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Abstract

The integration of the first and second generation (1G2G) ethanol production promotes the increase of biofuel productivity per
hectare of planted sugarcane, as well as the main liquid waste stream: vinasse, derived from ethanol distillation. As a sustainable
way for it disposal, biogas production from anaerobic digestion (AD) promotes environmental suitability while enabling
bioenergy generation. This work evaluated the potential energy generated from AD applied to vinasse within the context of an
integrated 1G2G sugarcane biorefinery. Data from a literature survey based the scenario modeling and assessment, including
economic and environmental indicators to compare the studied alternatives. AD allowed at least 68% increase of released bagasse
for 2G ethanol production compared to 2G base scenario, being able to even double 2G ethanol productivity to 30 L t ' cane.
Organic matter removal efficiency of vinasse AD played an important role in 2G ethanol production so that higher the efficiency,
larger the fraction of bagasse released for ethanol production. Economic indicators showed the unviability of 1G2G sugarcane
mill including AD unit when considering the current technologies for 2G ethanol production in view of their high operational
costs; however, with the envisaged technologies for 2025, the internal rate of return (IRR) of 14.3 and 17% was achieved, when
considering conservative and optimistic data for vinasse AD efficiency, respectively. The results evidenced the importance of
investment in R&D especially in 2G ethanol production but also in the AD of vinasse to reach the viability of this business.
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Introduction

Since the 1970s, many factors have boosted the search for
renewable fuels, especially in field of biofuels. The worries
regarding climate change and global warming, leading to mit-
igation measures to reduce greenhouse gas (GHG) emissions in
the atmosphere and, also, local pollution, allied to the need for
countries to decrease their dependence on the finite fossil fuels
international market are among the main reasons. This last
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factor was even decisive to consolidate the global biofuels pur-
suit, in view of the large economic impacts on oil importing
nations caused by the shocks of excessive prices increases [1].

In Brazil, ethanol is considered the “flagship” of biofuels,
produced mostly from sucrose-based raw materials (first gener-
ation or 1G ethanol). Sugarcane is the main feedstock, with great
availability in the country due to favorable climate conditions.
Apart the environmental benefits, the sugarcane ethanol chain is
an essential source of jobs and new business opportunities, being
a relevant sector within the Brazilian economy [2, 3].

One of the most relevant advantage of producing ethanol
from sugarcane is that all the biomass is utilized in the pro-
duction process: the remaining bagasse from the juice extrac-
tion process is normally burned in co-generation systems,
which provides the energy supply to the sugarcane mills. In
some cases, excess energy is generated and it can feed the
public electricity grid, enabling economic value generation.
An alternative of the excess bagasse exploitation that has been
lately drawing attention worldwide is the second generation
(2G) ethanol production, i.e., ethanol produced from lignocel-
lulosic feedstocks [4]. The production of 2G ethanol allows
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the increase of the biofuel productivity while maintaining the
same sugarcane planted area [5]. In this context, Brazilian 2G
ethanol has potential to replace significant crude oil use and
reduce CO, globally [6].

Even with the whole exploitation of the feedstock,
bioethanol production generates large amounts of liquid
waste, so called vinasse or stillage. Within the 1G etha-
nol chain, vinasse is conventionally applied to sugarcane
crops as fertilizer—practice known as fertirrigation—due
to its high content of nutrients (especially potassium,
nitrogen, and phosphorous). However, such application
is controversial due to potential environmental impacts
caused by the high organic content of vinasse [7-10].
In the case of 2G ethanol production, higher amounts
of vinasse should be generated with a different and crit-
ical composition: much higher organic content and al-
most absence of nutrients [11]. This fact hampers its
use for fertirrigation as well as further aggravate adverse
impacts to the environment. On the other hand, such
high organic amounts could be translated in extra-
energy generation for the sugarcane mills in a more sus-
tainable way if used correctly. Its chemical composition
makes vinasse (1G or 2G) susceptible to energy produc-
tion from biogas through the anaerobic digestion (AD)
process. Digested 1G vinasse (or digestate) could still be
used as fertilizer because only the organic matter content
is reduced during the biological process, with the nutri-
ents being retained. Additionally, the use of additional
energy produced from AD to run the mill operation re-
sults in releasing extra bagasse for 2G ethanol
production.

Thus, AD process applied to vinasse goes beyond its envi-
ronmental suitability within the bioethanol production chain,
being a potential source for energy production on the sugar-
cane mills which is usually wasted.

Bearing this in mind, this work evaluates the potential en-
ergy generated from AD applied to vinasse within the context
of an integrated 1G2G sugarcane biorefinery. Data from a
literature survey based the scenarios modeling and assess-
ment, including economic and environmental indicators to
compare the studied alternatives.

Methodology

Queries: Main Research Questions To Be Addressed
and Motivation

The development of this research was based on main guiding
questions regarding the use of bagasse for 2G ethanol produc-
tion and how could AD contribute on it when applied to
vinasse within the concept of an integrated 1G2G sugarcane
biorefinery:

—  How much bagasse can be released for 2G ethanol pro-
duction without impairing the energy self-sufficiency of a
sugarcane mill?

—  What is the potential volume of 2G ethanol production
from the surplus bagasse released from the co-generation
system?

—  What is the increase in the bagasse release because of the
extra energy generation resulted from AD of vinasse?

—  What are the economic aspects of the integration of eth-
anol production to a vinasse AD unit? How can they
motivate the application of this alternative?

—  What are the environmental benefits in terms of avoided
emissions and equivalent pollution from this alternative?

The scenarios with the proposed improvements were com-
pared with a standard scenario usually employed in Brazilian
sugarcane mills, allowing a discussion regarding innovation
possibilities to be employed in the bioethanol sector also con-
sidering economic and environmental benefits.

Development and Operation of Simulation Platform

The proposed model was developed in Excel software through
structured simulations using the Solver tool. The model was
based on a simulated flowchart to evaluate three scenarios of
bagasse distribution (with and without AD unit) against the
base scenario, all described as follow:

a) Base: 100% of bagasse from 1G ethanol production is
directed to combined heat and power (CHP) system to
supply the plant’s energy demand and for electric energy
sale (Fig. 1). In this scenario, 100% of 1G vinasse is
disposed to fertirrigation;

b) 2G: A fraction of bagasse from 1G ethanol production is
directed to CHP system to supply the plant’s energy de-
mand and the surplus bagasse is directed to 2G ethanol
production (Fig. 2);

¢) 2G+ AD: Different fractions of bagasse from 1G ethanol
production are directed to CHP system to supply the
plant’s energy demand and to 2G ethanol production, tak-
ing account the energy from biogas generated through AD
of 1G and 2G vinasse (Fig. 3). In this scenario, 100% of
digestate is disposed to fertirrigation;

d) 2G+ AD Opt: Same as scenario 2G + AD (Fig. 3) but
including supposed optimized data regarding AD of 2G
vinasse. In this scenario, 100% of digestate is disposed to
fertirrigation.

The developed model assessed the optimal bagasse distri-
bution aiming at maximizing energy generation from the
whole biomass use. The model primarily searched the energy
self-sufficiency of sugarcane mill (i.e., enough steam
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Fig. 1 Flowchart of base scenario Available
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generation for supplying ethanol production), both in the sce-
nario with or without AD. Then, the largest possible volume
of ethanol produced is sought. The simulations allowed mea-
suring the energy potential from vinasse and its impact in the
sugarcane mill when exploited as a renewable energy source
through AD. A deep literature survey provided the data for
structuring model and the simulations.

Table 1 presents the main parameters of 1G2G sugarcane
ethanol production that supported the model, as well as they
were the basis for the model calculations. In all the scenarios,
sugarcane mills were adopted as autonomous distilleries, with
thermal integration and high-pressure systems for CHP
(65 bar boilers) [14]. For the scenarios including 2G ethanol
production, the distilleries were considered integrated to 1G
ethanol production. The configuration of 2G process was
based on the commercial technology of hydrolysis (DHR—
Dedini rapid hydrolysis), in which the pre-treatment and hy-
drolysis occurs simultaneously in acid medium (steam explo-
sion with H,SO, addition) [17]. The fermentation of hydro-
lyzed from DHR processes was performed along with 1G
juice. After fermentation, wine stream is sent to a series of
distillation columns and dehydration processes where anhy-
drous ethanol (99.6 wt%) is obtained.

AD data are presented in Table 2. Although the generation
of 1G2G vinasse occurs in a single stream in an 1G2G inte-
grated sugarcane biorefinery, its composition and generation
had to be considered separately, i.e., 1G vinasse and 2G
vinasse, as no data in the literature was found. At the author’s
knowledge, there is only one sugarcane mill in Brazil

Available

Fig.2 Flowchart of scenario (2G) B
agasse

(X: % of bagasse directed to en-
ergy production to supply the
sugarcane mill’s energy demand,;
1-X: % of bagasse directed to 2G
ethanol production)

@ Springer

O —
-

operating on the integrated model. To take advantage of the
existing facilities of the 1G plant, the generation of 1G and 2G
vinasse does not occur separately, since the fermentation of
sugarcane juice and C6 (hexoses) stream from bagasse pre-
treatment and hydrolysis occurs in the same vat. Information
about the processes for 1G2G vinasse generation is not avail-
able due to confidentiality reasons from the 1G2G integrated
sugarcane mill.

The optimization of the scenario (2G + AD_Opt) concerns
the efficiency of AD process applied to 1G2G vinasse, i.e., the
efficiency of COD removal to CH4 production. The increase
in this parameter is supposed to affect positively CH4 produc-
tion, and thus, allow more bagasse release for 2G ethanol
process. At to the author’s knowledge, there is no information
about high-rate AD process applied to 1G sugarcane vinasse
that could provide 90% COD removal efficiency, although
there is promising research on it [20, 21]. Similarly, there is
no data about AD applied to 2G sugarcane vinasse (optimized
or not) in view of its novelty, but considering the higher re-
calcitrance than 1G vinasse [7], it has been assumed that the
COD removal efficiency is lower. Thus, such values of effi-
ciency were estimated.

Biogas Production from Vinasse: Energy Efficiency
and Environmental Indicators

Thermal energy from biogas burning were based on studies
carried out by Moraes et al. [15] and Junqueira et al. [16],
considering values at the standard conditions for temperature

2G Ethanol
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Fig. 3 Flowchart of scenarios
Bagasse

(2G +AD) and (2G + AD_Opt)
(X: % of bagasse directed to
energy production to supply the
sugarcane mill’s energy demand,;
1-X: % of bagasse directed to 2G
ethanol production)

and pressure (STP). The amount of methane produced through
vinasse AD (VCH4 =m® CH, t ! cane) and its equivalence to
bagasse in terms of energy (£bagasse =t bagasse m > CH.,)
were calculated by Egs. (1) and (2), respectively. Total steam
produced by methane ( CH, =kg steam t ' cane) in terms of
energy equivalency to bagasse burning in boilers at 65 bar was
calculated by Eq. (3).

2cn,-Ov-Ceopv-Ecopy

VCHy = M v
cane
_ LHVcHa
£bagaSSC/CH4 - m <2)
Sena = VCHa - £bagasse/CH4 'Pbagasse. (3)

In these expressions, 2CH, is the CH4 production per re-
moved COD from vinasse (m> CH, kg_l), Qv is the volumetric
flow rate of vinasse (m> h™'), Ccopy is the vinasse COD
(kg m ), Ecopy is the efficiency of COD removal, My is
the sugarcane production (t cane h™"), LHV ¢y is the lower
heating value of methane (kJ m > CHy), LHVpagassc i8 the lower

I

2G Ethanol

Anaerobic .
Digestion | Biogas (CH,)

Thermal Energy

Sugarcane Plant Suppl
(Steam) g PPy

heating value of bagasse (kJ t ' bagasse), and Pragasse 18 the
steam production from bagasse burning (kg steam t ' bagasse).

The environmental assessment accounted for effects of
vinasse fertirrigation, involving indicators as equivalent pop-
ulation (EP) in terms of generated pollution and avoided emis-
sions in terms of N,O considering the effects of AD of
vinasse, according to Moraes et al. [15]. Avoided emissions
were calculated based on 1G vinasse solely since it was sup-
posed that 2G vinasse would not be used as fertilizer in sug-
arcane crops due to its low nutrient content. The potential
carbon credits resulting from avoided emissions were calcu-
lated in terms of tons of CO, equivalent (t COygg)), consider-
ing the Global Warming Potential (GWP) of 310 for N,O, for
the time horizon of 100 years, according to IPCC [22].

Economic Indicators

A global economic assessment was performed for all scenarios
considering current market prices (2015) and future estimates
(2025) regarding 2G ethanol production costs, aiming at eval-
uating the impact of development level of such technology in
the sugarcane mill. The main financial parameters are presented

Table 1 Data of 1G2G sugarcane

ethanol production used in the Parameter Value Source

simulations, considering

autonomous distilleries Bagasse 50% humidity (kg t ' cane) 276.0 [12]
Straw 15% humidity (kg t ' cane) 140 [13]
1G ethanol production 1G (L t' cane) 81.80 [14]
Volume of 1G vinasse (L vinasse L' ethanol) 10.0 [15]
Volume of 2G vinasse (L vinasse L' ethanol) 10.0 Estimated
Steam demand (kg stream t! cane) 551.0 [14]
Steam produced by bagasse burning (kg t ' cane) 618.0 [14]
Sugarcane processed (t cane h™") 2.87x10° [15]
“Residual cellulignin from 2G ethanol production directed to CHP system (%) 35.0 [13]
Straw collected from the field directed to CHP system (%) 30 [13, 14]
Bagasse LHV, 50% humidity (kJ t ' bagasse) 7.5%x10° [16]

Straw LHV, 15% humidity (kJ t'
CH, LHV (k] m3)

straw)

15.1x10° [14]
35.8% 10° [15]

“ Bagasse energy equivalent value
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Table 2 Anaerobic digestion data

used in the simulations Parameter 2G+AD 2G+AD Opt Source
1G CH, production per COD removed 0.31 [18]
(m® kg7l COD removed)
2G CHy production per COD removed 0.29 Estimated
(m® kg ' COD removed)
COD 1G (kg m ) 25.80 [18]
COD 2G (kg m ™) 92.30 [11]
1G COD removal efficiency 0.73 0.9 [18]; Estimated
2G COD removal efficiency 0.60 0.8 Estimated
1G vinasse production (m®> h™") 424.15 [15]
2G vinasse production (m®> h™") 149.20 224.55 [19]

in Table 3, considering a scale factor of 0.6. Incomes from
carbon credit sale due to avoided emissions were added in the
scenarios including AD units (2G + AD; 2G + AD_opt).
Incremental cash flow analysis was also performed for these
latter scenarios, for a 30-year project lifetime, being the results
obtained in terms of internal rate of return (IRR), payback, and
production costs, with an acceptable minimum rate of return of
12%. Working capital, annual depreciation, and tax rate (in-
come and social contributions) were set as 10, 10, and 34%,
respectively. The conversion rate for the US dollar and Euro
was $ 0.28 and $ 0.31, respectively, per unit of Brazilian real,
considering the average value from 2015.

The investment and operational costs of AD unit were
based on the technology applied to 1G vinasse, considering
that the same applies to 1G2G vinasse. Optimization of AD
technology considered only adjustments on operational pa-
rameters, assuming no significant difference between eco-
nomic inputs Output sale prices of electric energy (U$S
0.10 kWh™") and ethanol (U$S 0.42 L") were obtained from

ANEEL [23] and CEPEA [24], respectively, considering the
weighted average value from 2012 to 2017. Carbon credit
price of US$ 3.04 per ton of CO, equivalent from the last
auction (2012) reported by BM & FBOVESPA [25] was
adopted for the calculations.

Results and Discussion
Energy Assessment

Bagasse distribution and the resulting products in the assessed
scenarios are presented in Table 4, as well as CH4 generation
from vinasse AD.

In the scenarios considering 2G ethanol, the employment
of vinasse AD (2G + AD and 2G + AD_Opt) promoted higher
values of 2G ethanol production due to better exploitation of
biomass and the use of CH, as a source of thermal energy. In
the case of 2G + AD scenario, CH, generated by AD of

Table 3 Main financial

parameters for economic Parameter Current Improved Reference
assessment considering current technology (2015)* technology (2025)"
(2015) and improved (2025)
technologies of 2G ethanol pro- AD unit investment (US$ million) 8.15 8.15 [1 5]
duction processes AD operation costs (US$ m™> vinasse) 0.26 0.26 [15]
2@ ethanol facilities investment 38.4 41.2 [17]
(US$ million)
2G ethanol production cost 0.47 0.22 [17]
(US$ L' ethanol)
Participation of production costs (%) [17]
Civil works 0.33 0.47
Equipment 56.10 49.00
Labor 293 247
Process inputs 35.44 43.22
Others 5.20 4.84

*DHR technology considering fermentation of hexoses; 48-h reaction; 2G ethanol yield of 151 m® day '

®DHR technology considering fermentation of hexoses and pentoses; 24-h reaction; 2G ethanol yield of

381 m® day ™’

Note: 1G ethanol production costs and investment were considered the same for all scenarios and thus were not

accounted
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Table 4 Distribution of bagasse . b . 4
and products generated in the Base 2G 2G+AD 2G+AD_Opt
assessed scenarios
Methane generated by vinasse AD (m® t ' cane) 0.00 0.00 12.57 15.64
Steam produced by methane burning (kg t™' cane) 0.00 0.00 103.63 168.13
®Steam produced by bagasse burning (kg t' cane) 698.30 551.00 447.37 407.88
Bagasse directed to ethanol production (%) 0.00 51.00 86.00 100.00
Bagasse directed to energy production (%) 100.00 49.00 14.00 0.00
2G Ethanol produced (L t'! cane) 0.00 15.00 26.00 30.00

#Bagasse directed to energy generation;

®Bagasse directed to 2G ethanol production and energy generation

¢ Bagasse directed to 2G ethanol and energy production considering the energy provided by conventional anaer-

obic digestion of vinasse

¢ Bagasse directed to 2G ethanol and energy production considering the energy provided by optimized anaerobic

digestion of vinasse

¢ Considering residue use (straw and returned bagasse from 2G ethanol production)

vinasse caused a 68% increase of released bagasse for 2G
ethanol production over the standard 2G scenario (2G).
Thus, 2G ethanol productivity was enhanced by 73%. The
energy demand of 2G scenario was supplied by burning part
of the integral bagasse and the residual cellulignin (i.e., resid-
ual solids from the pre-treatment and hydrolysis of bagasse,
composed of lignin and non-hydrolyzed cellulose and hemi-
cellulose), accounting by 30% of collected straw from the
field and the reuse of 35% of bagasse from 2G ethanol pro-
duction process (i.e., residual cellulignin). The increment on
such energy supply through biogas over aforementioned lig-
nocellulosic materials was even enhanced by 24% when an
optimized AD technology (2G + AD_Opt) was considered,
providing extra 110-MJ t ' cane in terms of produced CHy4
compared to (2G + AD) scenario. The increment of 15% on
2G ethanol production was consequently achieved. The posi-
tive effect of optimized AD technologies on energy generation
within sugarcane ethanol production is been recently reported
concerning 1G vinasse, presenting increments on energy po-
tential of up to 30% [20, 21].

Figure 4 presents the thermal energy sources for supplying
the unit according to the assessed scenarios. As 2G ethanol
production increases, the amount of residual cellulignin is
raised, favoring the use of integral bagasse to 2G ethanol pro-
duction. This concept is inherent of integrated first and second
generation ethanol biorefineries aiming at better utilization of
the lignocellulosic biomass to improve the energy balance of
the overall chain [5, 26]. Macrelli et al. [27] achieved 15.8%
increase of ethanol productivity when combining the 2G to the
1G ethanol production, without mixing the material streams
and considering the cogeneration of the solid residues from
2G ethanol production (lignin and non-hydrolyzed cellulose)
plus the biogas from pentoses liquor AD. When leaves were
added at a ratio of 50% of the total amount of bagasse based on
dry weight to supplement 2G ethanol production, total ethanol
productivity was 53.2% enhanced.

The enhancement of AD process (2G + AD_Opt) allowed the
use of bagasse exclusively for 2G ethanol production, improving
the ethanol yield to 30 L t ! cane, i.e., twice the value from the
standard 2G scenario (2G) and 30% higher the value of 2G +
AD). In that case, sugarcane plant’s energy demand was obtained
by burning CH4 from AD of vinasse, as well as the residual
cellulignin from 2G ethanol production (lignin and non-
hydrolyzed cellulose and hemicellulose) plus the straw fraction
collected from the field. It is noteworthy that the value of organic
matter removal efficiency adopted for AD of 2G vinasse was an
estimate since no experimental values were found in the litera-
ture. This parameter played an important role in the 2G ethanol
production so that higher the efficiency, larger the fraction of
bagasse released for ethanol production, considering the methane
yield proportional to the organic matter removed. The release of
about 22% of bagasse from burning was achieved by the biogas
use in the CHP system, when considering 80% of AD efficiency
concerning 2G vinasse treatment (2G + AD Opt). It could be
expected an increment of about 10% in such released bagasse

80

60

40

Steam Demand (%)

20

Base 2G 2G+AD 2G+AD_Opt
Il Bagasse [l Residual Cellulignin [l Biogas

Fig. 4 Sources and contribution of energy supply of each scenario
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percentage if the same AD efficiency of 1G vinasse treatment in
the optimized scenario was achieved for 2G vinasse.

Environmental Assessment

AD of 1G2G vinasse could improve environmental aspects of
bioethanol production. A more rational use of 1G vinasse as
fertilizer could be provided since the impacts related to its
organic matter content would be attenuated while the fertiliz-
ing capacity, i.e., nutrient content, would be preserved. In the
case of 2G vinasse, AD arises as an option for disposal, since
this stream has not enough nutrients to be used as fertilizer but
must be correctly disposed to avoid major damage to the
environment.

Environmental impact in terms of EP considering an auton-
omous sugarcane mill processing 2.87 x 10° tons of cane year '
is illustrated in Fig. 5. The annual application of in natura 1G
vinasse to the sugarcane fields would generate pollution equiv-
alent to the sewage generated by 1.5 million inhabitants (in
terms of organic matter), e.g., approximately the population of
Barcelona (1.6 million) for both scenarios (2G + AD and 2G +
AD Opt), since the improvements in 2G ethanol production do
not impact the volume of 1G ethanol and, consequently, 1G
vinasse generation. Considering the higher organic matter con-
tent of 2G vinasse, the avoided impact provided by AD treat-
ment would be even higher: equivalent to 1.75 million inhabi-
tants (scenario 2G + AD) and 2.94 million inhabitants (scenario
2G + AD Opt), similar to populations of Hamburg (1.8 mil-
lion) and Rome (2.8 million), respectively. For the scenario
2G + AD_Opt, the higher EP value is due to the higher volume
of 2G vinasse generated as a result of improved productivity of
2G ethanol compared to scenario 2G + AD. Thus, a single
1G2G sugarcane biorefinery could generate a pollution load
by fertirrigation with in natura 1G2G vinasse higher than the

Equivalent Population
(million of inhabitants)

2G Vinasse Total

1G Vinasse
I Scenario 2G+AD [l Scenario 2G+AD_Opt

Fig. 5 Pollution load (accounted by organic matter) in terms of
equivalent population of 1G vinasse, 2G vinasse, and total volume of
vinasse (1G + 2G vinasse) considering the scenarios 2G + AD and
2G+AD_Opt
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sewage generated by the population of Croacia (4.2 million) for
example considering the scenario 2G + AD Opt. These num-
bers highlight the need to find an environmental friendly desti-
nation for these streams, as the AD process.

N,O emissions accounted by fertirrigation with in natura
1G vinasse corresponded to 6.6 x 10* t CO5.q) season” .
Through the adopted premise that N,O emissions from
biodigested vinasse would resemble those of inorganic fertil-
izer emissions, the avoided emissions resulted in 3.3 x
10*t COxkq seasonfl, 1.e., 50% reduction in N,O emissions
could be achieved. Such estimated avoided emissions from a
single sugarcane mill (processing capacity of 2.0 x 10 tons of
sugarcane per year) represents the emissions caused by 14.3 x
10® inhabitants, considering the annual per capita emissions in
Brazil (2.3 t CO,) [28]. It is noteworthy these values are an
estimate since no experimentation using biodigested sugar-
cane vinasse applied to field was found. Moraes et al. [10]
reported reduction in GHG emissions when compared exper-
imentally the application of sugar beet vinasse before and after
AD treatment: between 48 and 78% mitigation on N,O emis-
sions was achieved when using digested vinasse.

Economic Assessment

Table 5 presents the financial inputs and outputs, as well as the
gross operating profit, related to 2G ethanol production and
vinasse AD, according to the assessed scenarios. The opera-
tional costs of electricity cogeneration unit (for both burning
methane or bagasse) and of 1G ethanol production were con-
sidered the same for all scenarios, thus they were not
accounted in this analysis.

Although biofuel selling price is 165% higher than that of
electricity, the costs of 2G ethanol production are also higher
and further increased in the cases including the AD unit. Thus,
annual gross profit obtained for these scenarios was lower
than for the base scenario considering the existing technolo-
gies of 2015. Nevertheless, with the expected improvements
in the process up to 2025 (e.g., development of more produc-
tive enzymes, microorganisms capable of fermenting the com-
plex sugars, more efficient process of bagasse pre-treatment
[29]), a considerable decrease in the production costs is envis-
aged, resulting in a considerable impact the economic results:
up to three times higher the annual gross revenues when com-
pared to the current technology. Independently of the techno-
logical degree of 2G ethanol production (2015 or 2025), its
operational costs were as higher as the optimization degree of
AD process due to the increase of 2G ethanol production
volume. It causes an expansion of the sugarcane mill capacity,
intensifying the operations. Even though, larger capacities for
producing 2G ethanol provided higher incomes from ethanol
sales, resulting in the best economic benefits for the scenario
(2G + AD_Opt).
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Table 5 Operation costs and products sale related to the studied scenarios
Base 2G 2G+AD 2G+ AD Opt
2015 2025 2015 2025 2015 2025 2015 2025
Total annual 2G ethanol sale (million US$ yearfl) 0.00 10.45 18.12 20.91
Total annual energy sale (million US$ year ') 3.92 0.00 0.00 0.66
*Total annual carbon credits sale (million US$ yearfl) 0.00 0.00 0.10 0.10
Operation costs of 2G ethanol production (million US$ year ') 0.00 11.83 6.40 16.46 8.90 17.93 9.70
Operation costs of vinasse AD (million US$ year ") 0.00 0.00 0.49 0.54
Annual gross profit (million US$ year ') 3.92 -1.38 4.05 1.28 8.83 321 11.44

# Considering the minimum selling price

Financial incomes obtained from the environmental benefits
could also enhance the results, as the case of carbon credits.
According to the latest carbon credit auction [25], the minimum
selling price was US$ 3.04 t ' CO,, which would result in a
minimum income of US$ 100,000 season ! for the scenarios
including the AD unit. In a hypothetical scenario in which such
selling price reaches US$ 10.15 t ' CO,, the operating costs of
AD unit could be fully covered by the carbon credit sale. Thus,
this market represents an alternative with potential to enhance
profitability while improving the environmental sustainability
of sugarcane mills. However, the carbon credit price is so far
below the US$ 15.99 t ' CO, quoted at the height of the carbon
market, almost 10 years ago [30]. Since then, the declining
credit prices portray the low priority that has been given to
carbon market and, thus, their contribution cannot be decisive
in the analysis of investment.

Figure 6 presents the incremental cash flow analysis of the
scenarios including the AD unit in the sugarcane mills oper-
ating with the current technologies of 2G ethanol production
(year 2015) and the envisaged improvements in 2025.

The improvements foreseen for the technologies of 2G eth-
anol production had an important impact on the economic
viability of the assessed scenarios, revealing that their current
operational costs make the 1G2G sugarcane mill with AD unit
an unfeasible business. The IRR was only higher than the
minimum acceptable rate of return for the scenarios of 2025
(Fig. 7), with an increase of 19% in such economic indicator
when considering the optimization of AD process applied to
1G2G vinasse (2G + AD_Opt). The upgrade in the AD pro-
cess also allowed the payback of the investment 1 year before
when compared with the standard AD treatment. However,
the major impact was due to the upgrade in 2G ethanol pro-
duction, providing a payback 7 years earlier than that obtained
with the technologies 0f 2015, regardless of the AD level. [31]
also reported that the high costs associated with 2G technolo-
gy rely on the current choices of industrial routes and equip-
ment design (such as those dedicated to pretreatment area) that
may evolve over the years. The authors estimated a reduction
about 50% over 2G ethanol production costs in medium term

(2021-2025), which would allow the lignocellulosic ethanol
to be competitive with 1G ethanol.
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Fig. 6 Incremental cash flow analysis for the scenarios of 2G ethanol
production applying traditional (year 2015) and improved (year 2025)
technologies, integrated to biogas production from vinasse according to
the efficiency of AD process: a standard AD process (2G + AD), b
optimized AD process (2G + AD_Opt)
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Fig. 7 Economic assessment of 2G+AD 2G+AD_Opt
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The results evidence the importance of investment in re-
search and development especially in 2G ethanol production
but also in the AD of vinasse. The development of new tech-
nologies in all stages of the 2G ethanol production process,
from the selection of feedstock for biomass production to the
development of microorganisms capable of fermenting the
sugars from this complex material [29], seems to be the key
of reducing ethanol production costs and, thus, provide the
reality of integrated 1 G2G sugarcane mills. Further AD devel-
opments in this sector may also provide considerable econom-
ic increments if more noble biogas uses were assessed, as the
case of biomethane, i.e., purified biogas rich in CHy (> 96.5%
v/v). It could optimize costs of energy production when con-
sidering the replacement of diesel, which plays an important
role in the energy inputs of sugarcane mills, causing signifi-
cant effects on production costs [32]. Studies have shown the
viability with the best economic results for 1G sugarcane mills
including AD unit when biomethane is directed to partially
replace diesel used in sugarcane agricultural and transport
operations, or when it is launched in the natural gas grid [15,
16]. Those applications in an integrated 1G2G sugarcane
biorefinery may improve its profitability, although such sup-
position must still be explored.

Conclusion

The integrated 1G2G sugarcane biorefinery scenarios evalu-
ated in this work highlighted several benefits derived from the
energy integration of biogas production by vinasse AD. The
inclusion of an upgraded AD unit for the treatment of 1G2G
vinasse allowed the use of bagasse exclusively for 2G ethanol
production, accounting for twice the 2G ethanol yield com-
pared to a standard 2G ethanol sugarcane mill without vinasse

@ Springer
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AD. Environmental impacts of 1G2G ethanol production
were also representative with the AD unit inclusion, especially
by the mitigation of 50% in the N,O emissions caused by the
application of digested vinasse in the sugarcane fields. The
efficiency of AD process was a critical parameter for the eco-
nomic viability of an integrated 1G2G sugarcane biorefinery,
but the technological level of 2G ethanol production was even
more decisive: the prohibitive operational costs of current
technologies make the 1G2G sugarcane mill with AD unit
an unfeasible business, achieving its profitability only with
the envisaged technologies for 2025. A successful energetic
integration using AD vinasse is directly related to public en-
vironmental policies that encourage the development of sus-
tainable technologies.
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