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Abstract: Waste production is increasing every day as a consequence of human activities; thus, its
valorization is becoming more important. For this purpose, the usage of wastes as biofuels is one of
the most important aspects of sustainable strategies. This is the case of the main waste generated in
brewing industries: brewers’ spent grain (BSG). In this sector, microbreweries are not able to properly
manage the wastes that they generate due to lack of space. Consequently, the transformation of BSG
to a high-quality biofuel might be an interesting option for this kind of small industry. In this work,
we carried out a physical-energy characterization of BSG, as well as pellets from this waste. The
initial characterization showed slightly unfavorable results concerning N and ash, with values of
3.76% and 3.37% db, respectively. Nevertheless, the physical characterization of the pellets was very
good, with acceptable bulk density (662.96 kg·m−3 wb) and low heating value (LHV; 17.65 MJ·kg−1

wb), among others. This situation is very favorable for any of the intended uses (for energy use or
animal feed, among others).

Keywords: microbreweries; waste; biomass; pellets

1. Introduction

In 2014, the European Commission formulated an ambitious program that was named
the Circular Economy Package, in order to establish productive systems that adapt to the
environment. That is, these systems should be self-sustaining through the continuous
reuse of different raw materials. Currently, the circular economy is a key factor for the
modernization of the European economy, which opts for carbon emission reductions and
the effective use of available resources.

For this reason, the recovery of waste is of key importance. The implementation of
steps and procedures that assure the correct recycling of wastes and their conversion to
byproducts is necessary. The brewing industry is no stranger to this philosophy [1].

The brewing industry in Spain occupies a prominent place in its state economy.
At international level, Spain is ranked fourth in Europe and 11th in the world, with a
production exceeding 38 million hectoliters in 2018 (9.36% of the total in Europe) [2].

During beer brewing, the main waste generated is brewers’ spent grain (BSG), which
represents 85% of the total byproducts for this industry [3]. Some authors established that
20 kg of BSG is obtained per 100 L of beer produced [4]. However, other authors stated
that it is possible to generate up to 45 kg per 100 L [5].

It is an interesting waste because it can be used in different areas, whereas it is cheap
and available year-round, with a valuable chemical composition from a nutritional point
of view [6,7]. Among its disadvantages, it shows high moisture values (around 70% wb);
therefore, its removal or management should be prompt in order to prevent fermentation
problems or spoilage of the product [8].

Most research works have been devoted to the nutritional value of BGS, especially
concerning its effect on the diet of animals [9–12]. In other cases, it has been studied in
an effort to improve organic matter content and, thus, increase crop productivity, while
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it has also been explored as a graphene alternative for the production of screen-printed
electrodes [13,14]. Nevertheless, this waste has also been assessed for energy produc-
tion [15]. In fact, there are research works about biodiesel [16], biogas [17–19], ethanol [20],
biohydrogen [21], or biobutanol [22] production from this waste. Although scarce, there
are some research works dealing with the possibility of the use of this waste as a solid
biofuel. Thus, Manyuchi et al. [23] analyzed the electricity production of a turbine which
was fed by a boiler with BSG. Weger et al. [24] carried out a mechanical pretreatment
with a screw press. Afterward, they mixed the solid phase with wood chips and carried
out different combustion tests, obtaining low CO emissions, although high NOx and dust
particle emissions were found.

Within the brewing industry, craft beer production is still being developed, providing
variety to the sector due to the increase in demand by consumers. In this sector, small brewers
have increased by 31% in 2019 compared to 2018, producing around 400,000 hectoliters [25].

Craft beer production is characterized by its limited production in microbreweries. The
management of the wastes generated during production implies a considerable limitation
for small brewers, who cannot manage them properly as they do not have the room or
conditions for this purpose. In addition, the productive process of microbreweries is
characterized by considerable thermal consumptions, such as those generated during
maceration and the subsequent filtration (heating water and steam generation).

Thus, one of the most important options for BSG valorization consists of its energy
yield in microbreweries, through a pre-conversion of this waste into a high-quality biofuel.
For this purpose, it is necessary to resort to a densification process in order to obtain dense
and homogeneous products, overcoming the drawbacks related to the direct use of this
waste [26,27]. In addition, the use of densified products reduces hygienic risks (lower
dust generation) [28,29]. Among several densification techniques, pelletizing is the most
popular option. This way, the heat generated during pellet combustion could be used to
support the energy demand of microbreweries in an integrated system.

There are very few studies about the use of BSG as a solid biofuel. Moreover, no
research works about the densification of this waste in a semi-industrial pelletizer were
found, in order to extrapolate the results. For these reasons, we carried out a physical-energy
analysis of brewers’ spent grain residues to determine their suitability for thermal use.

2. Materials and Methods

Figure 1 shows the process followed in the present work. After sampling, an initial
moisture analysis was carried out. The residue was then dried, followed by a characteriza-
tion of the residue, ash analysis, and thermogravimetric (TG) analysis. Lastly, densification
and characterization of the products produced were carried out. The methods and stan-
dards used are described in detail in the following sections.

2.1. Characterization of Brewers’ Spent Grain Samples
2.1.1. Sampling and Pretreatments

The samples used were taken from a brewery industry located in Badajoz, Spain. The
waste resulting from the production of an imperial red IPA craft beer (Indian Pale Ale) was
used. It was composed of a mixture of malts of type Pilsen, caramel, and amber.

Moisture assays were carried out according to the standard UNE-EN ISO 18134-2 [30].
The original waste showed a moisture value of 70.46% ± 0.88% (wb), necessitating a
drying treatment to reduce its high moisture. Moisture content is an important variable
for granulation and should be within a certain range (generally around 15%) [31–33]. For
this purpose, the residues were spread in sun-dried areas, in 10–15 cm layers, for 2 weeks,
being manually removed twice a day. After drying, the waste showed a moisture value of
12.51% (wb) before pelletizing.

Figure 2 shows the BSG samples before and after the drying process.
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2.1.2. Physical and Energy Characterization of Dried Waste

A characterization of the dried BSG was carried out. Bulk density and the granu-
lometric distribution were determined according to the standards UNE-EN ISO 17828
and UNE-EN ISO 17827-1 [34,35]. For the latter, we used a sieve (Filtra, TFS-0200). The
particle size distribution tests were carried out in triplicate. The median of the particle size
distribution (d50) was determined by linear interpolation between the weight percentages
of the sieves below and above 50%.

An analyzer Eurovector EA 3000 was used to determine the total content of carbon,
hydrogen, nitrogen, sulfur, and chlorine [36,37]. An oven was used to determine ash
content and volatile matter, according to the standards UNE-EN ISO 18123 and UNE-
EN ISO 18122 [38,39]. The high heating value (HHV, MJ·kg−1 db) was obtained using a
calorimeter IKA C2000 Basic according to the standard UNE-EN ISO 18125 [40].

Lastly, the low heating value (LHV, MJ·kg−1 db) and energy density (DE, MJ·m−3 wb)
were determined according to Equations (1) and (2), where H is the hydrogen content (db)
and DB is the bulk density (kg·m−3 wb).

LHV = HHV − 2.447×
(

H(% db)
100

)
× 9.011, (1)
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DE = DB × LHV. (2)

2.1.3. Ash Analysis

We used a Hobersal CRN-58 PAD P oven. The temperature was kept constant at
550 ◦C.

Ash composition was determined by X-ray photoelectron spectroscopy (XPS), using a
Physical Electronics (5700C Multitecnique System) spectrophotometer. Lastly, alkali index
determination (Al, kg·GJ−1) was obtained by following Equation (3), where Yf is the total
ash fraction in the fuel, and YK2O and YNa2O are the fractions of these compounds in ash,
in dimensionless terms.

Al
(

kg GJ−1
)
=

1
HHV (db)

×Ya
f × (Ya

K2O + Ya
Na2O). (3)

2.1.4. Thermogravimetric Analysis

This study was carried out using a thermobalance (SDT Q600, TA instruments),
using synthetic air (oxidative atmosphere) and argon (inert atmosphere) at a flow rate of
100 mL·min−1 for two different heating rates (10 and 40 ◦C·min−1). Samples of 10 ± 1 mg
weight with a particle size of less than 250 µm were used. The analyses were carried out in
a temperature range between 20 and 800 ◦C, and continuous weight measurements were
obtained throughout the heating process.

2.1.5. Pelletizing

We made pellets using a pelletizer with a rotative flat die (Kovo Novak, MGL 200).
Figures 3 and 4 show the equipment used for pelletizing and the pellets obtained after
densification, respectively.
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2.1.6. Characterization of Pellets from Brewers’ Spent Grain

The pellet characterization was carried out according to the standards mentioned
in Section 2.1.2. Thus, average sizes were determined using a caliper and following the
standard UNE-EN ISO 17829 [41]. The mechanical durability tests were carried out in two
ways: first, using a durabilimeter Mabrik BDM230 according to the standard UNE-EN ISO
17831-1 [42]; second, through a commercial device called Lignotester (TEKPRO), which
exposes the pellet sample to shocks inside a test chamber by a defined air stream, according
to the Austrian standard ÖNORM M 7135 [43].

Lastly, the standard UNE-EN ISO 17225-6 [44] was used as a reference, with A and B
being the two levels of quality allowed (Table 1).

Table 1. Principal specifications of quality from nonwoody pellets. LHV, low heating value.

Property Quality A Quality B

Moisture (% wb) 12.00 15.00
Bulk density (kg·m−3 wb) 600.00 600.00

Length (mm) 3.15–40 3.15–40
Diameter (mm) 6 ± 1 6 ± 1
Durability (%) 97.50 96.00

N (% db) 1.50 2.00
S (% db) 0.20 0.30

Ash (% db) 6.00 10.00
LHV (MJ·kg−1 wb) 14.50 14.50

Characterization assays of the BSG samples and pellets were done in triplicate.

3. Results and Discussion
3.1. Characterization of Brewers’ Spent Grain Samples
3.1.1. Physical and Energy Characterization of Dried Waste

The original waste had a moisture value of 70.46% ± 0.88% (wb), necessitating a
previous drying stage to reduce the moisture level. Although this implies an increase
in the cost of production of the densified product, there were many studies on pellets
produced from wet products such as grinding powder from cork industries (40% wb), olive
pomace from two and three phases (57% and 73% wb) [45], tomato waste (60% wb) [46],
and Scenedesmus microalgae (80% wb) [47].

After drying, a characterization of the waste was carried out before pelletizing, the
results of which are shown in Table 2.

Table 2. Characterization of brewers’ spent grain samples before pelletizing. HHV, high heating value.

Property Value

Moisture (% wb) 12.51 ± 1.21
Bulk density (kg m−3 wb) 211.00 ± 0.28

C (% db) 49.44 ± 0.21
H (% db) 6.69 ± 0.07
N (% db) 3.76 ± 0.01
S (% db) 0.03 ± 0.002

Na (% db) 0.15
K (% db) 0.02
Cl (% db) 0.03

Volatile matter (% db) 72.38 ± 0.50
Ash (% db) 3.37 ± 0.10

Fixed carbon (% db) 24.25
HHV (MJ·kg−1 db) 21.00 ± 0.02

Energy density (MJ·m−3 wb) 3605
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Concerning the physical properties, the dry waste had a moisture value of 12.51%
(wb), close to the recommended value for the subsequent pelletizing according to the
literature consulted [32,33].

Furthermore, the bulk density value was 211 kg·m−3 (wb), slightly lower compared
to other biomass wastes with similar moisture values, such as granulometric separation
powder (379 kg·m−3 wb) [48]. Low values of this parameter allow its considerable increase
after pelletizing. The densification ratio shows the increase in bulk density due to pelleti-
zation. Figure 5 shows the granulometric analysis. It can be observed that the median of
the particle size distribution was 2.03 mm. Only 20% of the sample showed a particle size
higher than 3.15 mm (recommended maximum size for densification processes) [49]. There-
fore, granulometry of this waste is suitable for the pelletizing process, and pretreatments
such as grinding or sieving are not necessary.
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Figure 5. Granulometric analysis of BSG dried.

On the other hand, the BSG samples showed high values of N (higher than 0.6% db),
forecasting high NOx emissions during combustion, with corresponding environmental
implications (contribution to the greenhouse effect and acid-rain production). Instead, S
and Cl values were acceptable (lower than 0.1% db) [50–52].

The proximate analysis showed a high level of ash (3.37% db), lower than that of
wheat straw, vine shoots, barley straw, and rice husk (5.02%, 7.10%, 9.87%, and 16.3% db,
respectively) [53–56]. This factor may condition its use only in industrial environments [57].

BSG samples showed a very high HHV (21.00 MJ·kg−1 db), slightly higher than the
values observed by other authors for the same waste (19.6 MJ·kg−1 db) [24].

3.1.2. Ash Analysis

The knowledge of ash composition of a biofuel allows foreseeing its behavior in certain
situations. Thus, these biofuels are usually heterogeneous, whose main components are metal
oxides that are generated during combustion through the reaction with oxygen. Table 3 shows
the ash composition of the BSG sample. The greatest percentage was represented by SiO2,
with more than 62% (db), followed by P2O5 (20.20% db).

The alkaline index obtained was low (0.09 kg·GJ−1). Since the value obtained was well
below 0.34, no problems related to fouling on the internal surfaces of the heat exchanger
were expected [58].

3.1.3. Thermogravimetric Analysis

Figures 6 and 7 show the weight loss rate curves. TG means Thermo Gravimetry and
DTG is an acronym for the first derivative of temperature for thermal phase transitions
(Derivative Thermo Gravimetry).
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Table 3. Ash composition (% db).

Property Value

SiO2 62.20%
P2O5 20.20%
CaO 8.06%
K2O 4.43%
MgO 3.94%
Fe2O3 0.41%
ZnO 0.29%
Na2O 0.17%
MnO 0.13%
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DTG curves (Figures 6b and 7b) at two heating rates were qualitatively similar, con-
sisting of one small shoulder peak, one pronounced double peak, and one long tailing. In
an oxidative atmosphere, an additional peak was observed.

According to each peak in the DTG curve, three stages could be considered
(Figures 6b and 7b).

The first stage corresponds to the lowest-temperature region, which includes the range
between room temperature and 153–173 ◦C, depending on the heating rate. In this stage,
a small weight loss took place, possibly due to the water evaporation contained in the
sample and the release of volatile gas [59].

The second stage was related to the highest weight loss, which was due to devolatiliza-
tion, taking place at a temperature range between 154–173 and 378–407 ◦C. Figures 6b and
7b show, in both cases, a double peak, whereby that with a lower value was produced at
higher temperatures.

Stage 3 took place in the highest temperature range (from 378–407 ◦C). This stage was
that showing the greatest difference between the test carried out in oxidative and inert
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atmospheres. For the former, a peak occurred corresponding to char combustion. The final
waste was related to the ash amount of the sample. For inert atmosphere tests, Figure 7b
shows a very slow weight loss, possibly due to the thermal decomposition of carbonaceous
materials contained in the byproduct [59].

The profile obtained in the oxidative atmosphere (Figure 6a,b) was similar to that
presented in other research, such as Liñán et al. [60].

TGA parameters related to oxidative and inert atmospheres are shown in Table 4.

Table 4. TG analysis (TGA) parameters.

Atmosphere Property 10 ◦C·min−1 40 ◦C·min−1

Oxidative

Ignition temperature (◦C) 150 171
Burnout temperature (◦C) 602 656

Maximum speed of combustion (%·min−1) 6.16 27.80
Peak temperature (◦C) 276 299

Secondary peak temperature (◦C) 311 332
Tertiary peak temperature (◦C) 482 508

Inert

Initial temperature (◦C) 154 173
Residual mass at 700◦C (%) 21.80 22.97

DTGmax (%·min−1) 5.38 23.56
DTGmax temperature (◦C) 284 302

Secondary peak temperature (◦C) 343 353

In all cases, a higher heating rate led to peaks being obtained at higher temperatures.
Similarly, the difference between peak temperature and secondary peak temperature values
increased with the heating rate. In addition, the initial temperature, as well as the peak and
secondary peaks, was higher in and oxidative atmosphere compared to the tests carried
out in inert atmosphere.

DTGmax values were higher for high heating rates in both atmospheres, obtaining
higher values for the tests carried out in an oxidative atmosphere.

Similar profiles were found for agro-industrial wastes with comparable characteristics,
such as olive pomace [61].

3.2. Characterization of Pellets from Brewers’ Spent Grain

Table 5 shows the results obtained for BSG pellets and their comparison with UNE-EN
ISO 17225-6 standards.

Table 5. Characterization of pellets from brewers’ spent grain.

Property Value Quality A Quality B

Moisture (% wb) 9.63 ± 0.60
√ √

Bulk density (kg·m−3 wb) 662.96 ± 15.14
√ √

Length (mm) 20.79 ± 3.90
√ √

Diameter (mm) 6.07 ± 0.04
√ √

Durability (%) 94.56 ± 0.50 X X
N (% db) 3.76 ± 0.01 X X
S (% db) 0.03 ± 0.002

√ √

Ash (% db) 3.37 ± 0.10
√ √

LHV (MJ·kg−1 wb) 17.65 ± 0.02
√ √

Energy density (MJ·m−3 wb) 11,700 - -
√

, Ok; X, not OK; -, not required.

The pellets obtained showed a lower moisture content than the waste. This was due
to the increase in temperature in the waste due to the friction generated between the rollers
and the flat die, which caused an evaporation of water.
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Moisture in pellets should be as low as possible. The moisture content was lower than the
requirements for pellets from herbaceous biomass (12% and 15% wb, according to the standard
UNE-EN ISO 17225-6) and woody pellets (10% wb, according to UNE-EN ISO 17225-2).

The pellets from BSG showed bulk densities higher than those required by the standard
UNE-EN ISO 17225-6. Specifically, these pellets showed a value of bulk density of around
663 kg·m−3 (wb), similar to that obtained for other herbaceous wastes, such as wheat straw
pellets [62]. This fact implies a densification ratio of 3.14.

In dimensional terms, pellets from BSG fulfilled the requirements of the standard UNE-
EN ISO 17725-6 (length and diameter). Other standards, such as the Austrian ÖNORM M
7135 norm, introduce the extrusion ratio (L/D), which must be less than 5. Pellets from
BSG also met this requirement, with average values around 3.4.

Concerning mechanical durability, the results obtained by the durability tester
(94.56 ± 0.50) were slightly lower than those required by the UNE-EN ISO 17225-6
standard. In turn, the results obtained by using the Lignotester were lower than those
obtained through the abovementioned procedure, with a higher deviation (93.02 ± 1.75),
which was a circumstance also observed by other authors [63,64].

However, we think that this circumstance can be easily remedied, either by increasing
the extrusion rate or via the addition of other woody residues. Thus, Djatkov et al. [28] ob-
tained higher bulk density and durability values when the pressing intensity and extrusion
ratios were increased in corn stover pellets. Mediavilla et al. [56] increased the mechanical
durability of pellets from industrial cork residue with the addition of milled vine shoots.
Lu et al. [65] used wood residues as binders to improve the quality of wheat straw pellets
(higher bulk density and heating value; lower ash content). Other researchers bet on the
use of animal waste as binders. This was the case in the study by Iftikhar et al. [66], who
used cow dung to improve the properties of pellets from wheat straw and rice husk.

Regarding ash content, BSG pellets showed high values, although they were below
the upper limit of the UNE-EN ISO 17225-6 standard (6% and 10% db). However, this
factor should not be an issue in industrial equipment with ash removal systems [67,68].

Lastly, pellets from BSG showed an LHV of around 17.6 MJ·kg−1 (wb), exceeding the
minimum value required by the standard used.

4. Conclusions

The most relevant findings in the present work were the following:

• The characterization of the original waste showed very high moisture values, ne-
cessitating a drying process before pelletizing. Furthermore, the N percentage was
especially significant. Ash content was relatively high (above average values for other
woody wastes), although these levels were acceptable for its use in industrial equip-
ment. In positive terms, the waste showed a high heating value, higher compared to
other similar biofuels.

• Concerning the ash analysis of the waste, the alkaline index was low; thus, problems
such as deslagging or fouling during its combustion are not expected.

• Combustion profiles in an oxidative atmosphere and thermal degradation profiles
in an inert atmosphere showed the thermal behavior of BSG for two heating rates,
being similar to other agro-industrial wastes. Thus, it can be affirmed that BSG can be
efficiently used in thermal processes, like other by-products with similar characteristics
such as grape pomace.

• The pellets obtained complied with the requirements of the standard for physical
properties and LHV. However, N content exceeded the upper limit, and the use of
elements to reduce NOx emissions is necessary. Consequently, the waste analyzed
showed significant limitations for its use as a biofuel, reducing its possible use to
industrial activities provided with specific thermal equipment.

• Lastly, it should be pointed out that the physical characterization of the pellets pro-
duced showed satisfactory results. After an initial drying process, the waste showed
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good properties for pelletizing, which is a positive circumstance for its intended uses
(energy use, animal feed, etc.).
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