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Eu fico com a pureza 
Da resposta das crianças 

É a vida, é bonita 
E é bonita 

Viver e não ter a vergonha 
De ser feliz 

Cantar, e cantar, e cantar 
A beleza de ser um eterno aprendiz  

 

 
"I stick with the purity  
Of children's answers  

Life is beautiful  
And it's beautiful  

To live and not be ashamed  
To be happy  

To sing, and to sing, and to sing  
The beauty of being an eternal learner" 

Song "O que é o que é" by Gonzaguinha 
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RESUMO 

A crescente ameaça das mudanças climáticas exige ações urgentes em vários setores, 

incluindo a indústria cervejeira, a qual contribui significativamente para as emissões de gases 

de efeito estufa (GEE). Esta tese investiga estratégias para melhorar operações de fabricação de 

cerveja, com foco particular na otimização do processamento e uso do lúpulo no processo de 

fabricação para um processo mais sustentável. Este estudo teve como objetivo destacar as 

possibilidades de melhorar o processamento e o uso do lúpulo na fabricação de cerveja por meio 

de uma abordagem proteômica inovadora. Ele examina também o potencial para aprimorar 

técnicas de processamento de lúpulo, como secagem e extração supercrítica de CO2, para 

minimizar o consumo de energia e a geração de resíduos, ao mesmo tempo em que maximiza a 

qualidade e o rendimento do produto. Além disso, esta pesquisa explora os mecanismos 

bioquímicos subjacentes à utilização do lúpulo durante a fabricação de cerveja, empregando 

análises proteômicas avançadas para elucidar os mecanismos moleculares que governam as 

interações entre proteínas e lúpulo. As percepções obtidas a partir dessas investigações 

oferecem insights valiosos para otimizar as práticas de fabricação de cerveja e reduzir o impacto 

ambiental. Além das abordagens tradicionais, esta tese adota avanços tecnológicos, incluindo 

aprendizado de máquina, para informar a tomada de decisões e a otimização de processos. Ao 

usar o poder de insights baseados em dados, este estudo abre caminho para soluções inovadoras 

aos desafios de sustentabilidade dentro da indústria cervejeira. Em geral, esta tese destaca a 

importância de abordagens interdisciplinares e inovação tecnológica na fabricação de cerveja 

para uma maior sustentabilidade. 

 

 

  



ABSTRACT 
 

The escalating threat of climate change necessitates urgent action across various sectors, 

including the brewing industry, a significant contributor to greenhouse gas emissions (GHG). 

This thesis investigates strategies to enhance the sustainability of brewing operations, with a 

particular focus on optimizing hop processing and hop usage in the brewing process. This study 

aimed to highlight the possibilities to improve hop processing and usage in brewing through an 

innovative proteomic approach. It examines the potential for improving processing techniques, 

such as drying and supercritical CO2 extraction, to minimize energy consumption and waste 

generation while maximizing product quality and yield. Furthermore, this research explores the 

biochemical dynamics underlying hop utilization during brewing, employing advanced 

proteomic analyses to elucidate the molecular mechanisms governing hop-protein interactions. 

Insights gained from these investigations offer valuable insights into optimizing brewing 

practices and reducing environmental impact. In addition to traditional approaches, this thesis 

embraces technological advancements, including machine learning, to inform decision-making 

and process optimization. By using the power of data-driven insights, this study paves the way 

for innovative solutions to sustainability challenges within the brewing industry. Overall, this 

thesis highlights the importance of interdisciplinary approaches and technological innovation 

in brewing for greater sustainability. 



ZUSAMMENFASSUNG 
 

Die zunehmende Bedrohung durch den Klimawandel erfordert dringende Maßnahmen 

in verschiedenen Sektoren, einschließlich der Brauindustrie, einem bedeutenden Verursacher 

von Treibhausgasemissionen (THG). Diese Arbeit untersucht Strategien zur Verbesserung der 

Nachhaltigkeit von Brauereibetrieben, mit besonderem Fokus auf die Optimierung der 

Hopfenverarbeitung und des Hopfeneinsatzes im Brauprozess. Ziel dieser Studie war es, die 

Möglichkeiten zur Verbesserung der Hopfenverarbeitung und des Hopfeneinsatzes im 

Brauwesen durch einen innovativen proteomischen Ansatz hervorzuheben. Sie untersucht das 

Potenzial zur Verbesserung der Verarbeitungstechniken, wie Trocknung und superkritische 

CO2-Extraktion, um den Energieverbrauch und die Abfallproduktion zu minimieren und 

gleichzeitig die Produktqualität und den Ertrag zu maximieren. Darüber hinaus erforscht diese 

Forschung die biochemischen Dynamiken, die der Hopfennutzung beim Brauen zugrunde 

liegen, und verwendet fortschrittliche proteomische Analysen, um die molekularen 

Mechanismen der Hopfen-Protein-Interaktionen zu erläutern. Die gewonnenen Erkenntnisse 

bieten wertvolle Einblicke in die Optimierung der Braupraktiken und die Reduzierung der 

Umweltbelastung. Neben traditionellen Ansätzen greift diese Arbeit auch auf technologische 

Fortschritte, einschließlich maschinellen Lernens, zurück, um Entscheidungsprozesse und 

Prozessoptimierungen zu unterstützen. Durch die Nutzung datenbasierter Erkenntnisse ebnet 

diese Studie den Weg für innovative Lösungen zu Nachhaltigkeitsherausforderungen in der 

Brauindustrie. Insgesamt hebt diese Arbeit die Bedeutung interdisziplinärer Ansätze und 

technologischer Innovationen im Brauwesen für eine größere Nachhaltigkeit hervor. 
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Chapter 1   
General introduction, objectives, and thesis structure 
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1.1. Introduction 

Climate change has rapidly transformed from a distant concern to an urgent reality 

confronting humanity. In 2023, the World Meteorological Organization (WMO) confirmed that 

the year marked the hottest period since the Industrial Revolution, with the global average 

temperature surpassing pre-industrial levels by 1.45°C(Carissa Wong, 2023; World 

Meteorological Organization, 2024). The Intergovernmental Panel on Climate Change (IPCC) 

underscores the criticality of immediate mitigation and adaptation efforts, emphasizing the pivotal 

role of reducing greenhouse gas (GHG) emissions to attain net-zero emissions (Calvin et al., 2023). 

Despite these warnings, global GHG emissions persistently arise, reaching 57.4 gigatons of CO2 

equivalent in 2022. Among the contributors to this environmental degradation is the brewing 

industry, a cornerstone of the global beverage sector, which in 2022 alone produced 1.89 billion 

hectoliters of beer, emitting approximately 30,172.15 kilotons of CO2 equivalent and generating 

4,352,000 tons of waste annually (Silva et al., 2023). Furthermore, the industry's heavy reliance 

on hops, a critical ingredient in beer production, exacerbates its environmental footprint, with hop 

cultivation contributing significantly to GHG emissions, estimated at 78,481,800 kilotons of CO2 

equivalent in 2021. 

The hop plant is essential to the brewing industry, which uses the inflorescences, or cones, 

of the female plants for flavoring. Inside female strobiles, positioned under the bracts are found 

yellow glands called lupulins, which produce two resin fractions, hard and soft (Biendl et al., 

2014). The main compounds used in the brewing process to provide bitterness and aroma to the 

beer are located in soft resins, which contain bitter acids and essential oils. The bitter acids are 

divided - -acids, the first is related to the bitter taste in beer 

and is one of the most important compounds in the beer industry (Almaguer et al., 2014). 

Hops are rarely used in their raw cone form in the brewing process. Instead, hop-derived 

products are favored for their high quality and efficiency (Arruda et al., 2022). Therefore, hop 

processing is a crucial component of the brewing supply chain, beginning on the farms with the 

drying step after harvest to reduce moisture and avoid spoilage (Biendl et al., 2014). Among the 
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core hop products, extracts are particularly valuable for mass beer production, as they offer 

superior quality control and higher yields. These extracts are primarily produced using 

supercritical CO2 extraction, which isolates soft resins through fluid polarity and achieves higher 

recovery of bitter acids (Briggs et al., 2004). Though necessary, hop processing contributes 

significantly to CO2 emissions, especially during the drying and extraction steps which involve 

substantial solvent consumption (Hauser & Shellhammer, 2019). Although well-established in 

hop-producing countries, there remains considerable potential for optimization in the main steps 

of hop-extract production. This optimization is increasingly urgent to reduce GHG emissions and 

mitigate the effects of climate change. 

The brewing process is also far from optimal in terms of waste production, generating a 

vast quantity of by-products. During wort boiling, compounds such as proteins, iso- -acids, and 

polyphenols precipitate, forming a residue known as trub. This trub accounts for between 0.2 and 

0.4 kg of waste per 100 liters of beer, which amounted to approximately 364 to 728 thousand tons 

of waste generated by the global beer industry in 2020 (Barth-Haas Group, 2021; Mathias et al., 

2014).  This residue is also a rich source of proteins, comprising about 50% of its content  (Mathias 

et al., 2014). Additionally, around 50% of hop bitter compounds are lost during wort boiling, 

significantly impacting profitability (Jaskula-goiris et al., 2010) -acids, the 

percentage of this compound converted into its isomer, in the brewing industry remains a major 

challenge due to the significant loss of bitter compounds to trub. According to Gänz et al. (2021), 

proteins originating from barley malt deplete the iso- -acids content, further complicating the 

efficient use of hops. 

Wort proteins play a crucial role in stabilizing beer foam due to the formation of a 

viscoelastic layer, which consists of a continuous liquid phase and a discontinuous gas phase 

(Briggs et al., 2004). Hydrophobic proteins, particularly Lipid Transfer Protein (LTP) and protein 

Z, are key to this stabilization (Steiner et al., 2011). The study by Lu et al. (2020) highlighted the 

significant influence of protein Z and LTP1 on the surface layer properties, showing that these 

proteins interact strongly with iso- -acids to form spherical aggregates, indicating a robust bond, 

especially with protein Z (Lu, Osmark, Bergenståhl, & Lars, 2020). These proteins also constitute 
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a major portion of the proteins that precipitate as wort trub during the boiling process, due to their 

binding with protein-derived polypeptides (Iimure et al., 2012a). However, most research has 

focused on the interaction between proteins and hop bitter compounds in the foam, with 

insufficient attention to the role of these compounds in protein precipitation during boiling. 

 Efforts to improve hop utilization rates have predominantly focused on technological 

upgrades. However, addressing this challenge requires a multifaceted approach that considers both 

biochemical interactions and brewing practices. Understanding the intricate interplay between hop 

bitter compounds and barley proteins during the boiling step could offer valuable insights into 

enhancing hop utilization efficiency. By elucidating the mechanisms underlying these interactions, 

researchers can inform breeding programs, optimize malting and brewing parameters, and 

ultimately, advance sustainability within the brewing industry. 
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1.2. General Objectives 

Towards the goal of a more sustainable and cost-effective brewing process, the present 

-depth understanding of the main steps in hop-extract processing 

and barley malt protein and hop bitter acids linkage throughout wort boiling. This understanding 

is essential to improve hop processing and bitter acids utilization in beer production.  

1.3. Research questions 

? How does hop drying affect hop quality? 

? Could hop extract be produced from a Brazilian hop variety? 

? How can hop extract production be optimized? 

? Do hop bitter acids affect protein precipitation as trub? 

? Do hop bitter acids interact with specific proteins during wort boiling? 

? Does barley cultivar influence hop bitter acids isomerization during wort boiling? 

1.4. Specific Objectives 

The study-specific objectives are: 

 Determination of the effect of drying temperature on hop quality traits. 

 Investigation of hop-drying performance and kinetic parameters. 

 Obtention of supercritical CO2 extraction kinetics. 

 Enhancement of hop drying and supercritical CO2 extraction steps to establish a low-

energy and cost-effective process.  

 Elucidation of the effect of hop extract addition on the protein profile during wort boiling. 

 Identification of protein groups likely to interact with hop bitter acids. 

 Understanding of how barley malt protein profile affects hop bitter acid utilization. 

 

  



P a g e  | 26 

 

1.5. Thesis Structure 

This thesis is divided into 8 chapters as demonstrated in Figure 1.1. The journey through 

this study begins in the first chapter (Chapter 1: General introduction, objectives, and thesis 

structure) with a brief introduction to the topic with current information about the global situation, 

the role of hop in the brewing industry, hop processing, and the challenge of hop utilization in 

brewing. Furthermore, the readers will find in this chapter the research questions and objectives 

of this study. 

In Chapter 2 (Literature review), readers will find an extended review of the literature to 

highlight the state of the art in hop processing, the current global demand for circular economy 

adaptations, the role of hop in beer, and a way to improve its utilization during wort boiling. 

In Chapter 3 (Is it possible to improve further hop processing?), the first experimental 

paper is presented with the results from an extended study of the drying step's influence on hop 

quality. Furthermore, this paper presents the results from an optimized hop supercritical CO2 

extraction using a Brazilian hop variety called Mantiqueira. The possibility of extracting hop bitter 

acids from hop dried at higher temperatures is presented. This approach may lead to a shorter and 

more sustainable process.  

Chapter 4 (Could AI also be used for hop processing?) presents the second experimental 

paper, which aims to demonstrate the suitability of using machine learning models to predict hop 

drying time, thereby enhancing process control. This chapter also presents results on the effect of 

the drying step on hop quality and structure. 

Chapter 5 (Do hop bitter acids influence wort protein profile during boiling?) contains 

the third experimental paper, which contains results on the interaction between hop bitter acids 

and protein from barley malt. This outcome highlights also the role of those compounds in the 

formation of protein aggregates during wort boiling.  
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The last experimental paper is presented in Chapter 6 (Does barley cultivar play a role in 

hop bitter acids utilization during wort boiling?). This paper shows the influence of barley 

proteome on hop bitter acids isomerization rate during wort boiling. The outcomes include the 

protein profile of two barley cultivars and the protein modification during wort boiling, leading to 

precipitation.  

Chapter 7 (What is the outcome of this thesis?)  presents the general discussion of the 

thesis. This chapter contains the main observed results that answered the research questions, 

moreover, the core to which this thesis contributed to scientific development.  

In the last chapter (Chapter 9: Which conclusions can be drawn?), the thesis journey 

finishes with a brief general conclusion of the results chapters. In this chapter, is addressed the 

responses to the general objective of this thesis.  
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The world of hops: state of the art and room for innovation toward a circular economy 

1.1.1. Current global demand for industry reform 

Climate change is no longer a distant scenario; it is a reality we are facing today. In 2023, 

the World Meteorological Organization (WMO) confirmed it as the hottest year since the 

Industrial Revolution (World Meteorological Organization, 2024). The global average temperature 

achieved 1.45°C above pre-industrial levels, edging close to the 1.5°C limit set in the Paris 

Agreement (Sanderson, 2023; United Nations - Climate Change, 2024). This surge is primarily 

fueled by greenhouse gas (GHG) emissions, resulting in severe climate impacts like heatwaves, 

heavy rainfall, and droughts (United Nations - Climate Action, 2024). In the same year, the 

Amazon Forest experienced its driest season on record, devastating the world's richest biodiversity 

and affecting thousands of indigenous people (Meghie Rodrigues, 2023). These extreme droughts, 

coupled with heatwaves, fueled wildfires across the globe, signaling the irreversible consequences 

of climate change (Nasa - earth observatory, 2024). The Intergovernmental Panel on Climate 

Change (IPCC) emphasizes that the extent and speed of climate change and its associated risks 

pivot greatly on immediate mitigation and adaptation efforts. Scientists emphasize the urgency of 

reducing GHG emissions to achieve net-zero emissions (Calvin et al., 2023). However, despite 

these warnings, global GHG emissions continue to break records, reaching a new high of 57.4 

gigatons of CO2 equivalent in 2022 (United Nations, 2023). 

Beer, the largest segment of alcoholic beverages, has a long history and is a principal drink 

globally. In 2022, the brewing industry produced 1.89 billion hectoliters of beer worldwide 

(Statista, 2024). This production also generates significant waste and GHG emissions. In 2023, the 

industry emitted approximately 30,172.15 kilotons of CO2 equivalent, generating 4,352,000 tons 

of waste annually from various stages of the process (Silva et al., 2023). This represents around 

1% of total global GHG emissions. The primary wastes include Brewer's Spent Grain (BSG), hot 

trub, and spent yeast, often repurposed as animal feed. Additionally, beer production requires 

substantial energy input, and its raw materials, principally barley, and hops, also contribute to an 

environmental footprint. Furthermore, energy consumption during brewing and raw material 

processing significantly impacts product quality. For instance, the boiling step in brewing is one 
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of the most energy-intensive stages, yet it is essential for enhancing beer color and flavor through 

the Maillard reaction, facilitating DMS volatilization, and ensuring wort clarification. 

The brewing industry stands as the keystone of the hop sector, consuming 97% of its output 

for beer production (Biendl et al., 2014). Hop cultivation has seen steady growth in recent decades, 

particularly in the production of bitter acids, reaching around 14,000 metric tons of alpha-acids in 

2021 (Barth-Haas Group, 2021). Hops play a vital role in beer-making, imparting distinct flavors, 

especially the bitter taste provided by isomerized alpha-acid. However, they also represent the 

most expensive raw material, with a market value of USD 1741.05 million in 2023 (Skyquest, 

2024). Nevertheless, hop production in 2021 resulted in a substantial estimated GHG emission of 

78,481,800 kilotons of CO2 equivalent (BarthHaas Europe, 2021; 

Hopfenverwertungsgenossenschaft, 2021). According to the sustainability report of 

Hopfenverwertungsgenossenschaft (HVG) (2021), counting only energy consumption for 

harvesting, drying, and irrigation, hop cultivation in Germany emitted 2,340 kg of CO2 equivalent 

per hectare.  

 Like many others since the Industrial Revolution, these industries have adhered to the 

linear economy model, which revolves around production, consumption, and disposal (Liu & 

Ramakrishna, 2021). However, this model has proven to be unsustainable, as it entails extracting 

resources in an unlimited manner from a planet with finite resources. This unsustainable approach 

has significantly contributed to the global climate crisis over the past century (Calvin et al., 2023). 

Thus, transitioning from a linear economy model to a circular one could be pivotal in achieving 

sustainable production and contributing to the attainment of UN sustainable development and net-

zero goals (United Nations, 2024). 

 The principles of the circular economy model revolve around minimizing waste and energy 

consumption through reuse, reduction, and recycling (Deutz, 2019). However, this concept is not 

entirely new; it has been practiced for millennia by ancient civilizations such as the indigenous 

societies of the Amazon Forest (Peripato et al., 2023). During the pre-Columbian era, these 

societies developed their civilizations based on circularity, as evidenced by the construction of 

recently discovered cities in the region (McMichael et al., 2012; Peripato et al., 2023). For 
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example, in the Equatorial Amazon, an urban center was recently unearthed in the Upano Valley. 

Its circular layout is characterized by integrating agriculture into urban landscapes, showcasing 

sustainable food production practices. These societies exemplify the potential for growth in 

harmony with natural cycles (Rostain et al., 2024). 

 The circular economy is built on concepts like industrial symbiosis, where one industry's 

waste becomes another's raw material, and sustainable development, which aims to harmonize 

economic growth with environmental and social welfare (Liu & Ramakrishna, 2021). The 

challenge lies in moving from theory to action, particularly in ensuring that circular economy 

practices benefit all parts of society and align with global sustainability objectives. In the brewing 

and hop industry, circularity could involve reusing nutrient-rich by-products to create new food 

and cosmetic items, as well as enhancing efficiency and reducing energy consumption by 

optimizing the process (Cimini & Moresi, 2021; Petiti et al., 2022).  

The brewing industry holds significant potential for transitioning into a biorefinery, 

supplying raw materials for food production through a circular model 

2023). For instance, one such by-product, hot trub, contains valuable protein, polyphenols, and 

hop bitter acids (Silva et al., 2023). Over the past decades, hot trub has been combined with 

-value use for these potentially valuable compounds. 

On the other hand, the modern food market has a clear demand for plant-based protein, driven by 

trends in vegan and high-protein diets, which could be fulfilled by hot trub protein. Moreover, hop 

bitter acids, highly valued in brewing, are largely found in hot trub, resulting in a substantial loss 

of approximately US$ 8,368,740 worth of hop bitter acids in the brewing industry (Kunze, 2019; 

Mathias et al., 2014). This not only represents a financial loss but also carries a significant 

environmental impact due to the high CO2 emissions associated with hop production. It 

underscores the urgent need to optimize the utilization of hop products within the brewing process. 

An integral part of reusing agro-industrial residues involves adding value to by-products, 

thus lessening their environmental impact. For example, a recent study by Cerqueira e Silva (2022) 

proposed extracting hop bitter acids from hot trub using membrane technology. This method 

effectively eliminated solids, mainly protein aggregates, due to their size and electrophoretic 
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profile, presenting a potential solution for purifying these compounds. By embracing a circular 

economic model, the brewing industry could utilize new technologies to increase the value of its 

by-products and diminish its environmental footprint.  

Over the past decade, there has been a substantial focus on developing innovative 

technologies for recovering and reusing brewing by-products, as represented in Figure 2.1, which 

illustrates the increasing number of publications related to these keywords. However, it is crucial 

to note that the circular economic model extends beyond mere reuse and recovery; it also 

emphasizes the significant reduction of waste production and energy consumption throughout the 

production process (Geng, 2019). By adopting more efficient resource utilization strategies, such 

as optimizing raw material usage and implementing sustainable production practices, not only can 

environmental benefits be achieved, but the overall environmental footprint can also be 

significantly reduced. This holistic approach ensures that the brewing industry not only minimizes 

waste but also operates in a more sustainable and environmentally responsible manner. 

As illustrated in Figure 2.1, there has been a noticeable lack of focus on improving process 

efficiency within the brewing and hop industry. This oversight becomes especially critical in light 

of the energy crises that Europe has faced since 2022, rooted in the Russian conflict with Ukraine 

which led to natural gas shortages in Europe. This situation has urged the industry to reconsider 

Figure 2.1. Evolution of paper publication related to hops and brewing by-product in comparison with 
efficiency of process. The mentioned numbers represent the absolute number of publications by year. 
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its energy consumption practices and develop new strategies to conserve energy. Consequently, 

the brewing and hop sectors in Europe have begun taking initial steps towards transitioning to 

renewable energy sources in alignment with the European Union's directives (European 

Commission, 2024). However, to further reduce the industry's environmental footprint without 

significant loss of production, there is a pressing need for additional research into process 

parameters and optimization. By fine-adjusting these aspects, the industry can achieve greater 

energy efficiency and sustainability, contributing to the broader goals of reducing GHG emissions 

and environmental impact. 

In this regard, this review aims to provide updated information on recent developments in 

optimized hop production and its enhanced utilization in the brewing process. The review 

methodology involved synthesizing information regarding hop processing, potential 

improvements in processing techniques, and applications in the brewing industry. Selection 

criteria for relevant studies included their quality, data availability, and relevance to the topic, with 

a focus on publications from the past three decades. To gather this information, the metadata tool 

"Scholarly Works," available on the Lens platform, was utilized. Studies within the Agricultural 

and Food Science fields were targeted, and a combination of keywords such as "hops," "Humulus 

lupulus," "process," "drying," "extraction," "by-products," "waste," "beer," and "brewing" was 

used to search. This comprehensive approach ensured a thorough exploration of recent 

advancements and insights into optimizing hop production and its integration into the brewing 

process. 

1.1.2. Why process hops? 

Botanically, hops are described as climbing, perennial, and dioecious plants belonging to 

the Cannabinacea family, specifically in the species Humulus lupulus or Humulus japonicus 

(Verzele & Keukeleire, 1991). However, only H. lupulus holds commercial value in the brewing 

industry, utilizing the inflorescence of female plants known as hop cones (Figure 2.2). These cones 

comprise glandular trichomes called lupulin glands, containing compounds crucial to brewing and 

the hop industry, including bitter acids and hop essential oils. However, these bitter acids are 

susceptible to oxidation when exposed to light and oxygen, as well as the loss of essential oils 
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For decades, research into hop drying remained largely unexplored, resulting in a lack of 

innovation in this area. However, since 2020, scientists have increasingly focused on studying the 

hop drying process and developing alternatives to optimize drying efficiency and enhance hop 

quality. The urgency of improving energy efficiency in hop drying, particularly in Europe, was 

highlighted by the war in Ukraine in 2022. This drying phase is often considered the bottleneck in 

hop processing, as the timing of hop harvesting is dependent on the availability of dryers to prevent 

the deterioration of hop cones. 

Longer storage of hops before drying leads not only to spoilage and deterioration but also 

to chemical changes, which decrease quality even after drying. Raut et al. (2020) conducted an 

experiment where fresh hop cones were stored for different periods (5 or 24 hours) before being 

-caryophyllene, 

humulene, and geraniol in hops increased depending on the storage period. However, myrcene, a 

key component of hop essential oils, decreased with longer storage periods. The research also 

discoloration during storage. By understanding how storage duration and freezing affect the 

essential oil content and overall quality of hops, farmers can optimize their storage practices to 

preserve the best qualities of these essential beer ingredients. 

Drying processes have long been employed in the agricultural industry due to their 

simplicity, primarily relying on the thermal energy from the warm surrounding air to remove free 

water from products (Kerr, 2013b). However, controlling this process can be challenging, often 

depending on the operator's experience, and leading to over-drying (Ziegler et al., 2021). To 

improve the efficiency of hop drying in belt driers, Rybka et al. (2017) examined the impact of 

drying parameters on over-drying. Their research revealed that hops dried at the end of the second 

belt in a three-belt drier. This resulted in over-drying the hops at the end of the third belt, ultimately 

compromising product quality and process efficiency. Further investigation conducted by the same 

group involved monitoring the moisture content of different hop components, such as strings and 

bracts, throughout the drying process in a belt drier . They found that the 

optimal moisture content for strings is between 6-8%, ensuring thorough drying without becoming 
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brittle. Conversely, bracts are dried to a level that would typically make pressing the hops 

impossible. Therefore, a conditioning process is employed where they are re-moistened to achieve 

an optimal moisture content of 8-11% . Thus, the main challenge in hop 

drying lies in achieving uniform drying of the hop cones without over-drying. 

The conditioning phase, a period typically characterized by reduced temperature and 

increased humidity, aims to equalize the moisture content of hops after drying phase. In a prior 

study conducted by Mejzr & Hanousek (2007) focusing on hop quality in a belt drier, the research 

suggests optimizing the drying process by eliminating the conditioning phase of the kiln and 

halting drying at a moisture content below 10%. This approach is proposed to potentially reduce 

energy and costs while expediting the process. However, this proposal has been controversial. 

Other researchers, such as Rybka et al. (2017), emphasize the importance of the conditioning step 

to achieve an optimal moisture level and prevent over-drying. 

The performance of the drying process is heavily reliant on the equipment utilized, as it 

directly impacts the efficiency of moisture removal. Therefore, in-depth attention is required in 

drying research, considering the specific processes employed and their adaptation to the equipment 

being used. For example, in a study by Rybka et al. (2018), a comprehensive approach was taken 

to compare the drying process in chamber dryers with that of belt dryers. This research utilized a 

combination of dataloggers, fixed sensors, and laboratory analyses. The findings highlighted 

significant differences in the drying air temperature and relative humidity between the two 

methods. In chamber dryers, it was observed that as the hops progressed from one slat box to 

another, the drying air temperature decreased while the relative humidity increased. This gradual 

change suggested a more controlled and gentle drying process, ultimately resulting in a more 

uniform moisture content in the hops. By emphasizing these nuances in drying equipment and 

processes, researchers can better understand and optimize the drying process for improved 

efficiency and quality outcomes. 

Hop drying efficiency depends significantly on various process parameters, including 

temperature, airflow, bed height, and air humidity. These parameters play crucial roles in 

determining the velocity of dehydration and the rate of water transfer from the product to the 
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surrounding air (Kerr, 2013b). In a study by Ziegler & Teodorov (2021), the airflow resistance of 

hop cones in different drying scenarios was investigated, considering variables such as varying air 

velocities and bed heights. This resistance, influenced by factors like cone size, shape, and 

moisture content, directly impacts the efficiency of the drying process. The researchers observed 

significant differences in airflow resistance among hop varieties, noting a non-linear increase in 

pressure with bed height, particularly evident in fresh hops. Moreover, the study underscored the 

importance of bulk density, which refers to the mass of hops per unit volume, in the drying process, 

thereby influencing drying efficiency. Overall, the findings highlight the distinct bulk densities 

and airflow resistances exhibited by different hop varieties, emphasizing the necessity of a 

designed approach to drying based on the specific characteristics of the hops being processed. 

The impact of bulk weight was also investigated in a study conducted by Raut et al. (2020). 

The research involved experiments with hops dried in batches of 15, 25, and 35 kg/m² at 60°C and 

0.35 m/s, with additional tests conducted at 65°C and 0.45 m/s for the 25 kg/m² bulk. The findings 

revealed a significant influence of bulk weight on drying behavior. Specifically, the 15 kg/m² bulk 

exhibited the highes

a more pronounced alteration in chemical composition. By taking into account factors such as bulk 

weight, drying temperature, air velocity, and hop cone size, farmers can refine the drying process 

to improve both efficiency and product quality. 

One key aspect of drying is the temperature at which it is conducted, impacting the hop 

quality concerning chemical and sensory properties.  However, there is no clear consensus on the 

ideal temperature for preserving hop quality. Rybka et al. (2018) discovered that drying hops at a 

lower temperature of 40°C retained 90% of their flavor compounds compared to traditional drying 

at 55°C. In a subsequent study, the impact of drying temperature on essential oil retention in Saaz 

hop cones was investigated (2021). Results showed a significant retention of essential oil when 

drying at 40°C in comparison to the conventional 60°C. Conversely, Rubottom et al. (2021) 

demonstrated that higher drying temperatures can lower the activity of dextrin-reducing enzymes 

in hops, which could affect beer fermentation and quality. Focusing on two major aroma cultivars, 

Amarillo and Simcoe, Rubottom et al. (2022) examined how different drying temperatures 
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(ranging from 49-82°C) affected these enzymes. Additionally, Rubottom et al. (2024) conducted 

a study over two harvest years, analyzing six popular American aroma hop varieties: Amarillo, 

Cascade, Centennial, Citra, Mosaic, and Simcoe. Their findings revealed that drying temperature 

did not significantly impact the chemical and sensory properties of the hops. Interestingly, the 

authors suggest that hop growers could potentially employ higher drying temperatures without 

compromising aroma quality, offering potential benefits in terms of sustainability (reduced energy 

consumption) and operational flexibility. 

Innovation in the drying process remains scarce despite its pivotal role in enhancing 

efficiency and sustainability. Addressing this gap, Hofmann et al. (2013) conducted research on 

energy recovery during hop drying, a significant step towards fostering more sustainable and 

efficient beer production. The study aimed to assess the efficacy of heat recovery from the exhaust 

air generated during the hop drying process. Furthermore, it studied the volatile hop oil 

components recovery, as these compounds play a vital role in the brewing process and are 

susceptible to loss during traditional drying methods. The research project involved the 

implementation of a heat exchanger in an industrial-scale hop drier to capture energy from the 

exhaust air, which typically contains reusable heat. The heat recovery process demonstrated an 

efficiency of approximately 57%, resulting in a notable 9-degree increase in the temperature of the 

fresh air utilized in the drying process. Furthermore, the study analyzed the condensate generated 

during heat recovery, revealing low concentrations of hop oil components. To enhance the 

recovery of these volatile compounds, an activated carbon filter was installed, leading to a 

significant improvement in the retrieval of hop oil components. Overall, this research represents a 

significant advancement in the quest for more sustainable and efficient beer production practices 

through innovative approaches to energy utilization and preservation of hop quality. 

The adoption of innovative drying techniques holds the potential to revolutionize the 

preservation of agricultural products, ensuring their chemical and sensory qualities remain at high 

standards. This not only benefits consumers with superior products but also has broader 

implications for the industry, making production more cost-effective and environmentally 

sustainable. Traditionally, hot-air drying has been the standard method for drying hops. However, 



P a g e  | 41 

 

recent research has explored innovative techniques like freeze drying and microwave vacuum 

drying (MVD). Ferenczi et al. (2018) found that freeze-drying stood out for preserving the highest 

amount of ß-myrcene, a crucial aromatic compound. Yet, this preservation came with a higher 

energy consumption compared to other methods. On the other hand, MVD, while slightly more 

energy-intensive than hot-air drying, offered a promising middle ground. It effectively retained 

aroma compounds and produced a desirable porous and crunchy texture in dried hops, potentially 

enhancing brewing efficiency. Additionally, Addo et al. (2022) concluded that pre-freezing, 

especially when followed by microwave-assisted hot air drying, is highly effective, striking a 

balance between efficiency and quality. However, the application of these innovative techniques 

presents a challenge for hop farmers due to the high initial costs involved. Despite this obstacle, 

the long-term benefits in terms of improved product quality and operational efficiency may 

outweigh the initial investment, making it a worthwhile consideration for the industry's future. 

Artificial intelligence (AI) offers promising applications in optimizing hop drying 

processes through real-time monitoring and control. Sturm et al. (2020) explored the use of visual 

sensors to achieve this goal, aiming to enhance product quality and performance. The study 

integrated three types of visual sensors into the drying system: Vis-VNIR hyperspectral and RGB 

cameras, along with a pyrometer. These sensors facilitated continuous and non-invasive 

monitoring of hop-drying behavior, generating valuable data for process optimization. By 

employing chemometric analyses, which utilize statistical methods to analyze chemical data, the 

researchers accurately predicted moisture content and color changes in the hops. This highlights 

the potential for real-time quality control during the drying process, enabling adjustments to be 

made promptly to optimize product quality and efficiency. Incorporating AI-driven monitoring 

and control systems into hop-drying processes holds promise for improving overall efficiency and 

product quality, ultimately benefiting both producers and consumers. 

1.1.3.2. What is new in hop extraction? 

Lupulin glands, constituting approximately one-fifth of the dry hops' weight, are pivotal in 

hop products like pellets or extracts. They concentrate the lupulin by separating it from the 
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vegetative matter (Verzele & Keukeleire, 1991). While hops extracts were traditionally produced 

through solvent extraction methods such as ethanol and hexane, residues from these solvents may 

persist in the final beer product. Consequently, the hop industry predominantly utilizes 

supercritical CO2 extraction due to its fluid polarity and superior yields in recovering bitter acids 

(Briggs et al., 2004; Lewis & Young, 2002). The resulting extract is typically stored in cans at 

room temperature, as this environment offers optimal stability against oxidation, facilitated by 

both processing and packaging methods. Moreover, in brewhouses, precise dosage control of hop 

extracts is essential for achieving consistent bitter flavor quality and minimizing raw material 

wastage (Briggs et al., 1982; Brunner, 2005; Verzele & Keukeleire, 1991). Therefore, hop 

processing plays a vital role in enhancing beer quality and industry efficiency by maximizing the 

utilization of bitter acids and ensuring a balanced bitter taste in the final product. 

The first industrial plant for supercritical fluid extraction (SFE) was established for the 

extraction of caffeine from coffee beans and resins from hop flowers (Meireles, 2008). Even today, 

these remain the primary processes utilizing SFE, with CO2 being the preferred solvent due to its 

variable solvent power based on pressure and temperature, as well as its low viscosity (Sanz et al., 

2019; Sovová & Stateva, 2011). Hop extraction plants typically consist of extractors filled with 

milled hop pellets, through which CO2 passes, carrying bitter compounds. Before extraction, liquid 

CO2 undergoes a series of cooling, pumping, heating, and compression steps to achieve the 

supercritical state (Biendl et al., 2014), as explained in Figure 2.4. This process allows for mild 

extraction conditions with low operating temperatures, resulting in an extract closely resembling 

the natural material compared to extracts obtained through steam distillation or conventional 

solvent extraction methods (Herrero et al., 2010; Sanz et al., 2019; Sovová & Stateva, 2011). 

Liquid CO2 transitions into the supercritical state when conditions surpass the critical point (31°C 

and 73 bar), where the fluid exhibits properties similar to both liquids and gases (Herrero et al., 

2010). These properties, coupled with CO2's non- - 

-acids, resulting in extraction yields of up to 99% of bitter acids (Verzele & Keukeleire, 

1991). 
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Solvents such as CO2, propane, SF6, and dimethyl ether (DME) were tested at various densities, 

temperatures (ranging from 20°C to 80°C), and pressures (50 to 150 bar). This study highlights 

the superior efficiency of DME in extracting these compounds. For instance, the optimal 

conditions for DME extraction were found to be 40°C and 10 MPa -acids, 60°C and 50 MPa 

-acids, and 60°C and 15 MPa for overall extraction yield. These conditions led to the highest 

concentrations of bitter acids in the extracts, demonstrating DME's superior dissolution power for 

hop compounds. Veiga et al. (2021) explored the use of supercritical CO2 and compressed propane 

enriched with ethyl acetate as a cosolvent to extract phenolic compounds from hops. The results 

highlight a significant enhancement in extraction yield and efficiency, particularly in reducing 

extraction time by 71%. 

The use of counter-current extraction, a technique where the solvent and the feed move in 

opposite directions, is particularly favored for large-scale operations due to its potential for higher 

productivity. Hoshino et al. (2018) explored the use of high-pressure counter-current extraction 

with dense CO2 to achieve maximum flavor purity and recovery. This study demonstrates the 

efficacy of this approach for the fractionation of flavor and bitter compounds in hop-ethanol 

solutions. By carefully controlling the temperature, pressure, and solvent-to-feed ratio, it is 

possible to achieve both high purity and recovery of flavor compounds, which is essential for 

enhancing the quality of beer. 

Innovations in SFE involve not only optimizing process parameters and solvents but also 

refining process conduction. Klimek et al. (2021) employed a modified two-step SFE process to 

enhance compound extraction. In the first step, the supercritical fluid extraction yielded a crude 

- -acids, and terpene derivatives, along with some 

impurities. This extract exhibited a higher yield compared to other extraction methods. The second 

step involved re-extracting the post-extraction residues to obtain a sample enriched in 

xanthohumol, termed extract E2. 

Another extensive research effort by Van Opstaele (2012a, 2012b, 2013) developed a two-

step extraction process to extract and fractionate hop oil essences from hop pellets. In the first step, 

most volatile compounds were extracted from T-90 hop pellets using CO2 at a specific density and 
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temperature. In the second step, the hop residue from the first extraction was subjected to another 

round of SFE, this time at a higher CO2 density (Van Opstaele et al., 2012b). This step targeted 

the less volatile, yet equally important, "spicy" compounds. The researchers found that a CO2 

density of 0.50 g/mL (at 50°C and 110 atm) was the optimal condition, ensuring a balance between 

selectivity and yield (Van Opstaele et al., 2012a). 

To enhance beer flavors and aromas, researchers have turned to SFE using CO2 as a 

solvent. This method efficiently separates desirable aromatic compounds from the bitter ones in 

hops. The challenge in the hop industry is to extract aromatic compounds while minimizing 

bitterness. Although SFE is well-established in the hop industry, researchers are exploring ways 

to optimize the process, particularly for hop aroma compounds.  et al. (2011) 

applied SFE using supercritical CO2 to extract essential oils from "Marynka" hops, finding that a 

trap temperature of 5°C, an extraction pressure of 8.5 MPa, and an extraction time of 10 minutes 

yielded the highest oil recovery. Bizaj et al. (2022) employed a semi-continuous extraction method 

using sub- and supercritical fluids with varying polarity CO2 and propane as non-polar solvents, 

and dimethyl ether (DME) as a polar solvent. They highlighted the importance of extraction 

methods in obtaining higher yields of xanthohumol and essential oils, noting optimal results at 

40°C and 5 MPa. Pannush et al. (2023) found that lower temperatures and higher pressures 

generally led to higher extraction yields, with sensitivity to pressure varying among oil 

-myrcene showed greater sensitivity to pressure changes compared to 

-humulene. 

The extraction might also be influenced by the hop variety used. Therefore, a study by 

Zekovi  et al. (2007) focused on five different hop cultivars, with the Magnum variety standing 

out for its high essential oil content and extract yield. The extraction process was conducted in two 

steps: first at 15 MPa and 40°C for 2.5 hours, and then at 30 MPa and 40°C for an additional 2.5 

hours. The choice of pressure and temperature in each step is crucial, as it determines which 

compounds are extracted. The Magnum cultivar, known for its bitterness, showed the highest 

-acids, the compounds responsible for the bitter taste in beer, in the second step of 
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extraction. This indicates that the SFE-CO2 method was effective in selectively extracting the bitter 

compounds from this variety. 

As the beer industry continues to evolve, the exploration of extraction methods is crucial 

for meeting the demand for high-quality, flavorful beers. Formato et al. (2013) focused on 

extracting hop bitter acids using supercritical fluid extraction (SFE) compared to a cyclically 

pressurized solid-liquid extractor known as the Naviglio Extractor. The study revealed that using 

supercritical CO2 -acids from hops. 

However, the addition of ethanol as a co-solvent, a common practice to enhance the extraction of 

polar compounds, resulted in a heterogeneous extract, indicating a less selective extraction 

process. In contrast, the Naviglio Extractor, a cyclically pressurized solid-liquid extraction system, 

-acids. This method involves the repeated 

pressurization and depressurization of the extraction vessel, enhancing the penetration of the 

solvent into the plant material and the subsequent extraction of target compounds. The results 

suggest that this technique could be particularly useful for extracting specific compounds that are 

less soluble or more challenging to extract using SFE. 

Conventional extraction methods, while effective to some extent, have limitations, 

prompting the exploration of innovative techniques like ultrasound-assisted extraction (UAE), 

high hydrostatic pressure (HHP) extraction, and microwave-assisted extraction (MAE). These 

methods aim to improve extraction efficiency while minimizing the presence of unwanted 

substances, aligning with the modern industry's focus on environmentally friendly practices. 

Santarelli et al. (2022) conducted a study comparing traditional extraction methods with innovative 

approaches such as ultrasound and high-pressure techniques to determine the most efficient way 

to obtain valuable compounds. Their findings revealed that the choice of extraction method and 

conditions (temperature and time) significantly influenced the phenolic profile and the content of 

various bioactive compounds in hop extracts. However, the optimal method and conditions varied 

depending on the specific bioactive compound being targeted for extraction. In a recent study by 

 et al. (2024), SFE was employed for lipophilic extracts and hydrodistillation for essential 

oils, while hydrophilic extracts were obtained using ultrasound and microwave techniques. The 
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results indicated that the extraction technique had a more significant influence on these activities 

than the hop variety. This suggests that the method of extraction plays a crucial role in preserving 

or enhancing the beneficial properties of hops. 

Traditional methods, such as hydrodistillation, have long been employed for essential oil 

extraction, but they can be time-consuming and may not yield the highest concentrations of desired 

compounds. A solution could be the innovative technique of microwave-assisted hydrodistillation 

(MAHD), which offers the potential for higher efficiency and better quality of essential oils. In a 

study by  et al. (2018), two extraction methods were compared: microwave-assisted 

hydrodistillation (MAHD) and conventional hydrodistillation (HD). The researchers identified the 

optimal conditions for MAHD as 335 W of microwave power for 30 minutes, using a water-to-

raw material ratio of 8:3. These conditions resulted in essential oils with a high concentration of 

-myrcene, ranging from 74.13% to 89.32% by weight, a key indicator of oil quality and aroma. 

Another innovative technique to improve the extraction yield of volatile compounds 

involves utilizing CO2 in a subcritical state. This has garnered attention for its ability to preserve 

volatile compounds and increase extraction yields, making it a promising technique for obtaining 

high-quality hop extracts. Fisher et al. (2023) conducted a study to compare products obtained 

through hydrodistillation and subcritical CO2 extraction methods, assessing their chemical 

compositions and potential applications, particularly in the brewing industry. The extraction yield 

varied significantly between the methods, with subcritical CO2 extraction showing higher yields 

(ranging from 8.76% to 15.35% m/m) compared to hydrodistillation (0.38% to 1.97% m/m) for 

both essential oils and extracts. This research highlights the potential of hop extracts, particularly 

those obtained through subcritical CO2 extraction, as valuable products with applications in the 

brewing industry. 

The researchers also explored simpler extraction techniques. Recently, García et al. (2024) 

demonstrated the effectiveness of ten organic solvents for the initial extraction of compounds from 

hop pellets. Among these, a mixture of methanol and dichloromethane stood out, paving the way 

for further optimization. The extraction variables, including temperature and solvent 

concentration, were fine-tuned to achieve the highest recovery rates of the target compounds. The 
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optimized conditions, involving the use of 19.7% (v/v) methanol at room temperature for 89 

- -acids in soft 

resins, 78.48% for xanthohumol in hard resins, and 67.10% for phenolics in spent solids. These 

conditions were then successfully validated across six different hop varieties, highlighting the 

robustness and versatility of the optimized extraction process. However, most of those solvents 

are not food-grade, which prevents their usage in hop extraction.  

Traditionally, optimization has relied on offline analysis methods, which, while effective, 

are time-consuming and may not provide real-time insights. This is where the innovation of online 

monitoring through optical metrology techniques, such as Raman spectroscopy with shifted 

excitation, comes into play. These techniques offer the potential to enhance the efficiency and 

quality of SFE processes by providing continuous, real-time data on the extraction process. The 

core of the research developed by Schuster et al. (2018) lies in the development and application of 

an in-situ Raman measurement system for monitoring the supercritical CO2 extraction of hops. 

This measurement method is a spectroscopic quantitative technique, that successfully measures 

compounds in a mixture. The system's effectiveness was demonstrated by monitoring the 

extraction of two different hop varieties under varying conditions of temperature and pressure. 

This real-time monitoring capability not only optimizes the extraction process by allowing for 

adjustments in the flow but also reduces the need for costly calibration, making it a practical and 

efficient tool for various SFE applications. 

Also towards a circular economy, researchers have recently been exploring the reuse of 

spent hops from the brewing process, which are a rich source of bioactive compounds. A study 

conducted by Inumaro et al.(2023) focused on hop cone residues from craft breweries, aiming to 

extract and evaluate the bioactive potential of the compounds, particularly in terms of their 

antioxidant, antimicrobial, and cytotoxic activities. The results were multifaceted, showing that 

lower temperatures and pressures, along with higher ethanol percentages, led to increased 

concentrations of certain compounds and higher antioxidant activity in both chemical and cell-

based assays. Conversely, other compounds and antioxidant activities were favored by lower 

temperatures and pressures but higher ethanol percentages. These findings not only contribute to 
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the sustainable utilization of brewing by-products but also open up new avenues for the 

development of multifunctional ingredients for various industries. 

1.2. Hop bitter acids in beer: is it possible to enhance its utilization?  

1.2.1. Explaining hop bitter acids 

Inside female strobiles, positioned under the bracts, are found the yellow glands called 

lupulins which are composed of two resins fractions, hard and soft (Biendl et al., 2014). The main 

compounds used in the brewing process to provide bitterness and aroma to the beer are located on 

the soft resins, which contain the bitter acids and essential oil. The bitter acids are belong to two 

groups comprised of - and -acid, the first series is related to the bitter taste in beer and is one of 

the most important compounds in the beer industry (Almaguer et al., 2014).  

-acids include five constituents that differ by the side chain, they are humulone, 

adhumulone, cohumulone, posthumulone and prehumulone as shown in Figure 2.5 (Durello et al., 

2019; Verzele & Keukeleire, 1991) - -acids by the prenyl chain 

at carbon atom-6. Moreover, they also comprise five homologues named lupulone, adlupulone, 

colupulone, postlupulone and prelupulone (Figure 2.5) (Briggs et al., 2004; Durello et al., 2019). 

The compounds are biosynthesized and accumulated during flowering in the female inflorescence 

and in the leaves. Furthermore, the acyl chain which distinguishes the homologue molecules is 

obtained in the leucine-biosynthetic pathway (Goese et al., 1999; Keukeleire et al., 2003). 

-acids compounds in wort boiling is to provide bitterness in beer, 

the bitter taste is not offered -acid directly, due to low solubility in aqueous solutions 

(Keukeleire et al., 2003). Rather, the -acids  must be isomerized to form more soluble compounds. 

This is achieved in the brewing process when high temperatures are applied (Cooman & Goiris, 

2018).  
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The key bitter compounds in beer are the iso- -acids generated by the isomerization 

reaction that follows first-order kinetics (Huang et al., 2013; Jaskula et al., 2008; Malowicki & 

Shellhammer, 2005). The humulones are converted into isohumulones via an acyloin-type ring 

contraction, building two epimeric isomers cis- and trans-isohumulones during wort boiling 

process step (Clippeleer et al., 2014; Verzele & van Boven, 1971). The reaction is influenced by 

process parameters like temperature, pH, divalent metal ions, and wort density, which could affect 

both isomerization reaction and utilization (Bastgen et al., 2019).  

1.2.2. What is hop utilization? 

-acids utilization is defined as the yield of the iso- -acids present in beer compared 

-acids added (Jaskula-goiris et al., 2010). It represents a massive challenge 

in the brewing industry, considering the extensive loss of bitter compounds during the processes. 

Only around 30-50% of bitter acids will be found in the finished beer, which translates to a 

reduction in beer production profitability, especially for highly hopped beverages (Kappler et al., 

2010). Barth-Haas Group stands among the largest hop producers in the world. According to the 

Group (2019), a 10% increase in bitter acid utilization - from 30% to 40% - in a batch of 200,000 

hl of beer with the addition of 30 mg of iso- -acids/L, achieves around 15,000 euros savings. 

Therefore, iso- -acids utilization is an essential factor for industry, not only for the environment 

by reducing hop usage footprint, but also for economic reasons. 

Figure 2.5. Alpha- and beta-acids homologues chemical structure 
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-acid 

utilization. However, this remains a profitability issue since current options mainly involve 

acquiring new types of equipment. Improving the utilization of iso- -acids by around 5% would 

significantly enhance brewery profitability and reduce GHG emissions. For instance, in a mid-size 

brewery with an annual beer output of 300,000 hL, such improved utilization could result in 

 a reduction in CO2 emissions of about 16 kg per 

reduction in CO2 emissions of about 4.5 tons. Therefore, optimizing the utilization of raw 

materials, such as hops, would benefit the industry economically and enhance its sustainability. 

1.2.3. Hop compound-protein interaction 

As mentioned above, the -acids are converted into iso- -acids during the wort boiling 

process (Clippeleer et al., 2014; Verzele & van Boven, 1971). According to Gänz et al. (Gänz et 

al., 2021), the iso- -acids content is depleted by the proteins originating from the barley malt. The 

role of iso- -acids in beer foam stability due to interaction with foam-active proteins has been 

reported by several researchers (Clark et al., 1991; Evans et al., 2018; Ferreira et al., 2005; Kapp 

& Bamforth, 2002; Smith et al., 1998). They are the most abundant proteins in the wort along with 

the haze-active proteins (Iimure et al., 2012b). However, there is still a lack of knowledge about 

minor proteins, such as enzymes and barley defense proteins, and hop bitter acids interaction.  

It is well established that wort protein plays an important role in foam stabilization and 

quality due to the formation of a viscoelastic layer with a linkage comprising a continuous liquid 

phase and discontinuous gas phase (Briggs et al., 2004). Hydrophobic proteins are mainly 

responsible for stabilizing the foam layer, especially those known as LTP and protein Z (Steiner 

et al., 2011). Recently, Lu et al. (Lu, Osmark, Bergenståhl, & Lars, 2020) studies showed the 

influence of these two proteins on the surface layer and the property's dependence upon iso- -

acids and protein interactions (Lu, Osmark, Bergenståhl, & Lars, 2020). They observed formation 

of spherical aggregates of iso- -acids and proteins, which suggests a strong bond between these 

compounds, preferentially with protein Z (Lu, Osmark, Bergenståhl, & Lars, 2020). These protein 
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fractions were also found to comprise the major fraction of proteins precipitated into wort trub 

during the boiling step due to binding with protein-derived polypeptides (Iimure et al., 2012a).  

However, much of the research up to now has been focused on the protein-hop bitter 

compounds interaction in the foam and little attention has been paid to the equally important role 

of hop bitter compounds in protein precipitation during boiling. The mechanism of hop bitter 

substance interaction with barley proteins is unknown as well as the barley protein fraction that 

binds to them. Understanding the protein-hop bitter substance binding capacity will help improve 

hop utilization rates by reducing the reactive protein fractions by selecting appropriate barley 

cultivars, setting breeding goals, and/or modifying malting and brewing parameters.  

1.2.4. Hop bitter acids beyond bitterness 

Hop bitter acids, especially iso- -acids, are well-known for giving beer its bitter taste. 

However, these compounds also play important technological roles in beer production. 

Researchers have discovered that these acids have significant antioxidant properties. According to 

Wietstock and Shellhammer (2011), hop humulones and isohumulones can reduce the formation 

of hydroxyl radicals due to their metal chelation and scavenging abilities. Oxidative reactions, 

which commonly occur during beer storage, can degrade the quality of the beer. The antioxidant 

capacity of hop bitter acids helps maintain the flavor stability of beer during storage by preventing 

oxidative changes and the formation of aldehydes (Karabín et al., 2014; Mertens et al., 2022).  

Beer can undergo changes in flavor and quality over time, especially during storage. A major 

challenge in maintaining beer quality is the development of stale flavors due to chemical reactions, 

particularly the degradation of iso- -acids. As beer ages, these acids break down, reducing 

bitterness and forming off-flavor aldehydes (Caballero et al., 2012; Intelmann et al., 2011). 

Clippeleer et al. (de Clippeleer et al., 2010) studied how trans-iso- -acid degradation affects 

aldehyde formation during aging. They found that aging increases cis-iso- -acids due to the 

reverse isomerization of trans-iso- -acids. However, aldehyde formation was not directly linked 

to iso- -acid degradation, suggesting that factors like malt quality and brewing processes are more 

significant for flavor stability. 



P a g e  | 53 

 

One of the main traits of beer quality is foam stability, which contributes to a visually pleasing 

appearance for consumers. The impact of iso- -acids and their chemically modified counterparts 

on foam stability was highlighted by Hughes (2000). The study demonstrated that iso- -acids, 

especially the modified versions called hexahydro- and tetrahydro-iso- -acids, act as effective 

foam stabilizers. This stabilization likely occurs via hydrophobic interactions with amphipathic 

polypeptides. Further research confirmed these findings, elucidating the role of iso- -acids in beer 

foam stabilization, particularly through interactions with protein Z and LTP (Evans et al., 2018; 

Lu, Bergenståhl, et al., 2020). 

1.2.5. Innovation and Future Perspectives 

There is a growing global demand for greener processes that use resources efficiently and 

reduce waste generation. To achieve more sustainable production, the circular economy approach 

is key to reaching net-zero emissions. However, innovating in the hop and brewing process is more 

challenging than in newer food production methods due to its long-established practices. 

The improvement of these processes involves the application of new technologies, such as AI 

and other emergent technologies. The former has become a popular tool for optimizing daily tasks 

and processes. While algorithms can be implemented relatively easily, the challenge lies in 

acquiring sufficient data. To develop reliable AI models, a substantial amount of data is required 

to enhance accuracy and predictive capabilities. However, storing big data , particularly on 

supercomputers, demands significant energy. Despite its promise for process optimization, AI 

should be used cautiously, with a critical perspective on the models generated to ensure higher 

prediction accuracy. 

Emergent technologies have been extensively explored by researchers and innovative food 

industries. For instance, microwave-assisted extraction has been implemented for hop compound 

extraction, enhancing the utilization of this raw material in brewing (Milestone Srl, 2024). These 

technologies can improve both process efficiency and environmental footprint by optimizing 

resource usage and reducing energy consumption. 
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Additionally, understanding the biochemical mechanisms of hop bitter acids binding to 

proteins could open new possibilities for use in plant-based foods. This market has grown 

substantially in recent years, with significant investments from both public and private sectors. By 

comprehending the relationship between proteins and hop bitter acids, these compounds could be 

used in alternative products to improve emulsion stability and texture in extruded foods. Notably, 

-acids offer a neutral taste and anti-microbiological activity, making them particularly valuable 

in these applications.  
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Chapter 3  
Is it possible to improve further hop processing? 
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Chapter 7  
What is the outcome of this thesis? 
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This study was divided into two work packages, each further subdivided into two 

experimental designs, as represented by the experimental papers included in this thesis. The first 

s and analyses were carried out in Brazil at the Universidade Estadual 

de Campinas, while 

Technische Universität Berlin.  

The first work package investigated drying and supercritical CO2 extraction methods to 

identify opportunities for process optimization. This study pioneered the production of hop 

supercritical CO2 extract using a Brazilian hop variety. Prior to this, no extract from this raw 

material had been produced in Brazil, underscoring the innovative nature of this work. The fresh 

en Berg. The 

-acids, 2.6 -acids, and approximately 1.52 mL of total 

essential oil per 100 grams of hops. 

To optimize this step, it was necessary to understand the drying performance of hops and 

the effect of temperature on hop quality. Therefore, the first experimental paper in Chapter 3 

presents results from the study on the drying behavior of hops and the influence of drying 

temperatures on hop quality traits, such as color, bitter acids content, and essential oil profile. As 

expected in food drying processes, temperature significantly affects the process time. The drying 

time decreased by 2.5-fold when the temperature increased from 40ºC to 70ºC. As discussed in the 

literature review in Chapter 2, the drying step is the bottleneck in hop processing due to the lack 

of on-farm equipment, which makes harvesting dependent on the availability of dryers. Therefore, 

reducing drying time could prevent the over-maturation of hops. Furthermore, Rubottom et al. 

(2022) observed similar drying behavior in commercial dryers and noted that higher temperatures 

might reduce energy consumption. 

 Drying hop at higher temperatures also promotes an advantage due to the degradation of 

with the hydrolysis of unfermentable into fermentable sugars by the addition of hops in the cold 

step, such as fermentation or maturation. The yeast consumes those newly released sugars, 

producing alcohol and CO2, reducing the product quality and promoting issues during beer storage. 
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Rubottom et al. (2021) study highlighted the importance of higher hop drying temperature for the 

depletion of the hop creep effect on beer. Therefore, not only the hop farmers but also the brewer 

might benefit from hop air drying temperature.  

The drying process is crucial for determining hop quality, influencing several key traits. 

For more detailed results and discussion, refer to the papers in Chapters 3 and 4. Interestingly, it 

was observed that drying temperature primarily affects the total essential oil content and the color 

parameter a*, which represents the range between green (a-) and red (a+) colors.  

The decrease in essential oil content was explored by Rybka et al. (2021;2018), whose 

studies demonstrated that drying hops at 40ºC resulted in only a 10% decrease in total oil content, 

whereas drying at 55ºC led to a 36% decrease for the Saaz variety. Despite the impact of drying 

temperature on total oil content, the study presented in Chapter 3 shows that the essential oil profile 

remains unaltered. This finding is corroborated by Rubottom et al. (2024), who demonstrated that 

hop sensory quality was similar regardless of the drying temperature. Therefore, the hop-drying 

process could be enhanced by increasing the air temperature, leading to economic and 

environmental benefits with a lower effect on hop sensory quality. 

As expected, the color of hops changes during drying from green in the fresh cones to 

green-brown in the dried cones. Lower temperatures result in higher degradation due to prolonged 

exposure during the process. This degradation affects the chlorophyll present in hops, leading to 

an undesirable brownish color. In a study by Rybka et al. (2018), it was suggested that drying hops 

at lower temperatures, such as 40ºC, might be preferable for aromatic hops to preserve essential 

oil compounds. However, the extended drying time associated with lower temperatures poses 

several disadvantages, including color changes, increased energy consumption, and longer drier 

occupancy (Sturm et al., 2020). This undesirable drying color is particularly noticeable in hop 

products like pellets, which still contain vegetal matter. Therefore, drying at lower temperatures 

might compromise product value despite preserving essential oil compounds. 

Considering the lesser impact of higher temperatures on hop quality during drying 

compared to lower temperatures, it was determined in this study that drying hops at 70ºC could be 

advantageous for farms to reduce energy and time consumption. Specifically, hops dried at higher 
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temperatures could be used to produce hop extract, as the extraction process removes vegetal 

matter, mitigating the effects of color degradation. Thus, the next step involved producing hop 

extract through SFE using hops dried at higher temperatures to evaluate the suitability of this 

optimization. This step began with screening process parameters such as pressure and temperature 

to understand the extraction phenomenon and establish optimal conditions. Subsequently, 

extraction kinetics were evaluated to optimize extraction time. 

Despite extracts being produced from -acid hop varieties, this study successfully 

produced supercritical CO2 -acid 

content. The condition of 30 MPa and 60ºC yielded the maximum extraction yield of 8.6%. 

However, the condition of 20 MPa and 40ºC was preferred due to lower energy consumption and 

better utilization of the equipment which is provided by the lower temperature and pressure. In 

this condition, a yield of 7.78% was achieved. Similar studies have been conducted to extract hop 

bitter acids using supercritical CO2; however, the extraction yield was considerably lower than 

that presented in this study .  

The kinetic curve is an important parameter for evaluating hop extraction behavior. The 

diffusional-controlled period, which decreases the extraction rate, was observed after 40 minutes. 

This indicates a higher extraction yield for bitter acids, resulting - 

-acids being extracted compared to the total yield at 90 minutes. While Valle et al. (2003) 

achieved approximately 14% extraction yield using a Chilean hop variety, it required a prolonged 

extraction time of 240 minutes, resulting in higher solvent and energy consumption. Therefore, 

this study optimized the extraction process by employing mild extraction conditions and reducing 

the extraction time. 

With the rise of artificial intelligence (AI) tools for daily use, this technique could also be 

applied to optimize processes like hop processing. Therefore, for the first time, the experimental 

work presented in Chapter 4 tested the suitability of machine learning models to predict drying 

time. Better control of this process might benefit farmers by reducing hops over-drying as well as 

energy consumption. Data acquired during the drying process were modeled by both conventional 

mathematical models used for drying and by machine learning models (such as Artificial Neural 



P a g e  | 116 

 

Network, K-Nearest Neighbor, and Random Forest). Comparing these models sheds light on the 

possibility of using higher-performance models, such as KNN and Random Forest. These models 

permit higher prediction accuracy compared to conventional methods due to their ability to 

incorporate more significant inputs for the process, such as air humidity. However, these models 

should continually be enhanced by adding new datasets with hops from other varieties that have 

been dried. 

The use of AI tools is breaking the walls of the informatic technology field and becoming 

more accessible to our daily lives. However, the usage in the brewing field is still insipient, 

representing room for expansion. A ground-breaking study developed by Schreurs et al. (2023) 

recently uncovered the complexity of flavor and consumer perception linkage with beer chemistry. 

In this study, machine learning predicting models were performed in an attempt to identify 

compounds that influence beer flavor and acceptance. AI could be used in several ways, such as 

product design, process optimization, and logistics (Schlechter, 2024). For instance, a company 

called NotCo which produces vegan products, uses a platform named Giuseppe that consists of an 

AI system that supports the scientists within the company to screen the plant kingdom and design 

a combination of those ingredients to create a new product (NotCO Company, 2024). Similarly, 

an AI tool could be implemented in the brewing sector to improve product development.  

The second work package of this thesis involved a proteomic study aimed at uncovering 

the relationship between hop bitter acids losses and protein precipitation with the trub, to improve 

hop utilization and reduce waste generation. This phase began with the study presented in the 

experimental paper in Chapter 5, which investigated the influence of hop addition on protein 

precipitation profiles. For this study, a sweet wort was prepared and divided into two portions, 

with hop extract added to one during boiling. Protein profile quantification and identification were 

conducted using an innovative approach employing Liquid-Chromatography coupled with Mass-

Spectrometry (LC-MS/MS). 

Through proteomic analysis, it was possible to gain in-depth insight into the role of hop 

bitter acids in the formation of protein aggregates. The foam-active protein LTP precipitated in the 

presence of hop compounds, whereas Protein Z exhibited the opposite behavior. Interestingly, the 
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less abundant proteins Late Embryogenesis Abundant (LEA), Aspartic Proteases, and Thionin 

were highly affected by hop addition. This study demonstrated that minor proteins may play an 

important role in hop bitter acids losses, but the interactions between proteins and hop bitter acids 

remain unknown. 

Protein folding relies on hydrophobic interactions and disulfide bonds among cysteine 

residues to maintain stability in aqueous solutions (Camilloni et al., 2016). During wort boiling, 

proteins denature, exposing inner hydrophobic groups, which form aggregates for thermodynamic 

stability (Jin et al., 2009). This process also reduces disulfide bonds, affecting protein stability. 

The addition of hop bitter acids alters protein-protein complex formation, with proteins interacting 

through hydrophobic and disulfide bonds (Qin et al., 2015). Studies show that iso- -acids 

influence aggregation by acting as cross-linkers, particularly involving protein Z, which forms 

vesicular structures to protect hydrophobic domains (Lu, Osmark, Bergenståhl, Nilsson, et al., 

2020).   

The outcomes from the study presented in Chapter 5 were groundbreaking in 

demonstrating the influence of hop bitter compounds on protein interactions during wort boiling, 

especially with lesser-studied proteins. Furthermore, these interactions might occur during beer 

haze formation, an important quality parameter for beer stability. Hop bitter acids could also play 

a role in haze formation alongside proteins other than hordeins. Beyond the brewing field, the 

interaction between hop bitter acids and plant proteins could be further explored to enhance the 

quality traits of vegan products, such as texture. Similar to how polyphenols are being explored, 

hop bitter acids could act as cross-linkers to promote emulsion stabilization in products such as 

plant-based yogurt or improve texture in extruded alternative protein meat. 

This research also highlights the role of minor proteins in the interaction between hop bitter 

acids and proteins. Peroxidase exhibited significant differences in abundance with the addition of 

hops. Peroxidase, found in nearly all living organisms, plays a crucial role in plant defense by 

catalyzing the oxidative cross-linking of proteins and phenolics in cell walls. In barley, the main 

peroxidase, BP1, contains a heme group crucial for its function. During wort boiling in beer 

production, peroxidase denatures, exposing its heme and other reactive sites. This exposure leads 
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to interactions with hop bitter acids, forming complexes that may contribute to protein aggregation 

and increased precipitation. Those proteins might impact several quality traits, such as foam, haze, 

and flavor stability. For instance, the exposed metal active site could lead to oxidation reactions 

which produces undesirable aldehydes, affecting the beer shelf-life. Therefore, hop bitter acids 

could act as an antioxidant by reacting primarily to those proteins, improving beer flavor stability. 

Barley malt protein could hold the key to improving hop bitter acids utilization by reducing 

precipitation to the trub. Hence, the second experimental paper of this work package (Chapter 6) 

was developed to investigate the effect of barley malt protein content on hop bitter acids utilization. 

A sweet wort was prepared using two barley varieties named Liga and Solist. Proteomic analyses 

were conducted using LC-MS/MS, similar to the previous work. 

The protein profiles of the barley cultivars differed, as revealed by proteomic analysis of 

wort before boiling, identifying 107 protein groups. Among these, 78 were shared between the two 

barley cultivars, Liga and Solist, while 11 were unique to Liga and 18 to Solist. Despite Liga 

exhibiting higher total protein abundance, it had fewer identified proteins, highlighting the impact 

of genetic variation on protein profiles. This genetic diversity affects protein isoforms and carries 

significant implications for barley breeding and the malting process. The malting process modifies 

the protein profile due to the germination which produces protease and amylase enzymes, 

hydrolyzing the storage proteins. Furthermore, the process parameters play a role in the enzymes 

production, posttranslational modification, and reduction of storage proteins. 

Surprisingly, this study revealed the role of barley proteome in hop utilization which 

- and iso- -acids concentration in samples prepared with each barley malt 

-acid content significantly decreased with the increase in protein 

content of the barley. This can be attributed to the formation of protein aggregates, which primarily 

occurs during the heating and initial boiling phases, with particle size stabilizing afterward (Ku et 

al., 2007) -acid content in wort from the Solist barley 

-acid 

availability for isomerization. Maintaining consistent pH across trials eliminated pH as a factor, 

-acid content might result from protein interactions leading to 
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precipitation. These interactions, involving hydrogen bonds, metal chelation, or hydrophobic 

-acids, reducing their isomerization into iso- -acids (Gribkova et 

al., 2022). -acids might interact with the inner 

hydrophobic sites of proteins by hydrophobic interactions and/or hydrogen bonds formed between 

-acids and polar amino acids. Another possible mechanism of interactions 

might be through covalent bonds formed between the thiol group of cysteine amino acids and the 

electrophilic site -acids, such as hydroxyl and carbonyl groups. This mirrors known protein-

polyphenol complexation mechanisms and suggests similar processes for hop bitter acids, 

-acids (Jongberg et al., 2020). However, further studies are needed for this 

mechanism confirmation. 

The protein content of barley is influenced by environmental factors. Therefore, climate 

change is also a threat to barley composition and quality, leading to unpredictable variations in 

crops (Meng et al., 2023). By studying the influence of the protein content of barley on brewing, 

as presented in Chapter 6, might offer support to the brewing industry to avoid greater interference 

in the process due to protein content variation. Furthermore, this study's outcomes could be 

expanded to the use of further malt and cereals influence on hop bitter acid utilization. For instance, 

oats or wheat which contain higher protein content might lead to lower hop bitter acids utilization 

and consequently, reduced bitterness in beer.  

-acids utilization, yet 

profitability remains a challenge, as current options mainly involve acquiring new technologies. 

-acids in the 

wort boiling before hop extract addition was conducted. In this trial, a sweet wort was prepared 

-acids added at the beginning of 

boiling. The initial results from these trials have already shown that pre- -acids before 

the addition of hop extract for bittering significantly improved the utilization of iso- -acids by 

approximately 4.2%. This underscores the benefits of using this approach to enhance the 

conversion of iso- - - and iso- -acids. 
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Chapter 8  
Which conclusions can be drawn? 
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In conclusion, this research screened possibilities for optimization of hop usage from the 

hop farm to the brewery with a focus on bitterness and, consequently, reducing energy 

consumption and waste production. This research has made significant developments toward 

enhancing the hop and brewing processes using innovative approaches, such as artificial 

intelligence on hop processing and proteomic analysis on hop-protein interactions. The 

optimization of hop processing and its utilization in brewing emerged as a central theme due to 

the urgency for more sustainable processes. Empirical investigations shed light on opportunities 

to successfully produce hop extract from hop dried at higher temperatures using mild extraction 

conditions and reduced solvent consumption. Furthermore, this study confirmed that the main 

effect of drying temperatures lies in hop color which degrades throughout the process. This 

research also explored the intricate biochemical dynamics governing hop-protein interactions 

during brewing, offering novel insights into the mechanisms underlying hop utilization efficiency 

and waste generation. For the first time, the role of hop bitter acids on protein aggregates formation 

during wort boiling was uncovered. Through advanced proteomic analyses, this study has 

elucidated the role of genetic variation in barley malt and its implications for hop utilization. The 

barley proteome directly influences the hop bitter acids yield during wort boiling. The findings 

from this research open the way to explore in more detail the interaction between hop bitter acids 

and proteins which play a role in several biochemical reactions throughout the brewing process. 

The integration of cutting-edge technologies such as machine learning has further advanced our 

understanding of brewing processes, enabling data-driven decision-making and process 

optimization. Overall, this thesis highlights the possibility of improving hop and brewing processes 

to achieve more sustainable and economically viable products.  
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