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ABSTRACT 
 
This thesis work was carried out for SEKAB E-Technology in Örnsköldsvik and the purpose 
of the study was to design a nutrient medium for the aerobic cultivation of a xylose-utilising 
yeast related to Saccharomyces cerevisiae TMB-3400. The focus has been to reduce the cost 
of carbon and nitrogen which represent a significant cost in the yeast production. Carbon is 
added in the form of beet molasses, a rest product from table sugar production, and nitrogen 
in the form of ammonia. This work investigates if beet molasses can be interchanged with 
dilute acid hydrolysate and at which point the yield of yeast will start to decline. 
Experiments have been performed with different levels of nitrogen to find if nitrogen can be 
reduced from the levels used today. It was also examined if a decrease in molasses could be 
compensated with adding nitrogen in excess or by addition of vitamins. Some of the 
experiments were performed with design of experiments to get statistically significant 
conclusions.  
 
The experimental work showed that it is possible to supply only 10 % of the sugars in the 
form of beet molasses (and supply the rest as dilute acid lignocellulose hydrolysate) without 
any significant reduction of the biomass yield. It was not until the molasses addition was 
below 9 % that a statistically significant reduction in yield was observed. Reducing the 
assumed nitrogen requirement by 50 % resulted in a statistically significant decrease of the 
yield. It is not possible to state whether addition of vitamins and surplus of nitrogen can 
compensate for a decrease in molasses. 
 
In future work it is recommended to perform further experiments to design a nutrient 
medium for aerobic cultivation with lower expenses. The aim should be to find suitable 
levels of other nutrients that are necessary for yeast growth. More experiments should also 
be carried out to verify if adding vitamins can compensate for a reduction in molasses 
addition.  
 



 



 

SAMMANFATTNING 
 
Detta examensarbete har utförts åt SEKAB E-Technology i Örnsköldsvik och det 
experimentella arbetet har skett på avdelningen Biokemisk och kemisk processteknik på 
Luleå tekniska Universitet. Arbetet syftar till att designa ett näringsmedium för aerob odling 
av en jäststam som är släkt med Saccharomyces cerevisiae TMB-3400. Fokus har varit att 
minska kostnaden för tillsatser av kol- och kvävekällor vilka utgör en stor del av 
produktionskostnaden. Kol tillsätts idag i form av melass från sockerbetor, en restprodukt 
från strösockerproduktionen, och kväve i form av ammoniak.  
I detta arbete undersöks i vilken utsträckning melass kan ersättas med hydrolysat från 
hydrolys med utspädd syra utan att utbytet av jäst minskar. Försök har även gjorts med olika 
nivåer av kväve för att se vilken betydelse kvävetillförseln har. Det undersöktes även om 
minskningen i melass kan kompenseras med överkott av kväve eller med tillsatts av 
vitaminer. En del av försöken utfördes med försöksplanering för att få statistiskt säkerställda 
slutsatser. 
 
Försöken visar att det är möjligt att tillföra endast 10 % av sockret i form av melass, medan 
resten kan tillföras i hydrolysatform. Först då melasstillsatsen understeg 9 % av tillsatt 
socker sågs en statistiskt säkerställd minskning av jästutbytet. När kvävetillsatsen minskades 
med 50 % av det uppskattade behovet sågs en statistiskt säkerställd minskning av utbytet. 
Utifrån försöken i detta arbete är det inte möjligt att säga om tillsatser av vitaminer eller 
överkott av kväve kan kompensera för en minskning av melass.  
 
Inför framtida försök rekommenderas ytterligare försök för att utforma ett billigt 
näringsmedium för jästodling. Målet bör vara att finna lämpliga nivåer för andra 
näringsämnen som jästen behöver samt studera om vitamintillsats kan kompensera för 
melassminskningar. 
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1. INTRODUCTION 
 

1.1 Background 
 
With depleting oil reserves and the threat of global warming due to increased CO2 levels in 
the atmosphere1 there is a great need for a sustainable production of biofuels in the world. 
There are many different types of biofuels and they can be produced from a variety of raw 
materials. Sweden has a great potential of development of biofuel production due to a large 
forestry sector.2 There is a lot of research going on in the field of ethanol production from 
forestry in Sweden. A pilot plant was built in Örnsköldsvik in 2004 to develop an ethanol 
production process based on lignocellulosic raw material. Saccharomyces cerevisiae is used 
in the plant as the fermenting organism and when the process will be complete for industrial 
usage it will require large amounts of yeast. Therefore it is important to have a functional 
and economically feasible yeast production. For optimum yeast production the growth 
medium has to be well designed as the yeast requires a carbon source, vitamins and other 
nutrients to reproduce. Beet molasses is the carbon and vitamin source used in today’s 
commercial yeast production and it is a waste product in the industrial production of sugar 
from sugar beets. However, the cultivation medium needs to be complemented with other 
nutrients as well. In commercial yeast production beet molasses are supplemented with 
nitrogen, phosphorous, magnesium and biotin. 
 

1.2 Objective of the present work 
 
The aim of this work is to use lignocellulosic hydrolysate in the aerobic cultivation of yeast 
to improve the process economics of the yeast production and to adapt the yeast to the 
lignocellulosic hydrolysate used in the fermentation stage. The process economics can be 
improved by reducing the cost of the cultivation medium. This work has been focusing on 
optimising the use of molasses and nitrogen which is a significant cost in the aerobic yeast 
production. There may also be a deficit of molasses when the lignocellulosic ethanol process 
will be transferred into industrial scale. Therefore, it would be desirable to to reduce the use 
of molasses and replace it with softwood hydrolysate. The appropriate ratio of molasses to 
hydrolysate to use in the yeast cultivation is not known but will be investigated in this work. 
 
There are two experimental goals for this work. The first is to develop a fed-batch method to 
maintain the cells in the metabolic respiration zone, which is necessary for an optimal 
biomass yield. There have been some problems in earlier work with contamination and 
achieving low biomass yields.3 By using a fed-batch technique, higher yields can be 
expected, provided that the feed rate is adapted to the conditions. The second aim is to 
design a complex medium for an optimised biomass yield and to investigate the effects of the 
molasses to hydrolysate ratio and the nitrogen and vitamin concentrations. The purpose is to 
find the breakpoint for the molasses and nitrogen addition where the biomass yield starts to 
decline. It will also be investigated if decreasing the molasses could be compensated by 
supplementation with vitamins and nitrogen. 



2 



3 

2. THEORY 

2.1 Climate change 
 
There are no longer any doubts that the world is facing a climate change. Over the 100 years 
(1906-2005) the global surface temperature has increased by approximately 0.7 degrees.1 
The definition of climate change according to the international Climate Change Panel is “a 
change in the state of the climate that can be identified by changes in the mean and/or the 
variability of its properties, and that persists for an extended period, typically decades or 
longer. It refers to any change in climate over time, whether due to natural variability or as a 
result of human activity.” The warming trend is linear but the trend over the years 1956 to 
2005 is almost twice that for the 100 years from 1906 to 2005. As a matter of fact eleven of 
the twelve years 1995-2006 rank as the twelve warmest years since 1850 when 
measurements of the global surface temperature was started. The warming is widespread 
over the world but is greater at higher northern latitudes and the temperature has increased 
more in land regions than in the oceans. Effects of the warming are rising sea levels, melting 
glaciers and shifting climate zones. 
 
One reason for the increase in temperature is the build-up of green house gases (GHG)  in 
the atmosphere. The green house gas emissions have increased by 70 percent between 1970 
and 2004. They affect the absorption, scattering and emission of radiation within the 
atmosphere and the earth’s surface, which causes the temperature to rise. Carbon dioxide 
(CO2), methane (CH4), and nitrous oxide (N2O) are the three major green house gases of 
which CO2 is the most important. The annual CO2 growth rate was larger during the years 
1995-2005 than it has been since the beginning of the direct atmospheric measurements. 
Carbon dioxide is released by combustion of fossil fuels. 

 

2.2 Oil depletion 
 
The world consumption of oil is 30 billion barrels per year (2005) and the demand will 
continue to increase because of the development that is taking place in countries like India 
and China. In Sweden we consume 13 barrels of oil per person and year which can be 
compared with 0.7 barrels in India and 1.7 barrels in China. The largest producers of oil are 
countries in the Middle East and they also hold most of the reserves. 4 
 
There are indications that the oil reserves that are easiest to extract will start to deplete in a 
not distant future. There exists more reserves but they are more expensive to exploit and the 
extraction will have a large environmental impact and release more carbon dioxide. The 
decrease in oil supply is indeed a problem for the transportation sector. Two thirds of the oil 
supply in Sweden is used for production of liquid transportation fuels.4 A great challenge is 
therefore to develop the non fossil-fuel production which would also result in reduced CO2 
emissions. 
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2.3 Biofuels 
 
Renewable fuels do not like fossil fuels increase the net amount of CO2 except for CO2 
generated elsewhere in process, eg. steam, transportation and cultivation. The CO2 that is 
released when biofuels are combusted will not accumulate due to regrowth of plant biomass 
that will absorb and transform CO2 to O2 by the photosynthesis. There are a lot of renewable 
fuels on the market already, such as bio-diesel from rape seed oil (RME), biogas produced 
from anaerobic digestion of waste and ethanol from sugar and starch.5 These are called first 
generation biofuels and are based upon farm products which have increased the food prices 
and triggered a debate over whether farmland should be used for food or fuel production, 
even if other factors are more important for the increase in food prices. 
 
Still, the price of corn has increased significantly since corn began to be used for ethanol 
production. During the last year, the price of wheat has doubled in Sweden and today it is not 
economically feasible to produce ethanol from wheat.2 An alternative feedstock for ethanol 
production is lignocellulosic material from forestry and agriculture which do not compete 
with food production. This group is called the second generation of biofuels and include 
ethanol from lignocellulose and fuels that are synthesised from gas produced by gasification 
of biomass. This is an area that needs further development and is considered to be in 
production within ten years.2 There is a lot of research going on in Sweden related to 
production of the second generation of biofuels. A pilot plant was built in Örnsköldsvik in 
2004 to develop ethanol processes based on lignocellulosic raw material. The pilot plant is a 
part of the Swedish ethanol programme which is funded by the Swedish Energy agency and 
the EU. The goal for SEKAB is to develop cellulose-based ethanol technology, build plants 
and commercialise the technology.  
 
The interest in ethanol and ethanol hybrid cars has increased a lot the last year. Ethanol can 
be blended with gasoline and used in an unmodified engine if it is a low-level blend with 10 
% of ethanol (E10) or in a flexible fuel vehicle if it is a high-level blend with 85% of 
ethanol, (E85).6 The sales of E85 increased three fold during the three first months of 2008 
compared to the same period last year. The registration of ethanol cars in Sweden increased 
with 55 percent in May 2008 compared to the same month in 2007 to a record of 5376. Thus, 
every fifth car that was bought in Sweden in May 2008 was an ethanol car.7 According to 
SIKA, Statens institute, 100 000 ethanol hybrids had been sold in Sweden until April 2008.8 
 

2.4 Production of ethanol from lignocellulose 
 
Independent of raw material source the concept of ethanol production is the same; sugars are 
converted to ethanol by the metabolism of microorganisms, such as bacteria or yeasts. 
Lignocellulose refers to plant biomass such as hardwood, softwood and annual plants and 
consists mainly of three types of material: cellulose, hemicellulose and lignin. In softwood, 
the focus of this work, the major part is cellulose (42%) which is a straight-chain polymer 
that consists of D-glucose monomers linked by β-1,4 D-glucosidic bonds. It is insoluble in 
most solvents and is difficult to hydrolyse chemically without the use of strong acids.9 The 
second major component is hemicellulose (27%) which is a branched polymer with a 
complex structure. The molecule chains are shorter than those in cellulose and are built up 
by pentoses (xylose, arabinose) and hexoses (mannose, glucose, galactose) and sugar acids10 
and the composition is strongly dependent on the type of material. Lignin (28%) is the glue 
that makes the wood fibres stick together. It also occurs within the fibre wall. Lignin is not 
soluble in water or in other common solvents but it can become soluble by chemical action.  
In order for lignocellulosic material to be usable by baker’s yeast it must be split into 
monomeric sugars and this is done by hydrolysis. The sugars from the hemicellulose can be 
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hydrolysed by the addition of dilute sulphuric acid at a temperature of 160-220 °C for 
periods ranging from seconds to minutes.11 In order to decompose the cellulose the 
lignocellulosic material needs to be exposed to harsher conditions, such as stronger acids and 
higher temperature, but this will lead to formation of inihibitors that can be toxic to S. 
cerevisiae. In two-stage hydrolysis the hydrolysis is carried out on two stages. In the first 
stage the hemicellulose and some of the cellulose is hydrolysed under mild conditions and 
the liquid fraction is washed out. In the second stage the remaining cellulose is hydrolysed 
under more severe conditions. The difference between the hydrolysates produced in the two 
stages is that stage 1 hydrolysate contains more pentoses and acetic acid while stage 2 
hydrolysate contains more glucose.12 The hydrolysate from the different stages can be used 
separately or mixed and to increase the sugar content of the hydrolysate it can be evaporated. 
The composition of the hydrolysate depends on the raw material. Hydrolysate produced from 
hardwood will be rich in xylose while hydrolysate from softwood contains primarily 
mannose and glucose. 
 
The hydrolysis of lignocellulosic material will also produce inhibitors which are compounds 
that can negatively affect the productivity of microrganisms. Some inhibitors are initially 
present in wood but most are formed when lignocellulosic material is hydrolysed.13 The 
inhibitory compounds can be grouped according to origin: organic acids, furan derivatives 
and phenolic compounds.14 During pre-treatment and hydrolysis, hemicellulose is split into 
hexoses, (mannose, galactose and glucose) and pentose (xylose and arabinose). At high 
pressure and temperature pentoses will be degraded to furfural and hexoses to 5-
hydromethylfurfural (HMF), see Figure 1. Further degradation of furfural and HMF 
produces formic acid but HMF can also be degraded to levulinic acid. 

 

 
Figure 1: The degradation of hexoses and pentoses leads to formation of inhibitors. 
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2.5 Saccharomyces cerevisiae 

2.5.1 Biomass yield 
 
The most widely used yeast for ethanol production is Saccharomyces cerevisiae. Under 
aerobic condition sugar substrates are oxidised to CO2, a metabolic zone which is called 
respiration, but under anaerobic conditions it will ferment sugars to ethanol which is referred 
to as fermentation.15 Different ethanol and biomass yields will be achieved depending on in 
which metabolic zone the yeast is operating, see Table 1. The yield is calculated as the mass 
ratio of how much product that has been produced to the input of sugar. YX/S is the biomass 
yield while the YP/S denotes the ethanol yield. When growing yeast on softwood hydrolysate 
biomass yields of 0.45 g/g have been obtained by adding hexoses during cultivation.16  
 
Table 1. Possible yields for S. cerevisiae when grown on softwood hydrolysate. 
Yield g/g Respiration Fermentation 
YX/S 0.45 0.05-0.10 
YP/S 0 0.51 
 
There are many benefits of using S. cerevisiae in ethanol fermentations. Ethanol is the main 
product formed when glucose is metabolised anaerobically and it has a good tolerance for 
ethanol as well as acetic acid which is found in lignocellulosic hydrolysate. One 
disadvantage of using S. cerevisiae is that it is unable to use pentose sugars. It lacks both a 
xylose assimilation pathway and adequate levels of key pentose phosphate pathway 
enzymes.17 
 

2.5.2 Pentose utilisation 
 
In order to get the production of ethanol from lignocellulosic material to be a sustainable 
alternative to petroleum fuel its production economics must be further optimised. This 
requires high production yield of both biomass and ethanol because ethanol has a low value 
and the major production cost is the raw material. To facilitate high yields as much as 
possible of the raw material must be used. To increase the margins a strain that has the 
possibility to utilise pentoses for both biomass production and in fermentation could be 
used.18  
 
The lignocellulosic hydrolysate contains pentoses which can not be utilised by S. cerevisiae. 
To get an efficient xylose fermenting strain the xylose uptake in S. cerevisiae must be 
improved. S. cerevisiae can transport xylose into the cell but if glucose is present then the 
uptake of xylose is not efficient. This is explained by the facts that xylose is transferred into 
the cell by the glucose transporters and they have a higher affinity for glucose. Therefore, 
there will be competition between glucose and xylose when they are simultaneously present 
in the medium. Even in glucose fermentation the transport of sugar into the cell is considered 
to be the rate limiting step. The glucose transporters function through facilitated diffusion 
and the driving force is the concentration gradient between the medium outside the cell and 
the cytosol inside the cell.18 

 
There are yeasts that naturally utilise xylose and they have at least two systems for 
transportation of xylose. One has a low affinity for xylose and work in the same way as the 
glucose transporter where as the other one has a high affinity for xylose. High-affinity 
systems use the proton motive force and symport xylose together with a proton. In the 
metabolism, xylose is converted to xylulose in two steps. The first reaction is catalyzed by 
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the enzymes xylose reductase (XR) and reduces xylose to xylitol using NADPH or NADH as 
a cofactor. In the second step, xylitol dehydrogenase (XDH) converts xylitol to xylulose 
using NAD+. The enzyme xylulokinase (XK) transforms xylulose to xylulose 5-phosohate 
which also increases the xylose utilization. 18 

 
The activity of XR and XDH has shown to be low in S. cerevisiae. Therefore, genes that 
encode these enzymes have been cloned from Pichia stipitis and transferred into the host 
strain Saccharomyces USM21S. To increase the xylose utilization genes from S. cerevisiae 
that encodes XK have also been integrated into the host strain. The new strain, called S. 
cerevisiae TMB 3399 was subjected to chemical mutagenesis and the mutant with the 
superior productivities and yields was named S. cerevisiae TMB 3400.19 This strain has been 
further developed by adaptation to hydrolysate and inhibitors. 
 

2.5.3 Metabolism 
 
Living cells need energy to function and this energy is released by degrading carbon 
compounds into simpler products and is called catabolism. Aerobic catabolism of glucose 
can be divided into three different steps, glycolosis, TCA cycle and the electron transport 
chain. In the glycolysis glucose is broken down into two pyruvate molecules which is a key 
metabolite in metabolism.15 Pyruvate is then oxidised to CO2 in the TCA cycle which also 
produces NADH. In the electron transport chain, electrons are transferred from NADH to an 
electron acceptor which will generate energy in the form of adenosine triphosphate (ATP).15 
Under anaerobic conditions, pyruvate can be fermented to ethanol by S. cerevisiae for 
example or it can be converted to lactate by anaerobic glycolysis.20  
 
Ethanol can be formed also under aerobic conditions if the glucose concentration in the 
reactor is too high, a phenomenon that is called overflow metabolism. When the glucose 
concentration is low, pyruvate is produced at a low rate by the glycolysis and all pyruvate is 
converted to CO2 and NADH through the TCA cycle. When the glucose concentration is 
high, the production of pyruvate will increase due to an increased rate of glycolysis. The 
TCA cycle will become saturated because the working rate can not be increased, and there 
will be an accumulation of pyruvate. Instead of being oxidised pyruvate will take the other 
metabolic way, fermentation, and be reduced to ethanol. Anaerobic fermentative energy 
metabolism gives a much lower energy yield compared to aerobic which will result in lower 
biomass yields.21 
 
A way to overcome the problem with too high sugar concentrations in the reactor is to use a 
fed-batch technique. The idea is to feed the sugar continuously to the reactor which will 
avoid substrate inhibition. Initially, the cells are grown batch-wise until a satisfactory cell 
concentration is reached which is followed by a continuous feed of nutrients and substrates 
until the final volume is reached. By adding the substrate continuously the concentration of 
substrate in the reactor can be controlled.21  
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2.5.4 Cultivation medium  
 
An effective cultivation medium must contain all the components required for growth. The 
elements can be categorized into macro-elements, micro-elements and trace elements. 
Carbon, oxygen, nitrogen, hydrogen and phosphorous are typical macro-elements, which 
make up several percent of the dry cell weight. Micro-elements, such as sulphur, magnesium 
and potassium are needed in intermediate concentrations. Trace elements are required in very 
low concentrations and used as co-factors of enzymes, in vitamin synthesis and cell wall 
transport. Substances that are required for efficient growth are called growth factors and the 
most common are vitamins that are added in low concentrations.22 
 
A medium can either be defined, where the composition of the chemicals is known, or 
complex, composed of less well defined raw materials. A defined medium is often used in 
research for specific nutrient requirements while a complex medium is used in industrial 
fermentations.21 The purpose in this work is to develop a complex medium for industrial use. 
Carbon is the most abundant macro-element present in yeast, 50 % on a dry weight basis, 
and is often supplied as simple sugars that are available in many forms. Sucrose, regular 
table sugar, is produced from sugar cane or sugar beets. In industrial yeast production, 
sucrose is often added in the form of molasses which is a by-product from table sugar 
production. Molasses has a high sugar content but the composition varies with producer and 
time of year. 22 The cost of molasses is significant and it is therefore desirable to replace it 
with hydrolysate as carbon source for aerobic yeast cultivation. The next most important 
substance for the aerobic yeast production is nitrogen which is an important constituent in 
amino acids and nucleotides. Nitrogen is usually supplied as ammonia or some ammonium 
salt. Some of the nitrogen is also supplied by the molasses because besides sucrose, molasses 
contains a lot of other substances as macro-elements, trace elements, vitamins and growth 
factors. The nitrogen content is 1.9 % in beet molasses. 22  Thus, if the addition of molasses 
would be reduced it would probably be necessary to increase the nitrogen addition.  
 

2.6 Design of Experiments 
 
A widely used experimentation strategy is one-variable-at-a-time approach. In this method a 
starting point is chosen for each variable and then successively varying one variable while 
holding the others constant. A major disadvantage with this strategy is that the possible 
interaction between the variables is not taken into account. By using a design and changing 
the variables together more information can be found in fewer runs. In this thesis a set of 
experiments were performed according to an experimental design. The variables varied are 
called factors and they are set at different levels. 23 The results of the experiment are values 
of the response variables. Data from the factors and responses can be analysed by regression 
analysis which gives a model relating the changes in factors to the changes in responses. The 
model will show which factors and how strongly they affect the responses. This is usually 
done by fitting a polynomial model to the data to get the regression coefficients of the model 
parameters. Equation 1 shows a typical example of a regression model which holds both 
linear and interaction terms: 
  

,211222110 εββββ ++++= xxxxy    (1) 
 
where y is the response, x’s the factors, β0 the constant term, β’s the model parameters, and ε 
is the residual variance which is not explained by the model.24 The variables x1 and x2 are 
defined on a coded scale from -1 to 1, where -1 represents the low level of the factor and 1 
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the high level, and x1x2 is the interaction between x1 and x2. Changing a factor from the low 
level to the high level (-1 to 1) will have an effect twice the value of the model parameter.23 

 
When creating a regression model it is necessary to first set up a null hypothesis. The null 
hypothesis states that there are no factor or interaction effects, changing the factors will not 
have a significant effect on the response. To determine if the null hypothesis can be rejected 
or not the variance of the model is analysed. The F-value is a comparison of the variance 
associated with a factor and the residual variance. A residual is the difference between the 
observed value and the estimated value from the model. Associated with the F-value is the p-
value which is the probability of getting an F-value of a certain size if the term did not have 
an effect on the response. In general, probabilities greater than 0.10 indicates that the null 
hypothesis is true and there are no significant factor effects. Probabilities less then 0.05 
suggest that there is a model effect and the null hypothesis can not be rejected. For a model 
to be reliable there should not be any pattern among the residuals. If the underlying error 
distribution is normal a plot of the residuals should resemble a straight line.23 
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3. MATERIALS AND METHODS 

3.1 Experimental design 
 
The two factors chosen for this study where molasses and nitrogen content in the growth 
medium and the response was the calculated biomass yield (YX/S). The purpose was to use a 
22 factorial experiment which means that two factors are varied at two levels, but more runs 
and levels have been added to the design, see Figure 2. The numbers in the circles represent 
the experimental run order and replicates were performed at points 5-8. One run was 
performed at each design point before the replicates were done. 
 

 
Figure 2. Factor settings for the runs in the experimental design 
 
Nitrogen was added in the form of (NH4)2SO4 and the levels for nitrogen were based upon 
two assumptions. First, yeast has the stochiometric formula CH1.8O0.5N0.2 where 11.4 % 
(w/w) of the yeast consists of nitrogen. Second, the final yeast concentration was estimated 
by assuming that the biomass yield would be 0.2 in the batch phase and 0.5 in the fedbatch 
phase. The final yeast produced would therefore require 11.4 % nitrogen by mass to not limit 
the growth due to nitrogen deficiency. This will be referred to as the 100% level of nitrogen. 
The levels of nitrogen were set to 25%, 50%, 100% and 150% of the estimated nitrogen 
requirement where 25% and 50% means that nitrogen would be limiting for yeast growth 
150 % represents that nitrogen was added in excess. The levels for molasses were set to 
100%, 41%, 18%, 9.2%, 4.4% and 0%. The molasses percentage explains how much of the 
total sugars that was coming from molasses. 
 
The rest of the sugars came from hydrolysate and supplemental sucrose. One run was 
performed at the design points 1, 2, 3, 4, 9 and 10 shown in Figure 2. Two runs (A, B) were 
performed at design points 5-8 because the data would be analysed statistically with design 
of experiments. To evaluate the impact of vitamins an extra run with addition of vitamins 
was performed at design point 7. The vitamins added per litre were 0,2 mg aminobenzoic 
acid, 1 mg nicotinic acid, 1 mg calcium pantothenate, 1 mg pyridoxine hydrochloride, 1 mg 
thiamine hydrochloride, 25 mg m-inositol. 
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In total, 16 runs were performed, the volume differed between the runs and 12 runs out of 16 
were run with a total sugar addition of 34 g/l. The vitamin biotin was added to all runs at a 
concentration of 50μg/l. A summary of the experimental conditions is shown in Table 2. 
 
Table 2. A summary of the experimental conditions for the runs. 
    Experimental conditions     
Experimental Sugars from  Nitrogen Vitamin Total Hexoses Sugars from 
run Molasses [%] [%] Addition Volume [ml] [g/l] Hydrolysate [%] 

1 100 100 - 800 33 0 
2 41 100 - 800 26 59 
3 18 100 - 800 27 82 
4 0 100 - 400 10 100 

5A 9.2 100 - 800 34 90.8 
5B 9.2 100 - 960 34 90.8 
6A 9.2 50 - 800 34 90.8 
6B 9.2 50 - 960 34 90.8 
7A 4.4 100 - 1000 34 91.2 
7B 4.4 100 - 800 34 90.8 
7C 4.4 100 + 1000 34 91.2 
8A 4.4 50 - 1000 34 91.2 
8B 4.4 50 - 1000 34 91.2 
9 9.2 25 - 960 34 90.8 

10 4.4 150 - 1000 34 91.2 
 

3.2 Media, strain and cultivation conditions 
 
The strain used in the runs is related to Saccharomyces cerevisiae TMB3400 and was kindly 
provided by Dr.Uwe Sauer, Institute of Molecular Systems Biology, ETH, Zürich. 
 
Precultures: 
A 500 ml shake flask was prepared with 200 ml growth medium consisting of 10 g/l of yeast 
extract, 20 g/l of peptone and 20g/l of D-glucose. The preculture was placed on a rotary 
shaker at 30°C and 200 rpm for 24 h. 
 
Batch phase: 
The cultivations were performed in a 1L bioreactor (Biobundle 1L, Applikon Biotechnology, 
the Netherlands) with a starting volume of 250-400 ml. The temperature was set to 30° C, 
the dissolved oxygen to 95 percent and the pH was controlled at 5.5 by automatic addition of 
1M NaOH and 2M H2SO4. All runs had a starting yeast concentration of 0.25 g/l and the 
inoculation volume was determined by measuring the optical density, OD, of the preculture. 
The OD was converted to dry cell weight, DCW, by the correlation: 

6318081840 .OD-.DCW =    (2) 
developed for the preculture. The cells from the preculture were harvested and centrifuged 
and the preculture medium was disposed so that the experimental conditions in the reactor 
would not be affected. The cells were dissolved in some of the batch growth medium and 
then inoculated to the reactor.  
 
The growth medium in the batch consisted of 10 g/l of hexoses which came either just from 
molasses or from addition of sucrose depending on the specified molasses level for the 
specific run, see Table 2. In the run with no molasses the hydrolysate was introduced already 
in the batch phase and no sucrose was added. Salts added to the medium were (NH4)2SO4, 
KH2PO4 and MgSO4. The addition of (NH4)2SO4 was determined by the nitrogen level for 
the run and based on the estimated yeast generation in the batch phase. The amount of 
KH2PO4 was calculated assuming that the yeast generated in the batch phase would require 
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1.2% phosphorous by weight. The addition of KH2PO4 was twice the assumed requirement 
so that it would not limit the growth. The addition of MgSO4 was 3.30 g/L. Table 3 shows 
the conditions for the batch phase of each run. The batch was run for 16 h and then the sugar 
was depleted and feeding of hydrolysate could start. 
 
Table 3.  The growth medium in the batch-phase. 

Run Volume 
Assumed 
biomass Molasses Sucrose (NH4)2SO4 KH2PO4

MgSO4 
7H2O 

  ml g/L g/L g/L g/L g/L g/L 
1 400 2 21.47 0.00 1.07 0.21 3.30 
2 400 2 21.47 0.00 1.07 0.21 3.30 
3 400 2 21.47 0.00 1.07 0.21 3.30 
4 400 2 0.00 0.00 1.07 0.21 3.30 

5A 250 2 21.47 0.00 1.07 0.21 3.30 
6A 250 2 21.47 0.00 0.54 0.21 3.30 
7A 300 2 10.73 4.75 1.07 0.21 3.30 
8A 300 2 10.73 4.75 0.54 0.21 3.30 
9 300 2 21.47 0.00 0.27 0.21 3.30 

10 300 2 10.73 4.75 1.61 0.21 3.30 
5B 300 2 21.47 0.00 1.07 0.21 3.30 
7C 300 2 10.73 4.75 1.07 0.21 3.30 
7B 300 2 8.59 5.70 1.07 0.21 3.30 
6B 300 2 21.47 0.00 0.54 0.21 3.30 
8B 300 2 10.73 4.75 0.54 0.21 3.30 

 
Fedbatch phase: 
The feed consisted of hydrolysate, salts and distilled water. The composition of the feed was 
altered for each run, see Table 4, because of the experimental design. The salts in the fed-
batch medium were the same as in the batch phase. The amounts of (NH4)2SO4 and KH2PO4 
were calculated with the same procedure as in the batch medium but based on the estimated 
yeast concentration generated in the fed-batch phase. Addition of MgSO4 was 3.30 g/L.  
 
Table 4. Composition of the feed. 

Run Volume 
Assumed  
biomass Hydrolysate Molasses (NH4)2SO4 KH2PO4

MgSO4 
7H2O 

  mL g/L mL g/L g/L g/L g/L 
1 400 28.0 0 120.2 15.0 2.95 3.30 
2 400 21.0 239 25.3 15.0 2.95 3.30 
3 400 22.3 350 0 12.0 2.35 3.30 
4 0       

5A 550 22.3 481 0 12.0 2.35 3.30 
6A 550 22.3 481 0 6.0 2.35 3.30 
7A 700 22.1 608 0 11.9 2.33 3.30 
8A 700 22.1 608 0 5.9 2.33 3.30 
9 660 22.4 581 0 3.0 2.36 3.30 

10 700 22.1 608 0 17.8 2.33 3.30 
5B 660 22.4 581 0 12.0 2.36 3.30 
7C 700 22.1 608 0 11.9 2.33 3.30 
7B 500 24.2 475 0 13.0 2.55 3.30 
6B 660 22.4 581 0 6.0 2.36 3.30 
8B 700 22.1 608 0 5.9 2.33 3.30 
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The hydrolysate used was produced at SEKAB’s pilot plant in Örnsköldsvik with dilute 
sulphuric acid pre-treatment at 170°C, pH 2 and 7 minutes residence time. The hydrolysate 
was a first stage hydrolysate where the sugars are hydrolysed from the hemicellulose. The 
composition of the hydrolysate is shown in Table 5. 
 
Table 5. Sugar and inhibitor concentrations in the hydrolysate. 
Sugars g/l Inhibitor g/l 
Mannose 22.1 Acetic acid 2.3 
Glucose 10.1 HMF 0.8 
Xylose 11.7 Phenolics 2.8 
Galactose 1.5 Formic Acid 0.7 
Arabinose 5.8 Levulinic acid 0 

 
 The pH of the hydrolysate was adjusted with NaOH except for the hydrolysate used in run 2 
and 3 which was adjusted with Ca(OH)2. The hydrolysate was sterilised by filtration before 
usage. The feeding rate was adjusted after every OD measurement and set by the sugar 
uptake rate, qs, which was assumed to be 0.360 g hexoses/(g yeast h). 
 

 
C

qCV
F

S

sXreactor ⋅⋅
=    (3) 

 
The feeding rate rate, F, was calculated according to equation (3) where Vreactor is the volume 
of the reactor which is known from knowing the starting volume in the reactor and how 
much liquid that have been added to the reactor. CS is the sugar concentration of the feed, Cx 
is the yeast concentration in the reactor which was calculated by measuring the OD. The OD 
was correlated to dry cell weight (DCW) by the equation: 

65053380 .OD.DCW +⋅=   (4) 
developed in the laboratory. The run was finished when the whole feed volume had been 
added to the reactor, the final volume was measured and samples were taken for OD, dry 
weight and substance measurements.  
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Figure 3. Volume, sugar and biomass concentration in the reactor. 
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3.3 Sample analysis 
 
Samples were taken at 0, 16, 19, 22, 25, 40 and 43 hours and were analysed for optical 
density, sugars, alcohols and organic acids. From the measurements it is possible to get an 
idea of how the sugars are consumed which products that are formed and how it is affecting 
the growth, see Figure 3. The OD measurements were performed using a spectrophotometer 
with a wavelength of 600nm. At low OD the sample was diluted ten times but when the OD 
surpassed 7.0 the sample was diluted one hundred times. Sugar, alcohols and organic acids 
concentrations were analysed by using high performance liquid chromatography, HPLC, 
(Series 200 Quaternary LC pump and UV-vis detector, Perkin-Elmer) equipped with a HPX-
87H (Aminex, Bio-rad) column. Substances in the sample appear as peaks which are 
compared to standard curves to get the actual concentrations. A sample of the fermentation 
broth was centrifuged and 0.1 ml of the liquid was diluted to1 ml with distilled water and 
syringe filtered before injected into the HPLC. To get the final yeast concentration in the 
reactor three dry weight measurements were performed where 10 ml of fermentation broth 
was centrifuged for 4 minutes at 5000 rpm. The samples were washed once and then dried at 
105°C for 20 hours. By measuring the weight of the dry sample the final concentration and 
the yield could be calculated. The yield (g/g) was calculated by using equation (5) where 
Xstart is the starting biomass concentration in the reactor, Vstart is the starting volume, Xfin is 
the final biomass concentration, Vfin is the final measured volume, Vfeed is the volume of the 
feed added and Sfeed is the sugar concentration of the feed. 
 

feedfeed

startstartfinfin
X/S VS

XVXV
 Y

⋅

⋅−⋅
=    (5) 

 

3.4 Analysis methods for the factorial design 
 
Data from the runs at design points 5-8 were evaluated with design of experiments. The null 
hypothesis states that changing the molasses from 4.4 % to 9.2 % and nitrogen from 50 % to 
100 % will not have a significant effect on the yield, neither is there an interaction effect 
between the factors. To investigate if the null hypothesis is true the data was analyzed with 
the statistical computer software Design Expert 7.0. A regression model was created with 
nitrogen and molasses as factors as well as the interaction between the factors. 
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4. RESULTS 

4.1 Overview 
 
The total biomass concentrations achieved varied from 0 to 16.1 g/L and the yields from 0 to 
0.45 g/g. The run performed with sole hydrolysate did not grow during the batch phase 
which is the reason for a yield of zero. For all the other runs, the biomass concentration in 
the batch phase varied from 1.6 to 4.1 g/L with respecting yields of 0.13 to 0.37 g/g. Four 
runs, 2, 5A, 6A and 7B, generated some ethanol in the batch phase, except for 7B it had been 
consumed at the end of the fed-batch phase. Besides 7B, 6B and 8B also showed ethanol 
formation at the end of the fed-batch phase and the concentrations were between 1.9-2.5 g/L. 
A summary of the final biomass, sugar and ethanol concentrations and yields are presented 
in Appendix Table A and B. No xylitol formation was detected in any if the runs. 
 
Figure 4 shows an overview of the yields (g/g) for all the runs. The replicates, performed 
with identical factor settings, show a spread of 0.01-0.07 g/g which should be taken into 
account when drawing conclusions from these trials.  
 

 
Figure 4. Overview of the achieved yields (g/g). 
 
It is not possible to establish whether adding nitrogen in excess will affect the yield. At point 
10, where the nitrogen is set to 150%, the yield is 0.03 g/g higher than the average yield at 
4.4% molasses and 100% nitrogen but less than the spread between those two replicates 
(0.31, 0.35). It is not statistically proven but it seems likely that increasing the nitrogen to 
150% does not compensate for the decrease in molasses. 
 
It was not possible to grow the yeast solely on hydrolysate, point 4. For this experiment, the 
biomass did not increase during the batch phase and the run was terminated in advance. The 
hydrolysate was present already in the batch phase and no sucrose was added. This is 
however not a proof in itself that some nutrient or nutrients was completely absent, since cell 
growth may have been inhibited by inhibitors. 
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Adding vitamins, point 7, produced a yield of 0.40 g/g which is 0.07 g/g higher than the 
average yield at 4.4 % molasses and 100% nitrogen, (0.31, 0.35). The spread between the 
two replicates without vitamins is 0.04 g/g which could indicate that the vitamin addition did 
affect the yield but this is not statistically proven. 
 
When decreasing the molasses from 100% to 9.2% at 100% nitrogen the yield is relatively 
constant, but when the molasses is decreased from 9.2 % to 4.4% an interesting pattern in the 
yield is observed, shown in Figure 5. Reducing the molasses seems to decrease the yield, 
independent of the nitrogen level. 
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Figure 5. Graphical representation of the biomass yields 
 

4.2 Regression model  
 
Data from the analysis of variance, ANOVA, is shown in Table 6. The regression model has 
a probability of 0.06 which indicates that the model is not significant. The term AB is the 
interaction effect of molasses and nitrogen and has a p-value greater than 0.05 which 
indicates that the term is not significant. Therefore a second model was created where the 
interaction term was excluded, the ANOVA is shown in Table 7. 
 
Table 6. ANOVA for the first model. 
  F p-value 
Source Value Prob > F 
Model 5.9 0.06 
  A-Molasses 8.0 0.05 
  B-Nitrogen 9.2 0.04 
  AB 0.5 0.50 
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Table 7. ANOVA for the second model. 
  F p-value 
Source Value Prob > F 
Model 9.5 0.02 
  A-Molasses 8.8 0.03 
  B-Nitrogen 10.2 0.02 
  Lack of fit 0.5 0.50 
 
The second model has a p-value of 0.02 which states that the null hypothesis can be rejected 
with a 2 percent risk of making the wrong decision. The p-values for the terms molasses and 
nitrogen are well below 0.05 which means that changing the molasses from 4.2 % to 9.2% 
and nitrogen from 50% to 100% have a significant effect on the yield. The parameters of the 
regression model are shown in Table 8.  
 
Table 8. Regression parameters. 
 Coded Actual 
Factor Parameters Parameters 
Intercept 0.34 0.137 
A-Molasses 0.034 0.014 
B-Nitrogen 0.036 0.0015 
 
The factor effects are of the same magnitude and both have a positive effect on the yield. 
Changing the molasses content from 4.4% to 9.2% increases the yield with 0.068 g/g and 
increasing the nitrogen from 50% to 100% increases the yield with 0.072 g/g. To achieve the 
highest yield both factors should be set at the high level, 9.2 % molasses and 100 % nitrogen. 
The yield equation in actual factors holds for molasses variations between 4.4% and 9.2% 
and nitrogen variations of 50% to 100 %. Figure 6 shows a prediction of the yield within the 
experimental area using the regression model equation.  
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Figure 6. A contour plot for yield with the factors molasses and nitrogen. 
 
This experiment includes only eight data points which makes it hard to draw any conclusions 
about the model reliability from the residuals. The residuals are plotted in Figure 7 which 
does not show any extreme points. 
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Figure 7. The normal probability plot for the residuals 
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5. CONCLUSIONS 
 
This work shows that it is possible to to supply only 10 % of the sugars in the form of beet 
molasses and supply the rest as dilute acid lignocellulose hydrolysate without any significant 
reduction of the biomass yield. This corresponds to a reduction in molasses addition from 
70.8 g/L to 6.7 g/L and will lead to a less expensive cultivation medium and enhance the 
process economics. When the molasses is reduced from 9.2 % (6.7 g/L) to 4.4% (3.2 g/L) it 
is statistically shown in this work that the yield will decrease by 0.068 g/g. 
 
It is not possible to reduce the nitrogen by 50 percent with out affecting the yield. The effect 
of reducing the nitrogen from 100 % to 50 % is a decrease in the yield of 0.072 g/g. This 
work did not find an interaction effect between molasses and nitrogen.  
 
It seems like adding nitrogen in excess can not compensate for the decrease in molasses. Due 
to the spread between the replicates and only one run with nitrogen in excess this is not 
statistically confirmed. 
 
It might be possible to add vitamins to compensate for the decrease in molasses addition. 
Only one run was performed with addition of vitamins and the yield was higher than in the 
runs without vitamins but the effect was not statistically confirmed in this work.  
 
By using a fedbatch technique it is possible to avoid substrate inhibition and reach higher 
yields.  
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6. FUTURE WORK 
 
This work has shown that it is possible in laboratory scale to decrease the molasses content 
from 70.8 g/L to 6.7 g/L and supply the rest of the sugars as dilute acid lignocellulose 
hydrolysate and still maintain high yields. It would be interesting to scale up the process and 
see if this holds even on a larger scale, for example in the pilot plant. There will be different 
limitations and new problems will probably arise.  
 
This work has mainly focused on the supply of carbon and nitrogen while the rest have been 
intentionally left out of the study. It might be possible to further reduce the cost of the 
cultivation medium and maximise the biomass yield if suitable levels of the other nutrients 
like P, K and Mg are found.  
 
The addition of vitamins showed that vitamin addition might increase the yield. Therefore it 
would be interesting to repeat the experiment with extra addition of vitamins. If it shows that 
vitamin addition increases the yield it could be valuable to perform an investigation of which 
of the six vitamins that affects the yield.  
 
It would also be interesting to redo the run with 0 % molasses and see if growing the 
biomass on sucrose in the batch phase and then start feeding the hydrolysate would give 
another result. 
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8. APPENDIX 
Table A. Summary of experimental conditions, biomass concentrations and yields. 
    Experimental conditions     Batch     Feed     Total   
Experimental Sugars from  Nitrogen Vitamin Total Hexos Asssumed Actual   Asssumed Actual   Asssumed Actual   
run Molasses [%] [%] Addition Volume [ml] concentration [g/l] Biomass [g/l] Biomass [g/l] Yield Biomass [g/l] Biomass [g/l] Yield Biomass [g/l] Biomass [g/l] Yield 

1 100 100 - 800 35 2 3 0.26 29.5 25.3 0.43 15.8 16.1 0.40 
2 41 100 - 800 26 2 3.6 0.33 25 19.9 0.47 11.5 12.2 0.44 
3 18 100 - 800 27 2 4.1 0.37 22.5 19.7 0.44 12.2 12.2 0.43 
4 0 100 - 400 10 2 0,25 0       2 0 0 

5A 9.2 100 - 800 34 2 1,6 0,13 22,5 21,4 0,48 16.1 13.5 0.45 
5B 9.2 100 - 960 34 2 3,4 0.31 22.5 17.5 0.39 16.1 12.2 0.38 
6A 9.2 50 - 800 34 2 2.5 0.22 22.5 16.0 0.36 16.1 12.0 0.35 
6B 9.2 50 - 960 34 2 3.6 0.33 22.5 13.4 0.3 16.1 10.3 0.30 
7A 4.4 100 - 1000 34 2 2.8 0.26 22,1 14,2 0.32 16.1 11.3 0.31 
7B 4.4 100 - 800 34 2 2.5 0.23 22,4 17,5 0.37 15.9 12.2 0.35 
7C 4.4 100 + 1000 34 2 2.5 0.23 22,1 18,5 0.43 16.1 13.0 0.40 
8A 4.4 50 - 1000 34 2 3,1 0.28 22.1 12.2 0.28 16.1 10 0.28 
8B 4.4 50 - 1000 34 2 4.0 0.37 22.1 11.5 0.26 16.1 10.2 0.27 
9 9.2 25 - 960 34 2 3.6 0.33 22.5 8.8 0.20 16.1 9.0 0.21 
10 4.4 150 - 1000 34 2 3.3 0.30 22.5 16.2 0.37 16.1 12.3 0.36 

 
Table B. Summary of sugar and ethanol concentrations generated. 
    Experimental conditions   Final accumulated sugars and ethanol 
Experimental Sugars from  Nitrogen Vitamin Total Hexoses  [g/l] Xylose [g/l] Arabinose [g/l] Ethanol [g/l] Ethanol [g/l] 
run Molasses [%] [%] Addition Volume [ml]      batch Fed-bach 

1 100 100 - 800 33 0 0 x 0 
2 41 100 - 800 26 0.7 0.8 1.0 0 
3 18 100 - 800 27 1.6 0.9 0 0 
4 0 100 - 400 10  x  x x  x 

5A 9.2 100 - 800 34 1.9 1.3 1.4 0 
5B 9.2 100 - 960 34 3.7 1.7 0 0 
6A 9.2 50 - 800 34 2.4 1.2 1.4 0 
6B 9.2 50 - 960 34 4.2 1.7 x 1.9 
7A 4.4 100 - 1000 34 3.5 1.6 0 0 
7B 4.4 100 - 800 34 3.1 1.5 1.6 2.4 
7C 4.4 100 + 1000 34 4.0 1.5 0 0 
8A 4.4 50 - 1000 34 4.5 1.5 0 0 
8B 4.4 50 - 1000 34 4.6 1.8 0 2.5 
9 9.2 25 - 960 34 8.6 1.9 0 0 
10 4.4 150 - 1000 34 3.4 1.6 0 0 

 


