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jan.skrinsky@vsb.cz (J.S.); jakub.cespiva@vsb.cz (J.Č.); jan.veres@vsb.cz (J.V.); tadeas.ochodek@vsb.cz (T.O.)

* Correspondence: mateusz.jackowski@pwr.edu.pl (M.J.); lukasz.niedzwiecki@pwr.edu.pl (Ł.N.)

Abstract: Brewers’ Spent Grain is a by-product of the brewing process, with potential applications
for energy purposes. This paper presents the results of an investigation aiming at valorization
of this residue by torrefaction, making product for two purposes: a solid fuel that could be used
for generation of heat for the brewery and a colouring agent that could replace colouring malt for
the production of dark beers. Decreased consumption of malt for such purposes would have a
positive influence on the sustainability of brewing. Torrefaction was performed at temperatures
ranging between 180 ◦C and 300 ◦C, with a residence time between 20 and 60 min. For the most
severe torrefaction conditions (300 ◦C, 60 min), the higher heating value of torrefied BSG reached
25 MJ/kg. However, the best beer colouring properties were achieved for mild torrefaction conditions,
i.e., 180 ◦C for 60 min and 210 ◦C for 40 min, reaching European Brewery Convention colours of
145 and 159, respectively. From the solid fuel properties perspective, the improvements offered
by torrefaction in such mild conditions were modest. Overall, the obtained results suggest some
trade-off between the optimum colouring properties and optimum solid fuel properties that need to
be considered when such dual-purpose torrefaction of BSG for brewery purposes is implemented.

Keywords: torrefaction; brewers’ spent grain; sustainable brewing; circular economy; beer

1. Introduction

Beer has been known to humanity for millennia. The first evidence of brewing was
found in the Neolithic period, and the first industrial-scale breweries were discovered in
ancient Egypt [1,2]. Today, it is one of the most popular drinks in the world. Numerous
types of beer exist that vary in colour, alcohol content, used hops, and yeasts. Those
properties have their origin in the production process.

Beer colour may be obtained in two ways. The first is to add roasted malt during
mashing. Dark malt is produced in the malthouse from standard malt grains by roasting.
Such malt is biologically inactive and does not contribute to enzyme activity during
mashing. Another approach to making beer darker is to use dark malt extracts added
during wort boiling [3–5].
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Brewers’ Spent Grain (BSG) is a residue left after lautering. BSG has been considered
as a feedstock for many different processes [6,7]. There are various novel, sustainable ways
of using BSG, including using it as an additive to sausages [8] or bakery products [9–11],
extraction of anti-oxidants [12,13], including polyphenols [14,15], extraction of proteins [16],
functional cardioprotective lipids [17], material for disposable trays [18], natural rubber
modifier [19], fodder for edible insects [20], as well as feedstock for production of pig-
ments [21] and biochar, for subsequent use as soil amendment [22] or sustainable material
for electrodes [23].

Biomass is nowadays deemed an energy source with utmost importance from the
point of view of energy transition towards sustainable energy supply [24–27]. Worldwide
production of BSG has been estimated as approximately 38.6 million tons [28]. BSG can
be considered as a type of biomass, and its potential use as fuel has been suggested by
several authors to date [29–31]. As novel valorization routes for waste-to-energy are
deemed promising by many [32], some authors have suggested the use of hydrothermal
carbonization (HTC) as a suitable valorization process, allowing improvement of fuel
parameters, with respect to unprocessed BSG, i.e., an increase in the higher heating value
(HHV) and reduction of ash content [33]. Analysis of the composition of the effluent from
HTC of BSG, performed by Jackowski et al. [34], using gas chromatography coupled with
mass spectrometry (GC-MS), suggested its utilization in the anaerobic digestion process [34].
Poerschmann et al. concluded that hydrochars produced from BSG could be suitable for
soil-improvement applications [35]. Pyrolysis GC-MS (Py-GC-MS) analysis of BSG and
corresponding hydrochars was performed by Olszewski et al. [36], reporting fewer N-
compounds for pyrolysis of hydrochars performed at relatively low temperatures compared
to pyrolysis of raw BSG [36]. The Maillard reaction, occurring during hydrothermal
carbonization of BSG, was suspected to be the reason behind such results [36]. Ferreira et al.
suggested using BSG as a feedstock for steam gasification and obtained good quality
gas with a heating value ranging between 8.1 and 9.0 MJ/m3

N, reaching concentrations
of hydrogen between 22.8% and 30.2% [37]. Dudek et al. investigated two alternative
waste-to-energy and waste-to-carbon routes for BSG, one using BSG as anaerobic digestion
substrate and another utilizing torrefaction of BSG to produce an additive enhancing
anaerobic digestion, concluding that synergy could be obtained when using these routes in
parallel [38]. The study also highlighted the potential role of Maillard reaction products,
which form during torrefaction of BSG [38]. Products of Maillard reactions could prove
useful for use as colouring agents [39], which is very important from the point of view of
the sensory analysis of beers [40]. Currently, roasting of malt is the most commonly used
method. The use of residues, such as spent grain, for this purpose, is tempting from the
point of view of circular economy principles.

Little information is available in the literature on the torrefaction of BSG to improve
its fuel properties. The torrefaction process is used for thermal valorization of solid fuels,
thus improving their properties, and in consequence, promoting sustainability in the
energy generation sector [41–43]. Torrefaction is sometimes called slow pyrolysis, and it
typically takes place at temperatures between 250 ◦C and 300 ◦C [44–47], with residence
times ranging between 10 and 60 min [48–51]. Torrefied biomass can be an attractive fuel
for the power industry for combustion and co-firing [52–55], mainly due to increased
grindability [56,57], which extends the time between renovations of the mill [58], and
energy density [59–62]. In addition, reduction of moisture content could be beneficial in
many energy conversion processes [45,63,64]. Moreover, the advantages mentioned above
are beneficial from the point of view of fuel logistics and storage [65,66]. Furthermore,
torrefaction typically decreases oxygen content and increases the carbon content of the
valorized fuel [53,67–71]. This enhancement could be deemed beneficial from the point
of view of pyrolysis [72–75] or gasification [76–79]. Regarding reactivity of the torrefied
material, Huescar Medina et al. [80] observed that torrefaction slightly increased the
reactivity of torrefied spruce wood in terms of KSt (deflagration index), Pmax (maximum
explosion pressure), and flame speed, whereas Jian et al. observed reduced char reactivity
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at elevated pyrolysis temperatures [81]. Such behaviour contributed to significant cross-
linking and poly-condensation in severe torrefaction conditions, eliminating the active sites
and thus reducing the conversion and reactivity of char during pyrolysis [81].

Torrefaction of BSG could potentially enhance its fuel properties, thus making it more
suitable for energy purposes. However, it seems plausible to hypothesize that torrefaction
of BSG could be used to produce a colouring agent, which could replace roasted malt. This
could offer important benefits through the effect of synergy, as one installation could be
used to turn residue of beer production into brewing substrate, and at the same time, supply
a brewery with its own fuel. This, in turn, could prove beneficial in supplying the energy
needs of a brewery from renewable energy source (biomass) and facilitating practical
implementation of the circular economy rules by reusing residues for production processes.

Therefore, the goal of this interdisciplinary paper is the experimental validation of
such an approach by assessing improvements of the fuel properties of torrefied BSG and
determination of the suitability of using torrefied BSG as a beer colouring agent with the
additional determination of possible influence on taste through sensory analyses.

2. Materials and Methods

Since the beer production process could significantly influence the properties of the
corresponding BSG [82], the beer production process was performed in a controlled manner
in a pilot-scale brewery and characterization of the main product of brewing (beer) is also
an intrinsic part of this investigation. The residual BSG for further tests was produced in a
pilot-scale brewing installation at the Wrocław University of Science and Technology. This
pilot scale unit can be used for brewing approximately 1 hL of beer, with full control over
each unit operation of the process (Figure 1).
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Overall, this installation works in the same manner as industrial breweries, including
controlling the process and technical solutions. Obtained brewers’ spent grains were a
by-product of standard pilsner beer production. For brewing, 20 kg of pilsner malt and
100 L of water were used. The mashing regime was as follows: 65 ◦C for 30 min, 72 ◦C
for 20 min, 78 ◦C for 10 min. The mixture was transferred into a lauter tun in the next
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step, filtrated and sparged with 10 L of hot water. Through the filtration, 98 L of wort and
approximately 10 kg of brewers’ spent grains dry mass were achieved. Wort extract was
11.5 Brix. In the next step, the wort was hopped, and yeasts were added in order to produce
standard pilsner beer.

All samples of BSG and reference materials (raw BSG, barley, pilsner malt and dark
malt) were mashed according to the congress mash technique (European Brewery Con-
vention 4.5.1). Raw materials (50 g) were ground and mixed with 200 mL of distilled
water in temperature 45 ◦C. The temperature was held for 30 min and mash was stirred
at 90 rpm. The temperature was then raised up to 70 ◦C and held for 10 min. After that
step, 100 mL of distilled water at a temperature of 70 ◦C was added and temperature was
held for another 15 min. Finally, wort was cooled down to 25 ◦C and filled to 450 mL with
distilled water. Before analysis, samples were centrifugated at 3000 rpm for 3 min in order
to remove turbidity. Wort extract was determined using a refractometer scaled in Brix
(Bx) degrees. Wort colour was obtained using spectrophotometer Hitachi U-1900 and a
1-cm-length quartz cuvette. Absorbance was measured in a wavelength of 430 nm. The
results were calculated to the units of European Brewery Convention (EBC) scale using
following equation:

EBC = A430· f ·25 (1)

where

A430—absorbance in wavelength 430 nm
f —dilution factor

Aroma profiles were determined in an organoleptic manner by two researchers. Only
aromas felt distinctly by both were taken into consideration. Compounds responsible for
aroma are mostly created in Maillard reactions. Among them there are compounds whose
aroma is described as acrid, toffee, coffee, roasted, nutty, bread, caramel [3].

Torrefaction was performed in stainless steel Petri dishes, each with a diameter of
120 mm and a height of 20 mm. Each was filled with dried BSG. The BSG was dropped
freely into each dish from a height of approximately 10 cm until the container was overfilled
and a cone was formed. Subsequently, a straight ruler was used to scantle the excess BSG.
The mass of empty and full dish was checked for each sample using Radwag AS 310/C/2
scale with 0.1 mg resolution. The bulk density of the spent grain was determined to be
246 kg/m3. The dishes were subsequently closed with stainless steel lids to prevent air
from accessing the material during torrefaction (apart from the air left in the interstitial
space). Torrefaction was performed in a laboratory oven with a controlled temperature and
connected ventilation. In each case, the oven was heated up to the selected temperature.
The closed dishes were placed in the hot oven, which were subsequently closed. After a
prescribed time of the experiment, the closed dish was taken out of the oven and placed in
a desiccator for cooling. The mass was subsequently checked for cooled torrefied samples,
followed by the characterization of torrefied material from the point of view of its use as a
fuel and as a colouring agent.

The performance of the torrefaction process is typically determined directly using mass
yield (Ym) and energy yield (Ye) [83–86]. The indirect method was proposed by Weber et al.
for simple assessment of performance of thermal biomass valorisation processes, such as
production of biochar [87]. The use of an indirect method for performance assessment
of the future industrial-scale installations is tempting, as in many cases, direct online
measurement of mass and moisture content of the product could be problematic.

A method proposed by Weber et al. [87] is described by following equation:

Ym Weber =
1 − VM f eedstock

1 − VMproduct
(2)

where

Ym—mass yield (next part of the subscript indicating a method), -.
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VM—respective volatile matter content of feedstock and product, %dry

Moreover, the mass yield was also assessed indirectly, using ash tracer method [88]:

Ym ash tracer =
A f eedstock

Aproduct
(3)

where

Ym—mass yield (next part of the subscript indicating a method), -.
A—respective ash content of feedstock and product, dry basis, %db

Additionally, the mass yield was determined using the direct method:

Ym direct =
mdry product

mdry f eedstock
(4)

where

Ym—mass yield (next part of the subscript indicating a method), -.
m—respective dry mass of feedstock and product, kgdry

A well established formula was used for the calculation of the energy yield [89,90]:

Ye = Ym·
HHVproduct

HHVf eedstock
(5)

where

Ye—energy yield, -.
HHV—respective higher heating value of feedstock and product, MJ/kg.

Ash content was determined according to a procedure described in EN 18122 [91].
The combustion was performed at 550 ◦C, using porcelain dishes. Volatile matter content
was determined according to EN 15148 [92]. The furnace was heated up to 900 ◦C. The
samples were subsequently inserted into the furnace and kept for 7 min. The ultimate
analysis was performed according to EN ISO 16948 using a Perkin Elmer 2400 analyzer [93].
Channiwala and Parikh [94]’s Equation (6) was used to estimate the HHV of both BSG and
corresponding hydrochars:

HHV = 0.3491·C + 1.1783·H + 0.1005·S − 0.1034·O − 0.0151·N − 0.0211·A ,
MJ
kg

(6)

where C, H, O, N, S and A represent carbon, hydrogen, oxygen, nitrogen, sulphur and
ash contents of material, respectively, expressed in mass percentages on dry basis. An ab-
solute error limit of 1.45% was confirmed for Equation (6), when concentrations were
within specified limits of C (0.00%–92.25%), H (0.43%–25.15%), O (0.00%–50.00%), N
(0.00%–5.60%), S (0.00%–94.08%) and Ash (0.00%–71.4%) [94].

3. Results and Discussion
3.1. Characterization of the Torrefaction Process

Torrefaction of the BSG, performed within this study’s scope, leads to the loss of dry
mass of the material, which is typical for the process [95–99]. Mass yield depended on
both the temperature of the process as well as residence time (Figure 2). Looking at the
mass yield result (see Figure 2), it could be stated that very little effect could be observed
at 180 ◦C. A similar observation was reported by Hejna et al. [34], who investigated a
thermo-mechanical treatment of BSG with a maximum temperature of 180 ◦C. The study
concluded that the loss of mass could primarily be attributed to loss of moisture and only
to a limited extent to thermo-chemical influence, mostly Maillard reaction [100].
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Direct comparison of the results presented in this study with the literature is not
possible due to the lack of results available for the torrefaction of BSG. Work published on
wet torrefaction reported substantially lower mass yields compared to the results obtained
within the scope of this paper. Jackowski et al. [34] reported a mass yield of 0.809 for wet
torrefaction of BSG, obtained from the brewing of beer using a mixture of pilsner, Munich
and dark malt, carbonized at 200 ◦C for 150 min [34]. In another work, Jackowski et al. [82]
performed wet torrefaction of BSG from two types of beer, one brewed using barley-based
pilsener malt, with the addition of some juniper, and the other wheat-based, using wheat
malt, with the addition of pilsener and caramel malt [82]. HTC of barley-based beer BSG at
180 ◦C for 10 min resulted in a mass yield slightly higher than 0.8, whereas the increase of
the process temperature up to 200 ◦C resulted in the mass yield reaching 0.6 [82]. HTC of
wheat-based beer BSG, performed at 200 ◦C for 60 min, resulted in a mass yield slightly
lower than 0.6 [82]. This is not surprising, as the yield of wet torrefaction is much higher
than dry torrefaction for similar process conditions [101–104]. Such behaviour could be
attributed to different reaction pathways for wet torrefaction and probably to some extent
to the excellent heat conductivity of water, enhancing the delivery of heat to the whole
batch of feedstock when the HTC process is compared with dry torrefaction.

Looking at the assessment of the mass yield using indirect methods, both the ash tracer
(see Figure 2) and the Weber method (see Figure 2) seem to give satisfactory results, with
predicted mass yields reasonably close to the values obtained directly from the experiments
(Figure 2). This is different to wet torrefaction, as the ash tracer method was reported to be
unsuitable for this purpose by Jackowski et al. [82]. However, in the case of dry torrefaction,
ash is not partially washed out, as is often the case for wet torrefaction [105,106].

Energy yield and its predictions, based on Ym determined using ash tracer and Weber
method, show that most of the primary chemical energy in BSG should be retained in
the torrefied product after the process, for most of the process conditions (Figure 3). This
is beneficial from the point of view of the product. However, this might suggest that
relatively high torrefaction temperatures would be needed to achieve an autothermal
process. As a consequence of not being able to achieve an autothermal process, a part of
the product would be needed to supply the process with all necessary heat to maintain the
sustainable character of the process. More research on the heat demand for torrefaction of
BSG would be needed to give more specific guidance on the process conditions allowing
autothermal torrefaction, as it has been reported for other materials, such as wood [107].
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Generally speaking, for a mild severity of process conditions, it seems plausible to expect
that combustion of torgas could not be the sole source of heat for the process.
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3.2. Torrefied BSG as a Solid Fuel

As expected, torrefaction of BSG led to an increased fixed carbon content and
decreased volatile matter content (Figure 4). The effect was especially profound for
higher-severity torrefaction conditions (Figure 4). This is well in line with the published
sources [42,108,109]. As a consequence of partial loss of volatiles, ash content was also a
subject of increase. The ultimate analysis shows that the carbon content increased, whereas
oxygen content decreased (Figure 5). A decrease in hydrogen content was also observed
(Figure 5), which could be attributed to dehydration. Higher heating value (HHV) also
increased as an effect of BSG torrefaction (Figure 6), as could be reasonably expected, based
on the published literature [42,108,110].
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The torrefaction process caused a significant decrease of H/C and O/C molar ratios
for torrefied BSG, as depicted in Van Krevelen’s diagram (Figure 7). The diagram (Figure 7)
clearly shows that valorized biomass becomes more similar to coal with increased severity
of torrefaction. Relatively severe torrefaction conditions (temperature between 270 ◦C and
300 ◦C and residence time between 40 and 60 min) resulted in a BSG biocoal composition
similar to lignite and low-quality hard coal (Figure 7). This confirms trends observed in
the literature for other torrefied materials. A similar trend, in terms of the direction of
change for torrefied material, was observed by Brachi et al. [111] for torrefaction of tomato
peels. However, in this case, the raw biomass had a much lower O/C and H/C ratio
prior to valorization, and the change was not as extensive as in the case of this study [111].
Similarly, the trend was overall maintained in torrefaction of grape pomace, reported by
Botelho et al. [61], despite the significantly different location of the feedstock on Van Kreve-
len’s diagram. The location of raw BSG on Van Krevelen’s diagram seems to be in good
agreement with the area typical for carbohydrates, as depicted by Trubetskaya et al. [112].
This seems sensible, as BSG would consist mainly of fibre, with small amounts of residual
sugars. BSG could contain some proteins, which generally has lower O/C in comparison
to carbohydrates [112]. However, thr relatively low N content (Figure 5) suggests that the
content of proteins was not significant. Similar trends, in terms of the location on Van
Krevelen’s diagram with increased severity of torrefaction, were observed for various
lignocellulosic species of biomass, such as wood [113,114], beechwood [115], miscant-
hus [115], Sida hermafrodita [97], Erianthus arundinaceus [96], pepper pellets [114], perilla
stem pellets [114], and Kenaf [116].
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Looking at the results obtained within the course of this study (Figure 7), it can be
observed that dehydration dominated, which makes it plausible to suspect that a significant
amount of hydroxyl groups were removed. Such loss of hydroxyl groups could potentially
contribute to the hydrophobic character of torrefied products [111,117–119].
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3.3. Torrefied BSG as a Beer Colouring Agent

The results show that BSG roasted at 180 ◦C for 60 min and 210 ◦C for 40 min have
the best colouring properties, reaching an EBC colour value of 145 and 159, respectively
(Figure 8). These temperatures are slightly higher than the roasting temperature of Choco-
late malt and slightly lower than roasting temperature of black malt, with a roasting time
of 90 min, as reported by Ekielski et al. [121]. This suggests that the initial content of
sugars also profoundly influences the colouring properties of the produced colouring agent.
Although the colour of the roasted BSG produced within the course of this study, is two
times less intense than those obtained from dark malt, the use of the spent grains could
still prove beneficial since, in such a scenario, process residues would be used. Moreover,
the addition of roasted spent grains may help in the formation of filtration cake during
lautering. That, in turn, could positively contribute to the wort filtration process.
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Another benefit of using torrefied BSG, apart from its colouring properties, is the
profile of flavours and aromas (see Table 1) that could enrich the taste experience of a
particular beer. Same as in the case of colouring properties, severe torrefaction conditions
resulted in unwanted charcoal flavour. However, in some cases, flavours and aromas
from sweet/fruity (mild torrefaction conditions) to whiskey/chocolate/coffee (moderate
torrefaction conditions) could be sensed. Obtaining a more profound and more unique
flavour could be one of the advantages from a commercial perspective.

Table 1. Flavour/aroma profile of torrefied brewers’ spent grains.

Temperature Time
Aroma[◦C] [min]

180
20 cereal
40 sweet
60 dried plum

210
20 dried fruits
40 wood
60 whisky

240
20 sweet/cereal
40 roasted/wood
60 charcoal

270
20 chocolate/cocoa
40 roasted
60 charcoal

300
20 whisky/coffee
40 charcoal
60 charcoal

3.4. Proposed Way of Integration of Torrefaction of BSG for Improved Sustainability of a Brewery

It is clear, taking into consideration both the EBC (Figure 8) and HHV of torrefied BSG
(Figure 6), that achieving maximum synergy between roasting for production of colouring
agent and production of solid fuel is extremely difficult. This complicates the selection of
the optimum parameters of the torrefaction process. It seems plausible to assume that con-
densable products of torrefaction, present at the surface of the particles, are responsible for
the colouring effect. For example, Cruz-Ceballos et al. [122] hypothesized that condensed
hydrocarbons could be responsible for blocking the active oxidation sites on the particle
surface. Some of the literature sources, such as Das et al. [123] and Gray et al. [124], men-
tion condensed hydrocarbons as a potential factor relevant to the hydrophobic behaviour
of thermally treated solids. However, in the case of highly hydrophobic compounds, it
would be difficult to expect high solubility in water, which would be needed, especially
for achieving darker colours. On the other hand, the presence of the Maillard reaction
products was confirmed in roasted malts by Herdt et al. [125]. It seems plausible to assume
that the Maillard reaction products that form during torrefaction of BSG [38] have the most
profound influence on the colouring properties of colouring agents used in brewing [39].
Therefore, decomposition of these compounds could be considered the leading cause of
the poor colouring properties of the BSG torrefied in more severe process conditions. This
imposes important limitations on the extent of the improvement of the fuel properties due
to torrefaction if the dual purpose is considered, i.e., using part of the torrefied BSG stream
as a colouring agent and part as a solid fuel. Nonetheless, it should not be overlooked that
even mild torrefaction of BSG results in relatively good solid fuel.

Figure 9 shows the proposed sustainable way of integration of torrefaction of BSG
into a brewery. Since only torrefaction of BSG at relatively mild conditions could be used
to produce a reasonably applicable colouring agent, it is reasonable to expect that it will
be difficult to achieve an autothermal process. Therefore, a part of the torrefied product
would be needed to supply a part of the heat needed for the torrefaction process.
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Although beer recipes differ from brewery to brewery, it is possible to estimate the
consumption of torrefied brewers’ spent grains for brewing, which could also show how
much would be left for energy purposes. For instance, for pale beers like pils, lager, pale ale
or wheat beer, the addition of roasted BSG as a colouring agent is not necessary. For beers
like Brown ale, adding 1% to 3% of dark malt is recommended [126]. In a small brewery,
approximately 22 kg of malt is needed to prepare 1 hL of wort with a sugar content of
14 ◦Bx. Those numbers may depend on malt quality and mashing regime. To prepare 1 hL
of Brown ale with 14 ◦Bx extract, using 3% of dark malt, a 0.66 g of dark malt would be
needed. According to the EBC values (Figure 8), approximately two times more torrefied
BSG (torrefied at 210 ◦C for 40 min) would be needed to obtain a similar colour, which
translates to 1.32 kg of BSG roasted at a temperature of 210 ◦C for 40 min. In the case of
stronger, darker beers, such as Foreign extra stout, it is recommended to use up to 10% dark
malt [126]. To prepare 1 hL of wort with 16 ◦Bx extract (this value is higher than for brown
ale due to the recommendations of the style [3,126]), approximately 30 kg of raw material
would be needed. Among used malts, 3 kg of dark malt is typically included [3,126].
Dark malt could be replaced by 6 kg of BSG roasted at 210 ◦C for 40 min. The BSG left
after brewing of Brown ale, and Foreign extra stout would be approximately 12.0 kg and
19.5 kg, respectively. Taking Ym for torrefaction at 210 ◦C for 40 min into account, 11.7%
of the torrefied BSG would be needed for colouring of the beer, whereas the remaining
88.3% of the torrefied residues could be used for energy purposes. In the case of Foreign
extra stout, only 67.3% of the torrefied BSG could be used for energy purposes, despite a
higher amount of BSG left after lautering, owing to a much higher demand for colouring.
Nonetheless, for 1 hL of beer, approx. 185 MJ and 229 MJ of primary energy would be
available for energy purposes for Brown ale and Foreign extra stout cases, respectively.
This is significant, as Mainardis et al. [127] estimated the heat requirement per 1 hL of
beer to vary between 116.4–147.0 MJ/hL [127] and electricity requirement ranging between
130.6–148.9 MJ/hL [127]. Overall, Mainardis et al. [127] reported a biomethane potential
of 486.9 dm3

N CH4/kg and 356.2 dm3
N CH4/kg for spent yeast and BSG, respectively,
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and concluded that the anaerobic digestion of spent yeast and spent grain in proportion
70/30 could supply 53.9% of electric and 64.4% of the thermal need of a brewery [127].
In the configuration proposed in this work, roasted BSG not used for colouring could be
gasified in a CHP unit to supply both electricity and heat or combusted if heat supply is
the most crucial concern. Without any doubt, waste heat recovery would be necessary,
as drying of the BSG with an initial moisture content of 70%–75% is indeed an energy-
intensive process. Nonetheless, waste heat recovery (Figure 9) could supply at least a
part of the required heat. Furthermore, it should not be overlooked that the spent yeast
would still be available as feedstock for biogas production, which had approx. 35% higher
BMP compared to the BSG, as reported by Mainardis et al. [127]. Additionally, enriching
producer gas with methane is beneficial in terms of its combustion in spark-ignited engines,
as reported by Szwaja et al. [128]. It seems to be reasonable to recommend further research
on the optimisation of the concept from an energy-efficiency perspective, as well as on its
economic feasibility.

It is not possible to perform a complete energy balance at this point, as more infor-
mation is needed on the heat required for drying of the BSG prior to torrefaction or the
amount of waste heat for drying that could be recovered from different stages of the brew-
ing process. In the end, supplying 100% of the brewery’s own needs using self-produced
residues might not be possible. Nonetheless, even partial reduction of the carbon footprint
could be considered positive. Moreover, from a sustainability perspective, it seems hard
to deny that the on-site use of residues from the brewing process would have an overall
positive influence, as the cost and the emissions associated with transportation of BSG to
alternative consumers (e.g., farmers) cannot be considered negligible. Moreover, savings
related to decreased demand of the brewery for the malt should also be taken into account,
as well environmental benefits related to cutting the emissions related to transportation
of the roasted malt. Raw materials contribute 22% of the overall carbon footprint across
the complete beer production and distribution chain [129]. Moreover, economic benefits
provided by a possibility to cut the cost, by not needing to purchase the malt and using
own residues, should be considered beneficial.

Overall, it should not be overlooked that such practical implementation of the “Reduce,
reuse, recycle” approach certainly contributes to implementing the rules of the circular
economy in the brewing industry. Further research is necessary concerning different
aspects of the concept, including its further optimization, as the benefits could be definitely
confirmed by a comprehensive Life Cycle Assessment, for which more data would be
required. Since it is likely that the BSG would not be sufficient for supplying 100% of
the energy needs of such installation, further research on co-firing and co-gasification of
torrefied BSG with various types of raw/torrefied biomass also seems to be a reasonable
recommendation, as such dual fuel systems could be a viable way of achieving carbon
neutrality by breweries in the future.

4. Conclusions

On-site implementation of torrefaction of BSG at breweries seems to bring some crucial
advantages from a sustainability perspective. However, severe torrefaction conditions are
more advantageous from a solid fuel perspective, whereas mild torrefaction conditions are
advantageous from the point of view of using torrefied BSG as a colouring agent. For the
most severe torrefaction conditions (300 ◦C, 60 min) the higher heating value of torrefied
BSG reached 25 MJ/kg. However, the best beer colouring properties were achieved for
mild torrefaction conditions, i.e., 180 ◦C for 60 min and 210 ◦C for 40 min, reaching an
EBC of 145 and 159, respectively. Nonetheless, BSG torrefied in such process conditions is
not very different from typical solid biofuels, such as wood pellets. Overall, the obtained
results suggest some trade-off between the optimum colouring properties and optimum
solid fuel properties that need to be considered when such dual-purpose torrefaction of
BSG for brewery purposes is implemented. More research is needed in order to investigate
the optimum conditions for BSG from many different types of beer since variables such as
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different compositions of BSG, different content of residual sugars might have a significant
influence on the optimum conditions of the torrefaction process from the perspective of
colouring properties and flavour/aroma profile.
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M.A.S., A.A.; visualization: J.S., J.V., A.A., M.L., M.A.S. and J.P.; supervision: Ł.N., H.P.-K., A.T., T.O.,
K.M.; project administration: Ł.N.; funding acquisition: Ł.N. All authors have read and agreed to the
published version of the manuscript.

Funding: Financial support of this research from the National Science Centre, Poland—project no.
2019/33/N/ST8/02641, is gratefully acknowledged.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Hornsey, I.S. History of Beer and Brewing; RSC Publishing: London, UK, 2003; ISBN 978-0-85404-630-0.
2. Dietrich, L.; Götting-Martin, E.; Hertzog, J.; Schmitt-Kopplin, P.; McGovern, P.E.; Hall, G.R.; Petersen, W.C.; Zarnkow, M.; Hutzler,

M.; Jacob, F.; et al. Investigating the function of Pre-Pottery Neolithic stone troughs from Göbekli Tepe—An integrated approach.
J. Archaeol. Sci. Rep. 2020, 34, 102618. [CrossRef]

3. Mallet, J. Malt A Practical Guide from Field to Brewhouse; Brewers Publications: Boulder, CO, USA, 2014; ISBN 978-1-938469-12-1.
4. Hlavacek, F.; Lhotsky, A. Piwowarstwo; Wydawnictwo Naukowo Techniczne: Warszawa, Poland, 1969.
5. Lewis, M.; Young, T. Piwowarstwo; Mostowik, K., Ed.; Wydawnictwo Naukowe PWN S.A.: Warszawa, Poland, 2001; ISBN

83-01-13472-0.
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47. Knapczyk, A.; Francik, S.; Jewiarz, M.; Zawiślak, A.; Francik, R. Thermal Treatment of Biomass: A Bibliometric Analysis—The
Torrefaction Case. Energies 2020, 14, 162. [CrossRef]
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