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Abstract: In this work, brewers’ spent grains (BSG) were evaluated and studied in order to obtain
a combustible gas by means of allothermal steam gasification. BSG were preprocessed in a rotary
dryer and a pelletizer prior to gasification in an indirectly heated batch reactor. BSG characterization
was conducted by means of proximate, ultimate, and thermogravimetric analysis, allowing us to
conclude that BSG have characteristics comparable to those of regular lignocellulosic biomasses.
Gasification tests were performed in an allothermal bench-scale batch reactor in order to determine
the effect of temperature and steam-to-biomass ratio (5/B) in the produced gas. The produced
gas was mainly composed of 22.8-30.2% Hj, 15.1-22.3% CO, and 7.2-11.1% CHy, contributing to
a heating value of 8.11-9.0 MJ/ Nm? with the higher values found for a low S/B ratio and for
high temperatures. The performance of the process was assessed by evaluating the cold gas and
carbon conversion efficiencies. These indicators were found to be in the ranges 47.0%-52.1% and
57.0%—62.7%, respectively. The main conclusion of this work is that the produced gas obtained from
BSG steam gasification has sufficient quality to open other options to beer producers to use their
own brewing wastes to satisfy their energy needs, allowing them to progress toward the circular
economy concept.

Keywords: brewers’ spent grains; allothermal gasification; batch reactor

1. Introduction

Faster industry is required by contemporary consumers, which can lead to high power
consumption and the production of large amounts of wastes [1]. The electricity consumption of
a company can equate to up to 10% of its net income. One way in which industries become more
efficient is by using their own by-products and wastes to produce their own energy. With this approach,
a company can move closer to the circular economy concept [2].

A brief analysis of a Portuguese scenario highlights the brewing industry, which represents about
1% of the gross domestic product—a relevant weight in the country’s economy. This sector in Portugal
produces about 160 thousand tonnes of waste per year, most notably brewers’ spent grains (BSG),
which represent about 85% of these wastes [3,4]. Therefore, about 135,000 tonnes of BSG are produced
per year in Portugal as a by-product of the beer production process.

The beer-brewing process is energy intensive, utilizing large amounts of heat and electricity.
Primary energy sources of fossil fuels are mostly used, and Portugal is dependent to a great extent
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on imports of these [5]. In this sector, a number of wastes and by-products are produced, including
BSG, Trub hot (insoluble hop residue), and yeast residues [6]. The use of the most representative
by-products of beer production has been researched and applied to optimize the environmental and
economic sustainability of this market [7]. Some authors report that more than 3 million tonnes of BSG
are produced in the EU per year [8,9]. BSG are a residual by-product of ensuring proper extraction
of the must [10]. It is estimated that for every 100 litters of beer brewed, about 20 kg of BSG are
produced [11]. Another well-known characteristic of BSG is that they deteriorate quickly—within a
day or two after production.

All brewers face the problem of how to handle the BSG. The larger the brewery, the more options
are available. Currently, the three most common solutions for dealing with BSG in national breweries
are producing animal feed, offering it to local farmers, or sending it to a landfill. The latter is less
desirable because of the costs incurred by brewers and due to environmental problems.

In recent years, BSG have received more attention as a marketable commodity since they are
now increasingly expensive to dispose of. In addition, BSG represent an increasing environmental
problem, so more options have been studied: as a source of healthy nutrients providing protection
for cardiovascular diseases and cancer through arabinoxylans derived from BSG [12] and through
BSG-enriched biscuits [13]; as construction material using BSG as an additive in the production of
building bricks [14] providing higher strength, higher porosity, and a lower density, which give them
better properties of thermal insulation than those produced from a similar production clay; and as
biomass for biogas production through anaerobic digestion, reported as an application especially
appropriate for BSG due to their high moisture content [15,16]. However, biogas production from BSG
is repressed by intermediate lignocellulosic biodegradation products [15,16]. This inhibition is not
prevented even by submitting BSG to mechanical, thermochemical, or chemical pretreatments [15,16].
Therefore, according to Mussato [3], biogas production from BSG needs further developments in order
to achieve stable production; this is beyond the scope of the present work.

Another alternative for BSG reuse is thermochemical conversion, since the chemical composition
of BSG indicates high energy potential to be exploited by recovery techniques [17]. Conventional
gasification [18-23] and plasma gasification [24,25] are some of these thermochemical techniques with
high potential to produce alternative fuels from both efficiency and economic perspectives [26]. It is
considered an important route to convert biomass and waste materials to useful gas products that
can be converted into energy via several technological options [27]. Gasification’s environmental
performance is considered one of the greatest strengths of this technology, with this technology being
identified as a possible solution to meet the increasingly strict environmental regulations applied
around the world [28].

A review of the literature allows us to conclude that there have been only a few studies that
have explored the pyrolysis and gasification of BSG. Okmoto et al. [29] investigated the possibility
of BSG conversion into gas in a laboratory-scale batch reactor using a nickel catalyst at 623 K and
18 MPa. They obtained a gas yield of approximately 85% on a carbon basis. They concluded that
the conversion of brewers’ spent grains to gas is a good manner of producing energy with few
environmental problems. Mahmood et al. [30] used a bench-scale batch pyrolysis reactor to pyrolyze
small samples of BSG. A reforming nickel catalyst was added downstream of the reactor for cracking
and reforming of the pyrolysis products with and without the addition of steam. The obtained results
indicated that catalytic reforming promotes an increase in CO and H; contents. The process also
showed an increase in heating value for the produced gas ranging between 10.8 and 25.2 MJ/m?
as the reforming temperature increased. Borel et al. [31] studied the physicochemical properties,
the thermal degradation behavior, and the products generated from pyrolysis of BSG to evaluate
the potential for bio-oil production via pyrolysis. Thermogravimetric analyses were performed in a
nitrogen atmosphere. The results showed that the BSG displayed good potential for bio-oil production
owing to their high volatile matter content and high heating value.
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This brief literature review allows us to verify that studies on the thermochemical conversion of
brewers’ spent grains, especially on the gasification process, are actually very rare. This was the spark
for us to experimentally investigate the steam gasification of brewers’ spent grains in an allothermal
batch reactor to evaluate the potential of this agro-industrial residue for energy production.

2. Materials and Methods

2.1. Materials

The raw material used in this work was supplied by a Portuguese brewer producer and
immediately collected after being separated from the wort. It was transported on the same day
to avoid BSG degradation. BSG contain large amounts of moisture, usually between 67% and 81%.
That characteristic and its fermentable sugar content make storage and transportation difficult since
BSG deteriorate rapidly due to microbial activity [32]. In this work, BSG pretreatment was performed
in two steps: drying and densification. After these two preprocessing steps, the resulting BSG pellets
were subjected to steam gasification in an allothermal batch reactor.

2.2. Preprocessing Apparatus

The reduction of the BSG moisture content was performed in the rotary dryer shown in Figure 1.

Figure 1. Rotary dryer experimental apparatus.

The rotary dryer used in this study was 9.955 m long and 1.166 m wide with a rotation speed of 30
rpm. A biomass boiler provides hot flue gases at around 300 °C for the rotary dryer, which has a drying
capacity of 300 kg/h. This device allowed us to reduce the BSG moisture from 78.8% as-received to a
moisture content of around 15%.

The densification process of the dried BSG was performed in a Kahl AKO07 pelleting press with a
power of 3 kW and a capacity of 10-50 kg/h, as shown in Figure 2.

Figure 2. The pelleting press.

This pelleting press was of a flat die type, falling in the category of roll extruders. The operating
principle of flat die presses lies in forcing a biomass product through a flat die plate with orifices
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of a defined diameter by means of a rotating roller. The resulting extrudates are then cut with a
simultaneously rotating knife to the chosen length. The pellets produced were cylindrical, 6 mm in
diameter, and around 15 mm in length.

2.3. Gasification Experimental Apparatus

The equipment used for this project was a pilot unit that was built in Minho University to perform
several assays considering different variables: materials, temperature ranges, and thermochemical
processes (torrefaction, carbonization, pyrolysis, and gasification).

This reactor was a lab-scale batch gasifier of 35 L in volume, heated by three 2.5 kW resistors.
A scheme of the gasification experimental apparatus is shown in Figure 3.

Figure 3. Gasification experimental apparatus: (a) vacuum pump, (b) control panel, (c) reactor, (d) and
wet scrubber.

The reactor was discontinuous, which means that material neither enters nor exits during the
reaction; it is only supplied before the test is started following a specified heating rate and allowed to
react for a predetermined duration (residence time). This lab-scale batch gasifier, developed for the
gasification of biomass, consisted of an allothermal reactor operating at variable pressure of 0.3-1.5 bar
and temperatures up to 900 °C.

The injection of oxidizing agent into the reactor was done by a peristaltic pump with a minimum
impulse of 16 s.

The produced gas exited the reactor and was cleaned and cooled in a wet scrubber containing
10 L of water. The cooled and cleaned produced gas was collected by a 1.0 m? storage bag from which
produced gas samples were taken for chromatography analysis.

The gasification tests were carried out at variable pressure that was achieved in the reactor by the
reactions taking place at temperatures of 750 °C, 800 °C, and 850 °C, for steam-to-biomass ratios of 0.5,
0.735, and 1.0.

The steam-to-biomass ratio was calculated as the ratio between the water added to the reactor
and the biomass input.

2.4. Ultimate Analysis

The chemical composition of BSG in terms of carbon, hydrogen, nitrogen, sulphur, and oxygen
was determined using a CHNS-O Thermo Flash 2000 elemental analyzer, operating at 900 °C in an
atmosphere of pure oxygen. The oxygen content was calculated by difference on a dry and ash-free
basis according to Equation (1):

O(%) = 100 — C(%) — H(%) — N (%) — S(%). )
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2.5. Proximate Analysis

Ash, volatile matter (VM), and moisture (M) contents were measured according to the ISO
standards ISO 18122:2015, ISO 18123:2015, and ISO 18134-1:2015, respectively. The fixed carbon (FC)
was determined by difference according to Equation (2) [33].

FC(%) = 100 — M(%) — VM(%) — Ash(%) ©)

2.6. Calorific Value

The higher heating value (HHV) of BSG was quantified using an oxygen bomb calorimeter
(IKA C2000). The measurements were performed in triplicate according to ASTM D2015 and compared
with the correlation of Channiwala and Parikh [34] expressed in Equation (3):

k
HHVy;, =349.1 C+ 11783 H+100.5S5 —103.4 O — 15.1 N — 21.1 Ash (é) 3)
where the mass percentages of the compounds are those obtained by ultimate analysis on a dry basis.
The lower heating value (LHV) of the biomass was estimated based on Equation (4) [35]:
k]

LHVy, = HHV;;, — 2260 (0.09 H + 0.01M) kg 4)
where LHV, HHV, H, and M denote the lower heating value, higher heating value, hydrogen percentage,
and moisture percentage, respectively, on an as-received basis. The value 2260 is the latent heat of
steam in kJ /kg.

The lower heating value of the dry gas was estimated based on the relative molar fraction (Y)
of the fuel gas components’ present and respective LHV values at reference conditions for those fuel
gas components [36]:

LHVgas = 1079YH2 + 12'62YCO + 35-81YCH4- (5)

2.7. Thermogravimetric Analysis (TGA)

Apart from ultimate and proximate analysis, it is possible to characterize a biomass by pyrolysis of
a small sample in an inert gas stream or by combustion in an oxygen atmosphere. Thermogravimetric
analysis in air yields the burning profile and a mass loss trace. The first derivative of the weight
loss curve gives the characteristic temperatures for moisture loss, volatile loss, volatile ignition, char
ignition, and char burn-out.

In differential thermal analysis (DTA), the temperature differential between the sample and
an inert reference is plotted, giving a more sensitive indication of the reaction kinetics taking place.
The peak of the derivative curve indicates the point of the greatest rate of change on the mass loss curve.

A thermogravimetric analyzer (PerkinElmer STA6000) was used for monitoring the mass loss
(TG) and the differential weight loss (DTG) profiles. The thermogravimetric tests of the BSG samples
(24 mg) were performed from 30 to 900 °C at a heating rate of 10 °C/min, using nitrogen as the purge
gas at a flow rate of 50 mL/min.

2.8. Gas Chromatography

The collected gas samples were analyzed by gas chromatography using a Chrompack CP 9001
Gas Chromatograph with thermal conductivity detection and a Porapack Q & Molsieve 5 A column
(Varian2 m x 1/8”x 2 mm SS, 80-100 mesh).

2.9. Process Efficiencies

The performance parameters of a gasification process include the carbon conversion efficiency
(CCE) and the cold gas efficiency (CGE).
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The cold gas efficiency correlates the chemical enthalpy of the produced gas to the thermal
biomass input on an LHV basis and can be calculated for an allothermal process as follows:

Titgas X LHVgqs
mbio X LHV;,Z‘O + Heat

CGE = (6)

where m denotes the mass flow and Heat is the electrical energy supplied to the reactor.
The carbon conversion efficiency defines the fraction of carbon from BSG converted to carbon in

the producer gas stream. It gives an indication of the amount of unconverted carbon and provides a
measure of the chemical efficiency of the process. It can be calculated as follows [37]:

12x M

CCE:Xme

@)

where M denotes the total moles of carbon in the producer gas stream, X is the carbon fraction in the
BSG, and m is the BSG mass input to the gasifier.

3. Results and Discussion

3.1. Biomass Characterization

The BSG used in the gasification experiments were characterized in this work in terms of relevant
properties for the gasification process (proximate and ultimate analysis and heating value). The results
of the BSG characterization and the standard methods used are shown in Table 1.

Table 1. Characterization of the brewers’” spent grains (BSG) and the standard methods used.

Parameter Value Standard Method
78.8% (as-received); 15% (after

Moisture (%) drying); 12.7% (after densification) 150/18134-1:2015

Density (kg/m?) 148 (aftszr?sri??a%i ;7 (after 165121542014

Proximate analysis (%, d.b.)

Ash 3.8 ISO 18122:2015

Volatile 86.8 ISO 18123:2015

Fixed carbon 9.4 Calculated using Equation (2)
Ultimate analysis (%, daf)

C 48.3 ISO 16948:2015

H 5.6 ISO 16948:2015

N 55 ISO 16948:2015

S 1.9 ISO 16994:2016

O 38.7 Calculated using Equation (1)
HHV (M]/kg) 17.8 ASTM D2015

LHV (M]/kg) 16.5 Calculated using Equation (4)

3.2. Van Krevelen Diagram

Van Krevelen diagrams plot the hydrogen-to-carbon atomic ratio as a function of the
oxygen-to-carbon atomic ratio of carbon compounds on a dry and ash-free basis. The principle
of a van Krevelen diagram is that the carbon compounds (e.g., biomass, coal, etc.) that fall within a
group will have similar properties [38]. Thus, the van Krevelen diagram seems to be an appropriate
method to highlight compositional differences within and between carbon compounds. Figure 4 shows
a wide variety of biomasses in a van Krevelen diagram to obtain a comparison of the BSG with other
lignocellulosic biomasses.
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Figure 4. Van Krevelen diagram for various biomasses.

Figure 4 allows us to conclude that BSG are perfectly integrated within the group of lignocellulosic
biomasses with an H/C ratio of 0.14 and an O/C ratio of 1.25. Therefore, according to the
Van Krevelen diagram, BSG have good thermal properties when compared with other biomass
materials such as forest residues [39], eucalyptus [40], coffee husks [41], peach stone [42], and
miscanthus [43]. These results of the chemical analysis of BSG are consistent with values reported in
the literature [30,44,45].

3.3. Thermogravimetric Analysis (TGA)

The thermogravimetric and differential thermal analysis profiles of BSG are shown in Figure 5.

25 1
20 e)
0 £
g
= g
\E/ 15 =
= 5D
< -1 )
o0 2
= 10 E
S
2 2
5 g

0 -3

0 200 400 600 800 1000

Temperature (°C)

Figure 5. Thermogravimetric profile of brewers’ spent grains (the continuous line represents the TG
curve while the dashed line represents the DT curve).

Much of the mass loss for BSG occurs at about 100 °C with moisture release. The elevated moisture
content of the BSG is the main reason for this behavior.

The mass loss curve produced between 200 and 500 °C shows a gradual loss due to pyrolysis of the
lignocellulosic material, which is attributed to the decomposition (volatile loss) of the macromolecular
components hemicellulose, cellulose, and lignin in agreement with the temperature ranges of
decomposition reported in the literature [46]. After this, only carbon and ash remain, and an oxidizer
is needed to burn the carbon. The DTG profile for BSG shows a first peak at 100 °C which corresponds
to the release of moisture. At 300 °C, a second peak is observed, related to the decomposition of the
hemicellulose and the initial decomposition of the cellulose. The third peak observed at 360 °C is
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related to the final decomposition of cellulose and lignin. The high content of volatiles causes the
release of the majority of volatiles below 400 °C.

3.4. Allothermal Gasification

The operating conditions of the allothermal gasifier were characterized by the biomass input,
steam-to-biomass ratio (S/B), gasifier temperature, and produced gas composition. Table 2 shows
information about the gasifier operating conditions and liquid, solid, and gas fractions of the produced
gas. The measurements were performed in triplicate and the uncertainties are included in Table 2.

Table 2. Results of the gas measurements.

Temperature (°C) 750 750 750 800 800 800 850 850 850
S/B ratio (g/g) 0.5 0.735 1.0 0.5 0.735 1.0 0.5 0.735 1.0
Biomass input (g) 500 4+ 1 500+ 1 500 4+ 1 500+ 1 500 4+ 1 500 41 500+ 1 500 4+ 1 500+ 1
Steam input (mL) 250 £ 1 367.5+1 5004 £1 250 =1 36751 500+ 1 250 £ 1 36751 500 £1
H, 228+0.6 246+19 253+£04 239401 249+04 26.6 £0.9 27.8+0.3 284+ 15 302428
co 18503 154 £0.5 151+02 202401 171£01 155+ 04 223 +£04 204+ 0.6 19.6 £ 2.0
CO, 176 £0.3 20.14+0.2 21.6 £0.5 154 £04 16.7 £ 0.1 20.14+04 151+£03 157 £09 16.1 £1.6
CHy 11.1£02 10.2£0.2 9.7 £02 10.5+£0.2 10.0 £ 0.6 9.4+02 89+03 81+£0.6 72+£11
Tars (3/Nm®) 3.0£09 5104 58£0.5 52402 71£06 9103 9.7 +04 10.0£0.3 10.1+04
Ash + char (g) 123 +4 115£6 109 £5 117 £4 114£7 108 £6 116 £8 1056 94 £9
LHV (MJ/Nm?) 8.77 8.25 8.11 8.89 8.43 8.14 9.00 8.54 8.31
CCE (%) 62.7 60.7 61.6 61.2 58.2 59.8 61.5 58.7 57.0
CGE (%) 50.8 47.8 47.0 51.5 48.8 47.1 52.1 494 48.1

The LHYV of the dry gas was found to be between 7.75 and 9.09 MJ/ Nm?, with the higher values
found for low S/B ratios and high temperatures. The CGE of the dry gas was found to be between
47.0% and 52.1%. The CCE of the dry gas was found to be between 57.0% and 62.7%, reflecting an
important presence of char in the ashes, as shown in Table 2.

3.4.1. Effect of the Temperature on Gasification

The reactor temperature is one of the most important operating variables for gasification, because
the main gasification reactions are endothermic. The final gas composition of the gasification process
is the result of combining a series of complex and competing chemical reactions. Figure 6 depicts the
syngas molar fraction as a function of the gasification temperature.

35
30 m850°C m800°C m750°C (@)

25
20

15
10
‘W
0
H2 CH4 CcO CO2

Figure 6. Cont.

Molar Fraction (%)
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Figure 6. Effect of the temperature on the produced gas for S/B ratios of (a) 0.5, (b) 0.735, and (c) 1.0.

—_ = NN
S w» O W

Molar Fraction (%)

w

(=)

)
W

—_ N N W
“n O wn O

Molar Fraction (%)

—_
=]

S W

The main gasification reactions (Boudouard reaction, water—gas, and water—gas shift reactions)
are endothermic, which are strengthened with increasing temperature according to Le Chatelier’s
principle. Therefore, the content of H, increased with the temperature, while that of CH4 decreased.

The content of CO increased, which can be due to the enhanced Boudouard reaction, carbon
partial oxidation, and water—gas reaction.

On the other hand, the content of CO, decreased in the same temperature range. Various
authors have reported a similar trend observing a decrease of CO; content with temperature for the
gasification of other biomasses and wastes [36,43]. The suggested reason is that CO, is consumed
by the Boudouard and tar-reforming reactions. In addition, at elevated temperature in the gasifier,
the exothermic water—gas shift reaction is shifted to the H,O and CO side, which lowered the yield
of COZ

3.4.2. Effect of the Steam-to-Biomass Ratio on Gasification

The steam-to-biomass ratio (S/B) is defined as the relation between the steam flow rate and the
biomass flow rate fed into the gasifier and is a key process parameter involved in steam gasification.
The effect of S/B on gas composition is shown in Figure 7.

35
30 m0.5 ®=0.735 m] (@)

Molar fraction (%)
—_ N
W [} W

—_
v O

H2 CH4

(=)

CO2

Figure 7. Cont.
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Figure 7. Effect of the steam-to-biomass ratio on the produced gas for temperatures of (a) 850 °C, (b)
800 °C, and (c) 750 °C.
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The decrease in CO content, associated with the increase of H, and CO, for higher S/B ratios,
is explained by the raised partial pressure inside the reactor promoted by water vaporization,
as stated by other researchers [47,48]. The steam injection favors the water—gas, water—gas shift,
and steam-reforming reactions which, besides the described effects, also enhance hydrocarbon
breakdown. The CO; contents show a tendency to increase with increasing S/B ratios, which can be
attributed to the effect of oxidation reactions.

3.4.3. Effect of the Process Parameters on the LHV

Figure 8 presents the lower heating value of the produced gas as a function of S/B and temperature
calculated according to Equation (1).

10.0
2
£
=
2 90
> 850°C
5 :
800°C g
8.0 éﬂ
0.5 ﬁ
0.735 750 °C
S/B 1

Figure 8. Effect of the steam-to-biomass ratio and temperature on the LHV of the produced gas.

The LHYV is seen to decrease with S/B due to the decrease in the CO and CHy contents in the
producer gas besides the increase in the hydrogen amount. On the other hand, the LHV of the produced
gas increases with temperature, essentially due to the increase in CO and Hj.
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3.4.4. Effect of the Process Parameters on Tar Yields

Tars are mostly heavy hydrocarbons formed in the pyrolysis step in the gasification process.
Tars can condense at low temperature, resulting in blockage in the process equipment and leading
to decreased performance and increased maintenance. Figure 9 shows tar yields as a function of S/B
and temperature.

—_
N

mS/B=0.5 S/B=0.735 mS/B=1.0

750 °C 800°C 850°C

=
(=)

o]

Tar yield (g/Nm3)
~ o

N

Figure 9. Effect of the temperature and S/B ratio on tar yields.

The increase of the S/B ratio promotes decreased tar content, which is attributed to steam
reforming of the tar [48]. High temperature favors destruction and reforming of tar, leading to a
decrease in tar content [48]. Tar yields obtained by steam gasification of BSG in this work are not
dissimilar from those obtained from other biomasses [49]. Nevertheless, it would require cleaning
before it can be used on downstream equipment since it is beyond the general acceptable limits [49].

3.4.5. Effect of the Process Parameters on Efficiencies

Figure 10 describes the effect of gasification temperature as well as S/B ratio on CCE and CGE.

100%
0,
< 80%
O 60% B— —e———— ¢
v
~ 5 25 »~1
£ 40%
&
Y 20% —e— CGE, S/B=0.5 ——6— CGE, 5/B=0.735 —e— CGE, 5/B=1.0
—&— CCE, 5/B=0.5 CCE, 5/B=0.735 —&— CCE, 5/B=1.0
0%
750 °C 800 °C 850 °C

Figure 10. Effect of the temperature and S/B ratio on CCE and CGE.

Slight variation of the efficiencies can be seen from Figure 10 in the range of process parameters
studied. However, higher temperature slightly increases cold gas efficiency essentially due to the
increased CO and H; content in the produced gas [48]. The carbon conversion efficiency slightly
decreases with the temperature, essentially due to the reduction of the CHy content, which is not
compensated by the increased CO content of the produced gas.

4. Conclusions

In the current reported work, brewers’ spent grains were pre-processed by way of drying and
pelletization and then subjected to steam gasification in an allothermal batch reactor.
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The drying process allowed us to reduce the moisture content of BSG from 78.8% to 15%.
The palletization process allowed us to increase the BSG density from 148 kg/m? to 517 kg/m?
and further reduce the moisture content to 12.7%.

BSG characterization through proximate, ultimate, and thermogravimetric analysis and a
van Krevelen diagram allowed us to conclude that BSG have characteristics comparable to those
of regular lignocellulosic biomasses.

Steam gasification of BSG was carried out to determine the effect of steam-to-biomass ratio and
temperature on the produced gas composition. We found that CO and CHy4 contents decrease with S/B,
while H; and CO, contents increase. This behavior leads to a decrease in the LHV of the produced gas
with S/B. Regarding the effect of the temperature, it was observed that CO and Hj contents increase
with temperature, while CHs and CO; contents decrease. This behavior leads to an increase of the
LHYV of the produced gas with temperature.

The increase of the S/B ratio and temperature also promoted decreasing tar content in the
produced gas. This behavior is attributed to steam reforming and thermal reforming of the tars.

The produced gas was mainly composed of 22.8-30.2% Hj, 15.1-22.3% CO, and 7.2-11.1% CHy,
contributing to a heating value of 8.11-9.0 MJ/Nm?3.

The performance of the process was assessed in terms of the cold gas and carbon conversion
efficiencies. These indicators were found to be in the ranges 47.0-52.1% and 57.0-62.7%, respectively.

The quality of produced gas obtained from steam gasification and the attained process efficiencies
allow beer producers the option to use their own brewing wastes to satisfy their energy needs, moving
them toward the circular economy concept.

Further investigations can be carried out to study the effect of BSG deterioration on its chemical
and physical characteristics and the impact on the produced gas composition via gasification.
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