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1 Abbreviations, definitions, and symbols 

LS – lignosulphonate 

NSP – enzymes for non-starch polysaccharides  

aw – water activity  

UPS - underwater pellet swelling  

pmax - pressure at the incipient flow  

θ – contact angle 
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3 Summary 

 

Single-cell organisms have been identified as promising novel feed ingredients for aquatic 

animals. The knowledge of optimal downstream processes in the form of compaction or 

pelleting is, however, insufficient and lacking in the literature. The main objective of this thesis 

work was fulfilling the gaps and contributing to the knowledge of viable raw material usage in 

the sustainable world of the future. This work is trying to answer what kind of rheological 

behavior of the single-cell organisms is expected, when compressed and pelleted in the 

pelleting die is expected when hydrolyzed in an environment with limited water content. The 

thesis will hopefully serve anyone who is in need to have a clear starting point in their research 

with pelleting feed for aquatic crustacea with microalgae and yeast.  

Paper I reviews the pros and cons of the current situation in commercial animal feed 

production responsible for more sustainable food production. Animal feed manufacturing is 

described more as one of the means for overall sustainable human food production step and not 

as an objective. The review paper reflects on the feed manufacturing processes that affect 

hygienic stability and nutritive and physical feed quality. The paper tries to find a balance 

between feed efficiency and animal health where an objective is to improve commercially 

available low-quality ingredients and novel ingredients. The overall message is to pinpoint the 

imperative of creating a high-value feed with improved nutrient utilization. Integration of new 

technologies while processing novel ingredients is of paramount importance for such 

improvements so that feed manufactured for terrestrial and aquatic animals will not be 

subjected to volatile markets. It is essential to decrease global poverty and human malnutrition 

issues by finding and/or developing alternative feed ingredients. Parallel to many other novel 

ingredients, the single-cell organisms microalgae and yeast are recognized by scientific 

publications as vital. However, detailed scientific investigations regarding animal health and 

the nutritional and technical aspect of the feed pellets must approve that single-cell organisms 

are good alternatives to commercially available feed ingredients. Furthermore, alternative 

ingredients should preferably not increase the electrical energy consumption when included in 

the feed.   

Subsequently, Paper II investigated the effects of enzymes and lignosulfonate (LS) addition 

on the technical quality of microalgal pellets where de-oiled Desmodesmus subspicatus has 

been a compaction medium. Surface hydration properties and underwater swelling rate of 

pellets were also examined as a simulation of the pellets being underwater as a feed for benthic 

aquatic crustaceans. Novel measurement techniques based on image analysis included in this 

paper represent a step forward for the shelf-life characterization of the feed pellets during 

storage and when submerged underwater. The enzymes xylanase (NSP) and protease decreased 

the strength of pellets when added 0.01% and 0.006% respectively. By adding LS in a dosage 

of 0.5% the tensile strength of microalgal pellets did not change. Added enzymes and LS 

increased water activity (aw) and decreased hydrophilicity. Adding protease into microalgal 

biomass created the lowest swelling and fewer hydrophilic pellets, followed by LS and NSP. 

Paper III investigated the dose-dependent effect of enzymes beta 1–4, endo-xylanase (Econase 

XT), an E. coli derived phytase (Quantum Blue), and Fusarium equiseti protease on underwater 

pellet swelling (UPS), pressure at incipient flow (pmax) in the pelleting die and tensile strength 
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of pelleted microalgae Desmodesmus subspicatus. Adding Econase XT at the recommended 

level of 0.01% or Quantum Blue at all three levels (0.015%; 0.03% and 0.06%) reduced the 

pmax of microalgal pellets. This may help to lower the usage of electrical energy during 

pelleting. Adding different dosages of enzymes did not influence the tensile strength of the 

pellets, nor the surface contact angle between microalgal pellets and water or oil droplets. 

Paper IV investigated how the replacement of fishmeal with the yeast Cyberlindnera jadinii 

in feed designed for the whiteleg shrimp (Litopenaeus vannamei) and the addition of protease 

and endo/exo 1,3-β-glucanase can reduce the flow resistance in the pelleting die during pellet 

discharge. Replacement of the fishmeal with 0%; 2.5%; 5%; 10% and 20% yeast increased 

flow resistance (pmax) when adding enzymes to the shrimp feed containing 20% yeast. The 

tensile strength of pellets with 20% yeast was significantly increased in pellets with or without 

enzyme addition. Pellets with 10%, 20%, and 100% yeast showed to better repel water when 

compared to pellets with 0% yeast at 94 seconds observation time of contact surface 

measurement. Pellets treated with enzymes having 10% and 20% yeast showed lipophobic 

behaviour when analyzed with contact surface measurement. Enzymes showed to decrease 

underwater pellet swelling of the pellets with 10% and 20% yeast. Longitudinal surface 

roughness was decreased for the pellets containing yeast and treated with enzymes. The 

evidence attained by this research may serve as a starting point for feed raw material alteration 

and process modification prior to commercial production.    
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3.1 Norsk Sammendrag 

Enkeltcelleorganismer har blitt identifisert som lovende nye fôringredienser for akvatiske dyr. 

Kunnskapen om optimale nedstrømsprosesser i form av kompaktering eller pelletering er imidlertid 

utilstrekkelig og mangler i litteraturen. Hovedmålet med denne avhandlingen var å fylle gapene og bidra 

til kunnskapen om bruk av bærekraftige råvarer i fremtidens verden. Dette arbeidet prøver å svare på 

hvilken type reologisk atferd en kan forvente av enkeltcelleorganismer, når de komprimeres og 

pelleteres i en pelletiseringsmatrise når enkeltcelleorganismer hydrolyseres i et miljø med begrenset 

vanninnhold. Avhandlingen vil forhåpentligvis være til hjelp for alle som trenger et tydelig startpunkt i 

forskningen med pelleting av fôr for akvatiske dyr med mikroalger og gjær. 

Artikkel I gjennomgår fordeler og ulemper med den nåværende situasjonen i kommersiell produksjon 

av dyrefôr som er viktig for mer bærekraftig matproduksjon. Produksjon av dyrefôr beskrives mer som 

et av midlene for et overordnet bærekraftig matproduksjonssteg og ikke som et mål i seg selv. Artikkel 

I reflekterer over fôrproduksjonsprosesser som påvirker hygienisk stabilitet samt næringsmessig og 

fysisk fôrkvalitet. Artikkelen prøver å finne en teoretisk balanse mellom fôreffektivitet og dyrehelse 

med et mål for å forbedre kommersielt tilgjengelige lavkvalitetsfôringredienser og nye fôringredienser. 

Den overordnede beskjed fra artikkelen er å peke på hvor viktig er å skape et høyverdig fôr med 

forbedret næringsstoffutnyttelse. Integrering av nye teknologier ved bearbeiding av nye ingredienser er 

av aller største viktighet for slike forbedringer. På denne måten fôr som er produsert for dyr ikke vil bli 

påvirket av volatile markeder. Det er essensielt å redusere global fattigdom og problemene med 

menneskelig underernæring ved å finne og/eller utvikle alternative fôringredienser. Parallelt med mange 

andre nye ingredienser, enkeltcelleorganismer som mikroalger og gjær blir anerkjent av vitenskapelige 

publikasjoner som vesentlig viktige. Imidlertid må grundige vitenskapelige undersøkelser angående 

dyrehelse samt de ernæringsmessige og tekniske aspektene ved fôrpelletsene bekrefte at 

enkeltcelleorganismer er gode alternativer til kommersielt tilgjengelige fôringredienser. Alternative 

ingredienser helst bør ikke øke det elektriske energiforbruket når de inkluderes i fôret. 

Artikkel II undersøkte effektene av tilsetning av enzymer og lignosulfonat (LS) på teknisk kvalitet av 

pellets produsert av avoljet biomasse fra mikroalgae Desmodesmus subspicatus som et 

kompakteringsmedium. Overflatehydrerings-egenskaper og undervanns hevelseshastighet av pellets 

ble også analysert som en simulering av pellets som kan ligge under vann som fôr for bunnlevende 

akvatiskedyr. Nye måleteknikker basert på bildeanalyse inkludert i denne artikkelen representerer et 

skritt fremover for karakterisering av fôrpelleters holdbarhet under lagring og da de er nedsenket under 

vann. Enzymene xylanase (NSP) og protease reduserte styrken (hardhet) til pellets når de ble tilsatt med 

dose 0.01% og 0.006%, henholdsvis. Ved å tilsette LS i en dose på 0.5% trekkstyrken (hardhet) til 

mikroalgepelletsene var ikke endret. Tilsatte enzymer og LS økte vannaktiviteten (aw) og reduserte 

hydrofiliteten. Å tilsette protease i mikroalgebiomasse skapte minst hevelse og færre hydrofile pellets, 

etterfulgt av LS og NSP. 

Artikkel III undersøkte den doseavhengige effekten av enzymene beta 1-4, endo-xylanase (Econase 

XT), en fytase avledet fra E. coli (Quantum Blue) og Fusarium equiseti protease på undervanns hevelse 

av pellets (UPS), trykk ved oppstart av flyt av pellets (pmax) i pelletmatrisen og styrken til pelleterte 

mikroalger, Desmodesmus subspicatus. Å tilsette Econase XT i anbefalt nivå på 0.01% eller Quantum 

Blue i alle tre nivåer (0.015%; 0.03% og 0.06%) reduserte pmax for pellets lagt av biomasse fra 

mikroalge. Dette kan muligst bidra til å redusere bruken av elektrisk energi under pelleting. Å tilsette 

forskjellige doser enzymer påvirket ikke styrken av pellets, heller ikke kontaktvinkelen mellom 

mikroalgepellets og vanndråper eller oljedråper. 
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Artikkel IV undersøkte hvordan erstatning av fiskemel med gjær Cyberlindnera jadinii i fôr pellets 

med tilsetning av protease og endo-/ekso 1,3-β-glukanase kan redusere flytmotstanden i 

pelleteringsmatrisen under utkast av fôrpellets. Erstatning av fiskemel med 0%; 2.5%; 5%; 10% og 20% 

gjær økte pmax når enzymer ble tilsatt til fôret som inneholdt 20% gjær. Styrken (hardhet) av fôrpellets 

med innhold av 20% gjær ble betydelig økt med eller uten enzymtilsetning. Pellets med 10%, 20% og 

100% gjær viste seg å avvise vann bedre sammenlignet med pellets uten gjær (0% gjær) under 

observasjon av kontaktflate-måling opp til 94 sekunder. Pellets behandlet med enzymer som inneholdt 

10% og 20% gjær viste lipofobisk atferd når de ble analysert med kontaktflate-måling. Enzymene viste 

seg å redusere vannopptaket til pellets med 10% og 20% gjær når de var under vann. Den lengdegående 

overflate-ruheten ble redusert for pellets som inneholdt gjær og som ble behandlet med enzymer. 

Bevisene som ble oppnådd gjennom Artikkel IV kan tjene som et utgangspunkt for endringer i 

fôrråvarene og mulig modifikasjoner av fôrproduksjonsprosessen før kommersiell produksjon skal 

vurderes. 
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4  Research objectives 

The specific intentions for this scientific work are divided as:  

1. Pinpointing current issues in ever-changing animal feed manufacturing and offering 

solutions for future directions of the technology, methods, and novel feed ingredients 

for better management in the feed mills (Paper I).  

2. To examine how microalgae, as one of the easily accessible novel feed ingredients, 

together with lignosulphonate, could affect the physical strength and hydration of the 

microalgal pellets, made for benthic crustaceans, by monitoring the pellet swelling with 

novel measurement techniques based on image analysis (Paper II).  

3. To study how different enzymes and their dosage can contribute to lower electrical 

energy consumption when a novel feed ingredient, based on microalgal biomass, is 

pelleted by a single die pellet press, and how this can influence the tensile strength of 

the pellets, underwater pellet swelling, and interaction of the pellet surface with oil and 

water (Paper III). 

4. To investigate the influence of the novel feed ingredient, yeast Cyberlindnera jadinii 

as a replacer of the fishmeal in the feed with or without adding enzymes, on pellatability 

and physical properties of the pellets (Paper IV). 
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5  Outline of the Ph.D. thesis 

This Ph.D. study is based on three phases presented in Figure 5.1. Each phase is represented 

with a unique hypothesis and experimental design. The first phase focuses on the overall 

assessment of current concerns in the feed manufacturing industry. After considering numerous 

concerns, a final decision has been made regarding technological and technical subjects 

involving novel feed ingredients. Unicellular organisms’ microalgae and yeasts have been 

chosen as the experimental materials because they do not compete with the human food supply 

and thus may contribute to sustainability in animal feed manufacturing. The second phase of 

the presented Ph.D. work was utilizing oil-drained and protein-rich biomass based on 

microalgae. Chosen microalgal biomass was based on the unicellular organism Desmodesmus 

subspicatus that is well known for its excellent oil production while growing in a high CO2 

environment. This biomass was used as a model to study the rheological properties of the 

material during pelleting and its influence on the physical quality of compacted biomass after 

pelleting with techniques and measurements based on image analyses. The second part of phase 

two was to understand if any of the three chosen enzymes (xylanase, phytase, and protease) 

and their different dosages can hydrolyze the respective molecules found in microalgal biomass 

with limited water content. Restricted water content was used to simulate the commercial feed 

pelleting process. When water is restricted during feed manufacturing this may well induce a 

change in the rheological and physical quality properties of the feed pellets. Key considerations 

in both parts of phase two in this Ph.D. work were to investigate the change of pressure at initial 

flow in the pelleting die, the tensile strength of pelleted material, pellet hydration, and pellet 

swelling under stagnant water. Pellet swelling was particularly important due to the possibility 

to use microalgae as a protein-rich ingredient for shrimp feed. The final phase of the Ph.D. 

work was focused on investigating the pelleting process and physical pellet quality by replacing 

the fishmeal with different dosages of the yeast Cyberlindnera jadinii in commercial feed 

treated with the enzymes protease and endo/exo 1.3-beta-glucanase. 
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Figure 5.1 Outline of the Ph.D. study.   

 

 

 

 

 

 

 



10 
 

6 General background  

 

Global growth of the human population is forcing the requirements for alternative protein 

sources. Concerns over the finite resources of the Earth and the impact of climate change have 

led to troubling findings regarding the adaptable capabilities of feed manufacturers. These 

hindrances are based on economic, technological, and marketing deviations and pressures that 

may influence agricultural outputs in the future (Godfray et al., 2010). Sustainable animal and 

fish feed manufacturing are important for sustainable farming and overall future agriculture. 

Fish meal (FM) is becoming a progressively luxurious raw material for commercial feed 

manufacturing. Diversification of expensive protein sources is one of the most crucial aspects 

of sustainable feed manufacturing and feed formulation flexibility. Thus, there is a large focus 

in European countries on locally produced and sustainable protein sources identified as by-

products, deriving from biorefinery processes. Most of the scientific studies showed that the 

partial replacement of FM with alternative protein resources can be successfully accomplished 

with respect to nutritional and health qualities. However, there is limited available data showing 

how these alternative protein sources can influence the physical characteristics of the feed 

pellets. The overall challenge for animal and fish farming is to identify economically and 

sustainably available alternatives to FM and their influence on physical characteristics. General 

efforts of recognizing, evaluating, and using reasonable feed protein material alternatives are 

vital for reducing the effect of animal and fish farming on the ecosystem. Impact evaluation of 

the alternative protein sources must equally involve economic, nutritional, health, and physical 

characteristics of the animal and fish feed. Physical characteristics can be designed by 

controlling the rheological properties of the feed particles and their chemistry. Relevant 

rheological properties can be very broad, thus they may be well understood only through 

advanced physical concepts. The structure of the feed pellets contains soft and solid matter, for 

example, amphiphilic molecules, molecular complexes, micelles, colloidal particles, 

particulate gels, polymer gels, and many others. Therefore, controlling rheology in feeds from 

a pure experience and without a microstructural perspective should not be encouraged. 

 

6.1 Role of novel ingredients in sustainable feed manufacturing 

Diversification of protein sources is perhaps one of the most important aspects related to 

farmed animal nutrition. Alternative nutrient sources for animal feeds need to be sought and 

clearly defined as non-human food. Having an accurate nutritional and technical estimation of 

how novel feed ingredients will result in more effective feed formulations is pivotal for the 

sustainability process. It is not easy to define biomass as a novel feed material. From a 

nutritional point, first and foremost it is of paramount importance to understand the chemical 

composition and the presence or absence of nutritionally active factors. Furthermore, 

palatability and concentrations of contaminants are important for defining biomass as a novel 

feed material and as a substitute for commercially available feed materials. From the 

perspective of the feed manufacturer, criteria such as availability of supply, potential inclusion 

rates, stability, storage, and effect on the physical pellet quality of the final feed are vital. 

Moreover, novel feed ingredients should preferably not increase energy consumption during 
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feed manufacturing, unless inclusion reduces the feed costs. Though usage of novel feed 

ingredients must have low prices, secure sourcing, and should be environmentally friendly and 

sustainable. More knowledge regarding the effects of novel feed ingredient processing on 

technical and nutritional feed quality should be obtained in relation to the impacts of process 

equipment or process conditions on final nutrient utilization. Novel ingredients should not have 

a negative effect on the optimal nutritional and physical characteristics of the feed.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>