depending
on the temperature, pressure, residence time, and other factors. The gases are recycled to
provide energy for the system and thus do not contribute directly to air emissions except
for any fugitive emissions that might escape the system. The heating of the pyrolysis units
might contribute a small amount of NOx and carbon monoxide (CO). Additional energy,
likely supplied by natural gas may be required to sufficiently dry the algal biomass prior
to pyrolysis. Particulate emissions, acid gases, and hydrocarbon emissions from pyrolysis
are not characterized in the literature. The bio-oil produced from whole-cell pyrolysis will
require additional upgrading to produce transportation fuels. The upgrading can be done
with a separate hydrotreating step or a process similar to the Integrated Hydropyrolysis
and Hydroconversion process. In either case, input of hydrogen is required. The production
of hydrogen produces low levels of NOx (Spath and Mann, 2001) and makes a CO, stream
that could be used to supply the algae cultivation.

5.5.1.5 Anaerobic Digestion

Anaerobic digestion for processing wastewater from algal biofuel production facilities
is described in Chapter 2. NH, has been observed to be present in biogas from anaerobic
digestion at concentrations up to 450 ppm (Schomaker, 2000). The concentration of NH, in
biogas would depend on the nitrogen content of the particular feed material. Early work by
Golueke et al. (1957) found that anaerobic digestion of algae yielded N, and NH, concen-
trations of the order of 4 to 5 percent (volumetric average) of the total gas production. NH,
would not be released to air around the facility because of the desire to recycle nutrients
required for cultivation.

5.5.1.6 Transportation Emissions

The primary categories of environmental effects associated with the end use of bio-
fuels in vehicles are evaporative emissions and tailpipe emissions from fuel combustion.
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TABLE 5-6 Comparison of Typical Tailpipe Emissions from Biofuels to Conventional

Gasoline or Diesel

BIOETHANOL (E10)

BIOETHANOL (E85)

BIODIESEL (B20 and B100) FISCHER-TROPSCH

® 16% reductions in CO.

e Reduction in
particulate emissions.

¢ No significant
reduction in NO,
emissions.

e Higher acetaldehyde
emissions.

15% reductions in
ozone-forming volatile
organic compounds.
40% reductions in CO.
20% reductions in
particulate emissions.
10% reductions in NOx
emissions.

* 10% (B20) and 50%

(B100) reductions in CO
emissions.

15% (B20) and 70%
(B100) reductions in
particulate emissions.
10% (B20) and 40%
(B100) reductions in

e NOx reductions due

to the higher cetane
number and even
further reductions with
the addition of catalysts.
Little or no particulate
emissions due to low
sulfur and aromatic

® 80% reductions in total hydrocarbon content.
sulfate emissions. emissions. Expected reductions in
* Lower reactivity of 20% (B20) and 100% hydrocarbon and CO
hydrocarbon emissions. ~ (B100) reductions in emissions.

e Higher ethanol, sulfate emissions.
acetaldehyde 2% (B20) and 9% (B100)
emissions. increases in NOx

emissions.

* No change in methane
emissions (either B20 or
B100).

NOTES: E10 is a fuel blend of up to 10% denatured ethanol. E85 is a fuel blend of up to 85% denatured ethanol.
B20 is a blend of 20% biodiesel and 80% petroleum diesel and is the most common biodiesel blend in the United
States. B100 is 100% biodiesel. Fischer-Tropsch (F-T)synthesis converts a mixture of CO and hydrogen (which may
be derived from biomass) into liquid hydrocarbons.

SOURCES: Dufey (2006), EPA (2002a,b,c), and Graham et al. (2008).

Generally, the type and quantities of emissions vary depending on fuel characteristics
(for example, chemical properties and blends), age of the vehicle or other equipment,
power output of engine, operating condition of engine, how the vehicle or other equip-
ment is operated, and ambient temperature (Graham et al., 2008; Yanowitz and McCor-
mick, 2009; Ginnebaugh et al., 2010). Using biofuels in place of petroleum-based fuels
decreases emissions of some air pollutants while increasing others (Table 5-6; NRC,
2011). EPA established emission standards for tailpipe emissions of CO, hydrocarbons,
NOx, and particulate matter to which vehicle manufacturers and refiners have to comply
(EPA, 2009a).

5.5.1.7 Life-Cycle Assessment

Emissions of air pollutants need to be assessed over the life cycle of algal biofuels and
compared to petroleum-based fuels and other alternatives. The Hill et al. study (2009) and
data therein (NRC, 2011) illustrate the importance of such assessment. They found that
although the uses of gasoline and terrestrial-plant biofuels (corn-grain ethanol and cellu-
losic ethanol) release similar amounts of VOC, PM, NO,, SO,, and NH,, emissions from the
production stages are significantly different between petroleum-based fuels and biofuels.
Biofuels emit higher quantities of VOCs, NO,, NH,, and PM, . than petroleum-based fuels
(Hill et al., 2009). The committee is not aware of any LCA of such air pollutants for algal
biofuels. Such analysis is critical in assessing whether biofuel production and use result in
air quality improvement compared to fossil fuel and it provides information on stages in
the supply chain that are key contributors to air pollutants.
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TABLE 5-7 An Illustration of Potential Contributions from Different Stages of the Algal
Biofuel Supply Chain to Air Pollutants

Potential Effect Pathway
Open-pond, salt Open-pond, salt Open-pond, salt Photobioreactor, Open-pond, salt
water, producing water, producing water, producing salt water, water, producing

biodiesel,
recycling
nutrients and
water

biodiesel +
coproducts

FAME, recycling
nutrients and
water

direct synthesis,
recycling water

biomass, pyrolysis,
recycling some
nutrients and
water

Emissions VOCs, nitrous VOCs, nitrous VOCs, nitrous None VOCs, nitrous
from Culture oxides, methane, oxides, methane, oxides, methane, oxides, methane,
aerosols possible aerosols possible aerosols possible
Odors Some odors Some odors Some odors No odors Some odors
from Culture
Drying Particulates Particulates Particulates No drying Particulates
generated, generated, generated, generated, amount
amount amount amount depending on
depending on depending on depending on drying process
drying process  drying process  drying process
Extraction Some solvent Some solvent Some solvent No extraction No extraction
vaporization vaporization vaporization 50 no solvent 50 no solvent
vaporization vaporization
Pyrolysis Not applicable ~ Not applicable ~ Not applicable ~ Not applicable  Particulate
emissions,
hydrocarbon slip,
and acid gases
all possible from
combustion of
off-gas
Anaerobic Possibility of Not applicable  Possibility of Not applicable ~ Not used
Digestion low or negligible low or negligible

NH, release

NH, release

5.5.2 Comparison of Pathways

With respect to air quality, the differences in expected effects among the pathways in
Chapter 3 depend on the type of culture system (open versus closed), the drying process,
and whether or not extraction and pyrolysis steps are present in the pathway (Table 5-7).

5.5.3 Potential Social Acceptability Effects

Algae produce a number of aerosols and secondary metabolites, some of which may
be noxious (for example, malodorous) or harmful to humans. Similarly, some supply-chain
processes, such as extraction and drying, may emit solvents or particulates that could affect
local air quality if not contained. If an algal biofuel facility is located near human popu-
lations, measures likely will be taken to contain or limit the release of any products that
negatively affect local air quality or are perceived to be a risk to public health. The health
costs of some types of air emissions were discussed in Hill et al. (2009). Depending on the
quantity of these outputs, and the proximity of population centers to a production facility,
the reduction in air quality and perceived health and quality-of-life risks may impact the
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siting and permitting processes, making it more difficult for developers to secure land and
obtain permits. If the public is not made aware of these potential effects prior to the siting
and permitting of a facility, there is a risk that the production of undesirable compounds
will be viewed as unacceptable after the construction of the facility has been completed. If
this is the case, litigation or protests may slow or shut down operations, resulting in finan-
cial losses for the developer and negative attention for the industry at large.

5.5.4 Opportunities for Mitigation

The more contained a process is, whether it is the biomass cultivation process, drying,
solvent extraction, pyrolysis, or digestion, the lower the emissions to air will be. Therefore,
photobioreactors could have reduced air-quality impacts compared to open-pond systems.
However, full LCA of the air pollutant emissions associated with the production of the
bioreactor materials and system operation also would be needed to assess whether photo-
bioreactors represent a small or negligible impact on air quality. Although passive processes
(for example, solar drying) reduce air quality impacts compared to active processes that
generate dust or increase volatilization rates, they are not practical solutions at large scale.
Siting facilities at a distance from human population centers and ecological species of con-
cern would mitigate potential adverse effects of air pollution on humans.

5.5.5 Sustainability Indicators

Appropriate sustainability metrics for air quality would depend on the processes used
in algal biofuel production. Concentrations would have to be measured or modeled at
scales appropriate to bound regulatory levels or potential human health or annoyance ef-
fects. These may include:

For open pond systems, concentrations of VOCs and odorous secondary metabolites.
For active drying processes, concentrations of particulates in air.

For extraction processes, air concentrations of the solvent used.

For pyrolysis, particulates, hydrocarbons, and acid gases.

5.5.6 Information and Data Gaps

Measuring air emissions from large open ponds can provide information for occupa-
tional and other environmental exposure estimates that can be compared to thresholds for
human health or environmental effects. Information and data gaps include the relationship
between particular drying technologies and the types and concentrations of particulates
released, releases of solvents during extraction, likely concentrations of NH, in air during
anaerobic digestion, and chemicals potentially released during pyrolysis. That information
would be submitted when the biorefineries seek air-quality permits.

5.6 SPECIES INVASIVENESS AND AQUATIC BIODIVERSITY

Species invasiveness is a concern unique to biofuels produced from algae and vascu-
lar plants. In addition, changing land use or altering landscapes to produce algal biofuel
feedstocks can affect biodiversity. Effects of many biofuel feedstocks on biodiversity and
mechanisms leading to those effects are beginning to be understood. However, existing
studies (Fargione et al., 2009; Fletcher et al., 2011; Wiens et al., 2011) focus primarily on
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terrestrial ecosystems and terrestrial plant biofuel feedstocks, rather than on aquatic sys-
tems and algal feedstocks.

5.6.1 Distributions of Algae in Natural Aquatic Environments

Many cyanobacteria and eukaryotic microalgae are cosmopolitan in their spatial (bio-
geographical) distributions and therefore could not be invasive if released in regions in-
cluded in their broad habitat range. However, they are not necessarily found in every
location where their habitat requirements (for example, pH, salinity, temperature, moisture,
and climate) are met, so their distribution is often mosaic-like (Hoffmann, 1996). Other
algae may be endemic to particular regions, for example, some cyanobacteria in Swedish
lakes (Rott and Hernandez-Marine, 1994) and particular marine species (Hoffman, 1994).
Endemic species could become invasive if transported elsewhere, but these species could
also exist in low numbers in other locations even though they have not been recorded there.
Algae may have broader distributions than what has been recorded because of the lack of
sampling on some continents (especially of benthic habitats) and because of the lack of
detection of organisms at low densities (Hoffmann, 1996). Coastal marine macroalgae tend
to be less cosmopolitan in their spatial distribution than phytoplanktonic cyanobacteria
and microalgae. Macroalgae have narrower temperature, light, substratum, and nutrient
preferences.

The wide range of processes that could transport microalgae away from open water
also could contribute to their dispersal and consequentially to a broad distribution. Many
algal species can be transported by air (Gronblad, 1933). Vectors of algae include aquatic
insects (Stewart et al., 1970), dragonflies, wasps (Maguire, 1963), fish (digestive tracts,
Velasquez, 1940), beetles (references in Kristiansen 1996), water-living mammals such as
raccoons (Maguire, 1963), minks (Irenee-Marie, 1938), and muskrats (Roscher, 1967). The
most important vectors of algae are birds (Atkinson, 1972; Kristiansen, 1996). In one study
of 16 species of waterfowl, 86 species of algae were found on the feet, 25 species on the
feathers, and 25 species on the bills. Most algae survived out of surface waters for four
hours, but most did not survive for more than eight hours (Schlichting, 1960).

Some species of algae may appear to be rare. Whitford (1983) explains that species of
freshwater algae may appear to be rare for several reasons (for example, infrequent histori-
cal collections, species with long-lived spores that do not easily germinate, and species that
are highly specific in their habitat requirements), but that very few freshwater species are
actually rare. This suggests that few rare species of algae could be displaced by invasive
algae used to produce biofuel feedstocks.

5.6.2 Releases of Algae to Natural Environments

Releases of improved nongenetically engineered or genetically engineered strains of
algae from biofuel production cultures to natural environments can be expected to be com-
mon, especially from open ponds. Releases may occur during the feedstock production
stage or possibly during the harvesting or drying stages. Releases probably will occur most
often through aerosolization, although leakages from ponds or weather-related spillage (for
example, high tides and heavy storms) also are possible.

The probability of release from an open pond would be related to pond area and
freeboard space (that is, the distance between normal water level and the top of the culti-
vation pond), the direction and speed of prevailing winds, the frequency and quantity of
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precipitation (for example, rain splash), distance to water bodies, the probability and inten-
sity of visitation by potential vectors such as aquatic birds and mammals, and the absolute
abundance (in cells per mL) of the species that might be released into the environment.
Humidity affects the survival of unicellular algae (Ehresmann and Hatch, 1975). Survival
rates differ among algal groups. In one study climatic characteristics such as temperature,
relative humidity, rainfall, wind velocity, and hours of sunshine affected the release and
vertical transport of algae (Sharma and Singh, 2010).

Atmospheric density of algae is affected by aerosolization rate (Sharma and Singh,
2010), wind speed, and rainfall, as well as survival rate. The abundance of algae in the
atmosphere also depends on taxonomy of the algae. In one study, cyanobacteria had the
highest density, whereas chlorophytes and diatoms were much less common (Sharma and
Singh, 2010; Wilkinson et al., 2011).

Dissemination to distant sites can occur through the air, through water, and by boats
(Alexander, 1971) or animal vectors. The wide range of vectors that could remove algae
from open ponds include aquatic insects (Stewart et al., 1970), dragonflies (Maguire, 1963),
birds (Atkinson, 1972), and raccoons (Maguire, 1963), among others. Closed photobioreac-
tor systems would have a much lower risk of release and transport of algae. Harvesting
operations from open or closed systems could be a major potential route for loss of micro-
algae to the surrounding environment.

If algae require culture media with characteristics substantially different from the sur-
rounding natural environment (especially if the algae have narrow tolerance limits to
nutrients concentrations, pH, or salinity), then releases to the local landscape likely would
result in low survival rates. Survival rate would be further reduced if the cultured species
is not tolerant of desiccation (Hoffmann, 1996).

5.6.3 Potential Environmental Effects

Environmental concerns associated with releasing algae from biofuel facilities into
natural waters include the potential for species invasiveness, alteration of nutrient recy-
cling and trophic relationships, and the displacement of rare algal species. Although some
researchers and producers are considering the use of regionally native species that are
adapted to the local climate (Odlare et al., 2011), other algal production facilities may use
nonnative species or species that have been selected and bred or genetically modified for
desirable characteristics for algal biofuel production. Some of the nonnative or improved
species may be invasive in some environments. Invasive algae can compete with native
species for light, space, or nutrients, and have different tolerances for stressors, compared
to native species (White and Shurin, 2011). Thus, invasive species can affect community
composition and ecosystem processes (Strayer et al., 2006). Successful invasions are char-
acterized by the invasive potential of the invader and the invasibility of the native com-
munity (Lonsdale, 1999). Species that are not invasive in one environment may be invasive
when introduced to a different habitat (Raghu et al., 2006). For example, an algal species
that thrives in saline waters may not survive or may invade freshwater ecosystems, even if
released in a large quantity. Whether the ecological niches of invaders and the invaded com-
munity overlap is a predictor of success as well (Mehnert et al., 2010). Whether a particular
cultured algal species poses a threat as an invasive species to the surrounding aquatic envi-
ronments needs to be considered. Some of the same characteristics that can make a species
desirable as a biofuel feedstock, for example, rapid growth, vegetative propagation, pest
resistance, and robustness in culture, also are those associated with invasiveness.
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TABLE 5-8 An Illustration of Potential Environmental Effects Resulting from Species
Invasion by Algae Cultivated for Fuels

Potential Effect Pathway
Open-pond, salt Open-pond, salt Open-pond, salt Photobioreactor, Open-pond, salt
water, producing water, producing water, producing salt water, water, producing
biodiesel, biodiesel + FAME, recycling direct synthesis, biomass, pyrolysis,
recycling coproducts nutrients and recycling water  recycling some
nutrients and water nutrients and
water water
Transport of Possible but Possible but Possible but Impossible Possible but
Invasive Algae unlikely with unlikely with unlikely with unless accidental unlikely with
into New appropriate appropriate appropriate breach of appropriate
Environments controls controls controls photobioreactor  controls
Algal Blooms  Possible for Possible for Possible for Impossible Possible for
nontarget nontarget nontarget unless accidental nontarget species
species in species in species in breach of in cultures;
cultures; low cultures; low cultures; low photobioreactor  low likelihood
likelihood likelihood likelihood of blooms of
of blooms of blooms of blooms nontarget species
of nontarget of nontarget of nontarget released to natural
species released ~ species released  species released environments
to natural to natural to natural
environments environments environments

Releases of some exotic algal species, particularly from open-pond cultures, could
threaten the integrity of local and regional ecosystems (Ryan, 2009). Blooms of exotic spe-
cies could displace native species, with adverse impacts on organisms that feed on those
species propagating through aquatic food webs. An example is the diatom Didymosphenia
geminata (also known as Didymo or Rock Snot) that can cause dense algal blooms. The
blooms block sunlight and cause a local decline in native plant and animal life. Historically,
D. geminata occurred mostly in northern latitudes in nutrient-poor waters, but it now has
been observed in nutrient-rich water at lower latitudes—possibly a genetic variant that
has broader tolerances than the original genotype (see Global Invasive Species Database;
ISSG, 2012).

5.6.4 Comparisons of Pathways

The primary variable that is different among the pathways in Chapter 3 and would
influence the likelihood of species invasions and changes in biodiversity is whether the
pond system is open or closed (Table 5-8).

5.6.5 Opportunities for Mitigation

Algal species known to be noninvasive or unlikely to cause harmful blooms could be
selected for large-scale cultivation for fuels. Invasiveness varies in different natural envi-
ronments, and site-specific assessments might be necessary to reduce risks of invasion.
Moreover, species that are intolerant of conditions in natural waters (for example, salinity)
in the vicinity of the biofuel facility may be selected to minimize the risk of invasion if
released.
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Landscape design also may be considered to limit any potential impacts of releases of
algae from pond systems. Placing systems well away from waterways and wetlands where
pond algae may thrive could reduce or minimize the likelihood of blooms of released spe-
cies. When considering the factors that affect the probability of release and the abundance
of released organisms above, then mitigation measures might include shields from wind
and mechanisms to discourage vectors.

5.6.6 Sustainability Indicators

Indicators of sustainable ecological communities include metrics of aquatic diversity
and invasiveness of algae. One category of such metrics would be diagnostic traits for
invasiveness. Qualitative metrics that are related to invasiveness, but not necessarily diag-
nostic, include:

* Fast growth in natural environments.

e Wide habitat tolerances, for example, tolerances for temperature, light, and
nutrients.

e Pest and herbivore resistance.

* Aggressive competition for resources, for example, light, nutrients, or space.

More direct metrics of aquatic biodiversity that relate to the sustainability of biofuels
are recommended by McBride et al. (2011) and are pertinent here:

® Presence of taxa of special concern. These may include rare fish, aquatic inverte-
brates, or macrophytes.

¢ Habitat area of taxa of special concern, which for aquatic organisms might translate
to stream reach length for taxa of concern.

Additional sustainability indicators for aquatic biodiversity might include the types of
metrics found in recovery plans for species protected under the Endangered Species Act
(Table 5-9).

TABLE 5-9 Recovery Goals for Endangered and Threatened Species in
U.S. Fish and Wildlife Service Recovery Plans

Type of Recovery Goal Metric for Recovery

Population Total population size
Number of subpopulations
Number of individuals in each subpopulation
Trends in total population size
Trends in number of subpopulations
Trends in number of individuals in each subpopulation

Demography Age structure of population
Productivity and net recruitment
Habitat Total range (presence/absence)
Quality of habitat
Quantity of habitat

SOURCE: Adapted from Efroymson et al. (2009), whose sources were Campbell et al. (2002)
and Gerber and Hatch (2002). Reprinted with permission from Elsevier.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13437

Sustainable Development of Algal Biofuels in the United States

164 SUSTAINABLE DEVELOPMENT OF ALGAL BIOFUELS

5.7 TERRESTRIAL BIODIVERSITY
5.7.1 Landscape Pattern of Development

5.7.1.1 Potential Environmental Effects

The pattern of landscape conversion for any new infrastructure could affect terrestrial
species and community diversity through at least three distinct mechanisms that also apply
to algal biofuel production or other energy production (McCabe, 1994; DOE, 2009, 2010a;
Garvin et al., 2011):

e Displacement of terrestrial vegetation and wildlife habitat from the facility area
and replacement with a pond or photobioreactor containing a monoculture or a
few species of algae.

® Reduction in local wildlife habitat area below the threshold needed for the species.

* Fragmentation of wildlife habitat such that mates are more difficult to find or mi-
gration corridors are disrupted. The magnitude of land requirements (discussed in
Chapter 4) and the types of conversions (discussed in section Land-Use Change in
this chapter) influence the magnitude of potential effects on ecological populations
and communities.

Displacement of native vegetation and individual vertebrates usually is limited to
the area of the facility, but some species are sensitive to human infrastructure and tend to
be displaced to distances beyond the boundaries of the facility, for example, female sage
grouse avoiding nesting within 950 meters of infrastructure associated with natural gas
fields (Holloran et al., 2010).

Extensive infrastructure, especially from multiple facilities, could fragment habitat for
some wide-ranging vertebrates. Fragmentation of habitat is determined less by the area of
a facility than by the dimensions compared to significant habitat types or corridors. One
measure of fragmentation is the ratio of the perimeter (patch edge length) to the area of a
habitat patch (Dale and Pearson, 1997). Thus, a linear facility would tend to be fragmenting
in more environments than one that is closer to square. However, the latter configuration
is more practical for system maintenance, so extensive linear facilities are not considered.
Other potential measures of fragmentation include the percent of the landscape occupied
by a given habitat, the number or density of habitat patches within a given area (more
patches means greater fragmentation), and the degree of connectedness or isolation among
habitats (McGarigal et al., 2005).

Even where habitat is not fragmented, human infrastructure and associated distur-
bance could reduce the habitat area beyond minimum levels required by certain species.
Carlsen et al. (2004) review critical patch sizes (contiguous habitat area necessary to con-
serve a population) required by many species, such as the minimum patch size that can
sustain a viable population. They found that few studies examined behavioral or popula-
tion dynamics associated with large areas of contiguous habitat, which also contained
smaller patches of unsuitable or disturbed lands (as in algal biofuel development or oil
and gas development). An exception is a theoretical study of American badger at an oil
production site that investigated the effects of increasing areas of patches of disturbance
on an otherwise highly suitable matrix of tallgrass prairie in Oklahoma (Jager et al., 2006).
Critical disturbance areas would depend on the species of concern, the habitat type, habitat
suitability, and type of infrastructure.
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Impacts on terrestrial vegetation and wildlife could vary widely, depending on the
specific sites chosen and the land-use baseline and dynamics prevailing in the absence of
algae cultivation and algal biofuel refineries. According to Wigmosta et al. (2011), within
the land area potentially suitable for biofuels, land cover types consisted of 42 percent
shrub or scrub, 19 percent herbaceous, 14 percent evergreen forest, 10 percent pastureland,
8 percent deciduous forest, and 7 percent other lands including mixed forest, barren, and
low-intensity developed. As discussed in Chapter 4, the most favorable conditions in terms
of land and water requirements were in the Gulf Coast region. Shrub-scrub habitat in the
United States is widely distributed but is threatened by changes in land-use patterns; nu-
merous bird species dependent on this habitat type are in decline (NRCS and WHC, 2007).
Development of large areas of shrub-scrub for ponds, up to 181,000 square kilometers (us-
ing figures from Wigmosta et al., 2011), could accelerate this decline.

5.7.1.2. Opportunities for Mitigation

The presence and abundance of wildlife need to be assessed prior to construction, as
is done for facilities that are subject to environmental assessment (DOE, 2010a). Landscape
design could minimize potential effects on biodiversity. Dale et al. (2011) suggest that in-
corporating design considerations recommended for bioenergy could prevent or minimize
adverse effects on terrestrial biodiversity, for example by maintaining corridors for move-
ment of terrestrial wildlife. In planning the size of individual ponds, their density on the
landscape, and associated production facilities, managers would have to consider potential
environmental impacts on biodiversity.

5.7.2 Wildlife Drinking

5.7.2.1 Potential Environmental Effects

Open algal ponds may be sources of water to wildlife that may prove beneficial in
arid conditions or harmful if toxic to certain species. The risks of animals being exposed to
salinity or chemicals in water from algae cultivation ponds and having adverse effects from
drinking or dermal exposures are unknown.

Toxicity from salt exposure is possible. This occurs when salt or chloride are accumu-
lated in blood at toxic levels and, in the case of birds, at rates too high to be excreted by
salt glands. For example, mortality from sodium toxicity has been observed at hypersaline
playa lakes of southeast New Mexico (Meteyer et al., 1997). However, the water for algae
cultivation is not likely to be hypersaline. Coastal bird species have specialized organs to
accommodate high salt levels (Hughes, 2003). Lethal and sublethal salinity concentrations
for some species are summarized in a U.S. Department of the Interior report (1998), with
toxicity threshold values for ducks ranging from 9 to 20 parts per thousand (compared to
the salinity of most seawater at 35 parts per thousand).

Many chemical and behavioral factors could influence exposure of wildlife to salt and
other chemicals in open-pond systems. For example, artificial water developments in desert
environments are sometimes an important water source for local bird populations (Lynn et
al., 2006), but can be less important for some migratory species (Lynn et al., 2006) or animals
that may have a strong fidelity for specific water sources (Dickens et al., 2009). If ponds are
sited near wastewater treatment facilities and CO, sources (that is, near population centers),
then water is unlikely to be rare in the landscape and wildlife will have many options for
water sources. Ponds with dense algae might not be as attractive to wildlife as more pristine
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water, but this hypothesis is untested. Similarly, the effect of dense algae on the attrac-
tiveness of ponds for wildlife drinking is unknown. For oil-field wastewater evaporation
ponds, bird exposures appear to be episodic, coinciding with migration behavior (Ramirez,
2010). To consider potential exposures of wildlife to toxicants in culture water from algal
biofuel facilities and their potential effects, analogies may be made to agricultural evapora-
tion ponds and oil-field wastewater evaporation ponds.

In the western part of the San Joaquin Valley, California, agricultural evaporation ponds
have been developed where other options for disposal of drainage water are limited. Birds
use evaporation ponds for resting, foraging, and nesting (Evaporation Ponds Technical
Committee, 1999). One study of shorebird use in California’s Central Valley found that
agricultural evaporation ponds are very attractive to these birds (Shuford et al., 1998). In
another study, northern pintails (Anas acuta) wintering in Tulare Basin, CA, were found
not to use or select agricultural drain-water evaporation ponds or sewage treatment ponds
(which might appear similar to some algal biofuel ponds) and to prefer flooded fields and
marshes (Fleskes et al., 2003).

For agricultural evaporation ponds, the primary wildlife concern has been the con-
centration of selenium (Evaporation Ponds Technical Committee, 1999); its environmental
transformations and accumulation have been studied (Gao et al., 2007). Whether selenium
might represent a significant exposure in algal ponds depends on the availability of sele-
nium in source water and in underlying soils if pond water seeps out. Some investigators
suggest that waterfowl exposed to waters from agricultural evaporation ponds might be
at risk from uranium toxicity (Duff et al., 1997). Uranium accumulation in pond sediments
was attributed in part to decaying algae. Arsenic dynamics also have been studied as a
potential concern (Ryu et al., 2010).

In another potentially analogous example, birds (Ramirez, 2010), as well as bats, am-
phibians, reptiles, small mammals, game species, and insects (Ramirez, 2005), have been
observed to be attracted to large (0.4 to 2 hectares) evaporation ponds from oilfield waste-
water disposal facilities in the western United States. Bird fatalities from those ponds
generally are attributed to oil, but sodium toxicity and surfactants have been implicated in
some cases (Ramirez, 2010).

Attraction to algal ponds could be a major problem if they contain toxic chemicals or
pathogens at harmful concentrations. Fish injuries (Cada, 1998) and bird fatalities (Osborn
et al., 2000) have affected the social acceptability (and therefore the sustainable develop-
ment) of hydropower and wind energy, respectively. Adaptive management can play a role
in mitigating any adverse effects on wildlife through exposure via drinking.

5.7.2.2 Opportunities for Mitigation

The committee is not aware of any reports of wildlife drinking being a concern in ex-
isting open-pond algae cultivation facilities. As the number and size of facilities increase,
concentrations of potential toxicants in water and wildlife drinking exposure needs to be
monitored to ensure that the latter is not a concern. The fail-safe mitigation for wildlife
exposure to salinity or any toxicants in culture waters is to use closed photobioreactor
systems. Moreover, salinity concerns would be eliminated through the use of fresh water,
though Chapter 4 discusses resource constraints for fresh water at commercial scales of de-
velopment. Mitigations for open-pond systems might include netting to prevent exposure
(as in the oilfield wastewater evaporation ponds), but this would be expensive and only
necessary if wildlife exposure proves to be a problem. Rapid stirring could make ponds
less suitable as wildlife drinking habitat than still water. Other wildlife deterrents may be
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TABLE 5-10 An Illustration of Potential Environmental Effects on Wildlife from Different
Pathways of Algal Biofuel Production

Potential Effect Pathway
Open-pond, salt Open-pond, salt Open-pond, salt Photobioreactor, Open-pond, salt
water, producing water, producing water, producing salt water, water, producing
biodiesel, biodiesel + FAME, recycling direct synthesis, biomass, pyrolysis,
recycling coproducts nutrients and recycling water  recycling some
nutrients and water nutrients and
water water

Alteration Displacement Displacement Displacement Displacement Displacement

of Terrestrial ~ of vegetation of vegetation of vegetation of vegetation of vegetation

Habitat and vertebrates  and vertebrates  and vertebrates  and vertebrates  and vertebrates
(habitat loss), (habitat loss), (habitat loss), (habitat loss), (habitat loss),
possible possible possible possible possible
fragmentation of fragmentation of fragmentation of fragmentation fragmentation of
habitat habitat habitat of habitat, habitat

probably at a

smaller spatial
scale than for

other pathways
Wildlife Exposure and Exposure and Exposure and Exposure to Exposure and
Exposed to adverse effects ~ adverse effects ~ adverse effects ~ water in a closed adverse effects are
Saline Water are possible are possible are possible system is not possible
or Toxicants possible

possible. Some of the mitigations used for oilfield wastewater evaporation ponds, such as
covering the surface with plastic balls to make the ponds less attractive to birds (Ramirez,
2010), are not options for photosynthetic fuel sources. Similarly, mitigation strategies used
in agricultural evaporation ponds, such as steepening pond slopes or maintaining deep
water levels that reduce suitability of bird feeding habitat, are not practical for algae cultiva-
tion that requires shallow ponds (Evaporation Ponds Technical Committee, 1999). As open
ponds are monitored for chemical contaminants, toxicity thresholds for these chemicals will
help determine when culture waters need to be disposed and renewed.

5.7.3 Comparisons of Pathways

As with land-use change, regarding the landscape pattern of development, the primary
relevant difference among the pathways in Chapter 3 is the difference between the land
required for open-pond and photobioreactor systems (see Chapter 4). For wildlife drinking,
the primary variable of interest is closed versus open systems (Table 5-10).

5.7.4 Sustainability Indicators

Metrics of terrestrial biodiversity for the sustainability of biofuels that are recom-
mended by McBride et al. (2011) and pertinent to issues related to the landscape pattern of
development include:

Presence of taxa of special concern (presence).
e Habitat area of taxa of special concern (hectare).
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Habitat area can be a proxy for population size (Turlure et al., 2010). As with aquatic
diversity metrics, additional sustainability indicators for terrestrial biodiversity might be
obtained from recovery plans for species listed under the Endangered Species Act (Table 5-9).

For wildlife exposures to salinity and contaminants in drinking water, sustainability
indicators would include:

Dosage received by wildlife (direct measure).
Number of vertebrate fatalities from drinking from algal ponds per year (direct
measure).

e Concentrations of toxicants, toxins, or salinity in culture medium (less direct
measure).

* Abundance of vertebrates drinking from open ponds per year (less direct measure).

5.7.5 Information and Data Gaps

Patterns of development of algal biofuel facilities in relation to wildlife corridors have
not been studied because locations for future development are uncertain. The spatial scale
and landscape pattern of these developments needs to be understood to simulate the effects
on wildlife populations. As algae cultivation expands in number and scale, the potential for
wildlife drinking needs to be assessed at sites. If wildlife drinking is observed, then con-
centrations of toxicants in source waters and culture waters need to be measured to ensure
that there is no threat to wildlife health. Alternatively, measures to deter wildlife drinking
can be implemented.

5.8 ENVIRONMENTAL EFFECTS OF GENETICALLY ENGINEERED ORGANISMS

5.8.1 Potential Environmental Effects

The environmental sustainability of genetically engineered feedstocks for bioenergy
(Wolt, 2009; Moon et al., 2010) and the potential implications of regulations on sustainable
development of the industry (Moon et al., 2010; Strauss et al., 2010) have been considered
previously, but the emphasis has been on engineered terrestrial crops (Moon et al., 2010)
rather than algae. Some algal biofuel companies, such as Algenol and Synthetic Genomics,
are conducting research on genetically engineered organisms for algal biofuel production
(Gressel, 2008). In a hypothetical, worst-case scenario, genetically engineered algae that have
been introduced to natural environments might persist and become so abundant that they
create harmful algal blooms (Snow and Smith, 2012). Clearly, any adverse effects of released
genetically engineered algae, if observed, would affect the sustainable development of algal
biofuel technologies. The evaluation of potential effects of genetically engineered algae will
be a complex undertaking, given the diversity of organisms, range of engineered functions,
and range of environments potentially receiving the engineered organisms (Tiedje et al.,
1989). This section of the report addresses the novel traits and genetic structure of genetically
engineered cyanobacteria and microalgae for biofuels and whether they have unique or more
uncertain risks. (Potential genetic manipulation methods are discussed in Chapter 2.)

Past broad assessments of the risks of genetically engineered organisms have concluded
that the product (novel traits) is more important than the process (genetic engineering tech-
niques) for evaluating risk (NRC, 1987; Tiedje et al., 1989; Snow et al., 2005). However, novel
traits may be more common when the process for creating new algae involves direct genetic
manipulation than when horizontal gene transfer occurs in evolutionary time.
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Several traits of algae for biofuels may be modified through genetic engineering meth-
ods. Most are intended to increase biomass or oil productivity, though some could be
designed to minimize survival or reproduction following release. Increasing productivity
could involve objectives such as enhancing lipid content as a precursor to biodiesel (which
could involve growing cells in nitrogen-deficient or silicon-deficient media), introducing
biological pathways that permit direct production of fuels that need minimal processing
prior to distribution and use, modifying cells to secrete feedstock or fuel directly into the
culture medium, modifying carbohydrate metabolism in cells (increasing glucan storage,
decreasing starch degradation), increasing tolerance to stressors (such as salt, light, pH,
temperature, glyphosate) (Radakovits et al., 2010), and improving resistance to disinfec-
tants. Some of these engineered traits and intended or unintended accompanying traits
could affect either the suitability of algae for biofuel production purposes or their survival
and physiology when released into natural systems. Phenotypic changes that could lead to
potential major ecological effects of released organisms include those that result in increases
in physiological tolerance or altered substrate use or that change the species’ geographic
range (Tiedje et al., 1989).

Predictors of potential adverse effects of genetically engineered algae include prob-
ability of release, abundance of organisms released (predictor of establishment), survival
rate and fitness, reproduction rate, probability of dissemination to distant sites, interactions
with other organisms, probability of genetic exchange, and probability of an adverse ef-
fect (Alexander, 1985). New traits potentially can influence these factors, but few of these
relationships are understood. Cell density in the culture medium could be affected by
engineered traits. The scale and frequency of releases might determine whether the release
leads to a self-sustaining (established) population (Tiedje et al., 1989). The survival rate of
a genetically engineered microalga or cyanobacterium will be determined by a combina-
tion of the species identity, the genetic modification(s), and the environment to which it is
released. Algae with high lipid content probably will be more attractive to predators. Some
researchers suggest that most genetically engineered organisms will have lower fitness in
receiving environments than unmodified organisms (Tiedje et al., 1989). Algae could be
cross-bred or engineered to have high growth rates under specific culture conditions, and
some of these might have high growth rates under specific natural conditions. New traits
conferred on algae by genetic modifications would determine whether and how commu-
nity interactions might be altered. Radakovits et al. (2010) pointed out that it is uncertain
how genetically engineered strains will perform in scaled-up production systems with
varying conditions and with wild-type competitive strains.

Genetic exchange might lead to unexpected effects. Snow et al. (2005) asserted that
genetic exchange between recombinant microbes and indigenous microbes is probable.
The three types of horizontal transfer are transformation of free deoxyribonucleic acid
(DNA), conjugation, and transduction. The transfer of genes between microorganisms
is common in some species (Snow et al., 2005). About 1 to 20 percent of the genomes of
bacteria consist of DNA acquired recently (in an evolutionary context), predominantly
from other prokaryotes but also from eukaryotes, for example, metazoa (Ochman et al.,
2000; Koonin et al., 2002; Snow et al., 2005). Genetic exchange between prokaryotes and
eukaryotes is not well studied (Rogers et al., 2007) beyond specific pairwise interactions
such as T-DNA transfer from Agrobacterium species to plant cells (Gelvin, 2010). Some
ancient, evolutionary scale transfers have been recorded. For example, a gene for plastid-
targeted fructose bisphosphate aldolase was transferred from red algae to some Prochloro-
coccus and Synechococcus species (Rogers et al., 2007). Another study, for example, showed
evidence for the horizontal transfer of a self-splicing, homing intron from a cyanobacterium
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(Calothrix) to the chloroplast genome of Euglena myxocylindracea (Sheveleva and Hallick,
2004). Gene transfer between dissimilar organisms is possible, though rare. There is evi-
dence that nuclear genes encoding chloroplast proteins have been transferred from an alga
to an ascoglossan sea slug that consumes the algae (Pierce et al., 2003). Horizontally trans-
ferred genes can code for selectable traits, such as antibiotic resistance, pathogenicity, and
metabolic enzymes (Snow et al., 2005). Horizontal gene transfer depends on the density of
organisms with which exchange is possible.

The principal adverse effects of any algae, whether genetically engineered or not,
could include health and ecological effects from toxin production, ecological effects from
blooms, and species replacement. These potential effects are discussed elsewhere in this
report. The potential propagation of antibiotic resistance markers also would be a con-
cern, but species containing these markers would unlikely be used for commercial-scale
production of biofuels. Toxin production by genetically engineered algae is unlikely
because toxin-producing strains would be avoided, or strains probably would be engi-
neered to remove toxin genes. A genetically engineered strain might have a lower risk of
adverse impact than a natural strain that has not had such modifications. Categories of
potential ecological risks from genetically engineered organisms that were highlighted
by Tiedje et al. (1989) and Snow et al. (2005) would need to be considered in assessments
of released algae. These include creating new or more effective pathogens, affecting non-
target species, disrupting biotic communities and ecosystems, reducing biodiversity or
species-genetic diversity, or degrading valuable biological resources, many of which are
discussed in the section on invasive species. Little evidence is available to evaluate the
potential for any of these effects. Species that are genetically engineered to become more
tolerant of environmental stressors, such as salt or temperature, could bloom in habitat
conditions where blooms previously have not occurred. Species replacement is a poten-
tially delayed effect (Tiedje et al., 1989). Whether exposure to genetically engineered or-
ganisms or genetic exchange with these organisms poses any potential hazards depends
on the particular traits of the organism (Snow et al., 2005).

Most approaches to risk assessment suggest that familiarity with genetically engi-
neered organisms is an important predictor of risk (Efroymson, 1999). That is, genetically
engineered organisms that have a history of safe use in applications similar to proposed
uses (for example, at similar densities in similar ecosystems) would not be likely to threaten
environmental sustainability of algal biofuels. Similarly, microorganisms that are not devel-
oped from dissimilar source organisms but rather are created from closely related organ-
isms (see EPA, 1990) are less likely to have new traits and to cause adverse effects.

5.8.2 Social Acceptability of Genetically Engineered Algae

If algal biofuel companies are moving toward the use of genetically engineered algae,
popular and political resistance could be anticipated. Some concerns over genetically engi-
neered algae depend on the capability of these algae to survive and invade natural environ-
ments (as in the case of invasive algae) outside a production environment where tempera-
ture, nutrient loads, salinity, and pH all can be optimized. People have expressed concerns
regarding the release of genetically engineered microorganisms, ranging from impacts of
large-scale releases (and failure of control mechanisms) on biodiversity to ecosystem and
evolutionary processes (Hagedorn and Allender-Hagedorn, 1997). Other concerns regard-
ing genetic technologies relate to the unnaturalness of organisms (Tenbult et al., 2005; Con-
nor and Siegrist, 2011); these cannot be abated through technical mitigation. It is the public
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perception of risk, and not necessarily the scientific basis for risk, that will be preeminent
in determining acceptability of genetically engineered algae to communities. Concerns over
genetically engineered algae and perceptions of risks associated with introducing nonna-
tive species into new geographies will need to be addressed.

While concerns surrounding the use of genetically engineered algae for energy produc-
tion are likely to be raised as the industry continues to develop, the United States remains
one of the most accepting countries in the developed world in terms of the adoption rates of
genetically engineered crops (USDA-ERS, 2011). In 2008, U.S. farmers planted more than 32
million acres of Monsanto’s “triple-stack” genetically engineered corn, and it is estimated
that this number will increase to approximately 56 million acres by 2015 (Kaskey, 2009).

Nonetheless, social acceptability of gene technology depends on the type of application.
In one study, medical applications were perceived to be more beneficial, less hazardous,
and more ethical than food applications (Frewer et al., 1995). In a Swiss study, lay people
distinguished between acceptability of medical and non-medical applications of gene tech-
nology but not among agricultural, nutritional, and industrial applications (Connor and
Siegrist, 2011). Further, prevailing concerns over the use of genetically engineered crops in
the United States are related to human health and food safety rather than potential ecologi-
cal risks (Kamaldeen and Powell, 2000). However, concerns about genetically engineered
microorganisms in surveys and in the popular press have related more to environmental
effects than to health or ethical issues (Hagedorn and Allender-Hagedorn, 1997), and these
concerns might be expected to dominate for microalgae. Coproduct markets such as health
supplements, food additives, and cosmetics could attract additional scrutiny from consum-
ers. It is unknown whether the U.S. public may be more tolerant of the use of biofuels from
genetically engineered algae as an energy source than if the crops were grown for food.

Social acceptability of a new technology also depends on how a decision is framed. For
example, Wolfe and Bjornstad (2003) suggested that options regarding the use of genetically
engineered organisms for hazardous waste remediation likely would be presented in the
context of multiple technology options. It is less likely that stakeholders evaluating the use
of genetically engineered algae in their regions would be explicitly weighing the relative
benefits and risks of different liquid fuels produced elsewhere.

Social acceptability of gene technology depends on trust (Siegrist, 2000). Whether the
public is more willing to accept the use of naturally occurring algal strains than those that
have been genetically altered for maximum fuel production might depend on the engage-
ment of managers of the facility, other stakeholders, and the public.

5.8.3 Opportunities for Mitigation

Containment of genetically engineered algae might be desirable as a precaution against
unknown effects and societal concerns. Physical containment of released algae will be dif-
ficult or impossible. Physical containment solutions, such as those proposed for vascular
plants (for example, fences and border plants; Moon et al., 2010), are ineffective against re-
leased algae. Containment options might include using species that require saline water in
freshwater environments or those that have a nutrient requirement that is not met outside
of the photobioreactor or pond. The use of environment-dependent “molecular switches”
has been proposed to increase the likelihood of community acceptance of genetically engi-
neered crops (Chapotin and Wolt, 2007). Similarly, some modified traits could reduce fitness
in natural environments. For example, reduced light harvesting antennae not only would
increase growth in ponds but also would reduce the ability to compete with native algal

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13437

Sustainable Development of Algal Biofuels in the United States

172 SUSTAINABLE DEVELOPMENT OF ALGAL BIOFUELS

species for light in natural waters (Sayre, 2011). Moreover, removing bicarbonate pumps,
which increases fitness in the cultivation environment with high CO,, could reduce the
competitive ability to take up inorganic carbon in natural waters (Sayre, 2011). If algicides
are used, they would be effective against non-target organisms. Terminator genes that
cause released cells to die could be developed so that those genes would be suppressed in
a photobioreactor but derepressed in natural environments (Sayre, 2011). If algal strains
that cannot produce toxins are used, potential risk is minimized. If genetically engineered
organisms are released, monitoring should be undertaken so that effects of particular or-
ganism-environment combinations can be better understood (Snow et al., 2005).

5.8.4 Sustainability Indicators

Sustainability indicators for genetically engineered algae generally would be the same
as indicators for native algae. That is, if effects of concern include biodiversity or water
quality, appropriate metrics are described in those chapters. However, the sustainability
goals for genetically engineered algae likely would include two other issues:

¢ Minimizing dissemination of genetically engineered algae.
¢ Establishing methods to determine whether an observed effect was caused by a
genetically engineered alga.

Abundance of genetically engineered algae released to water could be measured
through species-specific tests if the species were not native. Moreover, some modified
traits, such as altered antennae, might be detectable microscopically and thus quantifiable
in water. Particular DNA sequences also might be detectable. Moreover, markers could be
added to algae to allow easy measurement in specific media.

5.8.5 Information and Data Gaps

The ecological risks of a release of genetically engineered microorganisms have to
be carefully assessed before they are used in commercial-scale algal biofuel production.
Whether there are plausible scenarios under which genetically engineered algae, or organ-
isms that acquire genes from the genetically engineered algae, could proliferate to levels
that might harm humans or the environment in some way needs to be examined. More
information is needed on potential relationships between traits that are targets for modifica-
tion and behavior of cyanobacteria or microalgae that could alter rates of release, survival,
growth, transport, genetic exchange, and ecological or human health effects. Little research
to date has been conducted in the United States on behavior of genetically engineered algae
in open ponds, in part because EPA notification guidelines can lead to delays for research-
ers. Information is needed on the social acceptability of the use of genetically engineered
algae for biofuels, particularly in open systems.

5.9 WASTE PRODUCTS

5.9.1 Potential Environmental Effects

Sustainability of a production process is enhanced by recycling raw materials and
minimizing of waste. If the oil-extracted biomass is recycled or made into coproducts, a
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source of waste would be reduced or eliminated. Anaerobic digestion is another method
of waste disposal and can generate electricity as a coproduct (Chapter 2). For the disposal of
waste biomass, blow down of solids from production and recycling ponds, and saltwater,
companies are considering landfilling waste, underground injection, and diverting pro-
cessed water to sewage systems.

Solid waste from algal biofuel manufacturing processes is most likely to be generated as
sludge from an anaerobic digester from which the volatile organic acids have been converted
to methane and CO,; the methane is useful as a fuel supplement for the process. Anaerobic
digestion in many cases is followed by aerobic digestion to convert dissolved solids to
sludge, concentrated by settling in the large aerobic settlers. Such systems have been oper-
ated commercially for decades and most likely will be incorporated into algal biofuel pro-
duction processes. Golueke et al. (1957) reported average NH," concentrations of digested
sludge in the range of 1600 to 1850 milligrams per liter for anaerobic digestion of algae,
which is comparable to some of the high values reported for piggery waste (Sukias and
Tanner, 2005; Sukias and Craggs, 2011). Another source of solid waste is the spent synthetic
plastic liner from open ponds or closed bioreactors that will need to be disposed periodically.

According to Jim Sears (J. Sears, A2BE Carbon Capture, personal communication on
September 22, 2011), who chaired the “Committee on Technical Standards” for the Algal
Biomass Organization, “there are as many proposed processes for producing algal biofuels
as there are companies.” Thus, whether generation of waste products would be a concern
cannot be known until operations at commercial scale are in place and compositions can
be ascertained. Maximizing recycling would reduce the need for waste product disposal.

5.9.2 Opportunities for Mitigation

Recycling of nutrients is the obvious mitigation for waste generation. Algenol, an algal
biofuel company, plans to recycle seawater waste for cultivation (less than 6 liters of sea-
water waste per liter of ethanol is produced if photobioreactors last greater than 6 years).

If digested sludge is produced, municipal waste treatment plants usually spread the
nutrient-rich waste on designated land, with the benefit of conditioning and nourishing the
soil. Algal fuel process sludge from wastewater treatment is not expected to be significantly
different. The National Pollutant Discharge Elimination System permitting process governs
discharge of sludge; most states have a permitting process under this federal program. The
composition of the sludge is monitored to ensure compliance with the permit.

5.9.3 Sustainability Indicators

Many sustainability indicators relevant to waste are described elsewhere, for example,
quantifying recycling of nutrients and salinity of ground water. If saline wastewater is
injected to groundwater, then sustainability indicators also could include annual volume
injected per volume of reservoir per year.

5.9.4 Information and Data Gaps

Information is needed about the types and rate of waste generation for most algal bio-
fuel production processes. When and if processes move toward commercialization, state
and local regulations will govern the acceptable disposal of waste, which will necessarily
be well characterized by then.
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5.10 PATHOGENS AND TOXINS
5.10.1 Potential Environmental Effects

5.10.1.1 Algal Toxins

Known toxin-producing strains are not likely to be used in algal biofuel production
systems. Indeed, many species have food grade status or are being used as feed in aquacul-
ture. However, some species regarded as benign may in fact produce toxins previously un-
known. Examples of these include newly discovered euglenoid toxins (Zimba et al., 2010)
and free radical toxins (Moeller et al., 2007). In addition, contaminating toxin-producing
algae and cyanobacteria could potentially colonize production systems, especially open
ponds.

Human toxins that are produced by cyanobacteria have been found in freshwater,
marine, and estuarine organisms and include hepatotoxins, cytotoxins, dermatotoxins, and
neurotoxins among others (Smith et al., 2008). Ecotoxicity from algal toxins is observed in
fish (Zimba et al., 2001b), shellfish (Lance et al., 2011), or invertebrate herbivores such as
Daphnia and shrimp (Zimba et al., 2006; Sarnelle, 2010). Toxins can affect viability, growth,
and fecundity of many organisms (Plumley, 1997).

The chemical structures of freshwater toxins are probably more diverse than those of
marine toxins, including alkaloids, phosphate esters, macrolides, chlorinated diaryllac-
tones, and penta- and hepta-peptides (Rouhiainen et al., 1995; Smith et al., 2008). Species of
toxin-producing algae in the divisions Euglenophyceae, Bacillariophyceae, Dinophyceae,
Haptophyceae, and Raphidophyceae have been documented. Some cyanobacteria also are
producers of toxins and probably are responsible for the production of most freshwater al-
gal toxins from harmful algal blooms (Plumley, 1997). Toxicity of some compounds can ex-
ceed that of curare (Zimba et al., 2001a). Irritants and allergens also are produced by certain
algae. Toxin production in some cyanobacteria is influenced by environmental variables
and competition (Moeller et al., 2007; Briand et al., 2008), though the physiological and
ecological causes of toxin production are largely unknown (Paerl and Millie, 1996; Carrick,
2011). Harmful blooms of toxin-producing algae are not the sole source of algal toxins, nor
are algal toxins always associated with blooms (Plumley, 1997). Moreover, blooms cannot
be predicted with accuracy in natural environments (Carrick, 2011), and this likely applies
to open biofuel cultivation systems as well.

Both freshwater and marine forms of toxin-producing algae could colonize production
systems. The current state of knowledge about phytoplankton community composition is
not sufficient to predict whether toxin-producing strains could invade and bloom in algal
biofuel production systems, even if these systems are seeded either initially or continuously
with non-toxigenic algal strains.

Compounds presently not known to be harmful because of their presence in low con-
centrations in small-scale, low-intensity algal biomass production may have harmful im-
pacts when concentrated 100,000 times during the harvesting and drying phases. Con-
centrated cultivation methods may lead to the identification of previously unknown toxic
material (Moeller et al., 2007; Zimba et al., 2010). If the lipid-extracted algae are to be used
in value-added coproducts, the quality of those products would have to be monitored.

The outdoor open-pond production systems likely will develop diverse algal popula-
tions (Smith et al., 2010). Monitoring algal composition is critical to maintaining desired
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characteristics for processing biomass to fuels, ensuring that coproducts from lipid-
extracted algae are safe for use, and minimizing downstream effects of water-soluble
toxins.

5.10.1.2 Human and Animal Pathogens in Algal Cultivation Systems

Cultivated Spirulina, Chlorella, and Haematococcus have been used to produce food-
grade products, and the presence of pathogens has not been a concern. However, algal
production systems are diverse communities that may contain pathogens particularly if
municipal wastewater, wastewater from concentrated animal feeding operations (CAFOs),
biosolids (sewage sludge), or manures are used as water or nutrient supplies. Although the
algal cultivation systems using wastewater are similar to the thousands of algal wastewater
ponds in the United States, different occupational exposures might arise because the algal
biomass being handled in algal biofuel production is larger in quantity (that is, higher
sludge mass in algae cultivation for fuels than in algal wastewater pond) and higher in
concentration (from harvesting and drying before processing to fuels). The density and
probability of particular pathogens in wastewater is related to the level of treatment, with
greater pathogen numbers and diversity in primary treated sewage than secondary treat-
ment. Primary treatment is the sedimentation of solids, secondary treatment is the removal
of suspended and dissolved organic materials, and tertiary treatment is the removal of
inorganic constituents such as nitrogen and phosphorus. Biosolids (sewage sludge), for
example, may include bacterial, viral, protozoan, or helminth pathogens (EPA, 2011b). In
a study of mesophilic anaerobic digested biosolids from 18 locations in the United States,
Clostridium perfringens, Shigella, Campylobacter, Salmonella, enteric viruses, and adenoviruses
were detected, but Ascaris and Escherichia coli 0157:H7 were not. The original wastewater
would be expected to contain at least these species. In another study of treated wastewater
and biosolids in Michigan, adenovirus, enterovirus, and norovirus were detected in 100, 70,
and 10 percent of samples, respectively (Simmons and Xagoraraki, 2011). The taxonomic
identities and abundances of pathogens in biosolids (and by extension, wastewater) are
determined by the incidence of infection within the wastewater-generating community
and the particular wastewater treatment process used (Straub, 1993; EPA, 2011b). Survival
of some pathogens from biosolids in soil has been studied (Zerzghi et al., 2009), but the
survival of human and animal pathogens in algal biofuel cultures is only beginning to be
investigated.

Where pathogens are present in algal cultures, there could be occupational health ef-
fects or environmental effects (if release occurs). The presence of fecal coliforms or other
pathogens would limit the options for coproducts.

5.10.2 Comparison of Pathways

The key difference in pathways is that photobioreactors are less likely to be colonized
by toxin-producing strains than open ponds (Table 5-11).

5.10.3 Opportunities for Mitigation

Selecting strains known not to produce toxins will mitigate toxin concerns in closed
systems and aid in mitigating toxin concerns for open systems, though toxins could be
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TABLE 5-11 An Illustration of Potential Effects from Toxins and Pathogens from
Different Pathways of Algal Biofuel Production

Potential Effect

Pathway

Open-pond, salt
water, producing

Open-pond, salt
water, producing

Open-pond, salt
water, producing

Photobioreactor,
salt water,

Open-pond, salt
water, producing

biodiesel, biodiesel + FAME, recycling direct synthesis, biomass, pyrolysis,
recycling coproducts nutrients and recycling water  recycling some
nutrients and water nutrients and
water water

Toxins in Algal Possible if Possible if Possible if Very unlikely. Possible if

Culture toxin-producing  toxin-producing toxin-producing Strain is selected toxin-producing
strains colonize  strains colonize  strains colonize  that does strains colonize

Pathogens in
Algal Culture

production
systems

Possible if
wastewater

is used as
nutrient source
and possible
colonization by
environmental
pathogens

production
systems

Possible if
wastewater

is used as
nutrient source
and possible
colonization by
environmental
pathogens;
possible
movement of
spores into
coproducts

production
systems

Possible if
wastewater

is used as
nutrient source
and possible
colonization by
environmental
pathogens

not produce
toxins, and
contamination
with toxin-
producing strain
very unlikely.
Possible if
wastewater is
used as nutrient
source

production
systems

Possible if
wastewater is used
as nutrient source,
very unlikely
colonization by
environmental
pathogens because
of low residence
time

produced by non-target algae in the open-pond community. Genomic approaches could be
used to screen for genes required for toxin synthesis in candidate algal strains for biofuel
production (La Claire, 2006; Ianora et al., 2011). Periodic monitoring could ensure that well-
known toxins are not produced.

Minimizing sources of human and animal pathogens in algal culture could include:

* A high level of treatment or sterilization of wastewater. For example, Phycal
passes wastewater through a 0.2 micrometer filter prior to use and uses ultraviolet
sterilization for initial treatment as well as treatment of recycled water. Reuse of
wastewater for algal biofuel production could follow established wastewater reuse
regulations.

¢ Using agricultural grade fertilizers (for example, Sapphire Energy, Inc.).

¢ Use of high-pH brines to reduce survival of pathogen competitors of cyanobacteria
(for example, Phyco BioSciences).

5.10.4 Sustainability Indicators for Algal Toxins and Pathogens

Indicators of sustainable development of algal biofuels include metrics of algal toxins
and pathogens in water, which consist of concentrations of toxins in water, measures of
toxic effects (for example, in animal models) that are diagnostic of particular toxins, or
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genetic markers of toxin production. Methods to distinguish some toxin-producing strains
from other strains are available. For example, an oligonucleotide probe can distinguish
hepatotoxic from neurotoxic Anabaena and these strains from Nostoc spp. (Rouhiainen
et al., 1995). Information supporting genetic markers of toxin production is increasingly
available, for example, a PCR-based test to assess the potential for microcystin occurrence
(Nonneman and Zimba, 2002). However, these tests cannot identify unknown toxins, and
they can give false-positive results where toxins are not expressed, for example, where
multigene families are needed for arrangement (Zimba et al., 2010).

Directly measuring all pathogens in algal culture media is not generally practical.
Indicator species are often microorganisms that are nonpathogenic, abundant, and as-
sociated with the presence of a suite of pathogens (EPA, 2011b). For example, densities
of fecal coliform and Salmonella can be used as indicators for assessing the efficiency of
wastewater treatment (40 CFR 136). These can be measured via culture methods or through
quantitative polymerase chain reaction tests for fecal indicator bacteria that provide same-
day information (Dorevitch et al., 2011). The abundance of fecal indicator bacteria can be
related to disparate pathogens, such as protozoa (Dorevitch et al., 2011). However, typical
indicator organisms are not useful in all media or for all pathogens. For example, Pepper et
al. (2010) found that indicator organisms in Class B biosolids were not correlated with the
numbers of pathogenic organisms. Criteria for selecting non-pathogen indicator organisms
of pathogens in waters have been summarized by EPA (2011b), based on information in
Gerba (2009) and NRC (2004). These include attributes of organisms and testing methods.
Analytical methods for detecting low densities of pathogens have not been sufficiently
developed and tested to be recommended (EPA, 2011b). Any potential indicators would
have to be tested in algal ponds or photobioreactors for potential relationships with patho-
gen levels. Attributes of non-pathogen indicator organisms of pathogens in waters and
attributes of methods for detecting pathogen indicator organisms are described in an EPA
report Problem Formulation for Human Health Risk Assessment of Pathogens in Land-applied
Biosolids (EPA, 2011b).

5.11 MOSQUITO-BORNE DISEASES

5.11.1 Potential Environmental, Health, and Social Acceptability Effects

Health effects from and social acceptability of algal biofuels could be affected if open
ponds are poorly managed and provide habitats for mosquito larvae. Photobioreactors
and raceways would not represent mosquito habitat unless there is substantial leakage
of culture fluid, and puddles are formed. Mosquitoes lay their eggs opportunistically in
standing water, which can vary from large lakes to small puddles or buckets. The full area
of algae cultivation ponds would not be optimal habitat because of the required stirring and
agitation for adequate mixing of nutrients and light exposure. Females of most mosquito
species only infrequently lay eggs in flowing or agitated water (Lothrop and Mulla, 1996;
Mogi and Motomura, 1996). Moreover, waters that are in motion can interfere with the
surface tension required for mosquitoes’ respiratory siphons to function (Schober, 1966).
However, any relatively still edges of open ponds (analogous to stream banks and flood-
plains along moving streams) and outlying puddles or open-water storage vessels would
be suitable for the growth of mosquito larvae. Because algae constitute food for mosquito
larvae, the high nutrient and carbon content of algal cultivation systems (when and where
the water is relatively still) can be prime habitat (Rydzanicz and Lone, 2003). The turbidity
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of some cultivation systems would provide refuges from visual predators (Jacob et al., 2008;
Jackson et al., 2009). Fewer mosquito species can tolerate saline conditions than fresh water
(Patrick and Bradley, 2000), but some species can tolerate salinities of 100 percent sea water
(Grueber and Bradley, 1994).

Providing habitat for mosquitoes could be a concern for human health and the accept-
ability of algal biofuel production for several reasons including;:

* Mosquitoes are considered a pest and a nuisance that may not be tolerated by
people living near a cultivation facility. Communities near proposed constructed
wetland sites sometimes object to siting based on the anticipation of a mosquito
problem (Anderson et al., 2007).

* Mosquitoes are vectors for numerous human infectious diseases in the United
States, such as Eastern equine encephalitis, La Crosse encephalitis, St. Louis en-
cephalitis, West Nile virus, Western equine encephalitis, and Dengue fever (re-
cently reported in Florida). West Nile virus is also hypothesized to be a factor in
the decline of sage grouse (Naugle et al., 2004).

¢ Ifthe ponds for algae cultivation become breeding grounds for mosquitoes, there is
a risk that the larvae will become a pest, reducing algal population densities below
economically productive levels through predation.

5.11.2 Opportunities for Mitigation

Measures could be taken to control mosquito and other pest populations in and around
algae cultivation ponds. The extensive use of agitators, aerators, and fountains decrease the
suitability of open ponds for mosquito habitat (Jackson et al., 2009) and distribute nutrients
and algae in the system. If standing water at cultivation facilities is minimized, mosquitoes
and associated health effects should not be a problem.

Other mitigation options include site-specific surveys that can inform mosquito man-
agement agencies regarding the timing, species, and abundance of mosquitoes to develop
disease-reduction plans (Anderson et al., 2007). Control options include chemical treat-
ments like insecticides and biological methods such as the introduction of natural predators
such as mosquitofish that consume mosquito larvae. If some of these measures are used
without prior consultation and acceptance by the public, or if it is perceived that a popula-
tion control method poses a threat to the human health or well-being, local communities
might not accept algae production as a viable source of energy.

5.11.3 Sustainability Indicators

The sustainability indicators for mosquito-borne diseases are density of mosquito lar-
vae in ponds and changes in incidence of mosquito-borne diseases attributable to cultiva-
tion ponds.

5.12 CONCLUSIONS

Reducing GHG emissions from the transportation sector has been one of the primary
motivations for using alternative liquid transportation fuels. Therefore, the life-cycle GHG
emissions are key factors in considering the sustainable development of algal biofuels.
Published estimates of GHG emissions span a wide range, with some studies suggesting
that algal biofuel production has high GHG emissions. The utility of these LCAs is that
they point out key drivers of CO, emissions in the algal biofuel supply chains and indicate
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the aspects or processes that could benefit from research and development for improving
GHG emissions.
Some concerns of medium importance to consider include:

¢ The presence of waterborne toxicants or pathogens in algal cultivation systems
if waste streams (flue gas or wastewater) are to be used as sources of nutrients or
water. Their presence would affect occupational safety and the safety of coproducts
if the residual algal biomass is used to produce certain coproducts to maximize
recycling and to improve process economics.

e Effects from land-use changes if pasture and rangeland are to be converted to algae
cultivation. Displacing pasture and rangeland could incur direct and indirect land-
use changes that would affect the net GHG emissions of algal biofuels.

¢ Air quality emissions over the life cycle of algal biofuels. Emissions from the pro-
cessing facilities and tailpipe emissions will be regulated, but emissions from other
parts of the supply chain also need to be considered. The committee is not aware
of any published studies that include measured emissions of air pollutants from
open-pond cultivation.

* DPotential effects on local climate. The introduction of large-scale algal cultivation
systems in arid or semi-arid environments could alter the local climate of the area
by increasing humidity and altering temperature extremes.

* Releases of cultivated algae to natural environments and potential alteration of
species composition in receiving waters.

e Effects on terrestrial biodiversity from changing landscape pattern as a result of
infrastructure development for algal biofuels.

¢ DPotential adverse effects and unintended consequences of introduction of geneti-
cally engineered algae for biofuel production.

*  Waste products from processing algae to fuels.

This chapter discussed the potential environmental effects of algal biofuel production.
Some of those effects require assessment and monitoring to ensure that they do not pose
serious sustainability concerns (for example, potential land conversion, air emissions, ef-
fects on biodiversity, waste products from algal biofuel production systems, and potential
presence of pathogens and unknown or unidentified toxins). Other environmental effects
discussed could be avoided with proper management and good engineering designs (for
example, release of culture water leading to eutrophication, seepage of culture water into
local ground water, and habitats for mosquito larvae).

SUMMARY FINDINGS FROM THIS AND EARLIER CHAPTERS

Algal biofuels have the potential to contribute to improving the sustainability of
the transportation sector, but the potential is not yet realized. Additional innovations
that require research and development are needed to realize the full potential of algal
biofuels. (See Chapters 2 and 3 for biological and engineering innovations needed and Chapter 4 for
resource recycling.)

Engineering solutions to enhance algae cultivation, to facilitate biomass or product
collection, and to improve processing of algae-derived fuels can increase the EROI and
reduce the GHG emissions of algal biofuel production. (See Chapters 2 and 3 for engineering
solutions and Chapter 4 for a discussion on EROI.)
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A Framework to Assess Sustainable
Development of Algal Biofuels

lenges or opportunities to reduce resource use or mitigate environmental effects

(as discussed in Chapters 4 and 5), the effect from one part of the supply chain
could be offset by another part of the supply chain. Therefore, all the sustainability chal-
lenges and opportunities have to be assessed from a systems perspective. Thus, the com-
mittee reviewed life-cycle assessments (LCAs) performed to estimate resource use and
environmental effects from cradle to grave for those parameters where published studies
were available—for example, water use, net energy return, and net greenhouse-gas (GHG)
emissions. Each pathway for producing algal biofuels combines cultivation, harvesting
or product recovery, dewatering, and processing into a system. The abilities of different
pathways to meet different aspects of sustainability vary, but in all cases, improvement in
productivity, for example, cell density in algae cultivation, algal product (oil or alcohol),
or biomass yield, and processing yield of biomass to fuels, helps reduce resource use and
environmental effects.

Given the multiple resource requirements and potential environmental effects, specific
sustainability concerns cannot be viewed in isolation from others. Any one LCA for a single
resource use or environmental effect is insufficient to determine the overall sustainability
of an algal biofuel production system. Issues arise as to how to assess the overall environ-
mental sustainability of algal biofuels and how to balance the environmental objectives
against economic and social objectives of sustainable development. In that regard, the
committee was asked to discuss whether there are preferred cost-benefit analyses that best
aid in the decision-making process.

This chapter first summarizes the sustainability concerns that might arise in each of
the pathways for algal biofuel production discussed in Chapter 3. The summary illustrates
how various pathways differ in their ability to meet different and sometimes competing
sustainability objectives. Then, the chapter discusses tools that could aid in decision-mak-
ing processes and proposes a framework for assessing sustainability of algal biofuel as a
developing industry.

A Ithough each process in the production pathway could present sustainability chal-
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6.1 SUMMARY OF RESOURCE USE AND ENVIRONMENTAL EFFECTS
OF DIFFERENT ALGAL BIOFUEL PRODUCTION PATHWAYS

6.1.1 Reference Pathway-Raceway Pond Producing Drop-in Hydrocarbon

Most algae for commercial products have been cultivated in open-pond systems be-
cause of their low costs compared to photobioreactors (Earthrise Nutritional, 2009; Milledge,
2011). Ensuring a high level of productivity of the desired algal species also could improve
economic viability and reduce resource use and environmental effects per unit of fuel pro-
duced. Some of the key concerns for resource use and environmental sustainability include:

Availability of suitable land for installing large ponds for algae cultivation.

e Evaporative loss of water from ponds, particularly in arid regions with low rainfall.
e Social perception and acceptance. They could be a key barrier if genetically modi-
fied organisms are to be cultivated in open ponds.

In the reference pathway, the nitrogen (N) and phosphorus (P) requirements are not a
key sustainability concern because the lipid-extracted algae undergo anaerobic digestion
to produce energy and these nutrients are returned to the algal culture. Energy generation
from anaerobic digestion contributes to reducing energy input and hence GHG emissions.
Other potential concerns that could be avoided if care is taken to maintain the algal cultures
and the cultivation ponds include:

e Ground and surface water pollution.

® Presence of waterborne toxicants from contaminants.

e Potential for increasing mosquito-breeding grounds if ponds are not properly
managed.

Some of the unknowns with respect to environmental sustainability include:

e Emissions of air pollutants from open ponds, which could be monitored to deter-
mine the extent of such emissions.

e Effects on terrestrial and aquatic biodiversity, but such effects could not be assessed
unless the site of deployment for the algal biofuel production system and the cul-
tivation system to be used are known.

e Site-dependent effect of open ponds on local climate.

The air quality emissions associated with drying, extraction, and processing to fuels
could be mitigated by engineering solutions, particularly if most steps are performed in-
doors. Technology improvements in those steps and in harvesting could reduce energy use
and hence reduce GHG emissions. The reference pathway produces a drop-in biofuel that
can be used in the existing fuel distribution and vehicle infrastructure.

6.1.2 Alternative Pathway #1-Raceway Pond Producing
Drop-in Hydrocarbon and Coproducts

The ability to meet various sustainability goals and the potential concerns for this
pathway are similar to the reference case. The only difference lies in the production of
coproducts other than energy from anaerobic digestion. That change could affect energy
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requirements, GHG emissions, and nutrient requirements depending on what the high-
quality coproduct is. Coproducts also affect economic viability.

If the coproduct is an animal feedstuff, then a coproduct credit could be assigned to the
LCA of nutrient and energy requirements, and to GHG emissions for the animal feedstuff
that is substituted by the coproduct of algal biofuel. Safety would have to be considered if
the coproduct is to be fed to animals or used to fertilize food crops. Algae potentially can
accumulate toxic compounds (for example, mercury can accumulate in cultivated algal cells
if unscrubbed flue gas is used as a source of supplemental carbon dioxide [CO,]). Toxicants
accumulated in cultivated algae can be bioaccumulated if fed to animals or taken up by crop
plants from fertilizers, or can inhibit anaerobic digestion if lipid-extracted algae are to be
used for electricity generation. Other than safety, the nutritional quality of the feedstuff and
the effect of the feedstuff on the quality of food animal (for example, meat quality) would
have to be assessed to determine its suitability as a primary feedstuff or a supplement. A
feedstuff coproduct can contribute to offsetting costs of algal biofuel production if there is a
large enough market for the sale of the coproduct. If the feedstuff is only suitable for certain
animals and has a limited market, then saturating the market with large quantities of the
coproduct could lower its market price and utilization options.

If the coproduct is electricity, then market saturation will not be a concern. The energy
requirement and GHG emissions could be lower compared to the reference pathway, and
the cost of energy input into the algal biofuel production pathway could be reduced.

6.1.3 Alternative Pathway #2-Raceway Pond Producing FAME

The key difference between this and the reference pathway is the fuel produced, with
this scenario assuming the fuel product to be fatty-acid methyl esters (FAME). With most
processes along the supply chain being equal, the ability to meet various sustainability
goals and the potential concerns for this pathway are similar to the reference case. How-
ever, FAME’s poor cold-flow properties could affect their marketability and hence their
economic viability. In northern-tier states, FAME might have to be stored in heated tanks
in winter to keep the fuel fluid. In fact, many of the biodiesel refineries producing FAME
from soybean in the United States are idle. In 2011, the production capacity of biodiesel
in the United States was about 2 billion gallons per year, but only 1 million gallons were
produced (EIA, 2010).

6.1.4 Alternative Pathway #3-Photobioreactors with Direct Synthesis of Ethanol

Growing microalgae in photobioreactors can avoid a number of the sustainability
concerns associated with open-pond cultivation but may require substantial energy input
for pumping and mixing water and for temperature control. Incidents of contamination by
algae and other microorganisms and evaporative loss of water likely would be reduced.
Other than using a different cultivation system from the other pathways discussed above,
this pathway does not require harvesting, drying, and rupturing the algal cells to extract
algal oil because the cyanobacteria secrete alcohol into the medium continuously. The direct
synthesis of ethanol reduces downstream processing and could result in substantial energy
savings and associated cost savings. In addition, some members of the public might find
cultivation of genetically modified algae in enclosed reactors more acceptable than in open
ponds.

A key barrier to sustainable development of algal biofuels using such systems is the
potentially high capital cost (Tredici, 2007; Davis et al., 2011). Another disadvantage of this
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pathway is that the fuel product, ethanol, is not compatible with the fuel distribution in-
frastructure for petroleum-based fuels. Although ethanol can be used in flex-fuel vehicles
(FFV) that accommodate a blend of 85 percent ethanol and 15 percent gasoline (E85), most
vehicles in the United States have internal combustion engines that use E10, which contains
90 percent gasoline and 10 percent ethanol. As of January 2011, the U.S. Environmental Pro-
tection Agency (EPA) allows the use of E15 in vehicle models of 2001 or newer. If every drop
of the 520 billion liters of gasoline consumed in the United States in 2010 was blended with
ethanol for E10, the maximum ethanol that could be used is 52 billion liters. The United
States produced 50 billion liters of corn-grain ethanol that year. Therefore, the U.S. trans-
portation sector would not be able to incorporate much more ethanol into the fuel system
unless the market for flex-fuel vehicles expands.

6.1.5 Comparing the Sustainability of Different Pathways

The summaries of resource use and environmental effects of different pathways illus-
trate that each pathway has its strengths and weaknesses in meeting different sustainability
goals. For example, the use of open ponds and closed photobioreactors illustrate tradeoffs
between aspects of economic and environmental sustainability. Open-pond systems could
raise more environmental concerns than closed-photobioreactor systems, but the cost dif-
ferential between the two systems could be a key determinant of economic viability. The
direct synthesis and secretion of ethanol by cyanobacteria without cell destruction would
reduce nitrogen and phosphorus input during cultivation (particularly if nitrogen and
phosphorus recycling are not fully implemented in algal biofuel production systems that
require biomass harvesting) and energy use from downstream processing and could result
in synergistic cost savings for a closed photobioreactor system. The question arises as to
how to make a holistic assessment of the relative sustainability of different algal biofuel
production systems, given the multiple indicators and LCAs that represent various sus-
tainability goals and objectives. As discussed in Chapter 2, indicators and LCAs are tools
that can be used to assess a particular aspect of sustainability. Other tools are needed to
integrate across disciplines to assess overall sustainability, which includes energy security,
and environmental, social, and economic sustainability. As outlined in the statement of
task, the committee was not asked to perform any technoeconomic analyses. Environmen-
tal sustainability has been considered more extensively than social sustainability in the
literature because some aspects of social sustainability will be local and social acceptability
in part depends on public opinion, transparency, stakeholder participation, and risk of
catastrophe, all of which are largely unexplored for algal biofuels. Therefore, this chapter
focuses on environmental sustainability.

6.2 TOOLS FOR ASSESSING OVERALL SUSTAINABILITY

The holistic assessment of sustainability is complicated by the fact that some sustain-
ability objectives can be assessed and compared across systems while others are region-spe-
cificand cannot be compared across systems. For example, resource use and environmental
effects such as nutrient budgets, energy balances, and GHG emissions can be compared
directly across systems. Methods for assessing these variables are strictly quantitative.
Other environmental effects such as land-use change and biodiversity are region specific
and scale specific.

Some resource use and environmental effects can be assessed quantitatively, but
whether they contribute to moving toward or away from the sustainability objectives could
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be region dependent. For example, consumptive water use and emissions of air pollutants
can be quantified and compared across alternative algal biofuel production systems. How-
ever, a comparison without considering the regional context might not indicate whether the
systems contribute to improved sustainability. One algal biofuel production system could
be more sustainable with respect to consumptive water use than another even if both use
the same quantity of fresh water over their life cycles because one system is situated in an
area with high rainfall and near an aquifer that replenishes sufficiently every year, and
another is situated in an arid area with a fossil aquifer. Similarly, two identical open-pond
systems for algae cultivation in different locations could have different effects on biodiver-
sity depending on the species present at each location. Systematically assessing the sustain-
ability of algal biofuel production systems and comparing them to each other or with other
transportation fuel systems presents distinct challenges to researchers and policy makers.
Asnoted by Gasparatos et al. (2011), there is not a consistent language for putting “biofuels’
diverse trade-offs into perspective,” nor are there appropriate tools “for assessing the sus-
tainability of different biofuel practices during their full life cycle.” Despite these challenges
for assessing overall sustainability, different approaches have been proposed.

6.2.1 Ecosystem Service Analysis

Analysis of ecosystem services provides a means to assess the overall effects and trade-
offs of algal biofuel production and use (Gasparatos et al., 2011). Ecosystem services are
goods and services generated by ecosystem processes that benefit human well-being (NRC,
2011). Thus, the analysis of ecosystem services is a way to link environmental sustainability
to social and economic sustainability.

Ecosystem services can be categorized as provisioning, regulating, and cultural ser-
vices (MEA, 2003). Algal biofuel production is a provisioning ecosystem service. It provides
liquid fuels to improve energy security, wastewater treatment if wastewater is to be used as
a culture medium, animal feed if it is produced as a coproduct, and energy if lipid-extracted
algal biomass is used to generate electricity via anaerobic digestion. Conversely, algal bio-
fuel production systems could compete for resources with other systems that provide eco-
system services—for example fresh water, or land that could be used for food production
or other human benefits. Biofuel production also could affect cultural services by changing
relatively unmanaged landscapes to highly managed ponds and processing facilities. An
adaptation of the Gasparatos et al. (2011) table “Key sustainability issues associated with
biofuel production from an ecosystem services perspective” is summarized in Table 6-1.

Although Table 6-1 is focused on land-crop biofuels, the sustainability issues listed
are not fundamentally different from those associated with algal biofuels. Energy security
and climate regulation are among the primary factors in sustainability of biofuel produc-
tion irrespective of the feedstock type. The availability of sufficient nutrients and land for
production could be added to this list, although these are implicit in the listing for food
production and ecosystem conservation. Each of the major resource use issues discussed
in Chapter 4—land, water, and nutrients—thus can be viewed as elements in an ecosystem
services framework. The analysis by Gasparatos et al. (2011) also makes clear the utility
of ecosystem services for addressing social and economic considerations, which are not
addressed in this report. Similarly, Tilman et al. (2009) highlight the importance of placing
decisions about biofuels in the context of energy security, GHG emissions, biodiversity, and
food supply sustainability.

The Ecological Society of America (2008) advocates conservation of ecosystem ser-
vices as one of three principles for assessing the ecological sustainability of biofuels, and
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TABLE 6-1 Key Sustainability Issues Associated with Biofuel Production, from an
Ecosystem Services Perspective

Sustainability Issue

Main Ecosystem Services

Main Constituents of Well-Being

Energy security

Climate change

Economic development
(rural development)

Food production

Ecosystem
conservation

Water provision

Health

Social cohesion

Maintenance of
biodiversity

Fuel (provisioning service)

Climate change regulation (regulatory
service)

Fuel (provisioning service)

Erosion regulation (regulatory service)
Food (provisioning service)

Services from conserved ecosystems:

e aesthetic value (cultural service)

¢ climate change regulation (regulatory
service)

pollination of crops and other
vegetation (regulatory service)
timber and forest nontimber products
(provisioning services)

e recreation and cultural service

Steady and clean water supply
(provisioning)

Clean air (regulatory service)
Food (provisioning services)
Water (provisioning services)

Sufficient and equitable supply of
ecosystem services (provisioning,
regulatory, supporting, and cultural
services)

Biodiversity is not an ecosystem service
per se but “the foundation of ecosystem
services to which human well-being is
intimately linked” (MA, 2005, p. 18).

Access to fuel
Basic materials for good life
Energy security

Access to basic materials, e.g., sufficient
nutritious food

Basic materials for a good life

Security of resource access and security
from disasters

Basic materials for a good life

Health

Security

Basic materials for a good life

Good social relations

Health

Sufficient and accessible nutritious food
Basic materials for a good life

Good social relations

Basic materials for a good life
Good social relations
Health

Health

Good social relations

Basic materials for good life
Good social relations
Health

Security

SOURCE: Adapted from Gasparatos et al., 2011. Reprinted with permission from Elsevier.

Robertson et al. (2008, p. 50) recommend focused research on ecosystem services “to provide
the information necessary for the development and implementation of land-management
approaches that meet multiple needs.” Translation of ecosystem services analyses into tools
that can help make informed decisions is thus a key need (Daily et al., 2009; Gasparatos et
al,, 2011) and has great promise for contributing to the understanding of the sustainability
of algal biofuel production. Although analyses of ecosystem services integrate the various
aspects of resource use and environmental effects, their application to a developing indus-
try such as algal biofuels could be difficult because some aspects of ecosystem services
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(for example, potential effects on biodiversity) cannot be analyzed until the actual site of
deployment is known.

6.2.2 Cost-Benefit Analyses

Cost-benefit analysis is the comparison of the monetized costs of a proposed action
compared to the benefits, usually with costs and benefits expressed in monetary terms and
from a particular perspective (for example, those investing in the project, those regulat-
ing it, or society as a whole). An economic cost-benefit approach relies on an ideological
framework that depends on the economic theory applied. An example of an economic cost-
benefit analysis is the technical analysis of projects such as federal spending for flood con-
trol in which the determination of whether the overall benefits exceed the estimated costs
is used to evaluate proposed systems. Cost-benefit analyses can incorporate factors that are
noneconomic. For example, Simpson and Walker (1987) proposed to include environmen-
tal, technical, and risk analyses, in addition to economic analyses in cost-benefit analyses
for energy investments. Because many environmental benefits and effects or ecosystems
goods and services lack markets or market prices, methods have been developed to esti-
mate their valuation by individuals or society. For example, stated preference methods use
carefully designed questionnaires to estimate how much individuals are willing to pay for
an increase in quantity of a particular ecosystem service or environmental benefits and how
much compensation individuals are willing to accept for the loss of an ecosystem service
or a negative effect they endure. Those values form the bases of monetization of ecosystem
goods and services and environmental benefits and effects (Hanley and Barbier, 2009).

Cost-benefit analysis is a useful tool for assessing sustainability for the following
reasons:

e [t can express most relevant benefits and effects in monetary values that can be ag-
gregated into one value (Hanley and Barbier, 2009) and allows direct comparison
across algal biofuel production systems if it is applied consistently across systems.

¢ It aids decision making by showing the tradeoffs among nonmonetized variables
that express societal values.

¢ If the key parameters of cost-benefit analyses are standardized, the analyses allow
comparison of sustainability of different biofuels and ensure consistency in deci-
sion making (Hanley and Barbier, 2009).

There are some challenges to applying a cost-benefit analysis to environmental sustain-
ability. Some ecosystem goods and services are not readily quantifiable so they cannot be
valued (NRC, 2005). Although there are approaches to nonmarket valuation of ecosystem
services, those approaches rely on a great deal of professional judgment and depend on
the ideological orientation of the individual or group conducting the valuation (NRC, 2005;
Bebbington et al., 2007). A key challenge to applying a cost-benefit analysis to algal biofuel
production relates to nonmarket valuation. Because algal biofuel production is developing
with multiple pathways being pursued, the actual effects of algal biofuel production on
ecosystems and the environment are largely uncertain (as discussed in Chapters 4 and 5).
Because the changes to the environment or provision of ecosystem goods and services that
people care about cannot be described in precise ways, it is difficult for surveyed individu-
als to place a value on potential changes (Hanley and Barbier, 2009). Different individuals
and groups are likely to value different sustainability goals differently. Therefore, Bebbing-
ton et al. (2007) cautioned against the over-reliance on cost-benefit analysis and proposed
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the use of “sustainability assessment models” that recognize the need for accountings and
also include a participatory approach to decision making. Prioritization of the sustainabil-
ity goals and decisions on the appropriate tradeoffs to be made that meet the core societal
needs requires the development of a collective vision of the desired attributes of a sustain-
able fuel industry (NRC, 2010).

6.2.3 Cumulative Impacts

In addition to assessing the sustainability goals quantitatively when possible, balanc-
ing the sustainability objectives, and minimizing tradeoffs, developing algal biofuels sus-
tainably also would require consideration of the cumulative impacts to the environment.
Cumulative effects are defined as “the impact on the environment which results from the
incremental impact of the action when added to other past, present, and reasonably foresee-
able future actions regardless of what agency (federal or non-federal) or person undertakes
such other actions” (43 CFR 1508.7). Environmental assessments or environmental impact
statements for proposed biofuel refineries include an assessment of cumulative effects,
though some of them are limited in scale. For example, the environmental assessments for
Algenol’s facility in Fort Meyer (DOE, 2010) and Sapphire Energy’s facility in New Mexico
(USDA-RD, 2009) include a section on cumulative impacts on land use, air quality, soil,
ground and surface water, and socioeconomic factors specific to the site. However, the
cumulative impacts of future large-scale deployments of multiple algal biofuel production
systems across the country have not been assessed.

Parallel lessons can be drawn from environmental impact assessment for solar energy
development (BLM and DOE, 2010). Many of the locations considered desirable for algal
biofuel production may overlap with potential areas for development of other renewable
energy projects such as solar- or wind-powered electricity generation as well as a broad
range of other activities. For example, according to the Draft Solar Energy Programmatic
Environmental Impact Statement (BLM and DOE, 2010), the BLM-administered land area
considered potentially available for solar development in six western states is about 87,000
square kilometers, with approximately one percent (866 square kilometers) needed to pro-
duce the 24,000 megawatts of power that would be generated over the 20-year period of
the study. Another 8,000 megawatts could be produced on approximately 287 square kilo-
meters in these same six states. NREL (2004) estimated that approximately 40,470 square
kilometers of land would be required to meet all U.S. electricity demand using photovoltaic
solar technology.

These values can be compared with the 430,830 square kilometers that Wigmosta et
al. (2011) estimated would be needed nationwide to produce 220 billion liters per year of
algal biofuels. Some of the general characteristics that make land desirable for solar devel-
opment (for example, slope less than 5 percent and high insolation) are similar to the char-
acteristics that make land desirable for algal biofuel production systems. Although the total
land requirements are different, the similarities in desirable site characteristics suggest the
importance of considering the possibility of competing solar-power development when
evaluating the potential cumulative effects of algal biofuel production.

The Solar PEIS also notes ongoing and reasonably foreseeable future activities in its
six-state study area (Arizona, California, Colorado, Nevada, New Mexico, and Utah) that
include energy production and distribution, recreation, mineral production, military opera-
tions, grazing and rangeland management, fire management, forestry, transportation, and
industrial development. A similarly broad range of activities is likely in areas that could
be developed for algal biofuel production in these and other states. Further, the Solar PEIS
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describes renewable energy development as “by far the largest potential new future use of
rural lands” in the six-state area analyzed. Given the increasing demands for production
of biofuel feedstocks in other areas of the United States, this is likely at least partly true
nationally, in addition to the conversion of rural lands to suburban developments near
metropolitan areas.

Large-scale production of algal biofuels in areas adjacent to land already developed
for other energy sources could contribute to cumulative effects on land use, water supply,
and biodiversity. Solar technologies in particular could place site-specific demands on these
three factors that are similar in scale to those of algal biofuels: extensive land areas would
be cleared of vegetation and maintained as such, with consequent impacts on biodiversity;
solar thermal facilities require water for cooling; and all solar facilities require water for
mirror or panel washing (BLM and DOE, 2010).

6.3 FRAMEWORK FOR INTEGRATED ASSESSMENT

LCAs and cumulative-impact, ecosystem-service, and cost-benefit analyses each assess
sustainability on a somewhat different scale and each has a role in assessing the overall
sustainability of algal biofuel production systems (Figure 6-1). Therefore, the committee is
not suggesting a specific cost-benefit analysis to aid decision-making processes. Instead,
the committee proposes a stepwise framework that encompasses these tools at different
stages of algal biofuel development (Figure 6-2) to aid the Department of Energy (DOE) in
its decision-making process on sustainable development of algal biofuels. The framework
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FIGURE 6-1 A diagram illustrating various tools for assessing sustainability at different scales.
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FIGURE 6-2 A potential framework for assessing sustainability of algal biofuels during different
stages of development.

for assessment starts with assessing two of the primary goals for developing alternative lig-
uid fuels—improving energy security and reducing GHG emissions. Then, a few variables
that reflect commonly agreed-upon sustainability objectives and that can be estimated from
mass balance and engineering principles are assessed. When the industry is further along
in its development, progressively comprehensive and regional assessments can be made.
Data also could be collected to verify assumptions and estimates made earlier in the deci-
sion framework when the algal biofuel production systems are operating. The indicators
for assessing each variable were discussed in Chapters 4 and 5.

First, the energy return on investment (EROI) of less than 1 is definitely unsustainable;
therefore, it is a logical first step for assessment. Specifically, a given algal biofuel produc-
tion system would have to have or at least show progress toward EROI within the range
of EROISs of other transportation fuels (Figure 6-3) because algal biofuels will be compared
with other petroleum-based fuels and nonpetroleum-based alternatives. One of the most
contentious issues associated with biofuels produced from land crops has been the level
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FIGURE 6-3 Estimates of EROI for different fuels reported in the literature.

NOTE: Symbol denotes average of values reported in the literature. Line represents one standard
deviation.

SOURCES: Herweyer and Gupta (2008), Grandell et al. (2009), Hall and Day (2009), and Batan
(2010) for petroleum-based fuels; Lynd and Wang (2004), Sheehan et al. (2004), and Farrell (2006)
for cellulosic ethanol; Herweyer and Gupta (2008), Grandell et al. (2009), Hall and Day (2009),
Batan et al. (2010), and Freise (2011) for biodiesel; Kim and Dale (2005), Farrell (2006), and Hill et al.
(2006) for corn-grain ethanol; Clarens et al. (2010), Jorquera et al. (2010), Sander and Murthy (2010),
Stephenson et al. (2010), Brentner et al. (2011), and Vasudevan et al. (2012) for algal biodiesel.

of EROI required for sustainable production of any fuel (Pimentel and Patzek, 2005). Algal
biofuels would have to return more energy in use than was required in their production to
be a sustainable source of transportation. Microalgal fuels use high-value energy inputs in
the form of electricity and natural gas. If these high-quality energy sources are downgraded
in the production of algal fuels, it is certainly a sustainability concern that can only be truly
understood through careful life-cycle analysis. (See section Energy in Chapter 4.) EROI
of 1, the breakeven point, is insufficient to be considered sustainable. However, the exact
threshold for sustainability is not well defined. Hall (2011) proposed that EROI greater than
3 is needed for any fuels to be considered a sustainable source. EROI can be estimated with
an LCA that tracks energy and material flow (Chapter 4).

Reducing GHG emissions is another key goal in developing alternative liquid trans-
portation fuels, and GHG emissions are closely related to energy input and output of algal
biofuel production systems (Chapter 5). GHG emissions have the same effect on global
climate regardless of where the GHGs are emitted. The U.S. Congress enacted the Energy
Independence and Security Act of 2007 (110 P.L. 140) to improve “energy independence
and security” and “to increase the production of clean renewable fuels.” If reducing GHG
emissions from the transportation sector is an important goal, then the fuels displacing
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petroleum-based fuels would need to have lower net GHG emissions than the fuel that
they are displacing.

In addition to energy balance and GHG emissions, nitrogen and phosphorus inputs
are sustainability objectives that can be assessed using LCAs based on mass balance and
engineering principles. Nitrogen and phosphorus consumption by algae cultivation could
compete with food production. There are opportunities to mitigate the potential competi-
tion for nutrients with agriculture, including recycling nutrients from the lipid-extracted
algae and using wastewater for algae cultivation. The feasibility of using wastewater for
algae cultivation has to be assessed in at least a few dimensions:

¢ The number of locations that could accommodate the colocation of wastewater
treatment and algae cultivation facilities.

¢ The potential for such systems to achieve both goals of wastewater treatment and
algae cultivation for fuels without much compromise.

¢ The feasibility beyond the laboratory scale.

The estimated EROI, GHG emissions, and nutrient requirements would have to be reas-
sessed once the likely locations of deployment are narrowed down. Then, the productivities
and any potential land-use changes can be estimated with increased certainties, and the
precision of the estimated resource requirements and GHG emissions can be improved.
Those variables also can be measured after deployment to verify modeled estimates and to
help improve future modeling efforts.

Though some resource uses or emissions can be estimated quantitatively, their effects
on the environment are location specific. Requirements for land and water are two ex-
amples. Quantitative estimates of land requirements, though necessary, have to be consid-
ered in the context of the local climatic conditions, proximity to other resources, and land
prices so as to achieve economically viable production of algal biofuels. Similarly, water
use (saline, brackish, or fresh water) has to be assessed over the life cycle of fuel and in the
context of regional availability. Thus, a national assessment of land requirements for algae
cultivation that takes into account climatic conditions; brackish, fresh water, and waste-
water resources; and sources of concentrated CO,, and land prices could inform the po-
tential amount of algal biofuels that could be produced economically in the United States.
Such assessment could be done at a county-by-county resolution as in the case of the U.S.
Billion-Ton Update (DOE, 2011) for biofuel feedstock. The committee cautions that the real-
ized amount of algal biofuels produced likely will be lower than the potential amount (as
in the case with other biofuels) because of many other factors associated with deployment.
However, algal strain development to enhance algae’s ability to scavenge CO, could reduce
the need for concentrated CO, as a resource constraint. Once the potential locations for algal
biofuel production are identified, existing uses of land and water, including neighboring
and regional activities, have to be considered to assess the cumulative impacts.

Some environmental effects cannot be assessed unless the specific location of deploy-
ment is known. Some of these effects might be easily quantifiable. Others might require
research and data collection before their effects can be understood and quantified. The
resource and environmental effects also have to be assessed in the context of existing ac-
tivities in the sites where algal biofuel production systems are to be developed (that is, a
cumulative impact analysis). As the algal biofuel industry matures, the ability of different
pathways for algal biofuel production to meet and balance yield with the other environ-
mental, economic, and social sustainability goals has to be assessed in a holistic manner.
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Ecosystem service analysis and cost-benefit analysis provide methods to examine tradeoffs
among sustainability goals and an integrative perspective of sustainability.

Any given tool or framework for assessing sustainability for a given fuel does not deter-
mine whether the fuel contributes to improving sustainability of the transportation sector.
In fact, the report Toward Sustainable Agricultural Systems in the 21st Century (NRC, 2010)
suggests that sustainability is not a particular end state, but a trajectory toward achieving a
set of environmental, economic, and social goals. In the context of this report, the question is
whether substituting a portion of petroleum-based fuels with algal biofuels could move the
transportation sector along a trajectory toward greater sustainability with respect to each
of the four goals: contributing to energy security, maintaining and enhancing the natural
resource base and environmental quality, producing fuels that are economically viable, and
enhancing the quality of life for society as a whole. The environmental, economic, and social
effects of algal biofuel production and use have to be compared with those of petroleum-
based fuels and other fuel alternatives to determine whether algal biofuels contribute to
improving sustainability.

Given the four aspects of sustainability and the multiple goals within each aspect, a
participatory approach is necessary to develop a collective vision of the importance of
various sustainability objectives relative to each other. Stakeholders would be involved
from the beginning of a sustainability assessment. Such an approach that involves different
stakeholders would help ensure that tradeoffs among sustainability goals would be accept-
able to the various parties.

6.4 OPPORTUNITIES FOR ALGAL BIOFUELS TO IMPROVE SUSTAINABILITY

Algal biofuels have the potential to contribute to improving the sustainability of the
transportation sector, but innovations and research and development (R&D) are needed
to realize their full potential. Preliminary assessments in the literature suggest that several
resource use and environmental challenges likely would have to be overcome for algal
biofuel production to be scaled up in a sustainable way. Suitable locations for algal biofuels
could be limited by the number and area of sites that are close to a source of CO,, fresh
water, brackish water, wastewater, or combination thereof. Innovations and R&D in vari-
ous aspects of the supply chain will help realize much of the potential for algal biofuels
to improve energy security, reduce GHG emissions, and enhance environmental quality.
Algal strain development to improve biomass or lipid productivity would clearly increase
fuel production per unit resource use and improve the economics of fuel production. En-
gineering designs to enhance algae cultivation, facilitate biomass or product collection (for
example, algal lipid), and reduce processing requirements have the potential to greatly
improve the energy balance, reduce GHG emissions, and enhance the overall sustainability
of algal biofuels.

SUMMARY FINDING FROM THIS CHAPTER

The environmental, economic, and social effects of algal biofuel production and use
have to be compared with those of petroleum-based fuels and other fuel alternatives to
determine whether algal biofuels contribute to improving sustainability. Such compari-
son will be possible only if thorough assessments of each step in the various pathways
for algal biofuel production are conducted.
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at the elucidation of key physiological differences that characterize disease states and
can guide drug and therapy development. He has received numerous awards, includ-
ing the American Institute of Chemical Engineers (AIChE) Wilhelm Award in Chemical
Reaction Engineering (2001), Founders Award (2007), the Marvin Johnson Award of the
Biotechnology Division of the American Chemical Society (2000), the E.V. Murphee Award
in Industrial and Engineering Chemistry (2010), the AIChE Food, Pharmaceutical and
Bioengineering Division Award (1997), the Technical Achievement Award of the AIChe
Southern California section (1984), the Charles Thom Award of the Society for Industrial
Microbiology (2007), the Amgen Award in Biochemical Engineering (2009), and the George
Washington Cover Award of the Biotechnology Industry Organization. Dr. Stephanopoulos
is a member of the National Academy of Engineering. He received his Ph.D. in chemical
engineering from the University of Minnesota, Minneapolis.

Dr. Larry P. Walker is a professor in the Department of Biological and Environmental En-
gineering at Cornell University. He has been involved in a number of biomass to energy
and chemical projects in the past 25 years. These include an assessment of New York State
biomass resources available for ethanol production, farm-scale methane production and
co-generation, the application of nanotechnology to characterizing and studying important
biocatalysts for industrial biotechnology, and optimization of solid-state fermentation for
the production of biocontrol products. He is the director of the Northeast Sun Grant Initia-
tive, director of Cornell Biofuels Research Laboratory, a member of the National Nanobio-
technology Center Executive Committee that oversees the research activities of the center,
and the coordinator of a Cornell faculty cluster that is interested in the development of
sustainable bio-based industries. He is a member of the American Council on Renewable
Energy, American Institute of Medical and Biological Engineering, Higher Education Com-
mittee Steering Committee, and the Kavli Institute at Cornell for Nanoscale Science. Some
of Dr. Walker’s extramural activities include serving as co-editor in chief for the journal
Industrial Biotechnology, adviser for the Renewable Fuels Roadmap and Sustainable Biomass
Feedstock Assessment for New York, member of the New York State Climate Action Plan
Advisory Panel, and former membership on the National Biomass Research and Develop-
ment Technical Advisory Committee. In addition, Dr. Walker is a recipient of a New York
State Technology and Advanced Research Faculty Development Program Award for In-
dustrial Biotechnology Research. He also received the Outstanding Alumnus Award from
CANR, Michigan State University, and the Outstanding Faculty Award from Cornell Col-
lege of Agriculture and the Life Sciences. He is a graduate of Michigan State University with
a B.S. in physics. His interest in renewable resources and environmental research led him to
complete M.S. and Ph.D. degrees at Michigan State University in agricultural engineering.
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Dr. Eric Williams is an associate professor in the Golisano Institute of Sustainability at the
Rochester Institute of Technology. His research interests include industrial ecology and life
cycle assessment, in particular applied to analyzing information technology (IT) and energy
systems. IT-related work includes life-cycle assessment of semiconductors and computers
and macro-analysis on relationships between energy consumption, telecommuting, and
e-commerce. In the energy domain, he is working on systems assessment of energy supply
technologies, using thermodynamics-based measures to characterize long-term trends in
energy efficiency, and the effects of development and urbanization on energy demand in
industrializing nations. He received his Ph.D. from the State University of New York in
physics and his expertise includes industrial ecology, life-cycle assessment, and macro-
assessment of energy supply and demand.

Dr. Paul V. Zimba is the director of the Center for Coastal Studies at Texas A&M Univer-
sity, Corpus Christi. He joined Texas A&M from U.S. Department of Agriculture (USDA),
Agricultural Research Service, where he served as a research microbiologist in Stoneville,
Mississippi, since 1999. Dr. Zimba's work at the USDA assisted in the analysis of off-flavor
metabolites and secondary products being produced by algae in aquaculture systems. Prior
to that Dr. Zimba worked as a research assistant professor in the Department of Fisheries
at the University of Florida. He is an adjunct at the University of Mississippi and the State
University of New York and has also served as an adjunct faculty member at Loyola Univer-
sity of New Orleans. His research interests include aquatic ecosystem ecology, algal toxin
assessment, harmful algae, wetlands, aquaculture, microalgal taxonomy and physiology,
carbon fixation assessment, remote sensing, aquatic ecosystem stressors, and cyanobacteria
secondary metabolites. Dr. Zimba received his B.A. in biological sciences from Virginia’'s
Wesleyan College in 1979. He received his M.S. in biology from Old Dominion University
in 1985 and his Ph.D. from Mississippi State University in 1990.
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Statement of Task

biofuels, identify potential concerns and unforeseen sustainability challenges and un-

intended consequences for a range of approaches to algal biofuel production, explore
ways to address those challenges, and suggest appropriate indicators and metrics that can
inform future assessments of environmental performance and social acceptance associated
with sustainability. Although economics is an important aspect of sustainability, the study
will not assess costs of algal biofuels. Algal biofuel production approaches and technical
systems are still emerging, and facilities have not reached commercial scale. Public data
on the economics of algal biofuel production are sparse. Therefore, it is premature for the
committee to conduct generalized economic analyses of algal biofuels.

The study will:

The committee is tasked to examine the promise of sustainable development of algal

¢ Identify the potential sustainability concerns for commercial production (includ-
ing larger centralized and smaller distributed facilities) of algal biofuels associ-
ated with a selected number of different pathways of biomass production and
conversion. Potential concerns to be addressed could include the availability and
use of land, water, and nutrient resources; human health and safety associated
with feedstock cultivation and processing; potential toxicity associated with algal
metabolites and their adverse impacts on downstream coproducts; use of geneti-
cally modified organisms; and other impacts that are of social and environmental
concern.
Identify information or data gaps related to the impacts of algal biofuel production.
Suggest indicators and metrics to be used to assess sustainability concerns across
the algal biofuel supply chain and data to be collected now to establish baseline and
to assess sustainability. Identify indicators that are most critical to address or have
the greatest potential for improvement through DOE intervention. This input will
inform DOE EERE-OBP’s broader analysis of biofuels and bioenergy sustainability.
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® Using selected approaches as illustrations, discuss whether any, or combinations
of, the identified challenges could present major sustainability concerns. Identify
preferred cost-and-benefit analyses that could best aid in the decision-making
process, and discuss whether those decisions could be performance based and
technology neutral.

The committee will conduct a review of published literature on assessing environmen-
tal sustainability of algal biofuel production. If available published literature is insufficient
to satisfy the study requirements, the committee will solicit information from federal and
state agencies, environmental groups, companies, and other organizations involved in
research and development and implementation of science and technology, systems, and
processes for production of algal biofuels and feedstocks to get an idea of ongoing and
planned research on related environmental sustainability. The committee will write a report
addressing its statement of task and supporting its conclusions and recommendations.
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Presentations to the Committee

MARCH 17, 2011

Sponsor Perspectives for NRC Study on Algae Biofuels Sustainability
Ron Pate, U.S. Department of Energy

A National Resource Availability Assessment for Microalgae Biofuel Production
Ron Pate, U.S. Department of Energy

Sustainable Development of Algal Biofuels Meeting
Richard Greene, U.S. Department of Energy, Office of Science

ARS Research on Algal Biomass for Environmental Remediation that Is Relevant to Algal
Biofuels
Walter Mulbry, U.S. Department of AgricultureAgricultural Reaserch Service

Algae Biofuels and EPA
Mark Segal, U.S. Environmental Protection Agency, Office of Pollution

Algal Biomass as an Animal Feed Ingredient: Opportunities and Challenges
Terry Proescholdt, U.S. Food and Drug Administration/Center for Veterinary Medicine

Presentation to the National Academy of Sciences—Committee on Sustainable Develop-
ment of Algal Biofuels

Jim Sears and Mary Rosenthal, Algae Biomass Organization

Opportunities for Improving Environmental Quality and Enhancing Natural Resource Base

Provided by Algal Biofuels
Greg Mitchell, Scripps Institution of Oceanography
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JUNE 13, 2011

Sustainable Algal Biofuels
Richard Sayre, Danforth Center and Phycal, LLC

Microalgal Strains for Fuel: Starting Points and Cultivation Specifications
Peter Lammers, New Mexico State University

Oil From Algae—Greens, Diatoms, and Dinoflagellates Accumulate High Oil Levels
Art Grossman, Carnegie Institute of Washington

Genetic Engineering and Sustainable Algal Biofuels
Gary Sayler, University of Tennessee

Strain Selection for Algal Biofuels in Open Ponds: Ecological and Evolutionary
Considerations
Allison Snow, The Ohio State University

Promises to Keep?
Phil Pienkos, National Renewable Energy Laboratory

Scaling Algal Biofuels Resource and Sustainability Challenges End-User and Investor
Perspective
Evan Smith, Verno Systems Incorporated

A Cyanobacteria-Based Photosynthetic Process for the Production of Ethanol
Ron Chance, Algenol Biofuels

Algal Production and Processing
Gail Busch, Algepower

Near-Term Commercialization of Algal Biofuel
Alex Aravanis, Sapphire Energy

The Algae to Fuels Value Chain
Jim Rekoske, UOP Honeywell

Life Cycle Assessment of Algae-to-Energy Technologies
Andpres Clarens, University of Virginia

Life Cycle Analysis of Algae-Based Fuels with the GREET Model
Ed Frank, Argonne National Laboratory
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JUNE 14, 2011

Promise and Challenges in Sustainable Development of Algal Biofuels: Questions and
Answers
John Benemann, Benemann Associations

Challenges in Sustainable Development of Algal Biofuels—Looking Back and Forward
John Sheehan, University of Minnesota

Resource Constraints on Sustainable Development of Algal Biofuels
Mark Wigmosta, Pacific Northwest National Laboratory

Bioenergy: The Need for Additional Carbon
Tim Searchinger, Princeton University

Environmental Effects of Large-Scale Algal Fuel Production
Virginia Dale, Oak Ridge National Laboratory

Environmental Sustainability Concerns for Algal-Based Biofuel Production
Gary Schafran, Old Dominion University

SEPTEMBER 8, 2011

Genome-Scale Network Analysis: Illuminating Photosynthetic Metabolism in the Alga
Chlamydomonas
Jason Papin, University of Virginia

Algal Strain Selection and Development for Biofuel Production
Paul Roessler, Synthetic Genomics

An Assessment of the Environmental Performance of Algal Biofuels
David Marler, ExxonMobil

Algae and Fish: Food, Fuel, and More
Lissa Morgenthaler-Jones, LiveFuels

End User’s Perspective of Sustainability of Algal Biofuels
Michael Lakeman, Boeing Commercial Airplanes

Species Invasion and Large-Scale Algae Cultivation
Jonathan Shurin, University of California, San Diego

Offshore Membrane Enclosure for Growing Algae
Jonathan Trent, National Aeronautics and Space Administration Ames Research Center

Social Acceptability of Large-Scale Algal Biofuel Production
Robert Beach, RTI International
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Alcohol fuels

Algae

Aliphatic alcohol

Anoxia

Biodiesel

Biofuel

Biomass

Biorefinery

Carbon sequestration

D

Glossary

Fuels that are organic compounds that contain one or more
hydroxyl groups (-OH) attached to one or more of the car-
bon atoms in a hydrocarbon chain. Common alcohol fuels
include ethanol, methanol, and butanol.

A group of aquatic eukaryotic organisms that contain chlo-
rophyll. Algae can be microscopic in size (microalgae) or ob-
servable to the eye (macroalgae).

An alcohol that contains a hydrocarbon fragment derived
from a fully saturated, nonaromatic hydrocarbon.

The absence of dissolved oxygen.

Diesel fuel consisting of long-chain alkyl esters derived from
biological material such as vegetable oils, animal fats, and
algal oils.

Fuel derived from biological sources.

Any organic matter that is available on a renewable or recur-
ring basis, including agricultural crops and trees, wood and
wood residues, plants (including aquatic plants), grasses, al-
gae, animal residues, municipal residues, and other residue
materials.

A commercial-scale processing facility that successfully in-
tegrates all processes for extracting and converting biomass
feedstocks into a spectrum of saleable products.

Net transfer of atmospheric carbon dioxide into long-lived
carbon pools.
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Cellulose

Commercial demonstration

Cyanobacteria

Demonstration facility

Drop-in fuel

Green diesel

Hemicellulose

Hydrocarbon fuels

Hypoxia

Land use

Lignin

Lignocellulosic biomass

Pilot demonstration

APPENDIX D

A polymer of glucose, (C,H,,O-)n, that forms cell walls of
most plants.

The National Renewable Energy Laboratory defines a com-
mercial demonstration for biofuel refinery as a facility that
has the capacity to process 700 dry tons of feedstock per day.
In addition, a commercial demonstration facility is a fully
integrated facility that includes all processing steps at a scale
sufficient to identify potential operational problems.

Historically known as blue-green algae, cyanobacteria are
prokaryotes that contain chlorophyll.

The National Renewable Energy Laboratory defines a dem-
onstration facility for biofuel refinery as one that has the ca-
pacity to process 70 dry tons of feedstock per day. A true
demonstration facility is a fully integrated facility that in-
cludes all of the processing steps that a commercial-scale
facility would have.

Non-petroleum fuel that is compatible with existing infra-
structure for petroleum-based fuels.

Product of hydrotreated triaclyglycerols.

A matrix of polysaccharides present in almost all plant cell
walls with cellulose.

Organic compounds that contains primarily carbon and hy-
drogen and only trace amounts of other atoms such as sulfur,
nitrogen, and oxygen. Hydrocarbon fuels include petroleum-
based materials such as alkanes, olefins, and aromatics.

Low dissolved oxygen concentrations, generally less than 2
milligrams per liter.

Defined by anthropogenic activities, such as agriculture,
forestry and urban development, that alter land-surface
processes including biogeochemistry, hydrology, and
biodiversity.

A complex polymer that occurs in certain plant cell walls.
Lignin binds to cellulose fibers and hardens and strengthens
the cell walls of plants.

Plant biomass composed of cellulose, hemicellulose, and
lignin.

The National Renewable Energy Laboratory defines a pilot
demonstration for biofuel refinery as a facility that has the
capacity to process 1-10 dry tons of feedstock per day. These
facilities typically do not include fully integrated processes.
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Select Acronyms and Abbreviations

Acetyl-CoA
B20
B100

CAFOs
CO
Co,

DAF

DAP
DGAT
DNA

DOE
DOE-EERE
DW

E10
E15
E85
EIOLCA

EPA
EROI

Acetyl-coenzyme A

Ablend of 20 percent biodiesel and 80 percent petroleum diesel and is the
most common biodiesel blend in the United States
100 percent biodiesel

Concentrated animal feeding operations
Carbon monoxide
Carbon dioxide

Dissolved air flotation

diammonium phosphate

Diacylglycerol acyltransferase

Deoxyribonucleic acid

U.S. Department of Energy

U.S. Department of Energy, Energy Efficiency and Renewable Energy
Dry weight

A blend of up to 10 percent ethanol and the balance petroleum-based
gasoline

A blend of up to 15 percent ethanol and the balance petroleum-based
gasoline

Ablend of up to 85 percent ethanol and the balance petroleum-based gaso-
line. For the past several years, E85 sold in the United States has averaged
about 75 percent ethanol.

Economic input-output approach to life-cycle assessment

U.S. Environmental Protection Agency

Energy return on investment
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EROWI Energy return on water invested

FAME Fatty-acid methyl ester

FFV Flex fuel vehicle

F-T Fischer-Tropsch

GBEP Global Bioenergy Partnership

GHG Greenhouse gas

GIS Geographic information systems

GREET Greenhouse gases, regulated emissions, and energy use in transportation
IH2 Integrated hydropyrolysis and hydroconversion
ILUC Indirect land-use change

KOH Potassium hydroxide

LCA Life-cycle assessment

LUC Land-use change

N Nitrogen

NASA National Aeronautic and Space Administration
NER Net energy ratio

NEV Net energy value

NH, Ammonia

NO, Nitrogen oxides

NRC National Research Council

OBP Office of the Biomass Program

OMEGA Offshore Membrane Enclosure for Growing Algae
P Phosphorus

PAR Photosynthetically active radiation

R&D Research and development

RNA Ribonucleic acid

RSB Roundtable on Sustainable Biofuels

Rubisco Ribulose-1,5-bisphosphate carboxylase oxygenase
Si Silicon

SO, sulfur dioxide

SVR Surface to volume ratio

TAGs Triacylglycerols

TSCA Toxic Substances Control Act

VCSS Vapor compression steam stripping

VOCs Volatile organic compounds

WWTP Wastewater treatment plant
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Conversion Factors

Mass
ounce (0z)
pound
(short) ton

Length
foot (ft)
mile

Area
mi?
acre

Volume
ft3
gallon
barrel

Energy
British Thermal Unit (BTU)

Pressure
pounds per square inch (psi)

Compound units
pound per acre
ton per acre

Sustainable Development of Algal Biofuels in the United States

F

28.3495231
0.453592
0.907185

0.3048
1.609344

2.589988
0.404685642

0.028317
3.785412
158.987295

0.001055
6,894.76

1.120851
2.241702

225

g
kg

(metric) tonne

meter (m)
kilometer (km)

km?
hectare (ha)

m3
liter (L)
L

megajoule (M])

Pascal (Pa)

kg/ha
tonne/ha
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1 ounce (0z) per gallon = 7.489152
1 ounce per BTU = 26,870.16
1 ft3/acre = 0.028317
1 ft3/ton = 0.031214
1 ft3/BTU = 26,839.19
1 BTU per gallon = 0.000279

g/L
g/M]
m3/ac
m®/Mg
m3/GJ
MJ/L
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Economics of Coproduct Production
from Large-Scale
Algal Biofuels Systems

to address the challenge of making algal biofuels economically viable. The strategy

has proven to be contentious at several levels. Coproducts are strongly linked to the
economics and life-cycle assessments (LCAs) of algal biofuel production. The economics of
algal biofuel production are outside the scope of this analysis, but are a key reason for the
importance of coproducts. Coproducts are proposed as a means to improve the econom-
ics of algal biofuel production. Economic benefit comes at a cost, however, and a simple
analysis is presented to explain the impacts and potential concerns.

Markets tend to correlate scale and price of sale, which is the cost of production plus
return on capital (Figure G-1). This is frequently overlooked as coproducts are touted as a
significant source of additional revenues for an economically suspect fuel production pro-
cess. The correlation is somewhat poor across different products, but for a single product,
scale and price are related by a power law. This means that doubling scale reduces price
more than double. The value of coproduct is unlikely to drop indefinitely with increase in
scale and could have an asymptotic function. For materials intended to sell into the massive
fuels market, coproduct volumes swell rapidly with the scaling of fuel production unless a
wide variety of coproducts for different markets are produced.

The Davis et al. (2011) work resulted in the development of a model for the economics
of algal biofuel production.! This model allows scenarios around coproduct value to be ex-
plored. In particular, setting up the functional form to estimate the cost for sale of biodiesel
as a function of coproduct fraction was completed. Figure G-2 shows the expected power
law form (Eq. G-1).

C oproducing algal biofuels and high-value products has been suggested as a strategy

$ .
7= 085461 (Eq. G-1)

'fuuel

1 Aden, Andy; personal communication. National Renewable Energy Laboratory (NREL) model provided
September 2011.
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FIGURE G-1 Chart showing the general power law dependence of a materials cost with production
scale.

NOTES: As scale increases, price generally decreases. This is true both for fuel components and coproducts. The
dotted line shows Szmant'’s original curve and the solid line is inflation corrected to 2010.

SOURCE: Adapted from Szmant (1989). Reprinted with permission from Elsevier.

Coproduct production is also a function of the lipid fraction (Eq. G-2):

kgcupmduct — p(l_f) (Eq G'Z)
L, f

where p is the density of the lipid fuel and f is the lipid fraction, by weight, on a dry basis.

Extraction of the residual biomass has two major costs: one from electrical power and
one from nutrient loss. Biogas is commonly quoted as having a heating value of 650 BTU
per cubic foot (DOE-EERE, 2011) or approximately 20 megajoule per kilogram. Electrical
energy production is assumed to be 33 percent efficient (Davis et al., 2011) and 85 percent
of the potential is captured. This means that the energy potential in the residual biomass
from anaerobic digestion may be approximated as (Eq. G-3):

kwh _ ofp(1-f) o 20M] « 1kwh
Liy f K yioges  3:6M]
where o is the efficiency of electricity generation from biomass and B is a loss term, entered

as 0.85. This is a coarse approximation and neglects the effect of excess power generation
for sale. It assumes that all the power produced by the anaerobic digester system needs to

(Eq. G-3)
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FIGURE G-2 Lipid fraction in the microalgae figures prominently in the amount of coproduct, and,
therefore, the total value of the coproduct stream.

NOTES: Fuel costs are estimated using data from (Davis et al., 2011) as a function of the per pound sales price of
the coproduct and the lipid fraction. The coproduct is assumed to be the total remaining biomass and the alterna-
tive value of the nutrients, and power lost through its sale is accounted for. Coproduct sales price is in dollars per
tonne. Curves with a positive slope indicate that the coproduct is providing more of the total value than the fuel
component. Negative slopes indicate that fuel is still the most valuable component. Potentially difficult to see,
the $200/ton line falls on top of the blue line representing the base case with all nutrients and power production.

B
T AT N A A A S A A R A

be replaced with purchased power and all residual biomass is sold as coproduct. The ap-
proximation intends to show trends.

The nutrient requirements can be estimated based on the Redfield molar ratio for
algae of 106C:16N:1P (Redfield, 1958). Fertilizer is assumed to be ammonia and diam-
monium phosphate (DAP). Assuming that all nitrogen (N) and phosphorus (P) remain in
the residual biomass, the nitrogen content is approximately 8.6 percent by weight and the
phosphorus 1.2 percent, in good agreement with estimates in detailed studies of algal fuel
production (Davis et al., 2011). Therefore, the amount of diammonium phosphate (DAP)
equivalent in the residual biomass can be approximated as (Eq. G-4):

kgpap _ moles, y kgpp  0.012kgP ><0.132kg P

Eq. G-4
L L (Eq- G-

moles, B 0.031kg, / mole moley,, f

'fuel fuel

The nitrogen present in DAP has to be accounted for, yielding an approximate amount
of ammonia equivalent in the residual biomass of (Eq. G-5):
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K, =lmolesN ( Qs moles, HX 0017kg,y,.

Ly Ly molesp,p - Ly moly, (Eq. G-5)

_p(_ 0.086kg, " 2x0.012kg, ><0.017ngHB
£l 0.014kg,, / mole ~ 0.031kg,, / mole

What is left is a simplified approximation of the impact of coproduct sales on the price
for sale of an algal biofuel. The power law relationship between the lipid fraction and the
price of fuel is used as the starting economic estimate. Coproduct value reduces the price
of the fuel, showing the benefit of coproduct sales. Power would have to be purchased to
account for the loss of power from the anaerobic digestion, raising the price of the fuel.
Fertilizers would have to be purchased to account for the loss of nutrients that are no longer
being recycled to the algae cultivation.

Ammonia and DAP prices are nearly equivalent and are assumed to be identical at
$450/tonne. Power prices are selected to match published studies at $0.081 per kilowatt

moleNH3

hour (Davis et al., 2011).
$ o 1-/) ofip(1-f)
L_: 08546f w _(R‘opmducf X P f f J—"_(I)Cﬂpmduft XTf)
ﬁ”’ (Eq. G-6)
[0
+(Pfen‘ﬂm X 7]

where & is 0.146 and is the collection of terms from both the nitrogen and phosphorus re-
quirements (Eq. G-6).

Calculations can then be done to estimate the impact of coproduct sales as deviation
from the economics of the reference pathway presented earlier, represented by the blue line
in Figure G-2. Discontinuation of the recycle of nutrients from the algal biomass remain-
ing after lipid extraction and elimination of power generation, as would be the case if this
was put to other use without returning a revenue stream, requires that additional power
and nutrients be purchased, effectively raising the price for sale of the algal biofuel. This
is shown as the red line in Figure G-2 and represents an unrealistic, but instructive, case
where the value in the residual biomass is not captured. The grey areas between the red and
blue lines illustrate that the approximate value of the biomass is $200 per tonne. One com-
monly suggested outlet for the residual biomass is as animal feedstuff. This would place its
value in the $400-500 per tonne range as a bulk feedstuff. At 30 percent lipid fraction, the
impact on fuel price is on the order of $0.40 per liter. If algal species begin to express lipids
at higher levels, the benefit of the coproduct sales diminishes on a per liter basis because of
the reduction in production of the non-lipid biomass.

At points where the coproduct has a value below that of fuel, the shape of the price
curve largely follows the curve for no coproduct sales. However, when the coproduct value
exceeds the value of fuel, there can be a dramatic drop in fuel price. The interplay of scale
and reasonable price of sale, to first approximation, limit the price that the coproducts can
reasonably garner. Coproducts certainly can improve the economics of fuel production only
modestly because reasonable values for large-volume applications such as animal feed-
stuffs have established prices that are near the alternative values for the residual biomass
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as a nutrient and power source. Clearly, high-value products are made using algae today
with success. These products are small-volume applications where the value of the product,
for example nutraceuticals, can be thousands or tens of thousands of dollars per tonne. Any
fuel produced in addition to the high-value product could, indeed, be sold into the fuels
market profitably. The available fuel is limited to the market accessible to the high-value
product. Once the market for the high-value product is saturated, the economic benefit for
fuel production decreases substantially. Coproduction of fuel and other products has lim-
ited potential and is not a solution to improving economics of widespread and large-scale
deployment of algal biofuels.
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