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Re    Reynolds number 

SMM    S-methylmethionine 
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Zusammenfassung 
Die Beurteilung und Optimierung von Würzekochsystemen sollten auf kinetischen 

Kenntnissen der chemischen, physikalischen und biologischen Reaktionen während 

des Kochprozesses basieren. Die kinetischen Kenntnisse dienen als Grundlage zur 

Simulation von Kochprozessen und der Vorhersage von Konzentrationen der wesent-

lichen Leitsubstanzen. Im Vergleich mit kinetischen Untersuchungen in der Chemie 

oder der Lebensmitteltechnologie, stecken derartige Untersuchung in der Brauwis-

senschaft noch in den Anfängen. Weitere und eingehendere Untersuchungen auf 

diesem Forschungsgebiet sind zwingend notwendig. 

Ziel der vorliegenden Arbeit war das Erstellen einer übertragbaren, verfahrenstechni-

schen Beschreibung der Würzekochung in Abhängigkeit von den Prozessparametern 

Temperatur/Druck und Zeit mit Blick auf die Prozessmarker der Würze, für welche 

die formalkinetischen Zusammenhänge dargestellt werden. Des Weiteren ging es um 

die Frage, ob es möglich ist, die Kochdauer zu verkürzen, um dadurch die Bele-

gungszeit des Kochgefäßes zu minimieren und den thermischen Energieverbrauch 

zu verringern. Hierfür bedarf es auch einer Wirtschaftlichkeitsbetrachtung dergestalt, 

dass zu prüfen ist, welche Glattwasser-Nutzschwelle unter Zugrundelegung von 

Malzkosten auf der einen Seite und Energiekosten für die Verdampfung auf der an-

deren Seite optimal ist. Im Rahmen dieser Arbeit wurden die Bildungskinetiken der 

wichtigsten Prozessmarker während des Würzekochens untersucht. Die Arbeit wurde 

in vier Teilschritten durchgeführt. 

Im ersten Teil wurden die bisherigen Erkenntnisse der kinetischen Untersuchungen 

von Leitsubstanzen während des Würzekochens zusammengefasst. Ein Überblick 

über die Bildungskinetiken der Leitsubstanzen, wie sie auch in anderen Lebensmit-

telsystemen gegeben sind, vor allem in Bezug auf Maillard-Produkte, wurde in einem 

Review dargestellt und diskutiert. 

Im zweiten Teil wurden der kinetische Mechanismus des Abbaus der Iso-α-Säuren 

bei verschiedenen pH-Werten (4,5; 5,2 5,5; 6,5), bei unterschiedlichen Temperaturen 

(90-130 °C) untersucht und die jeweilige Aktivierungsenergie und die Geschwindig-

keitskonstanten des Abbaus berechnet. Die Isomerisierung der α-Säuren und der 

Abbau der Iso-α-Säuren sind beide als Reaktionen 1. Ordnung zu betrachten. Es 

wurde herausgefunden, dass mit steigenden pH-Werten nicht nur die Isomerisierung 

der α-Säuren, sondern auch der Abbau der Iso-α-Säuren beschleunigt werden. 
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Im dritten Teil wurde der DMS-Bildungsprozess in der Brautechnologie unter beson-

derer Berücksichtigung der Aufheizphase unter nicht-isothermen Bedingungen unter-

sucht. Die Differential-Methode (nach Kissinger) und die Intergral-Methoden (nach 

Coats-Redfern und Ozawa-Flynn-Wall) wurden verwendet, um die Bildung von DMS 

genauer zu betrachten. Es wurde berechnet, welche Zeitdauern beim Aufheizen und 

beim Kochen mit unterschiedlichen Aufheizraten und Kochtemperaturen für das Er-

reichen einer optimalen DMS-Konzentration benötigt werden. 

Im vierten Teil wurden die Reaktionsmechanismen für die Maillard-Produkte 2- und 

3-Methylbutanal, aus ihren Vorläufern und Zwischenprodukten untersucht. Während 

der Kochung ist die Bildung von Aromastoffen, welche vorwiegend aus der Maillard-

Reaktion stammen, von Bedeutung. Bisher wurden nur einzelne Schritte kinetischer 

Modelle in der Brauwissenschaft erforscht. Ein kinetisches Modell über mehrere 

Schritte wurde hier als bedeutsam angesehen und mathematisch erstellt.  

Die Entwicklungstrends für die Kinetik der thermischen Reaktionen wurden von der 

einzelnen Schrittreaktion zur Multischritt-Modellierung, vom isothermen Zustand zum 

nicht-isothermen Zustand, untersucht. Auf Grundlage der erstellten kinetischen Mo-

delle lassen sich optimale Kochdauern berechnen, auch mit dem Ziel, die Kochdauer 

zu verkürzen und um dadurch thermische Energie einzusparen. Die Ergebnisse wer-

den sowohl für die Auslegung betrieblicher Kochprozesse als auch für die anlagen-

technische Weiterentwicklung der Kochsysteme nützlich sein. Basierend auf ausge-

rechneten kinetischen Werten bei einem Würze-pH-Wert von 5,2, wurden die Koch-

dauern logarithmisch über die Kochtemperatur abgetragen. Die Darstellung von Kur-

venscharen ermöglicht eine Übertragung der Erkenntnisse auf andere Kochprozesse. 

Die individuelle Kochdauer der Würze wird auch noch von weiteren Faktoren beein-

flusst. 

Der Hauptbeitrag dieser Arbeit wurde vom Doktoranden mit kritischer Überprüfung 

der vorhandenen Literatur sowie der Konzeption und Gestaltung der Arbeit gegeben. 

Sie führte den größten Teil der Experimente, die Analyse der Daten und die Interpre-

tation der Ergebnisse sowie das Schreiben und Überarbeiten des Manuskripts durch. 
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Summary and contribution of the doctoral candidate 
The assessment of wort boiling systems and optimization of the bill of materials 

should be based on the chemical, physical and biological kinetic information generat-

ed by reactions during wort boiling. This kinetic knowledge serves as a basis for the 

simulation of the boiling process and predicts the concentrations of dominant com-

pounds. Compared with the kinetic studies in chemistry or food technology, brewing 

science kinetic investigations remain in the early stages. Further detailed studies are 

necessary. 

The goal of this thesis is to develop a reproducible procedural description of the wort 

boiling process correlated to the applied process parameters (temperature/pressure, 

time and rate of evaporation) in order to present an insight into the resulting process 

markers of the produced wort. The work delves further into the question: is it possible 

to reduce the boil time, so the kettle cycle time and thermal energy usage can be re-

duced. The important process markers are amounts of free DMS and selected 

Strecker aldehydes, potential off flavours in finished beer. In the framework of this 

thesis, the formation kinetics of the most important process markers during wort boil-

ing process were investigated. For this, an economic feasibility study was completed 

in such a way to determine optimal the cut off for last wort run-off in relationship to 

material costs on one side and energy costs for evaporation on the other. During the 

course of this work, the formation kinetics of the most important process markers dur-

ing the wort boiling process were studied. 

In the first part of this thesis, the existing kinetic modeling and kinetic parameters of 

evaporation and formation of main wort flavour components during wort boiling are 

summarized. A review of kinetic studies as they apply to other food systems in chem-

istry and food sciences is done. Kinetic investigations in brewing science remain ru-

dimentary. An overview of the formation kinetics of similar substances in other food 

sciences, especially the formation of Maillard products is reviewed and discussed. 

In the second section, the kinetic mechanism of the formation and degradation of the 

iso-α-acids at different pH values (4.5, 5.2, 5.5; 6.5) and at different temperatures 

(90-130 °C) was examined. The respective activation energy and the reaction rate 

constant for the formation and degradation of iso-α-acids were calculated. The isom-

erization of α-acids and degradation of iso-α-acids should be considered both as 1st 
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order reactions. It was found that increasing pH values accelerated not only the 

isomerization of the α-acids, but also the degradation of iso-α-acids. 

The third section the DMS development process was researched with special con-

sideration given to the raise to boil period under non-isothermal conditions. The dif-

ferential method (according to Kissinger) and the integral-method (according to 

Coats-Redfern and Ozawa-Flynn-Wall) were employed to better observe the devel-

opment of DMS. The time duration needed for raise-to-boil and boiling was calculated 

employing various raise-to-boil rates and boiling temperatures to achieve an optimal 

DMS concentration. 

In fourth section, the reaction mechanics for development of the Maillard 2- and 3-

Methylbutanal, from of their precursors and intermediates were analyzed. Of im-

portance during boiling is the development of aroma components, which occur mainly 

from Maillard reactions. Up to now, only individual kinetic modeling steps were re-

searched in brewing science. A kinetic model covering multiple steps was considered 

of importance in this study and mathematically generated. 

The development trends for the thermal reaction kinetics from the individual steps to 

multi-modeling, from isothermal conditions to non-isothermal conditions were studied. 

The optimal boil duration can be calculated based on the developed kinetic model 

with the goal of reducing the boil time and along with that, a saving in thermal energy. 

These results are useful not only for design of the boiling process but also for the fur-

ther technical development of wort boiling systems. Based on calculated kinetic val-

ues, the boil duration at a pH of 5.2 was logarithmically plotted against the boil tem-

perature. The array of curves makes it possible to transfer the findings to other boil-

ing processes. The individual wort boiling times are influenced by further factors. 

The main theme of this thesis was presented by the doctoral candidate with a critical 

review of the available literature as well as the conceptual design and layout of the 

work. She did the greatest number of the experiments, the analysis of data, and the 

interpretation of the results as well as the writing and editing of the manuscript. 

 

 

 



Introduction 

5 

 

1 Introduction and tasks 

1.1 Explanation of the initial situation 

In the field of wort boiling, there are a large number of established and proven pro-

cess technologies. Nevertheless, there is still great potential for research into the ki-

netic behavior of process markers, which can ultimately improve the quality of the 

beer. Wort boiling plays a key role here. The aroma profile and beer stability as well 

as boiling process energy consumption are optimized employing the kinetic ap-

proach. 

Saving energy and protecting the environment have long been regarded as a central 

theme within brewing technology (Schwill-Miedaner 2002, Hertel, 2007, Felgenträger 

1993). Specific energy consumption of breweries in relation to the volume of beer 

sold has fallen significantly worldwide in the past 10 years. According to benchmark 

studies, the specific energy consumption of 225 examined breweries from 49 coun-

tries decreased on average from 271 MJ/hl in 2000 to 207 MJ/hl in 2012 (Leppin 

2014). German breweries optimized for energy usage have achieved values of less 

than 100 MJ/hl (Hackensellner 2000). 

Wort boiling is a central process step and of particular importance, as it alone re-

quires approx. 40 % of the total thermal energy requirement in the brewhouse (Nar-

ziß 2005, Heyse 1995). The development of new wort boiling systems reduced boil-

ing times in excess of two hours to less than one hour during the last 100 years 

(Mezger 2003, O'Rourke 2003, Parson 2002). However, many brew masters still ad-

just the boiling times according to their own experience, mostly solely on the basis of 

the desired original wort concentration and visual control of protein coagulation. 

By reducing total evaporation during wort boiling, energy costs and CO2 emissions 

are significantly reduced (Hackensellner 2000). A reduction in the thermal load (boil-

ing time, total evaporation) leads to increased taste stability and thus an increase in 

product quality, which is an indispensable prerequisite for compliance with the “best-

before date”. In addition, a targeted adjustment of the process markers can have a 

significant influence on the resulting beer quality (Narziß 2005, Scheuren 2010; Thum 

et al. 1995). 

In order to calculate the optimal boiling time individually based on the raw materials 

used the following is required. Knowledge of the formation and evaporation kinetics 
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of the important flavouring substances (Miedaner 1986, Felgenträger 1993, Hertel 

2007, Scheuren 2010, Feilner 2013, Ditrych et al. 2019), the formation and degrada-

tion kinetics of the iso-α-acids (Askew 1964, Diffor et al. 1973, Intelmann 2010, Kap-

pler 2010), the kinetic behavior of the hot trub and the denaturation and aggregation 

of the coagulable nitrogens is required (Felgenträger 1993, Kühbeck 2007). 

Knowledge of important process parameters of formation kinetics is comparatively 

limited. Literature research has shown that the formal kinetic description of the wort 

flavouring substances to date has only been calculated as a zero or 1st order reac-

tion, although Maillard reactions represent a complex network of parallel reactions 

and subsequent reactions (Zürcher 1979, Felgenträger 1993, Schwill-Miedaner 2001, 

Rübsam 2010). The sum parameter TBA, which comprises a large number of primary 

and secondary products of the Maillard reactions, represents a very simplified meas-

ure for determining the thermal load of the wort (Grigsby and Palamand 1975, Leong 

and Wedzicha 2000). However, individual aroma substances contained in the TBA 

have not yet been investigated in detail. Previous investigations have always been 

based on isothermal conditions, although many chemical reactions already take 

place during the heating phase up to boiling temperature. 

The art of brewing aims to ensure consistent beer quality despite different raw mate-

rials and different brewhouse facilities. In order to ensure product quality, reduce en-

ergy costs, optimize vessel cycle time and thus brewhouse productivity, it is critical to 

optimize the boiling process as much as feasible. 

1.2 Tasks of wort boiling 

The wort obtained by the lautering process is boiled. During wort boiling chemical 

reactions (isomerization of α-acids, coagulation of proteins, formation of flavourings, 

deactivation of enzymes, separation of SMM to DMS), physical reactions (evapora-

tion of volatile compounds, aggregation of hot break, achieving desired wort extract 

and extraction of hop flavours) and biological reactions (killing of microorganisms) 

take place. This also leads to an increase in wort colour and a decrease in pH values 

(Narziß 2005, Denk 2000, Goldammer 2008, O’Rourke 2002). It is important for beer 

taste shelf life and beer stability that the wort boiling tasks are performed flawlessly. If 

the wort boiling is presented as a building, the most important tasks can be presented 

as a supporting column (Fig. 1). 
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Fig. 1: The most important tasks in wort boiling 

Physical, chemical and biological reactions during wort boiling are strongly depend-

ent on the boiling temperature (Kessler 1996, Belitz 2001). Atmospheric boiling is the 

most common boiling process in breweries (Narziß 2009). The optimization of the 

boiling time is the most important method to guarantee the quality of the wort and to 

save energy. Through the development of new brewhouse technologies, such as 

wort stripping, the undesirable aroma substances are effectively expelled after the 

whirlpool rest. If employing LPWB and HTWB, wort is boiled under pressure (Feilner 

2013a and 2013b, Andrews 2008). 

Boiling can basically be divided into two relevant processes. The first involves evapo-

ration, which removes numerous volatile substances from the wort. In the ideal sys-

tem, the evaporation of a flavouring substance depends on the total evaporation, the 

initial concentration and the specific vapor/liquid equilibrium of the substance (Hertel 

et al. 2006, Emel'yanenko et al. 2007, Weinzierl 2005, Sun 2012). Secondly, numer-

ous thermal induced reactions occur that are responsible for chemical conversion 

and formation of additional compounds. In addition to the specific reaction rate con-

stant, the reaction rate is influenced by the temperature, any catalysts present, the 

concentrations of the reacting substances and the reaction time (Kessler 1996, 

Westphal et al. 1996). 
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In order to adjust the desired concentration of a flavouring substance through boiling 

Hertel et al. (2007) describe the dependence of the final concentration on the mini-

mum required total evaporation. This is independent of the surface of the boiling wort 

and the wort composition. It is solely dependent on the substance-specific distribution 

factor determined in aqueous solution. During atmospheric boiling at 100 °C in a 

closed system, the concentration ratios between liquid and gaseous phase (aqueous 

solution) of hexanal, 2-MB, 3-MB and DMS were determined experimentally by 

means of GC. After adjusting the phase equilibrium (several hours boiling time), the 

distribution of the flavouring substances between the liquid and gaseous phases was 

determined in a closed boiling vessel. The experimental setup therefore was static 

and does not reflect the dynamic evaporation processes of the wort boiling process. 

In these experiments the distribution factors for hexanal, 2-MB, 3-MB and DMS could 

be determined. Hexanal was the lowest and DMS the highest (Hertel et al. 2007). 

Hertel concentrated its investigations on the relative total evaporation of the process 

markers, but without considering replication processes. 

In his work, Scheuren examined only coupled expulsion and replication processes of 

the substance DMS. He analyzed and calculated the reaction rates in the tempera-

ture range between 80 and 99 °C in small steps (80, 85, 90, 98-99 °C) employing a 

rotary evaporator. As a result of analytical errors, no significant differences can be 

deduced applying such small temperature steps. The volatility of DMS was investi-

gated for shears in the temperature range of 30 to 100 °C at stages of 10 °C. Studies 

at temperatures above 100 °C could not be carried out due to limitations of the test 

set-up. 

In the context of the present work, the concentrations of the process markers formed 

were measured in several closed vessels (vials) having minimal headspace inde-

pendent of the evaporation in the liquid phase. The samples were immediately cooled 

in an ice water bath after boiling to avoid further reactions. It was also possible to boil 

the samples under pressure, i.e. at boiling temperatures of over 100 °C. It was possi-

ble to take and analyze samples during the heating phase. 

Currently, most breweries require total evaporation rates of 5-8 % at boiling times of 

50-80 min in order to achieve the above targets. The possibilities of shortening the 

boiling time while maintaining wort and beer quality allow capacities to be increased. 

At the same time, costs and the formation of undesirable aroma-active substances 
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(e.g. Strecker aldehydes) are reduced (Back 2008, Yamashita et al. 2006, Narziß and 

Back 1999, Noeddekaer 2007). This also improves wort and beer quality. 

1.3 Adjust the original gravity 

The target casting volume results from the desired original gravity concentration and 

the brewhouse yield. There are different opinions among brewing technologists about 

the boiling time of the wort. On the one hand, they want to achieve a high brewhouse 

yield sparging, but on the other hand, evaporation of sparging requires thermal ener-

gy to achieve the desired original gravity concentration. An economic consideration 

can show how the costs for the unused extract, i.e. malt loss, are distributed in com-

parison with the energy consumption required for boiling. If both cost shares are set 

equal, an economic use threshold can be calculated for the last wort concentration. 

The following calculation formula is used: 

�∆𝑡 ∙ 𝑐 ∙ 100 + �100 −
100 ∙ 𝑝
𝑆𝑡𝑆

� 𝑟� 𝑘 =
𝑀 ∙ 𝑝
𝐴

 

Δt = difference raw wort temperature and boiling temperature 

c = specific heat capacity of the wort (4.1868 kJ/(kg K) 

p = extract concentration of the last running (kg/100 kg) 

StW = extract concentration of original wort (kg/100 kg) 

r = heat of evaporation of water at atmospheric pressure (approx. 2260 kJ/kg) 

k = fuel costs per unit of heat. A heat loss of 16 % in the steam boiler and 10 % in the 

wort kettle was assumed (€/kJ) 

M = malt costs in €/100 kg 

A = brewhouse yield in kg/100 kg 

The above equation converted to p gives: 

𝑝 �
100 ∙ 𝑟 ∙ 𝑘
𝑆𝑡𝑆

+
𝑀
𝐴
� = 100 ∙ 𝑘 ∙ ∆𝑡 ∙ 𝑐 + 100 ∙ 𝑟 ∙ 𝑘 

𝑝 =
100 ∙ 𝑘 ∙ 𝑆𝑡𝑆 ∙ 𝐴(∆𝑡 ∙ 𝑐 + 𝑟)

100 ∙ 𝑟 ∙ 𝑘 ∙ 𝐴 + 𝑀 ∙ 𝑆𝑡𝑆
 

For malt costs between 30 and 50 €/100 kg and heating oil costs between 40 and 

90 €/hl (density 0.84 kg/l) the last running thresholds are shown in Fig. 2. The aver-

age malt prices of the last 5 years are between 30 and 50 € per 100 kg. 

In practice, the volume of secondary castings is already determined on the basis of 

the selected main casting volume. The temporal dosage of the after-cast volume is to 
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be chosen in such a way that the extract still present in the spent grains can be ob-

tained to a large extent and in a short time. Technologically, the control of the last 

running is done by determining the extract concentration. In the case of Pilsner-type 

beers or very light export beers with a comparatively low concentration of first wort, 

an increased concentration of last running are accepted (Narziß et al. 2005). Narziß 

recommends to monitor the volume of the after wort on the basis of the extract con-

centration of the last running (guideline value 0.5-0.8 %) and the concentration of the 

extract that can be washed out (guideline value 0.4-0.6 %). Approximately 15 years 

ago, the malt and energy costs at that time resulted in an economic last running us-

age threshold of about 2 g/100 g. 

Fig. 2 shows that at current malt and energy costs the last running usage threshold is 

around 5 g/100 g. A higher evaporation is therefore not reasonable from an economic 

point of view. In addition, lower evaporation protects the wort with regard to its ther-

mal load. For example, less Maillard products are produced, which are also respon-

sible for beer ageing. However, the consideration of the last running usage threshold 

must always be based on the current malt and energy costs. 

 

Fig. 2: Threshold value of last running in relation to heating oil price and malt price 
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1.4 Selected wort ingredients and their formation pathways 

During wort boiling, the formation and evaporation of aroma substances is important. 

They have an influence on the taste and aroma profile of both fresh and aged beer. 

In the present work, important and analytically detectable aroma substances were 

selected and their formation kinetics investigated. However, there are also numerous 

substances in the wort for which a kinetic investigation is not possible. For example, 

there is a large number of substances in the wort which form different intermediate 

products during boiling, but which cannot be analytically determined. For some sub-

stances, the change in concentration that occurs under boiling conditions is very 

small, so that the measurement results are uncertain and cannot be interpreted. The 

selected substances are therefore DMS, 2- and 3-MB as well as the α-acids and iso-

α-acids. 

1.4.1 DMS 

DMS is a sulfur-containing organic compound that forms during wort boiling (Narziß 

1996). Malted grain contains a non-proteinogenic amino acid (SMM). During the wort 

boiling SMM degrades to DMS. 

 
Scheme 1: Formation of DMS from SMM in heated wort 

 

DMS has different concentrations in malt, wort and beer. Under atmospheric condi-

tions, the boiling point of DMS is 37 °C. It is slightly volatile and is evaporated during 

wort boiling. The effect on the smell and taste of beer is controversial. While on the 

one hand 50-60 μg/l DMS is indicated as a taste threshold value, German beers, 

even with 100-120 μg/l, often exhibit no negative taste. Normally the guideline value 

for free DMS in light deflection wort or set wort is 20-80 μg/l. The total concentration 

of DMS and its precursor SMM in the wort should not exceed 100-120 μg/l (Fig. 3) 

(Narziß and Back 2005; Hertel 2007). 

http://de.wikipedia.org/wiki/Schwefel
http://de.wikipedia.org/wiki/Schwefel
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Fig. 3:  Free DMS and SMM in the wort (Narziß and Back 2005) 

In the wort boiling process it is of great importance to achieve the greatest possible 

splitting of the precursor SMM and to expel the released DMS. The boiling intensity 

and the homogeneity of the amount of wort in the wort kettle are decisive here. Malt 

texture and mashing work have a significant influence on the concentration of SMM 

in the wort before boiling. However, with a sufficient boiling time, it is possible to 

achieve concentration values of DMS that do not adversely affect further beer pro-

duction processes (Heyse 1995, Krottenthaler 2010). Even after completion of the 

boiling process, further SMM can be split into DMS in the downstream whirlpool, but 

no more evaporation takes place here. Fig. 4 shows an overview of the factors influ-

encing DMS formation. 

Even if modern boiling systems operate in a well-defined range of elevated tempera-

tures and controlled wort circulation, boiling times are often too short if protein precip-

itation is not too sufficient. For energy saving reasons, evaporation is often reduced, 

resulting in a risk that the threshold value for free DMS will be exceeded. Only HTWB 

always lowers the total DMS concentration to a large extent (Narziß and Back 2005). 

 

SMM 
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Fig. 4:  Factors influencing DMS formation during wort boiling 
(Zürcher et al. 1979, Narziß 2009) 

DMS is one of the most studied off-flavours in wort and beer. In the past, numerous 

investigations on the SMM reaction process were carried out using thermal analysis. 

DIN 8777 recommends a DMS concentration in cooled wort of < 100 μg/l in order not 

to exceed the taste threshold value of 100-130 μg/l in finished beer for all-malt beers 

(Mezger 2006, Scheuren 2014a and 2014b, Desobgo et al. 2015). The degradation 

of SMM to DMS is a single-stage reaction. It is a reaction of 1st order (Zürcher 1979, 

Felgenträger 1993, Scheuren 2010). Previous investigations were based on isother-

mal conditions, e.g. constant 80 °C, 90 °C or boiling temperature. The advantages 

were a simpler interpretation of the results and the possibility of differentiating be-

tween simple and accelerated reactions. However, the extended measurement times 

and the determination of the initial concentrations (C0 cannot be well defined with fast 

reaction) are disadvantageous. The wort requires time to reach the boiling tempera-

ture during raise to boil phase. But during the heating phase a part of the SMM is 

converted into DMS. This can falsify the resultant calculation of the kinetic parame-

ters. This problem is particularly relevant for investigations at higher temperatures. 

1.4.2 Formation and degradation of iso-alpha-acids 

Hops contain many ingredients, but bitter substances, the so-called hop resins, are of 

particular interest for beer production. Three classes of hop resins can be defined as 

biochemical markers of the various hop varieties, namely α-acids (humulones), β-

acids (lupulones) and hard resins, which are not defined in more detail. Especially the 
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α-acids are the most important compounds for the bitterness of beer (Diffor et al. 

1973). During wort boiling, the α-acids present in the hops isomerize to more soluble 

iso-α-acids, which are the essential bitter components in the finished beer. Iso-α-

acids are simultaneously partially degraded to degradation products, especially to 

humulinic acids (Keukeleire and Verzele 1971, Intelmann 2010). 

The following factors play an important role in the utilization of bitter substances: the 

solubility of the bitter substances, the conversions of the bitter substances, the prop-

erties of the conversion products and the affinity of the bitter substances to substanc-

es occurring in the wort during the brewing process, especially proteins (Brohult et al. 

1955). 

 

  

 

Scheme 2: Structural formula of cis-iso-α-acids and trans-iso-α-acids  
(Hertel 2007, Intelmann 2009) 

     

iso-h. iso-co-h. iso-ad-h. iso-post-h. iso-pre-H. 

Scheme 3: Structural formula of the radical R in the humulones (-h): 
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Scheme 4: Structural formula of cis-humulinic acids and trans-humulinic acids 
   (Lewis and Young 2001): 

In the past, numerous studies have been carried out on the utilization of α-acids un-

der various boiling conditions. Up to now, the main focus has been on the utilization 

of bitter substances in beer in order to prescribe a corresponding hop dosage. A par-

ticular difficulty in the assessment of the bitter substance utilization lies in the fact that 

the formal kinetic description of the isomerization of α-acids has not been sufficiently 

clarified. In publications of various authors statements have been made in which the 

reaction kinetics of the isomerization of α-acids during thermal treatment is described 

as a 1st order reaction (Jaskula et al. 2008). At the same time, some researchers 

have found that the assumption of a 1st order reaction does not apply at the begin-

ning of the reaction and that the loss of α-acids during wort boiling is higher than the 

loss of iso-α-acids (Mostek et al. 1978, Kappler et al. 2010). 

The α-acids can give up a proton at C3 by the application of heat and in this chiral 

center isomerizes to their cis- and trans-form, which provides bitterness. At the same 

time iso-α-acids hydrolysis to humulinic acids, loose the bitterness again. The 

knowledge of degradation of iso-α-acids is relatively limited. To simplify the calcula-

tion, back reaction will be here ignored. 

𝛼 − 𝑎𝑐𝑎𝑎𝑎
𝑘1��
← 𝑎𝑎𝑖 − 𝛼 − 𝑎𝑐𝑎𝑎𝑎

𝑘2→  ℎ𝑢𝑢𝑢𝑢𝑎𝑢𝑎𝑐 𝑎𝑐𝑎𝑎𝑎 

The results on the loss of beer bitterness during beer storage (Blanco et al., 2006; 

Caballero et al., 2012) could continue to be used for medical research on the 

degradation of α-acids and iso-α-acids in the human body (Hall et al., 2008). 
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1.4.3 Maillard products 

Maillard products are not only responsible for a pleasant beer aroma, but also for the 

production of an off-flavour. The Maillard reactions are a complex network of parallel 

reactions and subsequent reactions by the reaction between reducing sugars and 

amino compounds. They are also responsible for the formation of colour and flavour 

in heated foods (Nursten 2005; Martins 2005; Brands et al. 2002; Maillard 1912). The 

control of the Maillard reactions is of particular technical and scientific interest. The 

Strecker aldehydes and the associated precursors are shown in Tab. 1. 

Tab. 1 : Strecker aldehydes and their precursors 
(Mezger 2005, Meilgaard et al. 1970) 

precursors flavour 
substances 

boiling 
temperature (°C) 

threshold 
value (mg/l) 

leucine 3-MB 92-93 0.6 

isoleucine 2-MB 91-93 1.2 

phenylalanine 2-phenylethanol 219 1.6 

methionine methional 160-165 0.3 

phenylglycine benzaldehyde 179 1.5-3.0 

 

2-MB and 3-MB are typical volatile beer aging components (Back 1996, Gernat 

2020). Their boiling temperatures are 92 °C under atmospheric conditions. 2-MB and 

3-MB are formed from the amino acid leucine and isoleucine respectively during 

Strecker degradation (Stephenson 1993). The aroma impression is described as 

green, pungent or bitter almond-like. The odour threshold in water is 3-4 ppb and in 

beer 0.6 mg/l for 3-MB and 1.2 mg/l for 2-MB (Meilgaard et al. 1970). One aim of this 

work was to model the aroma formation during wort boiling in order to investigate 

these two important aroma substances. The two important aroma substances are 

only moderately reactive and can form heterocyclic substances during condensation, 

thus impairing the taste properties of the beer. 

Brands et al. (2002) published research results on aroma formation in the course of 

the Maillard reactions. They conclude that most kinetic studies have been carried out 

using model systems of amino acids and sugars and they have also confirmed the 
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need for in-depth study of real foods. Although the chemistry of Strecker degradation 

is well known, the Strecker aldehyde's formation pathway is very complex. 

 

  

2-MB 3-MB 

Scheme 5: Chemical structure of 2-MB and 3-MB 

 In the present work, the kinetic mechanism under defined conditions of wort boiling 

was investigated. Quantitative control remains a major challenge for the future as 

many factors are involved, including reactant concentrations, time, temperature, pH, 

water activity, fat concentration, ionic strength, etc. One approach to quantitative con-

trol is the development of mathematical models on which the reaction kinetics are 

based, which can provide the determination of the corresponding speed-determining 

steps and a control of the processes by means of which the reactions can be con-

trolled as required (Martins et al. 2001). 

1.5 Kinetic principles 

1.5.1 Isothermal conditions 

The word kinetics comes from the Greek κινητική, i.e. to move and react (Martins 

2005a). The reaction rate is a measure of the time sequence of a reaction. It is gen-

erally not constant, but depends on the temperature, any catalysts present, the con-

centration and number of reacting substances and the time itself (Kessler 1996). The 

reaction rate is equal to the change in concentration dC in the time dt: 

𝛝 = −  𝐝𝐝
𝐝𝐝

      (1) 

dC: change of concentration 

dt: time interval 

The relationship between the velocity constant k and the temperature has been stud-

ied by several scientists in the past. The equations were first developed by Arrhenius 

and ten years later by Vant 'Hoff. A, B C, a and b are empirical constants. In Tab. 2 
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the used reaction rates are shown. The most commonly used equation is the Arrhe-

nius equation. 

 
 
Tab. 2 : Equations for the temperature dependence of the rate of reaction 

(Vyazokin 2000, Flynn 1977) 

𝑎(𝑢𝑢𝑘)/𝑎𝑑 k= Authors (year) 

W/D A0TB Harecourt-Esson(1895) 

A/T2 A0exp(-A/T) Arrhenius (1889) 

(A+BT)/T2 A0TBexp(-A/T) Kooij(1893) 

(A+CT2)/T2 A0exp(CT)exp(-A/T) Van't Hoff(1899) 

 

The reaction order depends on the number of reacting substances and their concen-

trations. Reaction orders are divided as follows (Fitzer 1995; Westphal 1996; Kessler 

1996): 

The following relationship applies to a 0th-order reaction: 

−𝐝𝐝
𝐝𝐝

=  𝐤𝐧=𝟎     (2) 

k: reaction rate constant 

for a 1st order reaction: 

−𝐝𝐝
𝐝𝐝

=  𝐤𝐧=𝟏 · 𝐝𝐀     (3) 

CA: concentration of substance A 

for a 2nd order reaction: 

−𝐝𝐝
𝐝𝐝

= 𝐤𝐧=𝟐 · 𝐝𝐀 · 𝐝𝐁    (4) 

CB: concentration of substance B 

The 0th order reaction is independent of the concentration of the reaction partners. 

Many chemical reactions can be described sufficiently precisely by this reaction. The 

1st order reaction is used to describe decomposition processes in which one sub-

stance can give rise to one or more others. In the 2nd order reaction, the reaction rate 

is proportional to the product of two concentrations; this reaction occurs mainly in 

chemical reactions (Kessler 1996). 
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The reaction rates and the reaction rate constants k are dependent on the absolute 

temperature. The following relationship between k and the absolute temperature T 

results from the equations of Arrhenius. This connection is shown in eq. (5). Here the 

activation energy Ea can be determined from the slope of the straight line and the 

reaction rate constant A0 from the ordinate section or by means of equations. Usually 

the application takes place ln k against 1 T⁄ . This linear behaviour results from the 

following equation (Aktins and Paula 2006): 

 ln k = slope × 1
T

 + y axis intercept   (5) 

The gradient is − Ea R⁄  and the intersection point with the y-axis is equal to ln A.  This 

results in the Arrhenius equation: 

ln k = − Ea
RT

+ ln A     (6) 

One can also write this equation in the following form: 

𝐤 = 𝐀𝐞−𝐄𝐚 𝐑𝐑⁄       (7) 

A: pre-exponential factor or frequency factor 

The importance of the activation energy is derived from the impact theory of the start-

ing materials. It is defined as the minimum kinetic energy that the educts must have 

in order for a collision to lead to the formation of the products. Some reactions take 

place via the formation of an intermediate product, as in the successive reactions. 

The feedback reactions are not taken into account. 

 
In order to recognize the properties of such subsequent reactions, the change in con-

centration of each substance must be determined from the reaction rate laws of the 

individual partial reactions during the course of the reaction. This results in the follow-

ing initial conditions: 

If t = 0,   [A] = [A]0 

    [B] = 0 

    [C] = 0 

If t = t,    [A] + [B] + [C] = [A]0 

This information can be used to create and solve the rate equations for the process 

to determine the concentrations of [A], [B], and [C] as a function of time. The speed of 

the unimolecular decay of A is: 

A B C k1  𝑘2 
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𝐝[𝐀]
𝐝𝐝

= −𝐤𝟏[𝐀]     (8) 

There is no process by which A is formed, so the concentration must always de-

crease. The intermediate product B is formed from A (with a reaction rate of k1[A]) 

and then decomposes to C (with the reaction rate k2[B]). The net rate of formation is 

therefore: 
𝐝[𝐁]
𝐝𝐝

= 𝐤𝟏[𝐀] − 𝐤𝟐[𝐁]     (9) 

The product C is finally produced by a unimolecular further reaction of B: 
𝐝[𝐝]
𝐝𝐝

=  𝐤𝟐[𝐁]      (10) 

The first law of speed, eq. (11), is simple first-order decay, and therefore applies to 

concentration: 

[𝐀] =  [𝐀]𝟎𝐞−𝐤𝟏𝐝     (11) 

If this is inserted in eq. (9), the expression after transformation is obtained for [B]: 
𝐝[𝐁]
𝐝𝐝

=  𝐤𝟏[𝐀]𝟎𝐞−𝐤𝟏𝐝 − 𝐤𝟐[𝐁]    (12) 

This differential equation has a standard form. When [B]0 set to 0, the following solu-

tion results: 

[𝐁] =  𝐤𝟏
𝐤𝟐−𝐤𝟏

∙ (𝐞−𝐤𝟏𝐝 − 𝐞−𝐤𝟐𝐝) ∙ [𝐀]𝟎    (13) 

At all times, [A] + [B] + [C] = [A]0 so for [C]: 

[𝐝] = [𝐀]𝟎 ∙ �𝟏 −
𝟏

𝐤𝟐−𝐤𝟏
∙ �𝐤𝟐𝐞−𝐤𝟏𝐝 − 𝐤𝟏𝐞−𝐤𝟐𝐝��   (14) 

After the start of the reaction, the concentration of the intermediate product B first 

rises to a maximum and then drops back to zero. The concentration of product C ris-

es from zero to close to [A]0 on. 

When approximating quasi-stationary states, also known as the quasi-stationarity 

principle, we assume that the concentration of intermediate products initially increas-

es from zero in an induction period, but hardly changes in the further course of the 

reaction. 
𝐝[𝐁]
𝐝𝐝

≈ 𝟎      (15) 

This approximation considerably simplifies the treatment of multi-stage reactions. 

This approximation can be applied, for example, to the first-order follow-up reactions 

described above, by entering the following values in eq. (9) d[B]/dt = 0 is set: 

𝐤𝟏[𝐀] − 𝐤𝟐[𝐁] = 𝟎      (16) 

and from it 
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[𝐁]  ≈  �𝐤𝟏 𝐤𝟐� � [𝐀]     (17) 

For this relationship to be consistent with eq. (17), k1/k2 ≤ 1, this means that the time 

dependence of [B] can be neglected, even if [A] depends on time. This expression for 

[B] used in eq. (10) gives: 
𝐝[𝐝]
𝐝𝐝

=  𝐤𝟐[𝐁] ≈ 𝐤𝟏[𝐀]    (18) 

Apparently, C is now formed directly from A by a 1st -order reaction with a reaction 

rate constant of k1 the speed constant of the slower (speed-determining) step. The 

solution of this equation results after inserting [A] from eq. (11): 

[𝐝] = 𝐤𝟏[𝐀]𝟎 ∫ 𝐞−𝐤𝟏𝐝𝐝
𝟎 𝐝𝐝 = (𝟏 − 𝐞−𝐤𝟏𝐝)[𝐀]𝟎     (19) 

This (approximated) result corresponds to eq. (19), but can be won faster than before. 

In Fig. 5 the approximate solution is compared with the previously obtained exact 

solution. In order to for the approximation to be reasonable, k2 does not now have to 

be much larger than k1. 

 
Fig. 5:  Change in concentration of A, B and C (Atkins and Paula 2006) 

The chemical reactions are classified into two types from the kinetic point of view. 

Homogeneous reactions take place only in one phase, it can be a gaseous or a liquid 

phase. Heterogeneous reactions take place in two or more phases, for example in 

gaseous form on the surface of a solid catalyst or on the walls of a container. Lewis' 

(1905) pioneering work was based on the kinetics of autocatalytic thermal decompo-

sition of silver oxide. Since the concentration C could not be used to characterize the 
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state of conversion from the solid, α was replaced with the extent of conversion 

(Vyazovkin 2000): 

    𝐝𝐚
𝐝𝐝

= 𝐤𝐚(𝟏 −a)    (20) 

The concept of the single-stage reaction was investigated experimentally (Helfferich 

2004). The kinetics of a multi-stage reaction is described in full by a series of simul-

taneous rate equations ri and one for each participant (educt, intermediate, product, 

catalyst, dormant partner). The mathematical description is simple, but cumbersome, 

because the masses involved are large when the reaction has more than a few steps. 

1.5.2 Non-isothermal conditions 

The selection of the appropriate kinetic function has a great influence on the parame-

ters Ea and A. Therefore, scientists have long searched for kinetic functions that cor-

respond as closely as possible to the actual course of the reaction. Early kinetic re-

search was carried out under isothermal conditions. Until the beginning of the 20th 

century kinetic investigations were calculated using non-isothermal methods. Since 

heating processes are often carried out at constant heating rates, i.e. β = dT/dt, the 

non-isothermal kinetic equation becomes the form shown below after conversion (α: 

reaction percentage). The non-isothermal method commonly used in thermal analysis 

is much more complicated than the isothermal method. According to the form of the 

equations they are divided into the differential method and the integral method. The 

integral method cannot offer an exact solution due to the complicated temperature 

integration p(u). Therefore, many approximation functions were developed in the 

1950s to 1970s (e.g. Freeman-Carroll equation 1958; Coats-Redfern 1964; Zsaco 

equation 1975). The differential method does not include the difficult temperature in-

tegration, but requires an accurate dα/dT or dα/dt (Rong et al. 2001; Hu et al. 2001; 

Hammam et al. 2017). 

Tab. 3 : Comparison of kinetic equations  

      Isotherm 

 

 Non-Isotherm 

Differential 

 

dc
dt

= k(T)f(c)                       c → α ;  

β = dT/dt  

  dα/ dT  =   (
1
β

)  k(T)f(α) 

Differential 𝑎𝛼/𝑎𝑑 =  𝐴𝐴𝐴𝑝( −
𝐸
𝑅𝑑

) 𝑓(𝛼) k =  Aexp (−RT /E  ) dα/dT = (A
β

)  exp (− E
RT

) f(α)   
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Integral 

 
𝐺(α) = � A exp �−

E
RT
� dt = kt

t

0
 

 
G(α) = � �

A
β
� exp �−

E
RT
� dT

T

T0
 

Temperature 

integral 

 u =
E

RT
 𝑃(𝑢) = � −�

𝐴−𝑢

𝑢2
� 𝑎𝑢

𝑢

∞
 

 

There are different approaches to integrate the temperature curve (Rong, et al. 2001; 

Órfão 2007) or by applying the methods of Frank-Kameneskii, Doyle, Gorbachev and 

Zsako. In the following only the Coats-Redfern method is presented eq. (21-28). 

𝐏(𝐮) = ∫ −�𝐞
−𝐮

𝐮𝟐
� 𝐝𝐮𝐮

∞       (21) 

𝐏(𝐮) = ∫ 𝟏
𝐮𝟐
𝐝𝐞𝐮𝐮

∞        (22) 

𝐏(𝐮) = 𝐞−𝐮

𝐮𝟐
− ∫ 𝐞𝐮(−𝟐)𝐮𝟑𝐝𝐮𝐮

∞      (23) 

𝐏(𝐮) = 𝐞−𝐮

𝐮𝟐
− ∫ 𝟐𝐮−𝟑𝐝𝐞−𝐮𝐮

∞       (24) 

𝐏(𝐮) = 𝐞−𝐮

𝐮𝟐
− 𝟐

𝐮𝟑
𝐞−𝐮 + ∫ 𝟔𝐮−𝟒𝐝𝐞−𝐮𝐮

∞     (25) 

𝐏(𝐮) = 𝐞−𝐮

𝐮𝟐
− 𝟐

𝐮𝟑
𝐞−𝐮 + 𝟔

𝐮𝟒
𝐞−𝐮 − ∫ 𝟐𝟒𝐮−𝟓𝐝𝐞−𝐮𝐮

∞    (26) 

𝐏(𝐮) = 𝐞−𝐮

𝐮𝟐
(𝟏 − 𝟐!

𝐮
+ 𝟑!

𝐮𝟐
− 𝟒!

𝐮𝟑
+ ⋯ )     (27) 

u = E
RT

           T = E/Ru          dT = − E
Ru2

du 

∫ 𝐞𝐄/𝐑𝐑𝐝𝐑𝐑
𝟎 = 𝐄

𝐑
𝐞−𝐮

𝐮𝟐
( 𝟏
𝐮𝟎
− 𝟐!

𝐮
+ 𝟑!

𝐮𝟐
− 𝟒!

𝐮𝟑
+ ⋯ )   (28) 

In the Coats-Redfern approach function only the first two terms (1 − 2!
𝑢

) considers 

eq. (29-32). 

𝐏(𝐮) = 𝐞−𝐮

𝐮𝟐
(𝟏 − 𝟐!

𝐮
+ 𝟑!

𝐮𝟐
− 𝟒!

𝐮𝟑
+ ⋯ )     (29) 

𝐏𝐝𝐑(𝐮) = 𝐞−𝐮

𝐮𝟐
(𝟏 − 𝟐

𝐮
)       (30) 

∫ 𝒆𝑬/𝑹𝑹𝒅𝑹𝑹
𝟎 = 𝑬

𝑹
𝒆−𝒖

𝒖𝟐
(𝟏 − 𝟐

𝒖
)      (31) 

∫ 𝒆𝑬/𝑹𝑹𝒅𝑹𝑹
𝟎 = 𝑹𝑹𝟐

𝑬
(𝟏 − 𝟐𝑹𝑹

𝒖𝑬
)𝒆𝑬/𝑹𝑹     (32) 
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In the present work a differential method (Kissinger) and two integral methods 

(Coats-Redfern, Ozawa-Flynn-Wall) were used to investigate the kinetics of degrada-

tion from SMM to DMS. The formulae can be found in the results section under 2.4. 
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2 Results  

2.1 Summary of results (peer-reviewed publications) 

The four publications are summarized in this chapter. The copies of the individual 

publications are inserted. Figures, which have been not published in the Journals, 

are added here. 

Part I Kinetic studies of main wort flavour compounds and iso-α-acids dur-

ing wort boiling: a review 

Wort boiling is a central process step and of particular importance. During wort boil-

ing a multitude of physical, chemical and biological reactions take place. In this thesis 

we concentrate on the existing kinetic modelling and kinetic parameters of the indi-

vidual reaction functions of wort boiling. The kinetic methods used so far will be 

summarized and discussed in a review. DMS, Maillard products (such as 2- and 3-

MB, methional, phenylacetaldhyde, TBA and NEB), iso-α-acids were selected as lead 

substances. These substances are further investigated in this thesis under the condi-

tions of wort boiling. 

 

Part II A kinetic study on the formation of 2- and 3-MB 

Using formal kinetics and the Athena Visual Studio software, speed constants, activa-

tion energies and pre-exponential factors were calculated. Temperature and time are 

the most important influencing factors. The sugar (glucose and maltose) and amino 

acid concentrations (leucine and isoleucine) were analyzed by HPLC and the chang-

es in concentrations were statistically checked and compared. The result shows that 

the decreases of the two sugars and amino acids do not differ statistically significant-

ly within a 95 % confidence interval. Due to the high concentrations of sugar, the re-

actions of maltose and glucose have no quantitative influence on the formation of 2- 

and 3-MB. At the same concentrations of amino acids and sugars, 3-MB forms a 

higher concentration than 2-MB. This means that the isomers of leucine and isoleu-

cine have a marked influence on the formation of 2- and 3-MB. The order of reaction 

rates in this thesis are GL>ML>GI>MI. 

2- and 3-MB have a relatively high concentration in the wort and a comparatively low 

taste threshold in the beer. As Fig. 6-9 show, the formation of 2- and 3-MB is strongly 
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dependent on the boiling temperature. At 100 °C less than 1 % isoleucine/leucine 

was converted to 2- and 3-MB after 60 min boiling time. Compared to the importance 

of boiling temperature and boiling time, the concentration of the starting substances 

isoleucine/leucine on the formation of 2- and 3-MB can only be influenced to a limited 

extent. At a boiling temperature of 110 °C, the concentration of 2- and 3-MB increas-

es significantly. 

Fig. 6 and 7 show 2-MB in mole percent of initial concentration of isoleucine with glu-

cose or maltose. Fig. 8 and 9 show 3-MB in percent of initial concentration of leucine 

with glucose or maltose, logarithmic application of boiling time over temperature. 

 
 

Fig. 6: 2-MB in mole percent of initial concentration of isoleucine (glucose and iso-
leucine), logarithmic application of boiling time over temperature 

R² = 0,9977 

R² = 0,9977 

R² = 0,9979 
R² = 0,9987 

1

10

100

1000

90 100 110 120 130 140

tim
e 

(m
in

) 

temperature (°C) 

10% 5% 3% 1%



Results 

27 

 

 
Fig. 7: 2-MB in mole percent of initial concentration of isoleucine (maltose and 

isoleucine), logarithmic application of boiling time over temperature 

 

Fig. 8: 3-MB in mole percent of initial concentration of isoleucine (glucose and leu-
cine), logarithmic application of boiling time over temperature 
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Fig. 9: 3-MB in mole percent of initial concentration of isoleucine (glucose and 
leucine), logarithmic application of boiling time over temperature 

 

Part III Non-isothermal kinetic models of degradation of SMM 

The DMS formation process was examined here for the first time under non-

isothermal conditions. Three approximation methods were selected for the calcula-

tion: Coat-Redfern, Ozawa and Kissinger. All three methods led to similar results. 

Under non-isothermal conditions, an activation energy of about 82 kJ/mol is calculat-

ed, which is thus lower than the values from investigations under isothermal condi-

tions. With the aid of the calculated kinetic parameters, it was determined which time 

periods are required for heating up and boiling at different heating rates and boiling 

temperatures in order to achieve an optimum DMS concentration. The investigations 

and calculations also led to the conclusion that the calculation formula for the SMM 

concentration according to MEBAK had to be corrected by a factor of 2.64. The fol-

lowing results have been corrected. 
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Part IV Kinetic modeling of hop acids during wort boiling 

The isomerization of α-acids is one of the most important tasks of wort boiling. The 

results of this work can be used to calculate the time required to achieve the maxi-

mum concentration of iso-α-acids in the brewhouse. The chemical kinetics of the 

isomerization of α-acids and the degradation of iso-α-acids to humulinic acids under 

different pH values and temperatures can be described as a 1st order reaction. The 

reaction rates of the degradation of total isohumulones, co-isohumulones and N+Ad 

isohumulones are almost identical. At 100 °C and pH 5.2, the maximum concentra-

tion of iso-α-acids is only available after a theoretical boiling time of 140 min. In order 

to shorten the boiling time, pre-isomerized hop products could be added on the one 

hand and, on the other hand, if an appropriate dosing device is present, the first hop 

could also be added in an underback vessel. The aroma-intensive hop oils could also 

be partially dissolved outside the brewhouse by adding hops in downstream fermen-

tation or storage vessels. In addition, pH values also play an important role in the 

isomerization and degradation of iso-α-acids. At higher pH-values not only the isom-

erization of the α-acids, but also the degradation of the iso-α-acids is favored. The 

maximum concentration of iso-α-acids cannot be reached during a 60 min boiling 

period. If the pH value is optimally adjusted, the concentration of iso-α-acids in the 

wort may increase. Fig. 9 and 10 (see capital 2.5) show the correlation between the 

time until the maximum concentration of the iso-α-acids is reached and the boiling 

temperatures of the wort.  
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Fig. 10: Logarithmic application of the degrees of isomerization of α-acids in per-
cent at pH 5.2 above the boiling time with consideration of the degrada-
tion of iso-α-acids 

 

Fig. 10 shows that the boiling time can be considerably reduced by increasing the 

temperature achieving the same degree of isomerization. At 130 °C, 60 % isomeriza-

tion of is achieved within a few min. Pre-isomerization in an underback vessel can 

further improve the degree of isomerization. 
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2.2 Kinetic studies of main wort flavour compounds and iso-α-
acids during wort boiling: a review 
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2.3 A Kinetic Study on the Formation of 2- and 3-Methylbutanal 
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2.4 Non-Isothermal Kinetic Models of Degradation of S-
Methylmethionine 

 



Results 

52 

 



Results 

53 

 



Results 

54 

 



Results 

55 

 



Results 

56 

 



Results 

57 

 



Results 

58 

 

 



Results 

59 

 

2.5 Kinetic Modeling of Hop Acids during Wort Boiling 
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Errata 

According to publications 

 

page written in publication it should be 

32 atmosphere boiler atmosphere boiling system 

33 P 1013 bar P 1.013 bar 

36 the radio of leucine and isoleucine the ratio of leucine and isoleucine 

36 the “sunlight” defect in milk [12] the “sunlight” defect in milk [91] 

52 85.5 to 101C; 6C; 100C 85.5 to 101 °C; 6 °C; 100 °C 

52 Freidman Friedman 

53 take log of both sides take ln of both sides 

55 Tabel 2: TP Tabel 2: TP 

56 Fig. 4.and Fig 5 Plots of lns versus 1/T Fig. 4. Plots of lnß versus 1/T 

56 slops slope 

58 References: CHEN, D.G.X. 1993 CHEN,D., Gao, X, Dollimore, D. 

1993 

59 Schellhammer et al. [3] Malomicki et al. [3] 

61 Fig. 2. In addition to      100 °C pH 6.5      120 °C pH 4.5 

                           120 °C pH 5.2     120 °C pH 5.5      120 °C pH 6.2 
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2.6 Coagulable nitrogen  

Lit.: Brauwelt vol. 155 (2015), no. 10, p. 274-277 

2.6.1 Importance of coag.-N 

The practical brewer has long attached great importance to the concentration of co-

agulable nitrogen (coag.-N). In recent years, and also in connection with the introduc-

tion of modern boiling systems in breweries, the issue of optimum protein coagulation 

has become very topical in terms of foam stability, full mouth and colloidal stability of 

the beer. 

In addition to the TBA and the DMS concentration, the remaining coag.-N of the hot 

wort is one of the decisive key parameters of wort boiling. The ratios between these 

three wort ingredients determine not only the optimum boiling time, but also the later 

beer quality in terms of mouth feel, taste, foam consistency, colour, beer stability and 

chemical-physical shelf life. While modern boiling systems with ever shorter boiling 

times and lower evaporation degrees attempt to achieve the desired wort quality, the 

TBA values will generally remain below the standard values without any problems. 

Further process engineering measures, such as wort stripping or post-evaporation, 

can lower the DMS concentration after the whirlpool rest. This makes it clear how 

important the decrease in coag.-N is for measuring the boiling time and temperature. 

The chemical kinetics of the decrease of the coag.-N has not yet been sufficiently 

investigated. 

Depending on the malt quality, the lautered wort contains a wide variety of protein 

compounds as well as protein degradation products which have dissolved during the 

mashing process. By adding hops to the lautered wort, the protein concentration is 

slightly increased by the proteins contained in the hops. In the kettle full wort, the 

concentration of coag.-N is 3-7 mg/100 ml. The boiling of the wort with the protein 

denaturation and protein coagulation taking place in the process causes the elimina-

tion of a proportion of the total dissolved coag.-N. The wort boiling process is intend-

ed to lower the concentration of the coag.-N to 20-30 mg/l. A light-coloured wort con-

tains 950-1150 mg/l total N, thereof 22 % high molecular N (2 % coag.-N), 18 % me-

dium molecular N, 60 % low molecular N (Narziß and Back 2005, 2009). 

The coag.-N depends on the amount of total nitrogen. With the Kjeldahl nitrogen 

measurement method, the concentration of total nitrogen for specific wort is propor-
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tional to the extract (Hagen and Schwarz 2000). The role of polyphenolic substances 

in their reaction with proteins for the decrease of coag.-N during wort boiling is con-

troversially discussed in previous research. At present, the predominant view is that 

the significance of these polyphenolic substances can only be derived from their re-

ducing properties, but not from their tanning power. The reason is that the hydrogen 

bond between polyphenols and protein molecules is not stable at temperatures 

above 80 °C (Miedaner 1986; Hui 2007; Siebert 2006; Biermann 1984). For example, 

the addition of the tanning agent extract did not cause any additional protein precipi-

tation apart from 9 times the standard value (Biermann 1984, Schuster 1958). How-

ever, mixtures of hydrolysable polyphenols, such as tannins, or low molecular weight 

polyphenols, such as flavonols, catechins and anthocyanogens, are present in hops 

or malt. Flavonols are monomeric polyphenols with weak affinity for proteins and can 

be present in clear solutions in the presence of proteins. Catechins (flavan-3-ol) form 

the monomeric components of proanthocyanidins. The proanthocyanidins known as 

"anthocyanogens" are dimers, trimers of catechin, epicatechin and gallocatechin. 

They are important for the formation of the non-biological beer haze (Chapon 1993). 

Tannoids are dimers and trimers of up to 10 flavanol molecules and have an inter-

mediate affinity for proteins. They produce insoluble compounds under certain condi-

tions (Kühbeck 2006, 2007). Tannins are higher molecular weight reaction products. 

They precipitate proteins even at low concentrations, but never completely. (Leupold 

et al. 1981, Chapon 1993). Furthermore, the binding between the ε-amino groups 

and the iso-α-acids is influenced by the decrease of the coag.-N. From the point of 

view of process engineering, boiling temperature, boiling time, boiling method, flow 

conditions and pH value are also of great importance for the formation of coag.-N. 



Results 

68 

 

At the isoelectric point, the water solubility is minimal, as the net charge of the protein 

is zero, which makes it difficult for hydrate envelopes to form. Structure and solubility 

of barley and wheat proteins are related and influenced by temperature. However, 

the relationship between these properties varies with the type of protein and the 

composition of the protein solution. 

 

Fig. 11: Protein solubility of wheat and barley at various pH values  
(El-Hawary 1988) 

 

During wort boiling, the amino acids and proteins are denatured. De Wit et al. investi-

gated the solubility of the individual amino acids at different pH values with and with-

out heat treatment. The solubility values are quite close to each other. There are no 

significant differences (Tab. 4). Above pH 5 the amount of protein coagulated is con-

stant, but at lower pH values it is substantially reduced. In the brewhouse, the pH of 

the wort after technological acidification is 5.2, so the pH value was not considered 

as a variable parameter here. 

Tab. 4 : Effect of heat treatments up to 155 °C on the amino acid composition of a 
1 % ß-lactoglobulin solution in water at different pH values (De Wit 1984) 
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0

20

40

60

80

100

1 2 3 4 5 6 7 8 9 10 11 12 13

So
lu

bl
e 

pr
ot

ei
n 

(%
) 

 

pH  
Wheat Barley



Results 

69 

 

Tyr 3.8 3.8 3.7 3.7 
Phe 3.7 3.8 3.8 3.8 
Pro 8.2 8.4 8.1 8.2 
Leu 22 22 22 22 
Val 8.8 8.6 8.7 8.5 
Lys 15 15 14.8 15.0 
Met 3.9 4.0 3.9 3.9 
Cys 4.8 4.7 4.4 4.2 
Ala 13.9 13.8 13.8 13.9 
Arg 3.1 3.0 3.0 3.0 
His 1.8 2.1 2.0 1.9 
Thr 8.0 7.9 7.8 7.9 
Ser 7.0 6.9 6.8 6.9 
Gly 3.4 3.4 3.5 3.4 
Asx 15.0 15.0 14.9 14.9 
Glu 25.0 25.1 25 24.9 
Lal 0 0 0.031 0.050 

 

2.6.2 Decrease in coagulable nitrogen 

With the help of the statistical software Design Expert, version 6.0.11, a test program 

was created. Boiling temperatures (100, 115 and 130 °C), Reynolds number of stir-

ring flow (950, 1900 and 2850), total nitrogen (1100, 1350 and 1600 mg/l), polyphe-

nols (500, 700 and 900 mg/l) and α-acids (50, 100 and 150 mg/l) were varied as boil-

ing parameters. 

Re = n·ρ·d2
2/ηs     (33) 

The corresponding rotation frequency n is calculated from the Reynolds number. 

n = Re·ηs/ ρ·d2
2      (34) 

The dimensionless performance index (Newton number Ne) is calculated from the 

stirring power (P). 

Ne = P/ρ·n3·d2
5     (35) 

In order to capture the influences and the significance of the various factors mathe-

matically, the model equations for the decrease of the coag.-N are listed in Tab. 5. 

The concentrations of total nitrogen and the boiling temperatures are the dominant 
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influences in protein coagulation. The polyphenol concentration and the stirring mo-

tion have no significant effect. In comparison, the α-acid concentration is of second-

ary importance. 

Tab. 5 : Model equations for the removal of the coag.-N in the wort within 60 min 
boiling time 

decrease of the 
coag.-N (mg/l) 

model equations 

coded +117.14 + 25.26 · temperature + 6.60 Re + 25.66 · total nitrogen 

+ 8.77 · polyphenols + 1.35 · α-acids 

uncoded -251.42 +1.68 · temperature + 0.01 · Re + 0.95 · total nitrogen + 

0.04 · polyphenols + 0.027 · α-acids 

To create kinetic models for removing the coag.-N, 11 % wort was heated in 20 ml 

headspace vials to different temperatures (90, 100, 110, 120 and 130 °C) in the la-

boratory heating block while being continuously stirred. After certain time intervals (0, 

10, 20, 30, 40, 60, 90 and 120 min) the samples were taken. These were filtered im-

mediately to avoid any further reaction. For each point in time, sampling was carried 

out in three ways. The concentrations of the coag.-N were calculated according to the 

following equation: 

coag.-N in wort = coag.-N after 5 hours of boiling (MEBAK II 3.2.3) 

           - coag.-N after planned boiling time 

During the heating-up phases, acceptance tests of the coag.-N have already taken 

place. This led to different initial concentrations of the coag.-N. The heating rates 

were 10 K/min. 
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Fig. 12: Decrease of the coag.-N during heating and wort boiling 

Optimum concentrations of coag.-N in the hot wort are 20-30 mg/l (marked red in Fig. 

12). It can be seen from Fig. 12 that a temperature of 90 °C is not sufficient to 

achieve the desired concentration for the coag.-N. At 100 °C and a boiling time of 1 h 

a satisfactory protein excretion is given. Already during the heating process the con-

centration of coag.-N decreases very strongly. At 110 and 120 °C, the upper limit of 

30 mg/l is already reached during heating. More nitrogen is precipitated at 130 °C 

than during a 5 h boiling period according to MEBAK II 3.2.3. The calculated values 

of the coag.-N are therefore mathematically negative. 

It can clearly be seen that the most nitrogen was excreted within the first 30 min of 

boiling. After about 40 min boiling time, the concentration of the coag.-N changes 

hardly more. Therefore only one kinetic model for the first 30 min boiling time was 

created in the context of this work. In the literature, protein precipitation is often de-

scribed as a 1st order reaction. In order to check whether a 1st order reaction satisfies 

the speed law of protein coagulation, the natural logarithm of the recovery rate is plot-

ted against time. A linear regression was performed (Fig. 13). 
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Fig. 13 : Linearization of the coag.-N for the first 30 min boiling time 

The logarithmic form of the Arrhenius equation can be used to deduce the required 

activation energy from experimentally determined reaction rate constants of a reac-

tion: 

Ink = -Ea/R∙T+ln A     (36) 

where k is the reaction rate constant, Ea the activation energy, R the universal gas 

constant (8.314 J mol-1K-1), A the pre-exponential factor, and T the absolute reaction 

temperature in K. The values are summarized in Tab. 6. 

Tab. 6 : Kinetic parameters of the decrease of the coag.-N 

time (min) R2 Ea (kJ/mol) A (min-1) Arrhenius equation 

0-30 0.9683 19.238+/-7.973 7.5625 k = 7.5625 e(-2313.9156/T) 

A diagram is created from the kinetic parameters (Fig. 13), which shows the relation-

ships between the boiling time, the boiling temperatures and the decrease of the co-

ag.-N. The diagram shows the relationship between the boiling time, the boiling tem-

peratures and the decrease of the coag.-N. The kinetic parameters are then used as 

a basis for the calculation. 
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Fig. 14: Calculated decrease of coag.-N in % as a function of boiling time 
and boiling temperature 

 

Conventional boiling systems tend to have a strong tendency towards protein coagu-

lation, while modern boiling systems are gentler in the sense of lower coag.-N pre-

cipitation. In addition to the boiling temperatures, the heating rates on the decreases 

of the coag.-N also play an important role. To simulate the heating process, from ket-

tle full wort (72 °C) to boiling temperature (90 to 120 °C), the decreases of the coag.-

N were theoretically calculated with kinetic parameters and shown in Fig. 14. In gen-

eral, the kinetic equation of a decomposition reaction can be represented as eq. (37). 
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Eq. (38) and eq. (39) are inserted in eq. (37). After integrating eq. (37), eq. (40) re-

sults, where α represents the reaction conversion; T the reaction temperature in K; ß 

the heating rate and G(α) the integral function. 

∫ −=
T

a
T

TRTEAG
0

d)/exp()(
β

α   (40) 

 

Fig. 15: Calculated decrease of the coag.-N during the heating phase 

If the wort is heated at 72 °C with a heating rate of 1 K/min, it takes 28 min to reach 

the boiling temperature of 100 °C and during this time the coag.-N concentration al-

ready drops by around 5 %. If the heating rate is increased to 2 K/min, the heating 

time is halved and at the same times the decrease of the coag.-N decreases. 

 

 

 

0%

2%

4%

6%

8%

10%

12%

90 100 110 120

de
cr

ea
se

 in
 c

oa
g.

-N
 

heat up temperature (°C)  

ß=1 K/min ß=1.5 K/min ß=2 K/min



Discussion 

75 

 

3 Discussion 
How much time does it actually take to boil the wort? What is the key task? The min-

imum times required to fulfil the key wort boiling tasks are shown in Table 7. The time 

required to achieve the desired original wort concentration depends on the initial 

concentration of the kettle full wort and the heat output of the boiling system. The re-

action speed is determined by the boiling temperature and/or pressure. When boiling 

under atmospheric conditions with a standard hourly evaporation of 8 %, the boiling 

time is approximately 60 min. The thermal energy consumption is approximately 

5 kWh/hl without taking thermal energy losses into account. To vary the boiling tem-

peratures, the temperature or pressure of the heating medium (steam or hot water) 

can be adjusted if the heat transfer surface is sufficiently dimensioned. 

Conventional overpressure boiling systems are LPWB, with temperatures between 

102-105 °C, and HTWB (rarely used in breweries) employing temperatures between 

120-140 °C. Boiling times are greatly reduced with both methods. With LPWB, there 

is a constant change between a 3.5 min pressure increase and a 2.5 min pressure 

release. The total evaporation can be reduced to 4.5 % in relation to the volume of 

wort. The total boiling time is thereby reduced by 10-20 min. When employing HTWB, 

wort is normally heated to temperatures ranging from 128-135 °C in three stages 

through three heat exchangers connected in series. The wort is maintained at this 

temperature for 2.5-3.0 min in the last stage. The wort temperature can then be 

gradually reduced in two expansion stages. Evaporation rates in this process are 6-

8 % (Hackensellner 2001, Bühler et al. 2003, Scheller 2008). Advantages of the 

HTWB are on one hand shortening the actual boiling time, not taking into account 

heating duration, and on the other hand, the low thermal energy demand required 

resulting from the heat recovery between the heating stages. However, savings from 

reduced boiling time are somewhat reduced by increased cleaning requirements on 

the boiling system. A disadvantage of the HTWB is the so-called cooking taste 

(Schneider 1989). Due to the many formed Maillard products, a cooking taste can be 

unpleasant (Narziß et al. 1991, 2005). A significant issue with HTWB is fouling on the 

heat exchanger surfaces. If cleaning is not carried out, a fluctuating heat transfer will 

occur, which leads to an uneven wort thermal load. A practical solution would be heat 

transfer stages arranged in parallel, so during boiling in one heat exchanger row the 



Discussion 

76 

 

other could be cleaned. The cleaning effect can also be improved by adding hydro-

gen peroxide to the caustic solution. 

Tab. 7 : Reaction constants and activation energies in relation to the different tasks 
of wort boiling and the time to reach different conditions 

    

condition 

Q 

(kWh/hl) 

k 

or function 

Ea 

(kJ/mol) 

t (min) 

100 

°C 

110 

°C 

120 

°C 

130 

°C 

set 

original wort 
8 % 

evaporation  

5.02      60    40-50 min 

102-105°C 

                 2 min 

         120-140 °C 

α-acids  

isomerization 
hopping 
rate of  

5.5 g/hl  

0.02 kiso =7.90 ∙1011 
 e-11858/T  

 

98.6 

time to reach maximum 
concentration of iso-α-
acids 

140 90 70 20 

protein  

coagulation 

2-3 

mg/100 ml  

  kcoag.-N = 7.5625∙e-2313.9/T 
first 30 min 

 

19.23 

time to reach 2-3 mg/ml 

20-

40 

0-

20 

0-

12 

 

decrease of the coag.-N =  

-251.42 +1.68 · temperature + 0.01 · ReR  

+ 0.95 · total nitrogen + 0.04 · Polyphenols + 0.027 
· α-acids 

Fl
av

ou
rs

 d
ev

el
op

m
en

t 

2-MB    0.0015 k1 =  
1.62·103· 
e-5732.6/T   

k2 =  
2.65·1012· 
e-13259/T   

 

157.97 

        

3-MB 

  

  0.005 k1 =  
2.04·103· 
e-5448.8/T  

k2 = 
6.39·1012· 
e-13283/T   

 

155.73 

        

DMS  <100 μg/l  0.001 kDMS = 3.51·1010.  
e-9757/T  

 

81.12 

If SMM < 100 μg/l  

110 47 14 0 

Evaporation of unwanted  

aromatics (DMS)  
evaporation heat 

437 J/g  
0.00036     

sterilizing  bacillus subtilis  Z-value 

=14.9 K 

D-value 

=10.7 min 
(90°C) 

 

88 

time to kill the bacil-
lus subtilis  

= 
2.6  

< 
2.6 

< 
2.6 

< 
2.6 
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The isomerization of α-acids to iso-α-acids could be achieved within a wort boiling 

time of only 20 min at 130 °C. At 100 °C and pH 5.2 the maximum concentration of 

iso-α-acids is only reached after a theoretical boiling time of 140 min. However, 

achieving maximum isomerization of α-acids for wort boiling is not mandatory. The 

costs for hops or hop products are comparatively low. If the hop price increases in 

the future and the energy price decreases, it is recommended to aim for maximum 

isomerization. There are other ways to achieve a higher degree of isomerization. On 

the one hand already isomerized hop products could be added directly and on the 

other hand the first hop dosage, if an appropriate dosing device is available, could be 

added already in the flow vessel at a higher temperature (up to 130 °C). In this way a 

higher hop yield could be achieved with a considerably reduced boiling time. The dis-

solving of the aroma-intensive hop oils could partly also be carried out outside the 

brewhouse by adding hops in downstream fermentation or storage vessels. 

The hot wort residual coag.-N value was used to assess protein precipitation. The 

concentration of coag.-N is another key parameter. Protein coagulation during wort 

boiling is a first-order reaction during the initial 30 min. While heating at a rate of 

10 K/min, the concentration of coag.-N decreases rapidly. After a boiling time of ap-

proximately 40 min, the concentration exhibited minimal change. A kinetic model for a 

boiling time during the first 30 min boiling was developed. The corresponding de-

crease of coag.-N in % coinciding with the boiling time can be read from the tempera-

ture/boiling time diagram (Fig. 14). With the developed formula (Tab. 5), it was found 

that temperatures play the most important role for the decrease in coag.-N. With a 

value of 5.2, the pH is not considered a variable in this context, but as a constant. 

The initial concentration for total nitrogen is the second most important influencing 

variable. The α-acids concentrations as well as stirring speeds have essentially no 

influence. The homogenization of the wort samples is described by the Reynolds 

number (Re). The Reynolds number depends on one hand on the properties density 

ρ and dynamic viscosity η of the wort and on the other on the characteristic variables 

of the stirrer rotation, i.e. its speed n and the diameter d. Interestingly, in the so-called 

"SchoKo" gentle boiling process, the wort must be stirred during the heat retention 

time. Primarily, convection makes protein coagulation possible. 

Employing atmospheric boiling, the residual concentration of coag.-N is already at 2-

3 mg/100 ml after boiling 20-40 min. After boiling more than 40 min, the residual co-
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ag.-N concentration decreases no further at all boiling temperatures (90-120 °C) 

(Fig. 12). Boiling at 110 °C, approximately 20 min is required to achieve 2 mg/100 ml, 

boiling at 120 °C approximately 10 min. It is stated in the literature that boiling at 

135 °C 3 min, the residual concentration of coag.-N decreases to 1.4 mg/100 ml 

(Narziß et al. 2009). However in laboratory tests it was discovered that the residual 

coag.-N concentration falls below 1 mg/100 ml even during heating. However, evapo-

ration is not required for sufficient protein elimination. It is sufficient if the wort is kept 

at boiling temperature for a certain period of time. The temperature must be just be-

low boiling temperature. Fig. 12 shows at 90 °C after a boiling time of 120 min the 

residual coag.-N remains essentially unchanged at 4.4 mg/100 ml. Higher concentra-

tions of the residual coag.-N lead to a smearing of the yeast and to a reduced colloi-

dal stability. Too low concentrations can lead to poor foam head retention in the fin-

ished beer. 

The 3-MB taste threshold in beer is 0.6 mg/l, which is significantly lower than for 2-

MB at 1.2 mg/l (Meilgaard et al. 1970). Both flavouring components are described as 

indicators for wort boiling and beer ageing (Hertel 2007, Feilner 2013). Due to their 

high distribution factor, the entire portions of the 2 and 3-MB formed during wort boil-

ing are evaporated (Feilner 2013, Ditrych et al. 2019). After boiling, the rate of evapo-

ration decreases, but 2-MB and 3-MB are still reproduced and their concentrations in 

wort increase again in during the whirlpool rest. During beer ageing, the concentra-

tions will continue to rise even at low temperatures. It is understandable that the in-

termediates of the Maillard reaction will continue to form 2- and 3-MB at lower tem-

peratures. An increased formation of the two Strecker aldehydes during beer aging 

causes a deterioration of flavour stability. To date, a maximum allowed concentration 

of the intermediates in the wort has not been defined. The intermediate products are 

already formed during malting and mashing. The possibility of optimizing flavour sta-

bility would be to boil the wort for a shorter period of time and to lower the kilning 

temperature during malting. 

DMS is formed from SMM at temperatures >85 °C. Due to the slight volatility of DMS 

and the strong movement of the wort in the brew kettle, DMS is quickly evaporated 

after formation. The reproduction of DMS in the whirlpool is an important parameter 

for the DMS concentration in the later beer. The later DMS concentration in the beer 

depends on the SMM concentration in the whirlpool. According to the kinetic model 
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shown, 14 % SMM are already eliminated when the wort is raised to boil and 16 % 

SMM are subsequently eliminated in the whirlpool after wort boiling. Free DMS is es-

sentially completely evaporated within a 30 min boiling period (Narziß and Back 

2005). The DMS newly formed during boiling is evaporated immediately. The DMS 

concentration remains well below 100 µg/l until the end of boiling. If the SMM con-

centration in the whirlpool remains below 100 µg/l, the DMS concentration will always 

remain below the limit value of 100 µg/l. The SMM initial concentration depends on 

the malt quality and the mashing process. Investigations of kettle full wort revealed 

SMM concentrations of approximately 380 µg/l. In order not to exceed a DMS con-

centration in cooled wort of 100 µg/l, a boiling time of about 55 min at 100 °C is re-

quired. At 110 °C, a boiling time of 30 min is sufficient. 

A shortened boiling time can lead to insufficient SMM cleavage and increased DMS 

replication in the whirlpool. Possible countermeasures are: Pre-cooling of the wort 

before entering the whirlpool, evaporation under vacuum, thin-film evaporation and 

wort stripping. Further possibilities are an increase in the boiling temperature and a 

shortening of the whirlpool rest or the use of other systems and processes in order to 

simulate less DMS. With long boiling times, good evaporation is achieved, but too low 

values for the residual coag.-N. With shorter boiling times, excessive DMS values are 

achieved, but good values for the residual coag.-N. 

To only sterilize the wort, a boiling temperature is not required. Apart from a few heat-

resistant spores, the microflora of malt, hops and malt substitutes in the wort cannot 

survive the heating phase. The D- and z-values given in the technical literature allow 

a calculation of the killing kinetics of spore-forming bacteria (Oliver-Daumen 2010). 

An ideal minimum boiling time cannot be determined. With gentle boiling processes, 

the boiling temperature is not attained. With dynamic boiling processes, the boiling 

time is reduced to a few min, based on the actual boiling temperature. When using a 

wort stripping process, the desired DMS concentrations are easily achieved. A com-

plete isomerization of the α-acids need not to be forced employing extended boiling 

times, as the costs of hop products are not economically significant. 

The concentration of the coag.-N and the TBA values are two important parameters 

for determining the boiling time. The kinetic knowledge of the formation of the flavour-

ing substances on the one hand and their evaporation on the other hand cannot be 

considered independently of each other. Only if both processes are considered simul-
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taneously, the changes in aroma substance concentrations can be described com-

prehensively. Decisive for determining the boiling period is ultimately setting the de-

sired original wort concentration goals under economic aspects, i.e. taking into ac-

count the current raw material and energy costs. 

Vigorous boiling of wort is not essential to complete the defined tasks of wort boiling. 

But the efficient time- and energy-saving benefits of high-temperature boiling make it 

potentially interesting for breweries. While the idea of continuous wort boiling is not 

new, research into the formal kinetic description of chemical reactions of important 

process markers during boiling processes may prove the process advantageous. 

Variation of process markers with temperature can be calculated by the formula for 

chemical kinetics. In the process of continuous wort boiling, the wort in the balance 

tank is heated through a plate heat exchanger and then heated to 130 °C with steam. 

After being held at this temperature for a several seconds, the wort is returned to the 

heat exchanger to preheat the incoming wort. As can be seen from Tab. 7，most of 

the commonly quoted reasons for wort boiling are completed with the exception of 

hop isomerization. The use of post-fermentation bittering removes the need for ex-

tracting hops in the kettle. 

A complete automation of the production process requires a multitude of process da-

ta. The kinetic mechanism of the formation of important process markers in the wort 

plays an important role in an automated brewhouse process. On this basis, the pro-

cess parameters can be scientifically adjusted or programmed. 
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