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SUMMARY 

A secure food supply chain, diminishing of fossil resources and a growing world population 

represent divergent issues that globally occupy stakeholders in economy or politics these 

days. Hence, the improved exploitation of available resources suitable for human nutrition 

comes to the fore. The restructuration of food manufacturing processes and superficially the 

management of food processing byproducts are considered as solution approaches, since 

byproducts entail unexploited potential represented by their nutritionally composition. Cereal 

byproducts (CBP) such as dried distiller’s grains (DDG), the central byproduct of ethanol 

production, are an untapped source of nutrients, due to high shares of protein and dietary 

fiber and therefore incorporate huge potential for further utilization in the food industry. In 

the past, research initiatives recognized this potential. However, it was determined that the 

application of DDG in food products is connected to some challenges, as the impact on 

sensory properties, predominantly affecting odor and texture. Causes or impact factors that 

trigger these negative effects have not been studied by now.  

In this context, the aim of this thesis was the in-depth enlightenment of impact factors that 

accompany the addition of DDG to cereal based food products, using the example of wheat 

bread. In the first part of the thesis, aroma-related deficiencies, the characteristic odor profile, 

possible off-flavors, as well as key aroma compounds of DDG were successfully enlightened 

for the first time. It could be shown, that the aroma composition represents a thermally 

processed cereal based product. Therefore, the model matrix wheat bread was chosen to 

investigate and enlighten effects of DDG addition on textural properties as well as on sensory 

properties and the aroma composition of a food system. Besides common side effects of 

high fiber additives, the low pH of DDG as well as the impact of reaction products of the 

drying process could be revealed as important and DDG specific impact factors. Alterations in 

the aroma composition of wheat bread induced by DDG addition predominantly can be 

attributed to concentration effects and the absence of 2-acetyl-1-pyrrolin, the key aroma 

compound of wheat bread crust. In summary, the drying process represents the key step in 

DDG aroma formation and moreover induces the formation of fermentation inhibitors, which 

negatively affect the use of DDG in bakery products. With this knowledge, aroma deficiencies 

can be counteracted due to targeted treatment. Based on present findings, gentle processing 

after ethanol separation should enable improved utilization of DDG in food products. 



Zusammenfassung 

 

2 

ZUSAMMENFASSUNG 

Die Versorgung einer stetig wachsenden Weltbevölkerung mit sicheren und gesunden 

Lebensmitteln ist durch den Rückgang fossiler Ressourcen und landwirtschaftlicher 

Nutzflächen in der Zukunft nicht mehr vollständig gesichert. Vor diesem Hintergrund rückt 

die verbesserte Nutzung für die menschliche Ernährung geeigneter Rohstoffe weiter in den 

Fokus. Lösungsansätze finden sich u.a. in der Restrukturierung der Lebensmittelproduktion 

und reststofforientiertem Management, da Reststoffe aufgrund ihrer 

Nährstoffzusammensetzung großes ungenutztes Potential besitzen. Getreidebasierte 

Reststoffe wie Weizenschlempe stellen eine bisher unentdeckte Nährstoffquelle dar, da diese 

reich an Proteinen und Ballaststoffen sind und so bedeutendes Potential für eine weitere 

Nutzung in der Lebensmittelindustrie besitzen. In der Vergangenheit haben zahlreiche 

Forschungsinitiativen das Potential erkannt und aufgezeigt, dass die Anreicherung von 

Lebensmitteln mit Getreideschlempen an Herausforderungen gekoppelt ist, etwa dem 

Einfluss auf sensorische Merkmale wie Geruch und Textur. Die Ursachen und Einflussfaktoren 

dieser Defizite wurden bisher jedoch nur unzureichend untersucht. 

Das Ziel der vorliegenden Studie umfasst die Analyse und Aufklärung der Einflussfaktoren, 

die eine Verwendung von Weizenschlempe (WS) in getreidebasierten Lebensmitteln wie 

Weizenbrot begleiten. Im ersten Teil der Arbeit wurde dafür erstmalig ein charakteristisches 

Aromaprofil von WS erstellt und die Schlüsselaromastoffe ermittelt. Es wurden 

8 Schlüsselaromastoffe identifiziert und weiterhin aufgezeigt, dass die Aromastoffzusammen-

setzung typisch für thermisch behandelte Getreideprodukte ist. Aufgrund der 

Aromastoffzusammensetzung wurde die Modellmatrix Weizenbrot gewählt. Die Effekte eines 

Zusatzes von WS auf die Textur, sowie auf sensorische Eigenschaften und die 

Aromastoffzusammensetzung konnten erfolgreich aufgeklärt werden. Der niedrige pH-Wert 

von WS, sowie der Einfluss von Reaktionsprodukten aus der Trocknung wurden neben bereits 

bekannten Effekten, die durch Verwendung ballaststoffreicher Additive ausgelöst werden, als 

wesentliche und für Weizenschlempe spezifische Einflussfaktoren identifiziert. Veränderungen 

in der Aromastoffzusammensetzung, die durch den Einsatz von WS im Weizenbrot induziert 

werden, basieren vordergründig auf Konzentrationsunterschieden, sowie der Abwesenheit 

von 2-Acetyl-1-pyrrolin, des Schlüsselaromastoffes von Weizenbrot. Der Trocknungsprozess 

ist ein Schlüsselschritt in der Aromastoffbildung und induziert darüber hinaus die Bildung von 
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Fermentationsinhibitoren, die eine Verwendung von WS in Produkten wie Weizenbrot 

limitieren. Mit dem vorliegen Wissen kann Aromadefiziten gezielt entgegengewirkt werden. 

Basierend auf den Erkenntnissen, ermöglicht die Entwicklung schonenderer 

Trocknungsverfahren eine verbesserte Nutzung von WS in Lebensmitteln.  



Introduction 

 

4 

1 INTRODUCTION  

“The extent of FLW” (food loss and waste) “while more than 800 million 

people still suffer from hunger seems to indicate that something is 

wrong, that food systems do not function as they should.” 

 (HLPE, 2014) 

Food production processes in the 21st century are driven by automation, inter alia targeting 

on simplifying processes, improving speed and maximizing the output of products. However, 

global fundamental issues such as population growth by 9 billion by 2050, climate change or 

decline in agricultural productivity due to barren soil, will limit available resources and 

dramatically affect food production systems in the long term. These effects will enforce 

intergovernmental stakeholders and food industry representatives to rethink the way food is 

produced. The initial stage for a solution might be provided by avoiding byproducts and 

improved exploitation of existing food resources since these include untapped sources of 

nutritionally valuable fractions.  

In this context, food processing byproducts can play a key role for securing the food supply 

chain in the near future, since numerous side streams of the food industry can serve as novel 

raw materials for the development of food products in secondary processes. Especially in 

developing countries, food processing byproducts can contribute to alleviate hunger and 

malnutrition, because these byproducts could satisfy the increased demand for proteins, 

phytochemicals or other important nutrients (Patras, Oomah, & Gallagher, 2011).  

The following chapters will introduce to the topic of food loss and waste in food production 

and will give an overview on food processing byproducts (chapter 1.1) and current and novel 

approaches for their utilization (chapter 1.2). Subsequently, this thesis will focus on the 

byproduct distiller’s grains and therefore will introduce to the ethanol manufacturing process 

and its corresponding byproducts (chapter 1.3). Since these byproducts and food products 

can provide flavor deficits, the physiology of sensory perception and formation of flavor in 

food products is introduced in chapter 1.4 in the context of distiller’s grains (DG). The 

potential and possibilities to use DG as a novel raw material for food production will be 

introduced in chapter 1.5 and deepened in a detailed review in chapter 2.2. Studies on the 

flavor and texture impact of DDG are presented during the chapters 2.3, 2.4 and 2.5, followed 

by a critical discussion of the presented results in chapter 3.  
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1.1 FOOD LOSS, FOOD WASTE AND FOOD PROCESSING BYPRODUCTS  

In 2011, the food and agriculture organization (FAO) published a study that arrested much 

attention towards the issue of global food losses and waste (FLW): Almost one third of food 

that is globally produced for human consumption is lost and wasted along food production 

(HLPE, 2014). Thus, global enterprises and governmental or non-governmental research 

initiatives increased efforts for the investigation of efficiencies and the identification of 

productivity gaps within food production. According to the High Level Panel of Experts on 

Food Security and Nutrition, a science-policy interface of the UN Committee on World Food 

Security, FLW definitions must be differentiated by their reflecting perspectives with focus on 

waste (a) or focus on food (b) (HLPE, 2014): FLW are 

(a) part of waste that is food or related to food (including non-edible parts) 

(b) edible part of food that is lost or wasted (non-edible parts are not included) 

Since (a) is reported as common approach, the food-focused terminology is used in this 

thesis. FLW happen at all stages of the food supply chain, whereas food loss is defined prior 

to the consumer (harvest, post-harvest, processing, etc.) and food waste at consumer level 

(HLPE, 2014). Figure 1 visualizes the complex connection of FLW in the food supply chain and 

shows the different levels contributing to FLW amounts. The distribution among the different 

levels strongly depends on the geographical region. In developed countries, more than 80 % 

of FLW arise at the processing and consumer level, the latter due to behavioral causes as 

result of choice and overconsumption (Mirabella, Castellani, & Sala, 2014). By contrast, in less 

developed countries FLW mainly is generated at harvest and post-harvest level (FAO, 2011). 

Obviously, losses that happen due to insufficient storage or transport conditions (storage 

loss) must be taken into account as well. Especially in developing countries, inappropriate 

storage possibilities represent one major cause of post-harvest losses (FAO, 2011). However, 

the processing level contributes with a huge share of 39 %, which is indicating efficiency 

deficiencies in food production. According to Pfaltzgraff et al. the food supply chain (FSC) has 

recently been recognized as being inefficient, also because 38 % of the FLW produced in the 

European Union is generated by the food processing sector (Pfaltzgraff, De bruyn, Cooper, 

Budarin, & Clark, 2013). As presented in figure 1, FLW include food processing byproducts as 

integral part. Food processing byproducts remain as bypass flow during the production of 

target products among all sectors of food production. 
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Figure 1: Schematic structure of agricultural resources in the context of total production of food 
(unscaled). Total food loss occurs at harvest, post-harvest, processing and distribution level. 
Food waste occurs at consumer level. Storage loss can be part of various levels, e.g. as post-
harvest or distribution loss. Food processing by-products are generated in the production level 
and are part of processing loss. Modified according to (HLPE, 2014) 

However, the line between a valuable byproduct with potential for Upcycling and waste with 

inferior or inappropriate properties is narrow. For instance, peels of citric fruits can serve as 

byproduct source for D-limonene or pectin production, but can become waste if high 

amounts of pesticides prevent the utilization. The differentiation between byproduct and 

waste can be made based on Directive 2008/98/EC, the European Waste Framework 

Directive, which officially defines the term byproduct: A byproduct is a substance that results 

from a production process in which the production of this substance is not the primary 

target. The substance can be seen as byproduct instead of waste, if further use is certain and 

lawful, doesn’t require elaborate processing and is produced as an integral part of the 

process itself (European Commission, 2008). Cereal bran represents a good example, as it is 

generated as byproduct during flour production and finds further use in the food and feed 

sector without complex processing.  

Without exception, every sector of the food industry, plant or animal-based, generates food 

processing byproducts. The dairy industry contributes with liquid wastes such as whey 

(Kosseva, 2011). The further processing of whey is deeply investigated and consequently 

whey turned from byproduct to food ingredient and became a common substrate for protein 

or saccharide recovery (Galanakis, 2012). Besides dairy, the second important industry sector 

of animal-based byproducts is represented by the meat and fish industries, who produce the 

major proportion of FLW within the food industry (Kosseva, 2011). As global meat 
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consumption has been increasing, the demand of edible slaughterhouse residues like entrails, 

blood or parts of muscles is decreasing, which consequently lead to higher amounts of 

byproducts (Mirabella et al., 2014). Meat byproducts generally can be utilized as source for 

proteins (gelatin or collagen), enzymes, trace minerals or nitrogen (Pleissner et al., 2015).  

When considering production processes, plant-derived waste represent the main share 

compared to animal-derived waste (Pfaltzgraff et al., 2013). Plant-based byproducts are 

composed of both fruit and vegetable residues or are based on side streams out of the cereal 

sector. Plant-based byproducts are a promising and versatile source for numerous valuable 

and nutritionally important compounds, such as phenolic compounds, carotenoids or specific 

carbohydrate polymers (pectin, lignin, hemicelluloses), which make them an ideal raw 

material for further processing in the scope of Upcycling. Phenols and carotenoids in fruit 

and vegetable based raw materials can be utilized as natural preservatives in the food sector, 

due to their ability to extend shelf life and inhibit off-flavor formation (Galanakis, 2012). 

Berries and other red fruits as well represent important sources for recovery of antioxidants, 

phenolic acids, flavonoids and polyphenols (Mirabella et al., 2014). According to a detailed 

review of Galanakis et al., the respectable extractability of relevant compounds was widely 

investigated and the feasibility of recovery due to soft and weak tissue texture of fruit and 

vegetables already proven (Galanakis, 2012). Side streams of olive oil or vine production, 

actually represent up to 60 % of the total starting material and contain high amounts of 

bioactive phytochemicals that could serve as ingredients for food, cosmetics or the 

pharmaceutical industry (Pleissner et al., 2015). Even in the production of gluten-free bread, 

fruit byproducts such as orange pomace can be utilized. The addition can contribute to 

improved bread properties and fiber content of gluten free bread, due to high water binding 

and holding capacity, good gelling and thickening properties and a high level of dietary fiber 

in the feedstock (O’Shea, Roessle, Arendt, & Gallagher, 2014). In general, vegetable 

byproducts contain significant amounts of dietary fiber, which suggests the utilization as a 

crude fiber additive for bakery products.  

Byproducts utilization in food products like cereal based products could close gaps in the 

food supply chain, since cereals serve as staple food nearly in every part of the world and 

remain as most efficient energy source of human nutrition. In poorer regions, where food is 

scarce and protein consumption is not affordable, consumption of grain based foods 

represents the core of human diet and lack of grains can be responsible for hunger and 
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undernourishment (Poutanen, 2012). Due to the high content of starch in common cereals, 

with more than 2/3 share, the starchy endosperm is the principal part of interest of the cereal 

kernel. Thus, the cereal processing industry mainly directs its attention to the carbohydrate 

fraction of starch, which subsequently can be converted to ethanol, energy or be purified as 

important feedstock for the food manufacturing industry. Commonly, cereal byproducts 

(CBP) are composed of outer grain layer fractions of the cereal kernel, such as germ, husk and 

bran, which remain after utilization of the starchy endosperm. In a perfect scenario of 

Upcycling, CBP could serve as source of nutrients in form of a whole grain additive for the 

enrichment of nutritionally valuable food products (compare figure 2). 

 

Figure 2: Two alternate ways to produce cereal products: Starch based food is produced within 
the target process and ultimately leads to the production of a byproduct stream. Utilization of 
the byproduct stream (usually the outer grain layer fractions) in a secondary process is 
presented as opportunity to produce novel cereal products as result of byproduct Upcycling  

Generally, various industry branches in cereal processing such as the milling industry, with 

bran or gluten, the brewing industry, with brewer’s spent grains (BSG) or the ethanol 

manufacturing industry, with distiller’s grains produce CBP as an integral part of their 

manufacturing process. These cereal byproducts are characterized by valuable amounts of 

dietary fiber and hemicelluloses, protein and other bioactive compounds such as phenolic 

acids. Several attempts for utilizing CBP were made in the past and investigated two different 

possibilities: Non-targeted approaches, focused on reutilizing the byproduct as a whole; and 

targeted approaches, focused on the extraction and purification of single valuable 

compounds in the byproducts. For instance, the latter thereby can be the extraction of 

proteins, phenolic acids or proanthocyanidins out of BSG (Fărcaş et al., 2014); or the alkaline 

extraction of proteins out of wheat bran, which represents a common approach for more 

than 20 years (Roberts, Simmonds, Wootton, & Wrigley, 1985). Direct and non-targeted 

applications superficially investigated the applicability in cereal-based food systems like 

extruded snacks or cookies and especially bread for the CBP bran (Curti, Carini, Bonacini, 
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Tribuzio, & Vittadini, 2013; Lai, Hoseney, & Davis, 1989), BSG (Ktenioudaki, Chaurin, Reis, & 

Gallagher, 2012; Waters, Jacob, Titze, Arendt, & Zannini, 2012) and dried distiller’s grains 

(Abbott, O’Palka, & McGuire, 1991; Rasco, Hashisaka, Dong, & Einstein, 1989). The feasibility 

was shown, however, CBP enrichment must be kept within a limit: according to Ktenioudaki 

et al., the incorporation of BSG in breadsticks was possible up to an amount of 10 %, but 

food quality suffered with higher amounts (Ktenioudaki, Crofton, et al., 2013). In bran, 

amounts up to 10 % were reported as suitable (Lai et al., 1989). In studies for cornbread, 

shares of 20 –25 % dried distiller’s grains (DDG) supplementation to corn flour were reported 

as suitable (Liu et al., 2011). However, the specific causes have not been investigated so far, 

but the phenomenon was obvious: irrespective of the type of CBP used, high levels of CBP in 

cereal based products induce deficiencies regarding sensory attributes even up to off-flavors 

and restrictions in technological performance and textural quality (Ktenioudaki et al., 2013; 

Ktenioudaki, O’Shea, & Gallagher, 2013; Rosentrater & Krishnan, 2006).  

By now, mechanisms and specific causes responsible for these limitations have not been 

totally enlightened and research gaps especially for distiller’s grains, the most relevant 

byproduct of the ethanol manufacturing process are present. Efforts targeting on the 

investigation of the application of distiller’s grains in the food industry are meanwhile rare. In 

the past, starting in 1980–1990, research groups began to explore the nutritional potential of 

DDG as a food supplement. As it was known for other high-fiber additives, the application 

was possible in only low amounts, since sensory deficiencies, such as bitter character or 

undefined aftertaste, as well as poor flavor or malty and soapy off-flavor were reported 

(Bookwalter, Warner, Wall, & Wu, 1984; Rasco et al., 1989). Although the ethanol industry and 

arising byproducts experience steady growth, interest in food products enriched with DDG or 

its coproducts decreased considerably due to poor sensory qualities (Rosentrater & Krishnan, 

2006). As a consequence, present research studies mainly aim on its utilization as feed or raw 

material for biorefinery applications and food applications moved to the background 

(Fonseca, Lupitskyy, Timmons, Gupta, & Satyavolu, 2014; B. Liu, McKinnon, Thacker, & Yu, 

2012). 

Nonetheless, possibilities to counteract the adverse effects of CBP and especially DDG are 

needed further on. Therefore, the in-depth investigation of phenomena that limit the range 

of CBP application to those small amounts became a key topic in CBP research. A structured 

and elaborate overview on quantitative important cereal byproducts, their special features 
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and commonalities, and potential ways for their utilization is presented in Chapter 2.2, which 

implies a detailed Review Paper on cereal byproducts, focused on DG. 

1.2 CONVENTIONAL BYPRODUCT PROCESSING MEETS UPCYCLING 

In the ethanol manufacturing industry, sales of side streams contribute substantially to the 

economic viability of ethanol manufacturing plants (Rosentrater & Krishnan, 2006). So, under 

the economical perspective, the almost complete and efficient processing of byproducts is an 

important branch for the whole ethanol industry.  

Byproducts after ethanol distillation such as thin stillage or wet distiller’s grains are 

characterized by limited shelf life and further processing needs immediate conservation 

steps. Thus, costs of drying, storage and shipment are not negligible and economically 

limiting factors (Patras et al., 2011). Inter alia for this reason, agro-industrial byproducts 

primarily were utilized as feed for local farmers or fertilizer for nearby farms. In the past, food 

processing byproducts were further processed by conventional methods, such as the 

generation of energy in form of bioethanol plants, as well as the utilization as fertilizer and 

landfill. However, until today the most common approach remains the utilization as animal 

feed, which additionally can be attributed to the high level of nutrients (Rosentrater & 

Krishnan, 2006). The beneficial nutritive value of DDG regarding energy, protein, neutral 

detergent fiber and fat, popularized its use in global animal feeding for dairy cows, beef 

cattle, sheep, goats, horses, pigs and poultry (Westreicher Kristen, 2013). For instance, dried 

distiller’s grains with solubles (DDGS) are an acceptable ingredient up to 15 % in poultry diet 

(Świątkiewicz & Koreleski, 2008) and can be used as the major source of protein with 

unaffected and stable milk production in dairy diet (Mutsvangwa, Kiran, & Abeysekara, 2016). 

Today, the animal feed industry is the only customer for ethanol manufacturing residues like 

DDGS and DDG. In the long-term, byproduct supply on the market will increase to a greater 

extent than its corresponding demand (Rosentrater & Krishnan, 2006). 

Besides feed, disposing agro-industrial byproducts as landfill was commonly exerted in the 

last years. Obviously considering the sustainable point of view, removal of byproducts into 

landfill sites is inappropriate, as the production of food is energy and nutrient demanding 

(Pleissner & Lin, 2013). Moreover, the environmental footprint of landfills is poor, since 

emissions of methane as serious greenhouse gas significantly contribute to climate change 

(Pham, Kaushik, Parshetti, Mahmood, & Balasubramanian, 2015). Byproduct and waste 
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disposal as landfill as well increased public concerns regarding latent pollution of agricultural 

soil and possible decrease in environmental quality (Pham et al., 2015). In addition, even 

authorities in the European Union tightened up legal restrictions, which directed the 

utilization of byproducts to a more conscious use (Patras et al., 2011).  

From this point of view, the production of energy from byproducts is becoming 

environmentally favorable and diverse research initiatives directed their efforts to conversion 

technologies of food waste to energy.  As a result, pyrolysis or gasification processes were 

evaluated as useful tools for energy production (Pham et al., 2015). In addition, anaerobic 

biomethanation was assessed as reasonable treatment method for the valorization of 

biodegradable solid waste (Elmekawy, Diels, De Wever, & Pant, 2013). 

All efforts in byproduct management aim on the improved exploitation of existing resources 

towards complete utilization.  In terms of the almost complete utilization of raw materials, the 

sustainable design of novel products, including the green production of food products while 

minimizing its environmental impact, are innovative concepts in food production. Within 

these concepts, a new consciousness in resource consumption, the cradle to cradle principle, 

circular economy and the Upcycling of products were recognized as leading principles for 

successful eco-innovation (Mirabella et al., 2014). 

The term Upcycling is a neologism that describes the valorization and the conscious use of 

global resources within the scope of a circular metabolism of products (McDonough & 

Braungart, 2013). It was first described by Braungart and McDonough, who developed a 

model for the design industry to a more efficient and effective use of resources, targeting on 

cleaner production systems (McDonough & Braungart, 2013). In this model, every biological 

or technical resource passes stations of production to product, to use, to decomposition and 

returns to production in a perpetual cycle (Braungart, 2007). This metabolic cycling (figure 3 

A) differentiates Upcycling to current Recycling practices, wherefore it is also described as 

upgraded Recycling (Sung, 2015). Current research describes Upcycling as process, in which 

waste materials or byproducts gain higher value after passing secondary processes (Sung, 

2015). However, Upcycling doesn’t aim on eliminating waste and emissions. It targets on 

upgrading resources by increasing their cycles of use and in the long term profits from waste 

reduction as a side effect (Braungart, 2007). In the context of food production, the Upcycling 

concept incorporates the reutilization of raw materials, byproducts and side streams out of 

the food industry, in which high value products can be generated in secondary processes. 
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This schematic process of integrating Upcycling into existing food production is presented in 

figure 3B.  

 

Figure 3: A, Perpetual metabolic cycling of Technical and Biological Nutrients according to the 
Cradle to Cradle Principle. All resources can serve as nutrients for secondary products. Modified 
according to (Braungart, 2007). B, Integration of Upcycling approaches into existing food 
manufacturing processes via utilization of byproduct streams in secondary process streams. 

Interestingly, in 2011 the number of commercial products (e.g. art, clothes, furniture, food 

products not included) generated by product Upcycling increased by more than 400 % on 

the US market (Sung, 2015), which is already indicating the public and industry attention 

directed at this topic.  

Likewise, the Upcycling concept can be applied for food processing byproducts and 

especially cereal byproducts. In this context, CBP should not be used in matters such as 

landfill or energy production, but further processed for their most valuable approach. The 

development of whole wheat additives, purified plant-based protein created from 

reconditioned CBP, or merely the direct application of CBP in food products can help parts of 

food loss to regain the status of being food for human nutrition, which in the long term can 

lead to manageable supply shortages particularly in developing countries.  

1.3 ETHANOL PRODUCTION AND CORRESPONDING BYPRODUCTS 

Modern industrial and traditional ethanol production is based on fermentation of monomeric 

carbohydrates by Saccharomyces yeast to the main products ethanol and carbon dioxide. 

Starting materials predominantly are starchy or sugary feedstocks, with cereal grains or 

sugarcane as main representatives. The USA produce the biggest share of global ethanol 

production and process corn as predominant feedstock. Canada processes barley and wheat; 

in Brazil sugarcane is leading, whereas in Europe, mostly wheat or blended cereals are utilized 

(Chatzifragkou et al., 2015; Mustafa, McKinnon, & Christensen, 2000). Since the USA is the 
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main producer of ethanol, distiller’s grains (DG) on the market mainly are represented by 

corn as raw material. During production of ethanol out of corn, two fundamentally different 

processes have to be distinguished, that vary upon the target compound after processing. 

33 % of corn are processed in the wet milling process, targeting besides ethanol also on 

crude oil, corn gluten meal and corn gluten feed by fractionating the grain prior to 

processing (Bothast & Schlicher, 2005). The wet milling process does not yield distiller’s 

grains as byproduct. 67 % of corn are processed within the dry grind process, targeting on 

maximum yields of ethanol and providing distiller’s grains as single byproduct (Bothast & 

Schlicher, 2005). Ethanol production out of wheat and ethanol production for beverage 

ethanol purposes proceeds according to the dry grind process, thus it can be seen as 

common method (Liu, 2011). In dry grind processing, the ethanol manufacturing process 

starts with milling and mixing of grain flour with water in preparation for mashing. During 

mashing, liquefaction and saccharification takes place, representing degradation of polymeric 

and oligomeric carbohydrates such as amylose or amylopectin. Degradation of starch occurs 

by endogenous enzymes, optionally together with addition of exogenous and thermostable 

amylolytic enzymes like α- and β- amylase as well as glucoamylase. In industrial ethanol 

production, key performance indicator is maximum ethanol yield, so addition of exogenous 

amylolytic enzymes is obligated, since increases in the efficiency of carbohydrate polymer 

digestion can be achieved and higher ethanol yields are supported. Subsequently, alcoholic 

fermentation of carbohydrates is introduced by addition of Saccharomyces yeast, in most 

cases traditional baker’s yeast of species Saccharomyces cerevisiae. By dissimilation, glucose is 

fermented to equimolar amounts of carbon dioxide and ethanol, until concentrations of 9-

10 % ethanol content in the slurry are reached. The addition of nitrogen sources such as urea, 

ammonium sulphate or proteases to enhance the amino acid or peptide content is reported 

to achieve improved yeast growth (Bothast & Schlicher, 2005). After fermentation, ethanol is 

distilled using distillation and rectification columns until purities around 95 %. Due to 

azeotrope formation of ethanol/water-mixtures, higher purities cannot be achieved by using 

boiling point differences via temperature-based separation processes. Therefore further 

purification and dehydration of ethanol can be achieved using molecular sieves or nearly 

critical propane to purities > 99.5 % (Cardona & Sánchez, 2007). Characteristics of a standard 

process of ethanol manufacturing are presented in table 1. Dried distiller’s grains investigated 

in this thesis were manufactured according to the characteristics presented in table 1. 
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Table 1: Present temperatures and duration times in ethanol production according to the dry 
grind process und subsequent byproduct processing from the grain to the byproduct dried 
distiller’s grains.  

Process step Temperature 
[°C] Duration  

mashing  33–35 2–3 h 
liquefaction 75–80 around 135 min 
saccharification 50–55 around 10 min 
fermentation  33–34 68–72 h 
temporary storage 33–34 8–10 h 
distillation  78–80 1 h 
temporary storage 75–80 2–8 h 
concentration of thin stillage to CDS 55–65 2–4 h 
drying of WDS to DDG 100–105 1–3 h 

 

Byproduct management and recovery represents the last step in ethanol production. Figure 4 

visualizes this complex process of ethanol production beginning with the whole grain and 

accompanied by its byproduct stream to the end product DDG/DDGS. The remaining residue 

of distillation contains the non-volatile fraction in form of a whole stillage. The distillation 

residue as well contains the remaining amounts of yeast cells, which certainly can influence 

characteristics of the finished product. However, the extent is not investigated by now. Due to 

its limited shelf life, the whole stillage is divided by centrifuging, decanting or pressing and 

extruding into a solid rich and solid poor fraction, the thin stillage. Shares of thin stillage 

around 15 % or more are redirected into the ethanol stream and used as backset to slurry the 

ground grain as processing water (Liu, 2011). The thin stillage is characterized by 5 to 10 % 

solids and is concentrated to condensed distiller’s solubles (CDS), a syrup-like byproduct with 

around 30 to 50 % solid content (Westreicher Kristen, 2013). The phase rich in solid material, 

the wet distiller’s grains (WDG), contains around 65 to 70 % of moisture. After drying to a 

final water amount around 8 to 10 %, the process results in the final side stream dried 

distiller’s grains (DDG). Generally, CDS can be mixed with WDG prior to drying, to enhance 

the nutritional value by higher shares of solubles. After drying, the process results in the 

DDGS.  
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Figure 4: Production process of ethanol in dry grind processing, accompanied by accruing side 
streams DDG/DDGS and coproducts thin stillage, CDS and WDG. *DDGS results after addition of 
CDS to WDG prior to drying. DDG results after drying of pure WDG. Adapted from Roth, M., 
Jekle, M., & Becker, T., Opportunities for Upcycling Cereal Byproducts with Special Focus on 
Distiller’s Grains, (Review Paper, Revision submitted in 04/2019. Trends in Food Science & 
Technology) 

In summary, the major byproducts from dry grind ethanol production are dried distiller’s 

grains (DDG), dried distiller’s grains with solubles (DDGS), wet distiller’s grains (WDG), 

condensed distiller’s solubles (CDS), thin stillage and whole stillage (Xiang & Runge, 2014).  

Ratios of ethanol to DDG are almost stable around 1 to 0.75 and every 100 kg of grain 

approximately deliver 40 L of ethanol, 32 kg of DDG and 32 kg of CO2, (Chatzifragkou et al., 

2016; Sundquist & Bajwa, 2016). Recently, the global ethanol market experienced remarkable 

surge in growth, due to increasing demand for fuels (Liu, 2011). Likewise, the utilization of 

crops for bioethanol production doubled within the last ten years (DBV, 2015; FAO, 2015). As 

grain-based feedstocks continue to be the main representative in ethanol production, 

corresponding byproducts experienced growth in the same manner. Estimations predict 

steady growth for the ethanol sector. The FAO estimates the global ethanol production to 

reach 134.5 billion liters in 2024 (FAO, 2015). 

From the regulatory point of view and important for further processing, DG is a byproduct 

from the food industry, which is generally used as animal feed. Thus, it is covered by the 

definition “byproduct” of the European Waste Framework Directive, and therefore is 

considered to fall outside of the definition of waste (European Commission, 2007).  

1.4 BYPRODUCT UTILIZATION IN FOOD AND IMPACT ON FLAVOR   

As shortly described in chapter 1.1, the addition of DDG to food products was accompanied 

by deficiencies in the sensory perception, which made its further utilization difficult. These 
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deficiencies were not investigated in detail, but related to as bitter character or undefined 

aftertaste, as well as poor flavor or malty and soapy off-flavor (Bookwalter et al., 1984; Rasco 

et al., 1989). For a better understanding of the negative impact on flavor, some important 

characteristics of sensory perception have to be considered. 

Interaction of odor, taste and texture generates the sensory impression of a food product, 

which is defined by the term “flavor” (Belitz, Grosch, & Schieberle, 2009). The complex 

interplay that causes flavor and the overall perception of a food product is influenced by 

multiple factors such as odor, taste or chemosensation as visualized in Figure 5. In German 

language the term flavor often is translated as “Aroma” (Belitz et al., 2009). The term “aroma” 

in this thesis, is used according to the definition of odor, as described below. 

In general, bioactive compounds responsible for the creation of flavor impressions can be 

divided into two classes that fundamentally differ in their chemical nature and the 

physiological mechanism of perception:  

Non-volatile compounds, predominantly characterized by hydrophilic character, are 

responsible for taste. The hydrophilic character supports the solution in aqueous food 

systems and the saliva, which is necessary to reach gustatoric receptor cells in taste 

buds, located on the tongue. 

Volatile compounds, often designated as aroma compounds or aroma volatiles, are 

responsible for odor. Their hydrophobic character and high vapor pressure is 

necessary to reach olfactoric receptor cells of the regio olfactoria in the upper throat.  

In general, gustatoric impressions are caused by the 5 basic taste qualities sour, salty, bitter, 

sweet and umami and are perceived by gustatoric receptor cells of the tongue papillae 

(Chandrashekar, Hoon, Ryba, & Zuker, 2006). Chemosensation, the perception of chemical 

stimuli by sensory means, complements the impression of the overall flavor and includes the 

trigeminal somatosensory system (Viana, 2011). These chemesthetic modalities are 

trigeminally active compounds that can cause impressions such as hot or cool, like capsaicin 

in chili (Capsicum sp.) or menthol in mint (Mentha sp.) (Obst, 2014). 
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Figure 5: The overall impression of a food product (flavor) is generated by a complex interplay 
of textural, physical and chemosensational impact factors parameters as well as by odor and 
taste. 

By contrast, odor perception is based on more than hundreds of odor qualities, responsible 

for the overall aroma impression of food products (Dunkel et al., 2014). Aroma volatiles can 

be perceived orthonasally through the nose, or retronasally, after release from the food 

matrix during consumption via the throat. Odor active compounds are perceived by 

chemoreception via olfactory neurons in the nose, by binding to chemosensory cilia of 

olfactory cells in the olfactory epithelium, the regio olfactoria. Subsequently, olfactory cells 

transform chemosensory information into electrical signals and transmit the signal to the 

olfactory bulb (bulbus olfactorius) in the brain. By now, around 400 odorant receptors are 

identified, that translate chemical stimuli into neuronal information (Dunkel et al., 2014). Odor 

active volatiles are characterized by high vapor pressure and volatility, low water solubility 

and polarity and generally small molecular weight < 300 Da (Kalua et al., 2007). Even though 

more than hundreds of aroma volatiles are identified, only a few determine the aroma 

information in form of the aroma profile and fingerprint that is determining every specific 

food product.  

The investigation of aroma profiles of cereal byproducts and especially DDG only played a 

minor role in aroma and byproduct research. Aroma volatiles in DDG have not been studied 

by now and so any information on odor active volatiles is still missing. However, a systematic 
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study on volatile flavor compounds of DG can provide new possibilities for including DG in 

food products. For the evaluation of the characteristic aroma profile of DDG, which indeed 

includes potential sensory deficiencies such as off-flavors, the key aroma compounds that 

significantly influence the overall aroma impression must be investigated. Physiologically 

speaking, only if a compound’s concentration exceeds the odor threshold, a nerve impulse is 

generated and transmitted from the receptor cells to the brain and consequently an odorant 

can contribute to the aroma profile of a food product (Tamura, 2012). Thus, odor active 

compounds present in concentrations above the odor threshold must be distinguished from 

odor active volatiles that are present in negligible concentrations. For this differentiation, the 

odor activity value (OAV) is helpful, since it describes the ratio between a compound’s 

specific threshold (a) and the present concentration (c) (Belitz et al., 2009).  

𝑂𝐴𝑉 =
𝑐

𝑎
 

In addition, aroma extract dilution analysis (AEDA) performed during gas chromatographic 

(GC) analysis is a suitable tool for the determination of a compounds sensory impact, i.e. if 

analytical limitations prevent the determination of the OAV of an odorant, due to coelutions 

on the analytical column or low concentrations near the limit of detection. Within the dilution 

analysis, the aroma extract of a food product is diluted stepwise with equal parts of solvent 

1:2, 1:4, 1:8, 1:16 etc. as long as activity at the sniffing port as detection unit on the GC is no 

longer perceivable. The degree of dilution, at which a compound can last be perceived, is 

defined as flavor dilution (FD) factor. Thus, the longer a component can be perceived at the 

sniffing port, the greater is its effect in the assessment of the flavor contribution. The 

elucidation of the negative sensory influence in food products induced by addition of DDG, 

should focus on determining these aroma active compounds which have the highest impact 

and are able to significantly affect the aroma of future food products.  
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1.5 THESIS OUTLINE AND MOTIVATION 

In western and developed countries, a public consciousness for valorization of resources 

became apparent, which in consequence recently increased the demand for green and 

environmentally friendly produced food. Besides, the food industry recognized the good 

marketability of sustainable produced food and the emerging of a novel customer group, the 

lifestyle of health and sustainability (LOHAS) consumers (Kim, Lee, Kim, & Kim, 2013). 

Remarkably, valorization is linked to the novel healthy life style via the additional benefit of 

food products providing a health benefit. As an example, the number of food products on 

the market incorporating bran increased enormously from 52 to 798 between 2001 and 2011 

(Prückler et al., 2014). Moreover, the growing demand in healthy products and increased 

requirements for protein, directed the attention of research to bread protein enrichment out 

of lupines or legumes (Paraskevopoulou, Chrysanthou, & Koutidou, 2012). This life style 

change can be an immense chance for the utilization of cereal byproducts such as DDG and 

suitable solutions for its processing in the food industry are necessary. 

Unfortunately, the use of DDG as food ingredient remains challenging, because sensory and 

technological properties are negatively affected and not totally enlightened up to now. 

Considering deficiencies on sensory properties, detailed scientific knowledge is missing and 

no systematic study on odor-active volatiles in DDG has been performed so far, although 

research efforts identified the negative impact on flavor (Bookwalter et al., 1984; Rasco et al., 

1989; Rosentrater & Krishnan, 2006). In 2001, volatile compounds of wet and dried DG from 

corn were investigated for the first time (Biswas & Staff, 2001). However, the determination of 

odor activity or odor impact, as well as the contribution to the overall aroma was not part of 

the study.  

Regarding textural quality, negative impact of high fiber additives is known and mainly 

considers decreased loaf volumes, darker appearance as well as firmer and less elastic crumbs 

(Ktenioudaki et al., 2013; Rosentrater & Krishnan, 2006). In particular for bran, potential 

causes were enlightened and the hindered expansion of the gluten network through bran 

particles was determined as impact factor (Noort, van Haaster, Hemery, Schols, & Hamer, 

2010).  However, the transferability of known effects from other high fiber and high protein 

byproducts to DDG, as well as an initial in-depth cause study for DDG and its effects in dough 

and bread preparation is still missing.  
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Depending on the presented research knowledge, closing the corresponding research gaps 

will include studies on aroma composition, sensory properties and off-flavor in DDG, as well 

as studies on the impact on DDG enriched bakery products. Moreover, the investigation of 

technological deficits is necessary to assess the suitability for bakery product manufacturing 

without quality losses. In summary, as presented in figure 6, the following four sections are 

addressed in this thesis:  

(I) Overview on cereal byproducts arising as side streams in the food and bioethanol 

processing industry: focused on distiller’s grains, differences and commonalities, 

valuable compounds and potential approaches for further utilization of cereal 

byproducts are presented  

(II) Investigation of aroma volatiles of dried distiller’s grains, including enlightenment 

of the characteristic aroma profile and determination of key aroma compounds  

(III) Elucidation of technological deficiencies and associated causes that accompany the 

enrichment of bakery products with dried distiller’s grains  

(IV) Enlightenment of alterations in aroma composition caused by the enrichment of 

bakery products with dried distiller’s grains that subsequently lead to changes in 

sensory perception of flavor  
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Figure 6: Thesis outline (DG: distiller’s grains, DDG: dried distiller’s grains)  

This knowledge is fundamental to understand the effects of enriching food products with 

DDG and to enable the development of specific pretreatment methods in future studies, i.e. 

deodorizing technologies to prevent off-flavor effects in finished goods or recipe 

management with targeted additives, able to counterbalance technological deficiencies. In a 

global perspective, the successful utilization of DDG in food products and efficient use of 

valuable fractions like DDG dietary fiber and protein is an immense chance to provide novel 

raw materials for future food production. Consequently, raw materials for food production 

are exploited in a superior way, which is a key factor for the future food supply chain. 

 

 



Thesis Publications- Review Paper Byproduct Upcycling Results  

 

22 

2 RESULTS  

2.1 SUMMARY OF RESULTS  

Within this chapter, a summary of each thesis publication is given and subsequently followed 

by full copies of the publications in their published version. 

Part 1   

Chapter 2.2.; page 27-39 

Opportunities for Upcycling cereal byproducts with special focus 

on Distiller’s Grains, Review Paper  

As introduced in section 1, cereal byproducts (CBP) such as bran, brewer’s spent grain or 

distiller’s grain can answer the important question of a secure food and protein supply chain 

in the near future. The exploitation of CBP for food products however requires in depth 

knowledge on characteristics and properties, including valuable compounds, accruing and 

estimated amounts, as well as an overview of potential application fields for their utilization.  

The following Review Paper in section 2.2 aims to outline specific characteristics, as well as 

differences and parallels that occur among the quantitative most important cereal 

byproducts of the non-glutenfree cereal sector: bran, brewer’s spent grain (BSG) and 

especially distiller’s grains (DG). Present-day and future approaches of CBP Upcycling will be 

presented and food applications are discussed in the context of competing biorefinery 

approaches. Key fractions in CBP are represented by the carbohydrate fraction that include 

dietary fiber or nutritionally important hemicelluloses, as well as the non-carbohydrate 

fraction that includes protein and phenolic compounds such as ferulic acid. All fractions could 

be utilized as starting materials for further food applications or depending on the Upcycling 

aim. Component targeted Upcycling that aims on the utilization of particular compounds as 

well as non-targeted concepts that aim on utilizing CBP as a whole are presented and 

discussed. Concluding, in a perfect role model of Upcycling, CBP can be completely utilized 

according to a zero waste approach: depending on the value of the fraction used as food, 

carbohydrate or energy source, or serve as feedstock for the bioethanol or bulk chemical 

industry. 
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Authorship contributions: Roth, M.: Study design, literature search, manuscript conception 

and writing; Jekle, M.: Critical review of study design and manuscript draft; Becker, T.: 

Supervision, critical review and approval of manuscript.  

Part 2  

Chapter 2.3.; page 40-48 

Characterization of key aroma compounds in distiller’s grains 

from wheat as a basis for the utilization in the food industry 

During the past decades, research initiatives investigated DDG application in food and 

especially cereal based food systems. The impact of DDG on the overall aroma of finished 

goods was reported as insufficient (Bookwalter et al., 1984; Rasco et al., 1989; Rosentrater & 

Krishnan, 2006). However, no investigation to enlighten the aroma composition followed the 

detection of these sensory deficiencies and consequently food applications were not 

developed any longer. For this reason, the primary aim of this study was to elucidate the 

aroma composition in DDG and create detailed knowledge on the key aroma compounds, 

responsible for the characteristic aroma for the first time. To receive an almost representative 

odor profile, three different sample preparation techniques Headspace Solid Phase Micro 

Extraction (HS-SPME), Solvent Assisted Flavor Evaporation (SAFE) and Simultaneous 

Distillation/Extraction (SDE) were compared. Detection was performed via Gas 

Chromatography-Olfactometry/Mass Spectrometry (GC-O/MS).  In addition, by means of 

sensory evaluation, the characteristic odor qualities that are perceived must be defined and a 

sensory profile of DDG aroma was established by a trained and experienced sensory panel. 

Consequently, the relation of analytical and sensory aroma investigation can be compared.  

By sensory evaluation, panellists revealed three impressions seasoning-like, roasty/bread-like 

and malty/caramel-like as most intensive odors. This initially indicates the domination of 

thermal process odors in perception. Analytical determination of volatile flavor compounds 

revealed 42 odor-active compounds in total in dried distiller’s grains from wheat. After 

application of AEDA, eight of these 42 odorants showed the highest FD factors ≥ 32 and 

consequently could be determined as key aroma compounds in DDG from wheat:  

(I) 3-hydroxy-4,5-dimethyl-2(5H)-furanone  
(II) 3-hydroxy-4-methyl-5-ethyl-2(5H)-furanone  
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(III) 4-hydroxy-2,5-dimethyl-3(2H)-furanone  
(IV) 2-ethyl-3,5-dimethylpyrazine 
(V) 2-phenylethanol 
(VI) dimethyl trisulfide  
(VII) (E,Z)-2,6-nonadienal  
(VIII) 3-methylbutanoic acid  

In accordance to sensory evaluation, the chemical origin of the eight key odorants DDG from 

wheat (pyrazine (IV) contributing to roasty character, furaneol (III) contributing to caramel like 

odor) is represented by typical reactions of thermal food processing, such as Maillard 

reaction and Strecker degradation. In general, aroma volatiles and key aroma compounds 

comply with wheat processed products like white wheat bread and no specific off-flavor 

could be identified. Concluding, DDG represents a thermal processed wheat product, which is 

supported by its composition of flavor volatiles. 

Authorship contributions: Roth, M.: Study design, literature search, analytical method 

development, data analysis and interpretation, manuscript writing; Meiringer, M.: Data 

creation and analysis, Kollmannsberger, H.: Support in data analysis (GC-O/MS); Zarnkow, M.: 

Critical review of manuscript draft; Jekle, M.: Critical review of study design and manuscript 

draft; Becker, T.: Supervision, critical review and approval of manuscript. 

Part 3  

Chapter 2.4.; page 49-60 

Mechanisms behind distiller’s grains impact on wheat dough and 

bread quality  

The negative impact of DDG on the sensory perception is accompanied by textural quality 

losses. In particular, high fiber additives and DDG provoke challenges to the dough and 

bread system and decrease loaf volumes, cause darker appearance as well as firmer and less 

elastic crumbs (Ktenioudaki et al., 2013; Rosentrater & Krishnan, 2006). Already 60 years ago, 

Jones und Erlander reported interactions of fibre and wheat proteins and some decades later, 

harder and less elastic dough could be explained by the hindered expansion of the gluten 

network during fermentation (Jones & Erlander, 1967; Wang, Rosell, & Benedito de Barber, 

2002). However, the case study DDG isn’t totally enlightened by now and the feasibility to 

transfer known phenomena from familiar approaches (i.e. bran addition to wheat bread) 

remains unclear. 
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The aim of this study was to investigate the mechanism that control the negative impact of 

DDG on dough and bread characteristics and to work out DDG specific details that affect 

quality parameters. The study covered the investigation on wheat bread containing 0-20 % 

DDG and investigated effects of pH, particle size and furfural as important DDG metabolite. 

As expected, some negative effects could be confirmed: wheat bread incorporating DDG 

provided decreased volumes from 20 % to 45 %, harder crumb up to a factor of 6 and less 

elasticity up to 10 %. Conspicuously, DDG enriched dough were characterized by decreasing 

pH value with increasing shares of DDG. The adjustment of the pH value balanced the 

negative influences and the low pH of DDG could be revealed as most influential parameter. 

Significant particle size effects could not be observed. Moreover, furfural as toxic DDG 

metabolite significantly affects the fermentation performance of S. cerevisiae and inhibitory 

effects were successfully confirmed in a model suspension and dough. Concluding, the 

incorporation of DDG in bakery products can be an opportunity for the reutilisation of this 

byproduct, if negative impacts are balanced by suitable treatments (acidity regulators, gentle 

drying technologies to avoid furfural formation). Shares of 10 % of DDG can be 

technologically feasible and consequently will provide an additional benefit through valuable 

amounts of dietary fibre and protein to bakery products. 

Authorship contributions: Roth, M.: Study design, literature search, data creation, analysis and 

interpretation, manuscript writing; Döring, C.: Interpretation of data for dough and bread 

analysis; Jekle, M.: Critical review of study design and manuscript draft; Becker, T.: 

Supervision, critical review and approval of manuscript. 

Part 4  
Chapter 2.5.; page 61-70 

Changes in aroma composition and sensory properties provided 

by distiller’s grains addition to bakery products 

The elucidation of DDGs characteristic aroma fingerprint, as presented in detail during 

section 2.3, serves as fundament for further investigations that target specific food products. 

It could be revealed that DDG as resource didn’t cover an off-flavor and the aroma 

composition complies with wheat processed products like white wheat bread. Consequently, 

the application of DDG to bakery products can be suitable, as long as no off-flavors develop 
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as reaction compounds during the dough and bread manufacturing process. Nonetheless, 

different off-flavors were reported for DDG enriched bakery products and the investigation of 

alterations in the aroma composition induced by DDG addition is pending.  

Therefore, enlightening differences in the aroma composition of a common wheat bread and 

DDG enriched wheat bread, as well as working out correlations to sensory impressions of 

DDG enriched and free systems were the objectives of this study. In analogy to DDG 

characterization in section 2.3, aroma volatiles in wheat bread containing 0 to 20 % DDG were 

identified with Gas Chromatography-Olfactometry/Mass Spectrometry and sensory 

properties were evaluated by a trained sensory panel.  

In summary, 42 odor active compounds were identified in DDG enriched bread. The DDG 

enrichment altered the aroma composition of DDG free bread systems predominantly in its 

quantitative distribution. Two compounds, phenylacetic acid and dimethyltrisulphide, 

differentiated the aroma composition of the control wheat bread, but their impact is only low, 

due to low concentrations and therefore negligible aroma contribution. An important 

difference makes the absence of the key aroma compound 2-acetyl-1-pyrrolin in DDG 

enriched bread with concentrations > 5 %. Overall aroma perception did not provide relevant 

off-odors, as long as the supplemented amount did not exceed critical amounts > 20 %. 

Thus, the absence of the typical bread key aroma compound 2-acetyl-1-pyrrolin significantly 

contributes to the perception of an off-flavor. Moreover, odor attributes (roasty 2-ethyl-3,5-

dimethylpyrazine or seasoning like 3-hydroxy-4,5-dimethyl-2-(5H)-furanone) were 

transferred from DDG to the bread crumb. However, overall perception was positively 

affected according to the results of the sensory evaluation. So, DDG addition to wheat bread 

can positively affect overall aroma and aroma popularity. With PCA analysis it was possible to 

substantiate the findings for variation of aroma volatiles in DDG enriched bread. 

Authorship contributions: Roth, M.: Study design, literature search and evaluation, analytical 

method development, data analysis and interpretation, manuscript writing; Schuster, H.: Data 

creation and analysis, Kollmannsberger, H.: Support in data analysis (GC-O/MS); Jekle, M.: 

Critical review of study design and manuscript draft; Becker, T.: Supervision, critical review 

and approval of manuscript. 
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2.2 OPPORTUNITIES FOR UPCYCLING CEREAL BYPRODUCTS WITH SPECIAL FOCUS ON 

DISTILLER’S GRAINS, REVIEW PAPER 

Reproduced with permission from Roth, M., Jekle, M., Becker, T.: Opportunities for Upcycling 

Cereal Byproducts with special focus on Distiller’s Grains, Trends in Food Science & 

Technology, 91 (2019), 282–293, doi: 10.1016/j.tifs.2019.07.041. 
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2.3 CHARACTERIZATION OF KEY AROMA COMPOUNDS IN DISTILLER’S GRAINS FROM 

WHEAT AS A BASIS FOR UTILIZATION IN THE FOOD INDUSTRY 

Reproduced with permission from Roth, M., Meiringer, M., Kollmannsberger, H., Zarnkow, M., 

Jekle, M., & Becker, T. (2014), Characterization of Key Aroma Compounds in Distiller’s Grains 

from Wheat as a Basis for Utilization in the Food Industry, Journal of Agricultural and Food 

Chemistry, 62(45), 10873–80. https://doi.org/10.1021/jf503281x, Copyright 2014, American 

Chemical Society. 



Thesis Publications- Research Paper I- DDG Aroma  Results  

 

41 

 



Thesis Publications- Research Paper I- DDG Aroma  Results  

 

42 



Thesis Publications- Research Paper I- DDG Aroma  Results  

 

43 



Thesis Publications- Research Paper I- DDG Aroma  Results  

 

44 



Thesis Publications- Research Paper I- DDG Aroma  Results  

 

45 



Thesis Publications- Research Paper I- DDG Aroma  Results  

 

46 



Thesis Publications- Research Paper I- DDG Aroma  Results  

 

47 



Thesis Publications- Research Paper I- DDG Aroma  Results  

 

48 



Thesis Publications- Research Paper II- DDG Impact on Bread Quality  Results  

 

49 

2.4 MECHANISMS BEHIND DISTILLER’S GRAINS IMPACT ON WHEAT DOUGH AND 

BREAD QUALITY 

Reproduced with permission from Roth, M., Döring C., Jekle, M., Becker, T.: Mechanisms 

behind distiller’s grains impact on wheat dough and bread quality, Food and Bioproducts 

Technology, 9 (2016), 274–284. DOI: 10.1007/s11947-015-1620-y  
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2.5 CHANGES IN AROMA COMPOSITION AND SENSORY PROPERTIES PROVIDED BY 

DISTILLER’S GRAINS ADDITION TO BAKERY PRODUCTS 

Reproduced with permission from Roth, M., Schuster, H., Kollmannsberger, H., Jekle, M.; 

Becker, T.: Changes in aroma composition and sensory properties provided by distiller’s 

grains addition to bakery products. Journal of Cereal Science, 72 (2016), 75–83, 

doi: 10.1016/j.jcs.2016.10.002 
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3 DISCUSSION 

“Considering how distillers grains ultimately will be utilized is 

essential to the future of the industry, and as a result, we face a 

pressing need for research into and development of value-added uses 

for these coproduct streams. Food products currently are an untapped 

but potentially high-volume utilization avenue for these materials.“ 

(Rosentrater & Krishnan, 2006) 

By designing novel food products, both textural as well as sensory properties have to be 

considered, since they fundamentally influence the purchase decision of the consumer. 

Moreover, mouthfeeling and taste are crucial criteria because they immediately decide on the 

willingness on repeated purchasing and consumption. Thus, new ingredients for the food 

industry either must improve textural or sensory properties or at least provide no significant 

negative impact but support beneficial health effects via its composition of ingredients. In 

this context, the aim of this thesis was the in depth investigation on the byproduct distiller’s 

grains combined with the evaluation of its potential as functional ingredient for cereal based 

food products. Achieving these objectives included the assessment of aroma and sensory 

characteristics of DDG and the detailed enlightenment of the aroma composition. Moreover, 

to proof the feasibility of the application in food systems such as bakery products, a common 

wheat bread enriched with different shares of DDG was investigated regarding the 

technological performance, followed by the elucidation of mechanisms that trigger the 

adverse effects on the dough and bread system. Research objectives also involved the 

investigation of alterations in the aroma composition that accompany DDG addition and 

induce aroma deficiencies as observed in former studies (Rosentrater, 2006). 

Sensory deficiencies and enlightenment of DDG aroma 

Sensory deficiencies of odor arising with DDG enrichment of food products were firstly 

described during the 1980s. Bookwalter et al. described the flavor of pure DG from corn as 

sour and fermented, further processed in blended foods as rancid and fermented (Bookwalter 

et al., 1984). Some years later, the research group around Bookwalter proposed solvent-

extraction to remove pungent fermentation flavors and lipid oxidation products (Bookwalter, 

Warner, & Wu, 1988), although no knowledge on responsible compounds was available. For 

wheat DDG, Rasco et al. detected similar odors and described baguettes enriched with DDG 
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as sour, malty and yeasty, bitter and soapy (Rasco et al., 1989). In the present study, sensory 

properties of DDG (section 2.3) were investigated, as well as alterations that appear after 

utilization and further processing in wheat bread (section 2.5). By sensory assessment of DDG, 

panellists evaluated three impressions seasoning-like, roasty/bread-like and malty/caramel-

like as most intensive odors. Comparing odor impressions with literature data for odor 

qualities in reference to corresponding odor active volatiles (i.e. Czerny & Schieberle, 2002), 

indications to thermal process flavourings had to be considered. This seems not remarkable, 

considering the production process of DDG after distillation. Distiller’s grains represent a 

yeast fermented grain matrix which experiences alterations in the volatile composition during 

processing: highly volatile fermentation odorants are separated along with ethanol during 

distillation and new odor active volatiles can be built during drying. The central drying 

process provides temperatures > 100 °C for several hours (DDG used in this study: 100-105°C 

for 1-3 h) and consequently favors the formation of oxidation products and the continuation 

of Maillard and Strecker reaction markedly. For instance, carbohydrate containing heat 

processed food frequently promotes caramel-like odor, provoked by 2,5-dimethyl-4-hydroxy-

3(2H)-furanone (furaneol) (Schieberle, 1992). Due to its low odor threshold of 0,01 mg/l 

water, furaneol contributes as key aroma compound to the aroma of numerous food 

products, such as strawberry, popcorn and most important wheat bread crust (Schieberle, 

1992). In wheat bread crust furaneol is known to descend from yeast as central source with 

fructose-1,6-diphosphate as predominant precursor, therefore its formation in DDG from 

wheat seems likely. As caramel like odor was predominant, furaneol could be identified 

during analytical investigation and determined as important key odorant in DDG. An 

important point as well is represented by the impact of residual amounts of dead yeast cells 

on the overall aroma of DDG, which was not taken into consideration of this study and 

therefore should be reflected in future studies.   

Key aroma compounds of DDG 

According to section 2.3, the analytical determination of aroma volatiles revealed 42 odor-

active compounds in total in dried distiller’s grains from wheat. After application of aroma 

extract dilution analysis (AEDA), eight of these 42 odorants showed highest FD factors ≥ 32 

and therefore could be determined as key aroma compounds that substantially built up the 

characteristic aroma of DG (figure 7). These eight key odorants of DDG from wheat are 

compliant to the findings during sensory evaluation, since their chemical origin is related to 
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lipid oxidation or typical reactions in thermal food processing, such as Maillard reaction and 

Strecker degradation. In accordance to the results from sensory analysis, key aroma 

compounds correspond to perceived odor impressions: 3-hydroxy-4,5-dimethyl-2(5H)-

furanone induces seasoning like odor (supported by the ethyl homologue 3-hydroxy-4-

methyl-5-ethyl-2(5H)-furanone), 2,5-dimethyl-4-hydroxy-3(2H)-furanone induces caramel like 

odor and 2-ethyl-3,5-dimethylpyrazine is responsible for roasty and bread like odor. A 

detailed discussion on the chemical classes of odorants and key aroma compounds in DDG, 

their origin and reaction mechanisms can be found in section 2.3.  

 

Figure 7: Key aroma compounds in DDG obtained by AEDA with FD factor ≥ 32; Reaction 
compounds from thermal processing: 1 3-hydroxy-4,5-dimethyl-2(5H)-furanone, 2 3-hydroxy-
4-methyl-5-ethyl-2(5H)-furanone, 3 2,5-dimethyl-4-hydroxy-3(2H)-furanone, 4 2-ethyl-3,5-
dimethylpyrazine, 5 dimethyl trisulfide; reaction products from lipid oxidation: 6 (E,Z)-2,6-
nonadienal; odorants from fermentation: 7 2-phenylethanol, 8 3-methylbutanoic acid 

As generally known, fatty and soapy off-flavor in DDG and DDG enriched products can be 

ascribed to unsaturated aldehydes resulting out of lipid oxidation. In DDG (E,Z)-2,6-

nonadienal significantly contributes as key aroma compound and furthermore additional 

unsaturated aldehydes such as (E)- and (Z)-2-nonenal or (E,Z)- and (E,E)-2,4-decadienal were 

identified. These unsaturated aldehydes are well known to contribute to the fatty and rancid 

odor impression of food products. Even though these aldehydes do not contribute as key 

aroma compounds or exceed their specific OAV, synergistic effects of unsaturated aldehydes 

are likely and so, the contribution of key aroma compound (E,Z)-2,6-nonadienal and the 

impression of the fatty odor can be enhanced. In analogy, whole wheat bread likewise 

exhibits higher amounts of 2-(E)-nonenal and 2,4-(E,E)-decadienal than wheat bread made 

from refined flour. Moreover, 2- and 3-methylbutanoic acid were determined in DDG, which 

as well contribute to rancid odor impressions, as their aroma contribution is already known 

for common wheat bread (Grosch & Schieberle, 1997). Key aroma compounds in DDG from 
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wheat clearly determine a thermal processed wheat product. Interestingly, the distribution of 

aroma volatiles is related to other wheat processed products like white wheat bread and 

therefore the examination of alterations that accompany DDG enrichment of wheat bread 

was part of this thesis in section 2.5.  

Aroma of DDG enriched wheat bread  

During sensory evaluation of DDG enriched bread products, crucial differences in comparison 

to DDG free products were found for sour impression and intensified off-odor and taste. 

Interestingly, panelists were not able to describe this off-odor or off-taste or define its odor 

quality. The enhanced sour character can be ascribed to around 4 % of lactic acid, which was 

determined in untreated DDG used in the present study (unpublished data) and other 

organic acids in DDG, which arise along with ethanol as fermentation byproduct. During 

drying in DG processing, non-volatile compounds and fermentation byproducts that are 

present in the fermented mash, such as organic acids or glycerol are concentrated. On an 

average, concentration increases around factor 3 are reported (Han & Liu, 2010). As strong 

sour character is not common in traditional wheat bread, the viability to overcome sour 

perception was proven by simple treatment of dough with additives like acidity regulators or 

by masking effects that simulate decreased sour character via taste enhancing ingredients 

like malt flour (unpublished data). Thus, sour character in DDG processing and application in 

bakery products should not represent a burden for the utilization in the food industry. As side 

effects, pH treatment positively affected specific volume and firmness, as well as appearance 

and popularity of bread loaves (see figure 7). 

 

Figure 8: Exemplary presentation of DDG enriched bread in amounts of 10 and 15 % (right) and 
after treatment with alkali and baking malt as additive (left). By simple recipe management, 
deficiencies of sour character and specific volume can be handled in industrial applications 
(unpublished data, 10 and 15 %pH= dough pH value raised to pH of control dough, 10 and 15 
%M= malt addition to DDG enriched bread samples, popularity and firmness rated by panelists 
on a scale from 0-10, with 10= very popular/very firm).  
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Aroma extracts, prepared out of freshly baked DDG enriched bread crumb and crust samples 

predominantly supported roasty and caramel-like odor, which could be reflected in the 

composition of aroma volatiles as reported in section 2.5: 3- and 2-methylbutanal and 

phenylacetaldehyd induced malty odor, 4-hydroxy-5-methyl-3(2H)-furanone, 2,5-dimethyl-4-

hydroxy-3(2H)-furanone and 3-hydroxy-2-methyl-4(4H)-pyranone induced caramel like odor 

and roasty 2-acetyl-1-pyrroline and several pyrazines, mainly 2-ethyl-3,5-dimethylpyrazine 

induced roasty odor impression. The surely most crucial difference of DDG to the control 

wheat bread is represented by the absence of 5H-5-methyl-6,7-dihydrocyclopentapyrazine 

and more important 2-acetyl-1-pyrrolin (2AP) in the crust of DDG enriched bread > 5 % DDG 

share. 2AP represents the key aroma compound of wheat bread crust and absence of 2AP 

contributes to stale off-odor and is known as a phenomena of staling due to rapid 

evaporation of 2AP (Schieberle & Grosch, 1992). By means of AEDA, 2AP was determined 

with FD 64 in control wheat bread crust. The FD factor rapidly fell to FD 16 with 5 % DDG 

bread crust, until FD 0 and no perceivable odor activity in 10 to 20 % DDG bread crust. Since 

2AP is significantly correlated to the aroma and freshness of wheat bread crust, its absence 

markedly affects aroma perception of DDG enriched bread and consequently induces 

uncharacteristic impression of odor. In this context, it seems transparent that during sensory 

evaluation panelists assigned an off-odor to DDG enriched bread with increased shares of 

DDG, but were incapable to define the corresponding odor quality.  

In 2012, Moskowitz et al. observed similar effects for whole wheat bread and ascribed the 

cause to hydroxycinnamic acids such as ferulic acid (FA), influencing Maillard-type flavor 

generation in bread (Moskowitz, Bin, Elias, & Peterson, 2012). In crust made from whole 

wheat flour, lower amounts of Maillard compounds, i.e. 2AP, 4-hydroxy-2,5-dimethyl-3(2H)- 

furanone and higher amounts of lipid oxidation products 2-(E)-nonenal and 2,4-(E,E)-

decadienal were determined. The effects on 2AP formation were attributed to competitive 

reaction of FA with 2APs precursor methylglyoxal. Free or released out of outer grain layers 

during fermentation and baking, FA inhibits the formation of 2-acetyl-1-pyrrolin (Moskowitz 

et al. 2012). The transferability to DDG seem feasible, inter alia since DDG contain all non-

fermentable parts of the wheat kernel including outer grain layer parts in concentrated form.  

In a preliminary trial, tenfold higher amounts of free FA could be determined in DDG 
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compared to wheat flour (unpublished data) 1. Moreover, amounts of FA in DDG enriched 

bread can further increase, since bioaccessibility of bonded FA is favored during fermentation 

and baking and both DDG processing and bread manufacturing deliver suitable conditions 

for the release of bonded FA into the dough media (Moskowitz et al. 2012). The 

quantification of FA in DDG enriched dough as well as studies on the release of FA during 

fermentation and baking were not included in this study. Since determining higher amounts 

of free FA could contribute to proof the suppression of 2AP formation in DDG enriched 

dough, future studies should take this topic into consideration. 

Further differences of DDG enriched systems to control samples were the additional presence 

of two odor active compounds, phenylacetic acid and dimethyltrisulfide (DMTS). The impact 

of DMTS remains negligible, since DMTS initially was perceived with amounts of 50 % DDG in 

bread. Nevertheless, DMTS is a serious off-flavor and enlightening its origin could help to 

prevent aroma deficiencies if amounts increase due to diverse factors in DG processing. 

Presence of DMTS in lysed yeast cells or yeast extracts is already reported in the literature 

(Nishibori et al., 2014; Zhang, Song, Li, Yao, & Xiong, 2017). To clarify this, further research 

should take the impact of dead yeast cells on DDG aroma with focus on enlightening the 

DMTS source into account.  

The impact of phenylacetic acid is correlated to the corresponding alcohol and aldehyde (2-

phenylethanol and 2-phenylacetaldehyd), which are positively correlated with bread aroma 

(Hansen & Hansen, 1996; Paraskevopoulou et al., 2012). By means of principal component 

analysis (PCA), relations between different levels of DDG enriched and free bread samples, 

seven sensory attributes considering acceptability and off-flavor/-taste and 27 FD factors of 

important odor active volatiles in crumb and crust and results could be statistically confirmed 

(figure 9). Detailed discussion of the PCA model can be found in section 2.5; however, key 

findings shall be pointed out shortly. As it could be shown during analytical investigation, the 

divergence between 2AP and DDG enriched systems was emphasized by PCA: 2AP (figure 9, 

numbers 9a and b) is negatively correlated to PC1, whereas with increasing amounts of DDG 

the trend becomes positive, so the absence of 2AP correlates inversely with % DDG. 

                                                 
1Measured after solid phase extraction (SPE) using a SPE column Chromabond EASY by Macherey-
Nagel, polar modified polystyrene-divinylbenzene copolymer with a weak anion exchanger), elution 
with methanol and subsequent high performance liquid chromatography (HPLC) measurement on a 
common C18-column and UV detection at 310 nm 
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Simultaneously, off-flavor, off-taste and sour odor are positively correlated to PC 1 (r > 0.99) 

and predominantly related to higher amounts of DDG. Concluding, the characteristic aroma 

of DDG in bakery products, often related to as off-flavor, is evidently linked to the absence of 

2AP. Remarkably, off-flavor is significantly correlated to sour odor, supporting the hypothesis 

that besides concentration effects and partial absence of important aroma compounds, no 

off-odor is present in DDG besides the one triggered by sour impression, which can be 

counteracted in a simple way.  

 

Figure 9: PCA biplot of PC1 and PC2. DDG bread samples are correlated to sensory attributes 
and FD factors of aroma volatiles. A: Correlation of 2AP, 0 % DDG sample and overall or odor 
and taste acceptance To PC 1, B: Correlation of off-flavor, sour odor, off-taste and 20 % DDG 
sample to PC2, Odorants: 2 butanoic acid, 3 3-methyl butanoic acid, 5 3-methylthiopropanal, 
6  2,5-, 2,6-dimethyl pyrazine, 9 2-acetyl-1-pyrroline, 11 1-octen-3-ol, 13 4-hydroxy-2,5-
dimethyl-3(2H)-furanone, 14 2-phenyl acetaldehyde, 15 4-hydroxy-2,5-dimethyl-3(2H)-
furanone, 17 2-ethyl-3,5-dimethylpyrazine, 19 3-hydroxy-4,5-dimethyl-2-(5H)-furanone, 20 2-
phenylethanol, 21 5H-5-methyl-6,7-dihydrocyclopentapyrazine, 22 phenylacetic acid, 24 EE-2,4-
decadienal); FD factors in crust and crumb are labeled with “a” and “b”, respectively. Adapted 
from Roth et al. (Roth et al. 2016). 

Textural deficiencies of DDG enriched dough and bread systems 

The aroma side is just one fragment of sensory deficiencies that come along with the 

addition of DDG to food products. The application of high protein and high fiber additives as 

bran or BSG and DDG is accompanied by textural deficiencies as well. The enrichment of 

bakery products with fractions rich in fiber is known to provoke challenges to the system, 

especially linked to end product quality and appearance, texture and taste (Ktenioudaki et al., 



Studies on the byproduct distiller’s grains  Discussion 

 

78 

2012). For DDG no scientific knowledge was available so far that investigated causes and 

mechanisms connected to negative impacts of DDG to food and especially bakery products 

and therefore were central topic of section 2.4. The utilization of DDG in food products is 

possible, until critical amounts around 10-15 % are not exceeded (figure 8 and 10). In 

summary, increased water absorption, prolonged dough development time, reduced dough 

stability, as well as reduced volume of total carbon dioxide (CO2) produced during 

fermentation could be determined in DDG enriched systems.  

 

A detailed discussion and cause study can be found in section 2.4. Lastly, simple gluten 

dilution effects and a significant effect of dietary fiber, inducing competitive reactions for free 

water, hindering the free expansion of the gluten network and consequently provoking a less 

stabilized gluten network are ascribed responsible for textural deficiencies in DDG enriched 

dough. Since fiber and particle influences could not completely explain the negative impact, 

the study in section 2.4 as well concentrated on DDG specific impact factors on the dough 

system (Roth et al., 2016). Thus, the low pH value of DDG remains exceptional and its impact 

causes a decrease to the dough pH from pH 5.5 for 0 % DDG via steady decline to pH 4.3 for 

20 % DDG dough. Restrained fermentation induced by acidic conditions of lactic acid leads to 

decreased production of CO2 and can be ascribed to denaturation of protein and gluten 

strands and inhibition of metabolic enzymes (Gujral & Singh, 2000). Thus, it could be 

successfully shown that the neutralization of organic acids in DDG enriched dough to the pH 

level of standard wheat dough reduces the negative impact of DDG on CO2 formation, 

gaseous release and dough height and consequently allows the production of improved end 

products. 

The impact of thermal reaction compounds  

Another important finding of DDG specific impact factors is connected to the drying process 

of DDG and the presence of typical thermal reaction compounds, such as furfural. The 

Figure 10: Feasibility of enriching bakery 
products such as common wheat bread with 
DDG. Left and center: 20 and 10 % DDG shares, 
right: common wheat bread. The addition of 
DDG supports the look of a whole meal product 
and therefore increased sensory ratings were 
observed considering the appearance of bread 
loaves during sensory evaluation.  
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presence of furfural was firstly detected during gas chromatographic (GC) analysis of aroma 

extracts of section 2.3 and consequently quantified by targeted HPLC measurement to an 

amount of 2.7 mg/kg. Furfural originates from five carbon sugars, after heating under acidic 

conditions. The present conditions of the DG to DDG drying process (pH value, amounts of 

lactic acid, 1 to 3 h, 100 to 105 °C) consequently favor the formation of furfural. Since toxic 

effects of furfural on fermentation and growth of S. cerevisiae by inhibition of glucose uptake 

and fermentation rate were reported for bioethanol production (Horváth, Taherzadeh, 

Niklasson, & Lidén, 2001), its relevance for the production of bakery products under 

fermentation conditions of aerobic respiration had also to be considered. Examinations in 

model suspensions, furfural enriched wheat dough and DDG enriched dough merged 

indications for furfural out of DDG directly affecting dough development by evoking 

hindered fermentation. Additionally, to furfural, 11.7 mg/kg hydroxymethylfurfural (HMF), 

could be determined in DDG (unpublished data). HMF represents the corresponding 

metabolite to furfural, which arises out of six carbon carbohydrates like glucose after heating 

under acidic conditions. The reaction pathway processes via enolisation and multiple 

dehydration to the heteroaromatic HMF, as visualized in figure 11.  
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Figure 11: Furaldehyd formation under acidic heating conditions. HMF is generated after 
enolisation from glucose to 1,2-endiol, twofold dehydration to 3,4-didesoxyoson and 
subsequent cyclisation and dehydration. Furfural is generated via the same pathway, with 
pentoses as starting material 
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HMF as well is proposed as fermentation inhibitor, moreover synergistic effects and the 

influence of furaldehydes in general have to be considered (Iwaki, Kawai, Yamamoto, & 

Izawa, 2013; Sanchez, 1988). Figure 12 shows the effect of DDG on the fermentation 

performance in a model suspension characterized by the amount of total CO2. With 

increasing amounts of DDG, the amount of CO2 steadily declines2. Worth to mention, furfural 

might not be the only reason for decreased CO2 formation and hindered fermentation. Future 

studies should as well take the impact of other furaldehydes such as HMF into account. 

 

Figure 12: Production of CO2 during fermentation in a model suspension of saccharose in water, 
S. cerevisiae and increasing amounts of DDG (0.0-5.0 g), n=2 for 0.0-4.0 and n=1 for 5.0 g DDG 
(unpublished data)  

In summary, the cause study of DDG in bakery products revealed a complex interplay of 

multiple effects such as lower pH, lower enzyme activities and limited substrate availabilities 

as well as impact through thermal reaction compounds, such as furfural and HMF. 

Furthermore, common side effects accompanying the utilization of high fiber additives 

provoked by the dietary fiber fraction are not negligible.  

The interrelationship of texture and flavor  

Besides the isolated consideration of both texture and flavor, the interrelationship of these 

two important impact factors should also be taken into account. Undoubtedly, the flavor of a 

food product is affected by its texture and consequently changes in important textural 

characteristics can induce alterations in aroma release before or during consumption as a 

consequence. It is known for decades, that there are interactions between volatile 

compounds and non-volatile macromolecules and the existence of hydrogen bonds between 

carbohydrates, water and odor active volatiles, as well as hydrophobic interactions between 

proteins and volatiles must be considered (Le Thanh, Thibeaudeau, Thibaut, & Voilley, 1992).  

                                                 
2 Quantification methodology according to section 2.4 
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To generate a nerve impulse necessary for the transformation of chemosensory information 

into electrical signals that subsequently are transmitted to the bulbus olfactorius, an odor 

active compound must be present in adequate concentration and additionally show sufficient 

volatility to reach the regio olfactoria. However, compared to the volatility in pure water, the 

presence of proteins, polysaccharides or lipids can reduce the volatility of an aroma 

compound (Druaux & Voilley, 1997). Consequently, the alteration in the composition of 

ingredients, that is provoked by the addition of DDG to food products obviously induces 

changes in the microstructure of food matrices and ultimately in the release of aroma 

volatiles. Besides, non-volatile compounds, i.e. sodium chloride, lactic acid, ethanol and 

organic acids are reported to affect the perception of other compounds, which ultimately will 

lead to modified bread aroma (Pico, Bernal, & Gómez, 2015). According to Thanh et al., the 

volatility and sorption of volatile compounds by substrates such as proteins or carbohydrates 

is likewise influenced by the water content (Le Thanh et al., 1992). In the context of DDG 

enriched systems, the reduced availability of free water in the system, as well as the higher 

amount of fat, protein and dietary fiber changes the microstructure and therefore might be 

crucial for the release of volatiles.  Moreover, the rate and amount of odorants released into 

the oral cavity depends both on the retention of flavor compounds in the food matrix, as well 

as on the interplay of volatiles and main ingredients of the system (Harrison & Hills, 1997). 

Consequently, the degree of aroma release from a food product can change and even 

determine the sensory perception of a food product (Clawson, Linforth, Ingham, & Taylor, 

1996). In this context, future investigations should take the relationship of aroma release and 

texture of DDG enriched products, including aroma recombination trials in the food matrix 

into account.  

The drying process of DDG 

After illuminating the multiple aspects that accompany DDG addition to food products and 

gathering novel knowledge on the aroma composition of DDG, as well as on the alterations 

appearing during its utilization, there is growing evidence that the drying process plays a key 

role for future properties and the utilization potential of DDG. During section 2.3 und 2.5 

aroma volatiles in DDG and transfer effects of odorants from DDG to the food product were 

investigated and it was proven that the composition of odor active volatiles was directly 

reflected by the impact of the high temperatures during the drying process (Roth et al., 2016; 

Roth et al., 2014). To confirm this hypothesis, the aroma composition of freeze-dried samples 
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of DDG was investigated (unpublished data). As expected, freeze-dried DDG predominantly 

supported sour and rancid aroma, but did not support roasty odor impressions. During 

analysis of freeze-dried DDG enriched bread crumb and crust samples, the absence of several 

pyrazines, as determined in heat-dried DDG, could be confirmed. However, additional 

degradation products of the lipid metabolism (hexanal, (E)-2-nonenal) could be determined, 

as well as higher concentrations of lipid oxidation products in general. One reason for these 

alterations is reflected in the higher activity of lipoxygenases, due to a missing heat treatment 

step. Though, it could be successfully shown that the drying step is a decisive step for the 

formation and composition of aroma volatiles in DDG enriched food products.  

During section 2.4, it could be revealed that heat induced formation of HMF & furfural is 

triggered by present temperatures and acidic conditions during the drying process. The 

content of furaldehydes subsequently affects the processing in fermented foods such as 

bakery products, by inhibitory effects on the fermentation which consequently leads to 

inferior end product quality. With the choice of a gentle and low-temperature drying 

procedure, such as lyophilization, the formation of toxic reaction components (HMF, furfural, 

acrylamide) can be avoided in a simple way. Besides, nutritionally valuable ingredients 

(protein, vitamins) are preserved and beneficial for the further utilization of DDG as a positive 

side effect. According to Liu et al. the poor quality of protein, which appears especially in dark 

heat treated samples of DDG, likewise depends on the low content of lysin (Liu, 2011). By 

reaction at the ε-amino group of lysin with reducing carbohydrates such as glucose during 

Maillard reaction, a significant decline in the availability of lysin is induced during excessive 

heating (Liu, 2011). By gentle drying, the protein would not aggregate or denature to that 

extent, would remain better digestible and gain a higher nutritional value due to higher 

amounts of lysin, which in consequence would enhance its marketability (see section 2.2). 

Therefore further research is needed on the development of gentle and eco-efficient drying 

technologies for improved end product quality of DDG. 

Functional fractions of DDG 

For the successful exploitation of DDG in the near future, non-targeted and whole byproduct 

utilization approaches as examined in this study most not necessarily remain the way of 

Upcycling DDG in food products (see also section 2.2, targeted and non-targeted 

approaches). In 2006, Rosentrater et al. suggested the production of DDG with high-protein, 

low-fiber fractions and high-fiber, low-protein fractions (Rosentrater & Krishnan, 2006). 
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Tailored fractions can be of special interest for food applications, i.e. to supply the demand in 

low calorie, low carb and high protein foods (Rosentrater & Krishnan, 2006). The theory of 

enriched functional fractions instead of pure ingredients in food production and byproduct 

valorization was also reported by van der Goot et al.  (van der Goot et al., 2016). According to 

the authors, shifting the focus from purity on functionality is necessary for a more efficient 

and sustainable production of food. Moreover, enriched fractions are beneficial, since native 

structures of the raw material might be preserved and bioavailability of micronutrients 

(vitamins, trace elements) will increase. Generally, food production will become more 

sustainable, avoiding high energy and high cost-purification steps (van der Goot et al., 2016). 

Functional fractions can balance the bottleneck of inconsistent composition and qualities of 

different DDG sources available on the global market, that happen due to grain species, grain 

quality, growth conditions such as weather and soil and lately conditions of the ethanol 

manufacturing process and byproducts processing, i.e. drying.  

To conclude, this study provides detailed knowledge on the aroma composition of DDG, as 

well as on the effects that accompany DDG addition in the cereal based food product using 

the example of wheat bread. The enrichment of DDG in wheat bread is possible in limited 

amounts, as it is known for other high fiber additives such as bran. Higher amounts strongly 

affect the dough and bread system negatively and support alterations in the aroma 

composition that induce uncharacteristic aroma impressions. Due to the high amount of 

dietary fiber, already 10 % of DDG provide a nutritional benefit to food products. This 

knowledge should encourage the development of gentle drying technologies of DG that 

avoid the formation of undesirable reaction compounds, preserve important nutrients and 

enable the targeted treatment of DDG for an improved utilization. Characteristics, strengths 

and weaknesses of DDG were determined and commonalities and differences to other cereal 

byproducts were presented in detail. These insights can support the transfer of this 

knowledge to other food systems and can help to enable the development of food products 

enriched with DDG. In future, the value of this byproduct can increase in metabolic cycling of 

food materials by being a resource for novel products in secondary process streams.  
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