
Lappeenranta University of Technology 
Faculty of Technology  
Master’s Degree Programme in Chemical Engineering 

Topi Särkkä 

BIOMASS FRACTIONATION 
 

Examiners:     Professor Ilkka Turunen, D.Sc (Tech.) 

                       Jukka-Pekka Pasanen, M.Sc (Tech.) 
Supervisors:   Raisa Vermasvuori, Lic.Sc (Tech.) 

                       Esa Aittomäki, M.Sc (Tech) 

 



ABSTRACT 

Lappeenranta University of Technology 
Faculty of Technology 
Master’s Degree Programme in Chemical Engineering  

Topi Särkkä 

Biomass fractionation 
Master's thesis 
2012 

81 pages, 19 figures, 22 tables and 2 appendices 
Examiners:  Professor Ilkka Turunen 
  M.Sc. (Tech.) Jukka-Pekka Pasanen 
Supervisors: Lic.Sc. (Tech) Raisa Vermasvuori 
  M.Sc. (Tech.) Esa Aittomäki 
Keywords: biomass, fractionation, hydrolysis, extraction, process modelling 

The objective of this master's thesis was to develop a process to increase the value of 
residual fungal biomass as an animal feed. The increase in value is achieved by 
enriching the protein content in the biomass and potentially isolating other valuable 
fractions for productisation.  

In the literature part of this thesis the composition of fungal biomass and fungal cell 
wall and the factors affecting them during cultivation are presented. The possible 
processing options are also presented and evaluated. The soy protein and single cell 
protein product manufacturing processes are used as examples due to the lack of 
fungal biomass fractionation processes found in published literature. 
The second part of this thesis was performed by making laboratory experiments on 
the developed process, which consisted of acid hydrolysis with subsequent ethanol 
extraction. Chitin was precipitated from the acid hydrolysate filtrate. The experiments 
were conducted with three different hydrolysis temperatures and three different acid 
concentrations. The optimal hydrolysis conditions were 60 °C with 10 %-vol acid 
concentration. Optimal conditions in hydrolysis resulted in 30 % increase in protein 
content in the final biomass. 
The conceptual process was modelled to scale of 10 000 t/a biomass feed. The mass 
and energy balances were based on the laboratory experiments. Economic 
calculations were performed to determine the maximal capital expense while 
achieving 10 % internal rate of return for the investment. For the basic case the 
capital expense threshold was 25.8 M€. Four optional cases and parameter sensitivity 
analysis were performed to determine the effects of changes in the process. The chitin 
sales had the greatest impact of the individual parameters.  
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Tässä työssä kehitettiin prosessi kohottamaan öljyerotetun sienibiomassan arvoa 
eläintenrehuna. Biomassan proteiinipitoisuutta kohotettiin ja muita arvokkaita jakeita 
pyrittiin eristämään tuotteistusta varten. 
Työn kirjallisuusosassa esiteltiin sienibiomassan ja sienten soluseinän koostumus 
sekä niihin vaikuttavat tekijät kasvatuksen aikana. Mahdollisia 
prosessointivaihtoehtoja on esitelty ja arvioitu kirjallisuudesta. Soija- ja sieniproteiini 
tuotteita on käytetty esimerkkeinä, koska öljyerotetun sienibiomassan fraktioinnista ei 
ole julkaistua kirjallisuutta saatavilla. 

Työn kokeellisessa osassa on raportoitu tehdyt laboratoriokokeet valitulle prosessille. 
Prosessiin koostui happohydrolyysistä ja etanoliuutosta. Kitiini pyrittiin saostamaan 
suodatetusta happojakeesta. Kokeet tehtiin kolmessa eri hydrolyysilämpötilassa 
kolmella eri happokonsentraatiolla. Optimaaliset hydrolyysiolosuhteet 
proteiinisaannon suhteen olivat 60 °C 10 %-vol happokonsentraatiolla, jolloin 
biomassan proteiinipitoisuus nousi 30 %. 
Prosessikonsepti mallinnettiin ja skaalattiin 10 000 t/a biomassan syötölle. Massa- ja 
energiataseet laskettiin laboratoriokokeiden perusteella. Talouslaskelmilla pyrittiin 
määrittämään korkein investointikustannustaso laitokselle, jotta sijoituksen sisäinen 
korko olisi 10 %. Tämä investointikustannustaso oli perusmallissa 25.8 M€. Neljä 
vaihtoehtoista mallia ja herkkyysanalyysi tehtiin, jotta voitiin määrittää muutosten 
vaikutus prosessin taloudellisuuteen. Kitiinistä saatavien tulojen muutos vaikutti 
eniten taloudellisuuteen. 
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Nomenclature 

Symbols 

C Capital investment, £2004 

C5 Five-carbon sugar (pentose) 

C6 Six-carbon sugar (hexose) 

ci Component i content in biomass, kg/t 

Di Digestibility of component i, - 

Ei Energy content of component i, MJ/kg 

penergy Unit price of energy, €/MJ 

pprotein Unit price of protein, €/kg 

qm,i Annual mass flow of i, ti/a 

s Conversion factor, tFBM/tRBM 

Abbreviations 

ADF Acid Detergent Fiber 

BMI Processed biomass income, €/tRBM 

BMP Final biomass price, €/tFBM 

C:N Carbon-to-Nitrogen ratio 

CEPCI Chemical Engineering Plant Cost Index 



 

CF Crude Fiber 

CP Crude Protein 

DAA Digestible Amino Acid 

DCVA Discounted Cash Value Added 

DIP Degradable Intake Protein 

DT Desolventizing-Toaster 

EE Ether Extract 

EVA Economic Value Added 

FFSF Full-Fat Soy Flour 

GHG Green House Gas 

HC Hemicellulose 

HSE Health, Safety & Environment 

ICI Imperial Chemical Industries 

ILUC Indirect Land Use Change 

IRR Internal Rate of Return 

ME Metabolisable energy 

MIRR Modified Internal Rate of Return 

NDF Neutral Detergent Fiber 

NExBTL NEste Biomass To Liquid -technology 



 

NFE Nitrogen Free extracts 

NIRS Near Infrared Spectroscopy 

NPV Net Present Value 

NSI Nitrogen Solubility Index 

OPEX Operational Expenses 

PDI Protein Dispersibility Index 

PI Profitability Index 

RNA Ribonucleic acid 

RONA Return On Net Assets 

SCO Single Cell Oil 

SCP Single Cell Protein 

SDS/DTT Sodium dodecyl sulphate polyacrylamide 

gel electrophoresis with dithiotreitol 

reducing agent 

SF Defatted Soy Flour 

SPC Soy Protein Concentrate 

SPI Soy Protein Isolate 

TFA Trifluoroacetic Acid 

UIP Undegradable Intake Protein 



 

UPLC Ultra Performance Liquid 

Chromatography 

Subscripts 

CP Crude Protein 

D-Glu D-glucose 

DWB Dry Weight Basis 

FBM Final Biomass 

Feed The amount of animal feed   

Gly Glycine 

H2SO4 Sulphuric Acid 

RBM Original Residual Biomass 

Sacc Saccharose 

solv Solvent 
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1 INTRODUCTION 

There is currently environmental and legislative pressure to increase biofuel 

(bioethanol and biodiesel) production worldwide. The target of European 

Commission's EU2020 strategy is to increase the use of renewable energy in Finland 

to 38 %. In 2008 share of renewable energy in gross final energy consumption in 

Finland was 30.5 %. In European Union the target share for renewable energy is 20 % 

and the share of renewables in 2008 was 10.3 %.(Eurostat, 2010) To date, renewable 

biodiesel (NExBTL-diesel) has been produced mainly from plant oils, such as palm 

oil. Due to the high price and ethical issues of using plant oils, alternatives for 

NExBTL raw material are constantly studied. Oleaginous micro-organisms, that have 

intracellular  lipid  content  over  20  %,  are  considered  one  of  the  most  viable  choices  

for their fast growth potential and high lipid productivity. Intracellular lipids of 

oleaginous micro-organisms are called single cell oil (SCO) when it is separated from 

the cells. Some species of algae, bacteria and fungi can be considered as oleaginous 

micro-organisms. 

Production process of SCO consists of conventional bioprocess unit operations such 

as raw material pre-treatment, biomass production, oil separation and oil purification. 

Presently there are no operational commercial scale SCO facilities. SCO production's 

attractiveness over a plantation of oil plants is, that an industrial scale facility's 

production would not be affected by weather, there would be fewer variations in 

product quality and there would be no need for pesticides or other additional 

chemicals  required  in  the  agriculture  of  oil  plants.  In  addition  to  these  the  SCO  

facilities do not require arable land and do not increase indirect land use change 

impact (ILUC) (Searchinger et al., 2008). ILUC depicts the effect of land-use 

changes to green house gas (GHG) balance and it has been included in life cycle 

analyses of biofuels.  The challenges in SCO production lie in it's low cost-

effectiveness  as  most  of  the  microbes  use  glucose  as  a  substrate  and  equipment  in  

bioprocesses are usually more expensive than corresponding conventional process 
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equipment because of their requirements for hermetic conditions and sterilisation. 

(Ratledge et al., 2004) At the end of the SCO process the biomass is separated from 

the oil. There is a possibility to utilise this residual biomass in various ways and 

therefore increase the total feasibility of the SCO process. 

This work concentrates on the fractionation and valorisation of residual biomass from 

a SCO process. The process utilises fungi and the residual biomass consists mainly of 

polysaccharides, fiber and proteins. Even though there are numerous uses for this 

biomass, such as combustion and landfill, only the suitability as an animal feed and 

the change in feed's value through additional processing is studied. Overall objective 

of  this  work  was  to  develop  a  process  to  increase  the  protein  content  and  thus  the  

quality of the biomass as a feed and in this way improve the overall feasibility of the 

whole SCO facility. Secondary objective was to determine the value of the other 

fractions resulting from the concentration of the proteins and amino acids in the 

biomass. 

In the first part of this work existing literature is reviewed on following subjects: 

animal feeds, general bioprocess technologies, composition of microbe biomass, 

production of soy products and fractionation methods for biomass. Soy and single 

cell protein products and processes can be considered as a model as soy and single 

cell protein biomasses are similar to studied residual biomass. The second part of this 

work presents the methods and results of laboratory experiments on the oil separated 

biomass.  The  experimental  process  was  acid  hydrolysis  with  subsequent  ethanol  

extraction. The varied parameters were acid concentration and hydrolysis 

temperature. The goal of the experiments was to establish mass balance in the process 

and clarify the fractionation of different substances i.e. proteins and polysaccharides. 

In the third part the resulting mass balances and fractionation data were used, with 

additional data from existing process models, in a Microsoft Excel simulation to 

calculate a crude energy balance. With energy and mass balance it was possible to 

calculate operating costs of the process and determine the maximal investment cost 
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level  to  achieve  satisfactory  internal  rate  of  return  (IRR).  Subsequent  sensitivity  

analyses provide data on opportunities, threats and priorities of further process 

development. 

2 PROCESS FOR PRODUCING SCO RESIDUAL 

 BIOMASS 

In principle bioprocesses are built around the bioreactor where biocatalysts, such as 

cells or enzymes, synthesize the desired product or products. Bioreactors are pressure 

vessels with wide variety of automation and control suites, material and volume 

depending on the product they are to produce. Micro-organisms are very sensitive to 

impurities and deviations in raw material quality and so feed material requires pre-

treatment steps. The single cell products are often extracellular, for simpler separation 

from the broth, but also intracellular products are manufactured. The product 

separation after the bioreactor and pre-treatment steps of feed material are usually 

similar to conventional chemical process unit operations. Even though the principle 

of the bioprocess equipment is the same as in traditional chemical processes there are 

special requirements in bioprocesses regarding hermetic and aseptic conditions and 

sterilisation of the equipment.  

2.1 Cultivation of microbial biomass 

Modern industrial bioprocesses utilise microbes such as bacteria, yeast and moulds. 

In addition to micro-organisms plant and animal cells are also used. Fungal cells have 

been used for centuries e.g. yeast in alcohol and bakery applications, and moulds used 

in dairy industry. Diversity in micro-organisms is huge and therefore this work 

concentrates only on fungal cells. 

The  moulds  common  in  bioprocesses  are  from  Aspergillus and Penicillium genera. 

Common yeast genera used in industrial bioprocessing are Saccharomyces and 

Candida (formerly known as Torula). (Aittomäki et al., 2002, Butlin, 1967) Moulds 
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are eukaryotic, usually filamentous, fungi and grow a highly branching multicellular 

structure called mycelium, where in comparison yeasts are unicellular fungal 

organisms. Some moulds grow a pellet-like mycelium. Reproduction of filamentous 

fungi can be sexual and asexual. Moulds do not contain chlorophyll and are therefore 

heterotrophic.(Bailey and Ollis, 1986b) Fungi require oxygen for growth, but yeast 

fermentation is possible in anaerobic conditions. Mould growth in mixed submerged 

culture disperses the mycelial structure and gives the biomass porridge-like texture. 

An alternative for a submerged culture is a surface culture, but that is not relevant in 

the scope of this work. (Butlin, 1967) 

Microbes can be grown in batch, fed-batch or continuous processes which all have 

their advantages and disadvantages. Reactor types that are commonly used are stirred 

tank, bubble column, air-lift and pipe reactor. (Aittomäki et al., 2002) Special 

characteristic to be noted when selecting and designing bioreactors are online 

measurements, aeration, sterilisation possibilities, asepticity and sealability, in 

addition to conventional reactor design aspects. (Doran, 1995) 

Environmental factors affect micro-organisms' metabolism and growth factors. All 

the factors presented in this section should be considered individually and in relation 

to each other. The effect of these factors varies greatly between different species of 

micro-organisms. 

2.1.1 Nutritional factors 

For growth and reproduction obligately aerobic microbe cells require sources of 

carbon, oxygen and nitrogen from the medium surrounding them. The main 

component of the medium is water, usually more than 90 %-wt. Concentration of 

sugar, which is usually the carbon source, in the medium is approximately 18 g/l 

(Aittomäki et al., 2002), depending on the microbe. Inorganic salts and trace 

elements, such as minerals, are also required, which is analogous with all living 

organisms. In addition to the oxygen concentration of the medium the redox potential 
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of the surrounding solution is important to the survivability of anaerobes and aerobes. 

Anaerobes favour the low reduction potential solutions and aerobes thrive in high 

reduction potential mediums. This enables the possibility of, for example, growing 

anaerobes in the presence of oxygen if the redox potential is kept artificially on a low 

level (Butlin, 1967). 

The mould Aspergillus oryzae can enzymatically utilise saccharides as a carbon 

source (Bhalla et al., 2007). In some cases microbe is deprived of some nutrients to 

achieve desired change in cell metabolism. Nutrient deprivation is used to induce 

production of specific products in the cell. For example, Aspergillus niger starts to 

produce citric acid when iron, copper, manganese and phosphates are limited in the 

nutrient solution (Butlin, 1967). Another example is the nitrogen deprivation that 

increases the medium's carbon-to-nitrogen ratio (C:N), and forces the cells to produce 

more intracellular lipids and degrade cytoplasmic proteins and RNA. The trend of this 

decrease in yeast Saccharomyces cerevisiae is illustrated in Figure 1. From Figure 1 it 

can be seen that during 18 h of complete nitrogen starvation the protein content 

reduces from 20 to 60 %-wt. (Schulze et al., 1996) Ruan et al. (2012) presented the 

effect of different carbon source concentrations and C:N values on the final chemical 

composition of Mortierella isabellina grown on nitrogen stressed conditions and their 

results are presented in Figure 2. From the results shown in the Figure 2 it can be seen 

that the protein yield per medium volume stays almost constant (1.4-2.2 g/l) but the 

increase in biomass yield decreases the protein content in the final biomass from 15.8 

to 7.9 %-wt. The loss of proteins is not preferred considering the potential feed use of 

the residual biomass, but the decrease in nucleic acid content is desired as they 

degrade to uric acid in monogastric animals. In human nutrition the maximum level 

of nucleic acid is 2 % (Nasseri et al., 2011). 
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Figure 1 The development of S.cerevisiae culture after complete deprivation of nitrogen source.  

Protein content,  RNA content (Schulze et al., 1996) 

 

Figure 2 Chemical composition of M. isabellina grown in nitrogen deprived conditions. C:N 

ratios for initial glucose concentrations were 70.3 for 28.1 g/l; 88.1 for 35.4 g/l; 137.7 for 46.0 g/l; 

241.6 for 73.7 g/l; 275.7 for 82.5 g/l and  309.2 for 91.7 g/l. (Ruan et al., 2012) 
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2.1.2  Physical factors 

The physical factors influencing the biomass are temperature, osmotic and hydrostatic 

pressure and radiation. The amount and quality of light is not relevant to microbes as 

they do not contain chlorophylls. The multicellular mycelium structure of moulds has 

to resist the shear stresses induced by the mixing and flow conditions in the process 

(Pasanen,  2012).  The  yeast  is  more  robust  on  the  rheological  conditions  of  the  

process. 

Aspergillus is a mesophilic mould genus, with an optimal temperature range from 30 

to 45 °C. Zhou et al. (2011) have further studied the influence of temperature on the 

moulds' functionality and found 37±3 °C to be the most optimal temperature for 

polygalacturonase production with  two strains of A. niger and one A. oryzae strain. 

Gomi (2000) studied A. oryzae cell growth's dependence on temperature and found 

32-36 °C to be the optimal temperature range and 44 °C to be the upper temperature 

limit for A. oryzae growth. For S. cerevisiae yeast the optimal ethanol fermentation 

temperature is 20-30 °C. There is no discrete temperature for optimal fermentation as 

temperature affects many aspects of the process kinetics: higher temperatures result in 

faster growing mass but also greater production of by-products, thus decrease in 

primary product, and even decline in population during prolonged fermentations. 

(Torija et al., 2002)   

The osmotic pressure controls the water balance of the cell. When a microbe cell has 

high osmotic pressure compared to the one in the surrounding medium water tends to 

pass through the cell wall outwards to the environment. The effect is reversed when 

the osmotic pressure is lower inside the cell. Organisms can usually handle wide 

ranges of osmotic pressure but the resistance capacity is also dependant of 

temperature, pH and the chemical composition of the environment. Aspergillus 

moulds can be regarded osmophilic organisms as they thrive in sugar rich 

environments concentrations up to 60-70 %, whereas bacteria can only tolerate sugar 

concentrations up to 50 %.(Butlin, 1967) Regarding hydrostatic pressure moulds, and 
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other micro-organisms, are very resilient and can handle pressure changes and 

inactivation of moulds and yeast cells requires pressures of 300-400 MPa and 

sterilisation requires over 1000 MPa for the spores survive even more pressure than 

live cells (Yordanov and Angelova, 2010).  

As mentioned before the micro-organisms do not require light at any point of their 

life cycle. Even though normal light does not affect the fungi there are other forms of 

radiation,  such  as  UV-light  and  X-rays  are  often  harmful  to  the  cells.  The  proteins  

and  nucleic  acids  of  the  cells  are  susceptible  to  UV-light  as  they  absorb  it  and  go  

through photochemical reactions and subsequent mutation or cell-death. Ionising 

radiation produces lethal and mutagenic effects in micro-organisms. (Butlin, 1967) 

2.1.3  Chemical factors 

Chemicals in the surrounding solution can act either as a nutrient or energy source as 

discussed earlier,  but also as an inducer to favour or prevent normal function of the 

micro-organism. Inducers function by activating specific enzymes, for example, 

tannic acid induces tannase production in A. oryzae and A. flavus. Tannase is used 

industrially in wine and instant tea manufacturing (Paranthaman et al., 2009).  Some 

chemicals  have  been  proved  fatal  for  a  microbial  culture.  The  effects  of  a  chemical  

can not be generalised over different types of micro-organisms as, for example, 

sulphide compounds are lethal to some but vital for others. The effect of any chemical 

and its concentration on a specific micro-organism has to be determined 

experimentally. In addition to inducing, chemicals can also inhibit functions of 

micro-organisms or affect the osmotic pressure inside the cell. (Butlin, 1967) 

The surrounding solution's pH range where microbial growth can survive is usually 6-

9; industrial neutrophilic mediums have pH around 7.2. Yeasts and moulds are 

considered acidophiles and mould cultures have pH lower than 6. This resistance of 

cells is due to the low permeability of the cell wall in regards of hydrogen and 

hydroxyl ions. Undissociated molecules of weak acids and bases are most dangerous 
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to cells because these can transfer through the cell wall and alter the cell's internal 

pH. (Butlin, 1967) The medium in bioprocesses acts intrinsically as a pH buffer, 

which has to be taken in to account when designing the control system. 

2.1.4  Effect of shear stresses 

The shear forces due to aeration and agitation affect greatly the growth and functions 

of the microbes. In aerobic bioreactors the sufficient mixing can be achieved by 

aeration alone or enhanced with a mechanical mixer, circulation stream or jets. The 

most established reactor type is stirred tank reactor (Aittomäki et al., 2002). Although 

good mixing is very important to ensure availability of nutrients and oxygen 

throughout the culture, the energy dissipation connected with high shear stresses 

should be avoided, because of the sensitiveness of the mycelia, when filamentous 

fungi are processed with industrial equipment. Concerning the fungal mycelia, the 

intensity and nature of the mixing causes change in mycelia morphology resulting in 

different, dispersed or pelleted, structures depending on the intenseness of the mixing. 

Even so, the mixing does not affect the moulds ability to produce protein. 

(Amanullah et al., 1999) 

2.2 Processes to separate intracellular product and biomass  

During the production of intracellular products special attention is required when the 

product is separated from the residual biomass. The broth from the bioreactor is 

usually very dilute and so the medium has to be separated, usually by filtration or 

centrifugation (Aittomäki et al., 2002).  The operation following the medium is cell 

disruption where cell walls and membranes are destroyed and the intracellular 

products are released. After the cell disruption the product is separated from the 

residual biomass. The utilisation of the residual biomass resulting from this process is 

studied further in this work. 
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2.2.1 Cell dewatering 

The filtration is used to separate medium from the cell mass in bioprocesses. The 

separation is based on the filter material, which only permeate liquids. The equipment 

type depends on the preferred product; the most common choice is a dead end type 

filter. The most traditional dead end filtration equipment are vacuum drum filter and 

plate-and-frame filter. Membrane filtration methods can be also applied to separate 

biomass from the growth medium. (Dechow, 1989)  

Centrifugation can be used as a continuous separation process for bioprocesses. The 

separation is based on the density difference of liquid and solids. Due to maintenance, 

electricity and cooling costs centrifugation is more expensive than filtration. The 

liquid phase leaving the centrifuge also contains some solids. The types of centrifuges 

that are mostly used include tubular-bowl, disc and decanting centrifuges. Yeast is 

usually filtered by continuous centrifugation (Nasseri et al., 2011). 

Due to the difficulties of the biomass separation centrifugation and filtration the 

processed broth is usually pre-treated to flocculate the cells and reduce viscosity to 

improve separation. (Aittomäki et al., 2002) 

2.2.2 Cell disruption 

When producing intracellular products the cell wall has to be broken to release the 

product formed inside the cells. There are numerous methods available both 

mechanical and non-mechanical. Mechanical methods include high pressure 

homogenisation, wet milling, sonication, pressure extrusion and decompression in a 

pressure chamber. Non-mechanical methods include chemical treatment with acid, 

base, solvent or detergent; enzymatic disruption: lytic enzymes, phage infection and 

autolysis; and physical treatment e.g. freeze-thaw, osmotic shock, heating and drying. 

(Nasseri et al., 2011) Mechanical disruption does not directly affect the nutritional 

quality of residual biomass, but heat generated by friction is common in mechanical 

processes and this increases the severity factor which denatures proteins and damages 
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other heat sensitive products. Mechanical methods, such as milling, extrusion and 

homogenisation, are used in industrial scale, as well as enzyme and thermolytic 

treatments (Kokko, 2008). Cell disruption can also be performed by a combination of 

methods presented above. Kokko (2008) has presented various different cell 

disruption methods in detail. 

2.2.3 Oil separation by solvent extraction and desolventizing  methods 

The final intracellular product is extracted from the disrupted cell biomass with a 

specific solvent. Different metabolite extraction methods were evaluated by Canelas 

et al. (2009) for S. cerevisiae.  Solvents  used  in  these  experiments  were:  hot  water,  

boiling ethanol, chloroform-ethanol, methanol and acidic acetonitrile-methanol. 

Canelas et al. (2009) concluded that the preferred method when extracting 

metabolites indiscriminately was boiling ethanol or chloroform-ethanol extraction. 

Hexane has also been used to separate lipids from soy beans and its derivatives (Deak 

et al., 2008). The solvent is recovered from the primary product in a separate process. 

The  hexane  extraction  process  emphasises  the  cell  wall's  proportion  in  the  residual  

microbe biomass by separating intracellular lipids from the disrupted cells. The 

remaining biomass can be processed further and this begins with the removal of 

solvent  used  in  the  previous  stage.  The  maximum  allowed  amount  of  hexane  is  

1 mg/kg in fats, oils and cocoa butter; 5 mg/kg in cereal germs; 10 mg/kg in general 

food protein products; and 30 mg/kg in soy products (EC, 2009). Lipids can also be 

extracted with supercritical fluids. Cygnarowicz-Provost et al. (1992) studied 

supercritical fluid extraction from fungal mycelia with carbon dioxide-ethanol fluid 

and achieved lipid yield of 89 % at 346 bar and 60 °C. Due to the high cost of 

supercritical extraction process it is only used for high value products and it is not 

feasible for bulk products such as biofuel feedstock. 

Industrial desolventizing-toasters (DT) presently operate with 2 stage principle. In the 

first stage biomass that has 30 %-wt of hexane, and temperature close to solvent's 

boiling point, is sparged with steam which condenses and vaporises the hexane. The 
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moisture content is increased close to 20 % and the moisture is decreased in the 

following process stage with external heat to 10 %. The moisture, high temperature 

and residence time leads to denaturation of some proteins and decreases the protein 

dispersibility index (PDI) range from 10 to 30.  DT equipment usually include a 

cooling unit and a solvent recovery system. (Becker, 1983) The definition and 

analysis method for PDI is presented in later in the section 4.1. 

Another commonly used method for desolventizing, especially for industrial and 

edible proteins, is flash desolventizing (FDS, also known as White Flake System). 

Despite  the  name,  FDS  is  effectively  a  stripping  process.  The  FDS  system  was  

developed for vegetable proteins with varying PDIs up to 85-90, given that the feed 

material has PDI of 90. The operating principle of the FDS is based on pressurised 

and superheated solvent vapour which is circulated through a loop where biomass is 

fed and entrained by the vapour stream. The turbulent contact with the solvent vapour 

evaporates most of the solvent from the biomass. Solvent stripped biomass is 

separated from the superheated solvent vapour in a cyclone. The hexane remaining in 

the biomass is separated with superheated steam in a different stripper under vacuum. 

System flow diagram for soy flake FDS is presented in Figure 3. The short residence 

time (only few seconds), dry atmosphere and temperature only slightly higher than 

the solvent's boiling point, are critical for achieving high PDI protein products. 

(Vavlitis and Milligan, 1993) 
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Figure 3 Flow diagram of FDS desolventizing system. (Vavlitis and Milligan, 1993) 

3 COMPOSITION OF THE MICROBIAL BIOMASS 

Microbes, in general, contain the same element pool from which the more complex 

chemical compounds are formed, usually as polymers. The predominant elements by 

mass percentage are carbon, oxygen, nitrogen and hydrogen followed by phosphorous 

and sulphur. The general element composition of microbes is presented by the 

Equation 1 (Ratledge and Kristiansen, 2006). 

2.05.08.1 NOCH       (1) 

The four main biopolymer classes, lipids, polysaccharides, nucleic acids and proteins, 

can all  be assembled from these six elements.  There are also various trace elements 

necessary such as sodium, potassium, magnesium, calcium and chlorine in addition to 

many others which are needed for proper activation of specific enzymes. The total 

amount of different elements required for life is at least 24. (Bailey and Ollis, 1986a) 

All of the components conventionally found in microbes are not, or only in low 

concentrations, present in the residual biomass due to the upstream processing. The 
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nitrogen  starvation  and  lipid  extraction  increases  the  portion  of  cell  wall  in  the  

biomass composition and it is therefore described in considerable detail. The 

chemical compounds in brewer's yeast biomass can be found in Table 1.  

Table 1 Composition of biochemicals in yeast biomass.  (MTT Agrifood Research Finland, 

2010b) 

Constituent  Brewer's yeast, g/kgDWB 

Ash 70 

Crude fat 50 

Crude protein 550 

Crude fiber 15 

Nitrogen free extracts 315 

Sugars 15 

Starch 6.2 

3.1 Biochemicals 

All organisms need to synthesise numerous chemicals that they can not obtain from 

their environment. The following subsections present the main types: Lipids, 

polysaccharides,  nucleic  acids  and  proteins.  All  of  these  are  polymers,  either  

repetitive or nonrepetitive, and they can form larger compounds with each other, such 

as glycoproteins, glycolipids and lipoproteins. Repetitive polymers function 

commonly as structural and storage molecules and have varying amount of 

monomers. Nonrepetitive biomolecules have fixed molecular weight and genetically 

controlled sequence. 
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The reactions in the cells are intrinsically very slow and require biological catalysts 

called enzymes. The enzymes regulate and control the function of the cell. Water is 

the main medium where intracellular reactions take place and it also acts as a reagent 

in many enzymatic reactions.  

3.1.1  Lipids 

Lipids are nonpolar biological compounds. Their structures and functions are very 

diverse from the simplest group of fats which are effectively biological fuel storages 

to structural and regulatory functions of lipoproteins and liposaccharides. The 

simplest lipids are fatty acids which are biopolymers with a simple carbon (CH2)n 

chain and a terminal carboxyl group the structure is presented in Equation 2. The 

amount of monomers, the value of n, is usually an even number between 12 and 20 

(Bailey and Ollis, 1986a).  

COOHCHCH n)( 23      (2) 

Unsaturation of a fatty acid replaces a saturated carbon bond with a double bond. 

Polysaturated fatty acids have therefore multiple double bonds in the carbon chain. 

The carboxyl group of the fatty acid is hydrophilic and the carbon chain is 

hydrophobic, these properties lead to formation of micelles, in continuous phases of 

polar or non-polar solution, and monolayer at interface of polar and non-polar 

solutions. The lipid bilayer is the outermost membrane of cytoplasmic microbes and 

contains phospholipids, glycolipids and sterols.(Mysyakina and Feofilova, 2011) 

Fats are esters of fatty acids and glycerol. Phospholipids are related to fats in structure 

as one fatty acid is replaced by phosphoric acid. The phospholipids have strongly 

hydrophilic and hydrophobic portions that enable formation of micelle and, more 

importantly regarding cell membranes, a molecular bilayer. (Bailey and Ollis, 1986a)  
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3.1.2 Polysaccharides 

Polysaccharides  are  often  called  carbohydrates  or  sugars.  They  are  polymeric  

compounds with a general structure of (CH2O)n. The carbohydrates are formed 

mainly by photosynthesis which forms glucose (C6H12O6). These monosaccharides 

are subsequently polymerised to polysaccharides such as cellulose or starch. One of 

the main functions of polysaccharides is in the structure of the cell wall as glucan 

polymers such as chitin and cellulose (Roberts, 1996). Monosaccharide distribution 

of A. fumigatus can be found in Figure 4. 

5 % 4 %

21 %

70 %

Glucose
Galactose
Mannose
Amino Sugars

 

Figure 4 Saccharide composition of fungal cell wall.  Amino sugars consist of glucosamine and N-

acetylglucosamine, (Hearn and Sietsma, 1994) 

3.1.3  Nucleic acids 

Nucleic acids are formed from nucleotides, which are formed from phosphoric acid, 

C5-sugars (ribose/deoxyribose) and a nitrogenous base. Nucleotides form nucleic 

acids RNA and DNA which in turn are of paramount importance in protein synthesis. 

While important to cell's functionality, high concentrations of nucleic acids in the 

biomass should be avoided, if it is to be used as animal feed or consumed otherwise. 

Nucleic acids are metabolised into uric acid that causes kidney failures and gout. As 



 

 

17 

an example of a microbe's nucleic acid content Escherichia coli has nucleic acid 

~24 %-wt (Aittomäki et al., 2002). 

3.1.4  Proteins 

Proteins are typically 30 to 70 % of cell's dry weight. Elements present in all of the 

proteins are carbon, oxygen, nitrogen and hydrogen. Additionally, sulphur-sulphur 

bonds stabilise the three-dimensional structure of most proteins. The molecular 

weight of these fibrous or globular polymers is between 6000 to over 1 million grams 

per mole. (Bailey and Ollis, 1986a) 

All of the proteins can be formed from 22 different amino acids of which 2 appear 

less  frequently  than  the  rest  (Aittomäki  et al.,  2002).   The  importance  of  a  certain  

amino acids varies from organism to organism, some can be synthesised but others 

have to be digested from nutrition. Proteins may also contain prosthetic groups which 

are not amino acids but some other organic or inorganic component.  

3.2  Composition of the cell wall 

The  structure  and  the  composition  of  the  fungal  cell  wall  are  of  paramount  

importance  in  the  scope  of  this  thesis.  Fungal  cell  wall  differs  from  that  of  plants'  

mainly because the fungal cell walls contain chitin whereas plant cell walls contain 

cellulose. The repetitive structure of chitin is presented in Figure 5. Figure 6 

illustrates the structure of the fungal cell wall and different cell wall proteins (CWP), 

along with their suggested extraction methods, according to Pitarch et al. (2008). 
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Figure 5  Partial structure of chitin polymer: Three N-acetylglucosamine units are bound with -

1,4-bond. (Einbu, 2007) 
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Figure 6 Composition of fungal cell wall of yeast with suggested separation methods for different 

subclasses of proteins.  (Pitarch et al., 2008)  
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According to current concept the fungal cell wall can be divided to two component 

categories: structural components, which are chitin, chitosan and different glucans 

such as cellulose; and intrastructural matrix components including mannoproteins, 

galacto-mannoproteins, xylo-mannoproteins, glucorono-mannoproteins and (1-3)-

glucan.(Feofilova, 2010) The structural and intrastructural components of different 

fungi groups are presented in Table 2. 

Table 2 Main polymers present in fungal cell walls of different groups. (Ross, 2001) 

Group Structural polymer Matrix polymers Example genus 

Chytridiomycota Chitin, Glucan Glucan Rhizophidium 

Hyphochytridiomycota Chitin, Cellulose Glucan Hyphochytrium 

Oomycota Cellulose, -(1-3), 
-(1-6)-glucan Glucan Saprolegniales 

Zygomycota Chitin, Chitosan 
Polyglucoronic acid, 

Gluconomannoproteins, 
Polyphosphate 

Mortierella 

Ascomycota Chitin, -(1-3), 
-(1-6)-glucan Galactomannoproteins Aspergillus 

Glucans form the bulk of the polysaccharides present in the fungal cell wall. Chitin, 

glucan which is a -1,4 linked N-acetylglucosamine polymer, can be bound to other 

glucans in fungi and its portion of the cell wall varies from 2 to 26 %-wt (Blumenthal 

et al., 1957).  

Protein content of cell walls was for long time under debate as intracellular proteins 

easily contaminate the isolated cell wall sample and thus leads to a false positive 

result. A biotin-based method was developed to label the cell wall proteins explicitly 

(Casanova et al., 1992). 
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3.3 Intracellular structures 

An idealised fungal cell contains all of the organelles of a eukaryotic cell. As fungi 

can  not  photosynthesise  they  do  not  have  chloroplasts.  In  addition  to  cell  wall  and  

cytosole these include nucleus, peroxisome, endoplasmic reticulum, vacuole, Golgi 

apparatus and mitochondrion. (Feldmann, 2005) These structures are likely separated 

from the residual biomass during disruption and extraction. 

4 MANUFACTURING OF SINGLE CELL AND SOY 

 PROTEIN PRODUCTS               

Protein products are presently manufactured by processing biomass and increasing its 

amino acid content with separation processes. This biomass can be produced 

primarily for protein production or it can be residual biomass from a bioprocess, e.g. 

ethanol or citric acid production. The attractiveness of using residual biomass process 

as protein product is due the higher value compared to conventional alternatives uses 

such as landfill and combustion. Soy beans are naturally high in protein content and 

therefore the most common feedstock for protein products (Deak et al., 2008). 

Protein quality in protein products is measured with three different methods: Protein 

Dispersibility Index (PDI), Nitrogen Solubility Index (NSI) and KOH tests. First two 

methods are similar tests of water soluble material in the meal. PDI has more 

vigorous mixing, shorter duration and smaller solids content. PDI tends to have 

higher values and relates to NSI with the Equation 3 devised by Central Soya Co 

(USA, 1988) which was presented by Deak et al. (2008). KOH solubility defines the 

amount of nitrogen soluble in 0.2 % KOH in 20 minutes. The original KOH 

experiments were done by Araba and Dale(1990), but were also described in the 

paper of Parsons et al.(1991). The protein solubility methods' conditions are compiled 

in Table 3. 

    107.1 NSIPDI      (3) 
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Indication of the protein content of the feed can also be determined by Kjeldahl 

method, which defines quantitatively the amount of nitrogen in a sample. This 

method is widely used in food industry and it gives a reliable approximation of the 

actual protein content. Additionally, the nitrogen content is not constant in different 

amino acids. Thus the result needs a conversion factor for more accurate result of 

protein content. These conversion factors, so called Jones (1941) factors, range from 

5.46 to 6.38 and depend on the source of the sample. (FAO, 2002) 

Table 3 Comparison of different methods for determining protein content of biomass. 

Summarised from: (Parsons et al., 1991) and (Deak et al., 2008) 

 PDI NSI KOH 

Solution Water Water 0.2 % KOH(aq.) 

Mixing, rpm 8500 120 800 

Time, min 10 120 20 

Solids content, g/l 53 250 20 

 

4.1 Single cell protein products 

Single cell proteins (SCPs) are typically pure or mixed cultures of algae, yeast, mould 

or bacteria productised as a protein rich food component for humans or animals. The 

production of SCPs is performed usually by cultivation in a bioreactor. Algae is 

grown in photobioreactor or open pond. After cultivation or growth stage the biomass 

is separated from the medium and dried. The substrate for the heterotrophic microbes 

is commonly mono- or disaccharides. SCP products can be produced specifically for 

feed market or as a side product of some other bioprocess, such as citric acid, ethanol 

or  SCO  process.  The  substrate  cost  is  substantial  in  SCP  process,  as  the  same  
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substrate can be used for manufacturing more valuable products. Algae processes do 

not require expensive substrate but harvesting and separation are technically difficult 

and production costs are otherwise high. When producing SCPs for feed the 

fermented cell biomass is usually heat treated subsequently to reduce nucleic acid 

content. Other operations to increase the SCPs value as a feed include separation of 

indigestible components, such as the cell wall, and hydrolysis of polymers to more 

digestible form. (Nasseri et al., 2011)  Production of SCPs as a side product can 

increase the process feasibility, but the nutritional quality of the SCP is lower in these 

combined processes. 

SCPs were first used as nutrition for humans and animals in the beginning of 19th 

century and during World War I. The development of large scale commercial process 

started at 1960s when Imperial Chemical Industries (ICI) Pruteen plant was 

established for production of animal feed. Despite the technical and engineering 

merits in the design and operation of the plant it was discontinued due to 

unsustainable economics. The know-how gained from the Pruteen process was 

applied in the development of a continuous process to grow Fusarium gramiearum 

and lead to a successful SCP product: Quorn™ (Quorn Foods Ltd, UK). (Stanbury, 

2001) Quorn™ is produced in 150 m3 air-lift reactors that produce 300-350 kg 

of biomass per hour. Glucose and ammonium are used as a base for the medium. 

RNA content is reduced by heat treatment and the resulting product can be mixed 

with different binding and flavour agents. Quorn™ has been available in the United 

Kingdom from 1985 and it expanded to USA in 2001. Even though fungal biomass 

from other bioprocesses such as citric acid and ethanol production could be used as 

human nutrition Quorn™ was the only commercial mycoprotein product available in 

2004. (Wiebe, 2004) Quorn™ has the second largest market share in the meat 

alternative market in UK after own-label products (Snoad, 2011). 
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4.2 Soy protein products 

Soy protein and processing of soybeans is widely studied due to the fact that 

soybeans contain around 40 %-wt protein. When extracted with hexane the protein 

content increases further. The resulting biomass resembles that of an extracted fungal 

biomass  sufficiently,  so  that  the  soy  protein  process  can  be  used  as  a  basis  for  the  

fractionation process of microbial biomass. The lack of literature on fractionation of 

oil separated oleaginous micro-organism biomass further supports this approach on 

the subject. Soy plants store nitrogen and photosynthate as proteins in the beans to 

support germination. The soy proteins can be divided in to three groups: 2S, 7S and 

11S, which can be separated using ultracentrifugation. 2S protein group consists 

predominantly of heat sensitive protease inhibitors and other enzymes. 7S group 

consists mainly of storage protein -conglycin. Group 11S consists mostly of protein 

glycinin. The group 2S accounts for 8-22 %, 7S 35 % and 11S 31-52 % of the soluble 

proteins. Even though there are various different proteins and enzymes in the crude 

soy protein, -conglycin and glycinin are the two main proteins recovered when the 

biomass is processed. (Deak et al., 2008) 

Huisman et al. (1998) have experimented on defatted soybean meal to determine the 

cell wall polysaccharides of the soybean cells. They concluded that 92 % of all non-

starch polysaccharides were insoluble to water. Sequential extraction with chelating 

agent and alkali of three different molarities resulted in two pectin rich fractions, a 

pectin-hemicellulose, a hemicellulose and a cellulose rich fraction. The pectin 

fractions were identical in sugar composition containing galactose, arabinose and 

uronic acids. The pectin-hemicellulose fraction contained also xylose. The 

hemicellulose fraction contained xylose and glucose. 

The products where soy beans are used include animal feeds, pet foods, dairy product 

replacers and meat substitutes. Also bio-based products like plastics, adhesives and 

paper coatings made from soy are researched as the petroleum price increases 

(Johnson et al., 1992). Full-fat soy flours (FFSFs) and grits are the protein products 
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which are least processed and contain 40 % protein content. FFSFs are manufactured 

by dehulling and grinding the beans. Defatted soy flours (SFs) and grits are milled 

soy beans which are extracted with an organic solvent to remove fat and increase the 

protein  content  to  50  %.  SFs  can  be  re-fatted  partially  to  prevent  dustiness.  Soy  

protein  concentrates  (SPCs)  are  SFs  further  extracted,  or  leached,  with  water  or  

aqueous ethanol to remove sugars and strong flavour compounds. The removal of 

sugars and flavour compounds produces soy meal with minimum protein content of 

65 %. Soy protein isolates (SPIs) contain 90 % protein are made by separating the 

fiber from the soybeans in addition to fat and sugars. Comparative chart of different 

product class compositions is presented in Table 4. 

Table 4 Typical compositions of soy protein products. (Endres, 2001) 

Constituent  Defatted flours and grits, 
%DWB 

Protein Concentrates, 
%DWB 

Protein Isolates,     
%DWB 

Crude Protein 56-59 65-72 90-92 

Crude Free Lipid 0.5-1.0 0.5-1.0 0.5-1.0 

Crude Fiber 2.7-3.8 3.5-5.0 0.1-0.2 

Ash 5.4-6.5 4.0-6.5 4.0-5.0 

Carbohydrates 32-34 20-22 3-4 
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4.2.1 Soy protein product manufacturing processes 

Processing of soy beans requires low moisture (9-10 %) and mild temperatures to 

produce high PDI products that are enzymatically active. The hulls of the beans are 

also to be removed prior to the processing. Dehulling of the beans is done by 

mechanically  breaking  the  beans  to  several  pieces  and  the  hulls  are  separated  with  

aspirating and/or screening. The dehulled pieces are ground to uniform particle size. 

The soy flour contains fats which can be removed with subsequent hexane extraction. 

After flash desolventizing the extracted soy flour is called white flour and it has PDI 

over 85. The white flour is the raw material for making SPCs and SPIs. 

SPCs are protein products which have at least 65 % protein content. SPCs are made 

commonly by three different processes: aqueous alcohol leaching, acid leaching and 

moist heat denaturation. As can be seen from the flow charts in Figure 7 all three 

different processes produce similar product streams. The compositions of the process 

products are described in Table 5. 

 

Figure 7 Flow chart for manufacturing methods of soy protein products. Both acid and ethanol 

leaching are performed at 40 °C in 30-40 min. (Deak et al., 2008) 
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Table 5 Approximate compositions of soy protein concentrates depending on the process. (Deak 

et al., 2008) 

Constituent Ethanol Washing, 
%DWB 

Acid Washing,         
%DWB 

Hot-Water Washing, 
%DWB 

Crude Protein 71 70 72 

Crude Free Lipid 0.3 0.3 0.1 

Crude Fiber 3.5 3.4 0.1 

Ash 5.6 4.8 3.0 

Carbohydrates 17.6 19.5 20.1 

Most  of  soy  protein  concentrates  are  manufactured  by  the  ethanol  washing  process  

because it results in the least flavoured product. The aqueous alcohol leaching is done 

commonly with 60 %-vol ethanol and has very low NSI, but as the mechanism of 

protein denaturation is different from heating the functionality of digested proteins 

and amino acids is less reduced.(Deak et al., 2008) The ethanol can be recycled after 

leaching. There are also methods to increase the NSI level of the ethanol leached 

flour by homogenisation or jet cooking (Wang and Johnson, 2001). 

Acid leaching is performed at pH 4.5 and temperature 40 °C for 30 to 45 min. Liquid-

flour ratio is 10:1 to 20:1 during the leaching and a decanter centrifuge is used to 

concentrate the solids to 20 %-dm. The formed slurry can be dried in acidic form or 

neutralised to pH 6.8 and spray dried before storing. 

The moist heat denaturation process or hot water leaching process is not in 

commercial use presently. This process is performed by first heating the WF under 

pressure and extruded to denature proteins and impart a porous mass. This mass is 

leached with hot water. (Deak et al., 2008) 
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SPIs are made with various processes and one of the most traditional processes is 

illustrated  in  Figure  8.  In  the  presented  process  the  soy  proteins  are  first  extracted  

from WF to an alkalic, pH 9-11, solution at 60 °C. The insoluble fibers are separated 

with centrifugation. The protein solution is acidified, pH 4.2-4.5 in the next step 

resulting in precipitation of proteins. The proteins are centrifuged from the solution 

and subsequently washed and neutralised. The neutralised protein mass is then spray 

dried in air with temperatures 157 °C at inlet and 86 °C at outlet. (Deak et al., 2008) 

 

Figure 8 Flow diagram for soy protein isolate process. (Deak et al., 2008, Wolf, 1983) 

5 FRACTIONATION OF RESIDUAL BIOMASS 

The processing of oil separated fungal biomass in to animal feed can be carried out by 

two fractionation steps and the basis for these operations can be derived from soy 

protein processes due to the similar chemical components and upstream processes. 

The upstream operations are the extraction of oil and lipid components and 

desolventizing the extraction solvent, hexane. The residual biomass is then 

hydrolysed to solubilise the cell wall components, such as -glucan, chitin and other 

polysaccharides, which are then extracted from the amino acids and proteins. 

The effect of these methods to protein and amino acid content are presented in the 

following sections. As the final product is mainly animal feed and not functional 
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proteins, avoiding proteolysis and denaturation is not critical for the quality of the 

product.  

5.1  Cell wall hydrolysis 

Fungal cell walls consists mainly (80-90 %) of polysaccharides and in order to 

depolymerise the cell wall components the glycosidic bonds have to be cleaved in 

order so that the proteins are released from the polysaccharides. The acid and 

enzymes act as catalysts in hydrolysis and these are the most common hydrolysis 

methods. Alkaline treatment depolymerises the cell wall due to oxidative reduction 

(Chebotok et al., 2006). Johansson et al. (2006) have studied hydrolysis of -glucans 

with acid and enzymatic treatment. Oxidative-reductive free radical depolymerisation 

of chitin, which is a structural component in fungal cell wall, has also been studied. 

(Einbu, 2007) In addition to these there are studies of electromagnetic radiation (Hai 

et al., 2003), sonication and mechanical methods for depolymerisation of chitosan. 

(Einbu, 2007) As chitin is -1,4-glucan and forms complexes with other glucans that 

form the bulk of the fungal cell wall (Feofilova, 2010) chitin depolymerisation 

through hydrolysis is used as one example in the following subsections. The 

hydrolysis of cellulose is presented to provide comparison to a commonly used 

technology. 

5.1.1  Acid hydrolysis 

In their experiments Johansson et al. (2006) studied hydrolysis of glucans in oats 

which are similar to the -glucans in fungal cell wall. They used hydrochloric, 

trifluoroacetic (TFA) and sulphuric acids with two concentrations in three hydrolysis 

temperatures. They concluded that all of the acids hydrolysed -glucans in high 

concentrations (3 M for HCl and TFA, and 1.5 M for H2SO4) at 120 °C. The amount 

of by-products, such as hydroxymethylfurfural and various products formed in 

Maillard reactions, varied between different acids. The glucose recovery was 

therefore different with each acid: 75 % for H2SO4, 65 % for TFA and 27 % for HCl. 
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At lower concentrations (0.1 M for HCl and TFA, and 0.05 M for H2SO4) 

hydrolysation was not as complete and cellobiase among other polysaccharides were 

also found in the hydrolysate. There were no oligosaccharides with polymerisation 

degree over 2 and cellobiase content was lower in hydrolysate of 0.1 M HCl than the 

other acids, from this can be concluded that HCl hydrolysed glucan more completely 

than the two other low-concentration acids. At 70 °C low-concentration acids 

hydrolysed -glucans only slightly, glucose was detected only in low concentrations 

and other products' chromatograms were too overlapped to make any conclusions. 

When using a glucose standard hydrolysed with the same process as the samples the 

glucose recovery was 89-90 % with all three acids. 

Acid hydrolysis of cell wall for depolymerisation of the chitin/chitosan compounds 

can be performed with mineral acids. Acid treatment also deacetylates chitin into 

chitosan. Hackman (1962) has concluded in his work that concentrated acids degrade 

chitin to glucosamine. The time needed for the required completeness of hydrolysis, 

depolymerisation and deacetylation of chitin depends on the crystallinity of the 

sample (Wu et al., 2004). Hackman's results are presented in Table 6. The differences 

with different mineral acids on results were negligible, with exception of sulphuric 

acid which sulphated the chitin chains.(Hackman, 1962) 
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Table 6 Results of chitin acid hydrolysis by Hackman et al. (1962) 

HCL strength, N Hydrolyse time, h Temperature, °C Recovery percentage as 
glucosamine, % 

2 24 25/100 Trace / 4.8 

5.7 5/24 100 73 / 72.2-86.4 

11 15 45 73 

Shabrukova et al. (2002) found in their research that concentrated acid hydrolysis of 

chitin-glucan-complex produced N-acetyl-D-glucosamine, D-glucosamine, ammonia, 

glucose and fructose of which the ammonia was formed as bubbles in hydrolysate. 

The experiments were conducted with 12 N hydrochloric and 55 % sulphuric acids. 

The samples were extracted from A. niger. The fact that ammonia was formed as a 

gas, combined with Hackman's (Hackman, 1962) note on glucosamine better yields in 

an open flask than sealed N2-atmosphere would indicate connection between 

alkalinity and glucosamine formation. 

Krairak and Arttisong (2007) have studies on fungal chitin hydrolysis with 85 % 

phosphoric acid, and concluded that the chitooligomer size reduces when temperature 

or time in hydrolysis rises. At temperature 40 °C higher oligomers were found but 

were absent in the samples hydrolysed in 60 and 80 °C. 

Acid leaching of soybeans has been reported to have little or no effect on the NSI of 

the meal. From this can be deduced that acids do not degrade soluble amino acids or 

protein. Although the nutritional values were retained after the acid treatment the 

flavour of the feed is regarded worse than after ethanol treatment and this might 

affect animal palatability. (Deak et al., 2008)  
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Dilute acid hydrolysis is widely used for cellulose saccharification. Both hydrochloric 

and sulphuric acids are used either as concentrated or dilute solutions. Processes 

conditions for dilute processes are 120-200 °C and 0.1-0.5 MPa with very short 

reaction times, ranging from seconds to few minutes. Efficiency of dilute acid 

processes is ca. 60 % of sugars recovered. Concentrated acid processes use lower 

temperatures and pressures, and also longer reaction times to achieve higher 

efficiency of even up to 90 % sugar-recovery. (Guha et al., 2010a)  

5.1.2 Alkaline hydrolysis 

The chitin complex rich cell wall can also be hydrolysed with alkali solution, but 

chitin and chitosan are resistant against alkalic depolymerisation. Hydrolysis with 

dilute alkalic solution will decompose the proteins in the biomass. Hot alkalic 

treatment degrades proteins from the chitin and this method is used when preparing 

chitin from crustacean shells. Alkaline solutions also deacetylate the chitin into 

chitosan. Chetobok et al. (2006) concluded in their studies that the previously 

perceived depolymerisation of chitin and chitosan is due to oxygen in the alkaline 

solution rather than alkalic substances or their concentrations.  

Alkaline treatment will destroy amino acids by desulphurating cysteine, deguaniding 

arginine, dehydrating serine and isomerising all amino acids. This fact advises against 

the use of alkaline to hydrolyse the cell wall when aiming to high concentrate protein 

fractions.(Finot, 1983) 

5.1.3 Enzymatic hydrolysis 

All enzymes in industrial use are proteins. Enzymes can catalyse various reactions 

and they are very substrate specific. In the following paragraphs are examples of 

enzymes that hydrolyse glycosidic bonds in -glucans and one enzyme that 

hydrolyses peptide bonds. Autohydrolysis and effect of enzymes on the feed quality 

of the biomass is also presented here. The presented enzymes and enzyme groups are 

summarised in Table 7. 
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Table 7 Summary of presented enzymes from BRENDA database. (BRENDA, 2012)  

Enzyme Substrate Reaction Reference 

Chitinase 
EC 3.2.1.14 

Chitin 
Hydrolysis of 
O-glycosidic 

bond 

(Feofilova, 
2010) 

Licheninase 

EC 3.2.1.73 
Lichenin and cereal -

glucans 

Hydrolysis of 
O-glycosidic 

bond 

(Johansson et 
al., 2000, 2004, 

2006) 

-glucosidase 

EC 3.2.1.21 
Variety of  -glucans 

Hydrolysis of 
O-glycosidic 

bond 

(Johansson et 
al., 2000, 2004, 

2006) 

Chitosanase 
EC 3.2.1.132 

Chitosan 
Hydrolysis of 
O-glycosidic 

bond 

(Feofilova, 
2010) 

Chitobiase 
( -N-

acetylhexosaminidase) 
EC 3.2.1.52 

N-acetylglucosides and N-
acetylgalactosides 

Hydrolysis of 
O-glycosidic 

bond 

(Feofilova, 
2010) 

-amylase 
EC 3.2.1.1 

Starch, glycogen and 
related poly- and 
oligosaccharides 

Hydrolysis of 
O-glycosidic 

bond 

(Nwe and 
Stevens, 2002) 

Pronase (mycolysin) 
3.4.24.31 

Caseins Hydrolysis of 
peptide bond 

(Kruppa et al., 
2009) 

Cellulase 
EC 3.2.1.4 

Cellulose 
Hydrolysis of 
O-glycosidic 

bond 

(Guha et al., 
2010b) 
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Johansson et al. (2006) studied hydrolysis of -glucan in oats with enzymes. -

glucans in oats are similar to those in fungal cell wall. They modified the approved 

AOAC 995.16 method, also known as the McCleary method, by increasing the 

incubation time from 1 h to 3 h and diluting the solution 4-fold. The enzymes used in 

this method are licheninase (EC 3.2.1.73) and -glucosidase (EC 3.2.1.21). Johansson 

et al. (2000, 2004) studied earlier the hydrolysis of -glucan in oats with only 

lichenase which resulted in total hydrolysis and concluded in the most present paper 

that the lichenase and acid hydrolysis are viable alternatives to the AOAC 995.16 

method in determining -glucan content of samples with high glucan content and low 

solubility. Lichenase hydrolyses -glucan with both -1,3- and -1,4-bonds but does 

not hydrolyse -glucan with only 1,4-bonds (IUBMB, 2012) and it is presumable that 

it is ineffective in chitin hydrolysis. 

Chitinases, produced by other micro-organisms or higher plants, can be used to 

depolymerise chitin and chitosan materials with varying acetylation degrees. Notable 

other enzymes are glycanases, lipases and proteases, in addition to chitosanases, 

which can also hydrolyse chitosan. Chitosanases have not been so studied as 

extensively chitinases. Chitobiases, which are found in soil microbes, cleave the 

chitin polymer chain down to oligomers where chitinases leave chitooligosaccharides 

that are 2-6 residues long, mainly dimers. (Feofilova, 2010) 

When fractionating cell wall biomass Pitarch et al. (2008) suggest the use of 

glucanases and chitinases in sequence to first break the chitin-glucan complexes and 

then depolymerise the chitin chains. Nwe and Stevens (2002) treated alkaline 

insoluble material from Gonggronella butleri mould -amylase Termamyl 

(Novozymes, Denmark, http://www.novozymes.com) and produced low turbidity 

chitosan and -glucan fractions. 
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Cell wall can also be fractionated with pronase enzymes to remove cell wall proteins 

first. Resulting amino acids were centrifuged from chitin fraction. This was used by 

Kruppa et al. (2009) when studying the -glucan content by Fehling's precipitation 

method, which separates mannan fraction from 1,6- -D-glucan. 

Autolysis is process where the microbe itself produces the enzymes needed to 

degrade cellular structure. This natural autodegradation begins when external source 

of carbon is exhausted. Solely autolysis is not very feasible method industrially as it 

takes 60 days to A. niger to autolyse 50 % of it's mycelia at 37 °C (Perez-Leblic et al., 

1982). Concerning the enzymatic activities from the work of 

Perez-Leblic et al. (1982) it should be noted that even if the cell wall consists mostly 

of chitin the activity of chitinases were not as active as glucanases in almost all of the 

7  fungal  strains.  This  might  result  from  a  faulty  choice  of  chitinase  enzyme  as  the  

strains with little or no chitinase activity the amount of lysed mycelia was also lower. 

The problems of autolysing the chitin also contribute to the known characterisation 

problem of chitin because of its different alkylation degrees, polymer chain lengths 

and crystallinity. 

Due to the specific nature of the enzymes it can be said that the nutritional values of 

the feed are not affected by the enzyme treatment after the enzymes have been 

inactivated. 

Enzymatic hydrolysis is widely used in cellulose saccharification. An enzyme 

mixture is necessary as one enzyme cannot hydrolyse the complex cellulose polymer. 

Difficulties in this method have been found regarding reaction rate as cellulases are 

water soluble and cellulose is not. Additionally, the degree of crystallinity, degree of 

polymerisation, lignin content and the available surface affect the effectivity of the 

hydrolysis. Pre-treatment for enzymatic hydrolysis is thus required to remove lignin 

and increase the amount of active sites. Even when considering the aforementioned 

challenges, high cost of the enzymes and the problems in pH control and product 

separation from enzymes, the enzymatic hydrolysis remains attractive alternative 
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method for its low energy requirements, construction costs and by-product formation. 

(Guha et al., 2010b) 

5.2  Fractionating of cell wall 

After the cell wall is hydrolysed and the bonds between the components cleaved the 

different valuable components can be separated. The separation principle in the 

fractioning stage is based on the different solubilities of the components in different 

solvents. 

5.2.1 Ethanol extraction 

Extraction of sugars from soybean flakes was studied by Hancock et al.(1990), their 

experiments consisted of ethanol extraction with or without heat treatment at different 

stages. The best arrangement was ethanol extraction before heat treatment to first 

separate the sugars in to the ethanol phase and then heating in 120 °C autoclave for 

20 min. The heat treatment degrades anti-nutritional factors in soybean flakes e.g. 

protease inhibitors and thus improves digestibility. Hancock et al. (1990) report on 

the that according to Nagel's et al.(1938) 60 %-vol ethanol-water mixture will 

dissolve 91 % of soybean flour sugars, but only 4 % of the nitrogen content. This 

resulted in increased crude protein content in the SPC. 

Nozaki and Tanford (1963, 1965, 1971) have studied the solubility of amino acids in 

ethanol and conclude that amino acid solubility decreases with increasing ethanol 

concentration. They also experimented on the solubility of amino acids in aqueous 

urea, ethylene glycol and dioxane. From these results it can be concluded that amino 

acids are least soluble in aqueous ethanol. The results of amino acids' solubility in 

ethanol can be found in Table 8.  
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Table 8 Solubilities of amino acids in ethanol at 25 °C. (Nozaki and Tanford, 1971) 

Solubility at Ethanol concentration, g/100gsolv 
Solute 

0 %-vol 20 %-vol 40 %-vol 60 %-vol 80 %-vol 90 %-vol 

Glycine 25.16 11.30 4.25 1.40 0.24 0.05 

Leucine 2.17 1.32 0.85 0.63 0.30  

Phenyl-alanine 2.79 1.86 1.48 1.23 0.60 0.25 

Tryosine 0.045 0.032 0.026 0.019 0.008 0.003 

Dihydroxy-phenyl-
alanine 0.380 0.264 0.189 0.114 0.039  

Tryptophan 1.38 1.13 1.25 1.40 0.78 0.33 

Histidine 4.30 2.22 1.10 0.50 0.108 0.025 

Asparagine 2.51 1.07 0.43 0.15   

Glutamine 4.15 1.87 0.78 0.26   

Triglycine 6.45 2.14 0.68 0.17   

Solubilities of biomolecules, such as amino acids, sugars and proteins, in aqueous 

ethanol has been presented by Macedo (2005). From the paper it can be seen that 

glycine relative solubility decreases as the ethanol concentration increases. The 

solubility of glycine in 67 %-wt and 45 °C aqueous ethanol is 0.765 gGly/100gsolv 

(Dunn and Ross, 1938). The effect of the temperature was negligible in the range of 

0-65 °C. Sucrose and D-glucose solubilities both decreased with increasing ethanol 

content, at 55 %-wt and 40 °C solubilities were 50 gSacc/100gsolv and respectively 

1 gD-Glu/100gsolv.(Macedo, 2005) 



 

 

38 

Ethanol denaturates proteins and therefore decreases the NSI of the feed product. 

With further processing by alkalic cooking the NSI can be renewed to higher levels 

(Wang et al., 2005). The NSI level does no unambiguously describe the feeds protein 

functionality, so Deak et al. present that the lowered NSI is somewhat misleading in 

this case. The denaturation mechanism is different from heating which further 

supports this theory. (Deak et al., 2008) 

5.2.2 Alkaline extraction 

Lee et al. (2001) have used 2 % NaOH extraction as the first step to purify -glucan 

from proteins. Extraction at 90 °C for 5 h removed 31 % the -glucan and 2.8 % of 

the proteins in the cell wall. This was followed by acid treatment and two 

chromatographic process stages where the -glucan was purified further from 

proteins. The extraction stage would thus result in a protein enriched liquid fraction 

which can be centrifuged. 

As mentioned earlier regarding alkalic hydrolysis, the damage to amino acids and 

proteins make the use of alkaline extraction unreasonable. Alkaline extraction also 

solubilizes the amino acids in to the liquid fraction which is not preferred in this 

process concept. 

5.3 Summary and comparison of fractionation methods 

Information collected from the previous section is summarised in Table 9 where 

different methods are compared in two classes: hydrolysis and extraction. The 

parameters are also evaluated considering commercial scale process. Protein yield 

was evaluated by PDI and NSI values from various sources and quality was estimated 

regarding possible denaturation, implied palatability and digestive functions. 

Economic  feasibility  was  evaluated  by  expected  capital  and  operational  costs  of  

different processes. The technological readiness was summarised from currently 

operating similar facilities and maturity of the technology. From these results it can 
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be determined that recommended process options would be acid hydrolysis followed 

by extraction with ethanol. In the subsection 5.1.1 it was presented that sulphuric acid 

is preferred due to its high recovery of sugars and lower tendency for Maillard 

reactions than hydrochloric acid. Sulphuric acid was also more commonly used in the 

experiments with chitin hydrolysis found in literature.  

Table 9 Comparative table of hydrolysis and extraction methods. 

Method Soluble Protein Yield 
and Quality Economic  Feasibility Technology Readiness 

Acid Hydrolysis + + + 

Alkaline Hydrolysis - + + 

Enzymatic Hydrolysis + + - - 

Ethanol Extraction + + + 

Alkaline Extraction - - - 

 

6 VALUABLE FRACTIONS 

Through successful fractionation of residual biomass, different chemical compounds 

can be separated from each other. These fractions include protein rich solid biomass 

and liquid fractions each containing a variety of polysaccharides (e.g. mono-, di- and 

polymers of C5-  and  C6-sugars). The protein biomass is best to utilise as an animal 

feed protein component, in landfills or as combustion fuel. Animal feed component 

products have clearly the highest value of these three options. Polysaccharide 
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fractions are more challenging to productise due to the difficulty in separating them 

discretely.   

6.1 Animal feed protein components 

Processed animal feed is used principally to control the amounts of essential nutrients 

fed to domestic animals. Nutrients and chemicals cover three basic functions: as 

structural matter for the growth and upkeep of the body, as an energy source for work 

and fat deposition; and regulatory elements for body functions. Domestic animals 

require the same main nutrients as every other living being. The nutrients can be 

categorised to six categories: carbohydrates, proteins, fats, minerals, vitamins and 

water. The first three categories are presented more in detail in the section 3.1. Table 

10 presents energy and crude protein requirements of different domestic animals and 

nutritional contents of two feedstuffs. 
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Table 10 Nutritional requirements for different domestic animals and two exemplary feed 

components. The given values may vary due to different external factors such as species and 

environmental conditions.  

Animal Energy content, MJ/kgFeed 
Crude protein content, 

gCP/kgFeed 

Ruminants1,a, Dairy cow 16,1 130-170 

Swineb, Meat  8,92 128-200 

Poultryc, oviparous  11 175 

Rainbow troutd 15 300 

Soy Bean Mealc 9.6-13 480-520 

Yeast Biomass2,c 7.5-13.3 421-550 

1Cow weight 550 kg with 20 kg milk production. 2Yeast biomass is produced by ethanol 

fermentation by-product. a(MTT Agrifood Research Finland, 2010a), b(Brendemuhl and Myer, 

1989), c(MTT Agrifood Research Finland, 2010b), d(Cho and Kaushik, 1985) 

Compound feeds are feeds that are put together from different components (e.g. 

nutritional compounds or fillers) to produce a feed that is tailored to meet special 

requirements for a certain animal and its growth stage. From the data presented in the 

Table 10, it is clear that the most important factor concerning the quality and 

suitability of a feed is the amount of amino acids and that soy bean meal and yeast 

biomass  can  be  used  as  an  amino  acid  component  in  a  compound feed.  The  amino 

acid rich feed component is usually the most valuable and therefore the fractionation 

of the residual biomass to produce this type of component should be feasible. 
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There are other important parameters for quality of a feed. Protein quality indices 

(PDI, NSI and KOH-solubility), palatability, neutral detergent fiber (NDF) content 

and D-value, which illustrates biologically digestible organic matter content, are also 

considered when measuring the feeds suitability for an animal. Palatability can only 

be tested on live animals, but protein quality, fiber content and D-value can be 

analysed in a laboratory with traditional wet chemistry and near infrared spectroscopy 

(NIRS) techniques. 

Commercial feeds are also analysed for the following factors: moisture, crude protein 

(CP), crude fiber, net energy, Ca/P/Zn/Cu-content and vitamins. Crude protein is 

nitrogen content of a feedstuff multiplied by the foodstuff specific Jones-factor which 

is usually around 6.25. In ruminants it is important to determine the fraction of 

protein degraded in the rumen, so it is recommended to analyse the CP and use 

average values for degradable intake protein (DIP) and undegradable intake protein 

(UIP) of a specific feed. Protein content is usually adjusted for heat damaged protein 

and insoluble crude protein to properly describe the effective nitrogen content in feed. 

Crude fibers are categorised in NDF and acid detergent fiber (ADF) where NDF is a 

bulk or fill material with low digestibility and ADF is the least digestible material in 

the feed such as cellulose and lignin. (Rasby and Martin, 2011)  

An overview of different protein sources is presented in Table 11  which are presently 

used for animal feeds. The minimum crude protein content for a feasible new protein 

source is assumed to be 37-40 % which is the amount of crude protein rape/canola oil 

meal. Other values presented in the Table 11 should also be equal or exceed those of 

rape/canola meal. (Pasanen, 2012) 
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Table 11 Nutritional compositions of conventional protein additives used in animal feeds. (MTT 

Agrifood Research Finland, 2010b) 

 Dry matter Crude 
Protein 

Crude 
Fat Ash Crude 

fiber 

Fish meal1 90-92 71-75 5-9 10-16 - 

Krill 
meal 93-96 59-61 15-19 12-13 - 

Blood 
meal 88-93 72-97 0-6 2-16 <1 

Animal 
protein 
sources 

Meat and bone 
meal 9-95 45-62 8-13 22-37 2-3 

Lupins 90 30-34 5-6 4 15 

Peas 89 24 2 4 7 

Maize glutein 
meal 91 60 4 3 3 

Rape/Canola 
meal2 91 37-40 2-4 7 11 

Soya bean meal3 91 48-52 1 5 3-4 

Soya protein 
concentrate 90 67-72 1 1.5 3-5 

Soya protein 
isolate 94 90-92 1 - 4-5 

Sunflower meal 90-93 31-44 2-3 6-7 11-25 

Wheat flour 88 14.3 1.7 1.0 1.1 

Terrestrial 
plant protein 

sources 

Wheat glutein 89 75 1.8 1.8 1.5 

1Average range of herring, capeling and anchovy meal 2Solvent separated 3Solvent extraction 

without hulls 
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Table 12 presents the nutritional and economic values of unprocessed yeast biomass 

compared to other common feeds. Prices are calculated from energy and digestible 

amino acids. Protein and energy unit prices were approximated from Eurostat 

(Eurostat, 2011) and Food and Agricultural Policy Research Institute (FAPRI, 2011) 

database average feedstuff prices between 2007-2010 and feed compositions from 

MTT Feed Tables (MTT Agrifood Research Finland, 2010b) with least squares 

estimation. (Niemi, 2012) 

Table 12 Estimated value of selected biomasses as growing pig’s feed and the prices of soybean 

meal, rapeseed meal, wheat and barley used as a reference in respective price scenario. The 

amount of digestible amino acids (Lysine + Threonine + Methionine + Cysteine + Isoleucine + 

Valine + Leucine + Phenylalanine + Histidine). All weights are dry matter weights.  

 Brewer's 
yeast Soy Rapeseed Wheat Barley 

Energy content,  
MJ/ kg 9.1 13.0 10.5 6.7 9.5 

Digestible amino acids, 
g/kg 227 172.7 35.1 108.6 31.6 

Feed price, 
€/ton 419 380 248 177 160 

6.2 Other potential products 

In addition to the use of residual biomass as an animal feed protein component 

A. oryzae has probiotic effects on milk production of dairy cows. There is a 

commercial feed additive called Amaferm (Cargill, USA, [http://www.amaferm.eu/]) 

which increases the milk production by ca. 4 % with dosage of only few grams per 

day. Amaferm also accelerates the calves' digestive system development so that they 

can be weaned earlier. (Beharka et al., 1991) 

Polysaccharide fraction of the biomass could be used as a feed to the bioreactor 

where it would nourish the next generation of microbes. Non-cellulosic 
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polysaccharides have numerous applications, but the analytic determination of the 

different polysaccharides present in the biomass and different fractions is not in the 

scope of this work. Brand et al. (2010) have listed the following applications for 

polyglucomannans, polygalactomannans and other non-cellulosic polysaccharides: 

coating applications, food applications, oil recovery, paper applications, 

pharmaceutical applications, personal care products and textile applications. 

As was presented earlier in the chapter 5 it is possible to hydrolyse and separate chitin 

and its derivatives from the residual fungal biomass. The hydrolysed chitin can be 

precipitated from the acid fraction from the hydrolysis with acetone (Austin, 1975). 

Most of the industrially produced chitin comes from the Artrhopoda, especially from 

Crustacean shells. The chitin present in fungi differs from that of Arthropoda in 

several aspects: fungal chitin contains less nitrogen, has higher deacetylation degree 

and is less crystalline. These special properties for fungal chitin can be explained by 

its  association  with  other  polysaccharides  and  the  presence  of  chitosan,  which  is  a  

partially or fully deacetylated form of chitin. Chitosan can be also manufactured from 

chitin and it has various applications and good market prospects once it is registered 

as a food additive and pharmaceutical carrier amongst the technical applications. 

(Palma-Guerrero et al., 2010) It should be also noted that chitin inhibits the growth of 

some plant pathogens and oomycete fungi as it permeabilizes the cell membrane in 

addition to various applications listed in Table 13.  
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Table 13 Summary of applications of chitosan. (Aghdam, 2010) 

Industry Application 

Wastewater treatment -Removal of metal ions 
-Flocculent /Coagulant: Protein, Dye, Amino 
acids 

Food industry -Removal of Dye, Suspended solids etc. 
-Preservative 
-Colour Stabilisation 
-Animal feed additive 

Medical industry -Bandages 
-Blood Cholesterol Control 
-Skin Burn 
-Contact Lens 

Biotechnology -Enzyme Immobilisation 
-Protein Separation 
-Cell Recovery 
-Chromatography 
-Cell Immobilisation 

Agriculture -Seed Coating 
-Fertilizer 
-Controlled Agrochemical Release 

Cosmetics -Moisturiser 
-Face, Hand and Body Creams 

Pulp and paper industry -Surface Treatment 
-Photographic Paper 

Membrane industry -Permeability 
-Reverse Osmosis 

The price of general grade chitin is 8.7 €/kg and the price for medical grade chitosan 

can rise up to 19 000 €/kg (Roberts, 2008). In 2007 Einbu presented E. Mustaparta's 

estimations of global chitin markets in 2006 which are presented in Table 14 (Einbu, 

2007). List of proposed applications for chitosan can be found in Table 14. Chitin of 
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A. niger also contains amino acids in trace amounts of 0.05-0.06 % (Lestan et al., 

1993). 

Table 14 Global production and chitin consumptions for chitin derivative products. (Einbu, 

2007)  

Product Annual production, t Chitin consumption, t Market price, USD/kg 

Glucosamine 4500 9000 7-35 

Chitosan 3000 4000 10-100a 

Oligosaccharides 500 1000 50-100b 

N-acetylglucosamine 100 200 20-140 

a Ultra pure of up to 50 000 USD/kg, bUltra pure for up to 10 000 USD/kg 
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7 EXPERIMENTS ON RESIDUAL MICROBIAL 

BIOMASS  

The biomass studied in this work is a by-product of microbial oil process and 

contains  mainly  the  cell  wall  components  of  the  fungi  used  in  oil  production.  The  

main function of the microbes in the studied process is to produce intracellular lipids. 

As mentioned in section 3.2 the fungal cell wall consists mainly of polysaccharides, 

but there are also proteins present which are either intracellular proteins or matrix 

protein polymers bound to polysaccharides. 

Methods for biomass hydrolysis and fractionation were presented and evaluated in the 

chapter 5. The process chosen for experiments was acid hydrolysis with sulphuric 

acid following with subsequent extraction with aqueous ethanol. 

The objective of the experiments was to develop and evaluate a method to improve 

the animal feed value of the biomass and to provide data for balance calculations in 

the chapter 8. Additional goal was to get reliable data for process scale up and 

economic calculations. The principle of the method is to separate the polysaccharides 

and other cell components from the proteins and amino acids. The main product is the 

protein rich biomass, from which the amino acid, crude protein, crude fat, crude fiber 

and ash content are determined. Other fractions and their estimated contents are a 

dilute acid fraction containing small amount of polysaccharides such as chitin and an 

aqueous ethanol fraction containing saccharides and lipids. 

The experimental laboratory work was performed in Neste Oil Pre-treatment 

Laboratory in Kilpilahti, Finland. Process parameters studied in the experiments were 

acid hydrolysis temperature and acid concentration. 
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7.1  Materials and Methods 

The procedure of experiments is presented in Figure 9. There are two stages in 

fractionating the biomass, hydrolysation and extraction. In the first step the cell wall 

polysaccharides are hydrolysed with dilute acid and the protein polysaccharide 

complexes are degraded. Part of the saccharides is assumed to dissolve in the acid 

hydrolysate. The two phases are separated with centrifugation. Chitin is precipitated 

from hydrolysate fraction with acetone and the precipitate is separated in a centrifuge. 

In the second step the hydrolysated and separated solid biomass is washed with water 

and extracted with ethanol to remove the saccharides still present in the biomass. 

After ethanol extraction, the two phases are separated again with centrifugation. 

Ethanol fraction is neutralised, lyophilised and the residues are resolubilized in 

deionised water. Biomass fraction is lyophilised and analysed. 

The whole procedure has been devised to be as delicate as possible to maintain the 

nutritional value of the proteins and amino acids and to be economically viable when 

scaled-up to a commercial plant. The fungal biomass studied had been disrupted and 

its free lipids were extracted with an organic solvent. 
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Figure 9 Experiment procedure, Samples taken from wash water, EtOH, biomass, acid and 

chitin fraction. 

7.1.1  Dilute Acid Hydrolysis 

Acid hydrolysis was performed in a 2 000 ml three-necked-flask with 1 600 ml 1, 5 

or 10 %-vol sulphuric acid (diluted from 96 %-wt analytic grade H2SO4). The 

biomass (approx. 40 g, dry content 94 %-wt) was added to the acid solution. The 

hydrolysis flask was heated in oil bath on a stirrer hot plate with reflux condenser. 

The temperature of hydrolysis was 60, 80 or 100(boiling point) °C. The temperature 

of the hydrolysis was controlled with a closed control loop in the oil bath temperature 

which was set 5 °C over the target temperature. The biomass was hydrolysed for 1 h 

after the solution had reached the target temperature. The solution reached target 
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temperature in 15 to 30 min depending on the hydrolysis temperature. A photograph 

of hydrolysis equipment is presented in Figure 10. 

 

Figure 10 Hydrolysis flask during hydrolysis partially submerged in oil bath. 1 oil bath 

temperature measurement, 2 hydrolysis temperature measurement, 3 reflux condenser 

1 

2 
3 
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After the hydrolysis the samples were centrifuged for 10 min at 16 900 G and filtered 

through paper (Whatman 589/1, <12-25 µm, ø=125 mm) in a büchner funnel. Two 

samples from filtered acid fraction were prepared: one for analysis by diluting it to 

1 %-vol and neutralising it with analytic grade CaCO3 powder; and one for 

precipitation with acetone. 

The hydrolysed biomass was suspended to 1 200 g deionised water and washed for 

1 h. After washing the samples were centrifuged for 10 min at 16 900 G and filtered 

through paper (Whatman 589/1, <12-25 µm, ø=125 mm) in a büchner funnel. Sample 

was taken from the washing water and neutralised with analytic grade CaCO3 

powder. The washed biomass continued to the ethanol extraction. 

7.1.2 Acid precipitation 

125 ml of acetone was added to 125 ml filtered acid sample and was refrigerated 

(4 °C) and left to settle overnight in order to precipitate solid fraction which contains 

chitin. After precipitation the sample was centrifuged for 10 min at 16 900 G and the 

precipitate was filtered (Whatman 589/1, <12-25 µm, ø=125 mm) in a büchner 

funnel. The acid precipitate was lyophilised (VaCo 5-II, Zirbus Technology) to 

>90 %-dm. The ratio of acetone and acid was varied in one of the experiments 

(100 °C and 10 %-volH2SO4)  to  determine  the  effect  of  acetone  on  the  yield  of  

precipitate. The ratios experimented were 1:9, 1:4, 3:7, 3:2, in addition to the 1:1 

which was used in the majority of the experiments. 

7.1.3  Ethanol extraction 

The ethanol extraction was performed in a 2 000 ml three-necked-flask with 1 600 ml 

60 %-vol aqueous ethanol (diluted from AA grade ethanol). The equipment used was 

similar as presented in Figure 10. The extraction flask was heated in oil bath on a 

stirrer hot plate with reflux condenser. The temperature in extraction was 50 °C. The 

extraction temperature was controlled with a closed control loop in the oil bath 

temperature, which was set 5 °C over the target temperature. The solution reached 
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target temperature in 15 min. The biomass was extracted for 1 h after the solution had 

reached the target temperature. 

After the hydrolysis the samples were centrifuged for 10 min at 16 900 G and filtered 

through paper (Whatman 589/1, <12-25 µm, ø=125 mm) in a büchner funnel. A 

sample from filtered ethanol was prepared for analysis and neutralised with analytic 

grade CaCO3 powder. The final biomass was dried in a lyophilisator. (VaCo 5-II, 

Zirbus Technology) 

7.1.4 Analysis methods 

The analyses were done in regards of Weende feed analysis system, which is widely 

used analysis for determining general chemical components of feed. The main 

concept of Weende analysis is presented in Figure 11. The analysed components were 

dry matter, ash, crude protein (CP), ether extract (EE) crude fiber (CF) and nitrogen 

free extracts (NFE). Analysis methods for the components are presented in the 

following paragraphs with the exception of nitrogen free extract content which is 

calculated by the Equation 4. Nitrogen content was analysed from wash water, acid 

and  ethanol  fractions  of  the  experiments  at  60  °C  to  determine  the  fractionation  of  

proteins. Sugar analyses were also made from the three liquid fractions.  
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SAMPLE

KJELDAHL
NITROGENASH

ETHER
EXTRACTION

CRUDE
PROTEINCRUDE FAT

Residue

Residue

CRUDE
FIBER ASH

ALKALINE DIGESTION

NITROGEN FREE
EXTRACTS

ACID DIGESTION

Figure 11 Conceptual flow diagram of Weende analysis system. 

)(1 CFEECPAshNFE       (4) 

where,  NFE  Nitrogen Free Extract content, - 
  Ash  Ash content, - 
  CP  Crude Protein content, - 
  EE  Ether Extract content, - 
  CF  Crude Fiber content, - 

Ash is determined gravimetrically by calcination and includes the inorganic matter of 

the  sample.  The  crude  protein  is  the  Kjeldahl  nitrogen  content  in  the  sample  

multiplied with 6.25 which is the Jones factor of for meat, eggs and maize (FAO, 

2002). Ether extracts are mostly lipids and also called crude fat. Crude fiber includes 

structural carbohydrates such as cellulose, hemicellulose, lignin and tannins in 

addition to other difficult to digest polysaccharides. Dietary fiber can be more 

conveniently defined and analysed with van Soest system which makes distinction 

between the neutral detergent and acid detergent soluble fibers. In Figure 12 
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comparisons of Weende analysis system, van Soest fiber analysis system and 

chemical compounds found in feeds are presented. 

 

Figure 12 Comparative chart of chemical components and two different analysis methods. (Linn 

et al., 2002) 

The solid samples (final biomass and acid precipitate) were prepared for analyses by 

drying the samples in lyophilisator (VaCo 5-II, Zirbus Technology) to >90 %-dm. 

Wash  water  and  acid  samples  were  diluted,  neutralised  with  CaCO3 and filtered 

through paper (Whatman 42, ø=55 mm, <2.5 µm). 5 and 10 %-vol acid samples were 

diluted to 1:5 and 1:10 before neutralisation. The ethanol samples were weighed and 
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evaporised in lyophilisator and the solid residue was resolubilised in 50 ml deionised 

water. Dry matter content of wash water was analysed with infra red moisture 

analyser (MA 150, Sartorius). 

The samples were sent to EuroFins Scientific Oy and Neste Oil laboratories for 

further analyses which are presented in the following paragraphs. 

Moisture of the final biomass was determined gravimetrically by heating the sample 

at 105 °C for 16 h and calculating the dry matter content from the weight reduction 

during drying. 

Ash content of the final biomass was analysed as per AOAC Method 942.05 (AOAC, 

1990). In the method the sample is calcinated at 600 °C for 2 h. Ash is determined by 

weighing the inorganic residue. 

Nitrogen and crude protein content was determined with Kjeltec 2400 analysator as 

per AOAC 984.13 Method (AOAC, 1990). The method measures the organic 

nitrogen content. In the method sample is boiled in concentrated sulphuric acid to 

dissociate organic matter and the organic nitrogen in the sample forms 

ammoniumsulfate (NH4)2SO4 with sulphate ions from the sulphuric acid. Sodium 

hydroxide is added to the sample and then the sample is distilled to release ammonia 

from the ammoniumsulfate. The released ammonia is bound to boric acid and titrated 

with 0.1 M sulphuric acid to determine the nitrogen content. Protein and nitrogen 

content can also be analysed by AOAC 968.06 Method (AOAC, 1990) where 

samples are burned in pure oxygen and nitrogen oxides are reduced and other 

released gases are selectively adsorbed. 

Amino  acids  were  analysed  with  ultra  performance  liquid  chromatography  (UPLC)  

(EEC, 1998) and the method is based on The AccQ-Tag Ultra Method (Waters, USA, 

[http://www.waters.com/] ) where different amino acids are made into derivatives 

which the HPLC column can detect. 
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Crude fat content was determined as per AOAC Method 920.39 (AOAC, 1990) 

where fat is extracted with ether and the amount of fat is quantified after the 

vaporisation  of  ether.  HCl-fat  content  is  analysed  as  per  AOAC  Method  920.39  

(AOAC, 1990) by boiling the sample in 3 N hydrochloric acid. The formed residue is 

filtered and extracted with ether and fat is quantified after the vaporization of ether. 

Crude fiber was analysed gravimetrically from ash free residue sample extracted with 

hot sulphuric acid and subsequently KOH-solution. (EEC, 1992) NDF content is 

determined by boiling the sample in neutral detergent which extracts pectins, organic 

acids, starch and solubilisable proteins and carbohydrates. ADF is determined from 

the NDF residue by boiling it in H2SO4-Cetylammoniumbromide-solution which 

extracts hemicellulose and part of the minerals. Both NDF and ADF analyses are 

gravimetric. 

The acid precipitate was analysed with infrared spectroscopy to confirm the presence 

of  chitin.  Energy  dispersive  x-ray  spectroscopy  (EDS)  was  used  to  determine  the  

element content in the sample. 

7.2 Results 

The final protein rich biomass was obtained after acid hydrolysis and aqueous ethanol 

extraction of residual biomass from SCO process and it was analysed for crude 

protein, crude fat, crude fiber, ash and amino acids. The summary of gravimetric 

analyses during experiments can be found in the Appendix I. 

The Table 15 summarises the component yields compared to the original amount and 

the graphs in Figures 13 to 16 present the yields regarding individual components. 

Figure 17 presents the acid precipitate, which presumably includes chitin, yield from 

original biomass in different hydrolysis conditions. The NFE content was excluded 

from the results as the calculations resulted in negative content values. There were 

also unforeseen challenges in the sugar analytics and therefore no sugar 
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concentrations were determined. These sugar concentrations could have been used to 

determine the behaviour of saccharides and other NFE compounds during processing. 

The results of the experiments are corrected to dry weight basis. 

Table 15 Summary table of the effect of hydrolysis temperature and acid concentration on 

biomass and its component yields. The yields are the amount of component in the final biomass 

compared to the amount of component in the original biomass. DWB=Dry Weight Basis 

Temperature, 
°C 

Acid 
Concentration, 

%-vol 

Total mass 
yield of 
original, 
%DWB  

Crude 
protein 
yield,       
%DWB 

Ash yield,  
%DWB 

Crude fat 
yield,  
%DWB 

Crude fiber 
yield,  
%DWB 

1 56.15 59.59 18.78 67.13 121.58 

5 56.56 67.64 5.73 74.08 130.79 60 

10 52.75 72.74 17.36 65.95 120.82 

1 58.70 68.32 14.03 81.80 149.98 

5 40.24 47.03 9.41 64.29 108.26 80 

10 31.58 28.87 4.64 60.07 88.17 

1 41.86 42.95 4.53 80.47 126.07 

5 21.36 13.79 2.49 N/A 53.12 100 

10 23.79 8.80 N/A N/A 23.07 

The effect of hydrolysis conditions on the fractionation of the biomass can be seen 

clearly from the Table 15. The highest total biomass yield was in the experiment at 

80 °C with 1 %-vol acid concentration. The highest protein yield was in the 

experiment at 60 °C with 10 %-vol acid concentration. Total biomass yield shows a 

decreasing trend as the hydrolysis conditions become harsher than 80 °C with 5 %-

vol acid concentration and more compounds hydrolyse into more soluble form. The 

amount of final biomass was too low in two experiments to perform complete 

analyses: two fat content and one ash yield values are missing. The expanded 

measurement uncertainty in biomass composition analyses was 10 % with coverage 

factor of 2. 
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The over 100 %DWB yields of crude fiber support the conclusion that there are faults 

in the crude fiber analyses of the final biomass. This might have been caused by the 

analysis methods which may have lead to other components, such as denaturated 

proteins, showing up in the crude fiber analysis.  

The crude protein yield was clearly on high level, 60 % or higher, in 4 experiments: 

60 °C with 5 and 10 %-vol acid concentration; and 80 °C with 1 and 5 %-vol acid 

concentration. The highest result (72.74 %DWB) in protein yield was found with 60 °C 

and 10 %-vol sulphuric acid and the lowest result (8.80 %DWB) was with 100 °C and 

10 %-vol sulphuric acid. Even with the inconsistency in the crude fiber yield, the 

crude protein yield results seem to be consistent and the increase crude protein 

content was the most relevant value of the biomass in this thesis as the value of the 

product biomass is determined strongly by its crude protein content. 
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Figure 13 Effect of hydrolysis temperature and acid concentration on crude protein yield. 

From the Figure 13 it can be seen that the differences in hydrolysis conditions had 

significant  effect  on  the  crude  protein  yield.  The  experiment  at  80  °C with  1  %-vol  
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acid concentration proved better than the respective experiment at 60 °C, but 

excluding this experiment the experiments at 60 °C proved superior to others. The 

clear decrease of crude protein yield in 100 °C experiment set resulted from the 

denaturation and hydrolysis of proteins which led to solubilisation of nitrogen 

compounds to liquid fractions. As the yield at 80 °C with 1 %-vol acid concentration 

was higher than in 60 °C with low acid concentrations it might be interesting to 

change the hydrolysis time and observe if the results improved. 
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Figure 14 Effect of hydrolysis temperature and acid concentration on ash yield. 

The Figure 14 presents the effect of the hydrolysis conditions on the ash yield of the 

process. The ash yield at 60 °C with 5 %-vol acid concentration is probably incorrect, 

as the trend shows different behaviour than those of the other temperature series, but 

it could be concluded from the experiments at 80 °C and 100 °C that harsher 

conditions remove more ash from the biomass than mild conditions. The value from 

the experiment at 100 °C and 10 %-vol acid concentration is missing due to the 

prioritisation of biomass analysis because of the limited amount of biomass. 
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Figure 15 Effect of hydrolysis temperature and acid concentration on crude fat yield. 

As presented in Figure 15, the crude fat yield seems to be relatively unaffected by the 

hydrolysis conditions. Two crude fat analysis results are missing, but presumably the 

trend with increasing acid concentration would have decreased crude fat content as in 

80 °C series and as the first experiment presents. The crude fat yield could be 

decreased, and in effect increase the protein content, by extraction with some organic 

solvent. However, removing fat would reduce the total value of the final biomass as 

the total biomass yield and energy content would be reduced. The two values from 

the experiment at 100 °C are missing due to the prioritisation of analyses from limited 

amount of biomass. 
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Figure 16 Effect of hydrolysis temperature and acid concentration on crude fiber yield. 

From the Figure 16 it can be seen that in the harsher hydrolysis conditions, more 

crude fiber is hydrolysed to more soluble components. These results are clearly faulty 

as  the  yield  exceeds  100  %  in  most  cases.  However,  a  clear  trend  can  be  seen  that  

increasing acid concentration decreases the crude fiber yield at 80 °C and 100 °C. 

The decrease of crude fiber yield in harsher conditions is a result of hydrolysis of 

fibers in to more soluble compounds. The almost constant crude fiber yield together 

with the microscope image (not presented) with clearly intact cells from the 

experiment at 60 °C with 10 %-vol acid concentration supports the conclusion that 

the cell wall polysaccharides hydrolyse only partially at 60 °C and more complete 

degradation of cell wall requires harsher conditions. The crude fiber yield should be 

decreased in order to increase the total value of the final biomass. Crude fiber has 

lower energy value than crude fat and thus does not contribute as much to the unit 

price of the product. 
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Figure 17 The effect of hydrolysis conditions to chitin yield. 

From the Figure 17 great inconsistencies can be seen in the effect of different 

hydrolysis conditions on the acid precipitate yield of the process. These 

inconsistencies result from the inaccuracies of experimental conduct and small 

quantities of material. The chitin is included in the acid precipitate and is presumably 

the main component. The acid precipitate was analysed with infrared spectroscopy, 

which confirmed the presence of amides, which are present also in chitin molecules, 

in the sample. The precipitate was also analysed with EDS that gave semiquantitave 

analysis  of  element  content  (results  are  not  shown).  Chitin  analytics  are  regarded  

difficult due to its structure which varies depending on the source of the polymer. 

The precipitation yield with acetone from acid fraction increased with increasing 

acetone-acid-ratio (results are not shown) and so the equivolumetric amount probably 

does not result in complete precipitation. This result is not conclusive as the variation 

in the amount of acetone was performed in only one of the experiments (100 °C and 

10 %-volH2SO4). 
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The experiment at 60 °C with 10 %-vol acid concentration was repeated to produce 

larger amount of biomass for amino acid analysis. These experiment conditions were 

chosen on basis of the highest final crude protein content and yield. The amino acid 

analysis results are presented in Table 16 and it must be noted that the yield of 

cysteine is faulty as only cysteine was analysed from the original biomass, but from 

the processed biomass both cystine and cysteine were analysed and summed as 

cysteine. Amino acid content of individual amino acids in the biomass was increased 

by 25 % on average, when change in cysteine content was omitted. Tyrosine, taurine 

and ornithine were not analysed from the processed biomass. The original and 

processed biomasses were analysed in different laboratories and therefore there are 

differences in the analyses of amino acids. The ratio of amino acids and crude protein 

seem to decrease during processing even though the crude protein content increases 

which can be seen from Table 16. The amino acid yield partially explains the 

decrease in the amino acid-crude protein-ratio and from this can be concluded that 

amino acids, with the exception of cysteine, are fractioned in to the liquid phases 

more easily than nitrogen compounds in general. The nitrogen compounds that are 

not amino acids include for example nucleic acids, chitin and its derivatives. The 

mutual ratios of amino acids remain almost unchanged which supports the 

conclusions that amino acids behave almost identically during the processing. 
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Table 16 Results from amino acid analysis from additional biomass with hydrolysis temperature 

of 60 °C with 10 %-vol acid concentration.  

    Yield, %DWB  Yield, %DWB 

 Original Processed Alanine 71.4 Leucine 69.4 

Amino Acid : 
Crude Protein 0.626 0.571 Arginine 64.2 Lysine 65.9 

Amino Acid 
Yield 65.52 % Asparagine 63.4 Methionine 36.5 

   Glutamine 67.5 Phenylalanine 72.6 

   Glycine 67.1 Proline 57.3 

   Histidine 67.3 Serine 64.4 

   Isoleucine 65.7 Threonine 64.1 

  Cysteine3 111.9 Valine 87.9 

   Tyrosine1 65.8 Taurine N/A4 

   Ornithine1 65.8    

1Not readily comparable as tyrosine and ornithine were not analysed from the processed 

biomass. 2Assuming tyrosine and ornithine increase at the same rate as the other amino acids. 
3From the original only cysteine was analysed but from the processed cysteine and cystine were 

analysed and summed up. 4No taurine was found in original biomass. 

7.3 Conclusions from experiments 

The set objective of providing data for mass balance of the process was reached 

during the laboratory experiments. In the light of these results the hydrolysis 

conditions at 60 °C with 10 %-vol sulphuric acid concentration were optimal with the 

highest protein yield, 72.74 %, and increase in final protein content, 30 %. The acid 

precipitate yield was not as responsive as protein content to different hydrolysis 

conditions and was not included in the determination of optimal conditions. The 

second best conditions were at 80 °C with 1 %-vol acid concentration and these were 

chosen to be used in one of the optional cases for the conceptual process. 
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Hydrolysis time was not varied in the experiments and therefore no reaction kinetics 

of the hydrolysis were determined. This is a potential subject for future studies. It 

would seem that in the lower temperatures the degree of hydrolysis would increase 

with longer residence time. 

The acid precipitate yield was not affected greatly by the hydrolysis conditions but 

the chitin content and quality in the precipitate were not confirmed and therefore 

deviations might be present in the quantitative estimates of chitin. The precipitation 

experiments were performed only with acetone and the ratio between acetone and 

acid fraction was not optimised during the experiments. The selection of precipitation 

agent and its quantity are both subjects for future studies in order to better understand 

the process of isolating chitin. 

Even though the amino acid content increased expectedly during the process the 

amino acid-crude protein-ratio decreased. This indicates that proteins, amino acids 

and their hydrolysates are more soluble than other nitrogen compounds and 

fractionate to liquid fractions more readily. 

The behaviour of crude fiber content and yield questions the reliability of the 

experiments as the yield exceeds the theoretical maximum. However, it is a 

reasonable assumption that only the crude fiber results are faulty, as the other results 

seem to be consistent with the literature presented earlier.  

8  PROCESS MODELLING 

In this chapter a model for the conceptual fractionation process, with capacity of 

10 000 tRBM/a, is presented. Process modelling is based on literature, experimental 

data and data from existing processes. Mass and energy balances presented here are 

used in preliminary operational expense (OPEX) calculation and rough process 

equipment determination.  
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8.1  Process description 

The process used in modelling and simulations is a conceptual biomass fractionation 

process including acid hydrolysis and ethanol extraction. The process condition 

selection was based on the presented results of the laboratory experiments and the dry 

matter content of each process was scaled up to better describe the industrial scale 

process.  

The biomass feed is first mixed with the acid solution. This feed slurry is then heated 

to 60 °C before feeding it to the adiabatic acid hydrolysis reactor. Acid in hydrolysis 

is 10 %-vol sulphuric acid. After the hydrolysis reactor the biomass is separated from 

the acid fraction. Chitin is precipitated from the acid with equivolumetric amount of 

acetone and the acid fraction is recycled. The acid recycling can be done by 

extraction with organic solvent, such as butanone (Weydahl, 2011). Acetone is 

vaporised and recycled and the precipitate is dried. 

The biomass continues to the ethanol extraction unit where it is mixed with 60 %-vol 

ethanol.  The  slurry  from  the  ethanol  extraction  unit  is  fed  to  a  separator  which  

separates the ethanol fraction and ethanol is recycled back to the extraction unit. The 

biomass is then dried in a dryer unit. The process flow diagram is presented in Figure 

19. 

8.2  Balance calculations 

Mass  and  energy  balances  of  the  complete  process  were  calculated  with  Microsoft  

Excel. The balance was based on experimental data, but some assumptions regarding 

fractionation of components were made due to the scale up of the process from 

laboratory to industrial scale. 

The balance was based on the analysed crude protein content in each fraction and the 

amount of dry matter measured from each fraction. From other components (crude 
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fat, crude fiber & others) only the yield from original to final biomass was analysed. 

Therefore following assumptions were made: 

 50 % of total removed crude fiber & others -components were fractionated to 

hydrolysis acid fraction. 

 90 % of total removed crude fat is fractionated to ethanol fraction. 

 100 % of removed ash was fractionated to hydrolysis acid fraction. 

In the process concept a 5 % annual make-up of chemicals was assumed and water 

was estimated to be recycled with 80 % efficiency. The dry matter losses in 

laboratory experiments were 15 % and Baasel (1990) presents that overall material 

losses in industrial chemical facility are lower than 5 % on average. Therefore, 

material losses the process was idealised in such a way that the known material losses 

from experimental data, such as biomass left in the equipment, were omitted and 

added to appropriate streams in the process. The composition of lost biomass was 

approximated to be an average between the original and final composition. This 

idealisation slightly increased the final biomass yield and its protein content 

compared to the experimental values.  

Stream conditions were changed from experimental conditions to better model 

industrial scale process streams. The dry matter content was increased in the 

hydrolysis and extraction processes to 30 %, after separations with filtrations to 60 % 

and in the final dry biomass to 93 %. To further simplify the calculations pumps and 

conveyors were not included in the model. 

The fractionation of different components into specific streams is presented in the 

Figure 18 and from it can be seen the slightly increased yields of final biomass and 

crude protein compared to the experimental values. This increase results from the 

matter losses present in experiments but not in the conceptual process. The calculated 

biomass yield calculated was 63 % and the crude protein yield was 89.8 %. 
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Input 10 000 t DM/a Unit operation Text Derived from
Operating hours 8000 h/a experimental value

Mass stream

20 °C Product Stream
94 % DM

Of original Solid Liquid Total
Composition: amount t/a t/a t/a
Crude Protein 100.0 % 60 °C
Crude Fat 100.0 % 6.1 % DM
Ash 100.0 % Of original Solubles Liquid Total
Raw Fiber & Others 100.0 % amount t/a t/a t/a
Water 587 Crude Protein 10.0 %
Solvent 2 Crude Fat 2.2 %
SUM 10 000 588 10 588 Ash 79.4 %

Raw Fiber & Others 27.1 %
Water 24 391

20 °C H2SO4 4 915
Heat Duty 48 kW SUM 1 898 29 306 31 204

60 °C

34 708 t/a 21 346 t/a 30 667 t/a

60 °C 538 t/a
60 % DM

Of original Solid Liquid Total
amount t/a t/a t/a

Crude Protein 90.0 %
Crude Fat 97.8 %
Ash 20.6 %
Raw Fiber & Others 72.9 %
Water 4 496
H2SO4 906
SUM 8 102 5 401 13 504

50 °C
11 % DM

18 905 t/a Of original Solubles Liquid Total
amount t/a t/a t/a

Crude Protein 0.2 %
Crude Fat 19.5 %

50 °C Ash 0.0 %
60 % DM Raw Fiber & Others 27.1 %

Of original Solid Liquid Total Water 5 168
amount t/a t/a t/a H2SO4 703

Crude Protein 89.8 % Ethanol 8 808
Crude Fat 78.3 % SUM 1 763 14 679 16 443
Ash 20.6 %
Raw Fiber & Others 45.9 %
Water 1 488
H2SO4 202
Ethanol 2 536 16 443 t/a
SUM 6 339 4 226 10 565

Heat Duty 232 kW
93 % DM 3 749 t/a

Energy Consumption
60 °C  - Heat (steam) 2 504 MWh/a

93 % DM  - Electricity 814 MWh/a
Of original Solid Liquid Total

amount t/a t/a t/a Water Balance
Crude Protein 89.8 %  - Make-up 6 092 m3

Crude Fat 78.3 %  - Waste Water 27 623 m3

Ash 20.6 %
Raw Fiber & Others 45.9 %
Water 268
H2SO4 202
Ethanol 6
SUM 6 339 477 6 816

To Ethanol 
Recycling

Drying

Final Biomass

Hydrolyzed Biomass

Extracted Biomass

Ethanol ExtractionEthanol, 60 %-vol

To Ethanol 
Recycling

Raffinate

H2SO4, 10 %-vol

Acid Hydrolysate

Chitin PrecipitationAcetoneAcid Hydrolysis

Feed Residual Biomass

Heater

Chitin

To Acetone and 
Acid Recycling

 
Figure 18 Process flow sheet including component fractionation percentages. Three phase 
separation units, recycle streams and water streams are excluded for simplicity. 
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8.3  Conclusions from mass and energy balance calculations 

The objective to determine mass and energy balances for chosen conditions to be 

used as a basis in economic calculations were achieved. Despite the two evaporation 

operations during chemical recycling the process is not very energy intensive, as was 

expected, as the process temperatures are quite low and pressure in the process was at 

atmospheric level. 

The energy efficiency of the process could be improved with process integration. 

Integration of the condenser in the precipitation heat pump to heating and drying 

operations seems at least technically feasible as the amount of heat produced by the 

heat pump is 40 % higher than the heat consumed in the initial heating and final 

drying of the biomass. The heat pump's pressure level and refrigerant has to be 

chosen so that the condenser temperature reaches required level for heating and 

drying operations. Further process integration studies should be conducted to make 

the process more energy self-sustaining. 

The process model could be improved by adding energy consumption approximations 

of pumps and conveyors. The recycling of chemicals and water was modelled only by 

defining the annual make-up rate of each chemical and energy consumption of 

recycling operations were approximated from evaporation energy consumptions.  

8.4 Economic calculations 

Due to the possible inaccuracies in mass and energy balances the economic 

calculations were kept very simple and were calculated with Microsoft Excel and its 

Invest for Excel add-on. OPEX and annual income of the process was calculated. 

Capital expense (CAPEX) level was estimated for a profitable process. Sensitivity 

analysis and four optional cases were calculated in order to determine the effect of 

changes in scale; process operations and conditions; and other parameters on the 
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economic feasibility. Cases of same scale were compared by the CAPEX feasibility 

threshold. 

8.4.1 Operational expenses and income 

Variable OPEX was estimated from chemical and energy consumptions. Price for 

residual  biomass  was  its  combustion  value  referenced  with  that  of  wood.  Chitin  

market price was presented in 6.2 and its yield was estimated to be 50 % of acid 

precipitate. Fixed OPEX were estimated following the factorial method presented by 

Sinnott (2005). The basic case had capacity of 10 000 tRBM/a. The detailed data 

concerning incomes, expenses and capacities can be found in Table 17.  

Table 17 Operational expenses of the process. Values in blue are inputs and values in red are 

either calculated or derived from mass and energy balance. Chemical prices are taken from ICIS 

database (ICIS, 2008), excluding sulphuric acid price (Vermasvuori, 2012) 

OPEX

VARIABLE €/a
Biomass t 10 000 93 -930 000 38 %
Chemicals Chemicals total of OPEX55 %
 - Ethanol t 567 600 -340 293 14 % Ethanol Recycling 95.00 %
 - H2SO4 t 291 170 -49 477.0 2 % H2SO4 Recycling 95 %
 - Acetone t 1 067 900 -960 553 39 % Acetone Recycling 95.00 %
Water m3 6 092 0.2 -1 218 0 % Water Recycling 80 %
Waste water m3 27 623 0.3 -8 287 0 %
Energy (steam) MWh 2 504 50 -125 215 5 % Initial Heat up + solvent vaporization
Electricity MWh 814 50 -40 677 2 % + losses
Direct total -2 455 720 100 % -2 455 720

FIXED personnel €/person/a
Operation -260 000 Operators 4 65000
Supervision -90 000 Supervisor 1 90000
Laboratory costs, % labor 20.0 % -70 000
Maintenance, % invest. 0.5 % -129 027
Plant overheads, % labor+maint. 50.00 % -239 513
Indirect total -788 540 -788 540

 

From the Table 17 it can be seen that the variable OPEX depends equally on biomass 

and acetone costs. The amount of acetone consumed in the process is based on very 

preliminary data and might change depending on the results of future studies. Fixed 

OPEX is roughly 24 % of the total annual OPEX and therefore the process OPEX is 

very dependant on the scale of production. 
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The final biomass market price (BMP) was estimated considering metabolisable 

energy and crude protein content ruminants with Equation 5 (MTT Agrifood 

Research Finland, 2010b). The unit prices of energy and protein content were same as 

in the section 6.1 (Niemi, 2012). The income per fed residual biomass was calculated 

by multiplying BMP with the mass ratio of residual and final biomass as presented in 

Equation 6.  

proteinproteinproteinenergyiii pcDpcEDBMP )(    (5) 

where   BMP  final biomass price, €/tFBM 
  Di  ruminants' digestibility of component i, - 
  Ei  energy content of component i, MJ/kg 
  ci  component i content in biomass, kg/t 
  penergy/protein unit price of protein or energy, €/kg or €/MJ 

RBMm

FBMm

q
q

BMPBMI
,

,         (6) 

where   BMI  processed biomass income, €/tRBM 
  qm,FBM  annual mass flow final biomass i, ti/a 
  qm,RBM  annual mass flow original residual biomass i, ti/a 

The market price of final biomass, the income generated per fed residual biomass and 

the cost of processing per fed residual biomass are compared between the base case 

and several potential cases. The market price of the final biomass as feed increased, 

nearly doubled, from 270 to 510 €/tFBM during the processing and income per fed 

residual biomass is 320 €/tRBM. The loss of matter was 37 %. This leads to 16 % 

larger sales which were increased by 440 000 €/a. Comparing to combustion the price 

increased five-fold and the sales were 240 % larger with increase of 2.3 M€/a  The 

chitin sales further increases the economic feasibility of processing the residual 

biomass. The different productisation options for residual biomass are presented in 

Table 18 and the result of gross margin calculations are presented in Table 19. 
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Table 18 Economic comparison of different product alternatives for residual biomass. 

 Original biomass 
(animal feed) 

Original biomass 
(combustion) 

Processed biomass 
(animal feed) 

Market Price, €/tFBM 270 93 510 

Income, €/tRBM 270 93 320 

Annual sales, M€/a 2.8 0.94 3.2 

Table 19 Annual gross margin calculations of the basic case. 

SALES unit units/a €/unit €/a Total €/a
Final Biomass t dm 6 339 510 3 234 839 41 %
Chitin t dm 538 8 700 4 676 968 59 %
TURNOVER 7 911 807 100 % 7 911 807

OPEX

VARIABLE
Total -2 455 720 100 % -2 455 720

FIXED
Total -788 870 -788 870

GROSS MARGIN 4 667 216
 

Theoretical calculations by maximizing the Equation 6, with constraints given by the 

original biomass, resulted in theoretical maximum income as animal feed per residual 

biomass processed to be 360 €/tRBM.  Other  possible  theoretical  case  would  be  pure  

protein isolate which would produce income of 310 €/tRBM. From these results it can 

be calculated that the income from the biomass in the conceptual process is 11 % 

lower than the theoretical maximum. Another notable conclusion is the decrease in 

income if protein is isolated completely from the biomass and sold as a feed.  
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8.4.2 Economic balance and capital expense 

The economic balance was calculated from the cash flows generated by expenses and 

incomes. The tax percentage from profits was 26 %. CAPEX was invested during the 

first three years and depreciated by 25 % of the remaining sum at the end of each year 

after that. The gross margin of the process concept was 4.7 M€. The Sales, OPEX and 

CAPEX of the process are presented in Table 20 in addition to the fixed IRR and 

NPV.  

Table 20 Economic balance of the process. Values in blue are inputs and values in red are either 

calculated or derived from mass and energy balance. The IRR was fixed to 10 % in order to 

estimate CAPEX. Chemical prices are taken from ICIS database (ICIS, 2008), excluding the 

sulphuric acid price (Vermasvuori, 2012). 

SALES unit units/a €/unit €/a Total €/a
Final Biomass t dm 6 339 510 3 234 839 41 %
Chitin t dm 538 8 700 4 676 968 59 % Yield from acid precipitate 0.5
TURNOVER 7 911 807 100 % 7 911 807

OPEX

VARIABLE
Biomass t 10 000 93 -930 000 38 %
Chemicals Chemicals total of OPEX55 %
 - Ethanol t 567 600 -340 293 14 % Ethanol Recycling 95.00 %
 - H2SO4 t 291 170 -49 477.0 2 % H2SO4 Recycling 95 %
 - Acetone t 1 067 900 -960 553 39 % Acetone Recycling 95.00 %
Water m3 6 092 0.2 -1 218 0 % Water Recycling 80 %
Waste water m3 27 623 0.3 -8 287 0 %
Energy (steam) MWh 2 504 50 -125 215 5 % Initial Heat up + solvent vaporization + losses
Electricity MWh 814 50 -40 677 2 %
Direct total -2 455 720 100 % -2 455 720

FIXED personnel €/person/a
Operation -260 000 Operators 4 65000
Supervision -90 000 Supervisor 1 90000
Laboratory costs, % labor 20.0 % -70 000
Maintenance, % invest. 0.5 % -129 247 Reference: Coulson&Richardson Vol. 6, Sinnott (2005)
Plant overheads, % labor+maint. 50.00 % -239 623
Indirect total -788 870 -788 870

GROSS MARGIN 4 667 216 59 %

CAPEX 25 849 386 €
IRR 10.0 %
NPV 0.00 €  

CAPEX was iterated so that the IRR reaches the fixed value 10 % and NPV is zero. 

This way the analysis gives an estimate of the scale of the investment for the process 

to be profitable. The facility was estimated to be constructed in two years. The 
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estimated CAPEX threshold for profitability was 25.8 M€ in the basic case. Sinnott 

(2005) presented Bridgwater method, which is presented in Equation 7, for capital 

cost estimation depending on plant capacity. CAPEX calculated with Equation 7 was 

30.5 M€ which is close to the estimated CAPEX and The IRR with this CAPEX was 

7.2 %. The conversion factor 0.63 was used, number of functional units was 

estimated  to  be  eight  and  chemical  engineering  plant  cost  index  (CEPCI)  of  

December 2011 was used to calculate present cost.   

3.0
, )/(000150 sqNC RBMm      (7) 

where   C  Capital investment, £2004 (CEPCI = 464) 
  N  Number of functional units, -  
  qm,RBM  Plant capacity, tRBM/a 
  s  Conversion factor, tFBM/tRBM 

The results of profitability analysis for the process can be seen in Table 21. Complete 

spreadsheet for cash flows, IRR and net present value (NPV) calculations can be 

found in the Appendix II. 
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Table 21 Profitability analysis calculated with Invest for Excel add-on. The IRR was fixed to 

10 % in order to estimate CAPEX. 

 

Residual Biomass Fractionation   

Capital Investment, €  25 849 386 
Return requirement  10.00 % 
Review period, a  15.0 
Point of time  1/2013 

Discounted investments  21 809 813 
   
Present values of cash flows   
Present value of operational cash flow  21 809 813 
Present value of residual value   0 

Present value of project cash flow, €  21 809 813 
   
Present value of reinvestments   0 
Present Value, €  21 809 813 
   
Net present value (NPV)   0 
NPV monthly annuity  0 
   
Internal rate of return (IRR)  10.00 % 

Modified internal rate of return (MIRR)  10.00 % 

Profitability index (PI)  1.00 

   
Payback period, years  - 
   
Return on net assets (RONA)  103.7 % 
Economic value added (EVA)  676 890 
Discounted cash value added (DCVA)  -560 357 

The sensitivity analysis in Figure 19 presents the effect of different variables in the 

IRR  of  the  whole  process.  CAPEX  and  chitin  sales  are  the  most  significant  of  the  

analysed variables and energy costs seems to be the most insignificant of the 

variables.  
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Figure 19 Sensitivity analysis of the process.  The IRR was fixed to 10 % in order to estimate 

CAPEX. 

8.4.3 Alternative cases 

The first alternative case was calculated by increasing the base capacity to 60 000 t/a. 

The anticipated effects of economy of scale were realised in the case and there were 

no significant changes in parameter sensitivity of the project. The cost of processing 

decreased from 320 to 270 €/tRBM compared to the basic case. The CAPEX threshold 

of this case was 175.9 M€. The CAPEX calculated with the Bridgwater method for 

increased capacity was 52.2 M€ with IRR of 38.6 %. In comparison to the basic case 

the Bridgwater method clearly favours the larger capacity case, but it does not take in 

to accord the potential parallel units required for larger scale. 

The second alternative case was calculated by adding acid neutralisation operation to 

replace the acid recycling. Without recycling the chemical costs increased due to the 
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higher acid consumption and addition of neutralization agent.  In this case with acid 

neutralisation and the capacity of 10 000 t/a the sensitivity towards the chemical costs 

increased as calcium carbonate was added to the process and sulphuric acid 

consumption increased. The CAPEX threshold resulting in IRR 10 % decreased from 

25.8 to 17.5 M€ from which can be concluded that the acid recycling equipment 

investment may be at least 8.3 M€ higher than that of neutralisation equipment before 

the neutralisation case becomes more feasible. 

The third case was the use of the experiment at 80 °C with 1 %-vol acid concentration 

as the base of calculations. These conditions were chosen due to the second highest 

protein yield and small acid consumption. This lead to decrease compared to the basic 

case in the CAPEX threshold from 25.8 M€ to 18.9 M€ despite the decreased 

sulphuric acid costs and increased amount of final biomass. The decrease in protein 

content and chitin production were the main reasons to this decline in feasibility. 

In the fourth case the precipitation from acid was removed from the process concept. 

This  lead  to  the  loss  of  profits  from  chitin  sales,  but  the  acetone  expense  was  also  

removed.  There  was  no  effect  on  the  quantity  or  quality  of  the  final  biomass.  The  

acetone formed 40 % of the chemical expenses in the basic case. The fourth case had 

the CAPEX threshold of 5.8 M€ and the sensitivity of IRR on final biomass price was 

increased significantly. This option also reduced the number of unit operations and 

energy consumption. 

Comparison between basic and alternative cases can be found in Table 22. The cases 

excluding alternative case I have input capacity of 10 000 tRBM/a  and  their  CAPEX  

thresholds are comparable. The cost of processing is comparable between different 

capacities and it can be seen from Table 22 that is not affect significantly by changing 

the hydrolysis conditions to 80 °C with 1 %-vol acid concentration. 
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Table 22 Economic comparison of the cases. Total annual sales are formed from biomass and 

chitin sales in I-III and basic cases. In case IV only biomass sales are applicable. 

 Basic Case, 
10 ktRBM/a 

Case I, 
60 ktRBM/a 

Case II, 
acid  

neutralization 

Case III, 
80 °C/ 

1 %-volH2SO4 

Case IV, 
w/o acid 

precipitation 

CAPEX 
profitability 

threshold, M€ 
25.8 175.9 17.5 18.9 5.8 

Cost of 
processing, 

€/tRBM 

324 270 470 317 210 

Total annual 
sales, M€/a 

7.9 47.5 7.9 6.6 3.2 

8.5 Conclusions from economic calculations 

From the economic calculations the CAPEX threshold was evaluated to be 25.8 M€ 

for  the  basic  case  to  be  profitable  i.e.  IRR of  10  %.  The  iterated  CAPEX threshold  

was in the same order of magnitude as the CAPEX approximated by correlation 

found from literature. The chitin product formed 59 % of the product sales and the 

final biomass as a protein component for feed formed the 41 % of the sales. The fact 

that the chitin capacity and quality of the process was not accurately determined 

makes the economic feasibility of the process questionable at best. From the chemical 

costs the chitin precipitation agent acetone formed circa 40 %. More studies should 

be made to verify the quality and quantity of the chitin product as it dominates the 

income level so clearly. 

One of the objectives of this thesis was the increase of the value of the biomass as an 

animal feed. This was achieved as the protein content increased and the total value of 
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the biomass increased by 16 % compared to unprocessed residual biomass. The unit 

value of the final biomass increased from 270 to 510 €/tFBM. 

The four alternative cases studied during the calculations provided more information 

on the effect of scale, processing options and conditions: The increase in scale would, 

expectedly, reduce the unit cost of processing. Recycling of the sulphuric acid had 

8.3 M€ higher CAPEX feasibility threshold than acid neutralisation alternative. The 

second best experimental conditions did not give better economic results despite the 

lower  acid  consumption.  The  removal  of  chitin  precipitation  decreased  the  CAPEX 

threshold to 5.8 M€ but had less unit operations than the basic case. 

9 SUMMARY  

The primary objective of this thesis was to develop a process to increase the value of 

residual biomass as animal feed. The secondary objective was to determine other 

potentially valuable fractions in the biomass. From the literature review the process 

option of acid hydrolysis with subsequent ethanol extraction was chosen. These 

processes were chosen for the potentially high fractionation of proteins to the final 

biomass and the opportunity to precipitate chitin from the acid fraction after 

hydrolysis. 

The primary objective was achieved as the total value of biomass increased by 16 % 

and the crude protein content increased by 30 % in experiments at 60 °C hydrolysis 

temperature with sulphuric acid concentration of 10 %-vol. Acid precipitate yield was 

11  %  from  the  original  biomass  and  half  of  it  was  estimated  to  be  chitin.  The  

developed process successfully increased the biomass value, but the economic 

calculations proved great dependence between chitin production and profitability in 

the  basic  case.  The  CAPEX  of  the  facility  should  be  lower  than  25.8  M€  to  be  

profitable. The fourth optional case showed that without the chitin precipitation the 

facility's CAPEX should be lower than 5.8 M€ to be profitable. From this can be 
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summarised that before an accurate conclusion about the economic feasibility of the 

process can be made more research concerning chitin production has to be made.  

The research on the use of final biomass as animal feed should proceed with further 

analyses regarding the true metabolisation of nutritional elements and palatability. 

The  quantity  of  biomass  for  these  analyses  surpasses  the  capacity  which  can  be  

produced reasonably in laboratory and thus would require at least a demonstration or 

pilot scale process equipment. The modelling of hydrolysis reaction kinetics is also 

recommended for the successful scale up of the process. The challenges in sugar and 

fiber analytics should also be looked into in more detail to better understand the 

composition and the fractionation of the residual biomass. 

The future studies should also concentrate on the acid precipitate and chitin/chitosan 

isolation from the biomass as it proved to be a highly valuable product which can be 

fractioned from the biomass. Different precipitation agents and process alternatives 

should be considered as the current equivolumetric acetone precipitation is quite 

expensive. The determination of the nature, quality and purity of the chitin should be 

determined more accurately as the price range of different chitin grades and their 

derivatives is very broad.  
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