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Abstract

The main aim of this review was to check for the applicability of the concept of circular economy to brewing chain.
By analyzing the beer brewing process, it was possible to identify the main brewery wastes formed and packaging
materials used as well as their range of composition and yields. In order to reduce the contribution of packaging
material to the carbon footprint of beer, it would be necessary to replace one-way containers used nowadays with
lighter, reusable, or recycled ones. Even if the contribution of beer consumption phase was taken into account,
there was no definitive solution about the less environmentally impacting beer packaging format. The direct man-
agement of polyethylene terephthalate (PET) packaging for liquid foodstuffs could make available 100% recycled
PET flakes to be reconverted into food-grade bottles with minimum downcycling to other non-food usage. The
countless potential uses of brewery wastes in nutritional and biotechnological fields were tested in laboratory by
disregarding any cost—benefit or market analysis. This was mainly because the estimated market price of dried
brewer’s spent grain (BSG) resulted to be about 450% higher than that of conventional lignocellulose residues.
All the alternative uses hailed in the literature appeared to be more useful for publishing articles than for defining
any economically feasible reusing procedure for all brewery wastes. Owing to their high moisture content, such
wastes are so perishable as to prevent their safe usage in the human food chain. Currently, their use as-is in animal
feeding is the disposal method not only economically feasible but also able to reduce the greenhouse gas load of
beer packed in glass bottles (GB) by about one-third of that associated with packaging materials. Not by chance, it
is practiced by most industrial and craft breweries.

Keywords: beer chain; beer packaging formats; brewer’s spent grain; brewer’s spent yeast; carbon footprint; environ-
mental impact; hot trub; post-consumer packaging waste; disposal methods; spent hops

Introduction

Beer is a globally consumed alcoholic beverage (about
1.91 billion hectoliter (hL) in 2019; Statista, 2021), with
its overall market in 2020 amounting to US$623.2 bil-
lion (IMARC Group, 2021). In Italy, the overall produc-
tion of beer in 2020 was about 15.8 million hL, about
71% of which being produced by five major players, such
as Heineken Italia with a share of 33.3%, Birra Peroni
with 18.3%, Anheuser-Busch InBev with 8.6%, Birra

Castello with 5.8%, and Carlsberg Italia with 5.3% share
(Associazione dei Birrai e dei Maltatori [Assobirral,
2020). In 2020, 756 craft breweries (i.e., 624 micro-
breweries and 132 brewpubs) produced 361,000 hL of
beer with an average specific gravity of 14° Plato, this
being equal to ~3.1% of the Italian beer production
(Assobirra, 2020). In Italy, the per capita consumption
of beer in 2019 was about 35.2 L. Standard lager is the
most popular beer type, representing 84.2% of the over-
all beer consumption, followed by specialty beers (14.5%)
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and low or nonalcoholic ones (1.3%). Owing to decrease
in beer consumption outside the home from 45.5% in
1999 to 36.1% in 2019, and conversely the increase in
off-sales, the prevailing beer packaging format is domi-
nated by glass bottles (GB; 80.8%), followed by stainless
steel kegs (SSK; 11.7%), and finally aluminum cans (AC;
7.5%) (Assobirra, 2020). Most consumers purchase beer
in glass bottles (73.0% and 7.8% of which being produced
from nonreturnable and returnable GBs, respectively)
or aluminum cans, while beer packaged in stainless steel
kegs is chiefly for commercial use.

Owing to predictable increase in the global demand of
food, this currently representing from 22% to 37% of the
world anthropogenic greenhouse gas (GHG) emissions
(Rogissart et al., 2019), the economic growth of the food
and beverage industry is expected to be greatly ham-
pered by climate-related risks to food security, and water
and energy supply (Intergovernmental Panel on Climate
Change [IPCC], 2014). As reported by the Beverage
Industry Environmental Roundtable (BIER, 2012), the
beverage sector has not only started to reduce its impact
on the global climate but also to rethink its business
models, products, and processes according to the prin-
ciples of circular economy (Bocconi University et al.,
2021).

Over the last 20 years, several business-to-business
or business-to-consumer studies (Amienyo and
Azapagic, 2016; BIER, 2012; Cimini and Moresi, 2016;
Environmental Product Declaration® [EPD], 2011a,
2011b, 2014a, 2014b; Hospido et al., 2005; Koroneos
et al., 2005; Munoz et al., 2012; Narayanaswamy et al.,
2005; Shin and Searcy, 2018; Talve, 2001; Williams and
Mekonen, 2014) have been conducted to evaluate the
environmental impact of beer as packed in different
formats, as summarized by Cimini and Moresi (2018c).

Glass bottle or aluminum-can manufacturing and bar-
ley cultivation represented the main hot spots of beer
life cycle (Amienyo and Azapagic, 2016; Cimini and
Moresi, 2016). Only when using reusable steel kegs, bar-
ley production was the most impacting step, followed
by brewing and distribution (Cimini and Moresi, 2016).
As estimated by Mata and Costa (2001) and confirmed
by Amienyo and Azapagic (2016), the contribution of
returnable glass bottles to the carbon footprint (CEF),
acidification, photochemical ozone creation, human
toxicity, and energy and raw material consumption was
smaller than that of nonreturnable bottles after the sec-
ond reuse, while that to eutrophication, ozone depletion,
solid waste, water and auxiliary material consumption
was larger even after several reuses.

Holland (2021) described a few means to address the
most environmentally altering effects of beer production

and distribution (e.g., GHG emissions, and disposal of
wastewaters and post-consumer packaging wastes) using
circular thinking approaches. The author cited either
quite exiguous initiatives (e.g., 100% biodegradable, edi-
ble six-pack ring pulling on cans prepared from barley
and wheat ribbons, adopted by Saltwater brewery to
replace the conventional plastic ones) or more significant
ones (e.g., use of waste bread instead of malted barley by
Toast Ale in Belgium, wind turbines and solar panels as
sources of nonrenewable energy by Heineken in Holland
and Italy).

The main aim of this review was to further verify the
applicability of circular economy concepts to the brew-
ing chain. To this end, the main steps of the beer brewing
process were outlined to point out main brewery wastes
in terms of composition and yield factors. Then the real
and effective reuses of packaging and biotic wastes were
critically reviewed based on their techno-economic
feasibility.

Inventory Analysis of the Brewing Process

Figure 1 shows block diagram of the beer production
process from its basic raw material, that is, barley. The
average chemical composition of barley is provided in
Table 1. It differs with barley variety and environmental
conditions. The starch, B-glucan, protein, fat, and ash
contents vary in the ranges of 65-68%, 4—9%, 10—-17%,
2-3%, and 1.5-2.5% (dry basis), respectively (Alijosius
et al., 2016; Gupta et al., 2010). An ideal protein con-
tent of barley destined to brewing ranges from 9.5% to
12.8% (dry basis), while higher protein contents are suit-
able for producing malt for distilling (Grains Research &
Development Corporation (GRDC), 2018; Paynter, 1996).

Malting is the first step of the brewing process. It consists
of three different unit operations: steeping, germination,
and drying. During steeping, barley seeds are soaked in
water until imbibed with sufficient water to start their
sprouting process. The germination phase allows a series
of amylases, proteases, and other endogenous hydrolytic
enzymes to be produced and/or activated. Final dry-
ing stops further growth of germs, reduces water activ-
ity, and thus yields a shelf-stable product with active
enzymes (i.e., barley malt). The average malt-to-barley
ratio ranges from 0.75 (Climate Conservancy, 2008) to
0.79 (Food and Agriculture Organization [FAO], 2009).
The main byproduct of malting (i.e., barley rootlets, also
known as malt culms, coombes, or sprouts) represents
3-5% (w/w) of the malt produced. It may contain other
wastes, such as malt dust, small and broken barley grains,
barley dust, acrospires, and husk fractions. As depicted
by Neylon et al. (2020), its range of composition is pro-
vided in Table 1.
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Figure 1. Schematic of the beer production process and its
main brewery byproducts.

Malt milling is the second step. It allows the malt to
be separated from its chaff, coarsely ground, and sifted
into three fractions, namely, the husk, grits, and flour.
The smaller the particle size, the greater the extract (and
the smaller the filtration rate). Husk is the outer layer
of barley kernel undergoing grinding and must be kept
intact as possible to allow the formation of porous filter
beds and thus minimize filtration time. Larger particles
can be reground, thus yielding other byproducts, such
as hull fractions and fine malt powders (Crescenzi, 1987;
Stubits et al., 1986).

Circular economy in the brewing chain

Mashing is the third step. The grit is suspended into hot
water to allow starch sugars, proteins, and tannins to
be dissolved in the so-called malt extract. In European
breweries, malted barley consumption ranges from 15
kg/hL to 18 kg/hL of beer produced (United Nations
Environment Program [UNEP], 1996), while in Italian
industrial breweries, 1 hL of beer at a specific gravity of
12°Plato (equivalent to an ethanol content of about 5%
v/v) needs approximately 12-kg malt and 4-kg unmalted
cereals, such as corn grits (Assobirra, 2020). The specific
consumption of malted barley appears to be inversely
proportional to the brewery size. It is as high as 28—32 kg
hL! in the case of craft breweries with an annual capacity
of about 1,000 hL of beer (Beloborodko et al., 2014; Sturm
et al., 2012) and as low as 18-20 kg hL™ in the case of
industrial breweries with an overall capacity of more than
1 million hL/yr (Cimini and Moresi, 2018c). Referring to
the overall volume of abstracted water during malting,
brewing, and clearing steps, the specific water consump-
tion was about 4.2 L per liter of beer produced in Italian
breweries (Assobirra, 2020), and it can range from 3.5 to
10 L per liter of beer (Olajire, 2020) or to as high as 19 L
(Sturm et al., 2013) or 34 L of specific water per liter of
beer produced (Pauli, 1997) in old micro-breweries.

Lautering is the fourth step of the brewing process. It
is carried out in the lauter tun to fractionate wort from
the so-called wet brewer’s spent grains (BSGs), these
being the chief byproduct of this process with an aver-
age amount of 16 kg hL™ of beer produced (Assobirra,
2020). Table 1 provides their range of composition and
amount, as described by several authors along with the
International Finance Corporation (IFC, 2007) and
UNEP (1996).

Wort boiling or hopping is the fifth step, which comprises
the addition of different types and amounts of hops to
boiling wort according to the style of beer to be pro-
duced. As boiling proceeds, the malt enzymatic pool is
deactivated, and as water is evaporated, malt proteins
and hop tannins tend to precipitate at the bottom of the
concentrated hopped wort. The average amount of hop
pellets used in the Italian breweries is around 260 g hL™!
(Assobirra, 2020), even if it is quite lower (~92 g hL™) in
the case of lager (Cimini and Moresi, 2016).

Wort clarification is the sixth step. By feeding tangentially
the hopped wort in a whirlpool separator, the resulting
moderate centrifugal action allows the Kot trub and
spent hops to be separated from clear wort. Table 1 pro-
vides the range of composition of such a proteinaceous
residue, as described by Rachwat et al. (2020). Moreover,
its overall quantity varies from 0.2 to 0.4 kg hL™ depend-
ing on the amount and type of protein present in the used
barley, which, in turn, is dependent on crop location, sea-
sonal factors, and genetics (Barchet, 2019).
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Table 1. Range of chemical composition of barley and its main brewery byproducts, namely, malt barley rootlets (MBR), brewer’s spent grain

(BSG), spent hops/hot trub (HT), and brewer’s spent yeast (BSY).

Component Barley MBR BSG HT BSY Unit
Moisture 12.8 8.2-12.9 75-90 80-90 74-86 g/100 g
Carbohydrates 0.624 0.51-0.60 0.45-0.61 0.20 0.4 g/g DM
Protein 0.113 0.203-0.387 0.142-0.300 0.40-0.70 0.15-0.49 g/g DM
Fat 0.019 0.017-0.044 0.06-0.13 0.045 0.04-0.10 g/g DM
Ash 0.03 0.028-0.087 0.011-0.050 0.06-0.25 0.02-0.085 g/g DM
Total fiber 0.215 0.43 0.44-0.84 0.23-0.26 0.25-0.53 g/g DM
Specific amount 0.03-0.05 kg kg~" malt 14-19 0.2-0.4 2-4 kg/hL beer
References AlijoSius et al., Neylon et al., 2020 Jackowski et al., 2020; Karlovi¢ et al., 2020;

2016 Rachwat et al., 2020

DM: dry matter; hL: hectoliter.

Wort cooling is the seventh step. It allows the clear wort
to be cooled to a temperature depending on the yeast
used and the style of beer being produced. It usually
ranges from 16 to 20°C and from 10 to 13°C in the case
of ale and lager production, respectively. If the wort com-
ing out of the whirlpool separator has a higher strength
than that required for fermentation, it is diluted with
water to obtain its correct specific gravity. Moreover, to
allow yeast replication in the early stages of fermenta-
tion and guarantee adequate fermentation, an appropri-
ate level (7-18 mg/L) of dissolved oxygen in the wort is
provided by aerating the wort on hot or cold side of wort
heat exchanger. The oxygen consumption was 1.43 g/hL
of lager produced (Cimini and Moresi, 2016).

Wort fermentation is the eighth step of the brewing
process by which fermentable sugars are converted
into ethanol, carbon dioxide, and several other met-
abolic byproducts by brewer’s yeast. These have a
significant effect on the taste, aroma, and other charac-
teristic properties of the style of beer under production.
On stoichiometric basis, 1-g maltose must be theoret-
ically converted into 0.538-g ethanol. The average inoc-
ulation rate in Italian breweries is 0.8 kg hL™ of beer
(Assobirra, 2020). Such a phase is usually accomplished
in cylindroconical fermenters. Their angle at the bottom
of tanks allows the yeast to settle in the bottom of conic
vessel at the end of primary fermentation before being
collected without exposure to air. Thus, a rough beer rel-
atively free of yeast could be discharged. After harvest-
ing, the yeast is stored with its own liquid under gentle
agitation at 0°C for next fermentation. In this manner,
brewer’s yeast could be used sequentially for four to six
times (Karlovi¢ et al., 2020). The range of composition
of brewer’s surplus yeast (BSY) is provided in Table 1, as
described by different studies. Its amount ranges from
2 to 4 kg hL™ of the beer produced (IFC, 2007; UNEP,
1996); its mean value in Italy was 1.6 kg hL™! by assuming
a 10% dry matter (DM) content (Assobirra, 2020).

Maturation is the ninth step of the process. The freshly
brewed liquid undergoes the second fermentation, pro-
viding beer its characteristic color in as long as 3 weeks to
3 months depending on the type of beer being produced.

Beer clarification and stabilization is the tenth step.
Proteins, yeast particles, and resins from the hop left in
the beer after the first and second fermentation phases
are generally removed by filtration in the presence of filter
aids (i.e., kieselguhr slurry or diatomaceous earth [DE]).
Then, to avoid permanent or chill haze (Siebert et al.,
1996), haze active polyphenols are removed by using
polyvinylpolypyrrolidone (PVPP), while haze active pro-
teins are removed by means of silica hydrogel or tannic
acid. In European breweries, the specific consumption of
DE ranges from 80 to 570 g/hL of beer (IFC, 2007; UNEP,
1996), while that of non-regenerable PVPP ranges from
20 to 40 g (Gopal and Rehmanyji, 2000) and that of regen-
erable PVPP by around 0.1 g hL™! (Cimini and Moresi,
2015).

Filling is the final step of the beer brewing process.
If the finished beer is to be kept in glass bottles, it is
first bottled and then batch-pasteurized to prolong its
shelf life. When using cans or kegs, clear beer under-
goes flash-pasteurization and is packed aseptically. By
referring to main packaging formats in use (Cimini and
Moresi, 2016, 2018c), 1 hL of lager (weighing ~100.5 kg)
would require as much as 43.9 or 56.1 kg of 66-cL or
33-cL amber glass bottles, just 4.4 kg of 66-cL polyeth-
ylene terephthalate (PET) bottles, 4.9 kg of 33-cL alu-
minum cans, and as much as 32.0 kg of 30-L stainless
steel kegs (Table 2). This clearly the great contribution
of packaging materials per unit volume of beer deliv-
ered, especially in the case of glass bottles and stainless
steel kegs.

For further details of the brewing process, refer to
Eflinger (2009).
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Table 2. Mass of the packaging materials used to pack 1 hL of beer in different formats (66-cL and 33-cL amber glass bottles [GB]; 66-cL
PET bottles [PB]; 33-cL aluminum cans [AC]; 30-L stainless steel kegs [SSK]), as described by Cimini and Moresi (2016, 2018c).

Packaging format

Packaging materials 66-cL GB 33-cL GB 66-cL PB 33-cLAC 30-L SSK Unit
Glass 43.9 56.1 0.0 0.0 0.0 kg/hL
Paper & cardboard 3.0 34 3.0 1.2 0.0 kg/hL
Plastic 0.1 0.1 44 0.3 0.0 kg/hL
Steel 0.3 0.6 0.0 0.0 32.0 kg/hL
Aluminum 0.0 0.0 0.0 4.9 0.0 kg/hL
Wood 28 32 3.0 1.9 25 kg/hL
Adhesive materials 0.2 0.2 0.2 0.2 0.0 kg/hL
Overall 50.3 63.6 10.6 8.5 34.5 kg/hL

Application of the Concept of Circular Economy
to the Beer Brewing Process

The linear economy model reflects man-made ecosystems
for food production, which requires not only a continu-
ous supply of energy and mass from outside, as nutrients
are not recycled at the crop cultivation site, but also the
treatment of wastes. On the contrary, the so-called cir-
cular economy model refers to natural ecosystems, which
are capable of self-regeneration. As sketched in Figure 2,
its priority area is aimed at eliminating waste and pollu-
tion, keeping products and materials in use, and regen-
erating natural systems (Bocconi University et al., 2021).

According to the waste hierarchy set out in Article 4 of
the revised waste framework (Directive 2008/98/EC;
European Union [EU], 2008), any waste must be han-
dled in a manner that does not have a negative impact
on the environment or human health. First, its forma-
tion must be prevented using, for instance, less mate-
rial in design and manufacture. When the waste has
been formed, its entire apparatus or replacement parts

Raw Materials

( Design
Production

i ./ Remanufacture

Recycling )
CIRCULAR |

ECONOMY ‘
Distribution
Residual
Wastes
Consumption
. Use
Collection Reuse
Refurbish

Figure 2. Schematic of the circular economy concept.

must be refurnished to be reused, recycled, submitted
to other recovery options, and, as the least preferred
option, disposed of via landfilling or incineration with
no recovery of energy. Such a waste hierarchy was fur-
ther detailed by Garcia-Garcia et al. (2015), as shown in
Figure 3.

Prevention of wastage of food is the alternative pre-
ferred mostly, followed by food redistribution to people
in need, and then to animals, unless it is composed of
products of animal origin or is a catering waste. If such
options are not applied, then food waste can be regarded
as a source from which several valuable products (e.g.,
fats, proteins, polysaccharides, polyphenols, etc.) could
be extracted selectively. Then it may be submitted for
anaerobic digestion, composting, thermal valorization,
or spread for land fertilization or improvement. Waste
burning with no energy recovery and landfilling are
regarded as the least preferable management options to
use (Garcia-Garcia et al., 2015).

By referring to the brewing chain, application of the con-
cept of circular economy essentially refers to the follow-
ing two aspects:

1. The reuse of abiotic materials, such as packaging
materials, and spent kieselguhr, their overall weight
being mainly made of glass bottles, which are, for
instance, used to pack about 81% of the entire beer
produced in Italy (Assobirra, 2020).

2. The reuse of biotic materials, namely, the main
byproducts of the beer brewing process.

End of Life of Abiotic Materials
Packaging materials
All abiotic materials arising from beer packaging and pal-

let management at distribution centers (DC) generally
undergo separate waste collection to allow recycling of
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Figure 3. Food waste hierarchy used to select different waste management alternatives according to their environmental

preference, as reworked by Garcia-Garcia et al. (2015).

glass, plastic, aluminum, steel, paper, or wood for their
recycling.

The discarded fraction of packaging components var-
ies from 0.4% in the case of glass bottles to 3.5% in the
case of the stretch wrap film, as detected in an industrial
brewery (Cimini and Moresi, 2016).

The disposal scenarios of all packaging wastes, result-
ing from beer processing and post-consumption, gen-
erally coincide with those of municipal solid waste. For
instance, Table 3 refers to the overall Italian management
scenarios in 2019 (Mariotta and Tuscano, 2020). It is
noted that the minimum objective (65%) of recycling, in
terms of weight, for all packaging wastes, to be met by
31 December 2025 according to Directive 2018/852/EU
(EU, 2018), has been achieved nationwide since 2019,
although there are differences in some districts of South
Italy and plastic recycling rate is still lower than the tar-
get value of 50% (Mariotta and Tuscano, 2020).

In order to measure the environmental impact of main
packaging materials used to pack beer, we referred to the
only effect of beer on climate change, since this impact
category was found to be highly correlated to the fossil
cumulative energy demand, which, in turn, affected sev-
eral other categories, such as acidification, eutrophica-
tion, and photochemical ozone formation (Huijbregts
et al., 2006) as well as the nitrogen and phosphorous
emissions resulting from synthetically fertilized soils used
for agri-food cultivation (Huijbregts et al., 2010). Under
these circumstances, by accounting for the overall weight
factors attributed to the effects of such impact categories
in the product environmental footprint methodology,

Table 3. Overall Italian waste management scenarios for
packaging wastes in 2019, as described by Mariotta and Tuscano
(2020).

Waste management

scenarios Landfill Recycling Incineration
Waste (%) (%) (%)

Glass 22.7 77.3 0
Paper and cardboard 11.6 80.8 7.6
Iron 17.8 822 0
Plastic 10.1 45.5 44.4
Aluminum 23.9 70.0 6.1
Wood 34.8 63.1 21
Overall 19.2 70.0 10.8

the contribution of climate change and its related impact
categories would represent 50% or 53% of the overall
weighted endpoint score when including or excluding
the toxicity-related impact categories (Sala et al., 2018).
Owing to the diverse contribution of packaging materials
and transportation, the beer packaging format exerted a
diverse influence on the GHGs emitted to produce and
distribute industrial beer from the factory gate to the
distribution centers, as assessed previously (Cimini and
Moresi, 2016). By disregarding the GHG credits derived
from the use of brewery wastes as cattle feed, these being
about 12 kg of carbon dioxide equivalent (CO, ) per hL
of beer (Cimini and Moresi, 2016), the business-to-busi-
ness product carbon footprint (CF) of beer was found to
be of the order of 69 or 78 kg CO,_ hL™, or 81 or 37 kg
CO,, hL if the beer was packed in 66- or 33-cL glass
bottles, or 33-cL aluminum cans or 30-L stainless steel
kegs, respectively (Table 4). Since kegs, on average, are
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Table 4. Contribution of different life cycle phases to the GHG emitted to produce and distribute 1 hL of lager as packed in containers of

different volumes and masses, as described by Cimini and Moresi (2016).

Beer primary packaging type GB AC SSK
Volume (L)/Mass (kg) 0.66/0.290 0.33/0.185 0.33/00123 30.00/9.6
Life cycle phases GHG emissions (kg CO,, hL™")

Raw materials & processing aids 16.88 16.88 16.88 16.88
Brewing processing & packaging 8.41 8.4 8.33 8.41
Packaging materials 33.33 42.19 47.55 1.86
Transportation 9.71 10.67 8.09 9.26
Waste disposal 0.58 0.58 0.57 0.61
Beer production and distribution 68.91 78.71 81.42 37.02

GHG: greenhouse gas; GB: glass bottles; AC: aluminum cans; SSK: stainless steel kegs.

used for 72 times, the contribution of packaging materi-
als was just 5% of the overall GHG burden, while that of
glass bottles and aluminum cans was from 5 to 6 times
higher, respectively. On the contrary, the contribution
of transportation increased to 25% in the case of kegs in
consequence of their tare (9.6 kg), while it was, respec-
tively, 14% or 10% if glass bottles or aluminum cans are
used (Table 4).

Thus, to reduce the contribution of packaging materials
to the carbon footprint of beer, it would be necessary to
resort to:

1. lighter bottles or kegs,

2. bottles, including greater percentage of recycled
materials,

3. containers reusable as many times as possible.

In the case of beer packed in glass bottles, 10% decrease
in the mass of glass bottles would reduce the carbon foot-
print of beer by 2.4—2.6% (Cimini and Moresi, 2016) to a
maximum of 5% (Amienyo and Azapagic, 2016) due to
lower impact for their manufacture and transportation.
Approximately 70% less GHG emissions were estimated
when the Tuborg® beer was packed in 20-L plastic drums
weighing 290 g each (EPD, 2011a).

Further savings are expected by the replacement of glass
bottles or aluminum cans with nanoclay-enriched poly-
ethylene terephthalate (PET) bottles, their empty bottle
weight being ~26 g, and their carbon footprint near to
one-third of that (~9 kg CO,_kg™) of 50% recycled alumi-
num cans (Cimini and Moresi, 2016, 2018c¢). As provided
in Table 5, when beer was packed in PET bottles instead
of glass bottles, the GHG contribution of packaging
materials reduced by about 29%, while that of transpor-
tation by 25-57%, as the brewery capacity was reduced
from 2 million to 500 hL per year.

Nevertheless, as expected, the use of such a lighter
packaging material was not so effective, since the cradle-
to-grave GHG burden of beer decreased by as low as
~1.7-3.3%. This was a direct consequence of differ-
ent average recycling rates of glass (70.3%) and plastic
(37.9%) wastes registered in Italy in 2014 (Cimini and
Moresi, 2018c). In fact, the GHG load of brewery and
post-consumer packaging waste disposal was negative in
the case of glass bottles (-11 kg CO,_  hL™) but positive
in the case of PET bottles (+4.6 kg CO, hL™). By refer-
ring to the current higher recycling rates of such packag-
ing wastes (Table 3), the glass and plastic recycling rates,
respectively, increased by circa +10% and +20% with
respect to the aforementioned basic values. This involved
a reduction in the cradle-to-grave carbon footprint of
0.9-1.3% and 0.6—0.8% with respect to the basic cases, as
the brewery capacity increased from 500 to 2 million hL
per year, as estimated by using the same life-cycle assess-
ment (LCA) model of beer production developed previ-
ously (Cimini and Moresi, 2018c).

Moreover, the use of steel cans would give rise to lower
effect than usage of glass bottles and aluminum cans not
only on GHG emissions (BIER, 2012) but also on other
environmental impact categories, such as eutrophica-
tion, creation of photochemical oxidants, and freshwater
aquatic ecotoxicity potentials (Amienyo and Azapagic,
2016).

Any increase in glass or PET recycled content would
improve the environmental sustainability of result-
ing bottles either for the lower energy needed for their
manufacture or the minor quantity of post-consumption
packaging waste to be landfilled. In fact, since the bottle
emission factor linearly decreases as the recycled mate-
rial content increases, 10% increase in the recycled glass
or PET content reduced the carbon footprint of beer
by 2.2-2.5% depending on the size of brewery (Cimini
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Table 5.  Contribution of main beer life cycle phases to cradle-to-grave (C2G) carbon footprint (CF ,;) of 1-hL beer packed in 66-cL glass or
PET bottles by breweries of different annual capacity, as described by Cimini and Moresi (2018c).

Brewery capacity (hL/year) 2x108 5x10° 5x10* 5x 102

Beer primary packaging type GB PB GB PB GB PB GB PB
Life cycle phases GHG emissions (kg CO,, hL™")

Raw materials and processing aids 239 27.0 30.6 41.7

Brewing and packaging processing 121 13.7 16.8 495

Packaging materials 34.0 24.0 34.3 24.3 33.6 23.7 33.6 23.7
Waste and effluent disposal 1.9 2.0 3.1 31 0.6 0.6 0.6 0.6
CO,, credits from byproduct use as feed -2.2 -2.2 -2.5 -2.5 -2.9 -2.9 -3.8 -3.8
Transportation to DCs 19.8 15.1 20.5 13.5 225 12.6 15.6 5.9
Transportation from DCs to retailers 9.7 7.1 7.3 5.3 24 1.8 24 1.8
Retailer refrigeration 0.3 0.3 0.3 0.3

Consumer phase 18.1 18.1 18.1 18.1
Post-consumer waste disposal -11.0 4.6 -11.0 4.6 -11.0 4.6 -11.0 4.6
CF 106.7 104.9 110.8 107.5 111.0 106.1 1471 142.3

C2G6

GHG: Greenhouse gases; DCs: distribution center; GB: glass bottles; PB: PET bottles.

and Moresi, 2018c) or by approximately 3% in the case
of glass bottles as estimated by Amienyo and Azapagic
(2016). Except for water demand, all other environmental
impact categories reduced by 0.5% in the case of eutro-
phication potential, and 2% in the case of abiotic deple-
tion potential (Amienyo and Azapagic, 2016).

Thus, the idea of increasing recycling rate has prolifer-
ated in several countries. For instance, in France, mineral
water in bottles made of 100% recycled PET (R-PET) has
been commercialized since 2019. In Italy, usage of R-PET
for producing bottles and trays for food was approved by
the 2021 Budget Law on 31 December 2020 with the con-
dition that the material derived from other bottles would
be used for food purposes only. In Germany, thanks
to the container deposit legislation operating since 1
January 2003 and despite the opposition of the German
bottling industry and retailers, any empty plastic or glass
bottle returned to a grocery store receives a credit rang-
ing from €8 to 25 cents to be discounted at the cash desk.
To avoid any contamination problem, recycling compa-
nies currently submit plastic bottles to the following pro-
cedure. First, such items are automatically collected using
the barcode system, sorted by type and color, and aggre-
gated in bales. Once foreign materials, labels and caps
are removed by infrared-ray sorting and pre-washing,
the resulting material is shredded into flakes, which are
then dried at 150-180°C. The food reuse of such R-PET
flakes involves a decontamination process of thermal or
chemical type at 280°C or with a caustic detergent. This
procedure has been also adopted by CORIPET (https://
coripet.it/), a voluntary nonprofit consortium of produc-
ers, converters, and recyclers of PET bottles. The proce-
dure was recognized as an autonomous system for the

direct management of PET packaging of liquid foodstuffs
by the Italian Ministry of Environment (see Decree No.
44 of 28 July 2021). Thanks to the deposit system adopted
in Germany, 99% of refillable bottles and 97% of one-way
bottles are returned to supermarkets and grocery stores
(ANON, 2017). Thus, such a packaging waste recycling
system must theoretically give rise to PET recycling rates
near to 100%. To this end, CORIPET is intended to reach
25% PET recycling by 2025. In Germany, 96-98% R-PET
recovery in 2015 supported the formation of new PET
bottles from about 34% of total recovery, the remain-
der being directed to non-food uses, such as plastic
sheets and films (27%), textile fibers (22.6), and so forth
(Deutsche Welle [DW], n.d.).

The German container deposit legislation appears to be
an appropriate incentive for transiting toward a circular
economy, even if it has so far given rise to a greater ali-
quot for downcycling (66%) than for effective recycling
and reuse, which indeed would strictly require the con-
version of empty bottles into new useable bottles for food
purposes. Strictly speaking, in the case of beverage pack-
aging, a sustainable waste management must make use of
refillable bottles only (ANON, 2017).

Since it is useless to reinvent the wheel, it is worth
remembering that up to the early 1960s, the Italian cus-
tomers used to pay a deposit on each glass bottle bought,
which they reclaimed by returning the empty bottle.
Obviously, such a system could become valid not only for
glass bottles but also for plastic ones, even if the latter
are refilled for 20-25 times and the former for up to 50
times (DW, n.d.). Of course, the reintroduction of reus-
able bottles demands not only for new infrastructure,
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financial incentives, and behavioral changes (Amienyo
and Azapagic, 2016) but also for several other factors
such as the distance empty bottles travel by road for
cleaning and refilling, and the water and detergents used
for the cleaning process. Such factors were accounted
for the carbon footprint of beer in reusable 30-L stain-
less steel kegs was half of that of beer packed in 66-cL
glass bottles (Table 4). Nevertheless, this cannot be deci-
sive for reducing the environmental impact of beer, since
80.8% of beer sales are in glass bottles and just 11.7% in
stainless steel kegs (Assobirra, 2020).

The environmental impact of returnable glass bot-
tles was assessed either for beer in Portugal (Mata and
COSTA, 2001) or for carbonated soft drinks in the
United Kingdom (Amienyo et al., 2013). In both stud-
ies, the environmental load depended on the percentage
of bottles returned and the number of times each bottle
was reused. In the case of 50% reuse and up to six reuse
cycles, returnable bottles reduced several impact cate-
gories, except eutrophication and ozone layer depletion
(Mata and Costa, 2001). Global warming was reduced by
~40%, as the glass bottles were reused just once, its min-
imum asymptotic value being achieved for eight reuses
(Amienyo et al., 2013).

Before deciding which is really less environmentally
-impacting among one-way, recycled, and or reusable
beer packaging, the contribution of beer consumption
phase (embracing not only beer refrigeration, dispensing,
and losses but also consumer displacement and treat-
ment of the wastewater formed) should be assessed, as
specified by the beer product category rules (EPD, 2019;
Technical Secretariat for the Beer Pilot [TSBP], 2016).

Normand et al. (2012) and Watson (2008) recommended
the consumption of beer in kegs directly in pub, within
a walking distance to avoid car use, especially if the pub
was supplied directly from the neighboring brewery
via pipelines. In addition, keg distribution was found to
affect negatively the local traffic at historic sites, such as
Bruges in Belgium (AFP, 2014), or during beer festivals,
such as the October fest in Munich, Germany (Becker,
2014).

Since 64% of the Italian beer consumption is internal
(Assobirra, 2020), it would probably be useful to attempt
reducing the environmental impact of beer consump-
tion by favoring the diffusion of returnable 10- to 30-L
keykegs, made from 100% R-PET (https://www.keykeg.
com), for summer time get-together parties at the
expense of present day most popular beer formats avail-
able in the market (i.e., glass bottles and cans). In this
manner, it could be possible to emulate the current suc-
cess of 3- to 15-L bag-in-boxes for red and white wines
available at both physical stores and online shops.

Circular economy in the brewing chain

Spent filtration aids

Generally, spent filtration aids resulting from rough beer
filtration are in the form of DE or Kieselguhr slurry, which
is rich in suspended solids (e.g., diatom frustules, yeast,
and hop and malt residues) and thus highly pollutant
(Olajire, 2020). World Health Organization has classified
such slurry as hazardous waste; moreover, its disposal
costs in agriculture are as high as €170 per metric tons
(Mg) (Fillaudeau et al., 2006). Nevertheless, owing to
their high filtration rate and efficiency, DE dead-end fil-
ters are still largely used by the majority of breweries. In
a large-size brewery, the specific consumption of DE is
around 112 g hL™ of beer, giving rise to ~336 kg hL™ of
spent DE sludge (Cimini and Moresi, 2016).

After beer filtration, sludge is not recycled and generally
landfilled. However, thanks to its high contents of avail-
able phosphorus (0.37-0.42 g kg™), potassium (0.9-3.3 g
kg™), organic carbon (0.3 kg kg™), and total nitrogen (0.02
kg kg™), it is used in agriculture to improve soil fertil-
ity with no significant risk to the environment (Dessalew
et al., 2017). The main potential reuse opportunities of
this material include: (1) its recycling as additive to con-
struction masonry materials, such as concrete, cement,
and brick (Ferraz et al., 2011); and (2) its regeneration via
chemical, physical, or biological methods. The latter up to
now is unable to replace totally virgin DE (Olajire, 2020).
Moreover, the thermal and acid or alkaline agent regener-
ation methods cannot be regarded as sustainable recycling
methods because of their low efficiency and serious sec-
ondary pollution to the environment as well as high pro-
cessing costs (Li et al., 2015). On the contrary, the biological
methods appeared to be not only almost zero cost-effective
but also capable of improving the adsorption capability of
brewery-spent diatomite toward dyes and heavy metals
from polluted wastewaters (Gong et al., 2019).

In order to decrease DE consumption and thus reduce
DE sludge formation, it would be possible to resort to a
cleaner filtration technology, such as cross flow microfil-
tration, which has been applied successfully in other
food sectors over a long period of time (Cheryan, 1998).
Unfortunately, so far, its application to beer clarification
has been penalized by average permeation fluxes (50—100
L m2 h™!) of about one-fifth of that obtainable (250-500
L m™ h™') with conventional kieselguhr filters (Buttrick,
2010), which are also dependent on the initial turbidity of
rough beer (Cimini and Moresi, 2014). Only by submit-
ting pre-centrifuged rough beer to a specific enzymatic
(i.e., Brewers Clarex®) treatment and then to clarification
at 30°C using ceramic 1.4-um hollow-fiber membrane
modules, it was possible to limit the in-bottle chill-haze
formation more effectively than with the PVPP treat-
ment, and what is more to enhance the average perme-
ation flux up to 2,000 L m= h™! with no filtration residues
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to be disposed of (Cimini and Moresi, 2018a,b, 2020).
Final polishing of the resulting beer permeates through
0.45-pm cartridge filter, resulting in a brilliant, colloidally
stable, and microbiologically safe beer ready to be packed
aseptically without any thermal pasteurization (Cimini
and Moresi, 2020).

End of Life of Brewing Biotic Materials

In large-size breweries, wet BSGs, as well as hot trub
and BSY, are generally used as feed supplement for
both ruminants and nonruminants (Cimini and Moresi,
2016; Kerby and Vriesekoop, 2017). How craft brewer-
ies generally deal with the disposal of their byproducts
is practically unknown, especially in Italy. By resorting
to the information provided by 90 British craft brewers
interviewed by Kerby and Vriesekoop (2017), BSGs were
destined to feed formulation by about 94% of the rural
craft breweries, while the remainder was nearly equally
directed to composting or landspreading. The urban
counterparts exhibited almost the same disposal sce-
nario, although in smaller craft breweries the percent-
age of BSGs used as feed ingredient reduced to ~76% at
the expense of that converted into compost (20%). It was
also noted that a large rural brewery worked in part-
nership with a local pig farmer to breed pigs with BSG
and serve the resulting pork meat in its own tap house.
Altogether, animal feed was the primary route of BSG
disposal, this mirroring the practices of industrial-size
breweries.

Regarding spent hops/hot trub, their residual bitterness
prevents them from being used as an animal feed.
Nevertheless, owing to its minimum amount (0.2-0.4 kg
hL™! beer; Table 1), such a byproduct can be appropri-
ately added to BSG to formulate feed that is not rejected
by cattle. Nevertheless, the UK craft breweries appeared
to reuse it as fertilizer (~40%) or compost (~40%) or dis-
pose it of in the landfill (7-10%), as reported by Kerby
and Vriesekoop (2017).

Even if the majority of breweries reuses yeast to inocu-
late the next batch of wort, 2—4 kg of surplus yeast per
hectoliter of beer (Table 1) is disposed of as BSY. Among
the smaller rural and urban craft breweries, the primary
disposal method (55-60% of the overall amount) was
through municipal sewage system, although such per-
centage decreased with increase in the size of brewery.
Altogether, 10% of small urban craft breweries, as well as
20% of medium- and larger-size rural craft breweries, got
rid of BSY as animal feed. Similar proportions were used
for composting and fertilizing purposes. Other uses, such
as mixed substrate for anaerobic digestion or inoculum
for the fermentation step of a distillery, were additionally
pointed out by Kerby and Vriesekoop (2017).

The techno-scientific literature is full of proposals about
the potential uses of brewery wastes (Aliyu and Bala,
2011; Cook, 2011; Huige, 2006; Jackowski et al., 2020;
Karlovi¢ et al., 2020; Kusch-Brandt et al., 2019; Mussatto,
2009; Neylon et al., 2020; Rachwal et al., 2020). Despite,
they are acclaimed as a panacea for most of the world’s
problems, their high moisture content (Table 1) makes
them perishable very quickly and de facto unreusable,
especially in the human food chain. By accounting for
the waste hierarchy set out by Directive 2008/98/EC (EU,
2008) and Garcia-Garcia et al. (2015), Figure 4 shows a
ranking of their potential upgrading proposals.

Malt barley rootlets

Malt barley rootlets (MBR) are removed from malted bar-
ley, since they impart a bitter aftertaste to beer (Karlovi¢
et al. 2020). Table 6 classifies their potential applications
in accordance with the food waste hierarchy illustrated
in Figure 4.

If their mycotoxin content is low, MBRs should be first
used as a food ingredient, thanks to their high protein
and fiber contents (Table 1). Some of their applications
are summarized in Table 6. Regardless of representing
the second priority choice (Figure 4), MBRs are nowa-
days quite exclusively utilized by the animal feed industry
(Table 6). As the third priority choice, MBRs could be used
as substrate for extracting several valuable products, such
as enzymes and antioxidants, or for microbial cultivation
and fermentation. The Achilles’ heel of their extraction
processes is the need for complex and expensive purifica-
tion steps to fractionate the enzyme of choice from quite
numerous other unsought enzymes. In fact, it was found to
be more effective and easier to obtain nucleotide extracts
from the autolysis of selected high-ribonucleic acid con-
taining baker’s yeasts than from MBRs (Sombutyanuchit
et al., 2001). In addition, the commercial interest for using
such extracts in food and cosmetics is limited due to high
operating costs of their extraction processes (Bonnely et
al., 2000). Concerning their use as an economic alterna-
tive to the conventional de Mann, Rogosa, Sharpe growth
media (Laitila et al., 2004), it must be remarked that such
investigations were performed in laboratories only and did
not account for the market size of such a growth medium
and thus for its real processing costs, as well as the impact
of MBR market price on the final product. Finally, the
so-called optimized lactic acid production from BSG and
MBR hydrolysate by Radosavljevi¢ et al. (2020) did not
account for the problematic recovery of lactate from such
an exhausted production medium. This phase would be
by far more complex than the traditional one (Moresi and
Parente, 1999), which relies on the purer carbon sources
(e.g., raw sugar extracted from sugar beet or sugarcane,
and corn starch hydrolysates) used by world’s largest
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Figure 4. Potential uses of main brewery wastes (e.g., bar-
ley rootlets, brewer’s spent grain, spent hops/hot trub, brew-
er's spent yeast) as described in the literature and ranked
according to the food waste hierarchy set out by Directive
2008/98/EC (EU, 2008) and Garcia-Garcia et al. (2015).

BARLEY
ROOTLETS

Circular economy in the brewing chain

lactate manufacturers such as BASF, Galactic, Musashino
Chemical, and Dow (Grand View Research [GVR], 2021).
As the fifth priority choice being reported in Table 6,
MBRs are converted into biochar, its use for soil amend-
ment (Chan et al., 2007), as a sorbent for several water
contaminants (Grilla et al., 2020; Neylon et al., 2020), or
as a catalyst in the transesterification step of biodiesel pro-
duction (Tsavatopoulou et al., 2020).

Finally, as the least preferable waste management options,
MBRs might in all probability be used for composting
and landfilling (Table 6).

Brewer’s spent grains

Figure 4 shows how the food waste hierarchy specified
by Directive 2008/98/EC (EU, 2008) could be applied to
manage the disposal of BSG according to circular econ-
omy template.

In the first place, because of their high protein and fiber
contents (Table 1), such spent grains could be used in
the food industry. The technical literature reports quite
an innumerable list of food applications (Aliyu and Bala,

Table 6. Main potential uses of malt barley rootlets (MBR) as classified according to the food waste hierarchy shown in Figure 3.
Food waste Main MBR
hierarchy reuses Remarks and references
1 Food Neylon et al. (2020) listed a series of food products, such as bread, biscuits, and sausages, enriched with
formulation different aliquots of MBRs as such (Chis et al., 2020) or fermented with Lactobacillus plantarum sp. (Waters et
al., 2013) to improve their nutritional properties.
2 Feed additive MBRs are generally blended with other malting byproducts (e.g., barley dust, malt dust, and small-size barley
grains) and compressed to obtain the so-called malt residual pellets with a bulk density and a protein content
of about 600 kg m= and 18% (w/w), respectively (The Maltsters Association of Great Britain [MAGB], n.d.).
Owing to the potential high risk of being contaminated by mycotoxins, such pellets must be appropriately dosed
before feeding, for instance, weaner piglets, which are as sensitive to zearalenone as humans (MAGB, n.d.).
3 Source of MBRs are a source of invertase, superoxide dismutase, nucleases, phosphotransferase,
enzymes phosphomonoesterase, and especially 50-phosphodiesterase (Neylon et al., 2020). In particular, the latter is
used commercially to make nucleotides (Sakaguchi et al., 1963; Sakaguchi and Kuninaka, 1965) for enhancing
the flavor of broths and soups (Yamaguchi, 1998).
Source of MBRs are also a source of natural antioxidants, including ascorbic acid and glutathione, potentially useable in
multicomponent food and cosmetics (Bonnely et al., 2000).
extracts
Microbial growth ~ MBRs were used as a cheap growth and storage medium for lactic acid bacteria (Neylon et al., 2020). It had
substrate an estimated 20% lower price with respect to that of the conventional de Mann, Rogosa, Sharpe growth media
(Laitila et al., 2004).
Bioproduct Hydrolysates of MBRs and brewers’ spent grains were used as substrate for lactic acid production
substrate (Radosavljevic et al., 2020).
5 Activated MBRs were converted into biochar upon heating at ~450°C in a pyrolysis plant (Chan et al., 2007). Its
carbon application at rates more than 50 Mg/ha in conjunction with N fertilizer (100 kg N/ha) improved not only the
fertilizer effectiveness but also soil quality (Chan et al., 2007). The biochar sorbent properties for several water
contaminants (e.g., chlorine, chloroform, chromium, mercury, methylene blue, phenanthrene, trimethoprim, and
uranium) were reported by Grilla et al. (2020) and Neylon et al. (2020). Untreated MBR biochar was also used
as a catalyst in the transesterification step of biodiesel production (Tsavatopoulou et al., 2020).
Composting
Landfilling
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2011; Cook, 2011; Huige, 2006; Jackowski et al., 2020;
Karlovi¢ et al., 2020; Mussatto, 2009; Rachwal et al.,
2020). Table 7 lists such applications in accordance with
the food waste hierarchy shown in Figure 4.

In particular, the BSG fortification of food products
had no effect on the taste, smell, and consistency of
the final product of choice, as well as on its apprecia-
tion by the end consumer on condition that it was not
greater than 10% (w/w) in dry pasta (Nocente et al.,
2019) or 25-30% (w/w) in bread (Stojceska et al., 2008)
and snacks (Petrovic et al., 2017). Of course, such for-
tified foods had greater fiber content and a lower gly-
cemic index (Kirjoranta et al., 2016). When 15 parts of
BSG were homogenized with a pre-emulsion made of
5 parts of carboxymethyl cellulose and 80 parts of ice,
such addition to chicken meat batters at 20-25% level
resulted in reduced-fat chicken sausages with an over-
all sensory acceptability not statistically different from
that of a reference product prepared with 15% pork back

fat (Choi et al.,, 2014). On the contrary, conventional
chicken patties exhibited net improvement in their
cooking loss, consistency, color, and sensory properties
if they included no more than 3% BSG (Kim et al., 2013).
BSG was also used to prepare a probiotic drink (Tan et
al., 2020). However, since experimental trials have been
so far performed in Erlenmeyer flasks with no sensory
tests and no cost—benefit analysis, such alternative use
of BSG as a novel nutritional beverage appears to be very
premature. Even other food applications listed in Table
7 have been tested in laboratory only. Nevertheless, as
Anheuser-Busch InBev, a leading brewer of the United
States, realized that it had to dispose of about 1.4 mil-
lion Mg of BSG annually, it started a new company
called EverGrain to convert BSG into a low-starch, pro-
teinaceous, and fibrous material at a pilot-scale plant at
Newark (New Jersey, USA). Owing to its successful use
in the preparation of several foods and beverages (e.g.,
plant-based milk, bread, pizza crust, pasta, granola bars,
meat alternatives, and smoothies), EverGrain decided to

Table 7. Main potential uses of brewer’s spent grain (BSG) as classified according to the food waste hierarchy shown in Figure 3.

Food
waste Main BSG
hierarchy reuses Remarks and references
1 Partially It can be recovered from the uppermost layers of BSG discharged after lautering. Since it contains undigested
exhausted raw starch, it might be integrated with appropriate doses of fresh malt and reused in the subsequent wort batch to
material produce low-alcohol or alcohol-free beers (Ziircher and Gruss, 1990).
High-protein It was used to:
and high-fiber (a) Enrich soft wheat flour and formulate:
containing (i) breads (Steinmacher et al., 2012),
ingredient (i) breadsticks (Ktenioudaki et al., 2012),
(iii) cookies (Kissell et al., 1979; Petrovic et al., 2017), and
(iv) baked snacks (Kirjoranta et al., 2016; Ktenioudaki et al., 2013).
(b) Enrich hard wheat semolina to prepare several dry pastas (Cappa and Alamprese, 2017; Nocente et al., 2019).
(c) Reduce fat content in some meat products:
(i) frankfurters (Ozvural et al., 2009),
(i) smoked sausages (Nagy et al., 2017),
(iif) chicken sausages (Choi et al., 2014), and
(iv) chicken patties (Kim et al., 2013).
Main substrate Upon suspension of 200 g L= of pre-ground BSG in sterile water, and fermentation of the resulting medium with
for probiotic Bacillus subtilis WX-17 (i.e., rod-shaped, Gram-positive bacteria generally recognized as key health promoter), it
beverages was recovered as a liquor rich in viable cells (7.2 x 10° CFU mL™"), several essential amino acids, and citric acid
cycle intermediate metabolites, and with a high antioxidant activity (Tan et al., 2020).
2 Feed additive BSG can be used to feed
(i) cattle (Cimini and Moresi, 2016),
(i) pigs (Kerby and Vriesekoop, 2017),
(iii) aquaculture fish (Nazzaro et al., 2021),
(iv) poultry (Rachwat et al., 2020), and
(v) edible insects (Mancini et al., 2019).
3 Source of The recovery of proteins, as such or hydrolyzed to formulate vegan foods, asks for quite complex extraction and
proteins purification processes using alkaline (Du et al., 2020) and/or acid solutions (Qin et al., 2018), subcritical water at
200°C and 40 bar (Du et al., 2020) or 185°C and 50 bar (Alonso-Riafio et al., 2021), hydrothermal pretreatment at
60°C, ultrasound-assisted enzymatic pretreatment (Yu et al., 2020), or steam explosion (Rommi et al., 2018).
Source of Recovery of polyphenolics was performed using quite different processes, namely alkaline hydrolysis, enzymatic
polyphenolics hydrolysis, acetone-water, or ethanol-water extraction as such or assisted by ultrasound or microwave, or
supercritical carbon dioxide extraction (Jackowski et al., 2020; Karlovi¢ et al., 2020; Rachwal et al., 2020;
Stefanello et al., 2018.
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Food
waste Main BSG
hierarchy reuses Remarks and references
Source of Such polysaccharide consists of two monomers (xylose and arabinose) and may be recovered from BSG using
arabinoxylan the integrated process as set up by Vleira et al. (2014) where increasing concentrations of KOH or NaOH allowed
(AX) ~83% of total proteins and ~70% of total arabinoxylan to be extracted sequentially. The efficiency of such a
process was further improved with the help of ultrasound (Reis et al., 2015) or microwaves (Coelho et al., 2014).
Source of These were recovered by submitting BSG or other brewery wastes to water leaching under moderate conditions
multicomponent  (Almendinger et al., 2020). Their carbohydrate or amino acid concentration was generally smaller than 10 mg per
extracts g DM or 2 mg per g DM, respectively. Thus, their biological activity should be significantly enhanced to be properly
utilized in cosmetic products (Almendinger et al., 2020).
Source of Such nanofibers could be used as emulsion or dispersion agents in food preparations (Rachwal et al., 2020). Their
cellulose recovery from dried BSG required quite a complex procedure consisting of the following steps: primary alkaline
nanofibers treatment with 0.1-M NaOH at 60°C for 2 h to get rid of proteinaceous matter; bleaching of the lignocellulose residue
with 0.7% (w/v) sodium chlorite at a boiling point for 2 h; filtering and residue resuspension in 5% (w/v) sodium
bisulfite at room temperature for 1 h; filtering and washing with distilled water; secondary alkaline treatment with
17.5% NaOH at room temperature for 8 h; washing and dispersion in water at 1.5% (w/v); and final homogenization
at 700-800 bar for 20 cycles (Mishra et al., 2017). However, no information about their processing costs is available.
Microbial It was used as a growth substrate for several microorganisms, such as Escherichia coli, actinobacteria,
growth Bifidobacterium adolescentis, Lactobacillus spp., and yeasts in alternative to expensive nitrogen sources, such as
substrate yeast extract and peptone (Cooray et al., 2017; Rachwat et al., 2020).
Mushroom It was used to cultivate mushrooms, such as Pleurotus ostreatus, Lentinula edodes, and Hericium erinaceus. The
substrate trials carried out at the Mycoterra Farm (Westhampton, MA, USA) suggested not only that BSG should be handled
with care to avoid cross-contamination of laboratory environment but also that grain savings from BSG substitution
were not so significant to support such a use financially, especially in spawn stages (Mycoterra Farm, 2015).
Bioproduct BSG was used as substrate for several bioproducts (Rachwat et al., 2020), such as succinic acid (Cooray et al.,
substrate 2017), microbial oil (Saenge et al., 2011), fatty acids and carotenoids (Zalynthios and Varzakas, 2016), xylitol
(Mussatto and Roberto, 2008), pullulan (Singh and Saini, 2012), or citric acid (Femi-ola and Atere, 2013).
Microbe- It was used to immobilize yeasts (Branyik et al., 2001).
immobilizing
carrier
4 Additive for BSG was used as an environment-friendly reinforcement or filler component in:
bio-composites 1. polyurethane foam composites, even if the foam matrix was found to be less compatible than that using
ground tire rubber (Formela et al., 2017);
2. food packaging trays made of BSG, potato starch, glycerol, and chitosan or glyoxal in replacement of
expanded polystyrene, even if their flexural strength (~3.8 MPa) decreased to 0.4 MPa after contact with water
(Ferreira et al., 2019);
3. clay bricks as substitute for sawdust at 5-15% of dried BSG in brick making (Ferraz et al., 2013); addition of
just 3.5% (w/w) of BSG yielded stronger, more porous, and less dense bricks than standard ones in large-scale
tests (Russ et al., 2005);
4. wood polymer composites by twin-screw extrusion of pre-dried BSG at 120-180°C, this lowering the specific
mechanical energy consumption by 20% and improving their thermal stability (Hejna et al., 2021).
5 Activated BSG, as such or pelletized, was converted into biochar via pyrolysis and micro-gasification under high-temperature
carbon (400-500°C) and low-oxygen conditions with an average yield of 18.6% (w/w) (Sperandio et al., 2017). Activated
carbon from BSG exhibited adsorption capacity for metallic ions, phenolic compounds, and color quite similar or
even effective than that of their commercial counterparts (Mussatto et al., 2010).
6 Composting A proper dosage of wet BSG with a lignocellulosic bulking agent (e.g., wheat straw) and sheep or pig manure
favored its appropriate composting (Assandri et al., 2021).
7 Biomass fuel BSG could be used as a:

(i) solid biomass having a lower calorific value (LCV) of 13.7 + 0.7 MJ kg~" at ~8% (w/w) moisture content,
and a positive economic return, its estimated production cost and its market price being €110-140 kg~! and
€230-270 kg™, respectively (Sperandio et al., 2017);

(ii) hydrochar, a coal-like product obtained by hydrothermal carbonization in a closed reactor at 180-280°C and
2-6 MPa for 5- 240 min (Jackowski et al., 2019);

(iii) substrate for production of bioethanol upon acid pretreatment and inoculation of single or mixed microbial
cultures, such as Pichia stipitis and Kluyveromyces marxianus (White et al., 2008), Saccharomyces cerevisiae
and Aspergillus oryzae (Wilkinson et al., 2017), and Fusarium oxysporum (Xiros et al., 2008);

(iv) substrate for BSG anaerobic digestion in continuously stirred bioreactors yielding from 0.56 g (Wang et al.,
2015) to 0.81 g (Vitanza et al., 2016) of biomethane per gram of total organic matter, even if both yields and
kinetics were implemented by resorting to microwave-assisted alkaline pre-treatment (Kan et al., 2018) or by
supplementing 5% biochar (Dudek et al., 2019) or trace elements (Bougrier et al., 2018).

(continued)
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Table 7. (Continued)

Food

waste Main BSG

hierarchy reuses Remarks and references

8 Organic BSG might be used as:

fertilizer (i) organic fertilizer because of its P, K, protein, cellulose, lignin, and hemicellulose contents; the mixture of
BSG (5 Mg ha™") and NPK fertilizer (200 kg ha~") affecting positively the growth of maize and increasing soil
aggregation (Nsoanya and Nweke, 2015);
(ii) biofertilizer useful against soil-born insects; once BSG is inoculated with the spores of entomopathogenic fungi

Beauveria bassiana the, accumulation of 10 metabolic compounds in the fermented biomass is found to be
effective against Galleria mellonella larvae (Qiu et al., 2019).

9 Landfilling Wet BSG is landfilled by 7-10% of the UK craft breweries (Kerby and Vriesekoop, 2017).

build its first full-scale production facility at Anheuser-
Busch’s historic headquarter in St. Louis, Missouri
(EverGrain, 2021). Thus, it is highly probable that more
amounts of BSG would be utilized in the food sector and
no more diverted to the second option of food waste
hierarchy depicted in Figure 4.

The second waste disposal prospect (Figure 4) is used
by most of the industrial and craft breweries to dispose
of fresh BSG as feed additive in animal and insect nutri-
tion (Table 7). To this end, under the EU Regulation No.
183/2005 (EU, 2005), food companies (including brew-
eries) willing to sell their byproducts as feed materials
are to register with their local authorities and develop
a specific hazard analysis and critical control point
(HACCP) plan to comply with traceability requirement
and keep the risk of biological, chemical, and physical
contamination of food wastes as low as practically attain-
able. Additionally, because of high moisture content
(Table 1), BSG is so perishable that it must be fed within
2 or 3 days of manufacture unless it is stored at 5°C, dried
or pickled (Jackowski et al., 2020). Whereas its drying is
hardly practiced, since the high operating costs are not
rewarded by the final feed use, pickling is a low-cost
operation capable of extending the shelf life of BSG with
no counter effects on its quality (Jackowski ez al., 2020).

The third waste disposal prospect (Figure 4) involved the
use of BSG as substrate for extracting proteins, polyphe-
nolics, arabinoxylan (AX), and cellulose nanofibers, or
for microbial growth and fermentation, as summarized
in Table 7.

The recovery of proteins from BSG is not an easy task.
For instance, upon suspending about 100-g BSG in 1 L
of aqueous NaOH (pH > 11) at 40°C for 2 h, and centri-
fuging, it was possible to recover a protein-rich precipi-
tate with an extraction yield of about 21% and purity of
60% (DU et al., 2020). Further extraction of such a res-
idue with subcritical water at 200°C and 40 bar for 20
min enhanced protein extraction yield by an extra 7%
(DU et al., 2020). Subsequent alkaline and dilute acid

pretreatments boosted the extraction yield to ~95% with
the counter effects of greater solubilization of carbohy-
drates and lignin and a lower purity of proteins—this
making by far more difficult the protein separation and
purification steps (Qin et al., 2018). Similar problems
affect the recovery of polyphenolics and arabinoxylans
from BSG (Jackowski et al., 2020; Karlovi¢ et al., 2020;
Rachwal et al., 2020). Moreover, the resulting extracts
rich in ferulic and p-coumaric acids had to be micro-en-
capsulated not only to mask their pungent odor and
bitter taste conveyed to fortified fish burger but also to
prevent their degradation (Spinelli et al., 2016).

Finally, the suggested use of BSG as inexpensive substrate
for several bioproducts (Rachwal et al., 2020) relies on tests
carried out in laboratory with no account for their feasibility
and processing costs in pilot and/or industrial plant. The use
of BSG as a remunerative substrate per citric acid produc-
tion was, for instance, just puerile, since it was drawn in the
absence of any comparison among the citric acid yield fac-
tors and production rates in laboratory and industrial plant.
Moreover, it is not known which bioproduct recovery and
purification steps are to be used when dealing with a mul-
ticomponent matrix such as BSG instead of glucose syrups
currently utilized (Moresi and Parente, 1999) by the world’s
largest citric acid manufacturers such as Anhui, Archer
Daniels Midland, Cargill, Huangshi Xinghua Biochemical,
Jungbunzlauer, Tate & Lyle, etc. (GR-Store, 2021).

In accordance with the fourth and fifth waste manage-
ment options (Figure 4), BSG could be used to reinforce
different biocomposites or produce activated carbon and
biochar, as provided in Table 7. Even if the adsorption
capability of biochar might help to improve water and
chemical fertilizer retention in agricultural soils, as well as
limit their nitrate leaching and N,O and CH, emissions,
no cost—benefit analysis has been carried out so far.

Concerning the sixth waste management option
(Figure 4), BSG may be composted on condition that it
is mixed with wheat straw and sheep or pig manure to
adjust its initial moisture content (60—65% w/w), carbon/
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nitrogen (C/N) ratio (20:30), and pH (5.5-7.5) (Assandri
etal., 2021).

The seventh waste disposal option shown in Figure 4
refers to the utilization of dried BSG as a solid biomass—
its lower heating value ranging from 76 to 90% of 15-18
MJ kg of the majority of solid biomasses with ~10%
moisture content (Paladi, 2013).

Regarding hydrothermal carbonization of wet BSG, the
resulting hydrochar could be used as biofuel, feedstock
for gasification, soil additive for nutrient enrichment,
adsorbent, or precursor of activated carbon (Jackowski
etal., 2019).

Although no information is currently available about the
economic practicability of BSG conversion into hydrobio-
char or bioethanol, production of biogas from BSG was
regarded as economically unviable unless the process
included coproduction of other more profitable products
(Gonzalez-Garcia et al., 2018). The enzymatic hydrolysis
of cellulose, hemicellulose, and lignin would facilitate the
release of fermentable sugars and thus improve the con-
version yield into bioethanol or biomethane per unit mass
of the lignocellulosic material consumed. However, it is
still unknown, how the market price of commercial cellu-
lolytic enzymes would affect the biofuel production costs.

As given in Table 7, BSG might be disposed of as an
organic fertilizer per se or pre-fermented to be effective
against soil-born insects (Qiu et al., 2019).

Finally, BSG could be landfilled as the least preferable
waste management alternative as shown in Figure 4.

Most of the above-mentioned potential uses of BSG are
also elucidated by a recent bibliometric analysis carried
out by Sganzerla et al. (2021), where up to 510 papers over
the last 30 years were retrieved from the Web of Science®
database. Globally, 65 countries have been involved in
studies linked to BSG, and Brazil has been the most pro-
ductive nation with up to 70 papers. It was demonstrated
that a great interest existed in the valorization of BSG,
even if no feasibility study was identified to sustain any of
such research activities on an industrial scale. Although a
bibliometric study pointed out the possibility of develop-
ing a biorefinery using BSG as raw material, it underlined
the difficulty of identifying the most appropriate and
economically viable chemico-physical or enzymatic pro-
cesses applicable to upgrade the product yield of choice
as well as to lower their environmental effects.

Spent Hops/Hot Trub

Figure 4 shows the main disposal methods of spent
hops/hot trub, these being ranked according to the

Circular economy in the brewing chain

above-mentioned food waste hierarchy. Beyond the
methods reviewed by Kerby and Vriesekoop (2017), it is
worthy pointing out the possibility of fractionating about
0.11 g of a series of mono- and sesqui-terpenes from 100
g of dry HT by hydrodistillation—these essential oils
acting as natural repellents against two Coleoptera (i.e.,
Rhyzopertha dominica and Sitophilus granaries) that
cause big economic loss to stored foods (Bedini et al.,
2015). Obviously, even in this case no cost—benefit anal-
ysis was carried out to measure the real applicability for
such eco-friendly repellents.

Brewer’s Spent Yeast

Figure 4 illustrates the real and potential disposal
methods of BSY as classified according to the above-
mentioned food waste hierarchy.

Although BSY has long been used to produce a dark-
brown food spread named Marmite (this being invented
by the German scientist, Justus Freiherr von Liebig,
and nowadays produced by Unilever in the United
Kingdom), none of the 90 craft breweries interviewed
by Kerby and Vriesekoop (2017) supplied BSY to any
Marmite factory, probably because of the small amounts
available. Marmite is a rich source of vitamin B com-
plex, which is spread on bread, toast, or crackers and
imparts the so-called umami taste, typical of the amino
acid L-glutamate and 5’-ribonucleotides. Its main ana-
logues are the Australian Vegemite, Swiss Cenovis,
Brazilian Cenovit, and German Vitam-R (Wikipedia,
2021).

Owing to its high protein content (Table 1), BSY can
be converted into protein concentrates and isolates
(Karlovi¢ et al., 2020). It is directly added to energy
bars in the proportion of 10-30% (w/w) to significantly
increase their protein and phytic acid contents as well as
density (Stojceska et al., 2008). BSY is used as a source
of food-grade yeast extracts. NaCl- or saponin-induced
autolysis of cell yeast gives rise to yeast extracts contain-
ing different free amino acid contents as well as peptides
of diverse molecular masses. In this manner, these can be
used to tailor-make novel functional foods having pecu-
liar taste profiles, or more conventionally to enhance the
flavor of food products by dosing appropriately specific
components, namely, nucleotides, peptides, and amino
acids (mainly glutamic acid; Podpora et al., 2016).

Notwithstanding the fact that it is used to formulate ani-
mal feed as the second option of the above-mentioned
food waste hierarchy (Figure 4), wet BSY combined
with BSG and hot trub is primarily sold to farmers as a
low-cost feed additive, especially by large-size breweries
(Cimini and Moresi, 2016).
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Owing to its high moisture content and chemical compo-
sition (Table 1), BSY degrades easily. Thus, before being
administrated to animals, BSY must be dried or stabi-
lized by adding organic acids to avoid its fermentation
in the gastrointestinal tract of animals, especially pigs,
which are highly sensitive to such disorders (Crawshaw,
2004). Wet BSY is mainly used to feed cattle, but its high
digestibility has to be checked for other animals, such as
fish, horses, turkeys, hens, and swine (Crawshaw, 2004).

The third waste management option in Figure 4 sug-
gests using BSY as a source of several useful compounds,
such as enzymes (Ferreira et al., 2010) and especially
invertase (De Ledn-Gonzélez et al., 2016), polypheno-
lics (Vieira et al., 2016), ergocalciferol used in vitamin
D deficiency (Metzger et al., 2012), saccharides such
as B-glucans (Thammakiti et al., 2004), and trehalose
(Mahmud et al., 2010). In particular, B-glucans extracted
from BSY are used to replace partially fat in mayonnaise
to lower its energy value and improve its storage stability
(Worrasinchai et al., 2006). BSY are also used as a growth
medium for Lactobacilli and Pediococci (Champagne
et al., 2003).

All the above-mentioned BSY applications are experi-
mented in laboratory without any cost—benefit analysis
to assess their real feasibility.

Finally, BSY can be used as a fertilizer by compost-
ing or land spreading, although these waste manage-
ment options are the least preferred ones to be applied
(Figure 4).

Concluding remarks

To conclude, this analysis was about the potential utili-
zation of brewery wastes. It is worth summarizing the
results of an economic market analysis carried out by
Buffington (2014) on the assumption of feeding a bio-
refinery located centrally with respect to two large-size
beer manufacturers in the United States with their BSGs
shipped “as-is;” that is, with an average moisture content
of 70% (w/w). Since the current acquisition cost of other
alternative agroforestry wastes, such as stalks and straws,
at an average moisture content of ~10% (w/w) is around
US$40 Mg, the effective acquisition cost for BSG would
be US$133.30 per dry Mg. Moreover, accounting for
the depreciation costs of bio-refinery, drying and stor-
age processing costs of BSG, logistic costs, and a 5% net
profit, the processed BSG market price would increase
up to US$179 Mg™. In this scenario, using BSG, as well as
other brewery wastes, as a biomass feedstock appears to
be in no manner market-justifiable. Moreover, direct dis-
posal of malting and brewery byproducts as animal feed

is the primary option for small-, medium-, and large-size
breweries, since it represents an avoided production of
feed and gives rise to quite a significant CO,, credits
equaling to about one-third of the contribution of pack-
aging materials (Table 5).

Conclusions

In the light of the concept of circular economy, the brew-
ing chain is expected to deal with the reuse of abiotic
(e.g., packaging materials and spent kieselguhr sludge)
and biotic (e.g., brewery wastes) materials to approach
the zero-waste objective.

The pros and cons of different packaging alternatives
(e.g., one-way, lighter, reusable, or recycled containers)
were analyzed. Even if the contribution of beer consump-
tion phase was taken into account, there was no definitive
result about the less environment-impacting beer pack-
aging format. Autonomous system for the direct man-
agement of PET packaging for liquid foodstuffs, recently
recognized by the Italian Ministry of the Environment,
might help to make available 100% R-PET flakes ready
to be reconverted into food-grade bottles with minimum
downcycling to other non-food uses.

Concerning numerous studies suggesting alternative uti-
lization of brewery wastes in nutritional as well as bio-
technological fields, it was pointed out that the majority
of these was just tested in laboratory and included no
cost—benefit or market analysis. Even when the concept
of biorefinery was stressed upon as an interesting strat-
egy to upgrade brewery wastes, none of the final bio-
products obtained seems to be market-justifiable, mainly
because the estimated market price of dried BSG was
about 450% higher than that of conventional lignocellu-
lose residues. Except for the Anheuser-Busch’s initiative of
quickly converting wet brewer’s grains into a low-starch
and high-protein and high-fiber containing ingredient
for foods and beverages, the high moisture content of all
brewery wastes makes them perishable to prevent their
safe usage in the human food chain. Their prompt use as
an animal feed appears to be the only disposable method
not only economically feasible but also able to lower by
about one-third the GHG load of packaging materials. Not
by chance, it is currently practiced by both industrial and
craft breweries. All other alternative uses, hailed in the lit-
erature as a panacea for most of global problems, appear
to be more useful for publishing articles than for defining
any economically feasible reusing procedure for all the
brewery wastes of concern. Under these circumstances,
to support its transition toward a circular economy, the
beer industry must primarily reduce, reuse, recycle, and
recover as much as possible the beer packaging materials.
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