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Abstract 

Bioethanol from lignocellulose is expected to be the most likely fuel alternative in the near future. 
SEKAB E-Technology in Örnsköldsvik, Sweden develops the technology of the 2nd generation 
ethanol production; to produce ethanol from lignocellulosic raw material.  
 The objective of this master’s thesis was to achieve a better knowledge of the potential and 
limitations of separate hydrolysis and fermentation (SHF) as a process concept for the 2nd 
generation ethanol production. The effects of enzyme concentration, temperature and pH on the 
glucose concentration in the enzymatic hydrolysis were investigated for pretreated spruce at 10% 
DM using a multiple factor design. Enzyme concentration and temperature showed significant 
effects on the glucose concentration, while pH had no significant effect on the concentration in 
the tested interval of pH 4.5-5.5. To obtain the maximum glucose concentration (46.4 g/l) for a 
residence time of 48 h, the optimal settings within the studied parameter window are a 

temperature of 45.7⁰C and enzyme concentration of 15 FPU/g substrate. However, a higher 
enzyme concentration would probably further increase the glucose concentration. If enzymatic 
hydrolysis should be performed for very short residence times, e.g. 6 h, the temperature should 

be 48.1⁰C to obtain maximum glucose concentration. 
 The efficiency of the enzymes was inhibited when additional glucose was supplied to the 
slurry prior to enzymatic hydrolysis. It could be concluded that end product inhibition by glucose 
occurs and results in a distinct decrease in glucose conversion. No clear conclusions could be 
drawn according to different techniques for slurry and enzymes, i.e. batch and fed-batch, in the 
enzymatic hydrolysis process. Investigations of the fermentability of the hydrolysate revealed that 
the fermentation step in SHF is problematic. Inhibition of the yeast decrease the fermentation 
efficiency and it is therefore difficult to achieve the 4% ethanol limit. 
 Residence time for enzymatic hydrolysis (48 h) and fermentation (24 h) need to be prolonged 
to achieve a sufficient SHF process. However, short processing times are a key parameter to an 
economically viable industrial process and to prolong the residence times should therefore not be 
seen as a desirable alternative. 
 SHF as a process alternative in an industrial bioethanol plant has both potential and 
limitations. The main advantage is the possibility to separately optimize the process steps, 
especially to be able to run the enzymatic hydrolysis at an optimal temperature. Although, it is 
important to include all the process steps in the optimization work. The fermentation difficulties 
together with the end product inhibition are two limitations of the SHF process that have to be 
improved before SHF is a preferable alternative in a large scale bioethanol plant.     
 

Keywords: Lignocellulosic ethanol, softwood, SHF, enzymatic hydrolysis, cellulases, end product 

inhibition  
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Nomenclature 

 

CBH Cellobiohydrolase 

DM Dry material 

EC Enzyme concentration 

EG Endoglucanase 

EtOH Ethanol 

FPU Filter paper unit 

HPLC High performance liquid chromatography 

SHF Separate hydrolysis and fermentation 

SS Suspended solids 

SSF Simultaneous saccharification and fermentation 

T Temperature 

Statistical expressions 

DF Degrees of freedom 

MS Mean square 

R2  Coefficient of determination 

RSM Response surface methodology 

Q2  Coefficient of predictability 

SS Sum of squares 
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1 Introduction  

Depletion of oil and a desire to decrease the emission of greenhouse gases are two issues that 

have driven the research for a secure and sustainable fuel from a renewable source (Galbe et al, 

2005). Liquid biofuels produced from biomass could be one possible solution, since it can be 

mixed together with fossil fuels and thereby be used in existing engines (Gnansounou, 2010). The 

European Commission has a vision that 2030, 25% of the transport fuel in the European Union 

should consist of CO2 - efficient biofuels (European Commission 2006). 

Bioethanol is a CO2 - efficient, renewable fuel that can be produced from different biomasses 

(e.g. sugar and starch) (Galbe et al., 2005). Ethanol production has primarily been situated in 

Brazil and the USA using sucrose from sugarcane and corn starch as raw materials. This 

represents the 1st generation bioethanol and is a well-known process (Almeida et al., 2007). 

However, growing crops for the process is not only expensive, it competes with food crops and 

issues of the effect on land use are discussed (Gnansounou, 2010). To obtain large-scale and 

world-wide use of ethanol it has been shown that lignocellulosic material is required (Farrell et al., 

2006).  Bioethanol from lignocelluloses, the 2ndgeneration bioethanol, is expected to be the most 

likely fuel alternative in the near future (Gnansounou, 2010).  

Lignocellulosic material for ethanol production can be obtained from different wastes; 

agricultural, industrial, forestry and municipal (Almeida et al., 2007). This implicates an easy, 

already available and cheap biomass. However, the structure of lignocellulosic materials results in 

the need of expensive pretreatment of the biomass in order to release the carbohydrates and 

make them available for hydrolysis and fermentation (Klinke et al, 2004).  

The lignocellulosic technology is rapidly developing and several research works are done to 

optimize the efficiency and to achieve an economically viable process. Biotech companies 

worldwide are currently working to improve the process and lignocellulosic ethanol is expected 

to be commercialised in five to ten years (Gnansounou and Dauriat, 2010).  

1.1 Background  

SEKAB E-Technology in Örnsköldsvik, Sweden develops the technology of the 2nd generation 

ethanol production; to produce ethanol from lignocellulosic raw material. The research is enabled 

through the unique demonstration plant in Örnsköldsvik. The plant which to the major extent 

has been financed by the Swedish Energy Agency and EU and is owned by EPAB (Etanolpiloten 

i Sverige AB) but SEKAB E-Technology has the full responsibility for the development and 

operation of the plant. 

This thesis focused on the process concept separate hydrolysis and fermentation (SHF). SEKAB 

E-Technology has primarily been concentrated on the concept simultaneous saccharification and 

fermentation (SSF), but new improvements in the enzyme area (e.g. lower end product inhibition 

and better temperature tolerance) make the SHF process increasingly interesting. 

1.2 Aim of the thesis 

The aim of the master’s thesis was to achieve a better knowledge of the potential and limitations 

of SHF as a process concept for the 2nd generation ethanol production. The thesis consisted of 

basic research covering the area and the results were primarily thought to increase the 



1 Introduction 

2 
 

fundamental understanding of SHF for SEKAB E-Technology. The experiments were mainly 

focused on the enzymatic hydrolysis process and following areas were investigated:  

 The effect of enzyme concentration, temperature and pH and to find optimal settings for 

these parameters.  

 The effect of end product inhibition. 

 The effect of different feeding techniques for slurry and enzyme. 

 Fermentability of the hydrolysate. 

1.3 Method 

The thesis was conducted at SEKAB E-Technology in Örnsköldsvik. The literature study was 

based on articles and literature covering the working area. Pretreated wood chips from spruce 

tree were used as raw material. The experiments were mainly performed in the laboratory and 

factorial design was used to find optimal conditions.  

1.4 Outline of the thesis 

Following chapter describes the theoretical background to the 2nd generation ethanol production, 

with focus on the SHF process. The subsequent chapter, contains the material and methods used 

during the thesis, and is followed by chapters covering results and discussion. The thesis is ended 

with conclusions, recommendations for further studies, references and appendices.   
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2 Theoretical background 

2.1 Lignocellulose 

Lignocellulose is a structural component in different plant cells, both woody plants and non-

woody (grass) (Howard et al., 2003). Based on its origin, the material can be divided into four 

major groups; forest residues, municipal solid waste, waste paper and crop residues. A common 

categorisation is also to separate them as softwood, hardwood and agricultural residues. A wide 

range of residues are suitable as substrate for bioethanol production, e.g. corn stover, sugarcane 

bagasse and rice straw (Balat, 2011). All types of lignocellulosic material consist primarily of three 

components; cellulose, hemicellulose and lignin. These three segments constitute to 

approximately 90% of the total dry mass and together they build a complex matrix in the plant 

cell wall. The resisting part of the lignocellulose is ash and extractives. The amount of cellulose, 

hemicellulose and lignin varies between species, but normally two thirds consist of cellulose and 

hemicellulose. These two are also the ones that can be degraded by hydrolysis to monomers and 

thereafter fermented into ethanol (Chandel and Singh, 2010).  

The major part, 30-60% of total dry matter, of most lignocellulosic material is cellulose. It is the 

main constituent of plant cell walls, consists of linear polymers of glucose units and has the 

chemical formula (C6H10O5)X (Balat, 2011). The number of repeats, the degree of polymerisation, 

varies from 8000-15 000 glucose units (Brown, 2004). The D-glucose subunits are linked together 

by β-1,4-glycosidic bonds, forming cellobiose components, which then form the polymer (see 

Figure 1). The chain, or elementary fibril, is linked together by hydrogen bonds and van der 

Waals forces (Pérez et al., 2002). These forces, together with the orientation of the linkage, lead 

to a rigid and solid polymer with high tensile strength (Balat, 2011). Elemental fibrils are packed 

together and nearby chains are linked by hydrogen bonds, forming microfibrils. Microfibrils are 

covered by hemicellulose and lignin, which function as a complex matrix around the cellulose 

polymer. Through this, cellulose is closely associated with hemicellulose and lignin and therefore 

requires intensive treatments before isolation (Palonen, 2004). The cellulosic polymers can either 

be in crystalline or amorphous form, however, the crystalline form is more common. The highly 

crystalline structure is generally non-susceptible to enzymatic activities, while the amorphous 

regions are more susceptible to degradation (Pérez et al., 2002).    

 

 

Figure 1. The chemical structure of cellulose. 
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The second component of lignocellulose is hemicellulose, which constitute to 25-30% of total 

dry matter (Balat, 2011). In contrast to cellulose, it is a short (100-200 units) and highly branched 

polymer consisting of different carbohydrates, both hexoses and pentoses. The polysaccharide 

consists mainly of: D-xylose, D-mannose, D-galactose, D-glucose, L-arabinose, 4-O-methyl-

glucuronic, D-galacturonic and D-glucuronic acids. The different sugars are linked together 

mainly by β-1,4-glycosidic bonds, but also with β-1,3 linkages (Pérez et al., 2002). Mannose and 

galactose are the other six-carbon sugars apart from glucose. The major sugar varies from species 

to species and represents of xylose in hardwood and agriculture residues and mannose in 

softwood (Balat, 2011). The branched structure of hemicellulose, and thereby an amorphous 

nature, makes it more susceptible for enzymatic degradation than cellulose (Pérez et al., 2002).           

The last main component is lignin. Lignin supports structure in the plant cell wall and has also a 

functional role in the plant resistance to external stress (Pérez et al., 2002). It contributes to 15-

30% of the total dry matter. The lignin molecule is a complex of phenylpropane units linked 

together forming an amorphous, non-water soluble structure. It is primarily synthesised from 

precursors consisting of phenylpropanoid and the three phenols existing in lignin are: guaiacyl 

propanol, p-hydroxyphenyl propanol and syringyl propanol. Linked together, these form a very 

complex matrix with high polarity (Balat, 2011). The lignin amount varies between different 

materials, but in general hardwood and agriculture residues contain less lignin than softwood.  

Compared to cellulose and hemicellulose, lignin is the compound with least susceptibility for 

degradation. The higher amount of lignin in the material is, the higher the resistance to 

degradation. This resistance found in lignin is one major drawback when using lignocellulosic 

material for fermentation (Taherzadeh and Karimi, 2008). Lignin will be a residue in any 

lignocellulosic ethanol production (Hamelinck et al., 2005).  

In addition to cellulose, hemicellulose and lignin, lignocellulose also consists of extractives and 

ash. Extractives are different compounds, e.g. phenols, tannins, fats and sterols that are soluble in 

water or organic solvent (Martínez et al., 2005). They are often active in biological and anti-

microbial protection in the plant cell. Ashes, or non-extractives, are inorganic compounds that 

are present in varying amounts in different species. Examples of non-extractives are: silica, alkali 

salts, pectin, protein and starch (Klinke et al., 2004).      

2.2 Spruce 

Wood chips from spruce were used as raw material in all investigations during the master’s thesis. 

Spruce belongs to the softwood category of lignocellulosic materials. The species used in this 

study, which is the most economical important spruce in Europe, was Picea abies, also named 

Norway spruce. In Sweden, P. abies is the most abundant biomass and lignocellulosic bioethanol 

studies in Sweden have therefore primarily focused on this raw material (Galbe et al., 2005).        

Table 1 shows representative values for the composition of spruce taken from the literature. 

However, the values can differ quite much due to species and environmental variations for each 

material (Sassner et al., 2008). 

 



2 Theoretical background 

5 
 

 

Table 1. Composition of the lignocellulosic material spruce (% of dry material). 

Spruce       

Glucan Galactan Mannan Xylan Arabinan Lignin Ref. 

44.0 2.3 13.0 6.0 2.0 27.5 (Sassner et al, 2008) 

43.4-45.2 1.8-2 12-12.6 4.9-5.4 0.7-1.1 27.9-28.1 (Tengborg, 2000) 

49.9 2.3 12.3 5.3 1.7 28.7 (Söderström et al., 
2003) 

44.8-45.0 2.2 12.0 5.2 2.0 29.9-32.3 (Hoyer et al, 2010) 

 

 

2.3 The lignocellulosic ethanol process  

The process of producing 2nd generation lignocellulosic ethanol can be divided into four general 

steps (Figure 2). Each step includes different possible choices, but the overall effect remains the 

same no matter choice of process step (Galbe and Zacchi, 2002). Pretreatment is the additional 

step needed in the 2nd generation ethanol compared to 1st generation ethanol. 

 

 

 Pretreatment of the lignocellulosic material is essential to 2nd generation ethanol. It involves 

different processes that change the size, structure and chemical properties of the biomass 

thus optimise the conditions for an efficient hydrolysis.  

 Hydrolysis is the step that converts polysaccharides in the lignocellulosic feedstock to 

fermentable monomeric sugars (Zheng et al, 2009).  

 In the fermentation step, hexoses and pentoses are converted to ethanol by fermenting 

microorganisms.  

 Distillation is the step required to separate the ethanol from the fermentation broth (Galbe 

and Zacchi, 2002). 

 

 

Pretreatment Hydrolysis Fermentation Distillation

Figure 2. The general steps for 2nd generation ethanol production. 
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2.3.1 Pretreatment  

There are three groups of pretreatment methods; physical, chemical and biological. Additionally a 

fourth group can be added; physico-chemical, which is a combination of the first two. The 

common factor for all of the pretreatment methods is that it leads to increased bioavailability of 

the feedstock by opening up the complex lignocellulosic structure. Thus, expose the fermentable 

sugars (Galbe and Zacchi, 2002). Pretreatment methods are necessary in the lignocellulosic 

process to obtain an efficient hydrolysis rate. Different processes have been investigated with 

varying result. Examples of each group are: milling and grinding (physical), alkali and acid 

(chemical), steam explosion/autohydrolysis with or without acid catalyst (physico-chemical) and 

fungi (biological) (Taherzadeh and Karimi, 2008).  

The material used in this thesis is pretreated with SO2-catalysed steam explosion. Acid-catalysed 

steam pretreatment has shown to be sucessful in both improvement of carbohydrates recovery 

and the efficiency of enzymatic hydrolysis. The effect of SO2-impregnation is that it degrades 

hemicellulose and thereby enhance the enzymatic hydrolysis of glucose (Söderström et al., 2003). 

After the pretreatment, most of the hemicellulose is dissolved and the lignocellulosic material 

consist merely of cellulose and lignin (Palonen, 2004).    

Apart from material optimization for downstream steps, the pretreatment also results in several 

undesirable inhibitory compounds which will affect the fermentation process. The severity of the 

pretreatment process affects the amount of degradation products. Softwood, including spruce, 

generally needs a high degree of severity and therefore results in high concentrations of 

undesirable inhibitors (Lee et al., 2008). Inhibitors released during upstream processes can be 

divided in three main groups; furan derivates, weak acids and phenolic compounds (Almeida et 

al., 2007).    

The group furan derivates consists of 2-furaldehyde (furfural) and 5-hydroxymethyl-2-

furaldehyde (HMF), which originate from dehydration of pentoses and hexoses. The amount of 

furan derivates depends both on the raw material and the pretreatment process (Almeida et al., 

2007). The severity of the pretreatment process (i.e. time, temperature and pH) is of great 

importance for the formation of furan derivates (Klinke et al., 2004). Furfural and HMF act as 

inhibiting compounds by damaging the cell membrane and interfering with the intracellular 

processes within the yeast cell. This results in a decreased cell growth and ethanol production rate 

(Taherzadeh and Karimi, 2007).  

The three most common weak acids formed in the upstream process are; acetic acid, formic acid 

and levulinic acid. These acids reduce biomass formation and ethanol yield and thereby inhibit 

the fermentation process (Almeida, et al. 2007). Acetic acid is a product from deacetylation of 

hemicellulosic sugars and is therefore often present early in the process. Acetic acid is also a by-

product from fermentation. The acid inhibits yeast cells by diffusing through the cell membrane 

and decreases the intracellular pH (Taherzadeh and Karimi, 2007). Formic acid and levulinic acid 

are formed by degradation of HMF. They have similar, but stronger inhibiting effects compared 

to acetic acids. However, the concentrations after hydrolysis are typically low (Brandberg, 2005).     

Phenolic compounds originate mainly from lignin decomposition, but can also be formed from 

sugar degradation. They have inhibitory effects on fermentation by decreasing biomass yield, 

growth rate and ethanol productivity (Almeida et al., 2007). Phenolic compounds are a 
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heterogeneous group of inhibitors, including a wide range of compounds. The toxicity varies 

among the compounds and the position of the substituent influences strongly the inhibitory 

effect (Taherzadeh and Karimi, 2007). However, further studies in the area are required due to 

the heterogeneity of the group and that phenolic compounds are difficult to characterize 

(Almeida et al., 2007).  

2.3.2 Hydrolysis 

Hydrolysis is a process where carbohydrate polymers are converted to simple fermentable sugars. 

This is facilitated through the pretreatment process, which changes the structure of the biomass 

(larger pores and higher surface area), thus allow the enzymes to enter the fiber (Alfani et al., 

2000). Hydrolysis is essential before fermentation to release the fermentable sugars. In the 

process, cellulose is cleaved to glucose, while hemicellulose results in several pentoses and 

hexoses (see equation 1 and 2) (Taherzadeh and Karimi, 2007). 

 

      (1) 

 

      (2) 

 

The hydrolysis step can be performed in different ways, either chemical or enzymatic (Galbe and 

Zacchi, 2002). Chemical hydrolysis means primarily the use of acids; diluted or concentrated. Due 

to environmental and corrosion problems, dilute-acid hydrolysis has been prioritized instead of 

concentrated acid (Balat, 2011). In chemical hydrolysis, the pretreatment and the hydrolysis can 

be combined. Hydrolysis by dilute-acid occurs under high temperature and pressure with a short 

residence time, resulting in degradation of hemicellulose and cellulose. However, the glucose 

yield is low, glucose decomposition occurs and there will be a high formation of undesirable by-

products. The harsh conditions (acid together with high temperature and pressure) lead to high 

utility costs and the process will also require downstream neutralization (Su et al., 2006).     

Enzymatic hydrolysis can occur under milder conditions (typically 40-50⁰C and pH 4.5-5), which 

give rise to two advantages of the process; low utility cost since there is low corrosion problems 

and low toxicity of the hydrolysates (Taherzadeh and Karimi, 2007). In addition, it is also an 

environmental friendly process (Balat, 2011). However, enzymatic hydrolysis has also 

disadvantages compared to the dilute-acid hydrolysis; longer hydrolysis time, enzymes are more 

expensive than acid and end product inhibition can occur (Taherzadeh and Karimi, 2007). 

Although, many experts consider enzymatic hydrolysis as the most cost-effective process in the 

long run (Hamelinck et al., 2005) and it is thought to be the key process to achieve an 

economically viable ethanol production (Horn and Eijsink, 2010).  

The degradation of cellulose to glucose in enzymatic hydrolysis is catalyzed by specific cellulolytic 

enzymes; cellulases. This is a group of enzymes with specificity to hydrolyse glycosidic bonds 

(Howard et al., 2003). Cellulases are naturally produced by microorganisms, mainly bacteria and 

fungi, which are capable of degrading cellulosic material. A large variety of cellulase producing 

EthanolGlucoseCellulose onFermentatiHydrolysis   

EthanolhexosesPentosesoseHemicellul onFermentatiHydrolysis    &
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microorganisms have been found and studied further. These include both anaerobic, aerobic, 

mesophilic and thermophilic organisms (Balat, 2011). Common bacteria and fungi that have been 

characterized and used are Clostridium, Cellulomonas and different mutant strains of Trichoderma, 

especially T. reesei (Pérez, et al. 2002). Cellulases can be divided into three groups; endoglucanases 

(EGs, endo-1,4-β-glucanases), cellobiohydrolase (CBH, exo-1,4-β-glucaneses) and β-glucosidases. 

These three enzymes have a synergistic effect, which means that the total activity they are capable 

of together are not possible to reach by the enzymes independently (Galbe and Zacchi, 2002). 

Degradation of cellulose starts with an attack by EGs, which randomly hydrolyse internal bonds 

at amorphous regions on the cellulose polymer resulting in new terminal ends. CBHs hydrolyse 

on these or already existing ends and removes mono (glucose)- and dimers (cellobiose) from the 

cellulose chain (Howard et al., 2003). CBHs are the only enzyme capable of hydrolysing highly 

crystalline cellulose. Finally, the resulting cellobiose molecules are degraded by β-glucosidases, 

which catalyses the hydrolysis of the dimer resulting in two glucose molecules. β-glucosidases are 

of high importance, since cellobiose is inhibiting cellulase activity (Pérez et al., 2002).  

2.3.3 Fermentation 

Fermenting microorganisms are used for the conversion of monomeric sugars to ethanol. 

Different organisms such as bacteria, yeast and fungi can be used for the conversion, however 

the most frequently used organism in industrial processes are the robust yeast Saccharomyces 

cerevisiae (baker’s yeast) (Galbe and Zacchi 2002). Under anaerobic condition S.cerevisiae produces 

ethanol from hexoses as the overall equation shows: 

      (3)

       

In theory, the conversion of glucose to ethanol is 0.51 g EtOH/g glucose. However, the 

fermenting efficiency of the yeast is generally assumed to be 90% and therefore result in a 

maximum conversion of 0.46 g EtOH/g glucose (Öhgren et al., 2007). When the glucose yield is 

high, S. cerevisiae has the ability to produce ethanol also under aerobic conditions (Brandberg, 

2005). One drawback is that it cannot ferment pentoses, which are of interest when using 

lignocellulosic biomass. Studies have therefore been performed to genetically modify S. cerevisiae 

to become both a pentose and glucose fermenting yeast. Other microorganisms have the ability 

to ferment pentoses and another way to ferment lignocellulosic material is therefore to use 

different yeasts and to separate the two processes; glucose fermentation and pentose 

fermentation (Galbe and Zacchi, 2002).  

The efficiency of the fermenting process depends on several factors; choice of microorganism, 

raw material, pretreatment method, hydrolysis method and environmental factors such as pH, 

temperature, substrate and ethanol concentration. Common conditions for fermentation with S. 

cerevisiae are normally pH 5.0 and a temperature of maximum 37⁰C (Alfani et al., 2000). The 

performance of the process is affected by different inhibitors generated from the upstream 

process steps. The hydrolysate contains, together with fermentable sugars, inhibitors which 

restrict the fermenting microorganisms and thus, decrease the ethanol yield. Recirculation of the 

process water increases these compounds further (Olsson and Hahn-Hägerdal, 1996). The 

mixture of inhibitors (see section 2.3.1) inhibits the growth and ethanol production of the 

microorganism. Different bacteria have varying tolerance against these inhibitors, thus S. cerevisiae 

2526126 22 COOHHCOHC 
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has proven to be the most robust one (Almeida et al., 2007). In addition, ethanol, the product 

itself, has an inhibiting effect on the fermenting microorganism, thus limits the conversion of 

glucose to ethanol (Olsson and Hahn-Hägerdal, 1996).   

2.3.4 Distillation 

To separate the ethanol from the other broth (water and cell mass) a distillation step is required 

after fermentation. Ethanol is recovered in a distillation column while the water is condensed and 

remains with the solid parts. The ethanol vapour is then concentrated in a rectifying column 

(Hamelinck et al, 2005). The residual, consisting of water and solids (stillage) are rich in organic 

material and can further be used for example as biogas substrate. To have a process that is 

economically viable, the general guideline is that the concentration of ethanol in the broth before 

distillation should exceed 4% w/w (Horn and Eijsink, 2010).       

 

2.4 Separate Hydrolysis and Fermentation 

The enzymatic hydrolysis step is often in close collaboration with the following fermentation step 

in the ethanol production. The layout of this process can be designed in several ways; either by 

having separate hydrolysis and fermentation step (separate hydrolysis and fermentation, SHF) or 

by combining these two in one step (simultaneous saccharification and fermentation, SSF). Each 

process having its own pros and cons (Galbe and Zacchi, 2002). This thesis will focus on SHF, 

however when mentioning SHF it is inevitable to compare it to SSF. Several other enzymatic 

hydrolysis and fermentation methods are also available, although SHF and SSF being the most 

common. Examples of other methods are: nonisothermal simultaneous saccharification and 

fermentation (NSSF), simultaneous saccharification and cofermentation (SSCF) and consolidated 

bioprocessing (CBP) (Taherzadeh and Karimi, 2007). 

The process concept SHF involves a separation of the hydrolysis and fermentation by running 

the reactions in separate units. Pretreated lignocellulosic material is in a first unit degraded to 

monomeric sugars by cellulases and thereafter fermented to ethanol in a second, separate unit. 

The main advantage of this method is that the two processes (hydrolysis and fermentation) can 

be performed at their own individually optimal conditions. Cellulases have proven to be most 

efficient at temperature between 45-50°C, whereas common used fermenting organism has an 

optimum temperature of 30-37⁰C (Taherzadeh and Karimi, 2007). Another advantage with SHF 

is the possibility to run the fermentation process in a continuous mode with cell recycling. This is 

possible because lignin residue removal can occur before fermentation (this removal is much 

more problematic if lignin is mixed together with the yeast) (Galbe and Zacchi, 2002). The major 

drawback of SHF is that end products, i.e. glucose and cellobiose released in cellulose hydrolysis 

strongly inhibits the cellulase efficiency. Glucose inhibits β-glucosidase which results in an 

increase of cellobiose since β-glucosidase catalyse the hydrolysis of cellobiose to glucose. 

Cellobiose itself has an inhibiting effect of cellulases and thereby reduces the cellulase activity 

(Alfani et al., 2000). To achieve a reasonable ethanol yield, lower solids loadings and higher 

enzyme additions could be needed (Balat, 2011). Another disadvantage with SHF is the risk of 

contamination. Due to the relatively long residence time for the hydrolysis process, one to four 

days, there is a risk of microbial contamination of the sugar solution (Taherzadeh and Karimi, 

2007).   
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SHF as an industrial application in a large scale plant gives rise to several alternatives since the 

process can be designed in various ways (Tengborg, 2000). Figure 3 represents a schematic 

picture of the SHF process, showing different steps that can be included from substrate to 

product.  

 

 

Figure 3. Flow sheet showing a schematic picture of a possible bioethanol process using separate 
hydrolysis and fermentation (SHF). 

 

After pretreatment, the slurry can be filtrated to obtain a separation of the prehydrolysate and the 

solids. The sugars, mainly pentoses that have been released from the hemicellulose during 

pretreatment will be removed and only the solid part, i.e. cellulose and lignin, are supplied to the 

enzymatic hydrolysis. It is also possible to wash the slurry prior to enzymatic hydrolysis to 

remove toxic degradation products derived from the pretreatment process (Lu et al., 2010). 

However, these methods require extra processing steps and increase the water consumption. This 

can be avoided by utilizing the whole slurry for the enzymatic hydrolysis (Horn and Eijsink, 

2010). The enzymatic hydrolysis needs to be supplied with enzymes and at a large scale plant, an 

interesting option with potential for increased cost efficiency is to produce enzymes on site. A 

part of the released glucose could be utilized to produce enzymes in a separate reactor. The other 

alternative is to buy already made enzyme mixes from industrial suppliers (Hamelinck et al., 

2005). After enzymatic hydrolysis, lignin is removed before fermentation of the hydrolysate. The 

hemicellulosic sugars released from the pretreatment and glucose released in the enzymatic 

hydrolysis can either be fermented together or separately. The ethanol broth is then further 

transported to distillation and purification (Tengborg, 2000).  

The alternative to SHF is to combine the hydrolysis and fermentation to one single step, resulting 

in the process concept termed SSF. SSF has been a successful method in the production of 

lignocellulosic ethanol (Taherzadeh and Karimi, 2007). The major advantage compare to SHF is 

that the released glucose is immediately consumed by the ethanol-producing organism, thus 
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avoiding cellulase inhibition (Galbe and Zacchi, 2002). Another advantage is the reduction in 

material cost since only one reactor is needed. Reports have shown that SSF results in higher 

ethanol yield and lower enzyme addition compared to SHF (Taherzadeh and Karimi, 2007). 

However, the drawback with SSF is the compromise between the optimal conditions for 

hydrolysis and fermentation. A common temperature for SSF is 35⁰C, which is not optimal for 

either the cellulases or the fermenting microorganism. A second drawback is enzyme and 

microbe inhibition caused by the produced ethanol. This inhibition can be a limitation to achieve 

higher ethanol concentrations (Taherzadeh and Karimi, 2007). Although SSF has proven to be 

more successful than SHF for industrial scale, new improvements in enzyme technology (e.g. 

thermostable cellulases and higher inhibitor tolerance) suggest an increased efficiency of the 

hydrolysis in SHF (Viikari et al., 2007). In addition, the fact that optimal condition can be 

achieved for both the hydrolysis and fermentation, together with the possibilities for yeast 

recycling makes SHF as a competitive alternative to SSF.  

2.4.1 Factors influencing the SHF process 

Since the enzymatic hydrolysis is believed to be the key process, optimization of this step is 

essential to be able to improve the efficiency of the whole SHF process. To achieve this it is 

necessary to understand which factors that influence the enzymatic hydrolysis. However, there is 

no general definition of which factor being most significant (Palonen, 2004).   

Modification of the structure in the lignocellulosic material is necessary for the lignocellulosic 

ethanol process and the choice of pretreatment methods have a great impact on the enzymatic 

hydrolysis (Alvira, et al. 2010). Different factors influence the efficiency of the hydrolysis of 

lignocellulosic material, including both pretreatment conditions and process conditions. The 

factors can be separated in two groups; substrate-related and enzyme-related. However, many of 

the factors are integrated with each other (Alvira et al. 2010). The factors related to the substrate 

include the structural properties within the substrate, e.g. cellulose degree of polymerisation and 

cellulose crystallinity. The other group, enzyme-related, refer to the factors that are involved in 

enzyme mechanisms and interactions (Palonen, 2004). Hydrolysis conditions, e.g. temperature, 

pH, mixing and enzyme concentration are also highly important factors for enzyme activity 

(Taherzadeh and Karimi, 2007).  

Cellulose crystallinity and degree of polymerisation are factors that influence the hydrolysis 

activity, however results from different studies indicates that these factors alone do not impact 

the efficiency of the hydrolysis. Presumably it is a combination of these factors together with 

factors such as surface area and particle size (Alvira et al., 2010). Surface area is a critical factor 

for the hydrolysis, since the accessibility of the substrate to the cellulases is a fundamental 

parameter. Pretreatment methods are used to increase this area. An increased surface area can 

also possibly be achieved by reducing the feedstock particle size (Alvira et al., 2010). Another size 

factor is the porosity. Studies have shown that the size of the enzymes in relation to the pore size 

is of importance. As mentioned earlier, cellulases have a synergistic effect and pore size large 

enough for capturing the three enzymes at the same time would therefore improve the efficiency 

of the enzymatic hydrolysis (Chandra et al., 2007).  

Lignin is another parameter that plays an important role in the efficiency of the enzymatic 

hydrolysis process. It acts both as a physical barrier covering cellulose from cellulase attack and as 
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an enzyme binding material resulting in non-productive binding (Chandra et al., 2007). The 

choice of pretreatment influences strongly the characters of the lignin material, however the 

detailed effects need to be further studied (Alvira et al., 2010). Lignin affects the activity of the 

enzymatic hydrolysis by adsorbing cellulases and resulting in a non-productive binding. Different 

studies have been made in the area to prevent non-productive binding. Adding a hydrophobic 

compound or surfactant that competes with cellulases for the adsorption sites on lignin may 

hinder the unproductive binding and thus, enhance enzymatic hydrolysis (Chandra et al., 2007). 

To change the cellulose surface by adding a surfactant and thereby reduce adsorption of cellulase 

has also been considered to improve the efficiency of the enzymatic hydrolysis (Taherzadeh and 

Karimi, 2007). Several surfactants have been evaluated and non-ionic surfactants, e.g. Tween 20, 

80 and polyethylene glycol has proven to be the most suitable choice for hydrolysis 

improvements (Alvira et al., 2010).              

Another factor that affects the enzymatic hydrolysis is the hemicellulose content. In the same way 

as lignin, it acts as a barrier against cellulases and decreases the enzymatic digestibility of 

lignocellulose (Chandra et al., 2007). Hemicellulose removal will increase the pore size of the 

lignocellulosic material and thereby result in improvement of enzymatic hydrolysis. However, the 

monomeric sugars from hemicellulose could also be fermented to achieve a higher ethanol yield 

(Alvira et al., 2010).  

Solid concentration in the material supplied to the process is also an important parameter. If 

starting at low concentration an increase in substrate loading will result in improved activity of 

the enzymatic hydrolysis. However, too high substrate concentrations can cause substrate 

inhibition and thereby result in reduced efficiency (Sun and Cheng, 2002). High substrate 

concentration will also cause problems in mixing and pumping. The severity of substrate 

inhibition depends on the ratio between enzyme and substrate. If adding more enzymes, up to a 

certain level, it will increase the efficiency of the hydrolysis, but it is not cost-effective. Normally, 

cellulase in the concentration of 5 to 35 FPU (filter paper unit)/g substrate is used for hydrolysis 

(Taherzadeh and Karimi, 2007). A common concentration is 10 FPU/g substrate, since this can 

provide an efficient hydrolysis with reasonable residence time (48-72 h) and to an acceptable cost 

(Sun and Cheng, 2002). Enzymes are expensive and one way to reduce the cost is to reuse the 

cellulases. Cellulase recycling could improve both the efficiency of the hydrolysis and cut down 

the enzyme cost. However, separation of enzymes from the hydrolysate can be difficult since it is 

mixed with different solids, mainly lignin, and due to the enzymes dissolving in the broth 

(Taherzadeh and Karimi, 2007). Other hydrolysis conditions apart from enzyme concentration 

are temperature and pH. A temperature of 45-50⁰C together with a pH of 4.5-5 is typically 

optimum conditions for cellulases (Taherzadeh and Karimi, 2007). Although, residence time can 

impact the optimum conditions and studies have found optimums that differ from the common 

used conditions by having prolonged residence time (Tengborg, 2000).  

Finally, the activity of the enzymatic hydrolysis is strongly affected by which type of raw material 

that is used. Lignocellulosic feedstock (softwood, hardwood and agricultural residues) differ all in 

their ability to be degraded (Palonen, 2004).    

In addition, if the efficiency of the SHF process should be improved the fermentability of the 

hydrolysate is also of great importance.  
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3 Demonstration plant 

The demonstration plant in Örnsköldsvik has been in use since 2004 and has a capacity of 300-

400 liter ethanol/day. Figure 4 shows a picture of the bioethanol process at the plant. The plant is 

very flexible and thus different process configurations can easily be applied. The numbers in the 

figure represents each process step and a short description is following:    

 

 

Figure 4. A picture showing the different process steps in the ethanol demonstration plant. 

 

 

1. Intake – Lignocellulosic material is delivered to the plant and is blown to the silo (2) on the 

roof. 

3. Steaming and impregnation – Steam is used to preheat the material and dilute acid is added. 

4. Pretreatment – Hemicellulose is released at low pH and high temperature. Two-stage dilute acid 

hydrolysis is also possible. 

5. Neutralisation and inhibitor control – The slurry is neutralised and eventually treated to control 

inhibitors.  
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6. Hydrolysis and fermentation – Cellulose is released with enzymatic hydrolysis and yeast is added 

for fermentation. Both SSF and SHF process are possible.  

7. Yeast propagation – If no commercial yeast is used, yeast propagation is performed.  

8. Distillation – The fermentation broth is heated and the vapour rises in the distillation column. 

Water condenses and flows back down the column, resulting in an ethanol rich vapour. The 

vapour is cooled and condensed and the remaining broth, stillage, is sent to liquid/solids 

separation.    

9. Product tank – The ethanol product is stored in a tank before sent by pipe (12) to boilers for 

energy recovery. The final product contains about 90% ethanol.  

10. Membrane filter press – The stillage is filtered. The fine particle solid residue is used as fuel for 

energy production, while the process water is sent to a biogas plant (12).   

11. Solid material – The remaining solid part is removed to boilers.  

13. Evaporation equipment – Equipment that can be used to concentrate different process streams.  
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4 Materials and methods 

4.1 Materials 

4.1.1 Raw material 

The raw material used for the enzymatic hydrolysis was chipped barked spruce (P. abies), origin 

Sweden. The spruce chips were pretreated in the demonstration plant in Örnsköldsvik using SO2-

catalysed steam pretreatment. Slurry was withdrawn for the enzymatic hydrolysis from one single 

batch and stored in 4⁰C until use. Suspended solids (SS) of the slurry was 12.24%.  

4.1.2 Enzyme mix 

The enzyme mix Cellic® CTec2 (Novozymes A/S, Bagsvaerd, Denmark) was used for the 

enzymatic hydrolysis. The mix is a cellulase complex containing a blend of cellulases,  

β-glucosidases and hemicellulose and also glucose as a stabilizer. The glucose content of the mix 

was determined by HPLC analysis. Dilution series was prepared from the enzyme mix and 

standard HPLC analysis was performed. The volume of enzyme addition was calculated based on 

gram dry material (DM) of slurry supplied to the enzymatic hydrolysis.    

4.2 Standard design of enzymatic hydrolysis 

Enzymatic hydrolysis investigation was carried out by one main experimental set and 

supplemented with two additional set to answer the thesis’ issues.   

All the hydrolysis experiment followed a standard set up as following: The whole, unwashed 

slurry was enzymatically hydrolysed in lab scale fermentors (Belach Bioteknik, Stockholm, 

Sweden) with mechanical agitation (see Figure 5). The material was diluted with water to 10% 

DM, pH was adjusted with 2 M NaOH and the material was heated to desired temperature. 

Cellic® CTec2 was added to perform the hydrolysis and agitation was held at 300 rpm after 

enzyme addition. Settings for each parameter, i.e. enzyme concentration, temperature and pH 

followed the experimental design in section 4.4. Total working volume was 1 L.  

Hydrolysis was run for 48 h and samples were withdrawn after 0 (before enzyme addition), 2, 4, 

6, 12, 24 and 48 h after enzyme addition. Samples were centrifuged for 5 min at 4200 rpm and 

the supernatant was analysed with HPLC for glucose, mannose, galactose, arabinose, xylose, 

formic acid, acetic acid, levulinic acid, HMF and furfural concentrations. A small amount of the 

hydrolysate from each experiment was also centrifuged and the supernatant was saved in freezer 

for later fermentation experiments.        
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Figure 5. Experimental set up for enzymatic hydrolysis with mechanical agitation and automatic pH 
control by NaOH.  

 

4.3 Investigated parameters for the factorial experiment 

Several parameters influence the rate and efficiency of the enzymatic hydrolysis and would 

therefore be interesting factors to study. However, due to time limitation only three factors were 

chosen for the multiple factorial experiments. The factors and their levels were selected on basis 

of that it should be applicable in the demonstration plant and in a commercial production. 

Sometimes settings and conditions may be successful in pilot scale in the laboratory, but are not 

possible or cost effective in larger scale.  

4.3.1 Enzyme concentration 

It is believed that improvements in enzyme technology are the key parameter to an economically 

viable lignocellulosic ethanol production (Horn and Eijsink, 2010). It has also been proven that 

enzyme loading has a higher effect on glucose yield than substrate concentration (Schell et al., 

1999). These statements together with the fact that enzyme solutions today is expensive, makes 

enzyme concentration to an interesting factor to study further. To see if it is possible to achieve 

high glucose yields with low enzyme addition and by varying other parameters instead. 

4.3.2 Temperature 

When performing the enzymatic hydrolysis separate from the fermentation, the temperature can 

be held higher. The temperature affects the efficiency of the enzymes and due to new 

improvements in enzyme technology it is interesting to evaluate if higher temperature could 

increase the efficiency.    

4.3.3 pH 

pH is a factor that also affects the efficiency of the cellulases. The enzymes have an optimum at 

pH 4.5-5 and it would be interesting to evaluate the efficiency at different pH in combination 

with varying temperatures and enzymes concentrations.  

There are several other factors that would be possible to investigate. Agitation and substrate 

loading are two related factors; too high DM leads to stirring problems, especially in large scale 
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fermentors. According to this, these factors were held at a level that would work in larger scale. 

Residence time is another possible factor to investigate, however short processing times are a key 

factor in a commercial production and too long residence times would not be economical 

feasible. Therefore 48 h were chosen as maximum time. This is a reasonable time for hydrolysis 

to run in a large scale plant. Other possible parameters to investigate are for example; 

pretreatment conditions, size reduction, adding of surfactants and different raw materials.  

4.4 Experimental design for the multiple factor experiment 

The effects of the three enzymatic hydrolysis parameters; enzyme concentration (abbr. EC), 

temperature (abbr. T) and pH (abbr. pH) were investigated by using a multiple factor design. A 

two-level three-factor design was adopted for the study. Table 2 represents the different factors 

and their levels. To evaluate if curvature occurs, a center-point was added and repeated three 

times. The variables were scaled and centred, given the coded values for low level -1 and the high 

level 1. The full factorial design with addition of center points generated in 11 experiments which 

were conducted in randomized order. The complete experimental design can be seen in 

Appendix I. 

 

Table 2. The chosen factors and their levels.  

Factor Low level (-1) High level (1) Center (0) 

Enzyme conc. (EC) 5 FPU/g 15 FPU/g 10 FPU/g 

Temperature (T) 40⁰C 60⁰C 50⁰C 

pH  4.5 5.5 5 

 

 

The two level, full factorial design with three factors can be symbolised by a cube as shown in 

Figure 6. Every corner representing one trial (center points excluded).  
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4.4.1 Statistical analysis of multiple factor experiment 

The results from the multiple factor experiment were evaluated and analysed in  

Minitab® 16.1.1 (Minitab Inc., State College, USA). The data was analysed according to the 

complete regression model with three factors (equation 4):  

 

        (4) 

 

Where the βi:s are regression coefficients for each factor. EC, T and pH represents the coded 

values (-1 and 1) for the different factors. Non-significant factors (p > 0.05 since α = 0.05) at a 

confidence level of 95% were removed from the model and curvature effect was evaluated. If the 

curvature effect was significant, the quadratic response surface model was used (equation 5): 

 

 

      (5) 

       

The data was investigated by response surface methodology (RSM) with a central composite 

design. To be able to model a quadratic effect, the experimental design was complemented with 

face centers for significant factors. By fitting data from the experiments to the appropriate model 

using multiple linear regression, a regression equation was obtained. The accuracy of the model 

was given by the values of the parameters R2 and Q2. R2 is the coefficient of determination and 

represents how well the regression model fits the data. Q2 on the other hand is a measure of 

predictability, i.e. how well the model predicts the outcomes of new observations. Q2 is therefore 

a better prediction of the exactness of the model. Both R2 and Q2 vary between 0 and 1, where 1 

represents a perfect model. An acceptable regression model should have high R2 and Q2 values 

EC 
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T 
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pH 
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Figure 6. A schematic picture of the multiple factor experiment, showing 
investigated factors and their levels, centre point excluded. 
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and not having a greater difference than 0.3. An excellent model has generally Q2>0.9 (Eriksson 

et al., 2000). The statistical significance of the model was determined by the F-value. As a 

practical rule, the calculated F-value of the model should be 3-5 times greater than the listed F-

value to be statistical significant (Kalil et al.,  2000). Test for lack-of-fit were investigated to see 

the accuracy of the model. Normal probability plot of the residuals was used to check the 

assumption of normality and to identify if any outliers or skewness occurred. To investigate the 

variance of the model, the residuals were also plotted against the fitted value. To find optimum 

settings for the significant parameters, surface and contour plots were created using the 

regression equation. 

4.4.2 Factorial design lower temperature 

To investigate effects of the factors at a lower temperature than 40⁰C was of interest since 35⁰C 

is a common temperature for the SSF process. However, due to time limitations, pH was kept on 

a constant level (pH 5.0). The factorial design adopted for this experimental set up was a two-

level two-factor design according to Table 3. Two center points were added to evaluate possible 

quadratic effects. See Appendix II for full experimental design.  

 
Table 3. Factors and their levels in the factorial design for the lower temperature. 

Factor Low level (-1) High level (1) Center (0) 

Enzyme conc. (EC) 5 FPU/g 15 FPU/g 10 FPU/g 

Temperature (T) 31⁰C 39⁰C 35⁰C 

 

The statistical analysis followed the two-level three-factor experiment described in section 4.4.1 

with the exception that the data was analysed with a complete two factor regression model 

(equation 6): 

  

      (6)
    

   

4.5 Additional enzymatic hydrolysis experiments 

4.5.1 Evaluation of glucose inhibition 

Experiments were conducted to investigate the degree of glucose inhibition. Glucose was 

supplied to the slurry prior to enzymatic hydrolysis to resemble the level of glucose needed to 

reach 4% ethanol. Based on the conversion rate of 0.46 g EtOH/g glucose, a glucose level of at 

least 100 g/l would be required to be able to obtain 4% ethanol in the final broth. If assuming 

that no inhibition occurs and thus the conversion will be the same as for a hydrolysis without 

glucose addition, an addition of approximately 40 g glucose was needed to reach a final 

concentration of 100 g/l. Glucose monohydrate (VWR, Radnor, USA) was used and due to a 

10% greater molecular weight than glucose, 44 g was added. Enzymatic hydrolysis of whole slurry 

with and without glucose addition was then compared. The experimental set up followed the 

TECTECYresponse  12210 



4 Materials and methods  

20 
 

standard design. Enzyme loading was 12.5 FPU/g substrate, temperature 50⁰C and pH 5.5. 

These settings were chosen to be able to compare the results with earlier investigations.     

4.5.2 Comparison of batch and fed-batch technique for slurry and enzyme 

The availability for the enzymes is of great importance for the outcome of the enzymatic 

hydrolysis. To investigate if the slurry and enzyme loading techniques affect the availability and 

thereby the efficiency of the enzymatic hydrolysis a set of experiments was conducted. Batch and 

fed-batch techniques were applied for both the slurry and the enzyme feeding. The different 

techniques were combined as shown in Table 4:  

  
Table 4. Combinations of batch and fed-batch technique for slurry and enzyme used in the experiment.  

Exp. Slurry 
batch 

Slurry 
fed-batch 

Enzyme 
batch 

Enzyme  
fed-batch 

1 x  x  

2 x   x 

3  x x  

4  x  x 

 

The experimental set up followed the standard design described in section 4.2, but with a 

working volume of 3 litres. The increase in volume was adopted to avoid stirring problem due to 

a too small amount of slurry in the initial step of the fed-batch procedure. Enzyme loading (15 

FPU/g substrate), temperature (50⁰C) and pH (5.0) were kept constant during the experiments. 

For the fed-batch experiments, the hydrolysis was initially loaded with approximately 20% of the 

total amount of slurry and approximately 60% of the total amount of enzyme together with all 

the water for the dilution to 10% DM. Every second hour during the first 8 hours, i.e. 2, 4, 6 and 

8 h, 500 g slurry and 5 ml enzyme were added to the fed-batch experiments. Samples were taken 

before every addition. When no addition was to be done, samples were withdrawn as the 

standard experimental design, i.e. at 0, 2, 4, 6, 12, 24 and 48 h, centrifuged and analysed with 

HPLC.   

 

4.6 Fermentation experiment 

4.6.1 Fermentability of the hydrolysate using different process techniques 

Shake-flask batch fermentation experiments were conducted to investigate the fermentability of 

the hydrolysates. Supernatants of six hydrolysates with the highest glucose concentration after 

enzymatic hydrolysis were mixed together to form one uniform hydrolysate for all the 

fermentation experiments. The glucose concentration of this mix was 58 g/l. pH was adjusted to 

5.5 with 2M NaOH. The fermentation was carried out in 300 ml Erlenmeyer flasks with a 

working volume of 150 ml. Nutrients were added to the final concentrations of 1.7 g/l 

(NH4)2SO4, 1.7 g/l KH2PO4 and 1.7 ml/l Vitahop (BetaTech, Washington, USA). 200 µl 
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antifoam was added to each flask to avoid foaming. The flasks were inoculated with dry yeast, 

(Fermentis, Marq-en-Baroeul, France), to a final concentration of 5 g/l and were sealed with 

cotton stoppers, which release the produced CO2.  

 

Three fermentation methods were applied; batch without dilution, batch with dilution and fed-

batch. In batch fermentation, the whole centrifuged hydrolysate was used and in batch 

fermentation with dilution, centrifuged hydrolysate diluted 1:2 with distilled water was used. Fed-

batch fermentation was carried out by starting with 50 ml of the centrifuged hydrolysate and 

every second hour, 2, 4, 6 and 8h, adding 25 ml of the hydrolysate. All fermentations were 

performed in duplicate. Fermentation was carried out at 30⁰C for a maximum of 48 h or until the 

glucose was consumed. After 24 h, glucose level was determined by glucose test strips. Samples 

were withdrawn at the end of the fermentation, centrifuged for 5 min at 4200 rpm and the 

supernatant was analysed with HPLC regarded ethanol, glycerol, sugars and sugar degradation 

products. 

 

4.7 Analytical methods 

Analysis for suspended solids (SS) and preparation of high performance liquid chromatography 

(HPLC) were performed in SEKAB’s laboratories, Örnsköldsvik. Running and evaluation of 

HPLC samples were accomplished by MoRe Research, Örnsköldsvik.    

4.7.1 Composition analysis of raw materials 

Composition values of the raw materials were taken from earlier investigations at SEKAB  

E-Technology. These values conform well to the values found in the literature (see Table 1).    

4.7.2 Suspended solids 

Suspended solids (SS) of the slurry before enzymatic hydrolysis and SS of the hydrolysate after 

enzymatic hydrolysis were determined by standard analytical method. A known amount of slurry 

was filtered through an oven dried filter with known mass by vacuum suction and adding of 

approximately 100 ml of water. When all water had passed through the filter, the filter was dried 

over night in 105⁰C. The filter was then weighed again and SS (as a percentage of total volume) 

was calculated as equation 7 shows. All measurements were performed in triplicate and an 

average value was calculated.  

 

      (7)    
  

    

4.7.3 HPLC analysis 

The supernatants from the hydrolysis samples were analysed with YL9100 HPLC (Young Lin 

Instrument, Anyang, Korea) to determinate glucose, mannose, galactose, arabinose, xylose, 

ethanol, glycerol, formic acid, acetic acid, levulinic acid, HMF and furfural concentrations. The 

supernatant was diluted and filtered with 0.22 µm filter (Millipore, Billerica, USA) prior to 

analysis. Glucose, mannose, ethanol, glycerol, formic acid, acetic acid, and levulinic acid were 

separated by a SH1011 H+-column (Shodex, New York, USA) at 50⁰C, with 5 mM H2SO4 as 
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mobile phase at a flow rate of 1.0 ml/min. Galactose, xylose, HMF and furfural were separated 

by a SP0810 Pb2+-column (Shodex, New York, USA) at 80⁰C, with water as mobile phase at a 

flow rate of 1.0 ml/min.    

4.7.4 Glucose yield 

Glucose yield was calculated as the ratio of liberated glucose during enzymatic hydrolysis to the 

theoretical glucose amount in the slurry supplied to the hydrolysis. To obtain the theoretical 

glucose amount, a glucan content of 45% of dry material (spruce) was used. 

4.7.5 Ethanol yield 

Ethanol yield was calculated as the ratio of observed ethanol concentration to the theoretical 

ethanol to be produced from the glucose supplied to the fermentation. Fermentation activity was 

assumed to be 0.46 g EtOH/g sugar. 
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5 Results and discussion 

The slurry supplied to the enzymatic hydrolysis experiments had a glucose concentration of 

approximately 12 g/l after pretreatment. To clarify the glucose released only during the enzymatic 

hydrolysis step, this glucose concentration was subtracted from all the HPLC results assuming a 

start concentration of zero glucose prior to enzymatic hydrolysis. The glucose amount added as a 

stabilizer in the enzyme mix was 24% according to HPLC analysis (see section 4.1.2), this was 

also subtracted from all the results. The HPLC analysis method showed a standard deviation of 

0.7    

5.1 Statistical analysis of multiple factor experiment 

Following sections contains statistical analysis of the multiple factor analysis. Regression models 

were created with glucose concentration as response, which represents the glucose released 

during the enzymatic hydrolysis. Models were created for three different residence times; 6, 24 

and 48 h. As mentioned earlier, short processing times are important for industrial application, 

thus models for shorter residence times than 48 h can be interesting. The chapter also includes 

the factorial experiment for lower temperatures, however a different factorial design was used for 

this experimental set (see section 4.4.2).   

5.1.1 Glucose concentration 48 h  

First, the 11 experiments in the two-level three-factor design were carried out. The response was 

glucose concentration and analyse in Minitab by fitting equation 4 to the data showed that the 

factor pH had no statistical significance (p >0.05) in the tested interval at a confidence level of 

95%. The other two main effects, enzyme concentration and temperature, were clearly 

significant. A positive coefficient for the enzyme concentration effect and a negative coefficient 

for the temperature effect, imply that a higher enzyme concentration and a lower temperature 

results in an increased glucose concentration. Since the test for curvature was significant, the 

design was complemented with face centers (see Appendix I) for the enzyme concentration and 

temperature to support a quadratic response. The results from the extended design was analysed 

with response surface regression using the quadratic model in equation 5. The result revealed that 

apart from the two main effects, also the interaction effect enzyme concentration  temperature 

and the quadratic term temperature  temperature had statistical significance at confidence level 

95%. The following regression equation with glucose as response was obtained: 

       (8)  
 
 

EC and T represent the coded values for enzyme concentration and temperature and the β:s are 

the estimated regression coefficients, see Table 5.  
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Table 5. Significant factors and regression coefficients for glucose 48 h. 

Factor Regression  
coefficient 

Value 

Constant 

Enzyme conc. (EC) 

β0 

β1 

36.673 

6.428 

Temperature (T) 

Temp.  Temp. (TT) 

Enzyme conc.  Temp. (ECT) 

β2 

β22 

β12 

-11.993 

-17.013 

-2.883 

 

The result from the analysis of variance for the model with glucose as response is shown in  

Table 6. The high value for both the coefficient of determination, R2=98.48% and the 

predictability, Q2 =96.69%, indicate a good fit of the data to the regression model. The difference 

between the two coefficients is less than 0.3 and the value of Q2 >0.9, which suggest an excellent 

model. The calculated F-value, 162.10 is over 46 times the listed F-value, F4, 10= 3.478. This fulfils 

the F-test and the model can therefore be considered as statistically significant. The test for lack-

of-fit (p = 0.217 > 0.05) further indicates that the model accurately fits the data. To visualise the 

fit of the model, observed and predicted values are listed in Appendix I.  

 

Table 6. Analysis of variance for glucose 48 h. 

Source DF SS  MS F P 

Regression 4 2882,82 720,71 162,1 0 

Linear 2 1851,47 925,73 208,21 0 

Enzyme conc.            1 413,22 413,22 92,94 0 

Temperature 1 1438,25 1438,25 323,49 0 

Square 1 964,85 964,85 217,01 0 

Temperature   temperature 1 964,85 964,85 217,01 0 

Interaction 1 66,5 66,5 14,96 0,003 

Enzyme conc.  temperature         1 66,5 66,5 14,96 0,003 

Residual error 10 44,46 4,45   

Lack-of Fit 4 25,28 6,32 1,98 0,217 

Pure Error 6 19,18 3,2   

Total 
 
R2 = 98.48%       Q2 = 96.69% 

14 2927,28    

 

Normal probability plot of the residuals and plot of the residuals versus fitted value were created 

(see Appendix III). The residuals roughly follow a straight line and this indicates that the data is 

normally distributed. The plot of the residuals versus fitted value shows a random scattering 

around zero, which is a satisfying pattern and an evidence of no non-constant variance.  

Figure 7 shows the response surface for the glucose concentration, based on equation 8. The 

quadratic temperature term (temperature  temperature) gives rise to the polynomal charecteristic 

of the surface at the temperature axis. At the enzyme axis, a linear pattern can be seen instead. 
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The model predicts that the higher the enzyme concentration, the higher the glucose 

concentration and that the temperture should be kept slightly lower than 50⁰C. According to the 

model, the maximum glucose concentration is 46.4 g/l at an enzyme concentration of 15 FPU/g 

and a temperature of 45.7⁰C. This value can be compared to the highest observed glucose 

concentration of 43.3 g/l at 15 FPU/g and 50⁰C, approximately 4 degrees higher than for the 

predicted maximum. However, no global maximum could be found for the model in the 

investigated intervall and a higher enzyme concentration would probably further increase the 

response. 

 

Figure 7. Surface response plot for the predicted glucose concentration at 48 h. 
 
 

Figure 8 represents the response surface as a countor plot instead. The plot indicates an optimal 

zone from approximately 43-48⁰C and 14-15 FPU/g where the glucose concentration reaches 

over 45 g/l (including the maximum predicted value of 46.4 g/l). It can also be seen in the plot 

that an increase in temperature by 5 degrees from the predicted optimal temperature results in 

the same level of predicted glucose concentration as a decrease by 5 degrees, given constant 

enzyme concentration. Finally, the plot indicates that a temperature over 55⁰C results in very low 

glucose concentrations. The temperature should be kept between 40 and 55⁰C. This is in line 

with the response surface plot, where a steep gradient can be seen for temperatures over 55⁰C. 

The regression model (equation 8) shows that the highest enzyme concentration is to prefer, i.e. 

15 FPU/g. However, due to high costs for enzyme mixes, the enzyme doasage in large scale 

plants need to be kept on a low level to make it ecnomically viable. To use 15 FPU/g is therefore 

not preferable and dosages in form of 12.5 or 10 FPU/g are more realistic. The model (equation 

8) predicts the glucose concentration to be approximately 42.5 g/l for 12.5 FPU/g at the optimal 

temperature of 45.7⁰C. If compared to the predicted maximum glucose concentration of 46.4 g/l 

at 15 FPU/g, a decrease in enzyme dosage from 15 to 12.5 FPU/g results in a 8% lower final 
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glucose concentration. In a large scale production, this decrase in glucose concentration, and thus 

produced ethanol, must be compared to the alternative to increase the enzyme doasage from 12.5 

to 15 FPU/g. An econimcal comparison between the alternatives is therefore needed.  

 

Figure 8. Contour plot for the predicted glucose concentration at 48 h.  
 
 

To visualise the effect of different enzyme dosages over time, observed results from the factorial 

experiment with three different enzyme concentrations were plotted in Figure 9. Temperature of 

50⁰C and pH 5.0 were constant. The glucose conversion are similiar for  5, 10 and 15 FPU/g  up 

to 2 h. Thereafter the same pattern can be seen  as for the predicted model, the higher the 

enzyme dosage, the higher the glucose concentration. After a residence time of 48 h the 

difference in observed glucose concentration is over 16 g/l between enzyme dosage of 5 FPU/g 

and 15 FPU/g. This is in line with the predicted values from the regression model. Since no 

plateu can be seen in the graph, it suggests that the glucose conversion is not comlete. If running 

the hydrolysis for longer than 48 h, the glucose conversion will probably increase.               
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Figure 9. The glucose concentration over time for three different enzyme dosages; 5, 10 and 15 FPU/g 

substrate. Temperature, 50⁰C, and pH 5.0 are kept constant. 
 
 

5.1.2 Glucose concentration 24 h 

The glucose concentration response for 24 h followed the same pattern as for 48 h. After the first 

11 experiments in the factorial design, analyse in Minitab revealed that pH had no statistical 

significance. The other two main effects showed significance as well as the test for curvature. The 

extended design with face centers for enzyme concentration and temperature was therefore 

adopted. Response surface regression analysis resulted in similar significant factors as for glucose 

48 h at a confidence level of 95%, i.e. enzyme concentration, temperature, the interaction term 

enzyme concentration  temperature and the quadratic term temperature  temperature. This 

resulted in the regression model: 

      (9)     
 
 

EC and T represent the coded values for enzyme concentration and temperature and the β:s are 

the estimated regression coefficients, see Table 7.   

 
Table 7. Significant factors and regression coefficients for glucose 24 h. 

Factor Regression  
coefficient 

Value 

Constant 

Enzyme conc. (EC) 

β0 

β1 

29.293 

6.205 

Temperature (T) 

Temp.  Temp. (TT) 

Enzyme conc.  temp. (ECT) 

β2 

β22 

β12 

-8.596 

-13,961 

-3.272 
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Analysis of variance resulted in a similar pattern as for glucose 48 h (see  

Table 8). The model indicates an excellent fit to the data according to the high values of R2 

(98.48%) and Q2 (96.37%). The F-test also showed a statistical significance since the calculated F-

value (162.20) is over 46 times the listed F-value (F4, 10 = 3.478) at confidence level 95%.  

 
Table 8. Analysis of variance for glucose 24 h. 

Source DF SS MS F P 

Regression 4 1859.2 464.801 162.2 0 

Linear 2 1123.88 561.938 196.1 0 

Enzyme conc.            1 385.03 385.033 134.3 0 

Temperature 1 738.84 738.843 257.83 0 

Square       1 649.67 649.672 226.72 0 

Temperature  temperature 1 649.67 649.672 226.72 0 

Interaction  1 85.65 85.654 29.89 0 

Enzyme conc.  temperature 1 85.65 85.654 29.89 0 

Residual error 10 28.66 2.866  0 

Lack-of Fit 4 9.05 2.261 0.69 0.624 

Pure Error 6 19.61 3.268   

Total 
 
R2 = 98.48%       Q2 = 96.37% 

14 1887.86   
 
 

 
 
 

 

The normal probability plot of the residuals followed a straight line and thus indicates a normal 

distribution of the data. No non-constant variance occurred as the plot of residuals versus fitted 

value showed a scattering pattern around zero. These plots are found in Appendix III. 

Response surface and contour plot (plots not shown) for the regression model (equation 9) 

showed a similar pattern as for 48 h. The response surface predicted maximum glucose 

concentration (38.02 g/l) at the same settings as for 48 h, i.e. a enzyme concentration of 15 

FPU/g and temperature of 45.7⁰C. This suggest that similiar settings should be kept for both 24 

and 48 h residence time.  

5.1.3 Glucose concentration 6 h 

Factorial design analysis revealed that pH had no statistical significance and extensions of the 

model with face centers resulted in nearly the same significant factors as for 24 and 48 h, i.e. 

enzyme concentration, temperature, and temperature  temperature. However, the interaction 

term enzyme concentration  temperature showed no significance (p >0.05). The obtained 

regression model with coefficients was: 

 

         (10) 
 

EC and T represent the coded values for enzyme concentration and temperature and the β:s are 

the estimated regression coefficients, see Table 9.   

2

22210 TTECY 6hglucose  
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Table 9. Significant factors and regression coefficients for glucose 6 h. 

Factor Regression  
coefficient 

Value 

Constant 

Enzyme conc. (EC) 

β0 

β1 

13,812 

3,203 

Temperature (T) 

Temp.  Temp. (TT) 

β2 

β22 

-2,480 

-6,355 

 

Analysis of variance (see Table 10) resulted in a calculated F-value of 58.09, which is over 16 

times the listed value (F3, 11=3.587) at 95% confidence interval. The model can thereby be 

considered statistically significant. The high values of R2 (94.06%) and Q2 (88.18%), further 

indicate a good fit to the data but not excellent since Q2 < 0.9. The normal probability plot of the 

residuals and the plot of residuals versus fitted value (see Appendix III) indicate normal 

distribution of the data and constant variance. The test for lack-of-fit, p=0.294 > 0.05 shows that 

no lack-of fit occurs.  

 

Table 10. Analysis of variance for glucose 6 h. 

Source DF SS MS F P 

Regression 3 298,736 99,579 58,09 0 

Linear 2 164,107 82,053 47,87 0 

Enzyme conc.            1 102,618 102,618 59,86 0 

Temperature 1 61,489 61,489 35,87 0 

Square       1 134,629 134,629 78,54 0 

Temperature  temperature 1 134,629 134,629 78,54 0 

Residual error 11 18,857 1,714   

Lack-of Fit 5 10,727 2,145 1,58 0,294 

Pure Error 6 8,13 1,355   

Total 
 
R2 = 94.06%       Q2 = 88.18% 

14 317,593  
 
 

  

 

Plot of the response surface (see Figure 10) shows a slightly different pattern compared to the 

responses of 24 and 48 h. The gradient at the enzyme concentration axis has a steeper gradient, 

indicating that the enzyme concentration has greater importance. Another difference is that the 

response at lower temperature shows a distinct decrease even at high enzyme levels. The 

maximum glucose concentration predicted by the model is 17.26 g/l at enzyme concentration of 

15 FPU/g and a temperature of 48.1⁰C. This can be compared with the experimentally observed 

result of 18.43 g/l at 15 FPU/g and 50⁰C, which also turned out to be the maximum observed  

results. The optimal settings predicted by the model suggest that at shorter residence times, a 

slightly higher temperature is to prefer and that changes in enzyme concentration has a greater 

impact on the response. Contour plot of the model confirm this (see Figure 11), where the 
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optimal zone is located closer to 50⁰C and that horizontal movements (changes in enzyme 

concentration) have a large impact on the response.      

 

Figure 10. Surface response plot of the predicted glucose concentration at 6 h. 

 

 

Figure 11. Contour plot for the predicted glucose concentration at 6 h. 
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5.1.4 Glucose concentration 48 h – lower temperature 

Analysis of the factorial experiment for lower temperature, i.e. 31-39⁰C showed no significance 

for a quadratic response and a linear regression model was obtained. The significant factors 

turned out to be the two main effects; enzyme concentration and temperature. The interaction 

term of the main effects showed no significance and equation 11 shows the obtained regression 

model. EC and T represent the coded values for enzyme concentration and temperature and the 

β:s are the estimated regression coefficients. Table 11 represents the factors, coefficients and their 

values. 

 

      (11)     
 
 

 

Table 11. Significant factors and regression coefficients for glucose 48 h lower temperature.  

Factor Regression  
coefficient 

Value 

Constant 

Enzyme conc. (EC) 

β0 

β1 

26.493 

8.393 

Temperature (T) β2 5.099 

 

Table 12 shows the result from the analysis of variance. The model can be regarded as statistical 

significant since the calculated F-value (61.87) is over 6 times the listed F-value (F2, 3 = 9.552) at 

confidence level of 95%. Analysis of variance also revealed high R2 and Q2 values, 97.63% and 

81.81%, which further support the accuracy of the model. The test for lack-of-fit did not show 

any significance. Normal probability plot and plot of residuals versus fitted value showed no 

concerning pattern (plots not shown).  

 

Table 12. Analysis of variance for glucose 48 h for lower temperature. 

Source DF SS MS F P 

Regression 2 385,803 192,901 61,87 0,004 

Linear 2 385,803 281,793 61,87 0,004 

Enzyme conc.            1 281,793 192,901 90,38 0,002 

Temperature 1 104,009 104,009 33,36 0,01 

Residual error 3 9,354 3,118   

Lack-of Fit 2 8,139 4,069 3,35 0,36 

Pure Error 1 1,215 1,215   

Total 
 
R2 = 97.63%       Q2 = 81.81% 

5 395,157    

 

 

The response surface of the regression model (equation 11) is shown in Figure 12 and represents 

the linear plan that the model contribute to. Both the coefficients of the significant effects were 

TECY temp.lower48hglucose 210  
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positive, which means that an increase in enzyme concentration or in temperature will increase 

the glucose concentration. The steepest gradient can be seen at the enzyme axis, indicating that a 

change in enzyme loading will have the greatest effect on the response. Since no curvature 

occurs, the maximum glucose concentration is found in one of the corners of the model. Enzyme 

concentration 15 FPU/g together with a temperature of 39⁰C results in the highest predicted 

glucose concentration, 40.0 g/l. This can be compared to one of the design points which 

coincides with the predicted optimal point (15 FPU/g) and 39⁰C), where the observed glucose 

concentration was 41.13 g/l.   

 

Figure 12. Response surface plot of the predicted glucose concentration at 48 h for lower temperatures.  
 
 

The contour plot in Figure 13 shows that the optimal zone is around 15 FPU/g and 39⁰C.  It can 

also be seen that running the enzymatic hydrolysis at 35⁰C, which is a common temperature for 

SSF, results in a glucose concentration far from the maximal obtainable. According to the model, 

enzymatic hydrolysis at 35⁰C and for example at 12.5 FPU/g results in a glucose concentration of 

approximately 30.7 g/l. This can be compared to the glucose concentration of 42.5 g/l predicted 

by the model for higher temperature (equation 8) at optimal temperature (45.7⁰C) and the same 

enzyme concentration. An increase in glucose concentration of almost 40% could be achieved if 

the temperature is increased from 35⁰C to the optimal of 45.7⁰C. The response surface and the 

contour plot clearly indicate that a higher temperature will increase the glucose concentration.      

10

20

15

10

5

30

40

35

31

35

39

Glucose (g/l)

Temperature (  C)

Enzyme (FPU/g)



5 Results and discussion   

33 
 

 

Figure 13. Contour plot for the predicted glucose concentration at 48 h for lower temperatures. 
 
 

5.1.5 Glucose yield for the multiple factor experiments 

The glucose conversion after 48 h for the multiple factor experiments follows the results of 

glucose concentration (see Appendix I). The highest observed glucose concentration of 43.34 g/l 

at 15 FPU/g and 50⁰C corresponds to the highest glucose yield, approximately 86% of the 

theoretical value. This is an acceptable yield, which indicates that a significant part of the cellulose 

has been degraded to fermentable glucose. However, the conversion is not complete and the 

residence time should therefore be prolonged to > 48 h. The experiment that was carried out at 

35⁰C, i.e. a common temperature for the SSF process, and with an enzyme dosage of 10 FPU/g, 

resulted in a yield of approximately 53% (an average yield for experiment nr. 19 and 20). This can 

be compared to the observed yield of approximately 74% (an average yield for experiment nr. 3, 

7 and 11) for a temperature of 50⁰C and 10 FPU/g. A distinct increase in glucose conversion can 

so be seen if the temperature is changed to a more appropriate level for the enzymes, i.e. 50⁰C 

instead of 35⁰C. 

5.1.6  Theoretical obtained ethanol concentration 

The maximum observed glucose concentration obtained after 48 h of enzymatic hydrolysis,  

43.34 g/l, together with the glucose released in the pretreatment and the glucose derived from 

the enzyme mix, resulted in a final maximum concentration of approximately 62.3 g/l. If 

assuming 90% fermentation efficiency (0.46 g EtOH/g glucose), this glucose concentration will 

yield a final ethanol concentration of 28.6 g/l. This corresponds to a broth concentration of 

2.86%, which is below the 4% limit. To increase the concentration, higher substrate loading than 

10% DM that was used in these experiments could be needed.             
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5.2 Additional enzymatic hydrolysis experiments 

5.2.1 Glucose inhibition 

An inhibition effect was observed when additional glucose was supplied to the slurry prior to 

enzymatic hydrolysis. Figure 14 shows the result of enzymatic hydrolysis with and without 

glucose addition, the rest of the parameters were kept constant. The added glucose was 

subtracted from the result to be able to compare the two experiments more easily. If no glucose 

inhibition would occur, the two curves would coincide. However, a clear decrease in glucose 

concentration during the entire hydrolysis could be seen when extra glucose was added. After 48 

h of enzymatic hydrolysis, the difference in glucose concentration was more than 30%. This 

indicates that end product inhibition by glucose does exist and results in a distinct decrease in 

glucose conversion. The experiment was carried out at a glucose concentration that is necessary 

to reach the limit of 4% ethanol. However, the result showing a decrease of over 30% in glucose 

concentration at this level is an indication that end product inhibition by glucose still is a crucial 

problem in SHF. 

 

Figure 14. Diagram of enzymatic hydrolysis with and without additional glucose supplied to the slurry 
prior to enzymatic hydrolysis. The added sugar has been subtracted from the diagram to simplify the 

comparison. 

 

5.2.2 Comparison of batch and fed-batch technique for slurry and enzyme 

The results of the batch and fed-batch technique experiments showed that different techniques 

of slurry and enzyme did not have any large impact of the final glucose concentration. All the 

experiments, apart from the one with slurry batch and enzyme batch, reached a final glucose 

concentration of 32-34 g/l, see Figure 15. The slurry batch and enzyme batch experiment 

resulted in a higher glucose concentration, 40 g/l. This indicates that the best technique is batch 

technique for both enzyme and slurry. However, due to time limitations the experiment with 

batch slurry and batch enzyme was not performed with working volume of 3 liters. Instead the 

results from an earlier experiment with the same parameter settings but with a working volume of 

1 liter were used. If the results from the laboratory experiments should be adapted in a large scale 

application, the results found in small scale must somewhat be the same in large scale. The 
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difference in working volume (1 and 3 liters) should therefore not affect the outcome. On the 

other hand a working volume of 1 liter simplifies the stirring and leads possibly to an increased 

availability for the enzymes and thus a higher release of glucose. Consequently, it is not possible 

to determine if the higher glucose concentration for this experiment depends on the batch 

technique or the smaller working volume.  

In Figure 15, the difference in batch and fed-batch technique for the slurry can clearly be seen. 

The two experiments with batch slurry follow a smooth bended line with constant positive 

gradient. In contrast to this, the two experiments with fed-batch slurry shows a very fast increase 

initially which decline after approximately 6 h, followed by an increase with a gradient similar to 

the batch experiments. For enzyme, the difference between batch and fed-batch technique is not 

that obvious. However, the batch technique seems to be superior to the fed-batch procedure, 

since it shows a higher glucose concentration for both slurry batch and slurry fed-batch (with a 

saving clause for that the slurry batch enzyme batch experiment eventually is misleading).  

Initially in the enzymatic hydrolysis process, the slurry fed-batch technique is to prefer to batch 

slurry. Though, the fast increase is a result of extremely high enzyme concentrations when only a 

part of the slurry is added. The gradient decreases when additional slurry is added and after 48 h 

there is no difference in the final glucose concentration between slurry batch and fed-batch 

technique (if the 1 liter enzyme batch, slurry batch experiment is excluded). This suggests that if 

shorter residence time than 12 h is of interest, slurry fed-batch technique is to prefer together 

with enzyme batch technique. For longer residence times, no clear conclusion can be drawn 

because of the impossibility to determine if the high glucose concentration for enzyme batch, 

slurry batch experiment depends on the batch technique or the smaller volume. If one technique 

although should be recommended, it is the batch technique for both slurry and enzyme. 

However, further studies are required.       

 

 

Figure 15. Glucose concentrations after enzymatic hydrolysis with batch and fed-batch technique for 
slurry and enzyme. 
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5.3 Fermentation experiment 

5.3.1 Fermentation inhibitors 

The concentrations of inhibitors in the hydrolysate supplied to fermentation are of great 

importance since they affect the fermentability. Inhibitors in form of weak acids, i.e. acetic acid, 

formic acid and levulinic acid and furan derivates, i.e. furfural and HMF originates primarily from 

the pretreatment process. The concentrations of these inhibitors were therefore similar among all 

the experiments and no difference could be seen, see Table 13. The weak acids were at a constant 

level during the entire enzymatic hydrolysis, while the furan derivates slightly decreased to the 

end of the process (analysis of the furan derivates were only performed of the start and end 

sample). However, small fluctuations can be due to variance in the analysis method.    

 
Table 13. Fermentation inhibitors in the hydrolysate. 

Inhibitor Average concentration (g/l) 

Acetic acid 

Levulinic acid 

Formic acid 

HMF 

Furfural 

3.7 

0.6 

0.5 

1.3 

1.7 

 

5.3.2 Fermentability of the hydrolysate 

After 24 h of fermentation, the glucose test strip revealed that the glucose was fully consumed in 

the diluted fermentors, while a high level of glucose was found in the fermentors with whole 

hydrolysate, both the batch and fed-batch experiment. However, all the fermentations were 

ended at 24 h. If the yeast has not utilised the sugar in 24 h, the inhibition effect is probably high 

and the fermentation process will take too long to be acceptable. Table 14 shows the obtained 

ethanol concentrations and ethanol yields for the different fermentation experiments. An average 

value was calculated from each duplicate.  

 

Table 14. Final ethanol concentration and ethanol yield from fermentation experiments with three 
different feeding techniques; batch without dilution, fed-batch without dilution and batch with dilution.   

 Ethanol 
concentration(g/l) 

Ethanol yield 
(%) 

Whole hydrolysate, batch 11.3 36.3% 

Whole hydrolysate, fed-batch 14.6 46.3% 

Diluted hydrolysate (1:2) 14.6 92.8% 
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It can be seen that using whole hydrolysate results in a low ethanol yield, 36.3% for batch 

fermentation and 46.3% for fed-batch fermentation. The slightly higher ethanol concentration 

for the fed-batch experiment suggests that this technique is to prefer to batch process. However, 

the yields for both these experiments are too low to reach an economically viable process. 

Eventually, it is possible to increase these yields by running the fermentation for longer than 24 

h. Since a high level of glucose remained when the fermentation was ended after 24 h, the yeast 

still has glucose to convert into ethanol.  

The fermentation with diluted hydrolysate resulted in a distinct higher ethanol yield, 92.8%, 

which indicates that almost all sugar was utilised. However, the final ethanol concentration 

reached just above 14 g/l, which is equal to a broth concentration of approximately 1.4%. This 

concentration is far from fulfilling the requirement of 4%. Since almost all sugar was utilised, an 

increase in ethanol concentration is not possible even if running the fermentation for longer than 

24 h. To dilute the hydrolysate results in a fast conversion with high ethanol yield, although it is 

very difficult to fulfil the requirement of 4% ethanol with this method.       

When the hydrolysate is diluted, the concentration of yeast inhibitors will decrease and thus 

resulting in an efficient fermentation. The dilution of 1:2 will decrease the inhibitor 

concentrations by two and probably resulting in such low concentrations that the inhibiting effect 

can be neglected. When the whole hydrolysate is used instead, the concentration of inhibitors 

follows Table 13. The concentration of acetic acid and furfural, 3.7 g/l and 1.7 g/l, exceed 

concentrations where studies have shown that they have an inhibiting effect. Lu et al. (2010) 

showed that acetic acid concentration of 3.3 g/l and furfural concentration of 145 mg/l had a 

clear inhibiting effect on the ethanol production. This suggest that the slow fermentation 

efficiency when using whole hydrolysate is probably an effect of that the yeast is depressed by 

inhibiting compounds, such as acetic acids and furfural. These inhibiting effects need to be 

prevented if a large scale plant should be economic favourable. To dilute the hydrolysate solves 

the inhibiting effect, however the limit of 4% ethanol concentration is unachievable. Thus, it is 

necessary to use the whole hydrolysate for fermentation and detox strategies should therefore be 

discussed.  
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6 Conclusions 

An efficient enzymatic hydrolysis is of great importance in the SHF process and the focus in the 

thesis was therefore to optimize this step with respect to conversion to glucose. The effects of 

enzyme concentration, temperature and pH on the glucose concentration in enzymatic hydrolysis 

were investigated for pretreated spruce at 10% DM. Enzyme concentration and temperature 

showed significant effects on the glucose concentration, while pH had no significant effect on 

the glucose concentration in the tested interval of pH 4.5-5.5. To obtain maximum glucose 

concentration (46.4 g/l) for a residence time of 48 h, the optimal settings within the studied 

parameter window are a temperature of 45.7⁰C and an enzyme concentration of 15 FPU/g 

substrate. However, a higher enzyme concentration would probably further increase the glucose 

concentration. The same optimal settings for enzyme concentration and temperature were found 

for a residence time of 24 h. If enzymatic hydrolysis should be performed for very short 

residence times, e.g. 6 h, the temperature should be 48.1⁰C to obtain maximum glucose 

concentration. Investigation at lower temperatures also revealed that a distinct increase in glucose 

concentration is achieved if the temperature is changed from 35⁰C, which is a common SSF 

temperature, to the found optima. The maximum glucose yield (86%) and the absence of a 

plateau in the glucose concentration diagrams, indicate that the cellulose conversion is not 

complete and that the residence time for the enzymatic hydrolysis process should be prolonged 

over 48 h to increase the amount of released glucose. It is necessary to increase the final glucose 

concentration since the maximum outcome, not even in theory, reaches the 4% ethanol limit.  

It could be concluded that end product inhibition by glucose occurs and results in a distinct 

decrease in glucose conversion. The efficiency of the enzymes was inhibited when extra glucose 

was added to the slurry prior to enzymatic hydrolysis. Addition of glucose was done to resemble 

the concentration needed to reach the 4% ethanol limit. After a residence time of 48 h, a decrease 

in glucose concentration of over 30% could be seen compared to the slurry without glucose 

addition. This result is an indication that end product inhibition by glucose is a crucial problem in 

SHF and that it makes it difficult to achieve an acceptable final ethanol concentration.           

No clear conclusions could be drawn according to the comparison of batch and fed-batch 

technique for slurry and enzyme in the enzymatic hydrolysis process. It was not possible to 

determine if the high glucose concentration for enzyme batch, slurry batch experiment depended 

on the batch technique or the smaller working volume. For longer residence times than 12 h, the 

choice of technique is probably of less importance. If one technique although should be 

recommended, it is the batch technique for both slurry and enzyme. For shorter residence times 

than 12 h, the indication is that the fed-batch technique for the slurry is to prefer instead of the 

batch technique. However, further studies are required to be able to draw definitive conclusions.          

Investigations of the fermentability of the hydrolysate revealed that the fermentation step in SHF 

is problematic. Inhibition of the yeast decreases the fermentation efficiency and it is therefore 

difficult to achieve the 4% ethanol limit. Fermentation of hydrolysate from the enzymatic 

hydrolysis resulted in an ethanol concentration of only 15 g/l as highest after 24 h, which is not 

sufficient for an economically viable process. Dilution of the hydrolysate prior to fermentation 

resulted in a high ethanol yield, but a too low ethanol concentration. Fermentation of the whole 
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hydrolysate showed a low ethanol yield after 24 h, indicating that inhibition of the yeast occurs 

and that a prolonged residence time is needed. Fed-batch fermentation seems to be more 

favourable than a batch process. However, the overall results from the fermentability 

investigation are not satisfying.    

The investigations during this thesis show that both residence time for enzymatic hydrolysis  

(48 h) and fermentation (24 h) need to be prolonged to achieve a sufficient SHF process. 

However, short processing times are a key parameter to an economically viable industrial process 

and to prolong the residence times should therefore not be seen as a desirable alternative. To 

create an efficient SHF process which can fulfil the 4% ethanol limit, other strategies must be 

taken into consideration. The enzymatic hydrolysis experiments in this thesis have been 

performed at 10% DM, and one possibility would be to increase the portion of dry material. 

However, running at higher solid concentrations implies several difficulties. Too high substrate 

loadings will cause stirring and pumping problems and it will be hard to obtain a homogenous 

substrate. A non-homogenous mass makes the temperature and pH adjustments more 

complicated and it will be difficult to achieve a stable process at the optimal settings. However, if 

the solid concentration is increased in the enzymatic hydrolysis process, this will presumably lead 

to a higher glucose conversion and that the hydrolysate can be partly diluted before fermentation. 

Dilution decreases the inhibitor concentrations and it is possible to achieve an efficient 

fermentation. Other ways to decrease the fermenting inhibitors would be to filter or wash the 

slurry prior to enzymatic hydrolysis or by using detox strategies. However, this requires additional 

process steps and thereby an increased cost.  

To minimize the process cost is of great importance for a profitable cellulose-based ethanol 

production. Even if the new enzyme mixes are said to have improved efficiency, the enzyme cost 

is still contributing to a big part of the total production cost. The results show that the enzyme 

loading is of great importance for the outcome, but instead of adding more enzymes (and 

increase the cost), the focus should be to optimize the substrate properties and parameter settings 

to increase the availability and efficiency of the enzymes. Investigations need to be done to 

understand more in detail the enzyme activity for the particular raw material being used, in this 

case spruce. How should the pretreatment process be designed to increase the availability for the 

enzymes by having optimal physical attributes such as particle size and pore size for the fibers in 

the slurry? Does the stirring speed affect the availability and thereby the efficiency of the 

enzymes? How extensive is the non-productive binding to lignin and can we add for example 

surfactants to prevent this to happen? By focusing on these questions and finding specific 

answers for the raw material being used, the process can be optimized to increase the efficiency 

of the enzymes and thereby reduce the amount of enzymes needed.        

SHF as a process alternative in an industrial bioethanol plant has both potential and limitations. 

The main advantage is the possibility to separately optimize the process steps, especially to be 

able to run the enzymatic hydrolysis at an optimal temperature. Although, even if the enzymatic 

hydrolysis is the key process in SHF, it is important to include all the process steps in the 

optimization work. An enzymatic hydrolysis resulting in high glucose concentration with a total 

glucose conversion is pointless if the hydrolysate is non-fermentable. The fermentation 

difficulties together with the end product inhibition are two limitations of the SHF process that 

have to be improved before SHF is a preferable alternative in a large scale bioethanol plant.    
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7 Recommendations for further investigations 

 

 Investigations of other parameters, e.g. agitation and substrate loading and their 

influences of the enzymatic hydrolysis process. Factorial design should be used to find 

optimal settings.   

 

 Increase the general knowledge of the enzyme activity having spruce as raw material. 

With this information, design the pretreatment and the hydrolysis process to achieve 

maximal availability for the enzymes. The focus should be to increase the efficiency of the 

enzymes instead of adding a larger volume.   

 

 Fermentation experiments to find out what is necessary to achieve a highly fermentable 

hydrolysate. What degree of dilution is required? Is it possible to utilize the whole 

hydrolysate or is washing and/or detox methods inevitable?  

 

 Compare different commercial enzyme mixes and their degree of end product inhibition. 

Investigate possibilities to decrease the end product inhibition.  
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Appendix I 
 

Experimental design for enzymatic hydrolysis    

Exp. Enzyme[FPU/g] Temp.[˚C] pH 

1 15 40 4.5 

2 15 60 5.5 

3 10 50 5.0 

4 15 40 5.5 

5 5 60 5.5 

6 5 40 4.5 

7 10 50 5.0 

8 15 60 4.5 

9 5 60 4.5 

10 5 40 5.5 

11 10 50 5.0 

 
 

Additional face centers for enzyme loading and temperature 

Exp. Enzyme[FPU/g] Temp.[˚C] pH 

12 5 50 5.0 

13 10 60 5.0 

14 15 50 5.0 

15 10 40 5.0 
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Results from the factorial experiments  

 Glucose 
(g/l) 

   Glucose yield 
(%) 

Exp. Observed  
6h 

Observed  
24h 

Observed 
48h 

Predicted 
48 h (Eq.8) 

Observed 
48h  

1 14.79 34.51 39.66 40.96 78.4 

2 7.88 10.76 12.67 11.21 26.4 

3 13.89 27.63 39.69 36.67 78.3 

4 12.26 31.03 39.90 40.96 79.2 

5 3.58 4.88 5.56 4.12 13.0 

6 6.70 14.88 21.15 22.34 42.4 

7 13.31 31.24 36.97 36.67 73.1 

8 6.01 7.53 8.67 11.21 19.1 

9 1.90 3.45 3.20 4.12 8.3 

10 4.95 14.51 22.76 22.34 44.7 

11 13.24 28.37 36.08 36.67 70.8 

12 10.19 21.64 27.29 30.25 53.8 

13 5.50 7.06 8.23 7.67 18.0 

14 18.43 37.59 43.34 43.10 86.3 

15 10.99 24.71 34.80 31.65 68.7 

 

 

 

 

 

 

 



 

47 
 

Appendix II 

 

Results and experimental design – lower temperature 

    Glucose 
(g/l) 

Glucose 
(g/l) 

Glucose 
yield (%) 

Exp. Enzyme[FPU/g] Temp.[˚C] pH Observed 
48 h 

Predicted 
48 h (Eq.11) 

Observed 
48 h 

16 15 39 5.0 41.13 39.99 80.9 

17 15 31 5.0 28.19 29.79 55.1 

18 5 31 5.0 14.14 13.00 28.7 

19 10 35 5.0 27.73 26.49 54.9 

20 10 35 5.0 26.17 26.49 52.3 

21 5 39 5.0 21.60 23.20 42.9 
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Appendix III 

 

Results from the statistical analysis of the multiple factor experiment. Normal probability plots 

and plots for the residuals versus fitted value are shown for the three responses; glucose 

concentration 48 h, glucose concentration 24 h and glucose concentration 6 h.   

 

Response glucose concentration 48 h 
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Response glucose concentration 24 h 
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Response glucose concentration 6 h 
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