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Aquatic biomass, in general, and algae, in particular, are
gaining attention for wastewater treatment and as a feed-
stock for renewable fuels. Research into algae biofuels is
receiving significant attention because of the potential for
providing bigh amounts of fuel with low land use. Several
obstacles still remain especially in the area of algae selection,
bioreactor choice, conversion to fuel precursors, and ultimate
Sfuel production. This special issue of Environmental Progress
and Sustainable Energy focuses on these issues and recent
work that moves the field toward environmentally sustain-
able algae production. © 2013 American Institute of Chemical
Engineers Environ Prog, 32: 877-883, 2013
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INTRODUCTION

Aquatic biomass, in general, and microalgae, in particular,
hold tremendous potential for addressing issues at the
energy-environment nexus [1]. Aquatic plants can be used to
perform environmental services such as wastewater treatment
[2], phytoremediation [3], and CO, removal from flue gas [4].
The accumulated biomass can then be used as a feedstock
for the production of renewable fuels. Research into the use
of algae as a feedstock for biofuels has grown rapidly in
recent years [4]. In fact, as shown in Figure 1, a Web of Sci-
ence search on the topics “algae” and “biofuels” revealed a
growth in articles from 5 in 2006 to 356 in 2012. Some of the
biggest reasons for this explosion of interest in algal biofuels
are the extremely fast growth rate of algae, the high amounts
of oil that algae can contain, the ability of algae to grow on
marginal land, and the thousands of strains that allow for
growth potential in many different climates. A comparison
between the growth rates of algae and switchgrass, another
second generation biofuel feedstock, revealed that providing
half the liquid fuel needs in the United States would require
1.1%-1.7% and 60%-108% of the total U.S. crop land for
algae and switchgrass, respectively [5]. This huge reduction
in the amount of land required as opposed to other feed-
stocks is a source for optimism, but significant challenges to
full-scale implementation remain. These challenges include:
identifying the optimum algae strains for fast growth and
high yield, identifying the best way to grow algae, identify-
ing the ideal methods to extract the useful components from
algae, and identifying the most effective fuel/product mix
and how algae can effectively be converted to this product
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mix at scale. This issue of Environmental Progress and Sus-
tainable Energy provides insight on the cutting edge of each
of these four different areas of development necessary for
sustainable full-scale algae production. This perspective arti-
cle, though not a complete review, provides an overview of
this special issue and gives the authors’ views on current
research and what needs to be done to further develop algal
biorefineries.

ALGAE SELECTION

There are several steps involved in screening species for
their algae-to-fuel potential. A few of these steps are sum-
marized in Figure 2. As shown in the figure, the first step is
to select a target species for characterization. This species
would ideally have a high growth rate, produce high con-
centrations of a desirable product mix, and have low cost
media requirements. Many times, this initial species selection
is based on targeting species from nature that have been
shown to be dominant in mixed culture, grow under
extreme conditions, or store high amounts of lipids. A
detailed review on selecting a culture for biodiesel produc-
tion is given by Griffiths and Harrison [6]. In this study, the
authors compare the two major deciding factors in algae
selection for that application: growth rate and lipid produc-
tion. In many cases, algae have the highest concentration of
lipid when grown under nitrogen-depleted conditions,
although often this approach requires sacrificing growth.
However, algae strains such as Amphorea and Ettila oleoa-
bundans have high lipid content even in nitrogen-replete
environments leading to lipid productivities at or greater
than 150 mg/L day [6].

The preceding paragraph illustrates that an important fac-
tor (outlined in Figure 2) is selecting growth conditions. As
algae grow in many different environments, the same strain
of algae can give low to high oil content depending on the
growth conditions. Welter et al. [7] found that Scenedesmus
dimorpbus could range in lipid content from 2.2% to 28%
just by varying the NaNOs, or nitrogen content. Zhao et al.
[8] used a bio-oil as a feedstock supplement for algae growth
and found that at only a 4% level, this bio-oil significantly
enhanced the rate of a-linoleic acid (18:3) production. These
examples show how important it is to select appropriate
growth conditions even after a species is identified, as the
growth environment can affect the amount and type of prod-
ucts being produced.

Another important factor in the selection of growth condi-
tions is the rate of nutrient addition and ways to recycle
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Figure 1. Citations by year from a web of science search of
“algae” and “biofuels.” [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

these nutrients. Pate et al. [9] discussed approaches using
nonpotable water, thereby helping to reduce nutrient
requirements. This choice of how to recycle the nutrients
can transform a process from extremely environmentally
friendly to completely unsustainable. Fortunately, there are
several approaches to reduce the amounts of the mined or
chemically synthesized nutrients required for algae growth.
Jernigan et al. [2] have explored a pilot option using the
Rockaway Wastewater Treatment Plant in New York, New
York as the nutrient source in algae growth. This approach
allows the algae to provide the environmental service of
wastewater treatment while simultaneously obviating the
need for mined or synthesized nutrients. Wang et al. [10]
used water hyacinth for phytoremediation in Canada. These
two approaches are among those that recognize that
“pollutants” in one context can be alternatively viewed as
nutrients to enhance algae growth. Another approach, espe-
cially attractive in a photobioreactor system, is to recycle
nutrients directly from the algae processing scheme back
into algae growth. Levine et al. [11] recycle nutrients released
during hydrothermal formation of biochar back to the photo-
bioreactor for algae growth. Cherad et al. [12] use water and
the nutrients released from supercritical water gasification of
aquatic biomass and found that as long as nutrient levels did
not get too low, algae growth could be supported. All these
approaches are important as they show that algae can use
nutrients in nominal waste streams and in some biorefinery
process water streams.

To properly select an algae strain for biofuels, several dif-
ferent factors must be considered. These include its growth
under nutrient-rich and deprived environments, whether the
nutrients can be recycled, what effects changes in nutrients
and environmental factors have on product distribution, and
the growth rate and lipid content of the algae cells. Work et
al. [13] examined the many factors in algae communities that
can direct metabolism. To drive algae research forward, the
traditional approach of selecting only the highest growth
strain must be reconsidered.

REACTOR TYPE

The type of reactor to be used for algae growth is another
important consideration that accompanies setting up a large
scale algae growth system. There are three basic choices
(which are summed up in Table 1): photobioreactor, open
pond, and Algal Turf Scrubber™. All three of these choices
have distinct advantages and disadvantages. A photobioreac-
tor offers controlled conditions and thus typically has the
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Figure 2. Factors influencing the selection of an algae
growth process. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

highest growth production potential and facilitates maintain-
ing an algal monoculture. However, it is often difficult to
provide enough light for phototrophic growth, and the capi-
tal costs of photobioreactors are typically the highest. Sola-
zyme cultivates algae for biofuels in a heterotrophic
bioreactor in which light does not need to be introduced
[14]. Kong and Vigil [15], in this special issue, use a Taylor
vortex photobioreactor to introduce a flashing light effect
thereby driving up the growth rate. Algenol Biofuels [16]
uses clear plastic bags to make sealed bioreactors for ethanol
production. Furthermore, much research is going on to make
photobiorectors more productive [17] and more cost effective
[18].

The second type of algae growth system is the open
pond. The open pond has the advantages of being simple to
use and control and typically being less expensive than a
bioreactor. However, the growth rate is typically not as high
as in a photobioreactor and contamination of an algal mono-
culture by invasive species is a risk. Sapphire Energy [19] is
using open ponds on a several acre scale in a desert envi-
ronment to grow algae for their “green crude.” Strum and
Lamer [20] have shown that an open pond can be used to
grow algae for biodiesel while simultaneously cleaning sig-
nificant amounts of wastewater in the process. Peng et al.
[21] compare open ponds to photobioreactors in terms of
growth rates, dissolved oxygen, and other important growth
conditions. Jorquera et al. [22] did a comparison between flat
plate photobioreactos, horizontal tubular photobioreactors,
and open ponds. For one particular algae, they found that
the net energy produced could be greater than 1 (more
energy produced than energy consumed) for both flat plate
photobioreactors and open ponds. Although this is just one
study, it does show that algae holds potential in both a pho-
tobioreactor and open pond scheme.

The final growth system being examined is Algal Turf
Scrubbers™ (ATS). ATS typically have the lowest growth
potential because they use natural mixed culture algae, but
they also tend to have the lowest cost and environmental
impact. Hydromentia [23], which to date has been focused
mainly on nutrient control in wastewater, uses an ATS with a
mixed culture, naturally occurring in a lake or stream, to
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Table 1. Comparison of different algae growth technologies

Maximum growth Capital
potential/oil yield Contamination risk investment
Algal Turf Scrubber™ Low-medium Low Medium
Photobioreactor High Low High
Open Pond Low-medium High Low
pyrolysis Pyrolysis 0il The wet slurry is then typically either dried or subjected as
/’ wet biomass to a solvent extraction step or some sort of ther-
o E mochemical conversion step to produce a biofuel intermedi-
ory’ W ate [29-31].
N Some algal biofuel processes envision working with dry
Lipids algal biomass as depicted by the top two paths in Figure 3.
Wet Extraction The dry biomass would be subjected to solvent extraction to

Hydrothermal Carbonization
Lipid-rich Hydrochar

—l

Hydrothermal Liquefaction
Bio-Crude

Hydrothermal Gasification
CH,, H,

—

Figure 3. Tllustration of different options for converting algal
biomass into biofuel intermediates. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

remove nitrogen and phosphorus from water. Just recently,
this approach has been combined with biofuel production
[24]. Jernigan et al. [2] look at using algae from an ATS race-
way for butanol production and studying the long-term stor-
age effects of algae from these types of systems. Other
studies have also shown ATS and ATS like systems to have
high nutrient removal potential [25, 20], but basic economic
analysis shows that the in order for the fuel to be produced
at a reasonable cost credits for the clean-up must be
obtained to mitigate the higher costs of algae growth.

As shown in this discussion, different companies are mov-
ing forward with each of these three different approaches for
algae growth. The type of system chosen depends on the
environment where it is to be used and the specific business
model. ATS will make sense in regions where wastewater
needs to be treated and the high-carbohydrate, low-lipid bio-
mass provided is attractive. Open ponds will be attractive in
places where contamination risk is minimal and thus a
monoculture can be maintained in a rather inexpensive envi-
ronment. Bioreactors will be chosen when extremely high
growth rates and perhaps value-added co-products allow for
the higher capital costs to be overcome. Finally, we would
like to add that the use of oceans or estuaries have potential
for algae growth as well as is proposed in the patent “Open
Ocean Algae Farm” [27]. However, significant challenges
remain in deployment and harvesting of these types of
systems.

CONVERSION OF ALGAE TO BIOCRUDE /INTERMEDIATES

After algae are cultivated, the biomass typically needs to
be harvested and dewatered to a more concentrated algal
slurry as the next processing step. There are different
approaches for accomplishing this concentration which
include flocculation, centrifugation, and filtration [28-30].
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remove lipids or subjected to pyrolysis to produce a bio-oil.
Pyrolysis can be used to convert algal biomass to a crude
bio-oil just as it is routinely used to convert lignocellulosic
biomass to bio-oils. These bio-oils tend to have high oxygen
content and a high water content, which leads to a modest
heating value [32]. Both extraction and pyrolysis produce an
intermediate product (lipids, bio-oil) that can then be subse-
quently converted into a biofuel. There is a large energy
penalty associated with drying the wet algal biomass, how-
ever. For example, drying a 15 wt % slurry of algae would
require about two-thirds of the heating value of the algal
biomass. Any process that includes algae drying will almost
certainly fail to be a net energy positive process. That is, the
process energy inputs will exceed the energy content of the
final biofuel product. There may be some special cases
where drying is feasible (e.g., when low-grade waste heat is
available from a nearby industry, using solar drying) and
there exists a way to circumvent this energy penalty. These
instances will probably be the exception rather than the rule,
however. Zaimes and Khanna [33] discuss the energy penalty
associated with drying more fully in their article in this spe-
cial issue. We suspect that commercial biorefineries will pro-
cess wet algal biomass rather than first drying it. Savage [34]
provides an overview of the different options that exist for
processing wet biomass (e.g., fractionate first or do thermo-
chemical conversion first), and these are outlined in the fol-
lowing paragraphs.

Lipid extraction from wet algal biomass, as included in
Figure 3, can be done with hexane or with supercritical CO,
[35, 36]. The lipids can then be converted to biodiesel by
transesterification or to green diesel by catalytic hydrotreat-
ing. Though extraction of lipids from wet algal biomass
avoids the large energy penalty associated with drying, it is
much more difficult than is extraction from the dry biomass
[371.

Hydrothermal treatment is a thermochemical conversion
step that is well suited for processing wet algal biomass
directly. Hydrothermal treatment simply subjects the biomass
slurry to elevated temperatures and pressures that are at or
above the vapor pressure of water at the reaction tempera-
ture so that the water remains in the liquid phase (when sub-
critical processing temperatures are used). The combined
action of the thermal energy and hydrolytic attack of water
molecules on the algae biomolecules lead to chemical reac-
tions that convert the biomass to more useful biofuel inter-
mediates. As Figure 3 shows, hydrothermal treatment can be
done at moderate temperatures (~200°C) to produce a solid
product (hydrochar), at intermediate temperatures (~300°C—
350°C) to produce a crude bio-oil, or at higher temperatures
(~400°-600°C) to produce gaseous products. In all cases,
hydrothermal treatment also produces an aqueous phase co-
product that can contain organic compounds (and hence
some heating value) along with nitrogen and phosphorus
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that would need to be recycled as nutrients to the algae
growth facility.

Hydrothermal treatment at a temperature of around 200°C
causes the algae cells to conglomerate and carbonize,
thereby forming solid particles that are easy to separate from
water via simple filtration [38-41]. The biofuel intermediate
produced in this way is a carbonized solid, or hydrochar,
which retains nearly all the lipids that were originally resi-
dent in the algae. The lipids can then be extracted and sepa-
rated (e.g., if one desired to recover w-3-fatty acids as a
high-value co-product) or the lipids in the hydrochar can be
transesterified directly via uncatalyzed reactions with super-
critical alcohol or acid-catalyzed reactions with alcohol at
lower temperatures. Levine et al. [11] report on hydrothermal
carbonization (HTC). Their report herein is especially signifi-
cant because it focuses on recycling the aqueous phase
co-product to the algae bioreactors, where the N and P it
contains are taken up by the growing algae cells. Recycling
of the nutrients will be essential to ensure the sustainable
operation of integrated algae biorefineries.

Hydrothermal liquefaction (HTL) converts all the algae
cellular material into a crude bio-oil. This process involves
heating the wet algal biomass to around 300°C-350°C. Under
these conditions, the lipid, protein, and carbohydrate biomo-
lecules in the algae cells undergo hydrolysis to form much
smaller molecules [42, 43]. The article by Reddy et al. [44]
provides experimental results that are representative of those
often obtained from HTL studies. The biocrude has a heating
value of 35-38 MJ/kg. The yield of biocrude from HTL typi-
cally exceeds the lipid content of the algae, which means
that nonlipid components are also converted to biocrude by
this process.

There have been several studies with model compounds
that provide insight into the chemistry occurring during HTL
[45-47]. These studies provided the pathways, kinetics, and
in some instances, mechanisms, for the hydrothermal reac-
tions of lipids, amino acids, fatty acid esters, and a chloro-
phyll derivative. Of course, a drawback to model compound
studies is that it can be difficult to know whether the reac-
tions observed for the model compound in isolation are the
same as those occurring during algae liquefaction. Experi-
ments with mixtures of model compounds [46, 48] get closer
to the behavior of the real system, but experiments that
probe algae liquefaction directly would also be informative.
To that end, the article by Patel and Hellgardt [49] herein is
noteworthy. Crude bio-oils from HTL of algal biomass often
contain about 10-15 wt % oxygen, with much of this oxygen
present as —OH groups (e.g., in fatty acid, alcohol, or phe-
nolic moieties). The authors’ derivatized bio-oil produced at
different HTL conditions with a phosphorus-containing moi-
ety. This derivatization allowed the chemical transformations
that occurred to the hydroxyl groups during algae liquefac-
tion to be identified with *'P NMR. The authors show clearly,
for example, that —OH groups in fatty acid environments
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decrease with reaction time whereas —OH groups in aromatic
environments increase.

In addition to carbonization and liquefaction, hydrother-
mal treatment can also be used to produce a fuel gas con-
taining either primarily methane or primarily hydrogen [50,
51], depending on the reaction conditions and catalyst used
(if any). Catalytic gasification is used to produce methane,
but effective catalysts such as Ru, can be rapidly deactivated
by sulfur atoms present in the biomass. Cherad et al. [12]
provide a report on hydrothermal gasification of macroalgae
to produce hydrogen and C,—C4 gases. In addition to pro-
ducing this valuable gas from a renewable resource, the
authors show how the aqueous phase co-product from gasi-
fication can be used to facilitate growth and nutrient man-
agement for microalgae cultivation.

Though the conversion of algal biomass to a biofuel inter-
mediate (e.g., hydrochar, biocrude) presents new opportuni-
ties for making renewable liquid fuels there remain several
obstacles to doing so and to doing so in an economically
competitive manner. There is a need for research and devel-
opment work related to better understanding and optimizing
each of the conversion pathways. For example, it is not yet
clear how the biochemical composition of the algae feed-
stock influences the yield of biocrude and its properties.
Also, the chemistry involved in hydrothermal processing is
not yet fully understood. Additionally, there is a need for
research into the conversion of the biofuel intermediate into
a finished biofuel. Biocrude, for example, contains too much
N and O and has a viscosity that is too high to permit its
direct use as a liquid transportation fuel. There is a need to
identify and develop stable, active, and inexpensive catalysts
for removing the heteroatoms and tailoring the molecular
composition and molecular sizes of the treated biocrude [52].

PROCESSES FOR ALGAL BIOFUEL PRODUCTION

As is evident from the previous section, there are several
different routes for converting algal biomass to intermediate
products that can then be further processed into a biofuel.
For each of these routes, there are multiple conceptual pro-
cess configurations that can be envisioned. Figure 4 shows a
simplified flowsheet for a process using HTC to make biodie-
sel from wet algal biomass. The wet algal biomass undergoes
carbonization to produce lipid-rich hydrochar, which can
then be reacted with ethanol in an in situ transesterification
(IST) process to make crude biodiesel. The aqueous phase
co-product from carbonization can be recycled to grow more
algae. The lipid-extracted carbonized solids (LECS) retain
some heating value, so they might be useful as a fuel source.
Levine et al. [11] report on various aspects of this conceptual
process.

Figure 5 shows a simplified block diagram indicating how
an upgraded bio-oil can be produced from wet algal biomass
via HTL. The process includes catalytic upgrading to improve
the properties of the bio-oil and catalytic hydrothermal gasifi-
cation to recover energy from the organic material resident
in the aqueous phase after liquefaction. The contributions by
both Reddy et al. [44] and Patel and Hellgardt [49] provide
information about HTL.

Wang et al. [53] report on a process for making a drop-in
replacement for hydrocarbon fuels from algae. This team
developed a high lipid strain of Dunaliella, an algae species
that lacks a cell wall. The algae cells can be lysed using
osmotic rupturing, and the lipid bodies float to the top of
vessel where they can be recovered. The lipids are then
hydrolyzed in water using well-established fat-splitting tech-
nology. The fatty acids, which separate naturally from the
aqueous phase, then undergo catalytic decarboxylation and
hydrogenation to produce n-alkanes as the product. The
alkanes can then be processed further using existing oil
refining technology to produce various liquid fuels.

Environmental Progress & Sustainable Energy (Vol.32, No.4) DOI 10.1002/ep



Wet Algal
Biomass

Nutrient-rich Water

Bio-crude

Upgraded
Bio-oil

Figure 5. Block flow diagram for algae HTL process. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

The existence of multiple competing processes for con-
verting algal biomass to biofuels clearly points to the signifi-
cance of process optimization and process assessment (e.g.,
technoeconomic assessment and life cycle environmental
impact assessment) as being key areas of activity in this field
[54-56]. One needs to determine the best possible process
for each of the different options and then compare the eco-
nomics and environmental impacts to get a complete under-
standing of the various tradeoffs involved.

Process optimization for algae biofuels has received lim-
ited treatment in the literature. The contribution by Martin
and Grossmann [57] focuses on the optimal integration of
methanol synthesis with algal biodiesel production. The
authors examine a process wherein the glycerol co-product
from transesterification is gasified and the syngas so pro-
duced is then used for methanol synthesis. The methanol is
subsequently used for the synthesis of more biodiesel from
algal lipids. This processing approach, which involves inter-
nal recycling of methanol, can reduce the need for an exter-
nal (fossil) source of alcohol in the biodiesel facility. The
analyses performed can inform decisions about the best pro-
cess configuration to choose and the costs of the various
options.

In addition to this type of process optimization work,
much can be learned from examining the environmental
impacts associated with an overall algae biofuel production
process. One of the drivers for the development of biofuels
is that they provide an opportunity for reducing the CO,
emissions associated with the use of liquid transportation
fuels. To assess the extent to which this opportunity is real-
ized requires a life cycle assessment (LCA). Briefly, to per-
form an LCA one considers specific environmental impacts
of interest associated with each step of the biofuel produc-
tion process (e.g., fertilizer production, algae growth, har-
vesting, conversion to biofuel intermediate, conversion to
final fuel product) and then sums them together to get the
overall impact associated with producing a certain quantity
(volume or energy content) of biofuel. Such LCA studies can
be useful for comparing alternative processes and for identi-
fying the individual processing steps with the greatest envi-
ronmental impacts. These can then be targeted for additional
research or process development to reduce the impacts. The
literature contains several LCA studies of biofuel production
from algae [54, 55], and these assess various aspects related
to environmental sustainability (e.g., water usage, land

Environmental Progress & Sustainable Energy (Vol.32, No.4) DOI 10.1002/ep

requirements, greenhouse gas emissions, fossil energy use,
eutrophication potential, etc.). Zaimes and Khanna [33] pro-
vide an LCA comparison of biodiesel and green diesel pro-
duction from algal biomass. Their analysis shows that
processes that dry the algae and use solvent extraction to
recover the lipids from the dry algae will have an unfavora-
ble energy balance and cannot meet the lifecycle greenhouse
gas reduction threshold mandated by the renewable fuel
standards in the United States. Processes that use wet algal
biomass and hydrothermal processes may be advantaged
from a life cycle impact perspective.

SUMMARY REMARKS

The explosion in recent research dealing with the use of
aquatic biomass as a feedstock for renewable energy and the
myriad environmental implications associated with this
potential transition has motivated the preparation of this spe-
cial issue of Environmental Progress and Sustainable Energy.
This introductory article and those that follow show the
breadth of the research being conducted with aquatic bio-
mass near the energy-environment nexus. Continued contri-
butions are needed from experts in biology, ecology,
environmental engineering, catalytic science and technology,
reactor engineering, process systems engineering, and life-
cycle and techno-economic assessments.
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