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Abstract 

First-generation bioethanol is primarily produced from sugar-cane and starch feedstock, 

mainly in Brazil and the USA. However, these feedstocks directly impact the food chain, 

necessitating alternative sources for bioethanol production. Exploring lignocellulosic biomass 

has increased bioethanol production due to its abundant availability and polysaccharide 

components. However, its recalcitrant nature requires pretreatment to facilitate enzymatic 

saccharification. After pretreatment, the cellulose and hemicellulose components in 

lignocellulosic biomass can be hydrolyzed by cellulases and hemicellulases enzymes to 

release fermentable sugars C6 and C5. Norwegian domesticated Ebbegarden kveik yeast was 

studied for its ability to ferment glucose into ethanol at elevated temperatures. The primary 

aim was to evaluate the yeastôs capacity to produce ethanol at 42 0C using sugars from two 

lignocellulosic fractions generated after steam-explosion pretreatment, cellulose-rich cellin, 

and hemicellulose-enriched wood molasses. 

The research used liquid wood molasses from Spruce and Birch, and solid spruce cellin 

hydrolysates for yeast fermentation using Syringe piston and Blue Sens Gas Analyzer. Spruce 

molasses was diluted to a certain percentage of dry solids, wherease birch molasses and cellin 

hydrolysates were directly used for fermentation. Wood molasses were subjected to enzymatic 

saccharification with the EC200 enzyme, corresponding to 3.2kU /g DS hemicellulase activity. 

Cellin hydrolysate was fermented with 20µM and 35µM  Zn supplementation and 0.09g/L 

yeast vitamin supplementation to investigate the impact on ethanol yield. Samples were 

collected before and after fermentation to analyze the glucose and ethanol concentration by 

HPLC. 

Ebbegarden kveik yeast demonstrated efficient utilization of C6 sugars and lesser utilization 

of C5 sugars in the experiment with various carbon sources. Immobilized yeast beads showed 

enhanced glucose consumption, indicating protection against hydrolysate inhibitors. 

Enzymatic saccharification significantly increased glucose content in both birch and spruce 

wood molasses. Zinc supplementation boosted the glucose consumption rates but did not 

affect ethanol yield, suggesting complex interactions between substrate composition and yeast 

metabolism. Additionally, experiments with alginate beads in a 1:5 ratio to the final 

fermentation volume resulted in a higher glucose consumption rate but lower ethanol yield. It 

is hypothesized that the impact of toxic compounds in lignocellulosic biomass led to diauxic 

shifts and accumulation of trehalose. This metabolic shift, consuming most glucose, might be 
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the potential reason for the low ethanol yields, indicating that kveik yeast is sensitive to toxic 

environmental conditions. The reusability of alginate beads in repeated batch fermentation for 

lignocellulosic fractions, particularly wood molasses, may not be ideal, as the beads were 

clogged by microparticles present in them. This study showed that Ebbegarden kveik yeast is 

not suitable for second-generation bioethanol production at 42 0C. Further studies should 

explore kveik yeastôs stress response mechanisms and innovative strategies to improve 

fermentation efficiency in fermenting lignocellulosic biomass. 
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1 Introduction 

1.1 An alternative to fossil fuel 

Urbanization and a rapid expansion in the global population have raised the demand for 

various essentials, including food, clean water, and electricity. This surge in worldwide 

demand contributes to gasoline's depletion and subsequent price escalation. The transportation 

industry is the most fuel-intensive sector, consuming sixty percent of all fossil fuels globally 

(Dutta & Suresh Kumar, 2023). With the current consumption rate, the remaining fossil fuel 

reserves are projected to last for a minimum of forty to fifty years. Global fossil fuel usage 

leads to greenhouse gas release, causing global warming. It is essential to identify alternate 

energy sources to ensure environmental sustainability, considering the detrimental 

consequences of fossil fuels and their finite supply (Chac·n Navarrete et al., 2021). Bioethanol 

has emerged as the most extensively utilized alternative to fossil fuels in the transportation 

sector. Since the 1980s, numerous countries have shown keen interest in using bioethanol as 

a fuel replacement. In Europe, Germany and France took early steps towards adopting 

bioethanol as a fuel in 1984 (Mohd Azhar et al., 2017). Over the last decade, the bioethanol 

production from fermentation of carbohydrate-rich biomass has experienced significant 

growth. The United States and Brazil collectively account for  89 % of global bioethanol 

production. In the USA, bioethanol is primarily produced from corn starch feedstock, while in 

Brazil, it is derived from sugarcane juice and molasses (Limayem & Ricke, 2012). 

1.2 The fermentation process and yeasts 

Fermentation is a well-established natural metabolic process carried out by microorganisms 

like yeast. Yeast can convert low molecular fermentable carbohydrates, such as glucose, 

maltose, sucrose, and fructose, into ethanol without oxygen, i.e., anaerobic fermentation 

(Hossain et al., 2017).  The conversion of glucose to pyruvate and further to ethanol is known 

as the Embden-Meyerhof pathway. The fermentation process begins when yeast cells uptake 

glucose and convert it into pyruvic acid via the glycolysis pathway. Subsequently, pyruvic 

acid transforms into ethanol and CO2. In yeast cells undergoing anaerobic fermentation of 

sugars, the regeneration of NAD+ is crucial for maintaining redox balance and sustaining 

glycolysis. This process involves the decarboxylation of pyruvate by the enzyme pyruvate 

decarboxylase, resulting in the intermediate production of acetaldehyde and CO2. 
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Acetaldehyde is further reduced to ethanol by alcohol dehydrogenase, concurrently 

regenerating NAD+. 

 

 

Alcohol dehydrogenase (ADH) is metalloenzyme that converts acetaldehyde into ethanol 

during fermentation, as depicted in Figure 1 (Raj et al., 2014). Alcohol dehydrogenase relies 

on zinc (Zn2+)  as an essential cofactor for its activity. If zinc availability is limited in the 

fermentation medium, it can compromise the rate and extent of alcohol production.  ADH can 

also catalyze the reverse reaction of ethanol conversion into acetaldehyde with a lower 

catalytic efficiency (Bennetzen & Hall, 1982). Yeast ADH is a tetrameric enzyme requiring 

one zinc ion as a cofactor in its four active sites. The adequate concentration of Zn in the 

medium is 0.3 ppm, while higher levels (3-5 ppm) may repress yeast activity (Yang & Zhou, 

2001) (Russell, I. 2003). 

The simplistic chemical equation for the production of ethanol from glucose is as follows: 

C6H12O6 (Glucose)                                          2 C2H5OH (EtOH) + 2 CO2 (Carbon dioxide) 

The stoichiometric proportions from this equation tell that the complete conversion of glucose 

to ethanol is a 1:2 mole ratio.  Thus, the theoretical ethanol yield by mass is :  

Y (P/S) = 
  z  Ȣ

  z  Ȣ
 = 0.511 g ethanol g-1 glucose.  

In practice, the ethanol yield rarely exceeds 90-95% of the theoretical value due to the 

requirement for some nutrients to be utilized in biomass synthesis and cell maintenance. 
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At sugar levels above 1% (w/v) in the medium, Saccharomyces cerevisiae favors alcoholic 

fermentation over aerobic respiration due to the Crabtree effect. When an increased flux of 

sugars enters the yeast cells, the influx results in an increased production of NADH, which the 

respiratory chain cannot completely oxidize. Hence, ethanol production by alcohol 

fermentation is required to remove the excess NADH (Ishtar Snoek & Yde Steensma, 2007). 

Crabtree-positive yeasts have a high expression of pyruvate decarboxylase enzyme in aerobic 

conditions. (Ishtar Snoek & Yde Steensma, 2007). The aerobic respiration in yeast through the 

Figure 1: Central metabolism of Glucose in Saccharomyces cerevisiae (Gancedo & 

Flores, 2004) 
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Krebs cycle yields higher ATP (approximately 18 ATP per glucose molecule) than alcoholic 

fermentation (2 ATP per glucose). However, not all yeasts exhibit the Crabtree effect.  

There are several challenges with the Crabtree effect, such as incomplete fermentation, 

production of off-flavors, undesirable products, and loss of biomass yield (Heitmann et al., 

2018; Pfeiffer & Morley, 2014; Russell). As crabtree-positive yeast, S.cerevisiae has evolved 

to respire ethanol when glucose is depleted. In the presence of low sugar concentration, the 

yeast switches its metabolism from alcoholic fermentation to respiration, which utilizes the 

tricarboxylic acid cycle (TCA), known as the ñdiauxic shiftò (DeRisi et al., 1997; FOULKES, 

1951; Galdieri et al., 2010; Gasch & Werner-Washburne, 2002). The transition from 

fermentation to respiratory metabolism stimulates mitochondrial metabolism and alters the 

mitochondrial network's morphology, composition, and size (Malina et al., 2018). During 

ethanol fermentation, yeast cells encounter several stressors, including elevated ethanol levels, 

heat, and osmotic pressure (G. M. Walker & Basso, 2020). To sustain these challenges, yeasts 

respond by accumulating trehalose (Divate et al., 2017). Trehalose accumulation is a hallmark 

of yeast cells' rapid adaptation to changing environmental conditions (François & Parrou, 

2001). Trehalose is a disaccharide, comprising of two glucose molecules (Ŭ-D-

glucopyranosyl-Ŭ-D-glucopyranoside) (He et al., 2009). It is a crucial carbohydrate storage 

compound (François & Parrou, 2001). It is critical in protecting cells against stress (Divate et 

al., 2017). S. cerevisiae produces various secondary metabolites linked to several metabolic 

pathways.  Glycerol formation is a second necessary byproduct of anaerobic fermentation 

along with ethanol. It has been estimated that around 4% of the sugar feedstock is converted 

into glycerol as a significant byproduct produced by non-engineered S. cerevisiae (Nissen et 

al., 2000). In the glycolysis pathway, di-hydroxy acetone phosphate is an intermediate 

precursor to glycerol. Di-hydroxy acetone phosphate is reduced to glycerol 3-phosphate by 

glycerol-3-phosphate dehydrogenase (GPD) enzyme. Further glycerol 3-phosphate 

dephosphorylated to glycerol by glycerol-3-phosphatase (GP) enzyme (Nevoigt et al., 2002; 

Sigler & Höfer, 1991).   The synthesis of glycerol has significant roles in physiological 

conditions during yeast metabolism, including osmoregulation and maintaining intracellular 

redox balance during anaerobic fermentation (Blomberg & Adler, 1992; Dijken & Scheffers, 

1986). Glycerol formation leads to a lower amounts of ethanol yield.  

Yeasts are not nutritionally demanding microbes. For growth, it needs fundamental substances 

such as fermentable sugars, amino acids, minerals, and oxygen (Walker & Stewart, 2016).  
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S. cerevisiae is the predominant yeast used in alcohol fermentation and has been used in 

making alcoholic beverages for centuries. The optimum temperature range for ethanol 

fermentation is between 20 °C and 35 °C, with the ideal temperature for S. cerevisiae cells 

being about 30 °C. Yeast cells consider high temperature an environmental stressor, causing 

them to produce heat shock proteins that inactivate their ribosomes. An elevated temperature 

can disrupt the tertiary structure of enzymes that regulate the fermentation process. pH 

regulation is crucial during fermentation to regulate H+ concentration changes in the medium, 

which might impact the yeast cells' plasma membrane charge and nutrient permeability. The 

ideal pH range for yeast fermentation in ethanol production is 4.0 to 5.0 (Zabed et al., 2014).  

1.3 Lignocellulosic biomass as feedstock 

First-generation (1G) bioethanol is produced from feedstocks derived from sugar and starch. 

While ethanol generated from these feedstocks is well established in countries like Brazil and 

the USA, it is impractical to substitute one trillion gallons of fossil fuels consumed worldwide 

each year with bioethanol made from corn-based and sugar-based feedstocks (Limayem & 

Ricke, 2012). 1G bioethanol production is not sustainable because of the rise in bioethanol 

production levels that coincide with the world's population growth, which may threaten food 

and feed security worldwide (Broda et al., 2022). These problems have led to much exploration 

into other sources that can be used as feedstock for bioethanol production. Lignocellulosic 

biomass (LCBs) is an abundant feedstock that does not compete with food sources. Due to its 

content of cellulosic polysaccharides, LCB is considered a second-generation (2G) feedstock 

in bioethanol production (Broda et al., 2022). Lignocellulosic biomass utilized for biofuel 

production primarily comes from industrial, forest, and agricultural biomass and waste sources 

(Kordala et al., 2024). Forest biomass comes primarily from woody materials such as 

softwoods and hardwoods (Limayem & Ricke, 2012) 

 Lignocellulosic biomass consists mainly of cellulose (40-60%), hemicellulose (20-40%), and 

lignin (10-25%), along with a minor amount of minerals, acetyl and phenolic groups. The 

structural composition and biopolymers of LCB are shown in Figure 2. Although the 

composition of the polymers in biomass varies, cellulose and hemicellulose comprise around 

two-thirds of its total dry mass (Ashokkumar et al., 2022). Cellulose, the most prevalent 

natural polymer on Earth, is composed of cellobiose units connected by ɓ-(1,4)-glycosidic 

linkages (Ashokkumar et al., 2022) (McDonald et al., 2012). Cellulose contains less dense 

amorphous regions susceptible to degradation and spaced apart. In contrast, it also has 
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crystalline regions, characterized by various crystalline structures in cellulose, which are 

resistant to degradation due to numerous hydrogen bonds between intra and interchain 

hydroxyl groups. The second most abundant polysaccharide is hemicellulose, known as xylans 

and glucomannans. Xylan is found between 15-30 % in hardwoods and 7-10 % in softwoods 

(Walia et al., 2017). Softwoods comprise evergreen species such as pine, cedar, spruce, 

cypress, fir, hemlock, and redwood; hardwood trees include poplar, willow, oak, cottonwood, 

aspen, and birch. Xylan is the main hemicellulose component of hardwoods, and mannan-type 

hemicelluloses like glucomannans and galactoglucomannans are the primary components in 

softwood. Moreover, these mannans are present in minor amounts in hardwoods. (Gírio et al., 

2010; Limayem & Ricke, 2012). The linear Xylan chain is composed of xylopyranose, 

branching with short carbohydrate chains constituting arabinose, mannose, galactose, 

rhamnose, and 4-O-methylglucuronic acid (Bonechi et al., 2017). The complete hydrolysis of 

xylan requires the synergistic action of multiple enzymes, referred to as Xylanases, with 

overlapping and variable specifications and actions (Carvalho et al., 2018).  
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1.4 Pretreatment of lignocellulosic biomass 

Lignocellulosic biomass is recalcitrant in structure, and cellulose, hemicellulose, and lignin 

chemically form the structural matrix. The production of bioethanol from this feedstock 

requires pretreatment. Pretreatment is a crucial step in the enzymatic hydrolysis process, as it 

prepares lignocellulosic biomass for efficient breakdown into cellulose, hemicellulose, and 

lignin components, as depicted in Figure 3. This breakdown facilitates the release of C5 and 

C6 carbohydrates, fermentable sugars that microorganisms can ferment to produce bioethanol 

(Ashokkumar et al., 2022; Kumar et al., 2009; Wang & Lee, 2021). Pretreatment methods can 

be grouped into four categories: physical, chemical, physicochemical, and biological. These 

techniques reduce biomass particle size, enhance porosity, and increase surface area to 

facilitate the enzyme's access to polysaccharides for hydrolysis (Broda et al., 2022). Physical 

 

Figure 2: Structural representation showcasing the key components of lignocellulosic 

residues, with a specific emphasis on hemicellulose, cellulose, and lignin (Kaur et al., 

2024) 
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pretreatment methods employ mechanical forces, irradiation, and elevated temperature or 

pressure to reduce the size of lignocellulosic biomass and increase its surface area and pore 

volume. The techniques used to crush lignocellulosic biomass are chipping, grinding and 

milling, which results in final particle size from 10-33 mm to 0.2-2 mm, depending on the 

technique being used (Das et al., 2023; Mood et al., 2013). Whereas, in chemical pretreatment, 

various chemicals, including alkalis, acids, gases, organic solvents, and ionic liquids, are being 

employed (Das et al., 2023; Haghighi Mood et al., 2013; Rezania et al., 2020; Safarian & 

Unnthorsson, 2018). One of the most prolonged chemical-used methods of pretreatment of 

lignocellulosic material is acid hydrolysis with sulphuric acid ( 0.05- 5 % and higher 

concentration) and thermal treatment at 100-200 0C (Das et al., 2023). This pretreatment 

method with sulphuric acid is a dedicated method for woody biomass (Zhu et al., 2015). 

Physico-chemical pretreatment utilizes physical and chemical processes to pretreat the 

lignocellulosic biomass effectively. Steam explosion has been the primary technique used for 

bioethanol production. It is affective for all types of biomass, including large particles of 

biomass (Das et al., 2023; Haghighi Mood et al., 2013; Safarian & Unnthorsson, 2018). 

Several other physico-chemical methods are available for the pretreatment of lignocellulosic 

biomass, such as, ammonia fiber expansion (AFEX) (Balan et al., 2009), supercritical CO2 

(Badgujar et al., 2021), liquid hot water (LHW) (Zhuang et al., 2016). The final pretreatment 

approach employs microorganisms or their enzymes to diminish the recalcitrance of 

lignocellulosic biomass, thereby enhancing its accessibility for enzymatic hydrolysis. There 

have been research going on to explore the potential of bacteria and fungi for lignin 

degradation in lignocellulosic biomass. Although biological treatment is energy saving and 

environmental friendly, its disadvantages are apparent such as low degredation rate which 

results in long time pretreatment stage (Liu et al., 2019). 

A potential problem from the pretreatment of lignocellulosic biomass is the formation of 

inhibitors such as furan derivatives and phenolic chemicals (Bertacchi et al., 2022). As a result, 

a detoxification process from LCBs is needed for bioethanol production. The toxic compounds 

can heavily diminish microbial cell growth and repress critical metabolic enzyme in the yeast 

cell, named alcohol dehydrogenase, which results in ethanol yield reduction and productivity 

(Almeida et al., 2011; Gupta et al., 2017, p. 200; Modig et al., 2008). The generation of 

inhibitors is a limiting challenge for properly exploiting the high solid loading of LCB 

substrate. An efficient pretreatment approach is needed for lignocellulosic biomass to 
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minimize the production of inhibitors and increase the yield of reducing sugars (Liu et al., 

2019).  

 

 

 

 

 

 

 

 

1.4.1 The Glommen Technology process 

   

 

 

 

 

 

 

 

 

 

 

Figure 4: Schematic representation of Glommen technology process for lignocellulosic biomass 

pretreatment 

Figure 3: Schematic representation of the role of pretreatment of lignocellulosic biomass 

(Kumar et al., 2009) 
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In most cases, the outcomes of a pretreatment process are two fractions: an insoluble solid 

containing mainly cellulose and lignin and a liquid fraction containing hemicellulose (Gírio et 

al., 2010). Glommen Technology AS, Elverum, developed a wood processing system based 

on stem explosion that generates a wood-based material and a hemicellulose-derived material 

from a wood raw material (US Patent No. 2020/0040273 A1). The method starts by exposing 

the material to high temperature (150 0C-230 0C) and pressure for 2-10 minutes, then rapidly 

reducing the pressure, resulting in explosive decompression within the material. Steam 

explosion precedes the washing and separating step shown in Figure 4, resulting in solid and 

liquid components enriched in cellulose, lignin, and hemicellulose. The hemicellulose-

enriched liquid component is filtered and evaporated to generate a syrup (wood molasses). 

The filtered liquid can be fermented into ethanol. 

Meanwhile, the partially dried solid component called Cellin, is enriched in cellulose, lignin 

and insoluble hemicellulose. The Centre of Plant Science and Biopolymer Research at 

Edinburg Napier University analyzed the hemicellulose-rich wood molasses and found it to 

contain 84.1% total saccharides. Analysis conducted by Eurofins Environment Testing 

Norway revealed that 10-12% of these saccharides are monosaccharides. 

1.5 Enzymatic hydrolysis of the cellulose component  

Cellulose and hemicellulose can be enzymatically hydrolyzed to produce cellobiose and 

glucose from cellulose, as well as various pentose and hexose sugars from hemicellulose. The 

enzymes responsible for the hydrolysis of these two are cellulases and hemicellulases ( mainly 

Xylanase) (Zhao et al., 2019). Cellulases are multienzyme consisting of three various 

components, namely endo-1,4-ɓ-D-glucanase (breaks intermolecular bonds in cellulose 

randomly), exo-1,4-ɓ-D-glucanase (removes monomers and dimers from the end of the 

glucose chain), and ɓ-glucosidase (hydrolyses glucose dimers, cellobiose and other short 

cellulose oligomers into glucose molecules). The complete hydrolysis of cellulose requires the 

synergistic role of all these components (Malherbe & Cloete, 2002). Hydrolysis of 

hemicellulose is simpler than cellulose due to the accessible amorphous structure. The core 

enzymes include ɓ-1-4-mannosidases, endo-1,4-ɓ-mannanases, endo -ɓ-1,4-xylanases, and 

xylan 1,4-ɓ-xylosidases The de-branching enzymes are acetylxylan esterase, Ŭ-L-

arabinofuranosidase, ɓ-glucuronidase, ferulic acid esterase, and p-coumaric acid esterase 

(Bhattacharya et al., 2015; Mohanram et al., 2013). 
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 Xylan, a pentose sugar, is a significant portion of hemicellulose from hardwoods (e.g., birch, 

beech). Hydrolytic enzymes play a crucial role in releasing monomeric sugars from 

polysaccharides efficiently. Utilizing enzyme combinations is essential for enhancing 

hydrolysis efficiency, as it reduces the number of enzymes required and shortens the time 

needed to convert all polysaccharides into fermentable sugars (Bertacchi et al., 2022). The 

concentration and source of enzymes significantly influence their activity in enzymatic 

hydrolysis. The optimal temperature for hydrolyzing LCBs enzymatically is typically around 

50°C, although this may vary depending on the specific enzymes used. Additionally, the 

process is pH-sensitive, with enzymatic activity being affected by changes in pH (Mahato et 

al., 2021).  

1.5.1 Separate hydrolysis and fermentation 

Different techniques are used in bioethanol production from cellulosic substrates. One 

example is separate hydrolysis and fermentation (SHF), as shown in Figure 5. Enzymes 

depolymerize polysaccharides, and sugars are fermented by yeast in two separate reactors. In 

SHF, enzymatic hydrolysis occurs at higher temperatures, between 45 ï 50 °C, while the yeast 

fermentation is conducted at moderate temperatures, approximately 30-35 °C in the following 

step (Kordala et al., 2024; Mohd Azhar et al., 2017). Increased generation of fermentable 

sugars following hydrolysis hinders cellulose activity by feedback inhibition in the SHF 

process. Most of the  lignocellulosic ethanol produced by this process is presented in Figure 5 

(Choudhary et al., 2016).  

 

 

 

Figure 5: The process flow of separate hydrolysis and fermentation  (Choudhary et al., 

2016) 
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1.5.2 Simultaneous saccharification and fermentation  

Simultaneous saccharification and fermentation (SSF) is a process where hydrolysis and 

fermentation occur in the same vessel. Yeast cells utilize the carbohydrates from cellulose and 

hemicellulose directly as enzymes release them. Consequently, the reactor glucose 

concentration is reduced, preventing enzyme inhibition by the end product. The main 

disadvantage of SSF is the difference in optimum temperatures between saccharification and 

fermentation (Nissen et al., 2000; Roberto et al., 2020; Wright et al., 1988).  The enzymatic 

hydrolysis rate during SSF increases by 13-30 % with SSF compared to separate enzymatic 

saccharification reported by (Ghosh et al., 1982). Additionally, the ethanol yield from 

lignocellulosic biomass reported by Ohgren et al. (Öhgren et al., 2007) was 13% higher from 

SSF than the SHF process. 

1.5.3 Fermentation mode 

Bioethanol fermentation can be carried out in batch mode. Batch fermentation, a closed 

system, is the most basic method for producing bioethanol, involving a single reactor where 

the substrate is added at the start of the process with no further additions or removals of the 

medium. The procedure enables regulating several parameters, such as temperature, pH, and 

agitation, which are crucial in ethanol production by yeast fermentation. After the nutrients 

i.e, the limiting carbon source, has been depleted, the medium is removed from the reactor to 

achieve the desired product by further processing. Batch fermentation is conducted with higher 

substrate concentration, and the final product is obtained once the nutrients are exhausted at 

the end of the fermentation process. Batch fermentation offers several advantages, including 

simple labor requirements, reduced risk of contamination, and rapid operation (Mahato et al., 

2021; Mohd Azhar et al., 2017). The ethanol yield achieved 82.35% from pineapple waste 

hydrolysate using S.ludwigii APRE2 at 37 0C. 

Similarly, Chamnipa and coworkers (2018) reported that using glucose concentration (160 

g/L), thermotolerant yeasts produced ethanol ranging from 22.78 to 70.42g/L at 40 °C. In batch 

fermentation of elephant grass biomass, the wild-type yeast M. caribbica strain yielded ethanol 

of 0.36 g ethanol/g glucose (Vargas et al., 2023). It's worth noting that substrate concentration 

significantly impacts ethanol yield, with ethanol yield decreasing notably when substrate 

concentration exceeds 160g/L (Zhang et al., 2015). 

Aryal's study investigated bioethanol production using four kveik yeast strains across 

temperatures from 32 °C to 47 °C (Aryal, 2024). The results revealed that the rich KYM media 
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yielded higher amounts of CO2 than YPG media during fermentation. Specifically, 

Ebbegarden kveik yeast (#Y9) demonstrated robust fermentation performance, producing 414 

ml of CO2 from KYM media containing 20 % (w/v) sugar beet molasses as the carbon source. 

This yeast strain efficiently consumed almost all available sugars within 48 hours of 

fermentation at 47 °C, outperforming other kveik yeast strains such as Voss (Y1), Eitrheim 

(Y14), and Stalljen (Y22). Notably, the ethanol concentration was more than double when 

fermented in KYM media compared to YPG media across various temperatures, including 32 

°C, 37 °C, and 42 °C, indicating higher ethanol yield from KYM media across a broad 

temperature range for kveik yeast. However, ethanol concentration decreased at 47 °C for all 

the tested kveik yeast strains. Furthermore, varying the initial glucose concentration from 20 

g/L to 120 g/L revealed that the highest ethanol yield was achieved at 120 g/L glucose levels, 

albeit with the lowest glucose conversion rate. These findings underscore the potential of 

utilizing kveik yeast in bioethanol production from lignocellulosic biomass, especially 

considering their robust fermentation performance across different temperatures and glucose 

concentrations. 

1.6 Norwegian domesticated Kveik Yeast 

The disappearance of traditional brewing practices and the entry of commercial yeast in many 

regions contrasts sharply with the enduring tradition of yeast cultures in western Norway, 

where farmhouse brewers have preserved their unique yeast strains for centuries. Norwegian 

farmhouse ale, or maltøl or kornøl, exhibits a distinct flavor profile attributed to its ingredients: 

malted barley, hops, and juniper branches. Until recently, only traditional farmhouse brewers 

exclusively maintained these yeast cultures, called kveik, suggesting these yeasts may be 

unique to specific regions and possibly domesticated. It's believed that kveik yeasts are 

domesticated because beers made with them are said to lack phenolic off-flavors (POF-) and 

ferment sugars from malt quickly due to their short fermentation times (Preiss et al., 2018). 

Preiss and coworkers (2024) recently presented findings from their research involving PCR 

fingerprinting and whole-genome sequencing. They found that kveik yeasts form a distinct 

group of beer yeasts, separate from known domesticated beer yeast strains. Their study also 

revealed signs suggesting the domestication of kveik yeasts, along with positive traits such as 

improved flavor compound production and better stress tolerance. These results indicate that 

kveik yeasts hold promise for various industrial uses. These strains are categorized into two 

categories based on their geographic origin. The typical kveik yeast culture consists of many 
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yeast strains, mostly S. cerevisiae. Kveik yeast strains are genetically distinctive compared to 

other cultivated S. cerevisiae strains. Multiple yeast strains within Norwegian kveik cultures 

suggest a potential for interdependence among these strains during fermentation. Kveik yeast 

strains offer distinct advantages over top-fermenting brewing yeasts, including high-

temperature resistance and the capacity to ferment above 30 °C, rapid alcohol fermentation, 

strong flocculation, and high alcohol tolerance. These benefits, combined with their notable 

ethanol tolerance and fermenting at higher temperatures, suggest a conserved trait within the 

kveik yeast group, potentially indicative of their domestication. There have been a few studies 

on kveik yeast in alcoholic beverage manufacturing, and its features are not yet fully exploited. 

Traditionally, the kveik yeasts are kept and stored dried on the surface of an oval wooden 

geometric construction, as shown in Figure 6, a method developed in the 17th  century. Storage 

maintenance has impacted the adaptive evolution of kveik yeast strains, developing unique 

phenotypic characteristics (Preiss et al., 2018).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Oval shaped wooden ring uses as  kveik yeast storage (Photo: Jan Thomas Rosnes 

© Nofima)  
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1.7 Aim of the study 

Thermotolerant yeast strains, such as kveik yeasts, can ferment reducing sugars into alcoholic 

beverages at temperatures exceeding 40 °C, demonstrating the potential for sustainable 

bioethanol production. To our knowledge, kveik yeasts have not yet been employed to produce 

bioethanol from lignocellulosic biomass. Recognizing the potential of lignocellulosic biomass 

(LCBs) as an abundant and non-food-competing feedstock, Glommen Technology AS has 

developed an advanced wood processing system. This innovative procedure transforms 

lignocellulosic biomass into valuable products: liquid wood molasses enriched with 

hemicellulose and solid cellin materials, enriched with cellulose and lignin. These products 

hold significant promise for applications in biofuel production and other industrial uses, 

highlighting the efficiency and potential of this cutting-edge technology. This research 

examines whether kveik yeast can effectively produce ethanol from steam-exploded pretreated 

lignocellulosic fractions, focusing on fermentation at 42 °C. 

To achieve the research aim, , the following hypotheses and strategies are proposed: 

1. Can kveik yeast produce ethanol from wood molasses and cellin hydrolysates? 

ü This will be evaluated by fermenting the sugars present in wood molasses and 

cellin hydrolysates into ethanol using kveik yeast at 42 ÁC. 

2. Do inhibitors in lignocellulosic biomass repress ethanol synthesis?  

ü This will be assessed by comparing the bioethanol production with kveik yeast 

suspended and immobilized cells.  

3. Does Zinc [Zn2+] impact ethanol production from cellin hydrolysates? 

ü This question will be addressed by conducting fermentation experiments with 

kveik yeast beads in enzymatic hydrolysates of cellin material, both with and 

without the addition of ZnĮ , to evaluate their effect on bioethanol yield. 

4. Does enzymatic saccharification enhance ethanol production from wood molasses?  

ü This will be investigated by comparing the ethanol yield from spruce and birch 

wood molasses with and without enzymatic saccharification. 

By addressing these questions, this study aims to provide a comprehensive understanding of 

the potential of kveik yeast in bioethanol production from lignocellulosic biomass, thereby 

contributing to the development of second-generation (2G) bioethanol production. 
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2 Materials and Method 

2.1 Materials 

2.2 Chemicals 

1. Chemical ingredients such as NaCl, CaSO4, peptone, D-glucose and calcium alginate 

were acquired from the general lab supplier VWR International AS. At the same time, 

absolute ethanol (C2H50H) was obtained from KiiltoClean AS and Xylan from 

beechwood was sourced from Apollo Scientific. L + arabinose, D-mannose, cellobiose, 

succinic acid,  and ZnSO4Ŀ7H2O,  were obtained from Merck Life Science AS. CaCl2 

and NaOH were obtained from Sigma-Aldrich. 

2.  Yeast Vitamin, a product from Brupaks, is composed of organic salts, vitamins, amino 

acids, and trace elements. The experimental enzyme EC 200 was a gift from DSM,  

( Royal DSM N.V, The Netherlands) and had a high level of Xylanase activity and a 

low level of CMCase activity, as reported in unpublished data by Faiza Khan (2023, 

KO StrÞtkvern, pers comm.) 

2.3 Yeast Sample 

The yeast used in this project was selected based on its fermentation capacity between 40ºC 

and 47ºC temperature (Aryal, 2024). The chosen yeast was Ebbegarden kveik yeast (K.9) 

granules obtained from Kveik Yeastery AS.  

 

 

 

 

 

 

Figure 7: Photoset sachets with dried Ebbegarden Kveik Yeast 
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2.4 Inoculum Preparation 

The yeast inoculum was prepared using YPG medium, which consists of yeast extract (10 

g/L), peptone (20 g/L), and glucose (20 g/L). The medium was autoclaved at 121 0C for 20 

minutes to ensure sterility. Ten milliliters of sterilized YPG medium was added to a sterile 

plastic test tube in Figure 8. Later, 2-3 granules of dried Ebbegarden yeasts were inoculated 

into the test tube using a sterile spoon. The inoculum test tube was incubated at 37 ºC for 24 

hours. Following incubation,  0.1 % (v/v) inoculum was added to the final fermentation 

volume into the fermentor (250 ml Erlenmeyer flask) to propagate yeast cells. 

 

 

 

 

 

 

 

 

 

 

 
Figure 8: Ebbegarden kveik yeast granules inoculated in 10ml 

sterile plastic test tube containing YPG medium 
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3 Ebbegarden Kveik Yeast beads  

3.1 Biomass production 

Six big Erlenmeyer flasks (3000 ml) were taken for yeast biomass production. Each flask 

contained 700 ml of KYM media. The KYM media recipe was in (g/L): CaSO4 0.25, CaCl2 

0.25,  yeast vitamin 0.09, casein hydrolysates 0.07, and sugar beet molasses 200. Also, 4 µl of 

0.65% ZnSO4 was used in KYM media. In addition, each 700ml KYM media flask was added 

with 5 grams of total glucose. All flasks were autoclaved at 121 0C for 20 minutes and then 

cooled to room temperature. Kveik yeast inoculum was prepared beforehand in KYM media 

without any additional glucose. Then 1 % (v/v) pre-inoculum kveik yeast was added to each 

flask, and aluminum foil was lightly put around the opening of the flasks. Then, the flasks 

were incubated at 30 oC at 150 rpm (Brunswick Innova 44 shaking incubator) for 24 hours. 

After producing the yeast (Figure 9), the biomass and media solution were centrifuged 

(SORVALL Evolution) with a SLA 3000 rotor at 4225 xg for 15 minutes. The supernatant 

was discarded, and the pellet was collected in falcon tubes (Figure 10). Aliquots of 0.9 % NaCl 

were used to recover the pellet sticking at the bottom of the centrifuged tube. Then, the falcon 

tubes were centrifuged again at 4225 G for 10 minutes, and the supernatant was discarded. 

The sedimented wet pellet was weighed at 83g in total. The cells were stored at 4 0C for 

subsequent use in the immobilization process. 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 9: Ebbegarden Kveik yeast biomass  

production in KYM media 
Figure 10: Yeast Biomass in 0.9% Nacl 



 31 

3.2 Production of Ca2+-Alginate beads 

The 83 g of yeast biomass was dissolved in 83 ml of physiological salt (0.9% NaCl) in a 500 

ml glass beaker until the lump-free ca 160-170 ml suspension. An equal volume of 4 % (w/v) 

sodium alginate (166 ml) was added to the beaker and stirred well to get an approximate ratio 

of 1:1 yeast to alginate. As alginate is very viscous, the ratio measurement is difficult. The 

beaker was placed on a stand close to a peristaltic pump that transferred the yeast alginate 

suspension through a 5 mm glass pipe and dispersed the solution using two sets of droplet 

manifold (BOLA 1 and BOLA 2). The manifold or 'showerhead' had openings of 1.5 mm. The 

droplets fell freely into a hardening bath of 0.2 M CaCl2 and 0.1 M NaCl, agitated gently with 

a magnetic stirrer (Figure 11). The height of the suspension beaker from the hardening bath 

was approximately 20cm. After the suspension turned into solidified Ca-alginate beads in the 

hardening bath, the 4 mm (diameter) spherical beads were kept in a cold room on stirring for 

20 hours to make them stronger. A total of 400ml beads were then filtered on a Büchner funnel 

and washed with distilled water twice to three times before storing them in a fermentation 

media. Fermentation media consisted of 50 ml of 0.1M CaCl2, 125 ml of 0.1M Succinate, and 

5 ml of 100x stock yeast vitamin in a total volume of 500 ml. The remaining portion of the 

volume was filled with distilled water. The pH was adjusted at 4.3 for CaCl2 and succinate 

before adding to the Erlenmeyer bottle. After creating the beads, it transferred to the bottle. 

The beads were stored at 4 0C for further usage. 
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3.3 Lignocellulosic biomass sample preparation 

Wood molasses made of spruce, birch, and cellin wood fibers were obtained from Glommen 

Technology AS. The uses of the wood molasses depended on the density and content of dry 

solids. Information provided by Glommen Technology AS was that spruce molasses contained 

ca. 75 % dry solid (DS), and birch molasses had about 10 % DS. The wood molasses spruce 

was dense and viscous, with a dark black hue. It was diluted with distilled water to 12 % DS 

Cell suspension in 

alginate solution 

Hardening bath 

 

Figure 11: Production of Calcium alginate kveik yeast beads 
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for the study shown in Figure 12. The birch sample was undiluted and added directly to the 

experimental procedure without extra processing steps depicted in Figure 13. 

The cellin is a dehydrated solid (> 95 % dry weight) produced by steam explosion treatment. 

Enzyme hydrolysates of Spruce Cellin had been prepared in an earlier research project 

conducted at INN (Strætkvern, pers. comm.). Spruce cellin at mass loading of 10 % (w/v) and 

20 % (w/v) underwent enzymatic saccharification using CellicTec2 at 4 % (w/w) and 6 % 

(w/w) respectively, producing the hydrolysates Cellin R1 and R2. The stated glucose content 

in R1 is at 4.5 g/L, whereas in R2, it is 16.1 g/L (Unpublished supplementary data, Glommen 

Technology AS, Nov. 2020). The two cellin hydrolysate R1 and R2 samples were introduced 

into the tests without dilution or other liquid processing. 

 

 

 

 

 

 

 

  

 
 Figure 13: Undiluted Birch wood 

molasses 
Figure 12: 7.5x diluted Spruce wood 

molasses with distilled water 
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4 Methodology 

4.1 Fermentation of different carbon sources by Kveik Yeast 

beads 

Ebbegarden kveik yeast beads were tested for fermenting different carbon sources in 

fermentation experiments. Each fermentation was conducted in a  250 ml Erlenmeyer flask, 

serving as a fermentation reactor, with a total reaction volume of 50 ml. To assess the 

fermentation efficiency, 1 % (w/v) to the final concentration of each of the following carbon 

sources ï glucose, xylose, cellobiose, arabinose, and mannose ï was added to the final volume 

(12.5 ml each). In addition to the carbon sources, the following components were added to 

each flask: 5ml of 0.1 M CaCl2 (final concentration 0.01M), 12.5 ml of 0.1 M succinate (final 

concentration 0.025 M), and 0.5ml of (0.09 g/L,100x) yeast vitamin (final concentration 4.5 

mg) and 19.5 ml of distilled water, resulting in a final volume 50 ml. The immobilized kveik 

yeast beads were added to each flask at a ratio of 1:5 (10 ml of beads per 50 ml final volume). 

To create anaerobic conditions, a syringe piston was inserted into the opening of each flask. 

The flasks were then incubated at 42 °C. The production of CO2 in each flask served as an 

indicator of carbon source fermentation into ethanol by the immobilized kveik yeast beads. 

 

 

 

 

 

 

 

 

 

 



 35 

4.2 Experimental Method 

The main experimental workflow followed in this project is illustrated in Figure 14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Schematic representation of project workflow 
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4.3 Batch Fermentation of wood molasses 

4.3.1 Spruce Molasses - hydrolysis and fermentation with yeast-alginate 

beads 

Spruce wood molasses (12 ml) was diluted with 62 ml of distilled water to make 74 ml of total 

volume. The solution had a pH of 4.70. The molasses mixture was split into two 250 ml bottles, 

each containing 37 ml of the molasses with a 12% dry substance content. The pH of the 

solutions was then adjusted to 6.5, at which the enzyme works best. A 1.5 ml sample was taken 

to determine the glucose concentration before hydrolysis treatment and stored at 4 oC for 

HPLC analysis. The hydrolysis of spruce molasses was carried out using a 2 % (v/w) dose 

(240 µl) of the enzyme EC200 corresponding to hemicellulase activity of 3.2kU /g DS. The 

enzyme was added to one bottle, and the other bottle was left untreated (control). The two 

wood molasses samples were incubated in a water bath at 50 ºC for 3 hours. Following 

incubation, the bottles were heated at 85 ºC for 15 minutes to deactivate the enzymatic 

hydrolysis. After that, both bottles were cooled to room temperature. 

After enzymatic hydrolysis, 1.5 ml of the sample was removed for HPLC analysis. The pH 

was re-adjusted to 4.3, a crucial factor for yeast fermentation. 12.5 ml of 0.1M Succinate and 

500 µl of 100x yeast vitamin were added to 50 ml final reaction volume for fermentation in 

both bottles, treated and untreated with the enzyme. Ten milliliters of Ebbegarden kveik yeast 

alginate beads (Figure 17)  were added to each bottle in a 1:5 ratio to fermentation reaction 

volume. A silicon stopper fitted with a 100 ml syringe piston was placed into the opening of 

each bottle (Figure 15). Then, the bottles were incubated under anaerobic conditions at 42 ºC 

for fermentation.  

When the kveik yeast starts fermenting C6 sugars from molasses into ethanol, it produces CO2 

gas. The molar ratio of CO2 and ethanol is the same. This gas will create pressure to push the 

syringe upward. The production of CO2 volume was assessed by reading the syringe scale at 

certain time intervals. The bottles were shaken randomly to disperse reducing sugars and yeast 

beads. The fermentation was run for 43 hours. After 43 hours, CO2 generation ceased, and 1.5 

ml samples were removed for glucose and ethanol analysis, named post-fermentation samples.  
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Figure 16: Syring piston reactors at the 

initiation of fermentation  during 

bioethanol production by yeast-alginate 

Beads from birch  wood molasses.  

Left bottle :  EC200 enzyme treated ; Right 

Bottle: No enzyme treatment. Syringe piston 

was evaluated the production of CO2. (n=1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Syringe piston reactors at the 

initiation of fermentation to produce bioethanol 

by yeast-alginate beads from spruce wood 

molasses. 
Left bottle : EC200 enzyme treated ; Right Bottle: No 

enzyme treatment. Syringe piston was evaluated the 

production of CO2. (n=1) 

Figure 17: Volumetric measurement of  2% Ca-

Alginate Ebbegarden kveik yeast beads before adding 

them to fermentation bottle. 
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4.3.2 Birch Molasses - Hydrolysis and fermentation with yeast-alginate 

beads 

The birch molasses was used directly as a fermentation medium. 37 ml of molasses solution, 

having a 10% dry material content, was taken into two separate 250ml bottles. Since the 

sample had a pH of 3.17, the pH was adjusted to 6.5, which allowed the enzyme to work 

efficiently. Before proceeding with the hydrolysis treatment, a 1.5 ml sample was removed to 

determine the glucose and ethanol concentration. A 2% (v/w) dosage (200µl) of the enzyme 

EC200 was used for the hydrolysis, corresponding to hemicellulase activity of 3.2kU/g DS. 

The enzyme was added to one bottle, and the other (control) was treated without the enzyme. 

Both bottles were incubated in a water bath at 50 ºC for 3 hours. Following incubation, the 

bottles were heated at 85ºC for 15 minutes to stop the enzymatic hydrolysis. After that, both 

bottles were cooled to room temperature. 

After hydrolysis, 1.5 ml of the sample was removed from both bottles for HPLC analysis. The 

pH was then re-adjusted to 4.3,  a critical factor for yeast fermentation. 12.5 ml of 0.1M 

Succinate and 500 µl of yeast vitamin were added to 50 ml final reaction volume for 

fermentation in both bottles, treated and untreated with the enzyme. Ten milliliters of 

Ebbegarden kveik yeast alginate beads were added to each bottle in a 1:5 ratio to fermentation 

reaction volume. A silicon stopper with a 100 ml syringe piston was inserted into the openings 

of the bottles. They were then incubated at 42ºC under anaerobic conditions, as shown in 

Figure 16. The CO2 volume was measured at a particular time interval. The bottles were 

shaken randomly to disperse reducing sugars and yeast beads. The fermentation was run for 

43 hours. After 43 hours, CO2 generation ceased, and 1.5 ml samples were removed for 

glucose and ethanol content analysis. 
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4.3.3 Fermentation of Cellin R1 hydrolysates by suspended yeast cells 

Cellin hydrolysates were fermented in triplicates in 250 ml bottles (n=3). The reaction volume 

of  50 ml consisted of 25 ml of Cellin R1-hydrolysate and 25 ml of yeast extract (10 g/L), and 

peptone (20 g/L). In this experiment, 50 µl (0.1% (v/v)) of Ebbegarden yeast inoculum was 

inoculated to the bottles. The bottle openings were lightly covered with aluminum foil. The 

reaction bottles were placed in a reciprocating shaker at 150 rpm for 24 hours at room 

temperature for yeast cell propagation. After the propagation of cells, a syringe piston was 

inserted into the opening to create the anaerobic condition for fermentation. Then, the bottles 

were incubated at 42 ºC for 48 hours. The CO2 volume was measured at a certain time interval. 

The bottles were shaken randomly to disperse reducing sugars and yeast inoculum. Samples 

of 1.5 ml were collected before and after fermentation for glucose and ethanol analysis.  

4.3.4 Fermentation of Cellin R1 hydrolysates by immobilized yeast beads 

The fermentation of cellin hydrolysate R1 was carried out in triplicate in 250ml bottles (n=3). 

Each bottle contained 50 ml of reaction volume, including 25 ml of R1-cellin hydrolysates 

sample and  2.5 ml of 0.1M CaCl2 pH 4.3, 12.5 ml of 0.1M succinate pH 4.3, 500 µl of 100x 

Yeast vitamin Solution and 9.5 ml of distilled water for fermentation by immobilized beads. 

Ten milliliters of immobilized yeast-alginate beads were added to the bottle in a 1:5 ratio with 

the fermentation media volume. A silicon stopper with a 100 ml syringe piston was inserted 

into the openings of the bottles. They were then incubated for 48 hours at 42ºC under anaerobic 

conditions. The CO2 volume was measured at a certain time interval (Figure 18). The bottles 

were shaken randomly to disperse reducing sugars and yeast beads. Samples of 1.5 ml were 

collected before and after fermentation for glucose and ethanol analysis.  




























































































