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conversion of algal biomass to other biofuels has already 
been discussed (see Chapter 6); this chapter will focus on 
the non-fuel co-products.

Under the biorefinery concept (Exhibit 7.1), the production 
of industrial, high-value and high-volume chemicals from 
amino acids, glycerol, and nitrogen-containing components 
of algal biomass becomes feasible (Mooibroek et al., 2007) 
and must be considered in determining the economics of  
the process.

The use of terms such as “high volume” or “high value”  
can be extremely subjective, as a “high value” product 
to a fine chemical producer might be well over several 
dollars/lb, but considerably under a dollar for a commodity 
producer. For the purposes of the Roadmap, a reasonably 
valued chemical is defined as one that will cost roughly 
$0.30 - $1.00/lb, and can be produced at a volume of 
roughly 100 - 500 x106 lbs/yr.

7.1  Commercial Products from 
Microalgae and Cyanobacteria
A large number of different commercial products have been 
derived from microalgae and cyanobacteria. As summarized 
in Exhibit 7.2, these include products for human and animal 
nutrition, poly-unsaturated fatty acids, anti-oxidants, 
coloring substances, fertilizers and soil conditioners, and 
a variety of specialty products such as bioflocculants, 
biodegradable polymers, cosmetics, pharmaceuticals, 
polysaccharides, and stable isotopes for research purposes.

7.  Co-products 
The “guiding truth” is that if biofuel production is 
considered to be the primary goal, the generation of other 
co-products must be correspondingly low since their 
generation will inevitably compete for carbon, reductant, 
and energy from photosynthesis. Indeed, the concept of 
a biorefinery for utilization of every component of the 
biomass raw material must be considered as a means to 
enhance the economics of the process. This chapter will 
address these options and discuss how some of them 
are better opportunities as they will not readily saturate 
corresponding markets in the long term. 

This chapter will also address within the context of the 
biorefinery the possibility of coupling biomass cultivation 
with CO2 mitigation (for carbon credits) and wastewater 
treatment (for nutrient removal) to provide additional 
benefits to the technology, without invoking competing co-
products.

Using appropriate technologies, all primary components 
of algal biomass – carbohydrates, fats (oils), proteins and 
a variety of inorganic and complex organic molecules – 
can be converted into different products, either through 
chemical, enzymatic or microbial conversion (see Chapter 
6). The nature of the end products and of the technologies 
to be employed will be determined, primarily by the 
economics of the system, and they may vary from region to 
region according to the cost of the raw material (Willke and 
Vorlop, 2004). Moreover, novel technologies with increased 
efficiencies and reduced environmental impacts may have 
to be developed to handle the large amount of waste that 
is predicted to be generated by the process. The topic of 
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Spirulina, Tetraselmis, and Thalassiosira. Both the 
protein content and the level of unsaturated fatty 
acids determine the nutritional value of microalgal 
aquaculture feeds. The market size, currently at ~700 
million US$, is expected to expand significantly.

• Animal Feed Additive: Microalgal biomass has also 
been used with good results (i.e., better immune 
response, fertility, appearance, weight gain, etc.) as 
a feed additive for cows, horses, pigs, poultry, and 
even dogs and cats. In poultry rations, microalgal 
biomass up to a level of 5 - 10% (wt.) can be safely 
used as a partial replacement for conventional proteins 
(Spoalore et al., 2006). The main species used in 
animal feed are Spirulina, Chlorella and Scenesdesmus. 
The market for microalgal animal feeds, estimated 
to be about 300 million US$, is quickly growing. 
However, it is important to note that since the flue 
gas from coal-fired power plants that will be used 
to supply carbon dioxide to the cultures will contain 
significant amounts of lead, arsenic, cadmium and 
other toxic elements, the resulting non-oil algal 
biomass is very likely to be unsuitable for use as an 
animal feed, particularly given the fact that algae 
are known to be effective at metal absorption.

Polyunsaturated Fatty Acids (PUFAs)

Microalgae can also be cultured for their high content 
in PUFAs, which may be added to human food and 
animal feed for their health promoting properties 
(Benemann, 1990; Radmer, 1994 and 1996). The most 
commonly considered PUFAs are arachidonic acid (AA), 
docohexaenoic acid (DHA), γ-linolenic acid (GLA), and 
eicosapentaenoic acid (EPA). AA has been shown to be 
synthesized by Porphyridium, DHA by Crypthecodinium 
and Schizochytrium, GLA by Arthrospira, and EPA by 
Nannochloropsis, Phaeodactylum and Nitzschia (Spolaore 
et al., 2006). However, only DHA has been produced thus 
far on a commercial scale by microalgae. All other PUFAs 
are more cost-effectively produced from non-algal sources 
(e.g., GLA from evening primrose oil). Although small, 
the DHA oil market is quickly growing, having presently a 
retail value of 1.5 billion US$.

Anti-Oxidants 
A number of anti-oxidants, sold for the health food market, 
have also been produced by microalgae (Borowtizka, 1986; 
Benemann, 1990; Radmer, 1996). The most prominent 
is β–carotene from Dunaliella salina, which is sold either 
as an extract or as a whole cell powder ranging in price 
from 300 to 3,000 US$ per kg (Spolaore et al., 2006). The 
market size for β–carotene is estimated to be greater than 
280 million US$.

By definition, these existing markets (and associated 
production plants and distribution channels) are for high-
value products or co-products from algae, not commodity 
products. Yet the existing fossil fuels market is and the 
future algal-based biofuels market (designed in part to 
supplant the fossil fuels market) must be commodities 
based to meet required volumes at price points acceptable 
to the consumer. With the possible exception of the existing 
market for microalgal biomass for animal nutrition and 
soil fertilizer, the biofuels markets will  involve volumes 
(of biomass, product, etc.) and scales (sizes and numbers 
of commercial plants) that are significantly less than those 
associated with the existing high-value algae-derived 
products. 

Therein lies a major conundrum associated with the 
nascent algal-derived biofuels market: in the long term, 
massive lipid production dominates; yet in the short term, 
co-products of higher value in the marketplace must be 
pursued in order to offset the costs of production of algal-
derived biofuels. Although it is clear that co-products may 
improve the economic viability of some algae processes 
in the short-term, the goal of the industry is to produce 
transportation fuels below their market price, thereby 
increasing fuel supplies without drastically increasing price. 
This situation, is anticipated to continue until 1) a sufficient 
number of the challenges outlined earlier in the Roadmap 
for biofuel production have been overcome and associated 
life cycle costs are reduced to realize sustainable biofuel 
production at volumes and pricepoints that meet consumer 
demands or 2) new co-products that are low cost and have 
very large potential markets are developed.

Food and Feed

• Human Health Food Supplement: The consumption of 
microalgal biomass as a human health food supplement 
is currently restricted to only a few species, e.g., 
Spirulina (Arthospira), Chlorella, Dunalliella, and  
to a lesser extent, Nostoc and Aphanizomenon  
(Radmer, 1996; Pulz and Gross, 2004; Spolaore et  
al., 2006).  
 

The production includes ca. 3,000 t/yr Spirulina; ca. 
2,000 t/yr Chlorella; ca. 1,200 t/yr Dunaliella; ca. 
600 t/yr Nostoc; and ca. 500 t/yr Aphanizomenon. 
The market, currently at about 2.5 billion 
US$, is expected to grow in the future.

• Aquaculture: Microalgae are also used as feed in the 
aquaculture of mollusks, crustaceans (shrimp), and 
fish (Benemann, 1990; Malcolm et al., 1999). Most 
frequently used species are Chaetoceros, Chlorella, 
Dunaliella, Isochrysis, Nannochloropsis, Nitzschia, 
Pavlova, Phaeodactylum, Scenedesmus, Skeletonema, 
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the related carotenoids lutein and zeaxantin, have also 
been used in the feed of carp and even chicken (Puls and 
Gross, 2004; Spolaore et al., 2006). Phycobiliproteins, 
i.e., phycoerythrin and phycocyanin, produced by 
the cyanobacterium Arthrospira and the rhodophyte 
Porphyridium, are used as food dyes, pigments in 
cosmetics, and as fluorescent reagents in clinical or research 
laboratories (Spolaore et al., 2006).

Coloring Agents 
Microalgae-produced coloring agents are used as natural 
dyes for food, cosmetics, and research, or as pigments 
in animal feed (Borowitzka, 1986; Benemann, 1990). 
Astaxanthin, a carotenoid produced by Hematococcus 
pluvialis, has been successfully used as a salmon feed to 
give the fish meat a pink color preferred by the consumers 
(Olaizola, 2003; Spolarore et al., 2006). Astaxanthin, and 

COMMERCIAL PRODUCT
MARKET SIZE

(TONS/YR)
SALES VOLUME

(MILLION $US/YR)
REFERENCE

BIOMASS

Health Food 7,000 2,500 Pulz&Gross (2004)

Aquaculture 1,000 700 Pulz&Gross (2004)
Spolaore et al., (2006)

Animal Feed Additive No available information 300 Pulz&Gross (2004)

POLY-UNSATURATED 
FATTY ACIDS (PUFAs)

ARA No available information 20 Pulz&Gross (2004)

DHA <300 1,500 Pulz&Gross (2004)
Spolaore et al., (2006)

PUFA Extracts No available information 10 Pulz&Gross (2004)

GLA Potential product, no current commercial market Spolaore et al., (2006)

EPA Potential product, no current commercial market Spolaore et al., (2006)

ANTI-OXIDANTS

Beta-Carotene 1,200 >280 Pulz&Gross (2004)
Spolaore et al., (2006)

Tocopherol CO2 Extract No available information 100-150 Pulz&Gross (2004)

COLORING SUBSTANCES

Astaxanthin < 300 (biomass) < 150 Pulz&Gross (2004)
Spolaore et al., (2006)

Phycocyanin No available information >10 Pulz&Gross (2004)

Phycoerythrin No available information >2 Pulz&Gross (2004)

FERTILIZERS/SOIL CONDITIONERS

Fertilizers, growth promoters, 
soil conditioners No available information 5,000 Pulz&Gross (2004)

Metting&Pyne (1986)

Exhibit 7.2 Summary of microalgae commercial products market
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Fertilizers

Currently, macroalgae (i.e., seaweeds) are used as a plant 
fertilizer and to improve the water-binding capacity and 
mineral composition of depleted soils (Metting et al., 1990). 
Microalgal biomass could in principle serve the same 
purpose. Furthermore, plant growth regulators could be 
derived from microalgae (Metting and Pyne, 1986).

Other Specialty Products 
There are a number of specialty products and chemicals 
that can be obtained from microalgae. These include 
bioflocculants (Borowitzka, 1986), biopolymers and 
biodegradable plastics (Philip et al., 2007; Wu et al., 2001), 
cosmetics (Spolaore et al., 2006), pharmaceuticals and 
bioactive compounds (Burja et al., 2001; Metting and Pyne, 
1986; Olaizola, 2003; Singh et al., 2005; Pulz and Gross, 
2004), polysaccharides (Benemann, 1990; Borowitzka, 
1986; Pulz and Gross, 2004), and stable isotopes for 
research (Benemann, 1990, Radmer, 1994; Pulz and Gross, 
2004). The market for these specialty products is likely to 
be very small due to their specialized applications.

7.2  Commercial Products 
from Macroalgae
Macroalgae possess high levels of structural 
polysaccharides that are extracted for their commercial 
value (Exhibit 7.3). They include alginate from brown 
algae and agar and carrageenen from red algae. Alginate, 

which occurs in high concentrations in brown seaweeds, 
is considered recalcitrant to ethanol fermentation since 
the redox balance favors formation of pyruvate as the end 
product (Forro, 1987). 

7.3  Potential Options for the 
Recovery of Co-products
Co-products from algal refineries should address one 
of these three criteria to be commercially viable and 
acceptable:

1. Identical to an existing chemical, fuel, or other product. 
In this instance, the only issue is price. The production 
cost of the new product must be equivalent to the 
material it replaces and to be competitive typically, it 
must be produced at a cost 30% lower than the existing 
material (shutdown economics). This sets a high bar 
but has been achieved for some chemicals and proteins/
nutritional products.

2. Identical in functional performance to an existing 
chemical, fuel or other product. Here price is a major 
factor, but the source of the material can often provide 
some advantage. This occurs with natural oils which 
manufacturers in many cases would prefer if the costs 
were comparable, or with replacements such as algal 
proteins for distillers dried grains from corn dry grind 
ethanol processing. Price becomes less of an issue if 
the product can be labeled “organic” and thus saleable 
at a premium.

PRODUCT VALUE

Human Food (Nori, aonori, kombu, wakame, etc.) $5 billion

Algal hydrocolloids

Agar (Food ingredient, pharmaceutical, biological/microbiological) $132 million 

Alginate (Textile printing, food additive, pharmaceutical, medical) $213 million 

Carrageenen (Food additive, pet food, toothpaste) $240 million 

Other uses of seaweeds

Fertilizers and conditioners $5 million

Animal Feed $5 million

Macroalgal Biofuels Negligible

TOTAL $5.5-6 BILLION

Exhibit 7.3 Global value of seaweed products per annum (McHugh, 2003)



7.  Co-products      65

production systems, it may be difficult to identify large 
enough markets for potential co-products. Therefore, one 
option would be to convert as much of the lipid-extracted 
biomass into energy, which could then be either sold on 
the open market or used on-site in the various biorefinery 
operations.

The most promising energy recovery technology, both 
from a practical and economic perspective, is the anaerobic 
digestion of lipid-extracted biomass. Anaerobic digestion of 
whole (i.e., non-extracted) micro and macroalgal biomass 
has been successfully demonstrated, with reported methane 
yields of about 0.3 l per gram volatile solids (Huesemann 
and Benemann, 2009). The economic value of the produced 
methane is equivalent to about $100 per ton of digested 
biomass, which is significant in terms of reducing the 
overall cost of liquid biofuels production. The residuals 
remaining after anaerobic digestion could either be recycled 
as nutrients for algal cultivation or could be sold as soil 
fertilizers and conditioners, as is currently already done for 
certain waste water treatment sludges (see http://www.unh.
edu/p2/biodiesel/pdf/algae_salton_sea.pdf).

In addition to anaerobic digestion, thermochemical 
conversion technologies, such as pyrolysis, gasification, 
and combustion, could also be potentially considered for 
the recovery of energy from the lipid-extracted biomass 
(see Chapter 6). These technologies are able to convert 
a much larger fraction of biomass into fuels. However, 
these technologies are still in the testing and development 
stage, and because of their large energy inputs (temperature 
and pressure), could have poor or even negative energy 
balances (Huesemann and Benemann, 2009). Nevertheless, 

3. New material with unique and useful functional 
performance characteristics. In this case, the issues 
are less related to costs and more to the functional 
performance and potentially enhanced performance of 
the new product.

There are at least five different options for recovering 
economic value from the lipid-extracted microalgal biomass 
(Exhibit 7.4). These are: 
• Option 1 – Maximum energy recovery from 

the lipid extracted biomass, with potential 
use of residuals as soil amendments

• Option 2 – Recovery of protein from the lipid-
extracted biomass for use in food and feed

• Option 3 – Recovery and utilization of non-fuel lipids
• Option 4 – Recovery and utilization of carbohydrates 

from lipid-extracted biomass, and the glycerol 
from the transesterification of lipids to biodiesel

• Option 5 – Recovery/extraction of fuel 
lipids only, with use of the residual biomass 
as soil fertilizer and conditioner

Each option and its associated technologies and future 
research needs are discussed below.

Option 1.  Maximum Energy Recovery from the  
Lipid-Extracted Biomass, with Potential Use of  
Residuals as Soil Amendments

Given the large amounts of lipid-extracted biomass residues 
that will likely be generated in future microalgal biofuels 

Algal Biomass

Extract Lipids
for Fuel

Proteins as
Co-Products

Non-Fuel
Lipids

Carbohydrates

Surfactants/ Bioplastics

Ethanol/ Butanol/ Glycerol

Food/ Feed Supplement

Soil Fertilizer/ Conditioners

Ash/ Soil Amendments

Energy

Option 3

Chemical/ Biological Conversion

Option 2

Processing

Option 1

Burn Residue

Option 5

Dry Residue Processing

Recycle Nitrogen Gases

Option 4

Chemical/ Biological Conversion

Exhibit 7.4 Overview of the five 
potential options for the recovery 
and use of co-products

http://www.unh.edu/p2/biodiesel/pdf/algae_salton_sea.pdf
http://www.unh.edu/p2/biodiesel/pdf/algae_salton_sea.pdf
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the thermochemical conversion of lipid-extracted biomass 
has the potential advantage that the resulting nitrogen-
containing gases (e.g., ammonia and nitrous oxides) could 
be recycled into the microalgal culture ponds, thereby 
reducing the expense for nitrogen fertilizers. Furthermore, 
the mineral-rich ash generated by these thermochemical 
processes could possibly be used for nutrient recycle or as a 
soil amendment.

Option 2.  Recovery of Protein from the Lipid-Extracted 
Biomass for Use in Food and Feed

Following the extraction of lipids from the microalgal 
biomass for liquid biofuel production, the protein fraction 
from the residual biomass could be extracted and used as 
a food and feed supplement. As was pointed out above, 
the market for animal feed (cattle, pigs, poultry, fish, and 
pets) is already very large and growing  (estimated to rise 
to approximately 60 million tons per year for distillers dry 
grains plus soluble (DDGS))  (Berger and Good, 2007). 
The current price for DDGS ranges from $110 - 150 per ton 
(http://www.ams.usda.gov/mnreports/sj_gr225.txt). Since 
protein is generally the key and often limiting ingredient 
in animal feed, supplementation with microalgal proteins 
could be advantageous. Furthermore, human nutrition may 
also benefit from supplementation with microalgal proteins.  

The byproduct material, which contains proteins, might 
make a useful animal feed. However, feeding studies 
indicate that algae cannot be used as a high percentage 
of feed, due to issues such as taste of the meat or eggs, 
and interactions with animal digestion. Furthermore, the 
overall size of the animal feed market is small, relative 
to the amount of byproduct that would be produced, and 
the individual local markets for animal feed are often not 
located adjacent to areas where algae may be produced. As 
a result, byproduct markets are likely to be overwhelmed, 
and byproduct prices will be greatly depressed versus 
current levels.

In addition, it may be possible to recover important 
enzymes such as cellulases or other industrial enzymes 
from the lipid-extracted biomass. However, this option 
would require the use of specially selected or engineered 
microalgal strains capable of producing these enzymes. The 
market for industrial enzymes, specifically cellulases for 
pretreating lignocellulosic feedstocks prior to fermentation 
to fuel ethanol, is potentially very large. Assuming that (a) 
microalgal cellulases could be provided at a cost of less 
than $0.20 per gallon ethanol; (b) approximately 100 grams 
of cellulase are needed per gallon of ethanol; and (c) at 
least 10.5 billion gallons of lignocellulosic ethanol will be 
produced by 2020, the projected market for cellulases is 
potentially very large, i.e., 1 billion kg.

Option 3.  Recovery and Utilization of Non-fuel Lipids

It is well known that microalgae can synthesize a variety 
of fatty acids with carbon numbers ranging from C10 to C24, 
depending on the algal species and culturing conditions 
(Hu et al., 2008). Since the generation of gasoline, jet fuel, 
and diesel substitutes will require specific ranges of carbon 
chain length, it will be necessary to either separate the 
product into the appropriate range or rearrange the carbon 
chains through catalytic cracking and catalytic reforming. 
It may be worthwhile, however, to separate specific 
lipids present in the algal oil that have utility as chemical 
feedstocks for the manufacture of surfactants, bioplastics, 
and specialty products such as urethanes, epoxies, 
lubricants, etc. 

Option 4.  Recovery and Utilization of Carbohydrates 
from Lipid-Extracted Biomass, and the Glycerol from the 
Transesterification of Lipids to Biodiesel

After the extraction of lipids, the residual microalgal 
biomass may contain sufficient levels of carbohydrates that 
could be converted through anaerobic dark fermentations 
to hydrogen, solvents (acetone, ethanol, and butanol), and 
organic acids (formic, acetic, propionic, butyric, succinic, 
and lactic) (Huesemann and Benemann, 2009; Kamm and 
Kamm, 2007; Kawaguchi et al., 2001). Hydrogen and 
ethanol could be used as biofuel, while butanol and organic 
acids could serve as renewable feedstocks for the chemicals 
industry. For example, butanol is a valuable C4 compound 
for chemical synthesis of a variety of products, including 
polymers that are currently produced from fossil oil-
derived ethylene and propylene, thus butanol could serve 
as a renewable substitute (Zerlov et al., 2006). Similarly, 
succinate is an intermediate in the production of a variety 
of industrial surfactants, detergents, green solvents and 
biodegradable plastics (Kamm and Kamm, 2007). Lactic 
acid, which can be converted into polypropylene oxide, 
is the starting material for the production of polyester, 
polycarbonates and polyurethanes; it is also used in the 
industrial production of green solvents, and its applications 
include the pharmaceutical and agrochemical industries 
(Datta et al., 1995).

Glycerol, a byproduct of the transesterification of 
microalgal lipids to biodiesel, could also be anaerobically 
fermented to the above mentioned and other end products 
(Yazdani and Gonzalez, 2007). Furthermore, glycerol 
could be converted by certain bacteria to 1,3-propanediol, 
which is used in the formulation of a variety of industrial 
products such as polymers, adhesives, aliphatic polyesters, 
solvents, antifreeze, and paint (Yazdani and Gonzalez, 
2007; Choi, 2008). Finally, glycerol could be used to 
generate electricity directly in biofuel cells (Yildiz and 
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microalgal metabolites, including sugars and complex 
carbohydrates; and the development of genetic engineering 
tools to improve yields of desired products, including 
carbohydrates, if desired.

Option 5.  Recovery (Extraction) of Fuel Lipids Only, with 
Use of the Residual Biomass as Soil Fertilizer 
and Conditioner

In case none of the above mentioned four options are 
economical, i.e., the recovery and use of energy, proteins, 
non-fuel lipids, and carbohydrates is not cost-effective, it 
is possible to revert to the most simple option (Option 5), 
which involves the extraction of only fuel lipids and the 
subsequent use of the biomass residues rich in nitrogen and 
organic matter as soil fertilizer and conditioners. As was 
mentioned above, the market for organic fertilizer is large 
and potentially growing. 

Kadirgan, 1994). Once again, the issue of scale enters in. 
Production of 1 billion gallons of biodiesel will result in 
the formation of more than 400,000 tons of glycerol (http://
www.biodieselmagazine.com/article.jsp?article_id=377). 
As the current production levels for biodiesel (700 million 
gallons in 2008) already has the market for glycerol 
saturated, additional capacity from algal lipids may find it 
exceedingly difficult to find uses.

It may also be possible to extract microalgal 
polysaccharides for use as emulsifiers in food and industrial 
applications (Mooibroek et al., 2007). Finally, microalgal 
carbohydrates could be recycled into pulp and paper 
streams, substituting for lignocellulosic materials derived 
from forestry resources.

As was the case with Option 3, this option will also require 
R&D efforts as discussed under Chapter 2, Algal Biology; 
specifically, these are the development of high throughput 
technologies for the quantitative characterization of 
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It is also anticipated that gasoline and diesel range fuels 
from algae will not require significant distribution system 
modifications during or after processing in the refinery.

While the demonstration flights mitigate some 
infrastructure concerns, other distribution aspects 
concerning algal biomass, fuel intermediates, and final fuels 
remain poorly studied:
• First, the stability of the algal biomass under different 

production, storage, and transport scenarios is 
poorly characterized, with some evidence suggesting 
that natural bacterial communities increase the 
rate of algae decomposition (Rieper-Kirchner, 
1990). In the context of a variety of culturing and 
harvesting conditions differing in salinity, pH and 
dewatering levels, it is difficult to predict how 
these factors will influence biomass storage and 
transport, and the quality of the final fuel product. 

• Second, an issue that impacts oleaginous microalgae 
feedstocks is that the transport and storage mechanisms 
of algal lipid intermediates have not yet been 
established. It is conceivable that these “bio-crudes” 
will be compatible with current pipeline and tanker 
systems. However, it is known that the presence 
of unsaturated fatty acids causes auto-oxidation of 
oils (Miyashita and Takagi, 1986), which carries 
implications for the producers of algae and selection 
for ideal lipid compositions. It is also known that 
temperature and storage material have important 
implications for biodiesel stability (Bondioli et al., 
1995). Thus, materials and temperature considerations 
similar to plant lipids may be possibly taken into 
account for the storage of algae lipids (Hu et al., 2008). 

• Third, depending on whether it will be dewatered/
densified biomass and/or fuel intermediates that are to 
be transported to the refinery, conforming to existing 
standards (e.g., container dimensions, hazardous 
materials and associated human health impacts, and 
corrosivity) for trucks, rails, and barges is critical 
to minimizing infrastructure impacts. The optimal 
transport method(s) should be analyzed and optimized 
for energy-inputs and costs, within the context of 
where the algae production and biorefinery facilities 
are to be sited. These have been challenging issues 
for lignocellulosic feedstocks (Hess et al., 2009) and 
can be expected to influence the economics of algal 
biofuels as well. 

8.  Distribution and Utilization
Distribution and utilization are challenges associated with 
virtually all biofuels. Although the biofuel product(s) 
from algal biomass would ideally be energy-dense 
and completely compatible with the existing liquid 
transportation fuel infrastructure, few studies exist that 
address outstanding issues of storing, transporting, 
pipelining, blending, combusting, and dispensing algal 
biomass, fuels intermediates, biofuels, and bioproducts. 
Being intermediate steps in the supply chain, distribution 
and utilization need to be discussed in the context of earlier 
decision points, such as cultivation and harvesting. In turn, 
these logistics through end-use issues influence siting, 
scalability, and the ultimate economics and operations of 
an integrated algal biofuels refinery. As a variety of fuel 
products – ethanol, biodiesel, higher alcohols, pyrolysis oil, 
syngas, and hydroreformed biofuels – are being considered 
from algal biomass resources, the specific distribution and 
utilization challenges associated with each of these possible 
opportunities is discussed.

8.1  Distribution

Lowering costs associated with the delivery of raw 
biomass, fuel intermediates, and final fuels from the 
feedstock production center to the ultimate consumer 
are common goals for all biofuels. In all cases, biofuels 
infrastructure costs can be lowered in four ways:
• Minimizing transport distance between process units;
• Maximizing the substrate energy-density and stability;
• Maximizing compatibility with existing infrastructure 

(e.g. storage tanks, high capacity; delivery vehicles, 
pipelines, dispensing equipment, and end-use vehicles); 
and

• Optimizing the scale of operations to the parameters 
stated above.

Distribution is complicated by the fact that several 
different fuels from algae are being considered, as 
discussed in detail in Chapter 6 (Algal Biofuel Conversion 
Technologies). Ethanol, biodiesel, biogas, renewable 
gasoline, diesel, and jet fuels are all possible products 
from algal biomass. Each of these different fuels has 
different implications for distributions. Some of these fuels 
appear to be more compatible with the existing petroleum 
infrastructure. Specifically, jet-fuel blends from a variety 
of oil-rich feedstocks, including algae, have been shown 
to be compatible for use in select demonstration flights 
(Buckman and Backs, 2009; Efstathiou and Credeur, 2009). 
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Typically, compliance with specifications promulgated by 
organizations such as ASTM International ensures that a 
fuel is fit for purpose (ASTM International, 2009a, 2009b, 
2009c, 2009d, and 2009e). Failure of a fuel to comply with 
even one of the many allowable property ranges within 
the prevailing specifications can lead to severe problems 
in the field. Some notable examples included: elastomer-
compatibility issues that led to fuel-system leaks when 
blending of ethanol with gasoline was initiated; cold-
weather performance problems that crippled fleets when 
blending biodiesel with diesel was initiated in Minnesota 
in the winter; and prohibiting or limiting the use of the 
oxygenated gasoline additive MTBE in 25 states because 
it has contaminated drinking-water supplies (McCarthy 
and Tiemann, 2000). In addition to meeting fuel standard 
specifications, algal biofuels, as with all transportation 
fuels, must meet Environmental Protection Agency 
regulations on combustion engine emissions.

As is true of any new fuel, it is unlikely that new 
specifications will be developed for algal fuels in the near 
term (i.e., at least not until significant market penetration 
has occurred); hence, producers of algal fuels should 
strive to meet prevailing petroleum-fuel specifications. 
Nevertheless, research and technology advancements 
may one day yield optimized conversion processes which 
can deliver algae-derived compounds with improved 
performance, handling, and environmental characteristics 
relative to their petroleum-derived hydrocarbon 
counterparts. If significant benefits can be demonstrated, 
new specifications can be developed (e.g., ASTM D6751 
and D7467).

The discussion below is divided into separate sections that 
deal with algal blendstocks to replace gasoline-boiling-
range and middle-distillate-range petroleum products, 
respectively. These classifications were selected because 
the compounds comprising them are largely distinct and 
non-overlapping. Within each of these classifications, 
hydrocarbon compounds and oxygenated compounds are 
treated separately, since their production processes and in-
use characteristics are generally different.

Algal Blendstocks to Replace  
Middle-Distillate Petroleum Products

Petroleum “middle distillates” are typically used to create 
diesel and jet fuels. The primary algae-derived blendstocks 
that are suitable for use in this product range are biodiesel 
(oxygenated molecules) and renewable diesel (hydrocarbon 
molecules). The known and anticipated end-use problem 
areas for each are briefly surveyed below.

Ethanol is another likely fuel from algae. With over 
10 billion gallons per year produced and consumed 
domestically, distribution-related issues for ethanol has 
been studied for some time, and algal ethanol can benefit 
from these analyses. While not as energy dense as purely 
petroleum-derived fuels, ethanol is an important fuel 
oxygenate that can be used in regular passenger vehicles 
and special flex-fuel vehicles at up to 10% and 85% gasohol 
blends, respectively. However, considerable infrastructure 
investments need to be made for higher ethanol blends 
to become even more attractive and widespread. One 
issue is that ethanol is not considered a fungible fuel; it 
can pick up excessive water associated with petroleum 
products in the pipeline and during storage, which causes 
a phase separation when blended with gasoline (Wakeley 
et al., 2008). One possible way to address this is to build 
dedicated ethanol pipelines; however, at an estimated 
cost of $1 million/mile of pipeline, this approach is not 
generally considered to be economically viable (Reyold, 
2000). Another possibility is to distribute ethanol blends by 
rail, barge, and/or trucks. Trucking is currently the primary 
mode to transport ethanol blends at an estimated rate of 
$0.15/ton/kilometer (Morrow et al., 2006). This amount is 
a static number for low levels of ethanol in the blends (5% 
to 15%); as the ethanol content in the blend increases, the 
transport costs will also increase due to the lower energy 
density of the fuel.

8.2  Utilization

The last remaining hurdle to creating a marketable new 
fuel after it has been successfully delivered to the refueling 
location is that the fuel must meet regulatory and customer 
requirements. As mentioned in Chapter 6, such a fuel is 
said to be “fit for purpose.” Many physical and chemical 
properties are important in determining whether a fuel is fit 
for purpose; some of these are energy density, oxidative and 
biological stability, lubricity, cold-weather performance, 
elastomer compatibility, corrosivity, emissions (regulated 
and unregulated), viscosity, distillation curve, ignition 
quality, flash point, low-temperature heat release, metal 
content, odor/taste thresholds, water tolerance, specific 
heat, latent heat, toxicity, environmental fate, and sulfur 
and phosphorus content. Petroleum refiners have shown 
remarkable flexibility in producing fit-for-purpose fuels 
from feedstocks ranging from light crude to heavy crude, 
oil shales, tar sands, gasified coal, and chicken fat, and are 
thus key stakeholders in reducing the uncertainty about the 
suitability of algal lipids and carbohydrates as a feedstock 
for fuel production.
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Oxygenates: Biodiesel

Biodiesel is defined as “mono-alkyl esters of long 
chain fatty acids derived from vegetable oils or animal 
fats” (ASTM International, 2009b). Biodiesel has been 
demonstrated to be a viable fuel for compression-ignition 
engines, both when used as a blend with petroleum-derived 
diesel and when used in its neat form (i.e., 100% esters) 
(Graboski and McCormick, 1998). The primary end-use 
issues for plant-derived biodiesel are: lower oxidative 
stability than petroleum diesel, higher emissions of nitrogen 
oxides (NOx), and cold-weather performance problems 
(Knothe, 2007). The oxidative-stability and cold-weather 
performance issues of biodiesel preclude it from use as a 
jet fuel. The anticipated issues with algae-derived biodiesel 
are similar, with added potential difficulties including: 
1) contamination of the esters with chlorophyll, metals, 
toxins, or catalyst poisons (e.g., sulfur and phosphorus) 
from the algal biomass and/or growth medium; 2) undesired 
performance effects due to different chemical compositions; 
and 3) end-product variability.

Hydrocarbons: Renewable Diesel and  
Synthetic Paraffinic Kerosene
The hydrocarbon analog to biodiesel is renewable diesel, 
which is a non-oxygenated, paraffinic fuel produced 
by hydrotreating bio-derived fats or oils in a refinery 
(Aatola et al., 2009). Algal lipids can be used to produce 
renewable diesel or synthetic paraffinic kerosene (SPK), 
a blendstock for jet fuel. These blendstocks do not have 
oxidative-stability problems as severe as those of biodiesel, 
and renewable diesel actually tends to decrease engine-
out NOx emissions. Nevertheless, unless they are heavily 

isomerized (i.e., transformed from straight- to branched-
chain paraffins), renewable diesel and SPK will have 
cold-weather performance problems comparable to those 
experienced with biodiesel. Also, as was the case with algal 
biodiesel, contaminants and end-product variability are 
concerns.

Algal Blendstocks for Alcohol and 
Gasoline-Range Petroleum Products

While much of the attention paid to algae is focused on 
producing lipids and the subsequent conversion of the lipids 
to diesel-range blending components (discussed above), 
algae are already capable of producing alcohol (ethanol) 
directly, and there are several other potential gasoline-range 
products that could be produced by algae-based technology/
biorefineries. Petroleum products in the alcohols and 
gasoline range provide the major volume of fuels used by 
transportation vehicles and small combustion engines in 
the United States. Ethanol or butanol are the most common 
biofuels currently being considered for use in gasoline, 
and these alcohols can be produced from fermentation of 
starches and other carbohydrates contained in algae.

Additionally, the hydro-treating of bio-derived fats or 
oils in a refinery will typically yield a modest amount of 
gasoline-boiling-range hydrocarbon molecules. Refiners 
refer to this material as “hydro-cracked naphtha.” This 
naphtha tends to have a very low blending octane and 
would normally be “reformed” in a catalytic reformer 
within the refinery to increase its blending octane value 
prior to use in a gasoline blend.
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9.1  Resource Requirements for 
Different Cultivation Approaches

Photoautotrophic Microalgae Approach
Assessments of resource requirements and availability 
for large-scale, land-based photoautotrophic microalgal 
cultivation were conducted during the Aquatic Species 
Program (Sheehan et al., 1998), focusing primarily on 
the Southwest and southern tier of the United States 
(e.g., Maxwell et al., 1985; Lansford et al., 1990; 
Feinberg et al., 1990). Sufficient land, water, and 
CO2 resources were identified at the time to suggest 
that the production of billions of gallons of algal 
biofuel could be supported if sufficiently high algae 
productivities could be achieved affordably at scale. 
Many of the findings of these earlier assessments still 
apply today and the potential remains for biofuels 
and other co-products derived from photoautotrophic 
microalgae to significantly contribute to meeting U.S. 
transportation fuel needs and displacing petroleum use. 

Exhibit 9.2 provides a simple high-level overview of 
the major resource and environmental parameters that 
pertain to the algae biofuels production inputs of climate, 
water, CO2, energy, nutrients, and land. These parameters 
are of greatest importance to siting, facilities design, 
production efficiency, and costs. For each parameter, a 
variety of conditions may be more or less cost-effective 
for the siting and operation of algal biomass production. 
Additional resources include materials, capital, labor, 
and other inputs associated with facilities infrastructure 
and conducting operations and maintenance.

In addition to coastal and inland photoautotrophic 
microalgae production, off-shore marine environment 
concepts are also being proposed. This scenario 

9.  Resources and Siting  
The development and scale-up of algal biofuels 
production, as with any biomass-based technology and 
industry, needs to be analyzed from a site location, as 
well as from a resource availability and use perspective. 
Critical requirements—such as suitable land and climate, 
sustainable water resources, supplemental CO2 supply, 
and other nutrients—must be appropriately aligned in 
terms of their geo-location, characteristics, availability, 
and affordability. To achieve success regarding both 
technical and economic performance without adverse 
environmental impacts, the siting and resource factors 
must also be appropriately matched to the required growth 
conditions of the particular algae species being cultivated 
and the engineered growth systems being developed and 
deployed. The sustainability and environmental impacts 
of national algae production capacity build-up and 
operation over time will be important complementary 
aspects of the siting and resources issues that will also 
need careful consideration and analysis using tools 
and methodologies discussed later in chapter 10. 

This chapter provides an overview of the issues associated 
with site location and key resources for various microalgae 
and macroalgae production approaches (Exhibit 9.1). 
Further, an in-depth discussion is included on the potential 
to couple land-based microalgae biomass production 
with wastewater treatment and industrial sources of 
concentrated CO2, both of which influence siting decisions 
for algal biofuel production. Integration with wastewater 
treatment can play an additional important role in the 
sourcing of nutrients from both the input wastewater 
and from possible nutrient recycling from residual 
algal biomass. The status of algae-based wastewater 
treatment and necessary technical improvements for 
co-producing algal biofuels are described. Similarly, 
the challenges associated with coupling industrial 
CO2 sources with algae production are outlined.

ALGAE PRODUCTION APPROACH KEY RESOURCE REQUIREMENTS

Photoautotrophic microalgae production Climate, water, CO2, other nutrients, required 
energy inputs, and land

Heterotrophic microalgae production

Sourcing of suitable organic carbon feedstock, water, energy, 
and other inputs required for siting and operating industrial 
bioreactor-based algae production and post-processing to fuels 
and other co-products

Photoautotrophic macroalgae production Availability  of suitable coastal and off-shore marine site loca-
tions

Exhibit 9.1 Key resource issues for different algae systems
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organic carbon-rich waste streams, and lignocellulosic 
biomass, thereby sharing many of the same feedstock 
supply issues with first- and second-generation biofuels. 

Use of sugars from cane, beets, other sugar crops, and 
from the hydrolysis of starch grain crops can, after 
sufficient scale-up of production and demand, lead to the 
problem of linking biofuel production with competing 
food and feed markets. The preferred source of sugars 
and other appropriate organic carbon feedstocks for 
greatest sustainable scale-up potential and avoidance of 
adverse food/feed market impacts would be based on 
the use of carbon-rich waste streams and the successful 
deconstruction of lignocellulosic materials. The latter 
has the greatest feedstock scale-up potential and is being 
pursued and reported elsewhere through bioenergy 
programs under DOE and Department of Agriculture 
(USDA; e.g., Perlack et al., 2005; DOE, 2006a). This 
includes siting and resource issues that are closely 
coupled with the production, availability, supply logistics, 
and pretreatment of lignocellulosic biomass feedstock 
that is expected to be capable of national scale-up to 
over one billion tons annually (Perlack et al., 2005). 

Photoautotrophic Macroalgae Approach
Options for siting macroalgae (also known as seaweed 
or kelp) biomass production include offshore farms, 
near-shore coastal farms, and land-based ponds. The 
merits of each should be carefully evaluated, taking into 
consideration factors such as the scale of farms required 
to meet production needs, cost and availability of space 

can be represented by extension of Exhibit 9.2 to 
conceptually include the equivalence of land and 
culture facilities with off-shore areas and structures. A 
similar conceptual extension holds for the application 
of Exhibit 9.2 to off-shore macroalgae production.
  

Heterotrophic Microalgae Approach
Heterotrophic microalgae biomass and metabolite 
production is based on the use of organic carbon feedstock 
in the form of sugars or other relatively simple organic 
compounds instead of  photosynthesis. The algae are 
cultivated in the dark in closed industrial bioreactors 
that could potentially be established in many locations 
throughout the country. Achieving affordable scale-up and 
successful commercial expansion using the heterotrophic 
approach relies on the cost-effective availability of organic 
carbon feedstock—a resource that ultimately links back to 
a photosynthetic origin (Exhibit 9.3). Heterotrophic and 
photoautotrophic approaches to microalgae production 
have different siting and resource input implications 
and thus present synergistic integration opportunities. 
Heterotrophic production can be characterized as more of 
an industrial operation with a significant upstream logistics 
trail associated with the sourcing of the needed biomass-
derived input feedstocks, whereas photoautotrophic 
production, in terms of cultivation and harvesting, is more 
akin to agriculture and serves as the point of origin for the 
biomass feedstock supply for the downstream value chain. 
Resource issues for the heterotrophic approach are more 
largely associated with the upstream supply of organic 
carbon feedstock derived from commodity crops, selected 
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production, particularly in the case of land-based 
microalgae production. As illustrated in Exhibit 9.4, key 
factors include solar radiation, temperature, precipitation, 
evaporation, and severe weather. Closed photobioreactors 
are less sensitive to climate variability than open ponds 
due to the more controlled environment that closed 
systems can provide. Temperature and availability of 
sunlight, both seasonally and annually, will most directly 
affect productivity, whereas precipitation, evaporation, 
and severe weather will affect water supply and water 
quality in open systems. Heterotrophic algae production 
in closed industrial bioreactor systems utilize mature 
bioreactor technology that can provide relatively clean 
and protected environmental control needed to optimize 
growth conditions for higher biomass density cultures. 
Heterotrophic algal cultures can be one to two orders of 
magnitude higher in biomass density than possible with 
open photoautotrophic systems that typically achieve no 
more than about 1 gram per liter culture density. From a 
resource use perspective, the heterotrophic approach can 
reduce both water and energy-use intensity in the algae 
production operation. Closed heterotrophic bioreactor 
systems are decoupled from the variable ambient 
outdoor climate, weather conditions, and day/night light 
and temperature cycles. This is done at the expense of 

and nutrients, environmental impacts, and competition 
with other uses. The co-siting of macroalgal farms with 
other structures such as windfarms (Buck et al., 2004) 
has also been proposed as a way of leveraging other 
technologies to facilitate the cultivation of macroalgae. 
Based on the scale of macroalgae cultivation practices 
currently being used to meet non-fuel product demand 
(annual global production of about 1.4 million dry 
metric tonnes for food products), the level of production 
would need to be greatly expanded for biofuels. 

A major challenge lies in finding and developing new 
environments and cultivation approaches that will support 
production of macroalgae at the larger scales and lower 
costs needed to supply the biofuels market. Additional 
research, technology development, and favorable regulatory 
framework for coastal and offshore environment use could 
help enable cultivation at scales to meet production goals.

9.2  Resources Overview

Climate 
Sunlight and Temperature Needs

Various climate elements affect photoautotrophic algae 
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geographical regions were:  annual average cumulative 
sun hours ≥ 2800, annual average daily temperature 
≥ 55°F, and annual average freeze-free days ≥ 200. 

It was recognized from the outset that the correlation 
of these annual average climate criteria with what 
might actually be achieved with annual average algae 
productivity in large-scale deployed systems could 
only be taken as a gross indicator. Within that context, 
however, the results are suggestive and consistent with 
the more recent assessment by Pacific Northwest National 
Laboratory (PNNL) using higher GIS resolution and 
more information-rich climate and meteorological data. 
Projections of annual average algae biomass production 
from the PNNL study show clear patterns relating climate 
to total biomass growth, with the higher growth regions 
having gross qualitative similarity to Exhibit 9.4 and the 
southern tier states showing greatest productivity potential 
based on the modeling assumptions used. In Exhibit 9.4 
(a), the lack of attractiveness of the Gulf Coast region 
from southeast Texas to northwest Florida is attributed 
to the lower annual average solar insolation available, 
whereas PNNL study suggests projected productivities in 
this region could be relatively high. This is likely due to 
more moderate annual average temperatures despite lower 
solar insolation. These results should be considered simply 
indicative at this point rather than predictive, but suggest 
preference for lower latitude, i.e., lower elevation sites.
  
Additional factors could conceivably overcome what 
might otherwise appear to be uneconomical site and 
resource conditions for algae production. This could 
include situations where co-location of inland microalgae 
production at higher latitudes might be possible with 

high-cost systems, controls, and enclosures requiring 
energy input for environmental control. For the case of 
offshore marine macroalgae production, the ocean or sea 
environment provides a buffer that moderates temperature 
variation, with the major climate element affecting algal 
growth being the availability of sunlight. Storm and ocean 
dynamics affecting waves, currents, and marine nutrient 
transport cause additional impacts on productivity.

Equally important for photoautotrophic microalgae growth 
with both open and closed cultivation systems is the 
availability of abundant sunlight. A significant portion 
of the United States is suitable for algae production 
from the standpoint of having adequate solar radiation 
(with parts of Hawaii, California, Arizona, New Mexico, 
Texas, and Florida being most promising). The more 
northern latitude states, including Minnesota, Wisconsin, 
Michigan, and the New England states, would have 
very low productivity in the winter months. Growth of 
algae is technically feasible in many parts of the United 
States, but the availability of adequate sunlight and the 
suitability of climate and temperature are key siting and 
resource factors that will determine economic feasibility. 

Preferred Geographic Regions for Algae Production

Exhibit 9.4 presents some simple GIS-based scoping 
conducted by Sandia National Laboratories. The goal 
was to provide a preliminary high-level assessment 
identifying preferred regions of the United States for 
photoautotrophic microalgae production based on 
the application of selected filter criteria on annual 
average climate conditions, the availability of non-
fresh water, and the availability of concentrated sources 
of CO2. The climate criteria used to narrow down the 

Exhibit 9.4 Rough scoping assessment of preferred site locations for outdoor algae production

 a)  Regions with annual average climate conditions meeting 
selected criteria:  ≥ 2800 hour annual sunshine, annual 
average temperature ≥ 55˚ F, and ≥ 200 freeze-free days

 b)  Fossil-fired power plant sources of CO2 within 20 miles of 
municipal wastewater facilities in the preferred climate 
region
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locations. It is encouraging that researchers today 
are not only concerned with finding algae with high 
biomass productivity and oil content yield, but also with 
algae that grow well under severe climate conditions, 
particularly extremes in temperature, both high and low. 

Water Requirements 

Precipitation affects water availability (both surface 
and groundwater) at a given location within a given 
watershed region. Areas with higher annual average 
precipitation (more than 40 inches), represented by specific 
regions of Hawaii, the Northwest, and the Southeast, 
are desirable for algae production from the standpoint 
of long-term availability and sustainability of water 
supply. Evaporation, discussed later in this section, is 
closely coupled with climate and will increase water 
requirements for an open algae growth system. Evaporative 
loss can be a critical factor to consider when choosing 
locations for open pond production. Evaporation is a 
less important concern for selecting locations of closed 
photobioreactors, although evaporative cooling is often 
considered as a means to reduce culture temperature. 
The southwestern states (California, Arizona, and New 
Mexico) and Hawaii have the highest evaporation rates 
in the United States, with more than 60 inches annually. 
A thorough evaluation of evaporative water loss is 
needed to assess water requirements, implications for 
sustainable production scale-up, and overall economics. 
Evaporative water loss is discussed in a later subsection. 

Severe Weather Events and Elements

Severe weather events, such as heavy rain and flooding, 
hail storms, dust storms, tornadoes, and hurricanes pose 
serious concerns in the inland regions of the central states, 
Southwest, Southeast, and coastal areas. These weather 
events can contaminate an open system environment or 
cause physical damage to both open and closed systems, 
and need to be taken into account when looking at 
prospects for algae production in both inland and coastal 
regions of the United States. Offshore marine algae 
production will be subject to severe weather impacts 
in the form of wind, waves, and currents that can cause 
disruption or damage to physical structures and operations. 
The marine environment can also be highly corrosive 
to materials and usually demands both the use of higher 
quality and more costly materials and greater maintenance.

Water
General Water Balance and Management Needs

One of the major benefits of growing algae is that, unlike 
most terrestrial agriculture, algal culture can potentially 
utilize non-fresh water sources having few competing 

industrial operations capable of providing excess heat and 
power for cost-effective environmental control of the algae 
cultivation. This would, however, require a more refined 
analysis for systems that would likely be closed and highly 
integrated with co-located industries providing synergistic 
opportunities for utilizing waste heat and energy. Such 
analyses should include assessment of the monthly or 
seasonal solar radiation and ambient temperature ranges; 
it should also establish minimum economically feasible 
operational requirement values for heating in the winter 
and, for closed reactors, cooling in the summer. 

Seasonal Considerations 

Various species of microalgae have potential for biofuel 
feedstock production and are capable of growing under 
a wide range of temperatures. High annual production 
for a given species grown photoautotrophically outdoors, 
however, will require that suitable climatic conditions 
exist for a major part of the year (Maxwell et al., 1985). 
Therefore, a critical climate issue for both open and closed 
photobioreactor systems is the length of economically 
viable growing season(s) for the particular strains of algae 
available for productive cultivation. For outdoor ponds, 
the conventional crop analogy for this is the length of time 
between the last killing frost in the spring and the first 
killing frost in the fall. For closed photobioreactors, the 
conventional crop analog is the greenhouse and the limiting 
energy and cost needed to maintain internal temperature 
throughout the seasons. Availability and rotation of 
different algal species capable of good productivity in 
cold season and hot season conditions, respectively, would 
provide greater flexibility and could extend otherwise 
limited periods of commercially viable algae production. 

The primary geographical location factors for determining 
length of growing season are latitude and elevation, 
which have major influence on the hours and intensity 
of available sunlight per day and the daily and seasonal 
temperature variations. Areas with relatively long growing 
seasons (for example, 240 days or more of adequate solar 
insolation and average daily temperatures above the lower 
threshold needed for economically viable growth) are 
the lower elevation regions of the lower latitude states 
of Hawaii, Florida, and parts of Louisiana, Georgia, 
Texas, New Mexico, Arizona, and California. Other local 
climate and weather conditions will also have influence. 
Thorough analysis (preferably on a state-by-state basis) 
with detailed data is needed to assess areas most suitable 
for algae production based on this climate factor. Discovery 
and development of algae species capable of increased 
productivity under wider ranges of light and temperature 
conditions can also potentially lead to increased annual 
average productivities in more geographically diverse 
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uses, such as saline and brackish ground water, or “co-
produced water” from oil, natural gas, and coal-bed 
methane wells (Reynolds, 2003; USGS, 2002). However, 
for open pond systems in more arid environments with 
high rates of evaporation, salinity and water chemistry 
will change with evaporative water loss, thereby changing 
the culture conditions. This will require periodic blow-
down of ponds after salinity build-up, periodic addition 
of non-saline make-up water to dilute the salinity build-
up, the application of desalination treatment to control 
salinity build-up, or highly adaptive algae that can thrive 
under widely varying conditions. Open algal ponds may 
have to periodically be drained and re-filled, or staged as a 
cascading sequence of increasingly saline ponds each with 
different dominant algae species and growth conditions. 

Implementing water desalination would impose additional 
capital, energy, and operational costs. Disposal of high 
salt content effluent or solid byproducts, from pond 
drainage and replacement, or from desalination operations, 
can also become an environmental problem for inland 
locations. Some salt byproducts may have commercial 
value, depending on the chemistry. Water balance and 
management, along with associated salt build-up and 
management issues, from both a resource perspective 
and an algal cultivation perspective, are important areas 
for future research, modeling, and field assessment. 

Analysis of U.S. Water Supply and Management

Total combined fresh and saline water withdrawals in the 
United States as of the year 2005 were estimated at 410,000 
million gallons per day (Mgal/d), or 460,000 acre-feet 
per year (Kenny et al., 2009). Saline water (seawater and 
brackish coastal water) withdrawals were about 15% of 
the total. Almost all saline water, about 95%, is used by 
the thermoelectric-power industry in the coastal states 
to cool electricity-generating equipment. In 2005, nearly 
one-half of the total U.S. withdrawals (201,000 Mgal/d) 
were for thermoelectric-power generation, representing 
41% of all freshwater, 61% of all surface water, and 95% 
of all saline-water withdrawals in 2005. Withdrawals 
for irrigation of crops and other lands totaled 128,000 
Mgal/d and were the second-largest category of water 
use. Irrigation withdrawals represented 31% of all water 
withdrawals, and 37% of all freshwater withdrawals 
(Kenny et al., 2009). At the national scale, total combined 
fresh and saline water withdrawals more than doubled 
from about 180 billion gallons per day in 1950 to over 400 
billion gallons per day in 1980. Total withdrawals since 
the mid-1980s have remained relatively flat at slightly 
over 400 billion gallons per day, with the majority (85%) 
being fresh (Hutson et al., 2004; Kenny et al., 2009). 

The relatively flat national water withdrawal trend over 
the past 25 years, following the more than doubling of 
water demand over the 30 years prior to that, reflects 
the fact that fresh water sources in the Untied States are 
approaching full allocation. Growing demand for limited 
fresh water supplies in support of development and 
population increase has thus far been offset by increased 
conservation and by the increased re-use of wastewater. 
Many of the nations’ fresh ground water aquifers are under 
increasing stress, and the future expansion of fresh water 
supplies for non-agricultural use must increasingly come 
from the desalination of saline or brackish water sources 
and from the treatment and reuse of wastewater, all of 
which have increasing energy demand implications (DOE, 
2006b; Hightower et al., 2008; Kenny et al., 2009). 

The stress on fresh water supplies in the United States is 
not restricted to the more arid western half of the country, 
but is also becoming a local and regional concern at 
various locations throughout the eastern half of the country, 
where a growing number of counties are experiencing 
net fresh water withdrawals that exceed the sustainable 
supply from precipitation (DOE, 2006b; Hightower et al., 
2008; ). Climate change is also recognized as a factor that 
could have major effect on all sectors of water resources 
supply and management in the future (USGS, 2009). 

Scoping Out Water Requirements for Algae Production

Water use and consumption for algae-based biofuels will 
depend on the cultivation approach (photoautotrophic/
heterotrophic), with water use in upstream organic 
carbon feedstock production needing to be part of the 
heterotrophic assessment. Water use will also depend on 
the type of growth systems used for photoautotrophic 
microalgae (open vs. closed vs. hybrid combination), 
whether evaporative cooling is used for closed systems, 
and the site-specific details of climate, solar insolation, 
and weather conditions (cloud cover, wind, humidity, 
etc.). Also a complicating factor for evaporative water 
loss in open systems will be the degree of salinity of the 
water used for cultivation and the local latitude, elevation, 
ambient temperature variations, solar insolation, humidity, 
and wind conditions (Al-Shammiri, 2002; Hutchison et 
al., 1978; Kokya et al., 2008; Mao, 1999; Oroud, 1995). 
A significant source of water demand with inland algae 
production operations could be for the replacement of water 
continuously lost to evaporation from open cultivation 
systems. Whether or not this is a problem for sustainable 
algal industry scale-up will depend on the geographic 
location, climate conditions, and locally available water 
resources. This will be of greatest impact and concern in 
water-sparse locations, which also tend to be in the more 
arid and higher solar resource regions like the Southwest. 
A rough upper bound estimate of evaporative water loss 



9.  Resources and Siting       79

co-produced water. Additional analysis, experimental 
investigation, and field trials at larger scales of operation are 
needed to understand how best to leverage these resources.

Developing and Mapping Water Resources for  
Algae Production

When considering the water resources needed for the 
future development and expansion of algal biofuel 
production, the use of non-fresh water sources will need 
to be emphasized in the face of the growing competition 
and demands on limited sustainable fresh water supplies 
(DOE, 2006b; NAS, 2007; Hightower et al., 2008). 
From a resource use standpoint, integrating algae 
production with wastewater treatment, discussed 
later in this chapter, has the potential benefits of 
productively using non-fresh wastewater resources 
for renewable fuels, putting less additional demand on 
limited fresh water supplies, reducing eutrophication 
of natural water bodies, and recycling nutrients.

The unique ability of many species of algae to grow in 
non-fresh water over a range of salinities means that, in 
addition to coastal and possible off-shore areas, other inland 
parts of the country can be targeted for algae production 
where brackish or saline groundwater supplies may be 
both ample and unused or underutilized. Unfortunately, 
quantitative information remains limited on U.S. brackish 
and saline groundwater resources in terms of their extent, 
water quality and chemistry, and sustainable withdrawal 
capacity. An improved knowledge base is needed to better 
define the spatial distribution, depth, quantity, physical and 
chemical characteristics, and sustainable withdrawal rates 
for these non-fresh ground water resources, and to predict 
the effects of their extraction on the environment (Alley, 
2003; Dennehy, 2004). Saline groundwater resources, 
particularly deeper aquifers that are largely unregulated 
by state engineers and water authorities, are also of 
increasing interest and potential competition for access as 
a source of water for treatment and use to meet commercial 
and residential development needs in high growth rate 
water-sparse regions like the Southwest (Clark, 2009). 
Depth to groundwater is pertinent to the economics of 
resource development. Along with geological data, depth 
information determines the cost of drilling and operating 
(including energy input requirements for pumping) a 
well in a given location (Maxwell et al., 1985). Suitable 
aquifers located closer to the surface and nearer to the 
cultivation site would provide a more cost-effective source 
of water for algae production than deeper sources located 
longer distances from the cultivation site. The location, 
depth, and chemical characterization of saline aquifers 
in the United States are areas of investigation in need 
of greater investment. The maps of saline groundwater 

with open systems was done as part of a hypothetical 
scale-up scenario study in preparation for the National 
Algae Roadmap Workshop, held in December 2008. 
The notional scale-up scenarios and assumptions made 
are discussed later in this chapter (see Exhibit 9.7). 

The evaporative loss estimates from the notional scenarios 
provide an indication of the potential magnitude of the 
issue, and were based on simply applying fresh water 
open horizontal pan evaporation data (Farnsworth et 
al., 1982a and 1982b; Shuttleworth, 1993; Woolhiser 
et al., 1984) to large area scale-up of algae cultivation 
with open systems. Extrapolations based on fresh water 
pan evaporation data will be worst-case and will likely 
be an over-estimate of what can be expected under 
actual operating conditions in the field. Open bodies of 
brackish and saline water will usually experience less 
evaporative loss than fresh water, as noted earlier.

The evaporation estimates suggest that water loss on the 
order of several tens of gallons of water per kilogram 
of dry weight biomass produced, or several hundreds of 
gallons of water per gallon of algal biofuel produced, 
could be a consequence of open system operation 
in the more arid and sunny regions of the country. 
The most optimistic production scenario was for the 
southwestern United States, which assumed annual 
average algal biomass and oil productivities of nearly 
31 g/m2 per day with 50% dry weight oil content. If less 
optimistic productivities are assumed, the estimated 
evaporative water loss intensities will be greater. 

Evaporative water loss associated with algae cultivation 
can be significantly reduced if closed systems are used. 
Evaluation of water use for the overall value chain from 
algal cultivation through harvesting and post-processing 
into fuels and other products will also be important. 
Along the way, additional water will be used and 
consumed, and may well also be saved, reclaimed, and 
recycled, depending on systems and process specifics. 
Water must be considered a key element of life cycle 
analysis for algal biofuels, as with other forms of 
bioenergy (NAS, 2007; Gerbens-Leenes et al., 2009).
 
In summary, water utilization for algal biomass and 
downstream production of biofuels, both in terms of 
overall input supply needs and consumption, warrants 
closer attention and assessment to better understand and 
refine water resource requirements. Water requirements 
information will not be well characterized until larger scale 
systems are implemented, monitored, and evaluated under a 
range of site locations and conditions. There is considerable 
untapped potential for utilizing brackish, saline, and 
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EIA, 2008 and 2009). Power generation alone (mainly 
using coal) represents over 40% of the total, or more than 
2 billion metric tons per year (EIA, 2008 and 2009). 

Barriers to Viable CO2 Capture and Utilization

The degree to which stationary CO2 emissions can 
be captured and used affordably for algae production 
will be limited by the operational logistics and 
efficiencies, and the availability of land and water 
for algae cultivation scale-up within reasonable 
geographic proximity of stationary sources.
As an example, a recent analysis suggests that for algae 
production to fully utilize the CO2 in the flue gas emitted 
from a 50-MWe semi-base load natural-gas-fired power 
plant would require about 2,200 acres of algae cultivation 
area (Brune et al., 2009). The CO2 generated by the power 
plant can only be effectively used by the algae during 
the photosynthetically active sunlight hours. As a result, 
the greenhouse gas emissions offset will be limited to an 
estimated 20% to 30% of the total power plant emissions 
due to CO2 off-gassing during non-sunlight hours and the 
unavoidable parasitic losses of algae production (Brune 
et al., 2009). Larger coal-fired base-load generators that 
typically output a steady 1,000 to 2500 MWe of power 
would each require many tens of thousands of acres of 
algae production and large volumes of water to provide a 
similar effective offset of 20% to 30% of the CO2 emitted.

The distance for pumping flue gas to algae cultivation 
systems will become a limiting factor that requires 
capture and concentration of CO2 from the flue gas for 
longer distance transport and distribution. Applications 
separating CO2 in large industrial plants, including natural 
gas treatment plants and ammonia production facilities, 
are already in operation today and under consideration for 
possible broader use for carbon capture and storage (CCS) 
in response to climate change (Rubin, 2005; Campbell  
et al., 2008). Photoautotrophic algae will only utilize 
CO2 during daylight hours when photosynthesis is active. 
The rate of effective CO2 uptake will also vary with 
the algae species, biomass growth rate, and details of 
growth system and incident light conditions. Therefore, 
the requirements for CO2 supply to enhance algae 
production, and the matching of CO2 source availability 
with algal cultivation facilities, is not a simple issue. In 
addition, it will be necessary to provide a CO2 source that 
is suitably free of materials potentially toxic to algae. 

An inventory of stationary industrial CO2 sources in 
the more promising regions of the country, including 
characterization of the CO2 emissions stream (e.g., 
rates and quantities of CO2 produced, content, and 
description of substances toxic to algal growth) and the 
local availability and distance to suitable land for algae 

resources are based on incomplete data that was largely 
developed by the USGS prior to the mid-1960s (Feth, 
1965; Dennehy, 2004). More detailed and up-to-date 
information is needed to improve our understanding 
of this resource in support of algae production siting 
analyses (Dennehy, 2004; NATCARB, 2008b). Produced 
water from petroleum, natural gas, and coal bed methane 
wells is another closely related and underutilized water 
resource that can range in quality from nearly fresh 
to hyper-saline (Reynolds 2003; USGS, 2002). 

The geographical location, spatial extent, depth, potential 
yield, recharge rate, sustainability of supply, and quality 
(chemical components and characteristics) are important 
information for assessing non-fresh groundwater aquifer 
resource availability and suitability for economic uses 
(Shannon, 2006), including algae production. A limited 
amount of this information is available for major 
aquifers. However, if these aquifers are spread over 
large geographic areas, detailed analysis is difficult 
and often lacking. Data on small, local aquifers may be 
available through state agencies and private engineering 
companies, but a significant effort will still be needed to 
locate, identify, collect, and analyze this information. 

Carbon Dioxide
The Carbon Capture Opportunity in Algae Production

Efficient algae production requires enriched sources of CO2 
since the rate of supply from the atmosphere is limited by 
diffusion rates through the surface resistance of the water 
in the cultivation system. Flue gas, such as from fossil-
fuel-fired power plants, would be a good source of CO2. 
Algae production could provide excellent opportunities for 
the utilization of fossil carbon emissions and complement 
subsurface sequestration. However, algae production does 
not actually sequester fossil carbon, but rather provides 
carbon capture and reuse in the form of fuels and other 
products derived from the algae biomass. Any greenhouse 
gas abatement credits would come from the substitution 
of renewable fuels and other co-products that displace or 
reduce fossil fuel consumption. In addition, at some large 
scale of algae production, parasitic losses from flue gas 
treatment, transport, and distribution could require more 
energy input than the output energy displacement value 
represented by the algae biofuels and other co-products. 

Likely Stationary CO2 Emission Sources

Major stationary CO2 emission sources that could 
potentially be used for algae production are shown in 
Exhibit 9.5. The sources shown (NATCARB, 2008) 
represent over half of the more than 6 billion metric tons 
of CO2 emitted annually in the United States (EPA, 2009; 
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production, is needed for making refined assessments for 
algae production siting and CO2 sourcing. One outcome 
of a hypothetical algae production scale-up scenario is 
the limited quantity of CO2 that would likely be available 
from stationary industrial point sources (e.g., Exhibit 
9.5) within practical transport distances of suitable algae 
production sites in a given geographical region. This 
can be expected to constrain the extent to which algal 
biofuels production can be affordably scaled up within 
any given region unless other factors drive the investment 
in expanding the nation’s CO2 pipeline infrastructure. 

Land
Factors for Evaluating Land for Algal Production

Land availability will be important for algae production 
because either open or closed systems will require 
relatively large areas for implementation, as is expected 
with any photosynthesis-based biomass feedstock. Even 
at levels of photoautotrophic microalgae biomass and oil 
productivity that would stretch the limits of an aggressive 
R&D program (e.g., target annual average biomass 
production of 30 to 60 g/m2 per day with 30% to 50% 
neutral lipid content on a dry weight basis), such systems 
would require in the range of roughly 800 to 2600 acres of 
algae culture surface area to produce 10 million gallons of 
oil feedstock, as will be discussed further in chapter 10. 

Land availability is influenced by various physical, social, 
economic, legal, and political factors, as illustrated in 
Exhibit 9.6. Hundreds of millions of acres of relatively low-
productivity, lower-value land exists in the United States 
(USDA, 2006 and 2009), including pasture, grassland, 
and relatively barren desert land. For a realistic appraisal 
of land for algae production (i.e., land that would be both 
suitable and potentially available for siting algae production 
facilities), several characteristics need to be considered. 

Physical characteristics, such as topography and soil, could  
limit the land available for open pond algae farming. Soils,  
and particularly their porosity and permeability 
characteristics, affect the construction costs and design 
of open systems by virtue of the need for pond lining or 
sealing. Topography would be a limiting factor for these  
systems because the installation of large shallow ponds  
requires relatively flat terrain. Areas with more than 5% 
 slope could well be eliminated from consideration due to  
the high cost that would be required for site  
preparation and leveling. 

Land ownership information provides valuable insights 
on which policies and stakeholders could affect project 
development. Publicly and privately owned lands are 
subject to variable use, lease, and purchase requirements. 
For example, much of the land in the West is government 
owned, which means that environmental assessments and/

CATEGORY
CO2 EMISSIONS

(Million Metric Ton/Year)
NUMBER OF SOURCES

Ag Processing 6.3 140

Cement Plants 86.3 112

Electricity Generation 2,702.5 3,002

Ethanol Plants 41.3 163

Fertilizer 7.0 13

Industrial 141.9 665

Other 3.6 53

Petroleum and Natural
Gas Processing 90.2 475

Refineries/Chemical 196.9 173

Total 3,276.1 4,796

Exhibit 9.5 Major stationary CO2 sources in the United States (NATCARB, 2008a)
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or environmental impact statements could be required 
as part of the approval process. Indian reservations also 
comprise a significant portion of this land. Land ownership 
can represent and impose political and regulatory 
constraints on land availability (Maxwell et al., 1985). 

Further, as with any form of biomass, algae productivity 
will be constrained by the available energy density 
in sunlight and the relatively low efficiencies of 
photosynthetic processes coupled with other systems losses. 
The result will be theoretical and practical upper limits on 
the amount of biomass growth that can be achieved per unit 
of illuminated surface (Weyer et al., 2009). Contributing to 
productivity limits per unit of illuminated surface area is the 
fact that algal cells nearest the illuminated surface absorb 
the light and shade their neighbors farther from the light 
source. Optimizing light utilization in algae production 
systems includes the challenge of managing dissipative 
energy losses that occur when incident photons that cannot 
otherwise be effectively captured and used by the algae 
in photosynthesis are instead converted to thermal (heat) 
energy in the culture media and surrounding cultivation 
system structures. Depending on the algae strain and 
culture system approach used, the dissipative heat loading 
can be a benefit in moderating culture temperatures and 
improving productivity under colder ambient conditions, 
or can lead to overheating and loss of productivity 
during hotter ambient conditions. Loss mechanisms that 

restrict the fraction of incident photon flux that can be 
effectively used to drive photosynthesis ultimately places 
practical upper limits on the biomass productivity.
Despite the practical upper limits that will naturally exist 
for algae productivity, the potential remains for high 
algae biomass production relative to more conventional 
crops, (chapter 10). It must be stressed that “potential” 
algal biomass and bio-oil production projections at 
commercial scale currently remain hypothetical rather 
than real, given that large-scale algae biomass production 
intended for bioenergy feedstock does not yet exist. 
Relatively large-scale commercial algae production 
with open ponds for high-value products can serve as a 
baseline reference, but currently reflect lower biomass 
productivities in the range of 10 - 20 g/m2 per day. This 
is significantly lower than the more optimistic target 
projections for biofuel feedstock of 30 - 60 g/m2 per day. 
However, such systems have not been optimized for 
higher-volume, lower-value production with algal strains 
developed and improved over time to be more suitable and 
productive for biofuel feedstock rather than those used 
for today’s high-value algae biomass product markets. 

Land Availability Constraints 
Land use and land value affect land affordability. By 
reviewing the more recent economic analyses for algae 
biomass and projected oil production, the cost of land is 
often not considered or is relatively small compared to other 
capital cost. Land that is highly desirable for development 
and other set-asides for publically beneficial reasons may 
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the available and appropriately suitable land for algae production 
(Adapted from Maxwell et al., 1985 )
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Wastewater Treatment and 
Recycling Applications
Municipal wastewater treatment facilities and agricultural 
dairy and feedlot operations located throughout the 
United States, particularly in the eastern half of the 
country, represent potential co-location sites for algae 
operations where nutrient-rich wastewater could be 
used for algae production, and the algae production can 
help provide nutrient removal service in the wastewater 
treatment. Two main types of algae production facility are 
envisioned: dedicated facilities, with the main purpose of 
biomass production, and wastewater treatment facilities, 
which produce algal biomass as a consequence of the 
wastewater treatment. Dedicated biomass production 
facilities will also require wastewater treatment and 
nutrient recycling. A subset of wastewater treatment 
facilities consist of evaporation facilities, which are 
used to dispose of wastewater or brines. The roles of 
these facility types in the development of an algae 
biofuels industry are discussed in this subsection.

Algae can be useful in the treatment of waters polluted with 
organic matter, excess nutrients (e.g., nitrogen, phosphorus, 
and potassium), metals, synthetic organic compounds, 

not be seen as suitable for algae production. The same 
applies to land highly suited for higher-value agricultural 
use. Beyond economics, this also avoids the perception 
and potential conflict of food and feed production versus 
fuel. Sensitive environmental or cultural land constraints 
will also reduce the overall land availability (Maxwell 
et al., 1985). Examples of this type of constraint include 
parks, monuments, wildlife areas, archaeological sites, 
and other historical sites. On the other hand, some land 
cover characteristics could present excellent opportunities 
for algae farming. Land cover categories such as barren 
and scrubland cover a large portion of the West and may 
provide an area free from other food-based agriculture 
where algae growth systems could be sited (Maxwell et al., 
1985). The availability and sustainability of water supplies 
in the West will also be a key consideration, as noted earlier.

9.4  Integration with Water 
Treatment Facilities 
Inevitably, wastewater treatment and recycling 
must be incorporated with algae biofuel production. 
The main connections of algae production and 
wastewater treatment are the following:

• Treatment technology is needed to recycle 
nutrients and water from algae biofuel processing 
residuals for use in algae production. 

• Imported wastewater provides nutrients and water to 
make-up inevitable losses. The imported wastewater 
would be treated as part of the algae production.

• Algae-based wastewater treatment provides a needed 
service.

• Algae-based wastewater treatment can be 
deployed in the near-term and provides workforce 
training and experience in large-scale algae 
cultivation that would translate to future dedicated 
algae feedstock production facilities. 

For large-scale algae biofuel production, nutrients from 
wastewater (municipal and agricultural) would be captured 
by algae and then recycled from the oil extraction residuals 
for additional rounds of algae production. Nutrient 
recycling would be needed since wastewater flows in 
the United States are insufficient to support large-scale 
algae production on the basis of a single use of nutrients. 
Inevitable nutrients losses during algae production 
and processing could be made up with wastewater 
nutrients, which can also help supplement and off-set 
the cost of commercial fertilizers for algae production. 
Supply and cost of nutrients (nitrogen, phosphorus, and 
potassium) be a key issue for achieving affordable and 
sustainable scale-up of algae biofuels production.

POTENTIAL BENEFITS OF ALGAE PRODUCTION 
WITH WASTEWATER TREATMENT

Although algae-based wastewater treatment requires 
many times more land area than mechanical treatment 
technologies, in suitable climates, algae-based 
treatment has the following advantages: 

• Early opportunity to develop large-scale 
algae production infrastructure

• Development of skilled algae production workforce

• Potential for nutrient recycling at algae 
biomass production facilities

• Wastewater treatment revenue that 
offsets algae production costs

• Lower capital and O&M costs than 
conventional wastewater treatment

• Lower energy intensity than conventional 
wastewater treatment (a greenhouse gas benefit)

• Potential to be integrated with power plant 
or other CO2-emitting industry operations

• Potential to treat agricultural drainage 
and eutrophic water bodies
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As with other algae production systems, harvesting is a 
crucial step in wastewater treatment systems. The standard 
method is chemical addition to achieve coagulation and 
flocculation, followed by algae separation in dissolved 
air flotation units or sedimentation clarifiers. The cost 
of chemical addition ($0.10 - $0.17 per m3 treated) 
(Maglion, 2008) is high for biofuel production. Non-
chemical flocculation processes (bioflocculation and 
autoflocculation) are far less costly, but research is 
needed to improve the reliability of these processes (as 
discussed in chapter 4). As noted above, the major types 
of wastewaters available for combined algae production 
and water treatment are those contaminated with organic 
matter and nutrients (e.g., municipal and industrial sources) 
and wastewaters mainly contaminated with inorganic 
nutrients (e.g., agricultural drainage, rivers, and lakes).

Treatment of Organic Wastewaters for Algae Production

Organic-rich wastewaters usually also contain nutrients, 
requiring two types of treatment. Algae are similar to 
plants in that they both produce oxygen and assimilate 
nutrients. These reactions are also the best-known 
mechanisms of wastewater treatment by algae. The 
dissolved oxygen algae release is used by treatment bacteria 
to oxidize waste organic matter (Exhibit 9.7). The ability 
of algae to assimilate dissolved nutrients down to trace  
concentrations is useful in wastewater treatment, if the 
nutrient-rich algae are then also removed from the water.
Less well-known are the ability of algal systems to provide 
natural disinfection and remove trace contaminants.
Disinfection is promoted via the production of oxygen 
radicals in the presence of sunlight, dissolved oxygen, 
and naturally occurring organic catalysts (Sinton et al., 
2002, Kohn et al., 2007). Heavy metals may be removed 
by adsorption to algal cells, which will be a benefit as 
long as the resulting metals concentrations in the algae 
biomass are not excessive or inhibitive for later use in 
the processing of fuel and other co-products. Finally, the 
interaction of algae and bacteria in wastewater cultures 
leads to degradation of a wide variety of synthetic 
organic compounds such as phenol and acetonitrile 
(Borde et al., 2003, Muñoz et al., 2005). The 
removal of trace contaminants (e.g., endocrine disrupting 
compounds such as human hormones and antibiotics 
from animal facilities) is an area in need of study. 

Mechanical treatment technologies typically hold 
the wastewater for less than 12 hours, whereas pond 
technologies hold the wastewater for at least several days 
and in an environment similar to many natural receiving 
waters. The bioaccumulation of trace contaminants in 
algae that would occur in the receiving waters, eventually 
harming higher organisms, might be prevented to a 

and potentially endocrine disrupting compounds (Oswald, 
1988; Woertz et al., 2009; Aksu, 1998; Borde et al., 
2002). High rates of algae production lead to high rates 
of nutrient removal and wastewater treatment. Thus, the 
objectives of biofuel feedstock production and wastewater 
treatment are aligned, at least in terms of maximizing 
biomass production. Maintenance of lipid-rich strains, 
or manipulation of culture conditions to promote lipid 
production, have yet to be demonstrated consistently 
for ponds, including wastewater treatment ponds. 

Algae-based treatment facilities are typically less expensive 
to build and to operate than conventional mechanical 
treatment facilities. For example, high-productivity algae 
ponds have a total cost that is about 70% less than activated 
sludge, which is the leading water treatment technology 
used in the United States (Downing et al., 2002). This 
cost savings, coupled with the tremendous need for 
expanded and improved wastewater treatment in the United 
States (EPA, 2008) and throughout the world, provides a 
practical opportunity to install algae production facilities 
in conjunction with wastewater treatment. The major 
classes of wastewaters to be treated are municipal, organic 
industrial (e.g., food processing), organic agricultural 
(e.g., confined animal facilities), and eutrophic waters 
with low organic content but high nutrient content (e.g., 
agricultural drainage, lakes, and rivers). Despite a seeming 
abundance of wastewater and waste nutrients, recycling of 
nutrients and carbon at algae production facilities will be 
needed if algae are to make a substantial contribution to 
national biofuel production. Even with internal recycling, 
importation of wastes and/or wastewater will still be 
needed in dedicated algae biomass production facilities 
to make up for nutrient losses (Brune et al., 2009). 

Algae Production Techniques for 
Wastewater Treatment Plants
Integration of algae production with wastewater treatment 
is illustrated schematically in Exhibit 9.7. Existing 
algae-based treatment facilities use relatively deep 
ponds (1-6 m). The great depths contribute to low algae 
productivity, but high productivity is not crucial to the 
treatment goals of these facilities (removal of organic 
matter and pathogens only). Ponds for more advanced 
treatment, including nutrient removal, need high algae 
productivities (as does biofuels feedstock production). 
These highly productive systems use shallow reactors, 
either high rate ponds (~30 cm) or algal turf scrubbers  
(~1 cm). Closed photobioreactors are not emphasized 
in this wastewater treatment discussion since they are 
likely to be economical only when also producing 
high-value products (>$100/kg biomass), which is 
unlikely when wastewater contaminants are present.
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• Determine growth model parameters
• Develop algae grazer control strategies  
• Develop reliable low-cost algae harvesting 

techniques, such as bioflocculation, 
autoflocculation, micro-screening, etc.

• Demonstrate recycling of biofuel processing 
wastes for algae production  

• Determine the cost savings and greenhouse gas 
(GHG) emissions avoidance benefits compared to 
conventional wastewater treatment technologies.

9.5  Co-location of Algal  
Cultivation Facilities with 
CO2-Emitting Industries
This section includes findings from discussions held at the 
National Algal Roadmap Workshop break-out sessions, 
and additional input sought from managers at major 
electric utilities through later meetings and conference 
calls. These follow-on efforts were coordinated with the 
Electric Power Research Institute (EPRI), and included 
several large municipal electric utilities. The topics 
of discussion included the value proposition, desired 
outcomes, integration opportunities and challenges, market 
drivers, technical and market challenges, constraints 
on large-scale development, co-products, and potential 
opportunities for the federal government. Findings from 
these interviews and conference calls were integrated 
with the Workshop inputs in developing this section.
It is important to point out that amongst the numerous 
barriers to co-location of algal cultivation facilities with 
industrial CO2 sources identified at the Workshop and 
subsequent discussions with electric utilities, an overriding 
theme was that electric utilities primarily view algae 
cultivation as a means of CO2 capture as opposed to a 
method for producing biofuels and co-products. Thus, 
electric utilities may need to partner with algae cultivation/ 
technology companies and fuel refiners/distributers with 
very different business models and goals for algae 
production in order for this type of co-location to be 
widely commercialized. Furthermore, research efforts 
and policy evaluations would likely need to focus on 
both carbon capture and the production of biofuels and 
co-products to overcome barriers (technical, regulatory 
and economic) for algae facilities that are co-located 
with electric utilities and other industrial CO2 sources. 

great extend by pond treatment followed by algae 
harvesting. The processing of the algal biomass for fuel 
and other co-products would presumably destroy and 
neutralize the contaminants, but further investigation is
needed to confirm this. However, any heavy metals 
contaminating the algal biomass likely would remain in 
the waste from biofuel processing, potentially increasing 
the cost of waste disposal or recycling. For all biofuel 
feedstocks, routes of such contamination should be 
studied and preventative measures developed.

Treatment of Inorganic Wastewaters for Algae Production

In addition to the ability of algae systems to treat 
organic-rich wastewaters, their ability to treat high-
nutrient, low-organic content wastewaters will expand 
the opportunities for algae production systems. 
Agricultural drainage and eutrophic water bodies 
(e.g., Salton Sea, Calif.) are examples of such waters 
(Benemann et al., 2002). Treatment of nutrient-rich 
waters is likely to occur in more rural settings than 
treatment of municipal wastewaters, potentially leading 
to greater land availability and savings in land costs.

For algae-based treatment of low-organic content 
wastewaters, CO2 addition or slow atmospheric 
absorption is essential since inorganic carbon generation 
from decomposition of organic matter would not be 
significant. Treatment of agricultural drainage with 
algal turf scrubbers without CO2-addition and high 
rate ponds with CO2 addition has been demonstrated in 
California’s Central Valley and elsewhere (Craggs et 
al., 1996; Mulbry et al., 2008; Lundquist et al., 2004). 

High rate ponds might be used as components of 
evaporation systems needed to dispose of blow-down 
or other wastewater. The high rate ponds could create 
an algal product while performing the service of water 
evaporation. Evaporation ponds are currently used to 
dispose of agricultural drainage, oil field produced 
water, mine drainage, etc. As with any evaporation pond 
system, hazards to wildlife from toxic compounds (e.g., 
selenium, chromium) must be carefully evaluated.

Main Research Needs for Algae 
Production with Wastewater 
Successful use of high rate ponds specifically for  
nutrient removal/recycling requires resolution  
of several issues, as follows: 

• Large-scale (3-5 acre) demonstration of CO2-
enhanced high rate ponds for nutrient removal 

• Determine CO2 biofixation efficiency
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Coal-fired power plants may be a convenient source of 
CO2 for algae production, but from an emissions control 
perspective, construction of algae systems at natural 
gas-fired power plants may be a better investment. The 
reason is that coal-fired power plants have higher CO2 
emissions per unit energy produced than natural gas-fired 
power plants. Thus, using algae to capture the maximum 
amount of CO2 emissions from coal-fired plants would 
require proportionally larger algae production systems 
per unit energy produced and higher costs per unit energy 
produced. However, coal-fired plant flue gas typically 
has about a factor of two greater CO2 concentration 
(10 - 15%) than natural gas plants (5 - 6%), which can 
bring some advantage in terms of efficiency of capture, 
transport, and delivery of CO2 from the power plant to 
the algae cultivation site. Also, gas-fired power plants 
that operate as peaking plants rather than base-load 
generators will have intermittent operation that would 
introduce intermittency in the supply of CO2 for algae 
growth. The impact on algae production would depend 
on the phasing of the intermittency with respect to the 
daylight hours when photosynthesis is active. Gas-fired 
baseload generators would not be intermittent, but, as 
with baseload coal-fired plants, would also emit CO2 
during periods of darkness when it cannot be utilized by 
the algae through photosynthesis. During those times, 
the CO2 would be emitted to the atmosphere if not 
captured and sequestered by other means (Rubin, 2005). 

The Opportunity in Co-Locating 
with CO2-Emitting Sources
Since photoautotropic algae growth requires CO2, and 
productivity can be enhanced by supplementing the 
limited CO2 available from the atmosphere, concentrated 
sources flue gas from fossil-fuel burning power plants 
and other CO2-emitting industrial sources can be 
beneficially used in algae production. Resulting costs for 
CO2 will be site-specific and dependent on methods of 
capture, conditioning, and distance of transport to algae 
cultivation sites. Costs are expected to be lower than for 
pure commercially supplied CO2, but economic viability 
must be determined case by case. Offset of fossil fuel 
consumption by algae biofuel and other co-products must 
be done with approaches that provide a net GHG emissions 
reduction. Co-location of algal cultivation with industrial 
CO2 sources is a promising area for further research.

While the information in this section focuses on fossil-
fired power plants, it is also relevant to other CO2-intensive 
industries (e.g., cement manufacturing, fossil fuel 
extraction/refining, fermentation-based industries, some 
geothermal power production, etc.). The emissions from 
many of these facilities have higher CO2 concentrations 
compared to power plant flue gas, which typically ranges 
from about 5% to about 15%, depending on the type of 
plant and fuel used. This higher concentration would affect 
the sizing and operations of algae production facilities—
an aspect that could be incorporated into engineering 
models described in more detail in the Systems and 
Techno-Economic Assessment section of this report.

An important policy question to consider is the value 
of CO2 absorption by algae in any carbon-credit or 
cap and trade framework, in that the carbon will be 
re-released to the atmosphere when algal-derived 
fuels are combusted. While algae biofuels can be 
expected to result in a net reduction of overall GHG 
emissions, the process of capturing flue-gas CO2 to make 
transportation fuels may not rigorously be considered 
carbon sequestration. The regulatory implications 
of this will need to be addressed before utilities 
and fuel companies are likely to widely adopt algal 
cultivation co-located with industrial CO2 sources.
A variety of stationary industrial sources of CO2 
are distributed throughout the United States. The 
quantitative breakdown, introduced earlier in Exhibit 
9.5, shows that fossil-fired power plants represent 
the majority of CO2 emissions from stationary 
sources. A number of large coal-burning power plants 
distributed across the southern tier states provide 
ample sources for algal growth on a large scale. 

ADVANTAGES OF CO-LOCATION OF 
ALGAE PRODUCTION WITH STATIONARY 

INDUSTRIAL CO2 SOURCES
• Abundant quantities of concentrated CO2 available 

from stationary industrial sources can supplement 
low concentration CO2 from the atmosphere. 

• Excess heat or power may be available to provide 
heating or cooling for improved thermal 
management of algae cultivation systems – this 
will allow developing algal cultivation facilities 
under a broader range of geographic and climate 
conditions on or near a year-round basis.

• Excess wastewater or cooling water may be 
available, found often in proximity of power 
plants – overcoming a primary resource challenge 
for algae cultivation at scale, while providing 
beneficial re-use of cooling water and wastewater.

• Potential carbon credit for utilities. This will 
require establishing a U.S. policy on carbon 
absorption and re-use as transportation 
fuel in lieu of permanent sequestration.
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• Maintaining cultivation facilities during utility outages 
and through seasonal changes in algal growth rates: 
Detailed models will be needed to develop and evaluate 
approaches for managing the variable nature of both 
CO2 emissions and algal growth rates/CO2 uptake.

• Resistance from electric utilities: Electric utilities are 
not in the fuels business and regulated public utility 
commissions will be constrained in entering the fuel 
production arena. Their fundamental objective will be 
to capture CO2 as opposed to producing biofuels and 
co-products. Thus, mechanisms to encourage partnering 
between utilities and algae/fuel companies will be 
required, and new business models will be needed to 
commercialize this approach.

Directions for Research and Development
Several areas for research, as well as policy-development 
efforts, will be required for commercialization of 
algal cultivation facilities co-located with industrial 
CO2 sources and/or wastewater treatment facilities.  
The following directions have been identified:
• Develop computer models of algae production 

facilities that will aid the following:
 ▪ Rapid and consistent engineering design
 ▪ Techno-economic analyses
 ▪ Life Cycle Analysis and GHG abatement analysis
 ▪ National inventory of potential production sites
 ▪ Evaluation of economies of scale vs. advantages 

of decentralized production considering 
parasitic losses of CO2 transport, etc.

 ▪ Evaluation of temperature control (power 
plant cooling and algae pond heating)

 ▪ Development of efficient test-bed facilities
• Establish national algae biomass production test-beds 

to conduct research at the pilot scale (3 - 10 acres).  
The test-beds would ideally be located at power plants,  
wastewater treatment facilities, ethanol plants or other 
CO2 emitting industry facilities, and agricultural 
drainage/water body restoration sites that also represent 
 a range geographical locations, solar resource, and 
 climate conditions. This effort could involve a 
consortium of R&D organizations, universities, algal  
cultivation companies, algal technology companies, 
refiners, distributors, and other participants coordinated 
at the national level. Specific test-bed R&D  
topics relevant to power and wastewater utilities  
include:
 ▪ Technology evaluation at larger scales
 ▪ Determination of algae production facility model  

parameters

Barriers to Co-Location of Algae 
Production with Stationary Industrial  
CO2 Sources 
• Need for nutrient sources: While stationary industrial 

sources of concentrated CO2 can potentially provide 
ample carbon for photosynthesis-driven algal growth, 
in most cases there will not be a complementary 
nutrient (N, P, K) supply. Therefore nutrients must be 
brought in from other sources, or in some cases algal 
cultivation could be co-located with both stationary 
CO2 sources and nutrient sources such as wastewater 
treatment facilities and agricultural waste streams. 

• Unclear regulatory framework for carbon-capture 
credits: Until there are regulations in place that  
quantify carbon credits from algal growth facilities,  
the uncertainty may pose a barrier for wide commercial  
adoption of the technology.

• Land availability: Suitable and affordable vacant land  
may not be available adjacent to or near major  
power plants 

• Emissions from ponds are at ground level: Regulatory 
requirements from power plants and other stationary 
sources are governed by the Clean Air Act, and 
are based upon point-source emissions from high 
elevations. The use of flue gas to cultivate algae will 
involve non-point source emissions at ground level. 

• Capital costs and operational costs: There exists a 
need to evaluate capital costs and parasitic operational 
losses (and costs) for infrastructure and power required 
to capture and deliver industrial CO2 to ponds and 
grow/harvest algae. These costs and losses must be 
minimized and compared to other approaches for the 
capture and sequestration or reuse of carbon. Current 
estimates are that approximately 20% - 30% of a 
power plant’s greenhouse gas emissions can be offset 
by algae biofuel and protein production (Brune et al., 
2009). Although often referred to as a “free” resource, 
the capture and delivery of concentrated CO2 from 
stationary industrial sources as a supplement to enhance 
and optimize algae production will not be “free”.

• Too much CO2 near plants for realistic absorption:  
Large power plants release too much CO2 to 
be absorbed by algal ponds at a realistic scale 
likely to be possible near the power plant 
facility. The same generally holds true for other 
stationary industrial sources of CO2 (cement 
plants, ethanol plants, etc.). Also, CO2 is only 
absorbed during periods when sunlight is available 
and photosynthesis is active in the algae.
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 ▪ Flue gas or other industrial source CO2 supply 
logistics, costs, and absorption/biofixation efficiency  
and algal biomass productivity given seasonal and 
diel variations in photosynthesis and various  
water chemistries

 ▪ Control of algal biomass quality (ratios of lipids: 
proteins: carbohydrates and C:N:P)

 ▪ Methods of nutrient and water recycling within  
production facilities; salinity and blowdown 
 management.

 ▪ Algal biomass handling, storage, and processing  
prior to fuel extraction; flocculation harvesting;  
pathogen safety

 ▪ Beneficial management of residuals for soil carbon  
development, crop fertilization, etc.  

 ▪ Development of algal strains and their cultivation 
techniques

 ▪ Investigate the safety of ground-level flue gas  
emissions from ponds including plume modeling  
and regulatory analysis

 ▪ Effects of various flue gases on algae production  
and co-product quality

 ▪ Scrubbing of flue gas for NOx, SOx, etc.
 ▪ Power plant cooling with treated wastewater in  

conjunction with algae production 
• Evaluate policies that would encourage partnering 

between public utilities/other industrial CO2 sources 
and algal cultivation/technology companies  
and refiners/distributors.

• Develop and train the future algae production/algae 
biomass processing workforce at the national test-bed 
and other sites. Develop university training programs. 
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challenges along each of these pathways, as discussed 
throughout the Roadmap. Systems modeling and analyses 
applied across this space and done at different levels of 
precision and granularity, ranging from individual unit 
operations to an integrated enterprise, to an overall regional 
or national resource and supply chain assessment, can 
provide informed guidance for targeting investments in 
select technologies, processes, systems, and deployment 
approaches. It can also help track performance and 
progress (technical, economic, and environmental) critical 
to meeting performance objectives and reaching goals for 
successful commercialization, as illustrated in Exhibit 10.2. 

In short, techno-economic modeling and analysis can 
serve a range of purposes and goals that include:  
• Assess technical performance and cost/benefit  

tradeoffs among different technologies, systems, 
and processes, e.g., comparative yield and 
energy balance for different pathways

• Assess economic impact of R&D strategies and  
investments, e.g., comparative cost per 
gallon of biofuel for different pathways

10.  Systems and Techno-Economic Analysis
Successful development of an algae-based biofuels and 
co-products industry requires the optimum combination of 
technical innovations in systems and processes, coupled 
with economic feasibility in the practical implementation 
and integrated scale-up for commercial production 
and marketing. Enabling successful advancement and 
commercialization of the still relatively immature 
field of algal biofuels also requires the confidence and 
engagement of key public and private stakeholders so 
they can make necessary investments over time to reduce 
technical risks and overcome challenges to developing 
an algal biofuels industry. Toward this end, objective 
and quantitative modeling and analyses of systems and 
processes are needed that span different enterprise levels 
across the overall algae-to-biofuels supply chain. Such 
analyses can provide improved understanding and insight 
to help guide successful industry development within the 
real-world context of technical, environmental, political, 
infrastructural, and market conditions and constraints. 

10.1  Objectives of  
Techno-Economic Analysis 
Given the numerous potential approaches and pathways 
available for algae biofuels and co-products (as illustrated 
in Exhibit 10.1), significant investment is expected to be 
required to overcome the various technical and economic 
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10.2  TEA Scope and Methods
Exhibit 10.3 illustrates at a high level the essential 
elements of techno-economic modeling and analysis. 
These intersecting elements present a broad systems 
perspective that integrates the interdependent science 
and engineering aspects specific to developing algae 
biofuels, keeping environmental, economic, and 
policy aspects in view to provide critical insight 
and information needed for decision-support. 

Techno-economic assessment for algae biofuels is 
highly interdisciplinary and will range from GIS-based 
resource and siting assessment, to engineering modeling 
of systems and processes at the unit operations level, to 
interdependency analyses of the entire supply chain. Exhibit 
10.4 illustrates a broad systems perspective of issues and 
approaches for the overall algae biofuels supply chain from 
siting and resources to product end-use. The categories 
shown follow the process steps in the algal biofuel supply 
chain sequence. Such summarization of key areas to be 
addressed to enable algal biofuel production provides 
guidance for the scope of content that should be integrated 
into systems techno-economic modeling and analysis. 
 

• Assess environmental impact of R&D strategies  
and investments, e.g., comparative net greenhouse  
gas (GHG) emissions per gallon of biofuel for  
different pathways

• Assess consequences and constraints of alternative 
pathways for algal feedstock, biofuels, and co-
products industry build-up, e.g., land, water, CO2, 
other nutrients, energy, and infrastructure.

• Inform R&D and business development investment  
decisions

• Inform policy decisions and explore “what if” 
scenarios

• Provide insight and actionable information needed 
to successfully guide technical advancement, 
integrated system scale-up, and commercialization

DOE’s Biomass Program employs a wide range of 
analytical tools, data, and methodologies to support 
decision-making, guide research, and demonstrate 
progress toward goals. In conjunction with the Algae 
Roadmap, Biomass Program’s strategic and portfolio 
analysis efforts are expanding to include algae with 
techno-economic modeling and analysis (TEA), life cycle 
assessment (LCA), and geographic information system 
(GIS) based resource assessments.  
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The scope of TEA will ideally include the capability to 
apply and integrate detailed process engineering and 
physics-based modeling at the unit operations level 
with multi-scale and multi-path systems modeling and 
comparative tradeoff assessment. This can include 
geospatial (GIS-based) data collection, analysis and 
visualization, systems and processes optimization, 
and dynamic interdependency analyses of the overall 
supply chain at a local, regional, national, or global 
scale. A major environmental impact element will 
be life cycle analysis (LCA) to assess GHG impacts 
and other resource use footprint (e.g., water).

The overall goal is to capitalize on the power and insight 
available through application of well developed computer 
modeling and analysis tools combined with disparate 
database information that exists or can be developed.  
For example, a process-based algae growth model that 
accurately reflects and integrates the dynamic behavior of 
the key biological processes with the engineered growth 
system and its time-dependent physical and chemical 
conditions (including local time-varying climate and 
weather) can not only provide more detailed input to 
the techno-economical performance analysis of algae 
cultivation, but can also reveal opportunities for improved 
system and process design and operation. Since the 
characteristics of the biological system at the microscopic 
algae cell level affect the performance of the engineered 
cultivation system and processes at a higher integrated 

level, which in turn must function within climate and 
weather conditions that vary with geographical location, 
the approach needs to be both multi-level and multi-scale. 

An algae biofuels and co-products supply chain will be a 
complex interdependent system with numerous alternative 
pathways and functional elements and feedbacks at various 
spatial and temporal scales and resolutions, as suggested 
in Exhibit 10.5. System and process simulation and 
optimization under a system engineering framework can 
prove very beneficial for system design and operation. For 
example, optimizing conditions that produce the highest 
neutral lipid content of the algal biomass under a range 
of design conditions, when bio-oil feedstock production 
is the primary pathway and objective, may not lead to the 
highest overall biomass or lipid productivity. Similarly, 
achieving the most affordable and sustainable production 
of algal feedstock, in terms of resource use intensity 
and cost per unit of end-use biofuel produced under a 
specific set of scenario conditions, may not result from the 
pursuit of the algal oil production pathway altogether. 
Sensitivity analyses and global system optimization 
and comparative tradeoff assessments across a range of 
approaches and conditions are among the critical modeling 
and analysis needs. Meeting such needs requires a flexible 
modeling and analysis framework and suite of tools that 
can specifically address the broad scope and multiple 
pathways spanned by an algae biofuels supply chain 
system. Geospatial GIS-based data integration and analysis 
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is also key to siting and resource assessment and the design, 
analysis and optimization of facilities location and supply 
chain logistics (from algae cultivation through end-use 
fuels and products biorefining, transport, and distribution).   

Algal biofuels remain an emerging field at a relatively 
immature stage of development. As a result, data for 
detailed unit operations and process analyses for different 
technical approaches for algae cultivation, harvesting, and 
post-processing into fuels and other co-products is currently 
sparse and uncertain. Selected modeling and analysis 
approaches can be used to effectively accommodate such 

uncertainty in data while still capturing the underlying 
dymanics of the overall system. Although quantitative 
uncertainty will remain, the results can provide qualitative 
system behavior and trends still useful in helping 
guide technical, economic, and policy decisions. More 
thorough analysis and modeling refinement, informed 
by field data expected to become available as larger-
scale pilot and demonstration projects are established 
and operated, will more clearly reveal the most critical 
challenges and guide investments and technical advances 
needed to enable successful commercialization of 
economical, scalable, and sustainable algal biofuels.  
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supply chain.  Details of systems’ and processes’ technical 
and economic performance achieved by industry and 
other technology developers are also usually considered 
proprietary, and therefore, unavailable for broader use and 
objective assessment and validation. It was noted that there 
is a need and role for both integrated systems modeling as 
well as detailed engineering design and process modeling, 
and that the two should be coupled. Workshop participants 
generally agreed that modeling and analysis should be a 
critical part of a national algae biofuels research program 
and industry development effort, similar to the modeling 
and analysis efforts underway by DOE in support of the 
other bioenergy and biofuels programs. It is also expected 
that the needs for coupled models of differing fidelity and 
scales will be defined in the early stages of the systems 
modeling R&D effort and will evolve as time goes on.

Included in the Workshop discussions was the question of 
how best to approach the multiple and disparate paths  
and configurations of rapidly evolving systems and 
processes, as exemplified by Exhibit 10.7, that should 
be considered in algae biofuels modeling and analysis 
efforts. One approach with photoautotrophic microalgae 
is modeling major cultivation system categories 

10.3  Suggestions for TEA and 
LCA Approach (Workshop 
Results and Discussion)
Preparation for the Algae Roadmap Workshop and the 
discussion among participants during and after the event 
identified the need to clearly define the scope and determine 
the role that systems TEA and LCA can and should play 
in support of algal biofuels development. Also identified 
was the need to adapt, develop, and utilize a range of 
approaches, scales, and levels of detail best suited to 
perform the necessary modeling and analyses based on 
available and emerging information and data. Exhibit 
10.6 illustrates various complementary modeling and 
analysis approaches and techniques that come into play at 
different levels within the broad systems scope presented. 
 
Due to their more limited and immediate business 
objectives, individualized modeling and analysis efforts 
by industry and technology development organizations 
tend to focus on a technology or process, unit operation, 
production plant, or enterprise level rather than broader 
integrated systems modeling and analysis across the 
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of open pond, closed photobioreactors, or a hybrid 
combination, and activating only those portions of the 
hybrid configuration model desired. Beyond this, how 
to best conceptualize a model that spans the overall 
“beginning-to-end value chain” for algal biofuels 
production with adequate resolution and detail is very 
challenging and still emerging. The size of the “matrix” 
of possibilities could quickly become unmanageable. 
  
Developing numerous detailed models that are each 
uniquely customized to a specific combination of systems 
and processes and performance parameters is another 
approach, and essentially represents what exists today with 
various groups doing ad-hoc modeling and assessment 
specifically focused on their chosen approach and 
technologies (e.g., platform). The disadvantage of such a 
distributed and narrowly focused approach is that it is often 
done in isolation with limited or no consideration of other 

competing options and the broader scope of interdependent 
issues and tradeoffs that need to be addressed together to 
better inform technical, economic, and policy decisions 
at the state,  regional, and national level.  Narrowly 
focused and detailed technical and economic modeling 
and analysis is valuable and necessary for those doing 
engineering design, development, and optimization of 
specific technologies, processes and integrated systems 
for commercialization. Flexibility and usefulness 
could be increased to the extent that such modeling 
and analysis can be done using common standards, 
definitions, and interface approaches, across an emerging 
“community of practice” for the algae biofuels industry.

Standardized interface requirements and definitions could 
be established for system and process functional blocks that 
would enable the development of an open-source modeling 
and assessment platform with “plug & play” flexibility. 

Higher-Level Dynamic Meta-Systems Modeling (Integrated Analysis Framework)
• Broad value-chain scope... from resources & sitting through production to end use

• Algae biofuel and co-products industry scale-up potential, resource use, constraints & impacts
 
 - Integration with existing infrastructure
 - Required build-up of new infrastructure.. with time delays... with learning curves &  
  improvement projections 
 - Technical, economic, enviromental, and policy issues

• Feedbacks and Multiple Sector Interdependencies... can link to other models & analyses 

Static CAPEX & OPEX Calculations
• System and process equipment cost estimates
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Exhibit 10.6 Multiple levels and complementary approaches available for Algal Biofuels Systems and Processes Techno-Economic Modeling,
 GIS Analysis, and Life Cycle Analysis
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Work currently underway on the Knowledge Discovery 
Framework (KDF) by DOE’s Biomass Program is 
moving in this direction (Getman, 2009), and represents 
an example of a GIS-based information gathering 
and analysis platform that can be productively used 
and leveraged for algae biofuels development. 

10.4 Systems Analysis

Overview
System analysis is foundational to designing a strategy 
for algal biofuel deployment. A system is an aggregation 
of subsystems interacting such that the system is able to 
deliver an over-arching functionality. Exhibit 10.5 provides 
a high-level illustration of the interdependent character 
of the overall algae biofuels value chain that involves a 
broad range of systems, processes, and other technical 
and non-technical issues. To facilitate system-level 
thinking during the Workshop, a process flow diagram was 
developed and presented at every breakout track discussion 
to illustrate the intricate interdependencies of algal 
biofuel production. Exhibit 10.7 is a revised adaptation 
of the flow diagram that shows a representative number 

Much more detailed or custom models of individual 
subsystem or process blocks could then be developed by 
various others in industry, universities, and national labs, 
utilizing different techniques such as high performance 
physics-based modeling (e.g., computational fluid dynamics 
modeling of open raceway ponds or closed photobioreactor 
cultivation systems) or process engineering models using  
widely accepted and applied commercial process modeling 
tools like AspenPlusTM or customized spreadsheets. 
Flexibility in being able to link custom subsystem 
or process models into an overall meta-system 
modeling and analysis framework would provide a 
capability that could be of significant value and benefit 
to different stakeholder communities such as:  

• DOE & national labs doing R&D, assessment, and  
tracking of program investments

• Other federal and state agencies (Department of  
Defense, USDA, EPA, etc.)

• Universities doing a wide range of technical/
economic/policy R&D and assessment

• Industry developing and commercializing technologies,  
systems, processes

• Private investment / funding sources

Exhibit 10.7 High-level multi-pathway algae biofuel process flow diagram for the algal biofuels and co-products supply chain  
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technical information and data about the systems and 
processes involved to appropriately formulate and conduct 
accurate analyses.  This may also require coupling 
with appropriate external data and driving functions 
such as time-dependent solar insolation, temperature, 
and other local environmental conditions.  Simpler and 
more approximate preliminary spreadsheet analyses 
are more appropriate as a first step, especially where 
detailed process engineering data may be lacking.  

An example of this type of analysis is presented in 
Exhibit 10.8.  Exhibit 10.8 represents a mass and energy 
balance systems level view of an algal biomass and algal 
lipid cultivation and extraction system.  Inputs to each 
system component are shown, and each numbered node 
represents a mass or energy balance calculation.  The 
value of this kind of systems mass and energy balance 
assessment is that it can help assess the overall viability 
of a given algal biomass production system and show 
what steps in the process are most energy intensive, thus 
highlighting areas for research and development.  The 
development of mass and energy based systems models 
can help evaluate different proposed processes for 
overall viability and examine the sensitivity of different 
assumptions in individual processes to the overall system.

Geographic Information System (GIS) Visualization 
and Analysis tools (referenced also in chapter 9) 
are indispensible for algae production and supply 
chain systems analysis due to their ability to perform 
mapping and resource analysis spanning local, regional, 
and national scales. Critical climatic and natural 
resource data can be readily accessed, such as:
•  Land and water resources 

(characteristics, availability, etc.)
• Climatic characteristics (temperature, 

precipitation, solar insolation, etc.)
• Water evaporation loss (function of climate, etc.)
• CO2 resources (point source emitters, pipelines) 
• Fuel processing, transport, storage infrastructure
• Other infrastructure and environmental features

Several critical resource factors will impact large-scale, 
sustainable production of microalgae biomass. These 
include climate and the adequate availability of water, 
efficiency of water use, availability of suitable land, 
and availability of supplemental CO2 and other nutrient 
(N, P, K) supplies. The impact that availability and cost 
of these resource can have on algae biofuel production 
scale-up was touched on earlier in chapter 9. The cost 
and benefit tradeoffs of CO2 capture through biofixation 
using photoautotrophic microalgae cultivation enhanced 

of multiple path process options available for every step 
in the algal biofuel production chain, from algae growth 
to fuel and co-product processing and end-use. Sub-level 
processes that made up different thematic topic discussion 
sessions in the Workshop are all inter-related. Collecting 
and understanding key information from each node in the 
process becomes the primary task of the systems analysis. 

Both Exhibit 10.5 and Exhibit 10.8 represent a large 
number of permutations of potential pathways to algal 
biofuel production, most of which are still immature and 
emerging. Many of the process steps will differ depending 
on the product or co-product chosen, and others beyond 
those selected for inclusion in the figures also exist or 
will likely emerge. Though it may seem daunting to 
attempt to develop a comparative analysis based on so 
many process permutations, there is precedence for this 
sort of undertaking in DOE’s Hydrogen Analysis (H2A) 
Project within the overall Hydrogen Program (DOE, 
2009). Established in 2003 in response to the Hydrogen 
Fuel Initiative, H2A was designed to consider various 
pathways toward a hydrogen economy, evaluate costs, 
energy and environmental tradeoffs and set research 
priorities and inform policy by sound analysis. The 
options for hydrogen production include goal gasification, 
nuclear energy, wind electrolysis, and organic molecule 
reforming. This program could serve as a guide for moving 
forward with analysis of algal biofuel production.

Other chapters of this Roadmap point out the lack 
of availability of detailed information about the 
characteristics of algae themselves and the characteristics 
(energy requirements and costs) of the systems and 
processes that are shown in the process flow diagram 
of Exhibit 10.8. A substantial number of barriers are 
enumerated and designated as goals to be achieved. 
Systems analysis can help manage the complexity of 
producing algal biofuels and co-products by quantifying 
uncertainties, identifying and appropriately modeling 
interdependencies and feedbacks, and comparing trade-
offs from various scenarios with regard to cost, risk, 
technical performance, and environmental impacts.

Engineering Analyses and  
GIS Assessments
Engineering analyses (technical and economic) at the 
unit operations level require the systematic calculation 
and tracking of mass and energy balances that include 
evaluation of the thermodynamic, hydrodynamic, 
biological, and chemical kinetics of the systems and 
processes used.  Example engineering analysis tools 
include AspenPlusTM and  FLUENTTM, among others, 
which require sufficient understanding and detailed 
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on the size and the optimum site locations of biorefinery 
facilities relative to upstream algae biomass production 
and downstream fuel and co-product markets. 
The combination of GIS resource assessment, including 
geographic location attributes and time dependent climate 
and weather data, with physics-based modeling of 
cultivation systems and algae growth, can provide powerful 
capabilities for estimating performance and for improving 
the technical design of systems and their operations for 
different site conditions. Exhibit 10.9 is an example of the 
application of high-performance computational modeling 
tools and capabilities to an open raceway pond system that 
includes an algae growth model driven by environmental 
(e.g., solar insolation, ambient temperature, nutrient 
concentrations, etc.) forcing functions and boundary 
conditions (James and Varun, in press).  The possibility 
of combining these types of spatial and physical data to 
project possible algal production scenarios as a function of 
geography and climate is an interesting avenue of inquiry. 
Currently, the data available to implement this type of 
analysis are thought to be preliminary and refinement 
based on model improvement and validation with data 
from the operation and monitoring of larger scale algae 
production systems under a range of site and climate 
conditions with multiple species of algae could be useful. 

Economic analysis tools for static capital expense 
(CAPEX ) and operational expense (OPEX) calculations
are also integral to system analysis as they reveal financial  
investment or market incentives needed for algae biofuel  
deployment. Some examples are:

• POLYSYS
• ICARUS cost estimate software (or equivalent) 
• Equipment, Operation & Maintenance cost estimates
• Discounted cash flow analysis
• Cost (& offsets) of co-product feedstock production
• Cost of biofuel production
• Carbon footprint cost accounting

by the addition of CO2 from industrial sources will affect 
the economics of algal biofuel production. Potential 
CO2 capture and utilization in algae biomass production 
is discussed in more detail through a few selected 
example calculations presented later in this chapter. 
The economics of algae-based biofuels and co-products 
will depend in large measure on the degree to which algae 
feedstock production and downstream processing can be 
integrated with existing infrastructure and markets. At the 
front end of the supply chain, this will include the logistics 
and costs of supplying inputs needed for algae production 
(suitable siting, sourcing, and transport of water, nutrients, 
supplemental CO2, and energy). Midstream will be the 
logistics of transport, storage, and biorefining into fuels and 
other co-products, followed downstream by the necessary 
transport, storage, and distribution into the various end-use 
fuel and co-product markets at the end of the suppy chain. 
To the extent that operations can be effectively co-located  
or established within reasonable distances across the 
supply chain, the economics can be expected to improve. 

Producing biofuels that are highly compatible, or totally 
fungible, with the existing hydrocarbon fuel handling, 
distribution, and end-use infrastructure would result in 
easier and more widespread market acceptance. The 
same would apply to co-products and their potential 
markets. These and related issues should  be an integral 
part of techno-economic modeling, analysis and LCA 
for algae, with the appropriate models, tools, and data 
sets developed and leveraged to provide the necessary 
assessment capabilities to guide research, business 
development, resource management, and policy decisions.  

At the downstream end, the relative location and 
logistical costs associated with fuel processing, 
transport, storage, and distribution infrastructure 
could benefit from GIS analysis. This information, for 
example, can help determine the practical upper limit 
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Computational Fluid Dynamics Model of Algal Raceway Pond Using Modified EPA  
and US Army Corps of Engineers Codes

•  The Environmental Fluid Dynamics Code (EFDC) solves 3D Navier-Stokes 
equations of open channel flow to model speed, temperature, 
 and nutrient gradients

• Solar insolation and other environmental, climate, and  meteorological  
forcing functions

• Includes algal biomass growth model
• CE-QUAL couples nutrient kinetics and 22 independent variables 

 (N, P, Si, O2…) to model growth rates.

Exhibit 10.9. Open raceway pond example of physics-based algae cultivation system modeling and anlaysis. Such analysis can enable both 
performance prediction and pond system design optimization after appropriate refinement and validation with monitored field system data 
(Adapted from James and Varun, in press) 

area of cultivation systems needed to achieve a set 
amount of product; it will affect the amount of CO2 
that can be captured; and it will affect the amount 
of culture that will need to be processed on a daily 
basis.  The daily, seasonal, and annual variation in 
solar insolation, as well as other climate-related 
factors such as temperature and weather (cloud 
cover, precipitation, wind, etc.) will also affect both 
the productivity and reliability of production.

• Availability, cost, and sustainability of suitable water 
supplies for algae production will be a key input factor 
for inland cultivation, and will be heavily dependent 
on geographical location and local conditions. Areas 
of the country with the highest solar resource best 
suited for algae growth also tend to be more arid and 
subject to more limited water supplies. Under large 
commercial algae industry build-up scenarios, the 
amount of water required nationally could begin to 
approach the same order of magnitude as large scale 
agriculture, particularly with open systems subject to 
evaporative loss. Capture and re-use of non-fresh water, 
in particular, can potentially help fill this need, but will 
be dependent on the geographical location, availability, 
and affordable accessibility of such water sources.

• The supply, availability, and cost of organic carbon 
feedstock needed as input for heterotrophic microalgae 
production will play a major role in the commercial 
viability and extent to which national production 
capacity can expand using the heterotrophic approach. 
Sugar from commodity crops and other organic 
carbon materials from industrial or municipal waste 
streams can provide bridge feedstock in the near-

Recent analysis suggests an upper theoretical limit on 
the order of ~38,000 gal/ac-yr and perhaps a practical 
limit on the order of ~4,350 - 5,700 gal/ac-yr, based 
on the expected losses, photosynthetic efficiency, and 
other assumptions made in the analysis (which include 
the availability of high solar insolation consistent with 
lower latitudes and/or high percentage of clear weather 
conditions, 50% oil content, etc.) (Weyer et al., 2009).  

Impact of Geographic Variability of 
Inputs on Algal Biofuel Production Costs
The various inputs necessary for algal biofuel production 
have been described earlier in this chaper and in other 
chapters of the Roadmap. Certain elements, like cost of 
power, water, and fertilizer, vary over the U.S. but these 
variations, though important for overall TE analysis, are 
not unique to the development of algal biofuel technology.  
There are, on the other hand, aspects of large scale 
macroalgae and microalgae cultivation (autotrophic, 
heterotrophic, and mixotrophic) for which geographical 
variation of resource availability will have major impacts 
on cost of production and scale for commercial viability. 
These aspects were discussed in some detail in  
Chapter 9, but it is appropriate here to briefly note 
the following: 

• The average annual insolation is generally the 
dominant and rate-limiting factor for autotrophic algal 
productivity, and this factor varies widely across the 
country among inland, coastal, and offshore sites. 
This variation will determine the spatial surface 
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term, but major sustainable scale-up of national 
production capacity will demand the use of sugars 
and other suitable organic carbon source materials 
derived originally from lignocellulosic biomass. 
As with cellulosic ethanol, the logistics and costs 
associated with producing, transporting, and 
appropriately processing lignocellulosic biomass 
materials in the form of woody and herbaceous 
energy crops, waste materials from agriculture 
and forest industries, and municipal waste streams 
will be location-dependent. The affordability of 
generating organic carbon feedstock from such 
materials will also depend on technical advances 
and processing improvements needed to reduce the 
cost of lignocellulosic material deconstruction into 
simple sugars and other organic carbon compounds 
suitable for feeding heterotrophic microalgae.

• The supply, availability, and cost of other nutrients 
(i.e., N, P, K) required as inputs for algae growth will 
also play a role in commercial viability and extent of 
industrial build-up.  Commercial fertilizer costs are 
tied closely to the cost of energy supplies (natural gas 
and petroleum), and can be an appreciable factor in 
operational costs for algae (Massingale et al., 2008) 
to the same extent as for large scale commercial 
agriculture (Huang, 2009; Malcolm et al., 2009).  In 
the absence of nitrogen fixation, algae can require as 
much, if not more, nitrogen than conventional biomass 
crops on a mass balance basis (Alexander et al., 2008). 
Under large commercial algae industry build-up 
scenarios, the amount of nutrients required nationally 
could begin to approach the same order of magnitude 
as large scale agriculture, where recent cost and supply 
issues have had negative impacts on the industry 
(Huang, 2009). The capture and reuse of nutrients 
from various agricultural and municipal waste streams 
(Woertz et al., 2009) can potentially help supply 
nutrients for algae production scale-up, but this will be 
dependent on the geographical location, availability, 
and affordable accessibility of such nutrient sources. 

• CO2 availability and cost of delivery will play a major 
role in autotrophic microalgae cultivation scalability 
and operating expense. As noted here and in chapter 
9, it will be advantageous to co-locate cultivation 
facilities with stationary industrial CO2 sources, but this 
will not be feasible in all instances and thus, it may be 
necessary to transport CO2 over some distance. Even in 
the case of co-location, the size of an autotrophic algae 
facility will require extensive pipeline infrastructure for 
CO2 distribution, adding to the cost. The quality of the 
CO2 source will also play a role for algal growth, and 
some sources are likely to require more cleanup than 
others (especially if there are plans for animal feed as 
a co-product and/or if the CO2 source stream includes 

contaminants that inhibit algae growth). Algae can be 
effective at capturing and concentrating heavy metal 
contaminants (Aksu, 1998; Mehta and Gaur, 2005), 
such as are present in some forms of flue gas. This 
could impact the suitability of residual biomass for 
co-products like animal feed, and is a consideration that 
requires further investigation. Finally, carbon credits 
must also enter into this analysis, though it is not yet  
clear how best to factor this into the calculation.  

• Land prices and availability can also impact the cost 
of biofuel production at inland and coastal sites. 
For offshore sites, the right of access and use, and 
the associated logistics, risks, and costs of offshore 
marine operations will have a major impact on 
costs of production. Cost of site preparation and 
infrastructure facilities for offshore, coastal, and inland 
sites will all be location-dependent. It is reasonably 
straightforward to calculate the impact of the cost 
of land, and perhaps also for offshore sites, on the 
overall cost of total algal biomass and intermediate 
feedstock fraction (e.g., lipids, carbohydrates, 
proteins, other) production, but for each approach 
it will likely be an optimum minimum and range 
of size for a commercial production facility. If it is 
necessary to distribute the facility over a number of 
smaller parcels of land or offshore sites, it may not 
be possible to get the most benefit of economies of 
scale. The key tradeoffs will be between the cost 
of overall production (capital and operating costs) 
versus the matching of affordable production scale to 
the sustainable and affordable supply of the required 
input resources with the required output product 
processing and distribution infrastructure and markets.  

• As in traditional agriculture, the temperature during 
the growing season will restrict the ability to cultivate 
specific strains for extended durations. For open 
systems operating at inland sites in the summer, 
water evaporation rates will provide some level of 
temperature control, but evaporation will also add to 
operating cost (for water replacement and/or for salt 
management with brackish or saline water. Conversely, 
closed systems operating inland can overheat, 
requiring active cooling that can add prohibitively to 
the cost of operations. Waste heat and energy from 
co-located industries or the CO2 source may allow 
active thermal management for growth during periods 
of suboptimal (high or low) temperature, but applying 
this heat or energy to  extensive algal cultivation 
systems will provide the same engineering problems 
and costs as transporting and distributing CO2. 
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In summary, the calculations for the cost of algal biofuel 
production will benefit from detailed inputs that take into 
consideration the variations in cost and availability of the 
essential elements for cultivation. While these variations 
may be minor relative to the technical uncertainties, it is 
likely that a technology that will require the production 
of immense volumes of biofuel at affordable cost so it 
can play a significant role in the national energy economy 
would be subject to narrow operating margins.

Life Cycle Analysis
Life Cycle Analysis (LCA) is a “cradle-to-grave” 
analysis approach for assessing the resource use and 
environmental impacts and tradeoffs of industrial systems 
and processes. LCA is important for assessing relative 
GHG emissions and other resource utilization (e.g., 
water, energy) impacts among different approaches to 
algal biofuels production, and in comparison with fuels 
based on other renewable and non-renewable feedstocks. 
LCA is considered to be a key element of the scope of TE 
modeling and analysis within the context of this roadmap. 
The systems modeling and analysis framework for algae 
biofuels must include the integration of  appropriate 
LCA methodology and metrics (Curran, 1996; EPA, 
1993;  ISO, 1997;  EPA, 2006;  EPA, 2009; UNEP, 
2005), and specifically leverage past and current LCA 
work specific to biofuels (ANL 2009; Delucchi, 2004) 
and including algae (Kadam, 1997, 2001 and 2002). 

The term “life cycle” refers to the major activities in the 
course of the product’s life-span, from manufacture, use, 
and maintenance, to final disposal, including the raw 
material acquisition required to manufacture the product 
(EPA, 1993).  Exhibit 10.11 illustrates the typical life 
cycle stages considered in an LCA and the typical inputs/
outputs measured. LCA is a systematic technique to assess 
the environmental aspects and potential impacts associated 
with a product, process, or service. The process employs a 
phased approach that consists of four major components: 
goal definition and scoping, life cycle inventory analysis 
(LCI), life cycle impact assessment (LCIA), and 
interpretation as illustrated in Exhibit 10.12 (ISO, 1997).  
LCA methodologies, modeling, data base resources, and 
tools have been developed that include Argonne National 
Laboratory’s GREET “well-to-wheels” model (ANL, 
2009), the UC/Davis Lifecycle Emission Model (Delucci, 
2002 and 2004), and numerous others (EPA, 2009).  In 
addition to net GHG emissions, LCA for biofuels can also 
assess impacts and tradeoffs associated with utilization 
intensity for water, energy, nutrients, and other resources.  

10.5 Algae Production 
Costs and Uncertainties
Data gathering and validation of technical and economic 
system performance for an industry that has yet to be 
commercially realized is one of the biggest challenges for 
techno-economic analysis. To facilitate the Workshop’s 
objectives of identifying needs, eliciting discussion, 
and compiling suggested directions for research and 
development from the participants, algal oil feedstock 
production cost analyses were reviewed based on a 
range of sources to gauge the status of algal biofuel 
technology. These included technical reports prepared 
for the U.S. Department of Energy (e.g., Benemann and 
Oswald, 1996), peer-reviewed literature (e.g., Tapie and 
Bernard, 1987), white papers / industry analyses, and  
personal communications with field experts. While most 
citable sources are quite dated, they also present a wide 
variability in approach to final costs (from per gallon 
of algal oil to per kg of “raw” biomass) and illustrate 
a general lack of demonstrated operating parameters 
and widely varying basic assumptions on a number of 
parameters from algal productivity to capital depreciation 
costs, operating costs, and co-product credits. These 
shortcomings of the existing literature and modeling 
knowledge base present a challenge in designing scaled 
up systems. There are indications, however, that a 
combination of improved biological productivity and 
fully integrated production systems can bring the cost 
down to a point where algal biofuels can be competitive 
with petroleum at approximately $100 per barrel. 

10.6 Preliminary System 
Dynamics Modeling 
Systems dynamics modeling is a powerful and flexible 
modeling approach that can foster collaborative analysis 
and scenario studies. A dynamics simulation model also 
provides an integrated analysis framework that can include:

• Broad value-chain scope: from resources and 
siting through production to end use

• Algae biofuel and co-products industry scale-up 
potential, resource use, constraints and  impacts 

• Input resources, output flows, waste stream 
resource capture and reuse, co-generation

• Integration with existing infrastructure
• Required build-up of new infrastructure with time 

delays, learning curves and improvement projections
• Technical, economic, environmental, and policy issues
• Feedbacks and Multiple Sector Interdependencies 

with links to other models and analyses
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The development of a system dynamics model for 
conducting scenario analysis of algal biofuels production 
scale-up and operations was initiated as part of the roadmap 
effort and is currently a work in progress. The preliminary 
modeling uses algae production and resource availability 
data and assumptions from the same information 
sources discussed earlier in this chapter and in chapter 
9. Interactive graphical user interfaces,can facilitate the 
use of the model to conduct rapid ‘what if’ analyses and 
tradeoff studies using different yield scenarios, technical 
and economic performance for various pathways, and 
resource constraints. The model will eventually include 
more detailed systems and processes modules for multiple 
pathways being pursued for algae biofuels and co-products, 
along with the ability to do Monte Carlo simulation, 
varying parameters values within pre-set ranges in order 
to describe the uncertainty or robustness of model output.

10.7 Potential Directions 
for R&D Effort 
The model described above was initially prepared in 
outline form for the algae roadmap workshop, and has 
been developed further since the workshop. The model 
currently includes only a limited amount of available data. 
To adequately inform research and investment decisions 
for algal biofuel deployment, continued progress 

\in techno-economic analysis and the capture of data 
from fielded systems as they emerge over time can 
provided needed additional information. Workshop 
participants specifically suggested that the following 
areas be addressed in the modeling and analysis.

• Determine the current state of technology
• Identify critical path elements that offer opportunities  

for cost reduction
• Identify research areas most in need of support
• Identify external factors that will impact cost
• Provide plan for entry of algal biofuel into a renewable 

 fuel portfolio
• Inform and perhaps guide formation and/or  

modifications to public policy
• Incorporate appropriate insights and benefit from  

alliances with industry associations

The Techno-Economic Analysis can accomplish this by:
• Stressing dynamics over detail initially, expanding  

detail later as available and needed
• Employing modular modeling, e.g. ISBL and OSBL 

 approaches1 
• Establishing interface requirements between  

sub-systems
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Manufacturing

Use / Reuse / Maintenance

Recycle / Waste Management
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Energy
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Other
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Exhibit 10.11 Scope of Life Cycle Analysis 
(Adapted from EPA 1993)
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Interpretatation

Goal Defination
and Scope

Inventory
Analysis

Impact
Assessment

Exhibit 10.12 Phases of a Life Cycle Analysis 
(Adapted from ISO, 1997)

• Leveraging university and industry resources
• Maintaining industry standard notation, units, etc.

Throughout the roadmap workshop and report development 
process, significant algae-to-biofuels production system and 
process performance uncertainties (technical and economic) 
have been identified along various steps in the value chain. 
These have been noted in this and earlier chapters of the 
Roadmap. Addressing the uncertainties in a systematic 
and integrated modeling and analysis framework will help 
guide needed investments and speed the deployment of an 

algal biofuels industry. A critical complementary need is 
the development, operation, monitoring, and evaluation of 
larger-scale algae biofuel production systems and processes 
that can provide data to validate and improve the modeling. 
When done in a closely coordinated spiral development 
fashion, the complementary bi-lateral feedback of 
information and insight between the modeling and analysis, 
and the experimental and operational investigations 
with larger-scale systems in the field, can facilitate 
more rapid technological advancement leading toward 
commercialization.  
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The algal biofuels industry is evolving with numerous 
players, many focusing on one to a few elements in 
the algal biofuels value chain. Partnerships based 
on sharing of knowledge and capabilities for mutual 
benefit could pull together the current expertise and 
facilities, thereby facilitating growth and development 
of a sustainable, algal biofuels industry. The type of 
partnership most relevant to the advancement of the algal 
biofuels industry is perhaps the research partnership 
envisioned by the Council on Competitiveness (1996):

Partnerships are defined as cooperative 
arrangements engaging companies, universities, 
and government agencies and laboratories in 
various combinations to pool resources in pursuit 
of a shared R&D objective.

Exhibit 11.1 shows the potential benefits of 
collaboration between private entities (e.g., industry) 
and public entities (e.g., national laboratories and 
universities) for development of algal biofuels.A 
While benefiting both private and public entities from 
shared investment toward mutual objectives, public-
private partnerships have the potential to accelerate 
commercialization of algal biofuel technology, leading 
to rapid industry growth and a stable market.

Industry benefits from public-private partnerships from the 
exposure to fundamental science and engineering R&D, 
which can support a quickening pace of innovation. This 
could, in turn, increase the capital efficiency of commercial 
firms, many of which may be investor-backed and  
pre-revenue, as well as reduces the risk of private 
investment. By focsuing these partnerships on pre-
competitive research or critical problems shared by all 

11.  Public-Private Partnerships 
The Workshop participants emphasized the need 
for DOE and other federal agencies to partner with 
national laboratories, academia, and industry. The 
participants, however, also noted the unique partnership 
environment in algal biofuels development, given 
the fact that the algal biofuels industry is still in its 
infancy. More specifically, given the current state of 
this industry, the business strategies of many existing 
companies are focused on one or more aspects of 
algae, but not necessarily producing transportation 
biofuels from cultivated algal biomass at scale. 

This chapter discusses potential models for public-private 
partnerships in general and specifically as related to algal 
biofuels. Various models for such partnerships employed 
in past efforts are discussed in the context of applicability 
to the algal biofuels challenge, including characteristics 
for membership and intellectual property models. 

11.1 The Benefits of Algal Biofuels 
Public-Private Partnerships
Since the 1980s, the U.S. has increasingly invoked 
public-private partnerships not only for large-scale 
infrastructure projects, but also for research and technology 
developments of national interest (Stiglitz and Wallsten, 
1999). Indeed, analyses of various federal agencies 
and government programs aimed at public-private 
partnerships are documented (Audretsch et al., 2002; Link 
et al., 2002), including specific studies on the impacts 
of DOE programs on the clean energy sector (Brown, 
2001; Brown et al., 2001; Gallagher et al., 2006).

Technolgy Commercialization
Industry Growth & Market Stability
Shared Investment 
Domestic Energy Supply
Sustainable Industry 
Development

Shared Benefits

Energy Security
Long-term Clean Fuel
Solution
Climate Change Migration
Jobs Creation
Clean Energy &
Science Leadership

Innovation Quickens
Shared Risk &
Capital Efficiency
Competitive Edge
Breakdown Legal &
Regulatory Hurdles
Growth Stimulates
Labor Pool

Public Benefits Private Benefits

Exhibit 11.1 Benefits of algal biofuels public-private partnerships

A In this situation, academia can be either public or 
private, realizing benefits in both categories.
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Government solicitations are also an option to promote 
collaborative research to tackle complex problems 
through public-private partnerships. Often these types 
of solicitations are system-oriented, where no single 
entity can address the complex research challenge.  
This may result in the formation of teams of proposers 
in a project-level partnership. Such solicitations have 
the potential to  accelerate technology development, 
particularly in instances in which the team would not 
have necessarily come together without a government-
funded solicitation. However, these partnerships can 
only be expected to last for the life of the project, as 
they are often formed to serve no other purpose.

Consortia and trade organizations are membership 
organizations that may provide an opportunity for 
lasting partnerships. Partnerships are facilitated in 
these environments through collaborations among 
the membership. By maintaining an active directory, 
consortia and trade organizations can also be an effective 
vehicle for researchers looking for a new approach or 
new partnership, as well as a platform to share research.  
Through their structure, these organizations provide for 
opportunity to facilitate deeper collaborations. However, 
organizations that promote a closed circle of partners who 
have worked together for many years may not generate 
the new thinking and fresh approaches that could be 
gained through openness toward new partnerships.

In recent years, prizes have been offered by various 
organizations to support solving critical, national, or 
global problems, including the development of biofuels.B,C 
Prize forums can pull together developed technology 
into a working system to solve a problem, and demand 
that the winning team meet or exceed certain success 
criteria.  Prize forums can also leverage reward money 
from a variety of different funding sources (state and 
federal government, non-profit foundations, and private 
investors) into a single competition, and provide publicity 
and marketing toolsets for competitors to attract future 
investors. However, because some awards are based on 
having solved the problem, such forums may favor mature 
technology in the final stages of development where the 
focus can be on assembly into a working system. Basic 
research and early stage technology with limited funding 
may compete poorly in this type of award, with the ultimate 
solution only as good as existing technology will allow.

11.4 Partnership Challenges in 
the Algal Biofuels Industry

players (e.g., technology scale-up and demonstration, 
regulatory issues, labor), industry would retain its 
competitive edge, while increasing the opportunity to 
develop and license technology with new partners.

11.2 Components of Successful 
Public-Private Partnerships
At the highest level, successful partnerships have 
been identified to include the following attributes:
• The partners collaborate on the basis of 

 common interest.
• The benefits of partnership outweigh the cost  

of collaboration.
• The partners can achieve more through collaboration 

 than they can individually.
• The benefits received from the partnership should 

be proportional to the value of the contribution. 
• The partnership should not openly conflict with the  

interest of other groups (Micheau, 2008).

Partnerships can bring together parties that have not 
worked together before, which could both be a benefit 
(new complementary capability) and a challenge (the 
understanding of how to work together).  Implicit in the 
concept of collaborating on a common basis is the sharing 
of pre-competitive research results, which could allow 
for the advancement of technology and know-how to 
levels beyond the capability of any individual entity.

11.3 Forums for Public-
Private Partnerships
There are several forums for creating public-private 
partnerships:

• Networking events such as seminars and conferences
• Team-oriented government solicitations
• Consortia and trade organizations
• Team-oriented prizes

Networking events such as workshops, conferences, and 
seminars can be important tools for creating a collaborative 
environment. Through these events, scientists and engineers 
can learn of new research, and potential partners can 
explore areas of mutual interest. These events are often 
the point at which new researchers can enter and where 
new thought or methodology is shared with the peers. 
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Public-private partnerships—whether they 
are formed or sustained through networking 
events, government solicitations, consortia, prize 
competitions, or trade organizations—can be an 
effective way to address technological, economic, 
and public-policy and regulatory challenges.

As discussed in greater detail in this document, several 
key technological challenges must be addressed for 
the algal biofuels to become viable. These include:

• An open environment to share ideas and technology 
across the entire algal biofuels value chain;

• Technology development in algal biology, 
algal growth and harvesting, algal oil 
extraction, and fuel conversion;

• Pre-commercial-scale user facilities that are 
accessible to researchers and developers 
to road-test their technologies;

• The generation of basic methods and standards; and
• Labor force and intellectual talent to draw upon. 

Technology partnerships could be used for following 
objectives: 

• Share knowledge of existing algal strains through 
an open access repository and collaborate on the 
development of new natural or GMO algal strains

• Share knowledge of algal cultivation and 
collaborate on the development of  dynamic 
monitoring of growth operations

• Collaborate on the development of technologies 
for biomass harvesting and extraction of 
algal components from the biomass

• Share knowledge of fuel requirements 
and utilization to advance fuel conversion 
technologies toward marketable products

In the biofuels industry, technologies developed in the 
laboratory have traditionally not translated well to the 
field (Willems, 2009). Algal biofuels will likely face 
similar issues since natural environmental constraints 
could have a significant impact on algal productivity. A 
public-private partnership for pre-commercial-scale user 
facilities could allow for new technologies to be road-
tested and scaled before full-scale deployment in the 
field.  This type of partnership would greatly accelerate 
technology development, overcoming the lab-field 
scaling barrier and the lack of private capital to conduct 
such applied research.  By reducing scaling risks, this 
type of partnership can help incentivize commercial 
investment of similar full-scale algal operations.

As this industry expands, it will need labor to run its 
operations, develop new algae-based fuels and co-products, 
and innovate new cost-cutting measures.  Academia will 
be the workhorse that generates labor for this new industry.  
Collaborative partnerships, particularly between industry 
and academia, are needed to ensure that academia develops 
students capable of addressing the challenges industry faces 
in algal biofuels. Also, in order to fully realize the potential 
of the algal biofuels industry, public-private partnerships 
are needed to engage field experts (e.g., real estate 
developers, construction personnel, lawyers, marketing 
and public relations specialists, distributors) across the 
value chain to address technical and non-technical needs. 

11.5 Modeling Partnerships for 
Technology Development
Of the different forums for public-private partnerships, 
collaborative consortia for technology development are 
the most difficult to implement. These consortia require 
all of the key attributes for successful partnerships 
noted earlier.  Therefore, it is useful to conceptualize 
the various models for public-private consortia in terms 
of the five attributes of successful partnerships within 
the context of particular scenarios (e.g., particular algal 
strain, dewatering pathway, conversion process, etc.) or 
end goals (specific intended use, performance aspects of 
the fuel, etc.). Doing so may help define the boundary 
problem(s) for focus by a public-private consortium 
and bring clarity to the composition, requirements, 
and expected contributions of the membership.

Considering the following four external characteristics 
can help evaluate consortia models:

• Openness. How inclusive is the membership 
to its industry (or segment thereof)?

• Technology Commercialization. Is it structured to 
develop and commercialize new technology?

• Industry Growth. Does it seek to grow the industry?
• Shared Investment. Does it share investment equitably?

Different consortia models exist and it is possible to 
compare some of these existing public-private consortia 
models against these four external characteristics, 
as illustrated in Exhibit 11.2. The exhibit compares 
PPP models from five different industry sectors – 
semiconductors, biofuels, nanotechnology, aviation, 
and information technology. These PPP models are 
mentioned only to serve as examples of the four external 
characteristics. Because the ecosystem in the algal 
biofuels industry is unique and differs greatly from 
the established industry sectors represented by most 

B http://www.xprize.org/future-x-prizes/energy-and-environment
C http://www.mitcep.org/
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INDUSTRY FOCUS ENTITY TYPE OPENNESS OF PPP
TECHNOLOGY

COMMERCIALIZATION
INDUSTRY GROWTH

SHARED 
INVESTMENT

Semiconductors

Non-Profit 
Corporation
(501c6) with 
physical 
facilities

• Open membership

• Represent  
industry interests

• Forums inspiring 
cross collaboration 
amongst members

• Public conferences 

• Collaborate on  
pre-competitive R&D 
selected by membership

• Transfer of technology by 
publication or member-
website data transfer

• Technology further 
developed to manufacturing 
solutions with external 
partners; then adopted

• PPP owns created IP and 
provides non-exclusive, 
royalty-free license to 
members

• PPP can also license IP to 
third parties

• Designed 
to increase 
competitiveness of 
existing US firms in 
marketplace

• Provides 
commercialization 
network that 
drives economic 
development

• Develops 
coordinated 
industry roadmap to 
focus R&D and spur 
on economic growth

• Cost-shared  
by government  
and industry at  
start-up

• Now funded 
solely by industry

Biofuels

Government 
Agency 
Research 
Centers
(not a 
separate legal 
entity with 
employees)

• Partners with 
industry and 
universities

• Public conferences 
and workshops

• Opportunities for 
collaboration

• R&D conducted at Research 
Centers or partner facilities

• Industry partners to 
commercialize developed IP

• IP licensed to interested 
parties with an evaluation 
of commercialization 
potential

• Transfer of technology by 
publication 

• Address game-
changing, high-risk 
barriers through 
targeted R&D 

• Industry growth 
supported through 
education

• Limited industry 
involvement to 
address issues on 
industry growth

• Government 
funding

• State funding

• Financial and 
other resources 
from national 
labs

Exhibit 11.2 Comparison of Some Public-Private-Partnership (PPP) Models

models presented, this industry may find that no specific model will meet all of its needs. However, for an algal biofuels 
public-private consortium to meet its specific mission successfully, it could be helpful to consider these attributes 
and models, discuss and debate the merits of each, and determine how to best adapt / implement these attributes.
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INDUSTRY FOCUS ENTITY TYPE OPENNESS OF PPP
TECHNOLOGY

COMMERCIALIZATION
INDUSTRY GROWTH

SHARED 
INVESTMENT

Nanotechnology

Non-Profit 
Corporation
(501c6) with 
physical 
facilities

• Open membership
• Consortium of 

industry, academic 
and national lab 
partners;

• Technical 
workshops;  
technical, 
business, and 
social issues 
inspire cross 
collaboration 
amongst members  

• Pre-competitive research 
selected by all members

• Research conducted by 
national labs and member 
universities

• PPP provides non-exclusive, 
paid-up license to industry 
members

• Industry growth 
through education

• Technology 
only licensed to 
members

• Government 
funding for over 5 
years

• Founding 
member financial 
commitment for 
over 3 years

Aviation

Industry 
consortium 
with NASA 
& FAA (not a 
separate legal 
entity with 
employees

• Open membership,
• Consortium of 

industry, academic 
and government 
partners

• Collaborative research 
amongst consortium 
members designed 
to reduce technical, 
operational, and regulatory 
bottlenecks

• IP licensed exclusively or 
non-exclusively

• Commercialization afforded 
as members agree to cross 
license background and 
newly developed IP non-
exclusively to each other 
royalty-free 

• Transfer of technology by 
publication, and transfer 
of knowledge through 
member-only database

• Technology 
development and 
standardization 
designed to reduce 
operational costs 
and increase 
general aviation 
market, including 
large established 
firms and small 
businesses

• Significant industry 
involvement 
provides market 
focus and 
commercialization 
network

• Government 
funding for over 8 
years

• Industry match 
for same number 
of years  

Information 
Technology Research

University 
of California 
Institute 
(not a separate 
legal entity 
with employees

• Donor-driven 
model

• Industry and 
university partners

• Numerous forums 
inspiring cross 
collaboration 
amongst 
researchers from 
universities and 
companies

• Research conducted by 
university 

• Software is open source 
licensed

• Other IP is either licensed 
non-exclusively, royalty-
free basis or exclusively, 
royalty basis as needed to 
achieve the widest possible 
dissemination.

• Industry growth 
supported through 
education

• Limited industry 
involvement 
through Advisory 
committee to 
address issues on 
industry growth

• State funding 
over 4 years

• University funds
• Industry gifts
• No federal 

funding



114     11.  Public-Private Partnerships      

References
Audretsch, D.B., Link, A.N., and Scott, J.T. (2002). Public/private technology partnerships: evaluating SBIR-supported research.  

Research Policy. 31(1), 145-158.

Brown, M.A. (2001). Market failures and barriers as a basis for clean energy policies. Energy Policy. 29(14), 1197-1207.

Brown, M.A., Levine, M.D., Short, W., and Koomey J.G. (2001). Scenarios for a clean energy future.  
Energy Policy. 29(14), 1179-1196.

Council on Competitiveness. (1996). Endless frontiers, limited resources. Washington: U.S. R&D Policy for Competitiveness.

Gallagher, K.S., Holdren, J.P., and Sagar, A.D. (2006). Energy-technology innovation. Annual Review of Environment and Resources. 
31, 193-237.

Link, A.N., Paton, D., and Siegel, D.S. (2002). An analysis of public initiatives to promote strategic research partnerships.  
Research Policy. 31, 1459-1466.

Stiglitz, J.E. and Wallsten, S.J. (2000). Public-private technology partnerships: Promises and pitflass. In Rosenau, P.V. (ed). Public-private 
policy partnerships. The MIT Press.

Willem, P.A. (2009). The biofuels landscape through the lens of industrial chemistry. Science. 
325(5941), 707-708.



115    Appendices        

Appendices   

Walter Adey Smithsonian Institution

John Aikens Lybradyn

Mark Allen A2be Carbon Capture

Gennady Ananyev Princeton

Alex Aravanis Sapphire Energy

Ed Archuleta El Paso Water Utilities

Paul Argyropoulos Environmental Protection Agency

Ricardo Arjona Abengoa Bioenergy

Virginia Armbrust University of Washington

Bob Avant Texas A&M

Tom Avedisian U.S. Department of Energy

David Bayless Ohio University

Jacques Beaudry-Losique U.S. Department of Energy Biomass Program

Leslie Bebout NASA Ames Research Center

Lucie Bednarova General Motors

Amha Belay Earthrise Nutritionals

John Benemann Benemann Associates

Linda Benjamin Food and Drug Administration

Christoph Benning Michigan State

Isaac Berzin Interdisciplinary Center Herzliya, Lauder School of Government, Diplomacy 
And Strategy

Catalino Blanche U.S. Department of Agriculture 

Doug Borger Lockheed Martin

John Bouterse Envo Smart

Sara Boyd BCS, Inc.

Andrew Braff Wilson Sonsini Goodrich & Rosati

Jim Brainard National Renewable Energy Laboratory

Jerry Brand University of Texas at Austin

Tom Brennan Arch Ventures

Michael Briggs University of New Hampshire

Jim Bristow Joint Genome Institute

Kevin Brown -

Malcolm Brown University of Texas at Austin

Nathan Brown Federal Aviation Administration (Office of Environment And Energy)

Kent Bryan City of Celina

Appendix 1 : Workshop Participants



Appendices        116

William Buchan NASA Ames Research Center

Jay Burns Bionavitas

Arthur Butcher CPS Energy

Thomas Byrne Byrne & Co

Martin Carrera BP

Matt Caspari Aurora Biofuels

Chris Cassidy U.S. Department of Agriculture

Heriberto Cerutti University of Nebraska - Lincoln

Alice Chen Environmental Protection Agency

Parag Chitnis National Science Foundation

Daniel Cicero National Energy Technology Laboratory

Mike Cleary National Renewable Energy Laboratory

John Coleman Algenol

Jim Cook Univenture

Doris Cooksey CPS Energy

Keith Cooksey Montana State University

Michael Cooney University of Hawaii – Manoa

David Daggett Boeing

Al Darzins National Renewable Energy Laboratory

K.C. Das University of Georgia

John Datko Air Force Office of Scientific Research

Chris Davies Independence Bioproducts

Brian Davison Oak Ridge National Laboratory

Mark Decot U.S. Department of Energy Biomass Program

Michel Delafontaine Hawaii Biocrude

Gregg Deluga General Electric Global Research

Harrison Dillon Solazyme

Dan Drell Office of Science Biological and Environmental Research

Donn Dresselhuys Old Dominion University

Bruce Eldridge University of Texas at Austin

Tj Evens U.S. Department of Agriculture

Paul Falkowski Rutgers University

John Ferrell U.S. Department of Energy, Biomass Program

Daniel Fishman BCS, Inc.

Todd French Mississippi State

Christian Fritsen Desert Research Institute

Matthew Frome Solozyme

Maria Ghirardi National Renewable Energy Laboratory



117    Appendices        

Warren Gillette Federal Aviation Administration (Office of Environment And Energy)

Jim Gillingham Valero

Dan Ginosar Lawrence Livermore National Laboratory 

Robert Glass Lawrence Livermore National Laboratory

Steven Gluck Dow Chemical

Steve Gorin National Renewable Energy Laboratory

Alison Goss Eng U.S. Department of Energy, Biomass Program

Suzanne Goss Jacksonville Electric Authority

Paul Grabowski U.S. Department of Energy, Biomass Program

Michael Graves University of Massachusetts

Bailey Green Lawrence Berkeley National Laboratory

Eli Greenbaum Oak Ridge National Laboratory

Nathanael Greene Natural Resources Defense Council

Michael Gregoire U.S. Department of Agriculture

Tom Gross If, LLC

Arthur Grossman Stanford

Guritno “Guri” Roesijadi Pacific Northwest National Laboratory

Molly Hames U.S. Department of Energy, Golden Field Office

Anders Handlos Grauslund Novozymes

Zia Haq U.S. Department of Energy Biomass Program

Laurel Harmon UOP

Deanna Hatch Organofuels Incorporated

Pat Hatcher Old Dominion University

David Hazlebeck General Atomics

Bob Hebner University of Texas at Austin

Grant Heffelfinger Sandia National Laboratories

Erik Helm Environmental Protection Agency

William Henley Oklahoma State

Doug Henston Solix Biofuels

Jurg Heuberger County of Imperial

Kevin Hicks U.S. Department of Agriculture

Mark Hildebrand Scripps Institute

Masahito Hiratake Mitsubishi International

Kent Hoekman Desert Research Institute

Neil Hoffman U.S. Department of Agriculture

Ed Hogan Natural Resources Canada

John Hogan NASA Ames Research Center

John Holladay Pacific Northwest National Laboratory



Appendices        118

Andy Horne Natural Resources Development

Jeff Houff Hydrogeologic, Inc

Qiang Hu Arizona State University

Neil Huber Army

Michael Huesemann Pacific Northwest National Laboratory

Peter Hug Recombinant Innovation, LLC

J.C. Hunter-Cevera University of Maryland Biotechnology Institute

Mark Huntley University of Hawaii

Stephen J. Miller Chevron Chevron

Gil Jackson United States Agency for International Development 

Jacob Jacobson Idaho National Laboratory

Robert Jagusch Minnesota Muncipal Utilitees Association

Eric Jarvis National Renewable Energy Laboratory

Jeff Jeter Honda

Libby Jewett National Oceanic and Atmospheric Administration 

James “Jim” Sears A2be Carbon Capture

Michael Johnson Massachusetts Institute of Technology 

Glen Kertz Valcent

Alex Kinnier Khosla Ventures

Douglas Kirkpatrick Defense Advanced Research Projects Agency 

Melissa Klembara U.S. Department of Energy Biomass Program

Geetha Kothandaraman ConocoPhillips

Walt Kozumbo Air Force Office of Scientific Research

Heidi Kuehnle Kuehnle Agrosystems

Peter Lammers New Mexico State University

Cynthia Lane American Water Works Association

Todd Lane Sandia National Laboratories

Mario Larach Kai Bioenergy Corp.

Rachel Lattimore Arent Fox LLP

Edward Laws University of Hawaii at Monoa

Gordon Leblanc Petrosun

Joo-Youp Lee University of Cincinnati

Paul Lefebvre University of Minnesota

James Lester Stratus Consulting

Jack Lewnard Gas Technology Institute

Casey Lippmeier Martek

Kent Lohman Midwest Research Institute

Tryg Lundquist California Polytechnic State University



119    Appendices        

John Magnuson Pacific Northwest National Laboratory

Len Malczynski Sandia National Laboratories

Mike Manella ADM

Russell Martin Blue Source

Anthony Martino Sandia National Laboratories

Margaret McCormick Targeted Growth

Patrick McGinn National Research Council

John McGowen Biodesign Institute at Arizona State University

Diane McKnight University of Colorado-Boulder

Steve Meller Procter & Gamble

Omar Mendoza United States Air Force

Walter Messier Evolutionary Genomics

Blaine Metting Pacific Northwest National Laboratory

Anelia Milbrandt National Renewable Energy Laboratory

Greg Mitchell Scripps Institution of Oceanography

John Mizroch U.S. Department of Energy

Lissa Morgenthaler-Jones Livefuels

Jerry Morris Innovation/Biodomain - Shell Global Solutions Inc.

Kenneth Moss Environmental Protection Agency

Chuck Mueller Sandia National Laboratories

Jeff Muhs Utah State University

Walter Mulbry U.S. Department of Agriculture

Alyson Myers Kegotank Biofuels

Nick Nagle National Renewable Energy Laboratory

David Nobles University of Texas at Austin

Charley O’kelly Blue Marble Energy

Lou Ogaard CEHMM

Kelly Ogilvie Blue Marble Energy

John Ohlrogge Michigan State University

Jose Olivares Los Alamos National Laboratory

Phil Ovitt Senator Brownback Office

George Oyler Johns Hopkins University

Stephen P. Mayfield Scripps Research Institute

Mike Pacheco National Renewable Energy Laboratory

Paul Panesgrau National Renewable Energy Laboratory

Frank Parker Organofuels Incorporated

Helen Parker Algaelink, N.V.

Roberta Parry Environmental Protection Agency



Appendices        120

Ron Pate Sandia National Laboratories

Leslie Pezzullo U.S. Department of Energy, Biomass Program

Schild Philippe European Commission

Philip Pienkos National Renewable Energy Laboratory

Maria Piera Abengoa Bioenergy

John Pierce Wilson Sonsini Goodrich & Rosati

Daniel Pike AF Research Lab

Jennifer Pinkerton LA Department of Water & Power

Bradley Plantz University of Nebraska-Lincoln

John Plaza John Plaza

Robert Polak Phycal

Juergen Polle Brooklyn College

Matt Posewitz Colorado School of Mines

Steve Potts EPA Office of Water

Peter Pryfogle Idaho National Laboratory

Steve Przesmitski National Renewable Energy Laboratory

Theras Pugh American Public Power Association

Ron Putt Auburn University

Nigel Quinn Lawrence Berkeley National Laboratory

Kenneth Reardon Colorado State University

Hal Reed American Water

Valerie Reed U.S. Department of Energy, Biomass Program

Ron Reinsfelder Shell Global Solutions

Bruce Resnick Cargill

Curt Rich Van Ness Feldman

Mark Riedy Andrews Kurth

Kathy Roach MurphyTate, LLC

John Robbins Exxonmobil

Paul Roessler Synthetic Genomics

Roger Ruan University of Minnesota

Jim Ryan MOR Supercritical, LLC

Gerson Santos-Leon Abengoa Bioenergy

Richard Sayre Donald Danforth Plant Science Center

Philippe Schild European Commission

Gerald Seeley Old Dominion University/Company

Mark Segal Environmental Protection Agency

Mike Seibert National Renewable Energy Laboratory

Joel Serface Kleiner Perkins



121    Appendices        

Pamela Serino Defense Energy Support Center

Chris Shaddix Sandia National Laboratories

Alex Shearer SRI International

John Sheehan Sheehanboyce, LLC

Tanja Shonkwiler Jamestown Ny (Outside Counsel)

Blake Simmons Sandia National Laboratories

Knut Simonsen DTE Energy Resources, Inc.

Evan Smith The Verno Group

Seth Snyder Argonne National Laboratory

Milton Sommerfeld Arizona State University

Glenn Sonntag U.S. Department of Energy, Biomass Program

John Spear Colorado School of Mines

Karl Stahlkopf Hawaiian Electric Company, Inc.

Cai Steger Natural Resources Defense Council

Dan Stepan Energy & Environmental Research Center

Jake Stewart Organic Fuels

Mark Stone Desert Research Institute

Belinda Sturm Kansas University Transportation Research Institute

Sidhu Sukh University of Dayton

Xiaolei Sun Arizona Public Service

Sam Tagore U.S. Department of Energy, Biomass Program

Evonne Tang National Academy of Sciences

Jeff Tester Massachusetts Institute of Technology 

Robert Thomas South Australia R&D Institute

Jonathan Trent NASA Ames Research Center

Pat Unkefer Los Alamos

James Van Etten University of Nebraska

Peter Van Den Dorpel Algaelink, N.V.

Jean Vandergheynst UC Davis

Tom Verry National Biodiesel Board

Sanjay Wagle Vantagepoint Venture

Kevin Wanttaja Salt River Project

Michael Webber The University of Texas at Austin

Alan Weber Marc-IV Consulting

Donald Weeks University of Nebraska - Lincoln

Alan Weimer University of Colorado at Boulder

Zhiyou Wen Virginia Tech

Norman Whitton Sunrise Ridge Algae
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Appendix 2: Contributors

Jim Brainard National Renewable Energy Laboratory

Tom Brennan Arch Ventures

Bill Buchan NASA Ames Research Center

Mike Cleary National Renewable Energy Laboratory

Michael Cooney University of Hawaii – Manoa

Al Darzins National Renewable Energy Laboratory

Daniel  Fishman BCS, Inc.

Maria Ghirardi National Renewable Energy Laboratory

Stephen Gorin National Renewable Energy Laboratory

Tom Gross IF, LLC.

Molly Hames U.S. Department of Energy Golden Field Office

Grant Heffelfinger Sandia National Laboratories

Mark Hildebrand Scripps Institution of Oceanography

John Hogan NASA Ames Research Center

Qiang Hu Arizona State University

Michael Huesemann Pacific Northwest National Laboratory

Eric Jarvis National Renewable Energy Laboratory

Geoff  Klise Sandia National Laboratories

Alina Kulikowski-Tan Carbon Capture Corp

Pete Lammers New Mexico State University

Jared Largen BCS, Inc.

Elizabeth Willet Mars Symbioscience

Bryan Willson Colorado State University

Byard Wood Utah State University

Christopher Wood Platt River Power Authority

David Woodbury Biofuel Producers of America (Bpa

Paul Woods Algenol

Ben Wu Livefuels

Don Wyma National Intelligence Officer For Science And Technology

Joyce Yang U.S. Department of Energy Biomass Program

Chris Yeager Savannah River National Laboratory

Ross Youngs Univenture

Tim Zenk Sapphire Energy

Zhenqi Zhu Stevens Institute of Technology

Yonathan Zohar University of Maryland Biotechnology Institute
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Yantao Li Arizona State University

Tryg Lundquist California Polytechnic State University

Rajita Majumdar BCS, Inc.

Len Malcynski Sandia National Laboratories

Tony Martino National Renewable Energy Laboratory

Steve Mayfield Scripps Institution of Oceanography

Anelia Milbrandt National Renewable Energy Laboratory

Joanne Morello U.S. Department of Energy, Biomass Program

Chuck Mueller Sandia National Laboratories

Nick Nagle National Renewable Energy Laboratory

Michael Pacheco National Renewable Energy Laboratory

Ron Pate Sandia National Laboratory

Leslie Pezzullo U.S. Department of Energy, Biomass Program

Philip Pienkos National Renewable Energy Laboratory

Juergen Polle Brooklyn College

Matthew Posewitz Colorado School of Mines

Ron Putt Auburn University

Kathy Roach MurphyTate, LLC.

Guri Roesijadi Pacific Northwest National Laboratory

Mike Seibert National Renewable Energy Laboratory

Joel Serface Kleiner Perkins

Chris Shaddix Sandia National Laboratories

Blake Simmons Sandia National Laboratories

Amy  Sun Sandia National Laboratories

Joyce Yang U.S. Department of Energy, Biomass Program
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Appendix 3: Respondents to Request for Information 
on the Draft Roadmap

Daniel Angell TPA Inc.

Bob Avant et al Texas AM

Halil Berberoglu University of Texas

Shulin Chen et al Washington University

Barry Cohen National Algae Association

Anju Dahiya 1) The University of Vermont ;  2) General Systems Research LLC

Matthew Frome Solazyme

Michael R. Gale PetroAlgae, LLC

Arthur Grossman Carnegie Institution for Science (Staff member), Stanford University  
(Adjunct Professor), Solazyme (Chief of Genetics)

Douglas Haughey not listed

Joel E. Kostka Florida State University

David Lewis The University of Adelaide

Margaret McCormick Targeted Growth

Lissa Morgenthaler-Jones LiveFuels, Inc

Matt Peak Prize Capital

María Piera Alberola Abengoa

Matthew Posewitz Colorado School of Mines

Bruce Resnick Cargill

Bruce E. Rittmann Center for Environmental Biotechnology, Biodesign Institute,  
Arizona State University

G. Roesijadi Pacific Northwest National Laboratory

Mary Rosenthal Algal Biomass Organization

Richard Sayre and Ursula Goodenough Donald Danforth Plant Science Center and Washington University

Gerard Seeley Jr. Algal Farms Inc.

Mark Segal Environmental Protection Agency Office of Pollution Prevention and Toxics

Alexander D. Shenderov BioLogical Technologies, Inc.

Dr. Valentin Soloiu Georgia Southern University

Lance Stokes ECI Environmental Compliance

Jefferson Tester Cornell University

Willem Vermaas Arizona State University, School of Life Sciences

Marc von Keitz and Steve Heilmann University of Minnesota, Biotechnology Institute

David L. Wenbert The Eden Tube Project

Norman M. Whitton, Dr. Robert S Weber Sunrise Ridge Algae, Inc.

Paul Woods Algenol

Xiaohan Yang Oak Ridge National Laboratory

Tim Zenk Sapphire Energy
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