
Life Cycle Assessment of Novel Technologies for Algae Harvesting 

and Oil Extraction in the Renewable Diesel Pathway 

Rui Shi1, 2*, Robert M. Handler1, 2, David R. Shonnard1, 2

1Department of Chemical Engineering, Michigan Technological University, 1400 

Townsend Drive, Houghton, MI 49931-1295, USA 

2Sustainable Futures Institute, Michigan Technological University, 1400 Townsend Drive, 

Houghton, MI 49931-1295, USA 

*Corresponding author:

Email: ruishi@mtu.edu 

Phone: (906) 370-7345 

© 2018 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S2211926418300808
Manuscript_49f5339f6140e1efee1f5d0581e2cf6f

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S2211926418300808


2 

Abstract 

There are many challenges and technical barriers to implementation of a viable 

commercial process to produce algae-based biofuels. Biofuels made from algae must 

typically go through a complicated series of unit processes for algae cultivation, 

harvesting, dewatering, oil extraction, conversion, and other logistical steps. The National 

Alliance for Advanced Biofuels and Bioproducts (NAABB) was developed to produce 

new technologies to be implemented by the algal biofuel industry in an effort to improve 

the process economics and environmental benefits associated with algae fuels.  This LCA 

study investigated the environmental impacts associated with four harvesting and two 

extraction technologies developed by NAABB researchers. Gate-to-gate LCA results 

show that all novel technologies appear to have the potential to provide at least modest 

decreases in greenhouse gas (GHG) emissions compared to current default algae process 

technologies. 14 scenarios of different combinations of harvesting and extraction unit 

operations were further evaluated in the context of the full life cycle for producing algae-

based renewable diesel. Results indicate that selection of a particular technology for a 

unit operation can have consequences that affect other stages of the full biofuels life cycle, 

both upstream and downstream from the unit operation in question. Considering material 

and energy inputs, operation efficiency, impacts on on-site recycled energy, and co-

products credits, acoustic harvesting followed by acoustic oil extraction give the best 

performance on the overall lifecycle, which reduce the GHG emissions by roughly 45% 

compared to the base case. LCA modeling also demonstrates that co-products produced 

at various points of the value chain, for use within or outside the algae biofuels system 
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boundary, considerably affect the LCA results beyond harvesting and extraction unit 

processes. 

Keywords:   

Algae Biofuel, Life Cycle Assessment, Algae Harvesting, Algae Oil Extraction, 

Greenhouse Gas Emissions 
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1. Introduction 

1.1 Research motivation in evaluating NAABB harvesting and extraction 

technologies 

Liquid transportation fuels made from bio-based feedstock are viewed as promising 

alternative fuels to mitigate the negative impacts of fossil fuels on society and the 

environment, such as finite resources, energy security, and global warming impacts. 

Currently, the primary biofuel production systems rely on agricultural crop biomass; corn, 

soybeans, and sugar cane. However, unicellular algae holds a number of advantages over 

conventional biofuel feedstocks  due in part to the high biomass growth rates, high lipid 

content, tolerance to brackish water, and the ability to be sited on non-agricultural lands 

[1] [2]. Furthermore, algae are unlikely to cause potential negative issues such as 

deforestation, soil erosion and water pollution compared to other biofuel feedstocks [3]. 

The Energy Independence and Security Act of 2007 calls for 36 billion gallons of biofuel 

production in the United States by the year 2022 to make a substantial impact on fuel use, 

of which 21 billion gallons should be advanced biofuel with a clearly established 

environmental benefit of 50% greenhouse gas (GHG) emissions reduction compared to 

conventional fossil fuels [4]. Related to this target, a comprehensive ‘Harmonized Report’ 

[5] determined that a minimum of 5 billion gallon per year (BGY) of microalgae-based 

biofuel would be required for algae biofuel to make a significant impact on the U.S. 

biofuel industry. Algae biofuel production is commonly viewed as requiring 5-15 years 

of consistent operational improvement before successful commercialization [6]. 

Establishing and improving the overall environmental sustainability and economic 

viability of the algae industry requires an advanced knowledge of unit production 
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pathways and innovative technologies to optimize performance. The National Alliance 

for Advanced Biofuels and Bioproducts (NAABB) project, funded by the U.S. 

Department of Energy’s Office of Biomass Programs, aimed to develop and evaluate 

innovative technologies that can be implemented by the algal industry and improve the 

overall sustainability [7, 8].  

There are many challenges and technical barriers to implementation of a thorough 

environmental assessment of algae-based biofuels. Algae biofuels production typically 

involves complicated cultivation, harvesting, dewatering, oil extraction, and conversion 

processes. Selection of a particular harvesting, extraction, or conversion technology will 

not only have upstream but also downstream environmental consequences in the value 

chain, as different operational efficiencies are involved and different outputs are created 

based on the technologies being used. A new suite of technologies for algae harvesting 

and lipid extraction has been developed and evaluated by NAABB researchers in an 

effort to streamline production and reduce cost. These technologies were developed and 

tested at laboratory scales, and the most promising technologies were further evaluated 

on a larger scale. Though the advances in technical performance and economic 

performance of various algae unit operation technologies have been analyzed [9-12], 

studies on environmental performance of these technologies have been limited and 

evaluations of NAABB harvesting and extraction technologies have not yet been 

completed to demonstrate clear improvement over the current default pathway that is 

commonly assumed. 

1.2 LCA of unit operations in the algae biofuel production pathway 
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Life cycle assessment (LCA) is viewed as among the most important methodologies for 

quantifying environmental impacts and to progress to a more sustainable chemical 

process industry [13, 14]. Several LCAs have been conducted for predicting 

environmental impacts of algae-based biofuel pathways. The results of the analyses vary 

due to different assumptions about algae cultivation methods, biomass productivity and 

oil content parameters, allocation methods, treatment of lipid-extracted algae biomass, 

and choices of unit process technology. In an overall life cycle assessment of algae 

biodiesel conducted by [15], the authors pointed out that dewatering is the unit operation 

that consumes the most energy and is responsible for the most GHG emissions. Using 

filter press primary dewatering results in emissions of 241.87 g CO2eq per MJ of algae 

biodiesel (BD), which is much lower than the results if centrifuges are used for primary 

dewatering (398.48 g CO2eq per MJ of algae BD). Brentner and colleagues [16] 

compared three harvesting options: centrifugation, filtration and flocculation / settling. 

The LCA results indicated that flocculation had the lowest impact and among the three 

flocculants analyzed, chitosan has the lowest energy demand and environmental impacts 

compared to lime and aluminum sulfate. Hexane extraction is currently the default 

technology for algae oil extraction, despite its energy intensity [17]. Another study [18] 

analyzed two different hexane extraction options, dry and wet extraction (dry extraction 

includes advanced drying followed by hexane extraction while wet extraction does not), 

and concluded that wet extraction usually reduced the environmental impacts for most 

categories. In this study, 90% of the whole process energy consumption is attributed to 

dry extraction, and 70% if using wet extraction. Research from [16] indicated that 

supercritical methanol combined extraction appears to be the best case scenario that 
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requires the least energy compared to hexane extraction. In addition, after modeling 160 

pathways for combinations of different technologies of each process stage, the overall 

best-case scenario for well-to-wheel study was found to be flat-plate photo bioreactor 

cultivation, chitosan flocculation, supercritical methanol combined extraction and 

transesterification, and energy recycle through recovery of biogas, from a LCA 

perspective, and total life cycle GHG emission amounts to 8.05 g CO2eq per MJ of 

biodiesel. 

The different assumptions made in these separate studies previously conducted vary 

widely in lipid content, processing scale size (demo vs pilot vs commercial), approaches 

to handling lipid-extraction biomass fractions, market value, and co-products allocation 

method. Different inventories on algae information may also have considerable variations 

using accepted literature values, life cycle databases, or confidential data. Therefore, it is 

difficult to compare these multiple LCA results on harvesting and extraction unit 

operations and determine which technology leads to preferable environmental 

performance. Another obstacle for conducting comparisons of LCA on different algae 

biofuel unit operations is that many of the technologies being developed for algae 

handling and processing were developed by private companies, and data characterizing 

the performance of the technology has remained confidential. Through the NAABB 

research consortium, several technical options were proposed for each of the unit 

processes contributing to the biofuel production pathways. Information has been made 

available to make more transparent, standardized comparisons among these technologies 

based on the same processing standards and underlying assumption, such as the lipid 

content, usage of lipid-extracted biomass, and energy and nutrients recycle. The purpose 
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of this study is to analyze the GHG impact of NAABB novel harvesting and extraction 

(H&E) technologies and compare with the Greenhouse Gases, Regulated Emissions, and 

Energy Use in Transportation Model (GREET) Model’s base case for algae-based biofuel 

production [19]. In addition to the gate-to-gate analyses, these technologies are placed in 

a full algae biofuel life cycle to investigate their GHG impacts on overall algae renewable 

biofuel production pathway.  

2. Methods 

Four harvesting technologies and two extraction technologies within the NAABB group 

were evaluated. These include: 

• Harvesting technologies: Chitosan Flocculation, Electrolytic Coagulation, 

Membrane Harvesting, and Acoustic Harvesting;  

• Extraction technologies: Wet Separation / Fractionation (AlgaFrac
TM) and Acoustic 

Extraction. 

A suite of gate-to-gate analyses was first conducted to evaluate the environmental 

performance of each technology that already conformed to the standardized NAABB 

assumptions across all cases.  In addition, these unit operations were placed in the context 

of previous well to wheel LCA framework and the results 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 first step to determine greenhouse gas 

(GHG) emissions that were associated with NAABB harvesting and extraction unit 
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processes. Important inputs for those H&E technologies include electricity, fuels for 

process heat, chemicals, and materials, as well as the respective performance of those 

technologies (the efficiency of harvester or extractor, the energy efficiency, etc.).  Figure 

1 shows the algae biofuel production pathway and the system boundary of this 

preliminary study.  

 

 

 

Figure 1 System boundary of gate-to-gate algae harvesting and extraction LCAs within 

the algae biofuel pathway. The outermost dashed line defines the system boundary for 

LCA at harvesting stage and at extraction stage, respectively. 

 
2. 1.2 Functional unit 
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GHG results for harvesting technologies were based on 1 kg of dry algae biomass 

harvested, while results for extraction technologies were based on 1 MJ of lipid oil 

output.  

 
2. 1.3 Descriptions of H&E technologies and inventory data 

Assumptions were standardized for harvesting and extraction processes in order to have a 

fair comparison among all technologies investigated in this study. The lipid content of 

algae is assumed to be 25% based on previous algae biofuel LCA studies [19, 20]. 

Cultivation process water after harvesting & dewatering is recycled back to algae 

cultivation pond. The electricity used for the recycle is excluded for comparison as the 

amount of water to recycle is approximately similar for all technologies and pumping 

energy demands are unknown. Centrifuge dewatering, preceded by dissolved air 

flocculation, are the current default algae harvesting pathways, while wet hexane 

extraction is the most commonly assumed extraction technology for isolating lipids. This 

study takes the input of these default technologies from the GREET Model as a baseline 

to compare with the below NAABB technologies. GREET is developed by Argonne 

National Laboratory which evaluates energy and emission impacts of advanced 

transportation fuels [19]. The default inputs to GREET are a set of “harmonized” inputs 

obtained from a synthesis of prior literature [5].  

It needs to be noted that, multiple harvesting technologies were investigated and a down 

selection evaluation were made within the NAABB based on their potential of energy-

efficiency, low-maintenance, and other considerations [8]. To this end, only three 

harvesting technologies were selected for scale–up because of their superior performance 

over the traditional centrifuge technologies, and chitosan flocculation was not chosen. 
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Thus, the inputs for chitosan flocculation were taken from laboratory experimental results, 

while for the other three harvesting technologies, commercial scale data were used. 

Detailed performance data regarding these technologies can be found in the Appendix A. 

Electrocoagulation, developed by Texas AgriLife Research, uses a reactive metallic 

anode to produce positive charged ions to neutralize the negatively charged algae cells, 

allowing them to aggregate and settle. The coagulated cells settle to the bottom of the 

solution and can be removed by conventional sedimentation methods. There are minimal 

requirements for operation and maintenance as the metallic plates do not need frequent 

cleaning and the system can be operated continuously [21]. The pilot scale validation was 

tested at 3000 L/h with Chlorella sp [8]. Related performance data is provided in Table 1. 

Metal content from the anode that is retained in the biomass will affect downstream 

processing. Thus, metals that are considered as possible electrodes are those with 

minimal downstream effects and high animal mineral tolerance. Steel electrodes are 

considered feasible options that have been tested under controlled conditions, which 

discharge minimal amounts of non-toxic ions into the algal solution.  

A previous publication summarized a linear stoichiometric relationship between the algae 

concentration (g/L) and the minimum amount of ferric ion (mg/L) required to produce 

high flocculation efficiency, [FeCl3] = {709.9 [Algae] + 58.3}. This linear relationship 

breaks down at algae concentration above 0.3 g/L. When concentration goes above 0.5 

g/L, the required concentration of FeCl3 becomes independent of algae concentration and 

are substantially lower than what would expected based on stoichiometric calculation 

[22]. A graph of detailed information on minimum FeCl3 needed is provided in the 
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Appendix B. In this study, the required FeCl3 concentration is determined to be 0.2 g/L 

for incoming algae concentration of 1 g/L at harvesting.  

Membrane filtration, developed by Pacific Northwest National Laboratory [8, 23], uses 

metallic membrane sheets with pore structure and unique surface properties to selectively 

harvest algae. Flow of algae cultivation water is allowed through an accessible porous 

membrane while the solid algae particles are retained. As the algae culture flows through 

membrane modules, algae biomass concentration gradually increases. Major advantages 

for membrane filtration include the high algae harvesting efficiency (up to 100%) and 

low energy requirements. To remain a competitive harvesting technology, membrane 

sheets must be strong, flexible, corrosion resistant, and contain extremely small and 

consistent pores. Therefore, though membrane filtration can handle delicate cells, it 

comes with high capital and operational costs (module replacement).   

Chitosan flocculation technology has been tested [24], which involves the use of a 

positively charged electrolyte known as chitosan. The positively charged chitosan 

interacts with negatively charged microalgae cells, and encourages the microalgae to 

aggregate and settle out of solution. Flocculation efficiency is very sensitive to pH. Based 

on the experimental results, flocculation efficiency is proportional to initial biomass 

concentration with maximum efficiency of 99%, 95%, and 78% under the condition of 

0.95g/L, 0.5 g/L, and 0.1 g/L of incoming algae, while the optimum dose of chitosan was 

found between 0.04 g/g algae and 0.06 g/g algae. Note that in another previous LCA 

study, which was not part of NAABB, the optimum concentration of chitosan was found 

to be 0.1 mg/L with the maximum efficiency of 95%, at initial incoming algae 

concentration of 0.5 g/L [25]. These differences in experimental data of chitosan 



13 

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

section.  

Ultrasonic technology (referred also as acoustic technology), developed by Los Alamos 

National Laboratory (LANL), applies a standing acoustic wave in a flow-through system. 

The intense ultrasonic waves concentrate algae cells in the cultivation water, and can 

continually separates the lipids and proteins from the algae by using ultrasonic cavitation 

and streaming to release the lipids. Once separated, the lipids can be further treated and 

refined into biofuels, while the proteins may be used for animal feed or other byproducts. 

LANL scaled up the ultrasonic harvesting technology, the demonstrated scaled-up 

harvester module delivers energy to the liquid layer 100-fold more effectively compared 

to the lab-scale device [8]. Benefits of ultrasonic harvesting include eliminating use of 

hazardous chemicals and drying, while water is recycled to algae cultivation. However, 

the efficiency is relatively low compared to the other technologies, with an average of 80% 

for harvesting and 95% for extraction processes, respectively [11].  

AlgaFracTM, a wet algae biomass lipid extraction and lipid extracted algae fractionation 

technology, is a patented process developed by Valicor Renewables. This technology is a 

wet extraction platform that is capable of recovering and purifying algae biomass 

fractions, with biomass rapidly being process into lipids, lipid-extracted algae (LEA), and 

aqueous streams. A series of bench-scale fractionation tests were conducted to optimize 

oil yields for various algae strains and harvests. Findings were used to define optimal 

conditions for processing of large quantities of algae [8].  

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

for harvesting, and 1 MJ lipid oil output for oil extraction. Though extensive efforts have 
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been made on investigating all related studies, publications, and databases that are 

currently publicly available, limited data still exists on material and energy requirements 

for certain processes at a commercial scale, thus additional assumptions were made when 

necessary. These issues often arise when assessing an immature industry, but a clear and 

transparent presentation of data sources and required assumptions will allow this work to 

be compared with future studies as the industry matures and new technologies are 

incorporated in the value chain. Using the assumptions from various databases, reports, 

literature documents, and models, the performance data for the four harvesting 

technologies are summarized in Table 1. Similar analysis for input data of extraction 

technologies were completed in the same manner and are listed in Table A. 2 and Table 

A.6 in the Appendix A. To ensure fair comparisons, algae lipid content was assumed to 

be 25% for all scenarios, lipid density was assumed to be 864 kg per m3, lower heating 

value of lipid was 10.5 kWh (37.8 MJ) per kg, and heating value of LEA was assumed to 

be 4.86 kWh (17.5 MJ) per dry kg [11]. More detailed data regarding these technologies 

can be found in the Appendix A.  
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Table 1 Performance assumptions and energy inputs of NAABB algae harvesting technologies 
 

Harvesting Technologies Membrane Filtration[8, 23] Electrocoagulation[9, 12, 

21, 26] 
Chitosan 

Flocculation[24, 25] Ultrasonic[11] 

Lipid content (kg lipid/kg algae) 25% 25% 25% 25% 

Lipid density (kg /m
3
 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 1 (MJ/kg algae output) 3.71E-01 
  

4.99E-03 
stage 2 (MJ/kg algae output) 3.60E-03 

  
5.51E-02 

stage 3 (MJ/kg algae output) 
   

4.49E-03 
Chemicals/materials inputs porous Ni membrane sheet Fe chitosan 

No material 
consumption 

Optimum amount 1.048E-08 7.05E-02 4.00 E-02 
Unit m

3
 Ni / kg algae kg /kg of dry algae  kg /kg of dry algae 

Lifetime of equipment being used 
before replacement is needed (yrs) 2 7 25+ 10 to 20 

Operational performance 
    

Harvester Efficiency % 100.00% 98.00% 95% 64% 
Incoming solids  

(kg algae/kg algae water) 0.04% 0.10% 0.05% 0.05% 

Final solids (kg algae/kg algae water) 24% 8% 
 

6.73% 
Typical algae processed (kg/hr) 2,800 408.8 

N/A (based on 
experimental result) 

27,479 
Optimal algae amount harvested 

(kg/hr) 
2,800 400.6 17586.67 
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2.1.4 Life cycle impact assessment of gate-to-gate analysis 

The GHG emissions impacts were analyzed and converted to CO2 equivalents (CO2 eq) 

using the Intergovernmental Panel on Climate Change (IPCC) 2013 GWP 100a method 

in the SimaPro LCA software. The global warming potential (GWP) values for CO2, 

CH4, and N2O were included with 100-year GWP values of 1, 28, and 265, respectively 

[27]. Inventories of various inputs calculated in the above section were taken, including 

the energy inputs (electricity, heat, and steam), chemicals and solvents, as well as other 

material inputs.  

 

2.2 Full renewable diesel LCA of different H&E technology combinations 

The environmental performance of algae biofuel has considerable variations in part 

because of the different unit operation adopted. Selection of a particular technology will 

have upstream as well as downstream consequences in the value chain. Thus, it is 

important to have the harvesting and extraction technologies integrated with other unit 

processes and evaluate the full algal renewable diesel (RD) life cycle. 

2.2.1 Base case assumptions and system boundary  

In this study, the baseline inputs of GREET model were used as a base case scenario. 

Baseline algae biofuel production process was assumed to contain a series of unit 

operations including CO2 procurement from flue gas, open pond cultivation, dissolved air 

flotation, centrifugation, homogenization, hexane extraction, conversion via catalytic 

hydrotreatment, and transportation stages [19]. The production process starts with algae 

cultivation with ammonia and diammonium phosphate (DAP) as nutrient sources. After 
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algae lipids are extracted, lipid oil is then transported to the conversion site to produce 

RD through a series of hydrotreating reactions. Meanwhile, a significant quantity of LEA 

is produced as a co-product at the oil extraction stage. Lardon [18] conducted an overall 

LCA of algae biofuel and concluded that the high environmental impact of algae biofuel 

is caused by significant energy consumption, and it was suggested that one possible way 

to improve the performance of algae biodiesel is to reduce energy demand and to recycle 

nutrients. Furthermore, previous study has demonstrated in most cases, the benefits from 

exporting LEA off-site to displace the use of animal feed does not outweigh the 

additional inputs of energy and nutrients to make up for the internal LEA benefits that are 

no longer available, and thus results to higher GHG emission (Shi et al. 2016). 

Considering this, though previous studies on the economic viability of NAABB 

harvesting and extraction technologies assumed that LEA was sold for animal feed to 

offset the financial cost [9, 12], in this study, LEA was assumed to be used on site to 

produce energy and recover nutrients through anaerobic digestion (AD). The GREET 

model baseline assumptions on energy recovery were adopted for each case to remove 

the uncertainties of previous LCA results caused by different assumptions on allocation 

methods, treatment of LEA, and on-site energy generation. LEA is anaerobically 

converted to biogas, and the methane-containing biogas is combusted to produce process 

electricity and heat through combined heat and power system (CHP). The recovered 

energy is used internally, providing all of the thermal energy and part of the electricity 

required in other previous steps on site from cultivation to AD [3]. The remaining 

nutrients in the liquid from the AD process are returned to the algae cultivation facility to 

lower the use of imported synthetic fertilizer. The digestate (solid residue) from AD was 
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assumed to be transported to local crop fields to offset some synthetic fertilizer addition, 

assuming a 50 mile one-way transportation distance by truck. Hydrogen used for RD 

upgrading is produced via steam methane reforming [28]. At the conversion stage, 

approximately 0.059 kg of propane is co-produced along with the algae RD within fuel 

conversion facility, while 1.17 kg lipid oil input is required to produce 1 kg algae RD 

[19]. Figure 2 shows the production pathway and system boundary of the full chain LCA 

of algae RD. 

 

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

 

2.2.2 Goal, scope, assumptions, and life cycle inventory data 
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Starting from the baseline, this well to wheel LCA modeled seven scenarios of alternative 

H&E technology combinations, and compared their GHG emissions with the base case 

scenario and fossil diesel. As shown in Table 2, these scenarios are: 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), and electrocoagulation & acoustic extraction (E+A). The 

functional unit will be based on 1 MJ of final algae RD. This study explored two 

allocation scenarios, displacement allocation and a hybrid allocation. The hybrid 

allocation method is consistent with the GREET model, in which co-produced energy 

products are treated by energy allocation, and co-produced nutrients used as fertilizer 

replacements are treated by displacement allocation [3]. Detailed calculation for 

allocation factors can be found in Appendix C. 

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

 

H&E technologies 
investigated 

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) 

 Allocation methods  
Hybrid allocation 
Displacement allocation 

 

When algae are processed using certain harvesting and extraction technologies, the 

operational performance of these technologies will not only affect the unit process yield, 
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but also the upstream inputs during algae growth and CO2 procurement and downstream 

inputs such as biogas production, energy recovery, soil amendment and displacement of 

synthetic fertilizer. The different operation efficiencies for technologies were taken into 

consideration, as well as the feedbacks between unit operations being performed in the 

value chain. In this study, it was assumed that lost biomass during the harvesting step is 

recycled back to the cultivation pond along with algae water. The lost flows of biomass 

due to inefficiencies in the extraction step, along with the LEA after hexane extraction, 

are sent to the anaerobic digester. LCA models were built for the on-site electricity and 

heat generated in the CHP system during the energy recovery process after AD that was 

used to displace the U.S. mix electricity and thermal energy from natural gas. For each kg 

of algae oil, the amount of LEA co-produced from oil extraction and the total biomass 

sent to digester varies for different H&E technology set. In the GREET base case 

scenario, the combusted biogas can create 39,307 Btu (41.47 MJ) of electricity and 

thermal energy which is available to use on site. The amount of electricity and thermal 

energy generated onsite varies from case to case for using different H & E technologies, 

due to the changes of biomass feed into anaerobic digester and thus has consequential 

effects to the internal energy recycle. Excess CHP heat is discarded [19]. Detailed 

discussion of CHP system and energy balance can be found in the Appendix D. The 

below Table 3 shows the inputs for each stage when building the life cycle model of these 

scenarios with different technology combination. Appendix E provides details in 

calculation of inputs. Energy demand was assumed to be provided from the same sources 

for each study to remove influences of different energy choices on various study results. 
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Consistent environmental inventories for the various input energy sources and materials 

were established using the ecoinvent database [27]. 

The LCA is a consequential analysis.  Consequential effects include soil C change from 

export of solid residue from anaerobic digestion (with a carbon sequestration credit 

equivalent to 8% of applied C when applied to the soil), and avoided mineral fertilizers in 

local agricultural operations (displacement credit of available N and P fertilizer in residue 

using each technology combinations can be found in Table 3).  Attention was paid 

especially to the recovery step through biogas production from the residual biomass after 

lipid extraction, the fugitive methane (CH4) emissions and nitrous oxide (N2O) emissions 

during the production of biogas and during the use of digestate. The bioavailable N in AD 

residue is 0.015 kg per kg AD residue, and the N2O emissions from AD residue to soil is 

1% kg N in N2O per kg N applied, according to IPCC [29]. The fugitive emission was 

assumed to be 2% of the total produced biogas [19]. CO2 emissions from combustion of 

AD biogas are not included in the inventory, but GHG emissions from natural gas 

combustion or from use of electricity imported from the US grid are included.  Figure 3 

shows the biogenic carbon flow in this LCA study. A brief method of biogenic carbon 

balance accounting at each stage was also indicated in the Figure to assure that the study 

assumptions led to a closed balance. At each algae biofuel production stage, carbon 

balance modeling was performed to ensure the carbon flow into the system equals to the 

carbon flow out of the system. The biogenic carbon balance closed with a 2.15% 

difference. More details can be found in the Appendix E.  
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Figure 3 Carbon Flow in the Algae Renewable Diesel Production Pathway 
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Table 3 Inputs in algae renewable diesel life cycle using different harvesting and extraction technologies 

 
Items Base case NAABB technology combinations 

 
Centrifuge Membrane 

separation 
Electrocoa
gulation 

Chitosan 
Flocculation 

Acoustic 
harvesting 

Membrane 
separation 

Electrocoag
ulation 

Chitosan 
Flocculation 

Wet Hexane 
Extraction 

Acoustic 
Extraction 

Acoustic 
Extraction 

Acoustic 
Extraction 

Acoustic 
Extraction 

AlgaFracTM  AlgaFracTM  AlgaFracTM  

Changes of Upstream Data Due to different Harvesting & Extraction combination 

 CO2 required for algae growth kg/kg algae  2.47E+00 2.47E+00 2.47E+00 2.47E+00 2.47E+00 2.47E+00 2.47E+00 2.47E+00 

 CO2 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 CO2 imported from 
offsite 

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 

Off-site CO2 
procurement 

Electricity for CO2 
procurement 

MJ/kg algae oil 1.40 E+00 1.24 E+00 1.24 E+00 1.24 E+00 1.24 E+00 1.29 E+00 1.29 E+00 1.29 E+00 

Algae 
Growth  

Nutrients- Ammonia kg/kg algae oil 9.41E-02 8.04E-02 8.04E-02 8.04E-02 8.04E-02 8.49E-02 8.49E-02 8.49E-02 
Nutrients-DAP kg/kg algae oil 8.47E-02 7.24E-02 7.24E-02 7.24E-02 7.24E-02 7.64E-02 7.64E-02 7.64E-02 
Electricity for algae growth MJ/kg algae oil 8.62E+00 7.37E+00 7.37E+00 7.37E+00 7.37E+00 7.78E+00 7.78E+00 7.78E+00 

Harvesting 
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 4.24E-01 8.80E-01 
Chitosan kg/ kg algae oil 2.00E-02 

  
1.68E-01 

   
1.78E-01 

Ni alloy sheet kg/ kg of lipid oil 
 

9.49E-04 
   

1.00E-03 
  

Extraction 
Hexane loss kg/kg algae oil 5.50E-02 

    
2.67E-03 2.67E-03 2.67E-03 

Thermal energy for extraction MJ/kg algae oil 1.11E+01 
       

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 1.01E+00 1.01E+00 

Changes of Downstream Data Due to different Harvesting & Extraction combination 

 
Lipid Extracted Mass kg/kg algae oil 3.98E+00 3.21E+00 3.21E+00 3.21E+00 3.21E+00 3.45E+00 3.45E+00 3.45E+00 

 
AD Biogas produced MJ/kg algae oil 4.15E+01 3.35E+01 3.35E+01 3.35E+01 3.35E+01 3.59E+01 3.59E+01 3.59E+01 

 
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 1.72E+00 

Transport of 
algae oil 

Transportation, rail miles/kg of lipid oil 6.00E+02 6.00E+02 

Fuel 
conversion 

Hydrogen kg/kg of RD 3.06E-02 3.06E-02 
Natural gas (process heat) MJ/kg of RD 1.81E-01 1.81E-01 

Electricity MJ/kg of RD 
2.09E-01 
 

2.10E-01 
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Anaerobic 
digestion 
and biogas 
combustion 

Thermal energy MJ/kg algae oil 3.15E+00 2.54E+00 2.54E+00 2.54E+00 2.54E+00 2.73E+00 2.73E+00 2.73E+00 
Electricity MJ/kg algae oil 1.22E+00 9.82E-01 9.82E-01 9.82E-01 9.82E-01 1.05E+00 1.05E+00 1.05E+00 
Fugitive methane loss g /kg algae oil 1.66E+01 1.34E+01 1.34E+01 1.34E+01 1.34E+01 1.44E+01 1.44E+01 1.44E+01 

CO2 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 

CO2 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 CO2 to pond kg/kg algae oil 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 oil 3.53E+03 

CHP 
recovered 
energy  

On-site electricity generated MJ/kg algae oil 1.37E+01 1.11E+01 1.11E+01 1.11E+01 1.11E+01 1.19E+01 1.19E+01 1.19E+01 
Total electricity required MJ/kg algae oil 1.66E+01 1.18E+01 1.05E+01 1.09E+01 1.03E+01 1.28E+01 1.16E+01 1.07E+01 
On-site heat generated MJ/kg algae oil 1.78E+01 1.43E+01 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 oil 1.43E+01 9.82E-01 9.82E-01 9.82E-01 9.82E-01 1.05E+00 1.05E+00 1.05E+00 

Soil 
application 
of digestate 
solids 

Transportation of AD residue, 
truck 

kg * miles /kg oil 3.31E+02 2.67E+02 2.67E+02 2.67E+02 2.67E+02 2.87E+02 2.87E+02 2.87E+02 

Carbon sequestration credit kg CO2/kg algae oil -2.91E-01 -2.35E-01 -2.35E-01 -2.35E-01 -2.35E-01 -2.52E-01 -2.52E-01 -2.52E-01 

N2O emission from AD 
residue to soil 

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 

Fuel 
transportatio
n and 
distribution 

Hydrochloric acid kg/ kg of RD 2.20E-10 2.20E-10 
Transportation, truck Miles/ kg of RD 3.15E+01 3.15E+01 
Transportation, barge Miles/ kg of RD 4.16E+01 4.16E+01 
Transportation, rail Miles/ kg of RD 2.32E+02 2.32E+02 
Distribution, truck Miles/ kg of RD 3.00E+01 3.00E+01 

Fertilizer 
displacement 
by AD 
Residue 

Displacement of N in soil  kg/kg algae oil 3.05E-02 2.61E-02 2.61E-02 2.61E-02 2.61E-02 2.76E-02 2.76E-02 2.76E-02 

Displacement of P2O5 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 

CO2 Emissions from 
displaced N fertilizer 

kg CO2/kg algae oil 1.39E-01 1.19E-01 1.19E-01 1.19E-01 1.19E-01 1.25E-01 1.25E-01 1.25E-01 

N2O Emissions from 
displaced N fertilizer 

kg, per kg lipid 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 

Co-produced 
propane 

Propane kg/ kg of RD -5.90E-02 -5.90E-02 
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2.2.3 Life cycle impact assessment  

Climate impacts of greenhouse gas emissions are determined using the IPCC 2013 GWP 

100a method in SimaPro 8.  

3. Results and Discussion 

In order to assess the magnitude of each technology in the same basis, the gate-to-gate 

results for these unit operations were placed in the context of our previous LCA baseline 

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

are characterized based on g CO2eq per kg dry algae biomass for harvesting and g CO2eq 

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

Figure 4. 

 

Figure 4 Gate-to-gate LCA results for NAABB harvesting and extraction technologies. 
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Gate-to-gate LCA results show that, among the harvesting and extraction technologies 

evaluated, all technologies appear to have the potential to provide at least modest 

decreases in GHG emissions compared to the current GREET baseline technology 

assumption, which uses centrifuge dewatering, preceded by dissolved air flocculation, 

and traditional wet hexane extraction. Membrane separation and acoustic harvesting 

appear to offer the most pronounced electricity and material input reductions, resulting 

significantly lower GHG emissions. Chitosan flocculation was not selected for scaling up 

in previous NAABB summary report [8]. Based on the lab scale data, it turns out to be 

not preferable from an environmental perspective considering its high GHG emissions. 

Although this technology requires low energy inputs, major GHG emission accounts to 

the chitosan flocculent usage to achieve the optimal harvesting efficiency (optimum dose 

between 0.04 ~ 0.06 g/g algae). Similarly, large GHG emissions are associated with the 

electrocoagulation technology due to the embodied GHG emissions of the stainless steel 

used as electrodes. Of the two extraction technologies evaluated, AlgaFracTM technology 

by Valicor generates higher GHG emissions than acoustic extraction technology, but they 

both reduce emissions greatly compared to the currently assumed technology within the 

GREET base case (traditional solvent extraction of dry algae), primarily due to the 

reduction of energy for drying and electricity consumption. Overall, the acoustic 

harvesting & extraction technology only requires a small amount of electricity to 

complete the biomass harvesting to oil extraction process, without external chemicals or 

materials needed, and therefore offer significant GHG emissions reductions compared to 

GREET base case process technologies based on gate-to-gate analysis.  
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Figure 5 Life cycle greenhouse gas (GHG) emissions of algae renewable diesel using 

NAABB harvesting and extraction technologies. (Solid line in each case represents life 

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

represents chitosan flocculation and wet AlgaFrac, C+A represents chitosan flocculation 

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

represents membrane harvesting and wet AlgaFrac.).  
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In terms of well-to-wheel LCAs for algae renewable diesel production, each harvesting 

and extraction unit operation was standardized in terms of algae RD production rate to 

facilitate appropriate comparison. Figure 5 highlights the comparison results based on 1 

MJ algae RD fuel production, over the entire algae fuel life cycle for both displacement 

and hybrid allocation methods. Life cycle results show that NAABB technologies 

investigated in this study have a range of GHG impacts regarding the overall algae RD 

life cycle when compared to the base case GREET model assumptions and to fossil diesel. 

For each of the cases shown in Figure 5, the most important stages in the life cycle for 

GHG emissions are, in descending order cultivation, anaerobic digestion and biogas clean 

up, with relatively small contributions from harvesting, conversion, and N2O emissions 

from field application of AD liquid residues, and with negligible impacts from 

transportation steps.  On the emissions credits side, on-site CHP heat and power 

generation is dominant, with smaller credits from N,P,K fertilizer displacement by the 

liquid AD residue, and C sequestration in the AD solid residue.  Although onsite heat and 

power generation will avoid the import of energy sources, in this study we include the 

raw energy demands for each stage in the process as imported energy, and then provide a 

credit for the heat and power generated by the CHP unit, which displaces the same 

external energy sources.   

Co-products produced at various points in the value chain, for use within or outside the 

algae biofuels system boundary, and the method for allocation of environmental burdens 

among co-products considerably affects the LCA results beyond each harvesting and 

extraction unit process. In this study, when algae oil is hydrotreated to produce RD, 

hydrocarbon fuel (propane fuel mix) is generated during the conversion step as a co-
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product along with the RD without further been used internally. Thus, the energy 

allocation factor at conversion step is 0.945 between RD product and hydrotreatment co-

products (calculations on allocation can be found in Appendix C). The displacement 

credit for co-produced propane is -5.15 g CO2eq/ MJ RD, and the fertilizer displacement 

credit varies from -9.29 to -10.82 g CO2eq/ MJ RD, depending on the upstream 

technology selection. Result shows that using a displacement allocation method, the life 

cycle GHG emissions for RD are slightly lower  than the same technologies using hybrid 

allocation methods. Table 4 shows the overall GHG reductions comparing to the base 

case scenarios, using displacement allocation and hybrid allocation.  

Table 4 GHG emission reductions compared to the GREET base case using NAABB 
H&E technologies in the full algae renewable diesel life cycle 

Scenarios GHG 
Emissions 

% Change 
compared to 

base case  

% Change 
compared to fossil 
diesel emissions  (g CO2eq/ 

MJ RD) 
Displacement allocation    

Base case (GREET Model) 50.36  -46% 
Acoustic harvesting + acoustic extraction 26.91 -47% -70% 
Chitosan flocculation + wet AlgaFrac 39.14 -22% -58% 
Chitosan flocculation +acoustic extraction 36.44 -28% -61% 
Electrocoagulation + acoustic extraction 34.51 -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 -25% -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 combination of the new technologies is an 

improvement over the baseline. The combination of the most promising harvesting and 

extraction systems (acoustic harvesting & acoustic extraction) shows a 42% GHG 

reduction in the compared to the baseline using hybrid allocation. Lower life cycle 

impacts also associated with other pathways that adopts acoustic disruption technology, 

with considerable low GHG values of 38.02 and 35.64 g CO2 eq/MJ under hybrid 

allocation methods when combined with electrocoagulation harvesting and membrane 

filtration, respectively, resulting in 28% and 33% GHG emissions reduction compared to 

the base case algae life cycle, respectively. This is due to low energy consumption, low 

requirement for material inputs, and high operational efficiencies. Membrane filtration 

coupled with wet algae fractionation also shows favorable results, partly due to the high 

efficiencies for these two technologies, which are reported to be 100% for harvesting and 

90% for extraction. The life cycle pathway with chitosan harvesting and wet extraction 

resulted in an GHG emissions profile of 42.4 g CO2 eq/MJ, slightly lower over the 

baseline. Additionally, among all evaluated scenarios, all combinations of selected 

pathways are likely to be able to meet the 50% GHG emissions reduction threshold 

targeted by the U.S. EPA, except for the base case. A full table of stage-to-stage LCA 

results is provided in detail in the Appendix G (Table G.1). These LCA studies on 

NAABB developed and scaled up technologies provide important insights for 

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

literature, with 95% chosen for the representative metric in the results above. Changing 

this efficiency metric would have consequences within the harvesting stage (e.g., 

requiring more inputs of materials and energy per unit output), but will also result in 

changes to upstream relationships as well (e.g., more algae cultivation required to achieve 

same level of algae biofuel output). To illustrate the importance of this change, a small 

sensitivity analysis was performed on chitosan flocculation efficiency, and the results are 

shown below in Table 5. It is clear that efficiency metrics or other key parameters will 

have to be continually monitored and validated as these technologies move into 

demonstration and commercial-scale facilities, because of their influence on overall 

environmental performance.  

Table 5. Sensitivity of LCA model results to chitosan flocculation efficiency 

Chitosan  
harvesting efficiency 

Gate to gate LCA result 
(g CO2 eq / kg algae) 

Full LCA result1 
(g CO2 eq / 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 flocculation + wet AlgaFrac’ full process 

scenario under a hybrid allocation method, as one example of impacts to the overall 

process result.  

 

In addition to the life cycle GHG emissions, some other potential adverse impacts 

associated with certain technology has been noted. In the example presented next, 

material use for one harvesting technology is investigated. For example, during 

electrocoagulation harvesting, for each kg algae harvest, 0.07 kg iron is needed in the 
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form of Fe+ ion. If expanding the production scale to meet the 5 billons gallon per year 

(BGY) algae biofuel production goal [5] and assuming using electrocoagulation for all 

algae harvesting process, this could result to a 4.86 x 109 kg iron consumption per year if 

no recycling is adopted. This number is equivalent to roughly 4% of the total U.S. annual 

iron and steel production, based on 2014 U.S. industry production data on steel and iron 

[30]. However, if we examine different assumptions, this can yield wide variation in 

predicted impact. For example, depending on cultivation conditions and species of algae, 

the algae oil content may be up to 50% to 75% and algae concentration in the culture 

water can be much higher in the range 17 g/L or even higher (140 g/L) using a photo 

bioreactor (Chen 2011) (Frank 2011) (Chisti 2007) (Shen 2010). Considering these 

scenarios, the total iron required for using stainless steel electrode during harvesting 

under the 5BGY goal can go down to as low as 1.15 x107 kg, which is 0.01% of the total 

US steel and iron annual production. A scenario analysis on this technology is provided 

in the Appendix F. 

4. Conclusion 

In prior algae biofuel life cycle assessments, differences in study assumptions regarding 

system boundary, lipid content, usage of lipid-extracted biomass, and energy and 

nutrients recycle have caused wide variation in predicted impacts. This study overcome 

these limitations while comparing algae harvesting and extraction technologies by 

adopting uniform assumptions.  The environmental performance of algae biofuel has 

large variations in part because of the different technologies that may be adopted in the 

full algae supply chain. This study conducted seven gate-to-gate LCAs of novel unit 
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technologies and evaluated 14 scenarios of incorporating different harvesting and 

extraction technology combinations into the full algae RD life cycle. All technologies 

developed in the NAABB consortium appear to have the potential to provide at least 

modest decreases in GHG emissions compared to currently assumed technology, 

especially the combination of acoustic harvesting and acoustic extraction, which results 

in significant GHG emissions reduction. GHG results of these various algae pathway 

scenarios suggested that some of these deviations in life cycle emissions can be drastic, 

thus it will be important to evaluate the full algal fuels life cycle in larger pilot and 

demonstration-scale systems as novel fuel production pathways are developed, in order to 

make algae-based biofuels an environmentally, technically, and economically 

competitive source of energy. 

The combination of algal cultivation, harvesting, drying, oil extraction and conversion 

technologies can help stakeholders identify promising strategies for algal biofuels 

development, as well as highlight key areas where further work is required to overcome 

current limitations. Inventory data is essential in any LCA work, continued measurement 

of energy input, chemical usage, and other performance data of these technologies is 

critical in following work. Due to the limitation of available resources and data, the 

alternative unit process technologies for other algae life cycle stages such as conversion 

are not examined in this study. As work proceeds on these fronts, it is worth examining 

which of these technologies on each unit operation process could be utilized on a large 

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