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Abstract: Brewers’ spent grain (BSG) is an important waste produced in beer companies with a high potential
to be transformed into commercial by-products. The present paper reports a forecasting technology study with
the aid of bibliographic review and patent analysis tools aiming to investigate the maturity of certain
technologies, considering the use of BSG on a closed-loop biorefinery and circular bioeconomy concept
integrated into a brewery. To evaluate the possibilities of production of high-added value products in Brazil,
it was presented an overview of BSG’s scientific, technological, and marketing products and applications. The
comparison between numbers of articles versus patents shows that the solutions proposed by research articles
are not being transformed into maturated viable technologies. The results suggest that there is a gap between
the scientific research in the institutions and their applications in industry, which lead to the destination of the
BSG for more economically attractive investments when compared to research in Brazil. Ultimately, from the
carried-out analysis, it was possible to propose a brewing process connected to the biorefinery system, showing
the possibility to the newly arising brewery industries.

Keywords: Brewers’ spent grain; biomass conversion technologies; prospective study; technology
forecasting

1. Introduction

About 14 billion liters of beer are produced annually in Brazil, occupying third place in the list
of world producers, standing behind China and the USA, respectively, with a 5% share of the world
beer market [1]. The brewing process can be summarized by the production of fermentable wort
through the enzymatic breakdown of the starch present by the action of the enzymes contained in
the barley malt. This wort is then boiled with the addition of hops, cooled, and then fermented by the
addition of brewer’s yeast. After fermentation, the beer can be physically separated from yeast and
biologically stabilized by pasteurization or another physical method [2].

Brazil has shown an increasing number of registered beer companies, as can be seen in Figure 1.
The data reported by the Ministry of Agriculture, Livestock and Food Supply (Ministério da
Agricultura, Pecudria e Abastecimento, MAPA 2022), showed a rapid increase of beer companies
registered in Brazil, especially between 2015 and 2021 [3].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. A number of Registered Beer Companies and the Volume of produced beer in Brazil per
year. Adapted from references [4] and [5].

According to the 2020 report, if the country maintains the increase rate of 36% observed,
especially between 2015 and 2021, by the end of 2025 Brazil could have a total of 7504 beer companies,
and hence, more generations of BSG per year [5]. The 2022 report indicated the impact of the COVID-
19 pandemic on the growth of the brewing sector, especially in beer production as can be seen by the
decrease in volume produced in 2020 and the decrease in growth percentage of registered companies
that went from 14.4% (between 2019 and 2020) to 12% (from 2020 to 2021). The report does not
mention the exact impact of the COVID-19 pandemic. Those numbers may need to be reviewed to
reflect their true impact, which deserves a separate study.

BSG is well known as the major lignocellulosic biomass waste produced over the years by the
beer industry, which to economics and environmental aspects, showed potential to be utilized for
diverse uses, such as animal feed, for strengthens human food, as diverse substrates (cultivation of
microorganisms and enzyme production, fermentation processes, acid lactic production, ethanol
production, lignocellulosic yeast carrier, prebiotic), adsorbent, source of polyphenolic compounds,
microalgae production, biogas andbiofuel production, protein extract, antioxidative substances, fiber,
polymers and other application [6]. Usually these compounds are obtained through various processes
such as fermentation, hydrothermal carbonization, pyrolysis and organosolv extraction [6-9]. There
is about 15 Kg of BSG generated for each 100 L of beer [10].

The amount of BSG produced accompanies the Brazilian beer market’s exponential growth,
which worries even more about its destination. Some Brazilian companies already manage this waste
from microbreweries by collecting and destining it to promote the lowest environmental liability, and
use the bagasse for animal feed due to its practicality and low cost, or simply leading to
environmental degradation [10,11]. It leads especially to a significant loss of valuable material that
could otherwise be exploited. However, due to its composition and the possibility to be converted
into new products, the concept of biorefinery in the brewery sector can be used to add value to the
process and provide a positive circular economy system [11,12].

This raw material is mainly constituted by sugars (glucose, xylose and arabinose) polymerized
in cellulose and hemicellulose structures, which represent 41 %w/w of its composition on a dry
weight basis. Besides sugars, BSG also contains noticeable fractions of proteins (24.69 %w/w) and
lignin (19.40 %w/w), while extractives and ashes are present in minor proportions. Extractives may
include components such as waxes, alkaloids, pectins, mucilages, gums, resins, terpenes, saponins,
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and tall oil. Ashes are formed by a large variety of minerals, including phosphorus, potassium,
calcium, magnesium, sulfur, iron, manganese, boron, zinc, copper, molybdenum, sodium, aluminum,
barium, strontium, chromium, tin, lead, cobalt, iodine, cadmium, nickel, selenium and gallium [13].

Due to the significant amount produced annually, the low market value, the environmental
awareness composition, and the recognition that BSG may represent a nutritionally valuable co-
product, efforts should be increasingly focused on its valorization [12]. In Table 1, there are some
applications and production from BSG. Bolwig et al. reported several alternatives for the reuse of
BSG beyond the widespread animal feed, such as reuse for human consumption, in the production
of chemicals and drugs, and energy production, among others [11].

The BSG has been usually allocated for animal feed with no further necessities and
manufacturing procedures [15]. However, its composition has some valuable by-products, such as
proteins and other components such as arabinoxylans, showing more possibilities to produce high-
value low-volume products [16]. Ortiz et al. discussed a circular economy strategy based on
alternative energy production [16]. But, according to Buffington et al., there is no technology able to
use the BSG as a raw material for its applications. Unfortunately, the technology readiness level (TRL)
shows lower values, between 3-6, according to the corresponding scale [17]. Besides the advancement
and implementation of industrial biomass conversion technologies, the use of specific biomass in
large scale are still an issue for an integrated system, such as the food and beverage industry with the
solutions with bioenergy and bioproducts applications, implicating in the lower TRL status.

Table 1. Brewers’ spent grains (BSG) applications by scientific literature.

Application TRL2 References ®
Animal feed 9 [18-10]
Syngas production by gasification 6-7 [21-23]
Pyrolysis 7-8 [24-26]
Bioethanol, Biobuthanol 6-7 [27-29]
Enzymes production, Enzymatic hydrolysis 5-6 [30-33]
Cellulose and derivatives 5-6 [34,35]
Carbonaceous materials — absorptive properties 5-6 [36-38]
Polimeric materials 2-3 [39-41]

aProposed by the authors based on references 42 to 44. * Reformulated based on [15].

In 2013, Mussatto et al. reported a techno-economic study considering the use of BSG on a
biorefinery concept in Brazil [46]. The study concluded that a great number of biorefining alternatives
to obtain added-value products are possible. However, the researchers concluded that to achieve a
good result from an economic, environmental, and social point of view, some adjustments must be
done to obtain a scenario that combines mass integration and energy consumption. Besides, this
study showed that it is very important to evaluate the technical feasibility of a certain scenario from
the experimental point of view.

Indeed, to develop the conception of a biorefinery integrated into a brewery, it is essential to
analyze and point out which of these technologies are already applied, and which are still in the
development stage, pointing out which would be the main products obtained in the Brazilian
scenario. Based on the literature [47] technology roadmaps are useful tools for evaluation of the
maturity of the development, long-term planning and application of a specific technology. Therefore,
it is an important step for accessing not only the state of the art of some product as well as how it is
being commercialized [45].

So, this work presented an overview of BSG’s scientific, technological, and marketing products
and applications, emphasizing sustainable processes and destinations, such as the synthesis of new
materials, and production of biofuels, among others, which are roles that can be correlated to the
production process using BSG. Besides, the present work carried out a technological study with the
aid of bibliographic review and patent analysis tools aiming to investigate the maturity of certain
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technologies, to investigate the implementation possibility of a biorefinery in the brewer’s context,
considering the main BSG by-products already commercialized.

This study brings this correlation, focusing on an even more integrated production chain,
applying the biorefinery concept and circle bioeconomy for this product sector in the present time.

2. Materials and Methods

Technological and scientific roadmap was carried out following two main searches: patent
analysis and bibliographic review using research articles up to 2021. The study was carried out with
the aid of the Questel Orbit Intelligence patent database, and research articles in the Web of Science
database involving the period from 2001 to 2021. The Brazilian scenario was also evaluated by the
documents found in the INPI (National Institute of Industrial Property) patent database with no
period restriction.

The main theme of the research was the “beer production malt bagasse” whose literature has
different terms to refer to this subject, among the main ones, “brewers’ spent grains” or “malt
bagasse”. The terms chosen for patents and articles search were: “spent”, “grain”, “brew”, “bagasse”,
“malt” and “residue”. For the INPI research, these terms were added in Portuguese, “bagaco”,
“malte”, “cerveja”, “cevada” and “residuo”, focusing on combinations using boolean operators and
elements of truncation, which brings research closer to the focus of the work.

During the patent research, an expressive number of documents (150 patent documents) were
found as related to the inventor “Oleg Ivanovich Kvasenkov”. Those documents do not represent the
scope of this study; therefore, they were removed from this research. Such observation must have the
attention of readers that will use this information or repeat the presented methodology.

Technological and scientific roadmap was carried out using the terms presented in the
methodology and Table 2. A total of 7 keyword combinations were defined for search in the
computational tool.

Table 2. Keyword combinations used and result obtained for research articles and patents.

Research Keyword Boolean Keyword Boolean Keyword Research Ar'ticles - Paten.ts -
operator operator Web of Science Orbit»
1 spent AND grain®* AND brew* 1089 143
2 spent AND grain* AND beer 217 82
3 bagasse AND malt - - 58 46
4 bagasse AND malt AND brew* 21 10
5 bagasse AND malt AND beer 6 10
6 brew* AND  residue*  AND malt 94 60
7 brew* AND  residue*  AND bagasse 40 25
Combination 10OR20R30OR40OR50R60R7 1236 295

aThe patents addressed to the inventor “Oleg Ivanovich Kvasenkov” were removed from the patent research since
they are not related to the scope of this study.

3. Results and Discussion

3.1. Technological and scientific roadmap study based on journal publications

Monitoring over time shows the exponential growth of publications demonstrating the incentive
to studies driven by the use of biomass as feedstock to industrial processes. In Brazil, there is a
national policy of solid waste management prescribed by Law No. 12.305/10 [46], which institutes the
National Solid Waste Policy (Politica Nacional de Residuos Sélidos or PNRS). The regulation deals with
the responsibility of the productive sector to make and control their waste management. Worldwide,
the biorefinery concept based on specific laws showed also expressive growth in Europe, China, and
the USA.
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As aresult of these State policies, China and the USA, as the first and second top beer producers,
respectively, are also the first and second countries with more patents filed geographically,
contributing to approximately 40% of all patent filings over the referred period.

In Brazil, the related State policies are still incipient, and under implementation. However, due
to international environmental and climate treaties, the perspective is that inspections and obligations
regarding the management of solid waste over time will be completed, as occurred in other
continents. Figure 2 presents the number of article publications related to BSG between 2001 and

2021.
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Figure 2. Monitoring over time (2001-2021) publications related to brewers” spent grains research.

Five areas of great interest were found in the scientific articles: food science and technology (with
423 articles), biotechnology and applied microbiology (265 articles), engineering (243 articles),
chemistry (203 articles), and agriculture (199 articles). The top 10 countries that stand out in the
number of publications are Brazil (160), Spain (121), Portugal (115), Italy (85), the USA (83), China
(82), Germany (66), Ireland (66), England (64) and Poland (60). Figure 3 shows the distribution of the
scientific production related to BSG research in the world.
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Figure 3. Scientific production by country related to brewers’ spent grain research. (Web of Science,
2022).

Coincidentally, these countries have the most restrictive State policies and incentives for waste
management processes reducing environmental liabilities. Indicating that, there are prioritizations of
the country’s budget to encourage research in this regard. Some international cooperative research
projects have been financed by private banks and the European government aiming for some green
technologies development based on biorefinery development [48]. Specifically, to BSG, there is
prevalence in the area of food science, technology, and bioprocesses that make it possible to
understand how those industrial processes can be connected to generate new products focused in the
same area that generated the residue.

Currently, Brazil (Ist in the ranking of publications) has more than 1200 breweries registered
[48]. Of the total volume produced, less than 3% of the volume is concentrated in microbreweries [14,
51]. In other words, the largest producers of beer and, consequently, larger producers of BSG, are
large industrial plants that produce mainstream beers and tons of bagasse per hour. These companies
contract and sell BSG to large dairy and cattle breeders, which routinely remove BSG and apply it
immediately to ruminants’ consumption, due to its short microbiological stability [10]. In addition,
as of 2010, all functioning breweries were inspected, and planning for the disposal and management
of the waste became mandatory to reduce environmental impact [52].

The institutions that have published the most amount on subjects related to the technologies of
BSG use and conversion are indicated in Figure 4. The University of Minho (Portugal), University of
Sao Paulo (Brazil), University of Limerick (Ireland), University of College Cork (Ireland), and
University of Porto (Portugal) stand out with the most number of publications. These results indicate
the opportunity for strengthening and establishing new collaborations in this research area, especially
between Brazilian and Portuguese institutions that may be facilitated by bilateral international
agreements such as the “Tratado de Amizade, Cooperagao e Consulta ”(translated to English, “Treaty
of Friendship, Cooperation, and Consultation”) celebrated by the two countries in 2001 [53].
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Figure 4. Scientific production by the top 15 universities related to brewers’ spent grain research (Web
of Science, 2022).

3.2. Technological and scientific forecasting study based on patents

Scientific publications do not fully indicate the degree of innovation associated with technology,
although they demonstrate an important path in the transformation process and evolution in a given
technological segment. Associated with the research outcomes, patents can be more accurate to point
out products and processes with the potential to become commercially available products with social
impact. So, it is interesting to associate the scientific and technological forecasting study of BSG with
a prospective study based on patents to evaluate the technological horizon regarding the industrial
options for the biomass economy.

The technological forecasting study through the Brazilian patent office database is shown in
Table 3. There were 25 patents found, of which 13 are not in the scope of the research (the keywords
were found in these documents, but they are not related directly to brewers’ spent grain or the
synonyms attributed to it). That way, 12 patents address the malt bagasse to which this study refers.
Five were deposited by independent inventors and only 2, among them, were filed. The others are
under analysis or have already been granted. Among them, 6 were deposited by Science and
Technology Institutes (STIs), including one from Denmark and another that was deposited by a
Chilean company.

Table 3. Technological forecasting results by INPI database.

Code Title2 Application date (d/m/y)  Status
Process for obtaining briquettes or pelleted

PI9302590-4 barley bagasse and product obtained by the 30/07/1993 Revoked
process

PI 9700063-9 Malt bagasse industrialization process 02/01/1997 Revoked

The improved drying process for malt bagasse,

PI 0000814-1 and hydrolyzed malt bagasse and pelleted thus 09/03/200 0 Revoked
obtained

PI 0005374-0 Process for obtaining pelleted product 13/11/2000 Granted in

26/01/2016
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Processing of residues extracted from the
PI 0104799-0 production of beer for human feeding, resulting 08/08/2001 Archived
in product and industrial food application
C1 0000814-1 Improved malt bagasse drying process 24/10/2001 Revoked
PI0204191-0 Installfltlon anc% process for composting 09/10/2002 Archived
production to animals from brewery waste
Revoked /
PI 0804169-5 Process for obtaining activated carbon and their 26/09/2008 Under
uses recourse
analysis
Process ethyl hexanoate production by Grated in
PI 1101711-2 biotechnological route using synthetic medium 25/04/2011 11/03/2014 -
and agro-industrial residues and their use Green Patent
Production of microbial dextranase by solid-
BR 10 2013 . . .
031848 5 state fermentation using malt bagasse as a 11/12/2013 Archived
substrate and/or support
BR 102018  Hydrolysis of cassava peel and husk using Pubhsbed /
. 12/11/2018 Pending
0733052  amylolytic enzymes produced by the fungus .
analysis
BR 10 2018 Process of transformation of organic waste from 19/12/2018 Archived

076458 6 the aquaculture industry by insects

2The patent titles were translated by the authors; they originally are registered in Portuguese.

When the number of patents presented in Table 3 is compared with the number of articles in
Brazil (160), it is observed that the development of technologies is still incipient. In a perspective
where technological progress is achieved by the transposition from basic research to applied
technologies, the comparison of articles versus patents shows in this case that the solutions proposed
by research articles are not being transformed or maturated to viable technologies (patents of new
products and/or processes).

Some questions arise from this process: if there is research in the area of BSG conversion, and it
generates a considerable environmental liability for the factories, why such technologies are not
becoming products capable of transforming the management of this waste? Where is scientific
research developed in Brazil and how does it interact with the productive sector, especially the
industrial sector? Are the large breweries interested in developing advanced technological solutions
capable of making the residue from their production economically viable?

Analyzing the context of the scientific-technological development in Brazil it is possible to
observe that in great part the scientific research is concentrated in the technology parks of scientific
research institutions (mostly universities and lesser participation of public companies, such as
Embrapa — Empresa Brasileira de Pesquisa Agropecudria — The Brazilian Agricultural Research
Corporation) [51]. Associated with this, there is a huge distance between these institutions and the
companies. This distance means that research is not matured to the point of becoming viable
technologies for commercial insertion. This interaction may explain in part what is observed in the
discrepancy of articles and patents observed in Brazil.

Looking from the breweries’” point of view we observed that the cost of destination of the malt
bagasse for feeding cattle or landfills is more economically attractive to investors when compared to
research. This number of publications attends government incentives for the management of solid
waste in the form of Law No. 12.305/10 [46]. Innovation projects in general show low success rates,
and bioprocess innovations seem to perform no better. Concerning product development, in general,
the literature indicates a wide range of failure rates (30% — 80%).

Evaluating in a larger spectrum and identifying whether the process observed in the Brazilian
scenario was able to be replicated at a global level, the patent search was conducted via the Questel
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Orbit software. Figure 5 presents important information regarding the stage of technology
development in the sector.
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Figure 5. Comparison between patent filings and scientific articles published by year (Web of Science
and Orbit Intelligence).

From the carried-out analysis it can be concluded that this type of technology is in an embryonic
stage, considering that the number of articles in comparison with the number of patents is still quite
divergent, with the number of articles being much higher, the same scenario analyzed for the
Brazilian context. This data reveals that there is still much to be studied and developed for robust
and conceptual technologies to appear on the market more frequently.

To lower the failure rate of complex innovation projects, companies tend to form research and
development (R&D) collaborations [16]. These inter-organizational R&D collaborations - more
specifically R&D consortia are defined as relationships between three or more R&D partners to
pursue both individual and shared goals [17].

In Brazil, to encourage innovative processes, the law entitled “Lei do Bern” (Law No. 11.196/05)
[54] was instituted to allow companies that contribute to technological research and development to
deduct from the basis of calculation of income tax and social contribution on net profit up to one
hundred percent of its operating expenses. To be contemplated by this tax benefit, interactions have
already been observed between large breweries with startups aiming to the development of new
technologies. For example, a large brewery has moved its technology development center to a science
and technology park to approach innovation environments that have provided greater interaction
with other companies and access to highly equipped laboratories [55].

Even though there has been a new look at solid waste management at breweries in recent years
[7,9], the production of technology can still be very much linked to waste management focused on
animal and human food, since it is a well-known solution practiced by the industry and would only
need a few increments. In the human food case, for instance, pre-treatment processes and nutritional
assessment become essential.
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Analyzing the distribution of patent families by technological field, presented in Figure 6, one
can see a large concentration of patents in Food Chemistry (215 patent families), obviously due to the
direct relationship of the subject with the beverage industry. At the same time, it is necessary to note
that four other areas stand out: basic materials chemistry (49 patents), biotechnology (47 patents),
chemical engineering (27 patents), environmental technology (20 patents), and other special machines
(24 patents). The patent families can be assigned to more than one technological domain and although
the vast majority of them are associated with the nearest sector, the topics that stand out in sequence

already correlate with the conversion processes of the BSG.

Medical Furniture, Other
e amenT technology games const

Machine tools Other special
machines

Textile and
paper
machines

Analysis of
biological
materials

Organic fine

Chemical

Figure 6. Technological domain with patent families from the research with brewers’ spent grains

(BSG).

Figure 7 shows the ratio of the number of patents filed for each International Patent
Classification (IPC) between 2001 and 2021. The IPC classification is a system of classification of
patents by symbol according to the different technological areas to which they belong.

A23L B09B
10% g c12c
™~
CI12F
6% _\

C05G
3%

A23] __—
11% /

C12G

3% — A23K

42%

Figure 7. Distribution of patent families according to IPC classification.

From the analysis of Figure 7 it can be seen that the majority of the patents are classified in
Section A, which refers to Human necessities; and C, which refers to Chemistry and Metallurgy. The
largest number of patents were deposited in the category and A23K (42%), which refers to feeding
stuff specially adapted for animals; methods specially adapted for production thereof.

This observation corroborates the fact that BSG technologies were mostly related to animal
nutrition. Analyzing closely, it can also be observed that in the past even a patent that was not related
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to animal feed would get the code A23K (with the specification as A23K-010/38), which in the time of
protection of some brewer’s residue technologies was directly reported to it. Second, comes the
category C12C which refers to beer; preparation of beer by fermentation; preparation of malt for making beer;
preparation of hops for making beer, corresponding to 23% of the patent families followed by categories
A23L e A23] also related to food processing. It is observed with a low percentage (2%) the presence
of patents registered with the B09B code which refers directly to “disposal of solid waste”. This is
important since independently from the technology used for converting BSG, it is always a residue
disposal solution; future filling patents may come with this association.

It is noticeable that the largest number of patent registrations on this subject is related to beer
production and quality. It is also possible to realize the variety of subclasses of patents, and this is an
indicator that the BSG is used for several applications from food products to biofuel production.

There is a clear change in the profile of patents from the observation of the IPC codes. In recent
years the technological products associated with BSG have become increasingly advanced, associated
with the production of materials and chemical compounds. The C12F code refers to “recovery of by-
products of fermented solutions; denatured alcohol; preparation thereof” and C05G to “mixtures of fertilizers
covered individually by different subclasses of class C05” which is associated with products intended for
the area of ethanol synthesis and fertilizers.

4. Discussion

4.1. The biorefinery concept in a brewery context

Observing the number of scientific articles in the BSG conversion area and the technologies
already deposited as patent documents, even if in lesser quantity, it is possible to conclude that there
is an incipient diversity of technologies aimed specifically at BSG treatment.

Also, a new biorefinery business model assessment that impacts economic growth and
employment should be considered, since some of the patents found may lead the transition to a
sustainability model with chain coordination related to BSG treatment. The natural processes and the
industrial ones should be able to work in tandem and the technologies now available should allow
economic efficiency to provide the new business model enough appeal to engage R&D optimization,
modeling new organizational arranges and the interplay of biomass sector and alternative resources.

Budzianowski, in 2017, already explored the necessity to maximize the valorization of biomass
by-products to achieve a competitive business model [56]. Examples such as biomass disintegration
(combustion, gasification, or fermentation) to usable bioenergy do not lead to optimal utilization of
biomass by itself. Bonfiglio & Esposti (2015) demonstrated by two multi-regional closed Input-
Output models that a biomass power plant coupled to biopolymer production can do so through
supra-local effects generated by trade across local industries [57].

Towards the implementation of new technologies associated with the brewery industry, it is
feasible to think that this will be only related to the enhancement of beer production such as new
reactors and effective recovery systems, better fermentation control, efficient filling/packaging
systems, and many other examples that will impact in the production process. Indeed, those
possibilities inside the industrial plant occur in large companies that seek out continually the most
and better cost-benefit as well a high-quality product.

Otherwise, what is gaining attention over several kinds of industries, and could be easily related
to the brewery industry, is the concern with systems that integrate a major perspective of its
production using new technologies under sustainability parameters. Energy and water consumption
will appear as one of its main projects designed to achieve those sustainable goals, as well, waste
treatment and disposal can be a significant path to be incorporated, already described for algae
biomass in a closed-loop process [58]. The conversion of lignocellulosic biomass in closed loop model
was also demonstrable for the bioconversion of carob pods biomass to polyhydroxybutyrate
biopolymer [59].

Looking closely at the classic brewing process three byproducts stand out for their composition,
volume produced, and diversity of ways to transform/reuse them. Hot trub (mainly hop residue and
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coagulated protein) is estimated to be generated from 0.2-0.4 Kg per 100 L of beer produced; cold trub
(residual yeast) is estimated to be 1.5-3.0 Kg per 100 L and BSG (the main solid residue) in a much
large scale, =15.0 Kg per 100 L. As already discussed, BSG could be a source of protein and
lignocellulosic matrix that can be converted into different materials, as well, as biofuels and energy,
showing a range of new possibilities as the scientific research and technological advances that were
made over the past year showed in the data from the scientific and technological forecasting study.
But a question that takes place in this context is: how those new routes to transform BSG can be
incorporated into a large industrialized chain such as the brewing sector in Brazil? The challenge that
rises with this discussion is focused mainly on how to connect those emerging technologies to
transform BSG into high-added value products with the origin that produced it (inside the industry).

To materialize and connect the BSG roadmap data (recovery and conversion) with the brewing
process, it was possible to set up a concept of a brewing process connected with a sustainable
biorefinery, aligned with a model of circular economy. Figure 8 shows a general flowchart of the
brewing process and a proposed scheme to represent the variety of possibilities to convert BSG into
new bioproducts.

Biorefinery, in general, can be defined as a sustainable system capable of processing renewable
feedstock, biomass/organic waste, into a diverse range of products such as energy, materials, biofuels,
and chemicals counterpointing the classic refinery of non-renewable petroleum-based derivatives
[60,61]. Two main business models were employed during the generational evolution of biorefinery
complexes. Ceapraz et al. (2016) classify them as a port and territorial biorefineries. They differ in
raw biomass supply, either by importation or local/regional chain supply [62].

Biorefineries face along, with any other renewable energy system, the competition. Vu et al.
(2020) reviewed lignocellulosic biomass processing toward high-value low-volume bioproducts and
the different ways to effectively pretreat lignocellulosic biomass to enhance its digestibility. This key
process may allow higher product yield, chemical recycling, and by-pro conversion to increase
environmental sustainability [63].

In Figure 8 five BSG conversion technologies (reactors illustrations numbered from 1 to 5) are
represented as possible viable ways that have been studied so far. The routes presented covered the
main biorefinery processes: chemical, thermochemical and biochemical [61].
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Figure 8. Diagram of the brewing process connected to the biorefinery system induct to present the
different possibilities for brewers’ spent grain (BSG) conversion. (*Catalyst: enzymatic or chemical
(homogeneous or heterogeneous)).

Reactor 1 refers to the use of BSG through a chemical or biochemical process called hydrolysis.
This process uses an aqua medium using a catalyst, which can be chemical or enzymatic catalysis,
aiming to rupture the lignocellulosic matrix that way the post-fermentation process could transform
the fermentable sugars into bioethanol. Depending on the hydrolysis conditions and catalysis types
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this process can lead to the formation of other value-added compounds such as furfural and
hydroxymethylfurfural, important chemical platforms [62-64].

Reactors 2, 3, and 5 refer to the thermochemical process in different parameter conditions leading
to different outcomes. Since BSG is generated from an edible source comprehending a final
composition of 20% protein, such material nowadays is mostly directed to animal feed, that way on
a large scale could be dried and milled to produce protein-rich flour (Reactor 3 requires temperatures
from 60-100 °C). Reactor 2 refers to that type of thermochemical process in which atmosphere and
temperature influence the production of three different phases: solid (carbon or biochar), liquid (bio-
oil), and gas (syngas). Those processes are represented by pyrolysis (low oxygen condition;
temperature 300-700 °C) and gasification (substoichiometric oxidized atmosphere; temperature 800-
1200 °C), one focusing on the production of biochar and bio-oil and the other in syngas, respectively
[23]. The solution adopted by agroindustries to recover energy uses its residues in direct combustion
to produce heat and so on thermal energy (Reactor 5), besides low efficiency and the comparison that
the other possibilities could generate more “noble” products, it is very common such system, in a
more integrated plant, the energy recovered that way could be integrated not only to the beer
production but also for other technologies.

Alaska Brewery protected the invention (US 2013 0055622A1) relating to the novel use of such a
fuel product of spent grain as a primary fuel for a steam boiler which could be used in a brewing
process. It provides a novel fuel product made from spent grain that is processed to change its
composition and structure to sufficiently increase its combustibility to allow it to be used as a fuel
product by air quality standards and other environmental regulations and laws. After removing the
moisture content (80% to 10%), the dried waste is fed into a combustion chamber for a steam boiler
that is used for beer brewing, and the spent grain is advanced downward through the combustion
chamber with agitation to aid combustion.

Biochemical routes include, along with enzymatic hydrolysis and fermentation process, the
possibility of digestion systems, proposed with Reactor 4. In specific conditions (room temperature
and moisture control) microorganism digestion can produce biogas (gas biofuel) and also a carbon-
rich liquid (liquor) that can be redirected as fertilizer. This kind of technology could favor the
agroindustry chain since barley cultivation is used to produce the malt grains that go into beer
production [65].

BSG has been used as an inexpensive substrate for the fermentative production of enzymes
(Reactor 4). Several studies demonstrated successful growth of both fungal (e.g., Pleurotus, Lentinus,
Aspergillus, Agrocybe, Trametes, and Neurospora) and bacterial (e.g., Bacillus subtilis and
Streptomyces avermitilis) species on this substrate without the need of, in most cases, additional
nutritional source. The production of various microbial extracellular enzymes, such as amylases,
cellulases, xylanases, proteases, laccases, a feruloyl esterase, and a-L-arabinofuranosidase, using BSG
as substrate [65].

Saba et al. (2019) showed the suitability of BSG as a substrate for earthworms in
vermicomposting (Reactor 4). Following five months of bioconversion, vermicomposts containing
BSG and cow manure (1:1) exhibited increased levels of total nitrogen and total humic substances
and reduced total organic carbon content, indicating higher mineralization and stabilization.

Other conventional applications of BSG include pulp and paper production and as an adsorbent
for the removal of dyes from wastewater or organic compounds from waste gases (Reactor 3) [66].

Alternative utilization of BSG, especially as a fermentation substrate, has gained momentum in
recent years due to technological progress in its processing and the emergence of the circular
economy concept. The application of BSG as a potential substrate in different biotechnological
processes is feasible due to its nutrients, ready availability, and cost-effectiveness. It has been used as
a substrate in the production of value-added products, including biofuels (bioethanol, biobutanol,
biogas, biohydrogen, and bio lipids [for biodiesel]), organic acids (lactic acid and citric acid), enzymes
(cellulases, xylanases, etc.), single cell protein, prebiotic oligosaccharides, xylitol, and others. In
addition, it has been used as carrier matrices for microorganisms in biotechnological processes [65].
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The key proposed by Cherubini (2010) is through the integration of green chemistry into
biorefineries, and the use of low environmental impact technologies, future sustainable production
chains of biofuels and high-value chemicals from biomass can be established. This bio-industry aims
to be competitive in the market and lead to the progressive replacement of oil refinery products [67].

In this way, in Brazil, especially brewery industry, the possibilities arising from the development
of biorefineries and the efficient use of biomass and agricultural/agro-industrial residues (straws,
bagasse, sawdust, etc.) point to the bigger economic potential of these facilities for Brazil, the country
which still has a great technological demand in the chemical and agro-industrial sectors, despite to
occupy a prominent position in agribusiness and the production of biofuels. Add to this the fact that
product diversification will positively impact the various production chains involved, reflecting
benefits for society, in the generation of jobs and income, conquering foreign markets, reducing
imports, etc. Therefore, new technological and economic frontiers have been opened for agribusiness
and the other sectors involved. The country should prepare itself, investing in RD&I, to participate
effectively in those opportunities that are in rapid development.

Open innovation models may be used to develop third-generation biorefineries focusing on
organizational and institutional economics and economic optimization of alternative conversion
technologies [68]. Brazil can develop innovative triple helix models of collaboration between research
organizations, institutions, and private companies to anchor biorefinery complexes and expand the
relationship between farmers and farmers organizations, cooperatives and professional bodies and
related existing policies to promote alternative conversion technologies both within the biomass
sector and between other resources (alternative energy production, petrochemical plants, etc.).

Celtic renewables is a Scottish company that has the mission to re-establish, at a global scale, the
Acetone-Butanol-Ethanol (ABE) fermentation process, utilizing local low-value materials to produce
low-carbon, high-value, sustainable products. Since 2005, the company is innovating, enhancing, and
optimizing patented technology in terms of science, engineering, and manufacturing excellence, to
develop world-leading biorefineries in key locations that will grow local economies and shareholder
value. Its commitment is to work with strategic partners to create an environmentally and socio-
economically viable industry that displaces fossil fuel derivatives. In 2015, they scaled up the
technology that produced ABE from the whisky bagasse, taking it from the original lab scale to a
viable commercial pilot scale. They won several awards, and in 2017 they make history by powering
the world’s first-ever car filled with biobutanol derived from local whisky production residues.

For the BSG a lot of possibilities can be applied based on the alternative routes shown. So, the
biorefinery concept can easily be applied in the beverage industry, but some financial support is
necessary to scale up the potential technologies.

Through technological mapping, it can be seen that the technological development of the sector
is in its embryonic stage, and lacks of further technological developments, either by companies or
research institutions. The number of articles published reveals that research institutions are playing
their part and publishing in different sectors where this type of technology can be applied.

However, in Brazil, investment mechanisms like the Lei do Bem do not suffice for technology
investment on BSG conversion and integration with chain supply and value routes. Applied and
basic research from academia is needed in the development of new ecological biomass economics
and enabling technological platforms, both for State and Industry segments. The triple helix model
must be enhanced to facilitate the economic development of BSG conversion.

Also, breaking down the search results, using cluster analysis within the data from Figure 6,
based on concepts associated with each patent, it is possible to demonstrate technical innovations
related to BSG biomass. Table 4 shows patents related to materials and chemical compounds rather
than fuel and animal feedstock.
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Table 4. Selected patents from the cluster analysis (concept terms: spent grain powder, spent grain
protein, brewers’ spent grain; patent status: live or in analysis), from 2016 to 2021.
Patent Title Patent Number
Functional spent grain protein and extraction method thereof CN113912667
Mefhoc? for producing a Composit.ion Comprising, [S-ghilcan and an oxidized JP2019017370
derivative of unsaturated fatty acid from brewer’s grain
Bio-plasti it taining b ’ t grai d thod f ki
io-plastic composite containing brewer’s spent grains and a method for making EP3235875
the same
Brewer’s spent-grain based protein powder EP3500112
Compos'ltlon consisting of brewer’s spent grains and polylactic acid and a method EP3235870
for making the same
Methods and tus f duci tei d fib trates f t
ethods and apparatus for producing protein and fiber concentrates from spent )11 05350
grain
Modified spent grain protein and preparation method and application thereof CN113896778
A method for reducing an amount of microorganisms in brewers’ spent grains EP3750409
Method of reducing moisture in brewers’ spent grain US20190254315
Lo'w—cost production of cantha>,<anth1n and'xanthophyll pigments using IN201711031489
micrococcus luteus and brewer’s spent grain
Methods and apparatus for producing protein and fiber concentrates from spent WO2021/023597

grain

This selection of inventions is intended to exemplify some of the technical innovations in the last
five years regarding BSG biomass. JP2019017370 treats BSG by alkalizing it and acidifying the
resulting BSG extract. It is possible to isolate 3-glucan and oxidized derivatives of unsaturated fatty
acids through a more economically viable route, rather than using specific microorganisms or
enzymes. Material fabrication as EP3235870 uses BSG and polylactic acid to create biomass plastic
granules and EP3235875 is a method to manufacture a bio-plastic composite containing BSG.
CN113896778 is a preparation method for BSG modified protein for food, nutrition, materials, and
biopharmaceutical fabrication. IN201711031489 consists of the BSG treatment with Micrococcus
luteus for low-cost production of canthaxanthin and xanthophyll pigments.

The food industry has now diverse BSG-derived food supplies of protein and fiber. EP3500112
produces BSG-based protein powder with high digestibility. CN113912667 claims a process involving
mechanical pretreatment, homogenization, ultrasonic-assisted extraction, and acid precipitation of BSG
protein with good emulsibility, foam characteristics, and oil retention properties. W02021/023597 is a
method for obtaining fiber-rich or protein-rich fractions from BSG. EP3750409 is a method for reducing
BSG microorganisms such as Bacillus Cereus and Enterobacteriaceae for the food industry. W02021/023597
is a method to stabilize, liberate and separate food-grade BSG fibers and protein. US20190254315 uses
infrared radiation to reduce BSG moisture content for economical storage and transport.

5. Conclusions

Brewers’ spent grains (BSG) are known to be a very versatile lignocellulosic material. The
biomass conversion routes already implemented and under development showed excellent
alternative routes to propose new destinations for this abundant residue. The main outcome of BSG
disposal in beer industries is its displacement as animal feeding. Advanced technology demonstrated
the possibility to generate interesting bioproducts derived from BSG. Another important aspect that
connects all of this system is the arising of new industrial management practices. In this context, the
biorefinery concept showed up and can be applied in the beverage industry, but some R&D is
necessary to scale up the potential technologies.

In this study, the patents found on the Brazilian patent database (from INPI), both under analysis
or available for licensing already indicate possibilities for biorefinery models toward fuel and high-
value low-volume products, favoring territorial biorefinery models and many chain supply
possibilities with other than BSG substrates in the food industry. The appropriation of such models
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by the Brazilian brewing sector is possible due to technologies already available as shown by the
technologies prospected by the patent forecasting. Moreover, industrial property protection for the
development of new technical solutions is open, since not all routes discussed for BSG processing
were found in the patent analyses. The exponential growth found in research in this field is strong
enough to allow further industrial development.

According to Geum et al. one of the main challenges of roadmapping lie in the uncertainties of
target technologies [47]. Through the technological roadmap study presented, the development of a
brewing process connected with a sustainable biorefinery, aligned with a model of circular economy,
is in its embryonic stage in Brazil and, in a correct proportion, around the world as well. There is a
lack of further technological developments either by companies or research institutions. The number
of articles published reveals that research institutions are playing their part and publishing in
different sectors where this type of technology can be applied. However, there is a lack of investment
for the technology to leave the universities and research institutes, testing environment, and actually,
reach those who will benefit from the purpose for which it was created.

The “Lei do Bem” in Brazil is an alternative for large companies to be able to reduce tax rates and
invest in new routes to take advantage of technologies. Brazil can develop innovative triple helix
models of collaboration between research organizations, institutions, and private companies to
anchor future sustainable biorefinery complexes.

Author Contributions: Conceptualization, R.B.W.E. and G.F.G.; methodology, RB.W.E. and G.F.G,; data
curation, writing—original draft preparation, visualization, R.B.W.E., A.A.C,, P.G.B.D.N and G.F.G.; writing —
review and editing, RB.W.E. and G.F.G.; supervision, project administration, funding acquisition, G.F.G. All
authors have read and agreed to the published version of the manuscript.

Funding: The research presented was supported by the Brazilian National Council for Scientific and
Technological Development (CNPq), the Brazilian Foundation for the Coordination and Improvement of Higher
Level or Education Personnel (Capes) and the University of Brasilia (UnB).

Institutional Review Board Statement: Nor applicable.
Informed Consent Statement: Nor applicable.

Data Availability Statement: The data presented in this study are available on request from the corresponding
author.

Acknowledgments: We would like to thank IQ/UnB, DPI/ UnB, DPG/UnB and the Federal District Research
Foundation (FAPDF - Fundagao de Apoio a Pesquisa do Distrito Federal Edital 3/2021) for the financial support
(the post-doctoral project) that enabled the strengthening and collaboration between Brazilian and Portuguese
research groups. In memory of a great scientist, prof. Dr. Mario Costa (IST-ULisboa), who received with
enthusiasm the idea behind this project and made it real, providing all his expertise and the experimental
conditions to develop it. May he rest in peace.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lima, L.A.; Fernandes, T.L.; Tendrio, L.X. da S.; Silva, M.L. da; Evaristo, R.B.W.; Ghesti, G.F.; Martin, A.R.
SINOPSE DO CENARIO CERVEJEIRO: O ADVENTO DA PRODUCAO E O MERCADO NA REGIAO
CENTRO OESTE. Cad. Prospecgio 2017, 10, 650, doi:10.9771/cp.v10i4.23041.

2. Ghesti, G,; Barros, C.; Muller, C.; Parachin, N.; Pinheiro, L. Andlise Sensorial Para Cervejas; LaBCCERva -
Laboratério de Bioprocessos Cervejeiros e Catdlise em Energias Renovaveis - Instituto de Quimica -
Universidade de Brasilia: Brasilia, 2018;

3. MAPA Anudrio Da Cerveja: 2021; 2022;

4. Marcusso, E.F. Da Cerveja Como Cultura Aos Territorios Da Cerveja : Uma Analise Multidimensional Da
Cerveja Como Cultura Aos Territérios Da Cerveja : Uma Analise Multidimensional. 2021, 403.

5. MAPA Anudrio Da Cerveja: 2019; Ministério da Agricultura, Pecudria e Abastecimento: Brasilia, 2020; ISBN
978-65-86803-00-6.

6.  Chetrariu, A.; Dabija, A. Brewer’s Spent Grains: Possibilities of Valorization, a Review. App. Sci. 2020, 10,
5619, doi:10.3390/app10165619


https://doi.org/10.20944/preprints202305.1800.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 May 2023 doi:10.20944/preprints202305.1800.v1

18

7.  Karlovié, A,; Jurié, A,; Cori¢, N.; Habschied, K.; Krstanovié, V.; Mastanjevi¢, K. By-Products in the Malting
and Brewing Industries—Re-Usage Possibilities. Ferment. 2020, 6, 6030082, doi: 10.3390/fermentation6030082.

8. 7. Bianco, A.; Fancello, F.; Garau, M.; Deroma, M.; Atzori, A.S.; Castaldi, P.; Zara, G.; Budroni, M.
Microbial and Chemical Dynamics of Brewers” Spent Grain during a Low-Input Pre-Vermicomposting
Treatment. Sci. Total Environ. 2022, 802, 149792, doi:10.1016/].SCITOTENV.2021.149792.

9. Saqib, N.U,; Sharma, H.B.; Baroutian, S.; Dubey, B.; Sarmah, A.K. Valorisation of Food Waste via
Hydrothermal Carbonisation and Techno-Economic Feasibility Assessment. Sci. Total Environ. 2019, 690,
261-276, doi:10.1016/].SCITOTENV.2019.06.484.

10. Mussatto, S.I.; Dragone, G.; Roberto, I.C. Brewers” Spent Grain: Generation, Characteristics and Potential
Applications. ]. Cereal Sci. 2006, 43, 1-14, doi:10.1016/j.jcs.2005.06.001.

11. Bolwig, S..; Mark, M.S..; Happel, M.K..; Brekke, A. Beyond Animal Feed?: The Valorisation of Brewers’
Spent Grain. In Waste to Value: Valorisation Pathways for Organic Waste Streams in Circular Bioeconomies;
Taylor & Francis: London, 2019; pp. 107-126 ISBN 9780429460289.

12. Farcas, A.C.; Socaci, S.A.; Mudura, E.; Dulf, F.V.; Vodnar, D.C.; Tofand, M.; Salanta, L.C. Exploitation of
Brewing Industry Wastes to Produce Functional Ingredients. In Brewing Technology; InTech, 2017.

13. Meneses, N.G.T.; Martins, S.; Teixeira, J.A.; Mussatto, S.I. Influence of Extraction Solvents on the Recovery
of Antioxidant Phenolic Compounds from Brewer’s Spent Grains. Sep. Purif. Technol. 2013, 108, 152-158,
doi:10.1016/].SEPPUR.2013.02.015.

14. Olajire, A.A. The Brewing Industry and Environmental Challenges. . Clean. Prod. 2020, 256, 102817,
doi:10.1016/j.jclepro.2012.03.003.

15. Lynch, K.M,; Steffen, E.J.; Arendt, E.K. Brewers’ Spent Grain: A Review with an Emphasis on Food and
Health. J. Inst. Brew. 2016, 122, 553-568, doi:10.1002/jib.363.

16. Ortiz, L; Torreiro, Y.; Molina, G.; Maronio, M.; Sanchez, ]. M. A Feasible Application of Circular Economy:
Spent Grain Energy Recovery in the Beer Industry. Waste and Biomass Valorization 2019, 10, 3809-3819,
doi:10.1007/512649-019-00677-y.

17. Buffington, J. The Economic Potential of Brewer’s Spent Grain (BSG) as a Biomass Feedstock. Adv. Chem.
Eng. Sci. 2014, 04, 308-318, doi:10.4236/aces.2014.43034.

18. Faccenda, A.; Zambom, M.A; Castagnara, D.D.; Avila, A.S. de; Fernandes, T.; Eckstein, E.L; Anschau, F.A;
Schneider, C.R. Use of Dried Brewers’ Grains Instead of Soybean Meal to Feed Lactating Cows. Rev. Bras.
Zootec. 2017, 46, 39-46, d0i:10.1590/s1806-92902017000100007.

19. Gebremedhn, B.; Niguse, M.; Hagos, B.; Tesfamariam, T.; Kidane, T.; Berhe, A.; Gebresilassie, L.;
Gebreegziabher, L.; Gebremariam, T.; Gebremeskel, Y. Effects of Dietary Brewery Spent Grain Inclusion on
Egg Laying Performance and Quality Parameters of Bovans Brown Chickens. Brazilian ]. Poult. Sci. 2019,
21, doi:10.1590/1806-9061-2018-0765.

20. Ikram, S.; Huang, L.; Zhang, H.; Wang, J.; Yin, M. Composition and Nutrient Value Proposition of Brewers
Spent Grain. J. Food Sci. 2017, 82, 2232-2242, d0i:10.1111/1750-3841.13794.

21. Ferreira, S.; Monteiro, E.; Brito, P.; Castro, C.; Calado, L.; Vilarinho, C. Experimental Analysis of Brewers’
Spent Grains Steam Gasification in an Allothermal Batch Reactor. Emnergies 2019, 12, 912,
do0i:10.3390/en12050912.

22.  Ferreira; Monteiro; Calado; Silva; Brito; Vilarinho Experimental and Modeling Analysis of Brewers” Spent
Grains Gasification in a Downdraft Reactor. Energies 2019, 12, 4413, d0i:10.3390/en12234413.

23. Evaristo, R.B.W.; Ferreira, R.; Petrocchi Rodrigues, J.; Sabino Rodrigues, J.; Ghesti, G.F.; Silveira, E.A.; Costa,
M. Multiparameter-Analysis of CO2/Steam-Enhanced Gasification and Pyrolysis for Syngas and Biochar
Production from Low-Cost Feedstock. Energy Convers. Manag. X 2021, 12, 100138,
doi:10.1016/].ECMX.2021.100138.

24. Balogun, A.O.; Sotoudehniakarani, F.; McDonald, A.G. Thermo-Kinetic, Spectroscopic Study of Brewer’s
Spent Grains and Characterisation of Their Pyrolysis Products. ]. Anal. Appl. Pyrolysis 2017, 127, 8-16,
doi:10.1016/j.jaap.2017.09.009.

25. Mahmood, A.S.N.; Brammer, J.G.; Hornung, A.; Steele, A.; Poulston, S. The Intermediate Pyrolysis and
Catalytic Steam Reforming of Brewers Spent Grain. ]. Anal. Appl. Pyrolysis 2013, 103, 328-342,
doi:10.1016/j.jaap.2012.09.009.

26. Borel, LD.M.S;; Lira, T.S.; Ribeiro, ]J.A.; Ataide, C.H.; Barrozo, M.A.S. Pyrolysis of Brewer’s Spent Grain:
Kinetic Study and Products Identification. Ind. Crops Prod. 2018, 121, 388-395,
doi:10.1016/j.indcrop.2018.05.051.

27.  Wilkinson, S.; Smart, K.A.; Cook, D.J. A Comparison of Dilute Acid- and Alkali-Catalyzed Hydrothermal
Pretreatments for Bioethanol Production from Brewers’ Spent Grains. ]. Am. Soc. Brew. Chem. 2014, 72, 143—
153, doi:10.1094/ASBCJ-2014-0327-02.


https://doi.org/10.20944/preprints202305.1800.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 May 2023 doi:10.20944/preprints202305.1800.v1

19

28. Plaza, P.E; Gallego-Morales, L.J.; Pefiuela-Vasquez, M.; Lucas, S.; Garcia-Cubero, M.T.; Coca, M.
Biobutanol Production from Brewer’s Spent Grain Hydrolysates by Clostridium Beijerinckii. Bioresour.
Technol. 2017, 244, 166174, d0i:10.1016/j.biortech.2017.07.139.

29. Rojas-Chamorro, J.A,; Cara, C.; Romero, I.; Ruiz, E.; Romero-Garcia, ].M.; Mussatto, S.I.; Castro, E. Ethanol
Production from Brewers’ Spent Grain Pretreated by Dilute Phosphoric Acid. Energy & Fuels 2018, 32, 5226~
5233, doi:10.1021/acs.energyfuels.8b00343.

30. Severini, C.; Azzollini, D.; Jouppila, K;; Jussi, L.; Derossi, A.; De Pilli, T. Effect of Enzymatic and
Technological Treatments on Solubilisation of Arabinoxylans from Brewer’s Spent Grain. J. Cereal Sci. 2015,
65, 162-166, doi:10.1016/j.jcs.2015.07.006.

31. Tisma, M.; Juri¢, A.; Buci¢-Koji¢, A.; Panjicko, M.; Planini¢, M. Biovalorization of Brewers’ Spent Grain for
the Production of Laccase and Polyphenols. J. Inst. Brew. 2018, 124, 182-186, doi:10.1002/jib.479.

32. Hassan, S.S; Tiwari, B.K,; Williams, G.A.; Jaiswal, A.K. Bioprocessing of Brewers’ Spent Grain for
Production of Xylanopectinolytic Enzymes by Mucor Sp. Bioresour. Technol. Reports 2020, 9, 100371,
doi:10.1016/j.biteb.2019.100371.

33. Llimds, J.; Martinez-Avila, O.; Marti, E.; Corchado-Lopo, C.; Llenas, L.; Gea, T.; Ponsa, S. Brewer’s Spent
Grain Biotransformation to Produce Lignocellulolytic Enzymes and Polyhydroxyalkanoates in a Two-Stage
Valorization Scheme. Biomass Convers. Biorefinery 2020, doi:10.1007/s13399-020-00918-4.

34. Santos, D.M. dos; Bukzem, A. de L.; Ascheri, D.P.R.; Signini, R.; Aquino, G.L.B. de Microwave-Assisted
Carboxymethylation of Cellulose Extracted from Brewer’s Spent Grain. Carbohydr. Polym. 2015, 131, 125—
133, doi:10.1016/j.carbpol.2015.05.051.

35. Mishra, P.K.; Gregor, T.; Wimmer, R. Utilising Brewer’s Spent Grain as a Source of Cellulose Nanofibres
Following Separation of Protein-Based Biomass. BioResources 2016, 12, doi:10.15376/biores.12.1.107-116.

36. Fontana, K.B.; Lenzi, G.G.; Watanabe, E.R.L.R,; Lenzi, E.K; Pietrobelli, ]. A.M.T.; Chaves, E.S. Biosorption
and Diffusion Modeling of Pb(ll) by Malt Bagasse. Int. ]. Chem. Eng. 2016, 2016, 1-11,
doi:10.1155/2016/4210561.

37. Gongalves, G. da C.; Nakamura, P.K,; Furtado, D.F.; Veit, M.T. Utilization of Brewery Residues to Produces
Granular Activated Carbon and Bio-Oil. ]. Clean. Prod. 2017, 168, 908-916, d0i:10.1016/j.jclepro.2017.09.089.

38. Wakizaka, H.; Miyake, H.; Kawahara, Y. Utilization of Beer Lees Waste for the Production of Activated
Carbons: The Influence of Protein Fractions on the Activation Reaction and Surface Properties. Sustain.
Mater. Technol. 2016, 8, 1-4, doi:10.1016/j.susmat.2016.03.001.

39. Mello, LR.P.F,; Mali, S. Use of Malt Bagasse to Produce Biodegradable Baked Foams Made from Cassava
Starch. Ind. Crops Prod. 2014, 55, 187-193, d0i:10.1016/j.indcrop.2014.02.015.

40. Formela, K.; Hejna, A.; Zedler, L.; Przybysz, M.; Ryl, J.; Saeb, M.R,; Piszczyk, L. Structural, Thermal, and
Physico-Mechanical Properties of Polyurethane/Brewers’ Spent Grain Composite Foams Modified with
Ground Tire Rubber. Ind. Crops Prod. 2017, 108, 844-852, doi:10.1016/j.indcrop.2017.07.047.

41. Zedler, L.; Colom, X; Cafavate, J.; Saeb, M.; T. Haponiuk, J.; Formela, K. Investigating the Impact of Curing
System on Structure-Property Relationship of Natural Rubber Modified with Brewery By-Product and
Ground Tire Rubber. Polymers (Basel). 2020, 12, 545, doi:10.3390/polym12030545.

42. Dovichi Filho, F.B.; Castillo Santiago, Y.; Silva Lora, E.E.; Escobar Palacio, J.C.; Almazan del Olmo, O.A.
Evaluation of the Maturity Level of Biomass Electricity Generation Technologies Using the Technology
Readiness Level Criteria. J. Clean. Prod. 2021, 295, doi:10.1016/j.jclepro.2021.126426.

43. Moura, P.; Henriques, J.; Alexandre, J.; Oliveira, A.C.; Abreu, M.; Girio, F.; Catarino, ]J. Sustainable Value
Methodology to Compare the Performance of Conversion Technologies for the Production of Electricity
and Heat, Energy Vectors and Biofuels from Waste Biomass. Clean. Waste Syst. 2022, 3, 100029,
doi:10.1016/j.clwas.2022.100029.

44. Beims, R.F.; Simonato, C.L.; Wiggers, V.R. Technology Readiness Level Assessment of Pyrolysis of
Trygliceride Biomass to Fuels and Chemicals. Renew. Sustain. Energy Rev. 2019, 112, 521-529,
doi:10.1016/j.rser.2019.06.017.

45.  Amparo, K K. dos S.; Ribeiro, M. do C.O.; Guarieiro, L.L.N. Estudo de Caso Utilizando Mapeamento de
Prospeccao Tecnolégica Como Principal Ferramenta de Busca Cientifica. Perspect. em Ciéncia da Informagdo
2012, 17, 195-209, doi:10.1590/51413-99362012000400012.

46. Mussatto, S.I.; Moncada, J.; Roberto, 1.C.; Cardona, C.A. Techno-Economic Analysis for Brewer’s Spent
Grains Use on a Biorefinery Concept: The Brazilian Case. Bioresour. Technol. 2013, 148, 302-310,
doi:10.1016/].BIORTECH.2013.08.046.

47.  Geum, Y.; Farrukh, C.; Lee, S. An integrated framework for assessing the technology roadmapping process
from multiple perspectives: The case at the sector level. J. Engin. Tech. Manag. 2023, 67, 101732, doi:
10.1016/j.jengtecman.2023.101732


https://doi.org/10.20944/preprints202305.1800.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 May 2023 doi:10.20944/preprints202305.1800.v1

20

48. BRASIL LEI Ne 12305, DE 2 DE AGOSTO DE 2010 Available online:
http://www .planalto.gov.br/ccivil_03/_ato2007-2010/2010/1ei/112305.htm (accessed on 30 March 2021).

49. Su, Y,; Zhang, P.; Su, Y. An Overview of Biofuels Policies and Industrialization in the Major Biofuel
Producing Countries. Renew. Sustain. Energy Rev. 2015, 50, 991-1003, doi:10.1016/].RSER.2015.04.032.

50. Dias, M. de O.; Falconi, D. The Evolution of Craft Beer Industry in Brazil. . Econ. Bus. 2018, 1,
doi:10.31014/aior.1992.01.04.55.

51. 49. Maiello, A.; Britto, A.L.N. de P; Valle, T.F. Implementation of the Brazilian National Policy for Waste
Management. Rev. Adm. Piiblica 2018, 52, 24-51, d0i:10.1590/0034-7612155117.

52. 50. BRASIL DECRETO Ne¢ 3927, DE 19 DE SETEMBRO DE 2001. Available online:
http://www .planalto.gov.br/ccivil_03/decreto/2001/d3927 htm.

53. 51. Veiga, C.C. da; Filho, V.].M.F.; Mendonga, F.M. de; Coutinho, R. DIFFICULTIES TO BRIDGING THE
PATH FROM INVENTION TO INNOVATION IN THE BRAZILIAN PUBLIC UNIVERSITIES
ENVIRONMENT. In Proceedings of the 10th International Symposium on Technological Innovation, 2019;
pp. 565-574.

54. BRASIL LEI Ne 11.19, DE 21 DE NOVEMBRO DE 2005 Available online:
http://www.planalto.gov.br/ccivil_03/_ato2004-2006/2005/1ei/111196.htm (accessed on 30 March 2021).

55. UFR] AMBEV Opens Innovaiton and Technology Center at the Science Park Available online:
https://www.parque.ufrj.br/en/ambev-opens-innovation-and-technology-center-at-the-science-park/.

56. Budzianowski, W.M. High-Value Low-Volume Bioproducts Coupled to Bioenergies with Potential to
Enhance Business Development of Sustainable Biorefineries. Renew. Sustain. Energy Rev. 2017, 70, 793-804.

57. Bonfiglio, A.; Esposti, R. Analysing the Economy-Wide Impact of the Supply Chains Activated by a New
Biomass Power Plant. The Case of Cardoon in Sardinia. Bio-based Appl. Econ. 2015, 5, doi:10.13128/BAE-
15247.

58. Venkata Mohan, S.; Hemalatha, M.; Chakraborty, D.; Chatterjee, S.; Ranadheer, P.; Kona, R. Algal
Biorefinery Models with Self-Sustainable Closed Loop Approach: Trends and Prospective for Blue-
Bioeconomy. Bioresour. Technol. 2020, 295, 122128, doi:10.1016/].BIORTECH.2019.122128.

59. Manikandan, N.A.; Pakshirajan, K.; Pugazhenthi, G. A Closed-Loop Biorefinery Approach for
Polyhydroxybutyrate (PHB) Production Using Sugars from Carob Pods as the Sole Raw Material and
Downstream Processing Using the Co-Product Lignin. Bioresour. Technol. 2020, 307, 123247,
doi:10.1016/].BIORTECH.2020.123247.

60. Katakojwala, R.; Mohan, S.V. A Critical View on the Environmental Sustainability of Biorefinery Systems.
Curr. Opin. Green Sustain. Chem. 2021, 27, 100392, doi:10.1016/j.cogsc.2020.100392.

61. Ghatak, H.R. Biorefineries from the Perspective of Sustainability: Feedstocks, Products, and Processes.
Renew. Sustain. Energy Rev. 2011, 15, 4042-4052, doi:10.1016/j.rser.2011.07.034.

62. Ceapraz, LL.; Kotbi, G.; Sauvee, L. The Territorial Biorefinery as a New Business Model. Bio-based Appl.
Econ. 2016, 5, doi:10.13128/BAE-15379.

63. Vu, H.P;Nguyen, L.N.; Vu, M.T ; Johir, M.A.H.; McLaughlan, R.; Nghiem, L.D. A Comprehensive Review
on the Framework to Valorise Lignocellulosic Biomass as Biorefinery Feedstocks. Sci. Total Environ. 2020,
743, 140630, doi:10.1016/].SCITOTENYV.2020.140630.

64. R. Gallo, ].M.; A. Trapp, M. The Chemical Conversion of Biomass-Derived Saccharides: An Overview. J.
Braz. Chem. Soc. 2017, 28, 15861607, d0i:10.21577/0103-5053.20170009.

65. Puligundla, P.; Mok, C. Recent Advances in Biotechnological Valorization of Brewers” Spent Grain. Food
Sci. Biotechnol. 2021, 30, 341-353, d0i:10.1007/s10068-021-00900-4.

66. Bonifacio-Lopes, T.; Teixeira, J.A.; Pintado, M. Current Extraction Techniques towards Bioactive
Compounds from Brewer’s Spent Grain — A Review. Crit. Rev. Food Sci. Nutr. 2020, 60, 2730-2741,
doi:10.1080/10408398.2019.1655632.

67. Cherubini, F. The Biorefinery Concept: Using Biomass Instead of Oil for Producing Energy and Chemicals.
Energy Convers. Manag. 2010, 51, 1412-1421, doi:10.1016/j.enconman.2010.01.015.

68. Sauvée, L.; Viaggi, D. Biorefineries in the Bio-Based Economy: Opportunities and Challenges for Economic
Research. Bio-based Appl. Econ. 2016, 5, doi:10.13128/BAE-18336.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202305.1800.v1

