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Abstract

The generation of residual streams and wastes is a common constant in all productive processes. The brewing sector gener-
ates a large quantity of residual by-products which can be sustainably reused within the industry to contribute to cover the
energy requirement of the process and at the same time to contribute to minimize the amount of waste that is sent to landfills.
In this paper the feasibility and advantages of incorporating a stage for energy recovery from some of the solid wastes gen-
erated during the process as part of the circular economy approach is presented. La Cibeles, a local small size beer process
is taken as a real example. In a brewing process the main wastes that are produced are: grain husks, yeast and CO,. Out of
the three, the most important one is the grain husk or brewers’ spent grain that can make around 85% of the total waste of a
brewery. The results presented in this study show that, by gasification of brewers’ spent grain, not only the final volume of
the residue to be disposed is considerably minimised, but also it is possible to obtain a net economic saving of around 22%

in the consume of fossil fuels used in the brewing process when the syngas produced is used for heat generation.

Keywords Circular economy - Energy recovery - Waste gasification - Beer bagasse - Brewers’ spent grain

Statement of Novelty

In this article a real example of energy recovery from waste
in the beer industry is presented. We provide a technologi-
cal alternative process that can be economically attractive
for an industrial beer process: the recovery of the energy
contained in the waste and its use onsite following the sus-
tainability principle of the circular economy. Gasification
was the waste-to-energy technology selected and all the
process steps from waste generation and conditioning to
energy production and final application were described and
the application of the proposed solution to a local craft brew-
ery is presented. This article shows how gasification of beer
bagasse in the beer industry can reduce the external energy
requirements covered by fossil fuels

< 1. Ortiz
isabel.ortiz@ciemat.es

1" Sustainable Thermochemical Valorisation Unit, CIEMAT,
Adv. Complutense 40, 28040 Madrid, Spain

Introduction

Brewing sector holds a strategic economic position with
annual production in Europe of 400 million hectolitres
which places EU as the second largest beer producer in the
world [1]. The European brewery sector is extremely var-
ied, including world’s largest brewing companies but also
numerous small and mid-size, independent breweries. In
2013 there were 4460 breweries in the European Union and
this number increases every year and the total beer sales in
2010 reached Euro106 billion, which corresponded to 0.42%
of the GNP (gross national product) of the European Union
[2].

The craft brewing industry in many countries has under-
gone a rapid expansion in the number of breweries and has
gained market share from the larger (inter)national breweries
[3]. In Spain, craft breweries production increase 36% in
2017 with 170.000 hectoliters distributed in 477 companies.
In 2018 an increase of 38% was expected and this trend is
expected to be maintained in the medium term as evidence
in the fact that in April 2018 the number of craft breweries
reached 511 [4].

The most significant environmental issues of this indus-
trial sector include water consumption, wastewater, solid
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waste and by-products generation (such as yeast), energy use
and emissions of CO, to the atmosphere. In general, brew-
ing processes are energy intensive and involve the use of
large volumes of water and large production of solid wastes
(<50 kg/m3) [5] which in the context of a linear economy
approach will finally end up in landfills.

However, in a circular economy approach, a new per-
spective allows to see wastes as resources, useful for other
processes, within or without the industry that produces them.
Approaches following the circular economy principles could
provide cost savings up to 20% for various industrial sec-
tors such as food, beverages, textiles and packaging [6].
Moreover, the annual net benefits for EU-27 business of
implementing resource-efficiency/circular economy meas-
ures such as waste prevention or recovery of materials in
an industrial process can represent an average of 3—8% of
annual turnover [7].

In this context the brewery industry is following different
approaches for increasing energy efficiency and reducing
wastes (wastewater, solid wastes) and CO, emissions. Both
on-site and off-site solutions are nowadays being applied [8]:
as an off-site solution for solid wastes many breweries have
built efficiency and waste reduction into their core business
by working with local farmers to reuse the brewers spent
grain (BSG) mostly for feeding bovine cattle. For on-site
solid waste treatment two options are available: compost-
ing and a waste-to-energy approach, including anaerobic
digestion and thermochemical conversion processes (incin-
eration, pyrolysis, gasification). Up to now the most com-
mon waste-to-energy system used in the brewery industry is
anaerobic digestion but this option may not be feasible for
smaller breweries not being able to produce the quantity of
waste needed to make this approach cost-neutral. Therefore,
alternative solutions based on waste-to-energy can be con-
sidered as a suitable option in line with the position of the
CE regarding the transformation of wastes in energy and its
role on the circular economy [9].

Table 1 Potential application of BSG

In this paper the feasibility and advantages of recover-
ing the energy contained in wastes as one stage in the
application of the circular economy approach is presented
taking La Cibeles as a real example, a local small size craft
brewery. In the brewing process the main wastes that are
produced are: grain husks, yeast and CO,. Out of the three,
the most important one is the grain husk or BSG that can
account for around 85% of the total waste generation of
a brewery. Different applications have been studied for
valorisation of BSG. Some of them have been summarized
in Table 1. Due to its content in sugars and proteins, a sig-
nificant part of BSG is used for animal feeding, mostly for
bovine cattle, but in some cases this option cannot be the
most favourable one: depending on the amount of residue
produced, beer makers may need to paid for its removal
and if the brewery is far away from the end user farm it is
also frequent that farmers only accept to pay the price of
transportation for removing the bagasse and this option
can be expensive [10].

Among the waste to energy technologies available, the
anaerobic digestion is the most common one for BSG. But
the initial investment, CAPEX for acquiring the equipment
required is high as well as technical know-how to keep
the operation running smoothly is needed which may not
be feasible for small breweries. In the same way, small
breweries may not produce the quantity of waste needed to
make the waste-to-energy system a cost neutral or positive
investment [8].

In this work we provide a technological alternative pro-
cess that can be economically attractive for an industrial
beer process: the recovery of the energy contained in the
waste and its use onsite following the sustainability prin-
ciple of the circular economy. The application of the pro-
posed solution to La Cibeles, a Spanish local small beer
producer is presented.

Uses Issues Refer-
ences
Animal feeding - Cost of transporting [10]
- Unstable and susceptible to microbial contamination. Within three days (in summer even shorter) BSG cannotbe [11, 12]
used anymore as animal feed
Human diet - Need pre-treatment (dried, converted to flour) [10]
(bakery - Only for application in coloured products
products) - Incorporation of only small amounts (up to 100 g/kg) in food formulations has been recommended
- Drying pre-treatment required [10, 12]

- Dust and NOx emissions

- Pure digestion concepts suffer from low degradation rates and require long retention times because of high fibre [12]

and water contents
- Expensive

- Present poorer burning properties than those reported for sawdust charcoal, for example, because the ignition
temperature is higher and the burning period is longer

[10, 11]
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Approach and Methodology

Samples of BSG were provided by La Cibeles, a local craft
brewer located in Madrid (Spain). The first step was the
determination of the thermochemical potential of the beer
bagasse in order to select the most suitable thermochemical
technology for the maximization of energy recovery (com-
bustion, pyrolysis or gasification). The determination of the
most critical parameters including moisture, elementary
composition, heating value (HV), etc., was performed by
means of physicochemical and thermochemical characteri-
zation analysis which was carried out following the current
European standards for biomass feedstock that are summa-
rized in Table 2.

Based on the characterization results of the beer bagasse
and on the analysis of the energy requirements of the process
an evaluation of the suitability of the proposed solution was
performed. For the energy requirement of the process real
data have been used including bagasse generation (kg/m?
beer produced); steam requirements for heating (kg/m* beer
produced) and cooling necessities (kWh).

Finally, a flow chart of the proposed technical solution
applied to the real case considered has been designed.

Table 2 Standards methods used for physicochemical characteriza-
tion

Parameter Standard

Proximate analysis

UNE-EN ISO 18123:2016
Ash UNE-EN ISO 18122:2016
UNE-EN ISO 18134-2:2016

Volatile matter

Moisture
Ultimate analysis

C,H,N UNE-EN ISO 16948:2015

S, Cl UNE-EN ISO 16994:2017

Calorific value UNE-EN ISO 14918:2011

Hops

Milled Malt

Wort Kettle,

™=

kuterTun
BGS
Vapour

Fig. 1 Schematic beer brewing process

wort

Hot trub

Results
Brewing Process

The beer-brewing process studied consists of several sub-
sequent steps summarised in Fig. 1. Essentially, the brew-
ing process begins with the wort production. The milled
barley malt is mixed with water in a mash tun to convert
the malt starch in sugars. At the end of the process, two
streams are obtained in the lautertun: the insoluble under-
graded part of the barley malt grain or BSG and the wort.
Then, the wort is transferred to the kettle where it is boiled
with the hops. In the whirpool any malt or hop particles
are removed and after that, the wort is cooled down and
fermented in the fermentation tank. Yeast converts the
sugars’ wort into alcohol and carbon dioxide producing
the beer. In this craft brewing process, steps like filtration
or pasteurization, common in industrial processes, are not
carried out. The main wastes from the brewing process
are: BSG, yeast and CO,. The most important one is BSG
which means around 85% of the total waste of a brewery
so this work is focused on the use of this byproduct.

Data from the craft brewery were collected by inter-
views and summarised in Table 3.

The energy requirements of the brewing mainly come
from the thermal energy used, on one hand to heat up
the water for the mash and lautertun and to generate the
steam necessary for the boiling step and on the other hand
to cool down the wort before the fermentation step. It is
estimated that the 75% of the energy needed in the brewing
process is used in thermal form and only 25% is required
as electrical energy [13]. From the data of Table 3, it can
be understood that both requirements are similar but it has
to be taken into account that part of the electricity is used
to heat up and cool down the water used in the process.

co,

Yeast

Wort Cooler

]I

A

Cooler and separation

Whirlpool
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Table 3 Figures of brewing process

Parameter Quantity

Beer annual production 504 (m®)

Raw materials

Water 6 (m*/m? beer”)
Malt 200 (kg/m? beer)
Hops -

Yeast 50 (I/m’beer)

By-products produced
BSG 200 (kg/m? beer)
Hot trub 3 (kg/m3 beer”)
Yeast 0.2 (m*m? beer”)
Co, 33 (kg/m® beer”)
Energy requirements

CO, for transfer 3.7 (kg/m® beer)

Electricity 238 (kWh/m? beer)
Gasoil 371 (kWh/m>beer)
“Estimated
BSG Composition

BSG is composed by the mixture of the husks that cover the
original barley malt grain with part of the pericarp and seed
coat layers that are obtained as residuals solid mater after
the wort extraction step [10]. From an energy point of view,
the most important parameters to be taken into account are
the calorific value and the moisture content. To consider
thermochemical valorisation as a valuable solution, the fuel
must present some specific characteristics. In particular, a
high calorific value (> 15 MJ/kg) is required and moisture
needs to be kept in the range of 10-15%. Table 4 summa-
rises the physicochemical characterisation results obtained
for the BSG considered in this study. The results of two more
samples of BSG and wood pine chips (WPC), taken from
literature, are also added for further comparison. Although
it is reported that chemical composition can be affected by
factors such as the variety of the barley, the harvest time,
cultivation conditions, malting and mashing conditions and
the use of other cereals (adjuncts) for the wort elaboration
[14], no significant variations were observed in ultimate and
proximate analysis.

As it can be seen in Table 4 the results of the characteri-
zation analysis of BSG show promising perspectives for its
thermochemical valorisation. BSG shows a high calorific
value in dry basis (21 MJ/kg) which is in the same range to
other biomass as olive pits or fir mill [18] which are com-
mercially available for energy applications.

Due to the intrinsic characteristics of the beer making
process, which essentially can be regarded as boiling, the
moisture of the BSG is very high (76%). Consequently, a

@ Springer

drying stage is essential since high moisture not only reduces
the energy content but also increases the residue volume,
the handling and transportation cost, the instability of BSG
and the microbial contamination by filamentous fungi [11].

Furthermore, for energy applications other parameters
are also important such as the ash and volatile content and
the presence of some inorganic elements as nitrogen, sul-
phur and chlorine. As it is shown in Table 4, the results
obtained for BSG characterisation are relatively similar to
those found for a typical biomass used in thermochemical
processes (wood pine chips), especially in terms of volatile
fraction and fixed carbon content. Moreover, the BSG has
not only low ash content but also low content of alkaline
elements, which reduces the risk of operational problems
due to sintering phenomena. Therefore, and in the same way
than when WPC are used as fuel, a good performance can be
expected for BSG in a thermochemical process.

The content of nitrogen, sulphur and chlorine are impor-
tant to predict the formation and presence of contaminants in
the syngas generated and therefore the need of downstream
cleaning systems. For the BSG studied, the nitrogen and
sulphur content are relatively high compared with the typical
values found in wood chips, so these elements will have to
be taken into account in the design of any process solution.

BSG Drying

As it was mentioned above, the moisture content of BSG is
the major limitation in the energy balance so this step should
be designed carefully. BSG drying could be carried out using
different technologies, (thermal treatment, pressing, freeze-
drying...). The selection of the most suitable one depends
on numerous factors (quantity, final application of BSG...).
BSG pressing can reduce the water content to 20-30% using
membrane filter press. Although commercial systems are
available their cost requires continuous operation and there-
fore it is unlikely to be affordable to small scale brewers
[19]. In the same way, freeze-drying is economically unad-
visable [14]. So, in our case thermal treatment for BSG dry-
ing was chosen.

With the aim of reducing the cost of drying, a hybrid
solar-biomass greenhouse has been selected providing thus
a renewable source for heat exchange. With this system the
biomass can be dried to 10-15% using solar radiation and
other low temperature sources such as hot water from engine
cooling systems or from heat exchangers of combustion
gases. To achieve the maximum water evaporation target,
this system counts with four heat sources: solar radiant heat
directly focused on the biomass bed, hot air from solar col-
lector panels (thermosolar), radiant floor and hot air from
biomass as a fuel support [15]. Pérez et al. [15] studied BSG
drying in this system and found that the moisture content
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Table 4 Physicochemical BSGstudied BSG[I5] BSG[16] WPC[16] WPC[17]
characterization of BSG and
biomass of reference Moisture 76 81 - 3.84" 8.8" wt% a.r.
Ash 3 4 44 0.60 0.5 wt% d.b.
Volatile matter 79 77 - 80.0 83.1 wt% d.b.
Fixed carbon 18 19 - 19.4 7.6 wt% d.b.
HHV 21 21 22 19.6 18.5 Ml/kg d.b.
LHV 19 19 20 20.9 19.1 MJ/kg d.b.
Ultimate analysis
C 48.7 50.4 51.1 51.8 49.6 wt% d.b.
H 6.8 6.5 6.9 6.1 6.5 wt% d.b.
N 35 44 4.7 0.3 0.16 wt% d.b.
S 0.24 0.3 0.4 0.01 0.02 wt% d.b.
Cl 0.04 0.01 - - 0.02 wt% d.b.
(0] 37.6 343 325 41.2 433 wt% d.b.
Ash composition
AlL,O,4 0.16 - 0.80 5.10 34 wt% ash d.b.
BaO 0.02 - - - 0.06 wt% ash d.b.
CaO 5.6 - 13.7 33.6 36.4 wt% ash d.b.
Fe,0; 0.48 - 1.30 2.14 1.4 wt% ash d.b.
K,0 4.6 - 0.90 12.05 7.6 wt% ash d.b.
MgO 9.1 - 7.5 5.14 7.3 wt% ash d.b.
Mn,0, 0.16 - - - 1.4 wt% ash d.b.
Na,O 0.26 - 0.20 0.19 0.92 wt% ash d.b.
P,04 30 - 304 4.81 34 wt% ash d.b.
SO, 0.77 - - 1.62 3.5 wt% ash d.b.
SiO, 35 - 42.7 23.53 11.8 wt% ash d.b.
SrO 0.032 - - - 0.040 wt% ash d.b.
TiO, 0.012 - - 0.06 0.11 wt% ash d.b.
ZnO 1.5 - - - 0.082 wt% ash d.b.

a.r. as received, d.b. dry basis
“Pellet

can be brought down to below 20% using more than 90% of
renewable energy as shown in Table 5. Taken this work as
reference, it has been estimated the total energy necessary
for drying BSG from 76 to 10%. According to these estima-
tions, only 192 kJ/kggqg is the energy required to be used
from fossil fuels in this BSG drying process, as it is shown
in Table 5.

Pelletizing

The pelletization process consists in the agglomeration by
compression of fine powder or granules in pellets which
have cylindrical shape of about 4-25 mm in diameter and
up to 100 mm in length. Among the benefits of pelletiza-
tion technique can be underline the higher energy density,
easy to handle, minor transportation and storage cost and the
possibility to use automatic feeding systems [20, 21]. How-
ever pelletization facilitates the feeding in the reactor unit,
it is not a mandatory step if the feeding system is designed

appropriately. In addition, pelletization may have the disad-
vantage of loss of material in some amount. Nevertheless, in

Table 5 Parameters of drying in hybrid solar-biomass greenhouse

Variable Value Value estimated
literature
[15]
BSG yield 59.8 kg, w/h
BSG initial moisture 81 76 %
BSG final moisture 19.5 10 %
Evaporating yield 459 3415 kg, . /h
Specific consumption 3415 91.5 kl/kg,
Renewable energy contribu-  91.5 %
tion
Energy consumption from 191.6 kl/kg

non-renewable source

w.b. wet basis, e.w. evaporated water
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this work this process has been taken into account to provide
a more conservative approach.

The pelletization process consists of multiple steps
including impurities elimination, drying, grinding, pel-
letizing and cooling. During pelletizing biomass is pressed
against a heated die using a roller. Due to the high pres-
sure, the biomass passes through the channels of the die
and the temperature increases. Then, some components of
the biomass (waxes) are released contributing to agglomer-
ate the particles and form pellets [22]. Energy requirements
for pelletizing depend on the raw material and the process
conditions but in general it can be assumed that to produce
1000 kg of pellets it is necessary 3000 MJ [23]. This value
accounts for the whole process, but in the case study the dry-
ing step had been already considered. Therefore based on the
individual contributions for each steps of the process shown
in Table 6, the energy required to manufacture 1000 kg of
pellets is 900 M1J.

Energy Valorisation of BSG

Different technologies have been studied for valorisation of
BSG as biogas production by anaerobic digestion [10], com-
bustion [10, 12], pyrolysis [10], or gasification [15]. Most
projects study the digestion of the raw whole BSG or just its
incineration but no mature strategy is available yet [12] due
to the fact that small breweries may not be able to produce
the quantity of waste needed to make the waste to energy
system a cost neutral or positive investment [8].

Anaerobic digestion is the most common waste to energy
system because it seems the most favourable way due to
the fact that no drying step is required. But, pure digestion
concepts suffer from low degradation rates and require long
retention times because of high fibre and water contents
[12]. Besides that, not only the biogas production has a high
OPEX but also a significant CAPEX. In addition to that, the
technical know-how necessary to keep the operation run-
ning smoothly is high which may not be feasible for smaller
breweries [8].

The other main alternative studied has been BSG combus-
tion. BSG presents a good calorific value so it can be consid-
ered as a potential feedstock for incineration. However, for

Table 6 Energy demand in the

s Process step Contribu-
pelletlz'mg process. Adapted tion (%)
from Pirragllia et al. [24]

Drying 70
Size reduction 4
Pelleting 13
Cooling

Screening 5
Miscellaneous

@ Springer

stable combustion conditions less than 45% of moisture is
required [12] so drying pre-treatment is necessary. Heat gen-
erated by combustion could be used in the brewing process.
However, BSG combustion generates emission of particles
and toxic gases that contain nitrogen and sulphur dioxide
[10, 12]. For these reasons, it is very important to take spe-
cial care when performing the combustion of BSG in order
to avoid or minimize these problems [10].

Taking into account that biogas production from BSG is
limited to industrial breweries and the emissions problems of
BSG combustion; the selected waste-to-energy technology
for our case study was gasification. Compared to incinera-
tion, gasificationis regarded as more versatile, with a lower
environmental impact and high electrical performance. In
the particular case studied in this work, the technology
selected has been gasification in a bubbling fluidized bed
(BFB) gasifier, since it is a flexible mature technology, well-
proven and implemented at commercial scale [25, 26]. Cur-
rently, there is not much information in literature regarding
BSG gasification. Nevertheless, one of the fewest and most
interesting works published on this topic to date is the one
by Perez et al. [15]. These authors have recently studied
the gasification of BSG with air in a BFB gasifier at pilot
plant scale. They found that BSG gasification can be run
process smoothly obtaining a syngas with a high calorific
value (2.7 — 8.1MJ/Nmf1b and low tar content. However,
their work presents preliminary results since the operating
conditions are not completely optimized yet, and therefore
the gas composition is slightly far from the optimum. So, for
the aim of this study, it was assumed that BSG dried present
an analogue behaviour in the gasification process than the
WPC due to the fact that physicochemical characterisation of
BSG and WPC showed relatively similar results, especially
in terms of volatile fraction and fixed carbon content. Only
a slight different can be found in the ash content, being a lit-
tle higher for the BSG but without any problematic element
in its composition. In addition, the behaviour of the BSG in
thermogravimetric analysis (TGA) is not very different to
those shown by WPC.

In the field of gasification, it is well-known that in a
typical BFB gasification process, and depending on the
experimental conditions (ER, temperature, bed material,
throughput, etc.), a syngas with a LHV between 4 and 8
MJ / ng'b' can be obtained using air as gasifying agent [25].
Nevertheless, for the appropriate evaluation of the viability
of BSG gasification in terms of circular economy, some data
obtained from our previous experience in gasification and
the results found in literature have been reviewed and sum-
marized in Table 7.

According to the Corella and Sanz model [30], and
assuming for BSG a similar behaviour than WPC under
gasification conditions, using as fuel a biomass with
moisture around 10%, and operating under a standard air
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Table 7 Results obtained in gasification of Brewers’ spent grain and comparison with biomass of reference
Parameter Value estimated* Pérez et al. 2017 [15] Narvaez et al. Toledoetal. Arenaetal. 2010 [29]
1996 [27] 2006 [28]
Feedstock BSG BSG WPC WPC Natural biomass
Moisture 10.0 11.6 19.0-25.0 8.3 7.0 wt% a.r.
Ash 3.0 4.0 0.5-1.2 0.6 1.3 wt% d.b.
Operating conditions
Bed temperature 850 720-860 790-810 850 810-880 °C
ER 0.30 0.16-0.25 0.26-0.47 0.30 0.23-0.28
Gas composition
H, 12.0 2.1-3.6 7.0-9.5 13.9 12.2-12.5 % vIvd.b.
(60} 17.5 7.4-13.1 10.0-18.0 20.9 16.9-17.9 % vIvd.b.
Co, 15.0 11.9-13.1 12.0-15.0 12.5 16.0-14.0 % vivd.b.
CH, 35 2.0-12.8 2445 4.5 3.9-5.0 % viIvd.b.
C,H, 0.2-0.4 0.08 % vivd.b.
C,H, 1.0 1.0-2.4 1.1-2.3 2.0 0.8-1.2 % vivd.b.
C,H, 0.04—0.4 0.04-0.17 % vIvd.b.
Efficiency
Ygas 2.2 1.85-2.36 2.1-25 2.2 1.8-2.1 Nm?/kg fuel,;
Energy production
LHV 6.0 2.7-8.1 3.7-6.6 7.0 5.9-6.8 MJ/ Nmfib
Power generated 3.20 1.5-3.5 2.0-3.0 3.90 34 kWh,,/kg fuel

*Values obtained using the model of Corella and Sanz [30], and confirmed according the Nikoo’s approach [31]

gasification conditions (ER =0.30, T=850 °C and silica
sand as bed material), the BSG gasification process gen-
erates a syngas with a LHV =6.0 MJ/Nmi.b‘, composed
mainly by H, (= 12% ,,,), CO (»17.5% ,,,) and CO,
(~15% ,,,), with a gas yield around 2.2 Nm}, /kg fuely,
and a relatively low tar content (below 4 g / Nmihb.), as it
is shown in Table 7, col. 1. This theorical result obtained
using the Corella and Sanz model has been confirmed in
two different ways: (i) theoretically, according to simula-
tion process developed by Nikoo et al. [31], which provide
a very similar gas composition (11.7% H,, 18.2% CO,,
13.8% CO, 4.2% of CH, and 1.2% of C,H,) with a slightly
lower LHV (5.88 MJ / Nmi'b‘ in this case), and (ii) by com-
paring with the experimental results already available in
literature, as it is summarised in Table 7.

Thus, with this syngas obtained from BSG gasification
witha LHV=6.0 MJ / Nmﬁ_b_ the amount of energy that can
be obtained is 3.2 kWh,/kg fuel, which can be used in the
energy requirements of the brewery, reducing in this way the
energy demand of the facility. However, it must be taken into
account that the gasification process consumes some amount
of energy for its operation. Among the literature which study
this consumption, in this work it is considered the study by
Sahoo et al. [32] which studied the energy requirement for
gasification of sugar bagasse that has a very similar com-
position compared with BSG. Based on this work it has
been assumed that the energy necessary for the gasification

process could be around 1 kWh,,/kg. Nevertheless, the net
energy balance of the air gasification process continues
being favourable, producing 2.2 kWh,/kg fuel.

Other approach which should be mentioned in the context
of circular economy and near to zero-waste generation pro-
cesses is the use of the CO, stream in the gasification pro-
cess, since CO, produced by fermentation is another main
waste of the brewery. Although its demand in several appli-
cations, including the transfer of the wort to the different
tuns, is great; in most breweries a large proportion, if not all,
is allowed to escape into the atmosphere [33]. Several ways
of reuse following a circular approach can be envisaged.
On the one hand, reutilization in the brewing process itself
would imply the necessity of deep purification and compres-
sion, and consequently this option would be costly and very
unlikely of being implemented in a small craft brewery. On
the other hand, the use of carbon dioxide as fluidization and
gasifying agent would not need a highly stringent purifica-
tion step nor compression and therefore, it could be a more
likely option.

CO, gasification has been studied for other feedstocks and
published literature show that the use of carbon dioxide as
gasification agent (by itself or mixed with air) can improve
gasification performance; producing a syngas with a slightly
higher H, content (around 20% ,,,) and similar LHV (around
6.0 MJ/Nmfl_b') can be obtained [34, 35]. Nevertheless, it
must be taken into account that CO, gasification is a process
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highly allo-thermal, and as a result of it, the energy balance
of the overall process would be utterly unfavourable. There-
fore, although CO, gasification of BSG could lead in the
future to further integration of circular economy approaches
in the beer making sector, currently this approach cannot be
considered yet as a realistic solution to be implemented in
a brewery.

Gas Conditioning Step

Due to gasification process and the physicochemical char-
acteristics of BSG, the presence of small amounts of con-
taminants in the syngas generated can be expected. Among
these contaminants most relevant ones are tar and nitrogen
and sulphur species (NH;, H,S...). Besides, if the final
application of the syngas is its utilization in an engine, the
temperature of the syngas must be reduced. To achieve these
objectives (remove of contaminants and decrease tempera-
ture) different systems can be used which can be classified
according to the temperature used in hot and cold cleaning
technologies. Cold gas systems have proved reliability and
high contaminant removal efficiency so they are the conven-
tional approach on syngas clean-up [36]. Among these sys-
tems, wet cold gas clean-up processes are selected due to the
fact that they allow for multiple-contaminants removal [37,
38] specially wet scrubbers are high efficiency systems that
remove contaminant components of the syngas by spraying
water or other liquid through the gas. In the case studied,
the liquid selected is water because although it is not the
most efficient solvent for the elimination of tars, it allows

the removal of other contaminants such as NH;, H,S or HCI
and it is cheaper.

The energy necessary for these systems depends on the
type of scrubber used but it can be assumed that the use of
freshwater scrubber can rise the fuel consumption up to 1%
[39] so in the case studied, it was considered that the gas
conditioning step required 0.7 MWh per year.

Integrated Solution

The costs associated to BSG transportation corresponds
to an average of U$16 per tonne of wet BSG transported
a distance of 8 km [10]. Therefore local solutions for its
elimination are needed in order to minimize costs. The solu-
tion presented avoids transportation cost because it will be
implemented in the same brewing industry where the waste
is produced.

The solution proposes the thermochemical valorisation of
BSG by a drying step in a hybrid solar-biomass greenhouse
followed by a densification step through a pelletization pro-
cess and the final conversion by air gasification BSG pellets
in a bubbling fluidized bed reactor. For the syngas generated,
different applications can be implemented such as generation
of heat, electricity or biofuels. The simplest options could be
the use of a steam generator that replaces the current diesel
boiler or a gas engine to produce electricity for the cooling
systems.

In Fig. 2, a simplified diagram with mass and energy
balance of the solution is presented. One important first
advantage of the proposed system can be easily noticed. The

Beer: 504 m3/y
Brewing
process o e
BSG: 100.8 T/y > | — 24.2T/y —,p| Pelletizing
-5.4 MWh/y -6.0 MWh/y
[ | 21.8Tly
Gasoil - l
Electricity
18.78 m3/y
120 MWh Sy sy
187 MWh/y fy Gasification
\ / \ Process > Ashes
( ENERGY PRODUCTION -21.8 MWh/y 0.7Tly
+69.7 MWh/y
gea'i Engine
24.4 MWhe/y
NET ECONOMIC cond?:i];ning
SAVING St
Boiler P
K 62.8 MWh/y

Fig.2 Scheme of the solution proposed
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Table 8 Premises assumed in the study

Process kWh /kg
Gasification process produced 32
Gasification process consumed -1.0
Drying -0.05
Pelletizing -0.25
Gas conditioning -0.032
Net energy available for brewing 1.9

amount of residue is considerably minimized from 100.8 to
0.7 Ty, so BSG gasification not only allows reducing energy
external demand but also the remaining waste that must be
managed and eventually disposed.

From the brewing process studied, 100.8 tons per year
of BSG is obtained with a 76% of moisture. After the dry-
ing process selected, the moisture is reduced to 10% so,
the dry BSG obtained was 24.2 tons per year and if the
densification process is considered, taking into account
losses of 10%, the final amount of BSG in pellet form
available for their thermochemical valorization by gasifi-
cation are 21.8 tons per year.

To determine the energy rendered by the gasification of
BSG that would be available for the brewing process, some
premises that have been aforementioned were adopted.
These premises, which are summarized in Table 8, include
the gas efficiency of gasification, the energy obtained in
the gasification process and the energy requirements for
the BSG pre-treatment and syngas conditioning before its
final use. So, the net energy obtained from the gasification
process that can be implemented in the beer industry is
1.9 kWhy/kg.

Elaborating on the data provided by the craft beer maker
La Cibeles (see Table 3), the brewery considered required
187 MWh,, per year to generate the necessary steam to be
used in the brewing process. If the final solution is meant
to use the energy obtained by the gasification of BSG to
replace as much as possible the diesel in the steam boiler,
the low calorific value of gasoil has to be considered. This
value is 35.86 MJ/L compared to the calorific value of the
syngas generated, LHVgas =6 MJ/Nm®. So, with the gasi-
fication of the annual production of BSG, it can be gener-
ated 62.8 MWh,,. Taking into account that the energy spent
in the global process of BSG thermochemical valorization
(including drying, pelletizating, and gas conditioning)
is of 33.9 MWh,,,, that means that after BSG gasification
process the energy available for the brewing process is
28.9 MWh,, /y. Therefore, the amount of fossil fuel required
can be reduced around 15%.

On the other hand, if the final solution selected is the
generation of electricity, the performance of the engine
employed has to be considered. A typical performance for

an engine could be 35% so the electrical power that can
be supplied by the annual production of BSG would be of
24.4 MWh,. Unfortunately, this amount is not even high
enough to cover the energy requirements of the BSG val-
orisation process, and therefore, this approach cannot be
recommended in this particular case.

Another interesting possibility but a little more complex,
is the use of a cogeneration system that produces power and
heat through a combined heat and power (CHP) systems.
With CHP systems the heat lost during fuel conversion
in electricity is recovered in such way that the efficiency
achieved can be up to 90%. In the same way other improve-
ments can be implemented in the solution proposed such
as the integration of the heat released in the gasification
process and gas conditioning step in the brewing process
which will reduce the amount of energy necessary for the
beer production.

Although BSG valorisation via gasification alone cannot
cover the complete energy supply of breweries, the presented
solution reduces the utilization of fossil fuels and therefore
avoids the associated CO, emissions and helps mitigate cli-
mate change due to these emissions and can be an incentive
to implement 100% renewable energy concepts at breweries.

Economic Analysis

Regarding the economic aspects of the integrated solution
here proposed, the main results are summarised in Table 9.
In this Table, no personal costs are included, since the opera-
tion of the gasification plant would be carried out by the
current staff of the brewery.

The estimated CAPEX for the integrated solution pro-
posed, supposing a small gasification plant of 5 kg/h, would

Table 9 Economic assessment of the integrated solution proposed.
Adapted from Arena et al. [29]

Concept CAPEX (Euros) OPEX* Rev-
(Euros/y) enues**
(Euros/y)
Drying
Solar air heater 8000
Fossil fuel boiler 1000 151
Pelletizing 1400 502
Gasification process
Gasification plant (5 kg/h) 110000 1809
Gas conditioning
Wet scrubber 2000 58
Engine 4000 628 2026
Boiler 1000 85 7534

*Taxes included

*Considering 100% energy production through engine or boiler use in
non-simultaneous operation
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be around 123.000 €, which means a significant investment
required for a “small brewery”. Nevertheless, consider-
ing the current prices of the energy for industrial purposes
(around 30 €/MWh for natural gas [40], 83 €/MWh for elec-
tricity [41] and 120 €/MWh for gasoil [42]), the approach of
using the BSG gasification gas in a boiler for heat production
is the only option economically feasible, generating a net
economic profit of 4.900 €/y, which implies a net economic
saving of 22% in the fossil fuels consumption required for
the brewing process.

This economic result could be considered initially as
disappointed. Nonetheless, two key factors should be noted
that improves the economic perspectives of the integrated
solution proposed:

(1) Currently, the cost of BSG disposal as residues is only
around 30 €/T (which means currently around 3.000
€/y). Therefore, the save of this cost must also be con-
sidered indirectly in the economic balance of the pro-
cess, and increase considerably the net economic profit
of the global process up to 8.000 €/y. Moreover, it is
expected that the generation of this kind of residues
will be severely levied in next future, according to the
current guidelines of the European Commission regard-
ing the promotion of circular economy approached in
the beer making sector aiming at near-to zero waste
generation processes [9].

(2) The economic result of the proposed solution is limited
by the scale of the process. Since “La Cibeles” is a
small brewery, the amount of BSG generated limit the
scale of the gasification plant to be used, and therefore,
the global amount of energy produced. For instance, if
“La Cibeles” duplicated its beer production capacity
twice, the CAPEX investment would be practically the
same, but the economic profit of the integrated solution
proposed would be more than the double, and conse-
quently, the amortization period of the CAPEX would
be reduce significantly.

With these considerations, the proposed solution for BSG
thermochemical valorisation through gasification presents
interesting perspectives from both energy and economic
point of views.

Conclusions

Following circular economy thinking, thermal valorisation
of BSG via gasification has been analysed as an alterna-
tive way to current waste management practices in small
breweries, which mostly rely on the use of BSG for animal
feeding. To that aim the physicochemical characterization
of the residue has been carried out, available data of BSG

@ Springer

gasification have been used and the real thermal and power
necessities of a craft brewery have been taken into account.

Based on the results presented, if BSG gasification were
implemented in the selected craft beer case for heat gen-
eration, the net energy that could be implemented in the
brewing process would be of 28.9 MWh,, /y, which implies a
net economic saving of 22% in the fossil fuels consumption
required for the brewing process.

According to the results obtained, the use of the BSG
gasification gas for electricity production is not profitable
energetic nor economically in the case studied of “La Cibe-
les”, mainly due to the fact that “La Cibeles” is a small brew-
ery, and it cannot generate enough amount of BSG.

In the same way, due to the small scale of “La Cibeles”,
the economic results of the solution proposed may seem ini-
tially a little disappointing. Nevertheless, taking into account
that the final volume of the residue to be disposed would be
greatly minimised, which implies significant saves in the
current and future costs according to the CE guidelines, and
that the revenues will increase considerably if “La Cibeles”
increased its beer capacity production, the solution proposed
is proved as a feasible option to be seriously considered for
further applications, especially in the context of circular
economy and near-to zero waste generation processes.
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