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Vinasse streams were characterized
throughout the sugarcane harvest period.
The fate of vinasse through fertirrigation
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The organic polluting load could be re-
duced by 80% through two-phase
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Over 300 thousand inhabitants could be
supplied with biogas electricity.

Sodium accumulation would severely limit
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Sugarcane vinasse has been widely used as a soil fertilizer in the Brazilian sucro-alcohol industry for recycling potassium
and water. However, the potential negative effects from long-term soil fertirrigation represent a major drawback regarding
this practice, whereas the application of biodigestion represents an efficient method for reducing the polluting organic load
and recovering bioenergy from vinasse. Regardless of the predicted use for vinasse, an understanding of the potential of
each option is imperative, as the seasonal alterations in the inorganic/organic fractions of vinasse directly affect its manage-
ment. In this context, this study presents a detailed compositional characterization of sugarcane vinasse from a large-scale
Brazilian biorefinery throughout the 2014/2015 harvest to assess the environmental effects (due to fertirrigation) and to
estimate the biogas energetic potential. Calculated inputs of organic matter into soils due to vinasse land application
were equivalent to the polluting load of populations (117-257 inhab ha™!) at least 2-fold greater than the largest
Brazilian capital cities (78-70 inhab ha—"). Two-phase biodigestion could efficiently reduce the polluting load of vinasse
(23-52 inhab ha") and eliminate the negative effects from direct sulfide emissions in the environment. However, a
high risk of soil sodification could result from using high doses of Na-based alkalizing compounds in biodigestion plants.
Finally, the optimized recovery of bioenergy through biogas (13.3-26.7 MW as electricity) could supply populations as
large as 305 thousand inhabitants, so that over 30% of the surplus electricity produced by the studied biorefinery could
be obtained from biogas. Overall, applying biodigestion in the treatment of vinasse provides important environmental
and energetic gains. However, the benefits of reducing the polluting organic load of vinasse through bioenergy recovery
may lose their effect depending on the alkalizing strategy, indicating that the proper use of chemicals in full-scale
biodigestion plants is imperative to attain process sustainability.
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Nomenclature

[K]soit concentration of potassium in the soil
[K]vinasse concentration of potassium in vinasse
[NaHCOs5] sodium bicarbonate dose

[NaOH] sodium hydroxide dose

AD anaerobic digestion

AOLg,;;  applied organic load into the soil

BOD biochemical oxygen demand
BODsewage BOD of sewage
BODyinasse BOD of vinasse

CEC cation exchange capacity

COoD chemical oxygen demand
CODsewage COD of sewage
CODyjnasse  COD of vinasse

CR sewage-to-water return coefficient

EP energetic potential of biogas

EqPop  equivalent population

ERcop  COD removal in biodigestion

GHG greenhouse gas

HP harvesting period

HSW high-strength wastewater

HY hydrogen yield

ICE internal combustion engine

LHVcys lower heating value of methane

LHVy,  lower heating value of hydrogen

Mys. molar mass of sulfide

Mso4 molar mass of sulfate

MTC million tons of sugarcane
MY methane yield
Nabied concentration of sodium in the biodigested

vinasse
Nalfw concentration of sodium in raw vinasse
PCCuater per capita water consumption
pHPR potential hydrogen production rate
pMPR  potential methane production rate
PSE potential sulfide emission
SAR sodium adsorption ratio
S-COD  soluble COD (0.45 um-filtered samples)
TC tons of sugarcane
T-COD  total COD (unfiltered samples)
TKN total Kjeldahl nitrogen
TOC total organic carbon
TRS total reducing sugar
VFA volatile fatty acids
VFR vinasse flow rate
VinAR  vinasse application rate
M energy conversion factor

1. Introduction

The fate of vinasse, the primary wastewater from ethanol produc-
tion, represents one of the main burdens of the sucro-alcohol industry
in Brazil. In the mid-1970s, restrictive laws prohibited the direct and in-
direct discharge of vinasse into water bodies (Fuess and Garcia, 2014;
Moraes et al., 2015), which promptly encouraged the land disposal of
this high-strength wastewater (HSW) through fertirrigation by
recycling nutrients, primarily potassium, and water to the sugarcane
fields (Dias et al., 2015). Despite the proven techno-economic feasibility
of fertirrigation (Cruz et al., 2013), the continuous long-term land dis-
posal of vinasse into soils has great potential to trigger a series of nega-
tive environmental effects (Fuess and Garcia, 2014; Fuess et al., 2017c),
such as soil salinization and the subsequent structural destabilization of

the terrain, microbial activity losses, and the permanent acidification of
soils and water resources. These effects are the direct results of the high
inputs of salts and biodegradable organic compounds, particularly or-
ganic acids, into the fields.

Anaerobic digestion (AD) or biodigestion may be considered the pri-
mary alternative for managing vinasse in sugarcane biorefineries. AD
has important advantages over fertirrigation, including a reduction in
the polluting organic load of vinasse, the potential recovery of bioenergy
from biogas, and the potential for enhancing the profitability of
biorefineries through the generation of surplus electricity, based on
the burning of biogas in prime movers (Fuess and Garcia, 2015; Fuess
et al., 2018; Moraes et al., 2014, 2015). Moreover, the removal of nutri-
ents in AD systems is negligible, which means that the fertilizing poten-
tial of in natura vinasse is maintained in the biodigested effluents
(Moraes et al., 2015; Salomon et al., 2011). Additional technological ap-
proaches proposed for the management of vinasse include the cultiva-
tion of microbial biomass for the production of protein-rich cells (Pires
et al., 2016; Santos et al., 2016), which may also be coupled to the recov-
ery of different bioproducts, such as bioemulsifiers (Colin et al., 2016;
Oliveira and Garcia-Cruz, 2013), enzymes (Kahraman and Gurdal,
2002), and lipids (Fernandes et al., 2017). The recycling of vinasse into
the fermentation step has also been shown as an efficient destination
for this HSW, aiming at the production of fuel ethanol (Navarro et al.,
2000) and spirits (Menezes et al., 2013).

Regardless of the chosen use for sugarcane vinasse, it is imperative
to understand the potential of each available application through a com-
plete compositional characterization of vinasse, as seasonal alterations
in the inorganic and organic fractions of this HSW directly affect the pro-
posed management approaches. With respect to fertirrigation in Brazil,
the concentration of nutrients in vinasse, particular that of potassium,
defines the application rates into the sugarcane fields (CETESB, 2015),
resulting in other environmental impacts from the associated inputs of
biodegradable organic matter (the polluting organic load) and other
constituents. In turn, biodigestion is directly affected by the biodegrad-
ability of the organic fraction from vinasse as well as by the accumula-
tion of specific inhibitory/interfering compounds, such as phenols and
sulfate.

In this context, this study aimed to present a detailed compositional
characterization of sugarcane vinasse from a large-scale Brazilian
biorefinery (with a milling capacity of 9.3 x 10° tons of sugarcane
(TC) per harvest) throughout the 2014/2015 harvest, particularly for
the year 2014. The organic and inorganic fractions of vinasse were char-
acterized over seven months (May to December), and the composi-
tional data were used to predict the environmental effects (due to
fertirrigation) and to estimate the energetic potential of biogas. The im-
pacts of the specific constituents of vinasse, such as sodium and sulfate,
were considered in each case. Estimates on the application of
biodigestion considered single- and two-phase schemes in an effort to
understand how the polluting and energetic potentials of sugarcane
vinasse could be affected throughout the harvest by applying different
treatment approaches. Full-scale experiences with sugarcane
biodigestion are still scarce in the Brazilian sucro-alcohol industry
(Fuess et al., 2017a), minimizing field data availability and, conse-
quently, requiring simulation- and estimate-based studies to properly
understand the pros and cons of AD. In this sense, the results obtained
herein may be used as a reference for the implementation of specific
management approaches in biorefineries to prevent negative effects
from the use of vinasse as a fertilizer and bioenergy source.

2. Methods
2.1. Sugarcane vinasse sampling and characterization

Sugarcane vinasse samples were regularly collected from an
annexed full-scale biorefinery located in the State of Sdo Paulo, Brazil,
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throughout 2014. Annexed biorefineries produce sugar (from juice) and
ethanol (from blends of juice and molasses, a byproduct from sugar pro-
duction). The milling capacity of the biorefinery during the sampling pe-
riod corresponded to 9.3 x 10° TC, with 48% and 52% of the total
reducing sugar (TRS) content directed to sugar and ethanol production,
respectively, on average. The sampling was conducted over seven
months, i.e., from May to December, and the characterization was
based on the following parameters: biochemical (BOD) and chemical
(COD) oxygen demands, total organic carbon (TOC), and soluble organic
compounds (i.e., volatile fatty acids - VFA - and solvents) for the or-
ganic fraction and nutrients and trace metals for the inorganic fraction.
Nitrogen (as total Kjeldahl nitrogen, TKN), potassium (K), phosphorus
(P), calcium (Ca), magnesium (Mg), and sulfate (SO3~) were assessed
as nutrients, whereas sodium (Na), cobalt (Co), nickel (Ni), zinc (Zn),
copper (Cu), lead (Pb), cadmium (Cd), chromium (Cr), iron (Fe), and
manganese (Mn) were assessed as trace metals.

The BOD, COD, and TOC measurements were performed according to
the procedures described in the Standard Methods for the Examination
of Water and Wastewater (APHA et al., 2012): methods 5210 B (5-Day
BOD Test), 5220 D (Closed Reflux, Colorimetric Method), and 5310 B
(High-Temperature Combustion Method), respectively. COD analyses
included the total (T-COD) and soluble (S-COD) fractions; the samples
were passed through 0.45-um filters prior to S-COD measurements.
VFA were analyzed by high-performance liquid chromatography ac-
cording to the conditions described by Santos et al. (2014a). In this
case, the samples were passed through 0.22-um filters prior to the mea-
surements. Solvents were complementarily analyzed by gas chromatog-
raphy, as proposed by Adorno et al. (2014). TKN measurements were
based on semi-automated colorimetry (method 351.2 - EPA, 1993),
whereas the determination of the major nutrients (K, P, Ca, and Mg)
and selected metals (Na, Co, Ni, Zn, Cu, Pb, Cd, Cr, Fe, and Mn) was per-
formed using atomic absorption spectrometry (AAS). The samples were
first subjected to microwave-assisted acid digestion (method 200.2;
EPA, 1994) and then analyzed using a spectrometer (model 240FS AA,
Varian Inc., Palo Alto, CA, USA) via method 200.9 (EPA, 1998). The SO7
concentrations were determined by ionic chromatography (Dionex
ICS-5000, Thermo Fisher Scientific Inc., Sunnyvale, CA, USA) using
an ion suppressor and a conductivity detector, as described by
Costa and Foresti (2014).

2.2. Basic input data: sugarcane biorefinery and AD systems

The basic input data used in the estimates are compiled in Table 1,
including assumptions for the biorefinery (ethanol yield, specific
vinasse generation, vinasse flow rate, and harvesting period) and AD
systems. Performance data for the biodigestion of vinasse considered
both single- and two-phase systems, which were characterized by a sin-
gle methanogenic reactor and by sequential acidogenic and methano-
genic reactors, respectively. Reference data for the single-phase AD
system were obtained from Ferraz Jr. et al. (2016). The performance of
the acidogenic and methanogenic steps of the two-phase AD scheme
was based on the findings reported by Fuess et al. (2016) and Fuess
et al. (2017a), respectively, to include the potential biohydrogen pro-
duction from acidogenesis. The characteristics of the soils potentially
suitable for fertirrigation and of the prime movers used for the produc-
tion of bioenergy from biogas are also presented in Table 1.

2.3. Fertirrigation: calculations and impact prediction

The experimental results were first used to calculate the maximum
vinasse application rate (VinAR) into soils, based on the methodology
proposed by CETESB (2015) (Eq. (1)). This methodology determines
the application rate of sugarcane vinasse into soils according to the K
content in both effluent and soil. The characteristics of two different
types of soils used in the cultivation of sugarcane, in terms of the potas-
sium content and cation exchange capacity (CEC) (Table 1), were

considered in the calculations. In Eq. (1), the terms VinAR, CEC, [K]soi,
and [K]vinasse are the application rate of sugarcane vinasse (m> ha™!),
the CEC of the soil (cmolc dm™3), the K concentration in the soil at a
depth of up to 0.8 m (cmolc dm™3), and the K concentration in sugar-
cane vinasse (kg-K,0 m—3), respectively. The constant value 3744 is a
correction factor for converting the K concentrations from
cmolc dm™3 to kg per a volume of 8000 m (1 ha x 0.8 m). The constant
value 185 corresponds to the mass of K,0 extracted by the crop per
hectare during the harvest. K;0 concentrations in vinasse were esti-
mated by correcting K levels analytically determined (Section 2.1) by
a factor of 1.2, i.e., every gram of K corresponds to 1.2 g of K;0.

(0.05-CEC—[K];1)-3, 744 + 185

VinAR = K

(1)

vinasse

The application rates were used to estimate the inputs of organic
matter and specific ions into the soil to highlight the impacts of the
treatment processes on the vinasse quality. The inputs of organic matter
were estimated through the applied organic load into the soil (AOLsei)
according to Eqs. (2) and (3) for raw and biodigested vinasse, respec-
tively. AOLsy; values were further used to estimate the populations
with a polluting potential equivalent to sugarcane vinasse (EqPop), as
indicated by Egs. (4) and (5) for raw and biodigested vinasse, respec-
tively. In Egs. (2) to (5), the terms AOLsy;;, VinAR, BODyinasse, ERcop,
CODyjinasses EQPOP, BODsewages CODsewages PCCuyater, CR, and HP are the ap-
plied organic load into the soil (kg-BOD ha™—"! or kg-COD ha™ '), the ap-
plication rate of vinasse (m> ha™1!), the BOD of vinasse (kg m™3), the
COD removal in biodigestion (dimensionless), the COD of vinasse
(kg m™3), the equivalent population (inhab ha™!), the BOD of sewage
(kg m™3), the COD of sewage (kg m~>), the per capita water consump-
tion (m? inhab™! day~!), the sewage-to-water return coefficient (di-
mensionless), and the harvesting period (days), respectively. The
values for BODyjnasse (raw vinasse) were experimentally obtained
(Section 2.1), whereas the values for CODynasse (biodigested vinasse)
were estimated from both the COD measurements (section 2.1) and
the removal levels assumed for the biodigestion systems (Table 1).
The values for BODsewage, CODsewage, PCCwater, and CR were set to
0.3 kg m—3, 0.6 kg m—3, 0.225 m® inhab~' day~’, and 0.8, respectively,
as reported by von Sperling (2007). The reference values for the per
capita load, i.e., the potential polluting contribution of each inhabitant
were 0.054 kg-BOD inhab™' day~! (raw vinasse) and 0.108 kg-
COD inhab™! day~! (biodigested vinasse).

AOLgyj = VinAR - BODyjnasse (2)

AOLsoil = VinAR - (] - ERCOD) : CODvinasse (3)
AOLy,

EqPop — soil 4

40P = BOD eage - PCCuyarer - CR - HP (4)
AOLy;

EaqPop — soil 5

47OP = COD eage - PCCyyarer - CR - HP (3)

The compositional data were also used to estimate the sodium ad-
sorption ratio (SAR; Eq. (6)) resulting from the application of vinasse,
either raw or biodigested, into the soil through fertirrigation. Unbal-
anced conditions between Na and bivalent ions, particularly Mg and
Ca, increase soil instability due to the dispersive characteristics of Na
(WHO, 2006). In Eq. (6), the terms SAR, Na, Ca, and Mg are the SAR (di-
mensionless) and the concentrations of sodium (mEq L™!), calcium
(mEq L™!) and magnesium (mEq L™!), respectively. With respect to
biodigested vinasse, the inputs of Na were estimated from the use of
Na-based alkalizing compounds (Table 1), as presented in Eqs. (7) and
(8) for single- and two-phase AD systems, respectively. The terms
Nabied Nafw [NaOH], and [NaHCOs] are the concentrations of Na in
the biodigested and raw vinasse (g L™'), the dose of NaOH applied to
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Table 1

Input data for the biorefinery, biodigestion systems, bioenergy recovery systems, and fertirrigated soils.
Input data Reference
Biorefinery Harvesting period = 210 days -

Milling capacity = 9.3 x 10° TC harvest ™' -

Ethanol yield = 53.4 LTC ™!

Specific vinasse generation = 10 Lyinasse L™ ' ethanol

Moraes et al. (2014)
Moraes et al. (2014)

Annual ethanol production = 496,620 m? -
Ethanol flow rate = 98.54 m®> h~! (2364.86 m> day—!) -
Annual vinasse production = 4,966,200 m* -
Vinasse flow rate = 985.40 m®> h—' (23,648.60 m® day ") -

Single-phase AD system (methanogenic phase) COD removal = 60.7%

Ferraz Jr. et al. (2016)

Methane yield = 0.234 Nm>-CH,4 kg~ 'CODemoved

NaHCO; dose = 12.5 g L™ ! inasse

Two-phase AD system (acidogenic phase) COD removal = 20.0%

Fuess et al. (2016)

Hydrogen yield = 0.87 mmol-H; g~ 'CODipguent (0.0195 Nm?>-H; kg ~'CODinfiuent)

NaOH dose = 1.25 g L™ ! yinasse

Two-phase AD system (methanogenic phase) COD removal = 73.9%

Fuess et al. (2017a)

Methane yield = 0.301 Nm>3-CH,4 kg~ 'COD;emoved

NaHCO; dose = 6.25 g L™ \yinasse
Soil #1 (dystrophic red latosol)?

Soil #2 (dystrophic red latosol)®

Bioenergy recovery systems

Potassium content = 19.6 mg dm > (0.05 cmolc dm—3)
Cation exchange capacity = 3.23 cmolc dm
Potassium content = 54.7 mg dm > (0.14 cmolc dm—3)
Cation exchange capacity = 4.19 cmolc dm
Lower heating value (H,) = 120 MJ kg~' (10.71 MJ Nm—3)
Lower heating value (CH,4) = 50 M] kg~ ! (35.72 MJ Nm—3)
Electric conversion factor = 0.43 (ICE)

Thermal energy conversion factor = 0.51 (ICE)

Electric conversion factor = 0.40 (fuel cell)

Thermal energy conversion factor = 0.30 (fuel cell)

Zolin et al. (2011)

-3

-3
Heywood (1988)

Heywood (1988)

]620 GS-F12 (GE Jenbacher GmbH & Co)
]620 GS-F12 (GE Jenbacher GmbH & Co)
Goldstein et al. (2003)

Goldstein et al. (2003)

Notes:
2 Without the application of organic/inorganic fertilization.

b After 20 consecutive applications of vinasse at a dose of 150 m* ha~! per year (one application per year).

the raw vinasse prior to acidogenesis (g L™}, Table 1), and the dose of
NaHCO; applied either to raw or acidified vinasse (g L™}, Table 1), re-
spectively. The constant values 0.2738 and 0.5750 are the correspond-
ing proportions (m/m) of Na in NaHCOs; and NaOH.

SAR — & 6)
(Ca+Mg)/2

Nabiod — Naf™ 4 [NaHCOs] - 0.2738 (7)

Nabiod — NafW 4 [NaOH] - 0.5750 + [NaHCO3] - 0.2738 (8)

Potential sulfide emissions were also estimated from the composi-
tional data measured for vinasse, based on the reduction of sulfate
into sulfide under anaerobic conditions (Reaction (1); Zhou and Xing,
2015). Eq. (9) presents the calculation for the potential sulfide emission
(pSE; kg ha™!) in which the terms SO, Mys., and Mso,4 are the concen-
trations of sulfate directly measured in vinasse (kg m™—2), the molar
mass of sulfide (33.07 g mol™'), and the molar mass of sulfate
(96.06 g mol™1), respectively.

S04%~ + Acetate—HS™ + 2HCO5 (Reaction 1)

— MHS*

PSE = VinAR - SO} - - (9)

2.4. Bioenergy recovery through biodigestion

The recovery of bioenergy through biodigestion was considered for
the hydrogen- (biogas-H,) and methane-rich (biogas-CH,) biogas
streams obtained from the bioconversion of vinasse during the
acidogenic and methanogenic (single-phase or combined) steps, re-
spectively. Egs. (10) and (11) present the calculations for the potential
hydrogen production rate (pHPR) and potential methane production
rate (pMPR), which were obtained in terms of Nm3-H, h™! and Nm>-

CH4 h ™!, respectively. The terms VFR, CODyinasse, HY, ERcop, and MY cor-
respond to the vinasse flow rate (VFR, m®> h™'), the COD of vinasse
(kg m—3), the hydrogen yield (Nm>-H, kg~ 'CODjinfuent), the COD re-
moval efficiency in the methanogenic step (dimensionless), and the
methane yield (Nm3-CH4 kg ™ 'COD\emoved). For pHPR and pMPR (sin-
gle-phase), the term CODyjjnasse cOrresponds to the COD values mea-
sured in raw vinasse (Section 2.1). For pMPR (two-phase), the term
CODyjinasse corresponds to the COD value estimated for acidified vinasse,
assuming a 20% previous reduction in the COD of vinasse during the
acidogenic phase (Table 1). The terms HY, MY, and ERcop were obtained
from Ferraz Jr. et al. (2016), Fuess et al. (2016), and Fuess et al. (2017a)
(Table 1), considering optimized thermophilic (55 °C) AD systems ap-
plied to sugarcane vinasse.

PHPR = VFR - CODyipasse - HY (10)

PMPR = VFR - CODyinasse - ERcop - MY (11

The energetic potential (EP) of the biogas-H, and biogas-CH,
streams was calculated according to Eqs. (12) and (13), respectively.
In this case, the production of electricity and the recovery of thermal en-
ergy were considered, regarding the application of internal combustion
engines (ICE; biogas-CH,) and fuel cells (biogas-H,). In Egs. (12) and
(13), the terms EP, LHVyy,, LHVcng, and 1 correspond to the energetic
potential of biogas (MW), the lower heating values of hydrogen and
methane (M] Nm~>), and the energy conversion factors of the prime
movers (dimensionless). The electric conversion factors of 0.43 and
0.40 were considered for the ICE and fuel cell, respectively, whereas
the values of 0.51 (ICE) and 0.30 (fuel cell) were considered for the re-
covery of thermal energy (Table 1).

pP— pHPRLHVHz'T]

E 3600

(12)

P— pMPRLHVc]-MT]

E 3600

(13)
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3. Results and discussion
3.1. Seasonal characterization of sugarcane vinasse

Compositional aspects from sugarcane vinasse throughout the year
2014 are depicted in Figs. 1 to 3, including the overall characterization
of the organic and inorganic fractions (Fig. 1a-c), the breakdown of
the soluble organic fraction (Fig. 2a-b), and the characterization of
trace metal levels (Fig. 3). An overall analysis indicates a slight reduction
in the biodegradability of vinasse throughout the harvest, based on the
decreasing values obtained for the BOD/T-COD ratio (0.54 to 0.43;
Fig. 1a). Conversely, the S-COD/T-COD ratio remained approximately
constant throughout the harvest (0.73-0.81; Fig. 1a), indicating the pre-
dominant contribution of soluble compounds to the organic fraction of
vinasse.

Although T-COD values were usually above 30 g L' (Fig. 1a), as ex-
pected for vinasses from annexed sugarcane-based biorefineries (Fuess
and Garcia, 2014), two events in which the organic content of vinasse
showed a marked decrease were observed, specifically in July and No-
vember. In these cases, the T-COD reached values below 25 g L™!
(Fig. 1a), characterizing an organic content similar to that in vinasses
from autonomous distilleries, i.e., biorefineries based only on the pro-
duction of ethanol. In fact, these patterns resulted from alterations in
the production profile of the biorefinery, based on the allocation of
larger proportions of the TRS (up to 70%) for ethanol production due
to certain market factors, such as an increasing demand for ethanol
from May 2014 onwards and decreasing prices of sugar in the interna-
tional market. In terms of vinasse composition, higher ethanol produc-
tion (or lower sugar production) levels directly imply the use of lower
proportions of molasses in the preparation of the fermentable broth
(Fuess et al., 2017c), which further leads to less concentrated vinasses.

The concentration profiles obtained for major (Fig. 1b) and second-
ary (Fig. 1c) nutrients, primarily K, SO%~, and Ca, corroborate the afore-
mentioned pattern, based on decreasing levels in the respective
months. The diversion of higher TRS proportions to ethanol production
naturally increased the generation rates of vinasse within the
biorefinery, so that an ethanol yield of 65.2 L TC~! (70% of the TRS di-
rected to ethanol production) and a subsequent vinasse flow rate of
1203.09 m® h~! were considered in the estimates for July and Novem-
ber. The estimated ethanol yield reaches an intermediate position be-
tween reference values of 82.9 L TC™! and 53.4 L TC™!, which
correspond to expected levels when 100% (autonomous distillery) and
50% (annexed distillery) of the TRS are directed to ethanol production,
respectively. Overall, the calculated ethanol yield for July and November
was 22.1% higher than the reference input value indicated in Table 1.

The breakdown of the soluble organic fraction indicated an increase
in the remaining ethanol fractions in vinasse in July and August 2014
(1.1-1.6 gL~ !; Fig. 2a), which could also be associated with the increas-
ing ethanol production levels in the biorefinery in the considered pe-
riod. Although not measured in this study, the concurrent increase in
the production of fusel oil, i.e., high-molecular-weight compounds (pri-
marily higher chain alcohols), could potentially explain these results, as
ethanol distillation is negatively impacted by azeotropes formed by
fusel oil components and water (Mayer et al., 2015). High levels of
iso-butyric, lactic, succinic, and malic acids were measured in the
vinasse samples throughout the harvest (Fig. 2a), reaching similar
values to those reported by Santos et al. (2014a, 2014b).

The presence of lactic acid in vinasse usually results from the con-
tamination of the fermentation vessels by lactic acid bacteria, as these
microorganisms are characterized as the most acid-tolerant bacteria
(Siegumfeldt et al.,, 2000); therefore, they survive the high levels of sul-
furic acid (H,S0,) applied to the vessels (up to 5 kg m>ethanol; Morais
et al., 2016) in the prevention of microbial contamination. The accumu-
lation of succinic and malic acids primarily results from parallel meta-
bolic pathways performed by yeast (Jayaram et al., 2014; Lupiafiez
et al., 1974; Thoukis et al., 1965; Zelle et al., 2008).

The measured soluble compounds in vinasse usually accounted for
over 80% of the S-COD (Fig. 2b), and the unrecovered organic fractions
were most likely composed of specific compounds, such as glycerol
and melanoidins. In particular, glycerol is also a relevant constituent of
vinasse, with reported concentrations ranging between 2.8 and
5.9 g L™! (Bonini, 2012; Dowd et al., 1994; Pereira, 1991). Glycerol is
the primary byproduct released by yeast under stress conditions
(Melo, 2006; Navarro et al., 2000), so that up to 9% of the TRS available
to yeast may be converted into this metabolite (Bonini, 2012).

Regarding the inorganic fraction, K, SO3~, Ca, and Mg were the pri-
mary constituents measured in vinasse throughout the harvest
(Fig. 1b-c), with concentrations ranging from 2720 to 4175 mg L™},
104402079 mg L~', 812 t0 2280 mg L', and 164 to 348 mg L™, re-
spectively. In  particular, lower SOF~  concentrations
(1044-1164 mg L™, July and August; Fig. 1b) were associated with
higher ethanol production levels, which also resulted from lower
proportions of molasses in the fermentable broth. Molasses com-
prises the residual stream from sugar production, presenting high
levels of remaining sulfur compounds from specific processing
steps, therefore contributing to the accumulation of SO7~ in vinasse.
The SO3~ concentration profile further indicated an increasing trend
by the end of the harvest (up to 2079 mg L™'; Fig. 1b), even when an
additional enhancement in ethanol production (i.e., lower inputs of
molasses and sulfur compounds from sugar production) was ob-
served (November 2014). This pattern suggests that the accumula-
tion of SO7™ in vinasse resulted from increasing doses of H,SO4 in
the fermentation vessels, which directly impacts the bioenergy re-
covery potential from vinasse (see Section 3.3). The use of H,SO4
aims to prevent both the microbial contamination and the floccula-
tion of yeasts throughout the harvest as an approach to maintain
high ethanol productivities.

The incorporation of K into vinasse results from the juice extraction
step in which the K from plant tissues is solubilized into the liquid
phase. Similarly, Mg is also incorporated from plant tissues. The use of
molasses as a carbon source in fermentation also tends to increase
both the K and Mg levels in vinasse, as salts are concentrated during
the steps of evaporation and crystallization in sugar production. In gen-
eral, the K concentrations measured in vinasse throughout the harvest
(Fig. 1b) were similar to the values previously reported in vinasses
from annexed sugarcane biorefineries: 3147 mg L™! (Siqueira et al.,
2013), 3800-4500 mg L' (Santos et al., 2014b), and 4500 mg L™!
(Reis et al., 2015), except when lower proportions of molasses were
fermented (July and November). In these cases, the K concentrations
(2500-2700 mg L~ !; Fig. 1b) were similar to the values measured in
vinasses from autonomous ethanol plants, with a reference value of
2300 mg L™ ! (Ferreira et al.,, 2011).

The Ca concentrations measured in vinasse (>1000 mg L™!; Fig. 1c)
were usually above the values found in sugarcane vinasses elsewhere:
698-757 mg L~ (Santos et al., 2014b) and 757 mg L™ (Reis et al.,
2015). This pattern probably results from the use of Ca oxides and hy-
droxides in the treatment of juice, so that the enormous processing ca-
pacity of the referred biorefinery (9.3 x 10° TC harvest™') favored the
accumulation of higher Ca levels in vinasse. An enhanced incorporation
of Ca by sugarcane from the soil may also have contributed to the ob-
served pattern. In particular, the effects from the incorporation of soil el-
ements on the vinasse composition should be more evident for trace
metals (Fig. 3), although the results indicated minimal variations for
the analyzed elements throughout the harvest, especially for Co
(0.14-0.26 mg L™ '), Ni (0.12-0.28 mg L™ '), Cd (0.05-0.18 mg L™ 1),
and Mn (2.0-4.3 mg L™!). The high Fe concentrations (compared with
the other trace elements) determined in vinasse (8.84-23.12 mg L™ !;
Fig. 3) most likely resulted from the absorption of Fe ions in the soil;
these ions are abundantly released from Fe-rich minerals due to
weathering under tropical conditions (Fuess et al., 2017c). Similar pat-
terns should be observed for aluminum levels in sugarcane vinasse, al-
though no measurements have been performed for this metal.
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Fig. 1. Overall characterization of the organic and inorganic fractions of vinasse throughout the 2014/2015 harvest (data for 2014): (a) organic fraction, (b) major nutrients/salts, and

(c) secondary nutrients/salts.

3.2. Environmental aspects of fertirrigation

The application rates estimated from the K content measured in sug-
arcane vinasse throughout the harvest are depicted in Fig. 4, with values
ranging from 120 to 201 m® ha~! and 89 to 148 m? ha~! for non-
fertilized/fertirrigated and continuously fertirrigated soils, respectively.
Although these values are in accordance with the application rates com-
monly used in the Brazilian sucro-alcohol industry — 115-234 m® ha™!
(Tasso Jr. et al,, 2007) and 150 m® ha™"' (Silva et al., 2014; Zolin et al.,
2011), the corresponding inputs of K into the soils would reach 502
and 371 kg ha=! (602 and 445 kg-K,0 ha™') in vinasse-free and

continuously fertirrigated areas, respectively. These values are ap-
proximately 2.7- and 2.0-fold higher, respectively, than the K re-
quirements of most crops (185 kg ha—!; WHO, 2006), suggesting
the saturation of soils with K. Studies on the interaction of K ions
and soil structures are inconclusive (Arienzo et al., 2012; Fuess and
Garcia, 2014); however, the accumulation of K in soils may lead to
relevant negative impacts, such as essential nutrient losses (Ca and
Mg; Gariglio, 2008), an increase in soil erodibility coupled with the
anticipation of runoff (Auerswald et al., 1996), and hydraulic con-
ductivity losses due to the dispersion of fine particles (Arienzo
et al., 2009, 2012).
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The definition of an economic radius for the application of vinasse,
which characterizes a typical practice in the Brazilian sucro-alcohol in-
dustry, tends to increase the negative impacts from the accumulation
of salts in soils. The economic radius indicates a distance relative to
the distillery, beyond which the transportation of vinasse is economi-
cally unfeasible, so that fertirrigation becomes more expensive than

the cost of mineral fertilization (Fuess et al., 2017c). In practical terms,
the inputs of K (and other compounds) into the soils are much higher
than the values calculated from the normative instruction
(Section 2.3; CETESB, 2015), rendering the agricultural areas closer to
the biorefineries more susceptible to the negative impacts from
fertirrigation.
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With respect to the inputs of organic matter, the estimated AOLy,;
could reach over 2.5 and 2.0 ton-BOD ha™' in the harvest in non-
fertilized/fertirrigated (Fig. 4a) and fertirrigated (Fig. 4b) soils, respec-
tively. This enormous amount of easily degradable organic matter con-
tinuously provided to the soil microbiota could trigger numerous
biological processes, especially the uncontrolled release of greenhouse
gases (GHG). The application of organic overloads into soils tends to
stimulate the microbial activity, which promptly depletes oxygen levels
and generates conditions of anaerobiosis (Fuess and Garcia, 2014).
Moreover, the high amounts of nitrogen (TKN = 598-1243 mg L™ 1)
present in vinasse, primarily organic nitrogen, may be converted into ni-
trogen oxides, such as nitrous oxide (N,0), as a result of incomplete de-
nitrification pathways (Moraes et al., 2014; Oliveira et al,, 2013), greatly
increasing the GHG emissions in sugarcane fields. The global warming
potential of N,O is 310-fold higher than that of carbon dioxide, consid-
ering a time horizon of 100 years (United Nations, 2016). The uncon-
trolled conversion of organic matter also implies considerable
bioenergy losses, using the potential of AD systems for the production
of biogas as a reference (see Section 3.3).

Comparatively, the pollution load associated with the application of
raw vinasse to soils would be equivalent to that for population densities
over 159 and 117 inhab ha™! in non-fertirrigated (Fig. 4a) and continu-
ously fertirrigated (Fig. 4b) areas, respectively, peaking at
257 inhab ha™! in vinasse-free soils (Fig. 4a). These values are
1.7-3.7-fold higher than the pollution load for the largest population
densities observed in Brazilian capital cities, such as Fortaleza

(78 inhab ha~!), Sio Paulo (74 inhab ha~!), Belo Horizonte
(72 inhab ha™!), and Recife (70 inhab ha™") (IBGE, 2016).

The application of biodigestion as the core treatment process for
sugarcane vinasse in biorefineries could lead to more favorable scenar-
ios in terms of the AOL; (Fig. 4c—f), as expected; however, significantly
distinct patterns would result from the implementation of single- and
two-phase schemes. The application of single-phase biodigestion
would result in polluting loads (1.2-2.7 ton-COD ha™!; Fig. 4e-f) equiv-
alent to that generated by populations ranging from 52 to
118 inhabha™!, regardless of the soil type (Fig. 4e-f), whereas the max-
imum equivalent population estimated for biodigested vinasse from
two-phase AD schemes is 52 inhab ha~! (AOLg; = 1.2 ton-COD ha™};
Fig. 4c). The controlled input of organic matter into the soil triggers nu-
merous beneficial effects, such as the formation of stable soil aggregates
and an increase in the moisture and CEC of the terrain (Fuess and Garcia,
2014, Tejada et al., 2007).

The marked discrepancy when comparing vinasses from single- and
two-phase AD systems results from the more favorable conditions ob-
served for the bioconversion of organic matter in systems with phase
separation, as the pre-acidification of the wastewater enhances the bio-
degradability of organic compounds, provides higher performance sta-
bility to the reactors, and enhances the bioenergy extraction via
methane production (see Section 3.3) (Ferraz Jr. et al., 2016; Fuess
et al,, 2017a; Ke et al,, 2005). Regardless of phase separation, the
biodigestion of vinasse could avoid the H,S emissions of up to 126 kg
per hectare (Fig. 5a) in non-fertilized/fertirrigated soils, thus
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eliminating problems associated with the release of malodors. Further-
more, the eventual implementation of unities for the removal of H,S
from biodigested vinasse and biogas could allow the recovery of ele-
mental sulfur (S%; 133-311 kg m>,inasse; Fig. 5a), diversifying the re-
covery of resources in the biorefinery. In this case, the process of
microaeration was assumed for the removal of H,S, as proposed in
Reaction (2) by Mufioz et al. (2015). The molar mass of S8 was set to
256 g mol™! (Jespersen, 2007).
H,S + 0.50,—-5% + H,0 (Reaction 2)

Despite the reduced polluting organic load of biodigested vinasse,
special attention should be given to the role of Na in the areas subse-
quently fertirrigated with the effluents from the anaerobic plant. Sugar-
cane vinasse naturally contains low levels of Na (16.8-70.0 mg L™ !; data
for raw vinasse), primarily due to the low Na content in the tropical soils
used in sugarcane cultivation; these soils are predominately character-
ized by Al- and Fe-rich minerals (e.g., kaolinite, gibbsite and hematite;
Costa et al., 2002). However, the application of high doses of Na-based
alkalizing compounds, such as NaOH and NaHCOs, in biodigestion sys-
tems may significantly increase Na concentrations in vinasse, which
may trigger negative impacts in soils due to sodification. Sodification
represents a specific type of soil salinization in which Na* ions act as
dispersive agents by destabilizing soil aggregates, further clogging soil
pores and decreasing the hydraulic conductivity of the terrain (Tejada
and Gonzalez, 2006; WHO, 2006).

SAR values estimated for raw vinasse (0.10-0.51; Fig. 5b) indicated a
low potential for soil sodification, as expected for sugarcane vinasses
(Fuess and Garcia, 2014; Fuess et al., 2017c). Conversely, the values es-
timated for the SAR in biodigested vinasse reached levels above 15 and
20 for streams resulting from two- and single-phase AD systems, re-
spectively (Fig. 5b). These values are considerably higher than the refer-
ence SAR, above which medium-to-high Na-hazard risks may occur in
soils (10; Richards, 1954), especially for biodigested vinasses from
single-phase systems. In these cases, biodigested vinasse from alkalizing
agent-added digesters should not be considered a suitable effluent for
fertirrigation, despite the reduced polluting organic load. In particular,
these results complement some of the drawbacks previously associated
with the application of high doses of alkalizing compounds in full-scale
AD plants, such as the economic unfeasibility and the intrinsic environ-
mental limitations of the production chains of NaOH and NaHCO5 (high
fossil energy demand) (Fuess et al., 2017b, 2018). Moreover, the results
reinforce the need for optimizing the use of alkalizing compounds in AD
systems applied to vinasse, so that the use of low NaOH doses
(e.g., 4 g NaOH kg~!COD, as proposed by Souza et al., 1992) would
lead to negligible alterations in the SAR of vinasse. In this case, the
SAR values would only vary between 0.54 and 0.88, indicating a suitable
effluent for soil application.

Using alternative alkalizing agents, such as urea (Boncz et al., 2012;
Janke et al., 2016) could also provide favorable scenarios regarding the
further land application of biodigested vinasse. Urea decomposition re-
leases ammonia, which could increase the N-content in vinasse and re-
duce costs with the supplementation of mineral fertilizers. On the other
hand, high ammonia doses could inhibit methane production, especially
at pH values above 7.5 due to the predominance of the free form (NH3)
(Boncz et al., 2012), negatively impacting the primary target of AD,
i.e., bioenergy recovery. Regardless of the type of alkalizing agent, efflu-
ent recirculation tends to be the best approach to reach an effective and
low-cost alkalizination strategy in full-scale systems treating vinasse
(Fuess et al., 2017b). In this case, recycling the alkalinity produce in
loco, i.e., resulting from acetoclastic methane production (Reaction
(3); Fuess et al., 2017b), may eliminate external inputs of chemicals to
control the buffer capacity of AD systems (Nandy et al., 2002). Never-
theless, providing alkali compounds during the start-up phase of high-
rate anaerobic reactors tends to be an important approach to maximize
energy extraction from vinasse (Fuess et al., 2017b, 2018). Therefore,
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understanding the fate of Na characterizes a relevant aspect of
implementing AD in sugarcane biorefineries.

CH3CO0™ + H,0—-HCO; ™ + CH4 (Reaction 3)

3.3. Bioenergy recovery through biodigestion

Estimates on the production of hydrogen and methane as well as on
the recovery of bioenergy from sugarcane vinasse are depicted in Fig. 6.
Methane production would be approximately constant throughout the
harvest, with values ranging between 5053 and 6277 Nm> h™~! (5834
+ 441 Nm® h™') and between 4033 and 5010 Nm> h~! (4656 +
352 Nm® h™') for two- and single-phase AD systems, respectively, ex-
cluding data for November (Fig. 6a-b). The pMPR for the two-phase
AD system would be approximately 20% higher than that for the
single-phase system, based on the advantages of phase separation in
terms of the higher biodegradability of vinasse and operational stability
of the reactors (Ferraz Jr. et al.,, 2016; Fuess et al., 2017a). The lower
pMPR estimated for November, regardless of phase separation, resulted
from two factors: the lower organic content of vinasse, given the lower
inputs of molasses in the fermentation broth when ethanol production
was increased (see Section 3.1), and the negative effects from higher
sulfate concentrations in vinasse (Fig. 1b). In particular, the lower or-
ganic content of vinasse should be offset by the higher vinasse flow
rate during this period, as observed in the estimate for July; therefore,
the accumulation of sulfate was the determining factor for the marked
reduction in methane production.

The COD/sulfate levels reached critical levels in November (8.7 and
10.8 for two- and single-phase systems, respectively), which could
markedly impact the methanogenic activity of the reactors due to the
concurrent activity of sulfate-reducing bacteria (Eq. (1)). In this study,
the reference values used to predict the impacts of sulfidogenesis
were obtained from Kiyuna et al. (2017), who reported performance
losses, in terms of methane production, of approximately 16% and 35%
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for biodigestion systems applied to sugarcane vinasse with COD/sulfate
ratios of 10.0 and 7.5, respectively. The discrepancy regarding the COD/
sulfate values in the raw (10.8-32.4; Fig. 6b) and acidified (8.7-25.9;
Fig. 6a) vinasse resulted from the negligible sulfate removal rates con-
sidered for the acidogenic phase, as reported by Fuess et al. (2016). Con-
sequently, the slightly higher pMPR estimated for the single-phase AD
scheme (3115 vs. 3020 Nm> h™!; Fig. 6a-b) in November resulted
from a more relevant impact of sulfidogenesis in the methanogenic re-
actor of the two-phase system, given the previous removal of organic
matter from vinasse during acidogenesis (20%, Table 1) and the subse-
quent establishment of lower COD/sulfate ratios.

Similar to methane production, hydrogen production rates would
not vary significantly throughout the harvest (620 &+ 66 Nm> h™;
Fig. 6a) in the acidogenic step of the two-phase AD system. Regarding
the recovery of bioenergy, 0.61-0.82 MW and 0.45-0.61 MW of electric-
ity and thermal energy, respectively, could be obtained from hydrogen
in the studied biorefinery, based on the use of fuel cells. In terms of elec-
tricity production, the values estimated from hydrogen corresponded to
<4% of the potential estimated for methane (12.9-26.7 MW, two-phase
biodigestion; Fig. 6¢). The electricity production from methane in
single-phase systems (13.3-25.6 MW; Fig. 6d) would be 20% lower
than that from two-phase schemes, except for November, as previously
observed for the production of methane.

Regardless of phase separation, the absolute electricity produc-
tion levels estimated in this study were considerably higher than
the values obtained for sugarcane vinasse reported elsewhere:
5.41-5.77 MW (Salomon et al.,, 2011), 5.02-6.37 MW (Moraes
et al,, 2014), 6.1-8.3 MW (single-phase) and 7.0-10.8 MW (two-
phase) (Fuess et al., 2018). This marked discrepancy resulted primar-
ily from the size of the compared plants, as the capacity of the
biorefinery considered in this study (9.3 x 10° TC harvest™!) is 2.3-
to 4.6-fold greater than that of the plants considered in the comparative
studies (2.0-4.0 x 10° TC harvest™! - Fuess et al., 2018; Moraes et al.,
2014). The electric conversion factor considered for the ICE in this study
(0.43, Table 1) was also higher than the values assumed elsewhere
(0.29-0.38 - Moraes et al., 2014; Salomon et al., 2011), which also
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impacted the obtained results. Nevertheless, in relative terms, the elec-
tricity production estimated herein, i.e., 1.4-2.7 and 1.4-2.9 MW per mil-
lion tons of processed sugarcane (MTC) for single- and two-phase AD
approaches, respectively, was similar to that in the reference studies
(2.5-32 MW MTC! - Moraes et al., 2014; 1.5-2.7 MW MTC™!; Fuess
et al,, 2018). The electricity production from biogas streams could be en-
hanced by applying combined cycle power plants, i.e., gas turbines
coupled to steam turbines, as proposed by Fuess et al. (2018), based on
an electric conversion factor exceeding 0.50.

An even higher energetic potential could be obtained in terms of
thermal energy recovery (15.4-32.1 MW and 15.9-25.6 MW for two-
and single-phase systems, respectively; Fig. 6c-d) considering the cou-
pling of heat recovery systems to the ICE (1) = 0.51, Table 1), as specified
by the manufacturer. Although the heat recovered from biogas has low
potential for application in ordinary processes and operations within
the biorefinery (Fuess et al., 2018), specifically in terms of steam pro-
duction, the thermal energy could be directly used to control the tem-
perature of the anaerobic reactors, considering the potentials of
thermophilic systems compared with mesophilic schemes (Fuess
et al., 2017b; Wilkie et al., 2000). Given that vinasse is released at tem-
peratures above 90 °C, the use of the heat produced from biogas would
provide a complimentary temperature control in the reactors. Overall,
>90% of the gross energetic potential of vinasse could be recovered by
combining the production of electricity and thermal energy, directly
contributing to an enhanced exploitation of sugarcane.

The electricity obtained from biogas in two-phase AD systems
throughout the harvest (12.6 kWh TC~!, based on an average EP
of 23.7 MW) is comparable to both the electric requirements and
the surplus electricity from basic first-generation middle-sized
(2.0 x 10° TC harvest™!") Brazilian biorefineries (12.0 kWh TC™!
each; Junqueira et al., 2016). The output electricity from single-phase
biodigestion (10.3 kWh TC™!, based on an average EP of 18.9 MW)
could reach approximately 85% of the base values. Considering data
from the reference biorefinery (9.3 x 10° TC harvest™!), the electricity
recovered from biogas (95,394 and 116,803 MWh for single- and two-
phase AD systems, respectively) would correspond to 31.8-38.9% of
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the surplus thermoelectricity produced from bagasse in the plant
(300,000 MWh) in the same year (2014), revealing the application of
biodigestion as a direct opportunity for enhancing the profitability of
the plant with bioenergy sales. In practical terms, the electricity from
biogas could supply populations as high as 250 and 305 thousand in-
habitants during the harvest, using a monthly per capita consumption
of 0.0543 MWh inhab™! (assuming a monthly residential energy con-
sumption of 0.163 MWh - EPE, 2014 - and three inhabitants per resi-
dence), so that at least seven small-sized cities near the industrial
plant could be fully supplied: Guatapara (6966 inhab), Dumont (8143
inhab), Pradépolis (17,377 inhab), Guariba (35,486 inhab), Taquaritinga
(53,988 inhab), Jaboticabal (71,662 inhab), and Sertaozinho (110,074
inhab) (IBGE, 2016). The electricity from biogas could also fully supply
larger cities, such as Araraquara (208,662 inhab) and Sdo Carlos
(221,950 inhab), or at least 50% of the consumption in the largest city
in the region (Ribeirdo Preto, 604,682 inhab; IBGE, 2016).

4. Conclusions

The seasonal characterization of sugarcane vinasse enabled an un-
derstanding of the potential and limitations of the primary destinations
proposed for this residual stream in the Brazilian sucro-alcohol industry.
Regarding fertirrigation, the estimated inputs of organic matter into
soils in terms of population equivalent were at least 2-fold greater
than the most densely populated Brazilian capital cities. The estimated
inputs of K into soils (371-502 kg ha~!) were also considerably higher
than the requirements of most crops (185 kg ha™!), which could in-
crease the risk of soil salinization. The application of biodigestion, par-
ticularly two-phase systems, was shown to be an efficient method to
reduce the polluting organic load of vinasse and to eliminate the nega-
tive effects from direct sulfide emissions into the environment. How-
ever, special attention should be given to the use of high doses of Na-
based alkalizing compounds in AD plants, based on the potential occur-
rence of soil sodification when applying biodigested vinasse. Na concen-
trations in biodigested vinasse (from single-phase AD systems) may be
200-fold higher than that in raw vinasse. Nevertheless, the optimized
recovery of bioenergy through biogas (13.3-26.7 MW as electricity) in
the reference biorefinery could provide an effective opportunity for en-
hancing both the economic feasibility of the plant and the bioresource
recovery from sugarcane, so that the electricity from biogas (two-
phase systems) could supply populations exceeding 300 thousand in-
habitants. Over 30% of the surplus electricity produced by the studied
biorefinery in the reference period (2014) could be obtained from
biogas.
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