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Abstract: Algae, a renewable energy source, has an added advantage of consuming nutrients from
wastewater and consequently aiding in wastewater treatment. The algae thus produced can be
processed using alternative paths for conversion to fuels. However, due to high moisture content of
algae, wet algae processing methods are being encouraged to avoid the dewatering cost and energy.
Hydrothermal liquefaction is one such technology that converts the algae into high heating value bio-
oil under high temperature and pressure. This bio-oil can be further upgraded to renewable
diesel (RD) which can be used in diesel powered vehicles without any modifications. The objective
of this study is to evaluate the economic viability and to estimate the energy use and greenhouse
gas (GHG) emissions during life cycle of RD production from algae grown in wastewater using
hydrothermal liquefaction. Economic analysis of RD production on commercial scale was
performed using engineering process model of RD production plant with processing capacity of
60 Mgal wastewater/day, simulated in SuperPro designer. RD yields for algae were estimated as
10.18 MML/year with unit price of production as $1.75/RD. The GHG emissions during life cycle
of RD production were found to be 6.2 times less than those produced for conventional diesel.
Sensitivity analysis indicated a potential to reduce ethanol production cost either by using high
lipid algae or increasing the plant size. The integrated economic and ecological assessment
analyses are helpful in determining long-term sustainability of a product and can be used to drive
energy policies in an environmentally sustainable direction.
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1. Introduction

Total energy consumption of United States in 2013 was 1.04 x 10> quadrillion joules, of which
about 82% comes from fossil reserves and only 9.3% is contributed by renewable energy.
Transportation sector is one of the biggest consumers of energy, which accounts for nearly one third
of the total energy consumption worldwide and contributes to about 21% of greenhouse gas (GHQG)
emissions [1]. Concerns of depleting fossil fuels and increasing environmental burden has
encouraged the exploration of additional renewable sources. Interest in algal biofuels can be
attributed to the possibility of year round production at higher productivities compared to
terrestrial crops, non-competition with food crops, reduced need for arable land and water treatment
benefits with nutrient cycling. It has been studied that algae can produce 10-50 times more oil per
unit area than conventional oil seed crops such as canola, jatropha and oil palm [2]. Another
considerable advantage of algae is its ability to consume nutrients from wastewater and thus help in
wastewater treatment, which solves another big challenge of clean water requirement. One of the
challenges for microalgal derived biofuels is the dewatering of algae, as the alternative routes of lipid
extraction with hexane, pyrolysis or gasification require the use of dry algae (85-95% solids) and
drying is one of the most cost intensive process in the whole route of oil production, which can add
up to 30% of the total cost [3]. Efforts are required to use the wet biomass directly for biofuel
production to eliminate the energy required for dewatering/drying. Although wet lipid extraction
methods including ultrasound-assisted extraction [4], simultaneous distillation and extraction process [5],
microwave-assisted extraction [6] and supercritical fluid extraction [7] have been investigated by various
researchers, the technologies require high cost and energy input. Hydrothermal liquefaction (HTL) is one
of the technologies that fits this criteria of using wet algae. HTL is a thermal process of converting
algae into high heating value bio-oil under high temperature and pressure.

1.1. Hydrothermal liquefaction

Hydrothermal liquefaction (HTL) is gaining attraction as an alternative route for biofuels
production from algal biomass. HTL reactions, involving dehydration, deoxygenation, and
decarboxylation [8], occur at elevated temperatures (250-380 °C), high pressure (5-30 MPa) and
varying residence times (3—60 min) [9,10]. At such high temperatures and pressure, water still stays
in liquid phase but the dielectric constant and the density of water is decreased relative to water at
normal temperature and pressure, which causes water to become non-polar, highly reactive and
miscible for organic components; thereby working as a catalyst. This results in hydrocarbon
becoming more soluble in water [11]. HTL uses wet algae without the need for cell disruption, which
eliminates the drying costs. Another advantage of HTL over traditional lipid extraction is the
possibility of using low lipid algae as feedstock which is a significant benefit in case of fast growing
algae with high carbohydrates and proteins but low lipid productivity, such as those commonly found
in waste water treatment plants.
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Biocrude obtained from HTL must be hydrotreated for reducing the overall oxygen content to
produce usable form of fuel, renewable diesel. Renewable diesel yield from HTL (104,000 m’/y) was
observed to be 12% better than that of biodiesel from lipid extraction (91,300 m’/y) [12]. Renewable
diesel (1) can be directly used in diesel-powered vehicles without modifications, (2) is compatible
with current diesel distribution infrastructure, (3) can be produced using existing oil refinery
capacity, (4) can be used in advance emission control devices due to ultra-low sulfur content
and (5) exhibits better performance than diesel [13].

1.2. Techno-economic analysis and life cycle assessment

Algal biofuels are currently proven on lab scale but commercialization of the process is still in
its infancy. Long term viability of any feedstock or process not only depends on the yield of the final
product, but also on sustained production capacity, maximized profits and minimized environmental
burden. It is important to determine the overall energy efficiency along with capital and operating
cost estimations to investigate the sustainability of a process. Techno economic analysis is an
important tool to analyze the cost and energy viability of the process on large scale. Environmental
impact, in terms of GHG emissions and fossil energy use, of the process can be calculated by
performing the life cycle assessment. To obtain better insight into the current state of biofuel
technology, this study evaluates the overall economics of renewable diesel production from algal
biomass. The study will also help in identifying the key parameters/operations in the renewable
diesel (RD) production process, which can be targeted for further improvements.

Life cycle analysis is a useful technique to assess impact of products, processes and services on
the environment and can play an important role in comparing renewable diesel with other fuel
alternatives based on environmental impact. Most of the previous studies performed on assessing
environmental impacts of algal biofuels focus on biofuel production focused on production processes
that involved fresh water/sea water with use of supplied nutrients [14,15]. This study, however,
assess the production models that use wastewater as a source of water and nutrients to achieve a dual
goal of biofuel production and wastewater treatment. Therefore, the overall objective of this study is
to perform a comprehensive techno-economic analysis and limited life cycle assessment of RD
production to analyze the economics and environmental impact of the production process and
identify the key process that have the largest contribution in the overall RD production process.

2. Methods
2.1. Algae strain

Chlorella vulgaris (C. vulgaris) has shown a high potential for wastewater treatment during its
growth [16]. Chlorella vulgaris is one of the promising algae strains for biofuels production, with
high productivity (1.06 g/L/day), high rate of CO, fixation (1.99 g/L/day), and tolerance to high
concentrations to CO; and compounds such as nitrogen oxides (NOx) and sulfur oxides (SOx) [17].
These characteristics make these algae suitable for growth in open ponds using wastewater as a
nutrient source with added benefits of flue gas utilization to meet algae carbon requirements.
Therefore C. vulgaris was used as algal feedstock to develop the model, as high growth, low lipid
content algae such as C. vulgaris is suitable for hydrothermal liquefaction (HTL). Lipids,
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carbohydrates and protein content in C. vulgaris in this study is assumed to be 25%, 9% and 55%
respectively on dry basis [18].

2.2. Techno-economic analysis

A process model was developed for treating incoming wastewater of 227 million L/day (60
million gallon/day) from local community using Super Pro Designer (Intelligen, Inc., Scotch Plains,
NJ). The process model contains five sections: growth, harvesting, hydrothermal liquefaction, bio-oil
hydrotreating and co-product recovery and utilization (catalytic hydrothermal gasification) (Figure 1).
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Figure 1. Schematic illustration of modeled bio-oil plant.
2.3. Technical assumptions

It was assumed that algae production facility receives adequate solar radiation to obtain
productivity of 25 g/m*/day, and plant operates throughout the year for 330 days. The concentration
of algae going out the pond was 0.38 g/L (4 days retention time). Productivity of 25 g/m*/day and a
need for treatment of 227 million L/day wastewater, requires construction of 85 ponds of 4 ha each
with a total area of 340 ha. The total algae flow from the ponds to the harvesting section was
3550 kg/h. Accounting for a 2% loss of algae during flocculation and 0.01% during centrifugation, a
total of 3478 kg/hr algae was processed for hydrothermal liquefaction, which produced 1222 kg/hr
biocrude oil. Hydrotreating of biocrude produced 990 kg/hr (340 gal/hr) RD. The remnants of
HTL (16,455 kg/hr, which includes ~ 4% organic matter and ~ 95% water) were used to produce
methane rich biogas (60% methane and 40% CO,) by catalytic hydrothermal liquefaction, producing
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710 kg/hr biogas. The CHP (combined heat and power generation) unit with efficiency of 38%
electricity production [19] using direct biogas produced 2412 kW electricity, most of which was used
to fulfil the plant requirements and the rest was exported out of the plant.

2.4. Economic assumptions

The plant is assumed to operate for 330 days/year. Price basis for all the economic calculations
was taken as 2015. Costs of specific equipment (open ponds, clarifier, centrifuge, hydrothermal
liquefaction reactor, hydrothermal gasification reactor and hydrotreating reactor) for renewable
diesel production process were calculated based on previously reported cost
models [20,21,22] (listed in supplementary Table 1). Costs were adjusted to year 2015 using the
equation 1:

Cost in 2015 = Cost in baseyear * (M) (1)
base year index
Cost of other equipment was based on the built-in cost models in SuperPro designer. The scale
up of the equipment was done using the conversion from equation 2:

Scale up capacity\"
Scale up capactty) @)

Scaled cost = original scale cost * ( — .
Original capacity

where n is the scaling factor (typically 0.6-0.7).
2.5. Algae cultivation

Algae plant was assumed to be based on a modular design based on raceway
ponds (L:W:D = 890 m :44 m :0.3 m). The growth rate of algae was calculated based on Monod
kinetic parameters of algal growth with nitrate as limiting substrate calculated by laboratory
experiments (equation 3).

S
U= Umax <7~ (3)
S+kg

where u is the specific growth rate of microalgae, y,, 4, 1S the maximum specific growth rate, S in
this study is the concentration of nitrate in wastewater and k; is the half saturation constant.

Mixing of algae slurry in the open pond using paddle wheels is necessary to avoid
sedimentation, distribute nutrients, and maintain a uniform temperature and pH to enhance algae
productivity [23]. The power requirement for the paddle wheel is calculated using equation 4 [20].

_ QwAd
T 102e

“4)

where P is the power requirement (kW), Q is the flow of the culture (m’/s) (calculated by
velocity x cross-sectional area), W is the specific weight of the culture (kg m™), Ad is the head loss
of water, e is the efficiency of paddle wheel (40% assumed [22]) and 102 is the conversion factor.
The velocity of water flowing with paddle wheel is assumed to be 15 cm/s [20] and the cross-
sectional area can be calculated as depth x width/2 (6 m?). Additional head loss of water in the
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pond (Ad) occurs along the length of the pond and as water flows around two 180° bend with baftles.
Both the head losses can be calculated using the Manning’s equation. Total head loss can be
calculated as the summation of the two losses (equation 5) [22].

Ad = v?n? (%) 4K (5)
R3 29

where v is the mean velocity (m/s), n is the roughness factor (0.18 for clay lining), R is the channel

hydraulic radius (m), L is the channel length (m), K is the kinetic loss coefficient for 180°

bends (theoretically 2).

With surface area (cross-sectional area) of 6 m” and wetted perimeter as 20.6 m, the hydraulic
radius is calculated as 0.29 m. Total head loss was calculated as 0.0238 m (0.0046 m around two
180° bends and 0.0192 m along the total channel length of 1790 m).

The pond is assumed to be built with compacted earth and lined with clay locally available
avoiding the high cost of plastic liner [22]. A report suggested an increase in pond construction from
$136,000 for clay lined to $277,000 with plastic lining (year 2010 reference) for a 4-ha raceway
pond [22]. The total cost of one open pond was $154,600, and the breakdown of the cost is presented
in Table 1. Flue gas (rich in CO;) from a power plant (Table 2) at a distance of up to 4.5 km (three
miles) is transported by pipes for addition to the growth pond. It is assumed that utilization efficiency
of CO; in flue gas directly injected into algae ponds is more than 90% [24]. Some water is recycled
back from centrifugation step (along with some nutrients), and rest of makeup water is provided by
wastewater stream assumed to be transported from treatment plant 2 miles away. The composition of
wastewater is presented in Table 2 [25]. Algae can utilize nutrients available in wastewater for
growth which also helps in treatment of wastewater. Wastewater stream, thus, reduces the use of
makeup nutrients required for algal growth. Any deficient nutrient was replenished with pure nutrient
(considering only nitrates and phosphates in this study).

Table 1. Breakdown of the open pond cost [47,51].

Cost (per hectare) Cost of 1 open pond (4 ha)
(Cost updated to 2015) (Cost updated to 2015)
Cost of open pond site $3640/ha $14560
Cost of open pond construction (wall and structure) $14450/ha $57800
Paddle wheel $7285/ha $29140
CO, delivery (pipes and pumps) $9180/ha $36720
Internal distribution of CO, (sumps) $4090/ha $16360
Total open pond cost $38645/ha $154600

2.6. Algae harvesting

It is assumed that algae grows to a steady-state concentration and is continuously harvested at
the rate equal to the growth rate. Algae is harvested in two steps: bulk dewatering and thickening.
Dewatering can be achieved using flocculation or floatation. Although floatation is an effective
process as algae floats up faster than settling down in flocculation [3], power consumption in
pumping air for dispersed air flotation if high, making the process expensive. Also, the choice of
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coagulant/collector is very critical in air flotation [26]. Therefore, flocculation process was chosen
for bulk dewatering step using cationic starch as flocculent [27]. A high sedimentation of 95% algae
is reported to be achieved with 30 minutes residence time with a concentration of 10 mg flocculent
per liter of culture [27]. This step yields a concentration of 15 g/L. Each clarifier used (settling pond)
has a working volume of 12,500 m’. A total of 3.75 ha of land was used for three settling units
required for the operation. The thickening of algae is obtained by centrifugation process, providing
the final concentration of 200 g/L (20% solids) algae. The throughput of centrifuge was 90 m’/h with
the cost of one unit as $277,000. In the current study, use of centrifuge was assumed as final step in
algae harvesting process, however other studies have used sun drying, belt press, bed drying as other
options to increase algal concentration [12].

Table 2. Composition of flue gas and wastewater used in algal growth.

Composition of flue gas [52] Composition of wastewater [25]

Component Mass composition Component Mass composition
Nitrogen 76.5% Water 99.7%

Carbon dioxide 12.8% Other Solids 0.12%

Water 6.2% Nitrates 800 ppm

Oxygen 4.4% Inorganic carbon 400 ppm

NOx 420 ppm Salts 100 ppm

SOx 420 ppm Sulfates 50 ppm

Carbon monoxide 50 ppm Phosphates 15 ppm

2.7. Bio-crude production

The solids concentration reported in literature for HTL of algae is 10-20% [28,29]. For the
purpose of this study, it was assumed that the 20% solids concentrated algae obtained from previous
centrifugation step, transported using positive displacement pump, which are offered by vendors to
pump slurries with 20% solids [30], is directly used in HTL reactor. The optimal HTL process
conditions for maximum oil productivity (~ 37% reported) [28] reported in literature [10,28] were
chosen for the process modeling 340 °C, 200 bar pressure and residence time of three minutes.
Choice of residence time was based on studies that have indicated possibility of higher yields with
shorter residence times (1-10 minutes) [31,32]. The bio-crude yield was calculated based on the
additive relation proposed by Biller and Ross [18], with protein yield as 10% [11], carbohydrate
yield as 32% and lipid yield as 95% [33]. For algae flow rate of 3478 kh/hr, the biocrude yield was
calculated as 35% (1221.9 kg/hr). The pressurized slurry is preheated at 335 °C before entering into
the reactor. The reactor was chosen to be plug flow reactor because of lower economics at this
scale (capital and operating cost) than continuously stirred tank reactor, used in other studies [8]. The
HTL conditions and elemental analysis of bio-oil are reported in Table 3.
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Table 3. Conditions of hydrothermal liquefaction and properties of bio-oil [21].

Temperature (°C) 340 °C
Pressure 200 bar
Solids concentration in feed (wt.%) 20%
Residence time 3 min
HTL oil yield (wt.%) 37%
Aqueous co-product (wt.%) 36%
HTL bio-oil analysis wt.%

C 77.3%

H 9.4%

o 6.1%

N 6.2%

S 0.65%
Bio-oil moisture content 2.8%
Bio-oil HHV 24 MJ/kg

2.8. Hydrothermal gasification

The coproduct stream from algal oil extraction via hexane extraction or HTL is rich in organic
matter, which makes it suitable to be converted to biogas [8,15]. The most common route of
conversion is anaerobic digestion, but in case of HTL, aqueous byproducts are rich in nitrogen (about
70% of feedstock nitrogen ends up in aqueous phase). The ideal range of C:N for successful
anaerobic digestion is 20:1-30:1. Jena et al. [34] measured 3.92% carbon and 1.84% nitrogen in the
aqueous phase after HTL of Spirulina platensis, indicating a C:N ratio of 2.1:1. High nitrogen
content in the aqueous phase makes it unsuitable to be digested in anaerobic digester. Such sludge is
suitable for treatment in catalytic hydrothermal gasification (CHG), a process that converts the
nitrogen and carbon of the wet organic matter to biogas with use of a catalyst. The CHG treatment is
very efficient for the conversion of organic carbon in the aqueous phase (99.2%) [35]. Gasification
dominates in temperatures above 647 K [35]. CHG leads to formation of a methane rich (60%)
biogas [36] and the conversion of organics is independent of the operating pressure after the
temperatures are above 647 K [37].

2.9. Hydrotreating of HTL biocrude

The biocrude obtained after hydrothermal liquefaction has to be upgraded to remove/reduce
oxygen, nitrogen and sulfur before use in transportation vehicles. Hydrotraeting is done by treating
the bio-oil with hydrogen (3.75% of wet bio-oil) at 350400 °C at 3.4-10.3 MPa (300 °C and
3.5 MPa used in this study) in presence of a catalyst (CoMo/alumina-F in this study). This treatment
converts the oxygen in the biocrude to CO, and H,0, nitrogen to ammonia and sulfur to H,S
resulting in renewable diesel product with a density of 770 g/L [21] and a heating value of 44 MJ/kg .
The cost of hydrogen production in petroleum refinery is $1.21/kg [38] and the requirement of
hydrogen is 0.0375 kg/kg wet bio-oil [21].
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2.10.  Life cycle analysis
2.10.1. Goal definition and scoping

The goal of the study is to investigate the GHG emissions and energy use during the life cycle
of renewable diesel production from algae. The study analyzed the impact of RD production process
from algae via hydrothermal liquefaction. The functional unit for the model was taken as 1000 MJ of
RD energy (22.73 kg or 29.5L RD). Most of the data for the LCA model was taken from the techno-
economic model described in earlier sections.

2.10.2. Process description

The model was divided into four sections: algal production and harvesting, bio-oil production
and co-product recovery and bio-oil distribution. Selection of system boundary is the most critical
decision which affects the computations of energy consumption and emissions. The system boundary
selected for this study is shown in Figure 2.
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Figure 2. System boundary for life cycle analysis of RD production from algae (Red
dotted line shows the system boundary considered in the study).

The co-product allocation method is another major selection that can significantly influence the
results of life cycle analysis [39]. Electricity was the only co-product from the plant. System
expansion (displacement) approach [39] was used to calculate the co-product credits, which assumes
that the electricity produced from biogas replaces the electricity requirement for the plant operations
and offsets the energy use and GHG emissions to produce the electricity that would otherwise be
produced using fossil fuels. The emissions were calculated in terms of gram CO, equivalent using
global warming potential factors of 1, 25 and 298 for CO,, CH4 and N,O, respectively.

Net energy value (NEV) and net energy ratio (NER) are the two terms defined on LCA to
assess the energy efficiencies and fossil fuel displacement values [40]. NEV and NER were
calculated using equations 6 and 7. The NER of a system is defined as the ratio of total energy
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produced over the energy required for all plant operations. For a product to be sustainable (energy in
the fuel > fossil energy used), NER should be greater than 1.

NEV = Energy of functional unit- energy use produce functional unit (6)

NER = Y. Energy produced (7)

Y. Energy requirements

The model was developed in GREET (Greenhouse Gases, Regulated Emissions, and Energy
Use in Transportation). The values for nutrients, catalyst, hydrogen and flocculant used and energy
requirement were derived from the techno-economic model.

3. Results and Discussion
3.1. Economics

Model of bio-oil production from algae (60 million gallon wastewater per day) was simulated in
SuperPro Designer (Figure 3) for a plant life of 20 years. Techno-economic model for the production
of renewable diesel in the n™ plant design resulted in the cost of production of RD as
$1.75/L ($6.62/gal). The capital cost for bio-oil production plant were estimated to be $105 MM with
renewable diesel (RD) production of 10 million liters/year (2.7 million gallon/year). Overall
economics of the process are presented in Table 4. Installed equipment cost (equipment and
installation cost) accounted for nearly 38% of the total direct fixed capital costs. The rest would
include piping, building and other indirect costs (engineering, construction, contractor’s fee).
Breakdown of operating cost as facility dependent costs, raw material costs and other costs (labor
and utilities) for the RD production processes is illustrated in Figure 4a. The major portion was
facility dependent cost (64%), which includes the costs associated with equipment maintenance,
depreciation of the fixed capital cost, and miscellaneous costs such as insurance, local (property)
taxes and possibly other overhead-type of factory expenses. The raw material cost accounted for
13% of the total operating cost, with flocculant (starch) and catalyst for hydrothermal gasification
being the major fraction (31% and 23% respectively). Most of the major nutrients required for
growth were supplied by the wastewater (78% nitrates and 98% phosphates). Similarly, about 21%
CO; was supplemented with the flue gas.

Table 4. Overall economics of the production of RD from algae with processing capacity
of 2.5Mgal/h.

Total Investment (MM $) 104.96
Operating Cost (MM $/yr) 17.88

RD (MMgal/yr) 2.69

RD unit cost ($/1($/gal)) 1.75(6.62)
Direct fixed capital cost (MM $)* 99.39
Equipment cost (MM $) 26.86
Installation cost (MM $) 10.43

*Direct fixed capital cost includes equipment and installation cost along with indirect costs.
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Figure 4. (a) Contribution of facility dependent, labor dependent, raw material and
utilities cost during production of RD from algae and (b) distribution of RD price among

different sections.

Table 5. Amount of material produced and consumed during the RD production process.

Amount (kg/year) Amount (kg/kg RD) Amount (kg/functional unit)

Algae (P) 28111000 3.524 80.98
Nitrate (C) 1632000 0.208 4.70
Phosphate (C) 55000 0.007 0.16

CO,(C) 40411000 5.155 116.41
Starch (C) 707000 0.090 2.04
Catalyst (C) 4000 0.001 0.01
Hydrogen (C) 377000 0.048 1.09
Biocrude (P) 9677000 1.235 27.88
RD (P) 7838000 1.000 22.58

*(C) onsumption and (P) roduction.
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The results of techno-economic analysis to be used for life cycle analysis are summarized in
Table 5 and 6. Energy use for a section is calculated was the ratio of the energy used in that
particular section to the total energy produced (energy of RD). The values of energy use for different
sections of RD production system are in agreement with previously performed life cycle
analysis [41].

Table 6. Energy (electricity) use in different sections of renewable diesel production.

Section Electricity used (kWh/yr)  Electricity used (MJ/kg RD)  Energy Use (MJ/MJ RD)
Algae Growth 6508340 2.63 0.060
Harvesting 3641694 1.47 0.033
HTL 2611733 1.05 0.024
Gasification 6011259 2.42 0.055
Upgradation 2555741 1.03 0.023
Co-production 21778226 8.79 0.200
Exported 449459 0.18 0.004

3.2. Sensitivity analysis

Sensitivity analysis was performed on various inputs/operations for change in final price of
renewable diesel (Figure 5). The tornado chart shows that all the parameters had significant impact
on the final price of bio-oil. Lipid content of algae was the major factor affecting the price of
renewable diesel, as lipids are converted to biocrude with up to 100% efficiency [33,42]. Lipid
content of the strain was changed with corresponding change in protein content (nitrogen starvation
leads to increase in lipids with a reduction in proteins [43]). These results are in agreement with an
earlier study for production of biodiesel from microalgae that also found lipid content to be the most
sensitive parameter in price of biodiesel [15]. Second major factor was the size of plant, which was
shown to have considerable effect on price of RD (Figure 6). Although the first major factor is strain
dependent, the second is operational parameter, which can be altered for improved economics. The
changes in the amount of hydrogen for upgrading the biocrude to renewable diesel did not have a
large impact on the final price because of the low quantity of hydrogen used per unit biocrude oil.
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Figure 5. Effect of parameters on price of renewable diesel.
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The price of RD was calculated as $6.62/gal, which includes for $0.86/gallon hydrotreating cost.
The price of biofuel from algae has been reported to fall in the variable range of from $0.92/ gal to
$42.6/gal [44]. The distribution of RD price among different sections is shown in Figure 4b. Algae
culturing and harvesting contributed the largest fraction of the total cost of RD (~ 56%), in
agreement with ranges reported in literature [21]. Raw material contributed to 13% of the total price
of which starch added as flocculant was the highest contributor (~ 33%), followed by catalyst
use (~ 24%), and hydrogen (~ 24%) and nutrients (~ 19%).
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Figure 7. Comparison of biocrude prices (with biocrude and TAG prices from other
studies) (Beneman [45], Davis (OP and PBR) [15], XiangXuwen (OP and PBR) [46],

NREL, Seambiotic, SNL, NMSU [44], Richardson (OP and PBR) [47], Jones [21] and
Zhu [8]). nu indicates not upgraded.

The comparison of the price of biocrude and renewable diesel are compared with other studies
in Figure 7. All the prices were adjusted to 2015 for comparison purpose with inflation rate of 2%. In
the wide range of biofuel from algae price, the price of RD in this study is on the lower limits. One
of the main reasons for the low cost of production was the use of clay lining over more expensive
plastic lining. The cost of RD was found to be $2.1/1 ($7.93/gal) with the use of plastic lining ad
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increasing the cost of pond accordingly. Another reason was low makeup nutrients required for
growth as wastewater adequately covered most of the nitrate and phosphate requirement. The
location of plant was another favorable aspect, such that a high volume of wastewater was available

for algal growth. The impact of plant size on final product price has already been demonstrated in
Figure 6.

3.4. Life cycle energy use

A well to pump life cycle model for production of RD was developed in GREET. The fossil
energy use for production of RD was 241.6 MJ per 1000 MJ of energy produced, which was about
80% lower than that from GREET life cycle model of conventional diesel from crude oil [48]. The
fossil energy use was calculated by deducting the co-product (electricity production) from the total
energy. The distribution of fossil energy use among different sections of RD production is shown in
Figure 8. It can be observed that upgrading the biocrude oil had major contribution to the fossil
energy use, due to hydrogen use for hydrotreating. The fossil energy use for CHP is negative
implying excess electricity generation.
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Figure 8. Distribution of fossil energy use over different sections of RD production.
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Figure 9. NER comparison for conventional diesel [48], algal bio-oil [50], RD (this
study) and algal crude oil [49].
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Net energy value for RD production was 758.4 MJ per 1000 MJ energy, which is higher than
the conventional diesel (207 MJ) [48] and lower than the crude oil from algae using lipid
extraction (914 MJ) [49]. NER for four fuels compared is shown in Figure 9. The value of NER was
less than one for gasoline indicating that the fossil energy input is higher than the energy in the fuel.
The NER for algal oil is the highest, mainly because the crude oil is yet to be upgraded for use in
transportation vehicles, which has a high fossil energy requirement in the form of hydrogen.

3.5. GHG emissions

The total GHG emissions during life cycle of RD production from algae were estimated to be
110 kg CO; equivalent per 1000 MJ of renewable diesel (-3.73 kg CO; eq./L RD). The GHG
emissions for RD were found to be lower than the well to pump analysis of algal oil (-24 kg CO,
equivalent per 1000 MJ) [49] and conventional diesel (21 kg CO, equivalent per 1000 MJ) [48]. The
negative value for the GHG emission during production of RD is mainly because of system boundary
selection. In well to pump analysis, the CO, emissions during use of fuel are not considered, which
results in negative GHG emissions. Another reason for negative GHG emissions is the co-product
energy available during RD production process, which displaces the GHG emissions produced by
fossil fuels required to produce electricity in the plant. Similar negative values (—46.5 kg COse per
1000 MJ of RD) were reported for well to pump analysis of renewable diesel production from algae
earlier [41]. However, well to wheel analysis of the same study estimated GHG emission of 31 kg
COze per 1000 MJ of RD.

Figure 10 shows the GHG emissions in different stages of RD production. The GHG emissions
during growth of algae are negative because of CO, sequestration in the photosynthesis process.
Maximum GHG emissions were observed in hydrotreating process. The carbon flow (balance)
throughout the life cycle of RD is shown in Figure 11. Red dotted line in the Figure indicates the
system boundary, where sequestration of CO, from the atmosphere was included whereas use in the
vehicle is excluded (explained in earlier sections).
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Figure 10. GHG emissions produced per functional unit during various stages of life
cycle of RD production.
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Figure 11. Carbon balance during life cycle analysis of RD production (Red dotted line
indicates system boundary chosen for this study).

4. Conclusions

A comprehensive techno-economic analysis and life cycle assessment was performed to
evaluate the economic feasibility and environmental impact of the production of renewable diesel
from algae via the hydrothermal liquefaction process. Cost of production of RD was calculated to be
$6.62/gal, which was on the lower side of the broad range reported in literature. Highest contributors
to the cost of RD were algae culturing and harvesting. The cost difference between crude bio-oil and
hydrotreated renewable diesel was found to be $0.84. Lipid content of the algae and plant size were
the 2 critical factors in deciding the cost of RD. The total greenhouse gas emissions in the process of
RD production were —110 kg CO, equivalent per 1000 MJ of renewable diesel and the total fossil
energy used in the process was 241.6 MJ per 1000 MJ of energy produced. The negative GHG
emissions were attributed to the system boundary of the life cycle analysis. Techno-economic and
life cycle assessments indicated that production of RD from algae is competitive to other alternatives
to diesel production.
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