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Abstract

There are many challenges and technical barriersmgglementation of a viable

commercial process to produce algae-based bioftdétguels made from algae must
typically go through a complicated series of unibgesses for algae -cultivation,
harvesting, dewatering, oil extraction, conversimg other logistical steps. The National
Alliance for Advanced Biofuels and Bioproducts (NBB) was developed to produce
new technologies to be implemented by the algdubldndustry in an effort to improve

the process economics and environmental beneStxceded with algae fuels. This LCA
study investigated the environmental impacts aasediwith four harvesting and two
extraction technologies developed by NAABB researsh Gate-to-gate LCA results
show that all novel technologies appear to haveptitential to provide at least modest
decreases in greenhouse gas (GHG) emissions cainjpacerrrent default algae process
technologies. 14 scenarios of different combination harvesting and extraction unit
operations were further evaluated in the contexheffull life cycle for producing algae-

based renewable diesel. Results indicate thattgmieof a particular technology for a

unit operation can have consequences that affeet stages of the full biofuels life cycle,
both upstream and downstream from the unit operatiqquestion. Considering material
and energy inputs, operation efficiency, impactsaoorsite recycled energy, and co-
products credits, acoustic harvesting followed bgustic oil extraction give the best
performance on the overall lifecycle, which redtivte GHG emissions by roughly 45%
compared to the base case. LCA modeling also demabess that co-products produced

at various points of the value chain, for use witbr outside the algae biofuels system



boundary, considerably affect the LCA results beydarvesting and extraction unit

processes.
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1. Introduction

1.1 Research motivation in evaluating NAABB harvesting and extraction
technologies

Liquid transportation fuels made from bio-basedd&teck are viewed as promising
alternative fuels to mitigate the negative impasctsfossil fuels on society and the
environment, such as finite resources, energy ggcwand global warming impacts.
Currently, the primary biofuel production systerak/ron agricultural crop biomass; corn,
soybeans, and sugar cane. However, unicellulaedigids a number of advantages over
conventional biofuel feedstocks due in part to liigh biomass growth rates, high lipid
content, tolerance to brackish water, and thetglii be sited on non-agricultural lands
[1] [2]. Furthermore, algae are unlikely to causateptial negative issues such as
deforestation, soil erosion and water pollution paned to other biofuel feedstocks [3].
The Energy Independence and Security Act of 200% fm 36 billion gallons of biofuel
production in the United States by the year 202 &#e a substantial impact on fuel use,
of which 21 billion gallons should be advanced befwith a clearly established
environmental benefit of 50% greenhouse gas (GHfE$s®ons reduction compared to
conventional fossil fuels [4]. Related to this tt,ga comprehensive ‘Harmonized Report’
[5] determined that a minimum of 5 billion galloerpyear (BGY) of microalgae-based
biofuel would be required for algae biofuel to makesignificant impact on the U.S.
biofuel industry. Algae biofuel production is comniy viewed as requiring 5-15 years
of consistent operational improvement before swgfoéscommercialization [6].

Establishing and improving the overall environméngastainability and economic

viability of the algae industry requires an advahdenowledge of unit production



pathways and innovative technologies to optimizdgomance. The National Alliance
for Advanced Biofuels and Bioproducts (NAABB) proje funded by the U.S.
Department of Energy’s Office of Biomass Programsyed to develop and evaluate
innovative technologies that can be implementedhieyalgal industry and improve the

overall sustainability [7, 8].

There are many challenges and technical barrieranementation of a thorough
environmental assessment of algae-based biofuédmeAbiofuels production typically
involves complicated cultivation, harvesting, desvatg, oil extraction, and conversion
processes. Selection of a particular harvestinggaetton, or conversion technology will
not only have upstream but also downstream enviemtah consequences in the value
chain, as different operational efficiencies aneolwed and different outputs are created
based on the technologies being used. A new stitechnologies for algae harvesting
and lipid extraction has been developed and evadubly NAABB researchers in an
effort to streamline production and reduce cosesEehtechnologies were developed and
tested at laboratory scales, and the most promigicignologies were further evaluated
on a larger scale. Though the advances in techrpeaformance and economic
performance of various algae unit operation teabgies have been analyzed [9-12],
studies on environmental performance of these tdofgres have been limited and
evaluations of NAABB harvesting and extraction tealogies have not yet been
completed to demonstrate clear improvement overctiveent default pathway that is

commonly assumed.

1.2 L CA of unit operationsin the algae biofuel production pathway



Life cycle assessment (LCA) is viewed as amongntiest important methodologies for
guantifying environmental impacts and to progressat more sustainable chemical
process industry [13, 14]. Several LCAs have beamdacted for predicting

environmental impacts of algae-based biofuel payisw&he results of the analyses vary
due to different assumptions about algae cultivatitethods, biomass productivity and
oil content parameters, allocation methods, treatnoé lipid-extracted algae biomass,
and choices of unit process technology. In an divéfa cycle assessment of algae
biodiesel conducted by [15], the authors pointedtioat dewatering is the unit operation
that consumes the most energy and is responsibltnédomost GHG emissions. Using
filter press primary dewatering results in emissiaf 241.87 g Ceeq per MJ of algae

biodiesel (BD), which is much lower than the resultcentrifuges are used for primary

dewatering (398.48 g C@q per MJ of algae BD). Brentner and colleagues [16]

compared three harvesting options: centrifugatfomation and flocculation / settling.
The LCA results indicated that flocculation had tbevest impact and among the three
flocculants analyzed, chitosan has the lowest gnéegnand and environmental impacts
compared to lime and aluminum sulfate. Hexane etitma is currently the default
technology for algae oil extraction, despite item@y intensity [17]. Another study [18]
analyzed two different hexane extraction optiony, ahd wet extraction (dry extraction
includes advanced drying followed by hexane extacivhile wet extraction does not),
and concluded that wet extraction usually redudedanvironmental impacts for most
categories. In this study, 90% of the whole proassrgy consumption is attributed to
dry extraction, and 70% if using wet extraction.sea&rch from [16] indicated that

supercritical methanol combined extraction appearde the best case scenario that



requires the least energy compared to hexane égrtratn addition, after modeling 160
pathways for combinations of different technolog#seach process stage, the overall
best-case scenario for well-to-wheel study was dotm be flat-plate photo bioreactor
cultivation, chitosan flocculation, supercritical ethanol combined extraction and

transesterification, and energy recycle throughovery of biogas, from a LCA
perspective, and total life cycle GHG emission anteuo 8.05 g Céeq per MJ of

biodiesel.

The different assumptions made in these separathest previously conducted vary
widely in lipid content, processing scale size (devs pilot vs commercial), approaches
to handling lipid-extraction biomass fractions, ketrvalue, and co-products allocation
method. Different inventories on algae informatioay also have considerable variations
using accepted literature values, life cycle datebaor confidential data. Therefore, it is
difficult to compare these multiple LCA results drarvesting and extraction unit
operations and determine which technology leads pteferable environmental
performance. Another obstacle for conducting compas of LCA on different algae
biofuel unit operations is that many of the teclogas being developed for algae
handling and processing were developed by privatepanies, and data characterizing
the performance of the technology has remainedidemial. Through the NAABB
research consortium, several technical options weoposed for each of the unit
processes contributing to the biofuel productiothways. Information has been made
available to make more transparent, standardizetbadsons among these technologies
based on the same processing standards and undedgsumption, such as the lipid

content, usage of lipid-extracted biomass, andggnand nutrients recycle. The purpose



of this study is to analyze the GHG impact of NAABBvel harvesting and extraction

(H&E) technologies and compare with the Greenhdbases, Regulated Emissions, and
Energy Use in Transportation Model (GREET) Modékse case for algae-based biofuel
production [19]. In addition to the gate-to-gatelgees, these technologies are placed in
a full algae biofuel life cycle to investigate th&HG impacts on overall algae renewable

biofuel production pathway.

2. Methods

Four harvesting technologies and two extractiohrietogies within the NAABB group

were evaluated. These include:

» Harvesting technologies: Chitosan Flocculation, clEtdytic Coagulation,

Membrane Harvesting, and Acoustic Harvesting;

» Extraction technologies: Wet Separation / Fracilii(mma(AlgaFracTM) and Acoustic

Extraction

A suite of gate-to-gate analyses was first condldte evaluate the environmental
performance of each technology that already corddrio the standardized NAABB
assumptions across all cases. In addition, thes@perations were placed in the context
of previous well to wheel LCA framework and theuks for these unit operations are
presented as part of the full chain LCA.

2.1 Gate-to-gate Analysis

2.1.1 Goal and scope

Gate-to-gate analyses were conducted as the tegt ® determine greenhouse gas

(GHG) emissions that were associated with NAABBvkating and extraction unit



processes. Important inputs for those H&E techriekgnclude electricity, fuels for
process heat, chemicals, and materials, as welesespective performance of those
technologies (the efficiency of harvester or exsgahe energy efficiency, etc.). Figure
1 shows the algae biofuel production pathway anel slgstem boundary of this

preliminary study.
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Figure 1 System boundary of gate-to-gate algaeelséing and extraction LCAs within

the algae biofuel pathway. The outermost dashesl digfines the system boundary for

LCA at harvesting stage and at extraction stagpedively.

2. 1.2 Functional unit



GHG results for harvesting technologies were basedl kg of dry algae biomass
harvested, while results for extraction technolsgieere based on 1 MJ of lipid oil

output.

2. 1.3 Descriptions of H&E technologies and invepnidata

Assumptions were standardized for harvesting atihetion processes in order to have a
fair comparison among all technologies investigatethis study. The lipid content of
algae is assumed to be 25% based on previous higael LCA studies [19, 20].
Cultivation process water after harvesting & dewate is recycled back to algae
cultivation pond. The electricity used for the releyis excluded for comparison as the
amount of water to recycle is approximately similar all technologies and pumping
energy demands are unknown. Centrifuge dewaterprgceded by dissolved air
flocculation, are the current default algae haiwgstpathways, while wet hexane
extraction is the most commonly assumed extradgohnology for isolating lipids. This
study takes the input of these default technolofym®s the GREET Model as a baseline
to compare with the below NAABB technologies. GREKTdeveloped by Argonne
National Laboratory which evaluates energy and simis impacts of advanced
transportation fuels [19]. The default inputs toEER are a set of “harmonized” inputs
obtained from a synthesis of prior literature [5].

It needs to be noted that, multiple harvestingnebétgies were investigated and a down
selection evaluation were made within the NAABB dzh®n their potential of energy-
efficiency, low-maintenance, and other consideratid8]. To this end, only three
harvesting technologies were selected for scal&egpuse of their superior performance

over the traditional centrifuge technologies, amitosan flocculation was not chosen.
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Thus, the inputs for chitosan flocculation wereetalkrom laboratory experimental results,
while for the other three harvesting technologiesmmercial scale data were used.
Detailed performance data regarding these techiesl@gn be found in the Appendix A.
Electrocoagulation, developed by Texas AgriLife Research, uses ativeaenetallic
anode to produce positive charged ions to neuérdhe negatively charged algae cells,
allowing them to aggregate and settle. The coagdlatlls settle to the bottom of the
solution and can be removed by conventional seditien methods. There are minimal
requirements for operation and maintenance as #tallic plates do not need frequent
cleaning and the system can be operated continuf2i§l. The pilot scale validation was
tested at 3000 L/h wit@hlorella sp [8]. Related performance data is provided inld4b
Metal content from the anode that is retained & lhomass will affect downstream
processing. Thus, metals that are considered asibb®selectrodes are those with
minimal downstream effects and high animal minecdérance. Steel electrodes are
considered feasible options that have been testel@rucontrolled conditions, which

discharge minimal amounts of non-toxic ions inte #hgal solution.

A previous publication summarized a linear stoiaméric relationship between the algae

concentration (g/L) and the minimum amount of feion (mg/L) required to produce
high flocculation efficiency, [Fe@] = {709.9 [Algae] + 58.3}. This linear relationghi

breaks down at algae concentration above 0.3 gthen\toncentration goes above 0.5

g/L, the required concentration of Fg@lecomes independent of algae concentration and

are substantially lower than what would expectededaon stoichiometric calculation

[22]. A graph of detailed information on minimum (g needed is provided in the
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Appendix B. In this study, the required Fg€bncentration is determined to be 0.2 g/L
for incoming algae concentration of 1 g/L at hatieps

Membrane filtration, developed by Pacific Northwest National Laboratf@, 23], uses
metallic membrane sheets with pore structure amguersurface properties to selectively
harvest algae. Flow of algae cultivation water llsveed through an accessible porous
membrane while the solid algae particles are rethiAs the algae culture flows through
membrane modules, algae biomass concentration @hpdaocreases. Major advantages
for membrane filtration include the high algae Rating efficiency (up to 100%) and
low energy requirements. To remain a competitivevdsting technology, membrane
sheets must be strong, flexible, corrosion resistand contain extremely small and
consistent pores. Therefore, though membrane tidtracan handle delicate cells, it
comes with high capital and operational costs (nedeplacement).

Chitosan flocculation technology has been tested [24], which involves tse of a
positively charged electrolyte known as chitosarme Tpositively charged chitosan
interacts with negatively charged microalgae celilsg encourages the microalgae to
aggregate and settle out of solution. Flocculagfficiency is very sensitive to pH. Based
on the experimental results, flocculation efficigns proportional to initial biomass
concentration with maximum efficiency of 99%, 95&6d 78% under the condition of
0.95¢/L, 0.5 g/L, and 0.1 g/L of incoming algae,ilehhe optimum dose of chitosan was
found between 0.04 g/g algae and 0.06 g/g algaée Nt in another previous LCA
study, which was not part of NAABB, the optimum centration of chitosan was found
to be 0.1 mg/L with the maximum efficiency of 95%t initial incoming algae

concentration of 0.5 g/L [25]. These differences e@rperimental data of chitosan

12



consumption can result in different LCA impacts,iethwill be illustrated in the Results

section.

Ultrasonic technology (referred also aacoustic technology), developed by Los Alamos
National Laboratory (LANL), applies a standing astitiwave in a flow-through system.
The intense ultrasonic waves concentrate algas oelthe cultivation water, and can
continually separates the lipids and proteins ftbmalgae by using ultrasonic cavitation
and streaming to release the lipids. Once separttedipids can be further treated and
refined into biofuels, while the proteins may bedi$or animal feed or other byproducts.
LANL scaled up the ultrasonic harvesting technologlye demonstrated scaled-up
harvester module delivers energy to the liquid lay@0-fold more effectively compared
to the lab-scale device [8]. Benefits of ultrasoharvesting include eliminating use of
hazardous chemicals and drying, while water is akeclyto algae cultivation. However,
the efficiency is relatively low compared to théet technologies, with an average of 80%

for harvesting and 95% for extraction processespeetively [11].

AIgaFracTM, a wet algae biomass lipid extraction and lipitk@sted algae fractionation

technology, is a patented process developed by&aRenewables. This technology is a
wet extraction platform that is capable of recavgriand purifying algae biomass
fractions, with biomass rapidly being process iijals, lipid-extracted algae (LEA), and

agueous streams. A series of bench-scale fractoontdsts were conducted to optimize
oil yields for various algae strains and harvebiadings were used to define optimal

conditions for processing of large quantities gfaal [8].

All material inputs, energy inputs are normalizeddd on 1 kg dry algae biomass output

for harvesting, and 1 MJ lipid oil output for odteaction. Though extensive efforts have
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been made on investigating all related studies ligations, and databases that are
currently publicly available, limited data still ists on material and energy requirements
for certain processes at a commercial scale, tdgi@nal assumptions were made when
necessary. These issues often arise when assessingnature industry, but a clear and
transparent presentation of data sources and sstjagsumptions will allow this work to
be compared with future studies as the industryureat and new technologies are
incorporated in the value chain. Using the asswnptifrom various databases, reports,
literature documents, and models, the performanata dor the four harvesting
technologies are summarized in Table 1. Similardysma for input data of extraction
technologies were completed in the same manneasntisted in Table A. 2 and Table

A.6 in the Appendix A. To ensure fair comparisoalgae lipid content was assumed to
be 25% for all scenarios, lipid density was assutoebe 864 kg per ?n lower heating

value of lipid was 10.5 kWh (37.8 MJ) per kg, arehting value of LEA was assumed to
be 4.86 kWh (17.5 MJ) per dry kg [11]. More detdil#ata regarding these technologies

can be found in the Appendix A.
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Table 1 Performance assumptions and energy inpIN&ABB algae harvesting technologies

Har vesting Technologies Membr ane Filtration Electrocozallgzléllation[g' = Chito_sar?% . Ulitr asonicd®
Flocculation
Lipid content (kg lipid/kg algae 25% 25% 25% 25%
Lipid density (kg I of lipid) 864 864 864 864
Lipid heating value (MJ/kg of lipid 37.8 37.8 37.8 37.8
Electricity required 3.74E-01 9.55E-02 1.98E-01 6.45E-02
stage AMJ/kg algae output 3.71E-01 4.99E-03
stage AMJ/kg algae output 3.60E-03 5.51E-02
stage IMJ/kg algae output 4.49E-03
Chemicalgmaterialsinputs porous Ni membrane sheet Fe chitosan ,
Optimum amoun 1.048E-08 7.05E-02 4.00 E-02 No material
Unit m° Ni / kg algae kg /kg of dry algae kg /kg of dry algae consumption
Lifetime of equipment being used
before repI:gemZnt is needeqd (yrs) 2 7 25+ 101020
Operational performance
Harvester Efficiency 9 100.00% 98.00% 95% 64%
(kg alga é?fg g’gges\f’vg?;) 0.04% 0.10% 0.05% 0.05%
Final solids (kg algae/kg algae watér) 24% 8% 6.73%
Typical algae processed (k .
O ytlfi)mal al gae gn?ojnt hargle?s/:;()j 25 R N/A (based on S
P 9 2,800 400.6 experimental result) 17586.67

(kg/hr)
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2.1.4 Life cycle impact assessment of gate-to-ga#dysis

The GHG emissions impacts were analyzed and caw/éot CQ equivalents (CQeq

using the Intergovernmental Panel on Climate Ch4iR€C) 2013 GWP 100a method

in the SimaPro LCA software. The global warminggmiial (GWP) values for C§£)

CHg, and NO were included with 100-year GWP values of 1, &8] 265, respectively

[27]. Inventories of various inputs calculated lre tabove section were taken, including
the energy inputs (electricity, heat, and steamgnucals and solvents, as well as other

material inputs.

2.2 Full renewable diesel L CA of different H& E technology combinations

The environmental performance of algae biofuel bassiderable variations in part
because of the different unit operation adoptetecBen of a particular technology will
have upstream as well as downstream consequenctw inalue chain. Thus, it is
important to have the harvesting and extractiomretogies integrated with other unit

processes and evaluate the full algal renewabted{&D) life cycle.

2.2.1 Base case assumptions and system boundary
In this study, the baseline inputs of GREET modelevused as a base case scenario.

Baseline algae biofuel production process was asduto contain a series of unit

operations including C®procurement from flue gas, open pond cultivatadiasolved air

flotation, centrifugation, homogenization, hexandraction, conversion via catalytic
hydrotreatment, and transportation stages [19]. Areeluction process starts with algae

cultivation with ammonia and diammonium phosph&@R) as nutrient sources. After
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algae lipids are extracted, lipid oil is then tyamged to the conversion site to produce
RD through a series of hydrotreating reactions. idale, a significant quantity of LEA
is produced as a co-product at the oil extracttages lardon [18] conducted an overall

LCA of algae biofuel and concluded that the highiemmental impact of algae biofuel
is caused by significant energy consumption, ameag suggested that one possible way
to improve the performance of algae biodiesel iethuice energy demand and to recycle
nutrients. Furthermore, previous study has demaitesirin most cases, the benefits from
exporting LEA off-site to displace the use of aninieed does not outweigh the
additional inputs of energy and nutrients to majdar the internal LEA benefits that are
no longer available, and thus results to higher GEi@ission (Shi et al. 2016).
Considering this, though previous studies on thenemic viability of NAABB
harvesting and extraction technologies assumedLiBAt was sold for animal feed to
offset the financial cost [9, 12], in this studyiA was assumed to be used on site to
produce energy and recover nutrients through abaedigestion (AD). The GREET
model baseline assumptions on energy recovery agopted for each case to remove
the uncertainties of previous LCA results causedliffgrent assumptions on allocation
methods, treatment of LEA, and on-site energy gditer. LEA is anaerobically
converted to biogas, and the methane-containingalsiass combusted to produce process
electricity and heat through combined heat and pasystem (CHP). The recovered
energy is used internally, providing all of therthal energy and part of the electricity
required in other previous steps on site from eation to AD [3]. The remaining
nutrients in the liquid from the AD process araireed to the algae cultivation facility to

lower the use of imported synthetic fertilizer. Tdigestate (solid residue) from AD was
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assumed to be transported to local crop fielddfaebsome synthetic fertilizer addition,
assuming a 50 mile one-way transportation distdncéruck. Hydrogen used for RD
upgrading is produced via steam methane reformig]. [At the conversion stage,
approximately 0.059 kg of propane is co-producexh@lwith the algae RD within fuel
conversion facility, while 1.17 kg lipid oil inpus required to produce 1 kg algae RD

[19]. Figure 2 shows the production pathway andesysboundary of the full chain LCA

of algae RD.
;[ Energy & Materials ] fromall
|
Lipid Transportation

y
AT, [transport & distribution

Lipid-extracted algae

Anaerobic
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Biogas
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=N ——
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Soil Amendments Propane Fuel Mix (Co-product)

Figure 2 System boundary of full algae biofuel tfecle (adapted from [3])

2.2.2 Goal, scope, assumptions, and life cyclertorg data
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Starting from the baseline, this well to wheel L@®deled seven scenarios of alternative
H&E technology combinations, and compared their Géfiissions with the base case
scenario and fossil diesel. As shownTable 2, these scenarios are: membrane harvesting
& wet AlgaFrac (M+W), chitosan flocculation & wet IgaFrac (C+W),
electrocoagulation & wet AlgaFrac (E+W), acoustarvesting & acoustic extraction
(A+A), membrane harvesting & acoustic extraction+@), chitosan flocculation &
acoustic extraction (C+A), and electrocoagulationa8oustic extraction (E+A). The
functional unit will be based on 1 MJ of final alg&kD. This study explored two
allocation scenarios, displacement allocation andyarid allocation. The hybrid
allocation method is consistent with the GREET nhode which co-produced energy
products are treated by energy allocation, androdyted nutrients used as fertilizer
replacements are treated by displacement allocat)n Detailed calculation for

allocation factors can be found in Appendix C.

Table 2 Harvesting and extraction technology coraams investigated in the full chain
algae renewable diesel LCA.

Membrane harvesting & wet AlgaFrac (M+W)
Chitosan flocculation & wet AlgaFrac (C+W)
Electrocoagulation & wet AlgaFrac (E+W)
Acoustic harvesting & acoustic extraction (A+A)
Membrane harvesting & acoustic extraction (M+A)
Chitosan flocculation & acoustic extraction (C+A)
Electrocoagulation & acoustic extraction (E+A)

H&E technologies
investigated

Hybrid allocation

Allocation methods ; .
Displacement allocation

When algae are processed using certain harveshdgeatraction technologies, the

operational performance of these technologiesatlonly affect the unit process yield,
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but also the upstream inputs during algae growth@@, procurement and downstream

inputs such as biogas production, energy recoseiy,amendment and displacement of
synthetic fertilizer. The different operation eféincies for technologies were taken into
consideration, as well as the feedbacks betweenoperations being performed in the
value chain. In this study, it was assumed thdtbemmass during the harvesting step is
recycled back to the cultivation pond along witgaa water. The lost flows of biomass
due to inefficiencies in the extraction step, alavith the LEA after hexane extraction,
are sent to the anaerobic digester. LCA models waiié for the on-site electricity and
heat generated in the CHP system during the emerpyery process after AD that was
used to displace the U.S. mix electricity and tredremergy from natural gas. For each kg
of algae oil, the amount of LEA co-produced frorh eitraction and the total biomass
sent to digester varies for different H&E techngloget. In the GREET base case
scenario, the combusted biogas can create 39,307(At47 MJ) of electricity and
thermal energy which is available to use on sitee Amount of electricity and thermal
energy generated onsite varies from case to casesiiog different H & E technologies,
due to the changes of biomass feed into anaerogestgr and thus has consequential
effects to the internal energy recycle. Excess GidRt is discarded [19]. Detailed
discussion of CHP system and energy balance cadiourel in the Appendix D. The
belowTable 3 shows the inputs for each stage when buildindiflaeycle model of these
scenarios with different technology combination. p@pdix E provides details in
calculation of inputs. Energy demand was assumée torovided from the same sources

for each study to remove influences of differen¢érgy choices on various study results.
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Consistent environmental inventories for the vagimput energy sources and materials

were established using the ecoinvent database [27].

The LCA is a consequential analysis. Consequeatfatts include soil C change from
export of solid residue from anaerobic digestionti{wa carbon sequestration credit
equivalent to 8% of applied C when applied to thi€,sand avoided mineral fertilizers in
local agricultural operations (displacement credflidavailable N and P fertilizer in residue
using each technology combinations can be foundahle 3). Attention was paid
especially to the recovery step through biogas yrtdn from the residual biomass after
lipid extraction, the fugitive methane (G@Hemissions and nitrous oxide AB) emissions
during the production of biogas and during the afsgigestate. The bioavailable N in AD
residue is 0.015 kg per kg AD residue, and th® missions from AD residue to soil is
1% kg N in NO per kg N applied, according to IPCC [29]. Theifiug emission was
assumed to be 2% of the total produced biogas [39}.emissions from combustion of
AD biogas are not included in the inventory, but @Hmissions from natural gas
combustion or from use of electricity imported frohe US grid are included. Figure 3
shows the biogenic carbon flow in this LCA studybAef method of biogenic carbon
balance accounting at each stage was also indicatbeé Figure to assure that the study
assumptions led to a closed balance. At each ddgzfeel production stage, carbon
balance modeling was performed to ensure the cdtbaninto the system equals to the
carbon flow out of the system. The biogenic carli@lance closed with a 2.15%

difference. More details can be found in the Appeiid
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Carbon Balance at Harvesting & Oil Extraction

Cindry algae

Cin lipid oil

Cin lipid extracted mass Lipid-extracted biomass + lost mass
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Anaerobic
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Carbon Balance at Conversion
Cin lipid oil

C in GHG emissions

Carbon In= Cin lipid oil Carbon Outﬁgln RD + Cin pr&sane
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Carbon Balance at Digester
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Cin digestate
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Carbon Balance in the Full Algae Life Cycle
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Table 3 Inputs in algae renewable diesel life cydimg different harvesting and extraction techgms

Items Base case NAABB technology combinations
Centrifuge Membrane  Electrocoa Chitosan Acoustic Membrane  Electrocoag Chitosan
9 separation gulation Flocculation  harvesting  separation ulation Flocculation
Wet Hexane Acoustic Acoustic Acoustic Acoustic ™ ™ ™
Extraction Extraction Extraction  Extraction Extraction AlgaFrac AlgaFrac AlgaFrac
Changes of Upstream Data Due to different HarvgsifExtraction combination
COp required for algae growth kg/kg algae 2.47E+00 2.47E+00 2.47E+00 2.47E+00 47E+00 2.47E+00 2.47E+00 2.47TE+00
COp required for algae growth kg/kg algae oil 1.21E+01 1.04E+01 1.04E+01 1.04E+01 1.04E+01 1.10E+01 1.10E+01 1.10E+01
Net CQimported from kg/kg algae oil 9.29E+00  8.20E+00  8.20E+00  8.20E+00 8.20E+00  8.57E+00  8.57E+00  8.57E+00
i
Off-site CQ — Electricity for CG MJ/kg algae oil 140E+00 124 E+00  124E+00 E200  124E+00 129E+00  129E+00  1.29 E+00
procurement procurement
Al Nutrients- Ammonia kg/kg algae oil 9.41E-02 8.04E-02 8.04E-02 8.04E-02 8.04E-02 8@2E-  8.49E-02 8.49E-02
G%"’\‘ﬂih Nutrients-DAP kg/kg algae oil 8.47E-02 7.24E-02  4ED2  7.24E-02 724E-02  7.64E-02 7.64E-02 7.64E-02
Electricity for algae growth MJ/kg algae oil 8.6+ 7.37E+00 7.37E+00 7.37E+00 7.37E+00 7.78E+00  8EADO 7.78E+00
Electricity for harvesting MJ/kg algae oil 2.94E+00 1.58E+00 4.02E-01 8.34E-01 2.72E-01 1.66E+00 4QUE 8.80E-01
Harvesting  Chitosan kg/ kg algae oll 2.00E-02 1.68E-01 1.78E-01
Ni alloy sheet kg/ kg of lipid oil 9.49E-04 1.00E-03
Hexane loss kg/kg algae oll 5.50E-02 2.67E-03 2.67E-03 2.67E-03
Extraction Thermal energy for extraction  MJ/kg algae oll 1.20E
Electricity for extraction MJ/kg algae oil 2.20E+00 4.62E-01 4.62E-01 4.62E-01 4.62E-01 1.01E+00 1+00E 1.01E+00
Changes of Downstream Data Due to different Haivgs Extraction combination
Lipid Extracted Mass kg/kg algae oll 3.98E+00 3.20& 3.21E+00 3.21E+00 3.21E+00 3.45E+00 3.45E+00 45B300
AD Biogas produced MJ/kg algae oil 4.15E+01 3.35E+0 3.35E+01 3.35E+01 3.35E+01 3.59E+01 3.59E+01 B3:6%
AD residue output kg/kg algae oil 1.99E+00 1.60E+00 1.60E+00 1.60E+00 1.60E+00 1.72E+00 1.72E+00 HORE
;Tg:espc))?lrt of Transportation, rail miles/kg of lipid oil  6.00E+02 6.00E+02
Hydrogen ka/kg of RD 3.06E-02 3.06E-02
Fuel Natural gas (process heat) MJ/kg of RD 1.81E-01 1.81E-01
conversion Electricity MJ/kg of RD 2.09E-01 2.10E-01
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Thermal energy MJ/kg algae oil 3.15E+00 2.54E+00 54B+00 2.54E+00 2.54E+00 2.73E+00 2.73E+00 2.73E+00
Anaerobic Electricity MJ/kg algae oil 1.22E+00 9.82E-01 9.82E 9.82E-01 9.82E-01 1.05E+00 1.05E+00 1.05E+00
digestion Fugitive methane loss g /kg algae oil 1.66E+01 B3 1.34E+01 1.34E+01 1.34E+01 1.44E+01 1.44E+01 .44E101
and biogas _ COz from biogas combustion kg/kg algae oil 1.15E+00 9.25E-01 9.25E-01  9.25E-01 9.25E-01  9.93E-01 9.93E-01 9.93E-01
combustion  CO, from CHP kg/kg algae oil 2.33E+00 1.88E+00 1.88E+00 1.88E+00 1.88E+00 2.02E+00 2.02E+00 2.02E+00
Recycled CQ to pond kg/kg algae oll 2.85E+00 2.18E+00 2.18E+00 2.18E+00 2.18E+00 2.38E+00 2.38E+00 2.38E+00
Biogas - .
cleanup Electricity kg/kg algae oll 3.53E+03
CHP On-site electricity generated MJ/kg algae oil  1.37E+01 1.11E+01 1.11E+01  1.11E+01 1.11E+01  1.09E+ 1.19E+01 1.19E+01
recovered _otal electricity required MJ/kg algae oil 1.66E+01 1.18E+01 1.05E+01  1.09E+01 1.03E+01  1.08E+ 1.16E+01 1.07E+01
energy On-site heat generated MJ/kg algae oil 1.78E+01  3H+081 1.43E+01 1.43E+01 1.43E+01 1.54E+01 1.54E+01 1.54E+01
On-site heat required MJ/kg algae oll 1.43E+01 B:82 9.82E-01 9.82E-01 9.82E-01 1.05E+00 1.05E+00 .05H+00
Soil lLirl‘(Sporta“on of ADresidue, | o« miles kg oil  3.31E+02  2.67E+02  2.67E+02  2.60E  267E+02  2.87E+02  2.87E+02  2.87E+02
;E’g!g?:gtg?e Carbon sequestration credit kg €Ky algae oil  -2.91E-01 -2.35E-01 -2.35E-01 -2.38E- -2.35E-01 -2.52E-01 -2.52E-01 -2.52E-01
i .
solids L\Ieiode;nzs;%r} from AD kg/kg algae oil 4.80E-04 4.10E-04 4.10E-04  4.10E-04 4.10E-04  4.33E-04 4.33E-04 4.33E-04
idu i
Hydrochloric acid kgl kg of RD 2.20E-10 2.20E-10
Fuel __Transportation, truck Miles/ kg of RD 3.15E+01 3.15E+01
gzr;]saportatlo Transportation, barge Miles/ kg of RD 4.16E+01 4.16E+01
distribution Transportation, rail Miles/ kg of RD 2.32E+02 2.32E+02
Distribution, truck Miles/ kg of RD 3.00E+01 3.00E+01
Displacement of N in soil kg/kg algae oll 3.05E-02 2.61E-02 2.61E-02 2.61E-02 2.61E-02 2.76E-02 20BE 2.76E-02
Fertilizer Displacement of $Os in soil kg/kg algae oil 4.62E-02 3.95E-02 3.95E-02 3.95E-02 3.95E-02 4.17E-02 4 .17E-02 4.17E-02
displacement issi .
b pAD COz Emissions from kg COykg algae oil  1.39E-01 1.19E-01 1.19E-01  1.19E-01 .19E-01  1.25E-01 1.25E-01 1.25E-01
y A displaced N fertilizer
Residue N>O Emissi P
20 EMISSIONS from kg, per kg lipid oil  4.80E-04 4.10E-04 4.10E-04  QE104 4.10E-04  4.33E-04 4.33E-04 4.33E-04
displaced N fertilizer
Co-produced 5, one kg/ kg of RD -5.90E-02 -5.90E-02

propane
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2.2.3 Life cycle impact assessment

Climate impacts of greenhouse gas emissions aezndieted using the IPCC 2013 GWP

100a method in SimaPro 8.
3. Results and Discussion

In order to assess the magnitude of each technafogfye same basis, the gate-to-gate
results for these unit operations were placed éncttntext of our previous LCA baseline

modeling as noted above [19, 20]. GHG results fowésting stage and extraction stage

are characterized based on g£&@per kg dry algae biomass for harvesting and geGO

per MJ algae oil for extraction, respectively. Tdessults are presented in the below

Figure 4.
Gate-to-gate GHG Emissions of Harvesting and Extraction Technologies
GHG Emissions (g CO2eq/Jkg algae)
% Acoustic Harvesting - 9.2
K]
2 Membrane separation N 5
5
2
w Electrolytic Coagulation | /7.0
g Chitosan Flocculation 94.3
2
Baseline 99.1
0 10 20 30 40 50 60 70 80 90 100
a GHG Emissions (g CO2eq/M! algae oll)
-g Acoustic Extraction B 1.7
g AlgaFrac by Valicor 4.1
c
2 )
] Baseline 185
o
~
3 0 2 4 6 8 10 12 14 16 18 20

Figure 4 Gate-to-gate LCA results for NAABB harwegtand extraction technologies.
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Gate-to-gate LCA results show that, among the Isting and extraction technologies
evaluated, all technologies appear to have thenpateto provide at least modest
decreases in GHG emissions compared to the cufB®EET baseline technology
assumption, which uses centrifuge dewatering, pieateby dissolved air flocculation,
and traditional wet hexane extraction. Membraneasson and acoustic harvesting
appear to offer the most pronounced electricity araderial input reductions, resulting
significantly lower GHG emissions. Chitosan floatudn was not selected for scaling up
in previous NAABB summary report [8]. Based on thk scale data, it turns out to be
not preferable from an environmental perspectivesmtering its high GHG emissions.
Although this technology requires low energy inputgjor GHG emission accounts to
the chitosan flocculent usage to achieve the optimaevesting efficiency (optimum dose
between 0.04 ~ 0.06 g/g algae). Similarly, large Géifdssions are associated with the
electrocoagulation technology due to the embodiek@&@missions of the stainless steel

used as electrodes. Of the two extraction techmedogvaluated, AIgaFry@ technology

by Valicor generates higher GHG emissions than stcoaxtraction technology, but they
both reduce emissions greatly compared to the milyrassumed technology within the
GREET base case (traditional solvent extractiordigf algae), primarily due to the
reduction of energy for drying and electricity comgption. Overall, the acoustic
harvesting & extraction technology only requiressmall amount of electricity to
complete the biomass harvesting to oil extractimtess, without external chemicals or
materials needed, and therefore offer significaHGEmissions reductions compared to

GREET base case process technologies based otoggdée analysis.

26



200

150

100 26.91

39.14 36.44

Displacement Allocation

34.51 37.10 31.90 34.45

Life Cycle GHG emission gCO,..,/MJ RD

-100

e
-50

-
m

o0 Hybrid allocation (energy allocation and displacement method)

150

38.02 40.47 35.64 37.97

IE R
S NN

-100
mm Cultivation

i Extraction

Life Cycle GHG emission gCO,.,/MJ RD

mmm Anaerobic Digestion + Biogas Cleanup

mmm Transportation + Distribution of lipid, AD residue and fuel
Hm N20 emission from AD residue

I Co-produced propane credit

53
42.4
100 30.83 39.84

mm Harvesting

mmm Conversion

mm CHP on-site energy generation

mmm Carbon sequestration from soil application of AD Residue

M Fertilizer displacement credit
—e—net

Figure 5 Life cycle greenhouse gas (GHG) emissiminalgae renewable diesel using

NAABB harvesting and extraction technologies. (8dinhe in each case represents life

cycle net emission. A+A represents acoustic hainvgsind acoustic extraction; C+W

represents chitosan flocculation and wet AlgaFGeA represents chitosan flocculation

and acoustic extraction; E+A represents electragdasign and acoustic extraction; M+W

represents membrane harvesting and wet AlgaFrac.).
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In terms of well-to-wheel LCAs for algae renewabiesel production, each harvesting
and extraction unit operation was standardizederms of algae RD production rate to
facilitate appropriate comparison. Figure 5 highiggthe comparison results based on 1
MJ algae RD fuel production, over the entire alfiss life cycle for both displacement
and hybrid allocation methods. Life cycle resultsow that NAABB technologies
investigated in this study have a range of GHG kigpaegarding the overall algae RD
life cycle when compared to the base case GREETehassumptions and to fossil diesel.
For each of the cases shown in Figure 5, the mggbitant stages in the life cycle for
GHG emissions are, in descending order cultivatimaerobic digestion and biogas clean
up, with relatively small contributions from hartieg, conversion, and D emissions
from field application of AD liquid residues, anditiv negligible impacts from
transportation steps. On the emissions credite, sth-site CHP heat and power
generation is dominant, with smaller credits fronP fertilizer displacement by the
liquid AD residue, and C sequestration in the ADdscesidue. Although onsite heat and
power generation will avoid the import of energusms, in this study we include the
raw energy demands for each stage in the procasgpasted energy, and then provide a
credit for the heat and power generated by the Q@HI® which displaces the same

external energy sources.

Co-products produced at various points in the vahgin, for use within or outside the
algae biofuels system boundary, and the methodlfocation of environmental burdens
among co-products considerably affects the LCA Itesoeyond each harvesting and
extraction unit process. In this study, when algdeis hydrotreated to produce RD,

hydrocarbon fuel (propane fuel mix) is generatednduthe conversion step as a co-
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product along with the RD without further been ugaternally. Thus, the energy
allocation factor at conversion step is 0.945 betwBD product and hydrotreatment co-
products (calculations on allocation can be foumdAppendix C). The displacement
credit for co-produced propane is -5.15 g-6/OMJ RD, and the fertilizer displacement
credit varies from -9.29 to -10.82 g e&) MJ RD, depending on the upstream
technology selection. Result shows that using plaiement allocation method, the life
cycle GHG emissions for RD are slightly lower thha same technologies using hybrid
allocation methods. Table 4 shows the overall Gle@uctions comparing to the base

case scenarios, using displacement allocation giddhallocation.

Table 4 GHG emission reductions compared to the ERlEase case using NAABB
H&E technologies in the full algae renewable didgelcycle

Scenarios GHG % Change % Change
Emissions compared to compared to fossil
(g COZed base case diesel emissions
MJ RD)
Displacement allocation
Base case (GREET Model) 50.36 -46%
Acoustic harvesting + acoustic extraction 25 91 47% -70%
Chitosan flocculation + wet AlgaFrac 39.14 22204 -58%
Chitosan flocculation +acoustic extraction  g¢ 44 28% 61%
Electrocoagulation + acoustic extraction 3451 -31% -63%
Electrocoagulation + wet AlgaFrac 37.10 -26% -60%
Membrane harvesting + acoustic
extraction 31.90 -37% -65%
Membrane harvesting and wet AlgaFrac 34 45 -32% -63%
Hybrid Allocation
Base case (GREET Model) 53.00 -46%
Acoustic harvesting + acoustic extraction 30.83 -42% -69%
Chitosan flocculation + wet AlgaFrac 42.40 -20% -57%
Chitosan flocculation +acoustic extraction 39.84 -2504 -60%
Electrocoagulation + acoustic extraction 38.02 -28% -62%
Electrocoagulation + wet AlgaFrac 40.47 -24% -59%
Membrane harvesting + acoustic
extraction 35.64 -33% -64%
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Membrane harvesting and wet AlgaFrac  37.97 -28% -62%

Life cycle results indicate that each combinatioh tke new technologies is an
improvement over the baseline. The combinationhef most promising harvesting and
extraction systems (acoustic harvesting & acoustitraction) shows a 42% GHG
reduction in the compared to the baseline usingritiybllocation. Lower life cycle

impacts also associated with other pathways thaptadacoustic disruption technology,

with considerable low GHG values of 38.02 and 35¢64€£0, eg/MJ under hybrid

allocation methods when combined with electrocoatguh harvesting and membrane
filtration, respectively, resulting in 28% and 3336IG emissions reduction compared to
the base case algae life cycle, respectively. iBhdue to low energy consumption, low
requirement for material inputs, and high operatlogfficiencies. Membrane filtration
coupled with wet algae fractionation also showofable results, partly due to the high
efficiencies for these two technologies, which @gorted to be 100% for harvesting and
90% for extraction. The life cycle pathway with tsian harvesting and wet extraction
resulted in an GHG emissions profile of 42.4 g.@Q/MJ, slightly lower over the
baseline. Additionally, among all evaluated scessriall combinations of selected
pathways are likely to be able to meet the 50% Geidssions reduction threshold
targeted by the U.S. EPA, except for the base dadall table of stage-to-stage LCA
results is provided in detail in the Appendix G lflea G.1). These LCA studies on
NAABB developed and scaled up technologies providgortant insights for

consideration when planning for the future of théveloping industry.
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Chitosan flocculation had a range of reported efficies, from 78% to 99% in the

literature, with 95% chosen for the representathadric in the results above. Changing
this efficiency metric would have consequences iwitthe harvesting stage (e.g.,
requiring more inputs of materials and energy pat autput), but will also result in

changes to upstream relationships as well (e.g.e mlgae cultivation required to achieve
same level of algae biofuel output). To illustréte importance of this change, a small
sensitivity analysis was performed on chitosandidation efficiency, and the results are
shown below in Table 5. It is clear that efficienmetrics or other key parameters will
have to be continually monitored and validated hssé¢ technologies move into
demonstration and commercial-scale facilities, beeaof their influence on overall

environmental performance.

Table 5. Sensitivity of LCA model results to chaosflocculation efficiency

Chitosan Gate to gate LCA result Full LCA result
harvesting efficiency (g COeq/ kg algae) (g COeq/ MJ fuel)
95% (Baseline value) 94.3 42.4

78% 115 56.4

99% 90.5 39.9

1 — Full LCA result using the ‘Chitosan flocculatiot wet AlgaFrac’ full process
scenario under a hybrid allocation method, as omamele of impacts to the overall

process result.

In addition to the life cycle GHG emissions, soméeo potential adverse impacts
associated with certain technology has been ndtedhe example presented next,
material use for one harvesting technology is itigaged. For example, during

electrocoagulation harvesting, for each kg algawdsd, 0.07 kg iron is needed in the
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form of Fe+ ion. If expanding the production scdemeet the 5 billons gallon per year

(BGY) algae biofuel production goal [5] and assugnirsing electrocoagulation for all
algae harvesting process, this could result t@6& 410 kg iron consumption per year if

no recycling is adopted. This number is equivatenmbughly 4% of the total U.S. annual
iron and steel production, based on 2014 U.S. tngysoduction data on steel and iron
[30]. However, if we examine different assumptiottss can yield wide variation in

predicted impact. For example, depending on cultwaconditions and species of algae,
the algae oil content may be up to 50% to 75% dgdeaconcentration in the culture
water can be much higher in the range 17 g/L ondvgher (140 g/L) using a photo

bioreactor (Chen 2011) (Frank 2011) (Chisti 2008hgn 2010). Considering these
scenarios, the total iron required for using stmsl steel electrode during harvesting

under the 5BGY goal can go down to as low as 11108 kg, which is 0.01% of the total

US steel and iron annual production. A scenaridyaisaon this technology is provided

in the Appendix F.
4. Conclusion

In prior algae biofuel life cycle assessments,edéhces in study assumptions regarding
system boundary, lipid content, usage of lipid-aetied biomass, and energy and
nutrients recycle have caused wide variation irdigsted impacts. This study overcome
these limitations while comparing algae harvestangl extraction technologies by
adopting uniform assumptions. The environmentafopmance of algae biofuel has
large variations in part because of the differehhologies that may be adopted in the

full algae supply chain. This study conducted segate-to-gate LCAs of novel unit
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technologies and evaluated 14 scenarios of incatingy different harvesting and
extraction technology combinations into the fulja# RD life cycle. All technologies
developed in the NAABB consortium appear to hawe plotential to provide at least
modest decreases in GHG emissions compared to ndyrrassumed technology,
especially the combination of acoustic harvesting acoustic extraction, which results
in significant GHG emissions reduction. GHG resulfsthese various algae pathway
scenarios suggested that some of these deviatiolife icycle emissions can be drastic,
thus it will be important to evaluate the full didaels life cycle in larger pilot and
demonstration-scale systems as novel fuel produpi@hways are developed, in order to
make algae-based biofuels an environmentally, fiealy, and economically

competitive source of energy.

The combination of algal cultivation, harvestingyidg, oil extraction and conversion
technologies can help stakeholders identify pramgisstrategies for algal biofuels
development, as well as highlight key areas wherihér work is required to overcome
current limitations. Inventory data is essentiaaity LCA work, continued measurement
of energy input, chemical usage, and other perfoo@adata of these technologies is
critical in following work. Due to the limitation foavailable resources and data, the
alternative unit process technologies for othenalljfe cycle stages such as conversion
are not examined in this study. As work proceedshase fronts, it is worth examining
which of these technologies on each unit opergtimtess could be utilized on a large

scale to make a significant impact on the growiagdnd for alternative fuels in the U.S.

33



Acknowledgement

The authors would like to acknowledge funding a twork by the US Department of
Energy under contract DE-EE0003046 awarded to thgoNal Alliance for Advanced
Biofuels and Bioproducts (NAABB). Our thanks also ® the life cycle assessment

modelers in Argonne National Lab for the guidaregards to use of the GREET Model.

Declar ation of Authors Contributions

This manuscript is an original intellectual worktbé authors. Dr. Rui Shi and Dr. Robert
Handler contributed to the design of the study. Rui Shi is responsible of drafting the
article, acquisition of data, analysis and intetgsiten of data. Dr. Robert Handler and Dr.
David Shonnard revised the article critically forgortant intellectual content. Dr. David

Shonnard and Dr. Robert Handler provided final apak of the version to be submitted.

Conflict of Interest Statement

This research is funded by the US Department ofdgnender contract DE-EE0003046
awarded to the National Alliance for Advanced Belfuand Bioproducts (NAABB). The

author certifies that no other affiliations or imwements with any other entities exists
and are not aware of any financial interest indhiject matter or materials discussed in

this manuscript.

34



Statement of I nformed Consent, Human/Animal Rights

No conflicts, informed consent, human or animahtsgapplicable to this work.

Declaration of Authors Agreement to Authorship and Submission

of the Manuscript for Peer Review

We confirm that the manuscript has been read aptbaed by all named authors and that there
are no other persons who satisfied the criteriaaithorship but are not listed. We further
confirm that the order of authors listed in the oseript has been approved by all of us. We also
confirm that it has been approved by all named astkthat upon submission this work will be

processed to peer review.

35



References

10.

11.

12.

13.

14.

15.

16.

36

Mata, T.M., A.A. Martins, and N.S. Caetano, Microalgae for biodiesel production
and other applications: a review. Renewable and Sustainable Energy Reviews,
2010.14(1): p. 217-232.

Chisti, Y., Biodiesel from microalgae. Biotechnology Advances, 2007. 25(3): p.
294-306.

Frank, E.D., et al,, Life-Cycle Analysis of Algal Lipid Fuels with the GREET Model,
Argonne National Laboratory Energy System Division, Editor. 2011.

U.S. Environmental Protection Agency, Regulation of Fuels and Fuel Additives:
Changes to Renewable Fuel Standard Program [[EPA-HQ-OAR-2005-0161;
FRL-8903-1] Federal Register. 2007.

Davis, R,, et al., Renewable diesel from algal lipids: An integrated baseline for
cost, emissions, and resource potential from a harmonized model. 2012, US
Department of Energy Biomass Program.

DOE, National algal biofuels technology roadmap, in US Department of Energy,
Office of Energy Efficiency and Renewable Energy, Biomass Program, . 2010.
Unkefer, C.J., et al., Review of the algal biology program within the National
Alliance for Advanced Biofuels and Bioproducts. Algal Research, 2017. 22: p.
187-215.

Olivares, J.A.e.a., National Alliance for Advanced Biofuels and Bioproducts
(NAABB) Final Report, Section 2, United States Department of Energy Office of
Energy Efficiency and Renewable Energy, Editor. 2014.

Richardson, ].W,, et al., Harvesting and extraction technology contributions to
algae biofuels economic viability. Algal Research, 2014. 5: p. 70-78.

Brennan, L. and P. Owende, Biofuels from microalgae—A review of
technologies for production, processing, and extractions of biofuels and co-
products. Renewable and Sustainable Energy Reviews, 2010. 14(2): p. 557-
577.

Coons, ].E,, et al.,, Getting to low-cost algal biofuels: A monograph on
conventional and cutting-edge harvesting and extraction technologies. Algal
Research, 2014. 6: p. 250-270.

Richardson, ].W. and M.D. Johnson, Financial Feasibility analysis of NAABB
developed technologies. Algal Research, 2015. 10: p. 16-24.

NRC, Valuing Ecosystem Services: Towards Better Environmental Decision-
Making. 2005, The National Academies Press.: Washington, DC.

Blackburn, W.R., The Sustainability Handbook: The Complete Management
Guide to Achieving Social, Economic, and Environmental Responsibility. 2007:
Sterling, VA: Earthscan.

Sander, K. and G.S. Murthy, Life cycle analysis of algae biodiesel. Int | Life Cycle
Assess, 2010. 15: p. 704-714.

Brentner, L.B., M.]. Eckelman, and ].B. Zimmerman, Combinatorial life cycle
assessment to inform process design of industrial production of algal biodiesel.
Environ Sci Technol, 2011. 45(16): p. 7060-7.



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

37

Wang, M., H. Huo, and S. Arora, Methods of dealing with co-products of biofuels
in life-cycle analysis and consequent results within the U.S. context. Energy
Policy, 2011. 39(10).

Lardon, L., et al., Life-cycle assessment of biodiesel production from microalgae.
Environmental Science and Technology, 2009. 43(17): p. 6475-6479.
Argonne National Laboratory, The Greenhouse Gases, Regulated Emissions,
and Energy Use in Transportation (GREET) Model,. Argonne National
Laboratory, U.S. Department of Energy., 2017.

Shi, R.,, R. M Handler, and D. R Shonnard, Life-cycle assessment of algae
renewable diesel: Influence of alternative uses for lipid-extracted algae.
Current Biotechnology, 2016. 5(3): p. 213-226.

Morrison, T., Electrolytic methods as a cost and energy effective alternative of
harvesting algae for biofuel. 2012.

Wyatt, N.B,, et al,, Critical conditions for ferric chloride - induced flocculation
of freshwater algae. Biotechnology and bioengineering, 2012. 109(2): p. 493-
501.

Liu, W. and N. Canfield, Development of thin porous metal sheet as micro-
filtration membrane and inorganic membrane support. Journal of membrane
science, 2012. 409: p. 113-126.

Billuri, M., et al., Impact of natural cationic polymers on charge and
clarification of microalgae suspensions. Environmental Engineering Science,
2015.32(3): p. 212-221.

Beach, E.S,, et al.,, Preferential technological and life cycle environmental
performance of chitosan flocculation for harvesting of the green algae
Neochloris oleoabundans. Bioresource technology, 2012. 121: p. 445-449.
Kovalcik, D.]., Algal Harvesting for Biodiesel Production: Comparing
Centrifugation and Electrocoagulation. 2013.

Weidema, B.P., et al., Overview and methodology. Data quality guideline for the
ecoinvent database version 3. Ecoinvent Report 1(v3). St. Gallen: The ecoinvent
Centre. 2013.

Huo, H.,, et al., Life-Cycle Assessment of Energy Use and Greenhouse Gas
Emissions of Soybean-Derived Biodiesel and Renewable Fuels. Environmental
Science & Technology, 2009. 43(3): p. 750-756.

IPCC, “N20 Emissions from Managed Soils, and CO2 Emissions from Lime and
Urea Application,” in 2006 IPCC Guidelines for National Greenhouse Gas
Inventories, Vol. 4, Chapter 11. 2006.

United States Geological Survey, Iron and Steel Statistics and Information.
2017.





