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Abstract
In this work, biogas was synthesized from malt enriched-craft beer bagasse with the objective to generate clean energy. Thus, 
a kinetic model based on thermodynamic parameters was proposed to represent the process with coefficient determination 
(R2) of 0.82. A bench-top biodigester of 2.0 × 10–3 m3 was built in glass, and equipped with sensors to measure pressure, 
temperature, and methane concentration. The inoculum selected for the anaerobic digestion was the granular sludge, and 
malt bagasse was used as substrate. Data were fitted to a pseudo-first-order model for the formation of methane gas using 
the Arrehnius equation as basis. For the simulations of biogas production, the Aspen Plus™ software was used. Results 
from 23 factorial design experiments evidenced that equipment was efficient, and the craft beer bagasse showed great biogas 
production, with nearly 95% of methane yield. The temperature was the variable that showed most influence in the process. 
Moreover, the system has a potential for the generation of 10.1 kWh of clean energy. Kinetic constant rate for methane pro-
duction was 5.42 × 10–7 s−1 and activation energy 8.25 kJ mol−1. A statistical analysis using a math software was performed 
and evidenced that the temperature played a major role in the biomethane conversion.
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Introduction

Beer production has an important strategic position in the 
world food industry, since its global consumption has totaled 
187.58 billion liters per year according to data from 2016 
[1], with almost 92% being produced in forty main produc-
ing countries, being the US, China and Brazil the leading 
countries of this process, with most of the breweries in the 
world [2]. In this regard, craft beer industries have been 

growing over the past years, despite their small piece in the 
market share. Even in the middle of covid-19 pandemic cri-
sis in 2020, when craft brewing industry’s continual run of 
positive growth rates has come to a halt, it showed profitable 
results, as reported by Brewers Association [3].

During beer production, the residue generated on a larger 
scale is malt bagasse. In general, for every 100 kg of pro-
cessed grains, 125 to 130 kg of wet bagasse are generated, 
with around 80 to 85% moisture, which corresponds to 
around 14 to 20 kg of bagasse for each hectoliter of beer 
produced. Normally, this residue is destined for animal 
feed, burning or composting [4]. Knowing the possibility of 
better destinations (2G ethanol production, anaerobic fer-
mentation for biogas production, production of value-added 
compounds, etc.) it is of fundamental importance to develop 
viable techniques for the best use of this residue.

One of the possible ways of applying the waste from the 
brewing process is the production of biogas. The biogas pro-
duced from bagasse from beer production can be employed 
to generate energy in the industries, contributing to energy 
integration. Therefore, it can be a feasible alternative to 
obtain savings in process costs. However, the literature 
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regarding the use of solid wastes from craft beer industries 
in anaerobic digestion (AD) is rather scarce when compared 
to other sources, such as food wastes [5, 6], bagasse from 
plantation [7], cow, cattle, swine and chicken manure [8, 9], 
and sludges from sewage and effluent treatment plants [10]. 
This practice becomes interesting in face of the continu-
ous growing of environmental, social and corporate gov-
ernance (ESG) practices; one of them, the reducing of the 
consumption of fossil fuels (coal, natural gas, oil and its 
derivatives) [11]. This energy matrix represents 82% of the 
primary source of energy in most countries [12]. Fossil fuels 
present themselves as a critical panorama when relating such 
sources to environmental and socio-political problems when 
considered the existing reserves and the longevity of these 
resources. Given these concerns, renewable fuels, such as 
biomass (e.g., sugarcane, palms and malt bagasse), have 
been highlighted as a way of escaping dependence on fossil 
fuels and oil derivative products [13–15].

One of the most widespread processes to produce biogas 
from biomass source is the AD [10, 16]. This technology 
has great potential for application to concentrated or diluted 
organic effluents, mainly due to the low production of sludge 
(5 to 10 times lower than what occurs in aerobic processes) 
[17]. Anaerobic digesters stand out as equipment with low 
economic and energy costs, low solids production, toler-
ance to high organic loads and possibility of operation with 
long solids retention times. Because it is soluble and easily 
fermented, malt bagasse can be well applied to biodigesters, 
as it degrades into volatile fatty acids (VFAs) very quickly, 
favoring biological treatment, especially anaerobes [16].

Currently, there are several tools used to study different 
processes, and kinetic modeling as well as phenomenologi-
cal simulation are the ones that have a great contribution 
to the prediction of results. Using these instruments, it is 
possible to understand the phenomena that occur during 
AD process and employ them for scale-up and optimization 
of operating conditions. Therefore, the main objective of 
this work is to highlight the effectiveness of the use of malt 
bagasse from craft beer industry to produce biogas. Another 
aim was to perform a process simulation and proposing a 
kinetic model for the process based on Arrhenius equation, 
which is another innovation approach of this work.

Methodology

Acquisition and storage of malt residue 
and inoculum

The malt residue was obtained from Grunhs Bier™ craft 
brewery located in the city of Garanhuns, Pernambuco State, 
Brazil. The inoculum used was industrial sludge (granulated 
anaerobic sludge), obtained from wastewater treatment plant 

of Musashi, located in Igarassu, Pernambuco State, Brazil. 
Both malt residue and sludge were collected and stored in 
sealed containers and kept under refrigeration at temperature 
292 K.

Characterization of malt residue and inoculum

Malt residue (substrate) and anaerobic sludge (inoculum) 
were characterized through the analysis of volatile solids 
(VS), the samples were placed in a muffle EDG model 
Thermo-3000; pH measurements were performed in a 
Digimed DM23 pH-meter. Electrical conductivity of the 
samples was acquired by conductimetric method through 
the DM23 pH-meter. Finally, elemental analysis (Car-
bon, nitrogen, sulfur and hydrogen) was carried out in a 
Carlo-Erba-Instruments model EA 1110. For the substrate, 
volatile acidity, alkalinity, chemical oxygen demand (COD, 
in mg O2/L) and biochemical oxygen demand (BOD, in mg 
O2/L) analyzes were performed with the objective to inves-
tigate the conversion of organic matter into biogas. Three 
analyzes were carried out: one for the sludge used in the 
biodigester; one for the malt bagasse before biodigestion; 
and for the malt bagasse after the experiment of the biodi-
gestion process.

Experimental bench reactor

A 2.0 × 10–3 m3 bench-top biodigester built in glass was 
assembled and equipped with a drain and three side inserts. 
The experimental apparatus, and the software used are sche-
matized in Fig. 1a. Instruments installed in the biodigester 
were pressure, temperature and methane sensors, model 
DS18B20 (Maxim integrated), in addition to a supervisory 
data control. In addition to the biodigester design, the project 
had specific software that was capable of instantly record-
ing (in-line) data, at predetermined intervals of time, with 
a graphical interface to ease the understanding of the AD 
behavior.

An anaerobic granular sludge was used as inoculum 
and malt residue as substrate, as depicted in the process 
flow chart (Fig. 2). The digester was inoculated with about 
5.0 × 10–5 m3 of granular sludge and 0.005 kg of substrate, 
both of which were previously characterized. The initial pH 
was 7.0 for all treatments, this value is within the favorable 
range for biogas generation. The temperatures used were 
293 K, 298 K and 303 K, which correspond to the work-
ing temperatures of the equipment. Each monitoring (in-
line) took place between 7 and 15 days with the data being 
automatically collected by the software and the analyses 
performed weekly. In the experiments were considered the 
variables temperature, reaction time and amount of substrate 
(biomass ratio, in kg m−3). The identification of the biom-
ethane content (CH4) was carried out through a specific gas 
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sensor, the sensor also identifies the formation of CO2, the 
sensor datasheet is attached. Finally, a kinetic study was car-
ried out with the data modeled in a math software to obtain 
parameters for the kinetic model.

Theory and calculations

Kinetic modeling

For the elaboration of the kinetic model, it was considered 
the evolution of biogas production as a function of time. The 
adjustment of the kinetic model to the results was performed 
with the help of MathLab™ software, creating a specific 
program for the proposed model.

For this work, an adjustment to a pseudo-first order (PFO) 
kinetic model was suggested, since it was necessary to con-
sider the formation profile only with CH4, disregarding the 
CO2 production phase. In this way, a concentration profile 
that resembles a first-order system was obtained. As the 
Aspen Plus™ software was used for the later stage of the 
work to run the simulations, it has in its reactional package 
bank the use of a first-order kinetic model. To fit the simu-
lator parameters, the preference was given to fit the experi-
mental data to the PFO kinetic model.

In this work, only the formation step of the biomethane 
component (CH4) in the biogas production process was stud-
ied, disregarding the steps of formation of other gases. In this 
sense, the model proposed in this work is semi-empirical, con-
sidering analogy with chemical kinetics and linear dependence 

of the process factors. The elaboration of a kinetic model was 
possible using a first-order differential equation solution, 
adapted from the Arrhenius model [18, 19] considering a 
pseudo-first-order reaction and they are presented by Eqs. 1–5.

where CA is substrate concentration (in mg L−1); CA0 is the 
initial substrate concentration (in mg L−1); k is the PFO 
kinetic constant (in min−1); t = reaction time (in min); c is 
the constant of integration (dimensionless).

The product concentration is given by Eqs. 6–10:

(1)
dCA

dt
= −kCA

(2)
dCA

CA

= −kdt

(3)∫
dCA

CA

= ∫ −kdt

(4)ln
(

CA

)

= −kt + c

(5)CA = CA0e
−kt

(6)Cgα(CA0 − CA)

(7)Cg = q(CA0 − CA)

Fig. 1   Schematic representation of the biodigester, and the software for in-line monitoring of biomethane production
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where Cg is the concentration of CH4; q is the stoichiometric 
coefficient (dimensionless); α is a mathematical representa-
tion of the term of proportionality [19].

The Arrhenius constant defines that k depends on tem-
perature changes according to Eq. 10.

In which K0 is the pre-exponential term; Ea is the Acti-
vation energy (in kJ mol−1); R is the universal constant of 

(8)Cg = q(CA0 − CA0e
−kt)

(9)Cg = qCA0(1 − e−kt)

(10)k = k
0
e
−

(

Ea

RT

)

ideal gases (8.314 J K−1 mol−1); T is the temperature in 
which the experiments were conducted (in K).

Based on the previous Eqs. 10 and 9, it was empirically 
defined that qCA0 is linearly dependent on temperature, so 
the Eq. 11 can be written as follows:

where manipulated variables: T = temperature (in K); 
t = time (in min); kinetic parameters are: K0 = kinetic 
constant (in min−1); Ea = activation energy [in J  mol−1]; 
overall constants: R = universal constant of ideal gases 
(8.3144 J K−1 mol−1).

(11)Cg = qCA0

(

1 − e−(k0e
−

(

Ea
RT

)

)t

)

Fig. 2   Flow chart depicting the methodology of biogas synthesis from AD process of granular sludge and malt bagasse from craft beer industry
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Process simulation

The simulations of the methane gas production process 
were carried out in the Aspen Plus™ software, where the 
simulations were run according to the conditions of the 
experimental design presented in Table 1. For this, the non-
random two-liquid (NRTL) model was used as a thermo-
dynamic package for the equilibrium calculations and the 
batch reactor was adopted in the reaction block to represent 
the biodigester, where the chemical reaction developed in 
the chemical reaction block was inserted in this reactor. 
The chemical reaction created made use of the mechanism 
presented in Eq. 2 (Arrhenius-type kinetic model) [18, 19], 
using the kinetic parameters obtained by the experimental 
results for the reaction of CH4 formation from the substrate 
(malt bagasse). This reaction model was inserted in the reac-
tor block where data from the feed currents and the reactor 
operating conditions were used. Each reaction in the reac-
tor was carried out at steady state. Twelve simulations were 
performed to each temperature condition, where these simu-
lations were performed at the instant of time every 1500 s. 
At the end of all 12 simulations, the results were integrated 
into a single graph showing the behavior as a function of 
time (sensitivity analysis). A flowsheet was set up with a 
storage unit for biodigestion products (accumulator) and a 
gas burning unit for energy generation (boiler). The stop-
ping criterion for the simulations was the residence time of 
5 h (18,000 s), but the simulations respected the planning 
in Table 1.

Factorial design 23

The factorial design adopted for this work is described in 
Table 1, which shows the variables chosen for the study 
(process time, temperature and amount of substrate). 
Experimental planning considered the central point, thus 
a factorial design 23. This planning was used to perform 
the simulations, taking into account the activation energy 
and the kinetic constant obtained from the kinetic model. 
The amounts of substrate and water were calculated follow-
ing the methodology adapted from Hansen et al. [20] and 
Alves [21], in which they consider 0.005 kg of substrate for 
5.0 × 10–5 m3 of inoculum (sludge). The response variable 

was the yield (or conversion) of CH4 produced. Moreover, 
the data acquired in the factorial design 23 were evaluated 
at a 95% significance level in the Statistica ME™ Software. 
The minimum squares method was adopted to obtain the 
curve fit and the statistical parameters for model and data 
adjustment [22].

Surface response analysis was carried out by the graphs 
generated from Statistica software, which plotted the varia-
tion of CH4 conversion with the controlled variables (time, 
temperature and amount of substrate) [22]. Additionally, 
Pareto chart was also generated and considered the effect of 
each variable, as well as the combination of different ones, 
in the CH4 conversion considering a significance level of 
95%. The pareto chart is a summary of the variables with 
most representative effects over the response variables (CH4 
conversion), displayed in order of significance [22].

Results and discussion

Characterization of malt waste and industrial sludge

The number of volatile solids is directly related to the level 
of organic load, directly responsible for the production of 
biogas [9, 10]. The higher this value, the better the biodiges-
tion/AD process. Another important factor in the production 
of biogas, which must be taken into account, is the carbon/
nitrogen (C/N) ratio. The author also emphasizes that it is 
important that this ratio is not too low and that the propor-
tion of nitrogen is lower than that of carbon, as the process 
can be easily affected due to the inhibition of bacteria caused 
by the release of ammonia, causing nitrogen deficiency in 
the process. The values observed in Table 2 show that both 
the substrate and the inoculum have characteristics that ben-
efit the production of biogas. It is observed in Table 2 that 
the electrical conductivity increased from the initial to the 
final condition. Konrad et al. [23] state that the increase in 

Table 1   Factorial design for biogas production

Variable Minimum 
level (–)

Central point (0) Maxi-
mum 
level (+)

Reaction time (s) 1500 4500 7500
Temperature (K) 293 298 303
Substrate amount (kg m−3) 22.5 25.0 27.5

Table 2   Data of elemental analysis and the determination of VS and 
TS

Parameter Inoculum Substrate

N (%) 5.95 3.14
C (%) 32.54 40.44
S (%) 2.35 –
H (%) 2.19 7.38
C/N ratio 5.47 12.87
Initial conductivity (µs cm−1) 459.19 –
Final conductivity (µs cm−1) 3325.49 –
TS (%) 21.37 20.32
VS (%) 78.63 79.68
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electrical conductivity demonstrates that organic matter was 
being degraded anaerobically by bacteria.

The alkalinity results obtained from the samples before 
and after biodigestion show that the final substrate has a 
higher alkalinity value than the initial one, indicating that 

the anaerobic biodigestion process is responsible for the pro-
duction of alkalizing substances, mainly bicarbonates that 
are responsible for neutralizing the acids produced, increase 
resistance to pH drop [10, 24] and maintain appropriate lev-
els for better system performance.

Fig. 3   Biogas production (CO2 + CH4) over time stops at a temperature of 293 K, 298 K and 303 K
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According to Moraes et al. [24], volatile acids can be 
used as substrates by bacteria, but they can act as inhibi-
tors, since at low pH values they preferentially form acids in 
non-ionized forms, which can penetrate the cell membrane 
and inhibit bacteria. Detailed investigation of the parameters 
of substrate characterization is presented in the section S1, 
in Supplementary Material. The results in Table S1 (sup-
plementary material) show a reduction in volatile acidity, 
which corroborates the study by Moraes et al. [24]. Addi-
tionally, the increase in pH (or in electrical conductivity) 
demonstrates that the organic matter was being degraded 
anaerobically by the bacteria.

Kinetic behavior of biogas production

It can be seen in Fig. 3 that the behavior of biogas produc-
tion is similar at different temperatures. However, methane 
production increased 20% when temperature rose from 293 
to 298 K and increased 10% when temperature increased to 
303 K. This is corroborated when a parallel is made with the 

optimal temperature range for the bacteria activity. Higher 
temperatures stimulate the growth of mesophilic bacteria 
responsible for methane formation, resulting in high effi-
ciency processes and shorter retention times. Castillo et al. 
[25], evaluating the optimum operational conditions of the 
AD of municipal solid waste, found that the best temperature 
for stabilization of the process was 303 K, the temperature 
that presented the best performance in the present work.

At the beginning of AD, the sensor detected the produc-
tion of CO2, this is the result of the acetogenesis phase in 
which there is the transformation of fatty acids into organic 
acid, releasing hydrogen and CO2, a process that precedes 
methanogenesis (methane production).

Figure 4 shows the results of biogas production car-
ried out in the bench reactor for the temperature condi-
tions studied along with the curves fitted to the proposed 
kinetic model. The global fit obtained a determination coef-
ficient (R2) of 0.89 and values for the kinetic constant of 
5.41 × 10–7 s−1 and Activation energy of 8.25 kJ mol−1. It 
can be seen from Fig. 3 that the temperature has an influence 
on the formation of methane gas in the process. The tem-
perature curve of 293 K showed the lowest rate of methane 
gas formation while the temperature curve of 303 K was the 
one that showed the highest rate of methane gas formation. 
In the temperature range between 293 and 298 K, the rate 
of use of the substrate can be reduced, because in this range 
the activity of psychrotrophic bacteria is stronger. Under 
psychrophilic conditions, bacteria involved in AD process 
have their growth compromised and substrate utilization rate 
and biogas yield can be reduced [26]. The velocity of CH4 
synthesis may also be related to the concentration of active 
microorganisms in the AD process.

Trommer et al. [27] investigated the kinetic behavior of 
CH4 decomposition to produce H2 and black matter in a 
vortex flow reactor. The authors found values ​​for the Arrhe-
nius kinetic parameters worked in the temperature range of 
599–1499 K. Although these conditions are considerably 
greater from those used in this work, the order of magnitude 
of these parameters can be compared for extreme tempera-
ture conditions. Vadim D. Knyazev and collaborators carried Fig. 4   Kinetic simulation of CH4 synthesis via 1st order models

Table 3   Comparative assessment of AD processes with different types of substrates

1 ND not defined

Reactor type Substrate Substrate 
dosage (kg)

Temperature (K) C/N ratio Conversion (%) References

Semi-batch reactor, pilot scale Cow dung 135.0 310 ND1 69.0 [6]
Batch biodigester, bench scale Swine manure 0.015 308 ND1 60.4 [9]
AD horizontal reactor, pilot scale Food wastes 22.5 298 ND1 82.0 [10]
Lab scale reactor Coffee husks and 

microalgal biomass
0.058 453 52.22 17.0 [17]

Batch biodigester, bench scale Craft beer wastes 0.005 303–323 12.87 95.0 This work
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out studies of the reactions of C2H3 + H2 ⇄ H + C2H4 and 
CH3 + H2 ⇄ H + CH4 using mass spectrometry analysis [28]. 
The rate constants were determined in time-resolved experi-
ments as a function of temperature. The authors determined 
only the kinetic constant without considering the activa-
tion energy. Pichas et al. [29] studied the dry reforming of 
methane by carbon dioxide. The authors worked with the 
temperature range from 632 to 712 K. Although the study 
conditions are different from those studied in this work, one 
might have an idea of ​​the order of magnitude of the acti-
vation energy for studies with CH4 under different process 
conditions. Table 3 describes a comparative assessment of 
AD process with different types of substrates.

Factorial design

Given the results, it was possible to plot the surface curves as 
shown below. Figure 5 presents the surface responses for the 
independent variables temperature (K) and time (s), and for 
the dependent variable “conversion” (in %). Experimental 
data of factorial design 23 for the AD are shown in Table S2 
(supplementary material). From Fig. 5a is possible to notice 
that the higher the temperature, the greater the conversion. 
However, in comparison with the time of AD process, it 
presents itself in a more expressive way. The longer the pro-
cess time, the greater the conversion of the substrate into 
CH4. It is possible to notice that the higher the biomass ratio 

Fig. 5   Response surface for CH4 conversion rate under factorial 
design 23 experiments: investigation of the influence of temperature 
and time (a); biomass ratio and time (b); biomass ratio and temper-

ature (c); Pareto diagram for CH4 conversion analysis by factorial 
design 23 experiments
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(Fig. 5b), the lower is biogas conversion. In comparison with 
the variable “time”, this one presents a more influential fac-
tor in AD, where it is possible to notice that the longer is the 
operating time, the greater the conversion of substrate into 
gas in the formation of CH4. From Fig. 5c it is noted that the 
variables “biomass ratio” and “temperature” showed inverse 
influences on the formation of CH4. While the conversion 
decreases with the increase of the biomass ratio in aque-
ous medium, the variable temperature favors the substrate 
conversion.

From Pareto chart (Fig. 5d) the variable that most influ-
enced the CH4 conversion was the time, followed by the 
variable relative to substrate composition (termed in this 
paper as biomass ratio) and temperature. The longer the 
substrate is retained in the digester, the greater amount of 
CH4 can be formed, as the activity of microorganisms can 

be maintained. The degradation efficiency is indicated by 
the percentage of organic material degraded and converted 
into biogas during a given time. All these variables being 
analyzed through linear models. It is possible to observe that 
for quadratic models only the time variable is representative 
although reaching a significance limit of 95%.

Computational simulation in Aspen Plus™

After analyzing the results, a simulation was performed with 
the best operating conditions for the experimental design 
presented in Table 4. A temperature of 303 K was used with 
a substrate ratio in the aqueous phase of 22.5 kg m−3 and 
an AD time of 7500 s as shown in Fig. 6, these data were 
taken from the library that feeds the Aspen Plus™ software. 
It was possible to obtain the profile of the vapor fraction as 
a function of pressure for the gas mixture produced by the 
reactor as shown in the graph of Fig. 6. It can be noted that 
the vapor fraction in the gas phase decreases as the pressure 
of the medium increases, obtaining 35% of methane in gase-
ous form at pressure 5.00 × 105 Pa. This is characteristic of 
the behavior of gases with high volatility such as methane, 
where the vapor pressure is 1.01 × 105 Pa at a temperature of 
− 161.5 °C (111.65 K), as informed in the Chemical Infor-
mation Sheet in Supplementary Material, S4.

According to Aspen Plus™ simulations, for operating 
conditions of 303 K of temperature and with a ratio of sub-
strate in aqueous phase of 22.5 kg m−3 and a process time 
of 7500 s (as described in the section S2 in Supplementary 
Material), an amount of energy generated of 0.0446 kW can 
be obtained. Making the staggering to serve a generator set 
with a capacity of 10.0 kWh, (40 kW in a batch of 14,400 s) 
an amount of biomass of 1.11 × 10–2 kg s−1 of malt bagasse 
in aqueous medium is required. This volume of malt bagasse 
is within the reality of small breweries that could use the gas 
produced to generate energy to supply the process or factory. 
From Fig. 6b, it is seen that the vapor fraction of the gas 
increases as the temperature increases, as an indicative of the 
increase in CH4 production, favored by higher temperatures.

According to factorial design experiments and the AD 
process simulations, temperature range simulated in this 
work (Table 5) encompasses the temperature range of sev-
eral works found in the literature, which varied from 308 to 
328 K [10, 30, 31]. This implies that both the simulation and 
the proposed kinetic model represent the behavior of biogas 
production considering the experimental condition estab-
lished for 303 K (mesophilic methane fermentation). How-
ever, further investigations shall be carried out at greater 
temperature ranges (up to 328 K) to establish the kinetic 
parameters for thermophilic methane fermentation [32]. It 
was also observed that the process time is of fundamental 
importance, with a slow formation rate suggesting a long 
time for biogas production.

Table 4   Results for the simulation under operating conditions 7500 s, 
303 K, 0.045 kg/2.0 × 10–3 m3

Parameter Streams (flow lines)

Substream: MIXED Water Biomass Gas Residue

Mole flow (kmol h−1)
 ACETI-01 0.00000 0.00075 0.00000 0.00000
 CH4 0.00000 0.00000 0.00073 0.00002
 CO2 0.00000 0.00000 0.00068 0.00007
 WATER 0.11102 0.00000 0.00314 0.10788

Mole fraction
 ACETI-01 0.00000 1.00000 0.00000 0.00000
 CH4 0.00000 0.00000 0.15979 0.00023
 CO2 0.00000 0.00000 0.14908 0.00068
 WATER 1.00000 0.00000 0.69113 0.99909

Mass flow (kg h−1)
 ACETI-01 0.00000 0.04500 0.00000 0.00000
 CH4 0.00000 0.00000 0.01163 0.00039
 CO2 0.00000 0.00000 0.02977 0.00322
 WATER 2.00000 0.00000 0.05650 1.94350

Mass fraction
 ACETI-01 0.00000 1.00000 0.00000 0.00000
 CH4 0.00000 0.00000 0.11882 0.00020
 CO2 0.00000 0.00000 0.30410 0.00165
 WATER 1.00000 0.00000 0.57709 0.99814

Liquid volume (60F) (L min−1)
 ACETI-01 0.00000 0.00072 0.00000 0.00000
 CH4 0.00000 0.00000 0.00065 0.00002
 CO2 0.00000 0.00000 0.00060 0.00007
 WATER 0.03340 0.00000 0.00094 0.03245

Liquid volume fraction (60F)
 ACETI-01 0.00000 1.00000 0.00000 0.00000
 CH4 0.00000 0.00000 0.29493 0.00067
 CO2 0.00000 0.00000 0.27516 0.00201
 WATER 1.00000 0.00000 0.42991 0.99732
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Fig. 6   Profile of the vapor fraction as a function of pressure (a) and temperature (b) for the gas mixture produced by the AD digester
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Conclusions

Through the results obtained in the work, it was possible to 
verify that the malt bagasse has a good potential for biogas 
generation. The characterization of the inoculum and the 
substrate showed good biodegradability and a good effi-
ciency in the conversion of organic matter into biogas. The 
behavior of the gas generation curves over time showed a 
good methane production since the first days of retention. 
Through the performed analyses, it was observed that the 
temperature is an interference parameter in the process. 
In the conditions delimitated for the AD experiments, the 
higher the temperature, the higher the rate of methane for-
mation and the more volume of biogas was generated, cor-
roborating the literature. The influence of temperature could 
be verified in the bench experiment, in the kinetic mode-
ling, in the simulation and in the surface and Pareto graphs. 
Nevertheless, novel AD experiments might be performed 
at greater temperatures to establish the kinetics parameters 
in the thermophilic fermentation with more precision. The 
parameters of the kinetic model were acquired following the 
Arrhenius equation and were 5.42 × 10–7 s−1 for the kinetic 
constant, and 8.25 kJ mol−1 for the activation energy.

The sensitivity analysis performed by the simulation indi-
cated that the temperature had an important factor for the 
formation of gas at the end of the process. As for the ratio 
of substrate in aqueous medium, an inverse situation was 
observed as for the temperature, the higher the substrate/
water ratio, the lower the conversion into gas, showing that 
the amount of water used in the substrate interferes with the 
production of biogas.

Statistical study through response surface graphics indi-
cated that the optimal temperature range for the process 
operation was between 303 and 323 K, showing that above 
this value, the process is tending to steady state. The analy-
sis performed by the Pareto chart showed that the process 
time is of fundamental importance, indicating that the longer 
the substrate is retained in the biodigester, the greater the 
amount of methane gas formed. This is because the activity 
of the microorganism can be kept at work. The substrate/
water ratio is the second most important variable followed 
by temperature.

Finally, it was found that an amount of biomass of 
1.11 × 10–2 kg s−1 of malt bagasse in aqueous medium can 
produce enough methane gas to supply an electric power 
generator with a capacity of 10.0 kWh. This volume of malt 
bagasse is within the reality of small breweries where they 
could use the gas produced to generate energy. This energy 
consumed in the industry by the generation of biogas from 
its own residues would help to reduce the environmental 
impact in an economically favorable way, fulfilling ESG 
practices.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10163-​023-​01715-7.
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Table 5   Results for the 
simulation under operating 
conditions 7500 s, 303 K, 
0.045 kg/2.0 × 10–3 m3 
(conclusion)

Substream: MIXED Water Biomass Gas Residue

Total flow (kmol h−1) 0.11102 0.00075 0.00454 0.10798
Total Flow (kg h−1) 2.00000 0.04500 0.09790 1.94712
Total flow (L min−1) 0.03337 0.00070 2.25368 0.03494
Temperature (°C) 20.00000 20.00000 90.00000 90.00000
Pressure (bar) 1.01325 1.01325 1.01325 1.01325
Vapor fraction 0.00000 0.00000 1.00000 0.00000
Liquid fraction 1.00000 1.00000 0.00000 1.00000
Solid fraction 0.00000 0.00000 0.00000 0.00000
Enthalpy (cal mol−1) − 68,350.64 − 109,280.00 − 56,229.53 − 67,072.44
Enthalpy (cal gm−1) − 3794.04 − 1819.68 − 2606.19 − 3719.54
Enthalpy (cal s−1) − 2107.80 − 22.75 − 70.88 − 2011.77
Entropy (cal mol−1 K−1) − 39.26 − 58.47 − 7.01 − 35.33
Entropy (cal gm−1 K−1) − 2.18 − 0.97 − 0.32 − 1.96
Density (mol (cm3)−1) 0.06 0.02 0.00 0.05
Density (gm (cm3)−1) 1.00 1.08 0.00 0.93
Average (MW) 18.02 60.05 21.58 18.03
Liquid Vol (60F) (L min−1) 0.03 0.00 0.00 0.03
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