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Abstract 

Brewing beer using ‘green’ (germinated, but not dried) malt, thus saving the substantial 

energy input associated with kilning and conserving the water contained in the green 

malt, could be a solution to making the malting industry more energy and water 

efficient. The overall aim of this research project was to evaluate the feasibility of 

brewing with green malt and propose solutions to some perceived technical and 

biochemical (flavour) barriers. Early research was dedicated intensively to laboratory 

scale development to enable this alternative to conventional brewing processes. Of 

particular concern were the elevated lipoxygenase (LOX) activity and its products, as 

well as the DMS potential. Furthermore, rootlets were identified to substantially 

contribute to this problem. Results indicated that LOX levels in green malt can be 

regulated to a substantial degree by using either a wet ‘re-steeping’ treatment or a 1-

hour heat treatment of green malt at 65°C. However, the results indicated further that 

the brewing process would need to be optimised to deal with the elevated levels of S-

methyl methionine (SMM; DMS precursor) and hexanal in green malt worts. On the 

other hand, results showed that green malt is rich in α- and β-amylase (diastase 

enzymes), with great capacity to convert starch into fermentable sugars. Subsequent 

pilot scale brewing trials (Chapter 3) aimed to compare between key quality parameters 

of worts and beers made from green malt and kilned malts (prepared from the same 

batches of green malt). 100% green malt was used in these experiments both as a 

technical challenge and to emphasise key quality factors. Additionally, beers were 

brewed whereby the green malt was pre-steeped under de-aerated water for 1 hour as 

this procedure had previously been shown to lower LOX activity in green malt. Here it 

was demonstrated that beers without significant taints or obvious defects can be 

brewed directly from green malt without prior removal of rootlets, even though further 

technological and process optimisations are undoubtedly required. Most remarkably, 

DMS levels in all green malt beers did not significantly differ from the reference brews, 

even though SMM levels were 2-3 times higher at the onset of mashing compared to 

the respective reference brew. Furthermore, a satisfactory beer colour was attained 

when using 100% green malt; this was considered to originate from natural yellow 

pigments (polyphenols, water-soluble riboflavin) present in malt. Even though re-
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steeping seemed a promising technique by which to reduce LOX activity in green malt 

at laboratory scale, it did not have a significant impact on the flavour stability indicators 

which it was designed to improve. Thus, it can be concluded that the LOX activity was 

sufficiently controlled in the original green malt brewing process. Therefore, the focus 

of the subsequent studies (Chapters 4 & 5) was to elucidate the impacts of using this 

green malt and thus indirectly malt kilning on the grain, wort and beer quality. Fresh 

beers from kilned malt resulted in similar concentrations of free staling aldehydes 

compared to green malt beers – despite the high aldehyde concentrations in the kilned 

malt and particularly at the onset of the brewing process. Nevertheless, these aldehydes 

might bind to other compounds forming non-volatile adducts, which may dissociate and 

release the free aldehydes during beer storage. Thus, forced ageing of beers was 

required to predict the flavour stability of a beer (style). Additionally, results revealed 

that worts and beers produced from untreated green malt had a significantly better 

oxidative stability (by Electron Spin Resonance Spectroscopy) than both the re-steeped 

green malt and the reference beers. Lastly, to identify the beer chemistry changes during 

staling, beers were subjected to ageing at 30ᵒC for 30, 60 and 90 days. An increase in 

concentrations of undesirable staling aldehydes and a decrease in concentrations of 

desirable compounds (acetate esters, bitter acids) were noted in all beers. Interestingly, 

the results showed that (untreated) green malt beers were less susceptible to beer 

ageing flavour change than kilned malt beers, due to a lower formation, or release, of 

staling aldehydes. In principle, fewer aldehydes are available for adduct formation when 

using green malt, and thus, an improved endogenous ageing potential in green malt 

beers is hypothesised, provided lipoxygenase activity can be controlled by applying LOX 

hostile mashing conditions (pH 5.3; >63ᵒC; oxygen free). Brewing with green malt is a 

disruptive technology and the process needs to be further optimised before it could be 

implemented in present day breweries. Nevertheless, this research proved that wort 

and beer without any flavour defects, and with promising flavour stability metrics and 

decreased aldehyde formation during storage can be produced from 100% green malt. 
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Samenvatting 

Het moutproces kan worden onderverdeeld in drie hoofdstappen: weken, ontkiemen en 

eesten - de laatste is de meest energie-intensieve stap, verantwoordelijk voor ~78% van 

de totale energiebehoefte. Dit maakt het eesten het belangrijkste aandachtspunt om de 

ecologische voetafdruk van mouterijen te verkleinen. Bovendien omvatten mouten en 

brouwen opeenvolgende stappen van zowel bevochtigen als drogen. Vanuit een 

energie- en watergebruik-standpunt maakt dit weinig zin. Bierbrouwen met ‘groene’ 

(gekiemde, maar niet gedroogde) mout zou een oplossing kunnen zijn om de 

moutindustrie energie- en waterefficiënter te maken. Een dergelijk proces zou de 

aanzienlijke energie-input, die gepaard gaat met eesten, verminderen en het water in 

de groene mout conserveren. Brouwen met ongedroogde mout vertegenwoordigt 

echter een zeer disruptieve technologie en er moeten meerdere aspecten in overweging 

worden gebracht om succesvol te kunnen brouwen met dit ‘nieuwe’ graanmateriaal. 

Het algemene doel van dit project was het aantonen van de haalbaarheid van het 

brouwen met groene mout en oplossingen voor te stellen voor een aantal vermeende 

technische en biochemische (smaak)barrières. 

 

Om dit alternatief op het conventionele brouwproces mogelijk te maken, werd er 

intensief voorlopend onderzoek gewijd aan diens ontwikkeling op laboratoriumschaal. 

We onderzochten de belangrijkste kwaliteitsproblemen in verband met groenmout: 

lipoxygenase(LOX)-activiteit, S-methylmethionineniveaus, oxidatieproducten-

ontwikkeling en wortelverwijdering. Deze resultaten vormden de basis voor latere 

brouwproeven op pilootschaal aan de KU Leuven. Daar was het doel het vergelijken van 

de belangrijkste kwaliteitsparameters van wort en bieren gemaakt van groenmout en 

geëeste mout (beiden bereidt uit dezelfde mout-batch). Bij deze experimenten werd 

100% groene mout gebruikt, dit omwille van zowel de technische uitdaging, als het 

benadrukken van de impact op de belangrijkste kwaliteitsfactoren. Er werden monsters 

genomen tijdens het groenmout-brouwproces. Deze monsters werden vervolgens 

vergeleken met de wort- en biermonsters geproduceerd uit een geëeste pilsmout (uit 

dezelfde mout-batch). Hierbij werd aangetoond dat bieren, zonder noemenswaardige 

taints of duidelijke gebreken, rechtstreeks uit groenmout kunnen worden 



viii 
 

geproduceerd—en zonder voorafgaande verwijdering van de kiemwortels. Verdere 

technologische en proces-optimalisaties zijn ongetwijfeld vereist. Bovendien toonden 

de resultaten, van de brouwsels met onbehandelde groenmout, veelbelovende 

indicatoren aan in vermand met de smaakstabiliteit. Hieromwille lag de nadruk van de 

daaropvolgende studie op het ophelderen van de smaakstabiliteitseffecten van het 

brouwen met groene mout. Dit was belangrijk om te controleren, omdat een 

verminderde warmtebelasting de smaakstabiliteit zowel kan verbeteren (verminderde 

hoeveelheid aan ouderdomsgerelateerde aldehyden) als kan verslechteren (omdat, 

bijvoorbeeld, lipoxygenase-activiteit wordt gereguleerd door warmtebehandeling 

tijdens het eesten). De resultaten toonden aan dat verse bieren, gebrouwen met 

gedroogde (pilsener-stijl) mout, vergelijkbare concentraties hadden aan vrije 

ouderdomsgerelateerde aldehyden als de groenmoutbieren. Dit was verrassend, 

aangezien de ouderdomsgerelateerde aldehyde-concentraties in de geëxtraheerde 

mout—vooral aan het begin van het brouwproces—significant hoger waren. Dat gezegd 

zijnde kunnen deze aldehyden zich aan andere componenten binden, waardoor niet-

vluchtige adducten worden gevormd. De huidige theorie is dat, tijdens de opslag van 

bier, deze adducten—onder specifieke omstandigheden (temperatuur, pH-waarde, 

redoxpotentiaal, bindingssterkte, thermodynamische stabiliteit)—kunnen dissociëren 

en de aldehyden in hun ongebonden vorm kunnen worden vrijgeven. Om de 

smaakstabiliteit van een bier(stijl) te voorspellen was geforceerde veroudering van de 

bieren vereist. Bovendien werd de oxidatieve stabiliteit van de wort- en biermonsters 

bepaald met behulp van EPR-spectroscopie aan de Universiteit van Kopenhagen. De 

resultaten toonden aan dat wort en bier, geproduceerd uit onbehandelde groenmout, 

een significant betere oxidatieve stabiliteit hadden in vergelijking met de referentie-

droogmoutbieren. Tot slot werden de bieren 30, 60 en 90 dagen verouderd bij 30°C om 

de chemische veranderingen van het bier tijdens het verouderen te identificeren. Bij alle 

bieren werd een concentratietoename aan ongewenste ouderdomsgerelateerde 

aldehyden, en een concentratieafname aan gewenste verbindingen, opgemerkt. 

Opvallend genoeg toonden de resultaten aan dat groenmoutbieren minder vatbaar 

waren voor smaakverandering bij bierveroudering dan de geëeste moutbieren, vanwege 

een lagere vorming aan (of afgifte van) ouderdomsgerelateerde aldehyden. Over het 

algemeen toonden de resultaten aan dat groenmoutwort en -bieren een potentieel 
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voordeel kunnen hebben met betrekking tot biersmaakstabiliteit, op voorwaarde dat de 

lipoxygenase-activiteit onder controle kan worden gehouden door het aanwenden van 

lipoxygenase-vijandige maischomstandigheden (pH 5,2; > 63°C; zuurstofvrij). 

 

Brouwen met groene mout is een disruptieve technologie en het proces moet verder 

worden geoptimaliseerd voordat het in de huidige brouwerijen kan worden 

geïmplementeerd. Desalniettemin heeft dit onderzoek aangetoond dat er wort en bier 

uit 100% groenmout (met intacte wortels) kan worden geproduceerd, zonder enige 

smaakgebreken en met een veelbelovende smaakstabiliteit. 
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1 Introduction  

Beer is one of the oldest alcoholic beverages (Michel et al., 1993), it has accompanied 

the development of whole civilisations and has been continuously evolving within time. 

Nowadays, beer is one of the most consumed alcoholic beverages in the world, with an 

annual global production of 1.94 billion hL measured in 2018 (Conway, 2019). With the 

rising demand in beer, simultaneously the demand of malted cereals, such as malted 

barley grows. Malt is a key component for beer production - it is the key starch source 

and imparts the typical flavour and colour to the beer. The contribution of malt to beer 

is remarkable as changing the grade and type of barley, processing under different 

conditions (kilning or roasting), numerous different types of malt, at different colour and 

flavour profiles can be prepared (Briggs, 1998a, Huang et al., 2016, Müller et al., 2013, 

Yahya et al., 2014). Globally about 23 million tonnes of malt are produced annually, of 

which Europe contributes almost 9.7 million tonnes (Euromalt, 2017). In the UK alone, 

emissions of more than 300,000 tonnes CO2 per year are produced through the 

manufacturing of more than 1.6 million tonnes of malt (CarbonTrust, 2011, Euromalt, 

2017) –this corresponds to annual CO2 emissions of about 14,851 British households 

(Buchs and Sylke, 2013). Thus, the malting industry is always interested in improving its 

energy efficiency. Furthermore, as climate change targets are tightened, several 

industries have been under a lot of legal, social and economic pressure to take actions 

to reduce their impact on the environment. Trying to support this carbon-cut policy, 

governments of several countries have implemented taxes on carbon emissions and 

energy consumption based on the carbon footprint.  

 

The malting process can be separated into three key steps: steeping, germination and 

kilning – the latter being the most energy intensive step (CarbonTrust, 2011, Davies, 

2010, Doug, 2010, Manger, 2017) accounting for ~78% of the total energy demand. 

Naturally, the kilning process becomes the main point of interest to reduce the maltings 

energy footprint. Furthermore, malting and brewing involve sequential wetting and 

drying steps. Viewed solely from an energy and water use perspective these processes 

make little sense. If omitting the kilning process entirely, the brewer must brew with 
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freshly germinated (green) malt, which introduces new technical and biochemical 

(flavour) challenges but offers the reward of significantly lower energy and water usage.  

 

Brewing with green malt represents very disruptive technology and multiple aspects 

need to be considered to successfully brew with this ‘novel’ grist material. Thus, the 

following literature review is separated into two main parts. The first part provides a 

brief overview of barley malt, one of the four major ingredients in beer, as well as an 

introduction to the conventional malting and brewing process. This is followed by a 

discussion on beer flavour stability and the most common biochemical pathways causing 

beer staling. The second part of this review focuses on the technical feasibility of 

brewing using freshly germinated (green) malt, with omission of the kilning step. 

Similarly, the main focus is on the influences on flavour and flavour stability, storability 

and extractability due to different biochemical compositions of germinated malt 

compared to kilned malt. The research objective and thesis structure are presented at 

the end of this literature review.  

 

The second part of this literature review will be published and corresponds to:  

Dugulin CA, De Rouck G, Cook DJ, 2021. Brewing with green malt for an energy and water 

efficient future – a review. Journal of the American Society of Brewing Chemists. 

https://doi.org/10.1080/03610470.2021.1902710 
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1.1 Barley 

Even though many different grains are suitable for the production of beer, barley is still 

the cereal of choice, particularly because of its high starch (63% of barley dry matter), 

but moderate protein (10-11%) and lipid (1.5-2%) contents, as well as its low husk to 

endosperm (starch) ratio (Hertrich, 2013b, Kunze, 2014). The barleys used in the 

brewing industry are husked types, which means that the husk remains on the kernel 

after threshing. This is important, as the husk fraction is needed in brewing as filtration 

material during lautering, but most importantly the husk regulates water uptake during 

malting, and protects the kernel mechanically (Hertrich, 2013b). Barley plants are annual 

grasses, which can be planted in autumn (winter type) or spring (spring type) and can be 

subdivided as two-rowed or six-rowed grains, depending on the arrangement of the 

corns on the ear axis. The grains vary in shape, size and chemical composition. Figure 

1.1 illustrates the internal and external structure of a barley kernel.  

 

 

Figure 1.1: Structure of barley the barley kernel according to Briggs D. E. (Briggs, 

1998c). 

 
The external structure – the husk (10-13%) - is called lemma on the dorsal, and palea on 

the ventral side of the kernel and completely encloses the grain (Briggs, 1978). The husk 

and pericarp consist mostly of cellulose, and small amounts of polyphenols and testinic 

acid (mixture of polyphenols and proteins). The husk is the only tissue in barley that is 

lignified, and its outermost layer (external epidermis) is also silicified (Briggs, 1998a). 

The following two layers are the semipermeable testa, which limits the diffusion of 

solutes (e.g. ionised salts) that permeate the husk and pericarp, followed by the 
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aleurone layer (Briggs, 1998b). The internal structure consists of the germ region and 

the endosperm, separated through the scutellum, displayed in Figure 1.1. The inner face 

of the scutellum is pressed against the starchy endosperm and is surfaced with a single 

layer of columnar epithelial cells (scutellar epithelium). The embryo region comprises 

the acrospire (coleoptile) pointing at the apex of the grain, and the coleorhiza which 

encloses the embryonic roots that appear at the end of the grain during germination 

(‘chitting’). The endosperm region consists of the starchy endosperm occupying the 

centre of the grain (76-82% (Briggs, 1998c)) and the surrounding aleurone layer. The 

large and small starch granules are embedded in a protein matrix, surrounded by cell 

walls consisting of β-glucan (75%) and arabinoxylan (20%) (Evers and Millar, 2002). 

Aleurone cells are surrounding the starchy endosperm; a thinner layer of the aleurone 

extends partly over the surface of the embryo. The aleurone layer does not contain any 

starch reserves, but consists of protein, lipids, polyphenols and colouring materials 

(Hertrich, 2013b). The activation or synthesis of enzymes secreted into the starchy 

endosperm, occurs in the aleurone and scutellar cells via embryonic gibberellin-

activated signal transduction pathways (Cohen and Paleg, 1967, Palmer, 1982, Palmer, 

1998).  

1.2 Introduction to the malting process 

Considering the production of pale malted barley, the malting process comprises three 

main steps: steeping, germination and kilning. Malt quality and functionality is not solely 

defined by these classical stages. By changing the grade and type of barley, steeping and 

germinating under different conditions and by kilning or roasting at differing moisture 

contents and to different temperatures, a range of malt types are prepared (Briggs, 

1998a, Huang et al., 2016, Müller et al., 2013, Yahya et al., 2014). Malting is a process 

that modifies barley until it is suitable to produce beer (both due to physical 

modification of the grain and the development of key enzyme activities). The 

proteolytic, amylolytic and cytolytic modification influence the malt quality (Briggs, 

1998a). Both, under-modified and over-modified malt lead to poor malt quality. The 

main factors influencing modification are: steeping degree, germination time and 

temperature (Brookes et al., 1976, Hertrich, 2013a). 
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1.2.1 Pre-drying and storage of barley 

After the harvest, barley can go through a phase of dormancy, a period of 6-8 weeks 

(depending on variety and the weather during harvest) where the seedling cannot 

germinate (Briggs and Woods, 1993, Woonton et al., 2005). Thus, after cleaning and 

grading, the barley is usually not malted directly but stored until the actual malting 

process can start. If the moisture content in barley exceeds 12%, the barley has to be 

dried to prevent the seedling from intercellular respiration and avoid microbial growth 

(e.g. fungi). Subsequently, the grain can be stored e.g. in silos, while ventilation is 

necessary to maintain the viability. This guarantees removal of CO2, water and heat, 

while simultaneously supplying the grain with oxygen. Storing barley dry and warm can 

accelerate post-harvest maturation, but can also cause losses in viability (Briggs and 

Woods, 1993). 

1.2.2 Steeping 

During steeping, the barley is hydrated (steeped), to increase the moisture content, 

aiming to trigger germination (> 32%), but also to clean the grain from dust, impurities 

and germination inhibitors (EUREKA SWAN Project, 2006, Guiga et al., 2008). The 

steeping process consists of one or more wet and dry cycles. During the wet phase, the 

grain is submerged in water. The moisture uptake can change depending on barley 

variety, crop year, kernel size, nitrogen content, dormancy, water sensitivity, or applied 

steeping parameters (time, temperature, aeration) (Briggs, 1986, Brookes et al., 1976, 

Turner et al., 2019). After a few hours of steeping, the water is drained off and the dry 

phase (air rest) commences. During this phase, the internal part of the grain takes up 

the adhering water faster. During steeping, the grain must be aerated, while the 

produced CO2 is removed, failure to do that could result in a so-called “dead steep”. 

Steeping usually takes around 24 – 48 h until the grain reaches a moisture content of 

approx. 42 – 46% and rootlets appear at the base. 

1.2.3 Germination 

The initiation of germination triggers a hormonal and enzymatic cascade which affects 

the breakdown of endosperm components: cell wall materials, protein matrix and some 

limited breakdown of starch (Briggs, 1998a). Additionally, the grain develops the 



Introduction to the malting process 

6 
 

acrospire and rootlets, the latter becoming visible towards the end of the steeping phase 

(Figure 1.2B).  

 

 

Figure 1.2: Growth of the barley kernel (A) barley after the first steep, (B) appearance 

of the first rootlet (chit malt) and onset of germination, (C) well-germinated green malt 

with rootlets. 

 

Malt rootlets are highly hygroscopic, due to their fibre content of up to 15% (Briggs, 

1998a, Salama et al., 1997), have emulsification capacities (Kunze, 2014) and are 

considered to impair the flavour of beer. Therefore, maltsters try to avoid excessive 

rootlet growth during germination and remove the rootlets, by deculming them after 

kilning. Long and warm germination conditions lead to increased rootlet growth, so 

maltsters usually perform germination at the lowest possible temperature and time 

(Kunze, 2014). In the early growing stages, the embryo releases gibberellin hormones, 

generated from a precursor in the scutellum (Palmer, 1982, Palmer, 1995, Palmer, 

1998), which pass from the embryo to the aleurone layer and the endosperm. This 

develops or releases hydrolysing enzymes, such as amylolytic, proteolytic and 

cellulolytic enzymes. Their main function is to break down starch, cellular material and 

the endosperm cell wall (Palmer, 1982, Palmer, 1995, Palmer, 1998).   

Proteolytic enzymes, such as carboxypeptidase and endopeptidases break down high 

molecular weight proteins (38 – 42% (Kunze, 2014)) for the formation of the new cell 

tissues.  

Cytolysis, the breakdown of the cell walls of the endosperm, facilitates the diffusion of 

enzymes into the starchy endosperm. The main components of the walls are (1,3)(1,4)-

β-D-glucan (75%), arabinoxylan (20%) and protein (5%), with phenolic acid residues 
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(notably ferulic acid linked to arabinose) (Fincher, 1975). During the growth and 

modification process, the middle lamella of protein is degraded, followed by the 

pentosan structure and organic acids by xylanases. Subsequently, the glucans are 

released from the binding protein by the β-glucan-solubilase and mainly degraded by 

endo-β-1,4-glucanase, endo-β-1,3-glucanase and exo-β-glucanase. The endosperm of 

unmalted barley is very hard and softens during the modification processes. Most of the 

necessary cytolytic degradation of barley (1,3)(1,4)-β-D-glucan via β-glucanases occurs 

during malting. Thus finished malts should contain low levels of β-glucan for a 

satisfactory brewing performance and to avoid the process problems associated with 

the elevated content of β-glucan (poor lautering performance (Bamforth and Martin, 

1981, Jin et al., 2004) and colloidal (in) stability of the finished beer (Bamforth, 1999b, 

Speers et al., 2003).  

Amylolytic enzymes help to degrade the starch to sugars during mashing and are thus 

the most important enzymes for the brewer. β-amylase is already present in barley in 

its bound inactive form, whereas α-amylase is formed in the aleurone layer during 

germination (Sopanen and Laurière, 1989). The formation of α-amylase is highly 

dependent on the presence of oxygen. The seedling uses starch as a nutrient, therefore 

it is important to prevent significant starch loss by avoiding long germination periods 

with high temperatures and an excess of air.  

The germinating undried grain is called green malt, which is displayed in Figure 1.2C. 

Green malt contains a high amount of desired enzymes (e.g. α-,β- amylase (Evans et al., 

1997, Hämäläinen and Reinikainen, 2007, Sissons et al., 1995)), but also develops lipid 

degrading enzymes such as lipases, and the two lipoxygenase isoenzymes (LOX-1 and 

LOX-2) (Franke and Frehse, 1953, Yabuuchi, 1976, Yang and Schwarz, 1995, Yang et al., 

1993). The products of lipoxygenase are responsible for the cucumber-like aroma of 

green malt, and their oxidation products can impair the beer flavour (Section 1.4.1.1). 

Furthermore, S-methyl methionine (SMM), the precursor of the volatile sulphur 

compound dimethyl sulphide (DMS), which can give beer a canned corn flavour, is 

produced and increases in concentration throughout germination (depending on 

steeping degree and germination temperature; Section 1.8.5) (Pimenta et al., 1998, 

White and Wainwright, 1976b).  
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The germination process is allowed to proceed until the desired degree of modification 

has been achieved (usually after 3.5 - 5 days of germination; acrospire reaches 

approximately ¾ of the way towards the distal end of the grain) when seed germination 

is arrested by a heating step – kilning. 

1.2.4 Kilning 

The main goal of kilning is to lower the moisture content of green malt down to 4%, 

aiming to start chemical processes, which support the formation of colour and flavour 

compounds and to get a stable product, which can be stored easily (Johnston, 1954, 

Palmer and Bathgate, 1976, Whitehurst and Oort, 2010). During conventional kilning, 

the initial moisture of > 40% is reduced to approx. 12% by forcing dry air through a bed 

of grain with a stepwise increase in air-on temperature, starting at around 50°C and 

ramping gently to 70°C. In this stage, free water is removed. In the next phase, the bound 

water is removed, lowering the moisture to 4-5% by circulating air at temperatures 

above 80°C (curing stage). After cooling is completed, the rootlets can be removed by 

abrading them after kilning (deculming), with an associated malting loss of around 4%. 

The rootlets are then usually sold as animal feed or organic fertiliser. Freshly kilned malt 

is associated with a poor brewhouse performance (Bamforth et al., 2009, Kunze, 2014, 

Mallett, 2014, Rennie and Ball, 1979), particularly wort separation– therefore it should 

be stored at least for 3-4 weeks before further processing.  

Kilning is an important process as it reduces the activity of undesired enzymes, such as, 

lipoxygenase (De Buck et al., 1997, Doderer et al., 1992, Yang and Schwarz, 1995, Yang 

et al., 1993) and regulates dimethyl sulphide (DMS) precursor levels (White and 

Wainwright, 1976a, White and Wainwright, 1976b, White and Wainwright, 1977), which 

will be discussed in more detail in Sections 1.8.4 and 1.8.5, respectively. At temperatures 

above 70°C, the DMS precursor S-methyl methionine, is decomposed to free volatile 

DMS and L-homoserine (Anness and Bamforth, 1982, Yang et al., 1998). On the other 

hand, during kilning another DMS precursor can be formed, which can be reduced to 

DMS by yeast during fermentation: DMSO (Anness, 1980, Baldus et al., 2013, Yang et al., 

1998). Furthermore, kilning reduces the activity of desired enzymes, such as starch 

degrading β-amylase (Evans et al., 1997) or cytolytic enzymes (β-glucanase), which will 

be further discussed in detail in Section 1.8.  
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1.3 Introduction to the conventional brewing process 

The manufacturing of beer from malt, hops, water and yeast can be divided into two 

main sections: i) production of a sweet (sugary) liquid – wort- and ii) fermentation of 

wort by yeast to convert fermentable sugars to alcohol. Within the first section, the 

insoluble components of malt are converted into soluble products with the aid of the 

enzymes generated during malting. Subsequently, the sugars in the wort can then be 

converted by the yeast to alcohol and carbon dioxide. A basic outline of a standard 

brewing process is displayed in Figure 1.3, however, the design of the brewhouse can 

differ in terms of equipment (e.g. choice of milling and mash separation systems). 

Commercially kilned malts are friable, due to the low moisture content, and can be 

broken by a mill (Figure 1.3A) into small fragments. To obtain the optimal grist particle 

size distribution for the filtration, coarse or fine milling must be chosen. In a lauter tun, 

the husks are used as filter material, thus the malt needs to be milled coarsely to leave 

the husks mostly intact. This is done using e.g. a roller mill. On the other hand, if a mash 

filter is available, the grist should be very finely milled, by using a hammermill or a wet 

milling system. Wet milling systems in combination with a mash filter are able to 

improve the brewhouse yield but also grind malts that have a high moisture content 

(e.g. green malt; https://www.meura.com/products/hydromill.html) (Andrews, 2004, 

De Rouck et al., 2013a, De Rouck et al., 2013b, Leclercq, 2020, Menger, 2006). 

Additionally, by injecting CO2 into the malt inlet and malt bin, this technology increases 

the protection against oxidation. Mashing is a process where the grist is mixed with the 

brewing water into a mash kettle (Figure 1.3B). It is a controlled time-temperature 

process - each mash ‘stand’ is at a temperature designed to support the targeted 

activation or deactivation of certain enzymes. During mashing the brewer generates the 

‘sweet wort’ which is rich in sugars, amino acids and other soluble compounds which 

make their way into the final beer. 
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Figure 1.3: An outline of the brewing process. Figure adapted from Encyclopædia 

Britannica (https://www.britannica.com/topic/beer/Types-of-beer). 

 

 

When mashing, the milled grist is combined with the brewing liquor (strike water) via a 

pre-masher. Naturally, when using a wet milling process, the brewing liquor and malt 
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are already combined during the milling process. The enzymatic breakdown of starch 

from malt into simpler sugars by the diastatic enzymes generated during malting is a 

very crucial step throughout the wort production process (Bamforth, 2009, Evans et al., 

2008, Henson et al., 2014). These include (i) α-amylase, which hydrolyses α-(1-4) 

linkages in the long glucose chains of starch to yield smaller fragments, (ii) β-amylase for 

the splitting of maltose from the non-reducing chain end and (iii) limit dextrinase to 

hydrolyse α-(1-6) linkages which form the branch points that are most prevalent in 

amylopectin molecules. The optimum temperature ranges for limit dextrinase, α- and β-

Amylase are 50-55°C, 68-72°C and 63-65ᵒC, respectively (O'Rourke, 2015). Many 

breweries nowadays opt for infusion mashing which starts at temperatures of 62-63ᵒC. 

However, this is only recommended if a well-modified malt (low β-Glucan, sufficient free 

amino nitrogen) is used. The acidification of the mash to 5.2-5.4 (Briggs et al., 1981a) or 

5.3-5.8 (Bamforth and Simpson, 1995) is practiced in order to increase the extract yield. 

This is advantageous because β-amylase and α-amylase have their highest activity at a 

pH of 5.2 (Narziss and Rusitka, 1977) and 5.5 (Greenwood and MacGregor, 1965), 

respectively, whereas lipase (pH optima 6.8, (Baxter, 1984)) and LOX enzyme activity (pH 

optima 6.5, (Baert et al., 2012)) can be reduced. Even though lipoxygenase enzymes 

(LOX-1, LOX-2) are mostly destroyed during kilning, even low residual lipoxygenase 

activities in pale kilned malt can cause serious flavour deteriorations in the final beer 

(Hirota et al., 2005, Skadhauge et al., 2005). Thus, to avoid the disadvantageous effects 

of lipoxygenase, while achieving high extract yields, mashing in at > 63 °C, at a pH in the 

region of 5.3 under oxygen-limited conditions (Baert et al., 2012, Bamforth, 2004, Drost 

et al., 1990, Van Waesberghe et al., 2001) is recommended. 

After mashing, during filtration (Figure 1.3C) the insoluble material (mainly husks and 

acrospire) is separated from the sweet wort. As discussed previously, when using coarse 

milling, the husks mostly stay intact and form the filter bed in the lauter tun. In lauter 

tun operations (Figure 1.3C1) compression of the filter cake is to be avoided. On the 

other hand, when using a thin-bed filter (Figure 1.3C2), the husks have to be finely milled 

and here the filter bed is compressed before sparging by an expandable membrane and 

again compressed after sparging (Andrews, 2004, De Rouck et al., 2013a, De Rouck et 

al., 2013b, Evans et al., 1998, Menger, 2006). The combination of fine milling and thin 

bed filters have been discussed to be a faster wort filtration with an increased extract 
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yield (Andrews, 2004, De Rouck et al., 2013a, De Rouck et al., 2013b, Menger, 2006). 

Whether using a lauter tun or a mash filter, sparging with water aids to remove the 

remaining sugars in the spent grains, but when using a mash filter the sparging rate 

(amount of liquor used for sparging) is lower (Andrews, 2004). 

After the wort is separated from the spent grains, it is directed to a kettle to be boiled 

with hop additions (Figure 1.3D). The bittering hops are usually added at the beginning 

of the boiling process. During boiling the isomerisation of the hop acid precursors α-

acids to the bitter-tasting derivatives (iso-α acids) occurs (Hudson and Birtwistle, 1966). 

In the last 15 minutes of the boil brewers usually add extra aroma hops for their flavour, 

a process known as late hopping (Hieronymus, 2012). During boiling, the sweet wort is 

sterilised, simultaneously proteins and sparingly soluble materials are precipitated 

(aiding the colloidal stability of the finished beer), and unwanted flavour or aroma 

compounds are stripped off. Very important is the efficient degradation of the DMS 

precursor S-methyl methionine to DMS and the volatilisation of the latter (Bamforth, 

2014). Wort boiling should not be performed longer than necessary, because increased 

heat load on wort can impair final beer quality and flavour stability (De Rouck et al., 

2010, De Schutter, 2008, Ditrych et al., 2019, Li, 2009, Malfliet et al., 2008). It is also 

energy intensive and thus costly. Consequently, brewhouse constructors nowadays try 

to operate at minimal heat load without compromising evaporation of unwanted 

flavours (De Rouck et al., 2010). The hot sterile wort is then separated from the trub by 

using a whirlpool system (Figure 1.3E), centrifuge or even through decantation in a 

combination vessel (boiling kettle and decanter). Subsequently, the wort is cooled 

(Figure 1.3F), (sterile) aerated and transferred into the fermentation vessel (Figure 

1.3G). Usually either a culture of lager (Saccharomyces pastorianus) or ale yeast 

(Saccharomyces cerevisiae) is pitched to the cooled wort to start fermentation and wort 

is kept at the optimal fermentation temperature of 10-13ᵒC and 18-20ᵒC for lager or ale 

yeast, respectively. (White and Zainasheff, 2010). By adding the yeast, the sugars in the 

wort will be fermented through the yeast metabolism into ethanol and carbon dioxide. 

The formation of by-products has an important effect on the taste, aroma and 

mouthfeel of the final beer and are strongly dependent on yeast strain used, 

fermentation parameter and wort composition (Boulton and Quain, 2006, Pires et al., 

2014). When the main fermentation is nearly completed, the yeast growth slows down 
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and the yeast enters a stationary phase of growth. The beer (‘green’ or ‘immature’ beer) 

is held for a period of maturation or secondary fermentation. During this time the 

flavour of the beer is refined (e.g. yeast reabsorbs diacetyl; hydrogen sulphide escapes 

through fermentation gases). After maturation, many beers (depending on the beer 

style) are chilled and filtered to remove residual yeast and maintain the brightness 

(Figure 1.3I). The CO2 content of the beer is adjusted, and the beer can be submitted to 

a quick pasteurisation treatment before or after being bottled or transferred to cans and 

other types of packaging. 

Throughout the whole brewing process, oxygen pick-up to the product stream must be 

avoided - except for sterile wort aeration before fermentation which supplies the 

oxygen required by yeast for synthesis of sterols and unsaturated fatty acids, which are 

essential components of the cell membrane. Oxygen levels should be < 300 g/O2 per ton 

of malt at hydration (Van Waesberghe et al., 2001) and by all means oxygen pick up 

needs to be controlled during malting (Bamforth, 1999c, Schwarz and Pyler, 1984), 

avoided during wort production (De Buck et al., 1997) and wort separation (Drost et al., 

1990) to avoid flavour deteriorations.  

1.4 Introduction to beer flavour (in)stability  

Due to globalisation and evolving consumer demand for fresh and traditional ‘original’ 

beers, solely in 2017, 8.7 billion litres of beer brewed in the EU travelled around the 

globe (Brewers of Europe, 2018). Both Germany and Belgium – Europe’s biggest beer 

exporter – shipped 1.5 billion litres each abroad, over one third to countries beyond the 

EU. The overall goal of every brewer(y) is to provide the retail units, shops and most 

importantly the customer with consistently good beer at consistent quality. However, 

during storage, beer changes its chemical composition and thus, so called off-flavours 

appear, while desirable fresh beer aromas disappear. Light exposure, oxygen ingression 

(around the crown cork), vibrations during transportation (Jaskula-Goiris et al., 2019, 

Paternoster et al., 2019) and elevated temperatures were identified as primary factors 

to prompt beer flavour deterioration (Fratianni, 2001, Kaneda et al., 1997, Pankoke, 

2015, Vanderhaegen et al., 2006). Previous research (Bamforth, 1999a) showed, that if 

beers are stored at 0-4°C signs of oxidation were greatly reduced, even after several 

months of storage. Unfortunately, due to increasing costs or lack of cooling storage 
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capacity in supermarkets or during transportation, beers are hardly ever stored cooled. 

It was shown (Pankoke, 2015) that during cargo shipping, beers can even experience 

temperatures above 40°C. Furthermore, the composition of the beer itself is also very 

important, as pH level, the presence of antioxidants (e.g. sulphites), as well as pro-

oxidants (e.g. transition metal ions), but also oxygen already dissolved in the beer can 

significantly impact beer stability (Andersen and Skibsted, 1998, Lund et al., 2015). 

 

Dalgliesh (Dalgliesh, 1977), Meilgaard (Meilgaard et al., 1979) and later updated by 

Zufall et al. (Zufall et al., 2005) created a guideline of the main flavour changes of pale 

lager beer during storage at 28ᵒC, which is displayed in Figure 1.4. However, different 

flavour profiles can appear depending on the beer style and ageing conditions (e.g. 

temperature) (Lehnhardt et al., 2019). Off-flavours are perceived and can be identified 

as e.g. berry-like aroma, cardboard flavour (Drost et al., 1990, Narziss, 1986), 

“sunstruck” flavour (Drost et al., 1990, Gunst and Verzele, 1978), bread-like, sweet- 

toffee-like, sherry-like flavours, etc. (Dalgliesh, 1977, Drost et al., 1990). On the other 

hand, desirable sulphur, ester and floral aromas decline, bitterness quality diminishes. 

(Vanderhaegen et al., 2006) 

 

 

Figure 1.4: Changes in beer flavour during storage at 28ᵒC (Zufall et al., 2005) 
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If the product does not meet the consumer’s expectation, the product, beer style or 

brand could be rejected. Therefore, strategies to diminish unwanted flavour changes in 

beer are a primary target in the malting and brewing industry and researchers try to gain 

further knowledge about the factors and biochemical mechanisms causing beer ageing. 

In the last decades, many authors (Baert et al., 2018, Bustillo Trueba et al., 2018, De 

Clippeleer et al., 2010a, De Rouck et al., 2013a, Gastl et al., 2006, Malfliet et al., 2008, 

Wietstock et al., 2016) reported and suggested biochemical pathways for flavour 

instability, however, its complexity is not yet fully understood.  

Most of the flavour active, staling related substances can be assigned to the chemical 

class of aldehydes, ketones, heterocyclic compounds, lactones, ethyl-esters and 

sulphuric compounds (Vanderhaegen et al., 2006). However, researchers provided 

evidence that the carbonyl compounds – aldehydes - are considered major contributors 

to beer staling, due to their very low flavour thresholds (Meilgaard, 1975a, Meilgaard, 

1975b, Saison et al., 2009b) and the ability for being involved in synergistic interplay. 

Therefore, these carbonyl compounds, their origin and evolution have been a major 

focus for researchers over the past decade. The progression of beer staling and thus the 

appearance of off-flavours past their sub-threshold level are often linked to oxygen and 

transition metal ions present in bottled beers. Especially, Strecker aldehydes (Section 

1.4.1.3) were shown to increase at higher oxygen levels (Narziss et al., 1999). 

Previous studies (De Clippeleer et al., 2010b, Ditrych et al., 2019, Gastl et al., 2006, Guido 

et al., 2007) suggested that malt is the major source for staling precursors, such as amino 

acids, lipids, and flavour-active aldehydes in free or bound form. Thus, malt has a great 

impact on the beer flavour as well as beer flavour (in)stability. Jaskula et al. (Jaskula-

Goiris et al., 2015) showed that the rate of beer ageing is positively correlated with FAN, 

Kohlbach Index and heat load (TBI) and free aldehyde content of the malt. Additionally, 

the generation of free radicals in malt was shown to increase with increasing heat load 

and thus Maillard reaction products present in malt (Cortés et al., 2010, Kunz et al., 

2012a). 

Naturally, flavour (in)stability and the origin of staling compounds is very complex. The 

following section seeks to address the most common pathways yielding the most 

commonly investigated ‘marker’ aldehydes.  
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1.4.1  Aldehydes and beer ageing 

Already in the 60s, researchers (Hashimoto, 1966, Hashimoto and Kuroiwa, 1975) 

identified that an increase in stale flavour in beer is related to an increase of small 

volatile carbonyls - aldehydes. Fresh beer contains very low levels of these ‘staling’ 

aldehydes whereas the concentration rapidly increases during ageing (Baert et al., 2012, 

Jaskula-Goiris et al., 2011, Malfliet et al., 2008). Aldehydes are considered major 

contributors to beer staling, due to their very low flavour thresholds at ppb levels 

(Meilgaard, 1975a, Meilgaard, 1975b, Saison et al., 2009b). Moreover, due to synergistic 

effects, for example, if two or three appear at subthreshold levels, they can have a 

perceivable effect. In general, aldehyde levels in finished beer can increase through i) de 

novo formation and ii) release from bound-state. Amongst the potential pathways for 

de novo formation, the oxidation of unsaturated fatty acids, Maillard reactions and 

Strecker degradation, as well as direct oxidation of amino acids are considered the most 

common pathways (Baert et al., 2012, Kobayashi et al., 1994, Rakete et al., 2014, 

Vanderhaegen et al., 2006, Wietstock et al., 2016). The Strecker degradation is often 

further categorised as Maillard reaction, which include e.g. reactions of α-unsaturated 

carbonyls, α-dicarbonyls or Amadori compounds with amino acids (Baert et al., 2012). 

Additionally, the staling aldehydes can occur in bound form, by binding to compounds 

such as bisulphite (Dufour et al., 1999, Kaneda et al., 1994), cysteine (Baert et al., 2018, 

Baert et al., 2015a, Baert et al., 2015b, Bustillo Trueba et al., 2019) or other amino acids 

(forming imines) (Lermusieau et al., 1999, Liégeois et al., 2002). As per current theory, 

during ageing they can be gradually released, depending on factors like temperature, pH 

binding strength and thermodynamic stability (Baert et al., 2012, Bustillo Trueba et al., 

2018, Lehnhardt et al., 2019, Liégeois et al., 2002). Several aldehydes were selected as 

beer flavour instability markers, i.e. 2-methylpropanal, 2-methylbutanal, 3-

methylbutanal, methional, benzaldehyde, phenylacetaldehyde, furfural, hexanal and 

trans-2-nonenal (Baert et al., 2012, Jaskula-Goiris et al., 2011, Malfliet et al., 2008, 

Saison et al., 2010b, Vesely et al., 2003). Table 1.1 displays the chemical structure, 

flavour threshold and boiling points of the identified marker aldehydes.  
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Table 1.1: Boiling points (O'Neil et al., 2006), flavour thresholds and flavour descriptors 

(Saison et al., 2009b). As previously summarised by Baert et al. (Baert et al., 2012).  

aldehyde BP FT (µg/L) description a molecular structure 

Fatty acid oxidation 

hexanal 131 88 a, 350 b bitter, winey 
 

trans-2-nonenal 
10116, 

8912 
0.03 a, 0.11b 

cardboard, 

cucumber  

Maillard reaction 

furfural 161.8 
15157* a, 

150000 b 
caramel, bready 

 

Strecker degradation 

2-methylpropanal 64 86* a, 1000b 
grainy, varnish, 

fruity 

 

2-methylbutanal 90-92 45 a, 1250 b 
almond, apple-

like, malty 
 

3-methylbutanal 92.5 56* a, 600 b 

malty, 

chocolate, 

cherry,   

methional 6211 4.2 a, 250 b cooked potatoes 
 

phenylacetaldehyde 195 105 a, 1600 b 
hyacinth, 

flowery, roses 
 

The temperatures presented for boiling points are the values at which the liquid phase is in 
equilibrium with the vapour at a pressure of 760 mmHg (if available) (Lidel, 1999). Boiling points 
(BP) reported at different pressure are indicated in superscript (mmHg); asterisk *indicates 
odour thresholds. FT  = flavor threshold, a(Saison et al., 2009b), b (Meilgaard, 1975a) 
 

1.4.1.1 Enzymatic oxidation 

The theory of lipid oxidation has been thoroughly discussed in previous research papers 

(Baxter, 1982, Guido et al., 2005, Kobayashi et al., 2000b, Kuroda et al., 2002, Liégeois 

et al., 2002, Wackerbauer and Meyna, 2002a, Wackerbauer and Meyna, 2002b, 
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Wackerbauer et al., 2003, Yang and Schwarz, 1995, Yang et al., 1993) and reviews (Baert 

et al., 2012, Bamforth and Lentini, 2009, Vanderhaegen et al., 2006) and is an ongoing 

topic of research regarding the flavour stability of beer. In principle, a distinction is made 

in the peroxidation of fats between light-assisted photo-oxidation, enzymatic oxidation 

and finally radical autoxidation, although the products of all three reactions are partially 

similar or even of the same nature. Enzymatic lipid oxidation pathways are initiated by 

lipoxygenases (LOX). Lipoxygenase is an enzyme found in malt, especially in green malt, 

but residual activity can still be found in pale kilned malt (Hirota et al., 2005, Skadhauge 

et al., 2005). The oxidative activity of LOX is not limited to the free fatty acids, thus if 

LOX is present it can also oxidise the esterified fatty acids of the triacylglycerols and form 

hydroperoxides (Figure 1.5), ultimately resulting in hydroperoxy fatty acids (Kobayashi 

et al., 1994, Wackerbauer et al., 2003).  

 

 

Figure 1.5: The formation of hydroperoxyl fatty acids through enzymatic lipidoxidation 

(lipase, lipoxygenase (LOX), and autooxidation (Baert et al., 2012, Kobayashi et al., 

1994). 

 

The hydroperoxy fatty acids can undergo further degradations to mono-/di-trihydroxy 

fatty acids through several pathways (Baert et al., 2012). The hydroxy fatty acids remain 

present in the beer (Kobayashi et al., 2000a) or can, in the presence of oxygen, be further 

degraded non-enzymatically to secondary metabolites known as ageing carbonyls; e.g. 

hexanal, trans-2-nonenal, which contribute to the staling of beer (Kobayashi et al., 1994, 

Liégeois et al., 2002). Figure 1.6 displays an overview of pathways of the enzymatic 

breakdown of linoleic acid initiated by lipoxygenase. The oxidation of unsaturated fatty 

acids is a major concern when brewing with green malt, thus this section will be further 

discussed in Section 1.8.4. 



Chapter 1 

19 
 

 

 

Figure 1.6: Overview of relevant pathways of the enzymatic breakdown of linoleic acids 

according to Baert et al. (Baert et al., 2012); THFA, trihydroxy fatty acids 

 

1.4.1.2 Maillard reactions 

The Maillard reaction, or nonenzymatic browning, is the chemical reaction between an 

amino acid, amine, peptide or protein and a reducing sugar (Figure 1.7). Reactions 

proceed rapidly at high temperatures, but can start at 50°C at a pH of 4-7 and their 

outcoming products usually increase the colour during wort production (Coghe et al., 

2006).  
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Figure 1.7: Overview of the Maillard reactions yielding 5-hydroxymethylfurfural (5-

HMF) and furfural according to Baert et al. (Baert et al., 2012); 3,4-DDP, 3,4-

dideoxypentosulose-3-ene; 3,4-DDH, 3,4-dideoxyhexosulose-3-ene; 5-HMF = 5-

hydroxymethylfurfural 

 

Many kinds of amino acids can react with various different sugars, thus numerous 

Maillard products can result from this reaction and were already identified in beer. 
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However, quantitatively furfural and 5-hydroxymethylfurfural (5-HMF) are the most 

relevant Maillard products in beer (Li, 2009, Madigan et al., 1998, Malfliet et al., 2008, 

Shimizu et al., 2001). Thus, the main focus in this review is on the Maillard reaction 

yielding these two aldehydes, which is displayed in Figure 1.7. Both, 5-HMF and furfural, 

are considered indicators of heat load experienced during malt, wort or beer production 

and can be determined through a standard analytical assay- the thiobarbituric acid assay 

(results expressed as TB-Index) (Herrmann et al., 2010, Li, 2009, Madigan et al., 1998, 

Malfliet et al., 2008). Chemically, furfural and 5-HMF are formed through nucleophilic 

addition of an amino group to the reducing end of a pentose or hexose (respectively) in 

open form, forming a Schiff base (imine). At standard wort or beer pH, the sugars are 

mostly in closed-chain form and amino acids are not reactive (loss of nucleophilic 

character, due to pKa levels of ≥9). Therefore, the formation of the Schiff base and thus 

initiation of the Maillard reactions are accelerated at an alkaline environment (Baert et 

al., 2012, De Schutter, 2008, Ge and Lee, 1997). The formed imine is not stable and thus 

an Amadori compound is formed through the so called Amadori rearrangement. The 

subsequent degradation of the Amadori product is pH dependent. Under acidic 

conditions (pH<5), a 3-deoxyosone (α-dicarbonyl) is formed through the release of an 

amine. The 3- deoxyosone can subsequently yield furfural or 5-HMF through cyclisation 

(Shimizu et al., 2001). During ageing Maillard products increase at a linear rate (Madigan 

et al., 1998). Due to their high flavour threshold (Saison et al., 2009b) they are discussed 

to not play an important role in the flavour profile of a beer. However, in recent findings 

(De Clippeleer et al., 2011), spiking of furfural resulted in a sharper, harsher bitterness 

and increased astringency even when present in a sub-threshold flavour concentration 

of 400 µg/L. 

1.4.1.3 Strecker degradation 

The Strecker degradation is a transamination between an amino acid and an α-

dicarbonyl, which is displayed in Figure 1.8. The Strecker degradation is sometimes 

categorised as Maillard reaction because various α-dicarbonyls are produced through 

Maillard reactions (Baert et al., 2012, Rizzi, 2008, Vanderhaegen et al., 2006, Yaylayan, 

2003), which was shown before (Figure 1.7). 
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Figure 1.8: Formation of a Strecker aldehyde according to Baert et al. (Baert et al., 

2012) 

 

The Strecker degradation is initiated by the formation of an unstable hemiaminal via 

nucleophilic addition of an unprotonated amino group to an α-dicarbonyl. Subsequently, 

a zwitterion is formed through reversibly splitting water and irreversible 

decarboxylation. Via the addition of water an unstable amino alcohol is formed, which 

decomposes to an α-ketoamine and a Strecker aldehyde (Baert et al., 2012, Rizzi, 2008, 

Vanderhaegen et al., 2006, Yaylayan, 2003). Many amino acids are related to Strecker 

degradation, however, the most relevant due to the concentration of the amino acid in 

beer and the low flavour threshold of the resulting aldehyde are valine, isoleucine, 

leucine, methionine and phenylalanine. These amino acids can result in the Strecker 

aldehydes 2-methylpropanal, 2-methylbutanal, 3-methylbutanal, methional and 

phenylacetaldehyde, respectively (Baert et al., 2012). The formed Strecker aldehydes 

contain one carbon atom less than the ‘original’ amino acid. Additionally, benzaldehyde 

is counted to this list, even though it is formed indirectly from phenylacetaldehyde (Chu 

and Yaylayan, 2008).  

Furthermore, if an amino acid reacts with an α-unsaturated carbonyl compound, e.g. 

trans-2-nonenal, furfural or benzaldehyde (Rizzi, 2008), this reaction is considered a 

‘Strecker-like’ reaction. The reactions start very similarly to the Strecker degradation by 

splitting water and decarboxylation. To the resulting imine zwitterion water is added 

and subsequently, the unstable amino alcohol is degraded to a Strecker aldehyde, but 
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also to a saturated aldehyde (for example nonanal from trans-2-nonenal) after the 

release of ammonia.  

1.5 Analytical measurements to determine beer quality and flavour stability 

The most common way for brewers to record how quickly or slowly beer changes in 

flavour is through so called forced ageing tests. These tests enable researchers to predict 

the flavour and colloidal (in)stability of the beers, without having to wait for several 

months to obtain the results. Forced ageing of beers is not performed after a 

standardised protocol, even small alterations in the ‘ageing’ conditions (temperature, 

time) can have a significant impact on the overall ‘ageing’ profile. The temperatures 

applied usually start at 28 up to 60ᵒC, applied for several hours, days or even months 

(Lehnhardt et al., 2019). Based on the Arrhenius law, as a rule of thumb, an increase of 

10°C at least doubles the reaction rate for many chemical and physical reactions. 

However, due to their different activation energies, chemical reaction rates do not 

increase equally in response to increasing temperature and this can result in very 

different aroma profiles during storage (Lermusieau et al., 1999). Even though it is very 

discriminative, as different ageing conditions can lead to a very different sensory profile, 

nevertheless forced ageing is a state-of-the-art technique to predict the flavour stability 

of a beer (Lehnhardt et al., 2019). The resulting ‘stale’ beer might then be compared to 

the fresh corresponding beer, or different beer styles treated equally.  

In the literature, many analytically detectable indicators or ‘ageing markers’ are 

discussed. However, it should not be neglected that beer ageing is a very complex 

process, and numerous pathways can lead to the formation of unwanted ‘staling’ 

compounds or decrease of desirable ‘fresh’ beer compounds. Thus, it is not 

recommendable to base flavour (in)stability conclusions only on individual predictors of 

staling (Bamforth, 1999a). A combination of different methods might provide a more 

accurate picture of the beer quality. Apart from the more advanced analytical methods, 

such as gas chromatographic flavour profile determination, standard analytical 

parameters, such as colour, haze formation, or foam stability are relevant to evaluate 

beer quality.  
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1.5.1 Determination of aldehydes 

As already highlighted previously, the carbonyl compounds - aldehydes - are considered 

major contributors to beer staling, due to their very low flavour thresholds (Meilgaard, 

1975a, Meilgaard, 1975b, Saison et al., 2009b) and the ability to be perceived even at 

subthreshold level due to synergistic interplay of two or three aldehydes. Several 

aldehydes were selected as analytical indicators for beer flavour instability (Baert et al., 

2012, Jaskula-Goiris et al., 2011, Malfliet et al., 2008, Saison et al., 2010b, Vesely et al., 

2003), i.e. 2-methylpropanal, 2-methylbutanal, 3-methylbutanal, methional, 

phenylacetaldehyde, furfural, hexanal and trans-2-nonenal. The state of the art method 

to determine and quantify free aldehydes in malt (Filipowska et al., 2020), wort and beer 

(Baert, 2015, Ditrych et al., 2019, Vesely et al., 2003) is by performing headspace-solid 

phase microextraction (HS-SPME) with on-fibre PFBHA (o-(2,3,4,5,6-

pentafluorobenzyl)hydroxylamine) derivatisation. Solid phase microextraction is a 

common technique used for the extraction and analysis of volatile analytes. Hereby, a 

fiber coated with an extracting phase is exposed to the headspace of the sample. 

Subsequently, the fibre is transferred to the injector of a separating instrument, e.g. gas 

chromatography (GC), and subsequently the separated volatile compounds are captured 

and identified via mass spectrometry (MS). For a more precise measurement, a 

derivatisation agent, PFBHA, aids to derivatise the carbonyl group of the aldehydes and 

thus improve the selectivity. The amino group of PFBHA reacts with the carbonyl group 

of the respective aldehyde, forming very stable pentafluorobenzyloximes (PFBO’s). This 

reaction is performed at ambient temperature in aqueous solutions and can proceed 

over a wide pH range (Baert, 2015).  

 

Previous research has paid huge attention to the impact of LOX activity present in malt 

on beer flavour stability (Section 1.8.4). Thus, the concept of the ‘nonenal potential’ 

(Drost et al., 1990) was developed. This method enables to determine the amount of 

trans-2-nonenal formed and reversibly bound (adduct form) during the brewing process 

(Liégeois et al., 2002). During beer ageing, the trans-2-nonenal may dissociate and the 

free form would cause the cardboard flavour in the beer. The ‘nonenal potential’ 

method is performed by force ageing (100ᵒC, 2 h) a wort sample under beer conditions 

(oxygen limited conditions, pH 4.0). The nonenal released is then extracted by liquid-
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liquid extraction and quantified using gas chromatography- mass spectrometry (GC-

MS). 

1.5.2 Determination of the oxidative stability – ESR analysis 

Oxygen in beer can cause a fast deterioration of beer flavour, thus oxygen pick-up is 

avoided wherever possible throughout the brewing and packaging processes. However, 

there is still a finite amount of dissolved oxygen (~ 0.05 mg/L) content in beer, as well as 

in the headspace when packaged (total packaged oxygen < 0.5 mg/L) (O'Rourke, 2002) - 

even with industry best practice. Additionally, packaged beer is not a perfectly closed 

system, thus some oxygen ingress for example through the crown cork during storage 

might occur. At this stage, the beer composition can determine the stability against 

oxidation. Certain antioxidants (e.g. sulphites) can hinder the formation of radicals, 

while pro-oxidants, such as transition metal ions, drive the formation of reactive oxygen 

species (Andersen et al., 2000, Andersen and Skibsted, 1998, Lund et al., 2015). Electron 

Spin Resonance (ESR) spectroscopy analysis provides information about the oxidative 

stability of the final product, by detecting and quantifying unpaired electrons in atoms 

and radicals (intermediates in oxidative reactions) in beer or wort. However, the formed 

radicals, in wort and beer are not stable and thus difficult to detect directly. Therefore, 

so-called “spin traps”, chemical compounds that can bind to radicals in solution, can 

stabilise the radical and make it easily detectable (Figure 1.9).  

 

 

Figure 1.9: Reaction of PBN with a beer radical. 

 

The most prevalent radical in beer is the 1-hydroxyethyl radical (Andersen and Skibsted, 

2017, Huvaere and Andersen, 2008). PBN (N-tert-Butyl-α-phenylnitrone) (Andersen et 

al., 2000) or POBN (α-(4-pyridyl-1-oxide)-N-tert-butylnitrone) (Jenkins et al., 2018, Kunz 

et al., 2012a, Kunz et al., 2012b) are the most commonly used spin traps. POBN was 
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discussed to be a superior spin trap, partly because it does not alter the pH during the 

assay, unlike PBN (Kunz et al., 2012b). ESR spectrometers measure the absorption of 

electromagnetic radiation. Samples are placed between two electromagnets and 

subsequently irradiated with microwaves at constant frequency. The unpaired spins in 

the sample can then switch at characteristic magnetic fields to their high-energy state 

while absorbing microwaves in this process. An absorption spectrum will appear, similar 

to the one displayed in Figure 1.10.  

 

Figure 1.10: ESR spectrum of a PBN spin adduct. The amplitude of the third peak is 

recorded. 

 
Subsequently, this absorption (amplitude) is measured and correlated to the number of 

free radicals in the system. The PBN spin adduct spectrum is evaluated either by 

determining the signal intensity at the first double peak (Figure 1.10), or alternatively by 

determining the average of the signal intensity of two different peaks. Usually, ESR 

analysis is performed by force ageing (60°C) a wort or (degassed) beer sample containing 

PBN or POBN as a spin trap (dissolved in ethanol) in a closed bottle under atmospheric 

oxygen to exhaust the natural antioxidants present (Uchida et al., 1996). Normally, the 

data are plotted over time from the beginning of the trial, throughout lag time, until 

radical formation reached a stationary phase (Uchida et al., 1996). The comparison of 

the endogenous antioxidative potential is usually enabled by comparison of the lag time 

(the time until notable amounts of radicals are generated) (Figure 1.11).  
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Figure 1.11: Change of signal intensity (concentration of PBN-spin adducts) during 

oxidative forced ageing at 60ᵒC and determination of lag-time through the intersection 

of two regression lines. 

 
Long lag times are associated with improved flavour stability and are related to levels of 

antioxidants present in beer (Andersen et al., 2000, Hashimoto, 1966). Additionally, 

particularly if no lag time is observed (e.g. wort samples), the number of radicals 

generated at a definite time (e.g. 120, 150 or 300 min) can be compared (Tx value). 

1.6 Sustainable malting and brewing initiatives 

Annually, European maltsters produce around 9.7 million tonnes of malt - and this trend 

is increasing (Euromalt, 2017). Malting barley production accounts for about 241 kg 

CO2eq/t; malting itself adds 217 kg CO2eq/t – doubling the total malt carbon footprint 

(Muntons, 2019). In the UK alone, emissions of more than 300,000 tonnes CO2 per year 

are produced through the manufacturing of more than 1.6 million t of malt 

(CarbonTrust, 2011, Euromalt, 2017) – this corresponds to annual CO2 emissions of 

about 14,851 British households (Buchs and Sylke, 2013). Thus, the malting industry is 

constantly exploring ways to improve its energy efficiency. To date, around 6-15% of the 

cost per ton of malt can be attributed to energy usage (CarbonTrust, 2011). Moreover, 

a number of governments impose national-level energy or carbon taxes, calculated 

based on the carbon content. Hence, diminishing energy usage is not just an 

environmental driver but also a financial driver. While some research has been carried 
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out on energy efficient malting (CarbonTrust, 2011, Davies, 2010, Ferrari-John et al., 

2017, Huang et al., 2004, Jones et al., 2002, Müller et al., 2013), to our knowledge only 

a few studies (Cook and Hudson, 1964, Duff, 1963, Leclercq, 2020, MacWilliam, 1972, 

MacWilliam et al., 1963, Moir, 1992) focused on wort and beer production using green 

(germinated, undried) malt.  

The most dominant contributors to the carbon footprint of the malting process are gas 

(or other process fuels) and electricity (CarbonTrust, 2011, Davies, 2010, Doug, 2010). A 

UK Carbon Trust report (CarbonTrust, 2011) demonstrated that fuel use accounted for 

about 68% and electricity about 32% of the malting sector’s CO2 emissions. Electricity 

usage is spread over all process steps, whereas gas and coal are primarily used in kilning 

(Doug, 2010). During the drying process, removal of free moisture from green malt is 

relatively easy until the grain reaches a moisture content of approximately 12%. To 

remove the remaining water in bound form a lot of energy is required. A review of the 

UK malting sector (CarbonTrust, 2011) reported average specific energy usage to be ca. 

1,200 kWh/t malt and up to 80% of this energy was used in drying of malt (kilning). 

Hence, kilning is the most dominant user of heat and electricity, making it the main 

contributor to the carbon footprint associated with malting. Numerous previous studies 

have focused on ways in which to reduce the energy needed for kilning (Brudzynski and 

Roginski, 1969, CarbonTrust, 2011, Davies, 2010, Doug, 2010, Ferrari-John et al., 2017, 

Mauthner et al., 2014). The Carbon Trust’s report evaluated different technologies, 

including kiln energy recovery, heat pumps or biomass burners as replacements for the 

heat energy used for kilning with regard to carbon emission reduction and payback 

periods for the industry. Although various technologies significantly reduce emission 

rates, not all of them are cost effective. Another option is the application of alternative 

heating methods, such as: electromagnetic heating (Ferrari-John et al., 2017), 

microwave drying (Jones et al., 2002), drying with supercritical CO2 (Djekic et al., 2018), 

or freeze-drying (Brudzynski and Roginski, 1969, Ratti, 2001). In spite of this research 

and technology innovations that have been implemented to reduce specific energy 

usage across malting, there is still a demand to explore cost-effective methodologies to 

reduce the environmental footprint associated with malting and brewing.  
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1.6.1 Brewing with green malt – a feasible alternative? 

Omitting the kilning process, thus producing beer with green malt, is one potential route 

to reduce the energy inputs required for malting. Additionally, de-carbonising and the 

reduction of primary energy usage through e.g. biomass CHP or hydrogen power could 

sit alongside the adoption of green malt in future strategy to meet environmental 

targets. Green malt differs from kilned malt in a number of respects. Green malt is not 

coloured green, it is a term used to refer to undried germinating malt. Apart from being 

a dominant consumer of heat and electricity, the kilning process has many beneficial 

impacts on malt quality, which must be considered if it is to be omitted. These include 

reduction of lipoxygenase activity (De Buck et al., 1995, De Buck et al., 1997, Doderer et 

al., 1992, Huang et al., 2016, Hugues et al., 1994, Kuroda et al., 2003, Yang and Schwarz, 

1995, Yang et al., 1993, Ye et al., 2014), regulation of S-methyl methionine (SMM) levels 

(Anness and Bamforth, 1982, White and Wainwright, 1976a, White and Wainwright, 

1976b, White and Wainwright, 1977, Yang et al., 1998), facilitating rootlet removal, 

diminishing unwanted “raw grain” characteristics (Moir, 1992) and, most importantly, 

developing the characteristic colour and flavours which malt imparts to beer. 

Furthermore, green malt, having a moisture content between 38-46%, is unstable and 

cannot be stored for prolonged periods. On the other hand, green malt is rich in β-

glucanase (Bamforth and Martin, 1983, Barber et al., 1994, Hämäläinen and Reinikainen, 

2007) and diastatic enzyme activity (Hämäläinen and Reinikainen, 2007, Schroeder and 

MacGregor, 1998, Sopanen and Laurière, 1989), hence it can very efficiently convert the 

starch of unmalted grains into fermentable sugars (Duff, 1963, MacWilliam et al., 1963). 

Additionally, by removing the kilning process, the thermal heat load on malt is 

substantially reduced. As a consequence, green malt, is free of DMSO (Anness et al., 

1979, Yang et al., 1998), and contains lower concentrations of thermally generated 

compounds such as Maillard compounds or Strecker aldehydes, which are key agents in 

beer flavour change through shelf-life (Baert et al., 2012, De Clippeleer et al., 2010a, 

Drost et al., 1990, Gastl et al., 2006, Jaskula-Goiris et al., 2015, Malfliet et al., 2008, 

Vanderhaegen et al., 2006). On this basis, potential benefits regarding beer staling can 

be expected in beers brewed from green malt.  

Well germinated green malt usually has a moisture content of 41-48%, depending on 

the malting procedure. The high moisture content of green malt is a perfect 
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environment for microorganisms, making the grain unstable. The microbial growth on 

malt accelerates when stored at warm temperatures, for example the doubling time of 

the filamentous fungus Geotrichum candidum was shown to be as fast as 1.7 h at 25°C 

and just 1.1 h at 30°C (Trinci, 1972). Furthermore, moisture contents > 8% make the 

abrasion of rootlets difficult (Briggs et al., 1981b). Malt rootlets are considered to impair 

the flavour of beer, therefore maltsters try to avoid excessive rootlet growth during 

germination and remove the rootlets, by abrading them after kilning. Thus, they form a 

malting loss of around 4%, usually sold as animal feed or organic fertilizer (Briggs, 1998a, 

Kunze, 2014). Rootlets are low in phytic acid and polyphenols, but contain a high amount 

of fatty acids, tocopherols (Vit. E), B-vitamins and proteins (10-35%) (Briggs, 1998a, 

Salama et al., 1997), calcium (19.9 g/kg), as well as DMS precursor (White and 

Wainwright, 1976a) and lipoxygenase (Yang et al., 1993). Rootlets of kilned malt are 

highly hygroscopic, due to their fibre content of up to 15% (Briggs, 1998a, Salama et al., 

1997). Apart from the high water absorption they also highly absorb oil and have 

emulsification capacities (Kunze, 2014). However, malt rootlets (as analysed in kilned 

malts) show a high antioxidant potential (Bonnely et al., 2000, Meng et al., 2009, Peyrat-

Maillard et al., 2001). The natural antioxidant phenolic compounds could potentially 

reduce the formation of free radicals, thus favouring wort and beer flavour stability. In 

the absence of a facile technique for rootlet removal from green malt, they are most 

easily included in the brewing grist. Whilst this will lower malting losses, the foregoing 

quality issues associated with rootlet usage need to be addressed, or better evaluated, 

across a range of beer styles. 

1.7 Processing green malt 

1.7.1 Microbiological stability 

The brewing process presents numerous hurdles to the survival of microorganisms, of 

which mashing, wort boiling and the addition of hops, are considered the most effective. 

In addition, the composition of beer, mainly the presence of alcohol and CO2, a low level 

of O2 and the acidic pH, provides a very hostile environment for the growth of spoilage 

and pathogenic microorganisms (Vaughan et al., 2005, Vriesekoop et al., 2012). Wort, 

however, is a nutrient rich medium and represents an excellent environment for the 

growth and proliferation of microorganisms. The microbiology of malting and brewing 
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is a complex topic, and little is known about the microbial stability of wort and beer 

made of green malt. Most of the microflora on barley in the field consists of bacteria 

(predominantly), wild yeast and filamentous fungi originating from the air and soil 

(Briggs, 1978, Flannigan, 1996). Microbial colonisation of the grain is generally restricted 

to the outer layers, namely husk and between the husk and pericarp, although 

penetration into the endosperm does occur (Schwarz et al., 2002b). Green malts are 

covered in a complex microflora, with viable counts of various organisms that are 85-

700 fold higher than measured on the original barley (Douglas and Flannigan, 1988, 

O'Sullivan et al., 1999, Petters et al., 1988, Sheneman and Hollenbeck, 1960), their 

growth stimulated by dissolved nutrients, moisture, warmth, and aeration (Briggs and 

McGuinness, 1993, O'Sullivan et al., 1999, Petters et al., 1988). Before drying, an average 

of tens of thousands of fungi, hundreds of thousands of yeasts and millions of bacteria 

can be measured in just one gram of malting barley (Briggs, 1998a, Petters et al., 1988). 

Douglas and Flannigan (Douglas and Flannigan, 1988) detected especially the yeast-like 

mould, Geotrichum candidum, in green malt. Usually, after kilning, the majority of 

microorganisms are destroyed (Douglas and Flannigan, 1988, Flannigan et al., 1982, 

O'Sullivan et al., 1999, Petters et al., 1988). Mostly lactobacilli (O'Sullivan et al., 1999) 

and aerobic heterotrophic bacteria (Petters et al., 1988) are still being detected 

afterwards and counts further decrease steadily during mashing, with only 

thermotolerant microbes, such as homofermentative lactic acid bacteria (Briggs and 

McGuinness, 1993), persisting. Table 1.2 compares representative numbers of microbes 

on barley, green malt and kilned malt according to Petters et al. (Petters et al., 1988). 

 

Table 1.2 

Representative numbers of microbes in/on barley, green malt and kilned malt (Petters 

et al., 1988). 

 
barley (dry) 

green malt 

(5 days) 
kilned malt 

Aerobic heterotrophic bacteria/ 
kernel or ml 

1.8 x 106 5.7 x 107 5.6 x 106 

Lactobacilli/ kernel or ml 2.0 x 102 8.7 x 106 1.6 x 105 
Filamentous fungi/kernel or ml 2.0 x 102 1.5 x 102 2.0 x 102 
Yeasts/ kernel or mL 4.7 x 103 3.9 x 106 3.2 x 104 
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Whilst the hurdles presented by the brewing process would be expected to overcome 

this higher initial presence of microbes and still present a sterile wort for colonisation 

with yeast, it is unclear whether the increased microbial loading of green malt would 

have any negative impacts on wort or beer quality. However, we do know that green 

malt as-is, is not microbiologically stable, hence it needs to be either processed directly, 

by mashing-in immediately or by reducing its moisture content to a microbiologically 

safe level (kilning, freeze-drying, electromagnetic heating) or alternative technologies 

(Ferrari-John et al., 2017, Jones et al., 2002, Peterreins and Van Waesberghe, 2003). In 

general, it is recommended to avoid making malts from barley that is heavily infected 

with fungi – this applies especially to green malt brewing. It is recommended to store 

green malt cold and dry to reduce microbial activity and stabilise enzymatic activity until 

the grain is further processed – the sooner the better. Longer storage periods of green 

malt and the associated microbes present could greatly affect malt quality and thus 

impact beer quality (Bokulich and Bamforth, 2013, Justé et al., 2011, Scott, 1996). Of 

particular concern are mycotoxins present on poor malts, which might survive into the 

final beer (Scott, 1996). Alternatively, it was suggested (Leclercq, 2020) to mix 

proportions of 10-20% green malt with kilned malt or unmalted cereals, as the moisture 

content of the mixture would allow longer storage periods than green malt alone. 

Furthermore, Peterreins and Van Waesberghe (Peterreins and Van Waesberghe, 2003) 

proposed two methods that could be used to stabilise green malt; either by exposing 

the green malt to a brief heat shock by applying water vapour or stabilising it with lactic 

acid bacteria at 45°C. Lactic acid bacteria and associated antimicrobial metabolites could 

potentially inhibit the growth of bacteria or fungi (Benthin and Villadsen, 1995, Caplice 

and Fitzgerald, 1999). These preserving effects may be due not only to the end products 

of their fermentative activity, such as lactic acid, but also to the formation of small, heat 

stable inhibitory peptides referred to as bacteriocins (Ross et al., 2002).  

1.7.2 Milling  

One of the first challenges when handling green malt is its sensitivity to the milling 

procedure, due to the high moisture content of green malt, hence it cannot be milled as 

for kilned malt. Previous studies (Cook and Hudson, 1964, Duff, 1963, MacWilliam, 1972, 

MacWilliam et al., 1963) already proved that extracts of green malt with equal quality 
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to kilned malt can be achieved, provided a suitable mill is used. However, there is no 

general consensus on what is the most suitable milling technique. S.R. Duff (Duff, 1963) 

stated that higher extract yields are achievable by finely grinding the green malt. 

Furthermore, better yields were obtained by using a hammer mill rather than a roller 

mill. Unfortunately, no further information was given on the exact model or design of 

the hammer mill used in the study. In a standard hammer mill steel beaters rotate at 

speeds between 60-100 m/s, to form small particles which fall through holes in a sieve 

(Kunze, 2014). Therefore, this approach seems not well suited for green malt at a 

moisture content above 40%, as it would likely block the sieves. In general crushing 

rollers could be the most suitable option for handling green malt. Pre-soaking of barley 

or green malt before milling increased yield of extracts and facilitated the milling (Cook 

and Hudson, 1964, MacWilliam et al., 1963), indicating that a wet milling system is a 

suitable technique for processing green malt. About 20 years ago, Meura (Belgium) 

developed in collaboration with Castle Malting (Belgium) the ‘hydromill’; a disc mill 

which finely mills malt underwater, designed to process malts with a high moisture 

content (Leclercq, 2020, Meura). Green malt used as 100% grist material still poses a 

technical challenge for present day brewhouse designs. Alternatively, standard kitchen 

meat grinders pose a more affordable option for homebrewers who would like to 

experiment with this ‘novel’ grist material. Lars Marius Garshol (Garshol, 2020) recently 

published a book on ancient brewing traditions and techniques; amongst them, brewing 

with homemade green (undried) rye malt, milled with an ordinary kitchen meat grinder 

and used as 100% grist material for mashing.  

1.7.3 Mashing 

As already highlighted previously, the malting and brewing process can be considered 

as a sequential adding and removing of water. If omitting the kilning process, thus 

brewing with green malt, the brewer could take advantage of the increased moisture 

content in the grain, hence less brewing water will be needed for mashing. However, 

brewing water adjustments are necessary to compensate for the increased water 

content in green malt. This would imply a temperature increase of the brewing liquor 

used for mashing, as well as lactic acid (pH regulation) and brewing salt addition (water 

hardness).  
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1.7.4 Filterability 

Castle malting’s research team has shown (Leclercq, 2020) that by replacing 20% of 

pilsner malt with green malt to a cereal recipe containing 30% unmalted barley, can 

significantly improve filterability. The resultant mash was filtered twice as efficiently. 

Therefore, green malt has the potential to compensate for the relatively high β-glucan 

levels of unmalted cereals such as barley (Briggs, 1998a), or poor malts (>250 mg/L β-

glucan in the mash (Leclercq, 2020)), and thus, improve filterability.  

1.8 Green malt’s (bio)chemistry – the good and the bad 

1.8.1 Diastatic enzyme activity 

During malting, starch degrading enzymes, are formed which play a key role in brewing 

during the mashing process, where the starch is gelatinised to enable access of the 

starch hydrolysing enzymes. The enzymatic breakdown of starch into simpler sugars 

provides the major energy source for the fermentation process. α-amylase is more 

thermostable than the other diastatic enzymes (Hämäläinen and Reinikainen, 2007, 

Henson et al., 2014, Preece, 1948). According to previous research (Hämäläinen and 

Reinikainen, 2007, Sissons et al., 1995), kilning (80ᵒC curing temperature) caused a 

significant loss of diastatic power (15%), limit dextrinase activity (25%), while α-amylase 

decreased only about 4% upon kilning. The thermosensitive β-amylase, on the other 

hand, suffered losses up to even 46% of initial activity during malt kilning (Evans et al., 

1997). Modern day breeding programs have ensured that elite barley cultivars are rarely 

deficient in diastatic enzyme potential when malted and used as the main grist 

component in brewing. However, the extra diastatic potential of green malt could favour 

the degradation of starch of unmalted adjuncts into fermentable sugars, novel malted 

cereals lacking diastatic enzyme activity (e.g. malted lentils (Trummer et al., 2019)) or 

potentially be suitable for shortening the total mashing time, and thus further 

decreasing the total heat load.  

1.8.2 β-glucanase activity 

In addition to the diastatic enzymes, kilning causes significant losses of total β-glucanase 

activity (Bamforth and Martin, 1983, Barber et al., 1994, Hämäläinen and Reinikainen, 

2007, Sissons et al., 1995). Previous research (Hämäläinen and Reinikainen, 2007, 
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Sissons et al., 1995) highlighted that β-glucanase was reduced by 43-44% when curing 

at 80°C, an inactivation that already started at the onset of kilning at a relatively low 

kilning temperature. Increasing the curing temperatures, as expected, further caused 

enzymatic activity losses (Hämäläinen and Reinikainen, 2007). Most of the necessary 

cytolytic degradation of barley (1,3)(1,4)-β-D-glucans via β-glucanases occurs during 

malting. Thus finished malts should contain low levels of β-glucan for a satisfactory 

brewing performance and to avoid the process problems associated with the elevated 

content of β-glucan (poor lautering performance (Bamforth and Martin, 1981, Jin et al., 

2004) and colloidal stability of the finished beer (Bamforth, 1999b, Speers et al., 2003)). 

However, the increased β-glucanase content of green malt can be advantageous when 

unmalted adjuncts form part of the grist material used for brewing. Despite the enzymes 

heat-sensitivity and the recommendation to mash-in at >62ᵒC to avoid LOX related off-

flavours (Section 1.8.4), when using green malt as part of the grist material, previous 

research (Bamforth and Martin, 1981, Bamforth and Martin, 1983) has demonstrated 

that significant quantities of β-glucanase can survive infusion mashing at 65ᵒC. β-

glucanases were discussed to be protected from heat by high concentrations of protein, 

the association with particles of malt or sugars (Back et al., 1979), or reduced glutathione 

(Bamforth and Martin, 1983). Additionally, thick mashes can offer protection to more 

fragile enzymes (De Rouck et al., 2013b). Thus, when β-glucan is continuously released 

from its binding to protein through the activity of the more heat stable β-glucan 

solubilase (inactivation temp. 73ᵒC, (O'Rourke, 2015)) during mashing, the malt β-

glucanase can break down the β-glucan structure. 

1.8.3 Anthocyanogenase 

Claims have been made that beer produced from green malt and steeped barley has 

special advantages in connection with haze stability (Briggs et al., 1981b, Griffin et al., 

1968, MacWilliam et al., 1963). MacWilliam et al. (MacWilliam et al., 1963) reported 

higher concentrations of anthocyanogens in wort prepared from kilned malt than from 

green malt. Anthocyanogens are polyphenolic compounds which play a role in the 

formation of chill haze in beer (Wettstein et al., 1980). Green malt appears to contain 

the enzyme anthocyanogenase which will hydrolyse or degrade the anthocyanogens 
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into simpler, less haze-inducing compounds (Curtis, 1966). Thus, the use of green malt 

for brewing might have beneficial effects on colloidal stability and beer shelf life. 

1.8.4 Lipoxygenase 

One of the key quality concerns when handling green malt is enzymatic lipid oxidation 

(Section 1.4.1.1). Enzymatic lipid oxidation pathways are initiated by lipoxygenases (LOX, 

which can eventually result in secondary metabolites known as ageing carbonyls (e.g. 

hexanal, trans-2-nonenal), which contribute to the staling of beer. In particular, one 

aldehyde is intensively investigated: trans-2-nonenal (Baert et al., 2012, De Buck et al., 

1997, Guido et al., 2005, Liégeois et al., 2002, Santos et al., 2003, Van Waesberghe et 

al., 2001). Trans-2-nonenal is a major component for cardboard stale flavours in beer 

(De Buck et al., 1997, Liégeois et al., 2002, Meilgaard et al., 1979) and has a very low 

flavour threshold in the low ppb range (0.035 µg/L) (Jamieson and Van Gheluwe, 1970, 

Liégeois et al., 2002). Furthermore, the amount of hexanal, which is correlated with 

green/grassy scent and a bitter, winey flavour (Saison et al., 2010b), decreases with 

increasing malt colour (Coghe et al., 2004). In pilsner malt worts it was found in 

concentrations up to 50% higher than in wort made of dark malt samples (Coghe et al., 

2004). 

1.8.4.1 Barley lipoxygenases 

In barley, around 3-4% of the dry matter is lipid, of which almost 60% is linoleic acid (C 

18:2), making it the major substrate for lipoxygenases (Anness, 1984). However, the 

amount of free fatty acids in malt and barley is quite low. Linoleic and linolenic acid 

constitute around 6% of the total fatty acid content in barley (Anness, 1984), around 

70% are found as triglycerides and 20% as polar lipids (phospholipids and glycolipids) 

(Anness and Reed, 1985).  

The lipoxygenase activity in germinating malt is contributed by two LOX isoenzymes: 

LOX-1 and LOX-2 (Baxter, 1982, Doderer et al., 1992, Kobayashi et al., 1994, Yabuuchi, 

1976, Yang and Schwarz, 1995, Yang et al., 1993). LOX-1 mainly oxidizes linoleic acid to 

9-hydroperoxyoctadeca-10-12-dienoic acid (9-HPOD), whereas LOX-2 mainly forms 13-

hydroperoxyoctadeca-9-11-dienoic acid (13-HPOD) from linoleic acid (Doderer et al., 

1992, Holtman et al., 1997, Van Mechelen et al., 1999, Yabuuchi, 1976, Yang et al., 

1993). LOX-1 is already present in barley and increases in activity during germination, 
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whereas LOX-2 is solely formed during germination (Franke and Frehse, 1953, Yabuuchi, 

1976, Yang and Schwarz, 1995, Yang et al., 1993). During germination, both isoenzymes 

develop in the newly synthesised rootlets (only LOX-2) and acrospire (both isoenzymes) 

tissue (Yang et al., 1993). LOX is relatively unstable to thermal processing and the activity 

remaining after kilning is due to the somewhat more heat-stable LOX-1 which is then 

transferred into the wort (Kuroda et al., 2003, Yang and Schwarz, 1995),.  

Despite numerous efforts, little is known specifically about LOX from barley and malt, 

compared to LOX from other plants. As early as 1953, activities in different cereals 

including barley were measured (Franke and Frehse, 1953). The paper by Franke and 

Frehse showed that the activity from soybean far exceeds all other activities. Barley 

contains only 1.2% LOX activity compared with the activity in soybean. This membrane-

bound enzyme had some similarities to LOX-1, such as its optimum pH, size, and 

preference to produce 13-hydroperoxy linoleic acid (Fornaroli et al., 1999). BLAST (Basic 

Local Alignment Search tool) alignment of amino acid sequences of LOXSoybean and LOXBarley, 

showed a degree of sequence similarity of 52.6% (Fenzl and Schönberger, 2018). 

Although there is (to the best of our knowledge) no paper which explicitly proves the 

presence of bound state LOX in malt, it is reasonable to assume that plant cells contain 

both soluble and membrane bound lipoxygenases (Boudnitskaya and Borisova, 1972, 

Braidot et al., 2004, Fornaroli et al., 1999).  

1.8.4.2 Lipoxygenase activities in green malt 

Huge attention has been paid as to the role of LOX in beer flavour stability. However, 

these studies focused mainly on the LOX activity present in kilned malt, which is mainly 

contributed by the more heat stable isoenzyme, LOX-1 (Kuroda et al., 2003, Yang and 

Schwarz, 1995). Kilning reduces - depending on the drying protocol and intensity - the 

lipoxygenase enzyme activity by 96% of the initial activity found in green malt (Schwarz 

and Pyler, 1984). Hence, omitting the kilning step will result in significantly higher 

lipoxygenase activities (De Buck et al., 1997, Schwarz and Pyler, 1984, Wackerbauer and 

Meyna, 2002b, Yang et al., 1993) and the usage of green malt in conventional brewing 

processes requires alternative techniques to reduce total LOX activity. An increase of 

LOX could result in elevated “rancidity” in the final beer, caused both by LOX-1 but also 

LOX-2. Furthermore, lipoxygenase worsens the foam stability of beer, possibly due to 
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the production of trihydroxy octadecenoic acid (THOD), which is detrimental to foam 

stability (Hirota et al., 2006, Yu et al., 2014). If LOX activity can be minimized at source, 

through adequate malting and/or mashing conditions, significant off-flavours in beer 

made from green malt could be avoided. Therefore, it is important to understand the 

origin, development and activity of LOX.  

1.8.4.3 Considerations when brewing with green malt 

As already discussed, LOX is primarily destroyed during kilning. However, LOX is also 

proven to be pH sensitive and requires oxygen as a substrate. Researchers do not agree 

on the exact pH optima of both isoenzymes, but the general consensus is that the pH-

optimum is on the alkaline side of typical wort pH. The pH-optima for LOX-1 were 

reported to be around 6.3-6.5 (Doderer et al., 1992, Yang et al., 1993) and even 7.5 

(Yabuuchi, 1976); 6.5 (Doderer et al., 1992) and pH 7.0-7.5 (Yabuuchi, 1976) for LOX-2. 

LOX-1 shows only 50% activity remaining at a pH of 5 whereas LOX-2 shows an activity 

rate close to zero, suggesting that LOX-2 is more pH sensitive than LOX-1 (De Buck et al., 

1995, De Buck et al., 1997, Yang and Schwarz, 1995). Another important criterion to 

avoid LOX-related side effects is to perform the brewing process under oxygen-free 

conditions. Oxygen is a substrate of LOX, hence oxygen and oxygen pick up should be 

avoided by all means when brewing with green malt, especially during the mashing step. 

An important factor when brewing with green malt, is to consider the high lipoxygenase 

activity from the beginning of the process, meaning that milling and mashing need to 

occur in lipoxygenase hostile environments: e.g. mashing in at > 62 °C, pH: 5.3, under 

oxygen-free conditions (Bamforth, 1999c, De Buck et al., 1997, Drost et al., 1990, 

Schwarz and Pyler, 1984, Van Waesberghe et al., 2001).  

Even though there are a number of process controlling methods, when brewing with 

green malt, Null-LOX (Hirota et al., 2005, Skadhauge et al., 2005) or low-LOX (Hirota et 

al., 2006, Hoki et al., 2018, Hoki et al., 2013, Yu et al., 2014) barley cultivars offer a 

further possible solution. However, low-LOX cultivars need to be differentiated, because 

the term is principally used to refer to low-LOX-1 cultivars, since LOX-1 activity is the 

main problem in kilned malt. However, regarding green malt brewing, the activity of 

LOX-2 should not be neglected. Beers made with a (kilned) lipoxygenase-1-less (LOX-

less) malting barley variety had reduced levels of beer-deteriorating substances, such as 
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trans-2-nonenal and THOD compared to beers made with the control malt (Hirota et al., 

2006, Hoki et al., 2018, Hoki et al., 2013, Yu et al., 2014). The sensory evaluation results 

indicated that LOX-less barley variety CDC PolarStar improved flavour stability without 

affecting other beer characteristics. Carlsberg’s research in partnership with Heineken 

has shown that brewing beer using Null-LOX barley minimises negative beer-staling 

components, provides stable, quality foam with no aged off-flavours, and keeps its fresh 

flavour for longer. Although lipoxygenases can have adverse impacts on beer flavor 

stability, the products of the LOX pathway play an important role in the plant itself. The 

physiological function of LOX is associated with growth and development, mainly with 

lipid mobilisation (mainly via LOX-2) during seed germination (Garbe et al., 2006), 

wound-induced or pathogen infection signaling for the local defense reaction (Prasad et 

al., 2017) and participation in plant senescence (Rosahl, 1996). However, since Null-LOX 

barley varieties are already in commercial production without any reported adverse 

effects during plant growth, it might be suggested that these pathways are not 

insurmountable. Recent research confirmed (Vahamidis et al., 2017) that a total loss of 

LOX-1 and LOX-2 function did not cause any obvious disadvantages for Null-LOX cultivars 

over the traditional malt barley cultivar, in terms of grain yield, yield components, grain 

size, grain protein content and water use efficiency. 

1.8.5 DMS and S-methyl methionine 

Dimethyl Sulphide (DMS) is a highly volatile sulphur compound, with a boiling point of 

only 38°C. It has a characteristic flavour and odour usually described by brewers as 

cooked corn or cabbage-like. Although its odour plays an important role in some cooked 

vegetables, or contributes to the typical aroma of many lager style beers (Anderson et 

al., 1975), in most other styles, or at an excessive level, DMS gives beer an undesirable 

flavour (Anness and Bamforth, 1982, Kavanagh et al., 1976, Kavanagh et al., 1975). The 

flavour threshold is approximately 30 µg/L; however, the overall liking and acceptance 

of customers depends strongly on personal preferences. DMS originates from two 

possible precursors, S-Methyl Methionine (SMM) (White and Wainwright, 1976b, White 

and Wainwright, 1977) and DMSO (Anness et al., 1979). During germination, SMM, the 

thermal precursor of DMS, is produced from L-methionine and S-adenosyl-L-methionine 

catalyzed by L-methionine S-methyltransferase (MMT) (Pimenta et al., 1998, White and 
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Wainwright, 1976b). During barley germination, both the specific activity and the 

amount of MMT protein increase. SMM decomposes upon heating to yield free volatile 

DMS, and as a result, levels in malt are strongly regulated by the kilning stage which first 

breaks down SMM and then strips DMS into the exhaust gases (Anness and Bamforth, 

1982, Dickenson, 1979, White and Wainwright, 1976a, White and Wainwright, 1976b). 

Besides SMM, as the thermal precursor of DMS, yeast can enzymatically reduce DMSO 

to DMS (Anness et al., 1979). However, through this pathway DMS cannot be readily 

removed and a high proportion remains in the finished beer. DMSO can be formed by 

oxidation of DMS during kilning and concentrations increase at higher kilning 

temperature (Anness, 1980, Anness, 1981).  

Green malt is rich in SMM (White and Wainwright, 1977, Yang et al., 1998), not in DMSO 

(Anness et al., 1979, Yang et al., 1998), therefore the main focus when brewing with 

green malt is on the SMM pathway. Interestingly, according to a study by White and 

Wainwright (White and Wainwright, 1977), beers brewed from green malt had low 

levels of DMS, despite the significantly higher DMS potential, indicated by the high SMM 

levels in malt and wort (Section 1.9). Hence, DMS levels in the pitching wort can be 

controlled, provided that there is a sufficient removal of DMS via evaporation during 

wort boiling and elimination through fermentation gases. Even though those study 

outcomes seem very promising regarding DMS in beer made of green malt, the control 

of SMM-levels from the grist and throughout the process remains a significant issue to 

control the potential for DMS formation. Precursor levels vary with the barley variety 

and depend on malting parameters used for steeping and germination as well as the 

kilning regime. As summarised by Bamforth (Anness and Bamforth, 1982) an enhanced 

germination, via higher temperatures or by the aid of gibberellic acid result in increased 

SMM levels. On the other hand, inhibitors of germination, e.g. potassium bromate 

(outlawed in foodstuffs in most countries), reduce embryo development and rootlet 

growth, hence lower SMM levels in green malt (White and Parsons, 1975). Interestingly 

the half-life of SMM at 100°C is 38 min at a pH of 5.2, whereas a half-life of 32.5 min is 

reported at a pH of 5.5, indicating that the chemical decomposition of SMM is not solely 

temperature but also pH-sensitive (Dickenson, 1979). Furthermore, the use of a wort 

stripper could help to remove excessive DMS, but also purge other undesired volatiles 

(Bamforth, 2013). Additionally, attention should be paid to the origin and localisation of 
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SMM in grist materials. SMM is mainly located in the seedling which is why wort 

production after fine milling gives higher SMM levels than after coarse milling since the 

seedling remains more intact after coarse milling of the malt. However, at the end of 

wort boiling, no differences in levels of DMS precursor and free DMS were found 

between fine milled-thin bed mash filter operations and coarse milled-lauter tun 

operations (De Rouck et al., 2010). Additionally Heineken and Carlsberg described barley 

plants with combined traits of Null-LOX-1, Null-LOX-2 and Null-MMT (L-methionine S-

methyltransferase) within one plant (Knudsen et al., 2011). Publications on brewing with 

green malt derived from malting the double-Null-LOX-null-MMT cultivar would be highly 

interesting regarding flavour and flavour stability. 

1.8.6 Flavour and aroma compounds 

Apart from being an abundant source of starch and enzymes, malt delivers a wide range 

of flavour and aroma components, such as aldehydes, ketones, alcohols, organic acids 

and furans, to the wort and final beer (Bettenhausen et al., 2018, Ditrych et al., 2019, 

Dong et al., 2013, Filipowska et al., 2020, Moir, 1992, Yahya et al., 2014). The formation 

of flavour active compounds is largely promoted through thermally driven processes, 

such as Strecker degradation, Maillard reaction or caramelisation. Thus, if omitting the 

kilning process, the brewer would introduce a grist material with a dissimilar mixture of 

volatile and non-volatile constituents compared to kilned malt. Moreover, green malt 

will most certainly induce subtle flavour changes in beers principally through its different 

chemical composition (compared to pale kilned malt), acting as a feedstock for yeast 

metabolism. As apparent in Table 1.3, hot water extracts of green malt contained a 

series of lipid-derived aldehydes and alkenols as well as sulphur compounds, while 

concentrations in worts prepared from lightly kilned malt, were much lower (Moir, 

1992). Furthermore, traces of 4-vinylphenol and 4-vinylguaiacol were identified in a 

vacuum distillate of green malt. The final concentrations in beer were, however, far 

below those produced from phenolic off-flavour (POF+) producing yeasts.  
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Table 1.3: Lipid derived aldehydes, alkenols, sulphur compounds and phenols from malts indicated as relative amounts in each malt (Moir, 

1992). GM = green malt, KM = kilned malt 

Lipid-derived aldehydes Alkenols Sulphur compounds Phenols 

 GM KM  GM KM  GM KM  GM KM 

hexanal +++ + 3-hexen-1-ol +++ ++ dimethyl sulphide (DMS) +++ + 4-vinylguaiacol ++ ++ 

2,4-decadienal +++ ++ 2-nonen-1-ol +++  2-methylthioacetaldehyde ++ + 4-vinylphenol +  

2-hexenal ++ + 1-penten-3-ol ++  methional ++ + phenol   

heptanal ++  2-penten-1-ol ++  4-methylthio-2-butanone  + o-cresol   

2,4 heptadienal ++  2-hepten-1-ol ++  3-methylthiohexanal   p-cresol   

2-octenal ++  2,4-decadien-1ol ++     2-ethylphenol   

nonanal ++  2-hexen-1-ol +     4-ethylphenol   

2-nonenal ++ ++ 1-octen-3-ol +     4-ethylguaiacol   

2,6- nonedienal ++  2-octen-1-ol +     eugenol   

2-butenal +        isoeugenol   

2-heptenal + ++          

2,4-nonadienal + +          
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Moreover, malt is a major source of aldehydes, as well as aldehyde precursors and 

intermediate products (e.g. amino acids, peptides, Schiff bases, bound state aldehydes, 

etc.) (De Clippeleer et al., 2010a, De Clippeleer et al., 2010b, Ditrych et al., 2019, Dong 

et al., 2013), which were identified as contributors for stale flavour formation during 

beer ageing. Aldehydes were shown to increase in concentration during sprouting (Dong 

et al., 2013), dependent on germination time and temperature, according to (Herrmann 

et al., 2007). Higher green malt moisture significantly increased the formation of malt 

volatiles, whereas high germination temperatures, on the other hand, lowered them 

(Herrmann et al., 2007). Kilning or roasting, on the other hand greatly promotes the 

formation of Maillard compounds and Strecker aldehydes (Baert et al., 2012, Bamforth, 

1999a, Beal and Mottram, 1994, De Clippeleer et al., 2010a, Dong et al., 2013, Drost et 

al., 1990, Gastl et al., 2006, Guido et al., 2005, Huang et al., 2016, Schwarz and Pyler, 

1984, Vanderhaegen et al., 2006). A wide range of Maillard compounds were 

determined in kilned or roasted malts, with only furfural, 1-acetylfuran and furfuryl 

alcohol identified in green malt (Moir, 1992). LOX enzymes, on the other hand, are 

thermally inactivated, thus a reduction in enzymatic oxidation of unsaturated fatty acids 

is expected particularly at the onset of the wort production process. However, during 

malting, LOX activity was shown previously (Kaukovirta-Norja et al., 1998) to increase 

mainly in the first 2 – 6 hours of kilning, thus the risk to oxidise lipids remains at 

moderate kilning temperatures. Dong et al. (Dong et al., 2013), for example, showed 

that the trans-2-nonenal concentrations greatly increased when producing crystal malts 

compared to the corresponding green malt. Thus, it might be suggested that less trans-

2-nonenal is introduced into the brewing process when using green malt. Hexanal and 

2-hexenal, which are correlated with green/grassy scent and a bitter, winey flavour 

(Saison et al., 2010b), on the other hand, were shown to be present in increased levels 

in green malt and decreased with increasing malt colour (Coghe et al., 2004, Dong et al., 

2013). Further research is needed to define which of the flavour characteristics of green 

malt (in comparison to pale kilned malt) survives up- and downstream processing and 

has a direct (positive or negative) effect on the flavour and flavour stability of the 

finished beers. 
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1.9 Characteristics of wort and beer made from green malt 

Early research on brewing with green malt (Cook and Hudson, 1964, Duff, 1963, 

MacWilliam, 1972, Moir, 1992) reported that worts and beers from 100% green malt 

were perfectly normal in their analytical and physical characteristics. Unfortunately, in 

these papers no detailed brewing protocol or assessment of the resulting beer flavour 

or its’ stability were published. Since most of the literature available on brewing with 

green malt dates back as early as the 1960’s, there was great interest for the scientific 

community for new research, particularly as analytical techniques have greatly 

improved since then. 

1.9.1 Wort characteristics 

According to Macwilliam et al. (MacWilliam et al., 1963) the worts from green malt were 

more fermentable than those from kilned malt. This was related to the higher activities 

of α- and β- amylase in addition to the increased levels of limit dextrinase associated 

with green malt. Analysis of the wort carbohydrates further confirmed very high values 

for maltose and maltotriose at the expense of dextrins. Furthermore, proteolysis 

proceeded further when using green malt mashing than with conventional malts, which 

explained the high values for both soluble and amino nitrogen (Table 1.4). The 

anthocyanogen content was significantly lower in wort prepared from green malt than 

the control wort, possibly due to the still functioning anthocyanogenase in green malt 

(MacWilliam et al., 1963). The relatively high colour of the green malt wort (8-10 EBC, 

(MacWilliam et al., 1963)) compared to the reference (3 EBC) was associated with this 

increased concentration of amino acids, which caused increased formation of 

melanoidins during wort production. Table 1.4 displays a summary of some 

characteristics of worts derived from green malt in comparison to kilned malt wort. 

Interestingly, previous research (White and Wainwright, 1977) concluded that worts 

from green malt resulted in (expected) elevated DMS precursor levels, but surprisingly 

low levels of DMS in the pitching worts. White and Wainwright (White and Wainwright, 

1976a), on the other hand, reported DMS levels up to 500 µg/L in green malt pitching 

wort (no precursor levels reported). Furthermore, it was found that the use of undried 

malts can have benefits in terms of hop economy. According to previous research 

(Griffin et al., 1968, Maule, 1966), the amount of humulone and isohumulone absorbed 
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on the break of ‘unkilned’ malt wort was considerably less than on that of kilned malt 

wort.  

Table 1.4 

Representative analysis of worts prepared from green malt and pale kilned malt. 

 green malt kilned malt 

Specific gravitya 1028 1028 

ph wort 5.75-6.0a, 5.32b 5.6a, 5.12 b 

Colour 8-10a 3a 

Nitrogen (mg/100 ml) wort a 60-75 40 

Amino nitrogen (% of total)a 40 33 

Fermentabilitya 86 75 

Carbohydrate recovery (%)a 99 98 

Anthocyanogen (unit not defined)a 0.05-0.15 0.45 

Attenuation limit corrected to 1055 in wortb 1011.6. 1011.0 

DMS (μg/L) 150-236 c, 100-500d 78-260 c, 6-16 d 

DMS-P (μg/L) 822-1022 c 271-656 c  

a MacWilliam et al. (MacWilliam et al., 1963), b Duff SR (Duff, 1963), c White and 
Wainwright (White and Wainwright, 1977), d White and Wainwright (White and 
Wainwright, 1976a) 
 

1.9.2 Beer characteristics 

Table 1.5. displays a summary of some characteristics of beers derived from green malt 

in comparison to kilned malt beers. Previous work has shown that the EBC colour was 

not reduced as much as might have been predicted for green malt brews (MacWilliam, 

1972). The origin of the unique pigments, hue and chroma yet has to be determined. 

Furthermore, due to the high dimethyl sulphide (DMS) potential, overall DMS levels 

were expected to be higher compared to the control. Previous research (White and 

Wainwright, 1976a, White and Wainwright, 1977) indicated that wort of green malt 

contains high concentrations of the DMS-precursor S-methyl methionine; however, 

DMS levels in final beers made of green malt were not higher than in beers prepared 

from pale kilned malt (White and Wainwright, 1976a, White and Wainwright, 1977). It 

is remarkable to note that the elevated DMS levels (up to 500 µg/L) in worts as reported 

by White and Wainwright (White and Wainwright, 1977) were gradually eliminated with 
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the fermentation gases and resulted in DMS levels in beers closely matched to the 

control.  

Table 1.5 

Selected analytical data for beers brewed from green malt and pale kilned malt. 

 green malt kilned malt 

pH 4.01a 3.98 a 

Colour (EBC)  11 b*, 12b$ 9 b*,15 b$ 

Specific gravity b 3.03*, 3.01$ 4.38*, 4.04$ 

Head retention (half life, sec.) b 89*, 92**, 91$ 98*, 81**, 106$ 

Limiting attenuation a 1011.8 – 1013.0 1011.5 

Total carbohydrate b 13.3 16.7 

Residual fermentable sugars (g/L) b 1.1 2.8 

Non-fermentable carbohydrate (g/L) b 12.2 13.9 

Nitrogen (g/L) 0.72-0.80a, 0.54b *, 0.53b $ 0.68 a, 0.62b*, 0.65b$ 

DMS (μg/L) 31-38 c, 30-70 d 61-84 c, 50-95 d 

a Duff (Duff, 1963), limiting attenuation and nitrogen content corrected to an original 
gravity of 1055, b MacWilliam et al. (MacWilliam, 1972) * = at bottling, **5 weeks after 
bottling, $ draught, c White and Wainwright (White and Wainwright, 1977), d White and 
Wainwright (White and Wainwright, 1976a) 
 
Even though these results seem very promising for the successful brewing of green malt 

there were still some substantial flavour differences that yet must be defined. Early 

studies (Cook and Hudson, 1964, MacWilliam, 1972) who described 100% green malt 

beer, rather vaguely described their beer brewed from green malt ‘green-malt-like’. The 

intensity of ‘green flavour’ increasing with increasing malt germination time. The flavour 

was further described as ‘unpredictable’, meaning that it was sometimes clean and 

other times ‘green’ (Cook and Hudson, 1964). The precise nature and sensory stimuli 

causing this reported ‘green’ sensation in green malt beers were not defined, but it is 

likely that these ‘green’ flavour is related to lipid-derived aldehydes abundantly present 

in green malt, as discussed previously (Moir, 1992). Moir et al. (Moir, 1992) detected a 

grassy, beany taste in beers made of green malt, and proposed that this could have been 

a result of elevated levels of lipid-derived aldehydes. Although yeast is able to remove 

these aldehydes by reducing them to their saturated alcohol counterparts, the green 

grassy, pea-like character remained to some extent in green malt beer, with elevated 
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amounts of 1-hexanol (reduction of hexanal and 2-hexanal) being detected (Moir, 1992). 

Another possible route to explain the green flavours are the high number of alkenols 

found in green malt wort, formed by the action of a thermo-labile reductase. Yeast is 

not able to reduce the alkenols, which then remain in the beer (Moir, 1992).  

1.9.3 Beer flavour (in)stability factors 

Without the high temperatures from kilning, the heat load of the malt and future mash, 

wort and beer will be significantly lower. Additionally, the extra enzymatic potential of 

green malt, could potentially be suitable for reducing overall mashing process time, and 

thus implies additional reduction in total heat load. Heat load, expressed as TB-index, 

was correlated with the formation of beer staling compounds and reduced beer 

freshness (Baert et al., 2012, Gastl et al., 2006, Huang et al., 2016, Jaskula-Goiris et al., 

2015). Thus, as discussed previously (Section 1.8.6) from the perspective of green malt 

brewing, less aldehydes are introduced into the brewing process (except hexanal). It is 

generally accepted that these aldehydes are greatly evaporated throughout wort 

production (except of furfural)(Ditrych et al., 2019) and yeast metabolism can reduce 

aldehydes in the wort to their corresponding alcohols (Debourg et al., 1994, Peppard 

and Halsey, 1981). However, aldehydes can bind to compounds such as bisulphites 

(Kaneda et al., 1994, Lermusieau et al., 1999) amino acids (formation of imines) 

(Lermusieau et al., 1999, Liégeois et al., 2002) or cysteine (Baert et al., 2018, Baert et al., 

2015a, Baert et al., 2015b, Bustillo Trueba et al., 2019) during the wort production 

process, forming non-volatile ‘bound-state aldehydes’. The current theory is that during 

beer storage, under specific conditions (temperature, pH value, redox potential, binding 

strength, thermodynamic stability), adducts may dissociate and release aldehydes in the 

free form (Baert et al., 2018, Bustillo Trueba et al., 2018, Debourg et al., 1994, Drost et 

al., 1990, Kaneda et al., 1994, Lermusieau et al., 1999, Liégeois et al., 2002, Perpète and 

Collin, 2000, Saison et al., 2010a). Naturally, the formation of bound-state aldehydes is 

very complex, but in principle, fewer aldehydes might be available for adduct formation 

during the wort production process when using green malt, and thus, an improved 

endogenous ageing potential in green malt beers, may be hypothesised.  

Furthermore, several authors (Cortés et al., 2010, Furukawa Suárez et al., 2011, Kunz et 

al., 2013) suggested that an increased formation of Maillard reaction products was 



Overview of thesis content 

48 
 

associated with an acceleration of oxidative processes, and thus lower oxidative 

stability. Kunz et al. showed (Kunz et al., 2012a), that when using unmalted barley (lower 

total heat load) a lower content of specific Maillard reaction products led to a lower 

radical generation and thus better oxidative stability in the worts and beers measured. 

Green malt contains fewer Maillard reaction products due to the omission of the heating 

step, thus better oxidative stability might be expected in green malt wort and beer 

according to this hypothesis. Moreover, the pool of natural antioxidants which is 

enhanced in green malt could (Özcan et al., 2018) potentially reduce the formation of 

free radicals. Hence, from this perspective, green malt wort could have a better 

oxidative stability than kilned malt wort, provided lipoxygenase activity can be 

controlled.  

Transition metal ions, such as iron, copper and manganese, were identified to play a key 

role in the oxidative degradation of wort and beer, as they drive formation of reactive 

oxygen species (ROS) in the absence of antioxidants (Andersen and Skibsted, 1998, Lund 

et al., 2015). Increased heat load on malt through kilning or roasting was shown to 

impact the content of transition metals with prooxidative effects in the wort (Hoff et al., 

2012, Jenkins et al., 2018, Pagenstecher et al., 2020, Poreda et al., 2015). Thus, it would 

be very interesting to further investigate the ionic composition and thus influence on 

oxidative stability when using green malt as the grist bill. 

Furthermore, lower heat loads during brewing have been associated with improved free 

amino acid (FAN) assimilation during fermentation (De Rouck et al., 2007), resulting in 

lower residual FAN levels in finished beers, which was associated with an improved beer 

flavour stability.  

Overall, green malt appears to be a very promising grist material to produce wort and 

beer with enhanced flavour stability metrics - provided lipoxygenase activity is 

controlled. 

1.10 Overview of thesis content 

The overall aim of this research project was to demonstrate the feasibility of brewing 

with 100% green (germinated, but not dried) malt and propose solutions to some 

perceived technical and biochemical (flavour) barriers. Likewise, the focus was to 

determine the impacts of brewing with the addition of green malt on beer flavour 
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stability. This is important to establish as such a process will either improve flavour 

stability (reduced heat load should reduce the pool of staling aldehydes) or worsen it 

(since lipoxygenase activity and DMS potential can be regulated by heat treatment 

during kilning). The introduction (Chapter 1) focused on the main outline of the malting 

and the brewing process, as well as the main challenges, but also benefits of brewing 

with green malt. The experimental part of this thesis is separated into four parts. The 

project started (Chapter 2) by investigating the key quality concerns when brewing with 

green malt: i) DMS potential, ii) Lipoxygenase activity and iii) rootlet removal. The 

ultimate goal was to find preliminary solutions to overcome and avoid lipoxygenase 

related off-flavours in subsequent pilot scale brewing trials. In Chapter 3, pilot scale trials 

were performed to determine the quality of wort and beer using green malt as a raw 

material. Furthermore, a series of analytical techniques were performed to identify the 

standard analytical parameters, as well as quality indicators of wort and beer produced 

from green malt. The results were compared to wort and beer produced from a kilned 

malt control (pilsner style). In Chapter 4, a special focus was set on the flavour 

(in)stability markers of the beers produced and described in the Chapter 3. Furthermore, 

the influence of heat load on malt was investigated in relation to beer flavour instability. 

Hereby a focus was set on aldehydes from malt to the finished fresh beer. Additionally, 

the oxidative stability was determined in the worts and beers produced. The last 

experimental part, Chapter 5, was designed to identify beer chemistry changes in green 

malt as well as the corresponding control beers during forced ageing at 30ᵒC for 30, 60 

and 90 days. The overall conclusions and suggestions for further work are presented in 

Chapter 6. 
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The study presented in Chapter 2 has been published and corresponds to: 

Dugulin CA, Clegg SC, De Rouck G, Cook DJ. 2020. Overcoming technical barriers to 

brewing with green (non-kilned) malt: a feasibility study. J Inst Brew 126:24-34.  

https://doi.org/10.1002/jib.602. 

 

The study presented in Chapter 3 has been accepted at the Journal of the Institute of 

Brewing and corresponds to:  

Dugulin CA, Acuña Muñoz LM, Buyse J, De Rouck G, Bolat I, Cook DJ. 2020. Brewing 

with 100 % green malt – process development and key quality indicators. J Inst Brew 

126:343-353. https://doi.org/10.1002/jib.620 

 

The study presented in Chapter 4 and 5 is written as paper manuscript but has yet to 

be published. 

 

In all cases, the first author conducted, analysed and drafted the published manuscript 

under the guidance and with critical input from the co-authors. 
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2 Overcoming technical barriers to brewing with green (non-kilned) 

malt: a feasibility study. 

2.1 Introduction 

If omitting the kilning process entirely, the brewer must brew with freshly germinated 

(green) malt, which introduces new technical challenges, but offers the reward of 

significantly lower energy and water usage. However, apart from being a dominant 

consumer of heat and electricity (Davies, 2010), the kilning process has many beneficial 

quality impacts on malt quality, such as reduction of lipoxygenase activity (De Buck et 

al., 1997, Doderer et al., 1992, Yang and Schwarz, 1995, Yang et al., 1993), regulation of 

S-methyl methionine (SMM) levels (White and Wainwright, 1976a, White and 

Wainwright, 1976b, White and Wainwright, 1977), facilitating rootlet removal and most 

importantly in developing the characteristic colour and flavours which malt imparts to 

beer. On the other hand, green malt, rich in diastatic enzyme activity, can very efficiently 

convert the starch of unmalted grain into fermentable sugars (Duff, 1963, MacWilliam 

et al., 1963). 

 

One major quality concern when handling green malt is the elevated activities of both 

lipoxygenase isoenzymes (LOX-1 and LOX-2; (De Buck et al., 1997, Yang and Schwarz, 

1995)). Even relatively low activities of lipoxygenase in kilned malt are known to 

significantly influence flavour stability via enzymatic lipid oxidation (Hirota et al., 2005, 

Skadhauge et al., 2005). LOX enzymes can oxidise the unsaturated fatty acids, principally 

linoleic acid in barley, to hydroperoxy acids in the presence of oxygen. Hydroperoxy 

acids can be further transformed via several enzymatic pathways (Baert et al., 2012) to 

mono-, di-and trihydroxy fatty acids and can eventually be degraded non-enzymatically 

into flavour active carbonyls, such as trans-2-nonenal or hexanal, which are examples of 

beer staling compounds (Kuroda et al., 2003, Schwarz and Pyler, 1984, Yang and 

Schwarz, 1995). Furthermore, lipoxygenase worsens the foam stability of beer, possibly 

due to the production of trihydroxy octadecenoic acid (THOD), which is detrimental to 

foam stability (Hirota et al., 2006, Yu et al., 2014). 
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Furthermore, one important factor has been neglected in prior research – the rootlets 

of green malt. The rootlets of green malt are particularly rich in lipoxygenase (Schwarz 

and Pyler, 1984, Yang et al., 1993) and SMM (White and Wainwright, 1976a). Rootlets 

of kilned malt are hygroscopic, due to their fibre content of up to 15%, can highly absorb 

oil and have emulsification capacities (Salama et al., 1997). However, the antioxidant 

capacity of rootlets obtained from kilned malts has also been investigated (Bonnely et 

al., 2000, De-Jing et al., 2009, Peyrat-Maillard et al., 2001). The antioxidant potential, 

due to the high content of antioxidant phenolic compounds, could potentially reduce 

the formation of free radicals, thus becoming a source for natural antioxidants, 

favouring wort and beer flavour stability. Nevertheless, malt rootlets are considered to 

impair the flavour of beer, hence maltsters try to avoid excessive rootlet growth during 

germination (in order to minimise malting losses) and remove the rootlets, by abrading 

them after kilning, with an associated malting loss of around 4%. The rootlets are then 

usually sold as animal feed or organic fertiliser. Adequate removal of rootlets from green 

malt is problematic due to the high moisture content, meaning they will not form a 

malting loss and if untreated remain on the grain. Thus, rootlet composition needs to be 

considered before starting to brew with green malt.  

To avoid an increased staling potential in the final beer a minimum requirement when 

brewing with green malt is that mashing needs to occur in a lipoxygenase hostile 

environment, mashing in at > 63 °C, at a pH in the region of 5.3 under oxygen-limited 

conditions (Baert et al., 2012, Bamforth, 2004, Drost et al., 1990, Van Waesberghe et al., 

2001). Most certainly the usage of green malt for conventional brewing processes 

requires alternative techniques to reduce total LOX activity. 

 

The research reported in this chapter aims to evaluate the feasibility of brewing using 

freshly germinated (green) malt, with omission of the kilning step. Here, the laboratory 

scale development of such a process is reported to enable evaluation of the significant 

quality impacts on the brewing process and finished beer. Attention was first directed 

to control lipoxygenase activities through its limiting factors: heat-sensitivity, pH-

sensitivity (De Buck et al., 1995, De Buck et al., 1997, Doderer et al., 1992) and the 

availability of oxygen as a substrate. Those “weaknesses” could help to control LOX 

when brewing with green malt. Additionally, the quality of wort has been evaluated and 
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compared to wort produced from kilned malt, with a special focus on SMM levels. This 

knowledge will enhance the understanding of key quality concerns as well as potential 

benefits of using green malt and will form the basis for subsequent pilot-scale brewing 

trials. 

2.2 Materials and methods  

2.2.1 Malt samples 

Barley variety Flagon (2-row, winter sown) was sourced from Crisp Malting Company, 

UK. High-purity water from a Water Purification Systems (SUEZ Water, Thame, UK) was 

used for all chemical analysis and for glassware washing. 

2.2.2 Chemicals and reagents 

Lipoxygenase activity: sodium acetate, sodium chloride, orthoboric acid and dibasic 

sodium phosphate were acquired from Sigma-Aldrich (Dorset, UK). 

Polyoxyethylenesorbitan monolaurate (Tween 20), linoleic acid (> 99%), Brij 99 

(polyoxyethylene(20)-oleyl-ether) and sodium dihydrogenphosphate dihydrate were 

obtained from Fisher Scientific (Loughborough, UK). Acetic acid (glacial), sodium 

hydroxide and hydrogen chloride were obtained from VWR (UK). Nonenal potential: 

carbon disulphide (anhydrous > 99%), trans-2-nonenal (> 97%), hexanal (98%), 3-

heptanone (> 98.5%), orthophosphoric acid (85%) were purchase from Sigma-Aldrich 

(Dorset, UK). Dimethyl sulphide (DMS): dimethyl sulphide (≥ 99%) and ethyl methyl 

sulphide (96%) were obtained from Sigma-Aldrich (Dorset, UK). 

2.2.3 Malt and wort preparation methodology 

Barley (500 g) was screened over a 2.2 mm sieve and put into a micro malting cage and 

malted in a Custom Lab micromaltings K steep germinator and kiln (Curio Malting, 

Milton Keynes, UK). Typical process parameters were as follows: Barley was steeped at 

16ᵒC using an automated program of alternating wet (immersed) and air rests designed 

to reach a steep-out moisture content of 46%. A ‘3-wet’ steep cycle was used with the 

following cycle times (43 h in total): 7 h wet stand, 12 h air rest, 8 h wet stand, 12 h air 

rest and 4 h wet stand. Germination was conducted for 5 days at 12°C with automatic 

turning of the sample cages set at 1 min in every 10 min. Kilning: The air-on temperature 
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during drying was programmed as follows: 55°C for 12h, 72°C for 4 h and 80°C for 4 h. 

Malt rootlets were removed using a benchtop deculmer (Curio Malting, Milton Keynes, 

UK). 

2.2.3.1 Production of ‘endosperm-rich’ extracts of green malt 

To further investigate the properties of green malt rootlets, well-germinated malt was 

separated into an endosperm-rich and husk/rootlet fraction, with only the endosperm-

rich fraction being used for conventional mashing. To use the same amount of green 

malt as in the standard mash beaker using 50 g of kilned malt, an adjustment for the 

higher moisture content in green malt was made. Approximately 10 g of green malt were 

weighed, and both the fractions (%) of rootlets and corn were determined by manually 

removing the rootlets from the corn. Based on a kilned malt value of 5% moisture 50 g 

would have a dry weight content of 47.5 g.  
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To separate the endosperm-rich fraction from the husk/rootlet fraction, the green malt 

was passed through an automated pasta roller (Marcato s.p.a., Atlas Motor, Italy) and 

gently squeezed into a Duran bottle (500 mL, Thermo Fisher Scientific, UK) to which 100 

mL of water (20°C) was added. The bottle was sealed and placed on a roller bed (Bibby 

Scientific™Stuart™ Digital Tube Roller, UK) set at maximum speed for 15 minutes. The 

extract was filtered through a muslin cloth filter, and the grain residue washed with 100 

mL RO water and placed again on the roller bed. This washing step was performed 4 

times in total for 15 min with a total RO water volume of 400 mL. After the last wash the 

grain residues were poured into the muslin cloth filter and squeezed using the cafetière; 

the extract being used for mashing.  
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2.2.3.2 Procedure for mashing using kilned malt, green malt and extracts of green 

malt 

For laboratory mashing trials the amounts of malt used for each of the different samples 

were matched on a dry weight basis to compensate for their widely differing moisture 

contents. Each mash beaker and the mashing liquor was preheated in a water bath for 

10 to 15 minutes. The endosperm-rich extract of green malt (400 mL, 20°C) was 

transferred to a mash beaker and placed in a mash bath (1-Cube s.r.o, Czech Republic), 

10 min prior to starting the mash-in protocol, to equilibrate the temperature to the same 

mash-in temperature of 63°C, as in the other samples. Kilned malt was milled using a 

laboratory DFLU disc mill (Buehler Miag, Uzwil - Switzerland); green malt was milled 

using a coffee grinder (De’Longhi KG49 Coffee Grinder, Hampshire, UK). A ‘lipoxygenase 

hostile’ mash schedule was performed under conditions designed to minimise LOX 

activity: Mashing in at 63°C, pH: 5.2 using de-aerated liquor (achieved by purging the 

water used for mashing with nitrogen prior to processing). Detailed mashing scheme 

was as follows: 63°C (30 min), 72°C (20 min) 78°C (1 min); rise in temperature at 1°C/min. 

The weight of the content of the beaker was adjusted to 450 ± 0.2 g by addition of water 

and filtered using filter paper (Whatman, grade 2555 ½ prepleated 320mm, Sigma-

Aldrich, UK). The first filtrate of 100 mL was returned to the funnel in order to establish 

the filter bed. 

2.2.4 Malt analysis 

The moisture content of malt samples was measured by mass loss on drying according 

to Analytica EBC method 4.2. 

2.2.4.1 Determination of Alpha- and Beta- amylase activity 

Malt samples were analysed to determine the activity of α- and β-amylase, the two 

key diastase enzymes required to break down starch in subsequent brewing processes. 

Malt α-amylase was measured using the Ceralpha Megazyme kit (Megazyme, Bray, 

Ireland), and reported as Ceralpha Units. Malt β-amylase was determined using the 

Betamyl-3 kit (Megazyme, Bray, Ireland) with results expressed in betamyl units (BU). 

Results are reported throughout on a dry weight basis. 
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2.2.4.2 Determination of the total lipoxygenase activity in malt 

In this study the LOX activity was determined by a spectrophotometric technique based 

on a combination of the methods of Guido et al. (Guido et al., 2005) and De Buck et al. 

(De Buck et al., 1995, De Buck et al., 1997). The oxidation of linoleic acid by LOX increases 

the production of conjugated diene which absorb at 234 nm. Milled barley or malt (5 g) 

was dispersed in acetate buffer (0.1 M, pH 5), containing the non-ionic detergent Brij 99 

(0.1%) and stirred for 30 min. The homogenate was centrifuged (9632 x g, 5 minutes, 

4°C) and the total LOX activity was determined spectrophotometrically using the 

supernatant as crude extract. To prepare substrate solution, 250 µL linoleic acid was 

dispersed by homogenisation in 5 mL borate buffer (25 mM, pH 9.0) with Tween-20 

(0.25% v/v), NaOH (1 M, 0.65 mL) and cold RO water (3.85 mL) to facilitate dispersion. 

The total LOX activity was determined spectrophotometrically by adding 50 µL of the 

enzyme extract to 50 µL of the air-saturated substrate solution in 2.90 mL of sodium 

phosphate buffer (0.1 M, pH 6.8), equilibrated at 30 °C in a total volume of 3 mL in UV-

cuvettes (Plastibrand disposable Macro plastic 2.5 mL, Fisher scientific, UK). The 

formation of a conjugated diene of the hydroperoxide as a result of LOX oxidation of 

linoleic acid was determined by measuring the absorption at 234 nm, using a UV/Vis 

Spectrophotometer (7315 UV/visible Spectrophotometer, Jenway, UK) and absorption 

was measured exactly 2 minutes after the addition of the enzyme, and then after 6 

minutes. For the reference cell, the enzyme solution was replaced by buffer (2950 µL 

buffer and 50 µL substrate solution). The LOX activity correlates to the absorbance and 

is expressed in enzyme U/per gram of malt on a dry basis (U/g d.b.). 

The equation used to determine the lipoxygenase activity was 

�������
�� 
 ����!��� "#���
��� $: 

 
&' 
��� × ) × 10*  × F ×  V’

V’’ × Ƹ ×  d ×  1000 ×  M� × 100
�100 − 2� 

 
in which ABS/min = slope variation of absorbance during time (between 2 and 6 
min) 
V = volume of the cell (3 mL) 
F = dilution factor 
V’ = volume of extraction buffer (50 mL)  
V’’ = volume of enzymatic extract (0.05 ml) 
Ƹ = molar absorption coefficient (28,000 L/ (mol x cm) 
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d = light path (1 cm) 
M = sample weight of milled barley, kilned malt or germinating malt (g) 
H = moisture of malt (%) 

 

2.2.4.3 Determination of DMS in grain samples 

DMS was determined in grain samples by headspace SPME using a SCION 456-GC 

(Bruker, UK) fitted with a Combi PAL autosampler and controlled with Compass CDS 

software. The GC was equipped with a PTV injector and a pulsed flame photometric 

detector operated in sulphur mode. The column used was ZB-1MS (60m x 0.25 mm (I.D) 

– 1.00 µm film thickness; Phenomenex, USA) and nitrogen (BOC, UK) was used as a 

carrier gas at 1.0 mL/min. The inlet temperature was set at 250°C. The oven temperature 

was kept at 40°C for 7 min, then raised to 110°C at 7°C/min then raised to 190°C at 

11.0°C/min and then to 235°C at 22°C/min and held for 6 minutes. The PFPD detector 

was set at 210°C and 600 V with air 1 flow at 17 mL/min, air 2 flow at 10 mL/min and 

hydrogen flow at 13.0 mL/min. 

Extraction: Kilned and green malt samples (5 g) were extracted based on the ASBC 

method (Malt-14). Results are based on the weight used per dry weight. After sample 

preparation, the vial was pre-equilibrated for 10 min at 35°C. The SPME needle was 

then inserted through the PTFE/silicone septum (1.3 mm) and the PDMS/DVB fiber 

(Stableflex, 65 µm, Supelco, USA), previously conditioned for 2 min at 300°C, was 

exposed to the headspace for 10 min with agitation at 250 rpm. Quantification was 

performed by running an external calibration series (0.1, 0.5, 1, 2.5, 5, 10 µg/L) and 

the use of ethyl methyl sulphide (EMS, 1 µg/L) as internal standard. If necessary, 

samples were diluted by an appropriate dilution factor to allow for quantification 

within the linear range of the calibration curve. 

2.2.4.4 Determination of S-methyl methionine in grain  

The SMM determination in this paper was based on the original method proposed by 

White and Wainwright (White and Wainwright, 1976b) following the altered protocol 

described by De Rouck et al. (De Rouck et al., 2010) without the usage of NaOH to avoid 

side formation of oxidised products such as DMSO and DMSO2. Since SMM is heat labile, 

its content in malt is commonly measured by the subtraction of free DMS from total 

DMS. During heating the non-volatile DMS precursor was converted into DMS which 
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allows this indirect quantification. Additionally, in contrast to the proposed ASBC 

method, the internal standard was added after (rather than before) heat treatment. 

Preliminary tests indicated a loss of almost 50% in EMS peak area, which did not occur 

when EMS was heated in water, suggesting that heating EMS in wort leads to side 

reactions. 

2.2.5 Wort analysis  

Wort specific gravity and density were analysed using an Anton Paar DMA 4500 (UK). 

Extract yield was calculated according to Analytica EBC Method 4.4).  

2.2.5.1 Determination of free amino nitrogen in wort 

The free amino nitrogen content (FAN) in wort was determined using colourimetry with 

ninhydrin based on the EBC method-8.10. The colour reagent was prepared by mixing 

disodium hydrogen phosphate (10 g, Na2HPO4 × 12 H2O), potassium dihydrogen 

phosphate (6 g, KH2PO4), ninhydrin (0.5 g) and fructose (0.3 g) in 100 mL water. The pH 

was adjusted to 6.7 ± 0.1. This mixture was protected from light while stirring until 

completely dissolved.  

Wort and degassed beer sample (20 µL) were mixed with 1.98 mL of mQ water. The 

blank was prepared by using only water (2.0 mL). Additionally, one sample was prepared 

using 20 µL of a glycine stock (1.072 g/L) to 1.98 mL mQ water. After dilution, 1 mL of 

colour reagent was added to the test tubes and vortexed briefly. The test tubes were 

placed in a dry heater for exactly 16 minutes. Afterwards the tubes were briefly vortexed 

and cooled down in a cold water bath for 20 minutes. Subsequently, 5 mL of dilution 

buffer (2 g of KIO3 in 600 mL of mQ water and 400 mL of 96% ethanol) were added and 

vortexed. The absorbance was determined at 570 nm. The concentration of FAN in mg/L 

was calculated based on the absorbance of the test solution (Abssample), the amount of 

free amino nitrogen in the glycine standard solution (2 mg/L) and the dilution factor 

(100), relative to the measured absorbance of glycine (Absglycine).  

2.2.5.2 Determination of DMS and S-methyl methionine in wort 

DMS and indirectly SMM in wort were determined according to the above SPME-GC-

PFPD methodology for malt analysis. Samples were prepared in a total volume of 5 mL 

in a headspace vial (20 mL; Agilent, UK), using an appropriate dilution factor to remain 

within the calibration curve. DMS concentrations were determined based on the 



Chapter 2 

59 
 

external calibration series (0.1 - 10 µg/L) and the internal standard, ethyl methyl 

sulphide (EMS, 1 µg/L). 

2.2.5.3 Determination of the nonenal potential 

The nonenal potential, an indicator of how a beer will release trans-2-nonenal during 

storage, was determined using gas chromatography–mass spectrometry (GC-MS) 

based on the method of Drost et al. (Drost et al., 1990) and the protocol described by 

Guido et al. (Guido et al., 2005). Filtered wort (150 mL, adjusted to pH 4, using 5% 

orthophosphoric acid) was purged for 5 min with nitrogen (99.5%, Air Liquide, BOC, 

UK) to reduce the oxygen level. The sample was subsequently heated at 100°C for 2 h 

under constant nitrogen purging and then placed on ice to cool down. The liquid–liquid 

extraction of nonenal was performed on a 70 mL aliquot of the wort, using carbon 

disulphide (3 mL), as well as 7 g of NaCl for a salt-induced phase separation. The 

mixtures were shaken for 30 min on a rotary action shaker. Then the sample was 

placed in ice for around 10 minutes to condense the carbon disulphide, subsequently 

transferred into a separating funnel (100 mL, Fisher Scientific, UK), and set aside to 

allow for the complete separation of the two immiscible solvent phases for 15 minutes. 

The lower (solvent) layer was separated into a 10 mL glass vial with cap, placed into a 

50 mL falcon tube and centrifuged at 4704 x g for 10 min. The resultant carbon 

disulphide extract was removed using a glass syringe and analysed using an ISQ 7000 

GC-MS system (Thermo Fisher Scientific, UK), fitted with an instant Connect SSL 

Injector for TRACE 1300 GC Series (Thermo Scientific) and a ZB-wax polar column 

(Phenomenex, Macclesfield, UK; 30 m x 0.25 mm ID with a 1 µm film thickness) was 

used. The carrier gas was helium (BOC, UK) at a set pressure of 18 psi. The mass data 

were collected in full scan mode with a scan range from m/z 35 to m/z 250. Compounds 

were analysed using selected ion mode and quantified by comparing the peak area of 

the selected compounds with the peak area of the internal standard 3-heptanone, as 

well as an external standard series run for trans-2-nonenal and hexanal (0.01 – 10 

mg/L). The selected ions were as follows: trans-2-nonenal m/z 70, 96, 111; 3-

heptanone m/z 57, 114; and additionally, hexanal m/z 56, 82. 
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2.2.6 Statistical analysis 

All samples were analysed in at least three biological replicates with 2-4 technical 

replicates. The experimental design software used was Design-Expert, a statistical 

software package from Stat-Ease (Stat-Ease Inc., USA). SPSS Statistics software version 

24 (IBM Corp.) was used for statistical analysis. Statistical significance of the data 

obtained was established with analysis of variance (ANOVA), a p-value below 0.05 was 

considered as statistically significant. 

2.3 Results and discussion 

2.3.1 Grain analysis 

As a result of water removal during kilning the rootlets became brittle and could be 

removed using the desktop deculmer. Rootlets from green malt, however, did not form 

part of the malting loss. As displayed in Table 2.1, well-germinated (120 h) green malt 

consisted of about 14% rootlets (fresh weight), and the rootlets had a moisture content 

of around 66%. Malt rootlets, are considered to impair the flavour of beer, mainly due 

to their high content of lipoxygenase isoenzyme 2 (Yang et al., 1993) and their SMM 

content (White and Wainwright, 1976a). Therefore, in subsequent experiments the 

relative merits of mashing with or without rootlets present were investigated, by 

developing a laboratory protocol for preparing endosperm-rich extracts of green malt, 

separated from the husk and rootlet fraction (Section 2.2.3.1). 

 

Table 2.1: Proportions by mass of kernel and rootlets and the moisture contents of 

each in green malt after 120 h germination. 

Sample weight (% of green malt) MC (%) 

green malt 100 44.7 ± 1.6 

kernel 86.0 ± 0.5 39.2 ± 0.1 

rootlets 14.0 ± 0.5 66.1 ± 3.6 

Data are the mean ±SD of 3 biological with each 2 technical replicate measurements. 
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2.3.2 Enzymatic activity in well germinated green malt 

The development of lipoxygenase activity (Figure 2.1) and SMM levels (Figure 2.2) were 

monitored across the malting process. In a parallel experiment under identical malting 

conditions, a sample of germinating malt was taken each day and the developing 

rootlets were excised by hand prior to analysis so that the impacts of the rootlets on 

development of LOX activity and SMM levels in the germinating grain could be 

ascertained. Figure 2.1 illustrates that incoming barley had a total lipoxygenase activity 

of 4.8 ± 0.3 U/g d.b., which relates to the activity of LOX-1, which is already present in 

unmalted barley (Kaukovirta-Norja et al., 1993, Yang and Schwarz, 1995, Yang et al., 

1993).  

 

 

Figure 2.1: Lipoxygenase activity monitored during germination in the malting barley 

variety Flagon with/without rootlets. Data are the mean ±SD of 3 biological and 3 

technical replicate measurements. 

 

During malting the lipoxygenase activity started to increase significantly after 24 h of 

germination. Both isoenzymes are known to increase in activity during germination 

(Edward et al., 1981, Schwarz and Pyler, 1984). After 120 h of germination a total LOX 

activity of 27.5 ± 2.5 U/g d.b. was determined, which was reduced by kilning to 1.6 ± 0.2 



Overcoming technical barriers to brewing with green malt 

62 
 

U/g d.b. After removing the rootlets of the well germinated (120 h germination time) 

green malt (18.9 ± 1.2 U/g d.b) a significant reduction of about 30% in lipoxygenase 

activity was measured. According to previous research (Yang and Schwarz, 1995, Yang 

et al., 1993), only LOX-2 is in the malt rootlets, thus a large proportion of LOX-2 would 

be removed with the rootlets before mashing if such a procedure was applied. 

A similar pattern was observed when monitoring the SMM development (Figure 2.2). 

The amount of SMM, (expressed as DMS equivalents), increased significantly between 

24 h (2.5 ± 0.2 µg/g d.b.) and 48 h (11.1 ± 1.1 µg/g d.b.) of germination. Levels further 

increased up to 12.6 ± 2.5 µg/g after 120 h of germination and significantly dropped 

after kilning (2.6 ± 0.5 µg/g d.b.).  

 

 

Figure 2.2: S-methyl methionine, expressed as DMS equivalents (μg/g d.b.) monitored 

during germination in the malting barley variety Flagon with/without rootlets. Data are 

the mean ±SD of 3 biological with each 3 technical replicate measurements. 

 

When removing the rootlets, the DMS precursor in green malt significantly reduced to 

7.3 ± 1.2 µg/g, an average decline of about 40% by removing the rootlets. These data for 

LOX and SMM, suggest that rootlets are a major concern when brewing with green malt 

and that their influence on quality needs to be further investigated. 
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Diastatic enzyme activities are of key concern to the brewer. Figure 2.3 displays the 

development of α- and β-amylase activities through the same micromalting process. β-

amylase, which is present in bound form in unmalted barley, suffered a considerable 

loss during kilning from 15.3 ± 0.3 BU. to 9.7 ± 0.5 Units after kilning, whereas α-Amylase, 

in accordance with the literature (Hämäläinen and Reinikainen, 2007) was more 

thermostable without considerable enzyme activity loss across kilning.  

 

Figure 2.3: α- and β-amylase activity monitored during germination in the malting 

barley variety Flagon with rootlets; β-amylase (Betamyl-3®Units; BU) is displayed on 

primary axis whereas α-amylase (Ceralpha-Units; CU) is displayed on the secondary 

axis. Data are the mean ±SD of 3 biological and 2 technical replicate measurements. 

 
These results support the hypothesis (Cook and Hudson, 1964, Duff, 1963, MacWilliam 

et al., 1963), that there is a good potential to generate highly fermentable worts using 

green malt. 

2.3.3 Approaches to limit the lipoxygenase activity in green malt 

Whilst the LOX activity in kilned malt is already low, previous research indicated that 

even this residual activity accelerated beer staling (Skadhauge et al., 2005). The 

increased LOX activity in green malt, as illustrated in Figure 2.1, is a primary concern in 

terms of beer flavour and flavour (in)stability. Thus, the usage of green malt for 

conventional brewing processes requires alternative techniques to reduce total LOX 

activity. If LOX activity can be minimised at source, through adequate malting and/or 
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mashing conditions, significant off-flavours in the resultant beer could be avoided. The 

hypothesis was to control lipoxygenase via its limiting factors: heat sensitivity, pH 

sensitivity, oxygen availability.  

2.3.3.1 Short heat treatment of green malt 

The high moisture content of green malt in combination with low heating temperatures 

(30-40ᵒC) at the onset of kilning are promoting lipoxygenase activity (Guido et al., 2005). 

With increasing temperatures, the thermal stability of LOX is greatly reduced (Schwarz 

and Pyler, 1984, Yang and Schwarz, 1995). Preliminary lab-scale trials have identified 

heat treatments of malt at temperatures of 65ᵒC or higher to be promising in reducing 

lipoxygenase activity, even after very short heating periods of maximum 10 minutes. 

Experimental design software (Design-Expert v 11, Statease, Minneapolis, MN, USA), 

was used to produce a response surface design with two numerical variables (time, 5-

60 min; temperature, 65°C-90°C). The design consisted of 18 heat treatments of green 

malt, arranged into 3 blocks (according to different batches of green malt). Green malt 

was subjected to short heat treatments in a convection oven according to the 18 

different combinations of time and temperature within the above time/ temperature 

ranges and as determined using the experimental design software. The run order was 

fully randomized within the design. Resulting data for LOX activity, α- and β-amylase 

were modelled across the design space resulting in either quadratic or two factor 

interaction (2FI) predictive models. Contour plots of these models are shown in Figure 

2.4. The corresponding data points can be found in the Appendix. 

Figure 2.4A shows a 2D contour plot of the derived model for lipoxygenase activity as a 

function of time (5-60 min) and temperature (65°C -90°C). Both heating time and 

temperature were significant factors in the model for LOX activity across the design 

space (p< 0.0001). Not surprisingly the LOX activity decreased as both temperature and 

the time of heat treatment of the green malt increased. Figure 2.4B and 5C indicate the 

potential to likewise reduce diastatic enzyme activities, suggesting that care must be 

taken not to destroy desirable enzyme activities by using excessive temperatures.  
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Figure 2.4:Contour plots modelling the influence of a short (5-60 min) heat treatment 

(65-90 °C) on the activities of (A) lipoxygenase (0-12.9 U/g d.b.), (B) α-amylase (96.7 – 

251.0 CU/ g d.b.) and (C) β-amylase (0.4 – 16.5 BU/ g d.b.) in green malt. Colour 

legend: red (high) – blue (low). Plots show the predictive models fitted to data from 18 

data points (red dots) across each design space. Model fit statistics: α-amylase: 

p<0.0001; R²=0.8205; LOX: p<0.0001; R²=0.8715; β-amylase: p < 0.0001; R²=0.8544. 

 

As summarised in Figure 2.5, LOX activity decreased after just 5 minutes at 65°C, further 

decreasing when heated for 60 minutes. Apart from avoiding any additional energy 

intensive heat load on the malt samples, most importantly diastatic enzyme activities 

were not substantially affected by this heat treatment. Heat treatments at higher 
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temperatures, on the other hand, reduced diastatic enzyme activity, particularly β-

amylase activity (Figure 2.4B). Therefore, heat treatments at a more moderate 

temperature of 65°C, was considered the most promising result.  

 

 

Figure 2.5: Model data showing the impacts of heating green malt at 65 °C for periods 

of up to 1 h. The primary axis displays α-amylase activity (Ceralpha units/ g d.b).; the 

secondary axis displays β-amylase (Betamyl-3® Unit/ g d.b.) and lipoxygenase activity 

(U/g d.b).; Data are predicted responses given by the model fitted to experimental 

results. 

 

Additionally, after only 60 minutes the moisture content of the grain (including rootlets) 

was reduced to 29% and rootlets could be removed from the grain using a benchtop 

deculmer. Thus, this procedure could offer the added benefit of rootlet removal, should 

it prove scaleable. 

2.3.3.2 Impacts of re-steeping green malt (oxygen limitation) at different pH values on 

LOX activity 

Oxygen levels and oxygen pick-up need to be controlled throughout the malting and 

brewing process, to avoid LOX initiated enzymatic oxidations (Bamforth, 1999c, De Buck 

et al., 1995, Schwarz and Pyler, 1984, Van Waesberghe et al., 2001). Previous studies 

(Schwarz and Pyler, 1984) showed a decline in LOX activity during steeping, which was 

related to the dissolved oxygen in the steep water being used up quickly if the water is 

not aerated sufficiently. Consequently, the aim was to control lipoxygenase by removal 
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of its substrate, opting to re-steep the well-germinated green malt in deaerated water 

(grist:water, 1:3) for one hour. Furthermore, the pH of the water used for re-steeping 

was varied within the range pH 4 – 7. The optimum pH for LOX activity has been reported 

to be 6.5, with LOX-2 being more pH sensitive than LOX-1 (De Buck et al., 1995, De Buck 

et al., 1997, Yang and Schwarz, 1995). The most striking result (Figure 2.6), is that by re-

steeping the grain for 1 h lipoxygenase activity decreased by around 50%. 

 

Figure 2.6: Influence of re-steeping at different water pH on the lipoxygenase activity 

in green malt. One-way ANOVA with Holm-Sidak post hoc test. Results are presented 

as mean values ±SD; n = 3, tr = 3. 

 
Contrary to expectations, the pH of the water used for re-steeping did not influence the 

resulting lipoxygenase activity. However, it should be noted that the lipoxygenase 

activity is assayed in a buffer solution at a pH of 6.8 (Section 2.2.4.2). Thus, the results 

need to be interpreted with care. LOX-1 showed in previous studies only 50% activity 

remaining at a pH of 5 whereas LOX-2 shows an activity rate close to zero (De Buck et 

al., 1995, De Buck et al., 1997, Doderer et al., 1992, Kobayashi et al., 2000a), suggesting 

that LOX might have been inactive at an acidic pH, however, reactivated in the buffer 

solution. Further analysis will be necessary to obtain clearer information on 

lipoxygenase activity after re-steeping at different water pH values. Moreover, residual 

water samples after re-steeping were analysed to help understand the reasons for loss 
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of LOX activity. It was also important to know how much LOX activity was transferred to 

the re-steep water as it would be important for water use efficiency to be able to re-use 

this water elsewhere in the process. About 13.4 Units/ g d.b. in activity were lost by re-

steeping the green malt, however, only 2.2 Units (16.7%) could be measured in the re-

steep water. The remaining activity loss could at this stage not be further explained and 

requires more research but could be related to the onset of grain asphyxiation. The 

moisture content after re-steeping increased from the average 44.7% to 52.7%, which 

needs to be considered in terms of the subsequent brewing protocol. Re-steeping 

experiments (1 hour) demonstrated that LOX activity could be decreased by around 

50%, whilst simultaneously preserving amylase activities (Figure 2.7).  

 

Figure 2.7: Lipoxygenase and amylase activities in green malt, re-steeped (at pH 7 or 

pH 4.5) as well as kilned malt. The primary axis displays α-amylase activity (Ceralpha 

units/ g d.b).; the secondary axis displays β-amylase (Betamyl-3® Unit/ g d.b.) and 

lipoxygenase activity (U/g d.b.). Data are the mean ±SD of 3 biological and 2 technical 

replicate measurements. 

 

Table 2.2 provides a summary of the impacts of the main treatments developed to 

minimise green malt LOX activity, on the LOX and diastatic enzyme activities as well as 

levels of SMM. Reference values for kilned malt and for green malt with and without 

rootlets are provided by way of comparison.  
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Table 2.2: Enzymatic activities and S-methyl methionine concentration in malt; with or without pre-treatment. 

Sample α – amylase* 

(CU/ g d.b.) 

β-amylase*** 

(BU/ g d.b.) 

SMM† *** 

(µg/g d.b.) 

LOX*** 

 (U/ g d.b.) 

kilned malt 211.4± 18.7 a 9.9 ± 0.5a 2.6 ± 0.5a 1.6 ± 1.2a 

green malt (including rootlets) 262.3 ± 11.8 b 14.1 ± 2.72 b 12.6 ± 2.5c 27.5 ± 2.5e 

green malt w/o rootlets n.m. n. m 7.3 ± 1.2 b 18.9 ± 0.2d 

re-steeped (pH 7) 258.0 ± 34.4 a,b 15.5 ± 2.5 b 11.0 ± 0.8c 11.9 ± 2.3c 

re-steeped (pH 4.5) 278.2 ± 22.4 b 13.6 ± 3.3 b 9.6 ± 0.7c 12.4 ± 2.5 c 

heated at 65 °C, 1h 239.8 ± 15.9 b 14.9 ± 0.5 b 6.3 ± 1.6b 5.2 ± 0.3 b 

†Indirect determination of S-methyl methionine from (Total DMS – DMS);  a-e Superscripts represent the ANOVA post-
hoc groupings. In each column treatments differed significantly from one another if they have a different ANOVA group 
letter. Data are the mean ±SD of 3 biological and 2-3 technical replicate measurements. Statistics: One-Way ANOVA 
with Fisher’s LSD posthoc test. Asterisks represent the p-value significance * p<0.05; **p<0.01; ***p<0.001; n.m. = not 
measured; d.b. = dry basis 
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Either re-steeping or a heat treatment at 65°C for periods of 1 hour were effective in 

reducing LOX activity by around 50% in the green malt. However, residual levels were 

still 3-8 fold higher than in finished kilned malt. Furthermore, the SMM levels were 

elevated 2.5-4.5 fold relative to kilned malt and were only significantly reduced by the 

short heat treatment, but unaffected by re-steeping. 

2.3.4 Wort analysis 

The main treatments developed in terms of lipoxygenase control (Table 2.2) were then 

compared in terms of the resultant wort quality following laboratory mashing (Table 

2.3). This table also features comparable results for mashing with the endosperm-rich 

extract of green malt so that the potential impacts of rootlet inclusion or removal are 

apparent. Wort was prepared under lipoxygenase hostile conditions (Bamforth, 2004, 

Bamforth, 1999c, Van Waesberghe et al., 2001, Wackerbauer et al., 2003): mashing-in 

temperature 63°C, at low mash pH (e.g., pH 5.2), under oxygen-limited conditions 

achieved by purging the water used for mashing with nitrogen prior to processing. Data 

were compared with mashing of kilned pale malt (equivalent mass on a dry weight basis) 

made from the same green malt. The extract yields of all ‘intact’ green malt mashes 

(90.0 ± 2.9%), were greater than that for kilned malt (82.3 ± 3.3) and wort FAN values 

were equivalent to or greater than the 188 mg/L in kilned malt wort. The endosperm 

rich extract yield was significantly lower, although extract values up to 71% as-is were 

achieved.  

Additionally, colour and FAN levels were significantly lower in worts prepared from the 

endosperm rich extract. Based on the present data it is not possible to definitively 

explain the reason for the lower FAN levels in these worts. However, it is logical to 

suggest that the endosperm extraction process left behind some of the aleurone and 

sub-aleurone tissues associated with the outer layers of the barley grain and that these 

layers contain a significant proportion of grain nitrogen and proteolytic activity. 

Additionally, SMM levels in worts prepared from green malt were relatively high and 

were not significantly altered by our proposed processing techniques. Hence, due to the 

increased DMS potential, special care needs to be taken during wort boiling to remove 

the DMS deriving from its precursor.
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Table 2.3: Analytical measures of wort of kilned malt or green malt – with or without pre-treatment. 

Type of malt 
Colour* 

(EBC) 

specific 

gravity*** 

Density*** 

(kg/m3) 

Extract$*** 

(%) 

FAN*** 

(mg/l) 

SMM*** 

(µg/L) DMSeq) 

DMSn.s. 

(µg/L) 

kilned malt 3.43 ± 0.36a 1.0339a 1.0318a 82.3 ± 3.3a 188.39 ± 28.04a 587.5 ± 45.6a 88.11 ± 39.20 

green malt (including rootlets) 3.26 ± 0.46a 1.0390a 1.0371a 90.0 ± 2.9b 224.46 ± 20.98a 1082.8 ± 88.2b 40.50 ± 10.50 

green malt endosperm-rich 

extract 
1.33 ± 0.45b 1.0271b 1.0258b 67.2 ± 4.6c 125.37 ± 8.06b 897.3 ± 21.7b 31.36 ± 6.06 

re-steeped (pH 7) 2.64 ± 0.59a 1.0364a 1.0331a 84.3 ± 5.7a,b 189.27 ± 11.30a 911.9 ± 50.3b 40.92 ± 23.45 

re-steeped (pH 4.5) 2.83 ± 0.48a 1.0361a 1.0345a 83.5 ± 4.4a,b 183.50 ± 4.83a 858.1 ± 44.8b 45.15 ± 20.68 

heated at 65°C ,1 h 2.85 ± 0.83a 1.0376a 1.0357a 86.9 ± 2.1a,b 215.29 ± 23.76a 858.0 ± 62.5b 25.90 ± 11.42 

Indirect determination of S-methyl methionine from: (Total DMS – DMS); $ extract corrected for weight used; a-e superscripts represent the 
ANOVA post-hoc groupings. In each column treatments differed significantly from one another if they have a different ANOVA group letter. Data 
are the mean ±SD of 3 biological and 3-4 technical replicate measurements. Statistics: One-Way ANOVA with Fisher’s LSD post-hoc test. Asterisks 
represent the p-value significance *p<0.05; **p<0.01; ***p<0.001; n.s. = not significant. 
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Therefore, further research and brewing trials are required to evaluate the quality 

implications of the elevated precursor levels. 

2.3.5 Nonenal potential 

Increased trans-2-nonenal levels, as a result of enzymatic lipid oxidation, can become a 

major concern when using green malt for the brewing process. trans-2-nonenal is an 

unsaturated aldehyde which is known to contribute cardboard stale flavours to beer. It 

has a very low flavour threshold in the low ppb range (0.035 µg/L; (De Buck et al., 1997, 

Liégeois et al., 2002, Meilgaard et al., 1979). The nonenal potential was determined to 

further investigate if the proposed malt treatments, combined with lipoxygenase hostile 

mashing parameters, successfully controlled LOX activities and thus the formation of 

trans-2-nonenal in wort. Hexanal was also monitored as a marker of lipid oxidation. 

Hexanal is perceived as a green type odour and this flavour note decreases with 

increasing malt colour (Coghe et al., 2004). It can be found in pale malt worts at up to 

50% higher concentrations than in wort made from dark malts.  

Evaluation of the trans-2-nonenal and hexanal potentials of the worts revealed (Figure 

2.8) that the separation technique used to prepare the endosperm-rich green malt 

extract caused increased trans-2-nonenal potential relative to all other treatments. This 

could result from the cold-water extraction, meaning that mashing in temperatures 

initially were lower than 63°C. Thus, enzymatic lipid oxidation could proceed until the 

required temperatures to destroy the enzyme were reached, which emphasizes the 

importance of temperature control during mashing. Re-steeping treatments resulted in 

trans-2-nonenal potentials which were not significantly different to that of kilned malt, 

but with an elevated hexanal potential. Furthermore, there was no difference between 

re-steeping the grain at pH 4 versus pH 7, indicating that the pH of re-steeping did not 

significantly impact on the trans-2-nonenal or hexanal potentials. Heating the green 

malt at 65ᵒC for one hour decreased hexanal concentrations relative to those in wort 

prepared from kilned malt, but increased trans-2-nonenal levels. 
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Figure 2.8: trans-2-nonenal and hexanal potentials (µg/L) after forced aging of wort 

samples. Data are the mean ±SD of 4 biological and 2-4 technical replicate 

measurements. Statistics: One-Way ANOVA on the ranks with Dunn’s posthoc test. 

 

Interestingly, the trans-2-nonenal potential of the green malt wort without treatment 

was not significantly higher than for kilned malt, indicating that by mashing in under LOX 

hostile conditions, lipid oxidation in the mash was already controlled to a sufficient 

extent. However, hexanal levels remained a concern for the untreated green malt mash 

and would need to be regulated through wort boiling or stripping. The coefficient of 

variation (CV) of the trans-2-nonenal measurements was considerably lower than that 

for hexanal. This appeared to arise from variations between biological replicates, since 

the CV for technical replicates (instrumental analysis) was of the order of just 5.5%. 

2.4 Conclusions 

Development of processes to brew directly with green malt would represent disruptive 

technology and this approach is unlikely to be widely implemented in present day 

breweries. This forward-looking project aims to develop proof-of-principle and enabling 

technology, with the potential to influence designs for the ‘brewery of the future’ when 

presumably operational and environmental pressures will prevail and force the malting 

and brewing chain to implement more energy-efficient processes. Green malt 

production is a sustainable way of developing diastatic enzyme activities without moving 
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to brewing with the use of unmalted grist materials and exogenous enzyme cocktails. 

Furthermore, proportions of green malt might be used in a mash to digest unmalted 

cereal adjuncts, rather than envisaging a process using solely green malt.  

Lipoxygenase activity and SMM levels in green malt represent major concerns for the 

manufacture of pale lager beers. The results from this study indicated that controlling 

LOX activity by mashing in at 63°C at pH 5.2 in deaerated liquor resulted in a trans-2-

nonenal potential for wort prepared from green malt without any pre-treatment which 

was not significantly higher than when using kilned malt. However, hexanal potential 

was significantly higher for the green malt process. Furthermore, this work has revealed 

two potential methods to lower the LOX activity in green malt without adversely 

affecting the diastatic enzyme levels, namely: i) re-steeping the grain (1 h) before 

mashing in or ii) a short heat treatment at 65ᵒC for up to an hour. The resultant brewing 

process would need to be optimised to deal with the elevated levels of SMM and hexanal 

in green malt worts.  

In order to gain further information on the quality of wort and beer made from green 

malt, pilot scale brewing trials are required and will form the next stage of this study. 

This will enable the sensory impacts of mashing with rootlets on to be evaluated and 

techniques for dealing with the elevated SMM and hexanal levels in wort to be 

optimised. Sensory acceptability of green malt beers will most likely determine their 

ultimate feasibility. 
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3 Pilot scale brewing trials with 100% green malt – technical feasibility 

and key quality indicators. 

3.1 Introduction 

Brewing with green malt will most certainly introduce both technical (milling, etc.) and 

biochemical (flavour) challenges. Previous research (Cook and Hudson, 1964, Duff, 1963, 

MacWilliam et al., 1963), dating back to the 1960’s, reported that wort and beer of 

acceptable quality could be produced from green malt, provided a suitable mill was 

used. However, to date, most breweries are not equipped to process grain with very 

high moisture contents, let alone green malt with a moisture content exceeding 40%. 

Unfortunately, in these papers (Cook and Hudson, 1964, Duff, 1963, MacWilliam et al., 

1963) no detailed brewing protocol or assessment of the resulting beer flavour or its’ 

stability were published. Additionally, the beer style utilised (stout), could potentially 

have masked flavour defects (Duff, 1963), so was not the most demanding test of the 

impacts of brewing with unkilned green malt on beer flavour quality. Hence, there is 

high interest in providing new and detailed knowledge on this novel method to produce 

beer using green malt, thus, saving the substantial energy input associated with kilning 

and conserving the water contained in the green malt. 

Two major quality concerns when brewing with green malt – elevated LOX activity and 

DMS potential – were clearly demonstrated in the first experiments reported in Chapter 

2. Furthermore, it was evident that rootlets contributed substantially to this problem. 

Past research has already shown that even low residual lipoxygenase activities in pale 

kilned malt can cause serious flavour deteriorations in the final beer (Hirota et al., 2005, 

Skadhauge et al., 2005). The elevated lipoxygenase activities in green malt (17-fold 

higher than in the reference kilned malt), as proven in our laboratory-scale trials, would, 

in theory, cause major flavour defects, as well as poor foam stability, in green malt beers. 

Potentially, LOX-less (Hoki et al., 2018, Yu et al., 2014) or Null-LOX barley (Skadhauge et 

al., 2005) varieties might have to be selected when brewing with green malt. 

Additionally, elevated S-methyl methionine concentrations in green malt, as discussed 

in Chapter 2, as well as the sensory impacts of mashing with rootlets, must be evaluated 

and most certainly regulated in upcoming brewing trials. Furthermore, green malt is not 
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microbiologically stable, hence it needs to be either processed directly, by mashing-in 

immediately, or by reducing its moisture content to a microbiologically safe level. 

On the other hand, as shown in Chapter 2, green malt is rich in α- and β-amylase 

(diastase enzymes), with great capacity, for example, to convert the starch into 

fermentable sugars (Duff, 1963, MacWilliam et al., 1963). Additionally, the extra 

enzymatic potential of green malt could potentially be suitable for mashing in less time. 

The heat load of the malt and thus, in summary, the total head load of the future mash, 

wort and beer made of green malt is also significantly lower, implying a decrease in 

Maillard reactions and Strecker aldehyde formation, which should favour beer flavour 

stability (De Clippeleer et al., 2010a, Gastl et al., 2006, Jaskula-Goiris et al., 2015, Malfliet 

et al., 2008). Furthermore, higher heat loads during brewing have been associated with 

a decrease in free amino nitrogen (FAN) assimilation during fermentation (De Rouck et 

al., 2007). Thus, reducing heat load might improve FAN assimilation and thereby lower 

residual FAN levels after fermentation, leading to an improved beer flavour stability. 

Lastly, unlike kilned malt, green malt does not contain DMSO (Yang et al., 1998, Anness 

et al. 1979), which can be reduced to DMS by yeast during fermentation. 

The main objectives of the research presented in this chapter were to evaluate the 

technical feasibility of pilot-scale brewing using germinated green malt and to facilitate 

a comparison between key quality parameters of beers made from green malt and 

kilned malts prepared from the same batches of green malt. Additionally, three further 

pairs of beers were brewed whereby the green malt was pre-steeped under de-aerated 

water for 1 hour; as this procedure had previously been shown (Chapter 2) to lower LOX 

activity in green malt. Attention was first directed to the technical challenges when using 

green malt, as well as standard wort and beer quality. Furthermore, particular attention 

was then paid to trihydroxy fatty acid (THFA) levels which can result from LOX activity, 

as well as DMS and S-methyl methionine levels. The data reported will help to define 

the future challenges and potential benefits of implementing beer production using 

green malt. 
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3.2 Material and methods 

3.2.1 Malt samples 

The French malting barley variety Etincel was sourced from Boortmalt, Antwerp. 

Samples (green malt and the corresponding kilned pilsner style malt) were collected at 

the equivalent time-points (final day of germination and off-kiln respectively) during six 

industrial malting cycles. The green malt, which had a moisture content of 40.7 ± 1.1% 

was not microbiologically stable and could not be stored for extended periods. 

Therefore, the brewing trials using green malt were started at the earliest possible time 

point, about 1.5 - 2 hours after malt collection. No further information of the commercial 

malting procedure is available. 

3.2.2 Chemicals and reagents 

Ultrapure type-1 grade (mQ, 18.2 MΩcm at 25ᵒC) water obtained from a Synergy 185 

system from Milipore S.A. (Molsheim, France) was used for chemical analysis and 

glassware washing. The determination of esters and higher alcohols was performed at 

the University of Nottingham; the high-purity water was obtained from a Water 

Purification Systems (SUEZ Water, Thame, UK). 

Free Amino Nitrogen (FAN): Sodium phosphate dibasic dodecahydrate (Na2HPO4 × 12 

H2O), potassium dihydrogen phosphate (KH2PO4), ninhydrin, fructose and glycine were 

ordered from Sigma-Aldrich (St. Louis, USA). Thiobarbituric acid index (TBI): 

Thiobarbituric acid was obtained from Merck KGaA (Darmstadt, Germany). Acetic acid 

(glacial) was purchased from Sigma-Aldrich (St. Louis, USA). Total Polyphenol: 

Carboxymethylcellulose (CMC) and ethylenediamine tetraacetic acid (EDTA), ammonia 

and ammonium iron(III) citrate were all purchased from Sigma-Aldrich and of analytical 

grade. Flavanoids: p-dimethylaminocinnamaldehyde (98%) and hydrochloric acid were 

purchased from Sigma-Aldrich (St. Louis, USA). Methanol (anhydrous) was purchased 

from Fisher Scientific. Proanthocyanidin: 1-butanol (99%) was purchased from Fisher 

Scientific. Dimethyl sulphide (DMS): dimethyl sulphide (≥ 99%) and ethyl methyl sulphide 

(96%) were obtained from Sigma-Aldrich (Dorset, UK). Trihydroxy fatty acid: (S)-lactic 

acid was purchased from Merck KGaA (Darmstadt, Germany). Heneicosan (98%), hexane 

(anhydrous, 95%) and pyridine (98%) were purchased from Sigma-Aldrich. The silylation 

reagent (Silyl-991) was purchased from Machery-Nagel (Germany) and diethyl ether 
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(extra pure) from Fisher Scientific. Amino acids (beer): Solid 5-sulphosalicylic acid (SSA, 

≥ 99%) and DL-norleucine were purchased from Sigma-Aldrich (UK). Esters and higher 

alcohols: 3-methyl-1-butanol (99%), ethyl acetate (99%), isobutanol (99%), 1-propanol 

(> 99%); isoamyl acetate (> 99%), isobutyl acetate (98%); ethyl hexanoate (99%), ethyl 

octanoate (> 99%); ethyl butyrate (99%) were purchased from Fisher Scientific (UK). 

Acetaldehyde (≥99.5%) was purchased from Sigma- Aldrich (UK). 

3.2.3 Wort production and fermentation 

Beers were prepared using 100% green malt (n = 3), green malt re-steeped before 

mashing (n = 3) or the corresponding reference kilned malt (pilsner malt, n = 6), utilising 

the 5 hL pilot brewing plant at KU Leuven, Technology Campus Ghent (Figure 3.1), 

brewing at 50% total capacity (2.5 hL). A thick mash was produced using a grist:liquor 

ratio of 1:2.2. Samples were collected throughout the brewing process and compared 

with wort and beer samples from brews produced using conventional pale lager malt, 

brewed under the same conditions (other than the amount of brewing liquor). 

Temperature, calcium and lactic acid additions were adjusted to compensate for the 

higher moisture content in green malt such that mash conditions were consistent across 

the trials.
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Figure 3.1: Process outline of the KU Leuven brewery; Points i-v indicate critical points when brewing with green malt. i) wet milling; ii) mash 

agitation; iii) mash conversion vessel; iv) membrane mash filter; v) kettle-decanter.



Pilot scale brewing trials with 100% green malt 

80 
 

3.2.4 Wort production using green malt 

Milled green malt (68.9 kg, 40% moisture content; wet disc mill, Hydromill, Meura, 

Belgium) was mixed with 70.4 kg (85°C) of deaerated, reverse osmosis brewing water 

enriched with 109 mg/L Ca2+ in the form of CaCl2 (calcium chloride dehydrate, Merck 

KGaA, Darmstadt, Germany). CO2 was injected in the mill inlet, increasing the protection 

against oxidation. Mashing conditions were selected to minimise lipoxygenase activity: 

pH 5.2 (1.4 mL/hL lactic acid; pH adjustment with 30% (v/v) lactic acid from 90% (v/v) 

(S)-lactic acid, Merck KGaA, Darmstadt Germany), mashing in at 63°C under oxygen 

limited conditions. The following mashing protocol was applied: 63°C (30 min), 72°C (15 

min) 78°C (1 min) – temp rise 3°C/ min. Wort was filtered using a membrane assisted 

thin bed filter (Meura 2001, Meura, Belgium) with a weak-worts cut-off point of 1.5ᵒP. 

At onset of boiling, the sweet wort was adjusted to 13ᵒP. Additionally, ZnCl2 was added 

to give free Zn2+ ions at 0.2 mg/L. Wort was boiled for 60 min (atmospheric boiling) and 

hopping applied in pellet form: first hop – Magnum (13.0% (w/w) α- acids; 50.5 g/hL); 

late hop – Tettnanger (3.0% (w/w) α- acids; 100 g/hl) and Saaz (2.5% (w/w) α- acids; 120 

g/hL) aiming for 29 mg iso-α-acids/L in the final beer. Wort clarification was performed 

by decantation in the combination vessel (wort settling) with a duration of 15 min. 

Samples for analysis in each batch were collected at onset of mashing, end of mashing, 

mash filtration, first wort collection, onset of boiling, end of boiling, end of clarification 

and end of cooling (pitching wort; after wort aeration). 

3.2.5 Wort production – re-steeping of green malt before mashing 

A total of 68.9 kg of green malt was re-steeped (1 h, re-immersed in water after 

germination) in 70.4 kg water (deaerated, reversed osmosis brewing water enriched 

with 1.4 mL/hL lactic acid and 109 mg/L Ca2+ in the form of CaCl2). Afterwards, the green 

malt was separated from the brewing liquor using a fine-meshed net. In order to remain 

water efficient, the water used for re-steeping was re-used for mashing. The used re-

steep water was heated to 85°C using a mobile immersion heater prior to use. 

Subsequently, the same brewing parameters were applied. 
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3.2.6 Wort production using reference malt (kilned, pilsner style) 

For the kilned pilsner style malt, the same brewing parameters (apart from the brewing 

liquor) were applied. Pilsner malt: 44 kg of malt were used and mixed with 96.6 kg (69ᵒC) 

of deaerated water containing 80 mg/L Ca2+ (CaCl2) and lactic acid 1.0 mL/hL. 

3.2.7 Fermentation, filtration and bottling 

All worts were pitched with 107 yeast cells/mL (S-O4, Fermentis, top-fermenting strain). 

Fermentation was performed in a cylindroconical vessel (50 L) at 24ᵒC. After 

fermentation, beer was submitted to 14 days of maturation at 0ᵒC in 50 L kegs. Matured 

beer was filtered using a plate filter (BECOPAD Eaton 350). All the batches received 

carbonation up to 5.6 g CO2 per litre. Beer samples were bottled using a six-head counter 

pressure filler with double pre-evacuation with intermediate CO2 rinsing and over-

foaming with hot water injection before capping (Monobloc, CIME, Italy). Bottled beers 

were stored at 0ᵒC prior to analysis. 

3.2.8 Malt, wort and beer analysis: Standard analysis 

The moisture content of malt samples was measured by mass loss on drying according 

to Analytica EBC method 4.2. Wort specific gravity and density, as well as alcohol content 

of the beer, were analysed using an Anton Paar Alcolyser with a DMA 5000 density 

measurement device (Anton Paar Benelux, Gentbrugge, Belgium). Extract yield was 

calculated according to Analytica EBC Method 4.4. Wort and beer colour were 

determined based on EBC method 9.1 by measuring the absorption at 430 nm using a 

spectrophotometer (Varian Cary 100, Agilent Technologies Inc., Australia). The CO2 

content of beers were measured by the Haffmans INPACK TPO/CO2 METER (Haffmanns 

c-TPO) and foam stability using the NIBEM-T Meter (Haffmans, Venlo, Netherlands). 

Cold haze (analysis of the turbidity of beer kept for a minimum of 24 h at 0°C) and 

permanent haze (analysis of turbidity of chilled beer kept for 24 h at 20°C) were 

determined using the Haffmans VOS ROTA 90 Turbidity meter, 90° light scatter.  

3.2.9 Determination of free amino nitrogen in wort and beer 

The free amino nitrogen content (FAN) in wort and beer was determined using 

colourimetry with ninhydrin based on the EBC method-9.10 (8.10 for wort). The full 

procedure of the assay is as previously presented in Section 2.2.5.1. 
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3.2.10 Determination of the thiobarbituric acid index (TBI) 

The thiobarbituric acid–index (TBI) is used as an indicator of the thermal stress of wort 

and beer and was determined according to the method described by Thalacker and 

Böβendörfer (Thalacker and Böβendörfer, 2005). Hereby, mainly Maillard reaction 

products, especially 5-hydroxymethylfurfural, but also other organic compounds are 

measured. Wort or degassed beer sample (1 mL) was mixed with mQ water (9 mL) and 

5 mL of thiobarbituric acid (2.88 g/L in 90% acetic acid). The test samples were heated 

in a glycol bath for 70 min at 70ᵒC; the blank samples were not heated. After cooling 

down in an ice water bath and subsequent mixing, the absorbance was measured at 448 

nm. The TBI index was expressed as TBI for 100 mL of wort or beer. 

3.2.11 Determination of total polyphenol content in wort and beer 

The total polyphenol concentration in wort and beer was determined based on the EBC 

method (9.11). The polyphenols present in beer or wort react with iron ions in alkaline 

medium, forming a red compound with maximum absorbance at 600 nm.  

Beer at room temperature was degassed by sonification. In a test tube, 5 mL of wort or 

degassed beer were mixed with 3 mL mQ water, 4 mL CMC/EDTA reagent (2 g/L EDTA, 

10 g/L CMC), followed by 0.25 mL of ammonium hydroxide (25% (v/v) in mQ water) and 

0.25 mL of the colour reagent (35 g/L ammonium ferric citrate in mQ water). The blank 

samples were prepared by mixing 5 mL of wort or beer with 3.25 mL of mQ water, 4mL 

of CMC/EDTA reagent and 0.25 mL of the ammonia solution – but no colour reagent was 

added. The test tubes were sealed with a screw cap and mixed thoroughly. 

Subsequently, the mixture was transferred to cuvettes and the absorbance was 

measured after a minimum of 10 minutes at 600 nm against the blank. The absorbance 

was multiplied by 820 to get the total polyphenolic concentration in mg/L. 

3.2.12 Determination of flavanoids in wort and beer 

The flavanoid content in wort and beer was determined based on the EBC method 

(9.12). The flavanoids (e.g. (+)-catechin) present in beer or wort react with p-

dimethylaminocinnamaldehyde in an acidic medium, forming a coloured complex with 

maximum absorbance at 640 nm. To prepare the colour reagent 100 mg of p-

dimethylaminocinnamaldehyde (98%) were added to a 100 mL volumetric flask and 

filled with 25% HCl (v/v)/methanol solution. Immediately after dissolving the resultant 
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chromogen solution (1g/L) was protected from light. Beer at about 20ᵒC was degassed 

by sonification. The beer or wort samples (1 mL) were mixed with 9 mL of mQ water in 

a test tube. Subsequently, 0.5 mL of this dilution was added to a cuvette and 2.5 mL of 

the colour reagent were added and carefully mixed. To obtain a blank, 0.5 mL of water 

was used instead. After 10 minutes, the absorbance was measured at 640 nm using a 

spectrophotometer (Varian Cary 100, Agilent Technologies Inc., Australia). The results 

are multiplied by 335 and expressed as catechin equivalents. 

3.2.13 Determination of proanthocyanidins in wort and beer 

Determination of proanthocyanidins was performed by measuring the red coloured 

cyanidin complex formed with HCl/1-butanol using the method according to Bate-Smith 

(Bate-Smith, 1973). Beer at room temperature was degassed by sonification. The beer 

or wort samples (0.5 mL) were mixed with 3 mL of 5% HCl (v/v)/1-butanol in a test tube 

and sealed with a screw cap, mixed and placed in a dry heater set to 100ᵒC for 2 hours 

and vortexed again afterwards. After the tubes were cooled down, the absorbance was 

measured at 550 nm using a spectrophotometer (Varian Cary 100, Agilent Technologies 

Inc., Australia). To obtain the blank sample, 3 ml of water were added to 0.5 ml of beer; 

the blank was not heated. The concentration was based on the molecular mass of the 

red cyanidin chloride complex formed (322.7 g/mol). The equation used to determine 

the proanthocyanidin concentration was 

 

3�����ℎ��������� ���
� � = " 4

15000 × l$ × �� × 322.7 × 1000 

 

in which E = Extinction (absorbance) of the sample; Ɛ = molar extinction coefficient 

(15000 L·mol-1 ·cm-1); l = pathlength (1 cm); df = dilution factor 

3.2.14 Determination of DMS and S-methyl methionine in wort and beer 

Headspace SPME GC-PFPD was used to quantitatively determine DMS and also indirectly 

S-methyl methionine (SMM) in wort and beer using the Thermo Finnigan TraceGC Ultra 

system (Interscience, Louvain-la-Neuve, Belgium). The GC system was equipped with a 

CTC CombiPAL autosampler, an S/SL injector with narrow bore glass inlet liner, an RTX-

1 fused silica capillary column (30 m × 0.32 mm i.d., 3 μm film thickness, Restek), and a 
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pulsed flame photometric detector (PFPD 5380, OI Analytical, Texas, USA) operating in 

sulphur mode. Helium was used as carrier gas (1.2 mL/min). The inlet temperature was 

set at 250°C and injection was carried out in the split mode (split ratio 10:1). The oven 

temperature was kept at 35°C for 3 min, then raised to 250°C at 5°C/min and held at 

250°C for 5 min. The PFPD was set at 250°C and 560 V with air 1 and air 2 at 10 mL/min 

and hydrogen at 12.5 mL/min. Data processing was performed using Chromcard 2.3.2 

(Thermo Electron Corporation, Milan, Italy) and WinPulse 32 2.0 (OI Analytical). After 

sample preparation, the vial was pre-equilibrated for two minutes at 30°C. The SPME 

needle was conditioned for 2 min at 300°C and then inserted through the septum. The 

Carboxen™/Polydimethylsiloxane (CAR/PDMS light blue) fiber (Stableflex, 85 μm, 

Supelco, Bellefonte, USA) was exposed to the headspace for 15 min, agitating at 250 

rpm. The SPME fibre was thermally desorbed into the injection port of the GC for 3 min 

and subsequently post-conditioned for 2 min at 300°C. The quantification of the DMS 

content in the unknown sample (wort, beer) is based on a calibration curve with 

standards of a known concentration of DMS (0.1-10 µg/L) and EMS (1 µg/L) as internal 

standard. The standard samples (calibration curve) prepared for the beer samples were 

adjusted for ethanol content. The ratio of the area of the DMS to the surface of the EMS 

peak is correlated with the ratio of the DMS/EMS concentration. If necessary, samples 

were diluted by an appropriate dilution factor to allow for quantification within the 

linear range of the calibration curve.  

The indirect quantification of the DMS precursor, S-methyl methionine, was based on 

the original method proposed by White and Wainwright (White and Wainwright, 1976b) 

following a modified protocol by De Rouck et al. (De Rouck et al., 2010), without the 

utilisation of NaOH to avoid possible side formations of oxidised products (DMSO and 

DMSO2). The sample is prepared and placed at 100°C for 160 min. Due to this thermal 

treatment, the non-volatile SMM in the sample is converted to DMS. The difference 

between the content of DMS in the vial subjected to thermal treatment and the content 

of DMS in the non-heated vial is taken as the SMM concentration in the unknown sample 

and expressed as DMS equivalents. 



Chapter 3 

85 
 

3.2.15 UPLC determination of amino acids in wort 

The Acquity Ultra Performance Liquid Chromatography (UPLC) separation system from 

Waters was used to quantify individual free amino acids in wort. At first, the wort sample 

(1 mL), 20 μL Carrez I reagent (106 g potassium ferrocyanide trihydrate (K4Fe(CN)6 x 

3H2O in 1 L water) and 20 μL Carrez II reagent (220 g zinc acetate dihydrate and 30 mL 

acetic acid, filled with mQ water to a total volume of 1 L) were mixed, to remove the 

proteins. Afterwards, the samples were pipetted into an Eppendorf microtube (2 mL), 

to precipitate the protein. Subsequently, the sample derivatisation was performed using 

the Waters AccQ-Tag Ultra Chemistry Package and amino acids were separated on the 

Acquity UPLC (Waters, Milford, USA), equipped with a PDA detector, column heater, 

sample manager, binary solvent delivery system and an AccQ-TagTM Ultra column (2.1 

i.d. × 100 mm; Waters, USA). Data were processed using the Empower 2 

Chromatography Data Software (Waters, USA). The gradient elution was performed 

according to the described Waters AccQ-Tag Ultra method using the AccQ-Tag Ultra 

Eluent A Concentrate (10 times diluted, Waters, Milford, USA) and AccQ-Tag Ultra Eluent 

B (Waters, Milford, USA). Total analysis time was 9.5 min at a constant flow rate of 0.7 

mL/min at 60°C. 

3.2.16 Determination of amino acids in beer 

Amino acids were isolated from beer and derivatised using the EZ:FaastTM amino acid kit 

(Phenomenex, Macclesfield, UK). A conical centrifuge tube containing 60 mg of solid 5-

sulphosalicylic acid (SSA, for deproteinisation) was cooled to 4°C. Beer (980 µl) and 20 µL 

of the internal standard norleucine (10 µmol/L) were added to the conical centrifuge tube, 

mixed with the SSA and allowed to stand for 1 hour at 4°C. The mixture was centrifuged for 

15 min at 4°C using a centrifuge to spin down the precipitate. The supernatant was 

removed and filtered through a 0.2 µm filter (Millipore Cat No. GSWP02500). The amino 

acid standard solution was treated the same way. Subsequently, 20 µL of treated standards 

or sample was injected to an Amino Acid Analyser (Biochrom 20 Plus) equipped with an 

ion-exchange column and UV detector for analysis. The concentration of amino acid was 

calculated by the EZChrom Elite software (EZChrom Elite, Chromatography Data System). 
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3.2.17 Determination of volatiles in beer 

Volatiles in beer were determined via GC-HS-FID method, using a SCION 456-GC (Bruker, 

UK) fitted with a Combi PAL autosampler and controlled with Compass CDS software. 

Degassed, cold beer sample (4°C, 10 mL) was pipetted into a 20 mL headspace vial 

(Fisher Scientific, UK), internal standard (1-butanol; 50 mg/L) was added followed by 

sodium chloride (3.5 g). The vial was sealed with a crimp cap lined with a PTFE/silicone 

septa (Sigma-Aldrich, UK). The sample was equilibrated at 60°C for 20 min, agitated at 

500 rpm. The GC was equipped with an S/SL injector at 150°C (Split ratio: 1:20). Volatiles 

were separated on a ZB Wax column (60 m x 0.25 i.d., 0.5 µm film thickness) using helium 

carrier gas (BOC, UK, 15 psi, constant pressure). The oven temperature was kept at 85°C 

for 10 min, then raised (25°C/min) to 110°C for 13 minutes and held at 200°C for 13.25 

min (8°C/min). The FID detector was set at 250°C with air flow at 300 mL/min, helium 

flow at 25 mL/min and hydrogen flow at 30 mL/min. Signal response was corrected 

against the internal standard and the compounds quantified using an external standard 

series. The standard series was prepared in the following concentrations: 3-methyl-1-

butanol, acetaldehyde, ethyl acetate (10-100 mg/L); isobutanol, propanol (5-50 mg/L); 

isoamyl acetate, isobutyl acetate (0.05 – 0.5 mg/L); ethyl hexanoate, ethyl octanoate 

(0.1 – 1 mg/L); ethyl butyrate (0.025 – 0.25 mg/L). 

3.2.18 Determination of trihydroxy fatty acids in grain, wort and beer 

Gas chromatographic analysis of trihydroxy fatty acids (THFA) in beer samples was based 

on the published procedures of Moeller-Hergt et al. (Möller-Hergt et al., 2001) and 

Wackerbauer and Meyna (Wackerbauer and Meyna, 2001). Extraction of THFA in malt 

samples was conducted by using 50.0 ± 0.05 g of malt with 390 mL mQ water, 10 mL of 

Brewtan (6 g/L) and 1 mL lactic acid (9%), preheated to 70°C. The mix was mashed for 

10 min at 70°C. Afterwards, the weight of the content of the beaker was adjusted to 450 

± 0.2 g by addition of reverse osmosis water and filtered on ice using filter paper 

(Whatman, grade 2555 ½ prepleated 320 mm, Sigma-Aldrich, UK). The first 20 mL of the 

filtrate was transferred to a small glass bottle and immediately frozen until further 

liquid-liquid extraction.  

The following liquid-liquid extraction was performed on a 5 mL aliquot of the (extracted) 

malt or wort sample, using 16 mL diethyl ether (extra pure grade, Fisher Scientific). The 
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mixture was shaken for 3 minutes and centrifuged at 9344 x g for 5 minutes (Hettich 

320R, Germany). The upper layer was transferred to a new glass vial using a glass 

syringe. Subsequently, this diethyl ether layer was evaporated using nitrogen. The 

liquid-liquid extraction was repeated three times (on the same 5 mL aliquot). After the 

final evaporation 500 µL of the internal standard, heneicosan (C21H44) diluted in hexane, 

was added to the glass vial and evaporated. The internal standard used was prepared 

by diluting 91.40 mg heneicosan (exact weight noted for final calculation) in 250 ml clean 

hexan and further diluted 1:10. To avoid further variations, the same internal standard 

was stored and used for all analysis. For the derivatisation 300 µL of the silylation 

reagent (Silyl-991) and 100 µL pyridine were added. The samples were subsequently 

heated at 90ᵒC for 1 h using a laboratory block heater (digital heat block, VWR). The 

liquid was transferred into HPLC vials and kept at -20ᵒC until GC analysis. The equipment 

used was a GC-FID (ThermoQuest Trace GC 2000; Interscience, Louvain-la-Nueve, 

Belgium) equipped with a fused silica analytical capillary column (CP-Sil 5 CB Low 

BLEED/MS; 50 x 0.25 mm i.d., 0.25 µm and a cyano-phenyl-methyl deactivated retention 

gap (2.5 x 0.53 mm i.d., Varian, Netherlands). Samples (2 µL) were manually injected 

using a Hamilton syringe (10 µL, Model 701 N Syringe). The oven temperature was kept 

at 40°C for 5 min, then raised to 290°C at 6°C/min and held at 290°C for 20 min. Helium 

was used as a carrier gas at a flow rate of 1.0 mL/min. Data processing was performed 

by Chromcard software 1.07. The equation used to determine the trihydroxy fatty acid 

concentration was 

 

829& ���
� � = �� :; � ��
� 829& � 1000

��
� :; � !��  ����
  

 
in which area IS = area of Internal Standard; area THFA = area of trihydroxy fatty acids; 

mg IS = internal standard derivatised (0.01828 mg); vol sample =volume of wort or 

beer sample (5 mL).  

3.2.19 Statistical analysis 

All samples were analysed in at least three biological replicates with 2-4 technical 

replicates. The statistical significance of the data obtained was established with analysis 

of variance (ANOVA), a p-value below 0.05 was considered as statistically significant.  
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3.3 Results and Discussion 

3.3.1 Brewing performance and technical challenges 

The commercially produced green malt was used as 100% of the grist in pilot scale 

brewing trials (2.5 hL). Six paired trials were conducted whereby beers were brewed first 

from a batch of green malt and subsequently from the kilned malt prepared from that 

green malt. Each pair of malts were sampled from a different batch, albeit produced 

using the same barley variety and industrial malting process. Beers were produced 

under the same brewing conditions, other than the amount of brewing liquor. To 

account for the higher moisture content (40%) in green malt, less water (as described in 

Section 3.2.4) needed to be added at the onset of mashing. Thus, a more water efficient 

process was achieved by brewing with green malt. A summary of the brewing 

performance of green malt (n = 3), re-steeped (prior to mashing) green malt (n = 3) and 

the corresponding reference pilsner malt (n = 6) is shown in Table 3.1.  

The pilot brewery at KU Leuven (Figure 3.1) is equipped with a wet milling system (i), 

suitable for milling green malt. CO2 was injected in the malt bin and the mill inlet, 

increasing the protection against oxidation, thus potentially favouring lipoxygenase 

control. The water flow during wet milling (considering the amount of water already in 

the grain) and the gap distance setting of the mill (19 kilned malt, 12 green malt, 

equipment specific units, Hydromill, Meura) were adjusted. Inappropriate setting of the 

disc gap (too fine or too coarse) led to blocking of the mash filter (iv) when brewing with 

green malt - as a result, the brews had to be stopped and discarded.  
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Table 3.1: Brewing performance of green malt, re-steeped green malt and the corresponding reference kilned (pilsner) malt. 

    re-steeping trials 

Brew Nr. 1 2 3 4 5 6 

 GM KM GM KM GM KM GM KM GM KM GM KM 

Mash filter (MF) filling time (min) 8.0 3.7 9.6 5.4 11.3 4.4 12.0 5.0 5.0 4.0 4.0 4.0 

MF filtration (min) before 
sparging (min) 

32.0 20.2 27.7 20.7 50.9 22.4 26.0 22.0 19.0 28.0 39.0 39.0 

MF sparging and final 
compression(min) time (min) 

29.9 77.6 121.9 99.6 145.2 59.4 75.1 99.6 78.8 101.9 89.4 66.8 

Boiling time (min) 60 60 60 60 60 60 60 60 60 60 60 60 

Total wort volume (L) 190 220 180 240 200 199 190 230 200 220 180 184 

Brewhouse yield (%) 61.8 72.5 55.5 80.3 44.0 67.0 64.2 73.9 65.8 69.2 57.3 62.1 

GM = green malt; KM = kilned malt 
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The filtration process in the pilot brewing trials of green malt wort was found to be 

considerably slower than that of typical pale kilned malt worts (Table 3.1). In part, this 

might reflect a need for further optimisation of the milled particle size distribution using 

the wet disc mill, but also relates to the thickness of the mash. Additionally, the mash 

stirring device (ii) employed was not a conventional agitator, but a homogeniser 

allowing low shear, ideal for kilned malt mashes. However, it appears not to be optimal 

for mixing green malt mashes. The homogeniser, which sits in the bottom of the mash 

kettle (Figure 3.2B), could not cope with the thickness of the mash of green malt, 

therefore only 50% of the total mash kettle capacity could be used and the brews had 

to be scaled down to 2.5 hL.  

 

 

Figure 3.2: Mash kettle; Inlet and thick (1:2.2) green malt ‘mash’ (A), homogeniser at 

the bottom of the mash kettle (B) 

 
Temperature and pH control (iii) at the onset of mashing were difficult due to the noted 

sub-optimal mixing. To allow for a lipoxygenase hostile (Baert et al., 2012, Bamforth, 

2004, Drost et al., 1990, Van Waesberghe et al., 2001) mashing temperature and pH, the 

mash-in water volume needed to be reduced to allow for the higher water content of 
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the green malt, meaning that liquor needed to contain more lactic acid and be heated 

to a higher temperature. Whilst these adjustments were calculated and applied, the pH 

and temperature proved very difficult to control accurately, which may have been due 

to insufficient mixing. Additionally, milling of kilned malt already causes friction which 

can increase the temperature and, in terms of pH, the composition of the steeping water 

used in the malting process was unknown. Filling of the mash filter (iv) took about twice 

as long (4.0 - 12.0 min) in all six green malt brews compared to the reference brews (3.7 

– 5.4 min; Table 3.1). Total filtration time increased in all six green malt brews. This could 

probably be improved in future by optimisation of the milling process, use of a mash 

vessel equipped with a more suitable type of low shear stirring device, and fine tuning 

of the liquor to grist ratio. In general, the green malt brews had low flow rates and in 

consequence sparging times took longer than for the reference brews (Table 3.1). Poor 

sparging rate could be attributed to the spongy and cohesive structure of the green malt 

“cake”, not allowing sparging water to sufficiently wash out the remaining sugars. Thus, 

brewing yield was lower in green malt brews than kilned malt brews. 

In future trials, an optimised milling system is advised, in combination with a mash vessel 

equipped with a ‘normal’ mash agitator instead of the low shear homogeniser, used in 

the pilot brewery. Additionally, filtration and sparging operations need to be adjusted 

to cope with the structure of the green malt “cake”. However, milling optimisations 

could potentially improve the composition of the grist, thus filterability and sparging 

rate. There were no technical issues during the boiling (v), clarification and cooling 

operations of the six green malt brews. 

3.3.2 Wort characteristics 

The characteristics of the cold pitching wort are shown in Table 3.2. Worts prepared 

from untreated green malt are compared to worts prepared from the kilned reference; 

similarly re-steeped green malt worts are compared to their corresponding reference 

brews. The colour of the worts prepared from untreated green malt and re-steeped 

green malt was significantly lower compared to worts prepared from the kilned malt 

control, however, a satisfactory yellow colour was still attained.  
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Table 3.2: Pitching wort characteristics prepared from green malt, re-steeped green malt or the corresponding reference kilned (pilsner) malt. 

  re-steeping trials 

 GM KM GM KM 

pH *** 5.4 ± 0.2 a 5.2 ± 0.1 b 5.4 ± 0.1 a 5.2 ± 0.1 b 

Colour (EBC) *** 8.1 ± 1.9 a 10.9 ± 1.3 b 7.2 ± 0.5 c 10.9 ± 1.4 d 

Density (g/cm3) n.s. 
 1.0478 1.0439 1.0500 1.0481 

Original extract (° Plato) n.s. 
 12.4 ± 0.5 11.8 ± 1.3 12.9 ± 0.3 12.4 ± 1.3 

FAN (mg/L) *** 220.9 ± 41.2 a 287.5 ± 35.8 b 269.5 ± 19.9 c 259.7 ± 47.8 c 

Total polyphenols (mg/L) *** 311.9 ± 33.6 a 379.0 ± 47.1 b 372.3 ± 36.7 b,c 363.0 ± 43.2 c 

Flavanoids ((+)-catechin eq. mg/L) *** 50.3 ± 3.7 a 54.6 ± 1.7 a 75.0 ± 2.5 b 66.1 ± 5.4 c 

Proanthocyanidins (mg/L) *** 59.0 ± 7.2 a 74.6 ± 20.1 b 71.4 ± 13.6 c 84.5 ± 19.0 d 

Thiobarbituric acid index*** 15.4 ± 1.5 b 45.1 ± 4.7 a   20.6 ± 1.5 c 51.2 ± 7.9 d 

DMS (µg/L) *** 106.1 ± 41.9 a 97.4± 22.3 a 139.0 ± 27.9 b 56.9 ± 27.9 c 

SMM (mg/L)† *** 0.54; 0.23; 0.38 a 0.61; 0.05; 0.24 b 0.26; 0.46; 0.26 a,b 0.13; 0.05; 0.09 c 

THFA (mg/L) *** 3.8 ± 1.5 a 7.8 ± 0.9 b 7.4 ± 0.5 b 6.0 ± 0.9 c 

 †Indirect determinazon of SMM from (Total DMS – DMS), expressed as DMS equivalents 
a-d superscripts represent the ANOVA post-hoc groupings. In each row, treatments differed significantly from one another if  
they have a different ANOVA group letter. Asterisks represent the p-value significance * p<0.05; **p<0.01; ***p<0.001. Data are  
the mean ±SD of 2-3 technical replicate measurements, Statistics: One-Way ANOVA with Fisher’s LSD post-hoc test. GM = green  
malt; KM = kilned malt 
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This supports previous findings reported by MacWilliam et al. (MacWilliam et al., 1963). 

Kilned malt imparts characteristic colour compounds to beer, formed mainly via Maillard 

reactions initiated between reducing sugars and amino-compounds during kilning. 

Nevertheless, the yellow colour in green malt pitching wort might originate from natural 

yellow pigments, such as polyphenols or the water-soluble vitamin riboflavin. Riboflavin 

is a yellow colouring matter, present in malt (1.2 – 5.0 µg/g) (Briggs, 1998a). The precise 

origins of the colour contributed by green malt should be further investigated.  

Contrary to expectations, the free amino nitrogen content of worts prepared from green 

malt (n = 3) were significantly lower compared to levels of their corresponding reference 

worts (Table 3.2). However, reported minimum levels (140 mg/L (Kunze, 2014)), as 

nutrition for the yeast during fermentation, were easily achieved in all worts. Green malt 

is known to have a higher proteolytic activity than kilned malt. As shown in previous 

research, proteases seem to be protected at very thick mashing conditions even when 

mashing in at an elevated temperature of 63ᵒC (De Rouck et al., 2013b). One possible 

reason for the decreased FAN levels could be the presence of proteolytic inhibitors in 

green malt. Previous research (Jones, 2005) found endogenous proteins in both barley 

and malt that have the ability to inhibit the enzymatic activities of proteases. FAN levels 

measured in worts prepared from re-steeped green malt, on the other hand, did not 

differ significantly from the relevant control worts. When re-steeping green malt those 

inhibitors might have been removed, or proteolytic activity increased through some 

mechanism. Certainly, this observation requires further investigation.  

Significantly lower concentrations of polyphenols (311.9 ± 33.6 mg/L) were measured in 

worts prepared from untreated green malt compared to their reference worts (379.0 ± 

47.1 mg/L). These results further support the idea that especially the kilning step 

increases total polyphenol levels (Chandra et al., 2001), as well as polyphenol 

solubilisation (Narziss, 1976). However, polyphenol levels differed greatly between the 

individual brews, presumably due to the difficulties that occurred during sparging of 

green malt, affecting retention of polyphenols. Hence, a more technically consistent 

process is necessary to gain further information on the factors which determine total 

polyphenol levels in green malt wort. Flavanoid levels in wort did not differ significantly 

whether the wort was prepared from green malt (50.3 ± 3.7 mg/L) or kilned malt (54.6 

± 1.7 mg/L). Proanthocyanidins, the main haze active polyphenols, were significantly 
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reduced in worts prepared from green malt (59.0 ± 7.2 mg/L) compared to the controls 

(74.6 ± 20.1 mg/L), which is consistent with the observations made by MacWilliam et al. 

(MacWilliam et al., 1963) who reported much lower anthocyanogen contents in green 

malt wort. Re-steeping, on the other hand, appeared to affect polyphenol solubilisation. 

The total polyphenol concentration of the re-steeped GM brews did not differ from the 

control brews (Table 3.2), while flavanoid levels were elevated (75.0 ± 2.5 mg/L). 

Additionally, re-steeping increased proanthocyanidin levels (71.4 ± 13.6 mg/L), 

compared to worts prepared from untreated green malt. These results, which 

potentially impact beer colloidal stability, are discussed in the following sections. 

The thiobarbituric acid index (TB-Index) is traditionally used as an indicator for 

evaluating heat load during wort production and determines the 5-

hydroxymethylfurfural (5-HMF) potential of wort and beer. The omission of the kilning 

process dramatically decreased the heat load of the malt, which resulted in a decreased 

TBI level in the wort (Table 3.2). Hence, the lower TBI of green malt wort (15.4 ± 1.53) 

and re-steeped green malt wort (20.6 ± 1.5), compared to the corresponding reference 

wort (45.1 ± 4.7 and 51.2 ± 7.9, respectively), could potentially benefit the flavour 

stability of the beer (Gastl et al., 2006, Malfliet et al., 2008). Further process 

optimisation, so as to reduce the total mash filtration times of green malt brews, could 

even further decrease the total heat load and thus improve flavour stability.  

3.3.3 DMS and S-methyl methionine – determination in wort 

DMS and (indirectly) S-methyl methionine levels (SMM) were measured in all pitching 

worts. Data were compared with worts prepared from their kilned malt control, 

prepared from the same green malt. Green malt is rich in the DMS-precursor SMM 

(White and Wainwright, 1977), therefore overall DMS levels were expected to be higher 

compared to the control. S-methyl methionine levels were determined throughout the 

brewing process of the three untreated green malt samples and compared to the 

reference brews. Figure 3.3 illustrates the DMS and SMM levels from the onset of 

mashing to the pitching wort. It is noticeable that in all three brews the SMM levels were 

2-3 times higher (7.3 ± 1.3 mg/L) at mashing-in compared to the respective reference 

brew (3.0 ± 0.4 mg/L). SMM is being transformed into free volatile DMS for both kilned 

malt and green malt brews. As expected, DMS levels were rising (prior to boiling), while 
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the amount of SMM was declining; the individual measured concentrations varied 

substantially between the different brews. This appeared to arise from variations 

between biological malt replicates (since there was variation in SMM levels already at 

onset of mashing). Errors due to sampling and analysis were likely smaller, as wort 

samples were taken at the same time-point in each case and immediately put on ice 

prior to analysis.  

For example, the first and second brew indicated significantly higher DMS levels until 

the onset of boiling in the green malt brews. In the second brew, the DMS concentration 

was even double that of the kilned malt brews. In contrast, the third brew indicated 

higher DMS levels in the kilned malt wort. Although the analysis did not reveal a clear 

uniform pattern on DMS levels, overall the results show that a major part of the 

precursor already gets converted during mashing and filtration, and not solely during 

wort boiling (100°C, 60 min).  

As already shown in previous studies (Anness et al., 1979, Yang et al., 1998), during malt 

kilning, SMM already decomposes (pH-dependent) at temperatures above 70°C to DMS 

and L-homoserine. Any remaining DMS was satisfactorily evaporated during boiling, 

leaving worts of green malt brews with higher S-methyl methionine levels, but 

acceptable DMS concentrations. Additionally, DMS and SMM levels were determined in 

the pitching wort prepared from re-steeped green malt and the corresponding 

reference malt, again resulting in acceptable DMS levels (Table 3.2). On average, all six 

brews using green malt as the raw material resulted in elevated SMM level, but 

acceptable DMS levels (122.6 ± 36.1 µg/L DMS v 77.15 ± 30.6 µg/L DMS). It appears that 

DMS levels in pitching wort can be controlled even when using green malt, given a 

sufficient removal of DMS via evaporation during wort boiling. 
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Figure 3.3: DMS and S-methyl methionine (expressed as DMS 

equivalents, µg/L) monitored in three individual brewing 

processes using green malt and the corresponding reference 

(pale) kilned malt. Data are the mean ±SD of 2 technical 

replicates. 
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3.3.4 Trihydroxy fatty acids – determination in wort 

The malts used for the preparation of the beers were analysed for trihydroxy fatty acid 

(THFA) levels in the raw materials themselves. Clearly, green malt has a higher 

lipoxygenase (LOX) activity compared to kilned malt (as shown in Chapter 2) which poses 

a major threat for beer flavour and stability. The determined contents of THFA in the 

malts used for this study were significantly lower in kilned malt (39.6 ± 9.9 mg/kg, dry 

basis) compared to green malt (68.3 ± 4.5 mg/kg, d.b.). Interestingly, however, the THFA 

concentration measured at onset of mashing was significantly lower in all three brews 

using green malt (n = 3, Figure 3.4).  

This suggests a rapid breakdown of THFA to degradation products during wet milling and 

entry to the mash vessel. Similarly, significantly lower THFA levels were detected in all 

three pitching worts of green malt (3.8 ± 1.5 mg/L) compared to their kilned malt 

reference (7.8 ± 0.9 mg/L). There was a clear THFA increase across mashing in kilned 

malt brews (Figure 3.4), whereas in green malt brews levels were more or less stable 

throughout the brewhouse operations.  

 

Figure 3.4: Trihydroxy fatty acid (THFA, mg/L) monitored in three individual brewing 

processes using green malt or its corresponding reference (pilsner) kilned malt. Data 

are the mean ±SD of 3 biological with each 2 technical replicate measurements. 
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The formation of trihydroxy fatty acids from hydroperoxy fatty acids can occur through 

several enzymatic pathways (Baert et al., 2012). Green malt shows higher LOX activity 

than kilned malt (Chapter 2), however, it is likely that the oxygen-boosted drying of 

green malt, triggers the oxidation of unsaturated fatty acid, giving rise to both THFA (as 

intermediate) and aldehydes, such as hexanal and trans-2-nonenal. Consequently, the 

increased extraction of THFA during mashing when using kilned malt (Figure 3.4). 

Subsequent determination of the fatty acid oxidation aldehydes, trans-2-nonenal and 

hexanal, in both green and kilned malts further confirmed this hypothesis (Section 

4.3.1). Thus, the evolution of free staling aldehydes was further investigated and 

discussed in Chapter 4.  

Prior research (Chapter 2) had indicated that re-steeping of green malt in water for an 

hour was an effective means to reduce the LOX activity of green malt by around 50%. 

Therefore, the quality impacts of this putative process at pilot scale were assessed, 

including re-use of the re-steep water as mashing liquor in the green malt brewing 

process in order to minimise overall water usage in the chain. Contrary to expectations, 

brewing with re-steeped malt almost doubled (7.4 ± 0.5 mg/L) THFA levels compared to 

the use of untreated green malt (3.8 ± 1.5 mg/L) and it did significantly differ from its 

kilned malt control (6.0 ± 0.9 mg/L; Table 3.2). This suggests that not all appropriate 

mashing conditions were fulfilled to control unwanted LOX reactions. Possibly by re-

heating the steep water and not de-aerating it prior to mashing, oxygen pick-up may 

have occurred (Figure 3.5).  

By keeping lipoxygenase hostile mashing parameters (63°C, pH 5.2 and oxygen-free), 

LOX-related reactions can be kept under control. However, considering that 

temperature and pH control were challenging in green malt brews due to the noted 

incompatibility of the mash homogeniser, these findings suggest that oxygen exclusion 

is a key criterion to avoid THFA formation.  

Overall, the main conclusion of this part of the study was that LOX activity was 

sufficiently controlled in the original green malt brewing process, such that the potential 

advantage in LOX activity reduction offered by re-steeping was not realised. Future 

studies should be directed to the oxidation of unsaturated fatty acids to further 

elucidate why THFA increased when brewing with kilned malt, but contrary to 

expectations not when using green malt. 
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Figure 3.5: Heating of re-steeping water using an immersion heater (A); water tank 

connected to mash kettle (B) 

 

3.3.5 Fermentation performance 

Fermentation progression was similar across kilned malt and green malt worts and 

reached the stationary phase three days after wort pitching. The pH dropped from 5.4 ± 

0.1 to 4.3 ± 0.1 in green malt brews, and 5.2 ± 0.1 to 4.4 ± 0.1 in kilned malt brews. Final 

pH in the beer did not significantly differ across treatments, and all beers reached typical 

finished beer pH values (4.2-4.5; Table 3.3). The kilned malt control fermentations 

reached an alcohol level of 5.4 - 5.7% v/v, which was more consistent than the green 

malt fermentations 5.0 – 5.9% v/v (Table 3.3). However, statistically, all beers brewed 

were of similar alcohol content and degrees of fermentation, which did not significantly 

differ among the malts used. 
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Table 3.3: Fermentation performance and beer characteristics prepared from green malt or the corresponding reference kilned (pilsner) malt. 

  re-steeping trials 

 GM KM GM KM 

pH 4.2 ± 0.0 4.4 ± 0.1 4.4 ± 0.1 4.3 ± 0.0 

Alcohol by volume (% v/v) 5.5 ± 0.4 5.6 ± 0.1 5.7 ± 0.1 5.6 ± 0.2 

Density (g/cm3) 1.0054 ± 0.0018 1.0065 ± 0.0015 1.0059 ± 0.0020 1.0067 ± 0.0001 

Specific gravity 1.0072 ± 0.0019 1.0083 ± 0.0015 1.0077± 0.0020 1.0085 ± 0.0001 

Original gravity (°P) 12.1 ± 0.3 12.6 ± 0.5 12.7 ± 0.3 12.6 ± 0.3 

Real extract%(w/w)  3.8 ± 0.3 4.1 ± 0.4 4.0 ± 0.5 4.2 ± 0.0 

Real degree of fermentation (RDF) 69.7 ± 3.5 68.6 ± 1.9 69.8 ± 2.9 68.3 ± 0.5 

Calories (kJ/100mL) 182.9 ± 4.9 189.9 ± 8.7 192.4 ± 5.2 191.0 ± 4.0 

Data are the mean ±SD of 2-3 technical replicate measurements, GM = green malt; KM = kilned malt. Statistics: One-Way ANOVA with Fisher’s 

LSD post-hoc test. There was no significant difference. 
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As illustrated in Figure 3.6, the FAN content of worts and beers prepared from untreated 

green malt (n = 3) were lower compared to levels of their corresponding reference 

wort/beer.  

 

 

Figure 3.6: FAN levels (mg/L) in worts and beers prepared from green malt, re-steeped 

green malt and their corresponding reference malt. The average percentage uptake 

(%) from pitching wort to matured bottled beer is indicated. Data are the mean SD of 3 

biological with each 3 technical replicate measurements; GM = green malt, KM = kilned 

malt. 

 

Across fermentation, a higher proportion of FAN uptake (ranging between 70 – 82% FAN 

uptake) was observed relative to the corresponding kilned malt trials (52 – 66% FAN 

uptake), subsequently resulting in lower residual FAN in green malt beers compared to 

control. Previous studies suggested that higher heat loads in wort production led to 

lower FAN uptake, suggesting that heat related compounds reduce the assimilability of 

FAN by yeast (De Rouck et al., 2007). However, when brewing with re-steeped green 

malt the tendency was towards the opposite effect (ranging between 53 - 64% FAN 

uptake; Figure 3.6). High levels of FAN in the pitching wort, as found in the worts of 

kilned malt or re-steeped green malt, resulted in higher residual FAN in the final beer. 

High residual FAN in beer can result in elevated levels of Strecker aldehydes and 

consequently contribute to beer staling (De Rouck et al., 2007, Jaskula-Goiris et al., 

2011).  
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To further understand and explain the assimilability of the FAN, the amino acid profile 

from both kilned malt and green malt pitching worts and beers were determined. The 

results are displayed in Figure 3.7.  

 

 

Figure 3.7: Amino acid profile of worts and beers produced from (A) green malt ‘as is’ 

and the corresponding control; (B) re-steeped green malt and the corresponding 

control. Data are the mean ±SD of 3 biological with each 2 technical replicate 

measurements; GM = green malt, KM = kilned malt, RGM= re-steeped green malt, 

RKM= kilned malt (control for re-steeping trials). 

 

During fermentation, the yeast requires nitrogen sources for the synthesis of new 

metabolites, particularly proteins, peptides and nucleic acids. From the brewer’s 

perspective, the composition of amino acids in wort is a very important factor 

determining the formation of beer aroma compounds as, for example, higher alcohols 

can be excreted as metabolic by-products of the protein metabolism (Ehrlich 
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mechanism). Additionally, changes in the profile of higher alcohols affect in turn the 

ester profile, as the higher alcohols have the secondary role of providing precursors for 

the ester synthesis (Boulton and Quain, 2006). The amino acids in wort have been 

categorised into four groups (A-D) based on the fermentation performance (Jones and 

Pierce, 1964), where amino acids in the first group (A) are assimilated immediately after 

yeast contact. In green malt wort significantly (p< 0.001) higher levels of threonine, 

tyrosine, valine, leucine and phenylalanine were detected, compared to the control wort 

(KM1-3, Figure 3.7A). Worts prepared from re-steeped green malt, on the other hand, 

contained lower levels of asparagine and glutamine compared to the control wort (KM4-

6, Figure 3.7B). Overall, a clear decline of selected amino acids (except proline) was 

detected from all worts to the finished fresh beers, resulting, as expected, in very low 

residual amino acids compared to the levels determined in pitching wort. Proline, on the 

other hand, the sole member of Class D amino acids cannot be assimilated by most yeast 

strains. Thus, unsurprisingly, there was no uptake of proline for all the wort 

fermentations conducted (n = 12). The detailed amino acid composition of the beers is 

displayed in Table 3.4. The high standard deviations for some amino acids, especially in 

the control worts and beers KM1-3, indicated that there was some variance between 

the three biological replicate control brews. Therefore, the results are displayed as 

individual values in Table 3.4. Even though the amino acid levels in beers were very low 

compared to the initial concentrations in the wort, it is apparent that the highest total 

amino acid content was found in the control beers KM1 and KM2. The re-steeping trials 

and controls, on the other hand, resulted in very low levels of residual amino acids which 

did not significantly differ amongst malts used. For all beers, biological malt replicates, 

as well as the same yeast strain (top-fermenting, S-04; Fermentis) and fermentation 

protocol was used, thus it is very likely that the high variance in the control beers is 

related to fermentation performance of the yeast. Unfortunately, due to the high 

standard deviation of amino acids in the worts and beers prepared from the kilned malt 

(pilsner style) controls, further replicates are needed to explain if there is an impact of 

heat load on yeast assimilability. However, the present findings could help to gain 

further information on the flavour stability of the beers, as the amino acids valine, 

isoleucine, leucine, methionine, phenylalanine can be precursors of significant beer 

staling Strecker aldehydes (Chapter 5). 
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Table 3.4: Amino acid profile (mg/L) of beers produced from green malt ‘as is’ and the 

corresponding control; re-steeped green malt and the corresponding control.  

    re-steeping trials 

 GM KM1 KM2 KM3 GM KM 

His 6.2 ± 1.5 20.7 20.3 5.0 7.7 ± 2.6 3.2 ± 1.7 

Asn 1.6 ± 0.3 5.3 6.1 2.6 2.6 ± 1.4 2.7 ± 0.7 

Ser 1.2 ± 0.6 7.0 7.5 3.6 3.3 ± 1.6 3.3 ± 0.9 

Gln 2.6 ± 0.5 8.2 9.8 3.0 3.3 ± 0.8 3.1 ± 0.6 

Arg 7.4 ± 2.0 50.9 56.8 10.6 12.0 ± 4.9 18.3; 11.2; 5.8 

Gly 6.3 ± 1.1 24.7 26.6 9.8 13.6 ± 6.7 8.8 ± 3.3 

Asp 7.2 ± 0.2 23.2 33.4 23.6 13.1; 0.7; 3.7 10.1; n.d.; 19.1 

Glu 6.4 ± 2.0 19.3 21.1 6.8 7.3 ± 0.7 7.3 ± 0.8 

Thr 1.4 ± 0.7 4.8 5.8 3.9 2.0 ± 0.5  2.4 ± 0.7 

Ala 7.7 ± 1.2 62.5 74.6 16.1 21.6 ± 14.2 15.8 ± 7.3 

Pro 397.7 ± 9.8 486.3 493.4 405.3 391.9 ± 64.4 392.4 ± 55.0 

Lys 5.8 ± 2.3 10.5 13.4 5.9 5.0 ± 2.3 4.2 ± 0.9 

Tyr 1.2 ± 0.8 88.5 100.3 5.4 54.5; 18.1; 2.2 23.2; 17.9; 1.8 

Met 2.1 ± 0.2 6.7 9.3 0.8 4.1 ± 0.6 3.4 ± 2.5 

Val 3.3 ± 0.5 50.6 66.1 6.3 18.6; 5.3; 4.6 2.8 ± 2.7 

Ile 0.9 ± 0.3 7.6 10.2 2.4 2.5 ± 1.0 2.1 ± 0.5 

Leu 6.9 ± 0.1 28.3 38.5 9.7 10.2 ± 1.4 9.2 ± 1.2 

Phe 3.5 ± 0.8 58.3 71.1 6.7 16.6; 5.1; 4.5  5.3 ±1.6 

Trp 0.1 ± 0.1 22.9 25.4 2.5 8.0 ± 8.3 5.5 ± 3.7 

Data are the mean ±SD of 3 biological with each 2 technical replicate measurements; 
GM = green malt, KM = kilned malt. 
 

3.3.6 Characteristics of finished beers 

The characteristics of the finished beers are presented in Table 3.5. All beers showed 

acceptable foam stability and low haze (chilled and permanent) formation. Haze 

formation in beer is caused mainly by interactions between haze active polypeptides 

and polyphenols (Bamforth, 1999b, Leiper et al., 2005, McMurrough et al., 1996, Siebert 

and Lynn, 1998, Siebert and Lynn, 2008). Polyphenols and flavanoid levels did not differ 

in beers prepared from green malt relative to the control beers (Table 3.5). The natural 

haze-active polyphenols in beer are mainly proanthocyanidins, because of their size and 

potential to cross-link haze active proteins or peptides. However, in contrast to the 
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lower proanthocyanidin levels reported in untreated green malt wort, there were no 

substantial differences noted in the fresh beer. Cold break haze is formed at 0°C and will 

dissolve at room temperature, as the polypeptides and polyphenols are non-covalently 

bound (Steiner et al., 2010). Upon beer ageing, covalent bonds will be formed, creating 

insoluble complexes that will not dissolve, resulting in permanent haze. Thus, haze 

formation needs to be further investigated in (forced) aged beers.  

Unsurprisingly, the colour in the kilned malt control beers was higher than in the green 

malt beers. However, an acceptable colour was still attained (Figure 3.8).  

  

Figure 3.8: SurGreen (left) made of 100% green malt, in comparison to the reference 

beer (right) brewed with 100% pilsner malt. 

 
Interestingly, the beers prepared from re-steeped green malt were significantly lower in 

colour than the beers prepared from green malt ‘as is’. Potentially, the natural yellow 

colour pigments in malt (as discussed previously) could have been washed out during 

re-steeping. This theory would support our previous suggestion, that the colour of 

‘green malt beers’ results from natural colour pigments, such as polyphenols or 

riboflavin. 
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Table 3.5: Characteristics of beer prepared from green malt, re-steeped green malt or the corresponding reference kilned (pilsner) malt. 

  re-steeping trials 

 GM KM GM KM 

colour (EBC) *** 7.3 ± 1.2 a 9.5 ± 2.1 b 5.3 ± 0.4 c 8.4 ± 1.7 d 

CO2 (g/L)  5.8 ± 0.3 5.9 ± 0.1 6.3 ± 0.5 6.4 ± 0.3 

NIBEM foam stability (sec.) n.s. 176; 196; 115 139; 131; 119 178; 146; 151 141; 154; 164 

chill haze (EBC 90°scatter) n.s. 1.32; 11.76; 7.72 6.21; 13.53; 1.86 6.3; 1.74; 2.97 6.52; 7.84; 4.61 

permanent haze (EBC 90°scatter) n.s. 1.14; 7.94; 5.61 4.85; 10.65; 1.34 3.67; 1.33; 2.17 3.60; 4.93; 2.84 

FAN (mg/L) *** 50.3 ± 4.0 a 116.2 ± 32.2 b 106.3 ± 19.1 b 82.5 ± 15.8 c 

Total polyphenols (mg/L) n.s. 234.9 ± 31.7  250.9 ± 46.5  251.2 ± 7.7  268.5 ± 12.8  

Flavanoids ((+)-catechin eq. mg/L) *** 63.6 ± 5.1 a 60.1 ± 12.5 a 70.7 ± 3.3 b 73.4 ± 4.0 b 

Proanthocyanidins (mg/L)  39.4 ± 5.7 a 44.9 ± 5.3 a 34.6 ± 2.9 b 33.4 ± 2.8 b 

Thiobarbituric acid index*** 10.6 ± 0.9 a 33.6 ± 6.4 b 15.5 ± 0.8 c 40.4 ± 5.1 d 

a-d superscripts represent the ANOVA post-hoc groupings. In each row treatments differed significantly from one another if they have a different 
ANOVA group letter. Asterisks represent the p-value significance * p<0.05; **p<0.01; ***p<0.001. Data are the mean ±SD of 2-3 technical 
replicate measurements, Statistics: One-Way ANOVA with Fisher’s LSD post-hoc test. GM = green malt; KM = kilned malt 
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The TBI levels decreased from the pitching wort to the final beers, presumably due to 

the reducing power of yeasts, reducing aldehydes to alcohols. Nevertheless, the 

untreated green malt (10.6 ± 0.9) and re-steeped green malt (15.5 ± 0.8) beers still had 

a significantly lower TBI in the beer compared to the reference (33.6 ± 6.4; 40.4 ± 5.1, 

respectively), potentially benefitting beer flavour stability. 

3.3.6.1 Flavour profile of beers made of green malt 

DMS and SMM levels were measured in all beers. Analysis of finished beers revealed 

DMS levels of 23.8 ± 9.9 µg/L on average (n = 3) in beers prepared from green malt and 

levels of 10.9 ± 2.7 µg/L in beers prepared from re-steeped green malt, which did not 

significantly differ from their controls (Table 3.6). SMM levels in all green malt beers 

(untreated and re-steeped) remained higher than those for kilned malt beers, although 

fermentation significantly reduced SMM levels. This confirms previous findings by White 

and Wainwright (White and Wainwright, 1977). However, remaining SMM could 

potentially be decomposed to DMS during pasteurisation, which is detrimental to final 

beer flavour. Thus, further research was conducted to evaluate the impact of in-pack 

pasteurisation processes on finished beers (Section 3.3.7). 

To further describe the flavour profile of the beers, Table 3.6 additionally presents 

analytical data for a selection of major flavour active volatiles formed by yeast during 

fermentation. During the course of fermentation and maturation, acetaldehyde, an 

intermediate in the formation of ethanol or acetate (green beer aroma) was successfully 

broken down and could not be detected in the finished beers (n = 12). Esters and higher 

alcohols can positively contribute to the fruity, fresh beer flavour. The esters isoamyl 

acetate (banana ester) and ethyl acetate (apple, fruity ester), as well as the higher 

alcohol 3-methyl-1-butanol, also commonly known as isoamyl alcohol, were detected in 

concentrations above their reported flavour threshold (Table 3.6) (Meilgaard, 1975a) 

and most likely imparted fruity flavour and aroma to the fresh beers. However, multiple 

flavour active compounds working together can create synergistic effects, meaning they 

can impact the flavour even when present below their individual threshold (Meilgaard, 

1975b). 
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Table 3.6:The concentration of selected volatile compounds in the final beers.  

    re-steeping trials 

mg/L (µg/L) Unit FT  GM KM GM KM 

DMS  n.s. µg/L 30  23.8 ± 9.9 24.3 ± 11.0 10.9 ± 2.7 12.7 ± 3.0 

SMM † *** µg/L  -  136.4 ± 37.1 a 44.1 ± 13.0 b 104.4 ± 45.5 c 13.5 ± 6.6 d 

Acetaldehyde  mg/L 25  n.d. n.d. n.d. n.d. 

Esters    

Ethyl acetate ** mg/L 25-30  51.6 ± 16.9 b 93.3 ± 27.1 a 73.2 ± 12.4 a,b 88.3 ± 12.4 a 

Isoamyl acetate n.s mg/L 1.6  1.7± 0.5  2.4 ± 0.5  3.4 ± 0.2  3.0 ± 0.3  

Isobutyl acetate ** µg/L 1600  83.9 ± 24.0 b 84.9 ± 17.1 b 122.9 ± 26.1 a 104.2 ± 7.4 a,b 

Ethyl butyrate n.s. µg/L 400  104.0 ± 19.4 153.4 ± 51.8 129.7 ± 12.5 130.1 ± 16.6 

Ethyl hexanoate n.s. µg/L 230 109.5 ± 26.9 156.2 ± 64.7 154.7 ± 5.7 157.9 ± 13.2 

Ethyl octanoate n.s. µg/L 900 272.0 ± 120.3  425.4 ± 239.3  438.3 ± 32.5 513.1 ± 45.0  

Higher alcohols    

1-Propanol  n.s. mg/L 800  27.6 ± 4.4 30.0 ± 1.8  35.1 ± 4.2 38.4 ± 5.6  

Isobutanol n.s. mg/L 200  60.2 ± 22.1 43.0 ± 12.1 54.7 ± 6.7 41.2 ± 0.7 

3-Methyl-1-butanol * mg/L 70  97.6 ± 22.3 a,b 89.9 ± 9.8 a,b 103.7 ± 4.6 a 82.8 ± 3.3 b 

Results are the mean ± SD of three biological with each 2-3 technical replicate measurements. †Indirect determinazon of SMM from (Total DMS – 
DMS), expressed as DMS equivalents; a-d superscripts represent the ANOVA post-hoc groupings. In each row treatments differed significantly from one 
another if they have a different ANOVA group letter. Asterisks represent the p-value significance * p<0.05; **p<0.01; ***p<0.001. Data are the mean ±SD of 
2-3 technical replicate measurements, Statistics: One-Way ANOVA with Fisher’s LSD post-hoc test. GM = green malt; KM = kilned malt. Flavour thresholds 
(FT) in beer according to Meilgaard (Meilgaard, 1975a)
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Whilst the esters and higher alcohols of the re-steeping trials resulted in very low 

standard deviations amongst the biological replicate beers (n = 3, Table 3.6); some 

variation was observed in the ‘untreated green malt’ and corresponding control 

replicate beers. This is most likely due to differences in the wort composition as, 

amongst other things, amino acids can affect the quantity and type of higher alcohols 

formed, which in turn affects the ester profile (Boulton and Quain, 2006). Furthermore, 

the availability of different sugars in wort can affect the formation of volatile compounds 

by yeast during fermentation (He et al., 2014); e.g. Verstrepen et al. (Verstrepen et al., 

2004) reported that worts high in glucose can strongly increase the production of esters. 

Thus, it would be interesting to further investigate the sugar profile of green malt wort. 

3.3.7 Influence of pasteurisation on DMS formation  

Further research was undertaken to evaluate the potential quality implications of the 

elevated SMM levels during beer pasteurisation. In a parallel experiment, beers (n = 3) 

were pasteurised to different degrees (20, 40, 60 Pasteurisation units; PU) so that the 

impacts of elevated SMM in green malt beers could be ascertained. Typical process 

values for beer pasteurisation are about 14-15 PU, depending on beer style, alcohol 

content and the degree of contamination (Kunze, 2014). Hence, these data (Figure 3.9) 

suggest, that pasteurisation is not a major concern when brewing with green malt, 

provided that the initial DMS concentration is within an acceptable range. 

   

Figure 3.9: Influence of pasteurisation on DMS and SMM. Data are the mean ± SD of 3 

biological with each 2 technical replicate measurements. 
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3.3.8 Analysis of re-steeping water 

Because the re-steeping water was used for mashing (to minimise overall water usage 

in the chain), it was likewise analysed for selected parameters. Due to the turbidity of 

the re-steeping water, difficulties were experienced expressing the pale-yellow colour 

of the re-steeping water in numbers. However, these findings support the view that the 

colour of beer is not only influenced by Maillard products, but also by other water-

soluble compounds in the grain. In the re-steeping water, polyphenols (23.8 ± 7.2 mg/L) 

and flavanoids (5.2 ± 1.5 mg/L) were detected, but no proanthocyanidins. Additionally, 

FAN (31.7 ± 7.2 mg/L), low levels of DMS (5.9 ± 3.7 µg/L), and a surprisingly high 

concentration of SMM (407.4 ± 81.3 µg/L) were detected. No THFA were detected in the 

re-steeping water. Heating of the re-steeping water to reach the required temperature 

for the onset of mashing did not influence the analytical results significantly.  

3.4 Conclusions 

The aim of this study was to evaluate the feasibility of brewing with 100% green malt 

with intact rootlets and to determine the quality of wort and beer made from green malt 

as compared to kilned malt brews processed from the same batch of malt. Even though 

further technological and process optimisations are undoubtedly required, we proved 

that an acceptable potable beer can be brewed using 100% green malt. No significant 

taints or obvious defects were detected in any of the beers prepared from green malt 

(untreated or re-steeped) as compared to the reference brews. The beers were tasted 

informally by expert tasters at both KU Leuven and the University of Nottingham, as well 

as a selection of visitors to our poster at the EBC Congress in Antwerp, 2019. The absence 

of any noted defects amongst 30-40 regular beer consumers is the basis for our 

conclusion that the green malt beers were ‘acceptable’ sensorially. Nevertheless, more 

detailed sensory evaluation of the organoleptic properties of green malt beers are 

required to evaluate their unique flavour profile and further understand how this might 

be complemented with the use of other grist materials to generate a more conventional 

kilned malt flavour in finished beer. 

Since most breweries are set up to brew with kilned pale malt, adaptations are required 

when utilising green malt with a moisture content of more than 40%. Technical 

adaptations and milling optimisations are inevitable in order to avoid technical 
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difficulties and reduced brewing yields due to poor sparging efficiency. In the present 

research, the thickness of the mash (1:2.2) obtained at the beginning of the process 

proved problematic for the low shear homogeniser used in this study. Also, the complex 

structure of the spent grains bed formed during mash filtration (‘spongy’, cohesive 

structure), increased the likelihood of blockages and extended filtration and sparging 

periods. An optimised brewhouse process for wet milling, in combination with a normal 

(low shear) stirring device, instead of the low shear homogeniser used in the pilot 

brewery, is advised.  

Increased SMM levels were measured in worts made from green malt, however DMS 

concentrations in the pitching wort were within an acceptable range. A further decline 

in SMM levels occurred across all fermentations. Tests carried out on the final beers, 

confirmed that DMS levels in beers made of green malt did not differ significantly from 

their reference brews. The presented data suggest that pasteurisation is not a major 

concern when brewing with green malt, provided that the initial DMS concentration is 

within an acceptable range. Finished beer specification was acceptable in terms of 

colour, pH, alcohol content and foam stability. The TBI was significantly lower in worts 

and beers prepared from green malt. It was interesting to note that the free amino 

nitrogen in green malt beer was considerably lower compared to kilned malt beers. Both 

of the prior factors should, in theory, be beneficial for the flavour stability of the aged 

beer.  

Even though re-steeping seemed a promising technique by which to reduce LOX activity 

in green malt at laboratory scale, present results suggest that it was unnecessary. LOX 

was adequately controlled in the pilot plant process by wet milling in deaerated liquor 

under CO2 and mashing-in at 63°C, pH 5.2 under oxygen free conditions. However, 

considering that temperature and pH control were challenging in green malt brews due 

to the noted incompatibility of the mash homogeniser, these findings suggest that 

oxygen exclusion is a key criterion to avoid THFA formation. Significantly, lower 

trihydroxy fatty acid levels were determined in worts prepared from untreated green 

malt, compared to the reference wort. Furthermore, our results demonstrate that 

brewing with green malt need not be limited to the use of LOX-free barley varieties, 

although the latter may be beneficial for breweries where strict LOX-hostile conditions 
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cannot be applied or who wish to avoid additional costs (and health and safety 

considerations) of CO2 injection.  

 

Overall, the results presented in Chapter 3, showed that an acceptable potable beer can 

be brewed using even 100% green malt. Furthermore, wort and beer analysis revealed 

promising indicators for flavour stability in untreated green malt beers. Therefore, 

further analysis was necessary to learn of the impacts of kilning on malt quality and 

subsequently worts and beers. 
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4 Evolution of free staling aldehydes and oxidative stability of green 

malt wort and beer 

4.1 Introduction 

Beer in pack is not in chemical equilibrium and is known to irreversibly change in flavour 

and aroma during storage. Increased beer export, higher consumer demands for new 

and fresh beers, an increasingly profound and conscious beer culture, as well as the craft 

beers’ “taste revolution” (Aquilani et al., 2015, Kleban and Nickerson, 2012) are a great 

incentive to improve the flavour stability. Even though many important factors to avoid 

beer staling are widely understood by the brewing community, beer staling and 

controlling the sensory deterioration still poses a challenge to brewing chemists.  

During beer ageing, the beer changes its flavour in numerous ways; fresh flavour and 

aroma characteristics can decline in intensity (e.g. pleasant bitterness), whereas 

undesired compounds may arise or increase in concentration and impart stale 

characteristics. Meilgaard (Meilgaard et al., 1979), Dalgliesh (Dalgliesh, 1977) and later 

Zufall et al. (Zufall et al., 2005) described those changes in detail for specific beers. 

However, stale beer flavour cannot be generalised across beer styles, or even for 

different brands of the same beer style. The changes which occur during storage depend 

on temperature, time, light exposure, pH-level, oxygen content and beer style 

(Vanderhaegen et al., 2006). Furthermore, recent work observed ageing reactions 

initiated by a combination of elevated temperatures and vibrations during beer 

transport (Jaskula-Goiris et al., 2019, Paternoster et al., 2019). 

High levels of oxygen in packaged beer are associated with a fast deterioration of beer 

flavour, hence oxygen pick-up is avoided wherever possible throughout the brewing and 

packaging processes. However, the packaged beer (can, bottle, etc.) is not always a 

perfectly closed system. In many oxidative reactions, radicals are formed as 

intermediates, reacting with beer components and greatly catalysing beer deterioration 

(Uchida et al., 1996). Antioxidants such as sulphites, thiols, some vitamins (e.g. Vit. C and 

E) can compete with pro-oxidants (e.g. metal ions like iron or copper), hence inhibit the 

formation of radicals (Andersen and Skibsted, 1998, Lund et al., 2015). Interestingly 

some antioxidants can act beneficially as well as detrimentally on the oxidative beer 
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stability; e.g. Vitamin C can reduce transition metal ions back to their lower oxidation 

state, thus allowing them to act as pro-oxidants again (Belitz, 2009, Kunz et al., 2013). 

Furthermore, Bamforth, among others, highlighted that beer deterioration can occur 

even at very low oxygen levels, suggesting that some beer staling pathways are non-

oxidative (Bamforth, 1999a).  

Vanderhaegen et al. (Vanderhaegen et al., 2006) summarised in a review the main 

compound classes associated with beer staling as principally ketones, cyclic acetals, 

heterocyclic compounds, ethyl esters, lactones, sulphur-compounds and aldehydes. The 

latter are considered major contributors to beer staling, due to their very low flavour 

thresholds (Meilgaard, 1975a, Meilgaard, 1975b, Saison et al., 2009b). Therefore, 

aldehydes have been intensively investigated since the first report in the 1960s by 

Hashimoto et al (Hashimoto, 1966), who noted a major increase in concentrations of 

these volatile carbonyls during beer storage, which coincided with the appearance of 

off-flavours during beer ageing. Since then, several aldehydes have been proposed as 

beer flavour instability markers, including compounds such as 2-methylpropanal, 2-

methylbutanal, 3-methylbutanal, methional, benzaldehyde, phenylacetaldehyde, 

furfural, hexanal and trans-2-nonenal (Baert et al., 2012, Jaskula-Goiris et al., 2011, 

Malfliet et al., 2008, Saison et al., 2010b, Vesely et al., 2003). In general, aldehyde levels 

in finished beer can increase through i) de novo formation and ii) release from bound-

state. Numerous pathways have been proposed in previous studies (Hashimoto and 

Kuroiwa, 1975, Kobayashi et al., 1994, Wietstock and Methner, 2013) and reviews (Baert 

et al., 2012, Vanderhaegen et al., 2006) on the origin of aldehydes formed de novo. 

Amongst the potential pathways, the oxidation of unsaturated fatty acids, Maillard 

reactions and Strecker degradation, as well as direct oxidation of amino acids are 

considered the most common pathways. Alternatively, aldehydes could be converted to 

non-volatile adducts, mainly by binding to compounds such as bisulphite (Dufour et al., 

1999, Kaneda et al., 1994), cysteine (Baert et al., 2018, Baert et al., 2015a, Baert et al., 

2015b, Bustillo Trueba et al., 2019) or other amino acids (forming imines) (Lermusieau 

et al., 1999, Liégeois et al., 2002). Up to now, scientists are still debating the contribution 

of bound-state forms on beer staling. Aldehydes in adduct form cannot be evaporated 

during the wort production process, due to their decreased volatility compared to the 

free forms (Ditrych et al., 2019). On the one hand, the interaction of free and bound 
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aldehydes is in chemical equilibrium – while free aldehydes are reduced during 

fermentation, bound-state aldehydes dissociate releasing free forms, which yet again 

can be reduced by yeast (Bamforth, 1999a). However, several researchers (Debourg et 

al., 1994, Drost et al., 1990, Perpète and Collin, 2000, Saison et al., 2010a) emphasised 

the complexity of aldehyde reducing systems; aldehydes can interact with numerous 

wort components making them non-reducible by the yeast during fermentation. 

Especially, the binding strength and dissociation rate is strongly affected by the pH 

(Baert et al., 2018, Bustillo Trueba et al., 2018, Kaneda et al., 1994), which changes 

substantially from malt (pH = 6), wort (pH = 5.2) up to the finished beer (pH = 4.3). Thus, 

the equilibrium between free and bound aldehydes might be insufficient for complete 

aldehyde removal and therefore bound-state aldehydes remain potential contributors 

to beer flavour deterioration.  

Previous studies (De Clippeleer et al., 2010b, Ditrych et al., 2019, Gastl et al., 2006, Guido 

et al., 2007) suggested that malt is a major source of staling precursors, such as amino 

acids, lipids, and flavour-active aldehydes in free or bound form. In other studies, beer 

ageing has been positively correlated to free amino nitrogen (FAN) content, Kolbach 

Index and heat load (TB-Index) (Jaskula-Goiris et al., 2015, Jaskula-Goiris et al., 2011, 

Thalacker and Böβendörfer, 2005). Additionally, free radical formation increases with 

increasing malt colour, heat load and thus Maillard reaction products present in malt 

(Cortés et al., 2010, Kunz et al., 2012a). 

 

From the perspective of green malt brewing, the lower amount of heat load applied 

(hence lower TBI values as discussed in Chapter 3), could potentially be favourable for 

beer flavour stability. This lower total head load might result in less occurrence of 

Maillard reactions and thus a decrease of Strecker aldehyde formation (De Clippeleer et 

al., 2010a, Gastl et al., 2006, Jaskula-Goiris et al., 2015, Malfliet et al., 2008). 

Additionally, the pool of natural antioxidants present in green malt, especially those 

within the rootlets (Bonnely et al., 2000, De-Jing et al., 2009, Peyrat-Maillard et al., 

2001), could potentially reduce the formation of free radicals. However, the high 

lipoxygenase activity in green malt (Doderer et al., 1992) can lead to enzymatic lipid 

oxidation. In summary, green malt wort and beer could have a potential advantage in 

terms of flavour stability of the beer, provided lipoxygenase activity can be controlled 
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(De Clippeleer et al., 2010a, Gastl et al., 2006, Jaskula-Goiris et al., 2015, Malfliet et al., 

2008).  

Considering the preliminary results discussed in Chapter 3, which demonstrated 

promising indicators for flavour stability in worts and beers produced from green malt, 

the following trials intensively focused on the flavour and flavour stability. To the best 

of our knowledge, no prior studies have focused on the flavour stability of wort and 

beers made from green malt. Evaluating the flavour stability of green malt beers has the 

potential to improve understanding of the factors which influence flavour stabilities of 

regular kilned malt beers. Because there is substantially less heat load on the malts 

added to the brewing process this could result theoretically in less aldehyde formation. 

Therefore, the present study aims to evaluate the content of free aldehydes, classified 

as staling markers in green malt as well as the corresponding kilned malt control used 

for the previously discussed brewing trials (Section 3.2.1). Additionally, the evolution of 

staling aldehydes was monitored across the wort production process and subsequently 

in finished fresh beers. The oxidative stability of worts and beers produced from green 

malt have been evaluated using Electron Spin Resonance (ESR) spectroscopy. Levels of 

significant pro- or antioxidants in beer are reported, such as sulphites (able to remove 

hydrogen peroxide), free thiols, and transition metal ions. The results will enable us to 

further understand the impacts of brewing with green malt (thus lowering the heat load 

on raw materials inwards to the process) on these flavour stability indicators. 

4.2 Material and methods 

4.2.1 Chemicals and reagents 

Ultrapure type-1 grade (milli-Q, 18.2 MΩcm at 25ᵒC) water obtained from a Synergy 185 

system from Milipore S.A. (Molsheim, France) was used for chemical analysis and 

glassware washing. Electron Spin Resonance analysis was performed at the University 

of Copenhagen and water was purified through a Milli-Q water purification system 

(Millipore, Billerica, USA). Free Aldehydes: The carbonyl compounds 2-methylpropanal 

(2MP ≥ 99%), 2-methylbutanal (2 MB, ≥ 95%), 3-methylbutanal (3 MB, 98%), hexanal 

(HEX, ≥ 98%), furfural (FUR, ≥99%), methional (MET, ≥ 95%), trans-2-nonenal (T2N, 

≥95%)and phenylacetaldehyde (PHE, ≥ 98%) were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Deuterated 2-methylbutanal (2MB-d10) was requested from 
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MercaChem (Nijmegen, the Netherlands); deuterated benzaldehyde (benzaldehyde-d6) 

was purchased from Sigma Aldrich (St. Louis, MO, USA). Ethanol absolute (≥ 99.5%) was 

purchased from Merck KGaA (Darmstadt, Germany). The derivatisation agent stock 

solution PFBHA (o-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine hydrochloride) was 

obtained from Sigma Aldrich (St. Louis, MO, USA). Electron Spin Resonance (ESR): PBN 

(N-tert-Butyl-α-phenylnitrone) and TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl 

radical) were purchased of analytical grade from Sigma Aldrich (Steinheim, Germany). 

Sulphite and free thiols: ThioGlo1 fluorescent reagent was purchased from Berry & 

Associates Inc. (Dexter, MI, USA). Sodium sulphite (Na2SO3) was purchased from J.T. 

Baker (Deventer, The Netherlands) and N-acetylcysteine (NAC) from Sigma-Aldrich (St. 

Louis, MO, USA). Metal analysis: Nitric acid was purchased at trace metal grade (HNO3, 

Fisher Scientific, Loughborough, UK). 

4.2.2 Beer production 

The malting barley variety Etincel was sourced from Boortmalt, Antwerp. Samples 

(green malt and the corresponding kilned pilsner style malt) were collected at the 

equivalent time-points (final day of germination and off-kiln respectively) during six 

industrial malting cycles. No further information about the commercial malting 

procedure is available. 

The brewing, fermentation and filtration protocol used was described in detail in 

Chapter 3 (Section 3.2; Material and Methods). Samples were collected at the onset of 

mashing, end of mashing, first wort (mash filtration), onset of boiling, end of boiling, end 

of clarification and end of cooling (pitching wort). All wort samples were N2 flushed and 

stored at -20ᵒC immediately after the sample was taken. The samples taken at the onset 

and end of mashing were centrifuged to remove the suspended grist material before 

nitrogen flushing and subsequent freezing of the samples. 

Beer samples were bottled using a six-head counter pressure filler with double pre-

evacuation with intermediate CO2 rinsing and over-foaming with hot water injection 

before capping (Monobloc, CIMEC, Italy). The resulting beers produced from green malt 

‘as is’, re-steeped green malt and the corresponding reference malts were stored at 0ᵒC 

to preserve freshness.  
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4.2.3 Determination of moisture content of malt 

To recalculate the obtained aldehyde concentrations to the dry mass of malt samples, 

the moisture content was determined according to the EBC method (Analytica 4.2). 

4.2.4 Extraction of aldehydes from malt 

Free aldehydes in malt were determined, using authentic reference compounds 

according to the method described by Filipowska et al. (Filipowska et al., 2020). Finely 

milled malt (1 g) was mixed with 99 mL of Milli-Q water (N2 flushed) under oxygen 

limited conditions. Samples were mixed for 15 min at ambient temperature. 

Subsequently, after sedimentation, 10 mL of the supernatant was transferred into an 

amber glass vial (20 mL), capped and subjected to aldehyde quantification. 

4.2.5 HS-SPME-GC-MS determination of free aldehydes 

Free aldehydes - 2-methylpropanal (2MP), 2-methylbutanal (2 MB), 3-methylbutanal 

(3 MB), hexanal (HEX), furfural (FUR), methional (MET), phenylacetaldehyde (PHE) and 

trans-2-nonenal (T2N) - were determined according to De Clippeleer (De Clippeleer, 

2013) and Baert (Baert, 2015) following the protocol described by Ditrych et al. (Ditrych 

et al., 2019). The selected aldehydes were determined using headspace-solid phase 

microextraction (HS-SPME) with on-fibre PFBHA (o-(2,3,4,5,6-

pentafluorobenzyl)hydroxylamine) derivatisation, followed by gas chromatography 

coupled with mass spectrometry. Samples, placed on a cooling tray (5°C) were 

transferred by the CombiPAL autosampler (CTC Analytics AG, Zwingen, Switzerland) 

from the cooling tray to the agitator (30ᵒC). Here the sample was spiked with a stable 

isotope-labelled internal standard (20 µg/L of 2-methylbutanal-d10 and 20 µg/L of 

benzaldehyde-d6) combined in ethanol absolute and subsequently homogenised 

through shaking at 500 rpm for 2 minutes (5 s shaking, 2 s rest). The SPME fibre (65 µm, 

PDMS/DVB fibre, Stableflex/SS SPME Fibre Assembly, Supleco Analytical, Bellefonte, PA, 

USA) was first subjected to bake-out conditioning, then exposed to the headspace of 10 

mL of freshly prepared aqueous PFBHA solution (derivatisation agent; 1g/L). The fibre 

was loaded with PFBHA for 10 min during its exposure to the headspace while being 

shaken at 250 rpm (5 sec shaking, 2 sec rest). Subsequently, the loaded fibre was 

exposed to the sample’s headspace, extracting aldehydes for 30 min, while being shaken 

under the same conditions. Due to the interaction of aldehydes with PFBHA, 
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pentafluorobenzyloximes (PFBOs) are formed. Subsequently, the PFBOs were thermally 

desorbed from the solid phase by the introduction of the fibre into the injector of a 

Focus GC gas chromatograph (Thermo Fisher Scientific Inc., Waltham, MA, USA) for 3 

minutes at 250ᵒC. The GC was equipped with a split/ splitless injector with a narrow 

glass inlet liner (0.5 ml volume), and a RTX-1 Crossbond 100 % dimethyl polysiloxane 

capillary column (40-m length, 0.18-mm i.d., 0.20-μm film thickness, Restek 

Corporation, Bellafonte, PA, USA). Helium was used as a carrier gas and the flow rate 

was set to 0.8 mL/min. The inlet temperature was set at 250°C and injection was carried 

out in the split mode with a split flow of 10 mL/min and split ratio of 12. The oven 

temperature was kept at 50°C for 2 min, then raised to 250°C at 6°C/min up to 250°C 

and held at 250°C for 5 min. 

The transfer line between the GC and the mass spectrometer was kept at 260 °C. 

Aldehyde detection was achieved using the ISQ Single Quadrupole (Thermo Fisher 

Scientific Inc., Waltham, MA, USA) with a chemical ionisation source type operated at 

185°C. Methane was used as the reagent gas (1.5 mL/min). The mass spectrometer 

operated as follows: electron lens was set to 1.5 V, the electron energy to 70 eV, the 

emission current to 50 μA, and the detector grain to 3.00 × 105. Compounds were 

detected and quantified using selected ion mode (SIM), by choosing one characteristic 

ion with a negative charge per compound. The selected ions were as follows: 2MP m/z 

247; 2MB and 3MB m/z 261; HEX m/z 275; FUR m/z 271; MET m/z 279; PHE m/z 295; 

T2N m/z 315; 2MB-d10 m/z 270; benzaldehyde-d6 m/z 287. Data were processed with 

XCalibur™ (Thermo Electron Corporation, Waltham, MA, USA) and quantified based on 

the external calibration line prepared from authentic reference compounds (N2 flushed 

milli-Q water was used as a matrix for calibration).  

4.2.6 ESR analysis of wort and beer with PBN as the spin trap 

The oxidative stability of wort or beer can be determined by measuring the formation 

of free radicals over time, due to forced ageing, using electron spin resonance 

spectroscopy (ESR). Samples were incubated in a water bath at 60C based on the 

method described by Uchida et al. (Uchida et al., 1996). Before ageing, the beers were 

degassed by adding 1-octanol (10 µL). PBN (N-tert-Butyl-α-phenylnitrone) was used as a 

spin trap to detect the 1-hydroxyethyl radical in beer and wort. The spin trap (0.1 mL of 
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a 600 mM PBN solution in 96% ethanol) was dissolved in 1.9 mL samples of wort or beer. 

Subsequently, the wort or beer samples containing PBN (30 mM final concentration) 

were heated at 60°C in a closed bottle under atmospheric oxygen to exhaust the natural 

antioxidants present. Assays were run for at least 120 min with 12 samples taken during 

this time. 

The ESR spectra were obtained using an ECS 106 spectrometer (Bruker, Rheinstetten, 

Germany) equipped with an ER 4103 TM cavity. The settings were as follows: microwave 

power, 20 mW; modulation amplitude, 1.0 G; modulation frequency, 100 kHz; 

conversion time, 164 ms; and time constant, 82 ms. The wort or beer samples were 

contained in a quartz flat aqueous cell (Wilmad Glass, Buena, NJ), and all spectra were 

recorded at room temperature. The response of the ESR instrument was checked daily 

by recording the spectrum of an aqueous solution of 2,2,6,6-tetramethylpiperidine-1-

oxyl radical (TEMPO). All data were corrected against the TEMPO standard signal. 

4.2.7 Quantification of sulphites and free thiols  

Quantification of sulphite and free thiols (R-SH) was performed according to the 

previously described methods by Abrahamsson et al. (Abrahamsson et al., 2012) and 

Hoff et al. (Hoff et al., 2013) based on the derivatisation of sulphite and free thiols with 

ThioGlo1 fluorescent reagent (2.6 mM) in water free acetonitrile followed by separation 

with reversed-phase high-performance liquid chromatography (RP-HPLC) and 

fluorescence detection. Standard addition curves were prepared with sulphite (Na2SO3) 

and N-acetylcysteine (NAC) in untreated beer samples. The column used was a Jupiter 

C18, fully porous silica column (LC columns 150 x 2. 0mm, 5 µm particle size, 300Å pore 

size, Phenomenex). The fluorescence detector was set to 242 nm excitation and 492 nm 

emission. Total run time was 16 min with 4 min post-run. 

4.2.8 Multi element analysis by ICP-MS 

Nitric acid (HNO3, trace metal grade) was added to beer samples to a final concentration 

of 2% and let stand for 24 h. Quantification of a wide range of minerals in the fresh beers 

was achieved by using inductively coupled plasma–mass spectrometry (ICP–MS) 

(Thermo-Fisher iCAP-Q, Waltham, MA, U.S.A.) with a ‘Flatopole collision cell’ (charged 

with helium gas) upstream of the analytical quadrupole. Internal standards were 

introduced to the sample stream via a T-piece and included Sc (50 µg/L), Ge (20 µg/L) 
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Rh (10 µg/L), and Ir (5 µg/L) in the matrix of 2% HNO3. External calibration standards 

were used for quantification. Samples were introduced via an autosampler (Cetac ASX-

520; Thermo-Fisher Scientific, Waltham, MA, U.S.A.) through a venturi nebuliser 

(Thermo-Fisher Scientific). Sample processing was undertaken using Qtegra software 

(Thermo-Fisher Scientific, Waltham, MA, U.S.A).  

4.2.9 Statistical analysis 

All samples were analysed in at least three biological replicates with 2-4 technical 

replicates. Statistical analyses were performed using Microsoft Excel 2013/XLSTAT 

(XLSTAT version 2020.1.1.64347, Addinsoft, Life Science, New York, USA). An α-risk of 

0.05 was set as the level of significance in all data analyses. The statistical significance 

of the data obtained was established with analysis of variance (ANOVA), Tukey’s HSD 

test was performed as the post-hoc test. Principal component analysis (PCA) was 

performed to characterise variation and highlight strong patterns in the dataset. The 

Pearson correlation coefficient was established to determine linear relationships 

between two variables; the strength and direction of the relationship was reported as a 

Pearson correlation coefficient (r).  
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4.3 Results and discussion 

4.3.1 Investigation of free staling aldehydes in malt 

Malt is known to be a major source of aldehydes, the impact on beer quality and flavour 

has already been discussed in several studies (De Clippeleer et al., 2010b, Ditrych et al., 

2019, Gastl et al., 2006, Guido et al., 2007). Kilning directly impacts the formation of 

aldehydes (e.g. by Strecker degradation), with an increased heat load positively 

correlating with aldehyde formation. From the perspective of green malt, the lower 

amount of heat load applied (low TB-Index), could result in lower free aldehyde levels. 

Thus, the malts used for the preparation of beers described in Chapter 3 were evaluated 

for their free aldehyde levels. Several aldehydes were selected as beer flavour instability 

markers (Baert et al., 2012, Jaskula-Goiris et al., 2011, Malfliet et al., 2008, Saison et al., 

2010b, Vesely et al., 2003), namely: 2-methylpropanal, 2-methylbutanal, 3-

methylbutanal, methional, furfural, phenylacetaldehyde, hexanal and trans-2-nonenal. 

As illustrated in Table 4.1, pilsner-style (kilned) malt contained significant 

concentrations of the measured free aldehydes. In germinated (green) malt, on the 

other hand, significantly lower (p < 0.0001) total aldehyde levels were detected 

compared to the respective control malt. Even though, the same malting barley variety 

was used and malted after the same malting scheme (according to the supplier), the free 

marker aldehydes concentrations differed substantially between the biological 

replicates of green malt (n = 3), re-steeped green malt (n = 3) or kilned malt (n = 6). The 

total marker aldehydes level in kilned malt samples ranged from 1.9 mg/kg d.b. (KM3) 

to 6.7 mg/kg d.b. (KM2). Potentially, the nature of the samples (industrial scale) could 

have caused this high variation in aldehyde levels. Additionally, it is unknown at which 

depth in the kiln bed the samples were taken. Previous studies (Guido et al., 2005, 

Müller et al., 2014) already showed, that the temperature and moisture conditions at 

the different kiln layers (upper, middle or bottom layer), impacted the chemical 

reactions occurring in the malt. Thus, malt sampled from different bed depths in a kiln 

can show a very different aldehyde profile (Guido et al., 2005).  
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Table 4.1: Aldehydes in malt expressed in µg/kg dry base (d.b.). GM = green malt, KM = kilned malt; 2MP = 2-methylpropanal; 2MB = 2-

methylbutanal; 3MB = 3-methylbutanal, PHE = phenylacetaldehyde; MET = methional; FUR = furfural; HEX = hexanal; T2N = trans-2-nonenal 

 
Brew Nr. µg/kg d.m. 2-MP 2-MB 3-MB HEX FUR MET PHE T2N Total 

 

1 
GM 58.0 10.0 41.5 94.9 24.9 11.9 124.7 48.0 413.9 
±SD 4.1 1.5 0.4 18.9 1.7 2.0 6.9 5.8 41.3 

KM 187.7 145.0 398.2 245.9 190.8 61.1 317.1 456.2 2002.1 

  ±SD 47.6 33.6 35.0 9.0 5.8 1.3 24.6 71.4 228.3 

2 
GM 225.0 27.1 84.1 86.8 23.6 14.9 118.2 30.4 610.2 
±SD 11.4 8.1 5.5 16.8 1.2 4.2 15.9 2.4 65.5 

KM 1098.1 885.7 2048.0 209.0 367.4 219.8 1024.3 809.2 6661.4 

  ±SD 19.0 2.5 11.1 9.5 56.9 10.3 17.3 27.8 154.3 

3 
GM 103.9 8.5 33.8 77.2 28.9 15.8 139.2 38.2 445.5 
±SD 16.2 0.7 1.2 14.1 1.0 3.2 4.1 3.2 43.9 

KM 196.6 174.1 345.5 279.0 85.3 65.9 166.9 587.2 1900.6 

  ±SD 1.2 7.6 12.2 44.3 17.4 11.5 12.4 23.3 129.9 
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4 
GM 81.2 9.7 34.8 441.9 26.2 17.3 96.5 35.3 742.8 
±SD 13.7 1.3 3.8 34.7 0.3 0.0 8.9 2.2 65.0 

KM 541.5 492.0 1252.5 183.1 329.5 165.6 675.2 509.4 4148.8 

  ±SD 85.5 87.9 202.2 30.0 22.5 2.2 78.4 64.6 573.3 

5 
GM 111.9 13.6 43.5 301.8 33.5 14.8 178.6 29.6 727.5 
±SD 25.6 2.2 3.6 23.3 2.8 2.8 24.1 1.5 85.8 

KM 369.6 344.4 863.3 186.5 297.0 143.1 507.2 447.7 3158.6 

  ±SD 40.9 47.3 114.2 10.1 60.6 25.8 68.0 57.2 424.1 

6 
GM 48.8 4.6 21.7 109.9 24.7 12.5 111.8 17.6 351.5 
±SD 3.5 0.3 0.1 20.0 1.1 2.7 14.1 0.2 42.2 

KM 770.9 681.4 1707.2 194.0 419.2 180.5 595.5 381.2 4930.0 
  ±SD 22.1 26.0 47.1 16.5 17.2 2.6 10.9 31.1 173.5 
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The concentrations of aldehydes in kilned malt are significantly higher compared to their 

corresponding green malt, with levels up to 36-fold higher (3-methylbutanal). These 

findings further confirm the influence of heat load on the aldehyde content of malt. In 

all kilned malt samples, 3-methylbutanal was present in the highest concentrations, 

which is in accordance with previous findings by Jaskula-Goiris et al. (Jaskula-Goiris et 

al., 2011). In green malt (‘as is’) clearly, phenylacetaldehyde and 2-methylpropanal 

dominated, whereas the hexanal levels significantly increased in two re-steeped green 

malt replicates. Figure 4.1 displays the Bi-plot principal components 1 and 2 resulting 

from PCA of the malts and aldehyde levels.  

 

Figure 4.1: Bi-plot of PCA on the aldehyde levels obtained from malt. Green malt ‘as is’ 

(GM 1-3) and the corresponding reference malt (KM 1-3); as well as re-steeped RGM 

(4-6) and the corresponding reference malt (RKM 4-6). 2MP = 2-methylpropanal; 2MB 

= 2-methylbutanal; 3MB = 3-methylbutanal, PHE = phenylacetaldehyde; MET = 

methional; FUR = furfural; HEX = hexanal; T2N = trans-2-nonenal 

 
Overall, the biplot of PC 1 and 2 accounts for about 95% of the variation in the data set. 

The negative loadings along PC1 (83% of variation) were associated with malts low in 

the selected free aldehyde markers, except for hexanal which was primarily loaded on 

PC2. The positive loadings in PC1 were associated with higher aldehyde levels and mainly 
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with the kilned malt samples. Furthermore, the resulting biplot highlighted the great 

inconsistency between the malt samples. In particular, kilned malt samples KM1, KM2 

and KM3 differed greatly. Whilst the malt sample KM2 contained the highest amount of 

free aldehydes, KM1 and KM3 contained the lowest levels out of all six kilned malts 

selected for this study, even though all of these malt samples are supposedly biological 

replicates (same malting procedure and time-point of malt collection), as was discussed 

previously. 

The loading plot separated hexanal (PC2, 11.4% of variation) clearly from the remaining 

marker aldehydes. This is most likely because hexanal is the only aldehyde that was 

present at higher concentrations in two of the re-steeped green malts (but not in trial 

RGM6), compared to their control kilned malts. Untreated green malts (GM1-3), on the 

other hand, contained significantly lower hexanal levels than the corresponding control 

kilned malts. The re-steeping process was shown (Chapter 2) to suppress LOX activity by 

50% from its initial activity. Hexanal could have originated through enzymatic lipid 

oxidation due to residual LOX activity, autooxidation, or through dissociation of bound 

hexanal and thus release of free hexanal. However, the ambiguous results received did 

not allow to draw clear conclusions.  

It is interesting to note, that even though lipoxygenase activity reduced significantly 

during kilning compared to the initial activity measured in the green malt (Huang et al., 

2016, Schwarz and Pyler, 1984), concentration of trans-2-nonenal was lower in all green 

malt samples; untreated and re-steeped (18 – 48 µg/kg d.b., n = 6) compared to the 

control malts (381 – 809 µg/kg d.b.). As shown in a previous study, at the onset of kilning, 

mainly the first 2 – 6 hours, LOX activity can increase (Kaukovirta-Norja et al., 1998). 

These results indicate that the risk to oxidise lipids remains at moderate kilning 

temperatures. However, it remains true that LOX activity is significantly higher in green 

malt compared to finished kilned malt, thus it is necessary to further evaluate the trans-

2-nonenal and hexanal levels during wort production.  

4.3.2 Investigation of free staling aldehyde levels throughout the brewing process 

Firstly, the aldehyde content determined in malt was compared with the corresponding 

levels at the onset of mashing. Considering the high variations of aldehydes in the malt, 

high deviations at the onset of the brewing process were observed. However, a strong 
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positive correlation (r(10)= 0.9341, p < 0.001; Figure 4.2) was found between the levels 

of aldehydes quantified in malt and samples taken at the onset of mashing, which is in 

agreement with earlier findings by Ditrych et al. (Ditrych et al., 2019). 

 

 

Figure 4.2: Correlation of total marker aldehyde concentration in malt (µg/kg d.b.) and 

the corresponding samples taken at the onset of mashing (µg/kg d.b.; *aldehyde 

concentration recalculated to 1 kg of malt).  

 
Additionally, aldehyde levels were determined throughout all twelve brewing trials. 

Samples were collected at the onset of mashing, end of mashing, first wort (mash 

filtration), onset of boiling, end of boiling, end of clarification and end of cooling 

(pitching wort). As already observed in malt, also throughout the brewing process we 

experienced a high variation in total aldehyde levels, resulting in very high standard 

deviations when summarising the biological replicates. Nevertheless, the resulting data 

still reveal very important information about green malt worts. Thus, Figure 4.3 (A-D) 

displays the averages of the biological replicates; standard deviations are omitted for 

clarity. The full details of each individual brewing trial can be found in the appendix. 

Comparing the averages of the aldehyde concentrations measured during the wort 

production cycles (Figure 4.3), the highest aldehyde levels (except for furfural) were 

observed at the onset of mashing, confirming (De Clippeleer et al., 2010b, Ditrych et al., 

2019, Gastl et al., 2006, Guido et al., 2007) that malt is the major source of aldehydes 
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entering the wort production process. Hence, as expected, significantly lower levels of 

marker aldehydes were measured when mashing in with green malt, compared to the 

mash resulting from the reference kilned malts. To emphasise the quantitative 

difference the graphs plotted in Figure 4.3 were adjusted to similar axis scales. Naturally, 

the formation of bound-state aldehydes is very complex, but in principle, fewer 

aldehydes are available for adduct formation when using green malt, and thus, an 

improved endogenous ageing potential in green malt beers, may be hypothesised. 

Due to the low boiling points of the smaller aldehydes, their levels dropped, especially 

during wort boiling, whilst furfural, a heat load indicator, clearly increased in 

concentration especially during wort boiling. All measured aldehydes derived from lipid 

oxidation or Strecker degradation declined significantly in concentration during the wort 

production process.  

Another important trend that can be observed is that in all green malt brews (n = 6, 

Figure 4.3 and appendix) the trans-2-nonenal levels significantly decreased during 

mashing. This may indicate that the high LOX activity measured in green malt, was 

sufficiently controlled by the lipoxygenase hostile conditions applied at the onset of 

mashing. On the other hand, the mashing process was very efficient in all twelve brews 

to reduce the free trans-2-nonenal levels delivered to the brewing process by the malt. 

This is possibly due to binding of trans-2-nonenal to insoluble matter associated with 

the spent grains. 
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Figure 4.3: Change in selected aldehyde concentrations during wort production. Worts prepared from A) green malt (GM1-3), B) kilned malt 

(KM1-3), C) re-steeped green malt (RGM4-6), D) kilned malt (RKM4-6). Data represent the average of 3 biological replicates with each 2-3 

technical replicate measurements. 

Green malt (GM1-3) 

Re-steeped green malt (RGM4-6) 

Kilned malt (KM1-3) 

Kilned malt (RKM4-6) 
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Figure 4.4 presents the analysed concentrations of the free aldehydes in pitching wort. 

Kilning resulted in significantly higher concentrations of determined free aldehydes, 

except for the lipid oxidation products hexanal and trans-2-nonenal. Re-steeping 

resulted in significantly higher concentrations of free aldehydes (except hexanal and 

trans-2-nonenal) compared to GM ‘as is’. 

 

 

Figure 4.4: Aldehyde levels in cool clarified wort prepared from (A) green malt ‘as is’ 

and the corresponding control kilned malt (B) from re-steeped green malt and the 

corresponding control. Samples are presented as mean ±SD of 3 biological replicates 

with each 2 replicate measurements. Statistics: One-Way ANOVA 

 

A 

B 
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The furfural concentration was 5.5-fold higher in kilned malt wort compared to wort 

from green malt ‘as is’ and 2.5-fold higher in kilned malt compared to the wort prepared 

from re-steeped green malt. According to these results, significantly lower total free 

aldehyde levels can be expected in pitching worts produced from green malt ‘as is’ 

compared to all other brews. Those results once again suggest that green malt wort has 

very promising flavour stability metrics. Furthermore, it is interesting to note, that even 

though such a high variability was observed when comparing the biological replicates, 

the resulting wort showed aldehyde levels with low standard deviations. Between the 

concentrations of aldehydes in the malt and the resulting pitching wort we can still find 

a moderate positive correlation (r(10) = 0.7468, p< 0.05). Without furfural, which was 

formed in the highest concentrations during thermal processes throughout brewing and 

cannot be evaporated due to the high boiling point (161.7 at 760 mmHg 25ᵒC (Lidel, 

1999)), a slightly stronger correlation was achieved (r(10) = 0.78, p< 0.05). 

4.3.3 Measurement of free staling aldehydes in fresh beer  

In all fresh beer samples following fermentation, no significant differences were found 

in staling aldehyde concentrations regardless of whether they were prepared from 

green malt or kilned malt (Figure 4.5, r(10)= 0.14; n.s.). It is generally accepted that yeast 

metabolism can reduce aldehydes in the wort to their corresponding alcohols (Debourg 

et al., 1994, Peppard and Halsey, 1981).  

Nevertheless, the immense reduction of free aldehydes throughout the brewing process 

and subsequently fermentation is remarkable, considering the enormous differences 

between these concentrations and corresponding aldehyde levels in the malts. These 

results (Figure 4.5) suggest that even though malt is the major source of aldehydes in 

the brewing process, the upstream brewing process and subsequent fermentation, are 

sufficient to reduce the free aldehydes to levels below the relative sensory threshold as 

reported by Saison et al. (Saison et al., 2009b). 
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Figure 4.5: Free aldehyde levels measured in fresh beer (µg/L). Samples are presented 

as mean ±SD of 3 biological replicates with each 2 replicate measurements. GM = 

green malt; KM = kilned malt. Statistics: One-Way ANOVA 

 
Thus, we cannot conclude at this stage that higher levels in the malt will result in higher 

levels in the fresh beer. However, it should be remembered that aldehydes may also be 

converted into adduct forms, due to their binding affinity with, e.g., bisulphite (Dufour 

et al., 1999, Kaneda et al., 1994), cysteine (Baert et al., 2018, Baert et al., 2015a, Baert 

et al., 2015b) or other amino acids (forming imines) (Lermusieau et al., 1999, Liégeois et 

al., 2002). The formation of adducts would reduce the volatility of free aldehydes, and 

thus impede evaporation during the brewing process. Additionally, it is not yet 

understood whether the chemical equilibrium between free and bounds forms enables 

a complete reduction of free aldehydes by yeast. Thus, to fully understand the 

implications of varying grist bill on the staling potential of beers it is necessary to 

investigate the aldehyde formation (and potential release) during beer ageing (Chapter 

5). 

4.3.4 Determination of oxidative stability of worts and fresh beers via ESR analysis  

Electron Spin Resonance (ESR) analysis provides information about the oxidative 

stability of samples by detecting and quantifying radicals formed as intermediates in 

oxidative reactions induced by forcing the samples at 60°C. ESR measurements were 

performed on pitching worts and finished beers to determine the influence of green 

malt or kilned malt used for the brewing trials on the oxidative stability.  
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Several authors (Cortés et al., 2010, Furukawa Suárez et al., 2011, Kunz et al., 2013) 

suggested that an increased formation of Maillard reaction products was associated 

with an acceleration of oxidative processes, and thus lower oxidative stability. Kunz et 

al. showed (Kunz et al., 2012a), that when using unmalted barley (lower total heat load) 

a lower content of specific Maillard reaction products led to a lower radical generation 

and thus better oxidative stability in the worts and beers measured. Green malt contains 

fewer Maillard reaction products due to the omission of the heating step, thus better 

oxidative stability was expected in green malt wort and beer according to this 

hypothesis.  

Figure 4.6 is an example of a typical ESR profile of the wort from green malt plotted in 

comparison to the control wort, prepared from the corresponding kilned malt. This 

graph highlights that the wort produced from green malt produced fewer radicals than 

the reference.  

 

Figure 4.6: Electron Spin Resonance (ESR) measurements of free radical formation 

versus time of forced ageing at 60°C. Comparison between green malt wort (GM3) and 

its paired control (KM3). Data are presented as mean ±SD of 2 replicate 

measurements. 

 

The T120 value indicates the ESR signal intensity (extent of radical formation) 

determined after force ageing (60ᵒC) the sample for 120 min. Figure 4.7 summarises the 

T120 values of all worts prepared from green malts ‘as is’, re-steeped green malt and 

their respective controls.  
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Figure 4.7: Formation of spin adducts in pitching wort samples measured by ESR. Wort 

samples were forced aged for 120 min at 60ᵒC (T120 values) after the addition of PBN 

(30 mM final concentration). Data corrected against a TEMPO standard (10 µM) and 

presented as mean ±SD of 3 biological replicates with each 2 replicate measurements. 

Statistics: One-Way ANOVA with Tukey’s post-hoc test. a-b superscripts represent the 

ANOVA post-hoc groupings. 

 
Kilning, even at very moderate temperatures to produce this pilsner style malt, led to a 

higher radical generation and showed a stronger decrease in the oxidative stability of 

wort. Furthermore, it was interesting to note that re-steeping of green malt did not 

impact the radical formation in wort. Thus, the concentration of spin adducts formed in 

all green malt worts (untreated and re-steeped) were significantly lower compared to 

the control worts. 

Additionally, the ESR profiles of all beers prepared from green malt ‘as is’, re-steeped 

green malt and their respective controls were determined. The aim was to assess the 

beer at the commencement of the trial, throughout lag time, until radical formation 

reached a stationary phase. Long lag times are associated with improved flavour stability 

and are related to levels of antioxidants present in beer (Andersen et al., 2000, 

Hashimoto, 1966). Pale beers ideally express long lag phases, indicating a very good 

oxidative stability (Jenkins et al., 2018). As an example, Andersen et al. (Andersen et al., 

2000) reported lag phases in measured beers of up to 100 min to even 120 min (forced 

ageing at 55ᵒC, PBN spin trap). Even though all beers prepared for this study were 

packaged with double pre-evacuation to guarantee very low oxygen levels in the final 
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beer, all beers produced for this research project (n = 12) almost instantly formed 

radicals (0 – 10 min), which were captured by the spin trap and visible in the ESR spectra. 

The dissolved oxygen levels determined in all fresh beers after bottling were below 

0.075 mg/L dissolved oxygen (n = 12), however, oxygen ingress during transportation 

(ESR analysis was performed at the University of Copenhagen) cannot be excluded. 

Nevertheless, it is very likely that the lack of a long lag time suggests there were low SO2 

levels in these beers, which is consistent with the high temperature, vigorous 

fermentation employed (for further discussion of this aspect, see Section 4.3.5). 

Figure 4.8 shows the spin adduct concentrations in beers after forced ageing for 90 min 

at 60ᵒC.  

 

 

Figure 4.8: Formation of spin adducts in beers measured by ESR. Beer samples were 

forced aged for 90 min at 60ᵒC (T90 values) after the addition of PBN (30 mM final 

concentration). Values corrected for TEMPO used (10 µm) and presented as mean ±SD 

of 3 biological replicates with each 2 replicate measurements. Statistics: One-Way 

ANOVA with Tukey’s post-hoc test. a-b superscripts represent the ANOVA post-hoc 

groupings. 

 

Green malt (‘as is’) showed similar trends to the results from the wort analysis – i.e. 

there was significantly lower radical formation in the green malt beers relative to the 

corresponding kilned malt control beers. However, no significant difference was 

observed between beers prepared from re-steeped green malt and the control beers.  
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Notwithstanding the lack of lag times, the green malt beers oxidised at a much lower 

rate. Another interesting finding of this research is that wort of the re-steeped green 

malt brews had an equivalent oxidative stability to worts prepared from untreated green 

malt. However, this observation was not preserved into finished beers, where the re-

steeped green malt beers showed similar radical formation within the ESR study to the 

kilned control beers. Naturally, wort and beer differ substantially in their composition, 

yet it would be interesting to establish whether precursors in green malt wort can be 

metabolised by yeast to form an antioxidative species. When re-steeping, these 

precursors might be removed or altered, and thus, significantly more radicals were 

formed than in untreated green malt beers (Figure 4.8). Certainly, this theory requires 

further investigation. 

4.3.5 Sulphites and free thiols 

Sulphites are known to prolong the ESR lag-phase, and this is one way in which yeast 

can affect the oxidative stability of beer (Andersen et al., 2000, Saison et al., 2009a, 

Uchida et al., 1996). Thus, the sulphite content is necessary to help with the 

interpretation of the ESR data. As expected, no sulphites (limit of quantification 0.8 

mg/L) were detected in either the green malt nor the reference beers, which could 

explain the almost immediate oxidation (or very short lag times) of the beers during 

forced ageing (60ᵒC). Sulphites are secreted by yeast as an intermediate product of 

cysteine and methionine biosynthesis. According to the literature, sulphite excretion is 

amongst other dependent on yeast strain (lager strains produce more SO2 than ale 

strains (Hysert and Morrison, 1976)) and fermentation temperature. According to the 

review by Baert et al. (Baert et al., 2012), higher fermentation temperatures can result 

in higher SO2 contents. Unfortunately, the cited literature was either not accessible 

(proceedings or conference presentations), or no further information on the particular 

(higher) temperature ranges was available. Ilett et al. (Ilett and Simpson, 1995), on the 

other hand, summarised in a review the work from several researchers who reported 

that SO2 levels increased if the fermentation temperature is reduced. Kaneda et al. 

(Kaneda et al., 1991) studied the flavour stability of beers brewed at several 

fermentation temperatures (6-30°C) in a pilot brewing plant, showing that sulphite 

contents in the fresh beers increased linearly with decreasing fermentation 
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temperatures using a brewing yeast strain (Saccharomyces cerevisiae, no further 

details). Therefore, it is very likely that the fermentation temperature applied in this 

study (24ᵒC) was in general unfavourable for sulphite production. Furthermore, sulphite 

concentrations were most likely reduced, due to increased vigour of fermentation, 

stripping small volatile molecules like SO2 (as was observed for DMS, Chapter 3).  

Within the same experimental setup, the free thiol concentrations of beers were 

determined. The free thiol levels were significantly higher (p< 0.001) in all reference 

beers (n = 6; 18.0 ± 6.8 µM) compared to the untreated and re-steeped green malt beers 

(Table 4.2). Thiol groups are discussed to have antioxidant properties and play an 

important role, together with sulphite in complex antioxidative mechanisms.  

Andersen et al. (Andersen et al., 2017) investigated the reactivity of thiols during early 

stages of oxidative degradation of beer. The researchers suggested that in pilsner style 

beers the thiol concentration (free thiols measured in standard pilsner beers ~ 25 µM) 

was too low to have any significant antioxidative effect. Thus, in the beers used for this 

study, at this concentration (Table 4.2), there might not be a significant antioxidative 

effect. Therefore, the present research should be repeated potentially by using a 

different yeast strain or fermentation protocol to get a better picture of the oxidative 

stability of green malt wort and beer. 

 



 

 

1
3
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Table 4.2: Metal ion contents, sulphites and free thiols in fresh beers. 

   re-steeping trials 

  GM KM GM KM 

Na n.s. 

mg/L 

12.5 ± 1.4 12.6 ± 0.6 10.0 ± 0.5 9.8 ± 0.6 

Mg n.s. 79.9 ± 8.8 93.2 ± 5.7 79.2 ± 3.4 79.5 ± 3.9 

P *** 250.6 ± 18.6 a 325.6 ± 41.9 b 259.0 ± 28.0 a 249.9 ± 18.2 a 

S ** 70.9 ± 3.3 a,b 99.4 ± 9.8 a 81.1 ± 4.6 b 88.6 ± 6.5 a,b 

K n.s. 574.6 ± 32.9 659.5 ± 70.3 617.3 ± 30.4 640.0 ± 24.6 

Ca ** 61.5 ± 17.1 a 63.5 ± 18.4 a 55.6 ± 4.6 a 37.7 ± 4.6 b 

Mn n.s. 

µg/L 

219.3 ± 28.9 268.9 ± 71.2 235.2 ± 61.7 185.2 ± 16.6 

Fe * 40.8 ± 20.4 a,b 53.6 ± 14.4 a 36.6 ± 4.4 a,b 33.3 ± 2.6 b 

Ni n.s. 17.8 ± 5.1 29.6 ± 5.7 17.0 ± 1.8 23.7 ± 5.4 

Cu *** 37.0 ± 11.9 a 74.4 ± 3.2 b 58.7 ± 10.5 a,b 46.7 ± 12.7 a,b 

Zn n.s. 35.9 ± 9.6 52.3 ± 11.7 47.5 ± 6.3 38.3 ± 20.4 

Rb *** 215.7 ± 19.4 a 230.9 ± 28.8 a 272.1 ± 7.7 b 277.0 ± 8.6 b 

Sr *** 154.8 ± 21.9 a,b 195.8 ± 40.9 a 135.4 ± 7.8 b 101.0 ± 9.6 b 

Ba *** 67.7 ± 11.9 a,b 91.7 ± 29.0 b 46.3 ± 10.8 a,c 33.4 ± 2.5 c 

Sulphites  n.d. n.d. n.d. n.d. 

Free thiols *** µM 7.0 ± 1.7 a 22.2 ± 6.8 b 10.0 ± 2.8 c 13.8 ± 3.7 d 

a-d superscripts represent the ANOVA post-hoc groupings. In each row treatments differed significantly from one another if they have a different ANOVA 
group letter. Asterisks represent the p-value significance * p<0.05; **p<0.01; ***p<0.001. Data are the mean ±SD of 2 technical replicate measurements, 
Statistics: One-Way ANOVA with Tukey’s post-hoc test. GM = green malt; KM = kilned malt.  
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4.3.6 Metal ion analysis 

Transition metal ions, such as iron, copper and manganese, were identified to play a key 

role in the oxidative degradation of wort and beer, as they drive formation of reactive 

oxygen species (ROS) in the absence of antioxidants (Andersen and Skibsted, 1998, Lund 

et al., 2015). Those transition metals can convert molecular oxygen into superoxide 

radicals, peroxyl radicals and hydrogen peroxide. To further investigate the reasons for 

the better oxidative stability (ESR results) in green malt wort and beer, the transition 

metals were determined in the fresh beers using ICP-MS.  

The transition metal ion contents of all beers produced for this study (n = 12) are 

summarised in Table 4.2. Moreover, the analysis performed provided further 

information about the minerals in the fresh beers, which is added to the table for 

additional information regarding the differences effected by brewing with green malt. 

The iron (Fe), or manganese (Mn) concentrations were not significantly different 

between the green malt or kilned malt beers. This was somewhat surprising, as 

increased heat load on malt and thus increased beer colour was expected to impact the 

transition metal content, as shown for example by means of mildly roasted malt 

(increased Fe (Hoff et al., 2012)), or the beer style stout (Jenkins et al., 2018). Copper 

(Cu), on the other hand, was significantly lower in the untreated green malt beers 

compared to the corresponding control, but not compared to the other beers (re-

steeped and controls 4-6). Therefore, it is unlikely that the lower T90 level in green malt 

beers can be explained by the difference in copper content. Unfortunately, at this stage, 

no further wort samples were available to determine the metal concentrations in the 

wort to examine potential differences in metal ions induced by kilning. 

It is evident that transition metal ions play a key role in beer staling, however, previous 

studies still revealed great differences in the contents of iron, copper, and manganese 

in beers. For example, a review (Pohl, 2008) of the literature on this area found iron in 

the range of 15– 1006 µg/L, copper 8–800 µg/L and manganese 31– 180 µg/L, which was 

discussed to be related to differences in raw materials, production conditions, but also 

detection methods. Overall, iron (24- 72 µg/L) and copper (23 - 78 µg/L) levels detected 

in the beers prepared for this study were comparable and in the lower range of the 
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concentrations reported in the literature (Pohl, 2008). Manganese was the metal 

present in the highest concentration in all 12 beers produced (160 – 340 µg/L).  

The high manganese levels might be explained by the hopping applied, as this metal ion 

is present at very high concentration in hops and leached into beer (Porter and 

Bamforth, 2016). However, this does not explain the high variation of manganese found 

in the final beer.  

Overall, the metal ion concentrations in themselves did not explain the improved 

oxidative stability of beers prepared from green malt. Future studies on the current topic 

are therefore required and should focus on the metal concentrations in the wort 

samples. Furthermore, previous studies (Pohl and Prusisz, 2010, Wietstock and 

Shellhammer, 2011) suggested that metals can be found in their free form, but also 

bound to phenolic or other organic compounds, which most likely affects oxidation 

properties. Therefore, it would be interesting to study the forms – free or bound - in 

which the transition metals are present in green malt wort and beer in order to better 

understand the improved oxidative stability compared to the kilned malt controls, but 

also re-steeped green malt beers. 

4.4 Conclusion 

This study aimed to evaluate the key quality parameters and flavour stability metrics of 

wort and beer produced from green malt. Even though kilned malt delivered 

significantly higher contents of free staling aldehydes into the brewing process, the 

brewing process (wort production and fermentation) significantly reduced these 

aldehydes to levels not different to beers prepared from green malt. However, the 

quality of pitching wort (i.e. the feedstock from which the yeast creates the character of 

the beer) is generally regarded by brewers as crucial and essential to the quality of beer. 

In addition to the promising indicators for flavour stability shown previously (Chapter 3), 

pitching worts from green malt ‘as is’ contained a significantly lower pool of staling 

aldehydes. Due to the potential binding of aldehydes throughout the brewing process 

into non-volatile adduct forms, these bound aldehydes could potentially be released 

during beer ageing. Considering the relatively low number of aldehydes in green malt, it 

would be expected that fewer aldehydes might be bound and released during ageing. 

However, additional research on the ageing behaviour of the trial beers is necessary. 
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Overall, trans-2-nonenal and hexanal, lipid oxidation products which are major concerns 

when using green malt for brewing, did not differ significantly in the resulting pitching 

worts or beer. In all beers (green malt and kilned malt) trans-2-nonenal and hexanal 

levels were the highest at the onset of mashing and then significantly declined during 

the mashing process. This again suggests that the lipoxygenase hostile conditions 

applied for mashing were sufficient to control LOX when using green malt as the raw 

material.  

Furthermore, worts and beers produced from green malt ‘as is’ proved to have better 

oxidative stability compared to the reference beers. Pitching worts prepared from re-

steeped green malt showed less radical formation during forced ageing than the control, 

however, this effect could not be observed in the finished beers. This confirms previous 

findings discussed in Chapter 3, that re-steeping is not necessary when using green malt 

for brewing. 

In conclusion, green malt appears to be a very promising grist material to produce wort 

and beer with enhanced flavour stability metrics. However, further research on the 

flavour profile of aged beers is inevitably required to substantiate this theory and this 

will provide the focus of Chapter 5.
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5 Flavour stability assessment of green malt beers 

5.1 Introduction 

During storage, various flavours or odours may (dis)appear, altering the sensory 

properties and thus the quality of the product. Subsequently, the appearance of so-

called off-flavours (e.g. aldehydes) and disappearance of desired flavours (e.g. hop 

derived bitterness) can lead to the rejection of the brand. As already mentioned in 

Chapter 4, bottled beer is not a perfectly closed system. Exposure to light, elevated 

temperatures, vibrations during transport, as well as free radical and oxygen content 

have been identified as the primary causes for beer deterioration (Jaskula-Goiris et al., 

2019, Paternoster et al., 2019, Vanderhaegen et al., 2006). While beers stored at 0 - 4°C 

did not show signs of oxidation even after several months of storage (Bamforth, 1999a), 

in supermarkets or during transportation, beers are hardly ever stored cooled 

(increasing costs, lack of cooling storage capacity). Previous research (Pankoke, 2015) 

has highlighted that beers can even experience temperatures above 40°C during cargo 

shipping. Lager beers, for example, are very susceptible to flavour change. Staling 

flavours can already be perceived when stored at 18ᵒC for 3-6 months, as shown by Ilett 

and Simpson (Ilett and Simpson, 1995). Based on the Arrhenius law, as a rule of thumb, 

an increase of 10°C at least doubles the reaction rate for many chemical and physical 

reactions. However, due to their different activation energies, chemical reaction rates 

do not increase equally in response to increasing temperature and this can result in very 

different aroma profiles during storage (Lermusieau et al., 1999). While inadequate 

storage or transportation conditions can hardly be influenced by the maltster or brewer, 

a major goal is to produce a product which is robust against deterioration. However, 

researchers cannot wait several months to investigate the staling compounds formed, 

thus accelerated ageing studies (forced ageing at higher temperatures) are a common 

technique to predict flavour stability. Forced ageing is performed at different 

temperatures (usually 28 - 60ᵒC) for several days or weeks and is proven to be a very 

useful, but discriminative technique to predict the flavour and colloidal stability 

(Lehnhardt et al., 2019). Since beer ageing is very temperature (Arrhenius law) and time 

dependent, a different ageing trial can lead to a very different sensory profile (Lehnhardt 



Flavour stability assessment of green malt beers 

142 
 

et al., 2019). Nevertheless, forced ageing is still a state-of-the-art technique to predict 

the flavour stability of a beer (style).  

 

The brewing process can significantly influence the stability of the resulting beer. From 

the perspective of the brewing process, the exposure of wort/beer to oxygen, the heat 

load applied during processing (e.g. wort boiling time) and the contact with transition 

metal ions, are critical factors (Bamforth and Lentini, 2009, Narziss, 1986, Wietstock et 

al., 2016). According to previous studies, the brewing protocol applied in this study 

(described in Chapter 3, Materials and Methods), was considerably optimised for the 

flavour stability of the beers. The thick mashing scheme (1:2.2) applied, lowers energy 

and water usage, while achieving a high extract yield, but also proved to reduce fatty 

acid oxidation (De Rouck et al., 2013b) and extraction of the staling aldehydes, hexanal 

and trans-2-nonenal (Ditrych et al., 2019). The latter was discussed previously (Ditrych 

et al., 2019) to be related to the highly hydrophobic nature of the fatty acid oxidation 

aldehydes. Additionally, the LOX hostile mashing conditions proved to be successful to 

control residual LOX activity during mashing when using kilned malt (Jaskula-Goiris et 

al., 2015), but also proved, as shown in Chapter 3 and 4, to control even the considerable 

LOX activity in green malt. The mash filter used for wort filtration allowed very quick 

mash filtration for the kilned malt brews, which has been reported to positively correlate 

with improved flavour stability (Narziss, 1986, Van Waesberghe, 1991). Unfortunately, 

due to the sparging difficulties when using green malt as the grist material, sparging took 

significantly longer. The time of wort boiling (60 min) and clarification (15 min) was of 

limited duration, i) to lower energy usage, ii) to reduce total head load – a factor 

associated with flavour instability, and iii) to reduce the de novo formation of staling 

aldehydes, such as furfural (as discussed in Chapter 4). On the other hand, sufficient 

boiling time was allowed to evaporate volatile compounds such as staling aldehydes, 

which are mostly imparted to the brewing process through malt (De Clippeleer et al., 

2010b, Ditrych et al., 2019, Gastl et al., 2006, Guido et al., 2007). As the wort is still 

exposed to heat load and the separated hot trub contains significant amounts of 

aldehyde precursors (e.g. lipids or aldehydes bound to insoluble trub particles), wort 

clarification time was kept limited, and wort was pumped into the fermenter after 15 

minutes total time of decantation (De Schutter et al., 2008, Masaaki Yano and Motoo, 
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2019, Van Waesberghe, 1991). Furthermore, oxygen was avoided (except sterile wort 

aeration before fermentation) throughout the brewing process by de-aerating the 

brewing liquor and injecting CO2 into the malt bin, inlet, and mash kettle. In summary, 

the wort production process was performed using technical solutions provided by the 

brewing community to brew beer with a very promising flavour stability metrics.  

As already mentioned in Chapter 4, malt is a major source of staling precursors (De 

Clippeleer et al., 2010b, Ditrych et al., 2019, Gastl et al., 2006, Guido et al., 2007). In this 

chapter, a great focus was on the flavour (in)stability of the green malt beers. Green 

malt contains very low concentrations of free staling aldehydes compared to kilned malt 

(Chapter 4). Additionally, wort and fresh beers from green malt have proven to have a 

very promising flavour stability metrics. As already discussed in Chapter 4, aldehyde 

levels in fresh beers did not differ significantly irrespective of whether beers were 

produced from green malt or kilned malt, even though significantly higher levels were 

observed in kilned malt worts up to the finished pitching wort. However, aldehydes 

cannot only be formed de novo but they can also bind to compounds such as bisulphites 

(Kaneda et al., 1994, Lermusieau et al., 1999) amino acids (formation of imines) 

(Lermusieau et al., 1999, Liégeois et al., 2002) or cysteine (Baert et al., 2018, Baert et al., 

2015a, Baert et al., 2015b, Bustillo Trueba et al., 2019). The current theory is that during 

beer storage, under specific conditions (temperature, pH value, redox potential, binding 

strength, thermodynamic stability), adducts may dissociate and release aldehydes in the 

free form (Baert et al., 2012, Lehnhardt et al., 2019, Lermusieau et al., 1999, Liégeois et 

al., 2002). Thus, beer chemistry changes during staling may differ depending on raw 

materials used for the brewing process. 

 

The current work aimed to evaluate the analytical changes of the six green malt beers 

(green malt ‘as is’ and re-steeped), as well as their corresponding reference (pilsner 

malt) beers regarding their flavour (in)stability. To identify the beer chemistry changes 

during staling, beers were subjected to ageing at 30ᵒC for 30, 60 and 90 days. The 

hypothesis was that green malt used for the brewing process has the potential to 

significantly improve the flavour stability of the beers. Additionally, there is considerable 

academic interest for the malting and brewing community in learning of the impacts of 

kilning on malt quality and thus flavour (in)stability. Hence, the novelty of this green 
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malt brewing research should contribute knowledge useful to the quest for beer flavour 

stability. 

5.2 Material and methods 

5.2.1 Chemicals and reagents 

Free Aldehydes: The carbonyl compounds 2-methylpropanal (≥ 99%), 2-methylbutanal 

(≥ 95%), 3-methylbutanal (98%), hexanal (≥ 98%), furfural (≥99%), methional (≥ 95%), 

trans-2-nonenal (≥95%) and phenylacetaldehyde (≥ 98%) were purchased from Sigma-

Aldrich (St. Louis, MO, USA). Deuterated 2-methylbutanal (2MB-d10) was requested from 

MercaChem (Nijmegen, the Netherlands); deuterated benzaldehyde (benzaldehyde-d6) 

was purchased from Sigma Aldrich (St. Louis, MO, USA). Ethanol absolute (≥ 99.5%) was 

purchased from Merck KGaA (Darmstadt, Germany). The derivatisation agent stock 

solution PFBHA (o-(2,3,4,5,6-pentafluorobenzyl) hydroxylamine hydrochloride) was 

obtained from Sigma Aldrich (St. Louis, MO, USA). Amino acids (beer): Solid 5-

sulphosalicylic acid (SSA, ≥ 99%) and DL-norleucine were purchased from Sigma-Aldrich 

(UK). Esters and higher alcohols: 3-methyl-1-butanol (99%), ethyl acetate (99%), 

isobutanol (99%), 1-propanol (> 99%), isoamyl acetate (> 99%), isobutyl acetate (98%), 

ethyl hexanoate (99%), ethyl octanoate (> 99%); ethyl butyrate (99%) were purchased 

from Fisher Scientific (UK). Acetaldehyde (≥ 99.5%) was purchased from Sigma- Aldrich 

(UK). Determination of (reduced) iso-α-acids: Dihydrogenphosphate was purchased 

from Merck (85% H2PO4, Darmstadt, Germany) and acetonitrile was purchased at HPLC-

grade (CH3CN, Novasol, Belgium). 

5.2.2 Ageing of beer samples 

Malt collection, wort production and fermentation were performed according to the 

protocol described in Section 3.2.3. All bottled beer samples were aged in the dark under 

forced conditions at 30°C in a thermostatically controlled room for 30, 60 and 90 days. 

Subsequently, they were cooled to 0°C until analysis. 

5.2.3 Standard analysis of fresh and aged beers 

Specific gravity, density and alcohol content of the beer were determined using the 

Anton Paar DMA 4500 and Alcolyzer Plus. The pH was measured using a pH meter 
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(Mettler Toledo). Wort and beer colour was determined based on EBC method 9.1 by 

measuring the absorption at 430 nm using a spectrophotometer (Varian Cary 100, 

Agilent Technologies Inc., Australia). Cold haze (analysis of the turbidity of beer kept for 

a minimum of 24 h at 0°C) and permanent haze (analysis of turbidity of chilled beer kept 

for 24 h at 20°C) were determined using the Haffmans VOS ROTA 90 Turbidity meter, 

90° light scatter. The free amino nitrogen content (FAN) in beer was determined using 

colourimetry with ninhydrin based on the EBC method-9.10, as described in Section 

2.2.5.1. The total polyphenol content and flavanoid content of beer was determined 

according to EBC Beer method 9.11 and 9.12. This method is as described in Section 

3.2.11 and 3.2.12, respectively. Proanthocyanidins were determined by measuring the 

red coloured cyanidin complex formed with HCl/1-butanol according to the protocol 

described in Chapter 3 (Section 3.2.13).  

5.2.4 Amino acid analysis in beer 

Amino acids were isolated from beer and derivatised using the EZ:FaastTM amino acid kit 

(Phenomenex, Macclesfield, UK) and subsequently injected to an Amino Acid Analyser 

(Biochrom 20 Plus) equipped with an ion-exchange column and UV detector for analysis. 

The full procedure of the assay is as previously presented in Section 3.2.16. 

5.2.5 UPLC determination of (reduced) iso-α-acids 

Ultra-Performance Liquid Chromatography (UPLC) separation of (reduced) iso-α-acids 

were performed using the Acquity UPLC (Waters, Milford, USA), consisting of a 

Photodiode Array Detector (PAD), column heater, sample manager, binary solvent 

delivery system and an Acquity UPLC HSS C18 1.8 µm column (2.1 i.d. x 150 mm; Waters, 

USA). Data reprocessing was done using the Empower 2 software (Waters, USA). The 

mobile phase consisted of a binary solvent system of (A) milli-Q water adjusted to pH 

2.8 with dihydrogen phosphate (H2PO4, 85%) and (B) HPLC-grade acetonitrile (CH3CN). 

The composition of the mobile phase was kept at isocratic elution mode, using 52% (v/v) 

solvent B and 48% (v/v) solvent A. The total analysis time was 12 minutes at a flow rate 

of 0.5 mL/min and a column temperature of 35°C. The sample’s absorption was 

measured at 270 nm (iso-α acids) and 254 nm (tetrahydro-iso-α-acids) using a UV 

detector. The trans/cis iso-α-acids ratio (T/C ratio) was based on the concentrations of 
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trans- and cis-isocohumulone and trans- and cis-isohumulone and calculated according 

to the following equation: 

 

8
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5.2.6 HS-SPME-GC-MS determination of free aldehydes 

Free aldehydes - 2-methylpropanal (2MP), 2-methylbutanal (2 MB), 3-methylbutanal 

(3 MB), hexanal (HEX), furfural (FUR), methional (MET), phenylacetaldehyde (PHE) and 

trans-2-nonenal (T2N) - were determined according to the described according to De 

Clippeleer (De Clippeleer, 2013) and Baert (Baert, 2015). The full procedure of the assay 

is as previously described in Chapter 4 (Section 4.2.5). 

5.2.7 Determination of beer volatiles 

Volatiles in beer were determined via GC-HS-FID method, using a SCION 456-GC (Bruker, 

UK) fitted with a Combi PAL autosampler and controlled with Compass CDS software. 

The full procedure is as previously described in Chapter 3 (Section 3.2.17). 

5.2.8 Statistical analysis 

All samples were analysed in at least three biological replicates with 2-4 technical 

replicates. Statistical analyses were performed using Microsoft Excel 2013/XLSTAT 

(XLSTAT version 2020.1.1.64347, Addinsoft, Life Science, New York, USA). An α-risk of 

0.05 was set as the level of significance in all data analyses. Principal component analysis 

(PCA) was performed to emphasise variation and highlight strong patterns in the 

dataset. Additionally, Pearson correlation coefficient was established to determine 

linear relationships between two variables; the strength and direction of the 

relationship was reported as Pearson correlation coefficient (r). 
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5.2.9 Abbreviations 

In the following chapter all beers, fresh to aged, are abbreviated as follows:  

 

GM = green malt; KM = kilned malt; RGM = re-steeped green malt; RKM = kilned malt 

(control for re-steeping trials) 

 

5.3 Results and discussion 

5.3.1 Analytical evaluation of fresh beer 

Analytical data for the fresh beers prepared from green malt (n = 3), re-steeped green 

malt (n = 3) and the corresponding kilned malt (n = 6) were subjected to principal 

components analysis (PCA) to identify the main sources of variation in the data set. Even 

though the beers were prepared each in three biological replicates, substantial variation 

was evident in the sample set. The two PCA bi-plots shown in Figure 5.1A and B together 

accounted for about 80% variation within the analytical data set. In Figure 5.1A the 

positive loadings along PC1 (49% of variation) were associated with beers high in amino 

acids, free amino nitrogen, esters, pH and susceptibility to radical formation (ESR T90 

value). The high variance between beers prepared from the control malt KM1-3 was 

mainly driven by the huge variance in residual amino acids/FAN content in the fresh 

beers (as discussed in Chapter 3). Especially the beers produced from the control malt 

KM1 and KM2 were located along the positive loadings of PC1, while the beers prepared 

from the biological replicate malt KM3 loaded negatively on this axis. Furthermore, it is 

important to highlight that amino acids known as precursors for Strecker aldehyde 

formation (valine, isoleucine, leucine, phenylalanine and methional) were increased in 

the fresh beers of KM1 and KM2 in comparison to all other beers. Thus, increased 

Strecker aldehyde formation during forced ageing might be observed, particularly in 

these beers.  
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Figure 5.1: Bi-plot of the PCA of the analytical data obtained from fresh beers. Component identification: 2MP = 2-methylpropanal; 2MB = 2-

methylbutanal; 3MB = 3-methylbutanal, PHE = phenylacetaldehyde; MET = methional; FUR = furfural; HEX = hexanal; T2N = trans-2-nonenal; 

t-ich: trans-isocohumulone; c-ich: cis-isocohumulone; t-ih: trans-isohumulone; c-ih: cis-isohumulone; t-iah: trans-isoadhumulone; c-iah: cis-

isoadhumulone; DMS = dimethyl sulphide, ala: alanine; arg: arginine, asn: asparagine; cys: cysteine; his: histidine; gln: glutamine; gly: glycine; 

ile: isoleucine; leu: leucine; lys: lysine; met : methionine; phe: phenylalanine; pro: proline; ser: serine; thr: threonine; trp: tryptophan; val: 

valine 
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Additionally, while all control beers (KM1-6) were more susceptible to radical formation 

during ESR analysis compared to the untreated green malt beers (GM1-3), beers from 

KM1 and 2 formed the largest proportion of spin adducts (T90 levels, Chapter 4). Hence, 

beers brewed from KM1 and KM2 might provide additional information about staling 

precursors and consequent changes during beer ageing.  

The positive loadings along PC2 (16%), identified beers high in flavanoids, iso-α-alpha 

acids, foam stability as well as increased haze formation (chill and permanent). Likewise, 

some variation was observed across the green malt replicate beers GM1-3. Beers 

prepared from GM2 showed longer head retention, thus better foam stability (Figure 

5.1A). This is further highlighted in Figure 5.1B, which accounted for 31% of variation 

within the data set. Beers prepared from GM2, located on the positive axis of PC2, were 

correlated with high levels of iso-α-alpha acids, as well as increased haze formation (chill 

and permanent).  

This is interesting as all worts were boiled and decanted for the same time using hops 

from the same batch, thus thermal isomerisation should have occurred at a similar rate. 

The increased amount of iso-acids, which were identified to play an important role for 

the quality of foam as they stabilize the head retention (Hughes, 2000, Smith et al., 1998) 

could thus explain the better foam stability in GM2 beers.  

5.3.2 Analytical evaluation of aged beers 

To determine characteristics associated with (in)stability, all twelve beers were aged at 

30ᵒC for 30, 60 and 90 days. Subsequently, standard analytical parameters such as 

gravity, pH, colour, haze (permanent and cold), as well as free amino nitrogen, total 

polyphenol, flavanoid and proanthocyanidin content were determined. Additionally, 

beer flavour characteristics like staling aldehydes, esters, higher alcohols and bitter acids 

were determined during beer ageing. The most striking analytical characteristics for 

each brewing trial are discussed in this section. All remaining data can be found in the 

Appendix. 

To assist with summarising a complex data set, explorative analysis of the variation in 

the analytical data from the selected beers was performed using PCA. The bi-plot shown 

in Figure 5.2A displays about 49% variation within the analytical data set. 
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Figure 5.2: Bi-plot of PCA of analytical data obtained from fresh and aged green malt (GM1-3), control (KM1-3), re-steeped green malt (RGM4-

6) and corresponding control (RKM4-6) beers; n = 3. Fresh beers are underlined. Component identification: AldSum: sum aldehyde markers; 

2MP = 2-methylpropanal; 2MB = 2-methylbutanal; 3MB = 3-methylbutanal, PHE = phenylacetaldehyde; MET = methional; FUR = furfural; HEX = 

hexanal; T2N = trans-2-nonenal; t-ich: trans-isocohumulone; c-ich: cis-isocohumulone; t-ih: trans-isohumulone; c-ih: cis-isohumulone; t-iah: 

trans-isoadhumulone; c-iah: cis-isoadhumulone, TPC: total polyphenol content, SG: specific gravity 
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Upon beer ageing, each beer in the biplot shifted downwards towards the negative axis 

of PC2 (18% of variation in the data), which represented compounds that seem to be 

formed or increase during ageing. This shift was mostly driven by the formation of staling 

marker aldehydes and cold haze. Interestingly, 1-propanol, a higher alcohol formed as 

metabolic by-product by yeast during fermentation, appeared to cluster with this group 

and should thus be further investigated by comparing the individual data. On the other 

hand, the variables which loaded positively on PC2, such as the bitter acids were 

associated with the fresh beers and thus, decreased during forced ageing. PC1, 

accounting for 31% of the variation in the data, highlighted once more the analytical 

differences between the beers, as already described by means of the fresh beers 

displayed in Figure 5.1. Beers prepared from GM2, located in quadrant 2, were 

associated with increased concentrations of bitter acids whereas the two biological 

replicate beers from GM1 and GM3 were located in quadrant 1. 

Likewise, fresh beers from KM1 and KM2 were located along the positive axis of PC1 

(quadrant 2) and shifted towards quadrant 4 upon ageing; whereas the beers (fresh and 

aged) prepared from the reference kilned malt - KM3 - were located in quadrant 3. Thus, 

variance in the ageing behaviour of the three kilned malt control beers, KM1-3, was 

expected and further investigated. Interestingly, it can be noted that in Figure 5.2A the 

untreated green malt beers were separated from their corresponding control kilned 

malt beers. On the other hand, the re-steeped green malt beers did not separate as 

much from their reference beers. 

The green malt beers remained on the positive axis of PC2 during ageing (quadrant 1 

and 2), whereas the corresponding control beers moved towards the negative axis of 

PC2 along quadrant 3 and 4 approaching the staling marker aldehydes. Based, on the 

analytical data, aged beers clustering in quadrant 4 (KM1, KM2, RKM4, RKM5) can be 

described as the most ‘stale’, probably due to the highest increase in the levels of staling 

aldehydes. Beers located in quadrant 1 (GM1 and GM3), on the other hand, appeared 

to have formed the lowest number of aldehydes in the data set. The key drivers of the 

quadrant groupings were further confirmed on PC1 and PC3 which accounted for 47% 

of variation within the data set (Figure 5.2B). Additionally, the positive axis along PC3 

(16% of variation) highlighted that isoamyl acetate and isobutyl acetate were found at 

higher concentrations in fresh beers, and thus appeared to decrease upon ageing. Thus, 
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the results summarised and displayed in this bi-plot suggested that there was some 

differences in the beers during beer ageing and that untreated green malt beers 

developed fewer (analytical) signals of ageing than their respective controls. Therefore, 

the following section aimed to evaluate the key differences between green malt beers 

and the corresponding kilned malt reference beers. 

 

A detailed inspection of the data was conducted to get an overview of the analytical 

changes occurring during ageing. Figure 5.3A-E displays trends through ageing for some 

standard analytical measurements such as colour, FAN, total polyphenols, flavanoids 

and proanthocyanidins.  

 

In all twelve beers, a small increase in colour after 60 days ageing is noticeable, 

irrespective of the malt used (Figure 5.3A). This is most likely due to the increase of 

coloured Maillard reaction compounds, or structural rearrangements of flavan-3-ol 

monomers affecting beer colour during beer storage (Callemien and Collin, 2007). The 

FAN (Figure 5.3B) and total polyphenol (Figure 5.3C) content did not substantially 

change in all twelve forced ageing trials. Polyphenols can be oxidised and cause haze 

during ageing. However, the assay for total polyphenols is a non-specific 

spectrophotometric technique, which determines the total number of phenol cores, 

hence insensitive to monitor oxidative polymerisation of polyphenols. However, the 

assay used to detect the flavanoids in beers, quantifies the number of flavanoid 

structures, expressed as catechin equivalents. Flavanoids are generally considered as 

very sensitive to oxidation, thus they oxidise faster than other polyphenol classes 

(Jaskula-Goiris et al., 2011, McMurrough et al., 1996). Figure 5.3D displays a small 

decrease of flavanoids in beers prepared from GM2 and RKM6 during ageing, while total 

polyphenols remained consistent (Figure 5.3C). Thus, the decrease of flavanoids 

suggested polymerisation due to oxidative mechanisms (Vanderhaegen et al., 2003) in 

beers prepared from GM2 and RKM6. The flavanoid content in the remaining beers was 

not affected by forced ageing, which could be interpreted as good oxidative stability or 

potentially no oxygen ingress into the bottle while forced ageing.  
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Figure 5.3: Evolution of A) beer colour, B) free amino nitrogen, C) total polyphenols, D) 

flavanoid and E) proanthocyanidin concentration during ageing of beer (30ᵒC). Results 

are the mean of 3 technical replicate measurements. 

 

Proanthocyanidins are known to be responsible for colloidal instability during beer 

storage, because of their size and potential to cross-link haze active proteins/ peptides 

(McMurrough et al., 1992). No clear pattern can be observed in the proanthocyanidin 

contents during ageing. In the majority of beers proanthocyanidin levels (Figure 5.3E) 

decreased after 30 days of ageing, however, a small increase is observed with 

progression of forced ageing. Proanthocyanidins are oligomers originating from catechin 

and epicatechin, which are soluble in water and form red cyanidin complexes, in 

amounts increasing with molecular size when heated with butanolic HCl (Bate-Smith, 
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1973). Even though it is a very fast and easy method to investigate the proanthocyanidin 

content in beers, however, higher levels of tetramer and higher oligomers can cause 

some cloudiness in the supernatant and thus, affect photometric absorption (Bate-

Smith, 1973). For more precise measurement of proanthocyanidin it is thus 

recommended to perform phloroglucinolysis in conjunction with RP-HPLC coupled with 

diode array detection and electrospray ionisation mass spectrometry to reveal the 

flavan-3-ol subunits and to estimate the changes in mean degree of polymerisation 

(Aron and Shellhammer, 2017). 

 

Haze formation in beer is caused mainly by interactions between haze active 

polypeptides and polyphenols. While these components are discussed to exist in 

equilibrium in beer, they manifest as haze when the polyphenol polymerises (Bamforth, 

1999b). All beers showed a significant increase in chill haze formation, especially at 

beers aged for 60 and 90 days. However, at room temperature, the cold break haze 

disappeared even in beers aged for 90 days at 30ᵒC, thus no statistically significant 

change in permanent haze formation was found from fresh to aged beers (Figure 5.4A, 

B). This was surprising, as permanent haze was expected to increase through shelf life 

but could be related to the rather ‘gentle’ ageing temperature (30ᵒC) applied, in 

comparison to standard parameters (60°C) used to determine colloidal stability.  
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Figure 5.4: Evolution of A) chill haze and B) permanent haze during ageing of beer 

(30ᵒC). Results are the mean of 3 technical replicate measurements. 

 
Furthermore, UPLC determination of bitter acids revealed a decline in trans-iso-α-acids, 

in all beers, while only small changes were observed in the cis-counterparts. This is in 

agreement with previous literature, as the cis-iso-α-acids were identified to be more 

thermodynamically stable than the trans-counterparts (De Cooman et al., 2000, Jaskula-

Goiris et al., 2011, Jaskula et al., 2007), which is due to entropic differences pertaining 

structural geometry favouring the cis-isomer (De Cooman et al., 2000). Overall, the cis-

isomers were observed in greater quantities than the trans-isomers, as higher quantities 

of cis-isomers are formed as a result of the isomerisation reaction of α-acids into iso-α-

acids. Furthermore, trans-isomers were identified to have a greater foam activity 

compared to cis-isomers (Hughes, 2000). The resulting decline of the trans/cis ratio is 

displayed in Figure 5.5. Thus, a decrease in bitterness can be expected in the aged beers. 
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Figure 5.5: Trans/cis iso-α-acids ratio (T/C ratio) based on the concentrations of trans- 

and cis-isocohumulone and trans- and cis-isohumulone. Results are the mean ±SD of n 

= 12 with each 2 technical replicate measurements 

 
 

In Chapter 3, several yeast flavour active metabolites (esters and higher alcohols) found 

in beer were described. Here the concentrations of the previously selected volatiles of 

the beers monitored during forced ageing are reported. According to Neven et al. 

(Neven et al., 1997), during ageing, both chemical hydrolysis or extracellular esterases 

secreted from the yeast may catalyse a breakdown of esters during storage, which 

causes a reduction of the fruity (fresh) flavour of beer during ageing. Table 5.1 displays 

the fold change (indicated as colour chart) of the determined esters and higher alcohols; 

yellow-red coloured cells represent compounds which changed substantially during 

forced ageing. Isobutyl acetate, isoamyl acetate and ethyl acetate were identified to give 

the beer a fruity flavour, which is very important for the flavour profile of the fresh 

beers. According to the results presented in Table 5.1, the acetate esters – isoamyl 

acetate and isobutyl acetate- decreased in all beers 20% to even 60% from the original 

concentration in the fresh beers. Furthermore, ethyl butyrate decreased in most of the 

beers (except GM5 and GM6), however, the highest decrease was noted in beers from 

GM1, GM4 and KM6. Interestingly, as previously discussed by means of Figure 5.2A, 1-

propanol clustered with compounds that appeared to increase during beer ageing. 
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Table 5.1: Fold change of esters and higher alcohols from fresh beer to aged beers 

(30ᵒC, 90 days); Numbers below 1.0 indicate a decrease (yellow-red). Green malt ‘as is’ 

(GM 1-3) and the corresponding reference malt (KM 1-3); as well as re-steeped GM (4-

6) and the corresponding reference malt (KM 4-6). 

   Esters Higher alcohols 

   EAc IsoAA IsoBA Ebut Ehex Eoct 1Prop IsoB 3M1B 

 
1 

GM 1.0 0.7 0.8 0.2 0.8 0.7 1.0 1.0 1.0 

KM 0.9 0.5 0.6 0.9 0.9 1.0 1.0 1.0 1.0 

2 
GM 0.9 0.7 0.8 0.9 0.9 0.9 1.0 1.0 1.0 

KM 0.7 0.4 0.6 0.6 1.0 1.0 1.0 1.0 1.0 

3 
GM 0.8 0.7 0.8 0.9 0.9 0.9 1.0 1.0 1.0 

KM 0.8 0.9 0.8 0.9 1.0 1.0 1.0 1.0 1.0 
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4 
GM 1.0 0.7 0.8 0.3 0.7 0.7 1.0 1.0 1.0 

KM 0.9 0.7 0.8 0.9 1.0 1.0 1.0 1.0 1.0 

5 
GM 1.0 0.8 0.9 1.0 0.9 0.8 1.0 1.0 1.0 

KM 0.9 0.8 0.9 0.9 1.0 1.0 1.0 1.0 1.0 

6 
GM 1.0 0.7 0.8 1.0 0.8 0.8 1.0 1.0 1.0 

KM 1.0 0.7 0.7 0.3 0.7 0.6 1.0 1.0 1.0 

EAc.= ethyl acetate, IsoAA = isoamyl acetate, IsoBA = isobutyl acetate, Ebut = ethyl butyrate, 
Ehex = = ethyl hexanoate, Eoct = ethyl octanoate, 1Prop = 1-propanol, IsoB = isobutanol, 

3M1B= 3-methyl-1-butanol 
 

However, the higher alcohols measured in this study did not change during ageing (Table 

5.1). Thus, a closer look at the individual data (Appendix 3) revealed that this cluster is 

due to brewing trials Nr. 4 and 5 having the highest amount of 1-propanol rather than 

an increase during forced ageing. Overall, due to the decrease of the desirable flavours 

(esters, bitter acids), the elevated concentrations of undesirable compounds such as 

staling aldehydes will tend to become more dominant in terms of the overall flavour 

profile of the beer. 

5.3.2.1 Aldehyde formation in forced aged beers 

Furthermore, chemical instability was investigated by determining the free aldehyde 

concentrations in aged beers. Hereby, a great focus was on the difference between the 

heat load experienced by malt (green malt vs kilned malt) and the resulting aldehyde 

content in aged beers. The investigation of free aldehydes throughout the brewing 

process, which was discussed in Chapter 4, highlighted that fresh beers from kilned 

(pilsner-style) malt resulted in similar concentrations of free staling aldehydes compared 

to green malt beers – despite the high aldehyde concentrations in the kilned malt and 
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particularly at the onset of the brewing process. However, prior to the current studies, 

there have been no published data on aldehyde formation in green malt beers during 

ageing. Therefore, the selected aldehydes of the fresh and aged beers were compared 

based on PCA analysis to visualise the main differences among the beers (Figure 5.6).  

 

 

Figure 5.6: Bi-plot of PCA on the aldehyde levels in fresh and aged beers. Fresh beers 

are underlined. 2MP = 2-methylpropanal; 2MB = 2-methylbutanal; 3MB = 3-

methylbutanal, PHE = phenylacetaldehyde; MET = methional; FUR = furfural; HEX = 

hexanal; T2N = trans-2-nonenal sum = total of selected staling marker aldehydes 

 

This resulted in two major principal components, PC1 and PC2, that described 50% and 

22% of the variation, respectively. In Figure 5.6 the negative loadings along PC1 

identified beers low in the marker aldehydes. Thus, the fresh beers clustered mostly in 

quadrant 3 or at the border to quadrant 1 (RKM6, RGM6). During beer ageing the beers 

shifted towards the positive axis of PC1, however, clearly separated alongside PC2. The 

positive loadings along PC2, in quadrant 2 were associated with beers high in furfural, 

hexanal and trans-2-nonenal. Interestingly, the beers from KM1 and KM2 moved 
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towards quadrant 4 as they aged, towards the negative loadings along PC2, which 

correlated with beers high in the Strecker aldehydes phenylacetaldehyde, methional, 2-

methylbutanal, 3-methylbutanal and 2-methylpropanal. This is specifically interesting 

because the fresh beers of KM1 and KM2 were identified previously to contain the 

highest amount of residual amino acids (Figure 5.1) and will be further investigated in 

the following Section 5.3.2.2.  

Upon beer ageing for 90 days, the lowest increase in the aldehyde markers was observed 

in the untreated green malt beers, in comparison to all control beers (KM1-6). 

Furthermore, beers prepared from re-steeped green malt RGM4 and RGM5 developed 

significantly lower total concentration of aldehyde markers after 90 days ageing at 30ᵒC, 

compared to the corresponding control beers RKM4 and RKM5, respectively. However, 

according to the resulting bi-plot, displayed in Figure 5.6, beers prepared from RGM6 

and RKM6 (third biological replicate of the re-steeping trials) moved similarly towards 

quadrant 2 on ageing. This suggested similar aldehyde formation when beers were 

subjected to ageing. A more detailed investigation into the dataset revealed that the 

total concentration of aldehyde markers after 90 days ageing (30ᵒC) only differed slightly 

between RGM6 and RKM6; 576 µg/L vs 613 µg/L, respectively (Figure 5.7).  
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Figure 5.7: Total selected aldehyde levels in beers prepared from (A) green malt ‘as is’ 

and the corresponding control kilned malt (B) from re-steeped green malt and the 

corresponding control. Samples are presented as mean ±SD of 2-3 replicate 

measurements. Statistics: One-Way ANOVA; Student’s t-test GM3_30 vs KM3_30, 

significant differences indicated by ***: p< 0.001; Student’s t-test RGM6 vs RKM6 n.s.: 

not significant 

 

Even though overall all six green malt beers (untreated and re-steeped) in sum showed 

lower levels of total marker aldehydes, the relative differences (comparison of biological 

replicates) between the green malt beers and the control differed substantially. Beer 

ageing is a very complex process involving many reaction mechanisms and pathways; 

several factors are involved in aldehyde formation, not solely aldehyde levels from the 

grist material. Thus, it was not surprising that the simplistic attempt to correlate free 

aldehydes in malt with the corresponding free aldehydes determined in all beers aged 
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at 30ᵒC for 30 days (r = 0.4871, n.s.), 60 days (r = 0.4654, n.s.) or 90 days (r = 0.5396, 

n.s.), was not successful. 

Nevertheless, due to the potential binding of aldehydes throughout the brewing process 

into non-volatile adduct forms, these bound aldehydes could potentially be released 

during ageing. Thus, the concentration found in the grist used for brewing could still be 

an important parameter for the aldehyde release during ageing. Considering the low 

number of aldehydes in green malt, potentially fewer aldehydes are available for binding 

and release during ageing. However, the adduct formation is very complex and 

aldehydes can react with numerous wort components, depending on several factors 

(temperature, pH value, redox potential, binding strength, thermodynamic stability) 

(Baert et al., 2012, Bustillo Trueba et al., 2018, Lehnhardt et al., 2019, Lermusieau et al., 

1999, Liégeois et al., 2002).  

In this instant, furfural might serve as an example for potential adduct formation and 

release during storage. Furfural was significantly lower in five aged green malt beers 

(except GM2) compared to the corresponding kilned malt controls, even though fresh 

beer levels were similar and ageing parameters (temperature, time) were identical 

(Figure 5.8A). This suggests that furfural leached out from the grist material into the 

wort, was bound, and subsequently released during ageing. Interestingly, beers 

prepared from KM1 and KM2 developed significantly lower levels of furfural (up to 50% 

less) during forced ageing, compared to the other reference (kilned malt) beers. 

However, similarly, these two beers contained the highest Strecker aldehyde (Figure 

5.8C) levels, compared to the other reference brews.  
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Figure 5.8: Evolution of A) Maillard reaction compound 

(furfural) B) fatty acid oxidation aldehydes (hexanal, trans-2-

nonenal) and C) Strecker aldehydes (2-MP, 3-MB, 2-MB, PHE, 

MET), during ageing of beer (30ᵒC). Data are presented as 

mean ±SD of 2-3 replicate measurements. 
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Furthermore, only modest changes of trans-2-nonenal and hexanal were observed 

during ageing (Figure 5.8B). While hexanal levels were clearly below the flavour 

threshold of 350 µg/L, trans-2-nonenal, which is discussed to be perceived at 0.11 µg/L 

(Meilgaard, 1975a) or even 0.03 µg/L (Saison et al., 2009b), might still impact the flavour. 

Previous research (Noël et al., 1999b) suggested that trans-2-nonenal and hexanal 

formation are not influenced by beer storage. In this study (Noël et al., 1999b), 

researchers injected the stable oxygen isotope 18O2 into the headspace of the beer just 

before ageing. Their research concluded that sulphites, polyphenols and isohumulones 

were oxidised, however, oxygen was not incorporated into the carbonyl fraction. Thus, 

the cardboard flavour in beer, caused by trans-2-nonenal is not due to lipid oxidation 

during ageing, but formed during wort production, hence bound to wort components 

and subsequently released during beer ageing. (Coghe et al., 2004, Lermusieau et al., 

1999, Liégeois et al., 2002, Noël et al., 1999a). The evidence from prior studies, point 

towards the idea, that during wort production (described in Chapter 3), some hexanal 

and trans-2-nonenal was bound, hence, the small but not insignificant increase observed 

in the forced aged beers (Figure 5.8B). Considering brewing with green malt, it is very 

important to highlight that in summary, considering all data collected and discussed in 

Chapters 3,4 and 5, it can be confirmed that lipoxygenase activity was sufficiently 

controlled by applying lipoxygenase hostile brewing conditions. Thus, lipoxygenase can 

be controlled even at activity levels 17-fold higher than a pale kilned malt (Chapter 2). 

Naturally, the complexity of beer ageing should not be neglected, thus, the higher 

aldehyde concentration might not be solely related to adduct formation and subsequent 

release during ageing. However, it is highly recommended for future studies to further 

investigate the origin of free and bound aldehydes in green (undried) malt beer, which 

could add substantially to our understanding of malt kilning on flavour (in)stability.  

In general, all aldehyde concentrations reached after 90 days ageing were well below 

the sensory threshold levels. However, due to the synergistic effects and the complexity 

of ageing (other compounds increase as well), they can still affect and impair the beer 

flavour. Table 5.2 aims to summarise the fold change of the selected staling aldehydes 

during storage. Quantitatively the highest change was observed in furfural and 2-

methylpropanal, up to 81.6- and 18.6-fold increase, respectively. By comparing the 

biological replicates substantial variances are noticeable, mainly when comparing the 
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fold change of furfural (especial brewing trial 1-3). Even though furfural quantitatively 

increased the most the levels are still under the proposed flavour (150 000 µg/L 

(Meilgaard, 1975a)) or odour threshold (15157 µg/L (Saison et al., 2009b)). However, as 

shown by to De Clippeleer et al. (De Clippeleer et al., 2011), spiking of furfural resulted 

in a sharper, harsher bitterness and increased astringency. Nevertheless, the highest 

furfural concentration detected in the beers used for this study was 590 µg/L 

(RKM6_90), thus it can be assumed that furfural will not affect the beer flavour. The 

aldehyde levels determined in fresh and aged beers and reported flavour thresholds 

found in the literature are summarised in Appendix 2. 

 

Table 5.2: Fold-change of aldehydes from fresh beer to aged beers (30ᵒC, 90 days); 

Green malt ‘as is’ (GM 1-3) and the corresponding reference malt (KM 1-3); as well as 

re-steeped RGM (4-6) and the corresponding reference malt (RKM 4-6).  

 
  2-MP 2-MB 3-MB HEX FUR MET PHE T2N Sum 

 
1 

GM 6.3 3.6 1.5 1.1 7.0 2.2 1.5 1.1 4.8 

 KM 16.1 2.1 1.4 1.6 26.8 2.8 1.4 1.3 13.1 

 
2 

GM 15.1 2.4 0.9 1.8 54.6 6.8 1.7 1.6 16.5 

 KM 18.6 3.0 1.4 1.5 39.2 1.6 1.8 1.2 15.3 

 
3 

GM 10.5 4.6 1.3 1.5 17.6 1.6 1.3 1.8 9.1 

 KM 6.2 2.0 0.9 1.9 81.3 0.6 2.1 1.6 18.4 

re
-s

te
ep

in
g 

tr
ia

ls
 

4 
GM 12.4 1.7 1.3 2.2 31.2 1.9 1.0 1.6 11.1 

KM 9.2 2.2 1.5 2.2 41.5 2.9 1.5 3.4 19.4 

5 
GM 16.5 2.1 1.2 2.1 45.4 1.4 0.9 2.2 16.5 

KM 17.4 3.2 1.8 2.2 54.6 2.3 1.1 2.9 24.8 

6 
GM 13.7 2.3 1.3 2.4 66.4 1.4 1.2 2.0 33.7 

KM 9.9 2.8 1.2 1.8 46.8 1.6 2.2 2.0 29.8 
2MP = 2-methylpropanal; 2MB = 2-methylbutanal; 3MB = 3-methylbutanal, PHE = 
phenylacetaldehyde; MET = methional; FUR = furfural; HEX = hexanal; T2N = trans-2-
nonenal sum = total of selected staling marker aldehydes 
 

5.3.2.2 Correlation between residual amino acids in beer and Strecker aldehyde 

formation 

As already highlighted in Figure 5.1, fresh beers from KM1 and KM2 varied substantially 

regarding their residual amino acid levels in the fresh beers, compared to the other 

beers (n = 10, green malt, re-steeped green malt and kilned malt). The following section 
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will more closely examine the amino acid concentrations, specifically the Strecker 

aldehyde precursors. It is interesting to note that out of the 12 measured beers (Figure 

5.9), the beers prepared from green malt ‘as-is’ contained very low levels of amino acids 

(valine, isoleucine, leucine, methionine, phenylalanine) known as Strecker aldehyde 

precursors (sum = 16.7 ± 1.2 mg/L, n = 3). Beers from KM1 and 2 measured levels of 

151.5 mg/L and 195.2 mg/L, respectively, whereas beers prepared from the controls 

KM3 – KM6 contain solely 23.5 ± 6.8 mg/L on average. Hence, beers brewed from KM1 

and KM2 theoretically have a greater capacity to form Strecker aldehydes upon beer 

ageing (by direct Strecker degradation in-pack) compared to the other beers (green malt 

and control beers).  

 

 

Figure 5.9: Sum of selected amino acids (valine, isoleucine, leucine, methionine, 

phenylalanine) in fresh beers prepared from green malt ‘as is’ (GM1-3) and the 

corresponding control (KM1-3); re-steeped green malt (RGM4-6) and the 

corresponding control (RKM4-6). Data are the mean ± SD of 2 technical replicate 

measurements; GM = green malt, KM = kilned 

 

To further investigate this correlation, the formed Strecker aldehydes in aged beers 

(30ᵒC, 90 days) were compared to the corresponding amino acids determined in the 

fresh beers. Indeed, the beers prepared from KM1 and KM2 formed the highest amount 

of Strecker aldehydes during forced ageing, with 167.9 ± 5.0 and 278.6 ± 15.8 µg/L, 

respectively, formed after 90 days at 30ᵒC. The sum of selected amino acids and 

corresponding aldehydes in aged beers were found to be strongly correlated (Figure 
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5.10; r(10) = 0.88, p < 0.001). However, this correlation is driven greatly by the beers 

KM1 and KM2, the other beers clustered and did not obey this correlation (Figure 5.10). 

 

 

Figure 5.10: Concentrations of the sum of selected Strecker aldehydes (2-

methylpropanal, 2-methylbutanal, 3-methylbutanal, methional and 

phenylacetaldehyde) measured in aged beers (30ᵒC, 90 days), plotted as a function of 

the corresponding amino acids (valine, isoleucine, leucine, methionine and 

phenylalanine, respectively) in the fresh beers. 

 

A similar (statistically significant) pattern was observed for high concentrations of valine, 

isoleucine and methionine and the increase of the Strecker aldehydes 2-MP, 2-MB and 

methional, respectively. However, similarly to Figure 5.10, these correlations were 

mostly driven by the kilned malt beers KM1 and KM2. Leucine moderately correlated 

with 3-MB formation; however, no correlation was found between phenylalanine and 

phenylacetaldehyde. Phenylacetaldehyde was found to be the most effective precursor 

of benzaldehyde (Chu and Yaylayan, 2008). Hence, after 90 days of ageing, the majority 

of phenylacetaldehyde might have already been converted to benzaldehyde, which was 

not measured within this experiment. However, no correlation was found between 

phenylalanine measured in the fresh beer and the phenylacetaldehyde levels 

determined at 30- or 60-days ageing. Additionally, phenylacetaldehyde concentration 

only changed minimally during beer ageing, with concentrations reported between 1.8 

– 9.0 µg/L in aged beers and thus way below the flavour threshold (1600 µg/L).  
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According to the presented data, it appears that beers with high levels of amino acids 

can accelerate Strecker aldehyde formation during ageing, however, residual amino 

acids in beer are not the sole source of Strecker aldehyde formation. The remaining 

question is why KM1 and KM2 had such high wort FAN relative to KM3. The FAN level 

determined in the malts used for the presented brewing trials did not differ significantly 

amongst the biological replicates, with an average FAN concentration of 115.1 ± 9.6 

mg/100g determined in KM1-3 (n = 3, tr = 3); in comparison GM1-3 measured 117.2 ± 

13.7 mg/100g. Thus, it could be assumed that more FAN was extracted from the malt 

during mashing, even though mashing parameters chosen for all brewing trials were 

identical. Further research on the amino acid pattern and the relation to the Strecker 

aldehyde formation during ageing is required.  

Interestingly, the third highest Strecker aldehyde concentration was found in beers 

prepared from the untreated green malt beer GM2. The bi-plot of the fresh beers shown 

in Figure 5.1, separated fresh GM2 beer from the other beers based on the high 

concentrations of bitter acids compared to the other beers. The degradation of bitter 

acids throughout beer ageing and the resulting formation of a myriad of volatile 

compounds, amongst them the Strecker aldehydes 2-methylpropanal, 2-methylbutanal 

and 3-methylbutanal, has been controversially discussed in the past. While research 

from Hashimoto et al. (Hashimoto and Eshima, 1979) reported that beer without hop 

addition developed fewer characteristic staling markers during ageing, however, this 

was in turn contradicted by recent research (De Clippeleer et al., 2010a). De Clippeleer 

et al. (De Clippeleer et al., 2010a) could not link the formation of 2-MP, 3-MB and 2-MB 

to the hop product degradation. Thus, it was suggested, that aldehyde formation 

through bitter acid degradation is of minor importance. 

5.3.2.3 The influence of beer pH on the aldehyde formation during forced ageing 

During beer ageing, the FAN levels and the pH did not change, but a higher FAN content 

in the beer resulted in a higher pH (r(46) = 0.86; p< 0.001, Figure 5.11), presumably due 

to buffering effects.  
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Figure 5.11: Correlation plot between beer pH and FAN (mg/L) in fresh and aged beers. 

 

However, previous research by Kaneda et al. (Kaneda et al., 1997) suggested that beer 

ageing is accelerated at lower beer pH values. They reported that lowering the pH even 

slightly from 4.3 to 4.1 significantly increased stale flavour after ageing. These findings 

were related to an acceleration of oxidative degradation reactions (Kaneda et al., 1997) 

and the release of volatile carbonyls from Maillard intermediates (De Schutter et al., 

2008) at lower pH. Additionally, trans-2-nonenal release from the bound state (imine 

form) was discussed to be enhanced at lower pH (Lermusieau et al., 1999). However, in 

the present study, a higher pH measured in beer was strongly positively correlated with 

the increase of the sum of Strecker degradation aldehydes during ageing (r(10) = 0.8024, 

p< 0.0016, Figure 5.12) for beers aged 90 days. However, according to the graph, this is 

again driven by the anomalously high FAN contents of KM1 and KM2.  
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Figure 5.12: Concentrations of the sum of selected Strecker aldehydes (2-

Methylpropanal, 2-methylbutanal, 3-methylbutanal, methional and 

phenylacetaldehyde) measured in aged beers (30ᵒC, 90 days), plotted as a function of 

the corresponding pH in the beers. 

 

There was no correlation between the amount of lipid oxidation aldehydes and the pH 

in aged beers (r(10) = 0.3403, n.s.), which is in contrast to finding by Jaskula-Goiris et al. 

(Jaskula-Goiris et al., 2011). Also, no correlation was found between furfural formation 

and pH. 

5.4 Conclusion 

This study aimed to determine the analytical changes of beers produced from green 

malt, with the focus being on staling aldehyde development. Additionally, this research 

helped to further investigate the impact of heat load applied on malt, a major source of 

staling precursors, on the flavour (in)stability of beers.  

In general, all aldehyde concentrations reached after 90 days ageing at 30ᵒC were well 

below the reported sensory threshold levels. However, due to the synergistic effects and 

the complexity of ageing, they can still affect and impair the beer flavour. All beers were 

tasted informally by expert tasters at both KU Leuven and University of Nottingham. 

Green malt (untreated and re-steeped) beers were found to develop fewer off-flavours 

during ageing than the corresponding reference beer. Particularly interesting was the 

comparison of beers aged for 30 days at 30ᵒC; while the reference kilned malt beers 

already developed typical stale flavours (e.g. honey), only subtle changes were noted in 
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the green malt beers. Moreover, these changes in the green malt beers even added 

some positive flavour attributes to the beers - likely some typical ‘kilned malt’ flavours 

that might have been still missing in the fresh 100% green malt beers. Even though all 

kilned malt beers were prepared according to the ‘best practice’ standards to diminish 

beer staling, the beers prepared from untreated and re-steeped green malt (except 

RGM6) formed lower amounts of total marker aldehydes compared to the control beers 

measured after 30, 60 and 90 days ageing. Thus, the present data suggest that the heat 

load applied to the raw materials used for brewing is an important parameter for beer 

ageing. Unfortunately, the high variations even in the control kilned malts and 

subsequent beers (which should be very similar), impede derivation of clear 

correlations.  

Furfural was present at significantly lower concentrations in green malt beers compared 

to the kilned malt controls, even though fresh beer levels were similar and ageing 

parameters (temperature, time) were identical. This suggests that a pool of furfural from 

the malts delivered to the brewing process was bound to as yet unspecified wort 

components and subsequently released during ageing. Thus, further research on adduct 

formation and subsequent release of aldehydes during ageing is recommended. 

Alternatively, furfural intermediates pre-formed during malting and brewing (e.g. 3-

deoxyosone derived from pentose, Section 1.4.1.2), could end up in finished fresh beer 

and thus further converted into furfural during beer ageing.  

Furthermore, it is important to highlight, that lipoxygenase activity was sufficiently 

controlled by applying lipoxygenase hostile brewing conditions, even when using green 

malt. The resulting data further suggest that high residual amino acid concentrations in 

beer can accelerate Strecker aldehyde formation during ageing. However, no linear 

relationship was found between residual fresh beer amino acids and Strecker aldehydes 

in aged beers. Thus, residual amino acids were not the sole precursor of Strecker 

aldehydes formed during ageing, with release from bound forms hypothesised to be the 

other major source. Intermediates of Strecker degradation of amino acids (pre-formed 

during malting and brewing) might have ended up in finished beer and would thus be 

converted into Strecker degradation aldehydes during beer ageing.  

The results presented in this chapter emphasise the complexity of beer ageing. 

However, substantial knowledge is added to our understanding of the flavour 
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(in)stability of beer through the ability to directly compare kilned with green malt beers. 

Nevertheless, further brewing trials with green malt with the usage of different yeast 

strains under a range of different fermentation conditions, as well as altered ageing 

conditions are necessary to fully understand the multi-factorial flavour stability of green 

malt beers. Brewing with green malt has the potential to advance current knowledge on 

beer staling, particularly the impact of malt kilning. Therefore, it is recommended to add 

‘green malt beers’ to future beer stability investigations.



Chapter 6 

172 
 

6 Major findings and future work 

The overall goal of this doctoral thesis was to develop underpinning biochemical and 

technical knowledge for the development of brewing processes based on green 

(germinated, but not dried) malt. Such a process would enable a substantial saving in 

energy input associated with kilning, similarly, making the process more water efficient 

by conserving the water contained in the green malt. Likewise, the aim was to assess 

whether acceptable wort and beer without major quality defects can be brewed using 

even 100% green malt. Subsequently, the focus was on the impacts on beer flavour 

stability, which was important to establish because reduced heat load could either 

improve flavour stability (reduced pool of staling aldehydes) or worsen it (since e.g. 

lipoxygenase activity is regulated by heat treatment during kilning).  

 

Considering the paucity of literature (Cook and Hudson, 1964, Duff, 1963, Leclercq, 

2020, MacWilliam, 1972, MacWilliam et al., 1963, Moir, 1992) available on brewing with 

green malt the primary task was to examine the major quality concerns associated with 

green malt. Therefore, lipoxygenase (LOX) activity and S-methyl methionine (SMM) 

levels were monitored through a micromalting cycle both with and without rootlets. 

When removing the rootlets, LOX activity and the concentration of the DMS precursor 

declined by 30% and 40%, respectively. These results for LOX and SMM confirmed 

(White and Wainwright, 1976a, Yang et al., 1993) that rootlets are a major concern when 

brewing with green malt and that their influence on quality needs to be further 

investigated. However, even after rootlet removal the relative activity or concentration 

was still significantly higher compared to the kilned malt control. Therefore, attempts 

were made to reduce lipoxygenase activity by taking advantages of its heat- and pH-

sensitivity, as well as through limiting the availability of oxygen as a substrate (Bamforth, 

1999c, De Buck et al., 1997, Drost et al., 1990, Schwarz and Pyler, 1984, Van Waesberghe 

et al., 2001). Overall, this work has revealed two potential methods to lower the LOX 

activity in green malt without adversely affecting the diastatic enzyme levels: (1) re-

steeping the grain for one hour before mashing-in or (2) a heat treatment at 65°C for up 

to an hour. Green malt worts were then prepared from i) whole green malt immediately 

post-germination; ii) heat-treated green malt (65°C x 1 h) and iii) re-steeped green malt. 
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Naturally, both methods can be easily performed on laboratory scale but would require 

technical adaptations to be applicable on industrial scale. As an example, malt drying at 

65ᵒC must be performed uniformly, as it was shown previously (Guido et al., 2005, 

Müller et al., 2014) that inhomogeneity (temperature and moisture conditions) in the 

kiln can impact the chemical reactions occurring in the malt. Furthermore, the water 

used for re-steeping must be re-used for mashing, to remain water efficient. To further 

investigate the properties of green malt rootlets, a novel technique to produce wort 

without the husk/rootlet fraction was developed. With the aid of a pasta roller, the grain 

was crushed and subsequently sparged with water and filtered using a muslin cloth 

filter. The resultant iv) endosperm rich extract was then used for wort production. 

Laboratory mashing was performed using a ‘LOX-hostile’ mash schedule (mashing-in at 

63°C, pH 5.2, oxygen-limited conditions). Data were compared with mashing of kilned 

pale malt made from the same green malt, as a reference point. The results from this 

study indicated that controlling LOX activity by mashing in at 63°C, pH 5.2 in deaerated 

liquor resulted in a trans-2-nonenal potential for wort prepared from green malt, 

without any pre-treatment, which was not significantly higher than when using kilned 

malt. Conversely, hexanal potential was significantly higher for the green malt process, 

most likely due to the high hexanal levels found in green malts, usually reduced through 

thermal processing (kilning or roasting) (Coghe et al., 2004, Dong et al., 2013, Moir, 

1992). Overall results indicated that the resultant brewing process would need to be 

optimised to deal with the elevated levels of SMM and hexanal in green malt worts.  

 

This work presented in Chapter 2 built the basis for subsequent pilot brewing trials, 

discussed in Chapter 3. The aim was to evaluate the wort/beer quality, as well as the 

feasibility of brewing with 100% green malt (in a pale lager wort, and a top fermented 

beer, with no masking of flavour defects). Beers were prepared using 100% green malt 

(n = 3) or kilned pilsner malt (n = 3) prepared from the same batch in each case utilising 

the pilot brewery at KU Leuven, brewing at 50% total capacity (2.5 hL). One major focus 

at this part of the study was to evaluate the main quality concerns observed in Chapter 

2. Previous work (Hirota et al., 2005, Skadhauge et al., 2005) has shown that even low 

residual lipoxygenase activities in pale kilned malt can cause serious flavour 

deteriorations in the final beer. The elevated lipoxygenase activities in green malt (17-
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fold higher than in the reference kilned malt), as proven in the laboratory scale trials, 

could (in theory) cause major flavour defects in green malt beers. Therefore, three 

further pairs of beers were brewed whereby the green malt was pre-steeped under de-

aerated water for 1 hour; as this procedure had previously been shown (Chapter 2) to 

lower LOX activity in green malt.  

The brewery at the Technology Campus Ghent, KU Leuven is equipped with a wet milling 

system by Meura, which is advertised to efficiently grind malts with high moisture 

content (Leclercq, 2020, Meura). Moreover, the injection of CO2 both into the malt inlet 

and bin has the potential to improve oxidative stability and thus provided a very 

promising outline for successfully brewing with green malt. Further technological and 

process optimisations are undoubtedly required, as the complex structure of the spent 

grains bed formed during mash filtration (‘spongy, cohesive structure) increased the 

likelihood of blockages and extended filtration and sparging periods. Most likely, some 

technical optimisation of the mill design, and/or fine tuning of the liquor to grist (2.2:1) 

ratio might be sufficient to enable successful brewing with 100% green malt without 

significant losses in extract. However, in total six green malt beers (untreated and re-

steeped) were brewed with acceptable specifications in terms of pH, alcohol content, 

foam stability and colour. The characteristic colour compounds to beer are mostly 

formed via Maillard reactions between reducing sugars and amino-compounds during 

kilning. Thus, it was surprising that EBC colour was not reduced as much as might have 

been predicted for green malt brews. The distinctive colour, might arise from the 

prevalence of different natural yellow colour pigments present in malt (e.g polyphenols 

or water-soluble riboflavin (Briggs, 1998a)) relative to the melanoidins contributed by 

kilned malts. This theory was further supported as the re-steeped green malt beers were 

significantly lower in colour than the beers prepared from green malt ‘as is’, suggesting 

that these water-soluble natural yellow pigments were washed out during re-steeping 

(and potentially retained during filtration in the fine-meshed net). Overall, no significant 

taints or obvious defects were detected in 100% green malt beers with intact rootlets, 

compared to their reference kilned malt beers. The organoleptic testing performed 

alongside the study was not performed to a publishable standard (~35 informal/expert 

taster comments). Based on this limited sensory evaluation it was not appropriate to 

comment beyond the fact that the beers were ‘acceptable’. Therefore, more detailed 
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sensory evaluation of the organoleptic properties of green malt beers are required to 

evaluate their unique flavour profile. Nevertheless, the presented research 

demonstrates that three of the major quality concerns when brewing with green malt 

(rootlets, LOX activity, and DMS potential) were not insurmountable problems. Even 

though increased S-methyl methionine levels were detected in malts (Chapter 2) and 

measured in worts and beers made from green malt (Chapter 3), however, DMS 

concentrations in the finished beers did not differ significantly from the reference 

brews. This is remarkable considering that the DMS potential determined at the onset 

of mashing was 2-3 times higher than in the reference brews. Considering the results 

from this study and previous research (White and Wainwright, 1976a, White and 

Wainwright, 1977), it appears that DMS levels in pitching wort and finished beers can be 

controlled even when using green malt, given a sufficient removal of DMS via 

evaporation during wort boiling and through elimination via fermentation gases. Due to 

the high LOX activity in green malt, an elevated ‘rancidity’ in the final beer was expected. 

However, no significant (LOX) related taints were detected in worts and beers prepared 

from green malt. Furthermore, an increased extraction of trihydroxy fatty acids (THFA 

levels) - intermediates of the LOX pathway - were measured when brewing with kilned 

malt. It is very likely, that the oxygen-boosted drying of green malt, triggers the oxidation 

of unsaturated fatty acids, giving rise to both intermediates, such as THFA and fatty acid 

oxidation aldehydes – trans-2nonenal and hexanal. The latter was further confirmed by 

investigating the free staling aldehyde contents in the malts used for these brewing trials 

(Chapter 4). Both, trans-2-nonenal and hexanal levels were found in significantly lower 

concentrations in the green malts compared to the corresponding kilned malts. Using 

re-steep water in green malt brewing (for reasons of water economy), however, 

increased THFA levels, possibly because oxygen uptake was not adequately controlled 

at this step. Further technical optimisations could improve ‘re-steeping’ and thus limit 

oxygen uptake even on pilot scale, but will cause extra effort and costs. However, re-

steeping proved to be unnecessary as LOX could be adequately controlled in the pilot 

plant process by wet milling in deaerated liquor under CO2 and mashing-in at 63°C, pH 

5.3 and once again under oxygen-limited conditions. Considering that temperature and 

pH control were challenging in green malt brews due to the thickness of the mash and 

the noted incompatibility of the mash homogeniser, these findings suggest that oxygen 
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exclusion is a key criterion to limit LOX activity. Thus, it is possible to brew with green 

malt on the condition that mashing-in occurs under LOX hostile conditions, or by using 

Null-LOX barley (Hirota et al., 2005, Skadhauge et al., 2005) varieties. The latter may be 

beneficial for breweries where strict LOX-hostile conditions cannot be applied or who 

wish to avoid additional costs (and health and safety considerations) of CO2 injection. 

Additionally, there is no risk for precursor formation during malting when using Null-LOX 

varieties. Overall, the results presented in Chapter 3 demonstrated very promising 

indicators for flavour stability, such as reduced TBI (Gastl et al., 2006, Jaskula-Goiris et 

al., 2015), lower residual FAN (De Rouck et al., 2007, Jaskula-Goiris et al., 2015) and 

trihydroxy fatty acid (THFA) levels (Baert et al., 2012, Gastl et al., 2006, Kobayashi et al., 

1993, Kuroda et al., 2002, Vanderhaegen et al., 2006) in brews using untreated green 

malt. Therefore, the focus of the study presented in Chapter 4 was to further elucidate 

the flavour stability impacts of brewing with green malt. Malt is a major source of staling 

precursors, especially aldehydes (De Clippeleer et al., 2010b, Ditrych et al., 2019, Gastl 

et al., 2006, Guido et al., 2007). Therefore, the green malt, re-steeped green malt and 

the corresponding kilned malt, used for the brewing trials described in Chapter 3, were 

evaluated for their free staling aldehyde content. Subsequently, the free staling marker 

aldehydes, as well as the oxidative stability of worts and beers prepared from green malt 

and re-steeped green malt were evaluated and compared to equivalent data for the 

corresponding control beers. All green malts (untreated and re-steeped) contained 

significantly lower free aldehyde levels compared to the control malts, emphasising the 

effect of thermal treatment on free aldehyde formation. Despite the elevated LOX 

activities in green malt, the trans-2-nonenal and hexanal levels significantly decreased 

during mashing. These results indicated that lipoxygenase hostile mashing conditions 

were sufficient to avoid negative effects associated with this enzyme even at the very 

high activity levels measured in green malt. Even though kilned malt contained 

significantly higher levels of free aldehydes than green malt, the wort production 

process and subsequent fermentation reduced the aldehydes to levels not significantly 

different from those for the fresh green malt beer, which is remarkable considering the 

enormous differences determined between the green and corresponding control malt 

(4.3-14.0 fold higher). However, these aldehydes might bind to other compounds 

forming non-volatile adducts (Baert et al., 2018, Baert et al., 2015a, Baert et al., 2015b, 
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Bustillo Trueba et al., 2019, Debourg et al., 1994, Kaneda et al., 1994, Lermusieau et al., 

1999, Peppard and Halsey, 1981), thus the aldehyde content needed to be investigated 

further during beer ageing (Chapter 5). Additionally, the oxidative stability of the wort 

and beers prepared was evaluated using ESR analysis. The worts and beers produced 

from untreated green malt showed significantly lower radical formation relative to the 

corresponding kilned malt control wort or beer samples. Pitching worts prepared from 

re-steeped green malt showed less radical formation during forced ageing than the 

control, however, this effect could not be observed in the finished beers.  

None of the twelve beers expressed any lag time (the time until notable amounts of 

radicals are generated), due to the lack of SO2 present in the finished beers, which was 

related to the high temperature and vigorous fermentation (24ᵒC) employed (Ilett and 

Simpson, 1995, Kaneda et al., 1991), as well as the choice of yeast strain (as ale strains 

are known to produce less SO2 than lager strains (Hysert and Morrison, 1976)). To 

further investigate the reasons for the better oxidative stability (ESR results) in green 

malt wort and beer, the transition metals were determined in the fresh beers using ICP-

MS. Increased heat load on malt through kilning or roasting was shown to impact the 

transition metal content and thus the ionic composition of the wort (Hoff et al., 2012, 

Jenkins et al., 2018, Pagenstecher et al., 2020, Poreda et al., 2015). Overall, the metal 

ion concentrations measured in the beers did not explain the improved oxidative 

stability of beers prepared from green malt. Therefore, further research and sampling 

during the wort production process is required to get a better picture of the oxidative 

stability of green malt worts and beer.  

The work presented in Chapter 5 aimed to elucidate if green malt used as the grist 

material for brewing (and thus a significantly reduced heat load applied to malt) can be 

beneficial for beer flavour stability. The previously described beers prepared from green 

malt (n = 3), re-steeped green malt (n = 3) and corresponding reference (pilsner style) 

malt (n = 6) (as described in Chapter 3) were aged at 30ᵒC for 30, 60 and 90 days. To 

evaluate the ageing and consequent changes in beer, standard analytical parameters, as 

well as flavour compounds (aldehydes, esters and higher alcohols) were analysed across 

the storage trial. Overall, an increase in concentrations of undesirable staling aldehydes 

and a decrease in concentrations of desirable compounds (acetate esters, bitter acids) 

was noted. Even though, the same malting barley variety was used and malted after the 
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same malting scheme (according to the supplier), the free marker aldehydes 

concentrations differed substantially between all biological replicates. This was 

potentially due to the nature (industrial scale) of the samples, as previous studies (Guido 

et al., 2005, Müller et al., 2014) have highlighted that malt sampled from different bed 

depths can impact the chemical reactions occurring in malt. The resulting variations in 

wort composition can greatly affect and determine the formation of beer aroma 

compounds. Nevertheless, the resulting data still revealed very important information 

about green malt worts and beers. The results showed that green malt beers were less 

susceptible to beer ageing flavour change than kilned malt beers, due to a lower 

formation or release of staling aldehydes. Considering the low amount of aldehydes in 

green malt, potentially fewer aldehydes are available for binding and released during 

ageing. Furfural, for example, increased significantly in control beers compared to green 

malt beers even though fresh beer levels were similar and ageing conditions 

(temperature, time) were identical. Furthermore, the cardboard flavour in beer, caused 

by trans-2-nonenal was discussed to not be due to lipid oxidation during ageing, but 

formed during wort production, hence bound to wort components and subsequently 

released during beer ageing. (Coghe et al., 2004, Lermusieau et al., 1999, Liégeois et al., 

2002, Noël et al., 1999a). This points towards the idea, that during wort production 

(described in Chapter 3), some hexanal and trans-2-nonenal was bound, hence, the 

small but not insignificant increase observed in all forced aged beers. Considering the 

elevated lipoxygenase activity measured in green malt, hereby it was confirmed that 

lipoxygenase hostile conditions during wort production are sufficient to avoid negative 

effects on flavour stability associated with this enzyme. Naturally, beer ageing and 

aldehyde adduct formation in particular is very complex. Aldehydes can react with 

numerous wort components, depending on several factors (temperature, pH value, 

redox potential, binding strength, thermodynamic stability) (Baert et al., 2012, 

Lehnhardt et al., 2019, Lermusieau et al., 1999, Liégeois et al., 2002). However, 

considering the presented data it is highly recommended for future studies to further 

investigate the origin of free and bound aldehydes in green (undried) malt beer, which 

could add substantially to our understanding of malt kilning on flavour (in)stability. 

Furthermore, it was shown that the two beers with the highest amount of residual 

amino acids also formed the highest amount of Strecker aldehydes during forced ageing. 
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However, as the other beers did not follow this pattern of behaviour, Strecker aldehyde 

formation cannot solely be related to residual amino acids in fresh beers.  

 

Brewing with green malt is a disruptive technology and the process needs to be further 

optimised before it could be implemented in present day breweries. However, returning 

to the question posed at the beginning of this study, it is now possible to state that green 

malt with intact rootlets can be used to brew wort and beer without any flavour defects, 

with superior flavour stability metrics, and decreased aldehyde formation during shelf-

life.  

6.1 General principles of brewing with green malt 

This research project aimed to provide the scientific community, brewers and maltsters 

with technical and (bio)chemical guidelines to successfully brew green malt beers. 

Therefore, general principles, which could serve as a base for future studies on 

successfully brewing with green malt, are highlighted here, as follows: 

 Green malt should be stored cold and dry to reduce microbial activity and 

stabilise enzymatic activity until the grain is further processed – the sooner the 

better. It is either necessary to prepare malt/wort extract or to process rapidly 

by having a brewery and maltings co-located (transport of the high moisture 

commodity is not feasible). Longer storage periods of green malt and the 

associated microbes present could greatly affect malt quality and thus impact 

beer quality (Bokulich and Bamforth, 2013, Justé et al., 2011, Scott, 1996).  

 If omitting the kilning process, the brewer could take advantage of the increased 

moisture content in the grain, hence less brewing water will be needed for 

mashing. E.g. in the presented (Chapter 3) pilot scale brewing trials the total 

volume of the mash water for the brews using kilned malt was 97 L, compared 

to 70.5 L when using green malt at 40% moisture content. Additionally, the 

brewing liquor used for mashing needs to be appropriately adjusted (e.g. 

adjustment of temperature, calcium and lactic acid addition) to account for the 

extra water in the grain. 

 A wet milling system seems to be a good choice to mill green malt, however, the 

design should be improved and the liquor:grist ratio adjusted so that an optimal 
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grain bed forms during filtration and for sparging when brewing with 100% green 

malt. This will enable brewers to take full advantage of the highly fermentable 

worts of green malt.  

 The malt and the milling installation should be sparged with CO2 or N2 to 

suppress enzymatic oxidation via LOX enzymes throughout the wet milling 

process. 

 Lipoxygenase activity should be controlled in order to avoid an increase in the 

staling potential of the final beer (De Buck et al., 1997, Yang and Schwarz, 1995), 

as well as impaired foam stability (Hirota et al., 2006, Yu et al., 2014). Thus, 

mashing should be performed at a LOX hostile mash environment: > 62 °C, pH: 

5.3, oxygen-free (Bamforth, 1999c, De Buck et al., 1997, Drost et al., 1990, 

Schwarz and Pyler, 1984, Van Waesberghe et al., 2001).  

 LOX-less (Hirota et al., 2006, Hoki et al., 2018, Hoki et al., 2013, Yu et al., 2014) 

or Null-LOX (Hirota et al., 2005, Skadhauge et al., 2005) barley varieties might 

offer advantages for brewing with green malt. Particularly in breweries where 

LOX-hostile conditions cannot be applied or to avoid additional costs for CO2 

injection. 

 Green malt is very rich in diastatic enzymes (Hämäläinen and Reinikainen, 2007, 

Schroeder and MacGregor, 1998, Sopanen and Laurière, 1989), thus, when 

brewing with 100% green malt (under optimal technical conditions), it might be 

necessary to reduce the times spent at the ~62ᵒC (mashing) rests to strike the 

proper balance between fermentable and non-fermentable sugars. This could 

help to build a little more body to the beer. 

 EBC colour is a relatively simplistic indicator to define wort or beer ‘colour’. In 

general, the EBC colour of beers produced from green malt was not reduced as 

much as might have been predicted for green malt brews. However, green malt 

beers had their own pigments, hue and chroma, which was better demonstrated 

by means of Figure 3.8 (Chapter 3). The presented figure supports that the 

appearance was not unattractive or deficient as might be feared if one assumed 

that the colour of a conventional 100% malt lager beer principally derives from 
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kilning. Nevertheless, adjustments can be easily made by adding small amounts 

of coloured (kilned or roasted) malts. 

 It is important to maintain control of the high SMM levels in green malt, to avoid 

ending up with excessive DMS levels in the finished fresh beers. The brewhouse 

design (over-dimensioned chimneys with condensate traps) and the increased 

fermentation temperature (24ᵒC) used for the brewing trials reported in this 

thesis was most certainly advantageous for DMS removal. The finished beer DMS 

was closely matched between green and kilned malt beers, which is remarkable 

considering the elevated precursor levels in green malt (5-fold higher compared 

to the corresponding kilned counterpart), as proven in the laboratory-scale trials 

(Chapter 2). In case DMS problems occur, higher fermentation temperatures or 

the use of a wort stripper (Bamforth, 2013) could help to remove excessive 

amounts of DMS. Additionally, Heineken and Carlsberg described barley plants 

with combined traits of Null-LOX-1, Null-LOX-2 and null-MMT (L-methionine S-

methyltransferase) within one plant (Knudsen et al., 2011). This barley variety 

avoids both LOX related off-flavour development but also suppresses DMS 

formation. 

 In addition, an oversized chimney with condensate trap supports the removal 

and similarly prevents re-entrance of unwanted volatiles (e.g. DMS) during wort 

boiling (De Rouck et al., 2010). 

6.2 Recommendations for future work and potential industrial application of green 

malt 

Brewing with green malt represents a disruptive technology and multiple factors need 

to be considered to successfully brew with this ‘novel’ grist material. The findings from 

this thesis suggest the following directions for future research: 

 Most importantly, future research should focus on maximising the efficiency of 

brewing operations with green malt and the production of beers which are 

palatable for the consumer. This implies firstly the development of optimal 

processing of green malt, without any yield losses during filtration and sparging 

of the green malt ‘cake’. Potentially, by technical optimisation of the milling 

system, or adjustment of the liquor to grist ratio, thus achieving a mash with 
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optimal composition for the mash filter, these challenges can be overcome, and 

yield can be maximised.  

 Replacing 20% of pilsner malt with green malt to a cereal recipe containing 30% 

unmalted barley, was shown (Leclercq, 2020) to significantly improve filterability 

and would thus be very interesting to investigate in future studies. 

 Some organoleptic studies of the wort, fresh beers and corresponding aged 

beers were performed alongside the experimental work for this thesis, however, 

the sensory work was not performed to a publishable standard (informal/ expert 

taster comments). Green malt (untreated and re-steeped) beers were found to 

develop fewer off-flavours during ageing than the corresponding reference beer. 

Based on this limited sensory evaluation it was not appropriate to comment 

beyond the fact that the beers were ‘acceptable’. Particularly interesting was the 

comparison of beers aged for 30 days at 30ᵒC; while the reference kilned malt 

beers already developed honey, and sherry flavours, only subtle changes were 

noted in the green malt beers. Moreover, these changes in the green malt beers 

even added some positive flavour attributes to the beers - likely some typical 

‘kilned malt’ flavours that might have been still missing in the fresh 100% green 

malt beers. Unfortunately, due to the complexity of the ageing process, 

numerous compounds decline or arise, thus, differences were not captured to a 

full extend by solely comparing the analytical data. Therefore, it is highly 

recommended for future studies to repeat the brewing trials using an improved 

brewing protocol and extending the list of analytical measurements to get a 

broader picture of the differences. Furthermore, the resulting finished fresh and 

forced aged beers should be subjected to detailed sensory analysis to collect 

flavour descriptors from a professional sensory panel.  

 On a broader level, research is needed to determine the impacts of brewing with 

the addition of green malt to different ratios of kilned malts. Additionally, the 

high enzyme complement in green malt could enable more efficient brewing 

with raw (unmalted) materials (e.g. raw barley) to create highly attenuated 

beers, without the use of exogenous enzymes. The resulting beers should be 

subjected to sensorial tasting. 
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 Against expectations, DMS levels in beers made of green malt were similar to the 

kilned malt controls. However, it would be of interest for the brewers to see if a 

different brewhouse design and lower fermentation temperatures can also cope 

with the high DMS potential. 

 Green malt beers are reported (Chapter 3) to have a distinctive colour, arising 

from the prevalence of different pigments (polyphenols, riboflavin) relative to 

the melanoidins contributed by kilned malts. Therefore, the precise origins and 

qualities of the colour contributed by green malt should be further investigated. 

 Based on the outcomes presented in this thesis, brewing with green malt has the 

potential to advance current knowledge of the impacts of raw materials on beer 

staling, particularly regarding the impacts of malt kilning on downstream flavour 

(in)stability. Thus, it is recommended to add worts and beers prepared from 

green malt to experiments investigating the flavour (in)stability of beers - even 

if the overall goal is not to develop a new product by using green malt. For 

example: 

o Worts and beers from untreated green malt had a very good oxidative 

stability. Interestingly, while worts of the re-steeped green malt brews 

performed equally as well, the finished fresh beers showed similar radical 

formation within the ESR study to the control beers. Thus, it would be 

interesting to establish whether precursors in green malt wort can be 

metabolised by yeast to form an antioxidative species. When re-steeping, 

these precursors might be removed or altered, and thus, significantly 

more radicals were formed than in untreated green malt beers. 

Furthermore, kilning or roasting was shown to impact the content of 

transition metal ions with prooxidative effects in the wort (Hoff et al., 

2012, Jenkins et al., 2018, Pagenstecher et al., 2020, Poreda et al., 2015). 

Thus, it would be very interesting to further investigate the transition 

metal ion composition in wort and influence on oxidative stability when 

using green malt as the grist bill. 

o Untreated green malt beers developed significantly lower levels of staling 

marker aldehydes during forced ageing compared to the kilned malt 

control, despite the fact that free aldehyde levels were reduced to similar 
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levels during wort production and fermentation. This could become of 

great interest in the hunt for the origin of free and bound staling 

aldehydes. 

Opportunities when using green malt in the industry:  

 Use as an enzyme-rich adjunct to digest unmalted adjunct materials. 

 Marketing of an environmentally friendly beer, as consumer awareness and thus 

the demand for energy and water efficient products increases. 

 Creating a new market for green malt beers (as opposed direct flavour match to 

existing kilned malt beers). 

 Use with small quantities of roasted malts in the grist to adjust the colours and 

flavours and prepare different beer styles.  

 Produce green malt extracts with greater storability
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Appendix 1: Short heat treatment of green malt 

Lipoxygenase activity, α-amylase and β-amylase concentrations (n=18) modelled as a 

function of time (5-60 min) and temperature (65°C-90°C).  

   Temp 
(ᵒC) 

Time 
(min) 

LOX 
(U/g) 

α-
amylase 
(CU/g) 

β-
amylase 
(BU/g) 

gr
ee

n
 m

al
t 

b
at

ch
 1

 1 90 32.5 1.93 138.62 2.08 

2 90 60 0.00 120.37 0.62 

3 75 5 12.87 224.30 16.47 

4 77.5 32.5 4.42 216.20 12.55 

5 65 60 5.40 250.99 15.29 

6 65 60 5.02 228.50 14.56 

gr
ee

n
 m

al
t 

b
at

ch
 2

 7 82.5 16 8.35 131.91 6.06 

8 90 5 8.93 173.01 12.27 

9 65 32.5 8.11 220.11 14.32 

10 77.5 32.5 5.83 195.81 9.65 

11 90 60 0.00 95.74 0.40 

12 77.5 32.5 6.36 228.68 9.91 

gr
ee

n
 m

al
t 

b
at

ch
 3

 13 65 5 9.85 223.89 15.44 

14 75 60 2.93 194.46 12.28 

15 77.5 32.5 5.72 192.74 11.40 

16 65 5 7.46 229.56 16.51 

17 90 5 10.58 170.77 13.44 

18 82.5 49 0.50 125.98 2.60 
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Appendix 2: Evolution of free staling aldehydes throughout the wort production process 
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Appendix 3: Analysis of aged beers 

FAN, total polyphenol (TP), flavanoid and proanthocyanidin concentration (mg/L) in fresh and aged (30°C) beers. 
Beers FAN TP Flavanoid PA Beers FAN TP Flavanoid PA 
 mean ±SD mean ±SD mean ±SD mean ±SD  mean ±SD mean ±SD mean ±SD mean ±SD 

GM1 62.4 0.3 177.3 0.4 72.4 0.8 40.7 7.1 KM1 136.1 0.8 215.7 18.6 48.1 2.5 45.9 5.8 
_30 61.4 0.5 179.2 5.3 76.5 3.5 30.4 4.9 _30 133.3 0.7 206.8 13.6 46.8 1.3 36.2 4.0 
_60 58.5 0.8 179.6 6.9 75.5 5.1 37.4 7.0 _60 136.0 0.6 205.6 9.6 46.2 2.6 36.0 2.8 
_90 64.2 0.4 183.5 3.4 73.0 5.2 38.3 5.9 _90 133.5 0.8 210.5 6.3 45.7 1.1 32.6 3.0 

GM2 44.3 0.7 240.7 2.2 83.4 0.5 47.1 2.2 KM2 138.0 1.3 237.2 32.2 48.7 4.3 42.5 1.4 
_30 44.5 0.3 244.4 5.6 73.4 3.9 37.8 3.2 _30 141.3 0.8 261.8 8.1 53.2 4.6 51.1 2.4 
_60 45.1 0.5 245.2 7.1 74.3 6.9 41.0 6.7 _60 141.7 1.4 267.5 2.4 50.1 4.1 49.6 1.6 
_90 49.5 0.5 231.4 3.8 75.0 2.4 48.8 4.6 _90 152.7 1.1 273.3 10.3 51.9 1.6 50.4 3.5 

GM3 43.4 0.4 192.5 9.8 70.4 3.4 34.1 4.4 KM3 78.5 0.8 201.7 6.6 70.6 2.6 44.9 2.0 
_30 49.2 0.3 188.4 3.7 70.4 1.6 34.4 2.7 _30 77.4 0.2 198.6 3.1 69.1 1.6 44.4 3.0 
_60 49.9 0.3 184.7 3.3 67.6 2.7 35.0 0.3 _60 88.8 1.0 199.5 5.2 72.0 2.0 46.1 5.9 
_90 47.3 0.0 185.5 2.7 69.2 3.0 32.3 2.1 _90 82.6 0.6 194.8 2.2 70.2 3.4 45.1 4.4 

RGM4 82.7 0.4 242.3 5.2 59.8 0.8 43.7 2.7 RKM4 61.6 0.5 261.8 4.7 71.8 2.0 44.1 2.7 
_30 80.7 0.8 249.1 3.5 59.5 1.8 39.6 2.3 _30 59.9 0.5 258.1 3.9 69.2 1.8 46.6 2.9 
_60 85.0 0.6 248.7 1.7 56.9 4.2 43.7 5.0 _60 55.6 1.2 253.0 3.7 72.9 8.7 44.3 1.7 
_90 89.1 0.3 245.8 5.2 57.9 2.6 44.8 1.9 _90 62.9 0.8 256.5 2.9 68.0 3.2 45.0 2.1 

RGM5 100.3 0.9 211.2 9.4 69.8 1.4 41.8 2.3 RKM5 95.4 0.3 259.3 9.8 71.3 1.2 50.9 2.5 
_30 99.4 1.1 214.0 5.1 66.7 2.3 41.9 4.3 _30 95.8 0.7 254.6 3.9 67.0 1.1 47.5 2.5 
_60 100.4 0.8 216.5 3.2 66.9 1.3 45.7 1.4 _60 92.8 0.9 252.4 9.7 64.8 2.8 54.7 8.0 
_90 96.7 0.8 217.1 5.2 66.4 4.1 42.4 3.2 _90 95.6 0.3 254.4 6.8 67.5 1.4 46.4 1.2 

RGM6 52.9 1.0 221.4 4.1 74.3 3.4 37.7 1.0 RKM6 44.8 0.6 234.1 10.9 77.9 4.3 52.0 4.8 
_30 49.4 0.7 211.8 1.4 74.6 0.9 31.3 0.6 _30 49.2 0.6 231.2 10.9 73.1 3.6 45.6 0.4 
_60 56.1 0.6 212.4 4.0 73.2 1.9 36.1 2.0 _60 45.5 0.8 236.6 11.4 74.1 2.0 43.1 1.7 
_90 50.4 1.1 210.1 3.5 73.4 1.0 39.1 1.1 _90 46.8 0.6 238.6 8.4 74.5 2.6 42.7 2.5 
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Selective quantification of isohumulones in fresh and aged (30°C) beers. Results expressed in mg/L. 
Beers t-ich c-ich t-ih c-ih t-iah c-iah total Beers t-ich c-ich t-ih c-ih t-iah c-iah total 

GM1 1.4 3.9 1.2 4.7 0.4 1.2 12.8 KM1 1.9 4.6 2.2 6.8 0.7 1.7 17.8 
_30 1.2 3.9 1.1 5.0 0.4 1.3 13.0 _30 1.6 4.5 1.7 6.3 0.6 1.6 16.3 
_60 1.0 3.9 1.0 5.4 0.4 1.4 13.2 _60 1.5 4.7 1.6 6.5 0.5 1.7 16.5 
_90 0.8 3.9 0.9 5.4 0.4 1.4 12.8 _90 1.3 4.7 1.4 6.6 0.5 1.8 16.3 

GM2 2.5 6.2 3.4 9.7 1.0 2.4 25.3 KM2 2.4 5.2 2.5 7.5 0.7 1.8 20.0 
_30 2.0 5.7 2.4 8.4 0.9 2.2 21.5 _30 1.9 5.0 2.0 7.1 0.6 1.8 18.3 
_60 1.7 5.8 2.0 8.5 0.9 2.2 21.0 _60 1.6 5.1 1.9 7.1 0.5 1.8 18.1 
_90 1.4 5.5 1.5 7.6 0.7 2.0 18.7 _90 1.2 5.1 1.6 6.9 0.4 1.8 17.2 

GM3 1.8 4.8 1.7 5.7 0.6 1.5 16.1 KM3 1.3 3.5 1.0 3.8 0.4 1.0 10.9 
_30 1.4 4.6 1.4 5.6 0.5 1.4 15.0 _30 1.3 4.1 1.2 5.2 0.4 1.3 13.7 
_60 1.2 4.4 1.0 5.1 0.5 1.4 13.5 _60 1.1 4.1 1.0 5.2 0.4 1.3 13.1 
_90 1.0 4.5 1.0 5.7 0.4 1.5 14.1 _90 1.0 4.1 0.9 5.0 0.3 1.3 12.6 

RGM4 1.5 3.8 1.5 5.1 0.6 1.3 13.8 RKM4 1.8 4.2 1.6 5.5 0.6 1.4 15.0 
_30 1.6 4.2 1.5 5.6 0.4 1.4 14.6 _30 1.6 5.0 1.9 7.3 0.6 1.9 18.2 
_60 1.4 4.3 1.3 5.5 0.4 1.4 14.2 _60 1.4 4.8 1.5 6.6 0.6 1.7 16.6 
_90 1.1 4.2 1.0 5.3 0.3 1.3 13.2 _90 1.3 4.9 1.4 7.1 0.5 1.9 17.1 

RGM5 1.6 3.8 1.1 3.6 0.5 1.1 11.6 RKM5 1.7 4.0 1.2 4.3 0.5 1.4 13.1 
_30 1.4 4.2 1.0 3.9 0.4 1.2 12.1 _30 1.6 4.7 1.3 4.8 0.5 1.5 14.4 
_60 1.2 4.1 0.8 3.9 0.4 1.2 11.6 _60 1.3 4.7 1.1 5.1 0.5 1.6 14.5 
_90 0.9 4.0 0.7 3.7 0.3 1.2 10.9 _90 1.2 4.6 0.9 4.9 0.4 1.5 13.6 

RGM6 1.6 4.1 1.0 3.6 0.4 1.1 11.8 RKM6 1.6 4.2 1.1 4.2 0.5 1.3 13.0 
_30 1.4 4.6 0.9 4.0 0.4 1.2 12.3 _30 1.3 4.4 0.9 4.2 0.5 1.3 12.6 
_60 1.1 4.5 0.7 3.8 0.3 1.2 11.7 _60 1.1 4.6 0.9 4.8 0.5 1.5 13.5 
_90 0.9 4.4 0.5 3.7 0.3 1.2 11.0 _90 1.0 4.5 0.7 4.4 0.5 1.4 12.5 

Data represent the average of 3 replicate measurements; t- ich: trans-isocohumulone; c-ich: cis-isocohumulone; t-ih: trans-isohumulone; c-ih: cis-
isohumulone; t-iah: trans-isoadhumulone; c-iah: cis-isoadhumulone
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Aldehyde concentrations in fresh and aged beers; FT = flavour thresholds according to Meilgaard (Meilgaard, 1975a). Results in µg/L. 

Data represent the average of 2-3 replicate measurements.   

GM 2-MP 2-MB 3-MB HEX FUR MET PHE T2N Sum KM 2-MP 2-MB 3-MB HEX FUR MET PHE T2N Sum 

FT 1000 1250 600 350 150000 250 1600 0.11 - FT 1000 1250 600 350 150000 250 1600 0.11 - 

GM1 6.0 0.6 5.1 0.2 14.2 0.6 6.0 0.039 32.7 KM1 9.0 1.3 6.6 0.3 10.4 1.0 5.6 0.041 34.2 

_30 54.1 0.8 6.2 0.4 156.6 0.8 6.9 0.043 225.9 _30 75.9 2.0 8.5 0.4 94.1 2.1 7.3 0.044 190.3 

_60 50.8 1.5 5.5 0.2 127.7 0.9 7.3 0.042 194.0 _60 124.0 2.4 8.4 0.4 182.0 2.2 7.3 0.050 326.7 

_90 37.7 2.1 7.7 0.2 99.4 1.3 9.0 0.045 157.6 _90 145.3 2.8 8.9 0.5 279.1 2.8 8.1 0.054 447.6 

GM2 8.2 0.5 8.9 0.2 4.9 0.1 1.7 0.032 24.6 KM2 13.7 1.1 7.5 0.3 6.9 2.3 4.2 0.042 35.9 

_30 67.2 0.8 10.4 0.4 101.1 0.3 2.7 0.055 183.0 _30 139.2 1.8 10.5 0.4 76.2 3.7 5.6 0.044 237.4 

_60 102.1 1.1 9.9 0.4 183.4 0.8 4.0 0.065 301.7 _60 215.1 2.5 11.8 0.4 144.8 4.1 7.6 0.045 386.4 

_90 123.8 1.3 7.6 0.4 267.9 0.6 2.9 0.052 404.5 _90 253.6 3.1 10.5 0.4 268.7 3.7 7.6 0.051 547.8 

GM3 6.3 0.5 5.7 0.2 11.5 0.6 6.9 0.030 31.8 KM3 5.3 0.9 6.1 0.3 17.4 0.9 6.9 0.042 37.9 

_30 42.0 0.7 7.4 0.4 102.3 0.6 5.4 0.041 158.8 _30 42.0 1.4 8.0 0.4 240.6 1.3 7.9 0.053 301.5 

_60 55.1 1.3 7.0 0.3 143.9 0.6 6.1 0.045 214.4 _60 65.6 1.8 8.3 0.5 440.9 1.4 8.8 0.072 527.5 

_90 65.5 2.2 7.3 0.3 202.5 0.9 9.1 0.055 287.9 _90 84.3 2.1 6.9 0.5 557.7 1.4 8.7 0.066 661.6 

RGM4 5.1 1.0 5.0 0.3 7.2 1.1 8.0 0.031 27.8 RKM4 3.0 0.9 4.3 0.2 11.0 1.0 5.5 0.023 26.0 

_30 39.5 1.3 6.8 0.4 100.9 1.3 7.0 0.028 157.1 _30 16.9 1.4 5.9 0.3 209.3 2.5 8.4 0.043 244.8 

_60 53.2 1.4 6.6 0.5 158.2 1.4 7.0 0.044 228.2 _60 23.9 1.6 6.4 0.4 308.8 2.5 8.4 0.065 352.1 

_90 63.3 1.8 6.6 0.6 224.6 2.1 8.3 0.051 307.3 _90 27.3 2.0 6.3 0.5 457.2 2.8 8.2 0.078 504.3 

RGM5 3.4 0.7 4.1 0.3 8.3 1.5 9.1 0.024 27.4 RKM5 3.2 0.8 4.2 0.2 11.7 1.2 7.5 0.020 28.9 

_30 34.7 1.2 6.5 0.5 150.7 2.1 8.8 0.041 204.5 _30 30.9 1.5 6.4 0.3 243.3 2.4 8.8 0.043 293.7 

_60 52.6 1.2 5.2 0.5 296.8 2.0 8.4 0.047 366.7 _60 44.7 2.0 5.9 0.4 494.7 2.5 8.5 0.045 558.8 

_90 55.6 1.4 4.9 0.5 379.1 2.1 8.1 0.051 451.7 _90 54.8 2.5 7.5 0.5 640.8 2.8 8.6 0.058 717.5 

RGM6 3.0 0.5 3.4 0.2 7.9 0.4 1.6 0.029 17.1 RKM6 2.4 0.6 3.2 0.2 12.4 0.4 1.4 0.033 20.6 

_30 27.3 0.9 5.6 0.4 188.9 0.5 2.2 0.046 225.8 _30 13.7 0.9 3.8 0.3 231.5 0.5 2.7 0.049 253.3 

_60 37.2 1.0 4.6 0.5 380.6 0.5 2.1 0.057 426.6 _60 20.6 1.3 4.4 0.3 454.2 0.5 2.9 0.063 484.4 

_90 41.2 1.3 4.3 0.5 526.8 0.5 1.8 0.057 576.4 _90 24.1 1.6 3.8 0.3 579.6 0.6 3.0 0.067 613.1 
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The concentration of selected volatile compounds in finished beers (fresh and aged). Results in mg/L Data represent the average of 2-3 

technical replicate (bottles) measurements. FT= Flavour threshold according to Meilgaard (Meilgaard, 1975a) 
  EAc IsoAA IsoBA Ebut Ehex Eoct 1Prop IsoB 3M1B   EAc IsoAA IsoBA Ebut Ehex Eoct 1Prop IsoB 3M1B 

FT 30 1.6 1.6 0.4 0.23 0.9 800 200 70  30 1.6 1.6 0.4 0.23 0.9 800 200 70 

GM1 31.2 1.07 0.06 0.09 0.08 0.14 33.1 88.4 126.1 KM1 97.6 2.14 0.07 0.15 0.15 0.37 28.9 33.7 81.0 
_30 30.3 0.96 0.05 0.07 0.08 0.13 32.2 86.2 123.2 _30 93.4 1.70 0.05 0.15 0.15 0.40 30.5 33.5 82.4 
_60 30.9 0.84 0.05 0.08 0.07 0.12 33.4 87.2 123.4 _60 87.8 1.43 0.05 0.14 0.15 0.39 29.5 33.7 79.7 
_90 31.7 0.73 0.05 0.02 0.07 0.10 33.9 89.7 122.8 _90 86.9 1.06 0.04 0.13 0.14 0.37 29.9 32.5 78.6 

GM2 59.2 1.93 0.08 0.12 0.13 0.35 25.6 43.1 85.1 KM2 118.0 2.89 0.09 0.21 0.23 0.70 32.2 36.9 88.4 
_30 58.5 2.02 0.09 0.14 0.14 0.39 25.3 43.0 86.1 _30 102.9 2.22 0.08 0.17 0.23 0.70 36.9 40.6 90.7 
_60 53.2 1.23 0.06 0.10 0.09 0.24 25.6 40.7 81.8 _60 86.2 1.58 0.06 0.13 0.22 0.73 32.8 37.1 91.6 
_90 52.0 1.41 0.07 0.12 0.12 0.33 25.0 41.4 84.4 _90 87.1 1.28 0.05 0.13 0.23 0.74 32.7 37.0 89.7 

GM3 64.3 1.95 0.11 0.10 0.11 0.33 24.2 49.0 81.7 KM3 64.3 2.07 0.09 0.10 0.09 0.21 29.0 58.5 100.3 
_30 60.6 1.60 0.10 0.10 0.10 0.29 25.3 48.6 82.6 _30 57.4 2.24 0.09 0.10 0.12 0.27 28.6 59.1 101.4 
_60 61.0 1.49 0.10 0.10 0.10 0.31 25.0 48.2 80.2 _60 55.0 2.01 0.09 0.10 0.11 0.26 29.5 59.8 101.8 
_90 50.4 1.37 0.09 0.09 0.11 0.28 23.2 47.9 83.0 _90 50.1 1.83 0.07 0.09 0.11 0.27 28.4 57.5 101.3 

RGM4 86.3 3.50 0.11 0.13 0.15 0.42 30.7 46.4 99.1 RKM4 88.1 3.07 0.10 0.14 0.17 0.50 33.5 40.6 82.9 
_30 89.1 3.02 0.09 0.12 0.13 0.37 32.1 47.5 100.4 _30 79.2 2.61 0.09 0.12 0.16 0.48 32.1 38.9 80.7 
_60 88.8 2.84 0.09 0.13 0.13 0.37 32.5 48.0 99.8 _60 79.3 2.44 0.08 0.12 0.16 0.50 32.6 39.4 82.1 
_90 97.3 2.28 0.08 0.04 0.11 0.31 31.5 47.7 99.4 _90 80.1 2.26 0.08 0.12 0.16 0.50 34.0 40.9 83.5 

RGM5 60.8 3.12 0.11 0.12 0.15 0.42 34.6 57.7 108.6 RKM5 101.3 3.34 0.11 0.14 0.16 0.53 45.4 41.8 85.1 
_30 75.6 2.63 0.11 0.12 0.12 0.32 37.5 61.4 111.0 _30 87.8 3.05 0.10 0.13 0.17 0.56 41.9 39.7 83.7 
_60 69.7 2.80 0.11 0.14 0.15 0.42 39.0 62.5 111.9 _60 87.1 2.71 0.10 0.13 0.16 0.52 42.2 39.5 83.3 
_90 59.0 2.41 0.09 0.12 0.13 0.35 36.1 60.4 113.9 _90 92.9 2.64 0.10 0.14 0.16 0.51 43.9 41.6 84.7 

RGM6 72.5 3.44 0.16 0.14 0.16 0.48 39.9 60.2 103.4 RKM6 75.5 2.74 0.10 0.11 0.14 0.51 36.2 41.2 80.4 
_30 70.4 3.03 0.14 0.14 0.15 0.43 39.8 58.5 100.2 _30 77.8 2.55 0.10 0.11 0.14 0.49 38.0 42.2 83.0 
_60 72.1 2.57 0.13 0.14 0.13 0.40 42.4 60.2 100.1 _60 75.4 2.34 0.09 0.11 0.14 0.45 38.1 43.1 81.4 
_90 74.7 2.51 0.13 0.14 0.14 0.37 41.6 60.4 100.5 _90 74.7 1.98 0.07 0.03 0.10 0.33 38.9 40.9 78.1 

EAc.= ethyl acetate, IsoAA = isoamyl acetate, IsoBA = isobutyl acetate, Ebut = ethyl butyrate, Ehex = = ethyl hexanoate, Eoct = ethyl octanoate, 
 1Prop = 1-propanol, IsoB = isobutanol, 3M1B= 3-methyl-1-butanol
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Appendix 4: Standard beer parameters  

Standard analysis of beers. Data represent the average of all fresh and aged (30, 60 and 90 days, 30°C) beers. * = re-steeping trials 

Brew Nr.  pH 
Colour 
 (EBC) SG density 

Alc % 
 (v/v) PG OG 

P 
 (%) 

RDF 
 (%) 

p  
(g/100mL) 

1 

GM 4.1 4.8 1.0052 1.0034 4.1 5.2 49.0 12.1 73.2 12.7 
±SD 0.1 0.1 0.0000 0.0001 0.1 0.1 0.2 0.0 0.1 0.0 
KM 4.4 6.9 1.0084 1.0066 4.4 8.4 50.3 12.4 68.1 13.0 
±SD 0.0 0.2 0.0001 0.0001 0.0 0.1 0.5 0.1 0.0 0.1 

2 

GM 4.1 7.4 1.0077 1.0059 5.4 7.7 48.9 12.0 68.9 12.6 
±SD 0.0 1.3 0.0001 0.0001 0.0 0.1 0.1 0.0 0.1 0.0 
KM 4.5 11.0 1.0097 1.0079 5.6 9.7 52.5 12.9 66.7 13.5 
±SD 0.0 0.4 0.0001 0.0001 0.0 0.1 0.1 0.0 0.1 0.0 

3 

GM 4.1 5.0 1.0089 1.0070 5.0 8.8 47.3 11.7 66.4 12.2 
±SD 0.0 0.3 0.0001 0.0001 0.0 0.1 0.2 0.0 0.1 0.0 
KM 4.2 7.2 1.0065 1.0047 5.5 6.5 48.9 12.1 71.0 12.6 
±SD 0.0 0.3 0.0000 0.0000 0.0 0.0 0.1 0.0 0.0 0.0 

4* 

GM 4.3 6.1 1.0090 1.0072 5.8 9.0 53.6 13.2 68.2 13.8 
±SD 0.0 0.2 0.0004 0.0004 0.0 0.4 0.4 0.1 0.5 0.1 
KM 4.2 8.4 1.0085 1.0067 5.7 8.5 52.6 12.9 68.7 13.6 
±SD 0.0 0.3 0.0000 0.0000 0.0 0.0 0.0 0.0 0.0 0.0 

5* 

GM 4.2 5.5 1.0055 1.0037 5.9 5.5 50.6 12.5 73.0 13.1 
±SD 0.0 0.2 0.0000 0.0000 0.0 0.0 0.1 0.0 0.0 0.0 
KM 4.2 10.8 1.0085 1.0066 5.7 8.4 52.5 12.9 68.7 13.6 
±SD 0.0 0.4 0.0001 0.0000 0.0 0.0 0.1 0.0 0.0 0.0 

6* 

GM 4.2 6.0 1.0088 1.0070 5.6 8.8 51.9 12.8 68.0 13.4 
±SD 0.0 0.4 0.0001 0.0001 0.0 0.1 0.1 0.0 0.2 0.0 
KM 4.1 7.9 1.0087 1.0069 5.4 8.7 50.3 12.4 67.6 13.0 
±SD 0.0 0.6 0.0000 0.0000 0.0 0.0 0.1 0.0 0.0 0.0 
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