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NEPCIIEKTUBHI COPTHU COYEBUII
JIJI1 BAPOBHUIITBA CHEKOBHUX ITPOJAYKTIB B YKPAIHI

Anomauis

Y cmammi npedocmasneno pezynibmamu KOMNIEKCHO20 OOCHIONCEHHS ASPOHOMIYHUX | MEXHONO2IUHUX XaApAKMepucmux
00UHAOYAMU COPMIB XAPUOBOI couesuyi, 3apeccmposanux y JlepaxcasHomy peccmpi copmie pociun VYKpaiuu, 3 Memorw 6u3Ha4eHHs
iXHb02O nomenyiany 01 6UKOPUCMAKHS Y 8UPOOHUYMBE CHEKOB0T NPOOYKYIT Ha OCHOBI POCIUNHHOT cuposunu. Bpaxosyrouu akmyansb-
HICMb 300P08020 XAPUYEAHHS, NONUM HA BUCOKOOLIKOGI Ma HAMYPALbHi NPOOYKMU, 3p0Cmac iHmepec 00 UKOPUCTIAHHA TOKATbHUX
60006UX KYIbMYP, 30KpeMa couesuyi, ik GYHKYIOHATbHO20 [HePedIEHmMA 8 MEXHON0IAX BU2OMOGIeHHs CHeKI8. [Ipogedeno nopigHsH-
HSL COPMIB 30 YOMUPMA KIIOYOBUMU KPUMEPIAMU. YPOXUCAUHICTID, MPUBATICNG 8e2eMayiliHo2o nepiody, emicm OLIKaA ma pieeHb nocy-
xocmitikocmi. [lani ompumano 3 apxieis ingpopmayitino-008ioxkoeoi cucmemu « Copmy ma oiyitinux oxcepen wyyo0o copmosux xapa-
Kmepucmux. Y peynomami 6Cmano6ieHo Cymmesy pizHuylo Mije copmamu 3a 6cima nokasHukamu. Haikpawyi snauenns 3a CyKynti-
cmio docnioxcysanux napamempis npooemoncmpyeéanu copmu €C Maxcumym, bnonoi ma CHIM 18, saxi maroms navsuwy eposicati-
Hicmo (00 2,81 m/ea), niosuwenuii émicm 6inka (0o 29,5 %), sucoky nocyxocmiikicms (8 b6anie) ma kopomkuii abo ROMIpHULL ece-
mayiunul nepiod. Taki xapakmepucmuxu € KpumuyHo 8axCIueuUMuy 0Jia NPOMUCTI08020 BUKOPUCAHHS COUeBUYT 8 MEXHOIOZIAX eKC-
mpy3ii abo euUNIKaHHs, OCKIIbKU GUSHAYAIOMb eKOHOMIYHY OOYLIbHICMb GUPOOHUYMEA, CMABLIbHICIb MEKCMYPU, 801020VMPUMYIOUY
30amHuicmes ma Xapyogy wiibHicmv KiHyesux npooykmis. Po32niaHymo 83aemo38 A30K MidiC AKICIIO CUPOSUHU MdA 81ACTNUE0CAMU
20MOBUX CHEKIB, HA NPUKLAOL NOPIGHAHHS OCWeGUX Ma NPEMIAIbHUX 3DA3KIE eKCmpPy0o8anol npoO0yKyii 3 KyKypyosu, 3epHosux i 60-
6086ux. L{e 00360110 NIOKpECIUMU 8AHCIUBICIND He JULLe COPMOBUX 0COOIUBOCHell, a Ul NOOAILULOL EeXHOI02IUHOT 00POOKU CUPOBU-
nu. Takooic okpecieno nepcnekmueu HacmynHux emanié O0CIIONCeHHs. GUBHEHHS HYMPICHMHO20 CKAA0Y i0iOpaHux copmis, ananiz
eMicmy KAImMKOGUHUY, MiHepanie (3ani3d, YuHKY), (oniceoi Kuciomu ma aHmuno#CUGHUX pedosut (himamis, mawninia), a maxoic oyi-
HKA 6NIUBY NPOPOWYEAHHS, hepmenmayii ma excmpy3ii Ha 6i000CMYNHICMb NONCUBHUX KOMINOHEHMIE. 3anponoHo6ani pe3yivmamu
CMBOPIoIONb OCHOBY 015 PO3POOKU THHOBAYIUHOI MeXHON02TT 6UPOOHUYMEA CHEKI8 13 coueduyi, A0anmo8anoi 0o yMo8 YKpaiHCbKkoeo
PUHKY, W0 003801UMb NOEOHAMU GUCOKY XAPUOBY YIHHICMb, CMAOIIbHY SKICMb Ma 00OCMYNHY cobieapmicms.

Kniouosi ci10Ba: coueBuIs, COPTH, CHEKOBA NPOAYKLisl, AHTUIIOKMBHI PpeYOBHHM, 310POBE XapuyBAHHS, TEXHOJIOTis1
BHPOOHUITBA CHEKIB.
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ANALYSIS OF EXISTING TECHNOLOGIES FOR
SECONDARY PROCESSING OF GRAIN RAW
MATERIALS IN BEER PRODUCTION
Abstract

The article reviews and systematizes the main modern technologies for the secondary processing of grain residues
generated during beer production. The main attention is paid to brewer's grains as the most massive by-product of brewing.
Traditional and innovative approaches to its storage, stabilization, drying, fermentation, bioprocessing, and use in various
sectors, including feed production, food industry, bioenergy, and biotechnology, are analyzed. It is shown that the most com-
mon use of brewer's grains is in the production of animal feed due to the high content of crude protein, fiber, minerals, and
essential amino acids. The article discusses in detail the technologies for drying brewer's grains, which allow to increase their
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shelf life, prevent microbiological spoilage and ensure convenient transportation. The methods of fermentation and biopro-
cessing of brewer's grains using microorganisms, enzyme preparations and heat treatment are presented, which contribute to
increasing their bioavailability and digestibility in feed. The latest technological solutions used in the EU, the USA, Canada
and China, including extrusion, microwave processing, ultrasonic disintegration and combined methods, are separately char-
acterized. The technologies for using brewer's grains as a raw material for the production of biogas, bioethanol, enzymes and
dietary fiber are also considered. The paper emphasizes the potential for implementing a circular economy in the brewing
industry. The paper emphasizes the potential of implementing a circular economy in the brewing industry, where the recycling
of grain raw materials can help reduce waste, reduce the burden on the environment and generate additional economic bene-
fits. The expediency of an in-depth study of local technological practices of brewer's grains processing in Ukrainian craft and
industrial breweries, taking into account their technical capabilities, climatic conditions and market demand, is substantiated.
Comparative data for wet and dried brewer's grains per 100 g of weight are presented, which demonstrate a significant con-
centration of proteins (up to 30%), fiber (up to 50%) and micronutrients in the dried product. Potential areas of secondary
use of brewer's grains in the food, feed, bioenergy, and chemical industries, in particular as a source of natural proteins, die-
tary fiber, fermentation substrates, and fertilizers, are revealed. Particular attention is paid to the possibilities of adapting
foreign experience to Ukrainian realities, given the limited capacity of craft production. The expediency of introducing tech-
nologies for drying and storing brewer's grains to extend their service life is emphasized. The article summarizes the main
scientific approaches and offers practical recommendations for producers in order to increase the economic efficiency and

innovation of the Ukrainian brewing sector.

Keywords: brewer's grains, secondary processing, grain raw materials, brewing by-products, feed, biotechnolo-

gy, dietary fiber, bioenergy.

Introduction

Brewer's grains are one of the most significant by-
products of the brewing industry, which produces
millions of tons of this resource worldwide every year
[2]. They are formed during the beer brewing process
after malting and extraction of soluble components from
grain, leaving behind a residue rich in organic and
inorganic substances. In the context of modern food
security and circular economy challenges, the use of by-
products from the agricultural and food industries is
becoming particularly important [2]. Brewer's grains are
a rich source of protein (20-24%), fiber, polysaccharides,
phenols, and other bioactive compounds. They are
commonly used as feed for cattle, but innovative
technologies are currently being developed for its
processing for food and feed applications in order to
increase its added value.

In the context of modern challenges related to
reducing food waste and the need to ensure sustainable
food production, brewers' grains are becoming
particularly relevant. The global community is
increasingly implementing a “zero waste” approach and
developing the concept of sustainable food, in which
every resource must be used as efficiently as possible [3].
Due to its chemical composition, brewers' grains fit
perfectly into this paradigm. It contains high-value
proteins, dietary fiber (primarily insoluble fiber),
minerals (calcium, magnesium, phosphorus),
polysaccharides, antioxidants, phenolic compounds, and
other biologically active substances that determine its
high nutritional and functional value [3].
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In this regard, interest in the use of brewers' grains

as an ingredient in the food industry has been growing in
recent years. It is already being successfully integrated
into the recipes of various food products: bakery
products, snacks, meat products, meat substitutes, protein
bars, functional beverages, etc. Such use not only reduces
food waste but also contributes to the creation of
innovative products that meet modern requirements for
healthy nutrition and consumer expectations for
environmentally friendly and functional products.
In the US and European countries, technologies for the
deep processing of brewers' grains are being actively
implemented, which allow improving their organoleptic
properties, reducing moisture content, separating
individual fractions, or enriching them with useful
components. Some companies specialize in developing
new food products with the addition of brewers' grains,
offering consumers healthy and environmentally friendly
alternatives to traditional products. In this way, brewers'
grains are transformed from waste into a valuable food
resource.

Analysis of recent studies and publications

Fig. 1 shows a description and diagram of the beer
production process [2], which results in the formation of
beer grains.

The first stage is malting, which involves soaking
the grains and the process of sprouting them (1). The
sprouted grains are crushed and dried in an oven to inhib-
it further growth and maintain enzymatic activity (2).

7] 9] o

Fig. 1. Beer production diagram [2]
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The operations performed in a brewery usually
begin in a mash tun, where crushed malt grains (i.e. malt)
are combined with hot water (3) to maximize enzyme
activity and sugar extraction (4). After mashing, the
brewer’s grains are removed from the wort by filtration
(5). Since most of the starch is converted to sugar, the
starch content in the grains is reduced, but it still contains
fiber and valuable nutrients, including vitamins and pro-
teins. The collected wort is transferred to a boiling tun,
where it is brought to a boil (6). Hops are added for bit-
terness, aroma, and as a natural preservative. After boil-
ing, the wort must be quickly cooled to a temperature
that promotes yeast fermentation (7, 8). The cooled wort
is transferred to a fermentation vessel and mixed with
yeast to initiate fermentation; the fermentable carbohy-
drates are consumed by the yeast, converting them to
alcohol and carbon dioxide [2]. After primary fermenta-
tion, the beer is conditioned (9). The final beer product is
filtered after it has achieved the desired taste and clarity
(10) and is then bottled (11).

Many craft breweries lack the necessary infrastructure
and equipment to safely store grain for long periods of
time, with animal feed production remaining the most
common method of processing.

It is stated [1] that one of the most common and
simplest uses of grain waste from beer production in
Ukraine is its processing into feed for cattle. However,
most of this valuable product is still simply thrown away.

Beer grains are rich in nutrients, making them an
economically efficient source of nutrients for feed
formulations for cattle and other farm animals.

Table 1 shows the nutrient content in 100 grams
of barley malt before the mashing process.

The data in Table 1 shows that barley malt is a
source of protein (10.28 g/100 g of malt), carbohydrates
(71.2 g/100 g of malt), and dietary fiber (7.1 g/100 g of
malt).

During the beer production process, some
substances are transferred from the malt to the wort,

Table 1 — Chemical composition of barley malt (mg)/100 g before mashing

Beer grains are the solid resi-

dues of malted barley and other [ ng Component Amount D.aily %.Of daily re-
grains used in brewing, from which requirement | quirement met
sugar was extracted during mashing, | I kcal 361 2200 16.41
contributing to the taste and body of [ Proteins, g 10.28 62 16.58
the beer. Beer grains account for ap-
proximately 85% of the total amount 3 Carbohydrates, g 712 288 24.72
of all brewing by-products. After the || 4 Fats, g 1.84 67 2.74
mashing process, the insoluble part of |5 Mono- and disaccharides, g 0.8 100 0.8
the barley grain is mixed with the =
soluble (liquid) wort. The wort, 6 Saturated fatty acids, g 0.386 15 2.57
which will be fermented into beer, is | 7 Ash, g 1.37 - -
filtered through the grains. 3 Water, g 801 5000 0.41
It is known [3] that spent grain -
is one of the most voluminous types |2 || Fiber, g 7.1 20 35.5
of waste in the world in terms of | 10 || Sodium, mg 11 2300 0.48
mass. As is known [3-5], the produc- 11 | Potassium, mg 274 2500 396
tion of 1 hectoliter of beer generates - -
about 20 kg of spent grain (moisture 12| Phosphorus, mg 303 800 37.87
content 13 | Magnesium, mg 97 400 24.25
75-80%). Thl.S means that even small 14 || Calcium, mg 37 1250 596
craft breweries (with a production
volume of 500—1,000 hl/year) gener- 15 || Copper, mg 0.27 1 27
ate up to 10-20 tons of beer spent 16 | Manganese, mg 1.193 2 59.65
grain annually, which creates poten- 17 || Sclenium, meg 377 70 5085
tial for the processing or commercial 2 i .
use of spent grain in many industries, | 18 | Zinc, mg 2.06 12 17.16
particularly in the food and agricul- | 19 | Iron, mg 4,71 10 471
tural industries [3-5]. Average annual
global beer production is estimated at 20 || BI, mg 0.309 17 18 17
approximately 39 million tons, with [ 21 | B2, mg 0.308 15.4
about 3.4 million tons produced in | 22 | B6, mg 0.655 32.75
the Europe an Union, 2 million tons
of which are produced in Germany 23 | BS, mg 0.577 1154
alone [3-5]. For every 100 liters of || 24 || B9, mcg 33 400 9.5
beer brewed, about 20 kg of wet |25 |'C mg 0.6 90 0.66
Eg_eél]t grain remains as a by-product 26 | E, mg 057 G 33
Proper storage conditions are [ 27 | K, mcg 2.2 120 1.83
crucial for the use of grain, as high 28 [ PP, mg 5.636 20 28.18
levels of moisture, polysaccharides,
and proteins can lead to rapid spoil- 29 | A meg 1 900 0.11
age, posing a potential health risk [7]. || 30 || Beta-carotene, mg 0.011 5 0.22
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while others remain in the spent grain.

Substances that pass from malt to wort:

1. Sugar (mainly maltose): enzymes break down
the starch in malt grains into fermentable sugars,
primarily maltose, which are necessary for the
fermentation process carried out by yeast.

2. Proteins: Proteins from malt contribute to the
formation of beer and its taste. Some proteins also
contribute to the formation of foam or beer head.

3. Enzymes: Enzymes, including amylase and
protease, help convert starch into sugar and break down
proteins into smaller peptides and amino acids.

4. Amino acids: Amino acids are the building
blocks of proteins and play an important role in yeast
metabolism during fermentation. They also contribute to

Table 2 — Chemical composition of wet and dry beer grains

after the mashing process g (mg)/100 g [16-20]

the flavor profile of beer.

5. Minerals: Various minerals, such as calcium,
magnesium, and trace elements, are extracted from malt
and affect the overall taste and stability of beer.

6. Flavor compounds: Compounds such as
phenols and esters, which contribute to the aroma and
flavor of beer, are partially derived from malt and are
influenced by mashing and fermentation processes.

Substances remaining in spent grain:

1. Fiber: Indigestible plant material, including
cellulose and hemicellulose, remains in spent grain. This
fiber is not fermentable and provides bulk.

2. Unfermented  carbohydrates:  complex
carbohydrates that have not been converted to sugar
during mashing remain in the spent grain.

3. Protein residues: proteins that
have not been completely broken down
during mashing and filtration remain in

Moist grain Dry grain the spent grain.
Ne Component (average moisture| (0% moisture 4. Lignin: Lignin, a complex
content 75-80%) content) organic polymer, is a structural
1 | Dry residue, g 20,0-25,0 100,0 component hof plant .cell walls and
- remains in the spent grain.
2| Protein (crude), g 45775 19,0-30,0 5. Microrl)’ninegrals: Some minerals
3 | Fiber (total), g 10,0-14,0 40,0-50,0 and trace elements remain in the spent
4 || Fats (ether extracts), g 1,5-2,5 6,0-10,0 grain after the mashing process.
- It is important to note that the
5 Non-nitrogenous extracts 1,5-3,0 5,0-10,0 exact composition of substances in wort
(NNE), g and spent grain may vary depending on
6 || Ash (minerals total), g 0,5-1,2 2,0-5,0 the specific beer recipe, malt type, and
7 Lignin, g 2,0-4,0 10,0-15,0 brewing technologies used.
Table 2 shows a comparison of
8 | Energy value, keal 3,550 ~150-17.0 the chemical composition of WI;'[ and dry
9 | Leucine, g ~1,5 ~7,8 beer grains.
10 | Isoleucine, g ~0,9 ~4.5 The chemical composition of
- spent grain may vary depending on the
11 | Lysine, g 0.8 3.8 quality of barley or other cereals used in
12 || Methionine, g ~0,3 ~1,5 beer production, as well as other factors
13 | Valine, g ~1,0 ~5,2 such as harvest time, malt germination
- conditions, and the ualit of
14 || Threonine, g ~0.7 ~3.8 unsweetened raw materials. the Zata in
15 | Phenylalanine, g ~1,0 ~5,0 Table 2 show that spent grain is a
16 | Arginine, g ~1,1 ~5.4 concentrate of  biologically active
- compounds that can be used in various
17 || Potassium (K), mg 250,0-400.0 1000,0-2000.,0 induztries, from animal husbandry to the
18 || Phosphorus (P), mg 150,0-225,0 600,0-900,0 food industry. Its nutritional value is
19 Calcium (Ca), mg 40’0_50’0 150’0_200’0 based on proteins, ﬁber, lipids, minerals,
= and vitamins, mainly B vitamins. Since
20 || Magnesium (Mg), mg 50,0-75,0 200,0-300,0 wet spent grain contains up to 75-80%
21 | Iron (Fe), mg 0,7-1,5 3,0-6,0 water, all the main nutrients are present
22 | Zinc (zn), mg 0.5-1,0 2.0-5.0 in significantly lower concentrations than
in dry spent grain.
23 | Manganese (Mn), mg 0,3-0,6 1,5-3,0 The protein content in dry offal
24 || Sodium (Na), mg <10,0 <50,0 reaches 19-30g/100 g, which makes it
25 | Vitamin BI (thiamine), mg 0,15-0,25 0,60-1,00 | Possible to use offal as a source of
— = = vegetable protein for the food industry.
26 | Vitamin B2 (riboflavin), mg 0,08-0,15 0,30-0,60 Fiber accounts for up to 50% of
27 || Vitamin B3 (niacin), mg 2,0-3,5 8,0-14,0 dry matter, mainly of the insoluble type
28 | Vitamin B6 (pyridoxine), mg 0.2-0.4 0.8-1.6 (cellulose, hen'licellulose, lignin.), Which
— can be used to improve the functioning of
29 || Folic acid (B9), meg 30,0-60,0 120,0-240,0 the digestive system in both humans and
30 (| Vitamin E, mg 0,5-1,0 2,0-4,0 animals.
31 |Vitamin A (retinol equiv), mcg <10,0 <40,0
29 http://grain-feed.ontu.edu.ua
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The amino acid profile, especially the high
content of leucine, valine, arginine, and phenylalanine,
indicates its value for the formulation of feed or
functional foods.

The significant content of minerals (K, P, Mg, Ca)
and B vitamins makes spent grain a potential source of
micronutrients and cofactors in dietary nutrition.

Thus, the drying process not only extends the
shelf life of spent grain, but also makes it suitable for
technological standardization as a feed or food
ingredient.

To assess the technological potential of brewer's
grains, it is advisable to compare its main components
with other agro-industrial wastes. As can be seen from
Table 3, brewer's grains exceed bran, soybean hulls, and
corn cobs in terms of protein, fat, and fiber content. This
makes it a versatile substrate for both feed and the food
industry.

According to Table 2, brewers' grains are a
lignocellulosic material rich in proteins, fiber (20-70%),
minerals, and vitamins [3]. According to [33], brewers'
grains contain up to 30% crude protein, 50% fiber, 10%
fat, and significant amounts of minerals and B vitamins
in dry matter [33]. The high content of structured fiber
(hemicellulose, cellulose, lignin) gives brewers' grains
potential as a feed additive with prebiotic properties.

The significant variability in the composition of
spent grain, even within a single brewery, was confirmed
in a study [35], indicating the need to standardize
parameters for its industrial use [35]. Processing into
feed proteins, organic acids, enzymes, or fertilizer
additives is considered particularly promising [34].

To preserve the quality of the grain and extend its
storage life, it is important to reduce excess moisture by
drying [4, 5]. The moisture content of dried grain should
not exceed 10% [4, 5]. The drying process not only
prevents spoilage but also reduces the volume of grain,
improving its storage and transportation conditions [4, 5].
As is known [5, 6], grain can be stored for up to three
months by adding substances such as lactic acid,
potassium sorbate, or acids such as acetic, formic, or
benzoic acid.

In modern studies of secondary processing of beer
grains, several key technological blocks are distinguished
— stabilization, hydrolysis, fermentation, extrusion —
which contain specific schemes for the production of
functional products.

Table 4 shows a comparison of beer grain
processing technologies.

The table shows a wide range of modern
technologies for recycling beer grains, the conditions for
their implementation, productivity, and technical and

Table 3 - Comparison of the main components of brewers' grains with other agro-industrial wastes %

No Indicator / Raw material Brewer's grains Wheat bran Corn cobs Soybean hulls
1 || Protein (%) 19-30 15-17 4-6 10-12

2 | Fiber (%) 40-50 10-12 25-35 45-55

3 || Fat (%) 6-10 4-6 1-2 <1

4 | Ash (%) 2-5 4-6 2-3 5-7

5 || NFE (sugars, starch, %) 5-10 35-40 50-60 5-8

6 | Energy value, kcal/kg ~15,0 ~12,0 ~10,0 ~11,0

Table 4 - Comparison of beer grain processing technologies

rospora crassa)

bioreactor

No Technology Conditions Products / Output Characteristics of the
3 method
1 Convection drying +50-70 °C, Dry beer grain (<10% moisture | Long, energy-intensive
6—48 hours content) (researchgate.net)
) Pulsed fluidized +70-90 °C, Fast drying, better functional More efficient than conven-
bed 0.5-0.7 m/s air properties of proteins tional drying
3 Air-microwave and 250 W, +54 °C, High sensory appeal of the dry High capital costs
vacuum drying 1.1 mbar product
4 Alkali combined NaOH 1 M, ~50% protein extract Alternative to acid hydroly-
with Viscozyme L +50 °C, 60 min sis
5 ZA / acid + enzyme 72% H2SO0s4, Xylose (~22 g/l) — High return on added value
combination +120 °C, 17 min xylitol 0.7 g/g
6 Enzymatic and ac- Asp. niger enzyme | Glucose 18 g/l, xylose 6 g/l No pre-treatment of raw
id/alkaline cocktail materials required
7 Extrusion 15.8% moisture, 1 soluble fiber 67% Versatile for food and feed
164 rpm, +122 °C products
Extrusion and solid | F. oxysporum after || Maximum yield of arabinoxy- Synergistic effect, but more
8 . o ; .
phase technology extrusion lans, antioxidant compounds difficult to implement
9 Solid phase (Neu- 61.5% moisture, Ethanol 74 g/kg dry matter Bioenergy potential
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economic characteristics. All methods can be divided
into three groups:

1.Drying technologies (items 1-3):

Convection drying (No. 1) is traditional, but very energy-
intensive and time-consuming. It is suitable for small-
scale production without intensive technological load.

Pulse fluidized bed drying (No. 2) reduces drying
time and better preserves biologically active substances,
in particular proteins. It is considered more promising,
although it requires specialized equipment.

Air-microwave and vacuum drying (No. 3)
produces the highest quality product in terms of
organoleptic properties and stability, but requires
significant capital expenditure, which limits its
availability to small businesses.

Drying efficiency increases with the use of the
latest technologies, but the economic feasibility of their
implementation depends on the scale of production.

2. Extraction-hydrolysis and enzymatic methods
(items 4-6):

Alkaline with Viscozyme L (No. 4) is a simple
alternative to acid hydrolysis, allowing up to 50% protein
extract to be obtained, which is suitable for use in the
food or feed industry.

The acid-enzyme combination (No. 5) provides a
high yield of xylose, which is then fermented into xylitol,
a product with high added value. This method is
commercially attractive, especially in the pharmaceutical
and dietary segments.

The A. niger enzyme cocktail (No. 6) avoids the
aggressive chemical hydrolysis stage. It is an
environmentally friendly and gentle method, but with a
moderate yield of glucose and xylose.

Enzymatic methods are becoming key in the
production of food ingredients and sugars from brewers'
grains, especially when environmental purity of the
process is required.

3. Biotechnological
(items 7-9):

Extrusion (No. 7) is a universal approach for both
the food and feed industries. Its advantages include an
increase in soluble fiber (up to +67%), preservation of
bioactive substances, and the ability to create products
with improved texture.

Extrusion + SSF (solid-state fermentation) (No. 8)
provides the highest yield of antioxidant and functional
substances (arabinooligans), but requires complex
technological integration and careful control of
fermentation processes.

Pure SSF with Neurospora crassa (No. 9) is
promising for the production of bioethanol — up to 74
g/kg. This opens up an energy direction for the reuse of
brewer's grains, especially in farms or biogas plants.

Combined methods provide the highest
biotechnological efficiency but require more complex
logistics and investment in equipment.

All of the technologies considered have their own
area of applicability depending on the target product:

1.If the goal is food additives and compound
feed, extrusion, fermentation, and enzymatic extraction
are most appropriate.

2.To obtain high value-added nutrients —
proteins, xylitol, antioxidants — it is better to use hydro-

and combined solutions
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lysis-enzymatic schemes.

3. In the context of the circular economy and
energy recovery, bioenergy and combined fermentation
technologies are promising.

The choice of technology should be based on a
balance between economic feasibility, the level of
technological equipment of the enterprise, the target
market, and the expected product quality. In the future,
hybrid integrated approaches will have the greatest
effect, allowing the processing of brewery grains to be
combined with other agricultural waste and creating
closed production cycles.

Scientists in China have investigated the potential
of using spent grains as a raw material for the production
of biofuel, which serves as an alternative to fossil fuels
[10]. The process involves preliminary acid treatment
followed by the production of bioethanol through
fermentation using various microorganisms, including
Pichia stipitis and Kluyveromyces marxianus [10],
Neurospora crassa and Fusarium oxysporum [11], as well
as Scheffersomyces stipitis and E. coli [12]. The data
obtained indicate that biogas production alone is not
economically viable; however, integrating the process
into a biorefinery that produces additional products will
increase its economic feasibility [9, 13, 14].

Studies have shown [15] that brewers' grains are
an excellent source for the extraction of phenolic
compounds, which can be obtained using traditional
extraction methods or advanced technologies such as
ultrasonic and microwave extraction [15]. Phenolic
compounds, known for their antioxidant properties, have
attracted considerable interest due to their beneficial
effects on human health [15]. In addition, protein
extraction from beer grains has been effectively achieved
using hydrothermal pretreatment at +60°C in
combination with the use of protease enzymes [16,17].
Scientists  [16,17] extracted polyphenols using
ultrasound, and enzymes as the final product obtained a
protein hydrolysate, where glutamic acid and proline
predominated.

Beer grain, with its high moisture content and rich
chemical and nutritional profile, has proven to be an
excellent substrate for microbial cultivation [7]. In
addition, the sweetener xylitol can be obtained from
spent grain hydrolysate along with the production of
lactic acid. Lactic acid has become the focus of intensive
research due to its diverse applications in various
industries, including pharmaceutical, chemical, food,
textile, and leather [16, 17]. Traditionally, lactic acid is
produced by fermenting sugars such as glucose, fructose,
sucrose, and lactose, as well as starch, which accounts for
90% of global production, while chemical synthesis
accounts for the remaining 10% [16, 17]. Given the low
selling price, scientists [18] have tried to find new,
cheaper raw materials from which lactic acid can be
obtained. One way to reduce production costs is to use
lignocellulose and starchy by-products. Spent grain can
also be used as a carrier to immobilize yeast during
fermentation, thus replacing commercial carriers [18]. It
has a high yeast binding capacity (430 mg/g dry matter),
has no negative effect on the fermentation process, and
the taste of beer is easily applied and can be restored by
washing in an alkali solution. Pullulan can also be
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Table S - Nutritional value of compound feed with the addition of brewers' grains for different types of animals

Ne || Types of animals Characteristics of use

1 Cattle High digestibility, promotes the development of rumen microflora, a source of effective
fiber. Up to 20-30% in the diet.

) Pigs Limited use (up to 10-15%), requires additional protein and energy balance. Often used
after enzyme treatment.

3 Poultry UP to 5-1 Q% in compound feed for laying hens and turkeys. Used as a source of fiber and
micronutrients.

4 || Rabbits, sheep Inclusion of up to 15-20% without significant reduction in growth.

5 Fish After fermentation — as a source of protein. Can replace up to 30—40% of fish meal (un-

(aquaculture) der certain processing conditions).

extracted from spent grain. Pullulan and its derivatives
are used in the food, pharmaceutical, and electrical
industries due to their ability to form fibers and films that
are insoluble in oil and impermeable to oxygen. Pullulan
can be obtained from spent grain using Aureobasidium
pullulans.

Brewer's grains contain a variety of nutrients that
are beneficial to the human diet, including vitamins,
fiber, and minerals [28]. As noted by scientists [24],
enriching durum wheat flour with brewers grains
significantly improves the nutritional profile of the flour,
increasing the fiber content by 135%, B-glucan by 85%,
and total antioxidant capacity by 19% compared to
standard durum wheat flour. Adding 10% brewers' grains
to pasta recipes improves the organoleptic and
technological properties of the finished products [24].

In bread production, the addition of brewers'
grains flour not only increases the fiber content but also
improves water absorption, improving the texture and
volume of bread [25]. Similarly, its inclusion in cookies
has a positive effect on the quality of the finished
product, but a negative effect on appearance and aroma
has been noted [26].

It is also known [27] that brewers' grains are used
as an additive to meat products, such as sausage
products, to increase the fiber content and reduce the fat
content in the finished product [27]. Similarly, adding
brewers' grains to snacks increases their fiber and protein
content on the one hand, but on the other hand negatively
affects the taste of the finished product, especially when
the grain content exceeds 30% [28, 29].

Unfavorable sensory characteristics when adding
brewers' grains to food products, including changes in
color and texture [30], can be minimized by adding corn
starch and whey protein isolate [31]. Another approach to
solving these issues involves pre-treatment in an
autoclave, which depolymerizes the structure of the
grain, improving its appearance and shelf life. This
process allows a higher percentage of spent grain to be
used in food products [30]. In general, the acceptable
limit for spent grain content in food products is about
20%, with 10—-15% spent grain being most acceptable for
maintaining optimal sensory characteristics [32].

Due to its rich chemical composition, brewers'
grains are a valuable feed ingredient for various types of
farm animals. In the feed industry, it is used in three
main forms: wet (direct feeding on farms, shelf life — up
to 48 hours without preservatives); silage (mixed with
pomace, straw, grass, corn grits); dry (dried spent grain
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as a component of compound feed recipes).

Dry spent grain has the best storage and
transportability characteristics, and also allows it to be
standardized as a feed additive or included in premix
formulas.

Table 5 shows the nutritional value of compound
feed with the addition of brewers' grains for different
types of animals.

A number of studies [36] have shown that
brewers' grains can successfully replace part of soybean
meal or grains in compound feed formulas. To ensure
better digestibility and absorption, brewers' grains are
often pre-treated, as shown in Table 4.

Such methods make it possible to increase the
concentration of digestible protein (up to 30—40%),
reduce the content of anti-nutritional factors, and
improve the taste properties of the feed.

The advantages of using brewers' grains in
compound feed are the low cost of raw materials, the
enrichment of compound feed with fiber, proteins, and
minerals, and the positive effect on digestion and growth
of animals.

It is known [36] that farms attached to breweries
in Ukraine and Poland use spent grain to feed cattle (wet
or silage). In Germany and the Netherlands, automated
drying units and granulators are widely used to convert
spent grain into high-protein feed additives.

In India and China, fermented spent grain is
actively used in the production of fish feed, which
reduces the cost of importing protein components.

Spent grain is a promising, inexpensive, and
nutritious raw material for the feed industry. It can
partially or completely replace traditional ingredients,
reducing the cost of feed and increasing its biological
value. The optimal use of brewers' grains requires
appropriate processing (fermentation, drying), but in the
long term contributes to the formation of a safe,
sustainable, and cost-effective livestock system.

Conclusions

This review provides a comprehensive analysis of
ways to further process brewers' grains in both the food
industry and agriculture. A comprehensive analysis of
modern technologies for the secondary processing of
brewers' grains, the main by-product of brewing, was
carried out. Traditional and innovative methods of raw
material processing, in particular drying, fermentation,
hydrolysis, extrusion, and biological treatment, were
considered. The prospects for using brewers' grains as a
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functional ingredient in the food industry (production of beer grain processing technologies contributes to the

flour products, protein supplements, antioxidants), as creation of resource-saving production systems,
well as a high-protein and fibrous component of reduction of food waste, and development of a circular
compound feed for animals, poultry, and fish, were economy in the agro-industrial sector.

demonstrated. It is concluded that the introduction of
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AHAJII3 ICHYIOUMX TEXHOJOT'T BTOPUHHOI IEPEPOBKHU
3EPHOBOI CUPOBUHU ITPU BUPOGHULITBI IIUBA

AHoTanisa

Y cmammi pozenanymo ma cucmemamuzoearno ocHo8Hi cyuacHi mexnonoeii 6MopunHoi nepepodKU 3epHOBUX
BANUMKIB, WO YMEOPIOIOMbCsL Nid vac eupobruymea nuéa. OCHO8HA y6aza npuodiinemvcs NUSHIN OpoOUHI, K HAOLIbL
MAco8oMy nobiuHOMY npodykmy nugosapinus. IIpoananizoeano mpaduyivini ma iHHO8AYitiHI nioxoou 00 it 36epicanns,
cmabinizayii, cywinns, epmenmayii, 6i000POOKU MA GUKOPUCMAHHS 8 PIZHUX CEKMOPax — 30KpemMa 6 KOMOIKOPMOBO-
MY 8UPOOHUYMEI, Xap4o8ili npomuciogocmi, bioenepeemuyi ma biomexnonozisax. Iloxkazano, wo Hatlbitbuws NOWUpeHUM
HanpsAMoM 6UKOPUCMAHHA NUBHOI OPOOUHU € B8UPOOHUYMBO KOpMIG OJid MBAPUH 3AB0AKU GUCOKOMY BMICHY CUPO2O
npomeiny, KiimKOGUHU, MIHEPATbHUX PEUOBUH A HE3AMIHHUX AMIHOKUCIOM. [{emanbHo po32isAHYmMO MexXHoN02ii cy-
WIHHA NUBHOT OpOOUHU, SKI 003601AI0Mb 30iIbWUMU MepMiH i1 30epicants, 3anobiemu MIKpOOIONOSTUHHOMY NCYBAHHIO
ma 3abe3neuumu 3pyunicmo mparncnopmysauts. Ilpeocmasneno memoou gepmenmayii ma 6io-00podKku nueHoi Opo-
OUHU 3 BUKOPUCIAHHAM MIKPOOP2AHI3MIS, (DepMEHmMHUX npenapamie ma mepmiunoi o6poOKu, SKI CHPUsioms niosu-
wennio ii 6iooocmynnocmi ma 3aceoioéarocmi 8 kopmax. OKpemo oxapaxmepuzo8ano HOGIMHI MEXHON02IUHI PileHHs,
wo 3acmocosyromoca 6 kpainax €C, CIIA, Kanaodi ma Kumai, ceped saxux — excmpy3is, MIiKpOX6uib08a 0oOpooKa,
VIbMpA38yKo8a oesinmezpayisi ma KomoOinosani memoou. Takodc po3enanymo mexHon02ii GUKOPUCMAHHI NUBHOT Opo-
OUHU SIK CUPOBUHU 0I5l BUPOOHUYMBA 0i02a3y, OI0emAaHONy, eH3UMIB | XAPHUOBUX BONOKOH. Y pobomi nioKpecieHo nome-
HYian 6npo8aodicents YUpKyIApHOi eKOHOMIKU 8 NUBOBAPHILL NPOMUCTIOBOCMI, Oe 8MOPUHHA NepepodKa 3epHO80I cupo-
BUHU MOJICEe CHNPUAMU 3MEHUIEHHIO 00CA2I8 8I0X00I8, 3HUJNCEHHIO HABAHMANCEHHS HA HABKOIUWHE cepedosuuje ma
OMPUMAHHIO 000AMK080I eKOHOMIUHOI 8ueoou. ObIPYHMOBAHO OOYLIbHICHb NO2AUONIEHO20 BUBYEHHS JIOKANbHUX MieX-
HOMOSTYHUX NPAKMUK NepepoOKu NUBHOT OPOOUHU 8 YMOBAX YKPAIHCOKUX KPADMOBUX [ NPOMUCIOBUX NUBOBAPEHD, 3 YPa-
XYBAHHAM IXHIX MEXHIUHUX MONCIUBOCEL, KIIMAMUYHUX YMO8 Ma pUHK08020 nonumy. Hagedeno nopiensnvri oaui o5
6010201 ma sucywenoi opobunu na 100 2 macu, aki demoncmpyloms 3Ha4Hy Konyenmpayiio oinkie (0o 30%), krimxosu-
Hu (00 50%) ma mikponympicumis y sucywenomy npooykmi. Poskpumo nomenyitini nanpamu 6mOpUHHO20 8UKOPUC-
MaHHA NUBHOT OPOOUHL Y XaPUuO0Gill, KOPMOSIll, bioeHepeemuyHit ma XiMiuHill NPOMUCTIO80CII, 30KpeMa K Odcepend
HamypaivHux OLIKI6, Xapuoeux 80JI0KOH, cyocmpamie 0isi pepmenmayii ma 0oopus. Ocobaugy ysazy npuoileHo Moic-
AUBOCMAM A0anmayii 3aKopOOHH020 00C8IY 00 VKPAIHCLKUX Peaiill, pAx08VIOUL 0OMENCEHI NOMYAICHOCME KpAGMOBUX
BUPOOHUYMB. AKYEHMOBAHO HA OOYITbHOCMI BNPOBAOICEHHS MEXHONO0IU CYWIinH ma 30epicants NUeHOI Opoodunu 04
Nno0osdCceHHA mepMiny ii eukopucmanna. Cmamms y3a2anibHIOE OCHOBHI HAYKOBI NiOX00U Ma NPONOHYE NPAKMUYHI pe-
KoMeHOayii 018 8UPOOHUKIG 3 MemOoI0 NiOGUWEeHHST eKOHOMIYHOT e(heKmuUeHOCmi ma iHHOBAYIUHOCT NUBOBAPHO2O CEK-
mopy Ykpainu.

KurouoBi cnoBa: nmuBHa 1po0nHa, BTOPHHHA NepepodKka, 3¢pPHOBA CHPOBHHA, NMO0OIYHI MPOAYKTH NMHBO-
BapiHHA, kKoMOikopM, OioTexHoJI0Tii, Xap40Bi BO10KHA, OioeHepreTuka.
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