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Abstract 
 
Significant efforts must be undertaken to quantitatively assess various alternative jet fuel 
pathways when working towards achieving environmental and economic United States 
commercial and military alternative aviation fuel goals within the next decade. This thesis 
provides lifecycle assessments (LCAs) of the environmental and economic impacts of cultivating 
and harvesting phototrophic microalgae; extracting, transporting, and processing algal oils to 
hydrocarbon fuels; and distributing and combusting the processed renewable jet fuel for a pilot 
scale facility. Specifically, lifecycle greenhouse gas (GHG) emissions, production costs, 
freshwater consumption, and land use were quantified for four cultivation and two extraction 
technology sets. For each cultivation and extraction type, low, baseline, and high scenarios were 
used to assess the variability of each performance metric. Furthermore, sensitivity analyses were 
used to gain insights as to where efforts towards improving certain technologies could have the 
largest impact on improving the lifecycle metrics. 
 
The four cultivation technologies include open raceway ponds, horizontal serpentine tubular 
photobioreactors (PBRs), vertical serpentine tubular PBRs, and vertical flat panel PBRs. Open 
raceway ponds were modeled from previous literature, while the PBRs were modeled, validated 
and optimized for specific constraints and growth inputs. The algal oil extraction techniques 
include conventional dewatering, drying, and extraction using hexane in a similar process to seed 
oil extraction (termed dry extraction in this study) as well as algal cell lysing with steam and 
potassium hydroxide as well as fluid separation and washing processes (termed wet extraction). 
 
Overall, open raceway pond cultivation with wet extraction performed most favorably when 
compared with the other scenarios for GHG emissions, production costs, freshwater 
consumption, and areal productivity (including the entire cultivation and extraction facility), 
yielding 31.3 g-CO2e/MJHEFA-J, 0.078 $/MJHEFA-J (9.86 $/galHEFA-J), 0.38 Lfreshwater/MJHEFA-J and 
17,600 LTAG/ha/yr for the baseline cases with brackish water makeup. The lifecycle GHG 
emissions and production cost metrics for the open raceway pond with wet extraction low 
scenario were both lower than that of conventional jet fuel baselines. For all cases, the inputs 
most sensitive to the lifecycle metrics were the cultivation system biomass areal productivity, 
algal extractable lipid weight fraction, and downstream harvesting system choices.  
 
Thesis Supervisor: Prof. Steven R.H. Barrett 
Title: Charles Stark Draper Assistant Professor of Aeronautics and Astronautics 
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Nomenclature, Units, Abbreviations and Acronyms 
Nomenclature 
Asc  Tubular solar collector cross-

sectional area, m2 
Anp  Tubular non-productive cross-

sectional area, m2 
Ar  Degasser riser gross-sectional area, 

m2
 

APBR  Photobioreactor 2-D total areal 
footprint (including spacing), m2 

a1  Specific energy optimization 
weighting coefficient, - 

a2  Areal productivity optimization 
weighting coefficient, - 

C  Downstream pump capital cost, $ 
Ccapex  Annualized facility capital expenses, 

$/yr 
Cf  Fanning friction factor, - 
Cfopex  Annual fixed operating expenses, 

$/yr 
CL  Oxygen concentration, kg/m3 

Cp  Specific heat of air at constant 
pressure, J/kg/K 

Cpevap
 Specific heat of water evaporation at 

constant pressure, kJ/kg/K 
Cs  Culture solids content, kg/m3 

Csat  Saturation concentration of O2 in 
water at standard atmospheric 
pressure, kg/m3 

Cvopex  Annual variable operating expenses, 
$/yr 

cwater  molar concentration of water, 
mol/m3 

D  Dilution rate, m3/day 
DL  Diffusivity of oxygen in water at 

standard atmospheric pressure, m2/s 
d  Distance between solar collector 

tubes, m 
dalgae  Algal cell diameter, m 
dcluster  Distance between skid columns, m 
dnp  Non-productive tube diameter, m 

dpond  Open pond depth, m 
dr  Degasser riser outer diameter, m 
dd  Degasser downcommer outer 

diameter, m 
dsc  Solar collector tube inner diameter, 

m 
dscinitial  Initial solar collector tube diameter 

(when varying volumetric 
productivity), m 

dscnorm  Normalized solar collector tube 
diameter (when varying volumetric 
productivity), - 

dskid  Distance between photobioreactor 
rows, m 

Es  Single photobioreactor cultivation 
specific energy, excluding cooling, 
MJ/kgalgae 

!Eairlift  Photobioreactor airlift power input, 
W 

!Epump  Photobioreactor pump power input, 
W 

!Efriction  Photobioreactor power required to 
overcome friction losses, W 

!Ehead  Photobioreactor power required to 
overcome head losses, W 

!Epotential Photobioreactor power required to 
overcome potential energy, W 

Eb  Specific energy of dry biomass, 
MJ/kg 

Ein  Specific energy input into the 
photobioreactor system not 
undergoing photosynthesis, 
MJ/kgalgae 

f  Darcy friction factor, - 
g  Acceleration due to gravity, m/s2 

H  Total daily direct solar radiation on a 
horizontal surface, MJ/m2/day 
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H0  Daily global extraterrestrial solar 
radiation (MJ/m2/day) 

 Daily direct radiation on a horizontal 
surface (MJ/m2/day) 

Hd  Daily diffuse radiation impinging on 
a horizontal surface (MJ/m2/day) 

Hy  Annual average direct solar radiation 
on a horizontal surface (MJ/m2/day) 

h  Height between solar collector tubes 
or pump head, m 

hL  Liquid height in degasser, m 
hLpond  Open pond head loss, m 
hs  Height of vertical tubular 

photobioreactor solar collector tube 
stack, m 

hvsc  Solar collector tube head loss factor, 
- 

hvnp  Non-productive tube head loss 
factor, - 

k  Number of sensitivity input 
parameters, - 

kBnp  Nonproductive tube Haaland friction 
coefficient, - 

kBsc  Solar collector tube Haaland friction 
coefficient, - 

kLa  Liquid-air mass transfer coefficient, 
1/s 

L  Flat panel length, m 
L1  Photobioreactor areal length, m 
L1cluster  Cluster areal length, m 
L1skid  Skid areal length, m 
L1system  System boundary areal length, m 
L2  Photobioreactor areal width, m 
L2cluster  Cluster areal width, m 
L2skid  Skid areal width, m 
L2system  System boundary areal width, m 
Lsc  Single solar collector tube length, m 
Lnp  Single non-productive arm tube 

length, m 

LPBR  Single photobioreactor cooling pipe 
length, m 

Lpond  Open pond channel length, m 
Mair  Molar mass of air, g/mol 

 Number of arms per degasser, - 
!mair  Air mass flow rate in degasser, kg/s 
!mw  Photobioreactor specific water flow, 

kgwater/kgalgae 
!mloss  Photobioreactor specific cooling 

water loss, kgwater/kgalgae 
N  Number of sensitivity iterations or 

day of the year, - 
Nb  Number of solar collector tube U-

bends, - 
n  Number of solar collectors per arm, - 
npond  Open pond Manning’s roughness 

s/m1/3 
nyears  Facility lifetime, years 
O2[ ]in  Csat Normalized oxygen 

concentration into the solar collector, 
- 

O2[ ]out  Csat normalized oxygen 
concentration into the degasser, - 

O2mm
 Molar mass of oxygen, g/mol 

O2mf
 Molar fraction of oxygen in air, - 

P  Algae volumetric productivity, 
g/L/day 

Pa  Ambient air pressure, Pa 
Pairh  Air pressure at a specific height in 

the degasser, Pa 
Palgae  Photobioreactor or facility algae 

productivity, kg/s or kg/yr 
Pnorm  Normalized algae volumetric 

productivity (when varying 
volumetric productivity), - 

Pareal  Photobioreactor areal productivity, 
g/m2/day 

Pinput  Single photobioreactor power 
required for cultivation, excluding 
cooling, W 

Hb

m
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PL  Component tube friction loss, Pa/m 
Pr  Pa normalized pressure rise over 

pump, - 
PE  Algae photosynthetic efficiency, - 
Q  Pump volumetric flow rate, m3/s 
Rcapex
upgrading

Upgrading capital expenses,  

$/kgalgae 
Re  Reynolds number, - 
Rfopex
upgrading

Upgrading fixed operating  

expenses, $/kgalgae 
RO2  Algae oxygen production 

(gO2/L/day) 
Rprod  Total production expenses, $/kgalgae,  

$/galTAG, $/MJHEFA-J, or $/galHEFA-J 
Rvopex
upgrading

Upgrading variable operating  

expenses, $/kgalgae 
revap  Cooling evaporation rate, m/day 
ri  Internal rate of return, - 
S  Salinity of culture medium, ppt 
Si  Main sensitivity index array, -  
Spond  Open pond hydraulic slope, - 
STi  Global sensitivity index array, - 
Top  Operating air temperature, K 
TPI Total Project Investment, $/ha 
t  Flat panel thickness, m 
tw  Solar collector tube wall thickness, 

m 
Ub  Degasser bubble velocity, m/s 
UG  Superficial gas velocity in degasser, 

m/s 
ULnp

 Non-productive tube superficial 
liquid velocity, m/s 

UL  Superficial (liquid only equivalent) 
velocity, m/s 

Vp  Photobioreactor productive volume, 
m3 

!Vw  Cooling water specific volume, 
m3

water/kgalgae 
Vpond  Pond flow velocity, m/s 

wcluster  Cluster center artery width, m 
wp  Width between central processing 

fields, m 
wsystem  Width between system quadrants, m 
X  Photobioreactor solar collector 

spacing, m 
Y  Optimization objective function, - 
yA/B/C  Sensitivity matrix model output 

arrays, - 
!Hevap  Heat of vaporization for water, kJ/kg 
!h  Height between photobioreactor 

solar collector tubes, m 
!P  Component pressure loss, Pa 
!  Oxygen production per unit algae, g-

O2/g-algae 
!  Ratio of superficial gas velocity to 

total superficial velocity, - 
 Ratio of specific heats for air, - 
 Maximum oxygen concentration in 

culture as a multiple of Csat, - 
!  Declination of the angular position 

of the Sun at solar noon with respect 
to the plane of the equator, rad 

!  Flat panel gas holdup, m3
air/m3

air+liquid 
!m  Pipe roughness height, m 
!r  Degasser riser gas holdup, 

m3
air/m3

air+liquid 
!  Universal solar constant, W/m2 

!c  Compressor efficiency, - 
!p  Pump efficiency, - 
!pond  Paddle wheel and drive train 

efficiency, - 
 Degasser diffuser angle from 

vertical, deg 
 Degasser riser characteristic velocity 

profile parameter, - 
!  Culture flow microeddy length, m 
µL  Liquid culture viscosity, Pa-s 
!  Specific energy dissipation due to 

turbulence, J/kg 
!air  Air density, kg/m3 

!
! i

!

!
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!airh  Air density at a specific height in the 
degasser, kg/m3 

 Liquid culture density, kg/m3 
 Water density, kg/m3 

 Interfacial tension, J/m2 
!  Geographic latitude, rad 
!s  Hour angle at sunrise, deg 
! Atmospheric clarity index, - 

 
 
 
 
 
 
 
 
 

 
  

!L
!w
!
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Units, Abbreviations and Acronyms 
A4A  Airlines for America 
AEDT Aviation Environmental 

Design Tool 
AQ  Air Quality 
bpd  Barrels per day 
BTL Biomass-to-liquid 
BFW Boiler Feed Water 
CAP Calorically Perfect Gas 
CBTL Coal and biomass-to-liquid 
CHP Combined Heat and Power 

(Cogeneration) 
CnH2n+2 Noncyclic saturated 

hydrocarbons 
CONUS Contiguous United States 
CO  Carbon monoxide 
CO2  Carbon dioxide 
CO2e  Carbon dioxide equivalent 
CH4  Methane gas 
CTL Coal-to-liquid 
DAF Dissolved Air Flotation 
DLA Defense Logistics Agency 
DOD  Department of Defense 
DOE Department of Energy 
EISA Energy Independence and 

Security Act of 2007 
FeSO4  Iron(II) Sulfate 
FPDE  Flat Panel Dry Extraction 
FPWE  Flat Panel Wet Extraction 
F-T  Fischer-Tropsch 
GHG Greenhouse gas 
GREET Greenhouse Gasses, 

Regulated Emissions, and 
Energy Use in Transportation 

GTL Gas-to-liquid 
H2  Hydrogen gas 
HCl Hydrochloric acid 
HDPE High Density Polyethylene 
HEFA-J Hydroprocessed Esters and 

Fatty Acids Jet Fuel 
HRJ Hydroprocessed Renewable 

Jet 
HTDE Horizontal Tubular Dry 

Extraction 
HTWE Horizontal Tubular Wet 

Extraction 

ICC Installed Capital Cost 
ISBL Inside Battery Limits 
IRR Internal Rate of Return 
JP-X Jet Propellant Classification 

Number X 
KOH  Potassium hydroxide 
LCA  Lifecycle Assessment 
LDPE Low Density Polyethylene 
LPG  Liquid Petroleum Gas 
LHV  Lower Heating Value 
LTO  Landing and Takeoff 
LUC  Land Use Change 
MATLAB Matrix Laboratory 
MEA  Mono-Ethanol Amine 
MIT Massachusetts Institute of 

Technology 
N2O  Nitrous oxide 
NETL National Energy Technology 

Laboratory 
NGCC  Natural Gas Combined Cycle 
NO  Nitrogen oxide 
NO2  Nitrogen dioxide 
NOX  Nitrogen oxides 
NREL National Renewable Energy 

Laboratory 
OPDE Open Pond Dry Extraction 
OPWE Open Pond Wet Extraction 
OSBL Outside Battery Limits 
P2O5  Phosphorous pentoxide 
PARTNER Partnership for AiR 

Transportation Noise and 
Emissions Reduction 

PBR  Photobioreactor 
PTW  Pump-to-wake 
PM2.5 Primary and secondary 

volatile and nonvolatile 
particulate matter smaller 
than 2.5 microns 

PM10 Primary and secondary 
volatile and nonvolatile 
particulate matter smaller 
than 10 microns 

PMNV Primary nonvolatile 
particulate matter 

ppt  Parts per thousand 
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ppm  Parts per million 
RFS2  Renewable Fuel Standard 2 
SCC Social Cost of Carbon 

(Dioxide) 
SCCe Social Cost of Carbon 

Dioxide Equivalent 
SOX  Sulfur oxides 
SPK  Synthetic Paraffinic Kerosene 
SQP Sequential Quadratic 

Programming 
TAG Triglyceride (or 

triacylglyceride) 
TDS  Total Dissolved Solids 
TPI  Total Project Investment 
UHC  Unburned Hydrocarbons 
U.S.  The United States of America 
USA  United States Army 
USAF  United States Air Force 
USN  United States Navy 
VOC  Volatile Organic Compounds 
VTDE Vertical Tubular Dry 

Extraction 
VTWE Vertical Tubular Wet 

Extraction 
WTP  Well-to-pump 
WTW  Well-to-wake



Chapter 1: Introduction and Background 
The current interest from the United States (U.S.) commercial and military aviation sectors in 
alternative jet fuel stems from multiple factors including increasing conventional fuel prices, 
price volatility, current reliance on a small variety of energy sources like conventional crude, 
global climate impacts, and potential air quality (AQ) benefits [1,2,3,4]. To avoid expenses 
associated with infrastructure changes, civil and military jet aircraft will require a near-term fuel 
replacement for conventional petroleum based jet fuel that is a “drop-in” hydrocarbon substitute. 
This substitute will need to function with the existing aircraft infrastructure while meeting 
rigorous safety and quality standards [5]. The following sections provide the background 
necessary for understanding alternative aviation fuels’ role over the next decade. 
 
1.1 Conventional and Alternative Jet Fuels 
As previously mentioned, aviation fuels must adhere to high safety and quality standards. 
Conventional jet fuels vary by user, but can be generally categorized as Jet A or Jet A-1 and Jet 
Propellant 5 or 8 (JP-5 or JP-8) for the civil and military fleets, respectively.  Jet A has a higher 
freeze point than JP-8 and Jet A-1 while JP-5 has higher flash points. Other jet fuels such as Jet 
B, JP-4, JP-6, and JP-7 were used for specific applications or climates and are either rarely used 
or no longer available. Jet A, Jet A-1, and JP-8 are the baseline fuels used for the alternative jet 
fuel comparisons in this analysis. This thesis assumes that these fuel compositions are identical 
as the fuels are similar in composition as the primary difference is that JP-8 uses an additive 
package.  
 
Alternative “drop-in” jet fuels can be broken into five broad categories: jet fuel from 
unconventional sources of petroleum such as oil sands, very heavy oils, and oil shale; synthetic 
jet fuel from thermochemical processes involving natural gas-to-liquid (GTL), coal-to-liquid 
(CTL), lignocellulosic biomass-to-liquid (BTL), and/or coal-biomass-to-liquid (CBTL) such as 
Fischer-Tropsch (F-T) synthesis and pyrolysis; advanced fermentation, catalytic, and other 
means of converting sugar, including those in lignocellulosic materials, and starches to jet fuel; 
hydroprocessing of renewable oils to synthetic jet fuel known as hydroprocessed renewable jet 
(HRJ), also known as hydroprocessed esters and fatty acids jet (HEFA-J) fuels; and conversion 
of calorific liquids from micro-organisms to synthetic jet fuel [5]. Fuels derived from F-T and 
HEFA-J processes are generally known as Synthetic Paraffinic Kerosene (SPK) fuels as their 
composition is mainly normal and iso-paraffin chains [6]. This thesis will focus on SPK fuel 
derived from algal oils via HEFA processes.  
 
Alternative jet fuels from non-petroleum sources exhibit different compositions than that of their 
conventional and alternative petroleum counterparts. Figure 1.1 illustrates the various 
compositions of Jet A-1, JP-8, and HEFA or F-T SPK derived from beef tallow and coal or 
natural gas, respectively. The left three bars represent samples of conventional commercial and 
military grade jet fuels while the right six illustrate SPK fuels derived from HEFA, F-T GTL, 
and F-T CTL processes. As SPK implies, the majority (88-95+%) of the non-petroleum derived 
alternative jet fuels consist of n- and iso-paraffins while the conventional fuels contain larger 
amounts of cyclo-paraffins, benzenes, naphthalenes, indanes and tetralins.* The differences in 

                                                
*Mono- di- and tri-cycloparaffins are classified generally as naphthenes. Benzene is classified as 
a monocyclic aromatic hydrocarbon while naphthalenes, indanes, and tetralins are classified as 
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SPK’s composition from conventional jet fuels – particularly the lack of aromatics and sulfur – 
account for variation in the composition of combustion products (see Appendix E) as well as 
compatibility issues concerning fuel tank O-ring seal swell and lubricity [3,7]. Note that the jet 
fuel compositions were referenced from samples provided and used in various emissions tests 
[8,9,10].  
 
The military and civil specifications for JP-5, JP-8, Jet A, and Jet A-1 are described in the MIL-
DTL-5624U, MIL-DTL-83133H, and ASTM D1655 regulatory documents [11,12,13]. 
Alternative synthesized hydrocarbon fuel blends have been approved in specification regulations 
MIL-DTL-83133H and ASTM D7566-11a [14]. Through both ground and flight tests, the 
Department of Defense (DOD) and civilian aviation have certified up to a 50% blend of F-T and 
HEFA derived SPK fuels with conventional jet fuels provided that they meet all fuel property 
specifications. 
 

 
Figure 1.1. Conventional and Neat Alternative Jet Fuel Compositions [8,9,10] 

 
1.2 Current United States Military and Civil Conventional Aviation Fuel Sectors 
Knowledge of various conventional aviation fuel demands is necessary when determining the 
production sustainability aspects of alternative jet fuels. U.S. aviation fuel procurement and use 
can be divided into military and civil sectors. To remain consistent, the conventional aviation 
fuels considered will consist of either JP-8, Jet A or Jet A-1.  
 
The average relative U.S. refinery yields from 1993 to 2011 are depicted in Figure 1.2. Jet fuel 
remains steady at nearly 9% throughout this timeframe. Of this percentage, the majority of 
Contiguous United States (CONUS) jet fuels are produced for civil aviation in the form of Jet A. 
                                                                                                                                                       
polycyclic aromatic hydrocarbons. The naphthenes and aromatics each represent nearly 20% of 
conventional jet fuel on a mass basis. 
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Table 1.1 illustrates the 2009 CONUS civil and military jet fuel use by type. The 1.16 of the 1.35 
million bpd of all jet fuel bought in 2008 were used at CONUS airports in the form of Jet A [15]. 
Within military aviation fuel, the United States Air Force (USAF), United States Navy (USN), 
and the United States Army (USA) used 51%, 20%, and 29% of U.S. military aviation fuel in 
2009, respectively [16]. These absolute amounts of jet fuel are used as a reference when 
providing a framework for meeting alternative fuel goals in the following sections. 
 

 
Figure 1.2: 1993-2011 U.S. Average Crude Oil Refinery Yield Distributions [17] 

 
Table 1.1: Military 2010 and Civil 2009 CONUS Jet Fuel Use [15,16] 

 Fuel Use in Barrels per Day (bpd) 

 Jet-A JP-8 JP-5 Other Total 
Civil 1,160,000 - - - 1,160,000 

USAF - 91,600 - 3,460 95,100 
USN 316 11,800 25,000 - 37,500 
USA - 52,400 - 938 53,300 
Total 1,160,000 156,000 25,000 4,700 1,350,000 

 
 
1.3 Alternative Jet Fuel Goals 
Commercial and military aviation have set alternative fuel and environmental targets for the next 
half century. Airlines for America (A4A) – an industry association representing U.S. airlines – 
has set goals for alternative fuel providers to produce fuels with lower lifecycle emissions than 
that of conventional jet fuel [18]. Table 1.2 provides a summary of U.S. civil and military goals 
and regulations regarding both alternative fuel production and lifecycle greenhouse gas (GHG) 
emissions. Each entity in Table 1.2 holds an interest in both alternative fuels as an energy source 
and as a potential means of reducing the environmental impacts of aviation. 
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Table 1.2: U.S. Alternative Fuel and GHG Goals 
Arena Entity Document 

Date Alternative Fuel Use Life Cycle GHG Alternative Fuel 
Goal (bpd) 

Civil 

A4A 2011 --- 

Encourage fuel providers to 
provide a fuel that will have 
lower GHG than 
conventional jet fuel [18] 

--- 

FAA 2011 
1 billion gallons of jet fuel per 
year (65,200 bpd) by 2018 
[19] 

--- 32,600 [19] 

EPA† 2007 

36 billion gallons of per year 
(2.3 million bpd) of ground 
and air transportation fuels by 
2022 

Reductions from 2005: corn 
ethanol (20%), advanced 
biofuel (50%), Biomass-
based diesel (50%), 
Cellulosic biofuel (60%) 

--- 

Military 

USAF 2010 

50% of USAF domestic 
aviation via alternative jet fuel 
blend; cost competitive 
acquisition from domestic 
sources by 2016 [20] 

Alternative fuels produced in 
a manner that is “greener” 
than fuels produced from 
conventional petroleum 

23,800‡ 

USN 2010 

By 2020, half of the Navy’s 
total energy consumption 
afloat will come from 
alternative sources [21] 

18,700‡ 

 
1.4 Analysis Framework and Scenarios 
This thesis provides a holistic assessment of microalgae derived HEFA-J SPK fuels that includes 
environmental and economic implications. Table 1.3 depicts the areas that were quantified for 
various scenarios. The air quality and technical feasibility sectors rely on fuel composition and 
engine characteristics (see Appendix E) that are separate from the other categories. For the 
purposes of this investigation, the other sections include low, baseline, and high scenarios that 
have been analyzed in order to capture a variability range. Local sensitivity analyses have also 
been conducted for each of the inputs to these scenarios to assess prioritization of future research 
and development efforts.  
 

Table 1.3: Alternative Fuel Feasibility and Sustainability Metrics 
Area Metric(s) Quantification methodology 

Technical feasibility Fuel properties§ Fuel composition and gas turbine 
engine characteristics Air quality emissions g-emission/MJHEFA-J 

Production cost $/MJHEFA-J 

Lifecycle assessment Land footprint LTAG/ha/yr 
GHG emissions g-CO2e/MJHEFA-J 

Freshwater consumption L/MJHEFA-J 

 

                                                
†  EPA provides GHG thresholds for both aviation and traditional ground transportation 
alternative fuel feedstocks based on the Renewable Fuel Standard (RFS2) as a part of the Energy 
Independence and Security Act (EISA) of 2007 [134] 
‡ Based on CONUS 2009 Defense Logistics Agency (DLA) jet fuel sales [16] 
§ Some of these properties are freeze point, flash point, thermal stability, specific energy, and 



 

 -25- 

A “cradle-to-grave” or lifecycle assessment (LCA) was conducted for various cultivation 
pathways as seen in Figure 1.3. In this analysis, the paths in the microalgae to jet fuel lifecycle 
involve many different processes and steps linked by black arrows: fossil fuel electricity 
generation; cultivation, recovery, and extraction of algal oils; movement and upgrading of the 
algal oil; transportation and blending; and jet fuel combustion. Emissions, freshwater 
consumption, production cost, and land use quantifications were delineated by their 
corresponding brown, blue, green and red rectangles, respectively. The LCA process in this 
thesis was constructed to recycle as much mass and energy as possible [22]. These methods are 
an expansion of studies presented in previous lifecycle analyses [4,22]. 
 

 
Figure 1.3: CONUS Algae-derived HEFA Environmental Lifecycle Analysis; Emissions 

(Brown) Cover All Lifecycle Steps; Freshwater Consumption (Blue) Covers Coal Electricity 
Production, Algae Cultivation, Recovery, Growth, Extraction, and Upgrading; Production Cost 

(Green) Covers Algae Cultivation, Recovery, Growth, Extraction, and Upgrading; And Land Use 
Covers The Facility Footprint Used for Algae Cultivation, Recovery, Growth, and Extraction; 
Displacement Allocation is Used for Electricity Offsets While Energy Allocation is Used for 

Liquid Fuel Coproducts 
 
Both GHG and AQ Emissions (brown arrows) were delimited by the solid grey boundary. 
However, the need to feed CO2 to the algae to sustain large growth rates requires an expanded 
system boundary denoted by dashed grey boundary. The extended boundary represents a 
displacement method to credit for the emissions from a process that is independent from the 
algae cultivation. In the upper right of Figure 1.3, the same amount of electricity was assumed to 
enter the expanded system boundary as the amount leaving the original system boundary. The 
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emissions balance assumed subcritical pulverized coal power plant emissions as a CO2 source 
while the external displaced emissions were estimated to be an average coal power plant as well. 
This combination of system boundary and allocation method results in the CO2 emissions from 
the electricity generation being unchanged because the emissions from the algae HEFA 
combustion are attributed to the electricity generation. 
 
In scenarios with minimal thermal loads, surplus electricity generated from a biogas combined 
heat and power plant (CHP) is exported to the grid. In these cases, energy weighted average U.S. 
electricity production emissions were displaced by the emissions generated and recycled by the 
CHP (lower left of Figure 1.3).  In addition, an energy allocation method was used to account for 
other liquid fuel byproducts associated with upgrading. This hybrid allocation methodology was 
used in previous algae lifecycle analyses where end fuel is not the main upgrading product [2,4].  
The units for GHG LCA and AQ emissions are g-CO2e/MJ and g-emission/MJ, respectively. 
Further information on co-product allocation and GHG LCA emissions are found in Table 4.1 
and Chapter 2: Microalgae Derived Fuel Methodologies, respectively.  
 
The water consumption metric in Table 1.3 is defined as freshwater that is taken from a location 
and not returned directly to the original source [23,24]. Freshwater consumption was accounted 
for offsite electricity production, cultivation, harvesting, extraction, and upgrading in units of 
Lwater/MJHEFA-J. The allocation methods from the GHG LCA calculations were also employed for 
freshwater consumption. Similarly, production costs – which include capital, fixed operating, 
and variable operating costs – were quantified for the cultivation, harvesting, extraction, and 
upgrading LCA steps in units of $/MJHEFA-J. Market allocation was used for determining 
production cost between HEFA-J and additional liquid coproducts.  Lastly, facility land usage 
(LTAG/ha/yr) as well as water and carbon flows were provided for cultivation, harvesting, and 
extraction steps. Further information on LCA quantification for each step and metric can be 
found in Section 2.2. 
 
Each of these sustainability metrics were analyzed quantitatively for the various cultivation 
systems and extraction technologies seen in Table 1.4. The four main cultivation systems in 
question are open raceway pond, horizontal and vertical serpentine tubular photobioreactors 
(PBRs) and vertical flat panel PBRs. For all cultivation systems, dry hexane solvent and wet 
steam lysing technology sets were explored. Each of the 24 scenarios was compared for an 
output of 137 bpd of oil in the form triglycerides (TAGs) from a pilot facility to a 2000, 4000, or 
6500 bpd TAG hydroprocessing facility. Further information on the cultivation system models 
and extraction technologies, as well as scenario inputs and assumptions can be found in Chapter 
2: Microalgae Derived Fuel Methodologies. 
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Table 1.4: Cultivation and Extraction Scenario Matrix 
Cultivation 

System 
Extraction 

Technology 
GHG 

Emissions 
Water 

Consumption 
Land 
Use 

Production 
Cost 

Open 
Raceway 

Pond 

Drying with 
Hexane 
Solvent 

Low 
Baseline 

High 
Wet Steam 
with KOH 

Lysing 

Low 
Baseline 

High 

Horizontal 
Serpentine 

Tubular 
PBR 

Drying with 
Hexane 
Solvent 

Low 
Baseline 

High 
Wet Steam 
with KOH 

Lysing 

Low 
Baseline 

High 

Vertical 
Serpentine 

Tubular 
PBR 

Drying with 
Hexane 
Solvent 

Low 
Baseline 

High 
Wet Steam 
with KOH 

Lysing 

Low 
Baseline 

High 

Vertical Flat 
Panel PBR 

Drying with 
Hexane 
Solvent 

Low 
Baseline 

High 
Wet Steam 
with KOH 

Lysing 

Low 
Baseline 

High 
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Chapter 2: Microalgae Derived Fuel Methodologies 
 
2.1 Microalgae Background 
Microalgae are one of the oldest forms of life and are classified generally as thallophytes, i.e., 
simple plants that lack roots, stems, or any form of well-differentiated body design. The majority 
of their relatively simple structure and development are for energy conversion, which allows for 
the rapid reproduction and adaptation of a wide variety of species [25,26]. Algae have eukaryotic 
cells with organelles that control cell functions in contrast to prokaryotic cells, also known as 
cyanobacteria, which lack membrane-bound organelles [27]. The thousands of different species 
and strains of microalgae can be broken into the three main categories based on pigmentation, 
lifecycle, and cellular structure: chlorophyta (green algae), rhodophyta (red algae), and 
bacillariophyta (diatoms). Algae can also be classified by cultivation conditions: 
photoautotrophic, heterotrophic, mixotrophic, and photoheterotrophic. Photoautotrophic (or 
phototrophic) cultivation involves energy absorbed from light, assimilation of inorganic carbon 
and uptake of nutrients from an aquatic medium to form chemical energy via photosynthesis. 
Heterotrophic microalgae grow under dark conditions where both energy and carbon sources 
come from organic carbon (e.g., sugars such as glucose or xylose). Microalgae under 
mixotrophic conditions undergo photosynthesis and use both organic and inorganic carbon 
sources. Lastly, photoheterotrophic cultivation requires light and an organic carbon source for 
growth [28,29,30]. The microalgae under consideration in this thesis are a range of marine and 
freshwater photoautotrophs. Compared to other cultivation methods, autotrophic microalgae 
have less contamination issues which favors scaled outdoor cultivation in open raceway ponds 
[28,30]. 
 
2.1.1 Species Suitable for Fuel Production 
One of the major benefits of using a diverse and relatively simple feedstock like microalgae is 
the ability to breed, engineer and select species with characteristics that favor particular 
environments, cultivation technologies, and extraction techniques. Additional advantages of 
using certain algae species are that they can: synthesize and accumulate large quantities of 
neutral lipids/oil; grow at high rates (1-3 doublings per day); thrive in saline, brackish or coastal 
seawater for which there are few competing demands; tolerate marginal (arid or desert) lands; 
utilize growth nutrients from a variety of wastewater sources; sequester large amounts carbon 
dioxide from flue gases; produce value-added coproducts like biopolymers, proteins, 
polysaccharides, pigments, animal feed, fertilizer, and hydrogen; and can grow year round in 
suitable vessels and locations [31]. As will be seen in the following sections, performance in the 
first two categories, biomass growth and lipid content, impact all of the major lifecycle 
sustainability metrics in Table 1.3.  
 
2.1.2 Biomass Yield and Lipid Content 
Of the various oil producing feedstocks, microalgae provide the largest oil productivities [32]. 
Figure 2.1 illustrates the fuel yields of various HEFA and F-T feedstocks and product slates. 
Note that these yields assume only the cultivation system areal footprint where the algae are 
growing. The results section in Chapter 4 depicts fuel yields outlined by the entire facility area. 
Nominal photoautotrophic microalgae to fuel growth rates from open ponds and closed PBRs are 
estimated at between 15,000-25,000 L/ha/yr; larger than the nearest analyzed biomass feedstock 
(Palm HEFA) by a factor of six [2,5,22,33]. Lipid content of microalgae depends highly upon 
growing conditions and strain selection. Certain microalgal species under favorable conditions 
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can consist of up to 50-70% lipids dry weight and produce up to 58,700 Loil/ha, which is two 
orders of magnitudes higher than the nearest oil producing energy crop [32]. Nutrient-limiting 
conditions are used to increase the microalgae lipid content, which means that achieving higher 
lipid content for a given species usually lowers the biomass productivity [30]. 
 
A review of phototrophic microalgae production from air and direct CO2 injection in laboratory 
scale systems ranged biomass volumetric productivities of 0.004-0.47 g/L/day, dry weight lipid 
contents of 4.10-67.8%, and lipid productivities of 0.85-150 mg/L/day [28]. Figure 2.2 provides 
a graphical representation of the phototrophic, mixotrophic, and heterotrophic microalgae 
species. The CO2 and air fed phototrophic species represent the majority of the survey while a 
few mixotrophs and heterotroph performances were captured. The heterotrophs consisting of 
species chlorella protothecoides had the highest cell and lipid densities due to their ability to 
convert large amounts sugars like glucose, acetate, corn powder hydrolysate, and Jerusalem 
artichoke hydrolysate into chemical energy. Of the phototrophs, CO2 fed Chlorella sp., 
Nanochloropsis, and Nanochloris Oleoabundans species performed most favorably in ideal 
laboratory conditions [34,35]. For the purposes of this thesis, a range of productivities were used 
that represent phototrophic growth rates spanning the CO2 fed spectrum in open pond and closed 
PBR systems outlined in Figure 2.1. 
 

 
Figure 2.1: Biomass Feedstock-to-Fuel Productivities: Maximum Distillate Product Slate (Top) 

and Maximum Jet Fuel Product Slate (Bottom) [2,5,33]. Algae Fuel Yields Based on Entire 
Facility Area Are Derived in Chapter 4. 
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Figure 2.2: Various Algae Cultivation and Species Biomass and Lipid Volumetric Productivities 

[28,36] 
 
2.2 Lifecycle Analysis Methods and Assumptions 
2.2.1 LCA and Associated Models 
The LCA methodology illustrated in Figure 1.3 provides a framework for various scenarios 
involving different technologies and assumptions outlined in this chapter. The three main tools 
employed for the various scenarios examined are illustrated in Figure 2.3. The first model 
consists of three PBR growth simulators that have been validated and optimized for multiple 
performance metrics. The second tool is the LCA model, which acts as the central model where 
all information is gathered. The final tool is the Greenhouse Gases, Regulated Emissions, and 
Energy Use in Transportation Model (GREET1_2011) which takes information from the LCA 
model and computes LCA GHG emissions for each scenario [37]. The LCA GHG emissions in 
g-CO2e/MJHEFA-J consist of CO2, CH4, and N2O and are based on 2010 technologies and 
encompass a 100-year time window. The CO2e metric is a combination of these GHGs weighted 
by their global warming potentials. CO2, CH4, and N2O are assumed to have global warming 
potentials of 1, 25, and 298, respectively. Other non-CO2 energy balance effects from the 
production and combustion of aviation fuel (soot, cirrus, contrails, etc.) were not considered in 
this analysis. Direct and indirect land use change GHG emissions, as well as emissions 
associated with site construction, were also not considered. The following sections describe the 
technologies and processes involved in these scenarios. 
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Figure 2.3: Lifecycle Tools and Methods Flowchart 

 
2.2.2 CO2 Capture, Transportation, Distribution, and Recycle from Coal Electricity Production 
The first step in the microalgae lifecycle involves the feeding of inorganic carbon in the form of 
CO2 (either pure, flue gas, or air) to open ponds or closed PBR cultivation units. The carbon 
source for a microalgae energy crop must be in large enough concentrations for satisfactory 
growth rates. This analysis focuses on concentrated CO2 and flue gases produced from the 
combustion of coal at an pulverized coal power plant collocated with the facility. Scenarios 
requiring concentrated CO2 involve an energy intensive process in which a Mono-Ethanol Amine 
(MEA) scrubber separates 90% of the CO2 from the flue gas. Table 2.1 provides significant 
efficiencies, material inputs, and energy inputs for typical MEA separation systems. The direct 
flue gas and MEA steam and electrical energy requirements for open raceway ponds are depicted 
in Table 2.2. For the purposes of this thesis, these open raceway pond specific energy inputs 
were assumed identical for PBRs CO2 distribution. Furthermore, the pressure head associated 
with piping for CO2 and air distribution were assumed negligible. 
 

Table 2.1: Mono-Ethanol Amine (MEA) Scrubber Parameters and Performances 
MEA Performance Parameters Value Units Notes/Refs. 

CO2 capture efficiency 90 % 

[22,38] 

NH3 emission 0.21 kg/tonneCO2 
MEA 3.25 kg/tonneCO2 

NaOH 0.13 kg/tonneCO2 
Activated C 0.075 kg/tonneCO2 

Freshwater (subcritical pulverized coal) 0.66 gal/kgCO2 
Freshwater (supercritical pulverized coal) 0.59 gal/kgCO2 

Steam 1110 kWh/tonneCO2 [22,38] Electricity 23.6 kWh/tonneCO2 

Total energy 
1134 kWh/tonneCO2 [22,38] 
1847 kWh/tonneCO2 [39] 

1694-2847 kWh/tonneCO2 [40] 

GHG emissions from material use 
 

MEA  3.25 g-CO2e/tonneCO2 - Wood used as proxy for 
activated C; Biomass credit 
from cultivation [41,42] 

NaOH 1.01 g-CO2e/tonneCO2 
Activated C -2.30 g-CO2e/tonneCO2 
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Table 2.2: Direct Injection Flue Gas and Pure CO2 Energy Inputs 

Type of 
Carbonation Region 

Flue gas/CO2 Transport & 
Distribution 
(kWh/tonne) 

CO2 Capture 
(kWh/tonneCO2) 

Notes/Refs. 

Flue Gas 
Offsite 0 - 

- Based on 20 wt.% (13 mole%)   
CO2 in coal flue gas [43] 
- 8 km transport 
- 2.32 tonne/km/yr leakage [22] 

Onsite 38.6 - - Includes recycle and make-up CO2 
streams 

Pure CO2 
Offsite 0 Steam: 1110, 

Power: 23.6 [22,38] Onsite 38.6 
 
2.2.3 Microalgae Cultivation 
Microalgae cultivation in this analysis has been delineated into two major classes: open raceway 
pond and closed PBR systems. Table 2.3 presents the major inputs for all cultivation system 
classes. Lower Heating Values (LHVs) were used for all energy calculations. The low scenarios 
assume the use of municipal wastewater as the culture makeup source and an increased lipid 
weight fraction, which lowers the need for the majority of nitrogen and phosphorous inputs. The 
extractable lipid weight fractions encompass the range of most phototrophic microalgae species 
investigated by this study [32,44,45,46,47,48,49]. 
 

Table 2.3: CO2, Solar Irradiance, Water, Nutrients and Biomass Composition Inputs [22] 
  Low Baseline High LHV 

(MJ/kg) Carbon 

CO2 inputs CO2 required (kg/kgBiomass) 2.43 2.05 1.93   
Solar energy Solar irradiance (MJ/m2/yr) 7230 7230 7230   

Water Makeup water  Waste Brackish Brackish   
Makeup water mass TDS (ppt) 1.0 20 20   

Nutrient 
inputs 

Nutrient use efficiency 90% 90% 90%   
N (g/kgBiomass) 36 100 173   

P2O5 (g/kgBiomass) 4 12 21   
Fe (g/kgBiomass) 2 5 9   

Nitrogenous fertilizer type Ammonia GREET 
Default 

Ammonium nitrate/ 
Ammonium sulfate   

Biomass 
composition 

Lipid (g/kgBiomass) 650 350 250 39 78% Non-extractable lipid (g/kgBiomsas) 600 250 150 
Protein (g/kgBiomass) 250 450 500 23 46% 

Carbohydrate (g/kgBiomass)  100 200 250 17 40% 
Extractable lipid mass fraction 60% 25% 15%   

 
2.2.3.1 Open Raceway Pond System 
The open raceway ponds considered in this analysis are for a small-scale facility capable of 
producing 86-315 bpd TAG. This system was initially outlined for TAG upgraded to renewable 
diesel [22]. The open raceway pond cultivation system in Figure 2.4 consists of a 400 ha area of 
40 growth ponds each with ~1 and ~0.1 km lengths and widths, respectively. Additional area 
includes primary and secondary harvesting, extraction, digestion, and combustion equipment, 
which increase the total area to ~450 ha. All ponds have 30 cm depths and each pond includes 
one paddlewheel-mixing unit. Piping tubes include CO2/makeup water feed and recycling, 
blowdown, and downstream sludge and TAG pipes. Figure 2.5 illustrates the baseline of a single 
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open raceway pond, which mimics that of similar scaled algae growth ponds [50]. Table 2.4 
provides the parameters and inputs specific to open raceway pond cultivation in this analysis. 
Raceway pond efficiencies are defined as the ratio of the fraction of energy imparted to the water 
flow to the energy input required to drive the paddlewheel. This ratio is expressed as the product 
of the paddle wheel and power train efficiencies. The areal and volumetric productivities for the 
scenarios encompass the majority of open raceway pond values for various microalgae species in 
recent literature [32,51,52,53,54]. The blowdown ratios are the evaporation-normalized amount 
of water that must be taken out of the system to prevent solids buildup in the culture. 
Evaporation rates were estimated based on a location in Southeast Texas. Equation (2.1) through 
Equation (2.3) provides fundamental equations for calculating hydraulic power required for wide 
raceway ponds with various scenario inputs [50]. The final power required for the pond Ppond  is a 
function of the culture density !L , pond depth dpond , flow velocity Vpond  and the Manning 
roughness coefficient npond . The pond velocity is in turn a function of pond slope, roughness, and 
hydraulic radius (equates to pond depth for wide channels). The material and economic inputs 
for open ponds are found in Table B1. 
 

 
Figure 2.4: Baseline Open Raceway Pond System Schematic 
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Figure 2.5: Baseline Single Open Raceway Pond 

 
Table 2.4: Open Raceway Pond Cultivation Parameters, Inputs, and Performances 

 Low Baseline High Notes/Refs. 
Paddle wheel efficiency (%) 75 60 60 

[22,50] 

Power train efficiency (%) 80 70 70 
Biomass areal productivity (g/m2/day) 32 20 15 

Biomass volumetric productivity (g/L/day) 1.07 0.67 0.50 
Biomass pond concentration (ppm) 475 300 225 

Evaporation rate (cm/day) 0.5 0.5 0.5 
Blowdown ratio 0.05 1.0 1.0 

Pond circulation velocity (cm/s) 20 20 20 
Manning’s roughness coefficient (s/m1/3) 0.02 0.02 0.02 

Total pond wall height (cm) 50 50 50 
Pond depth (cm) 30 30 30 

Total surface area of all ponds (ha) 400 400 400 
Algae mixing specific energy required (MJ/kgalgae) 0.28 0.66 0.88 Equation (2.3) [50] 

Nutrient supply specific energy required (MJ/kgalgae) 0.02 0.03 0.03 Derived from [50] 
Makeup water pumping specific energy required (MJ/kgalgae) 0.08 0.23 0.30 45.2 Pa/m [22] 

Initial pumping and filling specific energy (MJ/kgalgae)  0.04 0.06 0.07 Filled 3 times/year 45.2 Pa/m [22] 
CO2 capture on-site NG (MJ/kgalgae) 0.00 0.00 7.89 

See Table 2.2 and Table 2.3 
CO2 capture on-site electric (MJ/kgalgae) 0.00 0.00 0.14 

Recycle CO2 compressor electric (MJ/kgalgae) 0.00 0.00 0.31 
On-site flue gas distribution electric (MJ/kgalgae) 0.38 0.32 0.00 

Total cultivation specific energy (MJ/kgalgae) 0.79 1.29 9.65  
 

 Vpond =
dpond
2/3 Spond

1/2

npond
 (2.1) 

 Spond =
hLpond
Lpond

=
Vpond
2 npond

2

dpond
4/3  (2.2) 

 Ppond =
g!LVpond

3 npond
2

dpond
0.3 "pond

 (2.3) 

 
2.2.3.2 Closed Photobioreactor Systems 
There are three main types of closed PBR systems considered in this analysis: horizontal 
serpentine tubular, vertical serpentine tubular, and vertical flat panel. The horizontal and vertical 
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tubular PBRs are similar in character in that they both consist of solar collector and airlift 
sections. The solar collector is the portion of tubing where photosynthesis occurs and oxygen is 
produced. The airlift (or degasser) subsystem consists of two sections: one that inserts air at its 
base to transport the produced oxygen and harvest from the system (riser) and one that inputs 
makeup medium, CO2, and nutrients into the solar collector (downcommer). Pumps were added 
into the tubular systems in cases where the potential energy gained in the airlift was overcome by 
the energy losses throughout the system. The flat panel system combines the solar collector and 
airlift degasser into one component. Harvesting and dilution rates for all PBRs were assumed to 
be continuous at 0.06 m3

culture/day [53].   
 
The three PBR designs in Figure 2.6 were modeled, validated against experimental pilot 
facilities, and optimized for various performance parameters as described in Chapter 3: Algae 
Photobioreactor Model Development and Optimization [53,54,55,56]. Unlike the fixed geometry 
open raceway pond cultivation system model, the modular PBRs were modeled to increase in 
number for a specific algal TAG output. Figure 2.7 illustrates the PBR cultivation facility 
organization broken into various components. For organization, the facility is compartmentalized 
into individual PBR modules, skids, and clusters. Skids and clusters were defined to have 100 
and 5,000 modular PBR units, respectively. The number of clusters and downstream components 
are a function of PBR type, scenario inputs, and algal oil demand. The facility grows from the 
carbon and water sources horizontally outward until the production quota is met. The 
downstream harvesting and processing units were placed nearest to the middle of the facility. 
Makeup and recycle tubing to the PBRs were considered, to include all piping turn linkages. 
 

 
(a)              (b) 

 
(c) 

Figure 2.6: Considered Photobioreactor Types: (a) Horizontal Serpentine Tubular, (b) Vertical 
Serpentine Tubular, and (c) Vertical Flat Panel 
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  (a)   (b)     (c) 

 
           (d) 
Figure 2.7: Photobioreactor Scaled-to-Demand Facility - (a) PBR Modules, (b) Skid Consisting 
of 10×10 PBR Modules, (c) Cluster Consisting of 50×10 Skids, and (d) System Consisting of 

100 Clusters Per DAF/Clarifier (Number of DAFs/Clarifiers Depends on bpd Algal Oil Demand 
and PBR Dilution Rates) 

 
Typical volumetric and areal productivities for each of the PBR types are depicted in Table 2.5. 
The majority of the indoor and outdoor pilot scale PBRs produced 0.25-1.90, 0.5-1.25, and 0.24-
2.15 g/L/day for horizontal tubular, vertical tubular, and flat panel PBRs, respectively. The PBR 
cultivation parameters and inputs for this analysis are shown in Table 2.6 and represent a wide 
range of productivities. Biomass concentrations and blowdown ratios for these PBRs were also 
assumed two times higher than their open pond counterparts because although relative 
evaporation decreases, the larger concentration of TDS can eventually line the solar collector 
walls, which can inhibit photosynthetic growth over time. This assumption will impact water 
consumption, steady state TDS and cultivation system energy loads. The variation of biomass 
concentration and specific energy inputs for cultivation between scenarios is highly nonlinear 
due to the complex and integrated nature of the optimized PBRs. Each low, baseline, and high 
scenario represents a different optimized PBR design. To stay consistent with the LCA GHG 
emission and production cost scenarios, biomass volumetric productivities were chosen to 
represent PBRs with the highest and lowest areal productivities and specific energies. The 
biomass concentrations do not vary in a predictable fashion because the PBR geometry varies 
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with the optimization (See Chapter 3). In some cases, specific energy inputs outside of the PBR 
electricity requirements for growth make overall cultivation specific energy inputs larger for a 
low case when compared to the baseline. This is due to the increased flue gas specific energy 
required for a faster growing microalgae strain scenario. 
 

Table 2.5: Closed Photobioreactor Productivities (Airlift Degasser Unless Otherwise Noted) 
 Biomass Volumetric 

Productivity (g/L/day) 
Biomass Areal Productivity 

(g/m2/day) Notes Refs. 

Horizontal 
tubular 

1.2 - Outdoor continuous [57] 
1.9 - Outdoor continuous [55] 
1.5 - Outdoor continuous [58] 

0.25 - Outdoor semi-continuous [59,60] 
1.26 - Outdoor continuous [61] 

Vertical 
tubular 

1.25 50 Indoor greenhouse [54] 

0.5 - Indoor laboratory bubble column 
Continuous [62] 

Flat panel 

0.24 12.1 Outdoor continuous [36] 
0.27 18.9 Outdoor continuous [36] 
0.58 35 Indoor greenhouse [54] 
0.56 7.25 Outdoor continuous [36] 

0.61-1.45 59.5 Outdoor continuous [63] 
1.0 70 Outdoor continuous [64] 

1.93 ± 0.03 - Indoor laboratory semi-continuous [61] 
2.15 - Outdoor continuous [65,66] 

2.0 max. - Outdoor semi-continuous [56] 
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Table 2.6: Closed Photobioreactor Cultivation Parameters, Inputs, and Performances 
  Low Baseline High Notes/Refs. 

All PBRs 

Airlift efficiency (%) 43 43 43 [53] 
Circulation pump efficiency (%) 80 80 80 [67] 
Degasser water loss (gwater/m3

air) 31.5 31.5 31.5 Water saturation at 30°C 
Blowdown ratio 0.1 2 2  

Optimization type* Weighted evenly for specific 
energy and areal productivity 

 

Horizontal 
tubular 

Biomass areal productivity (g/m2/day) 14.6 12.5 8.88  
Biomass volumetric productivity (g/L/day) 0.8 1.0 1.5  

Biomass PBR mass concentration (ppm) 2230 1150 328  
Algae PBR electric (MJ/kgalgae) 10.6 9.59 10.8 Calculated** 

Nutrient supply electric (MJ/kgalgae) 0.035 0.041 0.058 Derived from [50] 
Makeup water pumping electric (MJ/kgalgae) 0.004 0.013 0.017 Equation (2.4)-(2.9) 

Initial pumping and filling electric (MJ/kgalgae)  0.006 0.003 0.004 Filled 3 times/year [22] 
CO2 capture on-site NG (MJ/kgalgae) 0.00 0.00 4.71 

See Table 2.2 and Table 
2.3 

CO2 capture on-site electric (MJ/kgalgae) 0.00 0.00 0.09 
Recycle CO2 compressor electric (MJ/kgalgae) 0.00 0.00 0.18 

On-site flue gas distribution electric (MJ/kgalgae) 0.38 0.32 0.00 
Total cultivation specific energy (MJ/kgalgae) 11.1 9.97 15.9  

Vertical 
tubular 

Biomass areal productivity (g/m2/day) 13.8 13.1 11.5  
Biomass volumetric productivity (g/L/day) 0.8 0.85 1.0  

Biomass PBR mass concentration (ppm) 589 587 351  
Algae PBR electric (MJ/kgalgae) 10.7 10.7 10.7 Calculated** 

Nutrient supply electric (MJ/kgalgae) 0.037 0.039 0.045 Derived from [50] 
Makeup water pumping electric (MJ/kgalgae) 0.003 0.007 0.008 Equation (2.4)-(2.9) 

Initial pumping and filling electric (MJ/kgalgae)  0.005 0.005 0.004 Filled 3 times/year [22] 
CO2 capture on-site NG (MJ/kgalgae) 0.00 0.00 4.71 

See Table 2.2 and Table 
2.3 

CO2 capture on-site electric (MJ/kgalgae) 0.00 0.00 0.09 
Recycle CO2 compressor electric (MJ/kgalgae) 0.00 0.00 0.18 

On-site flue gas distribution electric (MJ/kgalgae) 0.38 0.32 0.00 
Total cultivation specific energy (MJ/kgalgae) 11.1 11.1 15.8  

Flat panel 

Biomass areal productivity (g/m2/day) 46.0 36.0 26.0  
Biomass volumetric productivity (g/L/day) 0.9 0.7 0.5  

Biomass PBR mass concentration (ppm) 1480 1570 1326  
Algae PBR electric (MJ/kgalgae) 2.80 2.80 2.80 Calculated** 

Nutrient supply electric (MJ/kgalgae) 0.011 0.014 0.020 Derived from [50] 
Makeup water pumping electric (MJ/kgalgae) 0.003 0.006 0.005 Equation (2.4)-(2.9) 

Initial pumping and filling electric (MJ/kgalgae)  0.004 0.005 0.007 Filled 3 times/year [22] 
CO2 capture on-site NG (MJ/kgalgae) 0.00 0.00 4.71 

See Table 2.2 and Table 
2.3 

CO2 capture on-site electric (MJ/kgalgae) 0.00 0.00 0.09 
Recycle CO2 compressor electric (MJ/kgalgae) 0.00 0.00 0.18 

On-site flue gas distribution electric (MJ/kgalgae) 0.38 0.32 0.00 
Total cultivation specific energy (MJ/kgalgae) 3.19 3.15 7.82  

 
2.2.4 Microalgae Harvesting 
The harvesting steps consist of primary and secondary stages that progressively dewater the 
algae in semi-continuous cycles. The primary harvesting stage consists of either Dissolved Air 
Flotation (DAF) devices that use air to flocculate the microalgae and clarifiers or settling ponds 
                                                
**Each specific energy inputs and other results based on PBR designs optimized for specific 
energy and areal productivity at each specified volumetric productivity (See Chapter 3) 
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that use gravity to partially dewater the microalgae to 2.25 wt.% solids content. The secondary 
harvesting choices in the analysis scenarios are for either centrifuges, which use centrifugal 
forces, or belt filter presses, which use mechanical pressure to further dewater the microalgae to 
12 wt.% solids content. Table 2.7 depicts all of the various primary and secondary downstream 
harvesting technologies considered. The performance, sizing, and power parameters for each 
technology set are also provided. Note that the pumping power between various subsystems is 
only for the open raceway pond scenarios. The units of 1 kW/m3/hr equate to a pressure of 3.6 
MPa. These scenarios assume a pressure drop based on 45.2 Pa/m for the larger pipes for various 
distances [68]. Table 2.8 provides the harvesting technologies used in the scenarios of this thesis. 
These technologies were chosen to represent a wide range of specific energy inputs. This 
assumes that issues involving residence time for batched settling ponds (multiple days) and 
continuous flow clarifiers (multiple hours), as well as problems with smaller diameter algae in a 
belt filter press could be overcome through research and development in logistics planning. 
These harvesting technology choices will affect the overall LCA GHG emissions variability 
while minimally affecting capital cost variability because the majority of harvesting expenses are 
associated with pretreatment operating costs [50]. 
 
For the varying pipes sizes and flow rates in the scalable PBR facility, power required between 
units for PBRs accumulated from pressure drops based on friction and minor linkage head losses. 
Pipe friction losses are based on the Haaland equation in Equation (2.4), which directly solves 
the Darcy-Weisbach friction factor f  for turbulent flow through smooth or rough circular piping 
by approximating the implicit, empirical Colebrook-White equation. The error (<1%) in this 
approximation is within the variability of the scenarios in question. The Darcy-Weisbach friction 
factor depends on the relative pipe roughness !m , pipe diameter d , and the Reynolds number 
Re . Each specific case is denoted by the subscript i . The Reynolds number in Equation (2.5) 
depends on the fluid density !L , liquid velocity UL , viscosity µL , and pipe diameter d . Lastly, 
the pressure drop per unit distance in Equation (2.6) depends on the friction factor, liquid 
density, liquid velocity, and flow diameter. The head losses at each linkage in the PBR facility 
are accounted for in Equation (2.7). The non-dimensional linkage loss coefficients used for 90° 
bends, T-branch, and T-line linkages combine into a single non-dimensional coefficient hvi  for 
different bends in a subsystem [68]. The total pressure drop and power required are depicted in 
Equations (2.8) and (2.9). Depending on the fluid, the power equation is a function of culture or 
water density !L  or !w , pump efficiency !p , specific water flow and loss fractions !mw  and !mloss  
in kgwater/kgalgae, and microalgae cultivation system productivity Palgae  in kgalgae/s. The pumping 
efficiency for all cases was assumed to be 80% [67]. 
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Rei =

!LiULi
di

µLi

 
(2.5) 

 
PLi = fi

!LiULi
2

2di
 

(2.6) 

 hvi = 0.25n90i + 0.75nTbranchi + 0.15nTlinei  (2.7) 
 

!Pi =
1
2
!LULi

2 hvi + LiPLi  
(2.8) 
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Table 2.7: Primary and Secondary Harvesting System Performance, Sizing, and Power Input 
Parameters (Pumping Power Inputs for Open Pond Cases Only) 

Primary Harvesting Notes/Refs. 

DAF 

Performance/ 
Sizing Parameters 

Flocculant concentration (ppm) 5 Assumes FeCl3 [22] 
Solids content at outlet (wt.%) 2.25 [22] 

Recycle solids content (ppm) 15 [22] 
Maximum Capacity (m3/hr) 1,250 [22] 

Power Parameters 

DAF recycle pumps (kW) 120 Vendor Inputs; max. capacity 
Flocculant mixer (kW/m3/hr) 19.7 Vendor Inputs; max. capacity 
Sludge scrapper motor (kW) 2.98 Vendor Inputs; max. capacity 

Float transfer pump (kW/m3/hr) 0.186 Vendor Inputs; scaled from 2.5 hp for 
10 m3/hr at 4% solids 

Coagulant metering pump (kW) 2.24 Estimated [22] 
DAF Compressor (kW) 2.24 Vendor Inputs; 60 PSIG, 18 SCFM 

Effluent pump to pond (kW/m3/hr) 45.5 Vendor Inputs; ~0.8 km at 45.2 Pa/m 
DAF Blowdown Pump (kW/m3/hr) 455 Vendor Inputs; ~8 km at 45.2 Pa/m 

Clarifier 

Performance/ 
Sizing Parameters 

Typical effluent concentration 
(mg/L) 15 5-30 mg/L [22,69] 

Solids content at outlet (wt.%) 2.25 Assumed same as DAF [22] 
Typical wall depth (m) 4 [70] 

Typical clarifier solids loading rate 
(kg/m2/day) 150 100-150 kg/m2/day [70] 

Typical overflow rate (m3/m2/day) 18 [70,71] 
Volume (m3) 3,900 [71] 

Power Parameters 

Clarifier rake arm driver (kW) 0.37 [22] 
Sludge pumps (kW) 2.98 [22] 

Growth pond to clarifier (kW/m3/hr) 45.5 Vendor Inputs; ~0.8 km at 45.2 Pa/m 
Concentrate to Centrifuge 

(kW/m3/hr) 0.186 Vendor Inputs; same as DAF 

Blowdown Pumps (kW/m3/hr) 455 Vendor Inputs; same as DAF 
Settling 

Pond Power Parameters Total Power (kW/ha) 0.204 Batch system [50]; Maximum capacity 
assumed same as clarifier volume 

Secondary Harvesting Notes/Refs. 

Centrifuge 

Performance/ 
Sizing Parameters 

Solids recovery (wt.%) 95 [22] 

Maximum Capacity (m3/hr) 227 decanter 
90.8 disc [22] 

Solids content at outlet (%) 12 [22] 

Power Parameters 

Main motor (kW/m3/hr) 3,500 decanter 
2,070 disc 

Vendor Inputs; Assumes linear scaling 
of power with inflow rate; 300 hp 
motor for 1000 gpm decanter 
centrifuge; 75 kW motor for 400 gpm 
disc centrifuge (70% rated power) 

Scroll/backdrive motor 
(kW/m3/hr) 

1,980 
decanter 

0 disc 

Vendor Inputs; Assumes linear scaling 
of power with inflow rate; 125 hp 
motor for 1000 gpm decanter 
centrifuge 

Thickened algal pump (kW/m3/hr) 1,960 Based on sludge pumps [22] 
Supernatant pump to DAF recycle 

(kW/m3/hr)  27.3 0.48 km at 45.2 Pa/m 

Belt Filter 
Press 

Performance/ 
Sizing Parameters 

Cycle time (hours) 2 [72] 

Maximum Capacity (m3/hr) 3.54 1000 ft3/cycle/press at two hours/cycle 
[72] 

Solids content at outlet (%) 12 Assumed same as centrifuge [22] 
Power Parameters Total power input (kW) 103 [72] 
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Table 2.8: Harvesting Technology Sets for Scenarios 
 Low Baseline High 

Primary harvesting Settling ponds Clarifier Dissolved air 
flotation 

Secondary 
harvesting Disc centrifuge Decanter centrifuge  Belt filter press  

 
2.2.5 Microalgae Extraction 
Once the microalgae have been harvested and dewatered to ~12 wt.% of the culture, the algal oil 
is extracted via two main methods, “dry” and “wet” extraction. Dry extraction is the more readily 
available commercial technology currently used for soybean oil extraction. The process consists 
of natural gas fed sludge belt dryers that lyse and dry the algae to ~90 wt.% solids. A hexane 
solvent is then used to recover oil from the dried culture [22,73,74]. Wet extraction is an 
emerging technology that eliminates the need for post drying of the harvested stream. Several 
recent patents describe various ways to lyse and extract algal oils from a wet culture. In this 
analysis, pressurized steam and potassium hydroxide are used to lyse the algal cells, which are 
then subject to centrifugation and wash cycles to separate the algal oil from the culture 
[22,75,76,77,78]. 
 
2.2.5.1 Dry Extraction 
The dry extraction technology set energy and performance parameters used in this analysis are 
depicted in Table 2.9. The majority of energy used in dry extraction comes from heat produced 
from combusted from natural gas. In scenarios where a combustor or CHP is used, a fraction of 
the heat energy required for drying is offset by the combustion of methane from the anaerobic 
digester.  
 

Table 2.9: Dry Extraction Energy and Performance Inputs 
Process Inputs Value Notes/Refs. 

Performance 
Assumptions 

Dryer biomass recovery (%) 100 [22] 
Influent stream solids (wt.%) 12 [22] 
Effluent stream solids (wt.%) 90 [51,74] 

Belt Dryer 

Dryer heat input (MJ/kgwater-evap) 3.37 Vendor inputs from commercial sludge dryers [74] 

Estimated drying efficiency (%) 76 
Water heat of vaporization: 2.23 MJ/kgwater 

Water specific heat: 4 kJ/kgwater/K 
Algae specific heat: 2 kJ/kgbiomass/K 

Power input (kJ/kgbiomass) 91.3 Technology efficiency improvement from 1998 to 2015 
from GREET1_2011 (11.1%); Natural gas input 

calculated from required steam input with 80% thermal 
efficiency. Soy oil extraction modified for algal feed 

[73] 
 

Natural gas input (kJ/kgbiomass) 965 
Hexane makeup rate 

(kg/kgbiomass) 
0.0021 

Calorific value of hexane 
makeup (kJ/kgbiomass) 

93.0 

 
 
2.2.5.2 Wet Extraction 
The wet extraction technology energy and performance inputs are shown in Table 2.10. The 
specific energy values and material inputs could not be provided due to the confidential nature of 
the reference. Nonetheless, an in-house model of the process determined natural gas and 
electricity specific energy use at 2.68 MJ/kgalgae and 0.013 kWh/kgalgae, respectively. There are 
three different net oil recovery efficiency values because they are each a function of extractable 
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lipid content inputs. The majority of the specific energy requirements for wet extraction are for 
steam generation and for electricity requirements for centrifugation and wash cycles used to 
separate out the oils. The resulting oil fraction in the biomass effluent stream was assumed 
negligible. 
 

Table 2.10: Wet Extraction Energy and Performance Inputs 
Process Inputs Value Notes/Refs. 

Net algal oil recovery 
efficiency (%) 

92 (low), 
71 (baseline),  

60 (high) 
Based on extractable lipid wt.% scenario inputs [22] 

Biomass recovery efficiency 
(wt.%) 100 [22] 

Oil fraction in effluent (wt.%) 0 0.11 wt.% in reference; assumed negligible [22,76] 
NG energy input for steam 

(kJ/kgbiomass) 
Confidential 85% thermal efficiency and steam enthalpy of 3.37 MJ/kg 

[76] 

Electricity (kJ/kgbiomass) Confidential Electricity normalized by biodiesel production and lipid 
fraction in reference [76] 

KOH input (kg/kgbiomass) Confidential Used for variable operating cost and GHG calculations: 
1.76 kg-CO2e/kgKOH  

HCl input to neutralize algae 
(kg/kgbiomass) 

Confidential Recycled from digester to ponds/PBR; Used for GHG 
calculations: 0.074 kg-CO2e/kgHCl [79] 

 
2.2.5.3 Other Emerging Extraction Techniques 
Wet extraction technologies are not the only nascent equipment being simulated and tested at a 
pilot scale. Methods combining ultrasonication with electromagnetic pulse induction to lyse algal 
cells followed by clarifier settling with CO2 injection to lower pH and further separate have been 
demonstrated. These processes could provide advantages like lowering variable operating and 
capital expenses as well as lowering specific energy use, but questions remain regarding 
extraction efficiency and scalability [80].  
 
2.2.6 Anaerobic Digestion and Energy Recycle 
After extraction, the biomass residue (or cake) undergoes a two-stage digestion process where 
microbes digest the residue and produce methane gas, which is then combusted. In the dry 
extraction cases, the methane gas is combusted in a furnace to produce heat. In wet extraction 
cases, methane is combusted in a CHP plant to produce both heat and electricity, which are both 
recycled back to the facility. In cases where a surplus amount of electricity is produced, the 
emissions associated with energy-weighted, grid-averaged electricity production is displaced. 
Table 2.11 and Table 2.12 depict the digestion and biogas performance inputs for various 
scenarios. In the low cases, it is assumed that the energy load to dry the digester streams come 
from flue gas feed from the power plant. 
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Table 2.11: Anaerobic Digester Performance and Power Inputs 
 First stage Second stage Notes/Refs. 

Digester efficiency (%) 60 10 
[22,70] CH4 (vol.%) 65 65 

CO2 (vol.%) 35 35 

Specific gas production (m3/kgcake) 1.05 1.05 Adjusted to balance mass 
across digesters [22] 

Digester influent solids wt.% 15 7 [22,70] 
Nutrient recovery (%) 60 [22,50] 

Undigested biomass going to supernatant (%) 10 

[22,70] Undigested solids (wt.%) 80 
Volatile solids (VS) loading (kgVS/m3/day) 2.5 

Mixing power per unit volume of digester (kW/m3) 0.01 
 

Table 2.12: Biogas Disposition Performance Scenario Inputs 
Scenario Low Baseline High 

Notes/Refs. Extraction type Dry Wet Dry Wet Dry Wet 
Biogas disposition CHP CHP Biogas Heat CHP Biogas Heat CHP 

Electricity generation 
efficiency (%) 35 35 N/A 35 N/A 35 

[24,81] Thermal generation 
efficiency (%)†† 50 50 76 50 76 50 

Biogas heat fraction used 
in digester (%) 0 0 20 20 20 20  

 
2.2.7 Algal Oil Transport to HEFA Facility 
Algal oil transportation from the cultivation, harvesting, and extraction facility to the HEFA 
upgrading facility are assumed to be the same distance and transportation distribution as 
biodiesel from soy oil in GREET1_2011 [37]. The majority of the oil is transported via truck to a 
HEFA production plant within 50 miles of the cultivation, harvesting, and extraction facility. The 
fuels used for the transportation vehicles are diesel for rail and trucks and residual oil for barges. 
Table 2.13 depicts the assumed algal oil transportation distribution, distances, and energy 
intensities used in GREET1_2011 for this analysis. 
 

Table 2.13: Transportation Makeup, Distance, and Energy Intensity Inputs 

Transport Type 
Percentage of fuel 

transported by a given 
mode (%) 

Transportation 
Distance (km) Energy Intensity (J/kg/km) 

Ocean Tanker - - - 

Barge 8 837 291 origin to destination; 
222 back-haul 

Pipeline - - - 

Rail 29 1287 267 origin to destination; 
0 back-haul 

Truck 63 80.4 743 origin to destination; 
743 back-haul 

 

                                                
††In the wet extraction cases, heat from the CHP is not recycled in the LCA due to low system 
thermal demands. 
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2.2.8 Algal Oil Processing 
HEFA fuels are processed when renewable oils react with hydrogen in the presence of a catalyst. 
Algal oils in the form of TAGs undergo four chemical transformations: saturation, 
depropanation, deoxygenation, and rearrangement [33]. First, hydrogen gas in the presence of a 
catalyst saturates any double bonds. Second, the propane backbone of the triglyceride is 
removed, leaving three free-fatty acid chains. The fatty acid is deoxygenated in the third step, 
and can occur either through a hydrodeoxygenation or decarboxylation mechanism. The 
hydrodeoxygenation step requires nine more moles of hydrogen gas than decarboxylation, and 
therefore may increase additional capital and operating expenses [82,83]. This analysis assumes 
the decarboxylation mechanism. Finally, to meet jet fuel specification requirements, the long 
saturated hydrocarbon chains undergo a chemical rearrangement, known as isomerization to 
obtain hydrocarbon isomers suitable for blending. Depending on the process inputs and operating 
conditions, various product slates can be produced [33].  
 
This analysis assumes that the algal oils undergo hydroprocessing and isomerization reactions 
identical to that of soybean oil HEFA production. Figure 2.8 illustrates carbon chains 
distributions of conventional plants, microalgae, and cyanobacteria compared to that of n-
paraffin carbon chain distributions [9,33,31,84]. The first point to glean from this figure is that – 
with the exception of palm kernel and certain forms of cyanobacteria – the majority of renewable 
oils reside in the carbon chain length range of conventional diesel fuel. Additionally, the majority 
of microalgal oil chain length profiles resemble that of soybean oil with the largest fraction of the 
chains composed of 18 carbon atoms for multiple green and red algae species.  
 

 
Figure 2.8: Conventional Plant, Microalgal, and Cyanobacteria Renewable Oil Carbon Chain 

Distributions Compared to Jet and Diesel Fuel n-Paraffin Carbon Chain Distributions 
 
Table 2.14 depicts the hydroprocessing and isomerization process inputs for various product 
slates and scenarios. The product slate used in this analysis is for maximum distillate fuel. This 
choice results in lower upgrading environmental and economic costs, but will decrease the 
potential yield of HEFA jet fuel per amount of algal oil from 49.4% to 12.8%. In future 
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upgrading analyses, modeling for selectively breed species with lower (or in some cases higher) 
carbon chain lengths could decrease the predicted upgrading requirements for a maximum HEFA 
jet fuel product slate.  
 

Table 2.14: Hydrotreating and Isomerization Mass-based Product Yields and Power Inputs by 
Product Profile from a Soybean Vegetable Oil Feed 

 Low Baseline High 
Notes/Refs. Units of MJ or kg per 

100 kgfeed 

Max. 
Distillate 

Max. 
Jet 

Max. 
Distillate 

Max. 
Jet 

Max. 
Distillate 

Max. 
Jet 

Power  14.8 14.8 19.4 19.4 24.5 24.5 
Assumes algal oils behave 
similarly to soybean oils 
when hydrotreated and 

isomerized; 
Power and natural gas 

inputs are from [2,33,85]; 
 Material and product 
slates are from [33]  

Natural gas 0.23 0.23 0.25 0.25 0.27 0.27 
H2  2.7 4.0 2.7 4.0 2.7 4.0 

Water  8.7 8.7 8.7 8.7 8.7 8.7 
Carbon Dioxide 5.5 5.4 5.5 5.4 5.5 5.4 

Propane 5.8 10.2 5.8 10.2 5.8 10.2 
LPG  1.6 6.0 1.6 6.0 1.6 6.0 

Naptha 1.8 7.0 1.8 7.0 1.8 7.0 
Diesel 68.1 23.3 68.1 23.3 68.1 23.3 

Jet 12.8 49.4 12.8 49.4 12.8 49.4 
 
2.2.9 HEFA Jet Fuel Transportation and Distribution 
The finished HEFA jet fuel product is then transported and distributed following the inputs and 
assumptions outlined in Table 2.15. The transportation inputs are identical to the oil 
transportation assumptions. The distribution energy and associated emissions only account for 
truck transport from the transportation hub to use at airports within a near 50 mile radius. It does 
not include energy used to monitor and blend the fuels with petroleum-based jet fuel [37]. 
 

Table 2.15: HEFA Jet Fuel Transportation and Distribution Inputs and Assumptions 

 
2.2.10 Fuel Combustion 
Fuel combustion scenarios of the HEFA derived jet fuels assumed fuel compositions ranging 
from 5% to 50% blends with conventional jet fuel. Conventional jet fuel GHG (CO2, N2O, and 
CH4) and AQ (VOC, CO, NOx, PM10, PM2.5, and SOx) combustion emissions from the 2009 U.S. 
origin only fleet of commercial aircraft were estimated for full flight and landing and takeoff 
(LTO) fuel burn by the John A. Volpe National Transportation Systems Center. Alternative 
aviation fuel blend combustion emissions are now a part of the GREET1_2011 tool and are 
classified as Pump-to-Wake (PTW) emissions [37]. Table 2.16 depicts the various blends and 

Vehicle Type Percentage of fuel transported by 
a given mode (%) Distance (km) Energy Intensity 

(J/kg/km) 
 Transportation Distribution Transportation Distribution  

Ocean Tanker - - - - - 

Barge 8 - 837 - 
291 origin to 
destination; 

222 back-haul 
Pipeline - - - - - 

Rail 29 - 1290 - 
267 origin to 
destination; 
0 back-haul 

Truck 63 100 80.4 48.3 
743 origin to 
destination; 

743 back-haul 
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combustion GHG emissions by scenario and by aircraft class. The fuel blend choices are based 
on the certified maximum allowable blend of 50% SPK and the emissions are linearly 
interpolated from experimental results with 100% and 50% SPK blends. These studies, as well as 
AQ emissions from alternative fuel blends, are shown in Appendix E. 
 

Table 2.16: Combustion GHG Emission Scenario Inputs 
Inputs Low Baseline High Notes/Refs. 

HEFA jet fuel blend (%) 50 20 5 

Aircraft categories from 
Aviation Environmental 

Design Tool (AEDT) 
[86]; 
[37] 

AEDT Aircraft Class Total Fuel Burn 
(kg/operation) 

GHG PTW Emissions  
(g-CO2e/MJ) 

Single Aisle (SA) 4,990 71.8 72.7 73.1 
Small Twin Aisle (STA) 14,600 71.8 72.7 73.1 
Large Twin Aisle (LTA) 59,500 71.8 72.6 73.0 

Large Quad (LQ) 91,600 71.8 72.6 73.0 
Regional Jet (RJ) 1,730 71.9 72.7 73.1 
Business Jet (BJ) 1,730 71.9 72.7 73.1 

Single Aisle Freight (SA-F) 3,390 71.9 72.7 73.1 
Small Twin Aisle Freight (STA-F) 9,800 71.9 72.7 73.1 
Large Twin Aisle Freight (LTA-F) 31,400 71.8 72.6 73.1 

Large Quad Freight (LQ-F) 60,800 71.8 72.6 73.1 
Fuel burn weighted average  - 71.8 72.7 73.1 
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Chapter 3: Algae Photobioreactor Model Development and Optimization 
3.1 Background 
Unlike open ponds, tubular and flat panel microalgae PBR systems require an integrated systems 
modeling approach using nonlinear, second-order relationships. This approach allows 
comparison of PBR systems to open pond systems and to understand design factors that 
influence the various LCA metrics for algae cultivation. For each PBR type, a modeling 
framework was developed, validated and used within a weighted optimization routine to estimate 
PBR performance. Local sensitivities of the horizontal tubular model were also produced. All 
PBRs were considered to be modular and have continuous production rates that can scale to a 
particular algal oil demand.  As depicted in Figure 2.3, PBR scenarios take cultivation and 
geometric information passed from the optimized PBR models and scale the number of reactors 
necessary to meet the 137 bpd algal TAG production rate from the baseline open pond pilot 
facility. The following sections outline the model development, validation and optimization 
methods for the three PBR types. 
 
3.2 Tubular Photobioreactor 
3.2.1 Model Development 
Tubular PBR modeling in this analysis estimates various process metrics given associated 
assumptions. The tubular models assume: friction losses in degasser are small compared to those 
in the solar collector and other bubble wake losses in the degasser, constant culture velocity in all 
pipes (diameters adjust to ensure flow continuity), harvesting and dilution occur at the top of the 
degasser, dilution rate is held constant while algae concentration varies for a given volumetric 
productivity during optimization, and all pipes are fully filled. Modeling of the horizontal and 
vertical tubular PBR systems consisted of the same general and system specific parameters 
outlined in Table 3.1. The system specific parameters are used to determine the general system 
parameters. Previous tubular PBR models in the literature were parameterized but did not 
integrate many of the nonlinear effects of mass transfer and energy balances [53,54,55,57,87]. 
The PBR models utilized a comprehensive approach from fundamental multiphase fluid 
dynamics outlined in Table 3.2. This includes a coupled, nonlinear system of equations that 
encompass a system-wide energy balance, mass transfer in the degasser, the degasser gas holdup 
(volumetric fraction of gas in the gas-liquid medium), and oxygen equilibrium. The derivation of 
the coupled, nonlinear system of equations as well as output calculations can be found in 
Appendix C. The model was designed such that the degasser can have up to four major arms m , 
with each arm supporting a specified number of branched solar collectors n . For these analyses, 
all tubular PBRs were considered to have one arm per degasser and one solar collector per arm. 
The two major outputs that determine PBR performance are the specific energy (Es) in MJ/kgalgae 
and areal productivity (Pareal) in g/m2/day, which are determined for a given volumetric 
productivity (P) in g/L/day. 
 

Table 3.1: General and System Specific Tubular PBR Parameters 
General System Parameters System Specific Parameters 

Solar collector: Lsc , !h ,UL  Volumetric productivity: P  
Degasser: dr , dd ,! ,hL  Solar collector: dsc  

Non-productive piping: Lnp , dnp  Culture solids content: Cs  
            or 
Dilution rate: D  

Mass Transfer: !mair ,Ub  

Pumping: !P  
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Table 3.2: Tubular PBR Model Inputs, Solver, and Outputs 

Static Inputs Coupled Nonlinear 
System of Equations Outputs 

1. Non-productive tube length and 
diameter (Lnp, dnp) 

2. Solar collector diameter (dsc) 
3. Number of solar collectors per arm (n) 
4. Number of arms per degasser (m) 
5. Number of 180 bends in solar collector 

tube (Nb) 
6. Degasser height and outer diameter (hL, 

dr) 
7. Algae productivity (P) 
8. Culture algae and solids density (Cs) 
9. Degasser air flow rate (mair) 
10. Pump pressure rise (ΔP) 
11. Physical properties and constants 

1. System-wide 
energy balance 

2. Degasser mass 
transfer 

3. Degasser gas 
holdup 

4. Oxygen 
equilibrium 

1. Solar collector tube length (Lsc) 
2. Superficial culture circulation 

velocity (UL) 
3. Mass transfer coefficient in 

degasser (kLa) 
4. Gas Holdup in degasser (εr) 
5. PBR areal footprint (APBR) 
6. Productive volume (VP) 
7. Total power input (Pin) 
8. Total algae productivity (Palgae) 
9. PBR specific energy (Es) 
10. PBR areal productivity (Pareal) 

 

 
3.2.2 Model Validation 
The horizontal tubular model was validated against the experimental setup described in Molina 
et al and Stephenson et al [53,55]. Figure 3.1 illustrates the original geometry in red and black on 
the left and the modeling approximation overlaid in green on the right. The original design had 
overlapping solar collector tubes (red on top) and sixteen U-bends. The model approximating 
this geometry consists of the same number of U-bends, but each bend is slightly larger and a 
nonproductive tube returning to the riser has been added. Approximating the design with 
additional nonproductive tubing did not affect the area and affected the energy balance by 
0.25%. The tubular PBRs were modeled in this fashion in order to efficiently facilitate multiple 
solar collectors and degasser arms as seen in Figure 3.2. The blue and green sections in the figure 
correspond to the geometric relationship between the solar collector length Lsc  and the tubular 
PBR side length L2  shown in Equation (C24). Further geometric tubular model calculations for 
horizontal and vertical tubular as well as flat panel PBRs can be found in Appendix C. Table 3.3 
depicts the parameters for both the Stephenson et al experiment and the results from the model. 
The model calculated parameters were all within a 10% difference when compared to the 
experiments. The discrepancies in solar collector length and overall area could be attributed to 
the model geometry approximations as well as other variations associated with energy and 
inhibited from biomass buildup along the tube walls. 

 
Figure 3.1: Horizontal Tubular PBR Actual (Left) and Modeled (Right) Apparatuses 
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Figure 3.2: Example of a Horizontal Tubular PBR with Multiple Solar Collectors 

 
Table 3.3: Horizontal Tubular Model Validation Parameter Comparisons 

 Corrected Stephenson et al. (2010) [53] Model Percent Difference 
[O2]in (%) 146 141 3.4 

Lsc (m) 136 123 9.6 
APBR (m2) 19.9 19.7 1.0 

D (m3/day) 0.06 0.055 8.3 
kLa (1/s) 0.127 0.123 3.1 

εr (-) 0.206 0.205 0.5 
 
The vertical tubular PBR model was compared against the experimental in reference [54]. A 
model matching process, similar to that depicted in Figure 3.1, was undertaken to compare 
against a limited amount of experimental parameters. The resulting four parameters shown in 
Table 3.4 had less than a 13% difference when compared to the experimental values. 
Discrepancies in the model were most likely due to volume estimation and a lack of specific 
design information for certain experimental parameters. The model governing equations for both 
horizontal and vertical tubular PBRs can be found in Appendix C. 
 

Table 3.4: Vertical Tubular Model Validation Parameter Comparisons 
 Molina Grima (2009) [54] Model Percent Difference 
Lsc 280 244 12.9 

APBR 20 22 10.0 
VP 0.617 0.545 11.7 
D 0.216 0.189 12.5 

 
3.2.3 Horizontal Serpentine Tubular PBR Sensitivity and Uncertainty Analyses 
An extensive sensitivity analysis of the horizontal tubular PBR model was undertaken using 
Monte Carlo simulations for various parameter ranges. Due to lack of experimental parameter 
data, pseudorandom triangular distributions for each of the input parameters in Table 3.5 were 
assumed with minimum, mode, and maximum values with the exception of the discrete inputs. 
The two output performance parameters investigated were specific energy input to the PBR and 
the areal productivity. Each performance parameter was evaluated using pseudorandom values 
for each of the k  input parameters out to N  iterations. Equation (3.1) and Equation (3.2) 
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describe three pseudorandom N ! k  matrices, which are used as inputs to evaluate the model 
outputs yA , yB , and yCi . In this algorithm, matrix Ci  is formed by all columns of B  except the 

ith  column, which is taken from A .  Equation (3.3) describes how these model outputs are used 
to evaluate the main Si  and global STi  index arrays. STi ! Si  is a “measure of how much each 
parameter is involved with any other input factor” [88]. STi = 0  means that the “associated 
parameter is non-influential and can be fixed anywhere in its distribution without affecting the 
variance of the output.” The sum of all main effects is equal to one for additive models and less 
than one for nonadditive models. Thus, one minus the sum of all main effects is an indicator of 
the presence of parameter interactions in the model. Similarly, the sum of the global indices is 
equal to one for additive models and greater than one for models with multiple parameter 
interactions [88]. Only local sensitivity analyses were conducted in this thesis. 
 

Table 3.5: Local Sensitivity Parameter Ranges 

 

Sensitivity Parameter Symbol Units Minimum Mode Maximum Pseudo-Random 
Distribution Type 

Atmospheric pressure Pa  Pa 1.00×105 1.01×105 1.03×105 Triangular 

Degasser bubble velocity Ub  m/s 0.20 0.25 0.30 Triangular 
Degasser velocity profile !  - 0.90 0.97 1.00 Triangular 

Algae specific oxygen production !  kgO2/kgalgae 3.00 3.70 5.0 Triangular 
Pump efficiency !p  - 0.40 0.43 0.90 Triangular 

Compressor efficiency !c  - 0.40 0.43 0.90 Triangular 
Degasser diffuser angle !  deg 15.0 20.0 30.0 Triangular 

Oxygen concentration in culture as a 
multiple of Csat 

! i  - 2.50 2.60 3.00 Triangular 

Solar collector tube wall thickness tw  m 0.005 0.007 0.008 Triangular 
Number of solar collectors n  - 1, 2, 3, 4, 5 Discrete uniform  
Number of degasser arms m  - 1, 2, 4 Discrete uniform  

Number of U-bends Nb  - 1, 2, 3, 4, 5 Discrete uniform  
Culture salinity S  ppt 0.00 10.0 35.0 Triangular 

Operation temperature Top  K 285 298 305 Triangular 
Volumetric productivity P  galgae/L/day 0.60 1.00 1.50 Triangular 

Algae culture concentration Cs  kgalgae/m3 1.50 3.00 6.00 Triangular 

Solar collector tube diameter dsc  m 0.020 0.053 0.060 Triangular 

Degasser riser diameter dr  m 0.100 0.150 0.200 Triangular 
Degasser liquid height hL  m 3.50 4.00 5.50 Triangular 

Degasser air mass flow rate !mair  kg/s 5.00×10-4 1.00×10-3 1.50×10-3 Triangular 
Height between solar collector tubes h  m 0.010 0.020 0.050 Triangular 

Distance between solar collector 
tubes d  m 0.070 0.090 0.010 Triangular 
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Convergence of the local sensitivities for each output performance parameter is illustrated in 
Figure 3.3. At 30,000 pseudorandom number iterations, the largest differences from the previous 
steps were less than 3.0%. The local parameter sensitivities to the specific energy and areal 
productivity are illustrated in Figure 3.4. In order of decreasing influence on specific energy, the 
solar collector tube diameter, number of solar collectors per degasser quadrant, number of 
quadrants per degasser, compressor efficiency, algae specific oxygen production, air mass flow 
rate, degasser height, and degasser bubble velocity consist of the majority of the main 
sensitivities. The majority of the dependency on solar collector tube diameter is due to an 
assumed empirical relationship between solar collector diameter and volumetric productivity 
shown in Figure 3.11. These results indicate that changing the solar collector tube diameter 
would have the largest impact on overall photobioreactor performance. Equation (3.9) and 
Equation (3.10), as well as the nonlinear system of equations for tubular PBRs in Appendix C are 
referenced for further understanding of various parameter interactions within Section 3.4.3. 
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Figure 3.3: Local Sensitivity Parameter Convergence 

 

 
Figure 3.4: Specific Energy (Top) and Areal Productivity (Bottom) Local Sensitivity Indices 

 
3.3 Flat Panel Photobioreactor 
3.3.1 Model Development 
The flat panel PBR, in contrast to the tubular systems, incorporates both the solar growth and 
oxygen degassing in a single system. Two methods were originally developed for modeling the 
modular flat panel system: one that incorporates both energy and mass transfer influences and 
one that only predicts mass transfer effects. The two models illustrated in Figure 3.5 provide a 
view of the various levels of complexity. The model that incorporates energy and mass transfer 
assumes two large circulating vortices, each surrounding a shear layer. The aerating flow 
between shear layers (Region 1) is considered twice as large as the upward flow on the outsides 
of the shear layers (Region 2). Regions 1 and 2 have their own speeds, areas, and gas holdups. 
The locations of the shear layers (sizes of A1 and A2) were determined by finding the lowest 
energy state for the system for a given air mass flow rate. The energy balance incorporated 
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pressure, potential energy, wall friction, top and bottom circulation path, and turbulent 
countercurrent shear layer losses. For this more complex approach, there were not enough 
empirical data to estimate the number of unknowns in the turbulent flat panel system. Therefore, 
a simpler approach assumed a frictionless uniform flow similar to that of the degasser systems in 
the tubular reactors, which incorporates pressure and potential energy changes as well as mass 
transfer in an assumed well-mixed, multiphase flow. Appendix C describes the simplified flow 
model used in these analyses for the flat panel PBR systems. 
 

   
Figure 3.5: Flat Panel Modeling Techniques: Energy + Mass Transfer (Left) and Mass Transfer 

Only (Right) 
 
3.3.2 Model Validation 
Similar to the model validation for the tubular PBRs, the flat panel geometry was approximated 
to estimate various performance parameters for given growth conditions and volumetric 
productivities from Sierra et al [56]. Figure 3.6 provides an areal view of a single flat panel with 
thickness t , height hL , length L , and spacing parameter X . The spacing ratio was determined 
from the vertical tubular PBR height and distances between PBRs [54]. Given these simplified 
assumptions and inputs, the various volumetric airflow rates and gas holdups for the model were 
compared to those in the experimental setup as seen in Figure 3.7. The error in the model ranged 
from 13% to 18% for low to high flow rates, respectively. 
 

 
Figure 3.6: Top View of the Flat Panel PBR 
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Figure 3.7: Simplified Flat Panel Model Validation of the Experimental Data from Sierra et al. 

(2008) 
 
3.4 Optimization Methods 
3.4.1 Optimization Process 
The PBR optimization methods involve varying PBR design variables, using those variables and 
other parameters to solve nested models, and then evaluate and minimize objective functions 
under various constraints. Figure 3.8 illustrates the two-optimization schemes for tubular and flat 
panel PBRs. The left progression describes the four design variables that can vary for a tubular 
PBR: degasser height, diameter and air flow rate as well as pump pressure rise. These four 
design variables and input parameters determine iteration outputs of the coupled, nonlinear 
system of equations solver. Optimization of the flat panel PBR involved varying the panel height 
and air mass flow rate, iteratively solving for the average gas holdup in the panel, and then 
comparing a similar constrained objective function of outputs. The outputs for both kinds of 
PBRs are weighted in an objective function that is evaluated by the constrained optimization 
algorithm “fmincon” using the Matrix Laboratory (MATLAB) optimization toolbox 
computational software. A gradient-based optimization scheme was implemented using 
sequential quadratic programming (SQP). This nonlinear optimization method solves multiple 
optimization subsets that each optimizes to the minimum of a quadratic model of the objective 
function while subject to a linearization of the constraints [89]. This method is relatively 
inexpensive computationally, but is subject to initial conditions and constraints that might lead to 
local solutions. The minimized objective function Y  in Equation (3.4) involves a weighting 
scheme of the performance parameters specific energy and areal productivity. These metrics 
were chosen in order to minimize energy input into the PBR system per unit biomass while 
maximizing the amount of biomass produced per unit area. The optimization weights a1  and a2  
were weighted evenly for this analysis. Figure 3.9 illustrates the effects of other weighting 
scenarios in the two-dimensional space where each iteration cluster and optimum point color 
represents a different weighted solution. At certain points in the trade space, any increase in 
either performance parameter results in a decrease in the other. Assuming equal importance of 
performance characteristics, the equal weighted optimum (in this case, the yellow triangle) 
represents one of the better designs for a given scenario and constraints. 
 
 Y = a1Es + a2Pareal

!1  (3.4) 
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Figure 3.8: Tubular (Left) and Flat Panel (Right) Solver and Optimization Flow Charts 

 

 
Figure 3.9: Example Performance Parameter Trade Space with Various Parameter Weightings 

for a Horizontal Tubular PBR with a Volumetric Productivity of 1.0 galgae/L/day 
 
3.4.2 Constraints 
The optimization procedures for both tubular and flat panel PBRs include assumed constraints 
that greatly affect predicted geometry and end performance. Table 3.6 depicts the solver and 
optimization parameter constraints used when optimizing the horizontal and vertical tubular 
PBRs. In initial unconstrained optimizations for minimum specific energy, the degasser 
increased its diameter to infinity while decreasing its height to zero. This behavior makes sense 
as the majority of the energy input is due to the air compressor, which is partially a function of 
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the degasser geometry. To correct for this behavior, a geometric constraint was imposed by 
relating the degasser height and diameter to a diffuser angle !  as seen in Figure 3.10 and 
Equation (3.5). The superficial circulation velocity is constrained at high speeds by excessive 
turbulence that can damage the algal cells and at low speeds by stagnation in laminar flow, 
which inhibits algae growth due to the dark interior of the tube culture. Equations (3.6) and (3.7) 
depict the relationship between flow turbulence and the algal cell using Kolmogoroff’s theory of 
local isotropic turbulence [57]. In this theory, the energy dissipation per unit mass in the pipes !  
is used along with the culture viscosity µL  and density !L  to estimate the microeddy length !m . 
Microeddies are represented as swirling of a fluid and reverse current that are present in 
turbulent flows. !  is in turn a function of Fanning friction factor Cf  (empirically a function of 
Reynolds number), superficial flow velocity UL , and tube diameter dsc . To ensure algal cell 
integrity, !m  must remain greater than the characteristic dimension of the algal cell, in this case 
the cell diameter dalgae . The lower superficial velocity constraint is governed by the turbulent 
flow limit as a function of Reynolds number (minimum turbulent value of 3000), culture density, 
viscosity, and tube diameter as depicted in Equation (3.8). This analysis assumed the diameter of 
the marine species of Chlorella vulgaris (~4 µm), which under standard day conditions and 
constraints equates to superficial flow velocities of about 0.05-31.7 m/s [90]. The superficial 
velocities never increase to such high speeds, but the minimum turbulence constraint can be 
reached – especially when minimizing specific energy. The solar collector length, normalized 
pumping pressure, and maximum degasser height all stem from engineering judgment and 
material stress limitations for high density polyethylene under high wind conditions assuming no 
side mounted supports.  The tubular air mass flow rate ranges were taken from literature. 
 
For the flat panel constraints, the liquid height, air mass flow rate, and normalized maximum 
oxygen concentration were all determined using either material constraints or ranges from 
previous designs [56]. The panel thickness and length were assumed fixed for this analysis. 
 

Table 3.6: Tubular PBR Optimization Constraints 
Solver 

Parameters Initial Constraints Optimization 
Parameters Initial Constraints Notes 

UL  (m/s)  0.5 Eqns. (3.7) 
and (3.8) 

hL  (m)  4.4 
< 7.0; > hs  (vertical 

only); Figure 3.10 and 
Eqn. (3.5) 

Engineering 
judgment and 

material 
limitations !r  (-)  0.2 None dr  (m)  0.106 > 0.0; Figure 3.10 and 

Eqn. (3.5) 
Lsc  (m)  136 > 7.0 Pr  (-)  0.0 0.0 – 0.07 

   !mair  (kg/s)  0.001 1E-6 – 0.005 [55] 
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Figure 3.10: Degasser Diameter and Height Constraint Relationship for Tubular 

Photobioreactors 
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Re ! 3000
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 (3.8) 

 
Table 3.7: Flat Panel Optimization Constraints 

Optimization 
Parameters Initial Constraints Notes 

hL  (m)  1.5 0.5 – 3.0 Engineering judgment and material limitations 
!mair  (kg/s)  0.001 0.0002 – 0.0018 [56] 

! i  N/A < 3.5 [56] 
 
3.4.3 Optimization Scenarios and Photobioreactor Designs 
Optimization scenarios were conducted for both tubular and flat panel PBRs initially at a 
volumetric productivity of 1.0 g/L/day to gain insight into the role of various constraints on 
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affecting the objective function. All inputs for tubular and flat panel PBR optimizations can be 
found in Table D1 and Table D2. The optimization parameter variations for both horizontal and 
tubular PBRs are depicted in Table 3.8. The values highlighted in blue and red represent 
parameters that have been driven to or near constraints for a specific optimization type. For both 
kinds of tubular PBRs, the effects of minimizing for specific energy (decreasing Es  by 69.7-
89.1%) on the objective function greatly outperform the effects of maximizing for areal 
productivity (increasing Pareal  by 1.4-2.8%). As a result, the equally weighted optimization of 
specific energy and areal productivity yields a greater decrease in specific energy than the 
decrease in areal productivity for both tubular PBR types. This weighted tradeoff between the 
two objective parameters can be seen in Figure 3.9.  
 
Equation (3.9) and Equation (3.10) are shown to better understand the influence of various input 
parameters, design variables and constraints on the objective parameters. When minimizing for 
specific energy, the optimizer will need to either decrease the energy input to the system Pinput  in 
W and/or increase the system productivity Palgae  in kgalgae/s. Looking into the expansion of these 
terms, one notices that decreasing the power input would entail decreasing the degasser height, 
air flow rate, and circulation flow rate or increasing the gas holdup and compressor and pump 
efficiencies. Similarly, in order to increase the PBR system productivity for a set algae 
volumetric productivity and solar collector pipe diameter, one would need to increase the system 
solar collector length. However, there is a tradeoff between the culture oxygen concentration and 
the solar collector tube length. This balance [Equation (C15)] relies upon a specified maximum 
oxygen concentration at the degasser outlet, the culture flow rate, the degasser height and the 
degasser airflow rate, which all limit solar collector length in the optimizer. The gradient-based 
optimizer recognizes that decreasing the airflow rate in the degasser has a larger impact on 
decreasing the PBR specific energy then increasing the solar collector length. Consequently, the 
degasser height, airflow rate, superficial circulation velocity and solar collector tube length all 
decrease to near or at their respective minimum constraints.  
 
To maximize areal productivity for a given volumetric productivity, one needs to either increase 
the productive volume and/or decrease the areal footprint of the system as shown in the first part 
of Equation (3.10). Expanding the terms, one notices that the areal productivity eventually relies 
upon an initial solar collector tube diameter, initial volumetric productivity, and solar collector 
length. Figure 3.11 illustrates the relationship between the solar collector diameter and the 
volumetric productivity when both are normalized by the initial inputs from Stephenson et al 
(2010) [53,57]. This normalized relationship was used for modifying the solar collector tube 
diameter, which accounts for the lower growth rates associated with dark inner sections of the 
tubes when optimizing the tubular PBRs over varying volumetric productivities. Figure 3.12 
portrays the unconstrained relationships between solar collector length and areal productivity for 
various volumetric productivities and optimization scenarios. For a given solar collector tube 
length, the areal productivity increases as the volumetric productivity decreases. This occurs 
because the associated quadratic increase in solar collector tube diameter (and volume) 
outweighs the combined linear increase and decrease in the PBR footprint and volumetric 
productivity, respectively.  Like the previous optimization, the oxygen concentration balance 
between the solar collector exit and inlet governs the solar collector length. As a result, the 
degasser height and airflow rate both increased to their maximum constraint values. However, 
there are decreasing returns on increases in areal productivity as one increases the solar collector 
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length. This occurs because the linear increase in PBR volume associated with increasing solar 
collector tube length is eventually overtaken by the increases in areal footprint. Consequently, 
the optimization of both areal productivity and specific energy occurs on the lower end of solar 
collector tube length range (~32 m in Figure 3.12) when compared to the other optimization 
scenarios. 
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Table 3.8: Parameter Changes from Models of Experimental Tubular PBR Designs for Various 
Optimization Types at 1.0 g/L/day: Blue and Red Text Denote Parameters Approaching 

Minimum and Maximum Constrains, Respectively 

Parameters PBR Type 

Optimization Type 

None 
Minimum 
Es  

Minimum Es  and 

Maximum Pareal  
Maximum 
Pareal  

Es  (MJ/kgalgae) 
Horizontal Tubular 22.6 6.85 9.4 64.5 

Vertical Tubular 62.5 6.80 10.3 102 

Pareal  (galgae/m2/day) Horizontal Tubular 13.9 8.00 12.4 14.3 
Vertical Tubular 12.5 7.65 11.5 12.6 

hL  (m) Horizontal Tubular 4.40 0.999 0.712 7.00 
Vertical Tubular 3.25 1.27 1.27 7.00 

dr  (m) Horizontal Tubular 8.01E-02 0.147 0.12 5.81E-02 
Vertical Tubular 4.41E-02 0.148 5.45E-02 2.94E-02 

Pr  (-) Horizontal Tubular 0.00 0.00 0.00 0.07 
Vertical Tubular 0.00 7.35E-04 0.00 0.07 

!mair  (kg/s) Horizontal Tubular 1.02E-03 6.88E-06 6.91E-04 5.00E-03 
Vertical Tubular 5.00E-03 1.57E-06 1.24E-04 5.00E-03 

UL  (m/s) Horizontal Tubular 0.558 0.128 0.261 0.982 
Vertical Tubular 0.570 0.113 0.237 0.809 

!r  (-) Horizontal Tubular 0.197 1.06E-02 0.125 0.498 
Vertical Tubular 0.757 2.52E-03 9.98E-02 0.763 

Lsc  (m) Horizontal Tubular 104 7.00 32.7 200 
Vertical Tubular 148 7.01 32.0 196 

O2[ ]in (-) Horizontal Tubular 1.60 2.59 2.06 1.48 
Vertical Tubular 1.06 2.54 1.99 1.19 

kLa  (1/s) Horizontal Tubular 9.70E-02 4.25E-03 0.0565 0.393 
Vertical Tubular 1.23 9.99E-04 4.39E-02 1.28 

APBR  (m2) Horizontal Tubular 16.4 1.72 5.61 30.8 
Vertical Tubular 7.86 0.512 1.81 10.4 

Cs  (kg/m3) Horizontal Tubular 3.9 0.262 1.22 7.46 
Vertical Tubular 1.67 7.93E-02 0.362 2.22 

UG  (m/s) Horizontal Tubular 0.144 3.44E-03 5.22E-02 1.34 
Vertical Tubular 2.62 7.70E-04 4.22E-02 5.66 

VP  (m3) Horizontal Tubular 0.234 1.57E-02 7.33E-02 0.448 
Vertical Tubular 0.1 4.76E-03 2.17E-02 0.133 

Pinput  (W) Horizontal Tubular 61.3 1.24 7.97 334 
Vertical Tubular 72.7 0.374 2.59 158 

Palgae  (kg/s) Horizontal Tubular 2.71E-06 1.82E-07 8.49E-07 5.18E-06 
Vertical Tubular 1.16E-06 5.51E-08 2.51E-07 1.54E-06 
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Figure 3.11: Effect of Solar Collector Tube Diameter on Volumetric Productivity Normalized by 

Stephenson et al. (2010) Initial Parameters [57] 
 

 
Figure 3.12: Effects of Solar Collector Tube Length and Volumetric Productivity/Solar Collector 

Tube Diameter on Areal Productivity for a Horizontal Serpentine Tubular PBR 
 
Similarly, the flat panel PBR underwent multiple optimization scenarios to understand various 
system changes. Equation (3.11), Equation (3.12), and Table 3.9 describe how certain input 
parameters and constraints influence the objective parameters. When minimizing specific energy, 
the optimizer decreases the airflow rate and panel height to at or near minimum constraints while 
reaching the maximum average oxygen concentration in the panel.  
 
Much like the influence of solar collector tube length in the tubular PBRs, the panel height has 
decreasing returns on areal productivity with increased panel height. The effects of panel height, 
as well as panel thickness and normalized height-to-spacing ratio are illustrated in Figure 3.13. A 
10% increase and decrease in panel thickness yields a ~6-9% increase and decrease in areal 
productivity over the height range, respectively. A 10% increase and decrease in normalized 
height-to-spacing ratio produces ~6-20% and ~6-58% areal productivity decreases and increases, 
respectively.  When maximizing areal productivity, the maximum culture concentration and 
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height both increased to near maximum constraints. Note that the airflow rate did not increase 
because the average culture oxygen concentration did not reach the maximum value of 250% of 
saturation concentration. Like the tubular PBRs, the flat panel PBR evenly combined 
optimization favored PBR characteristics for minimizing specific energy over maximizing areal 
productivity. However, the effects of minimizing specific energy (decreasing Es  by ~17%) were 
closer to the effects maximizing areal productivity (increasing Pareal by ~1.8%). 
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Figure 3.13: Effects of Panel Thickness t , Normalized Panel Height-to-Spacing Ratio X / hL , 

and Panel Height hL  on Areal Productivity for a Volumetric Productivity of 1.0 g/L/day 
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Table 3.9: Parameter Changes from Models of the Experimental Flat Panel PBR Design for 
Various Optimization Types at 1.0 g/L/day: Blue and Red Text Denote Parameters Reaching 

Near Minimum and Maximum Constrains, Respectively 

Parameters 

Optimization Type 

None 
Minimum 
Es  

Minimum Es  and 

Maximum Pareal  
Maximum 
Pareal  

Es  (MJ/kgalgae) 3.37 2.78 2.80 3.22 
Pareal  (galgae/m2/day) 53.1 49.5 50.8 54.0 

hL  (m) 1.50 0.5 0.672 3.00 
!  (-) 9.23E-03 7.76E-03 7.80E-03 8.67E-03 
!mair  (kg/s) 7.00E-04 5.59E-04 5.67E-04 7.00E-04 
! i  (-) 2.31 2.50 2.50 2.46 

kLa  (1/s) 4.68E-03 3.93E-03 3.95E-03 4.39E-03 
APBR  (m2) 4.95 1.77 2.31 9.72 
Cs  (kg/m3) 4.38 1.46 1.96 8.75 
UG  (m/s) 3.15E-03 2.63E-03 2.65E-03 2.95E-03 
Pinput  (W) 10.2 2.82 3.81 19.6 
Palgae  (kg/s) 3.04E-06 1.01E-06 1.36E-06 6.08E-06 

 
After validating and investigating initial optimization scenarios, PBR types were optimized for a 
variety of volumetric productivities. Each chosen volumetric productivity was optimized for: 
specific energy, areal productivity, both specific energy and areal productivity, and no 
optimization. For each optimization scenario, the initial geometric and flow parameters stem 
from the validated experimental PBR designs. All optimized design points and corresponding 
performance parameters for various optimization scenarios and PBR types are illustrated in 
Figure 3.14. As discussed previously, the tubular PBRs decrease performance with increasing 
volumetric productivity due to the decreasing solar collector tube diameter decreasing the 
productive volume (and thus, areal productivity) and increasing friction losses (and thus, specific 
energy). With the flat panel PBRs, performance improves with increasing volumetric 
productivity because the fixed panel thickness (well-mixed flow not requiring a thickness change 
with volumetric productivity) and frictionless panel wall assumptions do not adversely affect the 
performance parameters. 
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Figure 3.14: Optimization Scenarios for Specific Energy, Areal Productivity, and Volumetric 

Productivity Carpet Pots of (a) Horizontal Serpentine Tubular, (b) Vertical Serpentine Tubular, 
and (c) Vertical Flat Panel Photobioreactors 

 
3.4.4 Lifecycle Interface 
The various optimization scenarios’ PBR geometric, flow, and performance parameters at 
varying volumetric productivities shown in Figure 3.14 were transferred between models as 
described in Figure 2.3. For each PBR type and optimization scenario, a volumetric productivity 
range with corresponding output parameters was imported as shown in Figure D1. It is important 
to note that every volumetric productivity in the ranges is an optimized PBR design for a 
particular optimization scenario. Graphical representations of all PBR types and optimization 
scenarios’ output parameter changes over volumetric productivities are depicted in Figure D2, 
Figure D3, and Figure D4. The optimized performance parameter variations with optimization 
scenario and volumetric productivities for each PBR type are illustrated in Figure 3.15. As 
previously mentioned, increases in volumetric productivity for the tubular PBRs results in lower 
performance while the opposite is true for flat panel PBRs. This pattern is due to the fixed panel 
thickness (no variation with volumetric productivity assumes a well-mixed medium with 
consistent light penetration) and frictionless wall assumptions.  
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Figure 3.15: Performance Parameters Specific Energy and Areal Productivity for Various 

Optimization Scenarios and Volumetric Productivities: (a) and (b) Horizontal Tubular Serpentine 
PBR, (c) and (d) Vertical Tubular Serpentine PBR, (e) and (f) Vertical Flat Panel PBR  
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Chapter 4: Microalgae Lifecycle Scenario Results 
Up to this point, the study described inputs and assumptions associated with a range of 
technologies for the production of synthetic HEFA-J fuel from microalgae on a lifecycle basis. 
Variability between cultivation and extraction types were considered, each with their associated 
uncertainty ranges encompassed by low, baseline, and high emission scenarios. Additionally, 
modeling, validation, optimization, sensitivity, and uncertainty analyses of enclosed PBRs were 
conducted to estimate cultivation performance parameters. The following results stem from open 
ponds cultivation performance inputs defined in Section 2.2.3.1: Open Raceway Pond System 
and the PBR cultivation performance inputs optimized for specific energy and areal productivity 
as defined in Section 3.4.3: Optimization Scenarios and Photobioreactor Designs. This chapter is 
first organized into the following lifecycle metrics: specific energy, greenhouse gas emissions, 
production cost, and water consumption. Comparisons to other studies, as well as local 
sensitivity analyses, were also conducted. 
 
4.1 Cultivation, Harvesting, Extraction, and Upgrading Energy Balances 
As stated in the previous section, the majority of the energy inputs into the algae facility are from 
cultivation and harvesting for the wet extraction technology set. Figure 4.1 provides a visual of 
all assessed LCA scenarios on a specific energy basis. For high scenarios, lower oil fractions 
decrease the total amount of energy available in the algal oil per kilogram of biomass. Note that 
this decreased oil fraction also accounts for a larger biomass percentage going to the digester, 
thus increasing the electricity production offsets in the wet extraction technology sets. The high 
cases also include energy for capturing and distributing highly concentrated CO2 instead of flue 
gas distribution. For dry extraction, the largest energy debit is associated with drying the biomass 
with heat from combusted natural gas. No matter the technology set, the energy required for 
farming the algae in PBRs greatly exceeds that of open pond cultivation systems. The open pond 
and flat panel PBR cultivation systems using wet extraction techniques provide the most 
favorable energy balances, while only the low dry extraction scenarios exhibit a favorable energy 
balance. The specific energies involved in each scenario greatly impact the associated LCA GHG 
emissions. 
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Figure 4.1: Lifecycle Energy Inputs for All Scenarios 

 
4.2 Greenhouse Gas Lifecycle Emissions 
LCA GHG emissions for all baseline scenarios and variability ranges normalized by baseline 
conventional jet fuel can be seen in Figure 4.2 and Figure 4.3, respectively. The overall LCA 
GHG values are based on a 100-year time window for radiative forcing values to determine the 
overall equivalent carbon dioxide emissions (g-CO2e) from CO2, CH4, and N2O. Direct and 
indirect land use change, as well as emissions embodied within construction materials are not 
considered for the algae pathways. Other non-CO2 climate effects (nitrogen oxides, soot, 
sulfates, contrails, cirrus, water vapor, etc.) were also not considered in this study [2,37,4]. The 
various algal oil to HEFA-J pathways include flat panel (FP), vertical tubular (VT), horizontal 
tubular (HT), and open pond (OP) cultivation systems; each with wet extraction (WE) and dry 
extraction (DE) technology sets. Other feedstock to fuel pathways are shown for comparisons; 
however, the coproduct allocation methods; cultivation, recovery, biomass residue, and 
extraction technologies; and jet fuel conversion inputs vary in each scenario [2,53,4]. The 
majority of LCA GHGs from all scenarios for in this study are comprised of emissions 
associated with the recovery steps of the lifecycle. When applicable, this step includes emissions 
associated with algae farming (cultivation and harvesting), drying, CO2 sourcing, nutrient inputs 
and use, waste water treatment, CO2 losses due to pond outgassing and recycle capture unit, and 
CO2 debit associated with consumables used in capture and extraction processes, CO2 from 
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sludge and effluent streams, and blowdown CO2 losses. The other large portion of the LCA 
GHGs is the biomass credit, which includes displacement credits for CO2 uptake expressed as 
carbon allocation ratios for algae oil and algae cake as well as in some cases, displacement 
credits for excess electricity generation from biogas produced onsite. Land use change and 
infrastructure emissions were not considered in these scenarios. When compared to the baseline 
open pond algae LCA GHG emissions from Stratton et al., both the recovery and biomass credit 
emissions from this study are relatively large. The difference in recovery baseline emissions can 
be attributed to accounting for extensive system recycling and system losses associated with each 
of the cultivation, harvesting, and dewatering steps. Another source of variation was the use of 
more energy intensive clarifiers and centrifuges in this study’s baseline cases (1.9 MJ/kgalgae), 
whereas settling ponds were used in the Stratton et al. report (0.56 MJ/kgalgae). This study’s 
specific energy inputs for settling ponds and clarifiers estimated 0.45 and 0.64 MJ/kgalgae, 
respectively. However, settling ponds were only used in the low cases. The difference in biomass 
credits can be credited in part to the biogas combustion electricity exports as well as allocating 
for the carbon displaced within the biomass meal co-product. The last source of overall variation 
between the studies stems from the coproduct allocation methods. In the baseline case for 
Stratton et al., energy allocation was used for the excess electricity (from Anaerobic digestion) 
and the oil coproducts; whereas displacement was used for electricity offsets and energy 
allocation was used for the algal oil fuel coproducts in this study. 
 
The algal oil to HEFA-J scenario variations normalized by conventional jet fuel (87.5 g-
CO2e/MJ) represent a wide range of values that greatly depend on the technology inputs and 
assumptions. The exceedingly high ranges (upwards of a factor of 11 in some cases) include low 
productivities and high specific energy inputs that all combine to represent the high emissions 
scenarios. Thus, most algal baseline scenarios reside closer to the lower end of the variability 
spectrum as they represent current technology inputs and assumptions. The two algal oil to 
HEFA-J baseline pathways that fall under 87.5 g-CO2e/MJ are the flat panel and open pond 
cultivation system wet extraction technology sets, each with values of 53.5 and 31.3 g-
CO2e/MJHEFA-J, respectively. Under the low scenarios, these values decrease to 29.1 and 8.9 g-
CO2e/MJHEFA-J. The less energy intensive cultivation systems and extraction technologies as well 
as larger algae biomass growth rates and lipid contents account for the majority of these benefits 
over other scenarios. 
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Figure 4.2: Baseline Lifecycle Greenhouse Gas Emissions for Various Jet Fuel Pathways; This 
Study Conducted Algal Oil to HEFA-J Scenarios for Open Pond Dry Extraction (OPDE), Open 

Pond Wet Extraction (OPWE), Horizontal/Vertical Tubular PBR Dry Extraction (HTDE/VTDE), 
Horizontal Tubular PBR Wet Extraction (HTWE/VTWE), Flat Panel PBR Dry Extraction 
(FPDE), and Flat Panel PBR Wet Extraction (FPWE); Land Use Change (LUC) Scenarios 

Outlined in [4] 
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Figure 4.3: Baseline Lifecycle Greenhouse Gas Emissions for Various Jet Fuel Pathways 
Normalized to Conventional Crude to Jet Fuel; Variability Bars Represent Low and High 

Scenarios; This Thesis Conducted Algal Oil to HEFA-J Scenarios for Open Pond Dry Extraction 
(OPDE), Open Pond Wet Extraction (OPWE), Horizontal/Vertical Tubular PBR Dry Extraction 
(HTDE/VTDE), Horizontal Tubular PBR Wet Extraction (HTWE/VTWE), Flat Panel PBR Dry 

Extraction (FPDE), and Flat Panel PBR Wet Extraction (FPWE); Land Use Change (LUC) 
Scenarios Outlined in [4] 
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4.3 Production Cost 
An important aspect of the lifecycle analysis is the total financial expense of growing and 
converting algae into usable fuel. These analyses provide a bottoms-up techno-economic 
approach to quantifying the various aspects of biofuels production. Up to this point, all metrics 
were normalized by the energy content of the HEFA jet fuel while allocating for liquid co-
products based on energy. For production cost, the total production cost is normalized by the 
energy content of HEFA-J, but the product slate prices are instead allocated based on five-year 
market price averages. Table 4.1 provides the mass, energy, and market product slate allocation 
methods and their associated impact on the HEFA-J fraction for maximum distillate and 
maximum jet fuel product slates. One notices that the differences between energy and market 
based allocations are slight for the maximum distillate product slate currently under 
investigation. However, one could argue that a market-based co-product allocation better reflects 
the final production price fraction allocated to the jet fuel portion of the chosen product slate. 
Thus, this market allocation HEFA-J fraction is multiplied by the energy normalized production 
cost to account for the values of the coproducts.  
 
The overall unallocated production cost is broken down as the sum total of capital, fixed 
operating, and variable operating expenses as described in Equation (4.1). The total production 
cost Pprod  is calculated based on the annualized capital Ccapex , fixed operating Cfopex , and variable 
operating Cvopex  expenses in $/year for a given algae productivity Palgae  in kgalgae/year and 
internal rate of return (IRR) ri  while also adding the converted upgrading expenses from 
reference [33] in $/kgalgae. Upgrading expenses for low, baseline, and high scenarios were 
implemented for 2000, 4000, and 6500 bpdTAG HEFA facilities, respectively. Each of these 
upgrading expenses had their own similar cost breakdowns not delineated in this thesis. The final 
production cost is converted to $/galTAG (without upgrading expenses), $/MJHEFA-J, and 
$/galHEFA-J based on the process conversion scenario inputs and coproduct allocation fractions. 
This analysis assumes 15% IRR for a 20 year facility, no loans or interest (100% equity), that 
costs are before federal taxes and associated depreciation, and that operating cost increases due 
to inflation are matched by increases in fuel prices over time so as to keep a constant IRR. Note 
that the upgrading facility estimates also included a 15% IRR, loans (20% equity), depreciation 
(10 year linear), and inflation (2%) assumptions within its model. Future studies will work 
towards including similar estimates for the algae growth oil production facility scenarios. 
 

 Rprod =
Ccapex +Cfopex 1+ ri( )+Cvopex 1+ ri( )

Palgae
+ Rcapexupgrading + Rfopexupgrading

+ Rvopexupgrading
!

"
#
#

$

%
&
&

$
kgalgae

 (4.1) 

 
Capital costs are broken down by Inside Battery Limits (ISBL), Outside Battery Limits (OSBL), 
land, special, contingency, and startup costs. ISBL costs consist of engineered equipment 
expenses including purchasing and installing process units and supporting processes. OSBL costs 
include storage and basic process utilities. Special costs include siting, project management, 
offices, laboratory furniture, and other miscellaneous equipment. A cost buildup approach was 
used for ISBL and land estimates, while the other expenses were based on heuristics of refining 
facilities [33,91]. Capital cost inputs can be seen in Table B1 for ISBL and Table B2 for land, 
OSBL, special, contingency, and start up cost estimates. The annual Total Project Investment 
(TPI) includes all capital costs and is determined based on an assumed internal rate of return and 
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facility lifetime shown in Table 4.2 and applied in Equation (4.2). The annual capital payments 
Ccapex  in $/yr were determined by the total project investment TPI , internal rate of return, and 

facility lifetime nyears .  
 

Table 4.1: Mass, Energy, and Market Price Coproduct Allocation and Associated Jet Fuel 
Fractions 

Product Slate LHV [37] 
(MJ/kg) 

Gate Price‡‡ [33] 
(USD/gal) 

Mass [33] 
(kg/100kgTAG) 

Energy 
(MJ/100kgTAG) 

Market 
(USD/100kgTAG) 

HEFA Jet Maximum Distillate 44.1 2.12 12.8 564 9.47 
Maximum Jet 49.4 2180 36.54 

HEFA 
Diesel 

Maximum Distillate 44.0 2.13 68.1 2995 49.20 
Maximum Jet 23.3 1025 16.83 

HEFA 
Naphtha 

Maximum Distillate 44.4 2.03 1.8 79.9 1.38 
Maximum Jet 7.0 311 5.36 

HEFA Fuel 
Gas§§ 

Maximum Distillate 46.9 1.77 5.8 272 5.35 
Maximum Jet 10.2 478 9.40 

HEFA-J 
Fraction 

Maximum Distillate 
  

14.5% 14.4% 14.5% 
Maximum Jet 54.9% 54.6% 53.6% 

 

 Ccapex =
TPI ! ri

1" 1+ ri( )"nyears#
$

%
&

 (4.2) 

 
Table 4.2: Capital and Operating Cost Assumptions [22,33,92,93] 

Internal rate of return (%) ri  15 

Facility lifetime (years) nyears  20 
 
The summation of the various capital expenses for each scenario is illustrated in Figure 4.4. The 
major impact of large ISBL costs for the tubular PBRs impacts the other capital costs based on 
the heuristic values outlined in Table B2. This effect plays an important role in the sensitivity 
analyses in Section 4.7, where ISBL expense inputs impact the majority of the final production 
cost. The extraction technologies made up 0.04-1.5% of the PBR ISBL costs. Looking further 
into the ISBL expenses in Figure 4.5 and Figure 4.6, one can establish both the component inputs 
that most affect the ISBL and how each component changes with the various cultivation and 
extraction scenario inputs.  
 
The majority of the open pond ISBL expenses are fairly evenly distributed (~10-15% of total 
ISBL) with the exception of the Open Ponds and DAF units in the high scenarios, which consist 
of ~18-28% and ~34-47% of the total for applicable cases. The DAF as well as the CHP unit 
prices were based on historical flow capacity and power output curves shown in Figure B1 and 
Figure B2, respectively. Note that the maximum flow capacity for the DAFs in the scenarios was 
estimated at 5500 gallons per minute and installed capital cost estimates are based on a linear 
extrapolation of reference [50].  The ponds (including cement and equipment installation), three-

                                                
‡‡Based on five year average of market prices for each product 
§§Consists of propane and liquid petroleum gas (LPG) mix 
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phase centrifuges, and circulation pumps comprise the majority of the other open pond ISBL 
expenses. For the tubular and flat panel PBRs, the ISBL consists mainly of the costs associated 
with purchasing and installing the PBRs, which in some cases exceeded 95% of the total. Over 
82% of the PBR equipment costs in some cases were due to the culture solar collector tubing, 
while the airlift pumps and water cooling and makeup piping hold a large percentage of the small 
remainder.  The cost inputs ($/ft) for the solar collector tubing were priced based on 10 foot 
lengths, which could be decreased based on a larger volume sale. A 33% decrease in the solar 
collector tubing costs shows a relatively high sensitivity to overall production costs as seen in 
Figure 4.18, but does not decrease the overall expenses to the level of either the open raceway 
pond or flat panel PBRs. The HDPE clear panels for the flat panel PBRs were priced based on 
manufactured sheets normalized by the sheet area. The manufacturing of these sheets into a 
panel form was not taken into account and was assumed to be within the range of variability. 
Replacing these sheets with a double-layered LDPE clear film bags overall production costs by 
nearly 42%. In the flat panel wet extraction cases, higher biomass harvests yielding more meal 
coproduct to burn for electricity credits and lower farming electricity requirements (near that of 
open ponds) both decreased the total power costs. However, for all wet extraction cases, the cost 
and amount of potassium hydroxide made up 11-42% of the variable operating expenses. In all 
cases, nitrogen requirements in the form of urea, ammonia, or ammonium nitrate added to these 
material costs. 
 

 
Figure 4.4: Total Capital Expense Scenarios 
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Figure 4.5: Open Pond Inside Battery Limits Capital Expense Scenarios 

 

 
Figure 4.6: PBR Inside Battery Limits Capital Cost Scenarios 

 
Like the other ISBL dependent capital expenses, the fixed operating expenses were subject to the 
total project investment, heuristics, and employee salaries shown in Table B3 and Table B4. 
Consequently, the fixed operating expenses follow a similar pattern as that of capital expenses, 
where the tubular PBRs expenses are exceedingly higher than the other two cultivation systems. 
All systems and scenarios experience a majority of the expense going towards maintenance 
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costs, with larger proportions for the PBRs. Like the capital expenses, the fixed operating costs 
were not greatly affected by the extraction technology sets. 
 
The variable operating expenses were not impacted by capital cost heuristics and therefore, were 
relatively similar for all cultivation technologies. However, the choice in extraction technology 
greatly impacted the distribution of the expenses. In the open pond dry extraction cases, the 
majority of the costs were related to power consumption in the baseline and high cases linked to 
electricity needs for dry extraction and pure CO2 MEA capture and distribution from the coal 
power plant. The tubular PBR cases increased these dry extraction power costs further with the 
power required for cultivation and harvesting. The flat panel scenarios yielded the lowest 
variable operating expenses due to the higher average weight content of the algae in the culture 
requiring less power in the dry extraction cases. Additionally, the baseline flat panel wet 
extraction power values were 87% lower than the baseline dry extraction cases due to the 
increased biomass productivity yielding more cake to offset electricity requirements and lower 
cultivation electricity requirements comparable to open ponds. 

 
Figure 4.7: Open Pond and PBR Fixed Operating Expense Scenarios 
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Figure 4.8: Open Pond and PBR Variable Operating Cost Scenarios 

 
The overall production costs for each scenario are depicted in Figure 4.9. As expected, the 
upstream ISBL cost influences on TPI and ultimately, fixed operating costs, led to a high 
production costs both types of serpentine tubular PBRs. To get a sense of where these numbers 
reside on a $/galHEFA-J, one would multiply these values by a factor of ~126 as shown in the 
concluding chapter. The baseline pilot scale production costs for open ponds dry extraction, open 
pond wet extraction, flat panel dry extraction, and flat panel wet extraction were 8.3, 9.9, 42.3, 
and 43.5 $/galHEFA-J, respectively. For the majority of cases, the capital and fixed operating 
expenses dominated the overall production costs (note the broken step axes for the tubular 
PBRs). Sensitivity to the heuristic values for fixed operating costs were also undertaken in 
Figure 4.18 and provided insight as these values were originally applicable for a refinery type 
environment.  
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Figure 4.9: Total Algae to HEFA-J Production Expenses for a Maximum Distillate Product Slate 
 
4.4 Specific Energy, Greenhouse Gas and Production Cost Comparisons 
Comparisons between this thesis and other studies were made for specific energy inputs, 
lifecycle greenhouse gas emissions, and production costs. Specific energy comparisons were 
produced for each step in the algae production and upgrading facilities. These steps include 
energy consumed in cultivation, harvesting, drying, and extraction as well as energy produced 
from biogas electricity and the energy in the algal oil. Table 4.3 depicts these steps and the net 
specific energy for various studies, cultivation, extraction, and scenario types. Upgrading 
specific energies were estimated from Pearlson (2011), which includes heat and electric energy 
required for hydroprocessing and isomerization where noted [33]. The majority of the literature 
involved scenarios using open raceway pond cultivation technologies. For both wet and dry 
extraction open pond net specific energy, this study’s low and high results bound the 
experimental results while the baseline results are fairly close to other study’s baseline scenarios. 
For the horizontal tubular serpentine PBR case, the corrected Stephenson et al. (2010) net 
specific energy value compared similarly to the baseline wet extraction case. The thesis net 
specific energy was lower than the literature value because the PBRs were optimized for 
minimum cultivation specific energy and maximum areal productivity with a less energy 
intensive extraction technique. Other large variations between the literature and the thesis can be 
linked to the assumed oil mass fractions for a specific scenario and the harvesting technology 
electricity inputs (higher is usually DAFs or centrifuge while lower is usually settling ponds or 
clarifiers).  
 
Lifecycle greenhouse gas emissions in this thesis have similar trends to specific energy when 
compared with other literature values. Table 4.4 illustrates the lifecycle breakdown of GHG 
emissions for various studies, cultivation, extraction, and scenario types. The major steps include 
displacement credits, recovery, feed transportation, processing, fuel transportation, combustion, 
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WTP N2O, and WTP CH4 GHG emissions. The majority of literature value comparisons are for 
open raceway pond cultivation. For open raceway pond wet and dry extraction techniques, the 
low and high total LCA GHG emission for this thesis bound the literature values and the baseline 
totals are similar to the other studies. The majority of variation from the literature stems from 
displacement credits associated with algal oil mass fraction and productivity scenario inputs. 
Other sources of large variation can be linked to emissions during recovery, which includes all 
consumption specific energy inputs and their variations. 
 
Lastly, algal oil and HEFA-J production cost estimates for various studies were compared to this 
thesis. The literature techno-economic analyses considered were more numerous than the other 
two metrics and considered multiple cultivation types. Table 4.5 depicts production cost relative 
to facility land area and volume of TAG for algae production, harvesting, and oil extraction. 
Additionally, these previous steps and additional upgrading expenses were estimated in terms of 
the energy or volume of jet fuel using a market coproduct allocation for a maximum distillate 
fuel product slate outlined in section 4.3: Production Cost.  The comparable cost estimates in the 
literature for the horizontal serpentine tubular PBRs were all lower for the same extraction and 
scenario types. This discrepancy is linked to the capital costs; including the assumed solar 
collector tube prices as well as more detailed downstream piping and pumping estimates and 
additional recycling, digestion, and electricity/heat production cost estimates not considered in 
other studies. The open pond thesis production cost estimates compared favorably to other 
literature values, where the mean and standard deviation of all values were 13.2±11.8 $/galTAG 
and 12.6±11.0 $/galHEFA-J produced for all extraction types (not including the relatively outlier 
values from [94]). Variation between studies and this thesis stem from multiple sources, 
including: algae productivity and composition inputs; harvesting, drying, and extraction 
technologies; fixed operating heuristics; and most importantly, financing assumptions and inputs 
including loan periods, facility lifetimes, discount rates, taxes, and contingency. Sun et al. (2011) 
tried to reduce this economic variability by normalizing the input assumptions for many studies 
and experiments and produced similar results for algal oil production with 10.9-13.3 $/galTAG 
[93].   
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Table 4.3: Lifecycle Specific Energy Comparisons for Various Studies and Scenarios 
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Thesis Horizontal Tubular Serpentine PBR Dry Low 11.0 0.3 13.4 1.1 2.0 23.5 2.2 -0.4 
Thesis Horizontal Tubular Serpentine PBR Dry Baseline 10.0 0.5 16.6 1.1 -0.3 9.8 0.9 -18.6 
Thesis Horizontal Tubular Serpentine PBR Dry High 19.3 3.4 15.3 1.1 -0.4 5.9 0.9 -33.6 
Thesis Horizontal Tubular Serpentine PBR Wet Low 11.0 0.3 0.0 0.2 2.0 23.5 2.2 13.9 
[53]*** Horizontal Tubular Serpentine PBR Wet Baseline 23.4 0.2 0.0 1.2 5.9 24.2 0.9 5.1 
Thesis Horizontal Tubular Serpentine PBR Wet Baseline 10.0 0.5 0.0 0.1 2.9 9.8 0.9 2.1 
Thesis Horizontal Tubular Serpentine PBR Wet High 15.9 3.4 0.0 0.0 3.3 5.9 0.9 -10.2 
Thesis Open Raceway Pond Dry Low 0.8 0.4 13.4 1.1 2.0 23.4 2.2 9.8 
[4]††† Open Raceway Pond Dry Low 0.7 0.2 16.3 1.2 0.0 21.4 1.7 3.0 

[51]‡‡‡ Open Raceway Pond Dry Baseline 0.6 0.6 15.2 1.5 0.0 17.5 0.9 -0.4 
[4]*** Open Raceway Pond Dry Baseline 0.7 0.2 9.4 1.2 0.0 8.9 1.1 -2.6 
Thesis Open Raceway Pond Dry Baseline 1.3 0.6 16.5 1.1 -0.3 9.7 0.9 -10.1 
[4]*** Open Raceway Pond Dry High 15.0 0.2 7.7 1.2 0.0 5.4 0.8 -18.7 
Thesis Open Raceway Pond Dry High 9.6 3.6 15.3 1.1 -0.4 5.8 0.9 -24.1 
Thesis Open Raceway Pond Wet Low 0.8 0.4 0.0 0.2 2.0 23.4 2.2 24.0 
[53]§§§ Open Raceway Pond Wet Baseline 2.6 0.9 0.0 1.3 5.7 14.2 0.9 15.1 
[51]‡‡‡ Open Raceway Pond Wet Baseline 0.6 0.6 0.0 3.7 0.0 17.5 0.9 12.6 
Thesis Open Raceway Pond Wet Baseline 1.3 0.6 0.0 0.1 2.9 9.7 0.9 10.6 
[95] Open Raceway Pond Wet Low-A 1.4 0.7 0.0 2.7 2.0 11.1 1.3 8.3 
[95] Open Raceway Pond Wet Low-B 1.3 0.7 0.0 2.0 0.7 11.1 1.8 7.9 
[95] Open Raceway Pond Wet Baseline 1.4 0.7 0.0 2.1 0.8 8.0 1.3 4.5 

Thesis Open Raceway Pond Wet High 6.3 3.6 0.0 0.0 3.3 5.8 0.9 -0.8 
Thesis Vertical Flat Panel PBR Dry Low 3.2 0.2 13.4 1.1 2.0 23.5 2.2 7.6 
Thesis Vertical Flat Panel PBR Dry Baseline 3.1 0.4 16.6 1.1 -0.3 9.8 0.9 -11.8 
Thesis Vertical Flat Panel PBR Dry High 11.2 2.2 15.3 1.1 -0.4 5.9 0.9 -24.3 
Thesis Vertical Flat Panel PBR Wet Low 3.2 0.2 0.0 0.2 2.0 23.5 2.2 21.9 
Thesis Vertical Flat Panel PBR Wet Baseline 3.1 0.4 0.0 0.1 2.9 9.8 0.9 9.0 
Thesis Vertical Flat Panel PBR Wet High 7.8 2.2 0.0 0.0 3.3 5.9 0.9 -0.9 
Thesis Vertical Tubular Serpentine PBR Dry Low 11.1 0.4 13.4 1.1 2.0 23.5 2.2 -0.5 
Thesis Vertical Tubular Serpentine PBR Dry Baseline 11.1 0.8 16.6 1.1 -0.3 9.8 0.9 -20.0 
Thesis Vertical Tubular Serpentine PBR Dry High 19.2 3.8 15.3 1.1 -0.4 5.9 0.9 -33.9 
Thesis Vertical Tubular Serpentine PBR Wet Low 11.1 0.4 0.0 0.2 2.0 23.5 2.2 13.7 
Thesis Vertical Tubular Serpentine PBR Wet Baseline 11.1 0.8 0.0 0.1 2.9 9.8 0.9 0.8 
Thesis Vertical Tubular Serpentine PBR Wet High 15.8 3.8 0.0 0.0 3.3 5.9 0.9 -10.4 

                                                
***Original source cultivation value of 34.8 MJ/kgalgae included an error in the energy balance that increased the 
energy required by a factor of 1.49; Non-optimized baseline horizontal serpentine tubular PBR model algae 
cultivation specific energy was similarly high: ~23 MJ/kgalgae; Baseline optimized horizontal PBR cultivation 
specific energy was ~10 MJ/kgalgae 
†††Modified for same algal composition inputs as this thesis; Higher digester solids destruction efficiency (70% vs. 
60%); Upgrading does not include isomerization steps; No recycling/piping losses 
‡‡‡No anaerobic digestion; for dry extraction, similar to dry soybean extraction (90 wt.% solids); for wet extraction, 
assumes heat consumption and hexane loses proportional to total volume of processed material; thesis baseline 
upgrading specific energy used 
§§§ Nitrogen-deprivation methods; homogenization wet extraction; thesis baseline upgrading specific energy used 
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Table 4.4: Lifecycle Greenhouse Gas Emission Comparisons for Various Studies and Scenarios 

     Lifecycle Step (g-CO2e/MJHEFA-J)  
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Thesis Horizontal Serpentine Tubular PBR Dry Low Disp. & Engy. -109 162 0.5 9.4 0.6 71.8 1.8 8.1 145 1.66 
Thesis Horizontal Serpentine Tubular PBR Dry Baseline Disp. & Engy. -133 409 0.5 9.9 0.6 72.1 13.9 23.8 397 4.54 
Thesis Horizontal Serpentine Tubular PBR Dry High Disp. & Engy. -193 880 0.5 10.1 0.6 73.1 180 59.0 1010 11.6 
Thesis Horizontal Serpentine Tubular PBR Wet Low Disp. & Engy. -109 118 0.5 9.4 0.6 71.8 1.5 6.8 99.6 1.14 
Thesis Horizontal Serpentine Tubular PBR Wet Baseline Disp. & Engy. -194 283 0.5 9.9 0.6 72.1 13.1 16.4 202 2.31 
Thesis Horizontal Serpentine Tubular PBR Wet High Disp. & Engy. -309 638 0.5 10.1 0.6 73.1 179 45.2 637 7.28 
[53]**** Horizontal Serpentine Tubular PBR Wet Baseline Disp. & Mkt. -484 2423 0.0 9.9 0.0 72.1 - - 2020 23.1 
Thesis Open Raceway Pond Dry Low Disp. & Engy. -109 77 0.5 9.4 0.6 71.8 1.4 2.4 54 0.62 
[4]†††† Open Raceway Pond Dry Low Disp. & Engy. -74 52 0.3 7.1 0.6 72.1 0.2 4.2 63 0.72 
[4]†††† Open Raceway Pond Dry Baseline Disp. & Engy. -70 75 0.3 10.3 0.6 72.1 1.3 6.0 95 1.09 
Thesis Open Raceway Pond Dry Baseline Disp. & Engy. -133 251 0.5 9.9 0.6 72.1 13.3 12.9 227 2.59 
[4]†††† Open Raceway Pond Dry High Disp. & Engy. -69 298 3.2 13.2 0.6 72.1 15 53.7 387 4.43 
Thesis Open Raceway Pond Dry High Disp. & Engy. -196 595 0.5 10.1 0.6 73.1 180 39.1 703 8.03 
Thesis Open Raceway Pond Wet Low Disp. & Engy. -109 33 0.5 9.4 0.6 71.8 1.2 1.1 8.9 0.10 
[53]**** Open Raceway Pond Wet Baseline Disp. & Mkt. -194 125 0.5 9.9 0.6 72.1 12.5 5.5 31 0.36 
[95]†††† Open Raceway Pond Wet Low-B Disp. & Engy. -484 437 0.0 9.9 0.0 72.1 - - 35.3 0.40 
[95]†††† Open Raceway Pond Wet Baseline Disp. & Engy. -117 71 0.6 13.8 0.6 72.1 0.0 0.2 41 0.46 
[95]†††† Open Raceway Pond Wet Low-A Disp. & Engy. -145 103 0.6 13.8 0.6 72.1 0 0.7 46 0.53 
Thesis Open Raceway Pond Wet Baseline Disp. & Engy. -114 73 0.6 13.8 0.6 72.1 0.0 0.2 47 0.54 
Thesis Open Raceway Pond Wet High Disp. & Engy. -311 352 0.5 10.1 0.6 73.1 178 25.3 329 3.76 
Thesis Vertical Flat Panel PBR Dry Low Disp. & Engy. -109 95 0.5 9.4 0.6 71.8 1.5 4.2 74.7 0.85 
Thesis Vertical Flat Panel PBR Dry Baseline Disp. & Engy. -133 270 0.5 9.9 0.6 72.1 13 15.0 249 2.84 
Thesis Vertical Flat Panel PBR Dry High Disp. & Engy. -194 568 0.5 10.1 0.6 73.1 179 39.2 676 7.73 
Thesis Vertical Flat Panel PBR Wet Low Disp. & Engy. -109 51 0.5 9.4 0.6 71.8 1.3 2.9 29 0.33 
Thesis Vertical Flat Panel PBR Wet Baseline Disp. & Engy. -194 144 0.5 9.9 0.6 72.1 13 7.6 54 0.61 
Thesis Vertical Flat Panel PBR Wet High Disp. & Engy. -309 325 0.5 10.1 0.6 73.1 178 25.4 303 3.46 
Thesis Vertical Serpentine Tubular PBR Dry Low Disp. & Engy. -109 163 0.5 9.4 0.6 71.8 2 8.2 147 1.67 
Thesis Vertical Serpentine Tubular PBR Dry Baseline Disp. & Engy. -133 436 0.5 9.9 0.6 72.1 14.0 25.5 426 4.87 
Thesis Vertical Serpentine Tubular PBR Dry High Disp. & Engy. -194 889 0.5 10.1 0.6 73.1 180 59.6 1020 11.7 
Thesis Vertical Serpentine Tubular PBR Wet Low Disp. & Engy. -109 119 0.5 9.4 0.6 71.8 1.5 6.9 101 1.15 
Thesis Vertical Serpentine Tubular PBR Wet Baseline Disp. & Engy. -194 310 0.5 9.9 0.6 72.1 13.2 18.1 231 2.64 
Thesis Vertical Serpentine Tubular PBR Wet High Disp. & Engy. -309 646 0.5 10.1 0.6 73.1 179 45.8 646 7.38 

                                                
**** LCA metric for Stephenson et al. (2010) originally in units of g-CO2e/mtbiodiesel and changed to g-CO2e/MJHEFA-J 
using biodiesel and baseline HEFA-J conversion and energy inputs [33,53]; N2O and CH4 WTP emissions are 
combined in the other LCA steps 
††††Combustion results taken from low, baseline, and high thesis results for the various scenario SPK blends 
outlined in Table 2.16; Modified for same algal inputs as this thesis 
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Table 4.5: Production Cost Comparisons for Various Studies and Scenarios 
    Production, Harvesting, and 
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Thesis Flat Bag PBR Dry Low 2.00 1.05E+05 1.98E+04 6.80 0.02 0.03 0.01 0.05 6.86 
Thesis Flat Bag PBR Dry Baseline 1.68 7.89E+04 2.32E+04 17.7 0.04 0.07 0.02 0.14 17.1 
Thesis Flat Bag PBR Dry High 1.32 5.87E+04 2.24E+04 34.1 0.07 0.13 0.05 0.26 32.5 
[96] Flat Bag PBR Dry Low 1.04 2.43E+05 -6.35E+05 71.4 0.94 0.16 -0.56 0.53 67.1 
[96] Flat Bag PBR Dry Baseline 1.03 1.65E+05 -3.33E+05 104 0.92 0.15 -0.29 0.77 97.6 
[96] Flat Bag PBR Dry High 1.05 1.76E+05 -2.18E+05 110 0.80 0.19 -0.16 0.82 103 

Thesis Flat Bag PBR Wet Low 2.00 1.05E+05 2.20E+04 6.88 0.02 0.03 0.01 0.05 6.94 
Thesis Flat Bag PBR Wet Baseline 1.84 8.52E+04 1.62E+04 18.1 0.04 0.08 0.02 0.14 17.5 
Thesis Flat Bag PBR Wet High 1.41 6.19E+04 1.69E+04 34.1 0.08 0.14 0.04 0.26 32.4 

Sandia [93] Horizontal Serpentine Tubular PBR - Baseline - - - 33 - - - 0.24 30.9 
[97] Horizontal Tubular PBR - Low - - - 41 - - - 0.30 38 
[97] Double Tubular Bioreactor - High - - - 43 - - - 0.32 40 

Thesis Horizontal Serpentine Tubular PBR Dry Low 6.14 2.49E+05 1.50E+04 85 0.41 0.21 0.01 0.63 79.6 
Thesis Horizontal Serpentine Tubular PBR Dry Baseline 7.89 3.12E+05 1.52E+04 291 1.40 0.70 0.04 2.14 271 
Thesis Horizontal Serpentine Tubular PBR Dry High 18.8 7.34E+05 1.55E+04 1602 7.84 3.88 0.09 11.8 1492 
Thesis Horizontal Serpentine Tubular PBR Wet Low 6.14 2.49E+05 1.58E+04 84.9 0.41 0.21 0.01 0.63 79.6 
Thesis Horizontal Serpentine Tubular PBR Wet Baseline 7.97 3.16E+05 1.24E+04 293 1.42 0.71 0.03 2.16 273 
Thesis Horizontal Serpentine Tubular PBR Wet High 18.8 7.35E+05 1.32E+04 1600 7.85 3.88 0.07 11.8 1490 

Solix - PII [93] Hybrid - Low-B - - - 0.73 - - - 0.01 0.69 
Solix - PI [93] Hybrid - Low-A - - - 2.56 - - - 0.02 2.39 

General Atomics 
[93] Hybrid - Low - - - 20.0 - - - 0.15 18.6 

Solix [93] Hybrid - High - - - 31.9 - - - 0.23 29.7 
General Atomics 

[93] Hybrid - High - - - 32.8 - - - 0.24 30.5 

 [98] Open Raceway Pond  -   Low   - - - 1.1 - - - 0.01 1.0 
 [98] Open Raceway Pond  -   High  - - - 1.6 - - - 0.01 1.5 
 [50] Open Raceway Pond  Dry   Low   0.13 3.03E+03 5.73E+03 1.67 0.01 0.00 0.003 0.02 1.90 

 Thesis  Open Raceway Pond  Dry   Low   0.28 1.64E+04 3.41E+03 1.74 0.01 0.01 0.00 0.02 2.15 
 NREL [93] Open Raceway Pond  -   Low   - - - 2.4 - - - 0.02 2.2 

 [50] Open Raceway Pond  Dry   Baseline  0.15 3.36E+03 8.75E+03 2.4 0.02 0.001 0.003 0.02 2.59 
 NREL [93] Open Raceway Pond  -   Baseline  - - - 3.5 - - - 0.03 3.2 

 [99] Open Raceway Pond  Dry   Low   0.09 1.56E+04 4.77E+03 3.22 0.02 0.003 0.004 0.03 3.53 
 [99] Open Raceway Pond  Dry   Baseline  0.09 1.79E+04 1.21E+04 3.31 0.02 0.00 0.00 0.03 3.66 
 [99] Open Raceway Pond  Dry   High  0.09 2.03E+04 1.95E+04 3.33 0.02 0.00 0.00 0.03 3.79 

                                                
‡‡‡‡All initial $/galTAG values were converted to $/MJHEFA-J by adding the low/baseline/high upgrading cost 
estimates from [33]. Total costs were then converted for HEFA-J using the maximum distillate jet mass fraction and 
a market coproduct allocation in Table 4.1 as well as a LHV of 44.1 MJ/kg [6]. 
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 [50] Open Raceway Pond  Dry   High  0.16 3.88E+03 1.13E+04 4.8 0.03 0.002 0.004 0.04 4.6 
 Thesis  Open Raceway Pond  Dry   Baseline  0.24 1.80E+04 1.29E+04 8.2 0.02 0.02 0.02 0.07 8.3 

 NMSU [93] Open Raceway Pond  -   Low   - - - 9.52 - - - 0.07 8.9 
 NREL [93]  Open Raceway Pond  -   High  - - - 10.6 - - - 0.08 9.9 
 NMSU [93]  Open Raceway Pond  -   Low   - - - 14 - - - 0.10 13 

 Bayer AG [93] Open Raceway Pond  -   Baseline  - - - 14.3 - - - 0.11 13.3 
 Sandia [93] Open Raceway Pond  -   Baseline  - - - 16 - - - 0.12 15 

 Cal. Poly. [93]  Open Raceway Pond  -   Baseline  - - - 16.7 - - - 0.12 15.5 
 [96]  Open Raceway Pond  Dry   Low   0.05 3.29E+04 3.99E+03 22.3 0.08 0.05 0.037 0.17 21.3 
 [96]  Open Raceway Pond  Dry   Baseline  0.06 4.12E+04 1.77E+04 22.9 0.08 0.062 0.028 0.17 22.0 

 Seambiotic [93]  Open Raceway Pond  -   Baseline  - - - 24.9 - - - 0.18 23.2 
 NMSU [93] Open Raceway Pond  -   High  - - - 25 - - - 0.18 23 

 [96] Open Raceway Pond  Dry   High  0.06 1.24E+05 2.37E+04 32.2 0.08 0.16 0.01 0.24 30.7 
 [92] Open Raceway Pond  Dry   Baseline  0.17 3.06E+04 1.42E+04 35.8 0.21 0.04 0.02 0.27 33.9 

 NMSU [93] Open Raceway Pond  -   High  - - - 39 - - - 0.28 36.0 
 Thesis  Open Raceway Pond  Dry   High  0.33 2.43E+04 3.17E+04 40.2 0.10 0.09 0.11 0.30 38.1 

[94] Open Raceway Pond  Dry   Low   0.36 1.05E+05 8.10E+04 160 0.78 0.23 0.173 1.18 149 
[94] Open Raceway Pond  Dry   Baseline  0.46 1.05E+05 8.10E+04 188 0.99 0.23 0.17 1.39 176 
[94] Open Raceway Pond  Dry   High  0.56 1.05E+05 8.10E+04 217 1.20 0.23 0.17 1.60 202 

 Thesis  Open Raceway Pond  Wet   Low   0.31 1.78E+04 3.86E+03 2.0 0.01 0.01 0.00 0.02 2.3 
 Thesis  Open Raceway Pond  Wet   Baseline  0.36 2.27E+04 8.41E+03 10.0 0.04 0.03 0.01 0.08 9.9 
 Thesis  Open Raceway Pond  Wet   High  0.47 2.96E+04 2.32E+04 43.2 0.14 0.10 0.08 0.32 40.9 
Thesis Vertical Flat Panel PBR Dry Low 3.80 1.75E+05 1.98E+04 17.4 0.078 0.047 0.008 0.13 16.7 
Thesis Vertical Flat Panel PBR Dry Baseline 3.48 1.49E+05 2.32E+04 44.9 0.201 0.11 0.02 0.34 42.3 
Thesis Vertical Flat Panel PBR Dry High 3.89 1.59E+05 2.24E+04 111 0.50 0.27 0.05 0.82 104 
Thesis Vertical Flat Panel PBR Wet Low 3.80 1.75E+05 2.20E+04 17.4 0.08 0.05 0.008 0.13 16.7 
Thesis Vertical Flat Panel PBR Wet Baseline 3.65 1.55E+05 1.62E+04 46.2 0.21 0.12 0.02 0.34 43.6 
Thesis Vertical Flat Panel PBR Wet High 3.97 1.62E+05 1.69E+04 112 0.52 0.27 0.04 0.83 105 
[54]§§§§ Vertical Serpentine Tubular PBR N/A Baseline 2.5 - - 128 - - - - 120 
Thesis Vertical Serpentine Tubular PBR Dry Low 14.8 5.87E+05 1.56E+04 186 0.91 0.455 0.014 1.38 174 
Thesis Vertical Serpentine Tubular PBR Dry Baseline 19.0 7.44E+05 1.79E+04 660 3.22 1.60 0.04 4.86 615 
Thesis Vertical Serpentine Tubular PBR Dry High 29.6 1.16E+06 2.06E+04 1951 9.56 4.73 0.09 14.4 1820 
Thesis Vertical Serpentine Tubular PBR Wet Low 14.8 5.87E+05 1.65E+04 186 0.91 0.45 0.01 1.38 174 
Thesis Vertical Serpentine Tubular PBR Wet Baseline 19.1 7.48E+05 1.50E+04 662 3.24 1.61 0.03 4.88 617 
Thesis Vertical Serpentine Tubular PBR Wet High 29.7 1.16E+06 1.77E+04 1950 9.58 4.73 0.08 14.4 1820 

  

                                                
§§§§Does not include extraction equipment/operating costs; assumes 25% lipid dry weight 
fraction and maximum distillate product slate 
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4.5 Freshwater Consumption 
As previously stated, water consumption was defined in this study to be any freshwater taken 
from a source and not directly placed back to the original. This definition includes water quality, 
i.e., even freshwater withdrawn from a source and placed back to that source without the same 
water quality (no pretreatment) would be considered consumption. Therefore, any previously 
freshwater makeup in this study that eventually exits the facility as blowdown is counted as 
consumptive even when brackish.  
 
Onsite and offsite freshwater consumption was estimated for both freshwater and brackish 
makeup water in every cultivation and extraction scenario. Onsite freshwater consumption inputs 
and assumptions are outlined in Table A1 and consist of all water used on the cultivation, 
recovery and extraction facility as well as the total direct water consumption estimates from 
upgrading facility. The direct upgrading water consumption includes boiler feed water (BFW) 
for onsite steam generation and cooling water [33]. Offsite water consumption inputs and 
assumptions are depicted in Table A2 and Table A3. Offsite nutrient and material manufacture 
lifecycle energy use and direct water consumption were derived from references [41] and [76]. 
These inputs include freshwater consumed at offsite facilities for electricity, natural gas, 
hydrogen, and refined product generation for use onsite and offsite direct material and nutrient 
manufacture as well as their associated energy and material input freshwater consumption. In 
applicable scenarios, water consumption for offsite pure CO2 MEA capture was included.  
 
Figure 4.10 and Figure 4.11 depict estimates for onsite and offsite freshwater consumption for a 
brackish makeup culture. For onsite, the majority of the freshwater consumed for open pond 
scenarios were for belt drying and BFW steam generation in dry extraction cases and extraction 
and recovery and biogas electricity generation in wet extraction cases. The biogas electricity 
generation was assumed to resemble lifecycle water consumption estimates for a Natural Gas 
Combined Cycle (NGCC) powerplant in units of Lwater/kWh. The vast majority of water 
consumed from the various PBR scenarios was associated with evaporative spray cooling. This 
cooling water was assumed to be freshwater due to the issues brought about by solid residues in 
waste or brackish water inhibiting algae growth within the solar collector tubing or panels. 
Cooling modeling processes and assumptions are outlined in the first sections of Appendix A. 
These models include solar irradiance estimations for daily, monthly, and annual average direct 
radiation on a flat surface at a 25-degree latitude with an average global atmospheric clarity 
index. These assumptions agree with average annual solar radiation in southeast Texas (~19-20 
MJ/m2/day) [100]. An evaporative cooling input was used of 1.5 kgwater/day for every m2 of 
exposed solar collector tube piping area. This value was also used for estimating flat panel 
evaporative losses, where the exposed affected area was assumed to be the sides and top of the 
tubular PBR. 
 
Offsite freshwater consumption for an onsite brackish makeup mainly consisted of water 
consumed during energy production processes for the facility. Consequently, PBRs indirectly 
consumed the majority of freshwater for their high electricity needs. Nutrient and flocculent 
production (both direct and indirect energy and material) water consumption provided a fairly 
large percentage of the total offsite freshwater consumption. In specific cases, offsite CO2 
capture consumed a fair amount of freshwater as well.  
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Figure 4.10: Onsite Freshwater Consumption Scenarios for a Brackish Makeup 

 

 
Figure 4.11: Offsite Freshwater Consumption Scenarios for a Brackish Makeup 

 
Onsite freshwater consumption scenarios with a freshwater makeup were largely dominated by 
open pond evaporation and blowdown losses from algae production as illustrated in Figure 4.12.  
These values are highly sensitive to the evaporation rate of 0.5 cm/day. Similar trends are found 
for PBR cultivation systems using freshwater makeup as in brackish water because the water lost 
in degassing is minor compared to the cooling freshwater evaporation. 
 
The offsite scenarios for an onsite freshwater makeup provided in Figure 4.13 show a slight 
decrease in freshwater consumption linked to a decrease in offsite energy demand. This is 
especially evident in the optimistic open pond wet extraction scenario where onsite electricity 
needs were met and the surplus electricity acted as a displaced freshwater credit for offsite power 
generation. This is mainly due to decreases in water treatment and pumping energy requirements. 
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Other than these slight changes, similar trends were noticed between offsite consumption with 
onsite fresh and brackish water growth makeups. 
 

 
Figure 4.12: Onsite Freshwater Consumption Scenarios for a Freshwater Makeup 

 

 
Figure 4.13: Offsite Freshwater Consumption Scenarios for a Freshwater Makeup 

 
4.6 Baseline Cultivation, Recovery, and Extraction Water, Carbon, and Nutrient Flows 

and Total Land Area 
One method used to gain perspective into the various magnitudes of the materials involved in 
biological energy production is the Sankey flow chart. These diagrams help qualitatively and 
quantitatively navigate the various flow pathways in the microalgae cultivation, recovery, and 
extraction portions of the lifecycle model. Figure 4.14 and Figure 4.15 provide the water (blue) 
and carbon (dark red) balances for each baseline cultivation and extraction technology set 
combination. The system boundaries encompass onsite algae cultivation through algal oil 
extraction. Nutrient and chemical inputs (magenta), as well as algal oil outputs (green) and PBR 
cooling water flows (dark blue) are also provided as a reference. Note that all materials were 
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recycled wherever possible to increase the overall lifecycle efficiency of the facility and that 67-
68 m3/day of water is taken out of the system via photosynthesis. For all baseline flow scenarios, 
brackish makeup water consisting of 20 parts per thousand (ppt) total dissolved solids (TDS) was 
input on a mass basis. The steady state TDS for the open pond, horizontal tubular, vertical 
tubular, and flat panel were 40.1, 30.9, 31.9, and 32.3 ppt, respectively.  
 
When comparing between cultivation systems, one first notices that the average water flows 
associated with growth in open ponds are an order of magnitude larger than that of the PBR 
systems. This difference is primarily due to the assumed 0.5 cm/day evaporation rates and 4.46 
day detention times in the 1.2 million m3, 400 ha ponds. When compared to a 73.3 thousand m3 
horizontal tubular PBR systems with a 1.07 day detention time, the open pond water flows 
appear relatively large. Although the open ponds systems require more circulating water for 
cultivation, the number of optimized modular tubular PBRs exceeds a million (over two million 
for vertical tubular PBRs) in all cases. When compared to the 40 ponds, one can already begin to 
predict the increased maintenance, material and energy costs involved with linking the PBRs in a 
cultivation field system like the ones illustrated in Figure 2.7. Similarly, the total amount of 
facility land area for producing the same amount algal oils increases almost threefold for 
horizontal tubular PBRs over the open pond systems. The facility area specific fuel productivity 
scenarios are also depicted in Figure 4.16, which also illustrates the larger cultivation to facility 
area ratio for open raceway ponds (~89%) when compared against the PBR values (~42-63%). 
This can be attributed to lower areal productivities and the summation of linkage distance 
assumptions between the various PBR and system rows. The downstream flows are similar 
between growth systems and are not largely impacted by the upstream recycling processes. 
However, the number of components in each process increases or decreases as necessary for the 
PBR cultivation systems to obtain the output of 137 bpd TAG in the form of TAGs. 
 
The differences in extraction technologies are shown between columns for each cultivation 
system row. The previously stated trends apply between cultivation systems for the wet 
extraction technology sets. The major differences in flows for extraction technology are the 
water and carbon flows dealing with pre- and post-processing steps. In dry extraction, an 
increased amount of carbon in the form of natural gas is needed for drying the algae. The flue 
gas from the combusted natural gas is recycled and therefore, less powerplant carbon makeup is 
required for algae growth. Moreover, the algae meal coproduct needs to be diluted to near 15 
percent dry weight before entering into the anaerobic digesters. In the wet extraction case, there 
is an increased need for carbon from the powerplant source because no external heat is needed to 
dry the algae. Consequently, the separated algae meal culture does not need to be diluted before 
entering the anaerobic digester and more of the water in the process is recycled to the cultivation 
system. 
 



 

 

 

 
Figure 4.14: Baseline Dry Extraction Carbon (Brown) and Water (Blue) Flows; Nutrients and Chemical 

(Magenta) Inputs; and Algal Oil (Green) Outputs by Cultivation Type  



 

 

 

 
Figure 4.15: Baseline Wet Extraction Carbon (Brown) and Water (Blue) Flows; Nutrients and Chemical 

(Magenta) Inputs; and Algal Oil (Green) Outputs by Cultivation Type  



 
Figure 4.16: Fuel Productivity Scenarios for a Maximum Distillate Product Slate (Area Includes 

Cultivation, Harvesting, and Extraction Facilities) 
 
4.7 Greenhouse Gas and Production Cost Parameter Local Sensitivity Analyses 
Main parameter sensitivity analyses were performed to assess the LCA GHG emissions and 
production costs for various cultivation systems using the baseline wet extraction technology set. 
Figure 4.17, Figure 4.18, Figure 4.19, and Figure 4.20 depict these metric sensitivities in both 
absolute and relative terms for open raceway ponds, horizontal serpentine tubular PBRs, vertical 
serpentine tubular PBRs, and vertical flat panel PBRs, respectively.  
 
For GHG emissions, all cultivation systems are most sensitive to productivity and biogas 
disposition changes. The higher productivities and oil fractions greatly affect the output product 
yield for the same amount of energy input into the system. For open ponds, an increase or 
decrease in areal productivity yields a decrease or increase in GHG emissions, respectively. 
However, for the PBR cases, the increase or decrease in volumetric productivity has nonlinear 
effects on cultivation specific energy that result in an increase or decrease in emissions, 
respectively. These counterintuitive results are mainly due to the solar collector tubing diameter 
relationship with volumetric productivity adversely affecting friction losses in the optimized 
PBR design that outweigh gains in algae production (See Chapter 3: Algae Photobioreactor 
Model Development and Optimization).  
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The choice to sell biogas impacts the lifecycle, as the associated methane is no longer being 
burned and recycled along with the CO2 within the system. Additionally, the energy from the 
biogas is no longer being recycled back into the system, thus increasing the energy demand (and 
associated emissions) from outside sources. Note that the approximate financial gains from 
selling the biogas (~1-13%) are overshadowed by the increases in LCA GHGs (~260-2300%). 
Because the majority of GHG emissions in the tubular PBRs is associated with PBR algae 
growth, varying the downstream inputs do not affect the overall LCA GHGs as much as the open 
pond cultivation system. For open ponds, switching the primary harvesting inputs from the 
clarifiers systems to more energy intensive DAFs or more abundant belt filter presses increases 
the associated emissions (~100-120% for open ponds). The energy increases associated with 
providing highly concentrated CO2 to the systems leads to increased emissions. For each 
cultivation system, emissions (~50% for Open Ponds and ~10-20% for PBRs) can be offset from 
the baseline by accounting for the carbon and nutrients within sludge from the digester to be used 
as a fertilizer. For the PBR systems, changing optimization scenarios from the baseline 
(optimizing for both areal productivity and specific energy) generally leads to increases in the 
overall GHG emissions. This is again due to the emissions associated with the specific energy 
inputs in the PBR cultivation systems (see Figure 4.1). The no optimization scenario choice 
reflects an approximation of the validated PBR experimental designs used in the baseline wet 
extraction technology sets. 
 
Similar trends are seen with algal productivities and oil contents greatly affecting production 
costs. The majority of capital costs depend upon the facility land area, which result from areal 
productivities. In the case of tubular PBRs, areal productivities generally decrease with 
increasing specific energy and volumetric productivities due to reasons outlined in the previous 
paragraph. The relative influence of volumetric productivity on production cost is lower than on 
GHG emissions because the increase in specific energy use affects emissions more than 
operating costs. When considering siting and engineering, decreasing PBR material costs have 
significant effects on production costs. This includes sensitivities for decreasing solar collector 
tube capital costs via assumptions of a 33% decrease in price for large quantity purchases and 
changing the high density polyethylene (HDPE) panels to low density polyethylene (LDPE) 
bags. Decreasing the solar collector tube prices by a third and switching the flat panel material 
would decrease the overall prices by 25% and 42%, respectively. Optimization scenarios are less 
sensitive on a production cost basis and all result in production cost increases over the baseline 
for each cultivation type. Overall, both LCA GHGs and production cost are most sensitive to 
algae productivity and lipid contents for each growth system. 
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   (a)       (b) 

 
   (c)       (d) 

Figure 4.17: LCA GHG Emissions (a and b) and Production Cost (c and d) Local Sensitivity 
Analyses for Baseline Wet Extraction Open Raceway Ponds with Absolute and Relative Values 
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   (a)       (b) 

  
   (c)       (d) 

Figure 4.18: LCA GHG Emissions (a and b) and Production Cost (c and d) Local Sensitivity 
Analyses for Baseline Wet Extraction Horizontal Serpentine Tubular PBRs with Absolute and 

Relative Values 
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   (a)       (b) 

  
   (c)       (d) 

Figure 4.19: LCA GHG Emissions (a and b) and Production Cost (c and d) Local Sensitivity 
Analyses for Baseline Wet Extraction Vertical Serpentine Tubular PBRs with Absolute and 

Relative Values 
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   (a)       (b) 

 
   (c)       (d) 

Figure 4.20: LCA GHG Emissions (a and b) and Production Cost (c and d)  Local Sensitivity 
Analyses for Baseline Wet Extraction Vertical Flat Panel PBRs with Absolute and Relative 

Values 
 
LCA GHG emissions for the baseline dry extraction technology set consisted mainly of the 
emissions associated with supplying and combusting natural gas for the belt dryer systems. Solar 
dryers can be used on a small scale without incurring these emissions, but require large land 
areas and residence times. The difference in emissions as a function of dewatering effluent 
suspended solids concentration for a solar dryer and natural gas fed belt dryer can be seen in 
Figure 4.21. Advancements in dewatering technology performance could greatly decrease the 
amount of energy required to dry downstream. However, such performance increases have 
decreasing returns. These decreasing returns are also present in the Stratton et al. baseline 
estimates, but the overall emissions were lower. This discrepancy was due to lower specific 
energy inputs for algae cultivation and harvesting (combined 0.95 MJ/kgalgae for Stratton et al. 
instead of the 3.2 MJ/kgalage as a baseline in this study) [2,4].  
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Figure 4.21: Dry Extraction Baseline Open Raceway Pond LCA GHG Emissions as a Function 

of Dewatering Effluent Suspended Solids Concentration and Drying Technology 
 
Partial and full LCA results for specific energy, GHG emissions, production cost, and water 
consumption have been provided and discussed for different cultivation and extraction 
technologies with low, baseline, and high scenarios. Additionally, Sankey diagrams have been 
used to illustrate the mass flows throughout each baseline system. Lastly, sensitivity studies were 
conducted on GHG emissions and production costs provide direction on where advancements in 
certain technology sets within the lifecycle would produce the most environmental and/or 
economic benefits. Overall conclusions to these results and trends are given in the next chapter. 
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Chapter 5: Conclusions and Future Work 
5.1 Conclusions 
Current goals for aviation jet fuel from a renewable feedstocks in the contiguous United States 
places large economic and environmental challenges at the feet of multiple organizations 
spanning both military and civil energy production, transportation and distribution, and end use. 
This thesis attempts a screening-level quantification of environmental impacts and production 
costs for microalgae to HEFA-J at a pilot scale by modeling current process engineering 
technologies while utilizing inputs from the ranges of current biotechnology. The future role of 
microalgae in renewable aviation fuel production will depend heavily on advancements in each 
area. 
 
At the pilot plant scale, certain scenarios of microalgae can potentially meet environmental and 
economic goals, specifically production cost and lifecycle greenhouse gases. Figure 5.1 provides 
both production costs and LCA GHGs for all cultivation and extraction technology scenarios 
(green) when compared to conventional jet fuel ranges (dashed lines). Under current assumptions 
and inputs for these scenarios, only a select portion of algae derived jet fuel scenarios fit within 
the conventional fuel rectangles. However, it is important to note that where the conventional 
boxes will generally increase (decreasing supply of conventional resources leading toward more 
energy intensive and environmentally detrimental unconventional sources) and fluctuate greatly 
over time, the other technologies could decrease or increase with time. An example sensitivity 
was undertaken to explain such a change in the figure and is depicted in yellow, where the HDPE 
flat panel PBRs were instead made from LDPE clear film bags (assuming no changes in 
production dynamics). Finding these more sensitive inputs and exploiting synergies between 
biology, process engineering, and fiscal policy could ultimately lead to designs that can scale 
affordably with an environmental impact less than that of conventional crude to jet fuel 
production.  
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Figure 5.1: Production Cost and Lifecycle Greenhouse Gas Emissions for All Cultivation 

Systems and Extraction Technology Scenarios for a Microalgae-derived HEFA-J Fuel Compared 
to Nominal Conventional JP-8 Gate Price Ranges (1.00, 3.00, and 5.00 $/gal) and LCA GHG 

Emissions (80.7, 87.5, and 109.3 g-CO2/MJHEFA-J) Ranges [4]; Variability Bars Represent Low 
and High Scenarios 

 
The following list depicts some the major conclusions drawn from these scenarios: 
 
Photobioreactor Modeling and Optimization 

- Comprehensive modeling of tubular and flat panel photobioreactors required an 
integrated systems approach using nonlinear, second order relationships. These 
relationships involved energy balances, mass transfer, gas holdup, and oxygen 
balances, each with interrelated parameters for the cultivation system. Validation of 
these systems suggested less than 15% error for comparable parameters compared to 
designs in literature for both horizontal and vertical serpentine tubular 
photobioreactors.  

- Local sensitivity analyses of the horizontal serpentine tubular photobioreactor was 
undertaken to understand input parameter effects on specific energy and areal 
productivity. One of the more sensitive parameters involved with these output factors 
were the solar collector tube diameter and associated volumetric productivity. 

- Spacing distance and volumetric productivity had a major affect on areal 
productivities for flat panel photobioreactors. 
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- Optimization scenarios of specific energy, areal productivity, or both factors yielded 
higher impact on specific energy than to areal productivity. This is because areal 
productivity is based on a select few parameters (Lsc, hL, and X/hL) whereas specific 
energy includes multiple parameters involved with all coupled system equations.  

- Optimization constraints were impacted when solely optimizing for volumetric or 
areal productivity. However, no constraints were impacted when weight optimizing 
equally for both specific energy and areal productivity.  

- When optimizing for both outputs equally, decreases in specific energy far outweigh 
the gains in areal productivity. 

 
Lifecycle Trends 

- The majority of production cost, specific energy use, lifecycle greenhouse gas 
emissions, water consumption, and land use for all microalgae to HEFA-J scenarios 
reside in the direct cultivation, harvesting, dewatering, and (where applicable) drying 
portions of the lifecycle. 

- For a given cultivation technology, greenhouse gas emissions and production costs 
are most sensitive to microalgae productivity and lipid content inputs, although 
downstream harvesting technologies are more sensitive for open raceway ponds. 

- Near-term dry and wet extraction technologies mainly impact lifecycle greenhouse 
gas emissions and material inputs. The majority of specific energy inputs and 
associated GHG emissions for dry extraction occur when drying the dewatered algae.  

- For a given extraction technology, optimized serpentine tubular photobioreactors 
experienced higher specific energies, greenhouse gas emissions, and production costs 
than open raceway ponds or flat panel photobioreactors. Higher specific energies and 
greenhouse gas emissions are linked to the higher cultivation specific energy inputs 
while the higher production costs are mainly due to solar collector tube capital 
expenses.  

- Fixed operating cost refinery heuristic assumptions impact maintenance and total 
production expenses by nearly 10% for baseline cases. Additionally, potential 
decreases in capital costs for cultivation systems, i.e., flat bags instead of flat panels 
or a decreased solar collector tube price, have sizable impacts on total production 
costs. 

- Onsite freshwater consumption for open raceway ponds is highly dependent on 
makeup water type. The majority of freshwater for photobioreactors in consumed in 
the spray cooling system water makeup.  

- Offsite freshwater consumption is mainly driven by water consumed in offsite 
electricity generation for most scenarios and onsite makeup water types, although 
nutrient manufacture and associated energy inputs also play a significant role. 

- Water cultivation and recycle flows are greatly reduced from open ponds to 
photobioreactors, while downstream water and carbon flows are minimally impacted. 
The downstream flows, including makeup CO2 are impacted more by extraction 
technologies. Baseline overall land area required nearly triples for some tubular 
photobioreactors and increases for flat panel photobioreactors. This is mainly a result 
of photobioreactor field spacing assumptions and areal productivity optimization 
results. 
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- For the same pilot scale demand and extraction technology, modular flat panel 
photobioreactor cultivation systems exhibit the most promise in comparison to other 
growth systems when quantifying freshwater consumption, specific energy use, and 
associated greenhouse gas emissions. However, flat panel photobioreactor production 
expenses and facility land area are estimated to be higher when compared to open 
pond systems. 

- According to these results, there could be a select few current cultivation and 
extraction technologies reside within the economic and environmental ranges of 
current conventional petroleum-based jet fuel, even at a pilot scale. 

 
Overall, microalgae have the potential to meet military and civil alternative aviation fuel goals 
with significantly less land than other fuel feedstocks when accounting for biomass growth rates 
and oil content. However, algae growth at larger scales will require integrated cultivation 
systems, high solar irradiance, large supplies of CO2, and energy to manipulate the large water 
flows involved. Advancements leading to less energy intensive dewatering and oil extraction 
methods are crucial to sustainably use microalgae as a fuel feedstock. Furthermore, water, 
nutrient, and energy recycling is critical to minimize specific energy and LCA GHG emissions. 
These requirements increase overall capital, maintenance, and operating costs when compared to 
conventional crude derived jet fuels. Nevertheless, choosing less energy intensive and costly 
cultivation, harvesting, and extraction systems with the correct species of algae could produce jet 
fuel with environmental impacts and costs similar to that of conventional jet fuel on a pilot scale. 
If implemented correctly, expansion of these systems in the United States could create a 
renewable energy base that produces high quality hydrocarbon fuels form CO2, sunlight, and low 
quality water with options for a multitude of other coproducts. The technology options are not 
limited to the ones discussed in this study and current advancements in biotechnology and 
process engineering could revolutionize this field, the United States economy, and geopolitics 
within the next decade. 
 
5.2 Recommendations for Future Studies 
 
Scaling Effects 
The scenarios in this study focused on comparing various cultivation and extraction technologies 
for upgrading algal oils to a HEFA product slate. However, the size of this facility modeled a 
pilot scale operation capable of producing only ~137 barrels per day of algal triglycerides. 
Benefits and detriments of scaling to larger demand should be studied on a lifecycle basis. Not 
only could scaling to larger facility sizes affect LCA process economics, but energy and material 
inputs may also impact environmental lifecycle results in a nonlinear fashion. Additionally, it 
may not be effective and/or feasible to scale certain technology geometries with demand. In such 
cases, multiple processing units, each with linkages and inefficiencies of their own, could greatly 
affect the lifecycle system environmental and economic performance. 
 
Quantifying Societal Cost of Environmental Impacts: Social Cost of Carbon (SCC) and Air 
Quality 
This thesis provided scenario estimates for lifecycle emissions (g-CO2e/MJHEFA-J) and production 
price ($/MJHEFA-J) associated with algae to jet fuel production. However, the relationship 
between these two metrics does not include the externalities associated with environmental costs. 
Many studies have quantified cost estimates for the impacts of global climate change and air 
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quality emissions. Global climate change emission economic impacts are usually defined as the 
social cost of either carbon/carbon dioxide (SCC) or carbon dioxide equivalent (SCCe), while air 
quality emission costs are usually determined by premature mortality estimates associated with 
health impacts from population exposure. Theoretically, both the production and societal costs of 
global climate change and air quality could be taken into account for a more robust cost-benefit 
comparison of producing alternative fuels [101,102,103]. The total cost of the alternative fuel 
(including externalities) could then be compared with the total cost of fuels derived from 
conventional or unconventionally derived petroleum crude. 
 
Nutrient Supplement and Symbiotic Relationships 
Nutrient recycling and makeup comprise a significant portion of the environmental and 
economic burdens in the lifecycle of algal fuel production. For example, in the case of the 
baseline wet extraction open ponds in Figure 4.17, decreasing nutrient inputs by 33% could 
decrease LCA GHG emissions 13% and production costs by 0.2%. In many cases, the nutrient 
inputs (especially nitrogen and phosphorous) required for algae cultivation are considered 
environmental and economic burdens in other systems. Symbiotic relationships between various 
forms of nutrient-rich waste and algae cultivation systems have the potential to decrease 
environmental and economic costs for both systems involved. A study involving anaerobically 
digested dairy manure as a nutrient supply for the cultivation of Chlorella sp. found that the algae 
removed ammonia, total nitrogen, total phosphorus, and chemical oxygen demand by 100%, 
75.7-82.5%, 62.5-74.7%, and 27.4-38.4%, respectively. Additionally, the total dry weight fatty 
acid content of the algae increased from 9.00% to 13.7% [104]. This oil increase is even more 
sensitive to the overall environmental and economic metrics in this study. Other relationships can 
be seen in aquaponic (combining aquaculture with hydroponic) systems where waste from fish 
grown in aquacultures is use as a supplement for growing oil-rich microalgae for biofuels. The 
majority of the algae cake byproduct could be anaerobically digested to produce biogas while a 
smaller portion could be fed back to the fish as a protein supplement (10-15% of dietary protein 
[105]). An example of aquaponic cultivation methods is being conducted in Boca Raton, Florida 
by Neptune Industries, which uses fish waste in a patented Aqua-Sphere system to create 
additional revenue streams through cultivation of algae for biofuels and methane gas [106].  
 
Role of Biotechnology and Potential Invasiveness 
Phototrophic microalgae to jet fuel pathways have efficiency limitations associated with the 
number of links in the processing chain. The biology of microalgae governs a tradeoff between 
biomass production rates and oil contents. Using sugar and starch rich phototrophic microalgae 
with exceedingly high growth rates as a feed source for genetically engineered microbes that 
secrete TAGs or free fatty acids via fermentation have the potential to increase hydrocarbon 
production with less energy and cost inputs. However, as with certain forms of algae, the 
potential for invasiveness of such organisms could prove more costly on both an environmental 
and economic basis if not managed correctly. Invasive species studies for biofuels have focused 
on using weed risk assessment (WRA) tools to predict species invasiveness. Various WRA 
schemes categorize predictors of invasiveness into the following general categories: reproductive 
traits, distribution and historical factors, environmental tolerance, growth habit, 
competition/defense, biotic interactions, pathlogenic factors, genetic factors, and ecosystem 
diversity. The predictors common to all WRA schemes include drought tolerance, tolerance of 
marginal soils, rapid growth, and high biomass and/or seed production [107]. In terms of the 
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Australian WRA, a point system is used based on a list of questions to either accept or reject a 
plant species into the country. However, these assessment models are mainly meant for 
conventional crops. Similar invasiveness studies should be conducted using a framework based 
on plants species that are cultivated in an aquatic culture. 
 
Spatial Analyses for Facility Siting 
As stated in Section 5.1, phototrophic microalgae need large amounts of sunlight, nutrients, CO2 
and low quality water to grow as an energy feedstock. Additionally, a location in the United 
States with large amounts of frost-free days would be required. Using locations of coal-fired 
power plants, solar insolation greater than 4 kWh/m2/day, and frost-free days greater than 6 
months/year, researchers at PARTNER have found that locations along the golf coast and 
southwestern United States look most promising [22]. Additionally, studies at PARTNER have 
located the majority of demand centers for military and civilian jet fuel in Southern California 
Southeastern Texas, and the eastern United States New York to Washington D.C. [5]. To further 
these studies, Geographic Information Systems (GIS) could be used in coordination with LCA 
models to provide a quantified map pinpointing the best locations for sustainable, conventional 
refinery scale fuel production from microalgae.  
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Appendix A – Water Consumption Inputs and Modeling 
 
Photobioreactor Cooling System Modeling 
 
PBR cooling systems included solar irradiance modeling for a site in southeast Texas to provide 
the energy input required to match via cooling (subtracting photosynthetic conversions). This 
solar irradiance was also used for evaporative loss calculation estimations as a check to the 0.5 
cm/day open pond evaporation loss inputs.  
 
Solar Irradiance Model 
 
Solar irradiance model from Duffie and Beckman (1985) includes the daily global extraterrestrial 
solar radiation H0  and takes into account atmospheric clarity to parse out the diffuse from the 
direct solar radiation on an assumed flat surface [108,109]. The extraterrestrial solar irradiation is 

based on the universal solar constant ! =1353W
m2 , day of the year N , geographic latitude ! , 

declination of the angular position of the Sun at solar noon with respect to the plane of the 
equator !23.45! " ! " 23.45!  (north positive) and hour angle at sunrise !s . The atmospheric 
clarity index !  accounts for atmospheric distortions and diffusion on the incoming solar 
irradiation to produce the total daily direct H  and daily diffuse Hd  radiation on a horizontal 
surface. The difference between the daily direct and diffuse radiation equates to the daily direct 
radiation on a horizontal surface Hb . The yearly average direct solar radiation is then calculated 
as the integrated average of all daily direct solar irradiance averages throughout the year Hy . 
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The average daily and monthly direct radiation model outputs were validated in Figure A1 at 
multiple locations and times of the year from data accumulated by Liu et al. (1960). The annual 
averages were validated in Figure A2 at multiple latitudes from National Renewable Energy 
Laboratory (NREL) satellite observation datasets (1998-2005) [110,100]. Discrepancies in of the 
model are most likely due to the conservative assumption that the solar radiation is spread along 
a flat surface. An annual average global clarity index of 0.74 was used, but other locations like 
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the southwest United States would need a location specific clarity index. These solar irradiance 
values were not linked to the algae productivity inputs, but multiple strain specific models have 
been developed [109]. Future studies could link these parameters for performing facility siting 
spatial analyses. The location for the cooling analyses occurred at a latitude of 25 degrees, which 
yielded an annual average solar irradiance estimate of 19.8 MJ/m2/day. 
 

 

 
Figure A1: Daily (Top) and Monthly (Bottom) Solar Irradiance Modeling Validation 
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Figure A2: Annual Solar Irradiance Model (Left) and NREL Validation (Right) – (Latitude, 

Annual Direct Solar Radiation) 
 
Photobioreactor Cooling System Models 
 
Once provided with the annual incoming energy from the sun on the PBR systems, one could 
then calculate the photosynthetic efficiency PE  of the PBRs, which his based on the areal 
productivity Pareal  and energy content of the biomass Eb . The specific solar energy input 
(MJ/kgalgae) into the system Ein  not going to photosynthesis can then be calculated based on the 
PBR surface area, volumetric productivity, and volume. The various cooling systems that can be 
modeled are shown in Figure A3. The spray cooling models were used for all scenarios; 
however, a cooling bath could be use for the horizontal tubular case. The spray cooling piping 
was assumed to cover every solar collector branch as a conservative assumption, while the spray 
cooling for flat panels were assumed to be over every panel. A spray cooling pressure loss of 
0.35 bar was assumed for an ordinary hazard sprinkler with a diameter of 0.021m. The 
conventional cooling energy losses were calculated according to Equation (2.9). The cooling 
bath algae evaporation (cm/day) was calculated according to Equation (A10) to check the open 
pond evaporation input of 0.5 cm/day. The resulting evaporation rate was 0.7 cm/day. Finally, 
the mass specific (kgwater/kgalgae) and volume specific (m3

water/kgalgae) are calculated based on 
cooling type in Equation (A10) and Equation (A11). Additional evaporative losses for spray 
cooling were derived from Stephenson et al. (2010), which estimated 1-2 kgwater/day/m2 of tube 
area [53]. These values were also used for evaporation off of a flat panel surface. All water not 
evaporated was assumed to be caught in drains below the PBRs and recycled. Advantages to a 
spray system are relatively low water loss with low specific energy inputs. However, concerns 
over water residue caking the solar collector tubes and inhibiting growth have been noticed. 
Cooling baths have even lower required specific energy, but loses larger amounts of water to 
evaporation due to the larger surface areas.  
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Figure A3: Various PBR Cooling Models 
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System Water Consumption Inputs and Assumptions 
 
Onsite Water Consumption 
 

Table A1: Onsite Water Consumption Inputs and Assumptions 
Component/Process Input Parameter Value Notes/Refs. 

PBR degasser water 
loss 

Water saturation at 
30°C (gwater/m3

air) 
31.5 Assumed constant 

PBR cultivation 
evaporation from 

cooling water 

Evaporation Rate 
(kgwater/m2/day) 1.5  [53] 

Open pond cultivation 
evaporation 

Evaporation Rate 
(cm/day) 0.5 [22] 

Blowdown ratios See Table 2.6  

Turnover for cleaning Pond/PBR Drain 
Number (#/year) 3.0 Assumed brackish; drained directly 

into the sea after treatment 

Belt dryer 

Cooling water to 
scrubber (m3

water/hr) 54.0 

Vendor inputs; specific to system 
design for scaling water 

consumption based on dry solids 
production [22,74] 

Water evaporated 
(m3

water/hr) 5.50 

Total discharge water 
(m3

water/hr) 59.0 

Dry solids produced 
(lb/hr) 1627 

Water Lost (m3
water/hr) 0.5 

Makeup cooling water 
needed (m3

water/hr) 
Actual dry solids 

produced*(0.5/1627) 
Scales with amount of biomass 

being dried 
Evaporated water in 
drying (m3

water/hr) 0.0 Can be recovered, condensed and 
recycled; 100% recovery assumed 

Boiler feed water for 
steam on-site steam 

generation 

Steam enthalpy 
(MJ/kg)  3.40 

[22] Makeup BFW 5.0% 
Boiler thermal 

efficiency 85% 

Dry solvent extraction Water consumption 
(kgwater/tonnebiomass) 

3.28 Based on soy oil hexane extraction 
[73] 

Steam lysing wet 
extraction 

Cooling water 
consumption 

(kgwater/tonneoil)  
2.92 

Based on 0.36 gal/lbbiodiesel with a 
97% biodiesel yield from soybean 

oil [76] 

Biogas electricity 
generation 

Water consumption 
(Lwater/kWh) 2.36 

Lifecycle water consumption for 
U.S. NGCC average electricity 
production; most from cooling 

tower [111] 
Flue gas amine CO2 

capture  
Water use in capture 

(L/kgCO2) 
1.14 Estimated from [22] 

Digestion and Protein Losses in undigested solids assumed to be brackish 

Upgrading Total water consumption 
(m3/day) 19.60 

Includes BFW and cooling 
makeup with recycle 

scheme [33] 
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Offsite Water Consumption 
 

Table A2: Offsite Water Consumption Associated with Energy Inputs 
Component/Process Input Parameter Value Notes/Refs. 

Hydrogen production Total consumptive 
(Lwater/kg) 5.60 Water via steam reforming of natural 

gas [111] 

US grid average electricity 
production 

Total consumptive 
(Lwater/kWh) 2.05 

Weighted total U.S. average electricity 
production lifecycle water 

consumption [111] 
Natural gas production and 

transport 
Total consumptive 

(Lwater/kWh)  Based on 0.08 galwater/kWh mining and 
processing [23] 

Crude production and 
refining (to refinery 

product) 

Total consumptive 
(Lwater/Lrefined product) 

9.88 
Lifecycle crude production (originally 

in L/km with light-duty vehicle 
efficiency of 20.5 mpg) [111] 

IGCC electricity 
production 

Total consumptive 
(Lwater/kWh) 2.36 

Lifecycle water consumption for U.S. 
NGCC average electricity production; 

most from cooling tower [111] 
 

Table A3: Water Consumption Associated with CO2 Capture 
CO2 point source 

electricity generation 

Water 
consumption 
(Lwater/MWh) 

Capture rate 
(kgCO2/MWh) 

Water 
consumption 
(Lwater/kgCO2) 

Notes/Refs. 

Subcritical pulverized 
coal 1770 707 2.51 

DOE/NETL (reports 
402/080108, 
2007/1281) 

Supercritical pulverized 
coal 1490 669 2.22 

IGCC (slurry) 541 593 0.91 
IGCC (dry fed) 681 573 1.19 

NGCC 553 317 1.74 
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Appendix B – Production Cost Inputs 
 
Capital Expenses 
 

Table B1: Inside Battery Limit (ISBL) Capital Cost Scenario Ranges for Various Algal 
Cultivation, Harvesting, Extraction, and Upgrading Technology Sets (±10% Variability from 

Baseline Unless Referenced) 

Category Component 
Low Baseline High 

Notes/Refs. ISBL Expenses  
($/ha unless otherwise noted) 

Open Pond 
Cultivation 

Open ponds 3,950 8,300 17,400 Low - [94], Baseline - [92] 

CO2 feed system 260 5,900 6,900 Low - [50], Baseline - [92], High 
- [99] 

Water/nutrient/waste 
system 6,040 8,500 9,350 Low - [50], Baseline - [92] 

Paddle wheel 6,210 6,900 7,410 Baseline - [92], High - [94] 

Harvesting 

Settling tanks/flocculation 11,400 12,000 13,200 Low - [50], Baseline - [92] 
One DAF unit 

See Figure B2 
[50,112,113] 

Belt filter press [114] 
Three-phase centrifuge [115] 

Extraction/ 
Digestion 

Wet extraction unit 10,800 12,000 13,200 Assumed near capital cost of 
settling tanks 

Dry extraction unit 1,890 2,100 2,300 Scrubber/dryer (200 cfm);  
Baseline - [94] 

Anaerobic digester 3,600 4,000 4,400 Baseline - [94,92] 
CHP unit See Figure B1 [92,116,117] 

Downstream  
Pumps All components ($)  See Equation (B1) 

“a” value determined from [50] 
Equation from [118]; Volumetric 
flow rate Q(m3/s), and head h(m) 
used for each step to determine 

installed cost C($) 

Upgrading Total upgrading plant 
investment (cents/galTAG)  13 15 21 

Includes hydrotreater, 
isomerizer, saturated gas plant, 
storage, cooling water system, 
offsites, special, contingency, 
and escalation costs for 2000, 

4000, and 6500 bpd TAG 
facilities [33]***** 

  ISBL Expenses  
($/ft unless otherwise noted)  

PBR 
Cultivation††††† 

Solar collector tubes  
(Tubular only) 15.4 17.1 20.9 2.375'' dia. clear polyethylene 

[119] 
Degasser tubes  
(Tubular only) 11.9 19.5 64.6 8'' dia. PVC [119] 

Panel surface  
(Flat panel only) ($/ft2) 5.43 5.56 5.87 0.25'' thick UV resistant HDPE 

clear sheets 
Panel Surface  

(Flat panel only) ($/ft2) 0.15 0.16 0.18 1/100'' thick double-layered 
clear LDPE sheets 

Water cooling/makeup 
Tubes 0.79 0.88 0.97 0.8'' dia. PVC [119] 

                                                
***** Add 1.0 cents/galTAG feed for maximum jet product slate  
†††††All PVC tubes are schedule 80 thick-walled dark gray unthreaded unless otherwise noted 
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Piping U-Bend Linkages 
($/unit) 1.51 1.68 1.85 5/8-1.0'' dia. PVC [119] 

T-Branch Linkages ($/unit) 4.88 5.42 5.96 1-1.25'' dia. PVC [119] 
Airlift Pumps ($/unit) 170 190 210 Similar PBR size as in [119] 

Circulation Pumps ($/unit) 540 600 660  

Open Pond 
Downstream 

Tubes††††† 

Source to manifold 6 9 15 10-20'' dia. PVC [50] 
Manifold to growth ponds 4.15 4.61 5.07 3'' dia. PVC 10’ lengths [119] 

Ponds to primary harvesting 0.57 0.64 0.70 0.6'' dia. PVC 10’ lengths [119] 
Primary harvesting to 

source (blowdown) 0.41 0.46 0.51 0.25'' PVC dia. 8’ lengths [119] 

Primary harvesting to 
secondary harvesting 1.04 1.16 1.27 1.2'' PVC dia. 10’ lengths [119] 

Primary harvesting to ponds 
(recycle) 0.00 0.01 0.00 0.3'' PVC dia. 10’ lengths [119] 

Secondary harvesting to 
primary harvesting 

(recycle) 
0.57 0.64 0.70 0.6'' PVC dia. 10’ lengths [119] 

Secondary harvesting to 
extraction 4.15 4.61 5.07 6'' PVC dia. 8’ lengths [119] 

Extraction to digester 4.15 4.61 5.07 3'' PVC dia. 8’ lengths [119] 

PBR 
Downstream 

Tubes††††† 

PBR exit to skid row algae 1.71 1.90 2.09 2'' PVC dia. 10’ lengths [119] 
PBR exit to skid row water 1.71 1.90 2.09 2'' PVC dia. 10’ lengths [119] 

Skid row to cluster artery 
algae 1.30 1.45 1.59 4'' PVC dia. 10’ lengths; sewer 

pipe [119] 
Skid row to cluster artery 

water 1.32 1.46 1.61 4'' PVC dia. 10’ lengths; sewer 
pipe [119] 

Cluster artery to system 
algae 3.38 3.75 4.13 8'' PVC dia. 10’ lengths [119] 

Cluster artery to system 
water 3.38 3.75 4.13 8'' PVC dia. 10’ lengths [119] 

System to DAF algae 22 25 30 12'' PVC dia. Vendor Input 
System to cluster central 

arteries water 22 25 30 12'' PVC dia. Vendor Input 

DAFs to boundary 
(blowdown water) 22 25 30 12'' PVC dia. Vendor input 

DAFs to centrifuges 0.75 0.83 0.91 1.6'' PVC dia. 10’ lengths [119] 
DAFs to cluster artery 

(recycled water) 22 25 30 12'' PVC dia. Vendor input 

Centrifuge to DAF 
(recycled water) 1.32 1.47 1.61 1.6'' PVC dia. 10’ lengths [119] 

Centrifuge to extraction 1.32 1.47 1.61 1.6'' PVC dia. 10’ lengths [119] 
Extraction to digester 4.15 4.61 5.07 3'' PVC dia. 10’ lengths [119] 
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Figure B1: Combined Heat and Power Unit Installed Capital Cost Based on Energy Generation 

Capacity (~3.0 MW for 400 ha Open Pond Facility) [92,116,117] 
 

 
Figure B2: Dissolved Air Flotation, Belt Filter Press, Disc Centrifuge, and Decanter Centrifuge 

Installed Capital Cost Based on Flow Capacity (2890, 32.8, 210, and 526 Million GPY, 
respectively) [50,112,113,114,115] 

 

 

C $( ) = aQbhc

a = 2.58
b = 0.7
c = 0.4

 (B1) 
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Table B2: Other Capital Expenses and Total Project Investment (TPI) Buildup 
Other Capital Expenses ($/ha) Low Baseline High Notes/Refs. 

Land  11,250 12,500 13,750 Baseline - [117] 

Outside Battery Limits (OSBL)  50%×ISBL 

Includes storage, basic process 
utilities, roads, and fences; based 
on upgrading plant heuristics for 

a greenfield facility [91] 

Special  4.0%×(ISBL+OSBL+Land) 
Includes land, project 

management, and office and lab 
furniture [91] 

Contingency  15%×(ISBL+Special) [91] 
Installed Capital Cost (ICC) Land+ISBL+OSBL+Special+Contingency [91] 

Total Project Investment (TPI) 115%×ICC Includes startup of 15% ICC [91] 
 
Fixed Operating Expenses 
 

Table B3: Algae Cultivation, Harvesting, and Extraction Facility Staff and Salaries 
Facility staff Low Baseline High Notes/Refs. 

Facility manager 1 1 1 Salary – 90k $/yr 
Operations manager 1 1 1 Salary – 90k $/yr 

Maintenance manager 1 1 1 Salary – 75k $/yr 
Engineers 3 3 3 Salary – 80k $/yr 

Operators 32 32 32 
Salary – 50k $/yr; Enough 

operators to inspect facility in 8 
hour shifts for a 400 ha facility 

Laboratory personnel 2 2 2 Salary – 60k $/yr 
Technicians 2 2 2 Salary – 55k $/yr 

Clerical personnel 4 4 4 Salary – 50k $/yr 
Total 46 46 46  

Average staff salary ($) 35,000 55,000 72,000  
Salary overhead 1.25 1.25 1.25  

 
Table B4: Fixed Operating Cost Variability Scenario Inputs 

Fixed Operating Costs 
 (Million $/yr) Low Baseline High Notes/Refs. 

Land lease 0 

[33,91] 

Royalties 0 
Insurance 0.5%×TPI 

Local taxes 1.0%×TPI 
Maintenance  

(Salaries and equipment) 5.5%×TPI 

Miscellaneous supplies 0.15%×TPI 
Salary total 2.01 3.16 4.14 

Contingency 10%×(Land Lease+Royalties+Insurance+Local 
taxes+Maintenance+Miscellaneous supplies+Salary) 

Upgrading (cents/galTAG) 13 17 23 

Includes similar 
breakdown of costs 

for upgrading 
facility [33] 
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Variable Operating Expenses 
 

Table B5: Variable Operating Cost Variability Scenario Inputs 
Variable Operating Costs Low Baseline High Notes/Refs. 

Water ($/gal) 0.001 0.001 0.001 Baseline - [92] 
Power ($/kWh) 0.06 0.07 0.07 Baseline - [92] 

Natural gas ($/scf) 0.007 0.008 0.009 Baseline - [33] 
Hydrogen ($/scf) 0.005 0.006 0.007 Baseline - [33] 

Hexane ($/kg) 1.00 1.50 2.00 Low/Baseline/High – 10 ton minimum 
[120] 

Potassium hydroxide ($/kg) 0.42 1.18 3.44 Baseline - [121] 

Nitrogen (urea) ($/kg) 0.42 0.46 0.51 Low - [122], Baseline - [123], High - 
[124] 

Hydrochloric acid ($/kg) 0.13 0.15 0.17 Low/High - [125] 
Potassium pentoxide ($/kg) 1.00 1.20 1.40 Low/High - [126] 

Ferric Iron ($/kg) 0.04 0.04 0.05 Baseline - [94] 

Upgrading (¢/galTAG) 13 17 23 Includes similar breakdown of costs 
for upgrading facility [33] 
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Appendix C – Photobioreactor Model Development 
 

Horizontal and Vertical Tubular Model Derivations 
 
System-wide energy balance derivation 
 

 !Epump = nmPrPaULAsc  (C1) 

 !Eairlift = nm!LghL"rULAsc  (C2) 
Haaland friction coefficient approximation of moody chart (plastic roughness) in fully filled, 
turbulent pipe flow 
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 !Epotential = nm!Lg!hAscUL

 

(C7) 
Assume all solar collector tubes share a single nonproductive tubing line to the degasser per 
quadrant (m) 
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Oxygen balance derivation 
Oxygen balance options include an uncoupled CL  and Csat  oxygen balance without pressure 
effects (C9), an uncoupled CL  and Csat  oxygen balance with pressure effects (C10), and a 
coupled CL  and Csat  oxygen balance with pressure effects (C11).  Accuracy increased compared 
to experimental results with increasing balance complexity, however, the coupled equation 
solutions are unstable for certain model inputs due to machine precision limitations. Therefore, 
(C10) was used as an oxygen balance in this study. The full derivation of this oxygen balance is 
shown in (C12). All oxygen balance relations are from the fundamental relation in [87]. 
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Solve ODE in (C12) assuming constant Csat  for some height h  in the degasser 



 

 -120- 

 

CL h( ) =
e
!kLa

1!!r( )
UL

h
!Csat !Csat 1+

"LghL
Pa

"

#
$

%

&
'!Csat

UL"g
kLa 1!#r( )Pa

"

#
$$

%

&
''+

Csat 1+
!LghL
Pa

+
!Lg
Pa

UL

1!"r( )kLa
!
!Lgh
Pa

"

#
$$

%

&
''

(

)

*
*
*
*
*

+

,

-
-
-
-
-

CL h( ) =Csat

e
!kLa

1!!r( )
UL

h
! !1+

1!"r( )!LghL
Pa

!
UL!Lg

kLa 1!"r( )Pa

"

#
$$

%

&
''+1+

1!!r( )!LghL
Pa

+

UL!Lg 1!"r( )
kLa 1!!r( )Pa

!
1!!r( )!Lgh

Pa

(

)

*
*
*
*
*

+

,

-
-
-
-
-

CL hL( ) =Csat

e
!kLa

1!!r( )
UL

hL
! !1+

1!"r( )!LghL
Pa

!
UL 1!"r( )!Lg
kLa 1!"r( )Pa

"

#
$$

%

&
''+1+

1!!r( )!LghL
Pa

+

UL 1!"r( )!Lg
kLa 1!"r( )Pa

!
1!!r( )!LghL

Pa

(

)

*
*
*
*
*

+

,

-
-
-
-
-

A = kLa
1!"r( )
UL

E =1+
!LghL 1!"r( )

Pa
F =

!Lg 1!"r( )
Pa

CL hL( ) =Csat e
!AhL ! !E ! F

A
"

#
$

%

&
'+E +

F
A
!FhL

(

)
*

+

,
-

 

(C13) 

Oxygen concentration at the solar collector inlet is assumed to be a weighted average of the 
dilution and makeup volumetric flows. 
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Solar collector length relation in (C15) from [55] 
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Mass transfer and gas holdup 
Semi-empirical relationships in (C16) and (C17) from [55] 
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UG  derived assuming steady, 1-D flow and that air density scales with pressure as an ideal gas 
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Output derivations 
Assume calorically perfect gas; isentropic air compression 
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 Palgae = nmAscLscP  (C19) 

 Es =
Pinput
Palgae

 

(C20) 

 Pareal = P
Vp

APBR

 

(C21) 

Geometric and Head Loss Calculations 
Geometry notes: assumed average solar collector length if there is more than one solar collector; 
reference Figure C1 for a specific areal configuration of both horizontal and vertical serpentine 
tubular PBRs; U-bend caps are assumed to be nonproductive tubes that do not allow light 
through to the culture [54] 
 

 
Figure C1: Reference Figure for Geometric Calculations: (a) Horizontal and (b) Vertical 

Serpentine Tubular PBRs 
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L1 = nNb + n( ) dsc + d( )  for horizontal
L1 = nX + 2ndsc + nd  for vertical

 (C22) 

 hs = dsc Nb +1( )+ hNb  for vertical only  (C23) 

 
Lsc =

1
n

2 L2 ! idsc !
1
2
d ! dsc

"

#$
%

&'
+

Nb !1( ) L2 ! idsc ! d ! 2dsc[ ]

(

)
*

+
*

,

-
*

.
*i=1

n

/ = Nb +1( )L2 !
dsc
2
+ Nbd !

5
2
Nbdsc +

1
2
n Nb +1( )dsc

L2 =
1

Nb +1( )
Lsc +

1
2
dsc + Nbd +

5
2
Nbdsc +

1
2
n Nb +1( )dsc

"

#$
%

&'

 (C24) 

 
Lnp =

1
n

Nbi d + dsc( )+ d i!1( )"# $%
i=1

n

& =
1
2
Nb d + dsc( )+ n d + Nbd + Nbdsc( )! d"# $% for horizontal

Lnp =
1
n

2dsc + d( )i+ X i!1( )"# $%
i=1

n

& + hL ! hs( ) = 1
2
d ! X + n X + d + 2dsc( )"# $%+ dsc + hL ! hs( )  for vertical

 (C25) 

 APBR =
L1L2 +

dr
2
L1 +

dd
2
L2  for m =1

mL1L2  for m = 2, 4

!

"
#

$
#

%

&
#

'
#

 (C26) 

Head losses 
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Flat Panel 
 
Assume mass transfer only; well mixed with only pressure and potential energy losses 
 
Oxygen balance 
Oxygen balance plus oxygen production term in panel, assume average steady state 
concentration at a given height [87] 
   
Mass transfer and gas holdup 
From [55] for Equations (C28) and (C29); includes oxygen accumulation term !  in flat panel 
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Relate pressure differences in the panel at various heights to the air mass flow rate 
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Assume an average gas velocity UG  taken at half of the panel height; Related volume specific 
power consumption to gas flow rate from [87] for (C32) 
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Output derivations 
Assume calorically perfect gas; isentropic air compression; average aeration height 
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 Palgae = LthLP  (C35) 

 Es =
Pin
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 Pareal = P
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Geometric Calculations 
Spacing ratio X  for flat panels based on [54] 
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Appendix D – Photobioreactor Optimization Inputs and Results 
 

Table D1: Tubular PBR Optimization Inputs 
Parameter Symbol Value Units Notes/Refs. 

Atmospheric pressure P
a
 101,325 Pa - 

Bubble velocity U
b
 0.3 m/s [55] 

Radial flow velocity profile 
characteristic parameter λ 1.1 - 

Usually 1.0-1.3 going 
from turbulent to laminar 

flow [55] 

Acceleration due to gravity g 9.81 m/s
2
 - 

Oxygen production during 
photosynthesis α 4.66 kg

O2
/kg

algae
 4.66 [53] 

3.316 [55] 

Heat capacity of air C
p
 1005 J/kg/K 

Assuming calorically 
perfect gas (CAP) for 

airlift energy relationship 

Pump and air compressor 
efficiencies 

η
p
 and η

c
 0.43 and 0.43 - 0.8 and 0.8 efficiencies 

for [54] 

Diffuser angle in riser column θ 25 degrees 
Determines constrained 
relationship between d

r
 

and h
L
 

Maximum concentration of O
2
 at the 

degasser inlet normalized by the O
2
 

saturation concentration of water at 
standard pressure (C

sat
) 

γ 3.0 - 
Maximum value of 300% 

C
sat

 [55] 

Molar mass of O
2
 O

2 mm
 32 g/mol [68] 

Mole fraction of O
2
 in air O

2 mf
 0.21 - [68] 

Thickness of tubing wall t
w
 0.007 m [68] 

Algae diameter d
algae

 5.0E-6 m Chlorella vulgaris  

Salinity of culture medium S 0 ppt Range: 0-35 ppt 

Operating temperature Top 293 K 273K – 323K 

Air density ρair 
Spline interpolated 

from database kg/m3 [68] 

Fluid density ρL Spline interpolated 
from database  kg/m3 [68] 

990 for [53] 

Fluid viscosity µL Spline interpolated 
from database kg/m/s [68] 

9E-4 for [53] 

Medium interfacial tension (surface 
tension) σ 

Spline interpolated 
from database 

 
J/m2 [68] 

0.073 for [53] 
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Saturation concentration of O2 in 
water at ambient pressure Csat 

Spline interpolated 
from database kg/m3 [68] 

0.0081 for [53] 

Diffusivity of O2 in water DL Spline interpolated 
from database m2/s [68] 

2.06E-9 for [53] 

Volumetric productivity P 0.6–1.5 (horizontal)  
0.6–1.0 (vertical) g/L/day Table 2.6 

Dilution rate D 0.06 m3/day [53] 

Number of arms per solar collector  m 1.0 - Both for [53] and [55] 

Number of solar collectors per arm n 1.0 - Both for [53] and [55] 

Number of U-bends per solar 
collector Nb 

15 (horizontal); 17 
(vertical) - 16 from [53] 

17 from [55] 
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Table D2: Flat Panel Optimization Inputs 

Parameter Symbol Value Units Notes 

Atmospheric pressure Pa 101,325 Pa - 

Acceleration due to gravity g 9.81 m/s2 - 

Oxygen production during 
photosynthesis α 3.316 kgO2/kgalgae 

4.66 [53] 
3.316 [55] 

Heat capacity of air Cp 1005 J/kg/K 
Assuming calorically 
perfect gas for airlift 
energy relationship 

Air compressor efficiency ηc 0.43 - [53] 

Salinity of culture medium S 0 ppt Range: 0-35 ppt 

Operating temperature Top 293 K 273K – 323K 

Air density ρair Spline interpolated from database kg/m3 [68] 

Fluid density ρL Spline interpolated from database  kg/m3 [68] 
990 for [53] 

Fluid viscosity µL Spline interpolated from database kg/m/s [68] 
9E-4 for [53] 

Medium interfacial tension 
(surface tension) σ Spline interpolated from database 

 J/m2 [68] 
0.073 for [53] 

Saturation concentration of 
O2 in water at ambient 

pressure 
Csat Spline interpolated from database kg/m3 [68] 

0.0081 for [53] 

Diffusivity of O2 in water DL Spline interpolated from database m2/s [68] 
2.06E-9 for [53] 

Volumetric productivity P 0.6–2.4 g/L/day See Table 2.6 

Dilution rate D 0.06 m3/day [53] 

Panel thickness t 0.07 m [56] 

Panel length L 2.5 m [56] 

Distance between PBRs X hL*(1.4/2.2) m [55] 
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Figure D1: A Screenshot Example of Optimized PBR Model Output Ranges; Each Volumetric 

Productivity Row is a Different Optimized PBR Design; Each Dependent Output Parameter 
Column is Fit With Corresponding Polynomial Coefficients to be Used in Scenarios Throughout 

the Lifecycle Model 
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Figure D2: Horizontal Tubular Serpentine PBR Optimization Output Parameters for Various 

Volumetric Productivities 
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Figure D3: Vertical Tubular Serpentine PBR Optimization Output Parameters for Various 

Volumetric Productivities 
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Figure D4: Flat Panel PBR Optimization Output Parameters for Various Volumetric 

Productivities 
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Appendix E – Air Quality Emissions from Conventional and Synthetic Jet 
Fuels 
 
Air quality emissions from aircraft combustion are primarily functions of atmospheric 
conditions, fuel composition and gas turbine engine parameters. As seen in Figure 1.1, the 
majority of conventional jet fuel is comprised of normal, iso-, and cyclo- paraffins with up to a 
quarter of the fuel consisting of aromatics and naphthalenes. ~700 ppm sulfur is also present in 
conventional jet fuels [127,128]. As described previously, SPK fuels lack aromatics and sulfur 
that leads to a decrease in surface air quality emissions. These emissions are loosely defined as 
particles under 3,000 feet and are associated with direct or indirect impacts on plant life and 
human health through acid rain, ozone, and other forms of air pollution. There are two types of 
standards surrounding air quality: those directed at engine emissions and those aimed at regional 
ambient pollutant concentrations. Engine emissions of smoke, unburned hydrocarbons, carbon 
monoxide and nitrogen oxides from the commercial fleet must meet the internationally agreed 
upon ICAO Annex 16 Volume II standards [129]. Regional ambient air pollutant concentrations 
in the United States must meet the EPA National Ambient Air Quality Standards (NAAQS) 
standards, which are defined in Table E1, as set forth under the Clean Air Act of 1990 [130]. 
Both civil and military airports within the United States must comply with NAAQS, and regions 
that do not meet the NAAQS are said to be in nonattainment. Although the United States military 
does not have specific engine standards, they must complete an Environmental Impact Statement 
(EIS) whenever new aircraft are deployed. The EIS includes an evaluation of ambient air quality 
impacts. 
 

Table E1: National Ambient Air Quality Standards (NAAQS) 
 Primary Standards 

Pollutant Level Averaging Time 

Carbon Monoxide (CO) 9 ppm (10 mg/m3) 8- hour 
35 ppm (40 mg/m3) 1-hour 

Lead 0.15 µg/m3 Rolling 3-Month average 

Nitrogen Dioxide (NO2) 
53 ppb Annual (Arithmetic Average) 
100 ppb 1-hour 

Particulate Matter (PM10) 150 µg/m3 24-hour 

Particulate Matter (PM2.5) 
15.0 µg/m3 Annual (Arithmetic Average) 
35 µg/m3 24-hour 

Ozone (O3) 
0.075 ppm (2008 std) 8-hour 
0.08 ppm 8-hour 
0.12 ppm 1-hour 

Sulfur Dioxide (SO2) 
0.03 ppm Annual (Arithmetic Average) 
0.14 ppm 24-hour 
75 ppb 1-hour 

 
The primary emissions of concern to aviation are nitrogen oxides (NOX consisting of NO and 
NO2), sulfur oxides (SOX consisting of SO2 and SO3), and particulate matter [131]. Particulate 
matter are regulated in the NAAQS by average particle; the notation PM10 and PM2.5 are used to 
describe particles with diameters of 10 and 2.5 micrometers or less, respectively. It is important 
to note the difference between primary and secondary particulate matter as the NAAQS regulate 
the combination of primary particular matter from sources such as aircraft engines as well as 
secondary particulate matter that forms from the chemical reaction and transport of emissions 
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such as NOX and SOX in the atmosphere. Primary particulate matter consists of both volatile and 
nonvolatile (PMNV) components. The later is also known as black carbon or soot emissions. An 
additional class of species of interest is volatile organic compounds (VOCs) that consist of 
unburned hydrocarbons (UHCs) and various aldehydes. Emissions affecting surface air quality 
are usually assessed over a standard landing-takeoff (LTO) cycle with an assumed combination 
of power settings and times in mode, as seen in Table E2. 
 

Table E2: ICAO LTO Modes, Power Settings and Times in Mode 
ICAO Stage Power Setting (%) Time in Mode (min) Time Weighting (%) 

Takeoff 100 0.7 2 
Climb Out 85 2.2 7 
Approach 30 4.0 12 
Taxi/Idle 7 26 79 

 
To understand how SPK fuel use changes air quality emissions, documented NOX, SO2, PMNV, 
CO, and UHC emissions from multiple engine types operating on conventional jet fuel, 50% and 
100% SPK fuels were organized and compared at various power settings. Table E3 lists the 
compiled engine combustion tests using fuel blends up to 100% SPK. Although a 50% blend of 
SPK has been approved, additional testing and analysis is needed for approval of higher blend 
percentages. Figure E1 stratifies the test engines by bypass ratio on an energy normalized fuel 
flow versus percent thrust chart where blue, red, and green correspond to turboshaft, low bypass 
turbofan, and high bypass turbofan engines, respectively. The engine types span a wide spectrum 
of engine technologies for both civil and military fleets. The mass-based emissions indices (EIm) 
are in units of grams of pollutant per kilogram of fuel. Each EI was energy normalized by the 
fuel specific energy using the lower heating value provided in each test document. In cases 
where raw data were obtained, EI were humidity corrected and temperature normalized between 
fuel types. Data uncertainties were calculated using a stochastic process assuming a normal 
distribution range for each test fuel. 
 

Table E3: Experimental SPK Emissions Tests 
Engine Representative Military Aircraft Representative Civil Aircraft Notes/Refs. 

CFM56-2C1 Boeing KC-135R Douglas DC-8-70 [132,133] 
CFM56-7B Boeing C-40 Boeing 737-600 to 900 [134] 

F117-PW-100 
(PW2000 series) Boeing C-17 Boeing 757 [8] 

PW308 Hawker C-29A Hawker 4000 [135] 

RR-Allison T63-A-700 Sikorsky S-75 Bell 206, MD 500, 
MBB Bo 105 [9,136] 

T700-GE-701 
T700-GE-701C 

Boeing AH-64, Sikorsky 
UH60/SH60 Saab 340 [137] 

[138] 

TF33 P-103 (JT3D) 
B-52H Stratofortress 

Boeing KC/NKC/RC/OC/RE-
135E/U/N/V/X 

Boeing 707 [10] 
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Figure E1: Fuel Flow Ranges for SPK Engine Tests 

 
The assembled energy normalized SPK emissions changes from conventional jet fuel are 
quantified in Figure E2. The 100% SPK PMNV EIm experience reductions between 80% and 98% 
at midrange power settings and between 32% and 92% at higher power settings depending on the 
engine type. This decreased reduction at higher power settings could be due to a thermal 
mechanism of PMNV overshadowing the reduction seen from the scarce aromatics in SPK fuels. 
The 50% SPK PMNV reductions vary between 0%-50%, 31-60%, and 36-96% for low bypass 
turbofan, turboshaft, and high bypass turbofan engines depending on power setting, respectively. 
The variation of the reductions based on engine type is statistically significant. Therefore, it 
appears that at 50% SPK blends, the effect of technology levels on PMNV emissions formation is 
more apparent than at 100% SPK. UHC and CO reductions are both most pronounced at near 
idle power settings with values of 13-40%, 4-27%, 5-25%, and 0-40% for UHC 100% SPK, 
UHC 50% SPK, CO 100% SPK, and CO 50% SPK, respectively. High uncertainties are present 
particularly for the change in UHC with 50% SPK use at low power settings. Neat SPK NOX 
reductions varied most at lower power settings but were nearly constant at higher power settings 
with reductions between 2-11%. It is important to note that the reductions are within instrument 
noise for some of the data and will need further testing to confirm any potential environmental 
benefits. 



 

 
Figure E2: Energy Normalized Percent Change in 50% and 100% SPK PMNV, UHC, CO, and NOX 

Emissions 



The ICAO time and fuel weighted averages from Table E4 were used to calculate the 50% and 
100% SPK jet fuel LTO NOX, PMNV, CO, and UHC conventional jet fuel normalized emissions 
in Table E5. The normalized emissions do not change significantly between ICAO time or fuel 
burn weighted averages. These emissions reductions with the use of 50% or 100% SPK could 
potentially provide military and civil aviation planners with more options in terms of locating 
aircraft in nonattainment areas within the CONUS. For some emissions, the introduction of SPK 
fuels could provide for additional aircraft for the same environmental impact or decrease the 
overall AQ footprint for an existing location. 
 
Table E4: Assumed Times and Fuel Flows for Each ICAO Mode and Engine Type Considered in 

Table E3 
    Fuel Flow (kg/s) [139] 

ICAO Mode ICAO Time in 
Mode (min) 

CFM56-2B 
(CFM56-2C1) 

CFM56-7 
(CFM56-7B) F117-PW-100 TFE731-2-2B 

(PW308) TF33-P-103 

Taxi/Idle 26  1,070   847  1,210   209   986  
Approach 4  2,600   2,100   4,360   542   3,880  
Climb Out 2.2  6,730   5,740   11,060   1,390   6,320  

Takeoff 0.7  8,030   6,840   14,110   1,640   7,510  
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Table E5: Turbofan 50% and 100% Average SPK LTO Emissions Normalized to Conventional 
Jet Fuel 

    Experiment Bulzan et al. 
(2010) 

Lobo, 
Hagen, 

Whitefield 
(2011) 

Corporan and 
Dewitt (2010) 

Timko 
et al 

(2008) 

Corporan et 
al. (2007) 

  Test Engine CFM56-2C1 CFM56-7B F117-PW-100 PW308 TF33-P-103 

NOX 100% 
SPK 

Taxi/Idle  0.91  
  

 1.04  
 Approach  0.92  

  
 0.89  

 Climb Out  0.92  
  

 0.93  
 Takeoff  0.94     0.93   ICAO time wt. avg.  0.91       1.01    

ICAO fuel wt. avg.  0.92       0.97    

PMNV 

50% 
SPK 

Taxi/Idle  0.28   0.35  
 

 0.78   0.57  
Approach  0.22   0.37  

 
 0.51   0.64  

Climb Out  0.18   0.64  
 

 0.64   0.61  
Takeoff  0.20   0.60    1.01   0.66  

ICAO time wt. avg.  0.27   0.38     0.74   0.58  
ICAO fuel wt. avg.  0.24   0.46     0.72   0.61  

100% 
SPK 

Taxi/Idle  0.09   0.33  
 

0.02 
 Approach  0.05   0.11  

 
0.11 

 Climb Out  0.11   0.41  
 

0.42 
 Takeoff  0.13   0.36   0.67  ICAO time wt. avg.  0.09   0.31    0.07   

ICAO fuel wt. avg.  0.09   0.31    0.72    

CO 

50% 
SPK 

Taxi/Idle  0.92  
 

 0.67   0.79  
 Approach  0.80  

 
 0.76   1.00  

 Climb Out  0.82  
 

 1.00   1.00  
 Takeoff  1.20    1.00   1.00   ICAO time wt. avg.  0.91     0.71   0.83    

ICAO fuel wt. avg.  0.90     0.82   0.90    

100% 
SPK 

Taxi/Idle  0.87     
 

0.67 
 Approach  0.77     

 
1.00 

 Climb Out  0.90     
 

1.00 
 Takeoff  1.30      1.00  

ICAO time wt. avg.  0.87        0.74   
ICAO fuel wt. avg.  0.90        0.85   

UHC 

50% 
SPK 

Taxi/Idle  0.86  
  

 0.70  
 Approach  0.83  

  
 1.00  

 Climb Out  0.89  
  

 1.00  
 Takeoff  0.85     1.00   

ICAO time wt. avg.  0.86       0.76    
ICAO fuel wt. avg.  0.86       0.86    

100% 
SPK 

Taxi/Idle  0.73  
  

 0.60  
 Approach  0.73  

  
 1.00  

 Climb Out  0.89  
  

 1.00  
 Takeoff  0.85     1.00   

ICAO time wt. avg.  0.75       0.68    
ICAO fuel wt. avg.  0.78       0.82    
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