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ABSTRACT 

 

Fossil fuels are not sustainable due to their worldwide depletion and greenhouse gas (GHG) 

emissions. Transportation biofuels produced from microalgae are sustainable if GHG emissions 

are lower than fossil fuels and the sources for materials used during production are sustainable.  

Four areas were evaluated to address these concerns. First, a study of peer reviewed life-cycle 

analyses (LCAs) was performed.  The purpose of this evaluation was to determine which 

processing choices during cultivation have the most impacts.  Data from nine authors was 

converted to similar units, and a new LCA was performed to evaluate the impacts.  Overall GHG 

emissions per kg of algae cultivation ranged from 0.1 – 4.4 kg CO2 eq. / kg algae, with the most 

of the emissions coming from fertilizer contributions.  

The second topic evaluated was the GHG emissions from experimental dewatering technologies.  

The five experimental technology emissions, for acoustic harvesting, membrane filtration, 

flocculation, electrocoagulation and flocculation plus belt filtration, were compared to a modeled 

dissolved air flotation technology and a fossil fuel source.  For a functional unit of one MJ of 

renewable diesel (RD), membrane filtration had the lowest GHG emissions at 40.8 g CO2eq/MJ 

RD.  Dissolved air flotation was the highest scenario at 51.9 g CO2eq/MJ RD.  All technologies 

were lower than gasoline at 90.7 g CO2eq/MJ gasoline.   

The third topic evaluated was the GHG emissions from the materials used for plant construction.  

A LCA was performed for the infrastructure materials and compared to results from the fuel-

cycle.  Plastic from pond liners had the largest contribution to GHG emissions for the baseline 

case.  Increasing productivity and lipid content both decreased infrastructure emissions.  The 

final topic evaluated was the sustainability of nitrogen, phosphorus and potassium used for 
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microalgae growth.  Results show that the surplus of world fertilizers cannot sustain large scale 

algae production in the United States.  Technology choices that can recycle nutrients lower the 

overall requirement. Alternative sources of nutrients, like concentrated animal feeding 

operations, can provide enough nutrients for large scale production of algae.  
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CHAPTER 1 

INTRODUCTION 

 

Global climate change is predicted to cause widespread damage unless carbon dioxide emissions 

are reduced well below current levels [1].  Proposed reductions in atmospheric CO2 levels 

require significant decreases in our use of fossil-carbon energy sources, which add to the pool of 

carbon that is actively cycled between atmospheric and terrestrial pools [2].  Fossil fuels are also 

being depleted globally.   These two aspects mean the current use of fossil fuels is not 

sustainable, prompting the United States and other nations to explore alternative means of 

powering the infrastructure and economy.  

Renewable energy sources, like wind, and solar, biomass and hydro can have lower emissions 

than fossil electricity generation sources [3].  In 2009, transportation fuels accounted for roughly 

32% of our fossil fuel usage [4]. Liquid transportation fuels from renewable feedstocks are 

commonly viewed as an ideal replacements to current fuels due to the relative ease of integration 

with existing infrastructure [5] and because they have higher energy density in comparison with 

batteries or hydrogen storage [6, 7]. Alternatives to fossil fuels must be sustainable with lower 

emissions, but not all biofuels are considered to be viable replacements due to either 

environmental or economic reasons.   

Biofuels can be made from numerous biomass sources, such as soybeans, camelina, jatropha and 

microalgae [5].  First generation biofuels, made from sugars, starches, and vegetable oils, 

generally achieve modest reductions in greenhouse gas (GHG) emissions, due to factors such as 

N2O emissions from soil [8].  There are also land and resource competition issues with 
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agriculture [9]   Second generation biofuels (advanced biofuels) are made from non-food crops 

or waste products, and do not compete with food for land.  For these reasons, second generation 

biofuels are perceived as being more sustainable than the first generation biofuels.   

Among several advanced biofuel options, unicellular algae, or microalgae, are seen as a 

promising feedstock candidate for several reasons. Algae species have lipid per area production 

rates that are orders of magnitude higher than conventional biofuels feedstocks [10], with 

increases in biomass yield, lipid content and increased photosynthetic efficiency predicted 

through genetic modifications [11]. Different strains of algae and methods of processing can 

yield several possible end-products which can be incorporated into the existing liquid 

transportation fuel infrastructure as partial (blended) or complete replacements for fossil fuels. 

Fresh water and prime agricultural land use can also be reduced through production methods 

using brackish or reclaimed water, for some species, while also using land that is marginally 

productive for other uses. Domestic energy production is also viewed as a means of 

strengthening local economies and providing employment to rural communities throughout the 

U.S.  

Microalgae undergo a series of processing steps for conversion into biofuels, Figure 1.1.  

Initially, microalgae are grown to a desired concentration.  Then the microalgae are concentrated 

by removing water during a dewatering step.  Oil is removed in an extraction step from the 

dewatered product.  Finally the oil is turned into biodiesel in a fuel conversion step.  Each step 

contains numerous technology choices that have their own benefits and drawbacks, which is 

discussed next.  
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Figure 1.1: Production process chain to produce biodiesel from microalgae. 

 

There are a multitude of technologies available for growing algae to produce biodiesel.  They can 

be cultivated in open or closed systems.  Open systems include ponds or raceways, which consist 

of algal waters open to the atmosphere which use sunlight to grow.  Inoculum is put into the 

open pond and the algae mature to a harvestable concentration.  The pond is mixed, usually by 

paddlewheels, to prevent settling [12].  One advantage of open systems is lower energy 

requirements [12].  Closed systems include photobioreactors, which come in a variety of designs, 

tubular, flat-plate and column to name a few [12].  Photobioreactors grow cells faster and have a 

lower contamination risk than open ponds [10].  However, they require more energy to run [10] 

and cost substantially more [13].  Increasing the energy requirement results in an increase of 

greenhouse gas emissions (GHG) when compared to open systems [14].  

Dewatering is a major area affecting the overall sustainability of producing biodiesel from 

microalgae [15].  There are multiple technologies that have been evaluated in the past, including 

centrifugation, flocculation, filtration, flotation and electro-coagulation [15].  Centrifugation is 

efficient at capturing algal cells based on their density difference with the liquid, but the 

technology uses a large amount of energy, resulting in a large GHG footprint.  On the other hand, 

flocculation has a much lower energy use, although the required flocculants need additional 

energy for production.  Also, flocculants that remain with the algal cells after dewatering may 

have effects on downstream processing.   
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Some extraction methods available include using organic solvents systems like 

chloroform/methanol and hexane/alcohol, both used with water for separation [16].  Extraction 

methods are enhanced when the cell walls are disrupted [16] and includes grinding, 

homogenization, and microwave techniques [16].  Current extraction technologies require dry 

algae, meaning a large amount of energy is expended during dewatering.  Requiring dry algae 

can cause the entire production process require more energy than it produces [17].  Wet 

extraction methods would eliminate much of the energy required for dewatering and increase the 

viability of the entire process [17].  However, there are currently no commercial scale wet 

extraction technologies available. 

For conversion of algal oil to biodiesel, the extracted oil can be transesterified by acid or base 

catalysts [18].  The remaining algae components, or lipid extracted algae (LEA), contain 

proteins, carbohydrates and other products that may be of value like carotenoids and sterols [10].  

There are numerous fates for the LEA.  It can be used as feed for animals, like shrimp, cattle or 

chicken [10].  It can also be used for energy generation in processes like anaerobic digestion [19] 

to make the process more viable.  Other technologies exist for conversion of oils to biodiesel like 

pyrolysis or hydrothermal liquefaction [10].  The extraction step can also be combined in a direct 

transesterification method, where acid catalyst, an alcohol and hexane are reacted with the algal 

cells [16]. 

Despite all of the features of algal biofuels that make it a promising fuel, there are several 

technical hurdles to be overcome in order to make production economically viable. Several 

technical options are being proposed for each of the unit processes contributing to the feedstock 

supply and conversion pathways, in an effort to streamline production and reduce cost. Algae 
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biofuels production is commonly viewed as requiring 5-15 years of consistent operational 

improvement before successful commercialization [5].  

There are also challenges to make the biofuel production process energy favorable, meaning the 

algal oil and possible the lipid extracted algae must contain more energy than is required for the 

entire production process.  Not every scenario is energy positive [17] and technology choices 

must be made to reach this goal.  These choices also affect the sustainability criteria of ensuring 

GHG emissions are lower than fossil fuels.  Emissions during the biofuel process may be direct 

emissions, where GHGs are released during the production process as in the case of possible 

N2O release from growth ponds [20].  Indirect emissions are from materials or energy used 

during processing, where the GHGs are not emitted during the microalgae processing, but rather 

during the individual material or energy production. One aspect of material emissions that is only 

sometimes considered [14, 21-23] is the infrastructure of the biofuel plant.  Infrastructure 

analysis should be included for a complete life cycle assessment, but would depend on the 

technology choices made.  It is not clear how infrastructure emissions would compare to the fuel-

cycle emissions, so an analysis of that question would help guide researchers as to whether or not 

they should be included in a LCA. 

Another challenging area for microalgae is nutrient use.  Nutrient markets and availabilities are 

determined by the raw materials used to create them and the current production processes. 

Nitrogen fertilizers, produced through the Haber-Bosch process, are non-renewable [24].  These 

fertilizers rely on fossil natural gas reserves [25], which currently use 3% to 5% of the natural 

gas produced in the United States [24].  Natural gas production is expected to peak in 2035 [26].  

Phosphate is already a strained resource that is produced through mining [27].  The United States 

is one of six countries that possess the world’s supply of this nutrient, while China is another 
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[28]. The largest reserve is in the Western Sahara [27], with Morocco controlling the dominant 

resources [28]. Reserves of phosphorus are expected to be depleted within 50 to 100 years [28] 

and one controlling country, China, is already imposing a large tariff on nutrient to reduce 

exports [29].   

Synthetic fertilizers are produced through chemical processing or through direct mining, and 

each year, the Food and Agriculture Organization (FAO) of the United Nations reports the world 

surplus values [30].  If biodiesel produced from microalgae uses large amounts of the fertilizer 

surpluses, then there may be an impact on other markets, such as food production.  Greenwell, et 

al., [31] determined that there is not enough fertilizer to replace all of the fossil fuels in the 

European Union when biofuels are made from microalgae. Even looking at individual fertilizers, 

the fossil fuel-based natural gas used for nitrogen-based fertilizer production is unsustainable 

[25]. 

One purpose of this investigation is to address the sustainability issues of biodiesel from 

microalgae.  This is done in four areas, with analyses of GHG emissions in open growth ponds, 

GHG emissions of dewatering technologies, GHG emissions of the production plant 

infrastructure and the sustainability of nutrients used for growth.  To determine the GHG 

emissions, life-cycle analyses is used. Life-cycle assessments (LCAs) can highlight areas of 

concern, focusing future research efforts on aspects of the supply chain that carry the largest 

environmental burden [17, 32]. 

The first topic, GHG emissions in open growth ponds, uses several LCAs of algae feedstocks 

that have appeared in the literature in recent years.  These analyses displayed a marked variety in 

approach, assumptions, and ultimate results [14, 17, 32-38]. Studies have been based upon 
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different scopes, making unique choices on processes or inputs to include in the algae value 

chain. A variety of assumptions have been made concerning technologies used for the various 

unit operations involved, algal growth and yield characteristics, or environmental burdens 

associated with input requirements, which may not reflect current technology and capabilities. 

Studies often contain a mix of assumed, modeled, or experimental data, and a lack of 

transparency in this regard, along with different levels of input and result data aggregation make 

it difficult to compare individual aspects of the algae value chain between any two studies. 

Results are often not placed in a consistent context – different choices are made concerning 

which environmental impacts to consider, and how to consider results in regards to other fuel 

choices or theoretical limits.  

In an effort to reliably compare studies and present the range of processing possibilities and 

potential environmental impacts, a detailed examination of microalgae LCAs that have appeared 

recently in the peer-reviewed literature and reports is presented.  This LCA comparison focuses 

on the growth of algae feedstock, and only examines papers that discuss microalgae grown 

outdoors in open-air, constantly circulated (raceway) ponds, as this general system is cheaper 

and uses less energy than photobioreactors [10-12, 14, 35], meaning it is likely to operate at 

commercial scales in the future.  To examine how the variability in processing choices during 

microalgae cultivation relates to the overall algae biofuels impacts, one advanced biofuels 

production scenario is applied to each algae growth scenario.  The production scenario is an 

advanced hydroprocessing technology called the UOP Renewable Jet Fuel process, which 

produces a hydrocarbon-based transportation fuel.  

The second topic, GHG emissions from dewatering technologies, evaluates the dewatering 

portion of the biodiesel production process.  Work for this area was performed with the National 



23 

 

 

Alliance for Advanced Biofuels and Bioproducts (NAABB) team.  NAABB teams working on 

dewatering technologies supplied data, including energy use and material consumption during 

operation.  The technologies evaluated are acoustic harvesting, electrocoagulation, membrane 

filtration, flocculation, and a combination flocculation plus belt filtration. These technologies are 

compared to a dissolved air flotation technology available in the Algae Process Description [39] 

or APD, which is used with GREET_1 [40]. The purpose of this evaluation is to determine which 

technology has the lowest GHG emissions and how the fuel-cycle compare emissions compare to 

a fossil fuel.  

The third topic evaluates infrastructure emissions from constructing a biofuel plant to the overall 

fuel life cycle emissions.  Some previous LCAs have considered infrastructure materials [14, 21-

23], but this category is not always included.  Sometimes it is believed that impacts are 

negligible for the fuel-cycle emissions over a long amortized period of time. This analysis 

evaluates the energy use and the GHG emissions of the materials used for plant construction to 

determine the validity of that assumption.  Not all algae production scenarios are the same, so 

results are found for varying productivities and lipid contents.  This purpose of this evaluation is 

to determine if infrastructure GHG emissions should be included in an LCA analysis. 

The final topic covered in this analysis is the sustainability of nutrients used for algae growth.  

The total estimated nitrogen, phosphorus and potassium requirements to produce biodiesel from 

microalgae in the United States is found to determine the possible effect of algal biofuels on 

these fertilizer markets.  It is determined whether or not microalgae require synthetic fertilizers, 

or additional nutrient sources like wastewaters from breweries, slaughterhouses and human waste 

streams.  Other sources evaluated areaquaculture, coffee grounds, chicken litter and concentrated 

animal feeding operations (CAFOs).  Nutrient recycling methods, like anaerobic digestion, 
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hydrothermal liquefaction, and catalytic hydrothermal gasification are also evaluated to estimate 

their effect on reducing synthetic nutrient requirements through potential recovery of nutrients 

from residual biomass after lipid extraction and liquid fuel generation.  Findings in this area help 

determine which areas of future research and investments will benefit from further investigation.   

If biodiesel produced from microalgae is to be viable, the use of all materials during production 

must be sustainable. GHG emissions must also be reduced compared to fossil fuels.  The 

following chapters address GHG emissions during cultivation, dewatering and infrastructure 

development.  The sustainability of fertilizers used for growth are also be evaluated to determine 

which sources could adequately support large biofuel production in the United States.   

As a separate project, included in Appendix F is an experimental analysis of a gas 

chromatography technique that can be used in an undergraduate chemical engineering laboratory, 

which demonstrates pedagogical developments that may support a future academic pathway if 

that is pursued. 
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CHAPTER 2 

COMPARISON OF PEER REVIEWED LIFE-CYCLE ASSESSMENTS OF OPEN GROWTH 

PONDS 

 

This chapter is a summary of the dissertation author’s contribution to a published paper [41]. The 

full paper is available in Appendix A and the supplementary data for that paper is in Appendix B.  

Also included in this chapter is a summary of the research performed and how it contributes to 

life-cycle analysis of biofuels from microalgae literature. 

 

2.0 Summary of Research 

2.0.1 Introduction   

Several life-cycle analyses (LCAs) of algae feedstocks have appeared in the literature in recent 

years, displaying a marked variety in approach, assumptions, and ultimate results [14, 17, 32-38]. 

Studies have been based upon different scopes and assumptions, which affected the overall 

results.  Their mixture of assumed, modeled, or experimental data, make it difficult to compare 

individual aspects of the algae value chain between any two studies.  These studies will be 

compared to see which production variables have the greatest impact on the LCA. 

In order to compare studies, a detailed examination of algae LCAs that have appeared recently in 

the peer-reviewed literature and reports was performed. The LCA comparison focuses on the 

growth of algae feedstock, and only examines papers that discuss algae grown outdoors in open-

air, constantly circulated (raceway) ponds, as this general system is cheaper and uses less energy 
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than photobioreactors [10-12, 14, 35], meaning it is likely to be operated at commercial scales in 

the future.  To examine how the variability in processing choices during algae cultivation relates 

to the overall algae biofuels impacts, one advanced biofuels production scenario is applied to 

each algae growth scenario.  The production scenario used for this analysis is the UOP 

Renewable Jet Fuel process, which produces a hydrocarbon-based transportation fuel. 

 

2.0.2 Research Methods/Literature Analyses 

The goal of the LCA performed in this analysis was to compare the production parameters for 

producing biofuels.  The scope was large scale cultivation of microalgae in open growth ponds.  

Chemical and energy usage at the site of algae growth are included, as well as impacts resulting 

from the production and upstream processing of these inputs. Inputs for algal pond design is 

included if they were included in the articles being reviewed. No credit for removing CO2 from 

the atmosphere and no emissions from ultimate combustion of algae biofuels was considered.  

The functional unit for this comparison is one kg of dry algae biomass. 

To perform the LCA, material and energy information was taken from each study.  

Environmental inventories for the various input energy sources and materials were established 

using the Ecoinvent database [42]  and other data sources. Greenhouse gas emissions factors 

came from the IPCC GWP 100a method in SimaPro 7.2 [43]. Energy use was assumed to be 

provided from the same source for each study, U.S. average grid electricity (Ecoinvent), to 

remove influences of different energy choices on study results. Consumptive freshwater use was 

calculated by combining Ecoinvent estimates of fresh water inputs to the particular product or 

process in question, with estimates of evaporative water losses from cooling towers (2.5% of 
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total cooling tower water embodied in product life cycle, as given in Ecoinvent database) [44] 

and hydroelectric generating facilities (18.9 L evaporated per MJ of hydropower consumed, as 

given in Ecoinvent database) [45]. Life cycle inventory data for algae harvesting, dewatering, 

drying, oil extraction, conversion to Green Jet Fuel, and associated product transportation steps 

were taken from a technical report based on UOP data concerning oil conversion to Green Jet 

Fuel via the Renewable Jet fuel process [46]. 

 

2.0.3 Results and Discussion 

There was high variability in the GHG emissions for all of the studies that range from 0.1 – 4.4 

kg CO2 eq./kg algae. GHG emissions due to the energy included for electricity inputs for gas 

compression and movement, and also for pond water movement. Nutrient inputs, especially 

nitrogen fertilizers, are responsible for a significant fraction of GHG emissions.  The major 

components of data selection and important assumptions that may have led to variability in the 

results are reviewed.  This includes boundary choices, data sources and material selection.  

 

2.0.3.1 Life-Cycle Boundaries  

The LCAs reviewed were not consistent in boundaries chosen.  This is highlighted in the 

boundary diagrams in Appendix B. As an example, Clarens [38] and Khoo [37]  and others focus 

solely on the production of algal biomass, while Lardon [17], Kadam [33], and others extend 

their analysis to production of a final fuel product, where assumptions about other co-products 

created alongside the biofuel and the decisions about how to allocate environmental burdens 

between products affect the reported environmental burdens associated with the algae fuel. Even 
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within the cultivation stage, there are important distinctions between studies in terms of what 

processes are included and not included in the life cycle. Infrastructure of algae raceways was 

included unequally throughout the studies and is therefore not discussed in this comparison, but 

rather in Chapter 4. The studies were not consistent in their treatment of procuring CO2 for algae 

growth, with some assuming no environmental burden for delivery [33][14]), while others did 

not include it at all [38]).  

 

2.0.3.2 Data Sources and Quality 

Data presented by each author was derived from different sources and had varying levels of 

quality. Some information was obtained from experimental data or model simulations, while 

other numbers originated from assumptions made by the authors based on literature values or 

personal knowledge. The overall ability of a LCA to accurately represent actual algae-to-

biodiesel production depends greatly on the material and energy inputs and outputs used.  

Assumptions made during growth can affect the overall viability of a process. For example, 

assuming a growth rate that is high for a particular species could make a process look desirable, 

but the assumption may neglect the amount of nutrients required or other growth conditions 

needed to achieve the growth rate. There could also be a lower concentration of algae in water 

going to harvesting, which would increase energy and materials (flocculation) required for water 

removal. To effectively perform an LCA of an algae to biodiesel process, actual growth data is 

needed. To date, large scale data is not available so assumed and justified values are commonly 

used.  
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2.0.3.3 Energy Use 

GHG emissions for energy use are responsible for greater than 50% of the burden for more than 

half of the scenarios. The range of energy requirements varied by almost two orders of 

magnitude (0.154 – 14.59 MJ/kg), but most studies were between ~0.6 and 2 MJ/kg.  It was not 

clear why the range was so high between the studies.  Several studies referenced papers or 

knowledge of algal bioreactors that were more than 15 years old [38], which may reflect 

outdated technology assumptions. Other studies build their biofuels raceway assumptions on the 

basis of algal raceways used to produce high-value commodities [32], which may require more 

intensive cultivation or may result in sufficient economic margins that render these 

considerations unimportant in that particular case.   

 

2.0.3.4 Fertilizers – Nutrient Dosing and Fertilizer Choice 

Major (NPK) fertilizers used in algae cultivation was typically of either primary or secondary 

importance in all three environmental burdens considered. It has been common for past LCA 

research to have used a literature value for the algal atomic composition and then work 

backwards to estimate the fertilizer requirements to achieve the final formula.  This is often done 

by assuming either 100 % productive uptake of all nutrients or by assuming a fractional factor 

for nutrient uptake and usage, sometimes doubling what is required with the predicted 

stoichiometry [38].  The difference between low-burden and high burden N-containing fertilizers 

is nearly 10-fold for GHG emissions, 3-fold for fossil energy demand, and 6-fold for freshwater 

consumption. Using the highest nitrogen GHG emitting fertilizer contributed to the highest 
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overall GHG emissions scenario. There was not as much variability in the phosphorus and 

potassium fertilizers.  Fertilizer choice is important to reducing GHG emissions.  

 

2.0.3.5 Water Use 

The majority of scenarios investigated did not include a direct water use burden for water 

required at the raceway facility. In the scenarios where fresh water use was included in the life 

cycle inventory for raceway makeup water, estimates varied by two orders of magnitude (~1.3 – 

105 L / kg algae). This is an area of work that will require just as much scrutiny for future algae 

production scenarios as the assumptions concerning energy or nutrient use – favorable 

assumptions concerning by-product water use in algae growth systems will need to be rigorously 

tested, and climatic data can be used to more adequately estimate water losses in specific regions 

where algal biofuel facilities are proposed.  Recent research has confirmed the wide variability 

and potentially large impact of freshwater use for large scale algae production based on regional 

climate, biophysical models, and estimates of technical cultivation benchmarks [47]. 

 

2.0.3.6 Effects of Cultivation Impacts on Green Jet Fuel LCA Results 

In order to place this cultivation review in context, the greenhouse gas emissions burdens for 

algae cultivation were compared to the other major steps in the value chain for production of a 

renewable biofuel. UOP has demonstrated the capability to transform a wide variety of 

renewable feedstocks into ‘drop-in’ jet fuels using their Renewable Jet Fuel technology. The 

GHG emissions for producing Green Jet Fuel were found by using life-cycle inventory data from 
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a technical report that includes UOP processing technology [46].  Results for GHG emissions for 

all life cycle stages ranged from approximately 54 to 475 g CO2 eq./MJ bio-jet. These LCA 

results compare to 88.5 g CO2 eq / MJ for petroleum jet fuel [48]. Thus, using inputs from this 

reviewed literature, only the most favorable algae cultivation scenarios for Green Jet Fuel 

production can achieve savings of GHGs compared to petroleum jet fuel.  Algae cultivation 

constituted 6% to 89% of the cumulative burdens, depending on the individual cultivation 

scenario. Broadly speaking, impacts from the various life cycle stages can be ranked as; 

cultivation > drying > oil extraction/conversion, while transport of feedstock and final fuel 

product were both small in comparison.   

 

2.1 Summary of Dissertation Author Contribution 

The contribution of the dissertation author to the published work [41] involved transforming data 

from the LCA authors and converting it to the functional unit of one kg of biomass.  The LCAs 

had varying functional units based on mass and energy.  To put them in the same functional unit, 

various unit conversions were performed to reach the goal.  If conversions weren’t clear, effort 

was also made to decipher what LCA authors had done in their analyses to be able to arrive at 

the functional unit.  For example, to convert the results of Stephenson [14] for one ton of 

biodiesel to one kg of biomass, both the outlet biomass density to dewatering and the volume of 

their second raceway was used.  To find the fertilizer requirements, the average molecular weight 

was found from the algae composition the author provided [14].  There were similar data 

analyses for the other authors, which are not listed here.  These results comprised the life-cycle 
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inventory which was used for the LCA.  The dissertation author also contributed in the writing, 

editing and submission of the paper [41].   

 

2.2 Contribution of Research to Dissertation Author’s Field 

The purpose of the analysis was to determine which production contributions have the largest 

effects on increasing GHG emissions of cultivation ponds. It is difficult to compare the work of 

authors in literature because they all have different boundaries and scopes. This analysis 

combined the most realistic and high quality data into one aggregate assessment.  It was 

determined that most of the GHG emissions came from energy use, which was affected by the 

algal species.  This work highlighted the effect of nutrient choice and how it can dramatically 

increase the emissions.  Another contribution of this research was to show the need for more 

experimental data, most importantly large scale cultivation data. 
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CHAPTER 3 

GREENHOUSE GAS EMISSIONS FROM DEWATERING TECHNOLOGIES 

 

3.0 Introduction 

Dewatering is a major area affecting the overall sustainability of producing biodiesel from 

microalgae [15].  This processing section can have a high energy requirement [15] and 

contributes to 10 – 30% of the entire algae to biofuel production cost [10].  There are multiple 

technologies that have been evaluated in the past, including centrifugation, flocculation, 

filtration, flotation and electro-coagulation [15], to name a few.  Each technology requires 

varying amount of energy and materials, which affect the GHG emissions in a life-cycle analysis 

[34].  During life-cycle analyses, authors commonly use assumptions to define the dewatering 

section [17, 32, 33], and future LCAs can benefit from experimental data for specific algal 

species. 

In this chapter, it is determined which of six proposed dewatering technology choices with 

different material and energy requirements produce the least amount of GHGs using a life cycle 

assessment framework. The effect of final concentration is evaluated through the GHG emissions 

of the entire “well to wheel”, WTW, fuel-cycle.  The National Alliance for Advanced Biofuels 

and Bioproducts (NAABB) provided data for five of the technologies which include, acoustic 

harvesting, membrane filtration, flocculation with chitosan, flocculation plus belt filtration, and 

electrocoagulation. The sixth technology evaluated is one that is present in APD [39], dissolved 

air flotation (DAF).  The five NAABB technologies are experimental bench scale designs that 

processed 1 L/hr of a 1% solids concentration of algae.  Results for the experimental 
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technologies were compared to results for both a modeled dissolved air flotation system and a 

fossil fuel source.  

 

3.1 Technologies Evaluated 

The first of the six technologies evaluated was acoustic harvesting.  This involved using sound 

waves in an acoustic harvester to concentrate algal cells for collection.  Energy was used for 

pumping throughout the system, the acoustic harvester and a pre-extractor concentrator, which 

was a step added to assist with further downstream extraction.  Two flow streams were produced 

by the system, one concentrated with algal cells and another containing a lower concentration of 

algae that would be sent back to cultivation.  No materials were needed to be added to this 

process.  

The second method involved tangential flow membrane filtration through modules of ceramic 

membranes.   Energy was used for pumping to, and through, the membranes, with an air 

compressor for back wash.  Two exit flow streams were found in this technology as well.  The 

one containing concentrated algae was sent to extraction, while the other was sent back to 

cultivation.   

The third method used a combination of flocculation and belt filtration.  The product stream from 

cultivation was sent to a mixing tank and combined with aluminum chloride and hydrochloric 

acid.  The mixture was then sent to a settling tank, where the concentrated algae went to a belt 

filter and the other masses were sent back to cultivation.  The belt filter produced concentrated 

algae, and another containing water, aluminum chloride and hydrochloric acid that were intended 

to be sent back to flocculation.  Energy use came from pumping throughout the system, the 
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mixing tank, the settling tank and the belt filter.  Materials used were the aluminum chloride, 

which was the flocculent, and hydrochloric acid.   

The fourth method was electrocoagulation that produced aluminum 3+ ion through an aluminum 

electrode.  The algal stream from cultivation was sent to an electrocoagulation unit to mix with 

the aluminum and then the mixture was sent to a settling tank.  The two streams from the system 

included one with concentrated algae and another that was sent back to the cultivation ponds.  

Energy during this step was used during pumping throughout the system and for the 

electrocoagulation unit in the form of electricity to form the electrode cations.  The only material 

used was aluminum plate for the electrocoagulation unit.   

The fifth method was a flocculation step that used chitosan as a flocculent.  The algae stream 

from cultivation was mixed with carbon dioxide and a chitosan solution made from chitosan, 

water and acetic acid.  The mixture was sent to a settling basin, where the concentrated algae-

mass was sent to extraction, and the other back to cultivation.  Energy was used for pumping 

throughout the system.  Materials used were carbon dioxide, chitosan and acetic acid.   

The final method evaluated in this work used dissolved air flotation (DAF) plus centrifugation.  

It was not a NAABB experimental technology, but was chosen for comparison.  This was a 

method modeled in the Algae Process Description (APD) [39] and the data in that work was used 

directly.   
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3.2 Materials and Methods 

3.2.1 Goal and Scope 

The functional unit was one MJ of fuel for this chapter.  Boundaries for the system included 

energy and materials used during the entire production process.  Materials that were not reported 

as a daily use, like the membrane material, were not analyzed. It was assumed that additional 

processing steps would not be required between each production process section.  For example, 

extracted oil would not need to be further refined to remove any impurities for the fuel 

conversion step.  The life-cycle assessment was a “well to wheel” (WTW) analysis, reflecting the 

impact of biofuel production which included manufacture of all materials used in the process, but 

neglected transportation to algae production sites.  The analysis also included the effect of 

bringing the biodiesel to a fueling station and vehicle combustion processes.   

 

3.2.2 Life Cycle Inventory 

The life cycle inventory was created from materials and energy used for each of the six 

technologies, along with those defined in APD [39]. Energy and material inputs for the 

experimental technologies are summarized in Table 3.1 and Table 3.2.  Each technology had 

different final concentrations, so to compare the GHG emissions, the entire fuel-cycle to produce 

renewable diesel (RD) was evaluated.  The production pathway modeled in APD [39] had an 

algal species with assumed lipid content of 25% and productivity of 25 g/m2/day.  The defaults 

selected for each scenario include initial dewatering of bioflocculation, extraction with 

homogenization then a wet extraction process defined in APD and fuel conversion to RD 

modeled in GREET 1_2012 [40].  APD required the algae to be dewatered to a final solids 
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concentration of 20%.  To account for this, a centrifuge was added to each dewatering 

technology.  The final solids concentration from Table 3.1 used as the input concentration into 

the centrifuge.  Also, the initial solids concentration into dewatering was less in APD, 0.5%, than 

the experimental values of 1%.  To account for this, the total energy values from Table 3.1 were 

linearly scaled and reported as the adjusted energy.    

 

Table 3.1: Dewatering technologies with experimental data from NAABB groups. 

Technology Algae Species 
Finals 
Solids 

Harvesting 
Efficiency 

Total Energy 
(kWh/kg-

algae) 

Adjusted 
Energy 

(kWh/kg-
algae) 

Membrane Filtration Nannochloropsis salina 9.1% 100% 0.0120 0.0120 

Flocculation & Belt Filtration Nannochloropsis salina 9.9% 90% 0.1206 0.1212 

Electrocoagulation Nannochloropsis salina 9.8% 90% 0.0392 0.0394 

Acoustic Harvesting 
Nannochloropsis salina 7.6% 76% 0.0786 0.0791 

Chlorella 
prothotecoides 

7.6% 76% 0.0202 0.204 

Flocculation Chlorella sp. 8.7% 95% 0.1026 0.1032 
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Table 3.2: Materials used by the five NAABB dewatering technologies. 

Technology 
Material Use  

(kg-material/kg-
algae) 

Fossil Energy Use 
(MJ/kg-material) 

Membranes None  

Flocculation + Belt Filtration   

     AlCl3 0.444 14.5a 

     37% HCl  0.357 11.2a 

Electrocoagulation   

     Al 3+ 0.014 167.6b 

Acoustic Harvesting None  

Flocculation   

     CO2 0.244 N/A 

     Chitosan 0.017 N/A 

     Acetic Acid (1%) 0.018 46.3a 

       a Fossil Energy Use values found in (CITE Ecoinvent) 
b Fossil Energy Use values found in (CITE GREET 1) 

 

 

The inventory was put into APD, which sends material and energy information to GREET 1 

[40].  Within APD, the energy for each technology was input at kWh/kg-algae and material use 

at kg-material/kg-algae. For analysis, the desired technology was chosen for “Step 1” under the 

“Remaining Dewatering” tab of APD and “Centrifugation” for “Step 2”.  The centrifugation 

incoming concentration was also changed to the final solids concentration of experimental 

technology.  For the modeling technology available in APD, dissolved air flotation (DAF), the 

incoming centrifugation concentration was set to 6%, which is the default for this technology 

within the GREET program.  

The environmental impacts reported by GREET 1 [40] include greenhouse gas emissions 

(GHGs) and energy use, consisting of fossil fuels, coal, natural gas and petroleum.  Energy and 

emission information on acetic acid, aluminum chloride and hydrochloric acid were not present 
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in GREET 1_2012 [40], so values were taken from the Ecoinvent Database [49].  Energy use in 

BTU/kg-material was put into the material emissions table in the “algae” tab of GREET 1.  

Information for chitosan was not found in either source, [40, 49], or in any literature values.  

Therefore, emissions due to the production of this chemical were neglected.  Carbon dioxide 

emissions were assumed to be zero for material production because a waste stream from the 

production process may provide this source. Detailed information on APD and how it was used 

for this analysis is found in Appendix C. 

 

3.3 Results and Discussion 

GHG emission results from each scenario are presented in Figure 3.1 along with the WTW GHG 

emissions for an average of two gasoline types available in GREET 1 [40].  Membrane filtration 

had the lowest GHG emissions at 45.4 g CO2eq/MJ RD and DAF is the highest at 57.8 g 

CO2eq/MJ RD.  Electrocoagulation is another technology that is relatively low at 47.9 CO2eq/MJ 

RD.  All experimental technologies had lower GHG emissions than average gasoline at 100.9 g 

CO2eq/MJ gasoline.   
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Figure 3.1: Fuel-cycle greenhouse gas emissions for dewatering technologies and a fossil fuel, 
gasoline.  All technologies except for DAF and Avg Gasoline are experimental technologies 

from NAABB.  Avg Gasoline is the average of the two gasoline values available in [40]. 

 

For the dewatering section emissions, Figure 3.1, the same trend is seen as the overall WTW 

GHG emissions, with DAF the highest and membrane filtration the lowest.  The dewatering 

section comprises 3 – 17% of the total WTW GHG emissions.  For all technologies, the 

cultivation section produced the most GHG emissions.  In the analysis by Sander [34], the 

dewatering section, which was either a chamber filter press or a centrifuge, made up almost all of 

the GHG emissions during the production process.  Stephenson [14] had similar results to the 

analysis performed here, where the cultivation emissions were greater than dewatering.  This is 
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probably due to Sander [34] having a limited analysis of the cultivation section by not including 

nutrients for algal growth (Chapter 2).   

Membrane filtration appeared to be the best technology choice, but there may be issues with the 

reported values. For example, they reported a harvesting efficiency of 100%, but this contradicts 

experimental values at 70 – 89% [15].  With a smaller efficiency, the system would have to run 

longer to obtain the same amount of algae, so the energy value would increase. Also, the 

membrane material was not analyzed in this LCA.  The experimentalists reported a membrane 

lifetime of two years.  If the material mass was averaged over the lifetime of the membranes, 

then the emissions to produce this material may be relevant.  The membrane was reported to be 

ceramic, but the actual composition was not given.  Because of the lack of information, the 

analysis of membrane material effects was not included in this work.  The technologies are under 

non-disclosure so more detail is not possible for use.   

Material use did not appear to have a large impact when compared to energy use.  Results show 

the lowest energy use technology, membrane filtration, had the lowest GHG emissions and the 

highest, flocculation + belt filtration, the highest.  It appeared that energy use had a larger effect 

on overall GHG emissions than material use.  One area that is neglected in evaluation of 

materials in LCAs is the sustainability of materials used during algae production.  In the case of 

dewatering, the five experimental technologies used aluminum chloride, aluminum for 

electrodes, chitosan, hydrochloric acid and acetic acid.  There may not be enough of these 

materials to support large scale algal biofuel production, and their sustainability should be 

evaluated.  Acoustic harvesting looks to be a promising technology because it requires no 

additional materials, with a GHG emission of 47.4g CO2eq/MJ RD.  However there are concerns 

about scaling up this process. 
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3.4 Conclusions 

Five experimental technologies were evaluated: membrane filtration, acoustic harvesting, 

electrocoagulation, flocculation with chitosan, and a combination flocculation plus belt filtration, 

to determine which had the lowest GHG emissions.  Membrane filtration was the lowest and 

flocculation plus belt filtration the highest.  Electrocoagulation had the second lowest emissions 

with values close to those of membrane filtration.  The energy use of each technology had a 

larger contribution to the GHG emissions than material use.  The sustainability of the materials 

used during dewatering should be investigated to determine if they could support large scale 

microalgae production. Data was given for bench scale designs, so an evaluation of scalability 

would show if any technology was feasible at a large scale. 
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CHAPTER 4 

GREENHOUSE GAS EMISSIONS FROM ALGAE INFRASTRUCTURE 

  

4.0 Introduction 

The purpose of this chapter is to determine the overall effect of infrastructure on the algae-to-

renewable biodiesel (RD) production process for energy consumption and greenhouse gas 

(GHG) emissions.  Some authors have considered infrastructure materials [14, 21-23] in life-

cycle analyses but it is not always included.  In this chapter, a baseline, Figure 1, laid out in the 

DOE 2012 design report (harmonization report) [50] was studied.  The baseline facility has 4,850 

ha, with 4,050 ha of active pond area, and is located near the coastlines of the Gulf of Mexico or 

the Florida Atlantic Ocean. The productivity at these locations averaged over an entire year was 

13.2 g/m2/day and with a lipid weight of 25%, produced 10 MGY of oil.  

 

4.1 Materials and Methods 

The baseline facility design was described in detail in the harmonization report [50], and is 

shown schematically in Figure 4.1. In brief, the design requires 4,050 ha of active pond area, 

corresponding to 1,013 growth ponds, each with 4 ha, located near the Gulf of Mexico or the 

Florida Atlantic Ocean coasts. The productivity at these locations averaged over an entire year 

was 13.2 g/m2/day and with a lipid weight of 25%, produced 10 MGY of oil.  

Each pond was based on the design of Lundquist et al. [51]. The algae were first grown in 

inoculum ponds lined with 40 mil HDPE and covered with clear plastic.  The growth ponds were 



 

 

lined with the same HDPE materia

dewatering occurred in above-ground settling tanks, followed by dissolved air flotation and, 

finally, centrifugation.  Lipid extraction occurred via homogenization, a liquid/liquid extraction 

column, and centrifugation.  Solvent was recovered from the oil in a stripping column. Residual 

biomass was sent to anaerobic digestion and the biogas was combusted in a combined heat and 

power (CHP) generator (gas turbine based) that was heat

stripping column and with the anaerobic digesters. Materials for makeup water and a carbon 

dioxide distribution system were also evaluated.  All materials had

years. 

Figure 4.1: Baseline scenario for the production of renewable diesel from microalgae 

 

Information from the harmonization report 

Lundquist et al. [51], with additional details on material quantities provided by 

[53] was used to describe the makeup water and carbon dioxide delivery systems

elucidated sufficiently in [50] to determine material requirements

dissolved air flotation (DAF), were treated via cost factors in 

construction information. In these cases, further external sources were used (details below).

lined with the same HDPE material that also covered the berms to prevent erosion. Initial 

ground settling tanks, followed by dissolved air flotation and, 

finally, centrifugation.  Lipid extraction occurred via homogenization, a liquid/liquid extraction 

column, and centrifugation.  Solvent was recovered from the oil in a stripping column. Residual 

biomass was sent to anaerobic digestion and the biogas was combusted in a combined heat and 

power (CHP) generator (gas turbine based) that was heat-integrated with the solvent recovery 

stripping column and with the anaerobic digesters. Materials for makeup water and a carbon 

dioxide distribution system were also evaluated.  All materials had an assumed lifetime of 30 

: Baseline scenario for the production of renewable diesel from microalgae 

Information from the harmonization report [50] was supplemented with pond design data from 

, with additional details on material quantities provided by [52]

was used to describe the makeup water and carbon dioxide delivery systems

to determine material requirements. Some operations, like 

(DAF), were treated via cost factors in [50], and did not have detailed 

construction information. In these cases, further external sources were used (details below).
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CapdetWorks 2.5 [54] was a significant source of information for the wastewater treatment 

(WWT) portion of the pathway. CapdetWorks is a computer program developed for designing 

waste water treatment plants based on [55], but was updated with engineering practice in 2008. 

Based on incoming flow rates and stream properties, Capdetworks was used to determine a 

conceptual design for WWT unit operations.  CapdetWorks estimated WWT associated 

construction materials including, e.g., concrete, steel and excavation volume.  This program was 

used to provide conceptual designs for settling tanks, DAF, anaerobic digestion (AD), 

centrifugation and the pumping station for water distribution. 

Infrastructure materials requirements were amortized over the material service lifetime and were 

normalized to the total active growth area (4.11x10� m	
� thus giving values per square meter 

per day. If one then divides by a given productivity (g-algae/m2/d), values are obtained per gram 

of algae. In this way, the effect of algae productivity was factored out of the results, and the 

normalized values can be divided by any desired algae productivity to give a ratio of the 

infrastructure material requirement per mass of algae produced that is amortized over the 

material service lifetime.  365 days per year were assumed when calculating the service lifetime 

of 10,950 days because weather-exposed materials, especially concrete and plastic, dominate the 

results.  

In summary, the infrastructure inventory was expressed as either g-material/m2/day for materials 

or m3/m2/day for excavation. Material related emissions were then calculated from values 

reported in GREET 2_2012 [56]. Dividing by the productivity gives energy consumption and 

GHG emissions per gram of algae. Final results were obtained on a fuel basis (functional unit) of 

1 MMBtu of renewable diesel (RD) via values from GREET utilized for the harmonization 



46 

 

 

report, namely 4.92 kg algae/kg oil and 27 kg oil/ MMBtu RD.  Material requirement 

calculations are detailed in Appendix D. 

 

4.2 Results and Discussion 

4.2.1 Baseline Material Usage 

Materials used in each processing section of the baseline as defined by the 2012 harmonized 

model [50] were added together, Table 4.1, to show the overall material utilization. Results are 

presented in units of grams-material/m2/day. This allows the results to be applied to any desired 

algal productivity and composition. For example, the total concrete in Table 4.1 is 0.66 g/m2/day.  

For the baseline productivity of 13.2 g/m2/day: 

 

Concrete Utilization � 0.66 g · concretem
 · day13.2 g · algaem
 · day � 0.055 g · concreteg · algae  

 

Concrete at 0.66 g/m2/day was the most used mass of material, Table 4.1, for all unit operations 

in the baseline. The large growth ponds used the most concrete for the paddlewheel base and the 

carbonation sump, but anaerobic digestion and the CO2 delivery system contributed a significant 

amount as well.  Cast iron had the lowest mass use at 7.37x10-5 g/m2/day, which came from the 

pumping station in the makeup water system.  The normalized excavation volume, Table 4.2, 

came almost entirely from the growth ponds.  This value was the largest possible contribution for 
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excavation because it was modeled as being dug from the earth, when excavation would most 

likely occur as leveling of the earth into berms. 

 



48 

 

 

Table 4.1: Material required for construction of the baseline infrastructure.  Values are normalized to the growth pond active area and 
a 30 year facility lifetime. 

 

 

Table 4.2: Excavation volume required for the baseline infrastructure.  Values are normalized to the growth pond active area and the 
facility lifetime of 30 years. 

 Material Use Each Stage: g/m2/day % Total % Total % Total % Total % Total % Total % Total
Large Growth Ponds 2.50E-01 37.9% 0 0.0% 4.16E-03 27.3% 1.09E-01 90.0% 0 0 0 0 0 0 2.25E-02 90.09%

Inoculum Ponds 2.75E-02 4.2% 0 0.0% 4.57E-04 3.0% 1.22E-02 10.0% 0 0 0 0 0 0 2.48E-03 9.91%
Settling Tanks 6.92E-02 10.5% 0 0.0% 8.05E-04 5.3% 0.00E+00 0.00% 0 0 0 0 0 0 0.00E+00 0.00%

DAF 2.47E-02 3.7% 0 0.0% 2.24E-04 1.5% 0 0 0 0 0 0 0 0 0 0
Dewatering Centrifuge 1.93E-04 0.0% 1.20E-04 5.5% 3.28E-06 0.0% 0 0 0 0 0 0 0 0 0 0

Homogenizer 0.00E+00 0.0% 3.38E-04 15.5% 0 0.0% 0 0 0 0 0 0 0 0 0 0
Extraction Centrifuge 9.96E-05 0.0% 3.55E-05 1.6% 1.93E-06 0.0% 0 0 0 0 0 0 0 0 0 0

L/L Extraction Column 0 0.0% 2.41E-04 11.0% 0 0.0% 0 0 0 0 0.00E+00 100.0% 0 0 0 0
Stripping Column 0 0.0% 2.08E-04 9.5% 0 0.0% 0 0 0 0 0 0 0 0 0 0

Anaerobic Digestion 1.14E-01 17.2% 5.82E-04 26.6% 3.14E-03 20.6% 0.00E+00 0.0% 0 0 0 0 0 0 0 0
Makeup Water System 2.14E-02 3.2% 0 3.63E-04 2.4% 0.00E+00 0.0% 1.69E-03 100.0% 0 0 5.28E-05 100.0% 0.00E+00 0.00%

CO2 Distribution System 1.53E-01 23.2% 6.62E-04 30.3% 6.09E-03 40.0% 0 0 0 0 0 0 0 0 0 0

Total Material Use: g/m2/day 6.60E-01 2.19E-03 1.52E-02 1.22E-01 1.69E-03 0.00E+00 5.28E-05 2.50E-02

PolypropyleneCast IronConcrete Virgin Steel Polyethylene PVC PVDFRecycled Steel

Excavation at Each Stage: m3/m2/day % Total
Large Growth Ponds 8.22E-05 87.99%

Inoculum Ponds 9.04E-06 9.68%
Settling Tanks 4.36E-07 0.47%

DAF 6.88E-08 0.07%
Dewatering Centrifuge 0 0

Homogenizer 0 0
Extraction Centrifuge 0 0

L/L Extraction Column 0 0
Stripping Column 0 0

Anaerobic Digestion 1.22E-06 1.31%
Makeup Water System 4.58E-07 0.49%

CO2 Distribution System 0 0

Total Excavation Volume: m3/m2/day 9.34E-05

Excavation
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4.2.2 Baseline GHG Emissions and Energy  

The GREET 2 [56] energy and airborne emissions for each material, Table 4.3, were used to 

convert the material utilization in Table 4.1 and Table 4.2 to energy use and emissions.  The 

category called average plastic, from GREET 2 [56] was used for all types of plastic. The result 

of scaling the baseline material consumption by the material emission factors is in Table 4.4. For 

the baseline scenario, plastic consumption had the highest GHG emissions.  This category 

comprises HDPE for pond liners, polypropylene for geotextile cloth under the HDPE liners, 

LDPE for inoculum pond covers, and PVC for makeup water piping.  PVDF also used average 

plastic for emission and energy calculations.   

 

Table 4.3: Life-cycle energy consumption and airborne emissions for construction materials as 
provided by GREET 2[56]. V. Steel and R. Steel represent virgin and recycled steel respectively.  

 

 

Concrete Excavation Iron Plastic V. Steel R. Steel
Unit ton per m3 ton ton ton ton

Energy Use: mmBtu per unit
    Total energy 1.0586 0.019 30.112 71.428 47.009 20.474
    Fossil fuels 0.9502 0.019 29.750 69.405 44.229 18.155
    Coal 0.6541 0.000 21.956 8.574 33.089 10.003
    Natural gas 0.1258 0.002 6.131 52.722 11.201 7.777
    Petroleum 0.1703 0.017 1.663 8.110 -0.061 0.375
Total Emissions: grams per unit
    VOC 16.167 0.253 1,978.6 1,075.0 4,210.9 322.16
    CO 217.46 0.693 683.31 3,520.7 29,357 3,475.2
    NOx 515.71 2.233 1,555.8 3,543.6 5,019.5 2,066.2
    PM10 181.87 0.166 4,310.7 1,852.1 7,993.1 2,495.3
    PM2.5 63.731 0.108 1,310.1 582.41 2,609.0 880.38
    SOx 382.08 0.548 3,364.3 25,318 16,465 4,477.8
    CH4 176.35 2.223 6,103.5 41,058 10,378 5,131.5
    N2O 1.0295 0.034 12.802 32.252 34.790 21.985
    CO2 363,375 1,463 848,372 2,099,197 4,181,174 1,497,838
    CO2 (w / C in VOC & CO) 363,767 1,465 855,612 2,108,080 4,240,431 1,504,303
    GHGs 368,483 1,531 1,012,014 3,144,146 4,510,258 1,639,141
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The growth ponds had the highest GHG emissions, Figure 4.2, of all the unit operations. When 

compared, unit operations had insignificant emissions compared to the growth ponds except for 

inoculum ponds, anaerobic digestion and the CO2 distribution system. Construction material 

GHG emissions from the centrifuges, homogenizer and columns had almost no contribution to 

the overall process GHG emissions. The largest portion of the GHG emissions came from the 

pond liners, followed by concrete and excavation. The largest material GHG emission was from 

plastic, with the largest plastic use coming from growth ponds at 89% of the total plastic.  

Concrete and excavation also had significant emissions compared to the overall GHG emissions.  

Steel and iron made up 1% of the total infrastructure-related GHG emissions even though it was 

typically assumed that pieces of equipment for processing were entirely steel by weight. 

Excavation was 15% of the total GHG emissions, even though the estimate considered the 

extreme scenario of excavating out the full pond volume.  Excavation associated GHG emissions 

from growth pond construction was larger than the GHG emissions for the concrete used for 

paddle wheels and the carbonation sump.   
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Figure 4.2: Greenhouse gas emissions for infrastructure materials for each process step in the 
baseline scenario. The total GHG emission for all unit operations combined is 9,400 gCO2e/MM 

Btu RD. 

 

Each construction material had energy associated with its manufacture that came from a variety 

of sources, e.g. fossil fuels, coal, natural gas or petroleum, Table 4.4.  During material 

production, plastic used the most energy, followed by excavation, then concrete.  For all 

materials, fossil fuels comprised 97% of all energy use, with natural gas being the largest 

contributor at 0.0895 MMBtu/MMBtu RD.  Petroleum was the next highest value, but almost 

one third less than natural gas at 0.0301 MMBtu/MMBtu RD.  The total energy required for 

facility production was 0.144 MMBtu/MMBtu RD. 
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Table 4.4: Life-cycle energy consumption and emissions for each infrastructure construction 
material when producing one million BTU of RD. Results are for the baseline design at 13.2 

g/m2/day [50]. V. Steel and R. Steel represent virgin and recycled steel respectively. 

 

 

With regard to centrifuges for dewatering digestate, this study assumed 7 days per week, 24 

hours per day operation; however, most wastewater treatment facilities operate only 5 days a 

week at 8 hours per day. Operating only 5 days per week would require 26 centrifuges with 680 

m2 of building surface area.  Given the small effect of virgin steel from processing equipment on 

the infrastructure associated emissions, this alternative scenario will have negligible increases in 

GHG emissions for changing centrifugation operation times. 

It was assumed that emissions from equipment operation during construction would be equal to 

the emissions for excavation of the full pond volume. This assumption was made because of a 

lack of data for time of operation for graders and other equipment. For lined ponds, pond 

excavation associated GHG emissions accounted for 13% of the total GHG emissions, but for 

Concrete Excavation Iron Plastic V. Steel R. Steel Total
Unit MM Btu RD MM Btu RD MM Btu RD MM Btu RD MM Btu RD MM Btu RD MM Btu RD
Energy Use: mmBtu per unit
    Total energy 7.76E-03 1.74E-02 1.77E-05 1.18E-01 1.14E-03 3.47E-03 0.1439
    Fossil fuels 6.96E-03 1.73E-02 1.74E-05 1.14E-01 1.07E-03 3.07E-03 0.1397
    Coal 4.79E-03 2.08E-04 1.29E-05 1.41E-02 8.03E-04 1.69E-03 0.0199
    Natural gas 9.22E-04 1.61E-03 3.59E-06 8.68E-02 2.72E-04 1.32E-03 0.0896
    Petroleum 1.25E-03 1.55E-02 9.75E-07 1.34E-02 -1.48E-06 6.34E-05 0.0301
Total Emissions: grams per unit

    VOC 0.1185 0.2363 0.0012 1.7704 0.1022 0.0545 2.2285

    CO 1.5937 0.6469 0.0004 5.7980 0.7126 0.5881 8.7516
    NOx 3.7793 2.0850 0.0009 5.8358 0.1218 0.3497 11.8227
    PM10 1.3328 0.1552 0.0025 3.0501 0.1940 0.4223 4.7346
    PM2.5 0.4670 0.1004 0.0008 0.9591 0.0633 0.1490 1.5907
    SOx 2.8000 0.5117 0.0020 41.694 0.3996 0.7578 45.41
    CH4 1.2923 2.0754 0.0036 67.616 0.2519 0.8685 71.24
    N2O 0.0075 0.0321 0.0000 0.0531 0.0008 0.0037 0.0937
    CO2 2662.9 1366.3 0.4974 3457.0 101.49 253.498 7588.3
    CO2 (w / C in VOC & CO) 2665.8 1368.1 0.5016 3471.7 102.93 254.592 7609.0
    GHGs 2700.4 1429.6 0.5933 5177.9 109.48 277.41 9417.9
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unlined ponds the ratio is 22%. Emissions during pond construction thus remain a significant 

uncertainty to address in the future. 

 

4.2.3 Sensitivity Analysis 

The GHG emissions and energy values depend on the assumptions made in the harmonization 

baseline. Seven design alternatives were also evaluated:   

1. Unlined growth ponds:  Liners removed from the bottom of ponds, but left remaining on 

the berms 

2. Liner thickness: Increased from 40 mil to 60 mil [52]  

3. Settling tank design: Lundquist et al. design [51] with in-ground tanks and concrete floors 

4. Anaerobic digestion design: Based on the Lundquist et al. [51] excavated design with 

concrete tank bottoms and HDPE liners/covers 

5. Extraction column packing material: Packed with PVDF instead of stainless steel 

6. Conditioning pond liner: Lined with 40 mil HDPE 

7. Material lifetimes: HDPE liners and geotextile cloths with a lifetime of 20 years [50] and 

LDPE covers with a lifetime of 2 years [52] 

The results are in Figure 4.3. Changing the designs for the settling tanks, anaerobic digesters, 

extraction column packing, and lining the conditioning pond had almost no effect on the GHG 

emissions.  Increasing liner thickness and adjusting the lifetimes of HDPE and LDPE increased 

the emissions, with the lifetime having the largest effect at a 28% GHG emission increase.  The 

only scenario that reduced the GHG emissions was the unlined pond scenario, which had a 39% 

decrease compared to the baseline. 
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Figure 4.3: Effect on GHG emissions for changes to the baseline including (starting left to right), 
removing the pond liners from the bottom of the growth ponds (berms remain lined), increasing 
liner thickness to 60 mil, plastic-lined in ground settling tank, anaerobic digestion design with 
concrete floors and HDPE liners, PVDF packing in the extraction column, HDPE liner in the 

conditioning pond, and 20 year HDPE and 2 year LDPE lifetime. 

 

Productivity is another sensitivity variable. The assumed growth pond design and construction 

are independent of productivity: Changing the productivity value affects the pond residence time 

rather than the pond specification.  This assumes that harvesting would still happen at the same 

algal concentration, rather than harvesting at a higher one. On the other hand, productivity is 

assumed to affect the relative sizing of ponds to downstream equipment. For example, higher 

productivity would require larger flows through dewatering per day and more equipment to 

0

3,000

6,000

9,000

12,000

15,000

Concrete Excavation Iron Plastic Virgin Steel Recycled Steel

9,400

5,800

11,500

9,400 9,100 9,400 9,400

12,000



55 

 

 

handle that flow per pond. It was assumed that each downstream unit would scale according to 

the productivity change from the baseline value, e.g., doubling the productivity would double the 

materials required for dewatering, extraction and energy generation.  It is assumed the inoculum 

production system would also remain unchanged. 

The productivity was varied between 10 and 50 g/m2/day and the material related GHG 

emissions were computed. The results are shown in Figure 4.4. GHG emissions decreased with 

increasing productivity, with the largest changes at the lowest productivities. The decrease in 

GHG emissions with productivity was due to the growth and inoculum ponds. The same results 

are seen in Figure 4.5 for unlined ponds.  For the unlined scenario, plastic GHG emissions are 

less than concrete and comparable to excavation for all productivities.  

Figure 4.4 and Figure 4.5 also show additional details for concrete: Unlike plastic and excavation 

GHG emissions, most concrete GHG emissions do not come from one source.  To illustrate this, 

concrete is presented in four different categories, pond concrete (growth and inoculum ponds), 

AD concrete, CO2 distribution concrete and other concrete (settling tanks, DAF and makeup 

water system). 



56 

 

 

 

Figure 4.4:  Effect of changing productivity on the GHG emissions of infrastructure construction 
material for the baseline scenario. “Other concrete” includes settling tanks, DAF and the makeup 

water system. 
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Figure 4.5: Effect of changing productivity of the GHG emissions of infrastructure construction 
material for the case of unlined growth ponds. “Other concrete” includes settling tanks, DAF and 

the makeup water system. 

 

The lipid fraction of the algae was also varied at a constant productivity of 13.2 g/m2/day.  It was 
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DAF, dewatering centrifuge, makeup water system and the CO2 distribution system; however, 

the lipid fraction would affect the sizing of the extraction-related equipment and AD. An 

increased lipid fraction would increase the flow into the homogenizer, and the extraction and 

stripping columns, while decreasing the flow into the AD.  For this analysis, none of the 
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Figure 4.2, and their contribution would still be negligible at different lipid fractions.  The AD 

system was not resized because it is dependent on other variables besides flow rate, such as 

organic loading rate, and would be require a detailed design for each lipid fraction.  The lipid 

fraction of the algae was varied from 5% to 50%, Figure 4.6, for lined ponds with the baseline 

equipment.  At the lowest lipid fraction, 5%, the GHG emissions were greater than 45,000 

gCO2e/MMBtu RD.  When the lipid fraction increased, the GHG emissions reduced 

significantly, and were less than 5,000 gCO2e/MMBtu RD at a 50% lipid fraction.  The same 

trends were seen for the unlined case, Figure 4.7, but had lower GHG emissions. 

 

Figure 4.6: Effect of changing lipid fraction on the GHG emissions for the baseline with lined 
ponds and productivity of 13.2 g/m2/day. Other concrete includes settling tanks, DAF and the 

makeup water system. 
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Figure 4.7: Effect of changing lipid fraction on the GHG emissions for the baseline with unlined 
ponds and productivity of 13.2 g/m2/day. Other concrete includes settling tanks, DAF and the 

makeup water system. 
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disposal. Plant-cycle emissions are synonymous with infrastructure material emissions, which is 

the subject of this study. 

The algae baseline harmonization report [50] reported only fuel-cycle emissions associated with 

RD production from algae. In this section, infrastructure related emissions were compared with 

the fuel cycle emissions to gauge their relative importance. The results discussed so far were for 

the annual average productivity of 13.2 g/m2/day, which was the design basis for the plant and, 

thus, was the basis upon which material quantities were determined. Unfortunately, the LCA 

emissions reported in the harmonization report are only those for spring, summer, and fall 

because emissions during the winter were too high (often comparable to petroleum diesel). To 

make a comparison between the infrastructure related emissions report above and the fuel cycle 

emissions in the harmonization report, the plant-cycle emissions for the average productivity 

must be computed for spring through fall. The annual average productivity of 13.2 g/m2/day 

increases to 15.5 g/m2/day when winter is excluded. Under this scenario, the re-computed 

infrastructure emissions were 8,300 gCO2e/MMBtu RD. This can now be compared with the 

fuel-cycle emissions in the harmonization report, namely, 67,400 ± 2,000 gCO2e/MMBtu RD. 

The ratio of infrastructure emissions to fuel-cycle emissions is 12.3%. For the unlined scenario, 

the infrastructure emissions were 5,100 gCO2e/MMBtu RD, which corresponded to an 

infrastructure to fuel-cycle emissions ratio of 7.6%. 

The harmonization report [50] considered an alternative scenario that had lower fuel-cycle GHG 

emissions, referred to as the reduced emission scenario henceforth.  The changes defining the 

reduced emission scenario included reducing fugitive methane emissions during biogas 

production, replacing AD with hydrothermal catalytic gasification (CHG), discarding the flue 

gas generated on site, and reducing paddlewheel power consumption. In the harmonization 
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baseline model [59], the flue gas is returned to the pond from CHP, which requires a blower.  

Releasing the CHP flue gas to the atmosphere lowers the overall energy.  The paddlewheel 

power consumption is lowered by using alternative designs from the baseline with lower power 

use.  Infrastructure related emissions for the reduced emission scenario were estimated by 

dropping the concrete from the AD process since CHG does not require tanks. The AD steel and 

the excavation emissions were not excluded because they were relatively small. Now examined 

are the contribution of infrastructure related emissions to the reduced emission scenario in some 

detail. 

The infrastructure GHG emissions in the reduced emission scenario were divided by the fuel-

cycle emissions and plotted, Figure 4.8, for varying productivities.  Concrete is only separated 

into three different sources because AD was replaced with hydrothermal gasification.   The pond 

concrete GHG emissions decreased with increasing productivity, while CO2 distribution and 

other concrete (settling tanks, DAF and makeup water system) increased in the beginning before 

remaining unchanged past 20 g/m2/day.  For the reduced emission scenario with lined ponds, the 

total infrastructure emissions had 17% to 57% of the GHG emissions of the fuel-cycle, with the 

value decreasing for increasing productivities.  For the unlined case, Figure 4.9, the same trends 

were seen where the total infrastructure had 12% to 31% of the GHG emissions of the fuel cycle, 

with the values decreasing with increasing productivity.  The GHG infrastructure related 

emissions were added to the reduced emissions scenario, Figure 4.10, to highlight the 

contribution of infrastructure GHG emissions on RD production.  The change at lower 

productivities is significant, from 35,500 to 59,000 gCO2e/MMBtu Rd for a productivity of 5 

g/m2/day.   
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Figure 4.8: Effect of productivity on GHG emissions in the reduced emissions scenario from [50] 
with lined ponds. Lipid fraction was 25 weight percent. AD concrete is zero because AD was 
replaced with hydrothermal catalytic gasification. Other concrete includes settling tanks, DAF 

and the makeup water system.  

0%

10%

20%

30%

40%

50%

60%

5 10 15 20 25 30 35 40 45 50

In
fr

as
tr

uc
tu

re
/F

ue
l-C

yc
le

 G
H

G
 E

m
is

si
on

s

Productivity (g/m2/day)

Recycled Steel

Virgin Steel

Plastic

Iron

Excavation

Other Concrete

CO2 Concrete

Pond Concrete

Baseline w/o Winter



63 

 

 

 

Figure 4.9: Effect of productivity on GHG emissions in the reduced emissions scenario from [50] 
for unlined ponds. Lipid fraction was 25 weight percent. AD concrete is zero because AD was 
replaced with hydrothermal catalytic gasification. Other concrete includes settling tanks, DAF 

and the makeup water system.  
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Figure 4.10: Total GHG emissions at 25% lipid content for the reduced emissions scenario [50]. 
Growth ponds are lined and AD is replaced with hydrothermal catalytic gasification. All 

remaining unit operations are from the baseline scenario.  
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emissions divided by the fuel-cycle emissions at 11% for the highest lipid weight fraction.  For 

the unlined scenario, the same trend was seen, Figure 4.12, with the infrastructure GHG 

emissions divided by the fuel-cycle emissions varying from 61% to 7% for the lowest and 

highest lipid weight fractions respectively.   

 

 

Figure 4.11: Effect of algal lipid fraction on GHG emissions for the reduced emissions scenario 
in [50] at a productivity of 12.5 g/m2/day.  Growth ponds are lined and AD is replaced with 

hydrothermal catalytic gasification. All remaining unit operations are from the baseline scenario.  
“Other concrete” includes settling tanks, DAF and the makeup water system. 
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Figure 4.12: Effect of algal lipid fraction on GHG emissions for the reduced emissions scenario 
[50] at a productivity of 12.5 g/m2/day.  Growth ponds are unlined and AD is replaced with 

hydrothermal catalytic gasification. All remaining unit operations are from the baseline scenario.  
“Other concrete” includes settling tanks, DAF and the makeup water system. 
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emissions.  In this case, not including materials for infrastructure makes the algae to renewable 

diesel emissions appear much lower than they are. 

 

 

Figure 4.13: Total GHG emissions at 25% lipid content for the reduced emissions scenario [50]. 
Growth ponds are lined and AD is replaced with hydrothermal catalytic gasification. All 

remaining unit operations are from the baseline scenario; except for pond liner thickness is 
increased to 60 mil, and lifetimes of HDPE liners at 20 years and LDPE covers at 2 years. 
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least, concrete slabs with steel scaffolding to hold them (extraction and stripping columns).  

From the analyses already performed, the additional steel is expected to be negligible because 

materials that scale with pond construction dominate the results, e.g., pond liners, concrete for 

paddlewheel and carbonation sumps. Similarly, although a single building may contain 

significant amount materials, its associated infrastructure emissions will likely be small 

compared to the 1,013 ponds. On the other hand, concrete for AD and the CO2 delivery system 

had a major contribution to the infrastructure GHG emissions, so uncertainties in those systems 

may lead to observable changes in the results. The construction of service roads was also not 

evaluated because their need depends upon the location.   

 

4.3 Conclusions 

Some authors have stated during their algae to biofuels life cycle analyses that infrastructure 

GHG emissions are negligible compared to GHG emissions from daily operation.  During this 

dissertation analysis, infrastructure equaled 26 – 100% of the fuel-cycle emissions for the 

reduced emissions scenario, with the most likely plastic material lifetimes and liner thickness.  

Ignoring infrastructure emissions misses a substantially large carbon footprint of the proposed 

technologies at the industrially necessary scale to meet advanced biofuel legistlative 

requirements.  .  Large growth ponds comprise most of the emissions, with plastic and concrete 

having the largest material contributions.  GHG emissions change with both lipid content and 

algae productivity, with increasing values causing a decrease in the overall GHG emissions. 
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CHAPTER 5 

NUTRIENT DEMANDS AND EVALUATION OF POTENTIAL ALTERNATIVE SOURCES  

 

5.0 Introduction 

The total estimated nitrogen, phosphorus and potassium requirements to produce biodiesel from 

microalgae in the United States was found to determine the possible effect of algal biofuels on 

these fertilizer markets.  This chapter determines whether or not microalgae will require, 

synthetic fertilizers, or if there are enough additional nutrient sources like wastewater.  Nutrient 

recycling methods, like anaerobic digestion, hydrothermal liquefaction, and catalytic 

hydrothermal gasification are also evaluated to estimate their effect on reducing synthetic 

nutrient requirements through potential recovery of nutrients from residual biomass after lipid 

extraction and energy generation.  Results of this work help determine which areas of future 

research and investments will benefit from further investigation.   

The overall nutrient requirements of algae biofuel production at several scales are determined, 

and compared to current estimates of United States fertilizer use and current world fertilizer 

surplus values for primary commodity fertilizers. Also discussed are alternative nutrient sources 

that could be utilized during algae production to examine their potential impacts on fertilizer 

demand from those already extant commercial industries that could be sources for N, P, and K. 

Nutrient markets and availabilities are determined by the raw materials used to create them and 

the current production processes.  
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5.1 Nutrient Requirements for Large Scale Algal Biofuels Production 

5.1.1 Algal Fuel Production Target 

In 2007, the United States established production targets for alternative fuels that meet various 

standards of environmental performance in the Energy Independence and Security Act (EISA) 

[57]. In 2022, EISA mandates that advanced biofuel production, defined as having a life-cycle 

greenhouse gas emissions factor less than 50% of petroleum fuel greenhouse gas emissions, 

should reach 79 billion liters annually. In this analysis, the potential side effects of widespread 

and significant algal cultivation activities that could contribute to this goal are examined. The 

baseline scenario in this work assumes that algal oil-based fuels constitute 5 billion gallons per 

year or 19 billion liters per year (BLPY) towards this goal, similar to other high-level 

sustainability assessments of this emerging industry [50].  

 

5.1.2 Algal and Nutrient Requirements to Meet 19 BLPY Target 

Gross nutrient demand for this level of algal biofuel production depend on assumed N, P and K 

requirements for algae species under cultivation. There are various representations for marine 

phytoplankton, one being the Redfield ratio of C:N:P at 106:16:1 [58].  Since different species 

have different elemental compositions, the effect of algal species choice on sustainability was 

evaluated by comparing Chlorella sp. and Nannochloropsis sp., which are two commonly 

examined species of algae under consideration for biofuel generation in the literature.  

Compositions of Chlorella sp. and Nannochloropsis sp. were taken from Appendix B.  To 

determine the amount of nutrients required for the 19 BLPY target, the total mass of algae was 

needed.  This was found by multiplying an average biodiesel density of 0.88 g/mL [59] and each 
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lipid content for three composition scenarios for each algal species. Calculations assumed there 

would be no algal mass loss during dewatering and no lipid loss during extraction and biodiesel 

conversion processes, which is a best case, and unrealizable, scenario.   Nutrient amounts 

required for Chlorella were 0.05±0.03 kg-N/kg-algae, 0.0009±0.0008 kg-P2O5/kg-algae and 

0.00018±0.00015 kg-K2O/kg-algae. Nannochloropsis had nutrient requirements of 0.06±0.01 kg-

N/kg-algae, 0.09±0.07 kg-P2O5/kg-algae and 0.0009±0.0011 kg-K2O/kg-algae. The full nutrient 

requirement analysis is found in Appendix E.  

 

5.1.3 Current Fertilizer Use and Availability for Large Scale Algae Production 

In order to provide context for the N and P requirements for large scale algae biofuels 

production, two comparisons are evaluated. First, the annual United States nutrient consumption 

for plant use during the year 2010 [60] was 11.1 billion kg N, 3.72 billion kg P2O5 and 4.04 

billion kg K2O.  Compared to the gross nutrient values calculated above, algae cultivation on a 

19 BLPY scale would consume 26-45% of current U.S. N use, 15-78% of current P2O5 use, and 

0.2-1.1% of current K2O use. The other metric for comparison is the current world fertilizer 

surplus of these nutrients, as major fertilizers are global commodities. Recent estimations of 

fertilizer surpluses are found in the report by the Food and Agricultural Organization of the 

United Nations report [30]. According to this assessment, for the year 2013, there are estimated 

world surpluses of 6.91 billion kg N, 1.75 billion kg P2O5, and 10.7 billion kg K2O.  If these 

surplus fertilizers were used to satisfy the 19 BLPY target, microalgae would require 41-73% of 

surplus N, 32-165% of surplus P2O5 and less than 1% of surplus K2O. The levels of 

macronutrient demand are massive in scale, placing algae production on par with major domestic 

commodity crops like corn and soybeans. Significant increases in demand for N and P fertilizers 
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would raise fertilizer prices, reducing the economic incentives for algae production. Even if these 

quantities of fertilizers could be purchased and diverted to algae production, this activity would 

clearly cause ripple effects in other industries that rely upon these fertilizers, lowering crop 

output, raising food prices, and ushering in a host of unintended consequences. Because this 

level of fertilizer use is not be feasible, alternative sources of nutrients will have to be found if 

algae cultivation is to reach the scale required for significant impact on domestic biofuel 

production targets. In the following sections of this chapter, some of the potential N, P and K 

resources that could be repurposed for algae cultivation are discussed.  Also current data and 

research findings are utilized to estimate the likely scales of these resources.  

 

5.2 Alternative Sources of N and P for Algae Cultivation 

5.2.1 Recycling Within the Algae Fuels Value Chain 

Conservation and re-use of the nutrient resources required for algae cultivation is the simplest 

method of reducing the net requirement for commodity fertilizers. Fortunately, there appears to 

be significant potential for recycling of nutrients from waste streams from other industries, and 

also within the algae production system. Algal fuel production is most often concerned with the 

oil fraction of the algae biomass, which can vary based on growing conditions and algal species, 

see Appendix B. After harvesting and drying, oil is extracted from the algae biomass and 

retained for further processing, while the leftover lipid-extracted algae (LEA) portion of the 

biomass is available for use as for co-products to enhance the economic value chain. The algae 

LEA fraction contains a large majority of the N, P, and other nutrients [61] required by growing 

algae cells, and the nutrient content within the LEA can be captured and returned to the algae 

cultivation system using several potential technologies, as discussed next. The major methods 
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investigated in the literature for nutrient recycling include anaerobic digestion, catalytic 

hydrothermal gasification and hydrothermal liquefaction. 

 

5.2.1.1 Anaerobic digestion 

Anaerobic digestion (AD) is a well-studied technology that has matured in areas like wastewater 

treatment.  Carbon-containing feedstocks are metabolized in an anaerobic environment, releasing 

CH4, CO2 and other gases, while retaining the non-volatile fractions of N and P in solid and 

liquid forms that can be re-purposed. Peer-reviewed literature on unique AD feedstocks has 

become more prevalent in recent years, and a limited set of data is available concerning AD of 

algae biomass. Frank, et al., [40]  reviewed relevant studies for the GREET LCA model of algae 

biofuels and concluded that a reasonable approximation for current AD technology would return 

75% and 50% for N and P, respectively, for recycling back to the cultivation system.  

 

5.2.1.2 Catalytic Hydrothermal Gasification 

Catalytic hydrothermal gasification (CHG) converts biomass with any liquid water content into 

energy products like methane and hydrogen [62], also producing side products like carbon 

dioxide and carbon monoxide [63].  The process operates at, or above, the supercritical point of 

water, or can operate at subcritical conditions if catalysts are used [64].  Catalysts can also speed 

up gasification, eliminate char formation, or in the case of subcritical conditions, cause gas 

formation [64].  Changing the temperature affects the product distribution, with higher 

temperatures producing more hydrogen, while methane is formed at lower temperatures [65].  

CHG can be used on algal biomass [63, 66, 67] on either the whole cell or the lipid extracted 
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algae (LEA) portion [67]. Algae can grow on the process waters produced from CHG, which 

contain NH4
+, K+, PO4

3-, NO3-, and many other micronutrients [63]. Phosphorus can also be 

recovered as a separated mineral [67].  For this analysis, the estimations of Frank, et. al., [68] 

indicate that 95% of N and 90% of P can be recycled using CHG when processed LEA is used. 

Data shows that potassium is found in the process water [63], but there is no information on the 

percent recovery of this nutrient, therefore, potassium recycling is neglected for CHG because 

any value for percent recovery would currently be speculation.  

 

5.2.1.3 Hydrothermal Liquefaction 

Hydrothermal liquefaction (HTL) can use biomass with any liquid water content [69] to produce 

oil, solid, gas and aqueous phases [70].  The process occurs at 280 – 380 °C and 7 – 30 MPa 

[71], maintaining water in the liquid phase.  Homogenous catalysts, including Na2CO3, K2CO3, 

KOH and NaOH, accelerate the water-gas shift reactions, increasing yields and decreasing char 

formation [72].  Heterogeneous catalysts are better at lower temperatures and include Ni/Al2O3, 

Ru/TiO2 and ZrO2, among others [72].   

Phosphorus goes into the aqueous phase [66, 70, 73-75], as well as potassium [73, 75].  No 

reports were found of either going into the oil or gas phases, so it is assumed that additional 

nutrients would be part of the solid residue.  Without information on possible recoveries, the 

analysis of potassium and phosphorus is neglected for HTL and it is assumed that these elements 

are lost, as a worst case scenario.  For nitrogen, Frank, et. al. [68] reported that nitrogen present 

in the oil after HTL would probably be lost during processing due to uncertainties in scaling up 

equipment and the upgrading processes.  Recovery of nitrogen from the oil is only economical at 

high concentrations [68], but the concentration would likely be low due to co-processing with 
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petroleum products.  Due to this, the nitrogen in the oil is considered to be lost. Microalgae are 

capable of growing on nitrogen in the aqueous phase [70, 75] and it is assumed that any nitrogen 

in the solid or gas phases could be recovered.  Concentrations of nitrogen in both Chlorella [73, 

74] and Nannochloropsis [74] were reported for original data and prior work.  Values are 

averaged showing possible nitrogen recovery at 74 ± 8% in Nannochloropsis and 86 ± 5% in 

Chlorella.   

 

5.2.2 Alternate Sources of Nutrients 

In this section, alternate sources of N and P are examined for their ability to provide nutrients on 

a scale required for 19 BLPY of algal biofuels production levels. Although this is not an attempt 

at a detailed logistical assessment of procurement and transport for any of these nutrients, it is 

recognized that alternate sources of N and P will need to be economically sourced and shipped to 

algae cultivation sites. For the purposes of this report, algae cultivation is likely to take place in 

the US Southeast, following the recommendations of Davis, et al., [50], although cultivation in 

the US Southwest may also be feasible if water source limitations are overcome.  

 

5.2.2.1 Municipal Wastewater 

Municipal wastewater is seen as a viable source to provide nitrogen and phosphorus for 

microalgae growth [38, 59].  In municipal wastewater treatment plants, incoming waters undergo 

a variety of treatments to make the water safe for release into the environment. Preliminary and 

primary treatments remove large objects and suspended solids [76]. Secondary treatments 

remove organic matter and also nutrients like nitrogen and phosphorus [76].  The potential 
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nutrients available from wastewater depend on the total flow of wastewater and which stages of 

treatment have occurred in the wastewater treatment chain.  The 19 BLPY target from the Davis, 

et. al., report [50] was modeled for the gulf coast, including the states of Texas, Louisiana, 

Mississippi, Alabama and Florida.  Wastewater flow rates for these states were 18.5 billion liters 

per day (BLPD) in 2008 [77].  For comparison, the wastewater availability of the entire United 

States was also evaluated at 121 BLPD [77].  

Wastewater nutrient concentrations were found for a variety of treatment options [38, 59, 78], 

including primary and secondary treatments.   All concentrations, for both primary and 

secondary treatments, were averaged to account for the various types of treatment plants, giving 

nitrogen and phosphate concentrations of 20±15 mg-N/L and 6.8±6.6 mg-P2O5/L, respectively. 

The yearly nitrogen available is 0.14±0.10 billion kg of N in the gulf coast and 0.9±0.6 billion kg 

of N in the entire United States.  For phosphorus, there are 0.46±0.044 billion kg of P2O5 

available in the gulf coast and 0.31±0.30 billion kg of P2O5 in the entire United States. These 

values assume that algae could use all of the nutrients available in the wastewater, which would 

represent the most ideal scenario. Further details of the wastewater analysis can be found in 

Appendix E.  

 

5.2.2.2 Spent Coffee Grounds 

In 2011, the United States consumed 1.5 million tons of coffee beans or 4.24 kg per person [79].  

After brewing, 10 – 15% [80] of the coffee oil can be extracted from the residual grounds 

depending on the type of coffee.  The oil can be converted into biodiesel [80-83], which could 

help meet the 79 BLPY advanced biofuels requirement by 2022 [5].  Spent coffee grounds also 

contain nutrients [84-86], like nitrogen and phosphorus that could be used to lower the amount of 
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synthetic fertilizers required for microalgae.  The grounds also contain other nutrients like Cu, 

Zn, and Mn [84, 85] that are trace nutrients used for algae growth [37].  For this analysis, it is 

assumed that the entire mass of nutrients can be extracted from the spent coffee grounds for N, P, 

and K.  Nutrient amounts were averaged for both nitrogen [84, 86], phosphorus [84-86] and 

potassium [84-86], and multiplied by all of the coffee consumed in the United States. For the 

entire country, there are 0.0327±0.00007 billion kg of N, 0.004±0.001 billion kg of P2O5 and 

0.008±0.005 billion kg of K2O available annually.  For all nitrogen, phosphorus and potassium 

results see Table 5.2, Table 5.3 and Table 5.4 respectively. 

 

5.2.2.3 Animal Husbandry Waste Products 

Rearing of animals using modern agricultural practices results in significant accumulation of 

nutrient-laden animal wastes [87], which are treated as potential pollutants with the ability to 

damage ecosystems if releases are not controlled [88]. These situations present synergistic 

opportunities to remove nutrient wastes from animal husbandry facilities while providing algal 

cultivation facilities with desired nutrients. While there may be hurdles to overcome in transport 

and processing of these waste products into a form that is suitable for algae utilization, a high-

level analysis of the availability of important waste products from different agricultural practices 

is presented.  

 

5.2.2.3.1 Chicken Litter 

Chicken waste is often combined with bedding material to produce a nutrient-containing 

‘chicken litter’. Nutrient content of wet chicken litter has been determined previously, although 
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these are sure to be variable estimates [89]. Chicken litter is produced in great quantities, with 

over 9 billion kg produced in 2009 [90]. Roughly 38% of the litter is produced in AL, FL, GA, 

and MS, all states close to likely algae-producing sites identified by Davis 2012 [50]. Based 

upon presumed nutrient content and litter production data, 0.12 billion kg of N and 0.14 billion 

kg of P2O5 are produced in chicken litter each year.  

 

5.2.2.3.2 Concentrated Animal Feeding Operations (CAFOs) 

In 2007, the United States contained over one million livestock farms containing hogs, dairy 

cows, beef cattle, broiler chickens and layer hens [91].  There were over 9.5 billion animals on 

these farms, of which 94% were broiler chickens used for human consumption [91].  Animal 

waste can be sold or given away, in the case of hogs and broiler chickens, for crop fertilizers 

[92].  In 2006, animal manure was used as a fertilizer on only five percent of the total cropland 

area in the United States [92].  Animal manure on hog and dairy farms can also be converted to 

energy in anaerobic digesters.  However, less than one percent of dairy farms use this energy 

conversion technology [92].   

To determine the potential contribution of CAFOS manure as fertilizers for biodiesel from 

microalgae production, the nitrogen, phosphorus and potassium contents of manure from hogs, 

dairy cows, beef cattle, broiler chickens and layer hens were found [93].  In all cases, 

characterizations of waste “as excreted” were used because it was considered the most reliable 

category of data [93]. For dairy cows, concentration numbers from lactating and dry cows, as 

well as heifers were averaged.  Nutrients contents of beef cattle was an average yearlings fed 

high forage or high energy diets, 200 to 340 kg animals and cows.  Hogs were an average of 

replacement gilts, sows during gestation or lactation, boars, and nursing pigs.  Broiler chickens 
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and layer hen values were single reported values.  All nutrient amounts were expressed as 

kg/d/1000 kg of animal.  To determine a total nutrient amount, the weight of each animal was 

found.  Dairy cows were an average of several breeds [94] at 540±100 kg, beef cattle were 

520±30 kg. [93], hogs an average of sows and boars at 160±40 kg [93], broiler chickens at 2.3 kg 

[93], and layer hens were assumed to weigh the same as broiler chickens.  Full analysis for final 

available nutrient amounts can be found in Appendix E.  

 

5.2.2.3.3 Aquaculture 

Aquaculture is a significant industry in the Gulf Coast region of the United States, with catfish 

culturing in open ponds being the primary species and method of cultivation [95]. These large-

scale aquaculture operations can often produce discharges of water polluted with high levels of 

nitrogen and phosphorus, necessitating federal regulations concerning best management practices 

[96]. To estimate total annual N and P discharges from catfish aquaculture in the Gulf Coast, two 

separate methods were used. The total hectares of catfish ponds in the region , over 29,500 ha 

[97], was multiplied by the average kg of N and P per hectare of catfish pond [98] to develop an 

area–based estimate of N and P production from catfish aquaculture effluent. Similarly, total 

annual catfish production in the region, over 0.11 billion kg [97], was multiplied by the average 

kg of N and P released from catfish ponds per ton of fish produced [99] to arrive at a mass-based 

estimate of N and P production from catfish aquaculture. The amounts of potentially available 

fertilizers were 0.00330±0.00008 billion kg N and 0.00013±0.00004 billion kg P2O5.  
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5.2.2.3.4 Slaughterhouses 

Animals are killed in slaughterhouses to provide meat primarily for human consumption.  Water 

is used during animal processing and equipment cleaning, and provides a wastewater containing 

nitrogen and phosphorus [100, 101]. The five steps for poultry processing include first, second, 

and third processing steps, followed by cook plants and rendering [102].  First processing is the 

slaughter of the chicken, second is cutting up and deboning of the meat, and third processing 

involves turning the meat into convenience products that include battering, breading, and 

marinating [102].  All chickens undergo first and second processing, but not all undergo the third 

step. Cook plants turn mature or spent breeding chickens into other products like chicken broth, 

but only account for two percent of the total birds slaughtered [102].  Rendering creates products 

like oil and grease, feather meal, poultry meal and blood meal [102].  Data was found for three 

plants that have first and second processing [102].  Concentrations were averaged and multiplied 

by the total number of broiler hens in the gulf coast and the entire United States.  The source 

[102] also contained data for third processing, but these values were not used because 

information was not found on the amount of chickens processed in this step.  Analysis for cook 

plants and rendering was also neglected.  The amount of N available from the gulf coast and 

entire United States is 0.0086±0.0006 and 0.028±0.002 billion kg of N per year respectively.  

The amount of phosphorus available from the gulf coast and the entire United States is 

0.005±0.002 and 0.015±0.006 billion kg of P2O5 per year respectively.  The full analysis is 

available in Appendix E.   

In beef cattle processing [103], slaughterhouses only kill and dress cattle, while meat processing 

facilities do those same tasks, plus make additional products from the meat, like steak, sausages 

and ground meat.  Further processing steps also include rendering, which turns scraps into edible 
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(lard) and inedible products. The majority of the wastewater produced at these facilities comes 

from cleaning the facility after slaughter [103, 104].  The nitrogen in the wastewater comes 

mostly from blood and manure, and is mostly organic [103]. Phosphorus also comes from blood, 

manure, stomach contents and cleaning products [103].  Nutrient concentrations were found as a 

mass per mass of animal [104].  Those results were multiplied by the total animal weight in 

either the gulf region or the entire United States.  The amount of N available from the gulf coast 

and entire United States is 0.0046±0.0002 and 0.0191±0.0008 billion kg N per year respectively.  

The amount of phosphorus available from the gulf coast and the entire United States is 

0.00066±0.00003 and 0.003±0.001 billion kg P2O5 per year respectively.  The full analysis is 

available in Appendix E.  

Swine slaughter wastewater is similar to cattle wastewater, with the nitrogen and phosphorus 

coming from the same source [104].  However, nitrate concentrations will be larger in swine 

wastewater as the curing of bacon and ham are conducted at the plant [104].  Nutrient 

concentrations were found for six hog slaughterhouses [105] that varied in capacity from 1,900 

to 45,000 animals slaughtered per week. Potassium wastewater concentrations were also 

reported, and are analyzed here. Nutrient concentrations, presented as mass per volume, were 

multiplied by the volumetric flow rate in each plant.  Yearly nutrient masses were found by 

multiplying by the number of animals in the gulf region and the entire United States.  In the gulf 

region, 0.0004±0.0002 billion kg as N, 0.00030±0.00027 billion kg as P2O5 and 

0.00024±0.00027 billion kg as K2O was available. For the entire United States, 0.018±0.009 

billion kg as N, 0.013±0.012 billion kg as P2O5 and 0.010±0.012 billion kg as K2O was available. 

The full analysis is available in Appendix E. 
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5.2.2.4 Industrial wastewater sources 

5.2.2.4.1 Carpet Wastewater 

Industrial wastewaters from the carpet production industry contain nitrogen and phosphorus that 

can be used for algal growth [106].  The reported nutrient concentrations available in the 

wastewater were 32.6 mg-N/L and 12.6 mg-P2O5/L.  To determine the potential contribution 

from this source, the amount of wastewater produced by this industry was found [107], which, 

for 2008, there was 29 billion liters of wastewater produced.  Concentrations and the wastewater 

flow rate were multiplied together to arrive at the potential contribution from carpet production 

wastewater.  Annually there are 0.00094 billion kg of N and 0.00037 kg of P2O5 available.  

 

5.2.2.4.2 Brewery Wastewater 

In 2011, United States breweries produced over 23 billion liters of beer [108].  Wastewater from 

these breweries contains nitrogen and phosphorus that algae can use for growth [109]. 

Wastewater concentrations, in mg/L, were found for nitrogen [110-112] and phosphorus [110, 

111], and then averaged. To convert concentrations into mass flows, it was assumed the annual 

volume of wastewater produced is five times the annual beer production [113].  Wastewater 

flows for individual states was not found, so results are presented for the entire United States.  

The amount of nitrogen and phosphorus available is 0.006±0.005 billion kg N and 0.010±0.013 

billion kg of P2O5.  Complete analysis for brewery wastewater can be found in Appendix E.  
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5.3 Results and Discussion 

The 2013 projected world surplus of fertilizers and the stoichiometric requirement of Chlorella 

and Nannochloropsis are presented in Table 5.1.  To satisfy a 19 BLPY biofuel production 

target, Chlorella would require almost half and Nannochloropsis almost all of the nitrogen 

available in the 2013 projected world surplus.  With phosphorus, Chlorella would use thirty four 

percent and there isn’t enough available to satisfy the Nannochloropsis requirement.  Potassium 

has a better outlook with both algal species requiring less than one percent of the surplus.   

The estimated nutrient requirements in this evaluation were for the stoichiometric requirement of 

each algal species.  In reality, algae would compete with grazers for nutrients, and increase the 

overall requirement.  An estimation of additional nitrogen and phosphorus to account for the 

grazers was assumed to be approximately two times the stoichiometric requirement [38], 

meaning double the values of Table 5.1.  Potassium values would have the same increase.  

Another possibility would be if biofuels from microalgae made up the entire 2022 advanced 

biofuel requirement [57] of 79 BLPY.  In this case, the nutrient requirements would be 4.2 times 

the values in Table 1.  World surplus values would not be able to handle the nutrient 

requirements under these scenarios. 

Recycling options and alternative sources of nutrients are available in Table 5.2.  All of the 

recycling options reduce the synthetic fertilizer requirement, with CHG providing the largest 

reduction at 95% for both algal species.  AD and CHG are technology choices that produce 

energy from the lipid extracted algae (LEA), and can reduce the overall energy requirement for 

microalgae production.  The nutrient recycling benefits make them an attractive technology 

choice for LEA as opposed to using it as an animal feed or for other co-products.  Similar results 

are seen for phosphorus, Table 3, with CHG providing the largest recycling percentage. 
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Municipal wastewater provides both nitrogen and phosphorus, Table 5.1 and Table 5.2, with 

only a minor contribution of both nutrients for the gulf region.  Nitrogen was less than five 

percent of the stoichiometric requirement, and phosphorus less than two.  Wastewater from the 

entire United States provided a maximum of 30±20% of the nitrogen for Chlorella.  Phosphorous 

for the same species was less than 11%.  The wastewater from the entire country would not be a 

reasonable source for algae grown in the gulf region due to the energy required to transport the 

wastewater from around the country to this region.   

CAFOs can provide enough nutrients to meet the 19 BLPY requirements.  For nitrogen, Table 

5.2, dairy cattle, layer hens and swine in the gulf region provide less than 5% of the nutrients for 

both species.  Beef cattle can provide up to 30%, as in the case of Chlorella.  Broiler chicken 

waste in this region appears to be the best single source option and can provide almost all of the 

nitrogen for Chlorella.  CAFOs results for the entire United States show that layer hens and dairy 

cattle would still not be able to provide the entire requirement.  However, beef cattle, swine and 

broiler chickens can provide all the nutrients for Chlorella but only broiler chickens can for 

Nannochloropsis.  For phosphorus, Table 5.3, similar trends are seen as for nitrogen, with broiler 

chickens as the most promising source in the gulf region.  For the entire country, swine and 

broiler chickens can provide all of the nutrients for both algal species, but beef cattle only can for 

Chlorella.  For potassium, Table 5.4, all of CAFOs scenarios in the gulf region can provide 

enough potassium to meet the 19 BLPY requirements.   

CAFOs is an area that would benefit from additional research on the ability to provide nutrients 

for microalgae growth.  Areas of investigation include potential nutrient uptake percentages and 

whether or not the waste could be used directly without pretreatment.  Animal waste contains 

pathogens that may be harmful to a microalgae production process.  It may be more reasonable 
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to extract nutrients from the waste, in which case the increased energy demands would need to 

be evaluated to see their effect on the energy balance of the entire process.   

None of the additional sources evaluated provided any significant nitrogen or phosphorus to 

meet the target biofuel volume.  However, swine slaughterhouse wastewater in the entire United 

States can provide 23±27% of the potassium for Nannochloropsis and the entire requirement for 

Chlorella.  Spent coffee grounds can’t provide the entire amount for either species, but Chlorella 

is close at 93±60%.  Even though these additional sources can’t provide the entire requirement, 

their use would make sense in certain situations.  If an algal farm was located near an 

aquaculture farm, a brewery or a carpet plant, it might be more cost effective and less energy 

intensive to use waste sources from these locations.   

The solution to the nutrient problems for producing biodiesel from microalgae may not be solved 

by one single source that can provide the most nutrients, CAFOs.  While most of the nutrients 

would probably come from this area, other sources could play a large role in the success of this 

industry.  Production companies and might save money from having to treat their waste and 

could either sell or give it to biofuel producers.  Not using synthetic fertilizers allows other 

industries to create partnerships with biofuel producers, which would be beneficial to both 

groups. 

 

Table 5.1: Nitrogen and phosphorus synthetic fertilizer availability based on world surplus 
values [30], along with nutrient requirements to produce 19 BLPY of biofuels for two algal 

species. 

 
Nitrogen 

(as billion kg N) 
Phosphorus 

(as billion kg P2O5) 
Potassium 

(as billion kg K2O) 

2013 World Surplus 6.91 1.75 10.7 

Chlorella 3.1±0.9 0.6±0.2 0.012±0.004 

Nannochloropsis  6±3 3±9.5 0.06±0.07 
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Table 5.2: Nitrogen provided by recycling scenarios to produce 19 BLPY of renewable diesel 
and total nitrogen from alternative sources. Synthetic fertilizer reduction represents the 

percentage of fertilizers that could be replaced by each scenario, for Chlorella and 
Nannochloropsis compositions. C/N under recycling options represents the mass of nutrients that 

could be recycled for each species to produce the target fuel volume. 

 
Nitrogen 

(109 kg N) 

Synthetic Fertilizer 
Reduction 
(Chlorella) 

Synthetic Fertilizer 
Reduction 

(Nannochloropsis) 

Recycling Options    

     AD (C/N) 2.2/3.8 75% 75% 

     CHG (C/N) 2.7/4.8 95% 95% 

     HTL (C/N) 2.4±0.3/3.7±0.4 86±5% 74±8% 

Municipal Wastewater    

     Gulf Region 0.14±0.10 4±3% 3±2% 

     U.S. 0.9±0.6 30±20% 20±10% 

CAFOS    

     Dairy Cattle – Gulf   0.05±0.02 2±1% 0.9±0.3% 

     Dairy Cattle – U.S. 0.6±0.3 24±9% 14±5% 

     Beef Cattle – Gulf   0.84±0.81 30±28% 17±16% 

     Beef Cattle – U.S.   3.5±3.4 123±117% 70±67% 

     Swine – Gulf  0.10±0.08 3.4±2.9% 1.9±1.7% 

     Swine – U.S. 4.1±3.5 143±124% 81±70% 

     Broiler Chicken – Gulf   2.5 97% 49% 

     Broiler Chicken – U.S.   8.1 285% 162% 

     Layer Hens - Gulf  0.04 1% 0.7% 

     Layer Hens – U.S. 0.3 8% 5% 

Slaughterhouse Wastewater    

     Broiler Chickens – Gulf 0.0086±0.0006 0.30±0.02% 0.17±0.01% 

     Broiler Chickens – U.S. 0.028±0.002 1.1±0.1% 0.56±0.04% 

     Beef Cattle – Gulf  0.0046±0.0002 0.16±0.03% 0.091±0.004% 

     Beef Cattle – U.S. 0.0191±0.0008 0.67±0.03% 0.38±0.02% 

     Swine – Gulf  0.0004±0.0002 0.013±0.008% 0.007±0.004% 

     Swine – U.S.  0.018±0.009 0.6±0.3% 0.3±0.2% 

Other Sources    

     Aquaculture 0.00330±0.00007 0.116±0.003% 0.066±0.001% 

     Chicken Litter 0.12 4.2% 2.4% 

     Spent Coffee Grounds 0.0327±0.00009 1.071±0.002% 0.607±0.001% 

     Brewery Wastewater 0.006±0.005 0.21±0.16% 0.12±0.09% 

     Carpet Wastewater 0.00094 0.03% 0.02% 
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Table 5.3: Phosphorus provided by recycling scenarios to produce 19 BLPY of renewable diesel 
and total phosphorus from alternative sources. Synthetic fertilizer reduction represents the 

percentage of phosphorus that could be replaced by each scenario, for Chlorella and 
Nannochloropsis compositions. C/N under recycling options represents the mass of nutrients that 

could be recycled for each species to produce the target fuel volume. 

 
Phosphorus 

(109 kg P2O5) 

Synthetic Fertilizer 
Reduction 
(Chlorella) 

Synthetic Fertilizer 
Reduction 

(Nannochloropsis) 

Recycling Options    

     AD (C/N) 0.3/1.6 50% 50% 

     CHG (C/N) 0.5/2.6 90% 90% 

Municipal Wastewater    

     Gulf Region 0.046±0.044 1.61±1.56% 0.99±0.88% 

     U.S. 0.31±0.30 10.7±10.4% 6.1±5.9% 

CAFOS    

     Dairy Cattle – Gulf  0.015±0.006 3±1% 0.5±0.2% 

     Dairy Cattle – U.S. 0.2±0.1 40±19% 8±4% 

     Beef Cattle – Gulf   0.36±0.06 66±11% 13±2% 

     Beef Cattle – U.S.   1.5±0.3 273±46% 52±9% 

     Swine – Gulf  0.08±0.07 14.3±13.7% 2.8±2.6% 

     Swine – U.S. 3.4±3.3 607±584% 117±112% 

     Broiler Chicken – Gulf   1.7 314% 61% 

     Broiler Chicken – U.S.   5.7 1032% 199% 

     Layer Hens - Gulf  0.03 5% 1% 

     Layer Hens – U.S. 0.2 37% 7% 

Slaughterhouse Wastewater    

     Broiler Chickens – Gulf 0.005±0.002 0.79±0.35% 0.2±0.1% 

     Broiler Chickens – U.S. 0.015±0.006 3±1% 0.5±0.2% 

     Beef Cattle – Gulf  0.00066±0.00003 0.12±0.01% 0.023±0.001% 

     Beef Cattle – U.S. 0.003±0.001 0.49±0.02% 0.095±0.004% 

     Swine – Gulf  0.00030±0.00027 0.053±0.048% 0.010±0.009% 

     Swine – U.S.  0.013±0.012 2.3±2.0% 0.43±0.39% 

Other Sources    

     Aquaculture 0.00013±0.00004 0.05±0.01% 0.010±0.003% 

     Chicken Litter 0.14 4% 2% 

     Spent Coffee Grounds 0.004±0.001 0.7±0.2% 0.13±0.04% 

     Brewery Wastewater 0.010±0.013 0.3±0.4% 0.19±0.24% 

     Carpet Wastewater 0.00037 0.07% 0.01% 
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Table 5.4: Potassium provided by recycling scenarios to produce 19 BLPY of renewable diesel 
and total phosphorus from alternative sources. Synthetic fertilizer reduction represents the 

percentage of phosphorus that could be replaced by each scenario, for Chlorella and 
Nannochloropsis compositions. 

 
Potassium 

(109 kg K2O) 

Synthetic Fertilizer 
Reduction 
(Chlorella) 

Synthetic Fertilizer 
Reduction 

(Nannochloropsis) 

CAFOS    

     Dairy Cattle – Gulf   0.04±0.01 400±100% 70±20% 

     Dairy Cattle – U.S. 0.5±0.1 6,100±1,600% 1,000±200% 

     Beef Cattle – Gulf   0.5±0.1 5,000±800% 900±100% 

     Beef Cattle – U.S.   1.7±0.3 20,000±3,200% 3,600±600% 

     Swine – Gulf  0.6±0.5 800±600% 140±100% 

     Swine – U.S. 3±2 33,000±25,000% 6,000±4,600% 

     Broiler Chicken – Gulf   1.3 14,000% 2,600% 

     Broiler Chicken – U.S.   4.1 47,000% 8,600% 

     Layer Hens - Gulf  0.02 190% 35% 

     Layer Hens – U.S. 0.12 1,000% 250% 

Slaughterhouse Wastewater    

     Swine – Gulf  0.00024±0.00027 2.7±3.1% 0.49±0.57% 

     Swine – U.S.  0.010±0.012 113±131% 23±27% 

Other Sources    

     Spent Coffee Grounds 0.008±0.005 93±60% 17±11% 

 

 

The comparison of each source in the U.S. gulf region is shown in Figure 5.1.  The sources are 

presented and compared to the amount of nutrients from breweries, coffee grounds, chicken 

litter, aquaculture, and carpet production of the entire country versus those of the Gulf region.  

Results for most of the nitrogen, phosphorus and potassium for this region come from beef cattle, 

swine and broiler chickens in CAFOs.  The total amount of nitrogen, phosphorus and potassium 

available in this region is 3.8±0.8 billion kg as N, 2.4±0.1 billion kg as P2O5 and 2.5±0.5 billion 

kg as K2O.   

 



89 

 

 

 

Figure 5.1: Nitrogen, phosphorus and potassium available in the U.S. gulf region, where WWTP 
is municipal wastewater, CAFOS represents concentrated animal feeding operations, and WW 

represents wastewater. 

 

To determine the best case scenario, the highest nutrient recycling option of CHG at 95% of N 

and 90% of P, was used to determine the new nutrient requirement for Chlorella and 

Nannochloropsis on a BLPY basis, shown in Table 5.5.   Compared to the amount of nutrients in 

the U.S. gulf region, there is enough nitrogen and phosphorus available through these additional 

waste stream sources to produce 19 BLPY.  To determine the maximum amount of biofuel that 

can be produced in the gulf region, nutrient sources there are divided by the amount of nutrients 

required by each algal species.  Results differ depending on the algal species and nutrient 
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evaluated.  This means that the amount of nitrogen in the region divided by the nitrogen 

requirement for Chlorella equals 500±200 BLPY, but the amount of phosphorus divided by the 

requirement is 800±300 BLPY.  To determine the maximum amount of biofuels that could be 

produced in the region, the smallest value from the combined analyses for nitrogen, phosphorus 

and potassium is used.  In the United States gulf region, 500±200 BLPY of biofuels from 

Chlorella and 200±500 BLPY of biofuels from Nannochloropsis could be produced.  Both of 

these values are higher than the 2022, advanced biofuels requirement of 79 BLPY, showing that 

algae grown in the U.S. gulf region would have enough nutrients to meet this target without 

using any synthetic fertilizers. To take advantage of these nutrients, the best location for a 

biofuel plant is next the industries evaluated in this work.   

 

Table 5.5: Smallest nutrient requirement for two algal species by using the CHG technology 
choice to recycle 95% of the nitrogen and 90% of the phosphorus.  

Algal Species 
Nitrogen 

(109 kg as N) 
Phosphorus 

 (109 kg as P2O5) 
Potassium 

 (109 kg as K2O) 
Chlorella 0.16±0.05 0.06±0.02 0.012±0.004 
Nannochloropsis 0.3±0.2 0.3±0.95 0.06±0.07 
 

 

5.4 Conclusions 

In summary, biofuels produced from microalgae would have a large impact on the world surplus 

of fertilizers if synthetic fertilizers are used entirely for their growth.  Recycling nutrients within 

the production system with technologies like AD, HTL and CHG can significantly reduce the 

overall requirement.  Alternative sources of nutrients can also reduce the synthetic fertilizer 
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requirement, with CAFOs providing the largest mass of the sources evaluated. There are a total 

3.8±0.8 billion kg as N, 2.4±0.1 billion kg as P2O5 and 2.5±0.5 billion kg as K2O available in the 

U.S. gulf region for microalgae growth.  If CHG is chosen as a technology choice during the 

production process for converting residual biomass to nutrients that can be recycled, then there 

are enough nutrients to produce 19 BLPY, without using any synthetic fertilizers.  The maximum 

amount of biofuels that could be produced in this region is 500±200 BLPY Chlorella, and 

200±500 BLPY from Nannochloropsis could be produced in this region. 

 

 

 

 

 

 

 

 

 

 

 

 



92 

 

 

CHAPTER 6 

CONCLUSIONS 

 

In this dissertation, four areas were evaluated to address the sustainability of biofuels from 

microalgae.  Three of the topics investigated GHG emissions of cultivation, dewatering and the 

biofuels plant infrastructure, while the final topic looked at nutrients used for growth.  All four 

topics provided analyses that suggest methods for increasing the sustainability of the production 

process, through either reducing GHG emissions when compared to fossil fuels or in ensuring 

biofuels from microalgae will have a minimal impact on world fertilizer markets.  

Recommendations are also given for technologies that look to be promising in reaching the 

biofuels-from-microalgae sustainability goals.  In essence, this work takes emerging and existing 

scientific processes and combines scale up information about those processes in order to address 

sustainability concerns related to the particular processes in the context of world and local 

constraints. 

The purpose of the LCA of cultivation ponds was to determine which production contributions 

have the largest effect on increasing GHG emissions, with the hypothesis that different studies 

could be combined to increase accuracy of estimates.  Data from nine authors was converted to 

comparable units, and a new LCA was performed to evaluate the impacts.  Overall GHG 

emissions per kg of algae cultivation ranged from 0.1 – 4.4 kg CO2 eq./kg-algae, with most of 

the emissions coming from energy use.  Energy during production originated from pumping 

within the system and paddlewheel operations.  The energy use/kg-algae is greatly affected by 

the productivity of the algal species, with lower productivities having higher overall energy use, 
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indicating that higher biomass productivities than are currently available in open ponds will need 

to be achieved.  Also, slow growing algae make the process unfeasible because the energy 

required during growth for circulation with paddlewheels was larger than the energy contained in 

the entire algae cell. Another area identified in this dissertation where further evaluation is 

needed is in determining how much water is lost during evaporation. These losses are not 

commonly reported, but can have a large range of values that impact fresh water requirements.  

The evaluated LCAs used in this work used mostly assumed data, which reduced the reliability 

of their results, and this synthesis of results here contributed to the literature by combining the 

most realistic and high quality data into one aggregate assessment. One area of future work that 

certainly emerged was the need for long-term, large scale algae growth data from facilities to 

increase the accuracy of the life-cycle analyses.   

The goal of the next investigation was to determine which dewatering technologies, currently 

being explored as fundamental science, have the lowest GHG emissions for scaled up industrial 

processes.  Five experimental technologies were evaluated: membrane filtration, acoustic 

harvesting, electrocoagulation, flocculation with chitosan, and a combination flocculation plus 

belt filtration, in order to examine the sustainability limits of these emerging technologies before 

the science becomes entrenched in unsustainable technologies.  Membrane filtration had the 

lowest GHG emissions, and flocculation plus belt filtration the highest.  Electrocoagulation had 

the second lowest emissions with values close to those of membrane filtration.  The energy use 

of each technology had a larger contribution to the GHG emissions than material use for 

consumables.  Further investigation is needed on membrane filtration due to discrepancies in 

harvesting efficiencies between the literature values and data presented from the emerging 

scientific research.  Also, membrane materials were not included in the LCA because their 
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materials for production were not given.  The sustainability of the materials used during 

dewatering should be investigated to determine if the existing sources for the raw materials could 

support large scale microalgae production.  

The intent of the infrastructure investigation was to investigate the hypotheses that the impacts of 

infrastructure generation do have a significant impact on the overall GHG emissions because 

those impacts are generally assumed by other authors to be negligible.  This work shows that the 

GHG emissions of materials should be included when doing a LCA of the biofuel from 

microalgae production process.  Concrete and plastic used in constructing the growth ponds had 

the largest contribution to the infrastructure GHG emissions due to their large mass and area 

requirements.  If pond liners can be removed from the bottom of ponds, lower GHG emissions 

would be achieved, but further investigation is needed to determine if large scale microalgae 

cultivation is possible in their absence depending on the local properties of the soils.  Based on 

this work, infrastructure materials should always be included for an accurate LCA of large scale 

algae-to-biofuels analyses.  Excluding this analysis will make a process appear to have much 

lower emissions than it really does.  

To determine which of the three LCA areas have the most uncertainty and should be the focus of 

future research, the fossil energy use and GHG emissions are summarized on the same basis of 

comparison in Table 6.1. Results for the outdoor cultivation ponds are for all author values, 

dewatering technologies are the five experimental technologies and renewable diesel plant 

infrastructure are the sensitivity variables for the baseline productivity of 13.2 g/m2/day. The 

purpose of this uncertainty comparison is not to show which section had the highest magnitude 

of values, because they are a reflection of technology choices, but rather to show which section 

can have the most variation and therefore require the most attention for an accurate analysis. The 
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largest uncertainty for both the fossil energy use and GHG emissions is in the outdoor cultivation 

ponds, which is a reflection of the boundary choices in each analysis.  The dewatering 

technologies also have a high uncertainty, especially in the area of fossil energy use.  Based on 

this comparison, the cultivation section should be the main target of future research.   This area 

would benefit from the availability large scale experimental cultivation data.  
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Table 6.1: Fossil energy use and GHG emissions for the three LCAs performed in this 
dissertation.  “Outdoor Cultivation Ponds” are all author values, “Dewatering Technologies” are 
the five experimental technologies and “Renewable Diesel Plant Infrastructure” is the sensitivity 

variables for the baseline productivity of 13.2 g/m2/day. 

LCA Topic 
Fossil Energy Use 

(MJ/kg-algae) 
GHG Emissions 

(kg-CO2eq./kg-algae) 
Outdoor Cultivation Ponds 8.59 0.805 

     Stephenson 5.17 0.366 

     Kadam 1 22.48 1.404 

     Kadam 2 7.18 0.533 

     Lardon 1 5.00 0.399 

     Lardon 2 0.42 0.036 

     Sander 10.61 0.895 

     Jorquera 15.00 2.001 

     Razon 1 47.24 4.447 

     Razon 2 2.32 0.187 

     Campbell 1 2.13 0.171 

     Campbell 2 9.39 0.590 

     Clarens Avg 5.26 0.419 

     Khoo 8.59 0.805 
   
Dewatering Technologies   

     Membrane Filtration 0.043 0.010 

     Flocculation + Belt Filtration 0.434 0.062 

     Electrocoagulation 0.141 0.022 

     Acoustic Harvesting 0.073 0.042 

     Flocculation w/ Chitosan 0.369 0.054 
   
Renewable Diesel Plant Infrastructure   

     Base Case 1.144 0.071 

     No Pond Liner 0.482 0.044 

     Increased Liner Thickness 1.525 0.086 

     Plastic Lined Settling Ponds 1.142 0.071 

     Alternative AD Design 1.140 0.068 

     Packing Material 1.142 0.071 

     Conditioning Pond Liner 1.143 0.071 

     HDPE, LDPE Realistic Lifetimes 1.616 0.090 

 

 

The purpose of the final investigation was to test the hypothesis that microalgae biofuels would 

be sustainable under current world surplus values for synthetic fertilizers.  Two secondary 
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hypotheses emerged which are whether nutrient recycling technologies of residual biomass after 

lipid extraction could mitigate synthetic fertilizer demands, and which alternative sources of 

nutrients from other major industries can provide enough nutrients for large scale biofuel 

production from microalgae.  This synthesis of government and world data combined with 

engineering calculations demonstrate that there is not enough nitrogen and phosphorus available 

in the predicted world fertilizer surplus to produce a significant portion of the advanced biofuel 

requirement for the United States.  There are also not enough non-synthetic fertilizer sources in 

the United States' gulf region to support production in this location.  Nutrient recycling 

technologies are necessary to meet the microalgae demand, meaning lipid extracted algae cannot 

be used exclusively for high value co-products like animal feed.  Using these recycling 

technologies would ensure there are enough nutrients available in the region.  Concentrated 

animal feeding operations from beef cattle, swine and broiler chickens provide the most nutrients 

in these locations.  However, more research is needed to determine the best way to utilize the 

nutrients embodied in the animal wastes. 

Based on these four areas of study, biofuels from microalgae can be sustainable.  Reducing 

energy requirements reduces GHG emissions, which can be done by choosing microalgae with 

higher productivities while using lower energy demanding dewatering technologies, like 

membrane filtration and electrocoagulation.  Microalgae can have minimal impact on the 

fertilizer markets by choosing technologies like CHG, AD and HTL for nutrient recycling.  

However, this means that any of the lipid extracted algae containing nitrogen or phosphorus 

cannot be used as high value co-products. .  Areas of future industrial efforts for the 

sustainability of biodiesel from microalgae should be in producing data for large scale cultivation 
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and dewatering processes, along with extraction of nutrients from beef cattle, swine and broiler 

chicken waste, and the technologies that will increase the sustainability of nutrients.    
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APPENDIX A 

EVALUATION OF ENVIRONMENTAL IMPACTS FROM MICROALGAE CULTIVATION 

IN OPEN-AIR RACEWAY PONDS: ANALYSIS OF THE PRIOR LITERATURE AND 

INVESTIGATION OF WIDE VARIANCE IN PREDICTED IMPACTS 
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APPENDIX B 

PEER REVIEWED LIFE CYCLE ASSESSMENTS FIGURES ADDITIONAL 

INFORMATION 

 

This section provides the supplemental information for the paper in Appendix A.  Included here 

are boundary diagrams, life cycle inventory data for authors and materials, chemical composition 

calculations, individual scenario results, calculations, assumptions and more information on the 

UOP Renewable Jet Fuel process. 
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B.1 Boundary Diagrams 
 

 

 
Figure B.1: Flow sheet of materials for Kadam [33], where the grey background indicates the 
control volume 



135 

 

 

 

 

 
Figure B.2: Flow sheet of materials for Khoo [37], where the grey background indicates the 
control volume 
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Figure B.3: Flow sheet of materials for Razon [36], where the grey background indicates the 
control volume 
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Figure B.4: Flow sheet of materials for Stephenson [14], where the grey background indicates 
the control volume 
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Figure B.5: Flow sheet of materials for Clarens [38], where cross-hatching indicates the control 
volume 
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Figure B.6: Flow sheet of materials for Lardon [17], where the grey background indicates the 
control volume 
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Figure B.7: Flow sheet of materials for Jorquera [35] where the grey background indicates the 
control volume 
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Figure B.8: Flow sheet of materials for Campbell [32], where the grey background indicates the 
control volume 
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Figure B.9: Flow sheet of materials for Sander [34], where the grey background indicates the 
control volume 
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B.2 Additional Life Cycle Inventory Data 

Table B.1: Life Cycle Input Table for microalgae growth, basis of 1 kg algae biomass – Clarens [38] inputs 

 Clarens_1 Clarens_2 Clarens_3 Clarens_4 Clarens_5 Clarens_6 Clarens_7 Clarens_8 Clarens_9 Clarens_10 Clarens_11 Clarens_12 
Location VA IA CA VA IA CA VA IA CA VA IA CA 

Water / 
Nutrient 
Source 

Fresh water 
/  Chemical 
fertilizers 

Fresh water 
/  Chemical 
fertilizers 

Fresh water 
/  Chemical 
fertilizers 

Source-
separated 

urine 

Source-
separated 

urine 

Source-
separated 

urine 

Biological 
nutrient 
removal 

Biological 
nutrient 
removal 

Biological 
nutrient 
removal 

Activated 
Sludge 

Activated 
Sludge 

Activated 
Sludge 

Nitrogen 
(kg) 0.174 0.174 0.1741 0.00 0.00 0.00 0.174 0.174 0.174 0.174 0.173 0.171 
N form urea urea urea urea urea urea urea urea urea urea urea urea 
Phosphorus 
(kg) 0.0257 0.0257 0.0257 0.000000 0.000000 0.000000 0.0256 0.0256 0.0255 0.0256 0.0252 0.0249 
P form calcium 

phosphate 
calcium 

phosphate 
calcium 

phosphate 
calcium 

phosphate 
calcium 

phosphate 
calcium 

phosphate 
calcium 

phosphate 
calcium 

phosphate 
calcium 

phosphate 
calcium 

phosphate 
calcium 

phosphate 
calcium 

phosphate 
Potassium 
(kg)             
K form             
Other 
nutrients /  
chemicals?   

 

         
Energy 
required 
(MJ) 0.660 0.769 0.563 0.660 0.769 0.563 0.660 0.769 0.563 0.660 0.769 0.563 
Fresh water 
added (L) 0 61.2 104.6 0 61.2 104.6 0 0 0 0 0 0 
Liner 
material   
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Table B.2: Khoo [37] scenario, extra chemical inputs, per kg of algae biomass 

Nutrient Iron  Copper  Zinc  Cobalt  Molybdenum   Manganese  
Mass (kg) 0.0027 0.00051 0.0010 0.000495 0.00057 0.000999 

Form reported  
in paper 

iron (III) chloride  copper sulfate  zinc sulfate cobalt chloride sodium molybdenate manganese chloride 

Form used  
in this work 
(Ecoinvent data) 

iron (III) chloride 
40% 

copper carbonate hydrated 
 zinc sulfate  

cobalt, at plant Molybdenum,  
at storage 

Manganese, at 
regional storage 
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B.3 Additional Life Cycle Impact Data for Extra Chemicals and Trace Nutrients 

 

Table B.3: Summary of environmental impact metrics - additional chemicals 
 
Item Greenhouse gas 

emissions 
kg CO2eq 

Fossil Energy Demand 
MJ 

Fresh water use 
L fresh water consumed 

Comments 

Steam, per kg 0.234 3.92 1.59 Steam for chemical 
processes a 

Natural gas heat,  
per MJ 

0.075 1.24 0.136  

Iron chloride, per kg 0.8 9.7 27.4 iron (III) chloride 40% 

Copper carbonate, per kg 8.27 23.7 157.7  copper carbonate 

Cobalt, per kg 7.61 92.3 453.1 cobalt, at plant 

Molybdenum, per kg 2.59 90.7 1025.4 molybdenum,  
at storage 

Manganese, per kg 1.81 31 208.3  manganese, at regional 
storage 

Zinc sulfate, per kg 0.884 30.1 37.2 hydrated 
 zinc sulfate 

Sodium hypochlorite,  
per kg 

0.884 11.2 23.4 sodium hypochlorite, 
15% in H20, at plant 

Hexane, per kg 0.898 59.6 10.8 hexane, at plant 

a – all data from Ecoinvent 2.1 database. Environmental impacts calculated in same manner as described in Chapter 2.  
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B.4 Nutrient Ranges for Two Different Microalgae Species 
Table B.4: Reported elemental compositions of key Chlorella species with all numbers in molar amounts with carbon set to 1 mole. 

C H N O S Na K Ca Mg Cr Cu Zn Mn Se P 

1.000 1.797 0.065 0.312 9.6E-04 1.5E-03 5.7E-05 6.8E-04 3.9E-04 2.3E-08 6.9E-08 1.4E-06 2.4E-06 8.0E-08 2.0E-03 

1.000 1.759 0.067 0.323 1.0E-03 1.6E-03 5.9E-05 7.0E-04 4.1E-04 2.4E-08 7.1E-08 1.4E-06 2.5E-06 8.3E-08 2.1E-03 

1.000 1.768 0.064 0.309 9.5E-04 1.5E-03 5.7E-05 6.7E-04 3.9E-04 2.3E-08 6.8E-08 1.3E-06 2.4E-06 7.9E-08 2.0E-03 

1.000 1.704 0.136 0.351 2.0E-03 1.9E-03 7.0E-05 8.4E-04 4.8E-04 2.8E-08 8.4E-08 1.7E-06 2.9E-06 9.9E-08 2.5E-03 

1.000 1.645 0.105 0.458 1.5E-03 2.5E-03 9.2E-05 1.1E-03 6.3E-04 3.7E-08 1.1E-07 2.2E-06 3.8E-06 1.3E-07 3.2E-03 

1.000 1.714 0.083 0.464 1.2E-03 2.0E-03 7.3E-05 8.7E-04 5.0E-04 2.9E-08 8.8E-08 1.7E-06 3.1E-06 1.0E-07 2.6E-03 

1.000 1.633 0.108 0.421 1.6E-03 2.6E-03 9.5E-05 1.1E-03 6.5E-04 3.8E-08 1.1E-07 2.3E-06 4.0E-06 1.3E-07 3.3E-03 

1.000 1.631 0.109 0.435 1.6E-03 2.6E-03 9.5E-05 1.1E-03 6.6E-04 3.8E-08 1.1E-07 2.3E-06 4.0E-06 1.3E-07 3.4E-03 

1.000 1.657 0.138 0.439 2.0E-03 2.4E-03 8.9E-05 1.1E-03 6.2E-04 3.6E-08 1.1E-07 2.1E-06 3.7E-06 1.3E-07 3.2E-03 

1.000 1.739 0.076 0.363 1.3E-03 1.8E-03 6.6E-05 7.9E-04 4.6E-04 2.7E-08 8.0E-08 1.6E-06 2.8E-06 9.3E-08 2.3E-03 

1.000 1.921 0.088 0.425 1.1E-03 3.8E-04 1.4E-05 1.7E-04 9.7E-05 5.6E-09 1.7E-08 3.3E-07 5.9E-07 2.0E-08 4.9E-04 

1.000 1.921 0.067 0.522 1.0E-03 4.9E-04 1.8E-05 2.2E-04 1.3E-04 7.3E-09 2.2E-08 4.4E-07 7.7E-07 2.6E-08 6.5E-04 

1.000 1.919 0.012 0.368 1.8E-04 4.2E-04 1.6E-05 1.9E-04 1.1E-04 6.3E-09 1.9E-08 3.7E-07 6.6E-07 2.2E-08 5.5E-04 

1.000 1.799 0.052 0.249 7.7E-04 1.2E-03 4.6E-05 5.4E-04 3.1E-04 1.8E-08 5.5E-08 1.1E-06 1.9E-06 6.4E-08 1.6E-03 

1.000 1.893 0.126 0.378 1.9E-03 6.9E-04 2.6E-05 3.1E-04 1.8E-04 1.0E-08 3.1E-08 6.1E-07 1.1E-06 3.6E-08 9.1E-04 

1.000 1.313 0.100 0.281 1.5E-03 4.8E-03 1.8E-04 2.1E-03 1.2E-03 7.1E-08 2.1E-07 4.2E-06 7.4E-06 2.5E-07 6.3E-03 

1.000 1.718 0.073 0.351 1.1E-03 1.9E-03 7.1E-05 8.4E-04 4.9E-04 2.8E-08 8.5E-08 1.7E-06 3.0E-06 9.9E-08 2.5E-03 

1.000 1.795 0.055 0.265 8.2E-04 1.3E-03 4.9E-05 5.8E-04 3.4E-04 1.9E-08 5.8E-08 1.2E-06 2.0E-06 6.8E-08 1.7E-03 

1.000 1.714 0.075 0.360 1.1E-03 1.8E-03 6.6E-05 7.8E-04 4.5E-04 2.6E-08 7.9E-08 1.6E-06 2.8E-06 9.2E-08 2.3E-03 

1.000 1.773 0.075 0.361 1.1E-03 1.8E-03 6.6E-05 7.9E-04 4.6E-04 2.7E-08 8.0E-08 1.6E-06 2.8E-06 9.3E-08 2.3E-03 

1.000 1.646 0.022 0.297 3.2E-04 2.4E-03 8.8E-05 1.0E-03 6.0E-04 3.5E-08 1.1E-07 2.1E-06 3.7E-06 1.2E-07 3.1E-03 

1.000 1.649 0.034 0.384 5.0E-04 2.4E-03 8.8E-05 1.0E-03 6.1E-04 3.5E-08 1.1E-07 2.1E-06 3.7E-06 1.2E-07 3.1E-03 

1.000 1.650 0.031 0.368 4.6E-04 2.4E-03 8.8E-05 1.0E-03 6.0E-04 3.5E-08 1.1E-07 2.1E-06 3.7E-06 1.2E-07 3.1E-03 

Average 1.729 0.077 0.369 1.1E-03 1.8E-03 6.8E-05 8.1E-04 4.7E-04 2.7E-08 8.2E-08 1.6E-06 2.8E-06 9.5E-08 2.4E-03 

Median 1.718 0.075 0.363 1.1E-03 1.8E-03 6.6E-05 7.9E-04 4.6E-04 2.7E-08 8.0E-08 1.6E-06 2.8E-06 9.3E-08 2.3E-03 

Max 1.921 0.138 0.522 2.0E-03 4.8E-03 1.8E-04 2.1E-03 1.2E-03 7.1E-08 2.1E-07 4.2E-06 7.4E-06 2.5E-07 6.3E-03 

Min 1.313 0.012 0.249 1.8E-04 3.8E-04 1.4E-05 1.7E-04 9.7E-05 5.6E-09 1.7E-08 3.3E-07 5.9E-07 2.0E-08 4.9E-04 
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Compositions of Chlorella, Table B4, for each category of material (lipid, carbohydrate, mineral, 

etc.) were collected and then averaged from the peer reviewed papers [114-135] that contained 

relevant data.  These averages were applied to other studies where no data in these categories 

was available.  Percentage weighting from each paper were used to compute the overall 

composition. Excel data sheets are available upon request from Ph.D. candidate. 

The analysis for Nannochloropsis was similar, Table B5, with data pulled from peer reviewed 

papers [136-154].  There are some differences because none of the authors reported phosphorus 

values except for [150] which included the cell content of DNA and RNA. The average 

composition of these constituents was found from Geider [155].  More phosphorus containing 

cell structure are phospholipids with cell composition values found from [156, 157].  The 

common components of Nannochloropsis phospholipids are found in reference [158].  Weight 

percent of either total cell mass or percent of lipids gave a range of compositions based on 

content. Again, Excel sheets are available from the Ph.D. candidate.
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Table B.5: Reported elemental compositions of key Nannochloropsis species with all numbers in molar amounts with carbon set to 1 mole. 

Phospholipid 
% of Total 
Cell Mass 

C H O N S P Mg Ca Na K Fe Cu Zn Mn Ni Co 

0 1.000 1.130 0.282 0.098 1.7E-03 1.1E-03 1.8E-03 3.2E-03 2.1E-03 8.8E-04 8.6E-05 2.0E-05 5.6E-05 2.2E-06 1.4E-07 4.8E-09 

2.87 1.000 1.313 0.275 0.083 1.4E-03 6.1E-03 1.5E-03 2.6E-03 1.7E-03 7.2E-04 7.0E-05 1.6E-05 4.5E-05 1.8E-06 1.1E-07 3.9E-09 

8.08 1.000 1.332 0.285 0.091 1.5E-03 5.5E-03 1.6E-03 2.9E-03 1.9E-03 7.9E-04 7.8E-05 1.8E-05 5.0E-05 2.0E-06 1.3E-07 4.4E-09 
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B.5 Results for Clarens Scenarios 

 

Table B.6: Results Table – Clarens [38] individual scenarios 

 Clarens 1 Clarens 2 Clarens 3 Clarens 4 Clarens 5 Clarens 6 Clarens 7 Clarens 8 Clarens 9 Clarens 10 Clarens 11 Clarens 12 

Greenhouse Gas Emissions 
kg CO2eq / kg algae biomass 

     
 0.801 0.846 0.812 0.153 0.198 0.164 0.801 0.825 0.777 0.800 0.820 0.768 

Percent of emissions due to:           
Energy 19.1% 21.1% 16.1% 100.0% 90.1% 79.6% 19.1% 21.6% 16.8% 19.1% 21.8% 17.0% 
Fertilizers 80.9% 76.6% 79.8% 0.0% 0.0% 0.0% 80.9% 78.4% 83.2% 80.9% 78.2% 83.0% 
Others 0.0% 2.3% 4.1% 0.0% 9.9% 20.4% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
             

Fossil Energy Demand MJ / kg algae biomass 
      

 13.13 13.64 13.24 1.80 2.31 1.90 13.13 13.41 12.83 13.12 13.32 12.69 
Percent of emissions due to:           
Energy 13.7% 15.3% 11.6% 100.0% 90.6% 80.5% 13.7% 15.6% 11.9% 13.7% 15.7% 12.1% 
Fertilizers 86.3% 83.1% 85.6% 0.0% 0.0% 0.0% 86.3% 84.4% 88.1% 86.3% 84.3% 87.9% 
Others 0.0% 1.6% 2.8% 0.0% 9.4% 19.5% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
             
Fresh Water Use L fresh water consumed / kg algae biomass     
 10.49 80.18 128.25 3.17 72.86 120.93 10.48 10.99 9.99 10.47 10.91 9.85 
Percent of emissions due to:           
Energy 30.2% 4.6% 2.1% 100.0% 5.1% 2.2% 30.2% 33.6% 27.1% 30.3% 33.8% 27.4% 
Fertilizers 69.8% 9.1% 5.7% 0.0% 0.0% 0.0% 69.8% 66.4% 72.9% 69.7% 66.2% 72.6% 
Others 0.0% 86.3% 92.2% 0.0% 94.9% 97.8% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
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B.6 Impact Calculations for Each Paper 

 

Stephenson [14]: 

Nutrients: 

59 kg Nitrogen per ton biodiesel, assumed 0.342 kg biodiesel / kg algae (2922 kg algae required 

to produce 1000 kg biodiesel)  

 

Phosphorus calculated based upon wt % of algae from the author’s [14] empirical formula 

 

Energy 

7.2 GJ per ton biodiesel, assumed 0.342 kg biodiesel / kg algae. 

 

Kadam [33]: 

Nitrogen: Reported N requirement of 16.85 kg per day should be Mg to produce 314,300 kg 

algae.  

 

Phosphorus: Similar mistake occurred, reported phosphorus requirement should be in Mg not kg, 

normalized by production of 314,300 kg algae.   

 

Energy: 15,100 + 56,280 kwh for CO2 delivery and cultivation, respectively. Steam burden 

(1,369,570 kg produced with fossil heat) plus 22,225 kwh added for MEA extraction in scenario 

2. Normalized to 314,300 kg algae produced.  
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Lardon [17]: 

Nutrients: - based on elemental composition… 273 vs. 29.4 grams of calcium nitrate to produce 

5.93 or 2.7 kg algae, respectively. Similar for phosphorus and potassium content, based on 

reported elemental composition.  

 

Energy: Case 1 – 7.5 MJ, includes rotary drying, to produce 5.93 kg algae, Case 2 – 4 MJ to 

produce 2.9 kg algae. In order to utilize these energy use figures,  the energy use due to drying 

by a rotary press was accounted for, which was not included in the other scenarios.  

 

Rotary press energy consumption = 20 kwh/dry ton (Rotary-press.com, “Advantages vs. 

centrifuges”) 

 

20 kwh      ton      2.205 lb   3.6 mj    5.93 or 2.9 kg   = 0.47 or 0.23 MJ/kg algae for rotary press,  

Dry ton   2000 lbs kg  kwh subtract from  reported value in scenarios 

 

 

 

 

Sander [34]: 

Energy: Reported 15.43 MJ energy required for 1000 MJ of biodiesel production (24 kg 

biodiesel)  

Algae is 30% lipids, capture 90% on harvest, 92.5% efficient extraction, 96.4% conversion 

efficiency 
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 15.43 MJ       1000 MJ    1 kg oil extracted and converted    0.3 kg oil          

1000 MJ BD    24 kg oil  1/(0.925*0.964) kg algae = 0.156 MJ / kg algae 

 

Nutrients: Assumed all provided by wastewater  

 

Jorquera [35]: 

Nutrients: No nutrient demands included 

 

Energy: 378.45 total energy consumption to produce 100,000 kg algal biomass – 3.78 MJ / kg 

biomass 

  

Razon [36]: 

Nutrients: 0.34 kg N, 0.1 kg P2O5 required to produce 1 kg methyl esters (case 1, 25% oil) 

      0.17 kg N, 0.1 kg P2O5 required to produce 1 kg methyl esters (case 2, 30.1 % oil) 

 

Energy: 151 MJ or 26.6 MJ total consumed energy / 1 kg methyl esters, algae 30.1% or 25% 

methyl esters for Nannochloropsis or H. pluvialis, respectively. Energy conversion is 32% for 

electrical energy.  

151 or 26.6 MJ total E demand   .301 or .25 kg methyl esters       0.32 E on-site     = 14.6 MJ required 

 1 kg methyl esters  kg algae   total E demand    on-site 
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Campbell [32]: 

Nutrients: 896 kg urea plus 615 kg generic NPK (32%/10%/0% ) fertilizer required to produce 

109.6 tonnes of algae.  

 

Energy: 21890 kWh for cultivation, to produce 109.6 tonnes algae. Scenario 2 requires 2100 less 

kwh for CO2 pumping (2470 for pumping flue gas vs. 370 pumping from an ammonia plant).  

  

Khoo [37]: 

Nutrients: Requirements for production of algal biomass given in Table A.2.  

 

Energy: Energy requirements for production of 1 kg of algal biomass in cultivation stage (CO2 

pumping, raceway mixing) given in Table 2.  

 

Clarens [38]: 

Energy: Functional unit used in paper is roughly 13,208 kg algal biomass, based on assumed 

heating value of biomass. Annual growth rates are reported in the supporting text for different 

locations (34.5 – 47.1 Mg / ha) and were used in combination with the annual algae biomass 

yield equivalent to the stated functional unit (13,208 kg) to calculate the required pond surface 

area. Energy requirements for mixing water with paddlewheels were reported as 11,668 MJ/ ha-

yr. This value was used in combination with the calculated pond surface area to calculate the 

annual energy requirements for mixing with paddlewheels. Pumping requirements were not 

explicitly discussed, but it was stated that pumping requirements were larger than paddlewheel 

requirements by a factor of ~ 1.2 (average 30.8% / 25.5% of total energy requirements in 
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Clarens' scenarios).  This factor was applied to each scenario to calculate the energy 

requirements for water pumping. These two energy requirements were summed and the total 

requirement was normalized to the annual biomass yield.  

 

Nutrients and Water: Each scenario involving source-separated urine was assumed to not require 

additional chemical fertilizers, as the authors stated. In scenarios where water/nutrients were 

provided by wastewater effluent from either biological nutrient removal or conventional 

activated sludge systems, nutrient content delivered to raceways from effluent streams was 

calculated using estimated nutrient concentrations in each effluent stream and the required 

effluent concentrations to satisfy makeup water requirements for each geographic location. The 

makeup water requirements were calculated by combining estimates of evaporation, 

precipitation, and water loss from raceway operation as discussed in the Supporting Information 

of their manuscript. For scenarios involving effluents from biological nutrient removal and 

conventional activated sludge, the calculated nutrient deliveries to algae raceways was 

determined to be quite small in comparison to overall nutrient requirements for the functional 

unit ( e.g., ~ 2-30 kg N of 2300 kg N total requirement). Additional water inputs in scenarios 

involving biological nutrient removal and conventional activated sludge were assumed to be 

unnecessary, as stated in the manuscript.  
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B.7 Description of UOP Renewable Jet Fuel   

 

The hydrotreated renewable jet fuel (Honeywell Green Jet FuelTM) produced from lipid 

feedstocks similar to algal oil have similar compositions and combustion properties to Fischer 

Tropsch (FT) synthetic paraffinic kerosene (SPK).  In July 2011, the ASTM gave final approval 

for blending of SPK from Hydroprocessed Esters and Fatty Acids (HEFA) up to 50 vol% in 

aviation fuels, thus facilitating a commercial pathway to sustainable aviation fuels.  ASTM 

standard specification D7566, Annex A2 defines the specifications that must be met when 

producing green jet fuel [159].   

UOP has received a number of algal derived oils for evaluation as feedstocks for the production 

of drop in hydrocarbon fuels.  The analysis of these oils indicated that the level of contaminants 

such as metals, phosphorous, nitrogen and sulfur varied widely. The contaminant levels in two 

refined and two crude algal oils are shown in Table B.7. 
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Table B.7: Compositional Profiles of Crude and Refined Algae Oils 

    Refined Oil #1 Refined Oil #2 
Crude  Oil 
Extract #1 

Crude Oil Extract 
#2 

Acid Number mg KOH/g 0.93 5.74 15.9 41.5 

Metals           

Al mass-ppm <0.05 <0.2 1.2 136 

Ca mass-ppm 0.97 0.7 12.6 51 

Cu mass-ppm <0.05 <0.2 28 62 

Fe mass-ppm 0.53 <0.2 1.8 97 

Mg mass-ppm 0.27 0.4 106 34 

Na mass-ppm 1.58 0.9 370 178 

P mass-ppm <0.09 4.3 303 71 

Zn mass-ppm 0.07 <0.2 5.4 18 

K mass-ppm 0.45 0.9 426 64 

Nitrogen mass-ppm 5 9.8 8000 2100 

Sulfur mass-ppm 6 2 580 1300 
 

 

Refined algal oils are obvious candidates for conversion to hydrocarbon fuels whereas crude 

algal oils present challenges for processing to fuels without additional pre-treatment.  In addition 

to light fuels, synthetic paraffinic kerosene (SPK) and diesel were recovered from the reactor 

effluent by gas/liquid separation and fractional distillation. 

As shown in Table B.8 and Figure B.10, The SPK fraction meets the bio-SPK jet fuel component 

ASTM D7566 [159] specifications for density, freeze point, flash point and distillation.  Table 

B.9 illustrates that the co-product diesel fraction meet requirements for ultra-low sulfur diesel.  
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Table B.8: Properties of algal derived Synthetic Paraffinic Kerosene (SPK) 

Property D7566 Algal SPK 

Density 
(g/Liter) 

730 to 770  Range 755.2 

Freeze -47oC  Jet A-1   Max 
-40oC Jet A       Max 

-48.6oC 

Flash 38oC                 Min 42.5oC 

 

 

 

 

Figure B.10: Distillation Curve of algal derived Synthetic Paraffinic Kerosene (SPK) 

 

Table B.9: Properties of algal derived Green Diesel 

Property Algal Diesel ULS Distillate Fuels 

Sulfur (ppm) 1 15 Max 

Flash (oC)  59.5 54 Min 

Cetane (derived)  94 41 Min 
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B.8 Considerations Authors Included for Growth 

In this secation are calculations and important assumptions for single harvesting/dewatering/fuel 

conversion scenario involving UOP Renewable Jet technology. Data inputs were gathered from a 

FAA/NASA/Transport Canada report authored by Stratton et al.  [46]. To convert kg algae to MJ 

biofuel, it was assumed that algae contain 25% oils by mass, which can be converted to biofuels 

at a 95% efficiency, with an ultimate fuel energy content of 44 MJ/kg.  

Algae harvesting: Assumed to take place using a settling tank with flocculants added. Assumed 

energy requirements (46.9 Btu/kg algae) were reduced 15.7% to account for improved 

technology since the time of data collection for settling pond studies, as stated in report.  

Algae dewatering /drying: Assumed roughly 10,000 Btu / kg algae required according to Figures 

20 and  21 in report [46], assuming minimal secondary centrifugation required to concentrate 

algae after settling pond and prior to drying. Burdens reduced by 15.7 % to account for 

technological improvements as stated in report.  

Algae oil extraction: Inputs were taken from [46]. Environmental burdens from hexane and 

steam were tabulated in a similar manner to other life cycle inputs detailed in this report. Energy 

requirements were summed with the requirements for harvesting and dewatering.  

Many different scenarios for providing internal and external energy to account for algae biomass 

dewatering are presented in this report and elsewhere in the literature, all of which depend on 

particular assumptions surrounding ultimate use of co-products and allocation of environmental 

burdens between algae products. To simplify this assessment for the purposes of this study, it 

was assumed that half of this energy requirement is provided by natural gas, with the associated 

environmental burdens.  
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Conversion to Renewable Jet fuel: Inputs for this life cycle stage were provided by UOP and 

were consistent with the data provided to Stratton [46] in the 2010 report.  

Transport stages:  Intermediate transport of unprocessed algae oil and processed Renewable Jet 

fuel were accounted for using assumptions provided in Stratton [46].  

In Table B.10, authors are compared on some of the life cycle inputs they considered during 

growth.  The definition of each category is located below.  

Infrastructure – some infrastructure included, or considered the bulding and maitenance of either 

the raceway or the entire facility 

RM Transport – transportation of chemicals and other inputs to the raceway 

CO2 Source – provided a possible source for CO2  

Water Use – the amount of water used for cultivation of algae 

Nutrients - added chemical fertilizers to the raceway 

CO2 Delivery – considered the energy required to deliver the CO2 to the raceway facility 

Water Delivery – considered the energy required to recirculate water around the raceway facility 

Gas Injection – energy required to pump the gases into the raceway 

Water Agitation – energy reported for a paddle wheel or any other agitation used 
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Table B.10: Considerations authors included for microalgae growth 

      Energy for 

Author Infrastructure  
RM 

Transport  
CO2 

Source  
Water 
Use 

Nutrients CO2 
Delivery 

Water 
Delivery 

Gas 
injection 

Water 
agitation 

Stephenson √  √ √ √   √ √ 

Kadam   √  √ √  √  

Lardon √ √  √ √ √ √ √ √ 

Sander   √      √ 

Jorquera √ √  √    √  

Razon    √ √   √ √ 

Campbell   √ √ √ √ √ √ √ 

Clarens √  √ √ √  √  √ 

Khoo   √ √ √ √  √ √ 
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APPENDIX C 

ALGAE PROCESS DESCRIPTION (APD) USE AND CALCULATIONS 

 

This appendix explains how to use the Algae Process Description (APD) [39], by using the 

analysis in Chapter 3 as an example.  This program analyzes fuel-cycle energy use and emissions 

for microalgae to biofuels production process. APD passes material and energy information to 

GREET 1 [40], which in turn determines the environmental impacts. APD models up through 

fuel conversion for the microalgae to biofuel production process.   

The way to use the program is to have both APD and GREET 1 in the same folder.  

Technologies are chosen APD under each tab, “Growth & 1st Dewater”, “Remaining 

Dewatering” and “Extraction”.  Other tabs present include “CO2”, “Nutrients”, “Recovery” and 

“Materials”.  For the analysis in Chapter 3, only the “Remaining Dewatering” and “Materials” 

tabs were adjusted.  A brief description of each tab and any changes made will be given below.  

Any additional information on this program and how it works can be found in the user manual 

[160].  

 

C.1 CO2 Tab 

Carbon dioxide is modeled as both recycled through the system and delivery to the plant 

location.  The user can make selections of scenarios provided by APD, or they can add a custom 

one.  Appropriate information is provided for each case, which includes the energy consumed by 

each process.  To add a custom scenario, material and energy information is input in the same 
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styles as the technologies under the “Net-Process Summary”.  Energies are presented as kWh/g-

CO2.  The custom scenario is adjusted under section 3, titled “Calculations of Energy 

Consumption for Each State”.  Other variables that can be reported in this section include the 

amount of CO2 recovered and a breakdown of the type of energy consumed.   

 

C.2 Nutrients Tab 

Macronutrient requirements for the microalgae are calculated under this tab.  Included is a 

nutrient mass balance that considers the path of the algae and the amount that can be recovered 

in various sections.  The defaults within APD were used and are 0.00954 g/L of NH3 and 

0.00859g/L of (NH4)2HPO4.   

 

C.3 Growth and 1st Dewatering Tab 

This tab models algal growth in open ponds.  Water and nutrient use is calculated in the 

“Calculations of Energy Consumption for Each Stage”.  Individual nutrients can be added in this 

section by using the drop down menu, which references nutrients available in the “Materials” 

tab.  That tab will be discussed later.  The initial dewatering occurs through bioflocculation. The 

algae output concentration after this process at 1 g/L and the algae retention of 90% were 

defaults that were used in this section. 
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C.4 Remaining Dewatering Tab 

 This tab models dewatering to bring the algae concentration from 1% solids up to 20%, as per 

the requirements for extraction.  There are eight technologies modeled in the program, dissolved 

air flotation, three types of filter press that differ on total suspended solids, a rotary press, 

thermal drying, centrifugation and flocculation. There is also room to add custom technologies. 

Each technology reports the recoverable CO2, the amount of materials used as g/g-algae and 

energy use as kWh/g-algae.  The discussion of the analysis in Chapter 3 is discussed in Section 

C.8.   

 

C.5 Extraction Tab 

This tab models the removal of the lipids from the algal cell.  There are three technologies 

modeled in this tab, pressure homogenization, hexane extraction, and the NREL wet extraction.  

The output algae concentration from the previous tab of 20% is what was required for the NREL 

wet extraction technology, which was used for analysis.  This technology also required the 

pressure homogenization step.  Each technology reported the materials in g/g-algae out and 

energy in kWh/g-algae out. 

 

C.6 Recovery Tab 

Anaerobic digestion is used in this modeled process to recover energy and nutrients from the 

lipid extracted algae. Also modeled in this section is catalytic hydrothermal gasification, 

specifically the Genifuel process.  There is also the possibility to add custom scenarios.  Material 
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and energy information is presented as g/g-algae digested and kWh/g-algae digested. Anaerobic 

digestion also provides the amount of water that can be returned to cultivation in L/g-algae out. 

 

C.7 Materials Tab 

In this section, all materials used throughout the program are listed.  This is so they are present in 

the dropdown menus.  New materials could be added to the custom cells.  Also present in this tab 

is the heat capacity and density for water and the lipid mixture.   

 

C.8 APD Use for Experimental Dewatering Technologies 

C.8.1 APD Changes 

To modify this program for the dewatering technologies, changes were made in the “Remaining 

Dewatering” and “Materials” tab.  For the “Remaining Dewatering” tab, all of the experimental 

technologies were added under the Net-Process Summary table.  This is also the location of the 

technologies available by the program.  Each technology reported the recovery efficiency and the 

energy use in kWh/g-dry-algae.  Also reported with each technology was the material use in 

kg/kg-dry-algae.  The next step was to update the Calculations of Energy Consumption for Each 

Stage table.  The input per unit output was defined for each technology, which are the grams of 

input algae required to produce one gram of dewatered algae.  For each technology, this was 

found by dividing one by the recovery efficiency.  Also added to this table is the recoverable 

CO2, which was zero for each technology.  Each material used was reported as the grams needed 

per gram of algae.  The electricity for each process was reported in the same way as before.  
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C.8.2 GREET 1 Changes 

Changes were made in GREET 1 to ensure that it would work properly with APD.  Not all of the 

materials that were used for the dewatering technologies were available in GREET 1.  To add 

these materials, under the “Algae” tab the custom columns in the material table starting on row 

350 were changed.  For the materials added, just the energy for material production was reported.  

This was put in the total energy cell, row 352, in Btu/kg-material.  Also changed was the table 

starting in cell O2.  This table is adjusted with the materials that were added into APD, ensuring 

that the names are exactly the same.  The custom material cells were changed.   

 

C.8.3 GREET 1 Results 

Once all of these changes were made, then the results could be found.  First, the technologies 

were chosen in APD.  For the experimental data, a centrifuge was added to get the concentration 

up to 20%.  For centrifugation, the incoming solids concentration was changed to reflect the 

output concentrations for each technology.  Once all parameters were set, the “Copy APD 

Results to GREET” button was selected under the “Copy to GREET” tab in APD.  APD sends 

the material and energy information to GREET.  Under the “Results” tab in GREET 1, there are 

numerous results for different types of fuels.  To get the results for renewable diesel, which APD 

models, the table for “CIDI Vehicle: Algae-based RDII 100” is selected.  This table reports the 

energy use and emissions for the feedstock, fuel and vehicle operation.  In order to get WTW 

GHG emissions, some calculations were made.  First, the well–to-pump (WTP) emissions were 

found by the equation below in grams per million BTU: 
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WTP GHG Emissions ( gMMBtu, � -Feedstock GHG ( gmile, 0 Fuel GHG ( gmile,
Vehicle Operation Total Energy ( Btumile, 5 6 107BtuMMBtu 

 

To determine the pump-to-wheel (PTW) emissions the equation below was used:   

PTW GHG Emissions ( gMMBtu, � - Vehicle Operation GHG ( gmile,
Vehicle Operation Total Energy ( Btumile,5 6 107BtuMMBtu 

 

To get the WTW GHG emissions, the WTP and PTW emissions are added together. 
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APPENDIX D 

INFRASTRUCTURE EMISSIONS CALCULATIONS 

 

This section describes the calculation of materials utilization for the algal biofuel production 

baseline facility design described in the main article. Calculations determine the amount of steel, 

concrete, plastic, and excavation required. Concrete structures typically require steel 

reinforcement bars (“rebar”). The facility steel was categorized into either recycled steel for 

rebar, or virgin steel for all other steel. Non-rebar steel is largely located in equipment like 

centrifuges and chemical process vessels / columns. Rebar requirements were not given for many 

structures. Based upon discussions with engineers [61] regarding the paddlewheel footings, it 

was assumed that concrete less than one foot thick would require an 8” mesh of 3/8 inch 

diameter rebar and that concrete thicker than one foot would require two layers.  The method for 

normalizing to kg/m2/day was explained in Chapter 4. 

 

D.1 Growth Ponds 

In the Lundquist, et al., [51] design, the growth ponds were 4 ha raceways lined on the bottom 

with clay. The berms were constructed from earth and were covered with plastic geomembrane 

made from HDPE. A geotextile cloth beneath the liner reduces punctures and abrasion [52]. In 

the harmonization report, the entire pond was lined with plastic, and both scenarios (clay-lined 

and plastic-lined) are evaluated here.  For the remainder of the report, the clay-lined case is 

called “unlined” and the plastic-lined case is referred to as “lined”. For the unlined scenario, 
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transportation of clay to the site was not considered, and it was assumed that the local soil was 

used directly.  

Pond related calculations determined earth movement and material amounts for the liner, 

geotextile cloth, and for concrete associated with the paddle wheel and the carbonation sump 

based upon data in [51], especially Figures 5.7 through 5.9, the berm width to height ratio of 

2.5:1, as well as private communication with the authors [52]. 

Lundquist, et al., [51] reported that the ponds were built by grading the earth to build up the 

berms.  Exact details of construction were not determined in that study.  Since the volume of 

earth moved and time of machinery operation depend upon the grade and other site specific 

factors, this analysis determined an upper limit for earth movement by treating the construction 

as if it were an excavation of the total pond volume relative to a level surface. To determine the 

volume of excavated material, the pond surface area was multiplied by the berm height (0.9 m). 

The excavation volume for each raceway was 36,600 m3 based upon a 690 m long pond, 60 m in 

width, with 60 m diameter circular end caps. 

For the baseline, ponds were lined (berms and floor) with 40 mil HDPE and with geotextile 

covering a surface area of 49,400 m2. In the unlined scenario, only the berms are lined, requiring 

9,420 m2 of material [52]. Three weight options were found for the polypropylene geotextile 

cloth namely 136, 203 and 271 g/m2 [161-163]. These weights were averaged to give a value of 

203 g/m2. 

Concrete was used to support the paddle wheel (paddlewheel base) and prevent agitation of the 

pond bottom (paddlewheel slab).  It was also used in the carbonation sump. The volume of 

concrete for each pond was 53 m3 [52]. Reinforcing bar (rebar) would be required in the 
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paddlewheel base and carbonations sump [52]. The thickness of both the carbonation sump and 

the paddlewheel base was not known; however, all dimensions of the slab for the paddlewheel 

base were known at 30 m long, 3 m wide and 0.305 m thick.  The entire amount of rebar used in 

the growth ponds was found by knowing the volume of concrete to mass of rebar ratio in the 

paddlewheel slab, then assuming this ratio would be true for the entire volume of concrete.   

Using the length of the concrete slab at 30 m and width at 3 m, two layers of rebar would be 

required.  The length was divided by the bar spacing of 0.2032 m to give 294 bars, each with a 

length that was equal to the width at 3 m.  Dividing the width by the bar spacing required 28 

bars, each of 30 m in length.  The concrete volume to rebar mass ratio in the concrete slab was 

0.02866 m3/kg.   Dividing the total concrete per pond, 53 m3, by this ratio gives 1,849 kg of rebar 

per pond.   

In summary, all growth ponds required 2.50x10-4 kg/m2/day of concrete, 4.16x10-6 kg/m2/day of 

recycled steel and 8.92x10-5 m3/m2/day of excavation, regardless of lining scenario. For the 

baseline, 1.09x10-4 kg/m2/day of HDPE and 2.25x10-5 kg/m2/day of polypropylene were 

required. For the unlined scenario, 2.97x10-5 kg/m2/day of HDPE and 6.12x10-6 kg/m2/day of 

polypropylene were needed.  

 

D.2 Inoculum Ponds 

Inoculum pond design was based on Lundquist, et al., [51]. There were three inoculum stages: 

Photobioreactors for initial preparation, plastic covered raceway ponds of a much smaller scale 

than the 4 ha growth ponds, and full size raceway ponds entirely lined with plastic.  The 

photobioreactors make up less than 0.1% of the total production area. Their contribution was 
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considered negligible and therefore not included.  The smaller inoculum ponds made up 1% of 

the area of the growth ponds, and the 4 ha inoculum ponds made up 10% of the area of the 

growth ponds.  The approach for liner, geotextile cloth, concrete and excavation calculations was 

to use the results for all 1,013 lined growth ponds for the baseline and multiply the material and 

excavation volume by 1% for the smaller ponds and 10% for the larger ponds.   

The small-scale inoculum ponds were covered with a plastic greenhouse shelter liner to prevent 

contamination.  The cover was made from woven polyethylene [52] and was assumed to be 6 mil 

thick LDPE plastic because the material is the cheapest [164] and most popular [165] of all 

construction materials. The total volume of LDPE, 61.7 m3/pond, was found by multiplying the 

total covered inoculum pond surface area by the LPDE thickness. Rebar calculations were found 

in the same way as for the growth ponds,   

In summary, inoculation infrastructure required 2.752x10-5 kg/m2/day of concrete, 4.57x10-7 

kg/m2/day of recycled steel, 1.204x10-5 of HDPE, 1.267x10-7 kg/m2/day of LDPE, 2.480x10-6 

kg/m2/day of polypropylene, and 9.041x10-6 m3/m2/day of excavation. 

 

D.3 Settling Tanks 

The first dewatering step from the harmonization report [50] involved 13 above-ground settling 

tanks, each holding a volume of 2.25 million gallons.  CapdetWorks [54] was used to determine 

standard practice. CapdetWorks specified concrete tanks, provided dimensions for the 40,000 ft2 

used in the algae baseline, and determined slab thickness and excavation, Table D.1. 
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Rebar for circular settling tanks was calculated in the same way as the growth ponds by 

separating the calculations into the concrete slab and the concrete walls. Each settling tank 

required 3,463 bars at 1.62 m in length and 7 bars at 703 m in length for the walls of the tank.  

The base contained 312 total bars, each 63.6 m long.  

 

Table D.1: Concrete settling tank design specified in CapdetWorks [54]. 

 Value 
Surface Area of Tank 3,720 m2 
Diameter of Each Tank 68.8 m 
Excavation Volume for all Tanks 196,300 m3 
Slab Thickness 0.245 m 
Volume of Concrete Slab for all Tanks 12,883 m3 
Wall Thickness 0.267 m 
Volume of Concrete Walls for all Tanks 1,976 m3 

 

An alternative settling tank design by Lundquist, et al., [51] was also considered. This design 

involved in-ground tanks with concrete bottoms and were lined with plastic. The tank geometry 

in Table D.1 was assumed, but concrete was only required for the slab. Rebar was also accounted 

for in the slab. The excavation volume was found from the tank volume plus the concrete slab 

volume.  An HDPE liner covered the walls and was assumed to have the same specifications as 

used in the pond design.  

In summary, 6.924x10-5 kg/m2/day of concrete, 8.05x10-7 kg/m2/day of recycled steel and an 

excavation volume of 4.356x10-7 m3/m2/day were required for the baseline concrete tank design. 

For the alternative in-ground design, 6.003x10-5 kg/m2/day of concrete, 6.36x10-7 kg/m2/day of 
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recycled steel, 1.408x10-8 kg/m2/day of HDPE and 2.743x10-7 m3/m2/day of excavation volume 

were required. 

 

D.4 Dissolved Air Flotation (DAF) 

The DAF system specification of 15.72 million gallons per day (MGD) with an inlet 

concentration of 1% solids [50] was evaluated with CapdetWorks [54].  The results are in Table 

D.2.  One advantage of using the software is that it takes into account facilities design to support 

the DAF system, and those values were included in the results. With regard to rebar, each DAF 

unit required 188 bars that were 6.76 m long and 33 bars that were 38.3 m long.  The slab 

required 474 bars, all 96.5 m long.  In summary, 2.474x10-5 kg/m2/day of concrete, 2.23x10-7 

kg/m2/day of recycled steel and an excavation volume of 7.608x10-8 m3/m2/day were required for 

construction. 

 

Table D.2: Material results for the entire DAF system as designed by CapdetWorks [54]. 

 Value 
Surface Area per Unit 116 m2 

Diameter per Unit 12.2 m 
Sidewater Depth 2.63 m 
Number of Units 71 
Area of Flotation Building 12,400 m2 
Slab Thickness 0.256 m 
Volume of Concrete Slab for all Units 2680 m3 
Wall Thickness 0.288 m 
Volume of Wall Concrete for all Units 2,630 m3 
Volume of Earthwork for all Units 31,000 m3 
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D.5 Dewatering Centrifuge 

The final dewatering step involved a solid bowl centrifuge [166] that processed 2.4 million 

gallons per day. The largest centrifuge found was the Westfalia UCD 755 [167] with a 

processing capacity of 150,000 L/hr. Thus, four units are needed when one spare is required. The 

manufacturer specification for the weight of each centrifuge, assumed to be virgin steel, is 

13,500 kg.  The centrifuge housing infrastructure was estimated with CapdetWorks to be a 

building with a concrete slab surface area of 136 m2.  The thickness of the slab was not provided 

and was assumed to be 1 ft, which may overestimate the amount, but the total concrete used in 

this section was insignificant compared to the growth ponds.  With this assumption, 87,100 kg of 

concrete was required. The dewatering centrifuge base contained 114 bars that were each 11.7 m 

long.  In summary, the centrifuge required1.198x10-7 kg/m2/day of virgin steel, 3.28x10-9 

kg/m2/day of recycled steel and 1.93x10-7 kg/m2/day of concrete. 

 

D.6 Homogenizer Calculations 

The homogenizer model [50] was based on a vendor quote from MicroSludge with each unit 

processing 17 gpm and requiring 28 overall units [166]. The weight of each unit [168], assumed 

to be steel, was 5,443 kg.  In summary, the homogenizer required 3.38x10-7 kg/m2/day of virgin 

steel. 
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D.7 Liquid/Liquid Extraction Column 

The packed liquid/liquid extraction column design was based on inlet flow, giving a height of 9.1 

m and a diameter of 3.7 m.  The model operated at atmospheric pressure with six packed 

equilibrium stages and the entire column was made from virgin steel.  A column of this exact 

size was not found, so one with similar properties [169] (steel, packed, similar height) was used 

and replicated to meet the required volume.  The replication column was 7.4 m tall, 1 m 

diameter, made from 304L stainless steel, weighed 7,000 lb. and was packed with stainless steel 

Raschig rings [169]. The baseline design flow required 17 of these columns, totaling 53,700 kg.  

Stainless steel packing was considered the baseline design. The stainless steel packing came in 

various sizes [170].  The one with the largest density at 571 kg/m3 was used for evaluation 

because they have the highest surface to volume ratio and would be the most efficient for 

separation. This size choice also showed the largest possible effect from packing material 

because it was the largest material amount, 54,900 kg. Hexane has no reactivity with, and is 

highly compatible with, plastics like PVDF and PTFE [171]. PVDF was available as a packing 

material [172] and was evaluated as an alternate choice to stainless steel.  For the same reasons 

as before, the highest density material was used, 102 kg/m3.  

In summary, for the baseline scenario (steel packing), 2.41x10-7 kg/m2/day of virgin steel was 

needed. For a PVDF packed column, material requirements were 1.19x10-7 kg/m2/day of 

stainless steel and 2.17x10-8 kg/m2/day of PVDF.  
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D.8 Extraction Centrifuge Calculations 

Disk stack centrifuges [50] are used in the extraction step model. Five units with a processing 

capacity of 250 gpm handle the specified flow.  The Alfa Laval model BD 95 unit (3200 kg) was 

chosen for this application [173] and the mass treated as steel. The concrete slab to support the 

centrifuges was designed in CapdetWorks [54] For rebar, the extraction centrifuge required 124 

bars, all 12.6 m long, for a normalized value of.  In summary, the extraction centrifuges required  

3.55x10-8 kg/m2/day of virgin steel, 9.96x10-8 kg/m2/day of concrete and 1.93x10-9 kg/m2/day of 

recycled steel.  

 

D.9 Stripping Column 

The stripping column in the algae baseline was 12.2 m tall with a 4 m inside diameter, and 

operated at 315 °C [166].  The column model used here [174] was made from 304L stainless 

steel, operated at a maximum temperature of 343 °C [174], had 1.1 m inner diameter, was 9.8 m 

tall, and weighed 12,000 lbs.  It was replicated in the same way as the extraction column to 

handle the total flow, resulting in 17.2 columns.  In summary, the stripping column required 

2.08x10-7 kg/m2/day of virgin steel. 

 

D.10 Anaerobic Digestion 

Two scenarios were evaluated for anaerobic digestion, a baseline high rate above ground design 

and a lower cost design by Lundquist et al. [51].  The high rate design utilized primary and 

secondary tanks to facilitate digestion and mitigate fugitive methane emissions. 
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D.10.1 Baseline Design 

The baseline design[166]{{2172 Davis, R.}}[50] called for a 20 day residence time, 2.29 MGD 

flow rate, 1,015 kg/m3 density and 4.9% total solids. Assumptions used for anaerobic digestion 

calculations include 0.9 kg VS/kg TS, and 2.0 kg VS/m3/day loading rate. The digest liquid 

volume was divided by 0.9 to provide head space for gas collection. These assumptions and 

requirements imply a total digester volume of 57 million gallons. The largest tank size in the 

CapdetWorks technical reference [55] was used at 35 ft tall and 110 ft in diameter, with a 

volume of 2.82x106 gal. The minimum number of tanks required was 21. Actual wastewater 

facility designs typically use even numbers of tanks; however this detail is disregarded here. The 

system design was put into CapdetWorks [54] to determine the material requirements for 

construction.  The specifications determined by the program are located in Table D.3.  

After AD, the sludge went to a centrifugation step to remove residual water.  The centrifuge 

system was also designed in CapdetWorks [54], Table D.4, by assuming 7 operational days per 

week and 24 operating hours per day, therefore minimizing the number of centrifuges required.  

The CapdetWorks [54] design called for seven centrifuges, but one spare was added, bringing the 

total to eight.  The system design is shown in Figure D.1.  

The infrastructure material utilization associated with dewatering was found from the weight of 

the centrifuges and concrete required for the enclosing building.  The incoming flow from 

CapdetWorks [54] was reported as 5,310 m3/day or 221 m3/hr.  The Westfalia Decanter UCF 406 

[175] centrifuge processed a maximum flow rate of 40 m3/hr.  Each of the 8 centrifuges weighed 

2,850 kg which were treated as virgin steel.  The surface area of the facility, as designed by 

CapdetWorks [175], was 174 m2.  The concrete slab was assumed to be at 1 ft thick.   
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Rebar for AD was computed for the digester base and walls and for the slab supporting the 

digestate dewatering centrifuges. The walls of each digester required 1,554 bars that were 10.7 m 

long and 156 bars that were 105.3 m long.  The base of each digester needed 584 bars, all 29.7 m 

long. The centrifuge base required 500 bars that were 25.5 m long.  

In summary, the infrastructure materials for anaerobic digestion and centrifugation combined in 

the baseline design were: 262,000 kg of virgin steel, 24,200 m3 of concrete, 1,400,000 kg of 

recycled steel and an excavation volume of 223,000 m3, corresponding to 5.82x10-7 kg/m2/day of 

virgin steel, 1.13x10-4 kg/m2/day of concrete, 3.14x10-6 kg/m2/day of recycled steel and 4.95x10-

7 m3/m2/day volume excavated.  

 

Table D.3: Anaerobic digestion system design as provided by CapdetWorks [54] for specified 
tank dimensions and number of tanks for the entire AD unit operation. 

 Value 
Diameter 110 ft 
Side Water Depth 35 ft 
Total Digester Volume 224,000 m3 
Number of Batteries 7 
Number of Primary Digesters per Battery 2 
Number of Secondary Digesters per Battery 1 
Slab Thickness 0.322 m 
Volume of Concrete Slab for all Digesters 6,360 m3 
Wall Thickness 0.636 m 
Volume of Concrete Wall for all Digesters 17,800 m3 
Piping Size 0.305 m 
Total Piping Length 3,000 m 
Volume of Earthwork for all Digesters 223,000 m3 
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Table D.4: Centrifuge system designed by CapdetWorks [54] to remove water from the sludge 
after AD. 

 Value 
Number of Centrifuges 7 
Operational Hours per Day 24 
Operational Days per Week 7 
Power Required per Centrifuge 130 kW 
Surface Area of Building 174 m2 

 



 

Figure D.1: Layout of the anaerobic digestion facility, containing 21 total digesters and 8 centrifuges.

 

anaerobic digestion facility, containing 21 total digesters and 8 centrifuges.
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D.10.2 Lundquist et al. AD Design 

The design by Lundquist, et al., [51] had 10 in-ground tanks, each of which was 17 m wide, 122 

m long and 4.3 m deep.  The digesters had concrete floors and were lined with plastic. The 

loading rate was 0.8 kg VS/m3/day and for a residence time of 30 days, the required total volume 

was 43,000 m3. In order to compare the two anaerobic digester designs, the baseline input flow 

was put into the new tank design with the same individual tank volume, residence time and 

loading rate from Lundquist, et al. [51].  

The total volume of all digesters was found to be 142 million gallons. The number of 43,000 m3 

tanks was 126 tanks. Each tank required 65 m3 of concrete and 4,300 m2 of 30 mil HDPE liner 

[52]. It was assumed that a centrifugation step would be required, so the same CapdetWorks [54] 

material results from the baseline were used.  For each digester, the rebar in the concrete floor 

required 83 bars that were 122 m long and 600 bars that were 17 m long.  The excavation volume 

was found by summing the tank volume and the volume of concrete for the floor. 

In summary, , 1.35 x10-5 m3/m2/day of excavation,  4.25x10-5 kg/m2/day of concrete, 5.56x10-8 

kg/m2/day of virgin steel, 3.16x10-6 kg/m2/day of recycled steel and 9.83x10-7 kg/m2/day of 

HDPE are required.  

 

D.11 Makeup Water System 

The makeup water system provided fresh water to account for evaporation loss in the growth 

ponds.  The makeup water model used that of Benemann, et al., [53] in which the piping network 

and pipe diameters are described for a 2,000 acre facility.  Their design was put on per square 
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meter per day basis and it was assumed the design for the baseline scenario had similar material 

requirements. The pipe diameters and lengths are listed in Table B5. The water system piping 

was assumed to be Schedule 40 PVC [176] through 24” which was the maximum diameter PVC 

pipe available [176].  The 30” and 42” pipes were made from concrete [177].  The concrete pipes 

were reinforced with rebar, (See Section D.13).  

 

Table D.5: Pipe and system dimensions for the makeup water system as described by Benemann 
[53]. 

 Value 
Length of 12" Pipe 488 m 
Length of 18" Pipe 2,926 m 
Length of 24" Pipe 2,682 m 
Length of 30" Pipe 305 m 
Length of 42" Pipe 31 m 
Length of Supply Channel 1,219 m 
Storage and Conditioning Pond Volume 45,307 m3 

 

For the supply channel, in order to calculate the volume of earth removed, some assumptions 

were made. The flow through the channel was double the flow through the 30” pipe.  It was 

assumed the minimum area for the channel was 0.91 m2, double the cross sectional area of the 

pipe. This value was increased by 50% to guard against overflow, bringing the value to 1.37 m2.  

With these assumptions, the volume of extracted earth was 1,668 m3.  

The storage and conditioning pond was assumed to be an unlined pond (baseline) but a scenario 

with HDPE lining was also evaluated.   The volume of earth extracted equals the pond volume, 

or 45,300 m3. For the lined case, the liner area was computed as 132,000 ft2 by assuming a 

square configuration (337 ft sides) with the Lundquist, et al., [51] AD depth of 4.3m. The 
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thickness and material of the liner was assumed to be the same as the growth ponds, namely 40 

mil HDPE with a geotextile underlayment. These specifications correspond to 12.5 m3 of liner 

material with 2,500 kg of geotextile.  

A pumping station brought water through the channel to the storage and conditioning pond.  The 

station was designed in CapdetWorks [54] to bring 36.8 ft3/s or 16,500 gpm of water with 30 m 

head as specified in the harmonization report [50]. The high performance irrigation pumps, 

model B10JRBH made by Berkeley, were chosen because they provided 5,064 gpm each [178].  

Based on CapdetWorks [54] calculations, eleven pumps were required, with an extra added in 

case of equipment failure, bringing the total to twelve pumps. With twelve pumps, each at 544 

kg [179], the total amount of cast iron required was 6,530 kg.  The pumping station required 645 

m3 of concrete and 4,410 m3 of earth removed.   

All material values were multiplied by a scaled productivity, which was the baseline productivity 

divided by Benemann’s [53] value of 30 tons/acre/year.  These results were then divided by the 

pond surface area of the 2,000 acre facility and the operation days to arrive at normalized values.  

In summary, 1.87 x10-6 kg/m2/day of PVC, 5.07x10-7 m3/m2/day of excavated earth, 5.84x10-8 

kg/m2/day of cast iron and 2.37x10-5 kg/m2/day of concrete were required. 

 

D.12 CO2 Distribution System 

The flue gas distribution system described in Benemann, et al., [53] was normalized in the same 

way as the makeup water system. The piping requirements derived from [53] for the entire 

production facility is in Table D.6. All pipes were made from concrete, with the thickness 

depending on pipe size. Reference [177] provided the pipe wall thickness for pipe designed to 
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withstand the weight of a truck with up to 50,000 lbs per axle, from which the concrete weight 

was computed. Note that the Federal bridge limit is 20,000 lbs per single axle [185]; thus, 50,000 

lbs/axle gave a plausible engineering safety factor. The volumes of each pipe were added 

together to give a total concrete volume of 9,017 m3.  The system also required nine turbo 

blowers each with a flow rate of 10,000 ft3/min and weighed 9,100 kg a piece [180].  It was 

assumed the entire mass was virgin steel, requiring 81,900 kg of the metal.  Rebar requirements 

are discussed in Section S.13. Material amounts were normalized in the same way as the makeup 

water system.  In summary, 7.32x10-7 kg/m2/day of virgin steel and 1.69x10-4 kg/m2/day of 

concrete were required.   

 

 

Table D.6: Pipe specifications for the case of using flue gas for the carbon source [53]. 

Pipe ID Length (ft) Diameter (inches) 
Main Flue Gas Delivery Pipe 15,840 80.4 

L1 2,400 54 
L2 600 42 
L3 1,200 36 
L4 1,200 33 
L5 1,200 30 
L6 1,200 21 

 

D.13 Rebar for Water and CO2 Distribution Systems 

Concrete pipes can be made of just concrete or a combination of concrete reinforced with steel, 

called reinforced concrete pipe (RCP).  RCP is recommended when there are live load conditions 

or when pipe failure could endanger life or property [181].  It is assumed that both of these 
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conditions would occur in the plant design, therefore all concrete pipes are RCP.  It is also 

assumed that the reinforcements are made from recycled steel.  The amount of steel required 

depends on the structural integrity of the pipe.  RCP is separated into different classes, with 

higher class values corresponding to pipes that can withstand larger loads [182], Table D.7.  

Since the required strength of each pipe was not known in this conceptual design level analysis, 

the highest and lowest available class numbers were examined, Table D.8.  The two classes had 

different cage weights, so the average of the two was used for calculations.  This value was 

multiplied by pipe length to give the overall mass of steel.  Results for each pipe are found in 

Table D.9.   

The mass of recycled steel required in the makeup water system for the design in [53] was 4,474 

kg.  The CO2 distribution system required 753,862 kg.  Both masses were multiplied by a scaled 

productivity, which was the baseline productivity divided by the Benemann et al. [53] value of 

30 tons/acre/year.   These results were then divided by the pond surface area of the 2,000 acre 

facility and the operation days to give normalized values.  In summary, the amount of virgin steel 

required for both the makeup water system and the CO2 distribution system were 3.63 x10-7 

kg/m2/day and 6.09 x10-6 kg/m2/day respectively. 
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Table D.7: ASTM C76 specifications for reinforced concrete pipe (RCP) [183]. 

Pipe Class 
D-Load 0.01” 

(lb/ft/ft) 
D-Load  Ultimate 

(lb/ft/ft) 
I 800 1,200 
II 1,000 1,500 
III 1,350 2,000 
IV 2,000 3,000 
V 3,000 3,750 

 

Table D.8: Reinforced concrete pipe (RCP) concrete strength and steel cage weight for the 
lowest and highest pipe classes [182]. 

Pipe Diameter 
(in) 

Pipe 
Class 

Wall 
Thickness 

(in) 

Concrete Strength 
(psi) 

Cage Weight 
(kg/ft) 

Average 
Cage Weight 

(kg/ft) 

21 
III 3 ½ 4,000 1.30 

1.40 
V 3 ½ 6,000 1.50 

30 
II 4 ¼ 4,000 1.80 

3.56 
V 4 ¼ 6,000 5.33 

33 
II 4 ½ 4,000 1.90 

4.54 
V 4 ½ 6,000 7.18 

36 
II 4 ¾ 4,000 3.39 

6.05 
V 4 ¾ 6,000 8.70 

42 
II 5 ¼ 4,000 5.06 

9.13 
V 5 ¼ 6,000 13.20 

54 
II 6 ¼ 4,000 8.80 

17.60 
V 6 ¼ 6,000 26.40 

84 
II 8 ¾ 4,000 28.11 

43.40 
IV 8 ¾ 5,000 58.69 
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Table D.9:  Mass of recycled steel required for reinforced concrete pipe for the water and CO2 
distribution systems, averaged as described in the text. 

System 
Pipe 
Diameter 

Mass of 
Recycled 
Steel (kg) 

Makeup Water System 
30” 3,561 

42” 913 

CO2 Distribution System 

21” 1,676 

30” 4,273 

33” 5,449 

36” 7,256 

42” 5,477 

54” 42,244 

84” 687,487 

 

 

D.14 Combined Heat and Power (CHP) 

According to the harmonization report [50] the baseline scenario combusted the biogas after 

anaerobic digestion in a gas turbine.  This processing step was not evaluated in this study. 
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APPENDIX E  

NUTRIENT SUSTAINABILITY AND POTENTIAL SOURCES CALCULATIONS 

 

E.1 Nutrient Requirements  

The compositions for both Chlorella and Nannochloropsis were taken for three different lipid 

contents from Appendix A, with relevant nutrients summarized in Table E.1. To determine the 

mass of individual nutrients required, all molar amounts for all elements listed in Appendix B 

were converted to mass by their molecular weights, then to a weight percent.  To reach the target 

biofuel amount, the 19 BLPY was converted to lipids with an average density of biofuel at 0.88 

g/mL [59], by assuming no mass losses during production.  This gave a production requirement 

of 16.7 billion kg of lipids. Each of the six scenarios was divided by the lipid content to reach a 

mass of algae, Table E.2.  Finally, the mass of algae was multiplied by the weight percent of 

each nutrient.  For analysis, an average nitrogen, phosphorus and potassium mass requirement 

was found by averaging the three scenarios for each algae species.  The standard deviation is 

reported as the error.   
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Table E.1: Molar compositions of Chlorella and Nannochloropsis for one mole of carbon from 
Appendix A. 

Algal Species Lipid Content 
Nitrogen 
(mole) 

Phosphorus 
(mole) 

Potassium 
(mole) 

Chlorella 
(Appendix B) 

    
0.084 0.012 0.0005 0.00001 
0.241 0.0767 0.0024 0.00007 
0.422 0.1382 0.0063 0.0002 

Nannochloropsis 
(Appendix B) 

    
0.118 0.0915 0.0055 0.00008 
0.28 0.0983 0.0011 0.00087 
0.468 0.0828 0.0061 0.00007 

 

Table E.2: Mass of algae, nitrogen, phosphorus and potassium required to produce 19 BLPY of 
biodiesel for two algal species with various lipid contents. 

Algal Species 
Lipid 

Content 
Algae 

(billion kg) 
Nitrogen 

(109 kg as N) 
Phosphorus 

(109 kg as P2O5) 
Potassium 

(109 kg as K2O) 

Chlorella 

     
0.084 199 1.91 0.40 0.01 
0.241 69 3.54 0.56 0.01 
0.422 41 3.08 0.71 0.01 

Nannochloropsis  

     
0.118 142 8.80 17.51 0.04 
0.28 60 4.17 0.92 0.13 
0.468 36 2.00 4.90 0.01 

  

 

E.2 Hydrothermal Liquefaction 

In hydrothermal liquefaction (HTL), data was found [74], Table E.3, for both Chlorella and 

Nannochloropsis.  The initial nitrogen mass, oil yield and nitrogen mass in oil were all reported.  

The nitrogen lost in oil was calculated by assuming all nitrogen could be recycled, except for any 

present in the oil [68].  To arrive at this number, the nitrogen mass in the oil was divided by the 

initial nitrogen mass.  Additional nitrogen recycling values for Chlorella was also found [73], 

Table E.4, for different HTL catalysts and two operating temperatures.  All nitrogen recycling 
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percentages were averaged and reported with the standard deviation as the uncertainty.  This 

gave the nitrogen recovery at 74 ± 8% in Nannochloropsis and 86 ± 5% in Chlorella. 

 

Table E.3: Amount of nitrogen lost in the oil during hydrothermal liquefaction [74].   Nitrogen 
mass in oil, lost in oil and recycling percentages were calculated. 

Algal Species 
Initial Nitrogen 

Mass 
(kg/kg-algae) 

Oil Yield 
(kg-oil/kg-algae) 

Nitrogen Mass 
in Oil 

(kg/kg-oil) 

Nitrogen Lost 
in Oil 

Nitrogen 
Recycling 

Chlorella 
0.092 0.273 0.013 14.5% 85.5% 
0.082 0.358 0.020 24.4% 75.6% 

Nannochloropsis 
0.064 0.430 0.017 26.2% 73.8% 
0.063 0.570 0.022 35.0% 65.0% 
0.086 0.343 0.014 16.4% 83.6% 

  

Table E.4: Amount of nitrogen lost in oil during hydrothermal liquefaction, for differing 
temperatures and catalysts [73]. 

Operating 
Temperature 

Catalyst Used 
Nitrogen Lost in 

Oil 
Nitrogen 
Recycling 

300 °C KOH 10% 90% 
 Na2CO3 12% 88% 
 CH3COOH 20% 50% 
 HCOOH 10% 90% 
350 °C KOH 7% 93% 
 Na2CO3 10% 90% 
 CH3COOH 17% 83% 
 HCOOH 11% 89% 

 

E.3 Municipal Wastewater 

To calculate the potential amount of nutrients form wastewater, the nitrogen and phosphorus, 

concentrations were found for a variety of sources [59, 78, 184, 185], Table E.5. All 

concentrations were averaged, with the standard deviation reported as the error.  Nitrogen 

concentrations were 20±15 mg-N/L.  All phosphorus values in mg-P/L were converted to mg-
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P2O5/L and averaged, with the standard deviation reported as the error.  Phosphorus 

concentrations were 6.8±6.6 mg-P2O5/L.  Flow rates in billion liters per day (BLPD) and billion 

liters per year (BLPY) were found for the entire United States and the gulf region [77], Table 

E.6.  The total flow rate in the gulf region was the sum of the states at 6,713 BLPY.  To find the 

mass of nutrients that could be provided, the concentrations were multiplied by yearly flow rates.  

The amount of nitrogen available was 0.14±0.10 billion kg of N in the gulf coast and 0.9±0.6 

billion kg of N in the entire United States.  There were 0.046±0.044 billion kg of P2O5 available 

in the gulf coast and 0.31±0.30 billion kg of P2O5 in the entire United States.  
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Table E.5: Nitrogen and phosphorus concentrations for wastewater treatment plants around the 
United States [59, 78, 184] and types of wastewater [185]. 

Source 
Wastewater Treatment 

Plant 
Wastewater Type 

Nitrogen 
Concentration 

(mg-N/L) 

Phosphorus 
Concentration 

(mg-P/L) 

[78]  

Central Johnston County Influent 31.2 5.8 
Central Johnston County Effluent 2.14 0.26 

Fiesta Village Influent 33.2 3.85 
Fiesta Village Effluent 1.71 0.102 

Kalispell Influent 39.6 4.11 
Kalispell Effluent 10.6 0.12 

Clark County Influent 30.3 5.8 
Clark County Effluent 15.2 0.1 

Marshall Street Influent 28 5 
Marshal Street Effluent 2.32 0.13 

Norman M. Cole Jr. Influent 34.6 6.39 
Norman M. Cole Jr. Effluent 0.9 0.9 

North Cary Influent 56.4 7.7 
North Cary Effluent 3.67 0.38 

Western Branch Influent 23.9 3.7 
Western Branch Effluent 1.63 0.43 

[185] 

 BNR – Low 3 1 
 BNR – High 8 2 
 CAS – Low 15 4 
 CAS – High 35 10 

[59] Lawrence  19.5  

[184] 

Stickney Primary Effluent 29.7  
Stickney Secondary Effluent 11.3  
Hinsdale Primary Effluent 20.7  
Hinsdale Secondary Effluent 19.9  
Elmhurst Primary Effluent 34.1  
Elmhurst Secondary Effluent 22.5  
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Table E.6: Wastewater flow rates in the gulf region states and the entire United States [77]. 

Location 
Flow Rate 
(BLPD) 

Flow Rate 
(BLPY) 

Alabama 1.7 627 
Florida 5.8 2,135 
Louisiana 1.5 536 
Mississippi 1.0 354 
Texas 8.4 3,062 
Entire United States 122 44,691 

 

 

E.4 Concentrated Animal Feeding Operations (CAFOs) 

To find the potential nutrients supplied from CAFOs, the total number of animals [91] that 

provide meat, eggs and milk in the United States during 2006 was used in Table E.7.   

 

Table E.7: Number of animals providing meat, eggs or milk to United States consumers in 2006 
[91]. 

Animal 
Gulf Region  

(TX, LA, MS, AL, FL) 
Entire United States 

Hogs 4,863,075 206,807,181 
Dairy Cows 588,115 9,266,574 
Beef Cows 7,913,565 32,834,801 
Broilers 2,717,044,674 8,914,828,122 
Layer Hens 48,757,617 349,772,508 

 

E.4.1 Dairy Cattle 

Nutrients were found for three types of dairy cows in terms of the mass of each nutrient excreted 

per day per thousand kilograms of animal [93], Table E.8.  An average nutrient concentration 

was found from the average of the three types.  For nitrogen this was 0.37±0.07 (kg/d/1000 kg of 
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animal) and phosphorus was 0.05±0.02 (kg/day/1000 kg of animal).  The weight of a dairy cow 

was found by averaging the mass of four types of dairy cows. Ayrshire, Canadienne, Holstein 

and Jersey weighed 544, 476, 680 and 454 kg, respectively [94].  This gave an average dairy cow 

weight of 540±100 kg.  The number of animals in either the gulf coast or the entire country was 

multiplied by the average dairy cow weight to give total animal mass.  Those values were 

multiplied by the nutrient concentration and the total number of days in a year, to give the mass 

of nutrients available.  The calculations for nitrogen are highlighted in Equation E.1.  The 

uncertainty was found by the differential error analysis of all variables, highlighted in Equation 

E.2. All other animals, beef cattle, swine, broiler chickens and layer hens, were analyzed in the 

same way. 

 

Table E.8: Nutrient concentrations for excreted waste from dairy cattle [93] and the calculated 
average. 

Nutrient 
Lactating 

(kg/d/1000 kg) 
Dry 

(kg/d/1000 kg) 
Heifer 

(kg/d/1000 kg) 
N 0.45 0.36 0.31 
P 0.07 0.05 0.04 

 

 

 

Equation E.1: 

Total Nitrogen Mass � Total Animal Mass 6 :365daysyear ; 6 Nitrogen Concentration 

Total Nitrogen Mass � 4,203,244 kg 6 :365daysyear ; 6 0.37 : kgday 6 1000; � 5.7x10> kg N  



194 

 

 

 

 

Equation E.2: 

Nitrogen Mass Error
� ∂@Total Nitrogen Mass�∂@Total Animal Mass� 6 ∆@Total Animal Mass�
0 ∂@Total Nitrogen Mass�∂@Nitrogen Concentration� 6 ∆@Nitrogen Concentration� 

Nitrogen Mass Error� B:365daysyear ; 6 0.37 : kgday 6 1000kg;C 6 100kg 0 B4,203,244 kg 6 :365daysyear ;C
6 0.07 : kgday 6 1000kg; � 1.1x10> kg N  

 

E.4.2 Beef Cattle  

Nutrient concentrations were found for four types of beef cattle [93], Table E.9, and averaged. 

For nitrogen this was 0.6±0.5 (kg/d/1000 kg of animal) and phosphorus was 0.11±0.01 

(kg/day/1000 kg of animal).  The weight of beef cattle was found from the average of heifers and 

steers at 499 and 544 kg respectively [93], giving an average weight of 520±30 kg. The 

uncertainty in the weight is the difference between the highest weight and the average.   

 

Table E.9: Nutrient concentrations for excreted waste from beef cattle [93] and the calculated 
average value are reported in kg/d/1000 kg). 

Nutrient 
High Forage 

(kg/d/1000 kg) 
High Energy 

(kg/d/1000 kg) 
450 to 750 lb. 
(kg/d/1000 kg) 

Cow 
(kg/d/1000 kg) 

N 1.31 0.3 0.3 0.33 
P 0.11 0.094 0.1 0.12 
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E.4.3 Swine 

Nutrient concentrations were found for six different types of swine [93], Table E.10, and 

averaged. For nitrogen this was 0.3±0.2 (kg/d/1000 kg of animal) and phosphorus was 0.13±0.08 

(kg/day/1000 kg of animal).  The weight of each animal was determined by an averaging of sows 

and boars at 195 and 118 kg, respectively.  The average, with error reported as the difference 

between the highest value and the average, was 160±40 kg.   

 

Table E.10: Nutrient concentrations for excreted waste from swine [93] and the calculated 
average. 

Nutrient 
Grower 

(kg/d/1000kg) 
Replacement 
(kg/d/1000kg) 

Gestation 
(kg/d/1000kg) 

Lactation 
(kg/d/1000kg) 

Boar 
(kg/d/1000kg) 

Nursing 
(kg/d/1000kg) 

N 0.42 0.24 0.19 0.47 0.15 0.6 
P 0.16 0.08 0.06 0.15 0.05 0.25 

 

E.4.4 Poultry 

Layer hens and broiler chicken nutrient concentrations [93] were used as reported, Table E.11.  

The weight of broiler chickens was reported at 2.27 kg [93], and layer hens were assumed to 

weigh the same. 

 

Table E.11: Nutrient concentration of was as excreted by layer hens and broiler chickens [93]. 

Nutrient 
Layer Hens 

(kg/d/1000kg) 
Broiler Chickens 
(kg/d/1000kg) 

N 0.83 1.1 
P 0.31 0.34 
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E.5 Slaughterhouses 

E.5.1 Broiler Chickens Processing 

To find the potential nutrients from these facilities, only wastewater was considered from plants 

that have only first and second processing.  This was because all broiler chickens undergo these 

steps, but not the other steps.  Wastewater nutrient mass productions from three plants [102], 

Table E.12, were divided by the number of animals processed to give concentrations in mass per 

animal.  Those three values were then averaged to give 0.0032±0.0002 kg-N/bird and 

0.0007±0.0003 kg-P/bird.  Uncertainty was the standard deviation of the three values. To find 

total nutrient content, each concentration was multiplied by the number of broiler chickens in the 

gulf region and the United States. 

 

Table E.12: Wastewater concentrations for three poultry plants with only first and second 
processing [102]. 

Processing Facility 
Capacity 

(birds/day) 
Nitrogen 

(kg-N/day) 
Phosphorus 
(kg-P/day) 

Plant A 245,000 724 179.70 
Plant B 170,000 584 172.46 
Plant C 140,000 440 53.27 

 

E.5.2 Beef Cattle Processing 

Potential nitrogen and phosphorus amounts from the slaughter of beef cattle was found as an 

average for three facilities [104] at 1.11 kg.-N/1000 kg-animal and 0.13 kg-P/1000 kg-animal.  

These facilities only performed first processing, which all animals would go through.  Final 

nutrient masses were found by multiplying by the number of animals in the gulf region and the 

entire United States.  Error was found from the propagation of uncertainty in each animal weight.  
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E.5.3 Swine Processing 

Wastewater concentrations were found for swine at six different facilities [105], Table E.13. The 

amount of water per hog was calculated by dividing the weekly capacity by a weekly adjusted 

flow rate.  The mass of nutrient per animal was found by multiplying the amount of water per 

animal by the nutrient concentration.  Mass values were converted to pounds and averaged for all 

six facilities, with the standard deviation reported as the error.  Results came to 0.08±0.05 kg-

N/hog and 0.03±0.02 kg-P/hog.  These values were multiplied by the number of animals in the 

gulf region and the entire United States.   

 

Table E.13: Nitrogen and phosphorus wastewater concentrations for swine processing facilities 
[105]. 

Processing Facility 
Capacity 

(hogs/week) 
Flow Rate 
(m3/day) 

Nitrogen 
(mg-N/L) 

Phosphorus 
(mg-P/L) 

1 1,900 57 174 20 
2 2,800 76 271 Not Reported 
3 11,500 246 372 Not Reported 
4 15,000 3,800 90 28 
5 17,500 303 593 61 
6 45,000 3,600 158 80 

 

E.6 Brewery Wastewater 

Nitrogen and phosphorus wastewater concentrations [110-112] are summarized in Table E.14.  

Nutrient concentrations were found by taking the average of all values and reporting the standard 

deviation as the error.  The nitrogen concentration was 53±41 mg-N/L and the phosphorus was 

36±47 mg-P/L.  Wastewater flow was found by multiplying the volume of beer produced in the 

United States, 1.13x1011 L [108], by the assumption that wastewater volume is five time the beer 
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volume [113].  Concentrations were multiplied by the total amount of wastewater to arrive at the 

yearly nutrient mass.   

 

Table E.14: Nitrogen and phosphorus concentrations found for brewery wastewater. 

Source 
Nitrogen  
(mg-N/L) 

Phosphorus 
(mg-P/L) 

[110] 
3 

106 
18.58 
106.24 

[112] 51  

[111] 
25 
80 

3.26 
16.31 

 

E.7 Spent Coffee Grounds 

Nitrogen, phosphorus and potassium concentrations are summarized in Table E.15.  The nutrient 

concentrations were found by taking an average of the values in the literature.  The error was the 

difference between the high and average value for nitrogen, and standard deviation was used for 

phosphorus and potassium.  Each concentration was multiplied by the total coffee bean 

consumption in the United States of 1.32 billion kg [79], to arrive at the total mass of nutrients 

available annually.   

 

Table E.15: Nitrogen, phosphorus and potassium concentrations found for spent coffee grounds. 

Source 
Nitrogen 

(g-N/kg-grounds) 
Phosphorus 

(g-P/kg-grounds) 
Potassium 

(g-K/kg-grounds) 
[84] 23.1 0.8 2.8 
[85]  1.4751 3.549 
[86] 23 1.534 8.824 
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E.8 Chicken Litter 

The reported nutrient contents [89] were 0.0345 kg-N/kg-litter and 0.0410 kg-P2O5/kg-litter.  For 

the states of Alabama, Florida, Georgia and Mississippi, 3.44 billion kg of litter is produced per 

year [90].  The nutrient contents were multiplied by the total mass of litter produced to get 0.12 

billion kg of N and 0.14 billion kg of P2O5.   
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APPENDIX F 

GAS CHROMATOGRAPHY FOR UNDERGRADUATE STUDENTS TO LEARN VAPOR-

LIQUID EQUILIBRIUM 

 

Paper is pending publication in Chemical Engineering Education. 

 

F.1 Introduction 

Undergraduate chemical engineering students are exposed to a variety of equipment during their 

laboratory coursework.  Experiments are designed to highlight topics learned during their 

courses, like thermodynamics, which includes distillation, and sometimes an additional 

experiment highlighting vapor-liquid equilibrium (VLE). During VLE experiments, 

compositions of the gas and liquid phases for a binary mixture are measured, allowing students 

to construct a phase diagram (with multiple data points), determine activity coefficients and 

comment on the ideality of the mixture.  Multiple methods can be used to determine the 

compositions of each phase, two of which are refractometry and ellubiometry [186].  Another 

common method is gas chromatography, where the identity and compositions can be determined 

by the residence time in the column and peak area of the output.   

Gas chromatography is sometimes used in undergraduate chemical engineering laboratories, as 

well as chemistry courses to determine vapor pressure [187], heat of combustion [188], and 

percent mass and atomic mass calculations [189].  The method can determine the compositions 

of the liquid and vapor phases of the solution in vapor-liquid equilibrium (VLE), but some 
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researchers have felt that use of this method can be too time consuming [186, 190] for a three 

hour laboratory period, resulting in few data points.  However, students can greatly benefit from 

this technique by running the gas chromatograph themselves and learning how to use equipment 

that may be required during their careers after graduation.   

This laboratory was designed for undergraduate chemical engineering students in the course 

CHEE 301B at the University of Arizona, which contained approximately 70 juniors and seniors.  

They learned details regarding vapor-liquid equilibrium of the non-ideal system of ethanol and 

ethyl acetate to determine whether the system was ideal or not, the azeotrope temperature and 

composition, before finding the activity coefficients for the data set.  The experiment used a new 

approach and equipment for student education, which included specially made glassware to 

facilitate vapor sample collection during the experiment and the use of gas chromatography for 

component identity and concentration.  During the three hour laboratory period, students were 

able to take 28 data points, allowing for the generation of a detailed vapor liquid equilibrium 

(VLE) phase diagram.  

 

F.2 Laboratory Description 

F.2.1 Overview 

The course for this laboratory, CHEE301B, is a required class for chemical engineering 

undergraduate students at the University of Arizona, and is taken during  spring semester their 

junior year.  This course contains three different laboratories, one of which is VLE.  This specific 

laboratory is to be completed in one three hour period. Students record data from the lab and 

must submit a group report within one week.  The report is expected to be highly detailed, 
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providing background information, safety considerations, results, discussion and a conclusion.  

They must also provide all of their calculations, which should be clear and easy to follow.   

F.2.2 Safety 

Students work with ethanol and ethyl acetate, and all except for sample injection into the gas 

chromatograph, the experiments must take place in a chemical hood.  Gloves and safety goggles 

must be worn at all times and laboratory coats are recommended.  Students must watch out for 

high temperatures for the boiling flask and the heating mantle.  They also use sharp needles, so 

they are reminded to be careful to not injure themselves or others.  Instructors swap boiling 

flasks in the middle of the experiment, so they require heat gloves when removing the round 

bottom flasks from the apparatus and setting it aside to cool.  These flasks contain approximately 

60 mL of the boiling mixture.  The gas chromatograph uses hydrogen to provide the flame in the 

flame ionization detector.  Care must be taken to ensure there are no leaks in the system.   

 

F.2.3 Chemicals 

Certified ACS ethyl acetate (Fischer E145S-4) and 200 proof ethanol (Decon Labs) were 

purchased and used as received.   

 

F.2.4 Equipment/Computer Programs 

Glassware in the experiment consists of a 100 mL round bottom flask with a side injection port, a 

modified reflux sampling arm and a coil condenser, Figure F.1. A Lauda RM20 chiller provides 

cooling using ethylene glycol at 5°C.  The round bottom flask is heated with a Thermo Scientific 



203 

 

 

 

heating mantle and controller.  Solvents are injected in the side port through PTFE-coated 

silicone septa with 10 mL slip-tip syringes and 18 gauge needles.  An HP5890 gas 

chromatograph (GC), equipped with and flame ionization detector running off of hydrogen and 

air, is used for composition analysis.  The carrier gas for the GC is helium which flows at 20 psi.  

Three Hamilton 7000 Series 1.0 µL syringes were used for GC sample injection, two for pure 

components and one for mixtures.  Peak areas are found from the Peak Simple software program 

[191] calibrated with pure ethanol and ethyl acetate.  Solution temperatures are monitored by two 

k-type thermocouples, the first located in the heating mantle to record temperatures provided to 

the round bottom flask and the second a stainless sheathed thermocouple located in the sample to 

measure liquid temperatures.  Temperature data is recorded using USB-TC data acquisition 

system [192] connected to a computer running LabVIEW (v. 8.6) [193] which plots time 

dependent temperature to evaluate trends and confirm steady state operation.   

 



 

 

 

Figure F.1: Photograph of the experimental apparatus.  The 
connected to custom made vapor extraction glassware 

and finally to a condenser. The thermocouple is placed in the boiling flask liquid for boiling 

 

 

: Photograph of the experimental apparatus.  The boiling flask in the heating mantle
connected to custom made vapor extraction glassware with a diverter valve for vapor collection 

The thermocouple is placed in the boiling flask liquid for boiling 
point measurements. 
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flask in the heating mantle is 
with a diverter valve for vapor collection 

The thermocouple is placed in the boiling flask liquid for boiling 
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F.2.5 Procedure 

Each laboratory group contains four students.  All glassware is set up for students prior to each 

lab as depicted in Figures F.1 and F.2.  The round bottom flask sits in a heating mantle with the 

modified reflux sampler on top.  The top portion of the sampler, above the flask, contains a port 

for a thermocouple which is long enough to measure liquid temperature during operation.  There 

are two arms off the side of the unit; the upper arm allows vapor to flow to the condenser.  The 

lower arm contains a valve, which allows vapor condensate to flow back into the flask or be 

withdrawn for analysis.  A condenser mounted above the sampler cools and condenses the 

ethanol/ethyl acetate vapors and returns them to the system.  

 

Figure F.2: Diagram of the experimental apparatus.  Liquid is injected through the sample port 
and heated, with vapors condensed in the condenser and collected at the condensate sample port. 
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Prior to starting each lab session, the chiller is turned on to allow the system to reach 

approximately 5 °C.  The experiment is started by placing boiling chips in the round bottom flask 

and adding 30 mL of ethanol from a graduated cylinder.  The heating mantle is turned on to a 

high setting to bring the system to a boil.  The round bottom flask and the portion of the reflux 

sampling port above the flask are wrapped in kaowool insulation to reduce overall heat loss, 

allowing the system to reach steady-state boiling more quickly.   

The system is determined to be at steady state when the temperature profile ceases to change 

over a period of approximately two minutes and vigorous boiling occurs in the flask. At this 

point the system is ready for sampling.  Lab group tasks are divided up into discrete tasks, one 

student is responsible for recording data, and they let the other students know when the system is 

at steady state.  This student records the process temperature when the liquid sample is taken, as 

well as the data obtained from the Peak Simple Software [191], which includes peak height, 

retention time and area.  They also record the system pressure, which is determined by a 

barometer because the system is open to the atmosphere. At steady state, another student 

withdraws a sample from the boiling flask with the GC needle inserted through the septum and 

immediately injects it into the GC for analysis.  Typically, this second student is selected, by the 

group themselves, to make all GC injections to ensure consistency and reduce experimental 

error.  The third student is responsible for collecting condensate samples, which are collected at 

the same time the liquid sample is extracted from the boiling flask.  This ensures the temperature 

recorded is accurate for both the liquid and vapor phases. Condensate is collected by rotating a 

valve until approximately 0.5 mL pools at the bottom of the sampler. The valve is then turned to 

allow the condensate to flow from the sampler into a test tube and finally back to the initial 
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position so the system is once again be in reflux. Once the liquid sample is finished running in 

the GC, approximately two minutes, the condensed vapor sample is injected with the same 

needle.  After samples are verified for adequate GC peaks, meaning the area is sufficient for 

integration, the fourth student adds 5 mL of ethyl acetate to the round bottom flask and the 

system is allowed to reach a new steady state.  The procedure is repeated until there is 

approximately 30 mL of both chemicals in the system.  The heating mantle is then turned off and 

the boiling flask is removed and allowed to cool.  A second clean round bottom flask is placed in 

the heating mantle and the same steps from before are repeated, but instead starting with 30 mL 

of ethyl acetate and adding 5 mL increments of ethanol.  If there are only three students in a 

group, the third person performs their own activities, but also adds the 5 mL of liquid to the 

system. 

 

F.2.6 Data Analysis 

To find the composition for a data point, students need the pure component peak area for the 

same phase (liquid or condensate), for both ethanol and ethyl acetate.  This data is used, along 

with the sample area for both ethanol and ethyl acetate peaks, in Equation F.1.    

 

Equation F.1: Mole Fraction Calculation 

DE �
FE,GHIJKLFE,JMNLFOPQR,GHIJKLFOPQR,JMNL 0 FSTO,GHIJKLFSTO,JMNL

 

 Where i is either ethanol or ethyl acetate and M represents either the liquid or gas phase (x or y) 
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Raoult’s law, Equation F.2, is used to find the activity coefficient, γi, for each point, where pi is 

the partial pressure, xi is the liquid mole fraction, and Pi
Sat is the saturation pressure. 

 

Equation F.2: Raoult’s Law 

UE � VEWEXEYHZ 
 

The partial pressure, pi, is determined from Dalton’s Law, Equation F.3 where PTotal is the 

barometric pressure and yi is the calculated mole fraction.   

 

Equation F.3: Daltons’s Law 

 

VE � [EXP\ZHK 
 

Next, Pi
sat, of each compound is determined by the Antoine equation, Equation F.4, where A, B, 

and C are species specific values found in Table F.1.   

 

Equation F.4: Antoine Equation 

]^_`a XEYHZ@bbc_� � F d ef 0 g@h� 
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Table F.1: Antoine constants for ethanol and ethyl acetate [194]. 

 A B C 
Temperature 
Region (°C) 

Ethanol 8.1122 1592.864 226.184 19.6 – 93.4 
Ethyl Acetate 7.10179 1244.951 217.881 15.6 – 75.8 

 

Finally, the activity coefficient is calculated from Equation F.1.  

 

Students analyze the data to determine the pure species boiling points, system ideality, activity 

coefficients, and azeotrope composition and temperature.  They are required to present a T-X-Y 

diagram of the system, with smooth lines between data points. Next students create diagrams in 

the computer program CHEMCAD [195] program with the same operating pressure as the 

experiment.  The experimental T-X-Y diagram is compared to the computer model and peer 

reviewed literature diagrams, which they must find.  From their diagrams they can predict a 

temperature and composition for the azeotrope.  

Students are also required to estimate the uncertainty in their calculated activity coefficients.  

This is done with a differential error analysis. They are expected to report uncertainties in 

temperatures, pressure and the level of certainty in the GC readings.  For this experiment, 

thermocouple uncertainty was ±0.2 °C, pressure was ±0.1 mmHg and ±0.00005 for GC readings.  

The resulting errors in x, y and Psat are then then propagated through to the activity coefficients.   
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F.3 Results and Discussion 

The atmospheric pressure during the experiment was 691.6 ± 0.1 mmHg. Liquid and vapor mole 

fractions were found for various liquid volumes and were used to construct the T-X-Y diagram, 

Figure F.3.  The expected trends are seen, with the vapor line above the liquid line and an 

azeotrope forming around 70.2 °C at an ethanol mole fraction of 0.33.  The liquid and vapor lines 

appear to meet at a few locations between mole fractions of 0.3 and 0.4 with the temperature 

fluctuating up to around 70.7 °C.  For an atmospheric pressure of 760 mmHg, the reported [196] 

azeotrope appeared at a mole fraction of 0.459 and a temperature of 71.7 °C [196].  The 

temperature for atmospheric pressure is higher and the azeotrope mole fraction is approximately 

0.1 higher.   
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Figure F.3: Txy diagram for the system of ethanol and ethyl acetate at 691.6±0.01 mmHg. 

 

Partial pressure at each point was found from Equation D.3, divided by the liquid mole fraction 

and plotted against the liquid mole fraction, Figure D.4.  The graph exhibits a curved shape, 

showing the system in non-ideal. The non-ideality is also seen in Figure D.5, which is a plot of 

the activity coefficient versus the mole fraction.  If the system was ideal then all values would be 

equal to one.  There are two locations where this occurred, at a liquid mole fraction of one, 

representing the pure species sample and a liquid mole fraction of 0.4.   
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Figure F.4: Partial pressure of ethanol divided by liquid mole fraction plotted against liquid mole 
fraction to show non-ideality of the system at 691.6±0.01 mmHg. 
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Figure F.5: Activity coefficient of ethanol versus liquid mole fraction showing non-ideality of 
the system at 691.6±0.1 mmHg. 

 

Finally, plotting results versus CHEMCAD [195], Figure D.6, shows the experimental system 

exhibits the correct behavior but is differs slightly.  The NRTL equation was chosen for 

comparison because of the models evaluated in the program (UNIFAC, SRK, Peng-Robinson), it 

best represented the data. The predicted temperatures for the pure species matches almost 

identically to the experimental results, but all other experimental values are slightly higher than 

the CHEMCAD [195] ones.  This may be due to a combination of the NRTL model not perfectly 

representing the data and limitations of the experimental apparatus. A highly sophisticated 

experimental setup with more accurate temperature and pressure measurements would give more 
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precise data.  However, for an undergraduate laboratory, the system highlighted the necessary 

information very well.  Students can determine the system is non-ideal with an azeotrope around 

0.3 – 0.4 °C. 

 

 

Figure F.6: Experimental data compared to results found by the NRTL model ChemCAD 
simulation at 691.6±0.1 mmHg.   
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F.4 Assessment 

Student understanding for this lab was determined through their grade on the lab report.  In 2011, 

during the first year of the lab, more than 40 percent of the students received and an A or B on 

the lab, Figure F.7.  During 2012, more than 80 percent of the students received these grades.  

Receiving a C or D, meant students either didn’t complete their lab reports or didn’t understand 

key concepts of the lab.  Overall, students showed great understanding both during the lab and in 

their reports.   

 

 

Figure F.7: Breakdown of grades students received for the VLE lab report during the 2011 and 
2012 school years. 
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F.5 Conclusions 

By using gas chromatography with new sample collection glassware, students are able to find the 

liquid-vapor equilibrium of the ethanol/ethyl acetate binary system.  They can determine the pure 

species boiling points, and comment on the ideality of the system.  At a pressure of 691.6±0.1 

mmHg, an azeotrope was found around an ethanol liquid mole fraction of 0.33 and a temperature 

of 70.7 °C. .  This experiment is a way for students to learn how to use gas chromatography 

equipment, which may be beneficial in their future careers. 

 


