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ABSTRACT

Anaerobic digestion (AD) is the most suitable approach for the management of vinasse in
sugarcane distilleries because both environmental adequacy and bioenergy recovery could
be achieved through biogas production. Because the literature lacks data on the implemen-
tation and operation of full-scale AD plants for enhanced energy recovery from vinasse, this
study presents different designs for AD plants applied to vinasse in large-scale distilleries,
considering both single- and two-phase schemes and different alkalizing strategies. Invest-
ment and operating costs and biogas and electricity production costs were obtained for each
case. The results indicate that phase separation is economically feasible when scaling up AD
plants in biorefineries. Despite the higher capital and operating costs in such schemes, the
estimated biogas and electricity production costs reached equivalent or lower values com-
pared with those of single-phase AD layouts, depending on the alkalizing strategy used. With
respect to the alkalizing strategy, the best results were associated with sodium hydroxide
dosing and/or effluent recirculation, with electricity costs reaching values 1.8- to 2.3-fold
lower than grid electricity. In contrast, the competitive use of sodium bicarbonate in AD
plants for treating vinasse requires further dosing optimization.

© 2017 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

2015). Although such a practice reduces the input of mineral fertiliz-
ers, which also enhances economic benefits, the continuous, long-term
land application of vinasse has been frequently associated with the

The proper management of vinasse is one of the major issues facing
sugarcane-based ethanol biorefineries due to environmental concerns
associated with fertirrigation, the main technological approach used
in the sucro-alcohol industry (Fuess and Garcia, 2014). The process
constitutes the direct land application of in natura vinasse into sug-
arcane fields to recycle nutrients and water to the crop (Dias et al.,

* Corresponding author.

lack of proper technical expertise and tends to reduce crop yields, the
productive capacity of soils, and even the quality of surrounding water
bodies (Fuess and Garcia, 2014). Additional drawbacks from fertirriga-
tion include bioenergy losses due to the uncontrolled conversion of
organic matter by soil microbial populations, which also enhances the
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emission of greenhouse gases, such as nitrogen oxides and methane
(Oliveira et al., 2013).

Anaerobic digestion (AD), or biodigestion, is considered one of
the most suitable technological approaches to the management of
vinasse in biorefineries because both environmental adequacy and
bioenergy recovery could be achieved through the controlled conver-
sion of organic matter into biogas without significant losses in the
fertilizing potential of vinasse (Fuess and Garcia, 2015; Moraes et al,,
2015; Ryan et al,, 2009). A large number of studies have investigated
the application of AD to sugarcane vinasse (Bories et al., 1988; Costa
et al., 1986; Craveiro et al., 1986; Ferraz et al., 2016; Fuess et al., 2017;
Kumar et al., 2007; Siqueira et al., 2013; Souza et al., 1992) in an effort
to optimize treatment performances by applying different reactor con-
figurations and operating strategies. However, most studies have been
based on lab-scale conditions; few have addressed pilot- to full-scale
systems. The scale-up of efficient anaerobic systems is imperative for
identifying operating drawbacks and for precisely assessing the ener-
getic potential of the biogas from sugarcane vinasse.

Due to the expected increased demand for ethanol, decision makers
in the sucro-energetic sector should be supplied with detailed techni-
cal and economic information on the implementation of full-scale AD
systems in biorefineries for the efficient exploitation of vinasse as fertil-
izer and feedstock for bioenergy recovery. In this context, the design of
biodigestion plants for ethanol biorefineries should be highlighted due
to various means for enhanced bioenergy extraction from vinasse. Two
major aspects are addressed in this study: phase separation applica-
tions in AD plants, i.e., uncoupling acidogenesis from methanogenesis,
and assessments of different alkalizing strategies for stable conversion
processes.

Regarding phase separation, studies have indicated that the
pre-acidification of organic matter-rich effluents may lead to sev-
eral advantages in methane production and treatment performance.
Hydrolysis steps could be enhanced during the acidogenic phase by
applying sufficient residence times in digesters (Hallenbeck, 2009). This
would improve the biodegradability of complex organic matrices, such
as vinasse, in the methanogenic phase (Ke et al., 2005). Greater process
stability and energy yields would also result from phase separation,
because methanogens would be less exposed to the negative effects of
acid accumulation (Ferraz et al., 2016; Yu et al., 2015). This would also
lead to lower alkalizing compound input requirements for digesters.
Although phase separation would reduce chemical costs, this practice
would require additional tanks and equipment and thereby increase
capital and maintenance costs.

With respect to alkalizing strategies, the application of chemicals to
raw vinasse is a key factor for obtaining high treatment performances,
and specific composition characteristics, such as high carbohydrate
concentrations, low pH and absence of alkalinity, provide favorable
conditions for rapid vinasse acidification (Boncz et al., 2012). Sodium
bicarbonate (NaHCOs3) has been frequently applied as an alkalizing
compound in bench-scale AD systems for vinasse treatments (D61l and
Foresti, 2010; Ferraz et al., 2016; Fuess et al., 2017; Harada et al., 1996;
Siqueira et al., 2013). These adjustments usually enable reactors to
deal with high organic loading rates (OLRs). Sodium hydroxide (NaOH)
(Souzaetal., 1992) and calcium carbonate (or limestone—CaCOs3) (Goyal
et al.,, 1996; Seth et al., 1995) have also been commonly used in treat-
ing vinasse prior to methane production. Despite the added reactor
stability, the use of high chemical doses negatively affects the eco-
nomic favorability of scaling-up AD plants. Studies have proposed the
recycling of treated effluent because the bicarbonate produced from
methanogen metabolism can be used to neutralize influent wastewa-
ters (Barrera et al., 2016; Nandy et al., 2002; van Haandel, 2005). Urea
(CH4N,0) application has also been tested (Boncz et al., 2012) to provide
alkalinity to methanogens and increase nitrogen levels in the treated
vinasse and thereby improve its fertilization potential (van Haandel,
2005). However, the potential accumulation of ammonia within the
reactors could lead to inhibitory effects over the methanogenic pop-
ulations and thus impair the bioenergy recovery from vinasse (Boncz
etal., 2012).

Overall, the various methods for full-scale AD systems in treat-
ing sugarcane vinasse require careful assessments of their benefits

and drawbacks to determine their appropriate implementation in dis-
tilleries. This study aims to evaluate single- and two-phase schemes
for AD plants and different alkalizing strategies for digesting vinasse
in large-scale sugarcane-based distilleries. These alkalizing strategies
include the application of chemicals (NaHCO3 or NaOH) and/or efflu-
ent recirculation. Detailed investment costs were calculated for the AD
plants, as well as biogas production costs for each case. Electricity pro-
duction costs from biogas were also estimated for power plants with
internal combustion engines (ICEs). Performance data for AD systems
and alkalizing compound dosages were obtained from experimental
data. Ethanol and vinasse flow rates were estimated based on the typ-
ical characteristics of the Brazilian sucro-energetic sector.

2. Methods

2.1.  Basic input data: sugarcane biorefinery and AD
systems

A large-scale, annexed, sugarcane-based biorefinery with a
milling capacity of 4 x 10° tons of sugarcane (TC) per harvest
was used as the baseline for calculations. Table 1 shows the
input data for the biorefinery, including ethanol yield and
ethanol and vinasse flow rates. The harvesting period was set
at 232 days, i.e., the average duration of the sugarcane season
in Brazil (Table 1; CONAB, 2011).

Reference data for the single- and two-phase biodigestion
systems are also presented in Table 1. Performance data for
the single-phase AD system were obtained from Ferraz et al.
(2016). Data for the acidogenic and methanogenic steps of the
two-phase AD system were collected from Fuess et al. (2016)
and (2017), respectively. Biohydrogen production/collection
was not considered in this study, i.e., the acidogenic phase
was considered only for the enhancement of the vinasse
biodegradability (Ferraz et al., 2016). The AD performance data
refers to the thermophilic temperature conditions (55 °C).

2.2.  Design criteria for AD systems: reactors and
alkalinization

The design of the AD plants was based on reactor con-
figurations reported by Fuess et al. (2016) and (2017) for
fixed-film digesters. Such systems are advantageous com-
pared with suspended-biomass reactors because immobilized
cells are less sensitive to environmental variations (e.g., pH,
temperature, and organic loading) and have higher substrate
consumption rates (Chan et al.,, 2009). For the acidogenic
phase, a set of conventional packed-bed reactors (APBRs) was
designed using low-density polyethylene (LDPE) as the sup-
port material. The OLR was set at 84.2kg-CODm~3d~? (Fuess
et al., 2016), excluding chemicals used to adjust the pH of
the raw sugarcane vinasse. With respect to the methanogenic
phase, structured-bed reactors (ASTBRs) were designed for an
OLR of 25kg-CODm—3 day~!, regardless of the phase separa-
tion. The ASTBRs, as alternatives to the random arrangement
of support materials in packed-bed systems (Fig. 1), com-
bine the advantages of immobilized-cell growth with high
bed porosity to prevent the accumulation of extracellular
polymeric substances and suspended solids (Camiloti et al.,
2014). Polyurethane was considered the support material in
methanogenic reactors (Fuess et al., 2017). The vinasse pH and
alkalinity were adjusted as further presented. No cooling sys-
tem was designed because vinasse might naturally reach the
required temperature (from 85-90°C to 55°C) in intermediate
storage tanks or in thermal exchangers prior to reaching the
treatment plant.
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Table 1 - Input data for both sugarcane biorefinery and AD plants.

Annexed biorefinery

Harvest period (days)

Milling capacity (TC season™?)

Ethanol yield (L TC')P

Annual ethanol production (m?)

Ethanol flow rate (m>d—1)

Vinasse-to-ethanol proportion®

Vinasse flow rate (m3d-1)
Vinasse characterization

Biodigestion plants

2322

4% 10°

53.4

213.6 x 10°

920.7

10

9207.00

cop¢: 28.3gL!
BOD%¢: 14.6 gL !
Sulfated: 1700 mgL—?

VssSdf: 818 mgL?
Potassium: 3575 mgL~?t
pHY: 4.5 (raw vinasse)

Single-phase8

Two-phase

Acidogenic stepd

Methanogenic step®

OLR =25kg-CODm 2 day~*

COD removal=60.7%
Methane production =0.234 Nm?3-CH,4 kg~ COD-removed
Biogas-CH,4 composition: CHy (58.4%) + CO, (40.6%) + H,S (1.0%)

OLR =84.2kg-CODm? day!

COD removal=21.2%

OLR =25kg-CODm 2 day~*

COD removal=73.9%
Methane production =0.301 Nm?3-CH,4 kg~ COD-removed
Biogas-CH4 composition: CHy (70.0%) + CO, (29.0%) + H2S (1.0%)

Notes: 2CONAB (2011); PMoraes et al. (2014); “Dias et al. (2015); 9Fuess et al. (2016); ®Biochemical oxygen demand; fVolatile suspended solids;
8Ferraz et al. (2016); "Fuess et al. (2017).

The alkalizing strategies for the methanogenic reactors
included the application of chemicals (NaHCO3 or NaOH) with
or without effluent recirculation. For scenarios without efflu-
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Fig 1 - Sketch of packed- (APBR) and structured-bed (ASTBR) reactors.

ent recirculation, chemicals were applied during the entire

operation of the AD plant, i.e., 232 days. For cases with recircu- 23
lation, chemicals were applied only during the start-up period -

of the methanogenicreactors (i.e., the first 50 days; Fuess et al.,

2017). Additional scenarios with only effluent recirculation
were also assessed. Table 2 summarizes each studied scenario
and also presents the mass flow rates for the alkalizing com-
pounds. NaHCO3 dosages for single- and two-phase systems
were 0.36 and 0.28 g-NaHCO3 g~1COD-vinasse (Table 2), which
were respectively obtained from Ferraz et al. (2016) and Fuess
et al. (2017). A NaOH dosage of 4 g-NaOH kg~1COD-vinasse
(4 x 1073 g-NaOH g~1COD-vinasse) (Souza et al., 1992) was con-

sidered for both single- and two-phase systems (Table 2). The
effluent recirculation ratio (R) was 15, as proposed by Barrera
et al. (2016) (Table 2).

Basic calculations: biogas flow rate, electricity
production and operating parameters

Biogas flow rate (BFR, Nm? h~') was calculated according to Eq.
(1), where the terms VFR, COD, ERcop, MY and fcua, respectively,
represent the vinasse flow rate (m®h~1), the vinasse COD
prior to methanogenesis (gL' or kgm~3), the COD removal
efficiency in the methanogenic reactors (dimensionless—Eq.
(2), the methane yield (Nm3-CH4 kg~1COD-removed) and the
methane content in the biogas (dimensionless). In Eq. (2), the
terms CODjyfiyent @nd CODgfyen: represent the vinasse COD
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Table 2 - Characterization of the alkalizing strategies assessed for single- and two-phase AD plants.

Scenario Phase COD-vinasse Alkalizing compound Recirculation
separation (gL ratio
Chemical  Dosage Mass flow Application

(gg*cOD- rate (kgh™1)? period (days)

vinasse)
SP-NaHCO3 No 28.3 NaHCOs3 0.36 3908.37 232 -
SP-NaOH No 28.3 NaOH 4%1073 43.43 232 -
SP-NaHCO3/REC No 28.3 NaHCO3 0.36 3908.37 50 15
SP-NaOH/REC No 28.3 NaOH 4%1073 43.43 50 15
SP-REC No 28.3 - - - - 15
TP-NaHCOs3 Yes 22.3b NaHCO; 0.28 2395.36 232 -
TP-NaOH Yes 22.3b NaOH 4x1072 34.22 232 -
TP-NaHCO3/REC Yes 22.3b NaHCOs; 0.28 2395.36 50 15
TP-NaOH/REC Yes 22.3b NaOH 4x1073 34.22 50 15
TP-REC Yes 22.3° - - - - 15

Notes: 2Calculated based on a vinasse flow rate of 9,207.0m?d~! (383.62 m3 h~'); PIncludes organic matter removal during the pre-acidification

step (21.2%, Table 1). SP=single-phase; TP = two = phase.

(gL~! or kgm3) prior to and after the methanogenic phase,
respectively. Values of VFR, COD, ERcop, MY and fcys are pre-
sented in Table 1. Biogas production was affected only by
phase separation; the alkalizing strategy was assumed to not
affect biogas flow rate.

VFR - COD - ERcop - MY
fena

BFR =

(1)

CODinﬂuent - CODefﬂuent
CODinﬂuent

(2)

ERcop =

The calculated operating parameters for the designed reac-
tors included the OLR (kg-CODm—3day~!) and the hydraulic
retention time (HRT, h), as shown in Egs. (3) and (4), respec-
tively, where COD, VFR and Vyeqctor, respectively, represent the
vinasse COD (gL~! or kgm3), the vinasse flow rate (m3h~1)
and the calculated reactor volume (m3).

OLR — COD - VFR (3)

VYEﬂCtOT

— Vreactor 24

HRT
VFR

)

The installed power capacity (IPC, MW) of an ICE-based
power plant and the total amount of electricity (EEL, MWh)
produced from biogas were calculated according to Egs. (5)
and (6), respectively, where BFR, LHV, n and HVP, respectively,
represent the biogas flow rate (Nm3h-1), the lower heating
value of the biogas (MJNm~3), the electric conversion effi-
ciency of ICE (dimensionless) and the harvesting period (232
days). The LHV was estimated based on the CH4 content
in the biogas streams (Walsh et al., 1988), and the esti-
mated values were found to be 23.8 and 20.0MJNm3 for
the two- (fcus =70.0%—Fuess et al.,, 2017) and single-phase
(fcua =58.4%—Ferraz et al.,, 2016) processes, respectively. A
conversion efficiency of 43% was considered for the electricity
production from biogas, regardless of the LHV, based on tech-
nical specifications of the ICE model J620 GS-F12 (GE Jenbacher
GmbH & Co. OHG, Jenbach, Austria).

BFR.LHV -5

IPC= —25 (5)

EEL =IPC-HVP-24 (6)

2.4.  Economic estimates: capital, operating, biogas
and electricity costs

Capital costs for the AD plants were estimated based on the
construction of the reactors and equalization tanks and the
acquisition of equipment, such as pumps and gas meters.
Installation costs (i.e., mechanical, hydraulic, electric and
automation systems) were set to 20% of the investments
with civil engineering works and equipment. Table 3 compiles
additional assumptions for the economic estimates, includ-
ing capital costs for the power plant and H,S removal system,
operating costs of the plants, and costs associated with the
acquisition of electricity and chemicals (NaHCO3; and NaOH).
The operating costs included the maintenance of the AD-
power plants (including the H,S removal process through the
microaeration of the biogas—Munoz et al., 2015) and annual
chemical and electricity costs. The biogas production costs
(BPC, USD Nm~3) were obtained from the ratio of the annual
operating costs of the AD plant (USD) to the annual biogas
production (Nm?) in each scenario, according to Eq. (7). The
electricity production costs (EPC, USD MWh~1) were obtained
by dividing the annual operating costs of the AD and power
plants (USD) by the annual electricity production (MWh; see
Eq. (8)). Overall, these investment and operating costs, raw
chemical prices and electricity costs were based on December
2015 values at a conversion rate of USD 0.26 per Brazilian Real.

Annual operating cost (AD)

BPC = Annual biogas production @)

EPC — Annual operating cosF . (AD + poyuer plant) ®)
Annual electricity production

3. Results and discussion

3.1. AD plants: operation detailing and investment

costs

The properties of the equipment and installations (tanks
and reactors) for the two- and single-phase AD systems are
summarized in Tables 4 and 5, respectively, and include
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Table 3 - Basic input data and assumptions used in the economic estimates.

Economic assumptions

Reference

Capital costs

2.5% of the investment costs
USD 37.96 MWh!

NaHCOs;: USD 0.92kg™?
NaOH: USD 0.53kg?

Operating costs
Electricity cost
Chemical costs

Power plant (internal combustion engine): USD 1705.12 kW ~?
H,S removal (microaeration): USD 20,797.40

EPA (2015)

Munoz et al. (2015)
Nogueira et al. (2015)

EPE (2014)

Quimica e Derivados (2015)
Quimica e Derivados (2015)

data on unit capacity, quantity and total costs. In the two-
phase scheme (Appendix A—Supplementary data), sugarcane
vinasse is initially directed to equalization tanks TQ-01A/B/C
andis then pumped into three fixed-bed reactors (APBRs) oper-
ated in parallel (RE-01A/B/C). The pH of the raw vinasse is
not adjusted because biohydrogen is not recovered. The acid-
ified vinasse is collected in the equalization tank TQ-02A,
where an alkalizing compound is applied to adjust the solu-
tion pH/alkalinity. A centrifugal pump is used to recycle the
acidified vinasse in TQ-02A to optimize the use of chemicals.
Finally, vinasse is distributed to five methanogenic structured-
bed reactors (ASTBRs) and is then directed to the sugarcane
crop after the organic polluting load is removed. Biogas
streams are collected from the headspace of each reactor and
directed to the engines. For scenarios with effluent recircu-
lation, a centrifugal pump is coupled to each methanogenic
reactor. Table 6 lists the dimensions and operating parame-
ters of the equalization tanks and reactors for the two-phase
AD scheme.

For  the single-phase  AD plant (Appendix
B—Supplementary data), vinasse is initially equalized in tanks
TQ-01A/B and is then directed to tank TQ-01C for pH/alkalinity
adjustment. A centrifugal pump also recycles vinasse in TQ-
01C to optimize chemical use. Vinasse is pumped into six
methanogenic reactors (ASTBRs) (RE-02A/B/C/D/E/F) and is
then directed to the sugarcane crop. Compared with the
two-phase layout, an additional methanogenic reactor is
required to guarantee an OLR similar to the optimal value
(25kg-CODm—3d1). Biogas streams are collected from the
headspace of each reactor and directed to the engines. For
scenarios with effluent recirculation, a centrifugal pump is
also coupled to each methanogenic reactor. The dimensions
and operating parameters of the equalization tanks and
reactors for the single-phase AD plant are also listed in
Table 6.

Phase separation resulted in approximately 60% higher
investment costs compared with single-phase AD schemes
(USD 10.16 vs. 6.24 million and USD 10.45 vs. 6.52 million,
respectively, for schemes without and with effluent recircu-
lation; Tables 4 and 5). The primary expenses were associated
with the construction of the reactors and equalization tanks.
Despite the lower costs associated with the installation of
methanogenic reactors in the two-phase plants (USD 3.07 vs.
3.69 million—Tables 4 and 5), the installation of an additional
equalization tank to collect the acidified vinasse resulted
in slightly higher costs for civil engineering works in such
schemes (USD 4.10 million, Table 4). Effluent recirculation
slightly increased the investment costs by approximately 3.0
and 4.5%, respectively, in the two- and single-phase AD plants.
With respect to the power plants, investment costs in two-
phase AD layouts resulted in higher values (USD 13.17 vs. 10.74
million) because the higher energetic potential of the biogas
required a larger set of ICEs.

3.2 Alkalizing strategies: impacts on biogas and
electricity production costs

The estimated biogas and electricity production costs in the
single- and two-phase AD plants are shown in Fig. 2a-b,
whereas the operating costs for the AD-power plants in each
scenario considered are presented in Fig. 3a-d. The contri-
bution of the costs associated with plant maintenance and
of the acquisition of chemicals and electricity to the total
costs is detailed in Fig. 3a-d. An overall analysis indicated
that phase separation reduced biogas production costs in the
scenarios based on the application of NaHCO; (from 1.373
to 0.829 USD Nm~—3 and 0.325 to 0.209 USD Nm~3 for sys-
tems without and with effluent recycle, respectively; Fig. 2a).
Negligible differences were observed for NaOH application.
Negligible differences were also observed in scenarios based
on the use of effluent recycling as the sole alkalizing strat-
egy for methanogenic reactors. In addition to the energetic
benefits previously reported in experimental studies (Ferraz
et al,, 2016; Nasr et al.,, 2012), the results obtained herein
show that phase separation achieves economic benefits for
AD plants. The production costs of biogas in such cases were
at least similar to the costs determined for the single-phase
schemes despite the higher capital and maintenance costs.
This was due to the lower chemical dosages used in the two-
phase processes, especially NaHCO3 (0.28 vs. 0.36 g-NaHCO3
g~1COD-vinasse, Table 2). Furthermore, the higher electric-
ity costs due to the operation of the acidogenic phase were
minimal (Fig. 3a-b).

With respect to the application of NaHCOs3, the biogas pro-
duction costs were significantly higher compared with the
use of NaOH (Fig. 2a), regardless of phase separation and
effluent recirculation (Fig. 3a-b), even though the NaHCOs;
dosages considered in this study were lower compared with
the values reported in the literature for AD systems treat-
ing sugarcane vinasse, e.g., 0.5 g-NaHCO; g 1COD-vinasse
(Harada et al., 1996), 0.4-1.2 g-NaHCO3 g~1COD-vinasse (D61l
and Foresti, 2010), and 1.0 g-NaHCO3 g~1COD-vinasse (Siqueira
et al.,, 2013). Future studies would need to optimize the use of
NaHCOs3 as the alkalizing compound in AD systems applied
to vinasse by focusing on the attainment of economically
more competitive treatment plants. Theoretically, the use of
NaHCOs3 provides better conditions for methanogens than
strongly alkaline compounds, such as NaOH, because systems
are externally buffered, i.e., the stability of the reactors do
not exclusively rely on the alkalinity generated in loco from
acetate consumption (Reaction (1)).

CH3COO™ +Hy0O — HCO3™ +CHg (1)

The biogas production costs calculated for dosing with
NaOH in the anaerobic reactors (0.020-0.035 USD Nm 3, Fig. 2a)
and for effluent recirculation-only (0.031-0.037 USD Nm~3,
Fig. 2a) strategies were quite similar, regardless of phase sep-



Table 4 - Details of civil works and equipment for implementing two-phase biodigestion plants for the treatment of vinasse in sugarcane biorefineries.

Process step Civil work/equipment Identification® Material Capacity Quantity Cost (USD)
Unit Total
Equalization Equalization tank TQ-01 Reinforced concrete 1051.25m?3 3 355,322.50 1,065,967.50
Acidogenic phase Online pH meter pH - - 1 3900.00 3900.00
Centrifugal pump (reactor feeding) CP-01 - 127.87m3h-1 4 4468.80 17,875.19
APBR RE-01 Reinforced concrete 1820.00 m? 3 615,160.00 1,845,480.00
Support material—01 LDPE LDPE - 1875.90 m? 520.00P 975,468.00
Screen for support material retaining sC Stainless steel - 1560.00 m? 52.00¢ 81,120.00
Water seal WsS-01 Stainless steel = 3 2080.00 6240.00
Gas meter BFR - - 1 5200.00 5200.00
Methanogenic phase Equalization tank TQ-02 Reinforced concrete 3062.46 m? 1 1,035,111.48 1,035,111.48
Centrifugal pump (recirculation—TQ-02) CP-02 - - 2 2,681,28 5362.56
Online pH meter pH - - 1 3900.00 3900.00
Dosing pump DP-02 - - 2 1300.00 2600.00
Centrifugal pump (reactor feeding) CP-03 - 76.72m3h? 6 2681.28 16,087.67
ASTBR RE-02 Reinforced concrete 1820.00m?3 5 615,160.00 3,075,800.00
Centrifugal pump (effluent recirculation) CP-04 - 1150.80m>*h~?! 6 40,216.55 241,299.28
Support material—02 PU Polyurethane - 338.00 m? 520.00° 175,760.00
Screen for support material retaining SC Stainless steel - 2.600,00 m? 52.00¢ 135,200.00
Water seal WS-02 Stainless steel - 5 2080.00 10,400.00
Gas meter BFR = = 1 5200.00 5200.00

Total investment?
(without effluent
recirculation)

10,160,006.88

vic
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Total investment? (with
effluent recirculation)

10,449,566.02

Notes: 2See Appendix A—Supplementary data; PPer volume (m3) of support material; “Per area (m?) of screen; 4Includes installation costs with mechanical, hydraulic, electrical, and automation systems.




Table 5 - Details of civil works and equipment for implementing single-phase biodigestion plants for the treatment of vinasse in sugarcane biorefineries.

Process step Civil work/equipment Identification? Material Capacity Quantity Cost (USD)
Unit Total
Equalization Equalization tank TQ-01 Reinforced concrete 1051.25m?3 3 355,322.50 1,065,967.50
Methanogenic phase Centrifugal pump (recirculation—TQ-01) CP-02 - - 2 2234.48 4468.96
Online pH meter pH = = 1 3900.00 3900.00
Dosing pump DP-02 - = 2 1300.00 2600.00
Centrifugal pump (reactor feeding) CP-03 - 63.94m3h? 7 2234.48 15,641.40
ASTBR RE-02 Reinforced concrete 1,820.00 m? 6 615,160,00 3,690,960.00
Centrifugal pump (effluent recirculation) CP-04 - 959.10m*h-! 7 33,517.28 234,621.00
Support material—02 PU Polyurethane - 436,80 m> 520.00° 227,136.00
Screen for support material retaining SC Stainless steel - 3.360,00 m? 52.00¢ 174,720.00
Water seal WS-02 Stainless steel - 6 2080.00 12,480.00
Gas meter BFR - - 1 5200.00 5200.00
Total investment? (without effluent recirculation) 6,243,688.63
Total investmentd (with effluent recirculation) 6,525,233.83

Notes: 2See Appendix B—Supplementary data; ®Per volume (m?) of support material; “Per area (m?) of screen; ¢Includes installation costs with mechanical, hydraulic, electrical, and automation systems.

Table 6 - Dimension characteristics and operating parameters of equalization tanks and reactors for AD plants in sugarcane biorefineries.

Unit Identification?® Dimension and operating characteristics
Total volume (m?) Working volume® (m?) W x L x Ht (m)© OLR (kg-COD m—= d 1) HRT (h)
Two-phase AD plant Equalization tank TQ-01A/B/C 1156.37 1051.254 14.5x14.5x5.5 - 8.2
Acidogenic reactor (APBR) RE-01A/B/C 1820.00 1064.70¢ 13.0x20.0x 7.0 81.6 8.3
Equalization tank TQ-02A 3363.75 3105.00f 22.5x23.0x6.5 - 8.1
Methanogenic reactor (ASTBR) RE-02A/B/ C/D/E 1820.00 1,622.40° 13.0 x 20.0 x 7.0 25.3 21.1
Single-phase AD plant Equalization tank TQ-01A/B/C 1156.37 1051.254 14.5x14.5x5.5 - 8.2
Methanogenic reactor (ASTBR) RE-02A/B/ C/D/E/F 1960.00 1747.20¢ 14.0 x 20.0 x 7.0 24.8 27.3

Notes: 2See Appendices A (two-phase) and B (single-phase)—Supplementary data; PExcluding headspace; “W =width, L=1length, Ht=total height; 4Working height=5.0 m' *Working height =6.5m; fWorking
height=6.0m.
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Fig. 2 - Biogas (a) and electricity (b) production costs for full-

scale AD plants treating sugarcane vinasse. Notes: 2LHV of

biogas from two- and single-phase processes were 23.8 and 20.0 M Nm~3, respectively, based on Walsh et al. (1988);
bElectric efficiency conversion set as 43%, based on technical specifications of the internal combustion engine model J620

GS-F12 (GE Jenbacher GmbH & Co. OHG, Jenbach, Austria).

aration. Regarding the operating costs (Fig. 3c—d), the lower
(or null) chemical costs (NaOH) in systems with effluent recir-
culation were offset by the higher electricity costs, which
accounted for the similar overall costs. Although the appli-
cation of NaOH does not provide the same buffer control to
the AD systems as NaHCOs3, as NaOH only acts as a strong
neutralizing agent by releasing hydroxide ions (OH™) (Lozada
et al., 2008) (Reaction (2)), good treatment performances
have been previously associated with its use in AD systems
applied to sugarcane vinasse. In particular, Souza et al. (1992)
reported COD removal levels above 70% and a methane yield of
0.310Nm3-CH,4 kg~1COD-removed when applying low NaOH
dosages (4 x 10~3 g-NaOH g~1COD-vinasse) to a thermophilic
(55°C), pilot-scale (75m?3), single-phase granular sludge reac-
tor with an OLR of 26.5 kg-COD m~3day~!. These results
indicated that NaOH dosing in full-scale AD plants for vinasse
may be a feasible option because both technical and economic
requirements could be met.

NaOH — Na‘t +OH~ 2)

In terms of the sole application of effluent recirculation,
the experience with two fixed-bed full-scale (4500m3> each)
digesters reported by Nandy et al. (2002) also characterizes
such an alkalizing strategy as an attractive option to sugarcane
biorefineries. In this case, the authors indicated a success-
ful operation (COD and BOD removals close to 70 and 80%,
respectively, OLR of 10 kg-COD m~3 day~!) by applying efflu-
ent recirculation ratios of approximately 20 in each reactor,

to recycle the alkalinity resulting from methanogenesis. It
should be observed, however, that for higher OLRs, such as
that reported in the systems used as reference herein (25 kg-
COD m—3day - Ferraz et al., 2016; Fuess et al., 2017; or 26.5
kg-COD m~3day—'-; Souza et al., 1992), dosing a neutraliz-
ing/alkalizing compound at least during the start-up period
may be recommended, in an effort to avoid problems with
imbalance due to the eventual rapid acidification of vinasse.

Similar patterns were obtained for the electricity produc-
tion costs (Fig. 2b). Considerably higher values were observed
for the use of NaHCO;3 than for the scenarios using NaOH
and/or effluent recirculation. The electricity costs associated
with NaOH dosing and/or recirculation (Fig. 2b) were 1.8- (21.54
USD MWh~1, SP-NaOH/REC) to 2.3-fold (16.23 USD MWh1,
SP-NaOH) lower compared with electricity costs from the
grid (37.96 USD MWh~!-EPE, 2014). Nogueira et al. (2015)
reported biogas production costs in the range of 38.91 to
56.32 USD MWh~! for smaller-sized sugarcane-based biore-
fineries (VFR=5000m3day~! or 208.3m*h~!, CH4 content in
biogas =60%). These differences most likely resulted from the
different power plant sizes. The estimated installed capacity
for the power plants coupled to the single- and two-phase AD
plants in this study were 6.3 and 7.7 MW, respectively, whereas
Nogueira et al. (2015) reported a capacity of 3.1 MW.

The operating costs and the revenue from the sale of the
electricity produced from the biogas for the AD plants of each
scenario were used to estimate the financial return of the
projects for a lifetime of 25 years (Fig. 4). The per-unit revenue
of the electricity produced from biogas was equal to the cost
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Fig. 3 - Annual operating costs for AD-power plants with (a) single- and (b) two-phase AD schemes, and distribution of
operating costs for AD-power plants with (c) single- and (d) two-phase AD schemes. Note: Electricity costs calculated from
the operating of dosing (0.5 CV) and centrifugal pumps (respectively, 15 and 300 CV for reactor feeding and effluent

recirculation).

of the electricity purchased from the grid, i.e., USD 37.96 per
MWh (EPE, 2014). The application of NaHCO5 during the entire
operating period of the systems resulted in economic losses
of over USD 400 million in the single-phase AD systems and
slightly more than USD 200 million in the two-phase schemes
(Fig. 4a). These values confirmed the economic unfeasibility
of this alkalizing strategy. The combined NaHCO3 dosing and
effluent recirculation strategies (Fig. 4c) resulted in different
results depending on the type of the AD plant used: an accu-
mulated loss of approximately USD 50 million was calculated
for single-phase schemes and a net profit of USD 5.5 million
in the two-phase systems was reported. However, the pay-
back of the investments for the two-phase systems would
only be observed after 32.0 years of operation, which rendered
the two-phase systems unfeasible due to the considered 25-
year lifetime. With respect to the other alkalizing strategies,
i.e., NaOH dosing and/or effluent recirculation only (Fig. 4b,
d and e), favorable scenarios were achieved, with net prof-
its ranging from 58.7 to 63.6 and 70.6 to 75.4 USD million for
single- and two-phase AD plants, respectively. In such cases,
the estimated investment payback would be observed within
4.1-4.5 (single-phase) and 6.7-6.8 (two-phase) years. This indi-
cated that dosing NaOH in full-scale AD systems for sugarcane
vinasse was economically feasible. In particular, the relatively
similar payback times (Fig. 4b, d, and e) associated with net
earnings 18.5-21.1% higher showed the advantages of two-
phase AD systems compared with single-phase AD systems.

Finally, the biogas and electricity costs could be reduced by
excluding expenditures associated with electricity in the AD
plants because the electric requirements of the pumps could
be fully supplied by the power generated from bagasse burning
in cogeneration systems. Thermoelectricity production from
bagasse reaches approximately 46.2kWh TC~! in sugarcane
biorefineries, and 21.1kWh TC™! of this amount is promptly
consumed within the plant (CONAB, 2011). Electricity con-
sumption in AD plants would then require only 0.11-0.14kWh
TC! and 1.67-1.95kWh TC™! in schemes without and with
effluent recirculation, i.e., demanding less than 8% of the sur-
plus thermoelectricity (25.1kWh TC~!, CONAB, 2011). In terms
of biogas and electricity production costs, the most remark-
able reductions would be observed for AD schemes that use
effluent recirculation (with or without NaOH dosing) because
operating costs would be reduced by over 30%.

3.3. Outlook: expanding the implications of vinasse
alkalinization

In addition to the economic aspects of dosing NaHCO3 and
NaOH as alkalizing compounds for sugarcane vinasse (see
Section 3.2), some environmental implications of the alkalin-
ization process should be considered, in particular regarding
the role of sodium ions (Na*) in soils fertirrigated with biodi-
gested vinasses. Na' ions act as highly dispersive agents,
when hydrated, by disrupting soil stable aggregates, which
may drastically reduce water infiltration due to the clogging
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up of soil pores and reduce the productivity of sugarcane fields
(Tejada and Gonzalez, 2006; Fuess and Garcia, 2014). The neg-
ative effects are observed when the concentrations of Na* are
much higher (at least 3-fold) than those of specific bivalent
ions, such as calcium and magnesium (WHO, 2006), consider-
ing the process of soil sodification.

Although Na* concentrations in sugarcane vinasse are rel-
atively low (50-325 mgL*l—; Lyra et al., 2003; Mariano et al,,
2009; Ferreira et al., 2011; Rolim et al., 2013) compared to other
ions, e.g., potassium (1200-4600 mgL~1—; Prada et al., 1998) and
sulfates (600-3730mgL~1-; Ferreira et al., 2011; Prada et al,,
1998), the inputs of Na* ions could result in concentrations of
approximately 1800-3400mgL~! when using NaHCOj3 as the
alkalizing compound. These values are at least 2.4- to 5.8-fold
higher than the concentrations of calcium (460-740mgL~1)
and magnesium (210-310 mg L) commonly measured in sug-

arcane vinasse (Lyra et al., 2003; Mariano et al., 2009; Ferreira
et al., 2011; Rolim et al., 2013), in order to increase the risks of
soil sodification. Conversely, the use of NaOH in the consid-
ered dosage (4 g g~'COD-vinasse—Table 2) would only slightly
increase Na* levels in vinasse (51.3-65.1mgL~!, depending on
the application of phase separation), most likely leading to
null risks of soil sodification when applying the biodigested
vinasse into soils.

In summary, the results indicate that using low dosages
of chemicals coupled to the recirculation of the effluent may
be characterized as the most suitable alternative for the
alkalinization of full-scale AD plants on an economic and envi-
ronmental basis. Nevertheless, further studies on alternative
alkalizing strategies for vinasse should still be considered,
in an effort to improve both economic and environmental
performances of the biodigestion plants. Additional strate-
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gies could include the use of ashes from incinerators (Banks
and Lo, 2003; Podmirseg et al., 2013) and the optimization of
dosing alternative chemicals (e.g. urea, limestone and caus-
tic potash—KOH). In particular, the use of ashes from bagasse
burning in cogeneration systems as complementary alkaliz-
ing agents in anaerobic reactors could characterize a cheap
alternative to biorefineries, given the possibility to eliminate
costs from the purchase of chemicals. This strategy could also
improve the management of residues within sugarcane biore-
fineries, also supplementing vinasse with essential metals.

4. Concluding remarks

The results obtained herein highlight the economic feasibility
of scaling-up two-phase AD plants in sugarcane-based biore-
fineries for the treatment of vinasse. Despite the higher capital
and operating costs of such schemes, the estimated biogas
and electricity production costs are equivalent or lower com-
pared with those of single-phase AD plants, depending on the
alkalizing strategy used. NaHCO3 dosing applied to AD sys-
tems largely results in unfavorable economic performances.
Thus, the best results were obtained using NaOH dosing with
or without effluent recirculation, with electricity costs reach-
ing values 1.8- to 2.3-fold lower than that of grid electricity.
Further experimental studies on the optimization of NaHCOj3
are recommended to increase the economic competitiveness
of this type of alkalizing strategy in full-scale AD plants.
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