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Abstract: Industrial beer production generates brewer’s spent grains (BSG) as a primary solid waste.
The disposal of industrial waste can cause negative environmental side effects, including
greenhouse gas emissions. This study evaluated the dry anaerobic digestion (AD) of BSG for
bioenergy recovery as a solution toward a more sustainable brewery. The laboratory-scale agitated
tank batch reactor (6.8 L) was started up with BSG (25%), mesophilic inoculum (45%), and water
(30%). The experimental results showed 82.12% solids biodegradation, 57.38% soluble chemical
oxygen demand removal, and an accumulated methane yield of 10.53 L CHs kg TVS. The methane
production efficiency was evaluated by the modified Gompertz, Cone, and first-order kinetic
models. The Cone model fitted methane evolution better than the modified Gompertz and first-
order kinetic models. The biogas produced from the dry AD of BSG could generate electricity (0.133
MWh ton') and heat (598.45 MJ ton-!), mitigating 0.0099 and 0.0335 tCOzeq ton™! BSG, respectively,
for electricity and heat. The implementation of dry AD could supply 7.38% of the electricity and
6.86% of the heat required for beer production. Finally, in a biorefinery concept, dry AD can be an
alternative route for solid waste management and bioenergy recovery, contributing to reduce the
environmental impact of breweries.

Keywords: biomethane; circular economy; biogas; methane; electricity; energy; greenhouse gas
emissions; biorefinery

1. Introduction

The Brazilian beer industry reached 1549 facilities in 2021, an increase of 12%
compared to 2020. In addition, 14.3 billion liters of beer were produced in 2021,
contributing to approximately 1.5% of the Brazilian gross domestic product [1]. The
essential raw material for beer formulation is barley [2], and Brazil required
approximately 1 million tons of barley in 2020 [3,4]. Nonetheless, widely associated with
industrial production, wastewater and solid waste from the food industry are continually
growing [5]. In the case of beer production, 20 kg of brewer’s spent grain (BSG) is
generated per 100 L of beer produced [6-8]. Hence, considering Brazilian beer industry,
the generation of BSG is estimated at 2.8 x 10¢ tons per year (wet basis) [9]. Without
environmentally friendly management, industrial waste can cause several environmental
side effects due to incorrect disposal [10,11]. Improper organic waste disposal increases
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greenhouse gas (GHG) emissions, the proliferation of disease vectors, soil and
groundwater contamination [12].

Waste management and biofuel policies could be trade-off alternatives to increase
the use of bioenergy from the correct management of agri-food industry waste while
contributing to energy efficiency and GHG mitigation [13,14]. Anaerobic digestion (AD)
has been widely investigated as a promising technological route for waste management
and bioenergy recovery in the food industry [15]. Despite the advantages of AD for
treating liquid waste, the AD of solid waste (or dry AD) is still challenging for industrial
implementation [16]. AD with a high solids content has received much attention in recent
years [17]. Bi et al. [18] evaluated the digestion of chicken manure, finding that wet AD
(0.35 m?® CHs kg solids) produced a higher content of methane compared to dry AD (0.18
m? CHa kg solids). The same profile was obtained for sweet potato vine [19], municipal
solid waste organic fractions [20], corn stover [21], and other industrial wastes. A high
solid AD can be attractive to industry implementation since the digester can treat a high
amount of solid waste with low water demand and energy consumption [22].
Additionally, some solid wastes generated by the food industry can present a composition
rich in lignocellulose, which figures as an additional challenge to AD since lignin is a
recalcitrant compound and can limit methane efficiency [23].

From an environmental perspective, the digestate obtained after AD can be upgraded
into a biofertilizer for agricultural applications [24]. From the energy side, biogas has a
high calorific content (35.59 MJ m=), being highly suitable for electricity and heat
combined generation [25,26]. Moreover, agro-industrial supply chains are increasingly
required to lay on circular economy principles. For this, innovative industrial
arrangements, including waste management systems to address technological parameters
to subsidize future investments to adopt the AD of solid wastes, are required [27].
Industrial waste management systems can generate a sort of benefit [28]. However, few
studies demonstrate the technical-economic-environmental parameters of the production
of bioenergy and biofertilizer from dry AD [17]. The operational parameters of dry AD
and energy recovery from biogas can support a breakthrough for industrial
implementation [29].

The circular economy concept is based on four main pillars (reduction, reuse,
recovery, and recycling) towards economic growth and resource consumption
optimization, especially materials and energy [30,31]. Beyond, through the development
of new processes, economically and environmentally viable, it is possible to flourish the
circular economy transition by minimizing resource extraction, maximizing reuse, and
developing new business models [32]. Notwithstanding, with the recovery of biofuels and
value-added products, the biorefinery concept is fully fitted to circular economy
development [33]. In a biorefinery, sustainable processes are integrated to convert
biomass into value-added products and bioenergy [34,35]. Additionally, the biorefinery’s
main objective is to optimize the use of resources and to minimize the final waste
generated from the industrial process while maximizing environmental and economic
amelioration [34,35]. A biorefinery for the beer industry could be proposed by using BSG
to produce bioactive compounds, such as xylitol, lactic acid, activated carbon, and
phenolic acids [36]. AD can be an additional technological route for BSG valorization in a
circular economy concept, contributing to an industrial environmental burden relief.

Therefore, this study assessed the dry AD of BSG for bioenergy recovery to support
a more sustainable brewery. For this, an AD reactor with a high solids content was started-
up, and its operational performance was assessed. Methane production was evaluated
according to the modified Gompertz, Cone, and first-order kinetic models. The potential
for electricity, heat generation, and avoided GHG emissions were estimated from the AD
reactor experimental dataset. Hence, this study fills in the research gap on the kinetics of
methane production from the dry AD of BSG by proposing an integrated waste
management system for electricity, heat, and biofertilizer production in a biorefinery
concept, advocating the circular economy transition for the beer industry.
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2. Materials and Methods
2.1. Solid Wastes and Inoculum

BSG (wet basis) was provided by Ambev Brewery (Jaguaritina, SP, Brazil). The BSG
was oven-dried (105 °C, 8 h), packed, and stored (-18 °C) for later use. The granular mes-
ophilic inoculum was obtained from the treatment of soft drink wastewater without path-
ogens in a full-scale up-flow anaerobic sludge blanket (UASB) reactor operated at 35 °C
(Coca Cola Femsa Company, Jundiai, SP, Brazil). Before the AD, the inoculum was accli-
mated at mesophilic temperature (35 °C) for 48 h and stirred at 50 rpm. Table 1 displays
the characterization of the BSG and mesophilic inoculum used for dry AD.

Table 1. Characterization of BSG and mesophilic inoculum.

Parameters BSG Inoculum * Unit
pH 6.65 +0.01° 778 + 0.21a -
Density 4108 £2.514 1023.16 + 1.54° gLt
Alkalinity 707.75 £ 42.754 194.75 + 4.75P mg CaCOs L™
Chemical oxygen demand  1519.04 + 23.822 15.77 + 2.00® mg Oz L™
Ammonia nitrogen 190.54 +20.272 23.94 £ 2.66" mg N-NHs L~
Moisture 3.49 +0.06° 89.52 + 0.562 %
Total solids 96.68 +0.212 1048 + 0.53° %
Total volatile solids 73.62 £ (0.582 8.47 + 0.31° %
Total fixed solids 23.06 +0.212 2.01 + 0.08° %

The results are expressed as the mean + standard deviation (n = 3). Different letters represent sig-
nificant differences by Tukey’s test (p < 0.05). * The characterization of the inoculum was previously
reported by Sganzerla et al. [29].

2.2. Reactor Configuration for Dry AD
Figure 1 shows the laboratory reactor used for dry AD of BSG.

(b) M
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Figure 1. Representation of the laboratory reactor for dry AD of BSG. (a) Laboratory reactor; (b)
description of the reactor configuration. Adapted from Sganzerla et al. [29], with permission from
Springer Nature.

The laboratory-scale agitated tank reactor (6.8 L) was operated in batch mode for 40
days. The reactor’s initial feed filled 60% of the volume for the substrate mixture (4.08 L),
and 40% of the headspace was left for biogas production (2.72 L). The substrate mixture
was composed of 25% BSG on a dry basis (192.35 g), 45% wet inoculum (1.83 L), and 30%
water (1.22 L). The system was kept at a mesophilic temperature (35 °C) with a thermo-
static water bath. Initially, the substrate pH was adjusted to approximately 6 with the ad-
dition of NaOH 6 mol L. During AD, the substrate pH was held between 7 and 8 to
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support methanogenic reactions [37]. The biogas was collected daily in a Tedlar bag
(Supelco Analytical) coupled with the reactor. The digestate was analyzed to control the
process efficiency.

2.3. Physicochemical Analysis

The digestate was analyzed according to the Standard Methods for the Examination
of Water and Wastewater [38]. The pH (method 4500-H* B) and the solids (total, volatile,
and fixed) (method 2540B) were directly determined from raw digestate. For the determi-
nation of alkalinity (method 2320 B), ammonia nitrogen (method 45000-NHs C), and sol-
uble chemical oxygen demand (COD) (method 5220 D), the digestate (5 g) was solubilized
with deionized water (50 mL) under stirring (250 rpm) for 1 h. The solution was filtered
on qualitative filter paper, and the liquid fraction was used for the analysis. The solids
biodegradation and COD removal were calculated considering the initial (day 0 of AD)
and final (day 40 of AD) values obtained.

2.4. Biogas Production, Composition, and Yield

The biogas volume was measured with a syringe. The accumulated biogas volume
was determined by the sum of the daily biogas produced. The biogas composition was
determined by gas chromatography equipped with a thermal conductivity detector. Bio-
gas separation was conducted in a micropacked column (ShinCarbon, ST 50/80 mesh), and
the chromatographic conditions were selected based on previous studies [39,40]. After the
measurement of the biogas composition, the accumulated methane yield was calculated
according to Equation (1).

Accumulated methane yield (mL CH, g TVS)= ¥, V';/CS"‘ 1)

where V is the biogas volume (mL); n is the number of days analyzed; C,, is the percent-
age of methane in the biogas (%); and TVS is the content of volatile solids in the reactor.

2.5. Kinetic Analysis

The cumulative methane production from the dry AD of BSG was evaluated accord-
ing to the modified Gompertz (Equation (2)), Cone (Equation (3)), and first-order kinetics
(Equation (4)) models. The kinetic analysis was conducted using SigmaPlot® software
(Systat Inc., Palo Alto, CA, USA).

M = Pexp {-exp [% (A-t)+1]} (2)

P
M= 1"’(kmethanet)_n (3)

M="P [1' exp('kmethanet)] (4)

where M is the cumulative methane volume (mL); P is the methane production potential
(mL); Rm is the maximum methane production rate (mL h); e = 2.718; A is the lag phase
time (h); t represents the fermentation time (h); kmethare is the hydrolysis rate constant (h™);
and n is the shape factor.

2.6. Bioenergy Recovery and Avoided GHG Emissions

Biogas burning in a combined heat and power unit produces electricity (Equation (5))
and heat (Equation (6)) [41]. For both estimations (EGcy, and HGcp,), on-site generation
was assumed:

EGey, = Qbiogasx LCVch, x Cy, x n, x CF (5)
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HGCH4 = Qbiogasx LCVCH4 X Cm x T]e (6)

where EGcyy, is the estimated electricity generation from biogas (MWh ton BSG);
HGcy, is the estimated heat produced from biogas (M] ton™ BSG); Qpioges is the biogas
volume (m? ton' BSG); LCVy, is the lower calorific value of methane (35.59 MJ m=); Cm
is the percentage of methane in the biogas (%); 1. is the engine efficiency (%), assumed as
40% for electric energy and 50% for thermal energy, considering commercial heat and
power unit efficiencies [42]; and CF is the conversion factor from MJ] to MWh (1 MWh =
3600 MJ).

The use of biogas for electricity and heat avoids GHG emissions (Equations (7) and

(8)) [43].

Aghcec = EFco,rc X EGep, (7)

Agncnc = EFco,nc * HGep, (8)

where EGcy, and HGcy, were previously calculated in Equations (5) and (6), respec-
tively; EFco,.5c is the emission factor for 2019 (0.075 tCOzeq MWh™), assuming the re-
placement of Brazilian electricity by electricity from biogas [44]; and EFco,.1c is the emis-
sion factor (0.056 tCOz-¢q GJ-!), assuming the replacement of natural gas in a boiler by heat
from biogas [45].

2.7. Industrial Design of AD for Bioenergy Recovery

Initially, an industrial system for BSG treatment using dry AD was proposed. Aiming
to support a technological upscaling, a global industrial energy balance was assessed con-
sidering the generation of 1 ton of BSG, considering the experimental results obtained in
this study.

2.8. Statistical Analysis

Experiments were carried out in triplicate (n = 3), and the results are expressed as
the average + standard deviation (reported as error bars). The parameters evaluated in
the AD experiment were statistically analyzed by one-way ANOVA, and the difference
between the averages was verified by Tukey’s test (p < 0.05) using Statistica® software
(StatSoft Inc., version 10.0, Tulsa, OK, USA).

3. Results and Discussion
3.1. Operational Performance of the Dry AD Reactor
3.1.1. pH and Alkalinity

The pH is a determining parameter for microbiological growth [46]. The ideal range
for methanogenic AD is from 6.5 to 8.5 [37]; however, it varies according to the substrate,
the digestion technique, and the reactor configuration. Methanogenic reactions are inhib-
ited at pH values below 6.5 and above 8.5, consequently decreasing methane production
[47]. In the initial days of AD, the reactor was in an adaptation phase (Figure 2a). In the
present study, the start-up was slower because of the raw material, predominantly com-
posed of lignocellulose, requiring specific degradation conditions [26,48]. Based on the
AD reactor’s operational performance, the pH remained within the methanogenic range
during the first 16 days. After that, the pH increased to 8.35 until the final digestion time.
The explanation for this fact is that the consortium of microorganisms (acidogenic and
acetogenic bacteria and methanogenic archaea) digested the proteins, carbohydrates, and
lipids from the substrate, and then, organic acids, ammonia, hydrogen, carbon dioxide,
and other molecules were formed [49]. In addition, the pH remained high during the
methanogenic phase, as expected, due to the formation of other molecules in the system
[37]. Methanogenic microorganisms have a great affinity for a slightly alkaline pH [50].
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Figure 2. Operational parameters evaluated in the dry AD of BSG. (a) pH and alkalinity; (b) ammo-
nia nitrogen and chemical oxygen demand; (c) solids; and (d) solids biodegradation.

The pH is directly associated with alkalinity values. Alkalinity is an operational pa-
rameter related to weak acid neutralization, acting as a buffer system and an indicator to
regulate the process pH [50]. As the pH increased during AD, the alkalinity exhibited the
same behavior, increasing after day 24 (Figure 2a). In the initial days, between days 4 and
12, the alkalinity increased from 174 to 390 mg CaCOs L. During this period, AD occurred
with a methanogenic microbiota focused on hydrolyzing lignocellulosic organic matter
[51]. This fact corroborates the decrease in the solids content on the same days (Figure 2c).
Hence, in the hydrolytic phase of AD, complex molecules were hydrolyzed, and weak
acids were generated [50-52], corroborating the pH evolution. From day 24 until day 40,
the alkalinity increased from 250 to 760 mg CaCOs L, indicating the complete biodegra-
dation of the lignocellulose and organic matter present in the dry AD reactor.

3.1.2. Soluble Chemical Oxygen Demand

Figure 2b demonstrates the COD evolution during the dry AD of BSG, and Table 2
displays the general parameters recorded during the dry AD of BSG. In the first 16 days
of digestion, the COD concentration remained high and constant (17,000 mg Oz L). More-
over, between days 8 and 16, it is possible to observe a slight increase in COD concentra-
tion caused by organic matter solubilization in the acidogenic and acetogenic phases [52].
From 18 days of AD, the process stabilized in the methanogenic phase, and the COD
started to decrease. The COD concentration gradually declined until the end of the diges-
tion process. After day 30, the COD concentration was below 10,000 mg O: L1, demon-
strating positive organic matter degradation compared to the initial COD recorded
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(16,239.59 mg O2 L). Moreover, COD measures the amount of dissolved oxygen con-
sumed in an environment due to organic matter degradation. In addition, COD reduction
is directly associated with the efficiency of AD [47,53]. In the present study, COD degra-
dation reached 57.38% compared to the beginning and the end of the AD process. There-
fore, the high COD reduction in the AD of BSG can be associated with increased biogas
production in the methanogenic phase. Hence, batch AD can be a promising alternative
to manage the solid waste generated by the beer industry, since up to 50% of the organic
matter could be degraded in this type of reactor.

Table 2. General parameters recorded to the dry AD of BSG.

Parameters Initial (Day 0)  Final (Day 40) Unit
pH 6.11+0.54 8.53+0.15 -
Alkalinity 189.04 +15.32 717.46 +23.38 mg CaCOs L1
COD 16,239.60 + 346.84 6922.73 +142.94 mg Oz L1
COD removal - 57.38 %
Ammonia nitrogen 118.36 +19.45 350.20 +21.84 mg N-NHs L
Total solids 17.06 £ 0.56 3.05+0.31 %
Total volatile solids 15.01 £ 0.42 212+0.12 %
Total fixed solids 2.05+0.03 0.93+0.05 %
Solids biodegradation - 82.12 %
Accumulated biogas volume - 11,928 mL
Accumulated methane volume - 6469.79 mL
Methane yield - 10.53 L CHs+ kg TVS

COD, chemical oxygen demand.

3.1.3. Ammonia Nitrogen

Ammonia nitrogen measures the ammonia content in the digestate during AD. The
degradation of proteins and other nitrogen-rich organic materials results in ammonia after
AD [51]. According to the results (Figure 2b), the ammonia nitrogen concentration grad-
ually increased throughout the experimental period. At the beginning (day 0), the ammo-
nia nitrogen was 118.36 mg N-NHs L, and after day 40, the content reached 350.20 mg
N-NHs L. Such behavior can be associated with the degradation of protein present in the
substrate. According to Castro and Colpini [54], BSG is a feedstock rich in cellulose
(23.99%), hemicellulose (9.44%), and lignin (3.35%). However, the protein content of BSG
can range from 18 to 30% [55], which is significant for AD [47,53]. Despite the high protein
content, the methanogenic phase was not inhibited in the present study, a common fact
for a protein-rich substrate [56]. During AD, the increase in ammonia nitrogen concentra-
tion can be associated with the conversion of the proteins present in the substrate into
amino acids, which were digested and converted into ammonia [47].

3.1.4. Solids

AD can be classified as dry or wet AD. Although, it is not exactly possible to define
a strict limit between them once the dry route is associated with high solids content (>15%)
and wet digestion is related to low total solids content (<15%) [57,58]. In this study, the
reactor was started with 17.06% solids (mixture of inoculum, substrate, and water), and
on day 2 of AD, the total solids content was reduced to 12% (Figure 2c). After day 8, an
expressive reduction in the solids content was observed, reaching 82.12% solids degrada-
tion (Figure 2d). Further, it remained stable until the end of the experimental digestion
period. The results demonstrate that, at the beginning of the AD process, the methano-
genic microbiota had high microbial activity, promoting organic matter reduction of
smaller molecules and biogas [51,52]. Beyond this, while the solids content drastically de-
creased, the solids degradation increased and remained constant at approximately 80%



Fermentation 2023, 9, 2 8 of 16

(b)

Daily volume (mL)

1

1

250

000

750

500

250

Accumulated volume (L)

14

during the AD, demonstrating the reactor’s efficiency in the degradation of BSG, and cor-
roborating the COD results.

3.2. Biogas Production and Composition

Figure 3a displays the daily biogas and methane production and Figure 3b displays
the accumulated biogas and methane production. The highest daily volume of methane
was observed on the 18th day of AD, with 725 mL produced. On the same day, the accu-
mulated methane volume reached 3.2 L. After the 18th day, methane production de-
creased daily until the 40th day of AD. In total, the batch reactor produced 11.92 L of
biogas, which is equivalent to 6.47 L of methane. After the 30th day of digestion, the biogas
and biomethane volumes stabilized since the daily production drastically decreased.
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Figure 3. Biogas and methane produced from dry AD of BSG. (a) Daily volume of biogas and me-
thane; (b) accumulated volume of biogas and methane; (c¢) biogas composition; (d) methane yield.

The daily biogas production followed the pH behavior, especially regarding the ac-
cumulation of acid products [59]. Less acetate for the metabolism of bacteria producing
organic acids in acidogenesis reduces pH to levels unfavorable to methanogenic microbi-
ota [60]. Beyond this, in the start-up of the AD reactor, the COD reached 16,000 mg O2 L,
and the daily methane production reached 725 mL. Otherwise, in the last days of AD, the
digestate presented a COD lower than 10,000 mg Oz L, and the daily biogas productivity
dropped to 35 mL. In AD, microorganisms oxidize organic substances due to the absence
of oxygen, creating an oxidizing-reducing balance. Therefore, pH instability can result in
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poor adaptation of anaerobic microorganisms [49]. Otherwise, a significant COD and sol-
ids reduction indicated that the amount of substrate for biogas production decreased, af-
fecting the reactor’s amount of methane.

Regarding the biogas composition (Figure 3c), the methane content gradually in-
creased during AD. After 28 days of operation, the reactor reached the maximum methane
composition (74.5%). A small decay in the methane content resulted in a stable behavior
for 8 days, with a methane concentration close to 71%. After 30 days, the methane content
was stable in the reactor, with an average value of 70%. The loss of methanogenic micro-
organism activity can be related to reducing the organic matter content and improving
the biogas methane composition [52]. In this study, solids biodegradation reached values
of approximately 85% after the 8t day of digestion. The COD decreased after the 18" day
of digestion, which directly contributed to the methane-rich composition of the biogas.
Notwithstanding, the accumulated methane yield was 10.53 L CHs kg™ TVS at the end of
AD (Figure 3d). Compared with the literature, dry AD of agri-food by-products without
pretreatment generated low methane yields, such as for the dry AD of apple pomace (2.75
mL CHa g1 TVS) [61], BSG (26.72 mL CHa g TVS) [62], agai seeds (19.82 mL CHa g' TVS)
[40], and poultry feathers (10.14 mL CHa g1 TVS) [40]. Otherwise, Rico et al. [58] obtained
470 mL CHa g1 TVS for the dry AD of food waste, with 90% solids reduction. Moreover,
for the AD of corn stalks and cow dung (242 mL CHa g1 TVS) [63], cattle manure bedded
with straw (146 mL CHa4 g' TVS) [64], and corn silage (410 mL CHa g TVS) [65], high
values of accumulated methane yield were obtained.

3.3. Kinetic Analysis

To evaluate the efficiency of methane production from the batch AD of BSG, the mod-
ified Gompertz model, Cone, and first-order kinetics models were applied (Table 3). The
three models presented a good fit with the cumulative methane production, with R? up to
0.94 and adjusted R? up to 0.93 for all the kinetic models. The dry AD of BSG presented a
cumulative methane production potential (P) adjusted to the modified Gompertz and
first-order kinetics. The differences between the predicted and measured production from
the kinetic models were lower than 30%. Otherwise, the first-order kinetic model did not
explain the behavior of methane production by the AD of BSG since the difference was
higher than 100%. Regarding lag time (A) for the modified Gompertz kinetic model, the
value of 0 h obtained represents that methane was produced before one day of incubation,
corroborating the experimental data. A possible explanation for this is that the inoculum
used was active, and biogas production was immediately started [66,67]. Therefore, the
Cone model presented the lowest RMSE (216.92) and SEE (234.3) and can be suitable to
predict methane production by batch AD of BSG.

Table 3. Kinetic models applied to methane production from dry AD of BSG.

Parameters Modified Gompertz Cone First-Order Kinetic
P (mL) 8427.34 7488.87 245,819.15
Difference (%) 30.25 15.75 >100
Rm (mL h?) 8.189 - -
A (h) 0.00 - -
Kmethane (h™) - 0.0022 0.00
n - 3.006 -
R2 0.945 0.992 0.949
Adjusted R2 0.938 0.991 0.947
SEE 621.91 2343 580.94
RMSE 575.78 216.92 552.58

P, methane production potential; Rm, maximum methane production rate; A, lag phase time; Kmethane,
hydrolysis rate constant; n, shape factor; SEE, standard error of estimate; RMSE, root-mean-square
error.
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3.4. Recovery of Bioenergy from Biogas Potential and Avoided GHG Emissions

Biogas is a renewable energy source presenting potential GHG emissions avoidance
[68,69]. According to Table 4, each ton of BSG submitted to AD can produce 0.133 MWh
of electricity and 598.45 M]J of thermal energy. The thermal energy resulting from the AD
process can be used in a combined cycle involving a heat exchanger, which heats the steam
to be expanded with an electric generator [41]. The use of biogas as fuel connected to an
electric generator can be an alternative use of thermal energy [70]. In addition, heat is
widely used to increase steam production in boilers for several brewery processes, includ-
ing bottling [71].

Table 4. Potential of electric energy, heat, and avoided GHG emissions using dry anaerobic diges-
tion of BSG.

Parameters Results Unit
EGcy, 0.133 MWh ton! BSG
HGcy, 598.45 MJ ton-! BSG

AcHcEc 0.0099 tCOz2-q ton! BSG
AchcHg 0.0335 tCOz-¢q ton?

EGcp,, electricity generation from biogas; HGcyy,, heat generation from biogas; Agpg-gg, avoided
GHG emissions for electricity generation; Agpg.pg, avoided GHG emissions for heat generation.

Regarding GHG mitigation from electricity and heat, renewable energy is crucial to
mitigate global warming. Combined with technologies that involve heat and energy from
AD, electricity production could mitigate 0.0099 tCOzeq ton-! BSG. In addition, the thermal
energy could avoid 0.0335 tCOzq ton-! BSG (Table 4). In 2019, Brazil produced 400,000 tons
of barley [3], and for each kilogram cultivated, 0.57 kg COzq was emitted [72]. Looking at
the Brazilian barley cultivation, 228 x 10° tCOzeq year-' are estimated, which, from a supply
chain perspective, could be partially mitigated by biogas combustion (derived from the
AD of BSG) electrical and thermal energies co-generation. Moreover, its contribution to
the beer industry’s carbon footprint decrease could be appreciated as follows. In the beer
industry, boilers consume approximately 16 kg CO: for each hL of beer produced. In con-
trast, fermentation generates 3 kg CO2 hL" beer [73]. Other steps are GHG emitters, such
as emissions from purchased electricity, combustion of company and rented vehicles for
logistics processes, fugitive emissions from refrigeration units, fuel cell emissions, natural
gas, and diesel oil [73]. This study shows a technological route from BSG valorization in
anaerobic reactors with methane production and its energy application. The thermal and
electric energy produced by AD contributes to the total amount of CO2mitigated by boil-
ers and fermentation emissions, reducing the beer industry’s carbon footprint [74].

The conversion of methane-rich biogas into heat and power can be a greener energy
source for the beer industry. Nonetheless, biogas can be used in a range of different routes
by other energy-demanding economic sectors. For instance, once converted into bio-
methane, it can be applied as a vehicular fuel or natural gas alternative for cooking [13].
Additionally, the digestate obtained from AD is a useful agricultural fertilizer to replace
mineral fertilizers [24]. Therefore, batch reactors can be a positive management system for
BSG treatment since they offer operational simplicity and low cost, do not consume a high
volume of water and do not demand high active labor [75,76]. In addition, AD is an envi-
ronmentally friendly technology that presents several benefits for treating food industry
solid waste by reducing its organic material volume. Furthermore, it allows eco-friendly
waste disposal reducing environmental side effects. Finally, energy recovery is prone to
mitigate GHG emissions, contributing to industrial decarbonization [11,77,78].

Based on the experimental results and the theoretical calculation of electric and ther-
mal energies, a global industrial balance was assessed to evaluate an industrial manage-
ment system’s implementation to treat the BSG generated during beer production using
dry AD (Figure 4). For this, two scenarios were studied considering the generation of 1
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ton of BSG. Scenario 1 represents the energy demand of a conventional and well-managed
brewery, which was estimated at 29.84 kWh of electricity and 154.05 MJ of heat per 100 L
of beer produced [79,80], that is, 1.49 MWh electricity and 7702.5 MJ heat are required for
the production of 5000 L beer and generation of 1 ton BSG (Figure 4a). Scenario 2 corre-
sponds to the proposed management system with a dry AD of 1 ton of BSG generated by
the brewery (Figure 4b). For the scale-up scheme proposed, the biogas produced (62 m?)
in the anaerobic digester is collected by a pressurized gas pipe and destined for the “bio-
gas holder” section. The biogas should be purified into biomethane to remove hydrogen
sulfide, carbon dioxide, and contaminants in the biogas purifier (BP). The purified biogas
(33.63 m?) can be upgraded into electric (0.133 MWh) and thermal energies (598.45 M]J) in
a heat and power unit.

Electricity
+0.11 MWh

L (a)
: 1.49 MWh i
: electricity —— > 5000 L beer |
| 7702.5 MJ |
E heat — > 1 ton BSG |
: (b)
| 1.49 MWh
i electricity BH |
L 7702.5 M] |
| et | -0.01 MWh o | ;
| 5 g |z i
: | -69.84 M] E |z |
: o o o 5 o o e ' O :T_-" :
5 i 5 |
+598.45 M] |
+528.61 M] 33.63 m? BP
CH,>99% j

Figure 4. Industrial mass and energy balance for bioenergy recovery from dry AD of BSG. (a) De-
mand of electricity and heat for beer production; (b) recovery of bioenergy with dry AD of BSG.
Label: AD, anaerobic digester; BH, biogas holder; BP, biogas purificator; HPU, heat and power unit.
Adapted from Sganzerla et al. [29], with permission from Springer Nature.

However, the energy consumption for biogas upgrading into biomethane is 0.301
kWh m- of biogas upgraded [81], which means that the current scenario demands 0.019
MWh of electricity for biogas purification. In addition, for the mesophilic treatment (1 ton)
in a standard anaerobic reactor, there is a demand for approximately 10 kWh of electricity
and 69.84 MJ of heat [82], and this energy can be used from the energy generated in the
heat and power unit. Hence, the net electricity (0.11 MWh) and heat (528.61 MJ) generated
from the dry AD of BSG are still insufficient to supply all of the energy demand to produce
beer. From the scenario presented, 7.38% of the electricity and 6.86% of the heat required
for beer production could be obtained from the dry AD of BSG. This approach represents
a favorable strategy for the self-production and consumption of energy, by transitioning
towards an energy-less dependency status [14]. Based on the industrial waste manage-
ment system for BSG treatment, the proposed scheme would be an initial approach to
promote the beer industry’s circular economy transition, since the industrial process de-
signed can be a technological route to be applied in a biorefinery [83].
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4. Conclusions

Methane-rich biogas was produced by the dry AD of BSG. Methanogenic reactions
were demonstrated to be adaptable according to the increase in pH and alkalinity and a
decrease in COD and solids during the dry AD. The reactor could operate with a high
solids content, with degradation above 85% at the end of the process. The Cone model
better-described methane production kinetics than the modified Gompertz and first-order
kinetic models. Each ton of BSG could produce 0.133 MWh of electricity and 598.45 M] of
thermal energy by dry AD. When combined with technologies that involve heat and en-
ergy from AD, electricity production could mitigate 0.0099 tCOzq ton-' BSG, and thermal
energy could avoid 0.0335 tCOzeq ton! BSG. From the industrial scenario proposed, 7.38%
of the electricity and 6.86% of the heat required to produce beer could be obtained from
the dry AD of BSG. This approach represents a positive strategy for the self-production
and consumption of energy, therefore contributing to a lower carbon footprint of the beer
industry. Furthermore, the BSG industrial management system based on dry AD, an eco-
friendly biotechnological route, is presented as a valuable strategy for bioenergy recovery
to support a more sustainable brewery peculiar to circular economy establishment.
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