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Review article 

Technological innovation in craft brewing: from specialty raw materials to process and 

sustainability advances  

Alexander Ivanov1, Georgi Kostov1,2✉ 

1 Department of Wine and Beer Technology, Technological Faculty, University of Food Technologies, Plovdiv, Bulgaria 
2 Center of Competence AgriFoodSystems and Bioeconomy, 4000, Plovdiv, Bulgaria  

Abstract  

Craft brewing has developed extremely rapidly over the last decade and has established itself as a key element of 

innovation in the brewing sector. This publication examines the main trends shaping craft brewing, emphasizing beer 

styles as the basis for technological innovation. Special attention is paid to the use of special malts and non-traditional 

cereals and pseudo cereals raw materials, technological changes in the mashing, subsequent wort production, and 

fermentation stages. Some elements of the use of non-conventional yeasts as a way to create a new product range are 

examined. Another element of the publication is an examination of the changes in the hopping method and the related 

technological challenges. Data on the influence of various elements of the technological process that affect the 

beverage sensory profile, are presented. At the end of the publication, attention is paid to the craft industry in the 

context of sustainable development of the industry and technology. This review highlights craft brewing as a dynamic 

field in which creativity is supported by evidence-based process control and sustainability-oriented solutions. 
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Introduction  

What is a craft brewing? 

Craft brewing is a form of beer production that is 

carried out on a relatively small scale, characterized 

by technological autonomy and a high percentage of 

manual operations (artisanal control), as well as 

significant innovations focused on the organoleptic 

profile of the final product. In a broader scientific 

context, it is defined as a production niche in which 

experimentation with different raw materials and 

their quantities, modification of technological 

processes, the organoleptic profile of the beverage, 

as well as the maintenance of local and cultural 

identity is carried out (Gobbi et al. 2024; Durán-

Sánchez et al. 2022; Withers 2017; Nave et al.  

2022; Aquilani et al. 2015). There is probably no 

single definition of what craft beer is worldwide. 

Usually, the definition depends on the legislation of 

the producing country itself (Villacreces et al. 

2022). In their review, Villacreces et al. (2022) 

present the definition of “The Brewers Association 

of US”, who define a craft brewery as a “small, 

independent and traditional one”, with small being 

defined by the quantity of beer produced, traditional 

referring to the flavor profile of the beer, especially 

if it is brewed with traditional ingredients. Some 

authors point out that craft beer is usually 

unpasteurized and unfiltered (Villacreces et al. 

2022). 

Craft brewing – economics and tendency  

Craft brewing is a significant segment of the global 

beer market. It is estimated that about 16% of the 

market falls on the craft industry, although this 

percentage does not take into account domestic 

production. The market for this type of production 

is expected to grow 1.3 times in the next 10 years, 

and is currently estimated at approximately 130 

billion USD. Fig. 1 shows the main economic trends 

in the production of craft beer (IMARC Group 

2024). A key element of this market are online 

platforms, retail stores and a number of small 

breweries that also operate in the field of beer 

tourism. Beer tourism is developing as an element 

of sustainable practices, relying on local types of 

beer, combined with local foods and tradition 

methods. Innovative marketing strategies, such as 

storytelling, social media engagement, and 

collaboration with local businesses, also increase 

brand visibility and customer loyalty (Gatrell et al. 

2018; Gajić et al. 2021; Reid 2021). 

 
Figure 1. Trends in the craft brewing industry markets  

*Adapted from IMARC Transforming Ideas into Impact. (2024) Copyright 2024, IMARC Group 

In recent years, craft brewing has led to a significant 

transformation in the brewing industry. It is 

reflected in innovative brewing techniques, applied 

to a wide range of different raw materials (specialty 

malts; herbs; fruits; new yeast types), the 

application of local and sustainable practices. A 

significant trend is the production of unique beer 

styles that can be combined with different food 

types. The stories told about different beer styles are 

also of interest. Craft breweries develop products 

with unique characteristics shaped by both internal 

and external features. External ones are related to 

the uniqueness of the brand, packaging and label, as 

well as the indication of the origin/history of the 

product. Internal characteristics include the 

uniqueness of the taste, aroma, content, which is 
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guaranteed by the raw materials used. Many small 

producers are reviving old styles that were on the 

verge of extinction and presenting them in new and 

original interpretations (Bimbo et al. 2023; Faganel 

and Rižnar 2023; Rosales et al. 2021; Baiano 2024; 

Durán‑Sánchez et al. 2022; Carbone and Quici 

2020; Carvalho et al. 2018; Gómez Corona et al. 

2016; Jaeger et al. 2021; Villacreces et al. 2022). 

The purpose of the present publication is to provide 

a brief overview of the main trends in craft brewing, 

examining new beer styles, the possibility of using 

new raw materials for beer production, and changes 

in technological setups. 

Beer styles – traditions and innovations 

In brewing practice, it is customary to divide beer 

styles into three main groups – lager, ale and hybrid, 

which is mainly based on the yeast used to carry out 

the fermentation process (Fig. 2). At the same time, 

we can say that this classification is not always 

entirely accurate, because a given beer style often 

depends on the malts used and their ratio, the water 

type, the hopping method, as well as other 

parameters of the technological process (Briggs et 

al. 2004; Bamforth 2003; Hieronymus 2012; Beer 

Judge Certification Program 2021; Brewers 

Association 2026). 

A characteristic of lager beer styles is that they are 

obtained by fermentation with bottom-fermenting 

yeast strains. This provides a balance between 

fermentation notes (usually this beer type is 

characterized by a lower content of esters and higher 

alcohols) and hop bitterness (Fig. 2) (Briggs et al. 

2004; Bamforth 2003; Hieronymus 2012; Beer 

Judge Certification Program 2021; Brewers 

Association 2026). 

 
Figure 2. Beer styles 

*Adapted from Brewers Association. For Small & Independent Kraft Brewers. (2026) Copyright 2026, Brewers 

Association 

The second large group of beer are ale styles 

obtained by top-fermenting yeasts fermentation 

with. This yeast type is characterized by a more 

intense metabolism, which leads to a wider range of 

taste and aroma components. Beer from this group 

has a wide range of organoleptic profiles - from hop-

dominated such as Pale Ale/IPA (including 

American and New England/Hazy variants) to more 

malty Amber/Red, Brown and Scottish styles. Ales 

often include wheat styles (Hefeweizen/ Weissbier, 

Witbier), which have distinctive characteristics 

(Fig. 2) (Briggs et al. 2004; Bamforth 2003; 
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Hieronymus 2012; Beer Judge Certification 

Program 2021; Brewers Association 2026). There is 

also a separate group, the so-called hybrid styles, 

whose characteristics are determined both by the 

production technology and the raw materials used, 

and by the fermentation type used (Fig. 2) (Briggs 

et al. 2004; Bamforth 2003; Hieronymus 2012; Beer 

Judge Certification Program 2021; Brewers 

Association 2026). 

In technological terms, especially using some 

sensory characteristics, beer styles can also be 

distinguished into: light beer; dark beer; sour beer; 

Belgian school and others. Dark beer types and/or 

the so-called strong beer styles are distinguished by 

notes of coffee, cocoa and caramel (Porter, Stout, 

Imperial Stout, Barleywine), which are formed by 

the use of dark and roasted malts, as well as roasted 

barley. Sour styles (Berliner Weisse, Gose, Lambic/ 

Gueuze, etc.) are determined by the participation of 

lactic acid bacteria and/or spontaneous 

fermentation, which leads to dominant acidity, high 

complexity and often fruit-fermentative nuances 

(Fig. 2) (Briggs et al. 2004; Bamforth 2003; 

Hieronymus 2012; Beer Judge Certification 

Program 2021; Brewers Association 2026). 

A separate place is occupied by the “Belgian 

school” (Saison, Dubbel/ Tripel/ Quadrupel, 

Belgian Strong Ale), in which specific yeasts and 

fermentation regimes give a spicy-ester profile and 

a dry finish. Finally, hybrid styles (Kölsch, Altbier, 

California Common) combine elements of ale and 

lager technological logic. In practice, style 

affiliation is most adequately described by a set of 

indicators: type of fermentation and microbiota, 

composition of the malt mixture, hop pattern, initial 

density/alcohol, bitterness and key aroma-taste 

descriptors (Fig. 2) (Briggs et al. 2004; Bamforth 

2003; Hieronymus 2012; Beer Judge Certification 

Program 2021; Brewers Association 2026). 

The styles thus described constitute a systematized 

framework that often serves to form new beer 

assortments in the craft industry. Innovations in 

terms of the raw materials used (malts and non-

traditional ingredients), the type of technological 

operations for obtaining the wort, including the 

hopping techniques (combining different hop 

varieties, adding hops at various stages of the 

brewing process, or employing dry hopping), 

modifications of the fermentation processes are the 

basis for the creation of distinctive assortments, and 

often in new branches of beer styles. In the craft 

segment, the style is not a limitation, but a starting 

point for targeted innovations: the choice of lager or 

ale fermentation sets the basic profile (clean and 

balanced in lagers versus more aromatic and estery 

in ales), on which technological solutions for 

differentiation are superimposed. Hop-oriented 

styles (Pale Ale/IPA and their variants) are the basis 

for experiments with new hop varieties, dry-

hopping strategies, biotransformation and haze 

control, while malt-oriented styles (Amber, Brown, 

Bock) allow for modeling the flavor profile by using 

different, optimized combinations of malts. Wheat 

beer styles and the Belgian brewing tradition offer 

considerable flexibility in yeast selection, with 

different strains contributing distinct fermentation-

derived flavor characteristics. Sour styles (Berliner 

Weisse, Gose, mixed fermentations) are particularly 

suitable for craft innovations due to their high 

technological flexibility: controlled lactic acid 

fermentation, addition of fruits and herbs, aging in 

different types of wood and building complexity 

through microbial consortia. Dark and strong styles 

(Porter, Stout, Imperial variants) allow for product 

differentiation through the application of dark and 

roasted malts, the use of special raw materials 

(cocoa, coffee, vanilla), barrel aging and 

management of oxidative processes during storage. 

In this context, styles act as a “common language” 

for technological design and quality, and innovation 

is realized by combining style parameters with new 

raw materials, yeasts/bacteria, digitally managed 

processes and sustainable practices (local raw 

materials, low energy regimes, circular economy). 

Thus, the style framework supports both creativity 

and reproducibility – a key condition for successful 

craft products (De Simone et al. 2021; Arruda et al. 

2022; Callejo et al. 219; Briggs et al. 2004; 

Bamforth 2003; Hieronymus 2012; Baiano 2021; 

Ivanov et al. 2023; Bokulich and Bamforth 2013). 

Craft beer raw materials and technology 

modifications 

Beer is produced from 4 traditional raw materials – 

water, hops, brewer’s yeast and malt (usually light 

barley malt). In combination with the processes of 

beer production, a unique product is obtained, and it 

is different, both in physicochemical composition 

and in sensory terms (Briggs et al. 2004; Kunze 
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1996; Kunze 2004; Meussdoerffer and Zarnkow 

2009; Cadenas et al. 2021). 

Unlike industrial production, the craft industry 

relies on high-quality raw materials, in combination 

with non-traditional raw materials (e.g. pseudo-

grain raw materials, fruits, plants, herbs, non-

traditional yeast types), which provide a unique 

taste and aroma profile of the final product. The 

combination of different compositions and the 

choice of technological regimes for different 

operations creates a product with high quality and 

unique characteristics that often cannot be repeated 

(Briggs et al. 2004; Kunze 1996; Kunze 2004; 

Meussdoerffer and Zarnkow 2009; Cadenas et al. 

2021). Craft beer is often associated with local raw 

materials – fruits, spices, herbs, some vegetables, 

which also promote the sustainability principles. 

Quite often, in addition to changing the beverage 

taste and aroma profile, the addition of these 

components is associated with increasing the 

beverage biological value, which is promoted by 

manufacturers (Martinez et al. 2017a; Martinez et 

al. 2017b; Ducruet et al. 2017; Humia et al. 2020). 

Fig. 3 summarizes the main non-traditional raw 

materials and their influence in craft brewing. 

Despite the dominance of barley and wheat, modern 

brewing – especially the craft sector – is 

increasingly exploring alternative grain and pseudo-

grain raw materials. These raw materials offer 

opportunities for creating new styles, specific 

sensory profiles and products with different 

biological characteristics. However, their successful 

application requires technological adaptation, as 

they are often associated with lower enzyme 

potential, changes in mash viscosity and challenges 

in lautering and fermentation. 

At the current stage of brewing development, barley 

and wheat are the leading malting crops. Barley 

(Hordeum vulgare) is preferred due to its high 

starch content, good enzyme potential and specific 

grain structure. A practically significant advantage 

is the presence of husks, which assist in the wort 

filtration process. Wheat (Triticum aestivum L.) is a 

huskless crop widely used for the production of 

wheat styles, especially in Germany and Belgium. It 

can participate in the technology as a malted or 

unmalted raw material. Technologically, a 

combination of barley and wheat malt is most often 

used, with the share of the wheat component usually 

reaching about 50%. Wheat affects foam formation 

and foam retention, the “beer body” and the 

characteristic haze in certain styles, but due to the 

lack of husks it can complicate lautering. Often 

small amounts of wheat (5-10%) are used to 

improve the “beer structure” (Briggs et al. 2004; 

Kunze 1996; Kunze 2004; Meussdoerffer and 

Zarnkow 2009; Cadenas et al. 2021; Yorke et al. 

2021; Habschied et al. 2020; Kunz et al. 2012). 

 
Figure 3. Unconvetional raw materials in craft 

brewing 
The figure was originally conceived, scientifically 

reviewed, and edited by the authors; graphic rendering was 

assisted by ChatGPT/OpenAI 

*Adapted from Ivanov & Kostov, 2022 Copyright 2022, 

Agriculture and Food, Journal of International Scientific 

Publications 

Modern craft brewing involves the use of a number 

of types of specialty malts (dark, roasted, functional, 

smoky, etc.) as a tool for controlling the color, 

aroma, taste and density of the beverage. These 

special effects are due to the content of the Maillard 

reaction products in the malt, pyrolytic changes and 

others. For example, Vienna, Munich, Melanoidin 

malts give the characteristic malty or toasted bread 

flavor of beer. These malts have technological 

characteristics that can affect brewing and 

fermentation regimes. Highly roasted malts 

(chocolate/ black/dehusked roasted) are responsible 

for the darker beer colors, imparting coffee, cocoa 

and toasted flavors and aromas. They are 
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characterized by a decrease in the total content of 

phenolic compounds, but at the same time an 

increase in the total antioxidant activity, which is 

due to the products of the Maillard reaction. Two 

practically important “functional” malts are: (i) 

acidulated malts for precise pH control (typically a 

0.1-unit decrease in mash pH), which supports 

enzymatic activity and extract yield; and (ii) 

smoked malts, in which volatile phenols can 

decrease significantly during saccharification and 

brewing, but the differences between wood and peat 

smoking are preserved in the beer and give a 

technologically controllable “smoke signature”. 

With highly roasted malts, the risk of the presence 

of acrylamide, which may have harmful effects on 

the human body, must be taken into account (Prado 

et al. 2021; Prado et al. 2023; Samaras et al. 2005; 

Jung et al. 2023; Lowe and Arendt 2005; Basinci et 

al. 2022; Weyermann 2026; Weyermann 2023; 

Blšáková et al. 2022). 

Table 1 summarizes some of the more important 

characteristics of specialty malts and their 

application in different beer styles, with special 

attention being paid to possible risks when using 

these malts. Historically, beer production has also 

included other cereals, which were subsequently 

replaced by barley and wheat. With the 

development of craft brewing, these “forgotten” raw 

materials are being used again – both to create new 

sensory profiles and to develop products with 

different nutritional value or technological focus 

(e.g. gluten-free options). The selection of such raw 

materials is usually based on three key criteria: (1) 

price, (2) opportunities for sustainable supply, and 

(3) technological suitability.  

Oats (Avena sativa L.) have a long history in Europe 

and have been used in brewing at various times, 

both malted and unmalted. Oats are a typical 

component of Stout variants and are often used in 

gluten-free products. The grain is rich in proteins, 

lipids and β-glucans, the latter often making 

lautering difficult. The presence of oats makes the 

beer “creamy”, with good head retention and 

persistent haze. Due to the relatively lower diastatic 

force at higher amounts, the use of enzyme 

preparations is necessary (Meussdoerffer and 

Zarnkow 2009; Cadenas et al. 2021; Yorke et al. 

2021; Kunz et al. 2012; Klose et al. 2011; Kordialik-

Bogacka et al. 2014). 

Rye (Secale cereale L.) and especially rye malt give 

beer a dark, rich color, a complex aroma profile, and 

spicy and astringent flavor notes. A technological 

limitation is the higher viscosity of the mash 

(associated with pentosans), which prolongs 

lautering and increases the risk of oxidation. 

Therefore, rye malt is often used in moderate 

amounts or in combination with optimized 

saccharification regimes (Meussdoerffer and 

Zarnkow 2009; Cadenas et al. 2021; Wang, 2017; 

Wang et al. 2018; Bondia-Poins et al. 2009; Stewart 

2016). 

Millet (Pennisetum glaucum (L.) R. Br.), foxtail 

millet (Setaria italica (L.) P. Beauv.), fonio 

(Digitaria exiliz), tef (Eragrostis tef (Zucc.) 

Trotter), finger millet (Eleusine coracana (L.) 

Gaertn.), and proso millet (Panicum miliaceum L.)) 

includes many species distributed in Asia and 

Africa, and its application in brewing is related to 

the development of products with different 

nutritional and sensory profiles. Millet malting is 

generally more difficult and can result in lower 

enzyme potential and extract yield. However, when 

properly combined with other raw materials, millet 

can contribute to good foam formation and 

interesting organoleptic properties, as well as 

increased antioxidant and mineral content 

(Meussdoerffer and Zarnkow 2009; Zarnkow and 

Kreisz 2005; Stewart 2016). 

Sorghum (Sorghum bicolor (L.) Moench) is often 

used as an industrial substitute, but its origins lie in 

traditional African beverages. Sorghum malt is 

often characterized by a high gelatinization 

temperature and low diastatic strength, which 

requires appropriate technological changes. Beer 

obtained with sorghum is characterized by more 

polyphenols and tannins, and often by an increased 

amount of non-fermentable dextrins. This makes the 

raw material suitable for low-alcohol beer 

assortments. Sensorially, sorghum can contribute a 

more pronounced astringency and specific 

bitterness, which must be balanced by the choice of 

variety, percentage of input and brewing regime 

(Meussdoerffer and Zarnkow 2009; Cadenas et al. 

2021; Stewart 2016; Adetunji et al. 2013; D el Pozo-

Insfran et al. 2004; Goode et al. 2003; Obeta et al. 

2000; Lyumugabe et al. 2012; Zweytik and 

Berghofer 2009). 
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Table 1. Technological effects and application of specialty malts in different beer styles 

Malt type 
Technological 

effects 
Beer styles 

Range of use, 

% of the total 

amount of malt 

Technological features and 

limitations 
Sources 

Caramel 

malt 

Crystal 

malt 

Better beer body. 

Residual sweetness. 
Increased color 

intensity. 

Promotes foam 
formation and foam 

retention. 

Amber 

Red Ale 

ESB 
Brown Ale 

Bock 

IPA 

3–20% 

Low diastatic power. 
Residual sweetness. 

Need to use yeast with high 

attenuation rate. 
Need to monitor final wort density. 

(Prado et al. 2021; 
Prado et al. 2023; 

Samaras et al. 2005; 

Jung et al. 2023; Lowe 
and Arendt 2005; 

Basinci et al. 2022; 

Weyermann 2026; 
Weyermann 2023) 

Vienna mat 

Munich 

malt 

Melanoidin 

malt 

Toasted bread 
aromas and flavors. 

Toasted biscuits. 

Deep malty 
sweetness. 

Increased color 

intensity. 

Märzen 

Vienna 

Lager 

Dunkel 

Bock 
Amber Ale 

5–20% 

Reduced enzyme activity compared 

to base malts. 
With a high proportion of these 

malts in the mixture, reduced 

extract yield. 
pH control. 

Increased temperature control. 

Addition of enzyme preparations if 

necessary. 

(Prado et al. 2021; 

Prado et al. 2023; 

Samaras et al. 2005; 

Jung et al. 2023; Lowe 

and Arendt 2005; 

Basinci et al. 2022; 
Weyermann 2026; 

Weyermann 2023) 

Chocolate 

malt 

Cocoa/coffee/roaste

d. 

Dark colors. 
Dry finish at higher 

doses. 

Porter 

Stout 
Brown Ale 

1–10% 

Risk of excessive bitterness. 

Group astringency especially at 

high doses. 
Polyphenols are associated with 

astringency and “off-flavors”. 

“Ashy/charred” notes, rough roast, 

dry/astringent finish, unstable 

harmony in dark beers. 

Low enzyme activity. 
Application mainly as a 

coloring/aromatic component. 

Combine with chocolate and 

caramel malts. 

(Prado et al. 2021; 

Prado et al. 2023; 

Samaras et al. 2005; 
Jung et al. 2023; Lowe 

and Arendt 2005; 

Basinci et al. 2022; 
Weyermann 2026; 

Weyermann 2023) 

Roasted 

malt 

Dehusk 

malt 

Intense dark color. 

With lower 
astringency. 

Roast without harsh 

bitterness. 

Schwarzbi

er 
Porter 

Stout 

Dark Lager 

0.5–5% 

(Prado et al. 2021; 

Prado et al. 2023; 
Samaras et al. 2005; 

Jung et al. 2023; Lowe 

and Arendt 2005; 
Basinci et al. 2022; 

Weyermann 2026; 

Weyermann 2023) 

Acidulated 

malt 

Sauermalz 

Correction of the 

pH of the mash. 

Achieving the 
optimum pH of the 

enzymes. 

Pils/ Lager 
Wheat 

beers 

Sour styles 

1–5% 
(up to 10% 

for Sour 

beers) 

High doses can introduce noticeable 

acidity. 

Primarily intended for pH 

adjustment. 
Stepwise dosing. 

Combined with lactic acid or 

phosphoric acid. 

(Prado et al. 2021; 

Prado et al. 2023; 

Samaras et al. 2005; 
Jung et al. 2023; Lowe 

and Arendt 2005; 

Basinci et al. 2022; 
Weyermann 2026; 

Weyermann 2023) 

Smoked 

Beech 

smoked 

Smoky phenolic 
notes (bacon/wood 

smoke, etc.); 

"signature" of the 

raw material. 

Rauchbier 
Smoked 

Porter 

Smoked 

Bock 

5–100% 

The intensity of the smoke is highly 

dose-dependent. 
Intrusive smoke aromas at high 

doses "fight" with hop and 

fermentation tones. 

It is recommended to test in small 

quantities. 

(Prado et al. 2021; 
Prado et al. 2023; 

Samaras et al. 2005; 

Jung et al. 2023; Lowe 
and Arendt 2005; 

Basinci et al. 2022; 
Weyermann 2026; 

Weyermann 2023) 

Functional 

dark malts 

with a focus 

on 

antioxidant 

activity 

Increased 

antioxidant activity 

(melanoidins); risk 
of thermal 

contaminants during 

extreme roasting 

Dark 

ales/ 

Dark 
lagers 

Barrel/spec

ialty beers 

1–10% 
(preferable 

low doses) 
- 

(Prado et al. 2021; 
Prado et al. 2023; 

Samaras et al. 2005; 

Jung et al. 2023; Lowe 
and Arendt 2005; 

Basinci et al. 2022; 

Weyermann 2026; 
Weyermann 2023) 
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Maize (Zea mays L.) and rice (Oryza sativa L.) are 

industrial adjucnts, which increasingly defines them 

as “traditional” raw materials for beer production. 

Their technological role is usually related to 

regulating the “body” of the beer, the fermentation 

degree and reducing the beer cost. The different 

starch gelatinization temperatures of these raw 

materials require adaptation in mashing regimes 

(Meussdoerffer and Zarnkow 2009; Cadenas et al. 

2021; Stewart 2016). 

The diversity of wheat species opens up possibilities 

for new stylistic interpretations. Spelt (Triticum 

spelta L.) can be malted, and its malt can replace a 

significant amount of barley malt in the blend, 

changing the color of the beer as well as the taste of 

the beer. Emmer (Triticum turgidum subsp. 

dicoccum) is highly valued as an “ancient” crop 

with interesting nutritional characteristics, but its 

malting is more complex, which leads to the more 

frequent use of unmalted spelt. The main 

disadvantage is the lower fermentation degree of the 

wort. Emmer can give good extract yield and 

acceptable saccharification time, but a lower 

fermentation degree and a more acidic profile are 

often observed, which can be managed by the 

choice of fermentation strategy. Kamut (Triticum 

turgidum ssp. turanicum) has technological 

limitations in malting, but good diastatic strength 

has been reported under certain conditions. Triticale 

(a wheat–rye hybrid) (x Triticosecale Wittm. ex A. 

Camus.) combines characteristics of a rye profile 

with specific enzymatic activity and generally 

results in hazier beers (Meussdoerffer and Zarnkow 

2009; Cadenas et al. 2021; Yorke et al. 2021; 

Habschied et al. 2020; Kunz et al. 2012; Zweytik 

and Berghofer 2009; Fujita et al. 2020). 

In addition to cereals, there is growing interest in 

pseudo-cereal raw materials in craft practices – 

plants that are not cereals, but contain significant 

amounts of starch and bioactive components. 

Amaranth is distinguished by its high starch content 

and can enrich the wort with minerals and 

unsaturated fatty acids. When malting, it can impart 

a characteristic hue to the wort, but the high 

gelatinization temperature creates a risk of 

incomplete saccharification if the mashing regime is 

not optimized. In practice, partial replacement of 

barley malt (e.g. about 20%) is being considered. 

Buckwheat (Fagopyrum esculentum Moench) is 

one of the raw materials that is often used for the 

production of gluten-free beer. Its malting is 

possible, and it can bring a persistent nutty nuance 

to the sensory experience. Due to the content of 

rutin and other phenolic compounds, buckwheat is 

associated with higher antioxidant activity of the 

product. With moderate participation (e.g. 20-40%), 

it is possible to obtain a profile close to that of 

classic malt beers. Quinoa (Chenopodium quinoa 

Willd.) is a relatively new raw material in brewing 

and is known for its rich nutritional profile. 

However, technologically it can create challenges – 

longer saccharification time, lower yields and 

variable organoleptics (Kunze 2004; Meussdoerffer 

and Zarnkow 2009; Cadenas et al. 2021; Yorke et 

al. 2021; Habschied et al. 2020; De Meo et al. 2011; 

Buiatti et al. 2018; Cela et al. 2020; Kordialik-

Bogacka et al. 2018; Deželak et al. 2014; Sebestyén 

et al. 2013; Zhang et al. 2013; Zarnkow et al. 2007; 

Zarnkow et al. 2008; Zarnkow et al. 2005). Table 2 

summarizes some applications of the described non-

traditional raw materials for the production of craft 

beer. 

Another main raw material that emphasizes the beer 

flavor and aroma profile and is a leading factor in 

beer stability is hops. In addition to the typical hop 

flavor and aroma, hops are essential for colloidal 

stability, especially in the so-called haze styles. The 

development of craft brewing has led to a systematic 

increase in hop doses and the use of varieties with a 

pronounced aroma profile. In parallel, scientific 

interest in the relationship variety → phytochemical 

profile → aroma/flavor and in the selection of 

differentiated varieties with targeted aromatic 

characteristics is growing. The classic approach to 

adding hops is during the wort boiling, which 

ensures isomerization of α-bitter acids, responsible 

for the beer bitterness, but also associated with the 

loss of some volatile oils. In craft practice, “later” 

hopping regimes are required (late hopping, 

whirlpool/hop stand), aimed at better preservation 

of aromatic components and extraction of 

precursors that can be transformed during 

fermentation. Dry hopping has become a key 

technique for craft brewers because it gives a strong 

aroma with a minimal increase in the “classic” 

bitterness from iso-α-acids. In the scientific 

literature, dry hopping is defined as the cold 

extraction of volatile and non-volatile compounds 

from hops in an alcoholic solution (beer), in which 

the extraction is influenced by the dose, the 
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temperature, the contact time, the hops shape and 

the hydrodynamic conditions. Experimental data 

show that the extraction of key volatile components 

can be rapid (within ~24 h for a number of 

conditions), which is important for process 

optimization (aroma vs. “green”/vegetable notes 

and losses). Along with the benefits, dry hopping 

also carries specific technological risks. Two of the 

most discussed are: hop creep – hopping with high 

hops doses, which can cause unwanted secondary 

fermentation; changes in beer stability related to the 

extraction of polyphenols. As a continuation of this 

evolution, new techniques have emerged (e.g. dip 

hopping – infusion of hops in hot water/part of the 

wort and addition to the fermenter), which aim for 

higher aromatic intensity/efficiency and a different 

balance of volatile compounds compared to 

“classic” late hopping. Table 3 summarizes the 

advantages and disadvantages of different hopping 

techniques (Lafontaine and Sehellhammer 2018a; 

Lafontaine and Sehellhammer 2017; Klimczak et al. 

2023; Lafontaine and Sehellhammer 2018b; Gomes 

et al. 2021; Hauser et al. 2019; Salomon et al. 2022; 

Svedlund et al. 2022; Cottrell et al. 2023; Fechir et 

al. 2021; Passaghe et al. 2024; Sharp et al. 2017; 

Titus 2021).

Table 2. Application of some "non-conventional" raw materials for craft beer production 

Raw material 

Non-

malted of 

malted 

Technological effects 
Effect on the final 

beer 
Dosage Sources 

Oat 

Mainly 

non-

malted 

Increased content of β-

glucans. 

Increased lautering time. 

Reduced enzyme activity at 

high amounts. 

Creamy style 

Stable haze, suitable 

for Hazy IPA and 

NIEPA 

0–40% as non-

malted;  

100% as malted 

(Schnitzenbaumer et 

al. 2012; 

Klose et al. 2011) 

Rye 

Malted 

Non-

malted 

/rarely/ 

Increased arabinoxylans 

and pentosans. 

Increased wort lautering 

time. 

Changes in beer clarity. 

"Spicy", dry, grainy 

profile; Rye IPA 

There is no 

single 

percentage of 

use; depending 

on the beer style 

(Wang et al. 2018; 

Wang et al. 2022) 

Proso millet Malted 

Limited enzyme activity. 

Need for optimization of the 

mashing process. 

Need for control of the 

fermentation rate. 

Gluten-free beer 

Different “grain” 

profile 

 up to 100% 

malted millet 

(Zarnkow et al. 

2010; 

Zarnkow et al. 

2008) 

Pearl/foxtail 

millet 
Malted 

Lower diastatic power. 

Use of enzyme preparations 

when needed. 

Optimization of extract and 

fermentation rate. 

Alternative craft 

profiles 

Up to 50% in 

combination 

with barley 

malt 

(Vyawhare et al. 

2025) 

Sorghum 

Malted 

Non-

malted 

Higher temperature of 

gelatinization and limited 

brewability. 

Adapting mashing and 

fermentation regimes. 

Wide application for 

gluten-free beer; 

Possible specific 

tartness/polyphenolic 

footprint 

up to 60% as 

malted raw 

material 

up to 40% as 

unmalted raw 

material 

(Ciocan et al. 2023  

Cela et al. 2020)  

Emmer 

Malted 

Non-

malted 

Differences in nitrogen and 

polyphenol content. 
Craft beer 

30% to 100% 

as malted raw 

material 

up to 40% as 

adjunct 

(Fujita et al. 2020; 

Benedetti et al. 

2016; 

Laureys 2023) 

Triticale Malted Changes in diastatic power Craft beer - 
(Ambriz-Vidal et al. 

2019)  

Spelt  

Malted 

Non-

malted 

Optimization of mashing 

with respect to cytolytic and 

proteolytic pause 

Craft beer 
up to 40% 

unmalted raw 

material 

(Muñoz-Insa et al. 

2013; 

Laureys 2023)  

Buckwheat 

Malted 

Non-

malted 

Differences in the mashing 

and lautering process 
Craft beer 

up to 40% 

unmalted raw 

material 

(Laureys 2023) 
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The formation of beer flavor and aroma is due to the 

fermentation activity of yeasts. In addition to 

ethanol and CO₂, yeasts form a wide range of 

secondary metabolites (esters, higher alcohols, 

organic acids, volatile phenols, sulfur compounds), 

which determine the beer “signature”. In craft 

brewing, the search for higher sensory complexity, 

new styles and differentiated profiles stimulates the 

introduction of unconventional yeasts, beyond the 

widely used S. cerevisiae and S. pastorianus, as well 

as mixed/sequential fermentations (Briggs et al. 

2004; Kunze 1996; Kunze 2004). 

Table 3. Hopping techniques, key effects and risks 

Technique/ stage of 

addition 

Main technological 

goals 
Key effects 

Typical 

risks/controls 
Sources 

Boil hopping (10-15 

min after boiling) 

Achieving bitterness 

Achieving beer 

stability 

Better isomerization of 

bitter acids 

“Weaker” hop aroma 

Risk of "harsh" 

bitterness at high 

doses 

Control by time/dose 

(Klimczak et al. 

2023) 

Late hopping (end 

of boiling) 

More aroma with 

lower loss of essential 

oils 

Application of aromatic 

hops 

Oxidative loss of 

aroma due to poor 

practice 

(Lafontaine and 

Sehellhammer 

2018a; 

Lafontaine and 

Sehellhammer 

2018b) 

Whirlpool hop 

stand 

Intense aroma with 

limited isomerization 

Intense aroma with limited 

isomerization 

High doses may 

increase polyphenol 

content and turbidity 

(Lafontaine and 

Sehellhammer 

2018a; 

Lafontaine and 

Sehellhammer, 

2018b 

Hop back (after 

boiling, hot wort 

through hops) 

"Fresh" aroma in hot 

wort, different from 

whirlpool 

A milder heat regime 

compared to boiling; the 

practice is part of the late 

techniques aiming for 

aromatic intensity. 

Risk of oxidation and 

losses due to poor 

hygiene 

Klimczak et al., 

2023 

Dry hopping (after 

or towards the end 

of fermentation) 

Maximum hop aroma 

with "cold" extraction 

Defined as cold extraction 

of volatile and non-volatile 

compounds 

Extraction depends on 

dose/time/temperature 

Green Notes 

Turbidity Control 

Time and Dose 

Control 

Klimczak et al., 

2023 

Gomes et al., 2021 

Hauser et al., 

2019a, b 

Short dry hop (e.g. 

~24 h) / contact 

time optimization 

Better efficiency and 

less "green" tones 

Data on rapid extraction of 

key volatiles under specific 

conditions (≈24 h), useful 

for process optimization. 

Low temperature may 

reduce the extraction 

rate 

Need for stirring 

Hauser et al., 

2019a, b 

Salomon et al., 

2022 

Dry hopping 

during active 

fermentation 

(biotransformation) 

Achieving “tropical 

flavors” through yeast 

metabolism 

Yeast can convert terpene 

compounds and 

release/form highly 

aromatic thiols. 

Choosing the right 

yeast 

Fermentation 

temperature control 

Svedlund et al., 

2022 

Roberts et al., 2024 

Hop creep (related 

to dry hopping) 

Possibility of 

unwanted secondary 

fermentation 

Possibility of unwanted 

secondary fermentation 

Increasing the amount 

of diacetyl 

Klimczak et al., 

2023 

Bruner et al., 2023 

Wietstock et al., 

2022 

Wietstock et al., 

2025 

Dip hopping (new 

technique) 

Aromatic intensity 

and different balance 

of volatile 

components 

Published comparisons 

between dip hopping and 

traditional late hopping 

with distinct differences in 

the beer. 

Dose Control 

Temperature Control 
Fechir et al., 2023 
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In recent years, the use of a number of 

unconventional yeasts, which will be considered in 

the text, as well as in Table 4, has been observed. 

Brettanomyces sp. (B. bruxellensis, B. anomalus) 

are key to some of the Belgian traditions and are 

used purposefully in craft practices to form a 

"funky", phenolic-ester and "wild-fermentative" 

profile. Data in the literature show that this type of 

yeast is distinguished by a specific physiology and 

aromatic imprint. In some of the beer styles, 

especially lambic, consortia of microorganisms with 

a predominant role of Brettanomyces sp. in them are 

observed. Another new trend is the production of 

the so-called sour beer, in which acidification is 

obtained using yeasts that produce lactic acid - 

Hanseniaspora vineae, Lachancea fermentati, 

Lachancea thermotolerans, Schizosaccharomyces 

japonicus, Wickerhamomyces anomalus. 

Modification of the ester/higher alcohol balance is 

achieved by co-fermentation/mixed fermentation 

with Torulaspora delbrueckii, and representatives 

of the Metschnikowia pulcherrima species, known 

from the wine industry, lead to a number of changes 

in beer characteristics. The unconventional yeast 

Saccharomycodes ludwigii is often used to produce 

beer with reduced alcohol content. Norwegian 

farmhouse “kveik” yeasts have been described as 

genetically distinct groups, often with high 

fermentation rates, tolerance to higher temperatures 

and an interesting metabolic profile (Capece al., 

2018; Sannino et al. 2019; Budroni et al. 2017; 

Alves-Araujo et al. 2007; Aguilar-Uscanga et al. 

2003; Michel et al. 2016a; Michel et al. 2016b; 

Passoth et al. 2011; De Francesco et al. 2016; King 

and Dickison 2003; Gil et al. 2005; King and 

Dickison 2000; Basso et al. 2016). Detailed data on 

the application of various unconventional yeasts in 

brewing can be found in the work of Zapryanova et 

al. (2025). 

Table 4. Application of non-conventional yeasts in craft brewing 

Yeast type Craft beer usage Sensory effects Key risks Sources 

Brettanomyces sp. 

Mixed cultures, secondary 

fermentation 

Traditional and modern 

sour/"wild" styles 

Lambic beer types 

“Funky” complexity; 

specific phenolic and ester 

profiles; contribution to 

style authenticity 

High microbial 

diversification and 

complex aroma 

Hygiene control 

Fermentation time 

control 

Dissolved oxygen 

control 

Serra Colomer 

et al., 2019 

Spitaels et al., 

2014 

L. thermotolerans 

H. vineae 

L. fermentati 

S. japonicus 

W. anomalus 

Sour beers 

Co-fermentation with 

other types of yeasts and 

lactic acid bacteria 

The flavor profile depends 

on the strain used; 

Biological acidification 

Different 

fermentation stages 

Risks of chemical 

interactions with 

hop components 

Domizio et al., 

2016 

Postigo et al., 

2023 

Torulaspora delbrueckii 

Co- or sequential 

fermentation with S. 

cerevisiae 

Low-alcohol beer 

Modified aroma profile 

Different 

fermentation rate 

Need for 

optimization of 

fermentation regime 

Canonico et 

al., 2016 | 

Canonico et 

al., 2017| 

Kayadelen et 

al., 2023 
Tataridis et al., 

2013 

Metschnikowia 

pulcherrima 

Mixed/sequential 

fermentation schemes for 

aromatic enrichment 

Changes in volatile 

components and sensors 

Limitations in the 

fermentation rate of 

some strains 

Drosou et al., 

2022 

Saccharomycodes 

ludwigii 

Low-/non-alcohol beer 

(biological approach) 

Low ethanol 

concentrations 

Changes in flavor profile 

Risk of storage 

changes 

Sensitivity to 

oxygen 

De Francesco 

et al., 2015 | 

Sileoni et al., 

2023 | 

Jackowski et 

al., 2023 

Kveik strains (a group 

of Norwegian strains of 

Saccharomyces 

cerevisiae) 

Rapid fermentation at high 

temperatures 

Different types of beer, 

defined by flavor profile 

High fermentation activity 

and high fermentation rate 

Different organoleptic 

profile 

High rate 

Need for strict 

temperature control 

Foster et al., 

2022 

Kawa-

Rygielska et 

al., 202 
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Craft brewing is also distinguished by another 

feature – the use of fruits, some vegetables and a 

number of herbs and spices that change traditional 

flavors. The production of fruit beers is typical for 

Belgium, but today, under the influence of craft 

trends and the search for new flavors, brewers are 

increasingly using a wide range of fruits – 

blueberries, apples, strawberries, pineapple, kiwi, 

oranges, as well as different varieties of grapes, etc. 

The addition of fruits to the technological scheme 

meets specific consumer expectations and at the 

same time has a strong impact on the final sensory 

characteristics. First of all, fruits bring additional 

taste and aroma nuances and thus expand the 

“classic” beer profile. Fruits are added at different 

technological stages of the process – mashing, 

brewing, fermentation, post-fermentation and 

maturation, aging. The main challenge is to preserve 

the microbiological stability of the beer. The other 

large group of non-traditional raw materials are 

herbs and spices. A number of studies show the use 

of wormwood (Artemisia vulgaris), juniper 

(Juniperus communis), lemon balm (Melissa 

officinalis), spearmint (Mentha spicata), 

peppermint (Mentha piperita), oregano (Origanum 

vulgare), anise (Pimpinella anisum) and many 

others. The extraction of these raw materials aims to 

improve the functional properties of beer, which, 

however, should be proven through a number of 

scientific approaches (Habschied et al. 2020; 

Mastanjević et al. 2019; Salanță et al. 2020; Pedro 

et al. 2019; Veljovic et al. 2015; Martinez et al. 

2017; Dias and Falconi 2018; Humia et al. 2019; 

Ducruet et al. 2017; Castro et al. 2021; Pluháčková 

et al. 2020; Đorđević et al. 2016; Belščak-

Cvitanović et al. 2017; Ivanov and Kostov 2022; 

Martínez et al. 2017a,b). 

Technological modifications and new beer 

styles 

Technological modifications in craft brewing are 

due to the introduction of a number of innovative 

raw materials, which were described in the previous 

parts of the present publication. 

The introduction of an adjunct, the profile of which 

is different from that of barley and wheat malt, 

requires modification of the mashing regime and 

the introduction of enzyme preparations if 

necessary. Depending on the non-traditional raw 

material, cytolytic, proteolytic and amylolytic 

restss can be changed, decoction methods for 

mashing can be introduced, including extending 

boiling pauses. An important condition is the use of 

base malts with increased enzyme activity and 

compliance with the recommended doses. The use 

of fruits and herbs in the mashing stage is very 

limited, since their functional properties are lost in 

the subsequent stages of wort production. The 

lautering process of the malt mash can be affected 

when using grain raw materials with a high content 

of β-glucans, which increase the viscosity of the 

malt mash. In this case, mash filters can be used, 

with manufacturers offering “mini” modifications 

suitable for craft breweries (Laureys et al. 2023; 

Baillière et al. 2022; Michiels et al. 2023; Carvalho 

et al. 2022). Changes in brewing modes are related 

to the hopping technology used, as well as of course 

the combination of hops used (Mikyška et al. 2023; 

Féchir et al. 2022; Klimczak et al. 2023; Tusha et al. 

2022). The most significant changes are in the 

fermentation process, especially if unconventional 

yeasts are used. The choice of fermentation mode 

is related to the desired flavors and aromas that the 

brewer wants to obtain. Compliance with the 

technological requirements for the appropriate 

yeast type is of particular importance for the correct 

fermentation course (Castro et al. 2022; Postigo et 

al. 2023; Foster et al. 2022; Preiss et al. 2024; 

Canonico et al. 2024). 

In this part of the publication, it will be reflected on 

some of the more important trends in craft brewing, 

characteristic of this moment. 

New England India Pale Ale (NEIPA), also known 

as Hazy IPA, is one of the most significant 

innovations in the craft beer sector. This beer type 

is characterized by a characteristic haze and a strong 

aromatic profile, as well as a distinct bitterness, due 

to the higher amounts of hops used. The style is 

characterized by the use of oats/oat malt and wheat 

malt, which also contribute to the formation of the 

characteristic haze. Another characteristic feature is 

the use of yeast strains with low flocculation ability, 

which further emphasize the haze. Another special 

factor for this beer style is dry hopping at the end of 

fermentation, which enhances the beer with citrus 

and tropical notes. In this case, the hopping stage is 

essential (Maye and Smith 2018; Geserer et al. 

2024; Lacy et al. 2024; Hauser et al. 2019 a,b; 

Klimczak et al. 2023). 
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Two more styles are emerging in the IPA segment: 

Milkshake IPA, which is characterized by the 

addition of lactose, and Cold IPA, a hybrid beer 

style oriented towards a combination of 

fermentation notes and floral and tropical aromas 

from hops (Nazarova and Samankova, 2021; Bimbo 

et al., 2023). A serious segment in the new styles is 

low-alcohol and non-alcoholic beers, as well as sour 

beer. In some cases, opportunities are also being 

sought for the application of probiotic strains of 

microorganisms (Chih et al., 2025; Santos et al., 

2024; Ou et al., 2024). 

Sustainable principles in craft brewing 

Sustainability principles in craft brewing 

encompass a range of practices aimed at improving 

the environmental, economic and social dimensions 

of the production process. Craft breweries are often 

seen as a good example of sustainable approaches, 

as their operations focus on local sourcing and 

responsible management of natural resources. The 

use of regional raw materials makes a significant 

contribution to reducing the carbon footprint and at 

the same time supports local economies. The 

inclusion of local grains, hops and microbial 

resources can significantly reduce the 

environmental impacts of brewing, while increasing 

the economic viability of regional agricultural 

systems (Simone et al., 2021; Lourenço et al., 

2024). The craft sector is leading in innovative 

strategies for recycling waste products, such as malt 

bran, which are incorporated into various other 

production processes (Canonico et al., 2023). 

Survey data among craft brewery owners in the 

United States show a growing awareness of the need 

to implement sustainable methods to increase 

technological efficiency and limit negative 

environmental impacts (Sözen et al., 2021). A 

significant factor in accelerating sustainable 

practices is consumer attitudes. Research shows a 

clear connection between consumers, their desires 

for sustainable actions, and breweries that offer such 

sustainable solutions (Tijerino et al., 2023). Many 

breweries have a desire for sustainability, but face 

constraints such as lack of financial resources and 

regulatory difficulties that can slow or prevent the 

transformation of production. Therefore, it is 

important for stakeholders – including legislators, 

public institutions and industry organizations – to 

build supportive frameworks and mechanisms that 

facilitate the transition to more sustainable 

operating models in craft brewing (Embry, 2018; 

Veleva et al., 2024; Wood and Martin, 2025). 

In summary, sustainability in craft brewing is 

closely linked to local socio-economic 

development, environmental responsibility and 

innovation towards resource conservation and 

efficient waste management. The craft brewing 

sector can be seen as an illustrative example of how 

small and medium-sized producers contribute to 

sustainable development, while simultaneously 

strengthening their market positions and increasing 

their positive impact on local communities (Fig. 4). 

 
Figure 4. Sustainable practice in craft beer 

production 
The figure was originally conceived, scientifically 

reviewed, and edited by the authors; graphic rendering was 

assisted by ChatGPT/OpenAI 

*Adapted from Tijerino et al., 2023 Copyright 2023, 

Sustainability, MDPI, Switzerland 

Conclusion 

Craft brewing has evolved into a dynamic field of 

technological innovation in which traditional 

brewing principles are continuously reinterpreted 

through new raw materials, modified processing 

strategies and sustainability-oriented practices. As 

discussed in this review, beer styles provide an 

important technological framework for innovation, 
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serving not only as a classification system but also 

as a practical basis for designing differentiated 

sensory profiles and novel product concepts. The 

growing use of specialty malts, alternative cereals 

and pseudo cereals, unconventional hopping 

techniques and non-conventional yeasts 

demonstrates that craft brewing is no longer driven 

solely by creativity, but increasingly by evidence-

based process design and control. These innovations 

expand the diversity of beer products while also 

creating new technological challenges related to 

mash viscosity, extract yield, lautering 

performance, fermentation behavior, aroma 

stability, haze formation and overall product 

reproducibility. Local sourcing, valorization of by-

products, more efficient resource use and consumer 

demand for environmentally responsible products 

are shaping the future of the sector alongside 

sensory and stylistic innovation. Future research 

should therefore focus on several key directions: 

 more systematic studies are needed to 

optimize the use of non-traditional raw materials 

and specialty malts in relation to enzyme activity, 

brewhouse performance, fermentation kinetics and 

sensory quality. 

 the application of non-conventional yeasts 

and mixed fermentations should be further explored 

as a tool for targeted aroma modulation, sour beer 

production and low- or non-alcoholic beer 

development. 

 advanced hopping strategies, including dry 

hopping, biotransformation-oriented approaches 

and novel aroma extraction methods, require further 

clarification with respect to flavor efficiency, 

stability and technological risks such as hop creep. 

greater attention should be given to the integration 

of digital monitoring tools and sustainability metrics 

into craft brewing practice in order to support 

reproducibility, resource efficiency and long-term 

sector resilience. 
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