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Abstract: Today one of the most interesting ways to produce biodiesel is based on the use of
oleaginous microorganisms, which can accumulate microbial oil with a composition similar to
vegetable oils. In this paper, we present a thermo-chemical numerical model of the yeast biodiesel
production process, considering cardoon stalks as raw material. The simulation is performed
subdividing the process into the following sections: steam explosion pre-treatment, enzymatic
hydrolysis, lipid production, lipid extraction, and alkali-catalyzed transesterification. Numerical
results show that 406.4 t of biodiesel can be produced starting from 10,000 t of lignocellulosic biomass.
An economic analysis indicates a biodiesel production cost of 12.8 USD/kg, thus suggesting the
need to increase the capacity plant and the lipid yield to make the project economically attractive.
In this regard, a sensitivity analysis is also performed considering an ideal lipid yield of 22% and
100,000 t of lignocellulosic biomass. The biodiesel production costs related to these new scenarios
are 7.88 and 5.91 USD/kg, respectively. The large capacity plant combined with a great lipid yield
in the fermentation stage shows a biodiesel production cost of 3.63 USD/kg making the product
competitive on the current market of biofuels by microbial oil.

Keywords: microbial oil; yeast biodiesel; cardoon stalks; production cost; sensitivity analysis

1. Introduction

The production of biodiesel or oleochemical precursor starting from varied vegetable
oils, such as rapeseed, soybean, palm, peanut, sunflower, and waste cooking oils, is a
promising alternative to fossil-based fuels. However, it increasingly requires attention in
economic and environmental terms [1–3]. Due to the growing demand for biofuel produc-
tion, it has become evident that other renewable resources (especially non-vegetable oils)
should be imminently considered so that there is not competition with food production [4].

Biodiesel production using microbial oil, involving very different raw materials and
representing a sustainable and energetically favorable process, has significantly involved
recent research activities [5–9]. Microbial oil, also known as single cell oil (SCOs), is accu-
mulated by oleaginous microorganisms during a fermentation process and using a variety
of carbon substrates, including glucose, xylose, acetic acid, glycerol, and ethanol [10]. In
particular, oleaginous yeasts show promising characteristics as for example their rapid
growth rate and high lipid contents (up to 60% of their cell dry weight) when subjected to
specific operating conditions [11–13]. Moreover, they have obvious advantages if compared
to conventional vegetable oils thanks to their short life cycle and very low farm land use [14].

The accumulated microbial oil is primarily made of triacylglycerols (TAG) with fatty
acid composition rich in C16 (e.g., palmitic and palmitoleic acids) and C18 (e.g., stearic,
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oleic, linoleic, and a-linoleic acids) [15,16], similarly to vegetables oils, and can be consid-
ered a good candidate to be used as a precursors of biodiesel [17]. The chemical process
for biodiesel production, commonly known as transesterification, involves a reaction in
which the glycerol group of triacylglycerol is replaced with a short-chain alcohol. Several
methods are proposed in literature for this transesterification reaction [3,18–21].

In addition to vegetable oils, the attention of the research community is also focused
on alternative and definitely cheaper carbon sources for microbial oil accumulation by
oleaginous yeasts, such as agro-industrial wastes and non-food crops [22]. Different
pre-treatments are effective on the lignocellulosic biomasses to make more accessible car-
bohydrates, thus facilitating the yeast growth and lipid accumulation [23]. However, this
preliminary chemical transformation of the feedstock introduces degradation products
that may influence the correct yeast growth and metabolism [24]. Based on these consider-
ations, recent authors have reported the necessary operating conditions to optimize the
lipids production process, evaluated for different kinds of lignocellulosic biomass [25].
In this context, Cardoon (Cynara cardunculus), a wild robust perennial plant native to the
Mediterranean region [26], represents a very interesting medium to the oil production
starting from its marginal residues [27]. Cardoon is not cultivated as a food crop [28] but
shows high growth rates (i.e., 10–12 t/ha from Italians cultivations) [29,30] together with
low water and nutrients consumption. Therefore, it can be successfully associated with
lignocellulosic biorefinery approach [31]. Unlike common agricultural crops, cardoon can
grow in hostile soils and therefore severely limit the occupation of land dedicated to the
cultivation of food products.

The biorefinery performance has been widely studied in the literature [32,33] through
productivity analyses, energy balances, and techno-economic evaluations for different
process configurations, often employing Aspen Plus Software [34–36]. However, to the best
of authors’ knowledge, the entire production process of microbial biodiesel has not been
studied so far. The development of appropriate and meticulous simulations, as reported
by Garcia et al. [37], allows defining the economic feasibility and establishing the best
operating conditions for a biorefinery process. Barletta et al. [38] simulated the flowsheet
resulting from the economic optimization procedure of the lignocellulosic biorefinery
superstructure. Meramo et al. [39] proposed a conceptual design of a biorefinery system
from corn residues with the aim of reducing the accumulation of solid waste and producing
bioethanol and succinic acid. To correctly model a microbial oil production as a renewable
resource for biodiesel, it is necessary to know data and information related to kinetics and
thermodynamics of the reactions in each step of the designed process [40,41]. From this
perspective, several studies carried out in the literature adopted different assumptions for
making the preliminary design of industrial plant. Koutinas et al. [42] calculated material
balances by assuming two diverse stages during lipid fermentation based on stoichiometric
equations in which the stoichiometric coefficients derived from experimental results [43].
Humbird et al. [44], in their report for biochemical conversion of lignocellulosic biomass
to ethanol, available from the National Renewable Energy Laboratory (NREL), modeled
the process using bioreactors with conversions of specific reactions determined on lab
scale. The components and the physical properties of some of the solid constituents of
lignocellulosic biomass and the fermentation process were taken from the NREL database
for biofuels components [45].

Some researchers have explored the techno-economic feasibility of biodiesel pro-
duction from microbial oil produced by microorganisms through the fermentation of
glucose-based media [42,46,47].

In this paper, we develop a model of the entire microbial oil production process. The
present research is the first attempt to develop a realistic simulation and to evaluate the
design and techno-economic viability on industrial scale of the microbial oil production
process as a renewable resource for biodiesel production starting from agro-industrial
wastes such as cardoon stalks. The process is based on the use of Leucosporidium crea-
tinivorum DBVPG 4794, a non-conventional yeast able to use both glucose and xylose as
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carbon substrates. Previous experimental results obtained by the authors for cardoon stalks
composition, its cellulose enzymatic hydrolysis, and lipid fermentation were used, in order
to obtain a more realistic analysis [22].

The remaining part of the paper is organized as follows: Section 2 reports the assump-
tions adopted to perform the design of the process, by focusing on the main phases, such
as biomass pre-treatment, enzymatic hydrolysis, lipid production, lipid extraction, and
biodiesel production. Section 3 provides the feasibility of the system in terms of mass and
energy balances and economic analysis. Section 4 presents the concluding remarks.

2. Materials and Methods
2.1. Process Simulation

The process simulation software, Aspen Plus [34] v10, is used to develop the entire
biorefinery process for biodiesel production starting from a microbial oil and to calculate
its mass and energy balances including the utility requirements. The simulation of a
generic chemical process requires defining chemical components, selecting a thermody-
namic model, modeling the process flowsheet, and setting up the operating conditions
of all feed streams and unit operation models [48]. The NRTL (non-random two liquids)
thermodynamic model is appropriately selected for extraction routes simulation on the
basis of its good representativeness of polar mixtures in phase equilibrium calculations [3].
Moreover, it is used to calculate most of the binary interaction coefficients, taking the
missing values from Humbird et al. [44]. UNIF-DMD (UNIFAC with Dortmund correction)
method is instead used for the extraction of water and glycerol [49], and the Henry’s law is
used to designate the non-condensable components (e.g., oxygen, nitrogen, and carbon
dioxide) in the liquid phase. Conventional chemicals and unconventional compounds are
defined using the Aspen Plus internal database and NREL component definitions [44] or
literature data [42]. Each chemical transformation process is carried out in stoichiometric
reactor blocks (RStoic) where mass balance calculations are associated with the extent of
chemical reactions, but not with the kinetic behavior. Liquid–solid separation is performed
via centrifuge filter blocks (CFuge) using the Stokes sedimentation model and the Shubert
deliquoring model [48]. The Winn–Underwood–Gilliland method [50] (DSTWU module)
is used to obtain initial estimates about the performance of distillation columns for the
rigorous methods such as RadFrac module, the main block for simulating all types of
multistage vapor–liquid fractionation operations in Aspen Plus. Column design is accom-
panied by the consideration of pressure drops between boiler and condenser correlated
to the theoretical number of stages. Calculator blocks with Fortran language and design
specifications are implemented to set the desired process parameters.

The simulation considers a plant capable of processing 10,000 t/year lignocellulosic
biomass with 8000 operating hours per one year. The designed facility is based on lab-scale
experimental results. Various organic streams of by-products are considered to produce
steam and electricity to make the plant totally self-sufficient in energy. The combustor and
turbogenerator subsystem are modeled with a simplified approach. Hot streams such as
high-pressure steam and flash steam transfer a large part of their thermal content through
counter-current heat exchangers simulated with a minimum temperature approach of 1 ◦C
and a shortcut configuration.

The economic analysis, based on the 2017 U.S. dollars, is conducted to calculate dis-
counted cash flow and to evaluate profitability for the modeled scenario employing Aspen
Plus Economic Analyzer (Aspen PEA) v10 software [44,48]. The wastewater treatment
area, although not developed in the current project, is appropriately taken into account in
operating costs [42].

Cardoon stalks composition used for the simulation, shown in Table 1, was based on
data determined experimentally for cardoon stalks produced in Italy [51]. The evaluation of
extractives content was carried out by water/ethanol extraction. Due to lack of information,
protein amount is inserted considering corn stover composition [44].
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Table 1. Cardoon stalks composition used for process simulation.

Component Composition (Dry wt %)

Cellulose 30.52
Xylan 14.52

Mannan 0.45
Galactan 1.06
Arabinan 1.15
Acetate 5.02
Pectine 4.67
Lignin 14.21

Ash 8.80
Protein 3.10

Extractives 16.51
Moisture (bulk wt %) 15.00

To correctly manage solids handling in Aspen Plus, it is necessary define a particle
size distribution (PSD) expressed in terms of the mean particle size (35 mm) and standard
deviation (5 mm).

2.1.1. Feed Handling and Steam Explosion Pre-Treatment

Figure 1 shows the Aspen Plus flowsheet of feed handling and steam-explosion pre-
treatment in which each stream is accompanied by the corresponding temperature and
mass flow rate values. The dashed red lines (H1, H2, and H3) represent the path of the heat
flow extracted from the combustion reactor (R5) as thermal content of the gas.

Figure 1. Flowsheet of feed handling and steam explosion pre-treatment as simulated using Aspen Plus.
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Feedstock (S0) is milled using a mechanical size reduction process such as a hammer
mill [52]. This operation, simulated in Aspen Plus using a crusher block (SHRED) and
selecting a screen size of 3.2 mm, aims to increase the exposed surface area and so to improve
the mass and energy transfer rates [53]. Milled feedstock is conveyed in a hydrothermal
pre-treatment reactor (R1) and treated with a sulfuric acid (S5) loading of 0.025 g/g dry
biomass to convert much of the starting hemicellulose carbohydrates to soluble sugars by
hydrolysis reactions and to break down the biomass for subsequent enzymatic hydrolysis.
The steam flow (S10), originating from 0.512 g of process water/g dry biomass, is introduced
into the pre-treatment reactor (R1) with high temperature (190 ◦C) and pressure (22 atm).
The reactor, operating at 172 ◦C and 7 atm, is simulated using a stoichiometric reactor
block where the reaction yields are determined experimentally considering a residence time
of 10 min and assuming that minor hemicellulose carbohydrates have the same reactions
and conversions as xylan. Specifically, the reaction yields adopted generate a recovery of
cellulose and hemicellulose in the hydrolysate slurry equal to 95.4% and 56.8%, respectively.
Reactions and their corresponding yields considered are given in Table 2.

Table 2. Conversion for reaction considered in the steam explosion pre-treatment (R1).

Stoichiometry Fractional Conversion of Component Fractional Conversion

Cellulose + Water→ Glucose Cellulose 0.041
Cellulose→ HMF + 2 Water Cellulose 0.006

Xylan + Water→ Xylose Xylan 0.386
Xylan→ Furfural + 2 Water Xylan 0.075

Mannan + Water→Mannose Mannan 0.386
Mannan→ HMF + 2 Water Mannan 0.010

Galactan + Water→ Galactose Galactan 0.386
Galactan→ HMF + 2 Water Galactan 0.010

Arabinan + Water→ Arabinose Arabinan 0.386
Arabinan→ Furfural + 2 Water Arabinan 0.075

Acetate→ Acetic Acid Acetate 1.000
Lignin→ Soluble Lignin Lignin 0.050

Steam explosion pre-treatment at 172 ◦C, 7 atm, and at 10 min of residence time.

The hydrolysate slurry (S11) is flash-cooled through two adiabatic flash blocks (F1
and F2) at 5 and 1 atm, respectively, vaporizing a large amount of water along with some
of acetic acid and of sugar degradation products such as furfural and 5-hydroxymthyl
furfural. These flash vapors generated (S12 and S16) are used to partially heat the process
water (S6) for hydrothermal pre-treatment [53]; the remaining thermal demand is satisfied
with high-pressure steam (HP1) produced in a dedicated section of the plant.

A feed ratio of 4.8 g of ammonia gas (S22) per liter of hydrolysate, mixed into dilution
water (S19), is used to raise pH from 1 to 5 in a conditioning reactor (R2) simulated as a
stoichiometric reactor block with moderate temperature (75 ◦C) and a pressure of 5 atm [44].
A further stoichiometric reactor block (R3), operating at 65 ◦C and 5 atm, removes ammonia
gas not converted by means of sulfuric acid (S25). Reactions and their corresponding yields
considered are given in Table 3. The pressure drop after the conditioning process is modeled
in a flash unit (F3) block.

Table 3. Conversion for reaction considered in the neutralization (R2) and in the re-acidification (R3) processes.

Stoichiometry Fractional Conversion of Component Fractional Conversion

Acetic Acid + Ammonia→ Ammonium-Acetate Acetic Acid 0.037
Sulfuric Acid + 2 Ammonia→ Ammonium-Sulfate Sulfuric Acid 0.041

Arabinose→ TAR Arabinose 0.006
Galactose→ 1.2 TAR Galactose 0.356
Mannose→ 1.2 TAR Mannose 0.386

Sulfuric Acid + 2 Ammonia→ Ammonium-Sulfate Ammonia 1.000

Neutralization process at 75 ◦C and 5 atm. Re-acidification process at 65 ◦C and 5 atm.
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At this point the liquid (S31) and solid fractions (S30) rich in depolymerized xylan and
in lignocellulosic components, respectively, are then separated by a centrifuge filter (FILT-1).

2.1.2. Enzymatic Hydrolysis

Figure 2 shows the Aspen Plus flowsheet of enzymatic hydrolysis and combustion
section. The dashed blue lines indicate the power flow generated by the multistage (T1 and
T2) steam turbine.

Figure 2. Flowsheet of enzymatic hydrolysis and combustion section as simulated using Aspen Plus.

The solid fraction (S30) is sent to the enzymatic hydrolysis reactor (R4), simulated
with a stoichiometric block, where cellulose and hemicellulose are finally converted to
hydrolyzed sugars using commercial enzyme (Cellic Ctec2, Novozymes, Denmark) and
respecting precise working conditions (50 ◦C and 1 atm) [52]. The amount of enzyme used
(S20) is determined based on dry biomass content (mostly cellulose and hemicellulose). In
the present design, the total enzyme loading is 1.32 g/g dry biomass to achieve a 73.9%
and 74.8% conversion to glucose and xylose, respectively. It is assumed that the minor
hemicellulosic sugars are converted into their corresponding hydrolysate sugars with the
same yield and reaction as xylan. Reactions and their corresponding yields considered for
enzymatic hydrolysis are given in Table 4.

Table 4. Conversion for reaction considered in the enzymatic hydrolysis (R4).

Stoichiometry Fractional Conversion of Component Fractional Conversion

Cellulose + Water→ Glucose Cellulose 0.739
Xylan + Water→ Xylose Xylan 0.748

Mannan + Water→Mannose Mannan 0.748
Galactan + Water→ Galactose Galactan 0.748

Arabinan + Water→ Arabinose Arabinan 0.748

Enzymatic hydrolysis at 50 ◦C, 1 atm, and 48 h of residence time.
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According to Humbird et al. [44], a temperature of 50 ◦C and an atmospheric pressure
are maintained throughout the process to increase the enzyme activity. A process water
steam (S32) is used to adjust the moisture content of the medium (S30) to 85% while
potassium hydroxide (S20) and sulfuric acid (S20) are used to maintain the medium at
pH 5. Once the conversion of major cardoon components to soluble sugars is complete, the
slurry is filtered with a centrifuge filter (FILT-2) to separate the solid fraction (S36), rich in
cellulose, and the lignin from the liquid fraction (S37), rich in hydrolysate sugars.

By-products such as all the lignin and the unconverted cellulose and hemicellulose
from the feedstock (S36) are used for energy self-sufficiency of the plant and to reduce
costs related to solid waste disposal. A combustion process able to manage a wet feed with
moisture of 5% and considering an excess air equal to 10% is modeled with a stoichiometric
reactor (R5). The air stream (S38) is moved into the combustion chamber (R5) by a fan
(FAN1) after being pre-heated up 170 ◦C in a heat exchanger (HEX4). The thermal energy
content of the gas (heat of combustion, H1) is removed [54] and used to thermally feed
the reactors and the boiler. Flue gas (S41) at 900 ◦C is used to convert a treated feed water
(S44) of 500 kg/h to high pressure stream (460 ◦C and 60 atm) through a heat exchanger
(HEX5) and to pre-heat the air stream (S39) with their residual energy content. The flue gas
is anyway expelled in the atmosphere at high temperature (above 160 ◦C, S43) to avoid
corrosion phenomena due to the presence of potentially aggressive chemical compounds
(e.g., sulphur dioxide). The generated high-pressure steam (S46) constitutes the working
fluid of a multistage steam turbine (T1 and T2) operating at 65% isentropic efficiency;
30% of the total steam (HP1) is extracted from the turbine at a particular thermodynamic
condition (324 ◦C and 20 atm) in order to be used in the biorefinery process, while the
remaining part (S48) is expanded up to 0.1 atm in the second stage of the turbine to generate
electricity (W2). The outlet stream (S49) is then condensed (COND) before being recycled.

The glucose-rich syrup (S37) is cooled to fermentation temperature and inoculated
with the oleaginous yeast.

2.1.3. Lipid Production

The simulation of the microbial oil production process is one of the most complex and
delicate steps due to the lack of chemical reactions in the literature that universally describe
the phenomenon. As reported by Koutinas et al. [42], two different stages (microbial
growth and intracellular oil accumulation) during the fermentation process are considered
to calculate mass balances with a good approximation [52]. Each stage is represented by a
chemical reaction where the stoichiometric coefficients are calculated based on experimental
results obtained by Li et al. [43] using glucose as carbon source and the oleaginous yeast
Rhodosporidium toruloides Y4. Evans and Ratledge [55] studied the yeast Candida curvata
D, showing the possible and simultaneous use of glucose and xylose as carbon substrates
in process fermentation. In order to use both glucose and xylose for microbial biomass
production and subsequent lipid accumulation, cells of L. creatinivorum DBVPG 4794
are considered. The molecular equation for yeast (C4H6.5O1.9N0.7), necessary for the
chemical reaction of the growth phase, is taken from Babel and Muller [56]. The nitrogen
sources used during fermentation, such as peptone and yeast extract, are represented
by amino acids (C5.35H9.85O2.45N1.5), whose components are described by an average
molecular equation [42,56]. Unlike Koutinas et al. [42], we consider the lipid fraction of
the yeast biomass (approximately 10% w/w) indispensable for microbial growth, assuming
that the triolein is the only triglyceride produced throughout fermentation process. The
overall microbial biomass yield and lipid yield are 0.150 g/g sugars and 0.135 g/g sugars,
respectively [52]. Experimental studies stress how all the carbon substrate is consumed
during the fermentation process [43]. Reactions and their corresponding yields considered
for microbial growth and microbial oil accumulation are given in Table 5.
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Table 5. Conversion for reaction considered in the lipid fermentation (R6); these reactions occur in series.

Stoichiometry Fractional Conversion of Component Fractional Conversion

Glucose + 3.41 Oxygen + 0.52 Aminoacids
→ 1.12 Microbial Biomass + 3.75 Carb.

Dioxide + 4.41 Water + 0.01 Triolein
Glucose 0.230

Xylose + 2.41 Oxygen + 0.52 Aminoacids
→ 1.12 Microbial Biomass + 2.75 Carb.

Dioxide + 3.41 Water + 0.01 Triolein
Xylose 0.190

Glucose + 1.2 Oxygen→ 0.06 Triolein +
2.58 Carb. Dioxide + 2.88 Water Glucose 0.510

Xylose + 0.2 Oxygen→ 0.06 Triolein +
1.58 Carb. Dioxide + 1.88 Water Xylose 0.420

Microbial growth and lipid accumulation at 25 ◦C, 1 atm, and 168 h of residence time.

Figure 3 shows the Aspen Plus flowsheet of lipid production (microbial growth and
intracellular oil accumulation).

Figure 3. Flowsheet of lipid production as simulated using Aspen Plus.

The air stream (S52) is moved into the reactor by a fan (FAN2) and supplies the oxygen
necessary to perform the microbial growth and the lipid accumulation reactions. The
fermentation broth (S54) is initially subjected to a stage flash (F4) at atmospheric pressure to
remove all traces of gas such as carbon dioxide and is heated (HEX6) to 60 ◦C to deactivate
the enzymes in yeast cells. The necessary thermal energy is taken from the residual heat of
the flash vapors (S13) generated during the steam-explosion pre-treatment. At this point,
the microbial biomass (S59) containing the lipids is separated from fermentation liquid
(S60) via a centrifuge filter (SEP-3). The moisture content of yeast cells (S65) is reduced to
2% using a convective dryer (DRYER) with the aim of increasing the biodiesel production
efficiency during transesterification [42].

2.1.4. Lipid Extraction

Recent studies are focusing on microbial oil extraction methods, because the efficiency
of biodiesel production process from microbial biomass is strongly connected to the oil
extraction efficiency [57]. Here, we consider a solvent based lipid extraction method, which
uses a methanol–chloroform mixture and has been successfully tested in several research
activities [58,59]. Although this extraction method uses toxic and highly volatile solvents,
it offers a high efficiency of extraction, and it requires lower energy inputs than mechanical
techniques. Figure 4 shows the Aspen Plus flowsheet of the lipid fermentation, including
the microbial growth and the microbial oil accumulation.
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Figure 4. Flowsheet of lipid extraction with chloroform–methanol mixture as simulated using Aspen Plus.

Methanol (S67), chloroform (S66), and dry microbial biomass (S65) are mixed (MIX8)
under environmental conditions in a mass ratio of 6:12:1 [58]. Lipid extraction phase is
simulated in a stoichiometric reactor (R7), assuming that all the lipids contained in the
microbial biomass are transformed in oil. The solid fraction (S70), mainly characterized
by the yeast residual biomass and separated from the homogeneous mixture (S71) rich in
solvents and oil via a centrifuge filter (SEP-4), could be recovered and sent to an anaerobic
digestion plant to for biogas production [52]. However, this aspect is not considered due to
an insignificant revenue. Liquid stream is mixed with process water (S73) in 4:1 ratio for
hydrophilic/hydrophobic phases separation via a decanter (SEP-5). The large difference in
the boiling points between oil and chloroform greatly facilitates their separation process,
which is achieved with a single flash unit (F6) operating at 130 ◦C and 0.5 atm. A sensibility
analysis, where temperature variation was related to oil purity, is used to identify the
best thermodynamic condition (minimum thermal load) considering a pressure of 0.5 atm.
Water–methanol separation requires a multi-stage distillation column (COL-1) simulated
in the current flowsheet using a RadFrac block with a total condenser and a kettle reboiler.
Twelve stages and a reflux ratio equal to 1 are imposed to produce a distillate with a
mole purity of 98.5%. A pressure drop of 0.4 atm between the boiler and the condenser is
considered. Solvents (S79 and S82) are recycled, restoring their starting thermodynamic
conditions, in order to decrease environmental impact and to reduce economic costs
associated with their purchase.

2.1.5. Trans-Esterification

As evidenced by several authors, transesterification of triglycerides using sodium hy-
droxide as conventional homogeneous catalyst under a methanol–oil ratio of 6:1 represents
the best condition for the transesterification process [3,19,60]. According to [60], 5% of
sodium hydroxide (based on oil) is used to avoid a reduction of the catalytic activity and
therefore to increase conversion of methyl esters. Figure 5 shows the Aspen Plus flowsheet
of the alkali-catalyzed process.
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Figure 5. Flowsheet of transesterification as simulated using Aspen Plus.

A stoichiometric reactor block (R8), operating at 70 ◦C and 1 atm, is used to simulate
the transesterification process (Table 6) considering a single acid methyl ester to represent
biodiesel product and a 95% conversion of feedstock to model the reaction. Fresh methanol
(S87) and sodium hydroxide (S88) are mixed under the atmospheric pressure prior to be
conveyed to transesterification reactor (R8). Microbial oil (S86), completely composed of
triolein, is cooled down to transesterification conditions before entering the reactor. Excess
of methanol (S93) is recovered using a distillation column (COL-2) equipped with seven
theoretical stages and a reflux ratio of 2. Vacuum distillation was used to keep the bottom
temperature under 140 ◦C. A design specification is implemented to obtain a methanol
recovery (in mass) of 98.5% varying the distillate rate. The methyl esters formed and
residual amount of triglycerides (S99) are separated from sodium hydroxide and glycerol
(S98) via a washing column (WASH) with four theoretical stages fed by 2.5 kg/h of fresh
water (S97) [61,62]. The amounts of unconverted microbial oil, chloroform, methanol, and
water in stream S99 are less than 4%. All the glycerol remains in stream S98 together with
methanol, sodium hydroxide, and water. Sodium hydroxide is removed (R9) by adding
phosphoric acid (S100) to precipitate trisodium phosphate (Table 6), which is then separated
from glycerol fraction by gravity separator (SEP-6). Neutralization of catalyst is performed
using a stoichiometric reactor (R9) operating at 50 ◦C and 1.1 atm. Glycerine purification is
reproduced with a vacuum distillation column (COL-3) having six theoretical stages and
a reflux ratio of 2. A design specification is implemented to obtain a glycerol purity (in
mass) of 99% varying the bottom rate. The bottom stream (S105), defined as a high-quality
by-product, is totally composed of glycerol. Water and methanol are removed as distillate
stream (S106) together with a small fraction of glycerol. Methyl–oleate purification is
reproduced with a vacuum distillation column (COL-4) having eight theoretical stages,
a partial condenser, and a reflux ratio of 2. COL-4 is operated under vacuum to avoid
degradation of the biodiesel product thanks to a not particularly high temperature. Water
and methanol are removed in stream S107 as vent gases. Biodiesel product, obtained in
stream S108 as liquid distillate, has a mass purity of 99.8%. The remaining amount of
biodiesel remains at the bottom together with unconverted oil; this stream (S109) is cooled
down (CEX4) before being directed again to the transesterification reactor (R8).
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Table 6. Conversion for reaction considered in the transesterification (R8) and neutralization of catalyst (R9).

Stoichiometry Fractional Conversion of
Component Fractional Conversion

Triolein + 3 Chloroform→ 3 M. Oleate + Glycerol Triolein 0.981
3 Sod. Hydroxide + Phosp. Acid→ Tris. Phospate + 3 Water Sod. Hydroxide 1.000

Transesterification at 70 ◦C and 1 atm. Neutralization of catalyst at 50 ◦C and 1 atm.

3. Results and Discussion
3.1. Simulation Results
3.1.1. Mass Balance

This section shows the relevant information of the entire flowsheet, necessary to un-
derstand both the composition of the main streams and the total efficiency of the biorefinery
scheme. Hydrolysis reactions are catalyzed using 28.56 kg/h of dilute sulfuric acid (S5) and
544 kg/h of high-pressure steam (S10). After the steam-explosion pre-treatment, 296.1 kg/h
of cellulose and 33.29 kg/h of hemicellulose are recovered in the hydrolysate slurry (S11),
respectively, the 95.4% and the 58.6% of the starting amounts. The flash vapors (S12 and
S16), used to pre-heat the process water (S6), consist mainly of 512 kg/h of steam and
6.86 kg/h of furfural; 17.01 kg/h of ammonia gas (S22) is introduced into the conditioning
reactor to raise the pH of hydrolysate from 1 to 5–6. The solid fraction of the slurry (S30) is
diluted with 3375 kg/h of fresh water and mixed with 1.879 kg/h of Cellic Ctec2 enzyme
(S34) in order to promote the enzymatic hydrolysis reactions. The cellulose and xylan
amounts are converted into 243.5 and 24.36 kg/h of glucose and xylose, respectively. The
solid fraction of the outlet stream (S36), rich in lignin and having a mass flow rate of
373.8 kg/h, is used to produce heat and electricity, while the sugar-rich syrup (S37), before
being inoculate with the oleaginous microorganisms, is mixed with the liquid fraction
of the hydrolysate slurry (S31) containing a fair amount of xylose. In detail, 257 kg/h of
glucose and 91.5 kg/h of xylose take part in the fermentation reactions, where 31.1 kg/h of
amino acids (S50) are used to produce 47.1 kg/h of microbial biomass and 52.3 kg/h of
lipids. To carry out the fermentation reactions, 72.0 kg/h of oxygen (S52, corresponding to
342.8 kg/h of air) is moved to the reactor (R6); this mass flow rate represents the stoichio-
metric requirement. The microbial biomass containing the lipids (S61) is separated from the
inoculum (S60) and then treated with 281.7 kg/h of methanol (S67 and S80) and 563.9 kg/h
of chloroform (S66 and S84) to extract 52.3 kg/h of microbial oil (S69). After removal of
microbial biomass (S70), a mixture composed mainly of oil, methanol, and chloroform
(S72) is mixed with 250 kg/h of fresh water (S73) to separate the hydrophilic/hydrophobic
phases (S76 and S77). Over 99% of the total chloroform (S82) is recovered and recirculated,
while all the microbial oil (S86) is conveyed to the trans-esterification reactor. In this context,
starting from 52.2 kg/h of triolein, 51.5 kg/h of methyl oleate and 5.33 kg/h of glycerol
are produced using 0.544 kg/h of sodium hydroxide (S88) as homogeneous catalyst and
13.1 kg/h of methanol (S87). Most of the methanol (98%) is recovered (S93), cooled, and
recirculated. Glycerol and sodium hydroxide (S98) are separated from methyl oleate and
methanol (S99) through a washing column using 2.5 kg/h of fresh water (S97).

Sodium hydroxide is removed by adding 0.444 kg/h of phosphoric acid diluted with
1.77 kg/h of fresh water (S100). Neutralization of catalyst produces 0.743 kg/h of trisodium
phosphate (S104), a solid by-product expelled by a gravity separator. The bottom liquid
(S105) of the glycerol purification column has a mass flow rate of 5.19 kg/h; this amount
is totally (99.9% purity) composed of glycerol. The distillate liquid (S106), having a mass
flow rate of 6.76 kg/h, contains 96.3% water.

The mixture of methyl oleate and methanol (S99) is subject to a distillation process
where a partial condenser removes water and methanol (S107) as vent gases (0.133 kg/h).
Methyl oleate product (S108), obtained as liquid distillate, has a mass flow rate of 50.8 kg/h
and a mass purity of 99.8%. The bottom liquid (S109), rich in unconverted oil and with a
mass flow rate of 1.66 kg/h, is recirculated to the trans-esterification reactor.
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3.1.2. Energy Balance

The overall electricity demand, determined based on Aspen Plus process modeling
results, was equal to 321.8 MWh/y. In the developed process, the electricity consumption
is estimated using different approaches. Electricity consumption of centrifugal pumps,
compressors, and fans is directly obtained from the numerical model. The power re-
quired for size reduction of the starting lignocellulosic biomass is determined through the
following equation:

P = 5.31 S2 − 30.86 S + 25.99 (1)

where the specific energy requirement (P), expressed in kWh/ton, is related to hammer
mill screen size (S) [63]. It is assumed that the used feedstock to be equivalent to corn
stover at a moisture content of 12%. A specific energy consumption of 11.04 kWh/ton is
obtained considering a size reduction of 3.2 mm, which is close to the results reported by
Cadoche and Lopez [64]. A ratio of 1 kWh/m3 of feed flow rate is considered for centrifugal
separators [65,66]. Figures 6 and 7 respectively, show the electricity and thermal demand of
each main phase of the process with the corresponding percentage distribution in relation
to total requirement.

Figure 6. Distribution of electricity needs expressed in MWh/y and considering an operating period
of 8000 h/y.

Figure 7. Distribution of thermal needs expressed in MWh/y and considering an operating period
of 8000 h/y.
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The steam explosion pre-treatment represents the most energy-intensive section with
a consumption of 175.9 MWh/y. Here, the energy requirement for biomass grinding corre-
sponds to about 60% (110.7 MWh/y) of the total demand. Other significant contributions in
the different process areas are given by centrifugal separators whose energy consumptions
can reach 56.5 MWh/y (e.g., in fermentation stage) based on the flow rate processed.

The overall thermal demand is 11,474 MWh/y, half of which (5778 MWh/y) is con-
sumed in the high-temperature hydrothermal pre-treatment. The fermentation broth
heating to deactivate the enzyme in yeast cells and the solvent recovery processes after
lipid extraction require a significant heat input equal to 4441 MWh/y. In the transesterifi-
cation section, despite the use of three distillation columns, there is a small heat demand
(about 418 MWh/y) due to a low mass flow rate.

In this work, a total thermal integration is considered by employing in the process
all the available heat sources [54,67]. Some by-product streams such as the flash vapors
(S12 and S16) and the hydrolysate solid fraction (S36) are used to make the plant “thermal-
neutral” and therefore self-sufficient in energy. The flash vapors, mainly composed of
water and furfural, first pre-heat the compressed process water (S7 and S8) up to 170 ◦C for
the hydrothermal pre-treatment and then deactivate the enzymes in the yeast cells at 60 ◦C
(S56). The combustion system produces 1118 kW (about 8944 MWh/y) of heat (thermal
content of the gas) and 500 kg/h of superheated steam (S46) at 460 ◦C and 60 atm, which
is processed by a multistage turbine generator and then partially extracted (30%) from
the first stage to provide heat where needed. The choice of processing only 200 kg/h of
steam represents the right compromise to obtain output streams with the desired thermal
characteristics. Flue gas (S41) is used to generate high pressure steam [54], which brings
the pre-treatment steam (S10) to the operating temperature (190 ◦C) and subsequently
heats the triolein–chloroform (S76) mixture up to 130 ◦C, thus promoting its separation.
The heat of combustion (H1) satisfies the thermal energy requirements of the boilers in
the distillation columns and of the reactors (see Table 7). It is worth noting that the heat
duties significantly depend on temperature and mass flow rates. For example, the thermal
energy necessary to glycerol and methyl oleate purification processes, differently from the
methanol purification process, is low, as they treat small inlet mass flow rates. Distillation
columns regulate the temperatures of their outlet streams (distillate and bottom fluid) and
therefore the corresponding heat duty, varying the pressure in the boiler section. For this
reason, in industrial applications, it is desirable to operate in vacuum conditions.

Table 7. Summary of energetic requirements satisfied with the heat of combustion.

Aspen Plus Block Heat Duty (MWh/y)

R1 2610
R2 2202
R4 838
R9 13

COL-1 (Reboiler) 1826
COL-2 (Reboiler) 80
COL-3 (Reboiler) 115
COL-4 (Reboiler) 210

Total 7894

The remaining part of the steam (i.e., not extracted) is processed in the second stage of
the turbine to produce 87.1 kW (696.8 MWh/y) used to power all the users in the plant.
Sale of excess electricity, equal to 375 MWh/y, generates additional revenue.

The amount of heat extracted to promote the cooling processes is equal to 7215 MWh/y,
whose percentage distribution between the main sections of the flowsheet is shown in
Figure 8. Most of the heat removed (6499 MWh/y) is used to maintain the environmental
conditions (25 ◦C) in the fermentation reactor and for solvents recovery operations during
the microbial oil extraction.
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Figure 8. Distribution of removed heat expressed in MWh/y and considering an operating period
of 8000 h/y.

Cooling operations are simulated considering essentially two types of utilities: water
and refrigerant 1 generation (propane). Refrigerant at −25 ◦C is used to restore the
environmental conditions of the recovered products, while cold water at 20 ◦C is used in
the condensers of the distillation columns and to maintain appropriate operating conditions
in some stoichiometric reactors (Table 8).

Table 8. Summary of energetic requirements satisfied with the utilities.

Aspen Plus Block Utility ID Utility Duty (MWh/y)

R3 Cooling water 318.4
R8 Cooling water 6.4

COL-1 (Condenser) Cooling water 1515
COL-2 (Condenser) Cooling water 59.2
COL-3 (Condenser) Cooling water 108
COL-4 (Condenser) Cooling water 22.9

CEX3 Cooling water 183.2
CEX4 Cooling water 2.4
CEX5 Cooling water 13.6

R6 Refrigerant 1 4691
R7 Refrigerant 1 108

CEX1 Refrigerant 1 406
CEX2 Refrigerant 1 85.9

3.1.3. Economic Analysis

The ultimate purpose of this chemical process simulation is to determine the economics
of biodiesel production starting from microbial oil. This approach is used to understand
biodiesel’s potential in the marketplace when compared with traditional production pro-
cesses and to guide future research in order to modify or optimize the production chain. In
light of these considerations, the analysis developed is used to determine a fundamental
economic parameter, such as the biodiesel production cost [68], whose value is directly re-
lated to feasibility project. As evidenced by Humbird et al. [44], the first step is to determine
the total capital investment (TCI), which is strongly related to the total equipment cost, but
also to several other indirect costs. The total equipment cost, representing the installation
cost, takes into account all operations and materials needed to make the equipment func-
tional (e.g., piping, foundation, wiring). In the current work, it is considered a simplified
approach in which the purchased equipment cost, evaluated by Aspen PEA based on the
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construction material (carbon steel) and size, is increased by 60%. This methodology differs
from the common factored approach [44,69,70], but it provides similar results. Proratable
and field expenses, home office engineering and construction activities, project contingency,
and other costs (start-up, permits, etc.) related to construction are computed to give the
total indirect costs. Each of these economic items represents a certain fraction of the total
equipment cost [44]. The fixed capital investment (FCI) is given by the sum of direct
(TDC) and indirect (TIC) costs. Total capital cost, as reported in Equation (2), also includes
working capital (WC), assumed to be 5% of the fixed capital investment [44,53].

TCI = (TDC + TIC) + WC = FCI + WC (2)

The above mentioned economic considerations are summarized in Table 9.

Table 9. Project cost worksheet including total direct costs and total capital investment expressed
in USD.

Equipment purchased cost 4,836,000
Equipment installed cost 7,737,600
Total direct costs (TDC) 7,737,600

Prorateable expenses (10% of TDC) 773,760
Field expenses (10% of TDC) 773,760

Home office and construction fee (20% of TDC) 1,547,520
Project contingency (10% of TDC) 773,760

Other costs (10% of TDC) 773,760
Total indirect costs (TIC) 4,642,560

Fixed capital investment (FCI) 12,380,160
Working capital (5% of FCI) 619,008

Total capital investment (TCI) 12,999,168

The production cost (PC) is calculated by Equations (3) and (4) considering the manu-
facturing costs (MC), including total production costs (TPC), fixed costs (FC), byproduct
sales (BS), and the yearly biodiesel production (PR) [71].

PC = MC/PR (3)

MC = TPC + FC − BS (4)

The total production costs (TPC) represents the sum of utilities, raw materials, operat-
ing labor, maintenance, supervision, operation charges, plant overhead, and general and
administrative expenses (G & A). Fixed costs include taxes and depreciation. It is assumed
that the plant is depreciated over 10 years (10%/year) via the straight-line depreciation
method, and the taxes correspond to 15% of the total capital investment (TCI) [53]. Utilities
and raw materials costs are chosen based on Aspen Plus database and literature references,
respectively. Coolants cost adopted is related to amount of heat exported (Table 10). The
electricity produced by the generator group is able to totally satisfy the energy demand of
each section of the plant and so it is not necessary to withdraw from the power grid.

Table 10. Utilities used in the bio-refinery process.

Utilities Utility Cost Cost Unit Rate Rate Unit Cost Per Hour (USD/h)

Cooling water 2.12 × 10−7 USD/kJ 813,395 kJ/h 0.17
Refrigerant 1 2.71 × 10−6 USD/kJ 209,811 kJ/h 0.57

Total utilities cost (USD/year) = 5920.
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The total cost of each raw material is listed in Table 11 and is determined based on
Aspen Plus process modeling results. In this context, it is also essential to consider the
residual value of some by-products such as glycerol and trisodium phosphate. Solvents
used during the microbial oil extraction and the transesterification are recovered and
recycled to minimize the costs associated to their purchase. A cost of waste liquid treatment
equal to 0.10 USD/t is considered [42].

Table 11. Raw materials and byproduct prices.

Raw Material Amount (t/y) Unit Cost (USD/t) Total Cost (kUSD/y)

Biomass d 10,000 40 400
Sulfuric acid b 233.7 67 15.7

Ammonia b 136 50 6.8
Enzyme d 6.6 3000 19.8

Amino acids c 250.4 800 200.3
Methanol b 80.9 211 17.1

Chloroform b 8.3 211 1.8
Sodium hydroxide b 4.4 495 2.1

Potassium hydroxide b 9.76 890 8.7
Phosphoric acid b 3.5 804 2.8

Process water b 55,136 0.20 11.1
Air 7272 - -

By-product
Glycerol a 41.6 1500 62.4

Trisodium phosphate a 5.9 500 2.9
Waste treatment

Liquid c 62,488 0.10 6.2
a [27], b [42], c [53], d vendor quotation.

Manufacturing costs of biodiesel including total production and fixed costs are re-
ported in Table 12. The staff consists of five operators (one for each main section of the
plant) whose wage rate is assumed to be 20 USD/h.

Table 12. Total production and fixed costs of biodiesel expressed in USD/year.

Utilities 266,720
Raw materials 386,200

Labor and supervision 800,000
Maintenance 210,384

Operating charges 200,000
Plant overhead 50,519

General and Administration 100,872
Total production cost (TPC) 2,014,695
Depreciation (10% of TCI) 1,299,917

Taxes (15% of TCI) 1,949,875
Total fixed costs (FC) 3,249,792
Byproduct sales (BS) 91,600

Manufacturing costs (MC) 5,199,187

Based on the results reported in Table 12 and the Equations (2)–(4), Table 1 the cost of
biodiesel production from microbial oil is 12.8 USD/kg. Koutinas et al. [42] estimated a
biodiesel cost production of 5.9 USD/kg, a value almost entirely attributed to microbial
oil cost production (5.5 USD/kg), considering an annual production capacity of 10,000 t
microbial oil and a price of glucose of 400 USD/t. At a scale of 100 t/y microbial oil
production, Parsons et al. [72] determined a minimum estimated selling price of about
14 USD/kg using sucrose and wheat straw and showed how this value was reduced
to 7–8 USD/kg on scaling of 10,000 t/y. The unitary production cost of microbial oil is
significantly affected by the productivity of the microbial fermentation and the market
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price of the raw material used. It is evident that the fermentation stage where low microbial
oil concentrations are achieved represents the most critical section of the entire plant.
Although the oleaginous yeast adopted uses both glucose and xylose as carbon sources,
the conversion yields imposed and the low plant capacity play a key role in the economic
viability. The economic values found are very high when compared with the common
chemicals and fuels, but the same is not true when high-value plant or animal fats are
substituted from the potential utilization of these microbial oils. Richardson et al. [73]
estimated that the cost of plant-derived lipids containing C-linolenic acid and therefore
with similar composition to microbial oils produced by several oleaginous microorganisms
to be 45–50 USD/kg. Ratledge and Cohen [74] obtained a lipid production cost from algae
of 21 USD/kg, while Alabi et al. [75] reported a variable cost between 7.64 USD/L and
14.44 USD/L. However, low lipid production cost (about 2.25 USD/kg) from algae can also
be achieved under particular conditions [76].

A sensitivity analysis is performed to identify effects of the microbial fermentation
productivity and of the plant capacity on the economy of the project. The biodiesel cost
production is estimated considering first a lipid yield of 22% and then a plant capacity of
100,000 t/y lignocellulosic biomass. According to many scholars, the lipid yield on the
glucose consumed can reach 22% under ideal conditions [74,77,78]. An increase in biodiesel
production rate of 62.9% is obtained by optimizing the fermentation stage. Against manu-
facturing cost practically unchanged, the biodiesel cost production equal to 7.88 USD/kg is
subject to a reduction of 38.4% compared to the base case studied. The standard flowsheet
is modified in order to consider the influence of a different mass flow rate (capacity plant)
assumed to be 100,000 t/y on the same economic item. An exponential scaling expression,
given by Equation (5), is used to evaluate the new purchased equipment cost:

C = C0 × (S/S0)n (5)

where C is the cost of the process unit, C0 is the cost of the reference unit, S is the capacity
of the process unit, S0 is the capacity of the reference unit, and n is the capacity scaling
exponent, assumed equal to 0.67 [79] for all equipment. The turbo-generator group, being
able to satisfy the electrical and thermal demands of each block thanks to the increase of
the processed flow rate, keeps utilities cost limited. On the other hand, the large amount
of feedstock treated requires a greater number of qualified personnel, considered to be
10 operators per shift. In conclusion, a biodiesel production cost of 5.91 USD/kg (equal to
a reduction of 53.8% compared the initial case) is determined. Under this perspective, the
plant shows very promising results if compared with literature studies based on the same
production process [42].

A biodiesel production cost of 3.63 USD/kg is found by combining the ideal lipid yield
with the new plant size. The economic values obtained are not yet comparable with the
vegetable oil prices [42], characterized by considerable price swings with upward trending,
but this may be evidence that biodiesel production from microbial oil could become a
competitive scenario to vegetables oils.

Furthermore, in order to increase the economic sustainability of the process, the use of
microbial oil, without the transesterification step, in triple blends with organic solvents and
fossil diesel as alternative fuel for diesel engines could be analyzed in a future work. This
strategy allows the improvement of the fuel properties of triglycerides, and it has actually
been analyzed only with vegetable oils [80,81].

4. Conclusions

This paper evaluated the technical and economic feasibility on an industrial scale of
biodiesel production from of microbial oil using cardoon stalks as raw material. The process
was designed and rigorously simulated through a thermo-chemical model, employing
technical data from laboratory results and pilot plant operation. A detailed study of a plant
processing 10,000 t of feedstock per year and producing 406.4 t of biodiesel per year was
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carried out to analyze the performances and to investigate the production costs of biodiesel
through the use of the yeast L. creatinivorum DBVPG 4794.

The economic evaluation results indicated that microbial biodiesel production cost
is equal to 12.8 USD/kg, much higher than the current market price of biodiesel (about
0.9 USD/kg). In this scenario, the total capital investment was about 13 million USD and
the total operating cost was about 2 million USD.

However, we demonstrated that the plant capacity has a significant effect on the unit
production cost, which could be decreased by over 50%, down to 5.9 USD/kg, sizing the
plant to obtain and annual production of 100,000 t of feedstock.

We also evaluated the effect of lipid yield (from 13.5% to 22%) to the economic
feasibility, and we demonstrated that the production cost could be further reduced to
3.63 USD/kg for a production plant with a capacity of 100,000 t/year.

The results of this techno-economic assessment provide insights on the economic
competitiveness of producing microbial biodiesel from cardoon stalks via the microbial
oil route.
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