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Abstract: The main objective of integrative biorefinery platforms is to propose efficient green method-
ologies addressed to obtain high-value compounds with low emissions through biochemical conver-
sions. This work first screened the capacity of various oleaginous yeast to cosynthesize high-value
biomolecules such as lipids and carotenoids. Selected strains were evaluated for their ability to
coproduce such biocompounds in the waste-based media of agro-food (brewer’s spent grain, pasta
processing waste and bakery waste). Carbon and nitrogen source feedstock was obtained through
enzymatic hydrolysis of the agro-food waste, where up to 80% of total sugar/starch conversion was
obtained. Then, the profitability of the bioprocess for microbial oil (MO) and carotenoids production
by Sporobolomyces roseus CFGU-S005 was estimated via simulation using SuperPro Designer®. Results
showed the benefits of establishing optimum equipment scheduling by identifying bottlenecks to
increase profitability. Sensitivity analysis demonstrated the impact of MO price and batch throughput
on process economics. A profitable process was achieved with a MO batch throughput of 3.7 kg/batch
(ROI 31%, payback time 3.13 years). The results revealed areas that require further improvement to
achieve a sustainable and competitive process for the microbial production of carotenoids and lipids.

Keywords: agro-food waste; biocompounds; bioconversion; bioprocess; oleaginous yeasts;
techno-economic evaluation

1. Introduction

The gathering of a high volume of waste generated through anthropogenic and in-
dustrial activities brings severe environmental concerns due to the conventional practice
of waste disposal in landfills; in addition, huge mass increases greenhouse gas emissions
and water pollution [1]. Consequently, concepts such as biorefinery, bio-based and circular
economy have grown in popularity to promote sustainable processes to deal with such
wastes and other challenges [2–5].

In this sense, biotechnology industries meet an excellent opportunity to increase
positioning as the perfect industry to sustainable produce a wide variety of compounds via
microbial synthesis [6]. Therefore, researchers’ primary objective in the process engineering
field is to implement green methods to convert waste and byproducts into high-valuable
chemicals [1]. The complex composition of agro-food byproducts such as wheat milling
side streams, molasses, peels, and straws enables the valorization of carbon and nitrogen
feedstocks for microbial platform conversion [7–10]. Thus, waste valorization offers an
opportunity for bio-based products to compete in price with their chemically synthesized
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counterpart. Nonetheless, the biorefinery approaches top choices are expected to reconcile
the two areas of sustainability and competitiveness.

Suitably, the market demands for green, sustainable, and safe additives have become
the main incentive to look toward yeast biotechnology to exploit high-value compounds
production, intensifying the research on pigments and microbial oil [11].

Oleaginous yeasts have been exploited recently as plausible cell factories due to their
biotechnological capacity to produce a variety of added-value compounds [10,12,13] and
their main advantages such as short periods of cellular growth, strain capacity to use a wide
variety of substrates, no land utilization and feasibility of process scale-up [14–16]. The most-
reported biomolecules synthesized by oleaginous yeast are lipids and carotenoids [17–20],
and its concomitant production in the genus related to Rhodotorula, Rhodosporidium, and
Sporobolomyces is possible due to the common precursor acetyl-coA in lipogenesis and
carotenogenesis [21,22]. Remarkably, oleaginous yeast that can accumulate carotenoids
become an extra value to bioprocess. However, the main challenge in industrial scaling
bioprocess is the manufacturing cost determined by production yields and energy con-
sumption [23–25]. The latest reports on the estimation cost of MO as an alternative for
vegetable oil indicate values between USD 3–5/kg, which are not yet competitive against
vegetable oils [23,24]. On the other hand, the carotenoid market value will surpass USD
2.0 billion over the coming years [26]; however, industries focus on chemical synthesis
due to its economic and technical feasibility [27]. The selling price of chemically produced
carotenoids might vary up to USD 3000 while biotechnological produced pigments cost
could reach over USD 7000 [28].

To fulfill process efficiency evaluation, techno-economic analysis (TEA) is a practi-
cal tool to assess the project’s economic performance and identify crucial parameters for
the efficient commercialization of commodities [23,24]. With process simulation, one can
analyze profitability, estimate operating costs and capital investment, and identify areas
needing improvement before investing. Simulators are designed to model continuous
and batch processes and handle material and energy balances, equipment sizing and
costing, economic evaluation, environmental impact assessment, process scheduling, and
debottlenecking [23,29]. Since the process simulation allows identifying the key opera-
tional parameters, bioprocess development might be less time-consuming and provide
better investment strategies [24,29,30]. Likewise, the research stresses that a cost-effective
bioprocess involves selecting a strain with high production performance and the ability
to adapt to extreme environmental conditions to assess the effective obtention of target
metabolites [31,32].

Therefore, this work aims to select an oleaginous yeast strain for the simultaneous
production of high-value and competitive biomolecules such as carotenoids and microbial
oil through waste valorization as an opportunity to close the circular bioeconomy loop. The
central features of the work include a multi-response approach to select strains with the
ability to coproduce microbial oil and carotenoids, the agro-food waste valorization enabled
by sequential solid-state-submerged bioprocess, and the techno-economic assessment for
the coproduction of such compounds.

2. Materials and Methods
2.1. Raw Material Recollection

Brewer’s spent grain (BSG), pasta processing waste (PPW), and bakery waste (BW)
were collected from local companies (Saltillo, Mexico). All residues were dried in a tray
dehydrator (Koleff KL10, Queretaro, México) at 60 ◦C for 24 h; then, residues were milled
(Retsch SM100, Retsch, Haan, Germany) to 2 mm diameter to conduct proximal analysis.

2.2. Microorganisms

The evaluated yeast strains for carotenoids and lipids production were provided by
the collections from the Chemical Engineering Department (Faculty of Chemical Sciences,
Autonomous University of Coahuila) and National University of St Agustin (Arequipa,
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Peru). Table 1 lists the yeast strains used for the screening experiments. Microorganisms
were propagated on YM agar plates and incubated at 25 ◦C with different incubation times
according to the pink/red colonies formation in the plate. These incubation times were
established in preliminary studies (Table 1). Then a single colony was transferred in 25 mL
of YM broth in a shake flask at the following conditions 25 ◦C, 180 rpm for 36 h.

Table 1. Incubation time and origin of yeast strains used in screening experiments to simultaneously
produce microbial oil and carotenoids.

Strain Incubation Time, h Origin Code

Xanthophyllomyces dendrorhous ATCC 24202 96 Purchased ATCC, USA Xd

Rhodotorula mucilaginosa L4 72 Isolated from aguamiel.
Saltillo, Mexico L4

Sporobolomyces johnsonii ATCC 20490 96 Purchased. ATCC, USA Sj

Rhodotorula mucilaginosa L8 72 Isolated from aguamiel.
Saltillo, Mexico L8

Cystobasidium minutum CFGU-S-022 96 Isolated from Lake of Salinas. Arequipa, Perú P22
Rhodotorula glutinis PM422 72 Isolated from sotol. Saltillo, Mexico Rg

Sakaguchia lamellibrachiae CFGU-S-010 96 Isolated from Lake of Salinas. Arequipa, Perú P10
Rhodotorula sp. JR1 72 Isolated from aguamiel. Saltillo, Mexico JR1

Sporobolomyces roseus CFGU-S005 96 Isolated from Lake of Salinas. Arequipa, Perú P5

The fungal strain Aspergillus luchuensis was kindly provided by the Glicobiotechnology
laboratory (Autonomous University of Coahuila, México). Spores’ production of the fungus
was carried in flasks of 250 mL using wheat bran agar (wheat bran, 5% w/v; agar, 2% w/v)
incubated at 30 ◦C for five days.

2.3. Simultaneous Production of Microbial Oil and Carotenoids: Screening Study

Screening experiments to evaluate the potential simultaneous production of MO and
carotenoids were conducted in Erlenmeyer flasks (125 mL) under submerged fermentation.
For the screening experiment, a modified nitrogen-limited media was used [4,18]. The
composition was the following (g/L): glucose (20.0), yeast extract (2.0), KH2PO4 (7.0),
Na2HPO4 (2.5), MgSO4 (1.5), CaCl2·2H2O (0.15), FeCl3·6H2O (0.15), ZnSO4·7H2O (0.02),
MnSO4·H2O (0.06). Flasks with 25 mL of medium were inoculated (10 % v/v) and incubated
at 25 ◦C, 180 rpm for 120 h with an initial pH of 5.

2.4. Production of Agro-Industrial Waste Hydrolysates through Solid-State Fermentation

The collected residues were used as solid substrates for solid-state fermentation (SSF)
with the strain A. luchuensis. Crude enzyme extract was produced following the protocol
described by Tsakona et al. [33]. Concisely, 5 g of each residue (BSG, PPW, and BW)
were weighed in a 250 mL flask. Then, the materials were inoculated with a fungal
spore solution of 1 × 108 esp/mL that was also used to adjust the moisture content up
to 65%, and they were incubated for three days at 30 ◦C. Five flasks of each fermented
substrate were suspended in 500 mL sterilized water and homogenized in a kitchen blender.
The suspension was centrifugated (10,000 rpm, 10 min, 20 ◦C), and the supernatant was
individually added to 30 g/L of BSG, PPW, and BW. The hydrolysis was carried in Duran
bottles (1 L) with constant mixing by magnetic stirrers and kept at 55 ◦C. After 24 h,
hydrolysates were filtrated using a muslin cloth; then centrifugated (10,000 rpm, 10 min,
4 ◦C), filtrated through 11 µm pore size, and the pH was adjusted to 5.0. The hydrolysates
were evaluated in the simultaneous production of lipids and carotenoids by adjusting the
initial sugar total sugar concentration to 20 g/L and supplemented with phosphate and
trace elements salts.
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2.5. Analytical Methods

Moisture, ash, protein, lipid, hemicellulose, cellulose, and lignin content in Agro-food
byproducts were determined by AOAC protocols [34]. Starch analysis was performed
according to Megazyme starch assay kit (Megazyme, Ireland) [35].

For cultures biomass determination (X, g/L), an aliquot of fermentation sample (10 mL)
was centrifugated at 10,000 rpm for 5 min and 4 ◦C (Sigma-18KS, Osterode am Harz,
Germany). Pelletized biomass was further washed twice with distilled water. Total dry
weight was determined by oven-drying the washed biomass at 70 ◦C until constant weight.
For carotenoids analysis, frozen yeast cells were disrupted using glass beads and two
mL of preheated (55 ◦C) dimethyl sulfoxide. Then, 2 mL of each acetone, petroleum
ether, and NaCl solution (20% w/v) were added to disrupted cells to obtain the carotenoid
fraction. Total carotenoid content was measured in the recovered petroleum ether phase in a
spectrophotometer at 450 nm (Unico UV 2150, USA). The total carotenoids were calculated
using the following equation:

YP/X =
v × A × 104

E1% × ms
(1)

where YP/X = carotenoids yield (µg/g, dry weight); A = absorbance; v = volume of solvent
used (mL); ms = dry cell mass (g); E1%= specific absorptivity of carotenoids in petroleum
ether (2592) [36,37].

Lipid content was determined by the phospho-vanillin assay proposed by Mishra et al.
with modifications [38]. An aliquot between 50–100 µL of fermentation broth was collected
on centrifuge tubes, then centrifugated (9000 rpm, 4 min, 4 ◦C) and washed twice with
distilled water. Two milliliters of concentrated H2SO4 were added to each tube; then,
samples were covered and placed in hot water (100 ◦C) for 12 min. Samples were cooled
down in an ice bath for 7 min. Five milliliters of freshly prepared phospho-vanillin reagent
(vanillin, 1.2 g/L; ethanol 20 mL/L; distilled H2O, 180 mL/L; phosphoric acid, 800 mL/L)
is added to each sample. Samples were incubated at 37 ◦C for 17 min, and absorbance
was read at 530 nm. A calibration curve was prepared with canola oil as standard [38,39].
Total sugar (TS) concentration was measured using the phenol sulfuric method. Aliquots
of hydrolysates and fermentation supernatants (0.5 mL) reacted with phenol (0.5 mL,
5 % w/v) and concentrated sulfuric acid (2 mL). Samples were boiled in hot water (100 ◦C)
for 5 min and cooled down in an ice bath for 10 min; then, the absorbance was measured
in a spectrophotometer at 490 nm [40]. Free amino nitrogen (FAN) was quantified using
the ninhydrin assay. Briefly, the samples (1 mL) were mixed with 0.5 mL of ninhydrin
color reagent (49.71 g/L Na2HPO4 2H2O, 5 g/L ninhydrin, 3 g/L fructose; pH adjusted
to 6.7 using KH2PO4). Samples were boiled for 16 min in hot water (100 ◦C) and chilled
in an ice bath for 20 min. Then, 2.5 mL of dilution reagent (2 g of KIO3 diluted in 616 mL
of distilled water and 384 mL of ethanol) is added to samples, and color absorbance is
detected at 570 nm [41].

2.6. Data Analysis

Evaluated responses were carotenoids (P, µg/L), lipid production (L, g/L), carotenoids
yield per dry weight biomass (YP/X, µg/g), and lipid content per dry biomass (YL/X, % w/w).

Such responses were reduced to a single target by applying a “Desirability function,”
allowing us to have an overall solution [42]. The measured value for each response was
transformed into a dimensionless desirability value, d. The desirability lay from zero
(unacceptable response) to one (ideal target). In this study, all responses were larger the
better; the normalized function (dRi ) can be expressed as:

dRi =


0,

XRi
−min[XRi ]

max[XRi ]−min[XRi ]
1,

,
XRi = min

[
XRi

]
min

[
XRi

]
≤ XRi ≤ max

[
XRi

]
XRi = max

[
XRi

] (2)
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where X(Ri)
was the obtained value at every level of each factor studied, min

[
X(Ri)

]
repre-

sents a value lower than the minimum obtained in the whole set of data and max
[

X(Ri)

]
,

values for each response were based on the maximum production of carotenoids and lipids
reported in the literature [20,43–45].

The global desirability function was defined as:

D =

(
n

∏
i=1

dwi
Ri

)
(3)

where wi, represents the importance of each response, satisfying the conditions 0 < wi < 1
and ∑n

i wi = 1 [46].
Individual responses and target desirability were analyzed with an ANOVA to test

statistical differences (p < 0.05), followed by post-hoc analysis with Tukey’s test at 5%
probability to define homogeneous groups.

2.7. Techno-Economic Assessment of Microbial Oil and Carotenoids
2.7.1. Simulation Description

The SuperPro Designer® (Intelligent Inc., Scotch Plains, NJ, USA) process simulator
was used to assess the feasibility of industrial production of MO and carotenoids. For
the analysis, it was considered that the facility is located in the north of Mexico. The
construction year was 2021, as well as the year of study. A 15-year project lifetime was
assumed, including 30 months for the plant to operate at 100% capacity. The startup period
was four months. The operation mode was set in batch operation mode with 330 days of
operation time per year, taking 35 days/year to perform maintenance work and quality
control procedures in the plant.

For the base case, we considered the production of 1.25 kg of lipids (USD 4.1 per gram)
and 0.5 g of carotenoids (USD 0.9 per gram) per batch.

2.7.2. Process Description

Figure 1 illustrates the process flowsheet; each piece of equipment represents a unit
operation, and the streams have been tagged to aid in process description and identification.

The process was divided into three main stages: fermentation, biomass recovery, and
separation of carotenoids and lipids.

The raw material, composition and their related costs, products yield, mass, and energy
transfer data, cost of the equipment and services, and data for any other technical parameter
such as times, temperature, and mass flows were obtained from experimental data of
previous experimental stage. The separation and purification of lipids and carotenoids was
considered a sequential extraction based on saponification, which was recently reported in
the literature [47,48].

The upstream processing includes an inoculum propagation step in a shake flask
(SFR-101) and a fermenter (R-101). The cosynthesis of carotenoids and lipids is carried
out in a stirred-tank bioreactor (FR-101); the inoculum percentage was 10% (v/v). Con-
ditions such as temperature, pH, and agitation speed (power) were used as described in
Sections 2.3 and 2.4. Media was charged into the bioreactor (FR-101) and sterilized using
steam at 152 ◦C prior to inoculation. A maximum working volume of 70% was allowed.
Airflow was set at 1.0 vvm, and a compressor (G-101) and an air filter (AF-101) were used
to supply sterile air into the bioreactor (FR-101). The fermentation stoichiometry was
considered using mass coefficients.
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The downstream section included the recovery and purification steps [47,48]. The
culture broth was pumped (PM-101) into the plate filters (PFF-101) to separate the cells from
the culture broth. A disruption step was conducted by homogenization (HG-101), then
the disrupted biomass was placed in a mixer tank (V-102), and ethanolic 1.1 M KOH was
added to obtain a saponified extract. After separating cell debris by centrifugation (DC-101),
liquid–liquid extraction was used (MSX-101) to stream carotenoids with hexane. After that,
the solvent was removed by a rotatory evaporator (V-101). The fatty acid salt stream was
neutralized with HCl in a vessel (V-104) then the remaining solvent was evaporated using
an additional rotatory evaporator (V-102). The downstream yield was calculated with an
efficiency of 80% for the carotenoid and MO.

2.7.3. Economic Evaluation

The economic evaluation included estimating total capital investment and annual
operating costs. For the profitability analysis, different indicators were considered, like
gross margin (%), return on investment (ROI, %), payback time (years), internal rate of
return (IRR, %), and net present value (NPV, USD).

Total capital investment refers to the fixed costs associated with the process, such
as fixed capital (plant equipment and facilities), working capital for paying wages and
raw materials and other items that require direct payment. The software estimates the
direct fixed capital investment based on the total equipment purchase cost using the
following equation:

Cost = Co

(
Q
Qo

)a
(4)

where Co is the base cost, Q the capacity, Qo the base capacity, and a, a fitting parameter.
The prices and base capacity were based on information collected via the Alibaba plat-
form (www.alibaba.com (accessed on 1 November 2021)) and other local suppliers. The
parameter a was estimated by nonlinear regression (Microsoft Excel, 2017).

The capital investment related to raw materials, working capital, and other expenses
was estimated to cover the expenses for 30 days. Regarding the operating costs, these
included raw materials, facilities, and labor, and other costs such as laboratories, consum-
ables, utilities, disposal, and other miscellaneous costs. The raw materials costs were also
obtained from www.alibaba.com and local suppliers.

2.7.4. Sensitivity Analysis

As a first assessment, revenues accounted for both lipids and carotenoids sales. The
plant was initially simulated based on production for a working volume in the production
bioreactor (FR-101) of 1.5 m3 and a production per batch of 1.25 kg of purified lipids and
0.5 g of carotenoids. Once the results for the base-case simulation were obtained, various
simulations considering the use of one or more extra equipment for unit operations that
represented a bottleneck were performed.

Then after selecting the best scenario, the sensitivity analysis was carried out under
different product sale prices and different levels of annual throughput (production per
batch) to assess their effect on the economic indexes of the project.

3. Results
3.1. Simultaneous Production of Microbial Oil and Carotenoids: Screening Study

The evaluated strains were able to simultaneously produce lipids and carotenoids us-
ing the nitrogen-limited media, as shown in Figure 2. According to Figure 2a, the highest
carotenoid production (1544.19 ± 234.78 µg/L) was attained by the strain P5, showing no
significant difference with the strains Xd and L4 (1367.44 ± 144.41 and 1373.64 ± 107.01 µg/L,
respectively). The lowest carotenoid production was 446.51± 27.91 µg/L by yeast P10. Con-
versely, the yeast Xd produced only 1.62 ± 0.26 g/L of lipids; meanwhile, the highest lipid
production was obtained by the yeasts JR1 (4.31 ± 0.12 g/L) and P10 (4.03 ± 0.38 g/L).
The maximum carotenoid yield (256.40 µg/g of dry biomass) was achieved by Xd, and the

www.alibaba.com
www.alibaba.com
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lower yield was 58.49 µg/g by yeast P10 (Figure 2b). The same graph demonstrates that
the highest lipid accumulation was 52.81% (P10), while Xd accumulated 30.82%, the lowest
value. In this respect, the screened strains can be cataloged as oleaginous yeast due to their
accumulation capacity being over 20% w/w [9,18,44].
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Figure 2. Simultaneous production of lipids and carotenoids by oleaginous yeast. (a) Carotenoids (P)
and lipid production (L). (b) Carotenoids yield per biomass (YP/X) and lipid content per biomass
(YL/X). Carotenoids (yellow bar), lipids (green circle). Superscript letters a, b, c, d, and e indicate
significant differences at p < 0.05.

Although the simultaneous production in oleaginous yeast is possible, the yields
obtained vary among yeast strain, culture media, and environmental parameters of fermen-
tation [18,19,49]. Glucose-based media have been used to assess the production baseline
of lipids and carotenoids for oleaginous yeast [3,31,49]. Lakshmidevi et al. [3] reported
an accumulation of ~40% of lipids and carotenoid yields above 200 µg/g by R. glutinis
and R. toruloides in a glucose yeast extract mineral medium. R. glutinis simultaneously
produced 5 g/L of lipids and 0.81 mg/L of carotenoids when glucose was used as the sole
carbon source [50]. Furthermore, the individual components of fatty acids and carotenoids
in oleaginous yeast bioprocessing are affected by glucose supplementation, which promotes
the accumulation of saturated fatty acids [31]; meanwhile, the β-carotene synthesis might
be increased [49].

A global desirability function was used to select the yeast with the greatest potential
for the simultaneous production of MO and carotenoids. The results can be visualized
in Figure 3. Considering that the weights in the function were the same for all responses
(P, YP/X, L, YL/X), the strains with the best potential are P5, L4, and JR1. In addition, there
is no significant difference (p < 0.05) between such strains. Thus, the yeasts P5 and JR1
were selected for their higher carotenoid and lipid yield, respectively, to evaluate their
fermentation potential in agro-food waste hydrolysates.
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3.2. Agro-Food Residues Valorization as Hydrolysates

Agro-food residues characterization is shown in Table 2. BSG had the highest protein
and hemicellulose content compared to the other residues, while the highest starch content
was found in PPW. The differences found in nutrimental components among agro-food
residues lie in each product’s raw material and process conditions. For instance, brewery
byproducts can differ depending on the beer recipe [51,52]; PPW is affected by process
conditions such as extrusion and heating used in pasta processing, and bread waste varies
due to mixtures of bakery products [7,53].

Table 2. Agro-food residues characterization (% w/w, dry weight basis).

Component Brewer´s Spent Grain Pasta Processing Waste Bread Waste

Moisture 4.91 ± 0.19 12.17 ± 0.03 8.77 ± 0.68
Ash 3.06 ± 0.03 2.33 ± 0.04 2.77 ± 0.19

Protein 19.68 ± 0.27 9.83 ± 0.16 9.48 ± 0.33
Lipids 6.08 ± 0.02 6.40 ± 0.12 12.29 ± 0.02
Starch 19.67 ± 2.04 33.25 ± 0.67 20.10 ± 2.04

Hemicellulose 32.51 ± 6.11 8.65 ± 0.61 7.28 ± 1.77
Lignin 7.32 ± 0.84 3.48 ± 0.47 4.93 ± 0.898

Cellulose 13.03 ± 5.08 0.1 ± 0 4.42 ± 0.90

The promising advantages of a sequential solid-state and submerged fermentation
have recently been reviewed to develop a circular bioeconomy and reduce processing
costs [54]. In this study, the three residues showed the potential to perform crude enzy-
matic hydrolysis by A. luchuensis. The composition of total sugars and FAN of the crude
hydrolysates obtained by SSF is reported in Table 3. The higher total sugar content was
measured in PPW hydrolysate (30 g/L), while the high FAN content was found in BSG
hydrolysate (127.85 mg/L). The lower values of both TS and FAN were obtained in BW
hydrolysate. The high starch content in the PPW resulted in the increased conversion yield
of total sugar by hydrolysis. Compared to the literature, conversion yields of starch to
glucose can be obtained up to 90% in rich-starch feedstock [7,55–57]. It has been reported
that high sugar concentration in fermentation can enhance the production of MO and
carotenoids [58]; as a result, BSG, and PPW hydrolysates seem appropriate for this purpose.
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Table 3. Agro-food byproducts hydrolysates composition.

Component
Hydrolysate

Brewer´s Spent Grain Pasta Processing Waste Bread Waste

Total sugar, g/L 18.43 ± 1.2 30.57 ± 1.03 12.89 ± 0.79
FAN 1, mg/L 127.85 ± 1.84 106.97 ± 0.36 97.66 ± 0.67

IP 2, mg/L 111.16 ± 4.98 66.70 ± 2.79 50.30 ± 1.21
Total sugar/Starch conversion yield, % 33.33 80.85 28.90

FAN/TKN 3 conversion yield, % 12.07 32.64 21.55
1 Free amino nitrogen, FAN; 2 IP = Inorganic phosphorous; 3 Total kjeldahl nitrogen, TKN.

Afterward, fermentations were carried out using a nitrogen-limited medium as a
control. BSG and PPW hydrolysates were utilized as media with and without phosphate
salts and trace elements (TE) supplementation (Table 4). The nitrogen-limited medium
was the most suitable for lipids production and lipid accumulation in both yeasts. On the
other hand, better carotenoids yield, production, and productivity were found using PPW
hydrolysate supplemented with medium salts by strain P5.

Table 4. Microbial oil and carotenoid production by P5 and JR1 strains in nitrogen-limited media and
hydrolysates media.

Yeast Media YP/X, µg/g P, µg/L L, g/L YL/X, % w/w

P5

NL 1 210.76 ± 13.44 c 1559.69 ± 99.47 bc 2.65 ± 0.07 a 35.84 ± 1.79 a

PPWH 2 216.05 ± 26.37 c 1339.53 ± 163.53 cd 0.74 ± 0.12 cde 12.11 ± 2.65 def

BSGH 3 269.58 ± 19.38 b 1761.24 ± 126.64 b 0.93 ± 0.09 bcde 13.79 ± 1.18 cdef

PPWH + TE 4 317.83 ± 2.85 a 2161.24 ± 19.36 a 1.22 ± 0.02 bc 18.01 ± 0.29 bcd

BSGH + TE 266.85 ± 8.04 b 1618.60 ± 33.4 b 0.53 ± 0.08 e 8.79 ± 1.48 ef

JR1

NL 131.00 ± 11.44 e 951.94 ± 80.20 e 1.45 ± 0.22 b 23.08 ± 3.15 b

PPWH 171.67 ± 3.88 d 1258.91 ± 28.42 d 0.99 ± 0.13 bcde 13.60 ± 1.77 cdef

BSGH 128.87 ± 6.57 e 936.43 ± 47.74 e 1.16 ± 0.47 bcd 15.65 ± 5.75 cde

PPWH + TE 140.55 ± 5.04 de 958.14 ± 73.83 e 1.38 ± 0.27 b 19.97 ± 1.82 bc

BSGH + TE 105.07 ± 3.68 e 812.40 ± 23.41 e 0.59 ± 0.06 de 7.68 ± 0.75 f

1 Nitrogen limited—NL; 2 pasta processing waste hydrolysate—PPWH; 3 brewer´s spent grain hydrolysate—
BSGH; 4 trace elements—TE. Marked superscript letters a, b, c, d, e, and f indicate significant differences (p < 0.05).

The effect of using phosphate salts and trace elements was previously reported by
Papadaki et al. [4], where the nitrogen source concentration in a molasses-based medium
could be reduced for the joint production of MO and carotenoids by R. toruloides. On the
other hand, the incorporation of phosphate salts and TE reduced the sugar consumption
rate of molasses, resulting in reduced lipid production by R. toruloides [8]. Therefore, the
addition of these nutrients must be evaluated among the carbon source supplemented.
Compared to this study’s results, the phosphate salt and TE supplementation positively
affected the secondary metabolites production. Based on the above, we decided to analyze
the process profitability using the nitrogen-limited media to identify the areas needing
improvement or if the culture media accounts for a high percentage of processing costs.

3.3. Economic Analysis

According to the base case simulation (1.25 kg of lipids/batch and 0.5 g carotenoids/batch),
annual production of 78.75 kg and 31.5 kg was achieved (Table 5).
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Table 5. Economic evaluation under different scenarios.

Project Indices Scenario 1 Scenario 2 Scenario 3 Scenario 4

Extra bioreactor 0 1 2 3
Investment, USD 76,174.00 1,081,494.00 1,401,240.00 1,715,270.00

Annual Operating cost, USD/year 222,946.00 366,596.00 508,855.00 589,877.00
Annual Revenues, USD/year 263,284.00 472,568.00 705,102.00 772,612.00

Gross Margin, % 5.65 22.42 27.83 23.65
ROI, % 10.00 14.79 17.30 15.30

Payback Time, years 10 6.76 5.78 6.54
NPV at 7.00%, USD −247,745.00 14,993.00 271,697.00 86,518.00

Batches/year 63 126 188 206

Results showed that the main revenue was MO due to its higher concentration in
the cells than carotenoids. In such a scenario, the profitability of this bioprocess is not
viable due to its negative NPV given by low ROI (10%), gross margin (5%), and the 10-year
payback time. We attributed such results to the possible scheduling bottlenecks; that is, the
unattractive economic parameters to investment are given by the low annual productivity
of the plant due to the number of batches produced per year capacity. The batch duration
was 260 h (Figure 4a), and the cycle duration was 130 h, resulting in only 63 batches per
year. The batch time is understood as the duration between the beginning of the first unit
operation and the end of the last unit operation.
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Figure 4. Equipment occupancy chart. (a) Base-case; (b) elimination of bottlenecks.

In contrast, the cycle time represents the interval between two consecutive batches [59].
The annual production capacity will equal the production per batch multiplied by the
number of batches executed per year. Reducing the cycle time can increase the production
capacity per year because the capacity of the number of batches is inversely proportional
to the cycle time of the plant. Thus, we decided to perform relevant adjustments to the
simulation process to reduce the cycle time by identifying scheduling bottlenecks.

Figure 4a illustrates the equipment occupancy chart showing two consecutive batches.
The light blue bars represent the first batch and the orange bars the second batch. It was
observed that the bottleneck restricts the start of the second batch in using the fermenter
(FR-101), that is, the equipment with the longest occupancy time. Therefore, it was decided
to consider the addition of fermenters in staggered mode to increase the number of batches
per year.

Adding an extra fermenter in the process did not mean a considerable increase in the
payback time (6.76 years), primarily due to an observed increase in capital investment.
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Thus, we performed new simulations to eliminate the only identified scheduling bottleneck
and increase the process throughput.

Table 5 summarizes the economic parameters obtained after adding fermenters in the
bioprocess in four scenarios.

The gross margin of the evaluated scenarios adding extra fermenters ranged from
22 to 28%. In some processes, a gross margin in such ranges is considered beneficial [29,60];
however, it will depend on how high the investment has been. Among the most used indices
for evaluating the profitability of a project are the ROI, NPV, IRR, and payback time [61].

Regarding ROI, this was between 10 and 17%. This percentage (ROI) translates to
a payback time that ranges from 10 to almost 5 years. In general, a minimum ROI value
between 5 and 10% return on investment is enough to cancel a project [62]. The shorter the
payback time, the more attractive and profitable the project is because the initial investment
is paid back in a shorter period. In this sense, projects with less than five years of payback
can be considered profitable [62]. Under this premise, scenario 1 would be discarded.
Indeed, this will also depend on the type of industry.

In scenario 3, the number of batches per year increased up to 188. The addition
of two extra fermenters (scenario 3) increased the batches per year by up to three times
more than in scenario 1, which improved the profitability of the project given by the
increased gross margin and ROI despite the increase in total investment. As for scenario 4,
it was observed that the profitability indexes were reduced. The reason was the new
scheduling bottlenecks related to downstream processing, which did not allow a significant
increase in batches/year. We performed various simulations by increasing the number of
pieces of equipment to eliminate identified bottlenecks. Yet, the increase in production
capacity would not imply a considerable improvement in the economic indexes due to the
required investment.

Thus, scenario 3 was selected for the sensitivity analysis; the equipment occupancy
chart of scenario 3 showing the implementation of the staggered fermenters is presented
in Figure 4b. Accordingly, implementing extra fermenters on the upstream increases plant
productivity by reducing the manufacturing cost of MO [25,30,63]; however, equipment,
labor, and electricity costs can increase the annual operating cost [64].

The sensitivity analysis considered the effect of MO price (main revenue) and batch
throughput on profitability and plant productivity. We contemplated a lower price range
of MO than the reported in the literature (1–4 USD/g) [23,24,30] and performed the simula-
tions between a batch throughput range of 5 g and 5 kg per batch (20 g/batch increments).

The effect of MO price and batch throughput on ROI and payback time is illustrated
in Figure 5. As mentioned above, processes with less than five years of payback time are
considered profitable [62], translating to an ROI higher than 20%. Thus, it was observed
that at a microbial cost lower than 2 USD/g, the process is not profitable (Figure 5a). A
selling price of USD 3 can increase ROI up to 40% at a batch throughput of 3.7; thus, the
payback time can be reduced to <3 years, indicating an interesting project performance to
investment (Figure 5b).

We selected the MO price of 3 USD/g to estimate the economic equilibrium, the
required batch throughput at which the annual revenues are higher than the operating
costs. The break-even point is displayed in Figure 6a.
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Figure 6. (a) Break-even point of annual revenues and costs. (b) Batches per year as a function of the
process throughput.

It was observed that after a batch throughput of 0.25 kg/batch, the annual revenues
are higher than the yearly costs. It was also observed that the annual revenues increased
linearly with the batch throughput up to 3.45 kg/batch; meanwhile, the processing costs
seem to stabilize by increasing the batch throughput. This behavior where the unit cost
of production decreases with an increase in production has been reported for different
bioprocesses [29,65,66]. Furthermore, it was observed that after 3.65 kg/batch of production,
the annual revenues do not increase, which also negatively affects the ROI. Such results are
attributed to the maximum capacity of production batches per year (Figure 6b).

If it is desired to increase the production capacity without reducing the number of
batches per year, it must acquire more equipment to eliminate scheduling bottlenecks.
However, as mentioned before, the investment would increase considerably.
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Thus, the following results are for scenario 3 using an oil price of USD 3/g and a
batch throughput of 3.7 kg/batch. Table 6 summarizes the economic evaluation indexes to
measure the process profitability. It can be observed that it is required a total investment of
USD 2,268,000 and the annual revenues are USD 2,032,000 per year.

Table 6. Economic evaluation: Scenario 3—3 USD/g—batch throughput 3.7 kg/batch.

Economic Indices

Total Investment, USD 2,268,000
Total Revenues, USD 2,032,000

Operating Cost, USD/year 820,000
Batch Size, kg MP 3.70

Net Unit Production Cost, USD kg MP 1210.76
Unit Production Revenue, USD kg MP 3000.43

Gross Margin, % 59.65
Return On Investment, % 40.95

Payback Time, years 2.44
IRR After Taxes, % 29.45

NPV at (7.00%), USD 4,235,000.00

The processing cost is USD 820,000 per year; thus, the gross margin is 59.65%, rep-
resenting an ROI of 40.95% and 2.44 years of payback time. At an interest rate of 7%, the
net present value is USD 4,235,000. Such an economic index indicates that the process
is profitable.

Primarily, the reported annual productions of MO higher than 10 kt resulted in a prof-
itable and attractive process for investors [23,24,30,67]. Bonatsos et al. described the effect
of glucose cost and annual plant capacity where it is possible to obtain a production cost of
USD 4.1/kg with a plant capacity of 40 kt [23]. Similarly, Kumar et al. obtained a 50% re-
duction in MO manufacturing cost when plant capacity was increased to 100 million L [67].
In general, obtaining an ROI value higher than 20% and a short payback time (<5 years)
make a profitable production of MO [24,30,67]. Other key factors in the economic analysis
include the equipment cost and the breakdown of raw materials in which reductions could
be possible [30].

Table 7 displays the primary equipment specification to reach a batch throughput of
3.7 kg/batch. It is clarified that most equipment capacity is calculated according to the
highest demand among all the carried-out operations in each equipment. In addition, the
software considers the maximum set workload (70% in the present study). If that volume
exceeds the maximum volume specification, the software will assume multiple identical
units (as in equipment V-103).

It is highlighted that the process requires three bioreactors of ≈1500 L working in
staggered mode (including air filters and centrifugal compressors) and a seed bioreactor
of ≈150 L. In this respect, it has been concluded that over 70% of the equipment purchase
cost is given by bioreactors [23,63]; in our simulation, this cost represents 50% of the primary
equipment required in scenario 3. Low-cost alternatives for fermenters are fabrication and
re-design with cheaper materials than stainless steel [30]. Another innovative way to
mitigate electrical and heating power includes cultivating oleaginous yeast in raceway
open-pound systems, which have been described and compared in previously reported
research [24,68].

Regarding the operating costs, these are shown in Figure 7. The major operating costs
are facility-dependent (49%), followed by labor-dependent expenses (34%). The facility-
dependent cost is related to the use of the facility, such as maintenance, depreciation,
overhead-type fees, local taxes, and other miscellaneous costs. Such costs (labor and facility
dependent) cannot be easily reduced. However, it is also observed that a high percentage
of the annual operating cost is attributed to raw materials (14%).
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Table 7. Major equipment specification: Scenario 3—batch throughput 3.7 kg/batch.

Units Name Description Size Unit Cost
(USD)

Total
Cost

(USD)

1 PPF-101 Plate & Frame Filter 2 m2 2000 2000
3 G-101 Centrifugal compressor 4 kW 1000 3000
3 AF-101 Air Filter <0.01 m3/s 1000 3000
3 AF-102 Air Filter 0.01 m3/s 1000 3000
1 HG-101 Homogenizer 12 L/h 3000 3000
1 DC-101 Decanter Centrifuge 0.1 m3/h 3000 3000
1 MSX-101 Mixer-Settler Extractor 75 L/h 2000 2000
1 V-102 Blending Tank 300 L 29,000 29,000
4 V-103 Batch Distillation Vessel 180 L 6000 24,000
1 V-104 Blending Tank 700 L 8000 8000
3 FR-102 Bioreactor 1500 L 60,000 180,000
1 R-101 Fermentor (148.98 L) 150 L 23,000 23,000

1 V-101 Batch Distillation Vessel
(155.64 L) 160 6000 6000

1 V-105 Flat Bottom Tank (171.03 L) 180 1000 1000
1 HX-101 Heat Exchanger (0.01 m2) 0.01 m2 1000 1000

Unlisted equipment 72,000
TOTAL 358,000
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A breakdown of the raw materials costs is presented in Table 8. We can observe that the
production medium accounts for more than 55% of the total costs related to raw materials.
Such results agreed with the literature, where the fermentation media can account for up
to 50% of the total production cost [69]. Therefore, reducing media costs is feasible to
increase the process profitability. Hence, utilizing agro-food residues as substrates can
contribute to developing a low-cost fermentation medium in the joint production of lipids
and carotenoids.

Table 8. Raw material cost breakdown for microbial oil and carotenoids production.

Bulk Material Unit Cost
(USD)

Annual
Amount (kg)

Annual Cost
(USD) %

HCl (37% w/w) 0.037 91,100 3371 3.02
Hexane 2.370 1689 4003 3.58

Ethanolic KOH 1.1 M 1.008 37,326 37,619 33.67
Production Medium 0.316 197,185 62,404 55.85

YM medium 0.201 21,614 4336 3.88
Total 111,733 100
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Nonetheless, feedstocks whit minimum process requirements must be selected to
obtain cost-effective bioprocess [24]. Subsequent studies will include the experimental
results obtained with the utilization of agro-food waste hydrolysates for the synthesis of
MO and carotenoids.

4. Conclusions

This work assessed the feasibility of coproducing carotenoids and lipids by oleaginous
yeasts. The desirability function allowed an overall solution among evaluated responses in
which three strains were promising for the simultaneous synthesis of both products. The
agro-food waste valorization as renewable feedstock via enzymatic hydrolysis showed
higher sugar recovery yields using BSG and PPW. Recovered sugars were sufficient to
formulate a waste-based medium for simultaneous production of carotenoids and lipids.
These hydrolysates used as fermentation media provide the necessary nutrients to syn-
thesize carotenoids by selected strains. On the other hand, lipid titers obtained with the
waste-based media were lower than in the control medium.

The techno-economic analysis allowed us to identify areas for further improvement.
First, it was determined that the revenues generated using the carotenoids yield obtained
with the nitrogen-limited media are insufficient to contribute to the profitability of the
process. Thus, the primary revenue was the MO despite the high price of carotenoids.
In addition, the profitability analysis demonstrated that the debottlenecking scenario 3
(using two staggered bioreactors) increased the process profitability over the base case.
The sensitivity analysis showed that the process is not economically viable using oil prices
lower than USD 2/g. Expanding the plant capacity increases the process profitability up to
a batch throughput of 3.70 kg oil/batch; a higher production capacity requires eliminating
new scheduling bottlenecks. In scenario 3 and the selected plant capacity (3.7 kg oil/batch),
the cost related to the fermentation medium accounted for 55% of the raw materials costs.
Thus, despite the low contribution of carotenoids to process profitability, it is expected
that the utilization of an agro-food-based media will reduce process costs. Nevertheless,
efforts still need to be made to achieve processing costs that compete with their chemically
synthesized counterpart.
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