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Abstract
The Brazilian ethanol industry is very relevant in the global market; however, vinasse is generated in significant amounts 
and its management has become costly for distilleries. In this study, the aim was to evaluate vinasse as basal culture medium 
for P(3-hydroxybutyrate) (PHB) biosynthesis. Two bacterial strains were evaluated, a sucrose-consuming halophilic strain, 
Halomonas sp. HG03; and Ralstonia eutropha L359PCJ, which used glycerol from vinasse as carbon source. Firstly, shake 
flask bioprocesses analyzed cellular growth and PHB biosynthesis in vinasse-based media: in natura and concentrated 
vinasses were both evaluated in volumetric dilutions of 50% and 75% in mineral medium. Increasing vinasse concentration 
improved cellular growth rather than PHB accumulation for both bacteria. In vinasse-based treatments, Halomonas sp. HG03 
had PHB content between 19.6 and 75.2% and R. eutropha L359PCJ, 48.4–68.5%. Further experiments in CSTR bioreactors 
used concentrated vinasse-based medium and R. eutropha L359PCJ had PHB content of 66.3%, concentration of residual 
cell dry weight (rCDW) = 9.4 g  L−1, PHB = 18.6 g  L−1, YX/S = 0.16  grCDW  gGLYCEROL

−1, YP/S = 0.32  gPHB  gGLYCEROL
−1, and 

0.25  gPHB  Lh−1. Halomonas sp. HG03 had PHB content of 42.2%, rCDW = 10.2 g  L−1, PHB = 7.4 g  L−1 and YX/S = 0.22 
 grCDW  gSUCROSE

−1, YP/S = 0.16  gPHB  gSUCROSE
−1 and 0.14  gPHB  Lh−1. Finally, cost reductions by concentrated vinasse-based 

medium were evaluated. As glycerol source for PHB production by R. eutropha L359PCJ, vinasse reduced overall produc-
tion costs by 22.2%. Unit production costs between US$ 2.8 and 5.4  kgPHB

−1 were determined for scenarios that combined 
vinasse-based medium with high cell density culture and improvements of productivity. The investment payback times 
ranged from 1.6 to 4.5 years.
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1 Introduction

Bioplastics are a growing market due to increasing invest-
ments and expanding policies on sustainability around the 
world. By 2025, the global market of polyhydroxyalkanoates 
(PHAs) is expected to grow about 14% and become one of 
the main sectors in the bioplastics market, along with poly-
lactates. Poly(3-hydroxybutyrate) (PHB), a short-chain poly-
mer, is one of the main PHAs with industrial applications 
[25, 26].

PHAs are naturally synthesized by many microorgan-
isms, including bacteria and archaeas. Unbalanced nutri-
tional conditions such as highly available carbon source 
and limited nitrogen, sulfur, or phosphate source trigger the 
PHAs biosynthesis: carbon is assimilated, the actual cellular 
growth ceases, and the cell enlarges due to accumulation 
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of PHAs granules that serve as energetic storage. In hostile 
environments, PHA producers may have survival advan-
tages because they become more resilient to starvation. In 
industry, the main producers are bacterial strains of the spe-
cies Ralstonia eutropha (also known as Cupriavidus neca-
tor, Alcaligenes eutrophus, or C. eutrophus), Pseudomonas 
spp., Aeromonas spp., Bacillus spp., and, more recently, bio-
processes with Escherichia coli and Halomonas sp. strains 
have been developed [26, 50].

Production costs have been limiting factors for expansion 
of the PHAs market and in literature a wide range of pro-
duction costs may be found. Listewnik et al. [39] described 
PHB production by a mixed culture with natural gas as car-
bon source and costs were about US$ 15  kgPHB

−1. Posada 
et al. [51] described costs between US$ 1.9 and 2.4  kgPHB

−1 
for a process with pure glycerol (98%) as carbon source by 
a C. necator strain. Indeed, unit production costs are vari-
able and strongly affected by production scale, feedstocks’ 
prices, bioprocess configuration, and the microorganism’s 
efficiency.

PHAs production in biorefineries could reduce produc-
tion costs because bioprocesses could share equipment, 
other facility-related costs (steam generation, water recy-
cling, piping, electrical, labs, etc.), and lower capital invest-
ments would be needed. Besides, biorefineries usually 
recycle resources, that is, by-products from one process are 
inputs for another, which is quite advantageous for wastes 
management in addition to lower dependency on external 
feedstocks.

Integrating bioprocesses comprises many complex fac-
tors, which may be technical, such as process parameters, 
conditions, and resources demand. Some factors may be 
economical, namely capital investments, operational costs, 
and strategical planning, which must ultimately aim to com-
petitiveness. Thus, even for early-stage technologies, the use 
of bioprocess simulation tools is decisive in evaluating tech-
nical and economical bottlenecks [49].

SuperPro Designer® is widely used in bioprocess simu-
lations for many purposes, including agroindustrial wastes 
valorization for food application [30], diversification of bio-
products from sugarcane [71], and reducing production costs 
in bioprocesses [31].

In parallel, the Sucroenergetic Sector in Brazil is a 
great producer of sucrose and ethanol. Vinasse is the most 
important industrial waste produced by sucroenergetic 
activities: after ethanol is distilled from fermented broth, all 
the remaining material is characterized as vinasse and the 
production ratio is about 10–15  LVINASSE  LETHANOL

−1. In 
general, the polluting potential is very high (COD between 
21,000 and 34,000  mgO2  L−1) and important concentrations 
of carbon compounds and mineral salts may be found in 
vinasses [6, 21].

Due to its nutritional value, vinasse has been widely used 
as fertilizer in sugarcane fields, however, such practice has 
become environmentally risky and a financial burden for 
ethanol companies. Previous studies associated vinasse fer-
tirrigation with soil salinization; superficial and groundwater 
contamination by sulfates, nitrates, and metals; and green-
house gases emissions by degradation of carbon compounds 
[13, 48, 65].

Economically, transporting vinasse to sugarcane fields 
has variable costs, which may be about US$ 0.5–14  m−3 
of vinasse and because the production ratio  (LVINASSE 
 LETHANOL

−1) is very high, costs may be significant. Whether 
a large ethanol mill (400,000  m3

ETHANOL per season) uses 
vinasse (10–15  LVINASSE  LETHANOL

−1) exclusively for fertir-
rigation, estimated transportation costs could be US$ 1.8–82 
million every year [44, 61].

In order to decrease vinasse volumes, some ethanol 
distilleries employ multi-effect evaporators and the in nat-
ura vinasse (2–4°Brix) is concentrated up to 8–60°Brix. 
Although it is very energy consuming, there is an increasing 
interest in the technology because transportation becomes 
more practical, good-quality water may be recovered and 
nutrients in vinasse are concentrated, as well [12]. Besides, 
the legislation CETESB P4.231/2005 in the São Paulo State 
regulates the volume of vinasse to be used in fertirrigation 
[15].

One of the main nutrients in vinasses is glycerol, a 
byproduct from Saccharomyces cerevisiae metabolism dur-
ing alcoholic fermentation so the yeast cell integrity is not 
unsettled by increasing concentrations of ethanol. Once 
vinasse is concentrated, glycerol content becomes more 
important and that carbon source is not yet exploited by the 
Sucroenergetic Sector as it is wasted in fertirrigation [53].

In this study, we aimed to investigate the potential of inte-
grating PHB and ethanol bioprocesses by using concentrated 
vinasse as basal medium for PHB biosynthesis. Firstly, two 
bacterial strains were evaluated: a glycerol-consuming strain 
of Ralstonia eutropha and a sucrose-consuming halophilic 
strain of Halomonas sp.

Halomonas sp. HG03 is a sucrose-consuming bacterium 
and it is adapted for growing in NaCl concentrations up to 
100 g  L−1, which makes it an interesting candidate for con-
centrated vinasse-based media while using a carbon source 
as cheap as sucrose [11, 42]. Besides, it can be cultivated in 
non-sterile conditions and PHB could be synthesized by a 
robust production process.

On the other hand, previous studies investigated crude 
glycerol from biodiesel as carbon source for PHB production 
by R. eutropha strains [14, 28, 29], as well as molasses [1, 
19]. Both are concentrated forms of carbon sources. How-
ever, to our knowledge, no previous study evaluated the use 
of concentrated vinasse as glycerol source.
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Finally, SuperPro Designer® software was used to sim-
ulate large scale bioprocesses with concentrated vinasse-
based culture medium. Multiple technical and economic 
scenarios were analyzed, and production costs could be 
estimated and vinasse potential as nutrients source for PHB 
biosynthesis was assessed.

2  Material and methods

2.1  Microorganisms

The halophilic strain Halomonas sp. HG03 is derived from 
Halomonas HG01, a PHB-producing bacterium first isolated 
from salines in Peru [11, 42]. Before experiments, Halo-
monas sp. HG03 cells were activated in halophilic nutrient 
broth  (L−1: beef extract, 3.0 g; peptone, 5.0 g; NaCl, 100 g. 
The glycerol-consuming strain Ralstonia eutropha  PHB−4 
LFM035-9 pBBR1MCS-2::phaPCJ (conveniently named 
as R. eutropha L359PCJ) was activated in Lysogeny broth 
(LB) and all experimental procedures had the final concen-
tration of 0.25 μg  L−1 of kanamycin sulfate. Both strains 
were cultivated in their respective culture medium at 30 °C 
for 24 h and cultures were used as inoculum for experimental 
procedures.

2.2  Vinasse

Concentrated vinasse (18°Brix) was obtained from a distill-
ery that produces ethanol from sugarcane molasses in São 
Paulo State, Brazil. In our laboratory, vinasse was further 
concentrated to 34.4°Brix and kept at 4 °C. Whenever nec-
essary, 34.4°Brix vinasse was diluted in distilled water into 
concentrations of 3.4°Brix and 7°Brix.

Before all analytical procedures and shake flasks experi-
ments, vinasse was filtered in vacuum filtration system, 
which consisted of a Kitassato flask, Büchner funnel, and 
qualitative paper filter. Prior to all experimental procedures, 
vinasse had pH set to 6.8 < pH < 7.8 with NaOH 10 M solu-
tion, followed by autoclave sterilization, and at last it was 
added to sterile culture media.

In the laboratory, the in natura form of vinasse (3.4°Brix) 
had pH measured (pH = 4.3) and its chemical composition 
was analyzed and compared with previous studies in litera-
ture (Table 1).

2.3  PHB biosynthesis in shake flasks

Mineral medium (MM) was used as control treatment 
for PHB production [55]  (L−1): carbon source, 15.0 g; 
 Na2HPO4, 3.5  g;  KH2HPO4, 1.5  g;  (NH4)2SO4, 1.0  g; 
 MgSO4.7H2O, 0.2 g;  CaCl2.2H2O, 0.01 g; ammonium 
ferric citrate, 0.06 g; and 1 mL of trace elements solution 

 (L−1:  H3BO3 0.3 g;  CoCl2.6H2O, 0.2 g;  ZnSO4.7H2O, 
0.1  g;  MnCl2.4H2O, 0.03  g;  NaMoO4.2H2O, 0.03  g; 
 NiCl2.6H2O, 0.02 g;  CuSO4.5H2O, 0.01 g).

All experimental treatments with R. eutropha L359PCJ 
used glycerol as carbon source  (MMRe); treatments with 
Halomonas sp. HG03 used sucrose as carbon source and 
80 g  L−1 of NaCl was added to mineral medium  (MMHa).

Cellular growth and PHB biosynthesis were evaluated 
in vinasse-based media, which consisted of volumetric 
dilutions of both in natura (3.4°Brix) and concentrated 
(7°Brix) vinasses in mineral medium.

R. eutropha L359PCJ was cultivated in four vinasse-
based treatments and vinasse was a glycerol source, 
as detailed: 50% (v  v−1) of vinasse 3.4°Brix in  MMRe 
 (MMReV503) had 5 g  L−1 of glycerol; 75% (v  v−1) of 
vinasse 3.4°Brix in  MMRe  (MMReV753) had 7.5 g  L−1 
of glycerol; 50% (v  v−1) of vinasse 7°Brix in  MMRe 
 (MMReV507) had 10 g  L−1 of glycerol; 75% (v  v−1) of 
vinasse 7°Brix in  MMRe  (MMReV757) had 15.0 g  L−1 of 
glycerol. A concentrated glycerol solution (150 g  L−1) was 
used to set final concentration of 15 g  L−1 in all treatments, 
except for  MMReV757, which had no external glycerol 
source added to the medium.

Halomonas sp. HG03 was cultivated in similar 
treatments: 50% (v  v−1) of vinasse 3.4°Brix in  MMHa 
 (MMHaV503); 75% (v  v−1) of vinasse 3.4°Brix in  MMHa 
 (MMHaV753); 50% (v  v−1) of vinasse 7°Brix in  MMHa 
 (MMHaV507); and 75% (v  v−1) of vinasse 7°Brix in  MMHa 
 (MMHaV757). A concentrated solution of sucrose (300 g 
 L−1) was used to set a final concentration of 15 g  L−1 in 
all treatments.

In order to ensure proper nutritional conditions, all 
treatments for R. eutropha L359PCJ and Halomonas 
sp. HG03 cultures had carbon, nitrogen, and phosphate 
sources set to the same concentrations as those described 
above for MM. NaCl concentration was also standardized 
for all treatments with Halomonas sp. HG03.

Experiments were carried out with initial 6.8 < pH < 7.8, 
adjusted with NaOH 10 M, inoculum ratio of 5% (v  v−1) in 
125-mL flasks with 25 mL of culture medium incubated at 
30 °C, under 150 rpm agitation for 48 h.

By the end of 48 h, processes were interrupted and 
cultures were submitted to centrifugation (4500  g, 
15 min, 4 °C). Pellets were further used for determina-
tion of total cell dry weight (tCDW) and PHB content (% 
 mPHB  mtCDW

−1); supernatant was further used for quanti-
fication of residual concentration of carbon sources and 
ammonium.

All experiments in shake flasks had treatments conducted 
in triplicates and analytical procedures were carried out in 
duplicates. Data were analyzed using ANOVA and means 
were compared with Tukey’s test (5% probability) by using 
ExpDes.pt package in RStudio software [25].
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2.4  PHB biosynthesis in bioreactors

Experiments were carried out in CSTR bioreactors, model 
BiostatⓇ Cplus, Sartorius Stedim Biotech, with a 15-L 
vessel.

R. eutropha L359PCJ and Halomonas sp. HG03 were cul-
tivated under similar conditions and operation mode, expect 
for specific nutritional requirements, which are specified 
whenever necessary.

Bioprocesses had inoculum ratio of 10% (v  v−1) and ini-
tial volume of 6 L. Mineral medium for bioreactor (MMB) 
had the following composition [55]  (L−1: carbon source, 
15 g;  KH2PO4, 0.65 g;  (NH4)2SO4, 3.6;  MgSO4.7H2O, 
0.31 g;  CaCl2.2H2O, 0.01 g; ammonium ferric citrate, 
0.15 g; and trace elements solution, 2 mL. Culture medium 
consisted of MMB diluted in 50% (v  v−1) of concen-
trated vinasse (7°Brix). Except for carbon, nitrogen, and 

phosphate sources, mineral nutrients were diluted by the 
addition of concentrated vinasse.

R. eutropha L359PCJ used vinasse as partial glycerol 
source (10 g  L−1) and a concentrated glycerol solution 
(150 g  L−1) was used to set 15 g  L−1 of glycerol as final 
concentration  (MMBReV507).

Halomonas sp. HG03 used sucrose as carbon source, 
which was fully provided by a concentrated solution (300 g 
 L−1), so final sucrose concentration was set to 15 g  L−1. 
Culture medium also had 80 g  L−1 of NaCl  (MMBHaV507).

Bioprocesses were operated in consecutive batches 
mode: two initial batches had growth-inducing conditions, 
followed by batches that induced PHB accumulation. The 
aim was to achieve higher concentration of residual cell 
dry weight (rCDW) before imposing nitrogen limitation 
for PHB accumulation. Besides, we aimed to minimize any 

Table 1  In natura vinasse 
(3.4°Brix) chemical 
composition

ND not detectable, NF not found in literature

This study Previous studies References

Organic acids (g  L−1) Acetic acid 0.3 ± 0.01 2.2 [6]
Succinic acid ND  ≤ 4 [26]
Lactic acid 0.7 ± 0.04 7 [21]

Carbohydrates (g  L−1) Sucrose ND  ≤ 1 [60]
Glucose 0.2 ± 0.04  ≤ 1 [60]
Fructose 0.6 ± 0.02  ≤ 1 [60]
Glycerol 10.0 ± 0.1 7–31.5 [45, 53]

Salts (mg  L−1) Calcium  (Ca2+) 1,586.6 ± 315.3  ≤ 5200 [6, 66]
Potassium  (K+) 4,188.8 ± 41.3  ≤ 13,000 [6, 41]
Ammonium  (NH4

+) 113.8 ± 2.9  ≤ 75.9 [13]
Sodium  (Na+) 775.0 ± 4.8  ≤ 31,300 [20, 48, 53, 60]

Amino acids (mg  L−1) L-alanine 22.4 ± 2.0 NF
L-glycine 6.7 ± 0.4
L-valine 12.2 ± 0.5
L-leucine 4.9 ± 0.1
L-isoleucine 5.3 ± 0.4
L-threonine 4.0 ± 1.3
L-serine 22.1 ± 0.7
L-proline 9.8 ± 0.2
L-asparagine 59.5 ± 34.1
L-aspartate 133.4 ± 27.6
L-methionine 3.0 ± 0.2
L-glutamate 5.0 ± 0.03
L-phenilalanine 3.9 ± 0.2
L-glutamine ND
L-ornithine 1.8 ± 0.5
L-lysine 4.9 ± 0.6
L-histidine 3.8 ± 0.1
L-tyrosine 3.8 ± 0.4
L-triptophan ND
L-cystine ND
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osmotic stress during growth phase as a result of higher 
concentrations of carbon source, salts, and vinasse.

Once carbon source reached limiting concentration 
(below 5 g  L−1), the first batch was considered finished. 
The second batch was initiated by adding a concentrated 
solution (10 ×) so initial concentrations  (MMBReV507; 
 MMBHaV507) could be restored. Once the second batch 
reached limiting concentrations of carbon source, growth 
phase was considered finished and further batches imposed 
nitrogen limitation, aiming to induce conditions for PHB 
accumulation.

During accumulation phase, R. eutropha L359PCJ had 
highly concentrated vinasse (34.4°Brix) and concentrated 
glycerol solution (300 g  L−1) as the sole nutrients sources. 
Vinasse supplied 10 g  L−1 of glycerol and a concentrated 
solution (300 g  L−1) provided 5 g  L−1 of glycerol. These 
materials were added in variable volumes, so final con-
centration of glycerol could be kept about the same for all 
batches (15 g  L−1).

Halomonas sp. HG03 had sucrose fully provided by a 
concentrated solution (600 g  L−1) so the final concentra-
tion was similar for all batches (15 g  L−1). Highly concen-
trated vinasse (34.4°Brix) was added as well, so the initial 
volumetric dilution of 50% of concentrated vinasse could 
be kept. No other nutrients were added during accumula-
tion phase.

Bioprocesses with both R. eutropha L359PCJ and Halo-
monas sp. HG03 were carried out at 30 °C and pH was auto-
matically controlled at 6.8 < pH < 7.8  (H2SO4 1 M/NaOH 
2 M). The air inflow was set to 3 Lpm (0.5 vvm) and agita-
tion speed to 300 rpm. Bioreactors were set to keep satu-
ration of dissolved oxygen at 40% by controlling both air 
inflow and agitation speed.

2.5  Analytical methods

Organic acids (acetic acid, succinic acid, lactic acid) and 
carbohydrates (glucose, fructose, sucrose, glycerol) were 
analyzed by liquid chromatography (HPLC) in a Dionex® 
system (Ultimate 3000, Thermo Fisher Scientific Inc., 
Waltham, MA, USA) with Aminex HPX-87H Bio-Rad 
column and RefractoMax 520 detector. Ionic forms of cal-
cium, potassium, sodium, and ammonium in vinasse were 
determined by ionic chromatography using Metrohm 930 
Compact system, with Metrosep C4 250/4.0 column. Amino 
acids were quantified by using the Phenomenex “EZ: Faast 
(™) Family of Amino Acids Analysis Kit,” for GC-FID 
determination [4].

Residual ammonium in experimental samples was deter-
mined by using Orion™ Ion-Specific Electrode kit for 
ammonia analysis (Thermo Fisher Scientific Inc., Waltham, 
MA, USA). Sample volumes of 3.0 mL were used and 
NaOH 10 M solution was used to alkalize samples and 

make ammonium available for detection, as procedure rec-
ommended by the manufacturer.

Cell dry weight was determined by lyophilization of cells, 
so PHB extraction could be performed next. Sample vol-
umes of 10 mL were centrifuged, resuspended in saline solu-
tion (0.85% m  v−1), next washed in the same solution, and 
centrifuged. The remaining pellets were then submitted to 
lyophilization overnight. Resulting dry mass was measured 
and cell dry weight was calculated in order to determine 
tCDW (g  L−1).

The same dry mass samples were further used for PHB 
extraction by propanolysis method [57]. Propyl esters were 
next quantified by gas chromatography Agilent 7890A with 
HP-5 column (5% diphenyl-95%-dimethyl-polisiloxane, 
30 m, 320 mm, 0.25-μm film thickness). Volume samples 
of 1.0 μL were analyzed after split injection (1:20) using 
a flame-ionization detector. Injector and detector tem-
peratures were, respectively, 250 °C and 300 °C. Helium 
(0.8 mL  min−1) was the carrier gas and a quantification pro-
gram was set to 100 °C 1 min, 210 °C 15 min (8 °C  min−1), 
up to 240 °C 1 min. Benzoic acid (40 mg  mL−1) was used 
as internal standard.

PHB cellular content  (mPHB  mtCDW
−1) was determined as 

the ratio of PHB concentration in tCDW. The concentration 
of rCDW was then obtained by subtracting PHB mass from 
tCDW.

In spite of vinasses being previously filtered, specific 
procedures were performed to ensure that insoluble solids 
from vinasse would not overestimate dry weight measures. 
Before bacterial inoculation, all vinasse-based culture media 
were submitted to dry cell weight analyses, following the 
same procedures described above. Vinasse-based media 
were analyzed in triplicates, the resulting dry mass was 
determined and subtracted from dry cell weight measures 
in bioprocesses samples.

2.6  In silico analyses of PHB production 
by R. eutropha L359PCJ in concentrated 
vinasse‑based culture medium using SuperPro 
Designer®

SuperPro Designer ® v.9.5 was used in all technical and 
economical simulations in this study. A base scenario was 
designed and named SC1, which did not simulate the use of 
concentrated vinasse as nutrients source, meaning that MMB 
components were fully purchased. Scenarios that simulated 
vinasse-based culture medium described nutritional condi-
tions of  MMBReV507, that is, vinasse was a partial carbon 
source in addition to an external glycerol source (2:1). The 
bioprocess flowsheet is detailed in Fig. 1.

PHB bioprocess was simulated by a stoichiometric model 
based on methods described elsewhere [2, 10, 18, 32, 37, 
49].
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The global stoichiometric equations R1 and R2 described 
bioprocesses in seed fermentation (unit procedure P-11) 
and fermentation (unit procedure P-1), respectively. R1 
used experimental yields of glycerol into biomass (YX/S 
 grCDW  gGLYVEROL

−1) and product (YP/S  gPHB  gGLYCEROL
−1) 

determined during growth phase, and R2 used global YX/S 
and YP/S (growth and accumulation phases). Other culture 
medium components, such as nitrogen, phosphate, and other 
salts, were considered in stoichiometric equations, as well. 
According to the composition of MMB medium, all nutri-
ents had their concentrations normalized to glycerol, which 
resulted in their mass coefficients (Supplementary Materials, 
Table S1).

The main parameters for bioprocess simulation in unit 
procedures seed fermentation and fermentation are summa-
rized in Supplementary Materials, Table S2.

Analyses assumed the fermentation procedure was car-
ried out with high cell density cultures. Additionally, we 
simulated different PHB productivities, which were calcu-
lated from experimental data as described below.

Firstly, calculations considered growth phase and accu-
mulation phase separately. For growth phase, experimental 
data of μmáx  (h−1) and Xi (g  L−1) were used so simulated 
time ranges for growth phase (tX-Si) could be determined for 
any given cell density (Xf) (g  L−1), as described by Eq. 1. 
The base scenario SC1 assumed Xf = 30 g  L−1 and ti = 0 h; 
tf = tX-Si (h).

Next, we considered that cells (Xf) reached the end of 
growth phase with the PHB content we obtained experimen-
tally, so tCDW concentration and PHB titer at the end of 
growth phase were calculated.

For accumulation phase, PHB titers (P g  L−1) at the begin-
ning (Pi) and at the end (Pf) of accumulation phase were cal-
culated. Pi was the same as the PHB titer at the end of growth 
phase. Pf was calculated using the experimental data of PHB 
content at the end of accumulation phase. Equation 2 details 
the calculation of PHB titers (P g  L−1) for any PHB content (% 
 mPHB  mtCDW

−1) and cell density (X = Xf g  L−1).

Next, the time range of accumulation phase (tPHB-Si) was 
calculated by Eq. 3:

It was considered that rCDW concentration in accumula-
tion phase did not vary, so X in Eq. 3 was replaced by Xf (g 
 L−1) from Eq. 1.

(1)ln
Xf

Xi

= μmax ×
(

tf − ti

)

(2)P(gL−1) =
X

1 − ( PHBcontent
/

100
)

(3)�P =
1

X
×
d
(

Pf − Pi

)

d
(

tf − ti

)

Fig. 1  Process flowsheet of the PHB production model by R. eutropha L359PCJ in concentrated vinasse-based culture medium
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Experimental data of specific biosynthesis velocities 
(μP) (g  gh−1) were determined along the process and the 
maximum μP value was determined during the accumula-
tion phase (μP = 0.09 g  gh−1). Thus, the calculation of time 
range (tPHB-Si) only considered μP data that were observed 
after the maximum μP occurred and three values of μP were 
selected to describe optimistic (μP = 0.07 g  gh−1), realistic 
(μP = 0.05 g  gh−1), and pessimistic (μP = 0.02 g  gh−1) sce-
narios of specific biosynthesis velocity, which impact PHB 
productivity directly. Then, ti was set to 0 h and tf = tPHB-Si 
(h) was calculated.

Finally, simulated global productivities  (PpG-Si g  Lh−1) 
were calculated by taking into consideration time ranges for 
both growth phase (tX-Si) and accumulation phase (tPHB-Si), 
as well as the PHB titer Pf (g  L−1), as detailed in Eq. 4.

The model was designed for operation in batch mode and 
the annual capacity was set to 10,000 tons of PHB, which 
was determined based on three specific requirements for the 
integration of PHB and bioethanol processes:

• The model had the annual campaign set to 
240 days  year−1 (5760 operational hours), which cor-
responds to the time range of bioethanol campaign and 
sugarcane harvest;

• Vinasse demand would be compatible with large ethanol 
distilleries that produce 393,780–590,670  m3 of ethanol 
annually (10–15  LVINASSE  LETHANOL

−1), providing 59,067 
tons of glycerol annually (in natura vinasse with 10 g  L−1 
of glycerol, Table 1);

• Concentrated vinasse had no transportation or processing 
costs, so the theoretical model simulated a distillery that 
already had operating multi-effect evaporators, which 
means the model does not evaluate vinasse concentration.

Clearly, a shorter annual campaign imposes challenges 
regarding facility use and capital investment. So, in this 
study, productivities played a major role in techno-economic 
evaluation.

The model consisted of three sections: (i) The upstream 
section included culture medium preparation and seed 
fermentation. (ii) The bioprocess section consisted of fer-
mentation in production reactors, followed by transfer out 
of PHB-rich medium into a storage tank. (iii) The down-
stream section was based on previously described processes 
of PHB recovery by surfactant-hypochlorite digestion [2, 
18, 37]. According to authors, the method is economically 
viable, it has low environmental impacts in comparison to 
other extraction methods, and the global yield is up to 95%. 
In this study, downstream process yield was set to 90%. It 

(4)PpG−Si =
Pf

tX−Si + tPHB−Si

comprised the addition of surfactant solution (1% m  v−1) 
followed by incubation at 25 °C, 1 h. Next, hypochloride 
solution (NaOCl 30% m  v−1) is added in flow-through and 
aqueous phase is separated by centrifugation. Finally, the 
material is washed with water (1:1), concentrated by centrif-
ugation and spray-dried. The final product was PHB ≥ 99% 
m  m−1.

Economical evaluations were performed for a 15-year 
period, annual interest rate of 6%, and selling price of US$ 
10  kgPHB

−1 [37]. Direct fixed cost (DFC) was calculated 
based on equipment purchase costs (Supplementary Mate-
rials, Tables S3 and S4) [37] and other facility-related costs 
(installation, engineering, instrumentation, electrical, piping, 
yard improvement, construction indirect, contractor fee, and 
contingency) were calculated by a Lang factor of 3.5 [73] 
and a loan interest rate on DFC of 10.25% was used [24].

2.7  Sensitivity analyses

Two sets of analyses were performed. First, the model was 
evaluated by different glycerol prices and the use of concen-
trated vinasse as partial source of glycerol (2:1) and min-
erals. A second set of analyses aimed to investigate how 
improvements in PHB productivity and higher cell densities 
could impact techno-economic feasibility.

According to Stracke et al. [69], crude glycerol from bio-
diesel processes in Brazil might have prices ranging from 
US$ 200 to 400  ton−1, depending on location, purification 
degree, and other factors. Thus, glycerol prices in scenarios 
SC1, SC2, and SC3 were respectively US$ 400  ton−1, US$ 
300  ton−1, and US$ 200  ton−1; other components of MMB 
were fully purchased and vinasse was not employed in these 
scenarios.

Next, each glycerol price was evaluated combined with 
concentrated vinasse-based medium. So scenarios SC4, 
SC5, and SC6 simulated, respectively, glycerol purchased for 
US$ 400  ton−1, US$ 300  ton−1, and US$ 200  ton−1 as well; 
however, due to vinasse, final costs with glycerol in culture 
medium were eventually reduced to a third: US$ 133  ton−1, 
US$ 100  ton−1, and US$ 67  ton−1, respectively. Costs with 
mineral nutrients for culture medium were also reduced: 
except for phosphate and nitrogen sources, and all other 
mineral nutrients were diluted by vinasse  (MMBReV507) 
and their costs were reduced by 50%.

The second set of analyses simulated concentrated 
vinasse-based medium for all scenarios: glycerol was pur-
chased for US$ 400  ton−1 and final costs with glycerol and 
minerals in culture medium were reduced as described 
above.

Three cell densities were evaluated, Xf = 30  g  L−1, 
Xf = 40 g  L−1, and Xf = 50 g  L−1, and each value of Xf was 
combined with experimental values of μP (g  gh−1), which 
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resulted in optimistic, realistic, and pessimistic scenarios of 
PHB productivities  (PpG-Si) (scenarios SC7-SC15).

3  Results and discussion

3.1  PHB biosynthesis in shake flasks

Increasing volumetric dilutions of both in natura and con-
centrated vinasses had positive effect on cellular growth.

In Halomonas sp. HG03 cultures, rCDW concentration in 
 MMHaV757 was statistically the highest among treatments. 
 MMHaV507 had rCDW concentration statistically similar 
to that in  MMHaV753. As for the lowest concentration of 
vinasse in culture medium  (MMHaV503), rCDW concen-
tration was not significantly different from that in control 
treatment  MMHa (Fig. 2).

In R. eutropha L359PCJ cultures, all vinasse-based 
treatments showed a significant increase in cellular growth. 
Both in natura vinasse-based treatments  MMReV503 and 
 MMReV753 had statistically different concentrations of 
rCDW in comparison to control  MMRe. The use of concen-
trated vinasse in  MMReV507 treatment did not contribute 
significantly to increase rCDW in comparison to in natura 
vinasse treatments.  MMReV757, however, resulted in the 
statistically highest concentration of rCDW (Fig. 3).

Quantification of residual ammonium showed that 
no detectable concentration was found in any treatment 
at t = 48 h. Both Halomonas sp. HG03 and R. eutropha 
L359PCJ depleted the main nitrogen source in control and 
vinasse-based treatments, so unbalanced nutritional condi-
tions for PHB accumulation were met.

PHB cellular content decreased as vinasse concentra-
tion in culture media increased. In this study, the highest 
PHB content was determined for R. eutropha L359PCJ in 
 MMRe (84.1 ± 3.6%), which was statistically higher than 
those determined for in natura vinasse-based treatments 
 MMReV503 and  MMReV753: 68.5 ± 4.9% and 65.1 ± 2.3%, 
respectively. PHB content in treatment  MMReV507 
(60.8 ± 4.0%) did not differ from that in  MMReV753, but 
treatment  MMReV757 had the lowest PHB content among 
R. eutropha L359PCJ treatments (48.4 ± 1.3%).

As for Halomonas sp. HG03, no statistical difference was 
found between control  MMHa (81.7 ± 3.8%) and  MMHaV503 
(75.2 ± 2.7%). In other treatments, as vinasse concentration 
increased PHB content decreased significantly: 56.3 ± 3.1% 
 (MMHaV753), 50.7 ± 6.9%  (MMHaV507) and 19.6 ± 3.7% 
 (MMHaV757).

Our results for PHB content were consistent with those 
reported by other authors that cultivated Halomonas sp. 
strains. According to literature, different culture conditions 
and carbon sources might result in PHB contents between 
44 and 90% [36, 58, 62]. More specifically, shake flasks 
bioprocesses that used sucrose as carbon source showed 
PHB contents between 44 and 75% and rCDW concen-
trations between 1.1 and 1.6 g  L−1 [36, 54, 68]. In our 
study, in natura and concentrated vinasse-based treatments 
 (MMHaV503,  MMHaV753, and  MMHaV507) had PHB con-
tent (50.7–75.2%) consistent with those found in literature 
but rCDW concentrations (1.1–2.3 g  L−1) were higher than 
those reported elsewhere.

In shake flasks cultures, with glycerol as carbon source, 
R. eutropha strains were described by other authors with 
rCDW concentrations between 0.66 and 2.2 g  L−1, and PHB 
cellular content from 57 to 65% [14, 27, 72].
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Fig. 2  Concentration of rCDW (light blue) and PHB (dark blue) in shake flasks experiments with Halomonas sp. HG03. Letters abcd differ 
according to Tukey test with 5% of significance
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Similarly to our results with Halomonas sp. HG03, 
increasing vinasse in culture media improved R. eutropha 
L359PCJ cellular growth and rCDW concentrations 
(2.2–4.1 g  L−1) were higher than those described elsewhere.

PHB biosynthesis is not growth related; however, efficient 
cellular growth is just as important because product titer is 
related to both PHB content and cellular density. In litera-
ture, producer microorganisms are reported to accumulate 
PHB up to 90% of their cellular weight [50]. Thus, improv-
ing product titer would be limited by cell density.

In this study, vinasse-based media showed potential as 
cheap media for improving cellular density by Halomonas 
sp. HG03 and R. eutropha L359PCJ. Product yield in treat-
ment  MMHaV507 decreased significantly in comparison to 
control, but it was balanced with YX/S (Table 2). R. eutropha 
L359PCJ, on its turn, was generally more efficient in con-
verting substrate into product, especially in concentrated 
vinasse-based media. In  MMReV507, YX/S was over three 
times higher than that in control treatment; YP/S was 15% 
lower than control and it did not differ from those deter-
mined in in natura vinasse-based treatments (Table 3).

Treatments with the highest concentration of vinasse 
did not show satisfactory results of PHB production, par-
ticularly by Halomonas sp. HG03. YP/S in  MMHaV757 was 
72% lower than that in  MMHa; and  MMReV757 showed YP/S 
34.5% lower than control. Those results actually indicate that 
concentrated vinasse was not inhibitory to bacteria and the 
low product synthesis is likely due to unfavorable nutritional 
conditions for PHB accumulation, which were not unbal-
anced enough to trigger PHB metabolism efficiently. The use 
of high dilutions of concentrated vinasse would not neces-
sarily be unviable for PHB production by those bacteria, but 
further studies would be needed.

Given the vinasse composition (Table 1), amino acids 
might have been used as nitrogen sources and/or building 
blocks by Halomonas sp. HG03 and R. eutropha L359PCJ. 
No previous literature was found about the amino acids com-
position of vinasses from the Brazilian bioethanol process. 
Most likely, yeast cells are the main source of amino acids in 
vinasse because they may lyse along the fermentation process, 
so cellular components are released in culture medium and 
remain in vinasse. Deeper comprehension of optimal medium 
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Fig. 3  Concentration of rCDW (light red) and PHB (dark red) in shake flasks experiments with R. eutropha L359PCJ. Letters abcd differ accord-
ing to Tukey test with 5% of significance

Table 2  Conversion yields of sucrose into biomass (rCDW) and PHB 
by Halomonas sp. HG03

Letters abcd differ according to Tukey test with 5% of significance

YX/S (g  g−1) YP/S (g  g−1)

MMHa 0.07 ± 0.01 c 0.32 ± 0.02 a
MMHaV503 0.09 ± 0.02 c 0.27 ± 0.04 bc
MMHaV753 0.24 ± 0.02 b 0.31 ± 0.04 ab
MMHaV507 0.23 ± 0.08 b 0.23 ± 0.02 c
MMHaV757 0.36 ± 0.08 a 0.09 ± 0.04 d

Table 3  Conversion yields of glycerol into biomass (rCDW) and PHB 
by R. eutropha L359PCJ

Letters abcd differ according to Tukey test with 5% of significance

YX/S (g  g−1) YP/S (g  g−1)

MMRe 0.07 ± 0.02 d 0.39 ± 0.02 a
MMReV503 0.16 ± 0.03 c 0.35 ± 0.03 b
MMReV753 0.18 ± 0.01 bc 0.33 ± 0.01 b
MMReV507 0.23 ± 0.05 b 0.34 ± 0.03 b
MMReV757 0.31 ± 0.02 a 0.29 ± 0.03 c
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composition for high PHB synthesis by these bacterial strains 
would be valuable information for vinasse-based bioprocesses.

Other authors also investigated the use of vinasse-based 
media for PHAs biosynthesis and some of them evaluated 
the use of in natura vinasse as carbon source, without sup-
plementing any external source. Zanfonato et al. [74] used 
in natura vinasse as glycerol source (4.5 g  L−1) for PHB 
production by C. necator DSM 545. Bhattacharyya et al. 
[5] and Pramanik et al. [52] investigated the use of in natura 
vinasses as carbon sources for PHAs production by archaeal 
strains, aiming to exploit organic acids as substrates.

However, in natura vinasses usually are diluted carbon 
sources and product titers are low. So, other authors studied 
the use of sugarcane molasses added to vinasse-based media 
in order to supply higher concentrations of carbon sources 
[1, 19, 47].

Cheaper feedstocks are a major interest in large scale 
bioprocesses in general. Biotechnological processes might 
have carbon sources accounting for up to 50% of total opera-
tional costs [22, 50]. As a consequence, efforts have focused 
on valorization of agroindustrial wastes through new tech-
nologies, aiming to eco-friendly solutions and profitable 
processes.

To our knowledge, many halophilic strains have been 
extensively studied in complex wastewaters and agroindus-
trial by-products [16, 17, 40], but no study on concentrated 
vinasse-based media has been found. These robust micro-
organisms have great potential for many biotechnological 
processes and still, there is little information about their pro-
ductive capacity in sugarcane-derived by-products.

Moreover, many studies described the use of crude glyc-
erol, a by-product from biodiesel process, as carbon source 
for PHAs production by some microbial strains: C. necator 
DSM 545 [14],C. necator DSM 7237 [33],Paracoccus deni-
trificans, C. necator JMP 134 [43],Burkholderia sacchari 
DSM 17,165 [59],C. eutrophus B-10646 [72]. As far as we 
know, no previous study described the use of concentrated 
vinasse as glycerol source, as it is presented in this study 
with R. eutropha L359PCJ.

Despite lower PHB production by R. eutropha L359PCJ 
in  MMReV757 treatment, it is important to emphasize that 
such process had zero cost with carbon source acquisition. 
 MMReV507 had an important reduction of costs with car-
bon source, since vinasse provided two thirds of glycerol. 
Moreover, results were particularly interesting because PHB 
production in  MMReV507 was competitive with those in our 
control treatment and those reported elsewhere [14, 27, 72].

3.2  PHB biosynthesis in bioreactors

R. eutropha L359PCJ and Halomonas sp. HG03 were both 
cultivated in bioreactors using culture media with 50% (v 
 v−1) of concentrated vinasse.

R. eutropha L359PCJ was cultivated for 74  h and 
maximum growth velocity was µmax = 0.255  h−1 between 
t = 0 h and t = 7.15 h. Other authors previously cultivated 
R. eutropha strains with crude glycerol as carbon source 
and maximum growth velocities between 0.11 and 0.15  h−1 
were described [14, 72]. Zanfonato et  al. [74] used in 
natura vinasse as glycerol source and µmax = 0.21  h−1 was 
determined.

At t = 26 h, the second batch was initiated, which sup-
plied all nutrients from culture medium  (MMBReV507). 
At t = 35 h the third batch supplied concentrated vinasse 
(34.4°Brix) and glycerol solution as the sole nutrients 
source, which initiated the PHB accumulation phase. Fur-
ther batches were initiated at t = 40 h, t = 50 h, and t = 57 h. 
In total, six batches were carried out (Fig. 4).

By the end of the growth phase (second batch) ammo-
nium had been depleted, tCDW concentration was 15.6 g 
 L−1 and PHB content was 21.4% (3.3 g  L−1 of PHB). Pre-
vious studies also reported PHB content around 20% by 
R. eutropha strains at the end of growth phases [35]. Dur-
ing growth phase, conversion yields of glycerol into bio-
mass (rCDW) and PHB were, respectively, 0.52 g  g−1 and 
0.14 g  g−1 (Fig. 5).

By the end of accumulation phase (t = 74 h), the global 
conversion yields (growth and accumulation phases) were 
YX/S = 0.16  grCDW  gGLYCEROL

−1, YP/S = 0.32  gPHB  gGLYCEROL
−1 

and the final concentration of tCDW was 28.0 g  L−1, while 
PHB content was 66.3% (18.6 g  L−1 of PHB and 9.4 g  L−1 
of rCDW). PHB productivity was 0.25 g  Lh−1.

In shake flasks bioprocesses, R. eutropha L359PCJ had 
PHB content of 60.6 ± 4.0% and conversion yields were 
YX/S = 0.23 ± 0.05  grCDW  gGLYCEROL

−1 and YP/S = 0.34 ± 0.03 
 gPHB  gGLYCEROL

−1  (MMReV507 treatment). Thus, product 
yield in bioreactor process was consistent with those in 
shake flasks experiments and PHB content improved. More-
over, PHB production using concentrated vinasse as glycerol 
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source was competitive with previous studies that cultivated 
R. eutropha strains with glycerol as carbon source: PHB 
content of 38–65%; rCDW concentration of 7.4–16.8 g  L−1; 
PHB concentration of 6.7–26 g  L−1; YP/S = 0.30–0.34  gPHB 
 gGLYCEROL

−1; and productivities between 0.16 and 1.52 g 
 Lh−1 [9, 14, 33, 64].

Halomonas sp. HG03 was cultivated for 53 h and maxi-
mum growth velocity was µmax = 0.09  h−1 between t = 20 h 
and t = 27 h. At t = 22 h, the second batch was initiated by 
providing all nutrients of  MMBHaV507. At t = 28 h, the third 
batch was initiated and a solution of sucrose and concen-
trated vinasse was the sole nutrients source. A fourth batch 
was carried out, which started at t = 44 h. Glycerol was not 
significantly consumed by Halomonas sp. HG03 because 
the bacterial strain does not metabolize glycerol efficiently, 
so accumulation along the process was expected (Fig. 6).

Although residual ammonium reached limiting concen-
trations at t = 32.5 h, rCDW showed increasing concentration 
until t = 44 h, which suggests that amino acids from vinasse 
might have been used as nitrogen source and/or building 
blocks and enabled Halomonas sp. HG03 to grow (Fig. 7). 
Previous studies described bioprocesses by Halomonas sp. 
strains that were cultivated in complex media, such as hydro-
lysates or amino acid-enriched media, and continued cellular 
growth was observed as well, even though the main nitrogen 
source had been depleted [58, 63].

During the first batch, at t = 17.5 h, PHB content was 
28.8%, and it showed little variation until the end of the 
second batch at t = 26 h (28.5%). By the end of the fourth 
batch, at t = 53 h, PHB content finally reached 42.2% and 
tCDW concentration was 17.6 g  L−1 (PHB = 7.4 g  L−1 and 
rCDW = 10.2 g  L−1). Globally (growth and accumulation 

Fig. 5  R. eutropha L359PCJ 
culture in CSTR bioreactor 
using concentrated vinasse-
based culture medium 
 MMBReV507: monitoring of 
tCDW (blue); rCDW (purple); 
PHB concentration (g  L−1) 
(green); PHB content (% m 
 m−1) (red); consumed glycerol 
(g  L−1) (yellow); reactor volume 
(L) (gray)
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phases), conversion yields of sucrose into PHB and 
rCDW were, respectively, YP/S = 0.16  gPHB  gSUCROSE

−1, 
and YX/S = 0.22  grCDW  gSUCROSE

−1, and PHB productivity 
was 0.14  gPHB  Lh−1.

In comparison to results obtained in shake flasks, 
the conversion yield of sucrose into rCDW reached 
an expected value, since it had been determined as 
YX/S = 0.23 ± 0.08  grCDW  gSUCROSE

−1  (MMHaV507 treat-
ment). However, the consecutive batches operation 
mode was not successful in achieving higher product 
yield and PHB content, which had been, respectively: 
YP/S = 0.23 ± 0.02  gPHB  gSUCROSE

−1 and 50.7 ± 6.9% 
 (MMHaV507 treatment). Further investigation on Halo-
monas sp. HG03 nutritional requirements is needed and 
such information could be valuable for improving bio-
process strategies for PHB production with vinasse-based 
medium.

Other authors cultivated halophilic strains with sugars 
(glucose, sucrose, molasses) as carbon sources and the 
described results were PHB contents between 52–55%, 
PHB = 0.6–7.5 g  L−1, rCDW = 0.5–6.9 g  L−1, and PHB 
productivities = 0.14–0.16  gPHB  Lh−1 [46, 56, 62].

In this study, PHB production by Halomonas sp. HG03 
was less attractive than that by R. eutropha L359PCJ: 
Halomonas sp. HG03 had lower PHB content, lower PHB 
titer, and its efficiency in converting substrate into prod-
uct was lower, as well. Moreover, R. eutropha L359PCJ 
consumed glycerol from concentrated vinasse efficiently, 
which was further analyzed in silico by simulating large 
scale bioprocesses in SuperPro Designer®.

3.3  In silico analyses of PHB production 
by R. eutropha L359PCJ in concentrated 
vinasse‑based medium

Experimental data of conversion yields during growth 
phase (YX/S = 0.52  grCDW  gGLYCEROL

−1; YP/S = 0.14  gPHB 
 gGLYCEROL

−1) were used in the global stoichiometric reaction 
R1 that defined inoculum production in seed fermentation.

The stoichiometric reaction R2 in production reactor was 
global, meaning that experimental yields corresponded to 
both growth and accumulation phases (YX/S = 0.16  grCDW 
 gGLYCEROL

−1; YP/S = 0.32  gPHB  gGLYCEROL
−1) and defined PHB 

and rCDW biosynthesis in Fermentation. The base scenario 
SC1 had  PpG-Si = 1.1 g  Lh−1 (X = 30 g  L−1; experimental 
μP = 0.05 g  gh−1; experimental PHB content of 21.4% at the 
end of growth phase; experimental PHB content of 66.3% 
at the end of accumulation phase; tX-Si + tPHB-Si = 51.7 h) ( 
Supplementary material, Table S2).

Efforts in improving productivity, especially in large 
scale processes, are important for reducing occupancy time 
of the production reactor (Supplementary material, Fig. S1). 
Besides, shorter batch times demand lower capital invest-
ments because fewer equipment units are needed in order 
to achieve an annual production demand, and maintenance 
costs might be reduced as well.

Table 4 details batch size, number of batches per year, 
production costs, capital investment, and profitability 
indicators in base scenario SC1. As a consequence of 
the shorter campaign in our model (240 days   year−1), 
batch size was 91.8  tonPHB, which may be relatively large 

Fig. 7  Halomonas sp. HG03 
culture in CSTR bioreactor 
using concentrated vinasse-
based culture medium 
 MMBHaV507: monitoring of 
tCDW (blue); rCDW (purple); 
PHB concentration (g  L−1) 
(green); PHB content (% m 
 m−1) (red); consumed total 
sugars (sucrose, glucose, and 
fructose) (g  L−1) (yellow); reac-
tor volume (L) (gray)
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in comparison to the study by Leong et  al. [37], who 
described a PHB process with an annual capacity of 9000 
 tonPHB  year−1 and a 330-day campaign. The authors simu-
lated batch size of 56.3  tonPHB and 146 batches per year.

Raw materials had a very important share in overall 
production costs (48.6%). Among those, glycerol was the 
most important and accounted for 30.1% of total produc-
tion costs. Facility-dependent costs were just as important 
(49.1%), which indicated that optimal use of equipment 
played an important role in the model. As production reac-
tors are the major equipment, efforts in improving pro-
ductivity and final product titer are a common approach 
in industrial biotechnology processes, so equipment can 
be used more efficiently and capital investment becomes 
more attractive [73].

Utilities costs are mostly composed by energetic 
resources such as power, steam, high pressure steam, and 
cooling water, which were some of the least relevant in this 
study. Similarly to experimental procedures, medium steri-
lization for R. eutropha L359PCJ culture was considered 
in the model (steam-in-place operation). So, according to 
these results, medium sterilization might not represent an 
economical burden, although a non-sterile process would 
bring advantages nevertheless, since operation would be 
simplified.

Further analyses aimed to simulate glycerol price varia-
tions estimate how concentrated vinasse might contribute for 
reduction of costs and investigate the impact that improved 
productivities and higher cell density cultures might have 
on production costs.

3.4  Sensitivity analyses

Scenarios SC1-SC6 evaluated two different approaches for 
reducing costs with glycerol acquisition and their impact 
over production costs. Scenarios SC1, SC2, and SC3 reduced 
costs by purchasing glycerol at lower prices: US$ 400  ton−1, 
US$ 300  ton−1, and US$ 200  ton−1, respectively. As a result, 
annual costs reduced 8% as glycerol price decreased by US$ 
100  ton−1. On the other hand, scenarios SC4, SC5, and SC6 
reduced costs by using concentrated vinasse as partial glyc-
erol source (2:1). Thus, scenario SC4 had costs reduced by 
22.2% in comparison to SC1 (US$ 400  ton−1); SC5 reduced 
costs by 18.4% in comparison to SC2 (US$ 300  ton−1); and 
SC6 had costs 14% lower than those in SC3 (US$ 200  ton−1) 
(Fig. 8). Concisely, reduction costs by concentrated vinasse 
were higher for scenarios that simulated higher glycerol 
prices.

Unit production cost ranged from US$ 5.1  kgPHB
−1 to US$ 

4.3  kgPHB
−1 in scenarios SC1–SC3, and US$ 3.9  kgPHB

−1 to 
US$ 3.7  kgPHB

−1 in scenarios that simulated vinasse-based 

Table 4  Base scenario SC1: product output and economic analysis

Purified PHB (ton  batch−1) 91.8

Number of batches  year−1 109
Total annual production cost (US$) 50,675,085
Raw materials (%) 48.6
Glycerol (%) 30.1
Facility (%) 49.1
Utilities (%) 1.9
Labor (%) 0.4
Laboratory and others (%) 0.1
Total investment (US$) 135,070,977
Direct fixed cost (US$) 125,548,649
Equipment purchase cost (US$) 35,871,043
Unit production cost (US$  kgPHB

−1) 5.1
Return on investment (ROI) (%) 30.8
Internal rate of return (IRR) (%) 23.7
Net present value (NPV) (US$) 185,782,725
Payback time (years) 3.2

Fig. 8  Unit production costs 
(US$  kgPHB

−1) and annual 
production costs discriminated 
by raw materials (minerals, 
glycerol and other raw materi-
als), facility, and other general 
production costs in scenarios 
with mineral medium MMB 
(SC1, SC2, SC3) and scenarios 
with concentrated vinasse-based 
medium (SC4, SC5, SC6)
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media, SC4–SC6. Figure 8 shows that unit costs were not 
strongly affected by glycerol prices in scenarios that used 
vinasse as partial glycerol source, which means the PHB 
process could be less vulnerable to external factors such 
as glycerol suppliers, market prices of feedstocks, or other 
external variables.

Besides glycerol, facility-dependent costs were also very 
relevant for PHB process (Fig. 8). So productivities and 
product titers were evaluated in scenarios SC7–SC15.

Optimistic (µP = 0.07 g  gh−1), realistic (µP = 0.05 g  gh−1), 
and pessimistic (µP = 0.02 g  gh−1) productivities  (PpG-Si) 
were calculated for different scenarios of high cell density 
(Xf): 30 g  L−1, 40 g  L−1, and 50 g  L−1 (Table 5).

The simulated productivities  (PpG-Si) ranged between 0.7 
and 2.3 g  Lh−1, which were consistent with those experi-
mentally described elsewhere for R. eutropha strains using 
glycerol as carbon source [8, 14, 72].

Figure 9 discriminates glycerol and facility-dependent 
costs among annual production costs for base scenario SC1 
and scenarios SC7–SC15, as well as unit production costs 
(US$  kgPHB

−1).
Unit costs for scenarios SC7–SC15 ranged from US$ 

2.8  kgPHB
−1 to US$ 5.4  kgPHB

−1 and all scenarios had lower 

annual costs than SC1, except for the pessimistic scenario 
SC9.

Scenarios SC1 and SC8 were technically similar because 
both had  PpG-Si = 1.1 g  L−1, Xf = 30 g  L−1, and Pf = 59 g  L−1, 
but SC8 simulated concentrated vinasse-based medium and 
its annual costs were 22.2% lower. As expected, optimistic 
productivities decreased production costs, and SC7 had costs 
3% lower than those in SC8 and 24% lower than those in 
SC1. The pessimistic productivity in scenario SC9 increased 
annual costs by 7% in comparison to SC1 and 37.5% in com-
parison to SC8.

Optimistic productivity for cellular density of 40 g  L−1 
(SC10) decreased annual costs by 11% in comparison to 
the realistic scenario (SC11), and a pessimistic productivity 
(SC12) increased those costs by 34%. As for cellular density 
of 50 g  L−1, a similar analysis determined annual costs 9% 
lower for SC13 (optimistic) and 39% higher for SC15 (pes-
simistic) in comparison to SC14 (realistic).

According to our results, increasing cellular density 
could be an important approach to decrease unit produc-
tion costs (Fig. 10). Given that PHB content was invariable 
among scenarios (66.3%), cellular density determined prod-
uct titers and concisely, pessimistic scenarios became less 

Table 5  Optimistic, realistic, 
and pessimistic scenarios of 
simulated PHB productivities 
 (PpG-Si) and titers (Pf)

Scenario Xf (g  L−1) μP (g  gh−1) tX-Si (h) tPHB-Si (h) Total 
process time 
(h)

Pf (g  L−1) PpSi (g  Lh−1)

SC7 30 0.07 18 23.4 40.8 59 1.4
SC8 30 0.05 18 33.8 51.7 59 1.1
SC9 30 0.02 18 70.4 88.2 59 0.7
SC10 40 0.07 19 23.4 41.9 78.7 1.9
SC11 40 0.05 19 33.8 52.8 78.7 1.5
SC12 40 0.02 19 70.4 89.4 78.7 0.9
SC13 50 0.07 20 23.4 42.8 98.4 2.3
SC14 50 0.05 20 33.8 53.7 98.4 1.8
SC15 50 0.02 20 70.4 90.3 98.4 1.1

Fig. 9  Unit production costs 
(US$  kgPHB

−1) and annual 
production costs (glycerol, facil-
ity, and other general produc-
tion costs). (o) optimistic; (r) 
realistic; (p) pessimistic; (30) 
Xf = 30 g  L−1; (40) Xf = 40 g 
 L−1; (50) Xf = 50 g  L−1
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disadvantageous as cellular density increased due to higher 
product titers.

Scenario SC15 had a pessimistic productivity 
 (PpG-Si = 1.1 g  Lh−1), but the highest cell density (X = 50 g 
 L−1), the highest PHB titer (98.4 g  L−1), and the unit pro-
duction cost was US$ 4.3  kgPHB

−1. Scenario SC9, on the 
other hand, had a pessimistic productivity  (PpG-Si = 0.7 g 
 Lh−1), the lowest cell density (X = 30 g  L−1), the lowest 
PHB titer (59 g  L−1,) and the unit production cost was US$ 
5.4  kgPHB

−1, which made it a less competitive scenario than 
SC15 and base scenario SC1 (US$ 5.1  kgPHB

−1). Similar 
interpretation can be made for optimistic and realistic pro-
ductivities (Figs. 9 and 10). Thus, both productivity and cel-
lular density were relevant for reducing production costs.

Profitability indicators are strongly influenced by pro-
duction costs. Coherently, optimistic scenarios had the 
most attractive indicators and scenario SC13 (Xf = 50 g  L−1; 
optimistic;  PpG-Si = 2.3  gPHB  Lh−1;  Pf = 98.4 g  L−1) had the 
lowest unit production cost (US$ 2.8  kgPHB

−1), the lowest 
payback time (1.6 years), and the highest internal rate of 
return (IRR) (46.6%). Because higher density cultures had 
impact on PHB titer and unit production costs, more attrac-
tive profitability indicators were expected (Table 6).

In this study, it is important to highlight that productiv-
ity was a special interest because facility use is particu-
larly important in biorefinery designs. However, efforts on 
improving productivity are just as important as achieving 
high product titers. As it is detailed in Fig. 11, scenarios 
that did not simulate optimistic productivities but simulated 
higher cell densities — and higher PHB titers — demanded 
fewer production bioreactors for the same annual demand of 
10,000 tons of PHB.

At last, base scenario SC1 (Xf = 30 g  L−1;  PpG-Si = 1.1 
 gPHB  Lh−1;  Pf = 59 g  L−1) and scenarios SC9 (Xf = 30 g  L−1; 
pessimistic;  PpG-Si = 0.7  gPHB  Lh−1;  Pf = 59 g  L−1) and SC13 
(Xf = 50 g  L−1; optimistic;  PpG-Si = 2.3  gPHB  Lh−1;  Pf = 98.4 g 
 L−1) were further analyzed for other glycerol prices: cheaper 

crude glycerol, US$ 200  ton−1 and industrial grade pure 
glycerol, US$ 855  ton−1 (Table 7).

Considering the lower glycerol price (US$ 200  ton−1), 
scenario SC1 was more attractive than SC9, which was the 
least interesting scenario from the technical point of view 
due to its pessimistic productivity. However, once a very 
high glycerol price (US$ 855  ton−1) was simulated, SC9 
became more competitive (US$ 6.0  kgPHB

−1) than SC1 (US$ 
6.8  kgPHB

−1) despite the lower productivity. The use of con-
centrated vinasse as partial glycerol source was important to 
keep glycerol costs under an acceptable share in SC9 (18% 
of total production costs) and unit production cost increased 
US$ 0.8 once glycerol price raised from US$ 200  ton−1 to 
US$ 855  ton−1, while scenario SC1 had an increase of US$ 
2.5 in unit cost.

Fig. 10  Unit production costs (US$  kgPHB
−1) and productivity values 

for Xf = 30 g  L−1 (green), Xf = 40 g  L−1 (blue), and Xf = 50 g  L−1 (pur-
ple) 

Table 6  Unit production costs and profitability indicators of optimis-
tic, realistic, and pessimistic scenarios

o Optimistic
r Realistic
p Pessimistic
(30) Xf = 30 g  L−1; (40) Xf = 40 g  L−1; (50) Xf = 50 g  L−1

Scenario Unit 
production 
cost (US$ 
 kgPHB

−1)

ROI (%) Pay-
back 
(years)

IRR (%) NPV (mil-
lion) (US$)

SC7o (30) 3.8 37.7 2.6 29.0 244.3
SC8r (30) 3.9 36.2 2.8 27.9 238.3
SC9p (30) 5.4 22.0 4.5 15.9 145.8
SC10o (40) 3.1 53.4 1.9 39.8 290.7
SC11r (40) 3.5 43.6 2.3 33.2 266.5
SC12p (40) 4.6 27.2 3.7 20.5 191.8
SC13o (50) 2.8 64.3 1.6 46.6 309.1
SC14r (50) 3.1 53.4 1.9 39.9 291.3
SC15p (50) 4.3 31.5 3.2 24.1 217.2

Fig. 11  Number of units of production bioreactors and productivity 
values for Xf = 30 g  L−1 (green), Xf = 40 g  L−1 (blue), and Xf = 50 g 
 L−1 (purple)
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SC13, on its turn, was the most attractive scenario from 
both economic and technical points of view since it had the 
highest productivity and high PHB titer. Despite the very 
high glycerol price (US$ 855  ton−1), SC13 was still more 
competitive than most scenarios in this study, except for 
SC10 (optimistic; Xf = 40 g  L−1; purchasing price US$ 400 
 ton−1; US$ 3.1  kgPHB

−1) and SC14 (realistic, Xf = 50 g  L−1; 
purchasing price US$ 400  ton−1; US$ 3.1  kgPHB

−1).
Although many factors do affect PHB production costs, 

such as microbial strain, PHB content, type, quality and 
logistics of feedstocks, and production capacity, our results 
were consistent with those previously described by other 
authors. Leong et al. [37] described US$ 5.8–6.1  kgPHB

−1 
for a production system that used pure glycerol as carbon 
source (US$ 500  tonGLYCEROL

−1) and production capacity of 
9000  tonPHB  year−1. Levett et al. [38] described US$ 3.2–6.8 
 kgPHB

−1 for PHB production that used methane as the car-
bon source and the annual production capacity was 100,000 
 tonPHB  year−1. Van-Wegen, Ling, and Middleberg [70] evalu-
ated PHB production by an E. coli strain, annual capacity of 
4300  tonPHB  year−1, and glucose was evaluated as the sole 
carbon source (US$ 5.6  kgPHB

−1) or combined with dairy 
whey (US$ 2.7–3.6  kgPHB

−1).
Unfortunately, the unit production costs we determined in 

this study are still not competitive with those of petroleum-
derived polypropylene, US$ 1.1  kg−1 [34]. Technological 
advances are certainly needed, as well as a deeper compre-
hension on how PHAs fit in the global market. Their life 
cycle is not the same as those petroleum-derived products 
and many policies have been focusing on that aspect [7].

Still, it is noteworthy that our simulation model con-
sidered an industrial facility entirely dedicated to the PHB 
process regarding equipment purchase and other second-
ary costs. No facility sharing between PHB and bioetha-
nol processes was actually simulated in this study, such as 
centrifuges, tanks, steam, chilled water, and cooling water 

generation. Once specific information on facility sharing 
between bioprocess were included, capital investment and 
some operational costs in the model could be become more 
attractive. In this study, the integration between processes 
focused particularly in vinasse recycle.

Finally, profitability indicators are highly variable among 
projects, depending on their technical specificities, geo-
graphic location, and markets they aim to. Payback time, 
however, is one of the most general indicators and, at some 
level, it allows the comparison among a variety of projects.

Previous studies used SuperPro Designer® as a tool for 
studying valorization of other agroindustrial wastes (whey 
wastes, syrups, and sugarcane molasses) through biocom-
modities manufacturing and payback times between 3 and 
5.5 years were estimated [3, 30, 71].

Therefore, our results indicated that concentrated vinasse 
might be a competitive feedstock as glycerol source for PHB 
production. Experimentally, vinasse provided very sat-
isfactory conditions for R. eutropha L359PCJ growth, no 
inhibitory effect was observed, glycerol from vinasse was 
efficiently consumed, and PHB production was consistent 
with those based on crude glycerol processes. In silico, the 
relevance of high cell density cultures for productivity and 
product titer was assessed. Further research is certainly 
needed in order to develop an optimized process, but there 
is great potential for competitive PHB production based on 
concentrated vinasse.

4  Conclusion

Concentrated vinasse has proven to be a potential substrate 
for producing PHB at lower costs. Different volumetric dilu-
tions of in natura and concentrated vinasse affected cellular 
growth positively and the higher concentrations of vinasse in 
culture media indicated that nutritional conditions induced 

Table 7  Unit production costs (US$  kgPHB
−1) and glycerol annual costs (%) for minimum (crude) and maximum (pure, industrial grade) glycerol 

prices in base scenario SC1 and scenarios SC9 and SC13

o Optimistic
p Pessimistic
§ Brazilian exportation prices in 2021 (http:// comex stat. mdic. gov. br/ pt/ geral)
(30)  Xf = 30 g  L−1; (50) Xf = 50 g  L−1

Scenario Productivity 
 (PpG-Si g  Lh−1)

Glycerol purchase 
price (US$  ton−1)

Final cost in culture 
medium (US$  ton−1)

US$  kgPHB
−1 Glycerol annual costs (% 

US$GLYCEROL
−US$TOTAL PRODUCTION COSTS

−1)

SC1 (30) 1.1 200 200 4.3 17.7
SC1 (30) 1.1 855 § 855 6.8 47.9
SC9p (30) 0.7 200 67 5.2 4.9
SC9p (30) 0.7 855 § 285 6.0 18.0
SC13o (50) 2.3 200 67 2.5 10.1
SC13o (50) 2.3 855 § 285 3.4 32.2

http://comexstat.mdic.gov.br/pt/geral
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cellular growth over PHB accumulation, which may be very 
attractive for high cell density cultures.

R. eutropha L359PHB could efficiently consume glyc-
erol from vinasse and biosynthesize PHB and no inhibitory 
effects were observed in CSTR bioreactor cultivation. Pro-
duction yields, PHB content and final titer were compara-
ble to those reported for PHB production based on other 
glycerol sources. Although Halomonas sp. HG03 showed 
satisfactory PHB biosynthesis, further investigation on the 
bacterium’s nutritional requirements would be beneficial for 
PHB biosynthesis in vinasse-based media.

Finally, in silico analyses assessed production costs of 
vinasse-based processes. The use of concentrated vinasse 
as nutrients source might reduce costs by 22.2% and higher 
cellular densities were relevant for improving profitability 
indicators.

Abbreviations COD:   Chemical oxygen demand; CDW:  Cell dry 
weight; CSTR:  Continuous stirred-tank reactor; DFC:  Direct fixed 
costs; IRR:  Internal rate of return; NPV:  Net present value; PHB:  
Poly(3-hydroxybutyrate); PHAs:   Polyhydroxyalkanoates; rCDW:  
Residual cell dry weight; tCDW:  Total cell dry weight; ROI:  Return 
on investment
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