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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.   
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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. And finally, 

the novel feed ingredients should not cause higher feed manufacturing costs.  

Unicellular organisms showed to be a good substitute for the commercial protein supply in 

human and animal nutrition (Bratosin et al. 2021). Therefore, such protein-based raw 

ingredients will considerably be used more for feed manufacturing in the future. Scientific 

discoveries suggest that unicellular organisms when properly processed, may improve animal 

and fish nutrition (Jones et al. 2020). The inclusion of single-cell organisms as the feed raw 

materials showed promising scientific results when replacing the fishmeal. Yeasts (Grammes 

et al., 2013; Vidakovic et al., 2016, 2019) and microalgae (Grammes et al., 2013; Taelman et 

al., 2013) are two leading and most researched unicellular novel feed ingredients (Ritala et al. 

2017). Yeasts and microalgae are evolving as sustainable feed raw material alternatives 

(Øverland et al. 2013; Matassa et al. 2016). This is partly due to their independence from fertile 

land and fresh water.  

6.2 Microalgae as novel feed ingredients  

Microalgae can be used in animal feed products (Dineshbabu et al. 2019). They possess useful 

added value in the form of immune and health-stimulating benefits for aquatic organisms 

(Grammes et al., 2013; Yaakob et al. 2014; Muhammad et al. 2020). Nutritive values and 

techno-functional components of microalgae are advocating microalgae as a superior 

alternative feedstock (Nagarajan et al.  2021). Microalgae have high levels of protein, 

carbohydrates, lipids, and antioxidants, and as such stand out as a promising novel ingredient 

(Tueling, 2018). Microalgae may reduce the ecological impact of current fish meal usage for 

feed manufacturing. This is all making microalgal biomass used in aquaculture feed 

manufacturing an environmentally sustainable option (Taelman et al., 2013). Chlorella 

vulgaris and blue-green microalgae cyanobacteria spirulina (A. platensis) are well known for 

their high protein content. Furthermore, the microalgae Scenedesmus sp. and Desmodesmus s. 

are known for their large lipid storage (Xin et al., 2010). Desmodesmus s. can be a suitable 

protein-rich by-product after oil draining as a replacement for the FM (Viswanath, et al. 2016).  

6.3 Yeast as a novel feed ingredient  

Most scientific discoveries show that yeasts as eukaryote single-cell organisms are having an 

important role as sustainable feed ingredients. The entirety of biotechnology can benefit from 

approximately 80 species of yeast, adding significant value (Türker, 2014). This is due to their 

ability, together with enzymatic technology, to transform non-food biomass from the 

agricultural industry and partially forestry into valuable feed ingredients (Curto and Tripodo, 

2001; Adoki, 2008; Mondal et al. 2012; Rajoka et al., 2012, Øverland and Skrede, 2017). 

Having developed quality feed protein ingredients without being dependent on ever-changing 
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climate, arable land, and available clan water, truly put yeast as a good feed protein alternative 

(Couture et al. 2019; Lapena et al. 2020a; Lapena et al. 2020b).  

The usage of yeast as a protein source for aquatic diets was investigated for over four decades 

(Mahnken et al. 1980) and in different aquatic animal species (Øverland et al., 2013; Vidakovic 

et al., 2016, 2019, Agboola et al., 2022). Compared to FM, all investigated yeast species 

(Saccharomyces cerevisiae, Cyberlindnera jadinii, Kluyveromyces marxianus, Blastobotrys 

adeninivorans and Wickerhamomyces anomalus) have beneficial amino acid profiles, except 

for methionine, lysine and arginine (Agboola et al., 2020). These amino acids are usually 

limiting essential amino acids for aquatic animals. Conclusive scientific results show that using 

the yeast species Cyberlindnera jadinii as a substitute for the fishmeal, when fed to fish, may 

contribute to similar or better protein and amino acid digestibility. Yeast, however, did not 

change feed conversion, specific growth rate, and final growth rate, compared to fishmeal diets 

(Øverland et al., 2013). The latter authors concluded that the aquatic animals fed with a diet 

containing Cyberlindnera jadinii had increased nitrogen retention, compared with those fed the 

fish meal diet or diets with other yeast types. Major scientific findings place the yeast 

Cyberlindnera jadinii in the pivotal position when deciding to use alternative protein sources 

that can replace FM.  

 

6.4 Feed pelleting process and its importance during feed manufacturing 

The global feed processing market is exponentially increasing (Fig. 6.1). According to the 

report developed by Verified Market Research, manufacturing feed pellets covered the largest 

market share in 2019. The predicted increase from 2020 to 2027 is about 3.9% (VMR, 2021).  

 

Figure 6.1. - Global feed processing market prediction from 2020 to 2027. 

Feed pelleting brings optimal density of the feed with better flow properties during conveying 

when compared to feed-mash. A variety of feed raw materials are usually mixed to produce 

animal feed pellets with a nutritive composition designed to meet sanitary, nutritional, and 

physical qualities. To meet these requirements, it is necessary to understand the various techno-

chemical properties of all the ingredients included in the diet. Also, it is essential to know the 

optimal manufacturing conditions needed for such feed mixtures. Once the knowledge is 

obtained the feed manufacturing can be optimized and controlled while the nutritional and 

physical quality of the feed pellets remain maintained. However, nutritional and physical 
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quality also substantially depends on the downstream processes, for example, cooling, drying, 

transportation, storage, feeding to animals, etc.  

The pelleting process is referring to compressing materials through a pelleting die to create 

cylindrical feed solids, commonly 2 to 4 times in length size of its diameter. Optimal 

compressibility can be determined by the rheological properties of the compressed materials 

that will facilitate the physical (diameter, length, bulk density, surface properties) and 

mechanical (durability, tensile strength) quality of the pellets. Low physical and mechanical 

pellet quality is affecting the pellet to break apart during transport, storage, or prior to its usage. 

Optimal pellet quality keeps the integrity of the compressed feed ingredients when the tensile 

stress or the shear stress is applied during transportation, storage, or feeding. Feed pellets with 

good physical quality contribute to high nutritional quality and high feed intake in terrestrial 

(Skoch et al., 1983; Koopmans et al. 1989; Abdollahi et al. 2013, Suwignyo et al. 2022) and 

aquatic animals (Aas et al. 2009; Cai et al. 2022).  

The optimal physical and mechanical quality of the pelleted feed may be well navigated by 

minor adjustments in the temperature during steam conditioning. The selection of the die and 

rollers as well as the gap between rollers and the die affect the pellet quality (Miladinovic and 

Svihus, 2005; Miladinovic, 2009). However, these adjustments and changes are often subject 

to the experience and reasoning of the operator. The physical quality of the final feed product 

is highly dependent on feed formulation and its rheological properties, the moisture content in 

the mash, temperature of the feed mash during the pelleting and cooling procedure. The overall 

idea of modern feed production is to come up with a toolkit that will support decisions for 

process optimization and selection of the feed raw materials. Such a toolkit will enhance the 

opportunity of the feed manufacturer to achieve the best possible physical and mechanical 

quality of the feed pellets with limited use of energy for the provided feed formulation.      

Measurement of rheological behavior in the pellet press of a single raw ingredient used for 

animal feed manufacturing is very challenging. However, if achievable, such information can 

provide significant evidence for predicting the behavior of the feed-mash diet during the 

manufacturing process. By understanding the rheological properties of a single material, one 

may assess the structure and technical quality of the final feed product which is manufactured 

as a mixture with other materials compacted together. Along these lines, the end-use properties 

of the feed pellets can be assessed and modified. General challenges and nonetheless concerns 

in the feed technology are based on the physicochemical properties of the raw ingredients, 

principally affected by the climatic origin and processing history. Figure 6.2 summarizes 

general concerns and challenges frequently encountered during feed manufacturing.  
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Figure 6.2. Block diagram summarizing the main rheological concerns and challenges within feed 

manufacturing (Source: Salas-Bringas et al. 2008). 

 

6.5 Densification (interaction between particles) and compaction (interaction between 

particles and compaction die-wall) during feed pelleting 

The feed pelleting process includes both densification and compaction of mixed feed 

ingredients. A process that purposely combines small particles into larger ones, where the 

original components cannot be identified can be defined as size enlargement. Enlargement of 

feed material powder particles is used to control flow and reduce dust formation during 

transportation. Agglomeration and pelletizing are all processes that include compaction and 

binding of powder materials. The objective of such processes is to control the density or 

porosity of the final product. To understand and predict the quality of the feed products based 

on powder constituents it is of paramount importance to understand the behavior between feed 

ingredients during densification and compaction. Modern processing of the feed ingredients 

carries an effort to alter the active molecules from powder particles into the final feed products. 

These products should have assumed microstructure that could improve the physical, 

nutritional, chemical, and other desirable properties of the final products. Each feed raw 
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material in a heterogeneous and homogeneous mixture has its properties that may influence the 

densification and compaction of particles that can change the final properties of the product.  

The mechanism of bonding within the feed mixtures is based on the adherence of powder 

particles to each other to form a larger system with a structure that is supposed to tolerate 

deterioration. Particle size and its distribution within the feed mixtures, together with moisture 

content and surface tension of the bonding medium could be identified as factors influencing 

the agglomerated or compacted systems, the feed pellets.       

 

6.6 Physical chemistry of feed mixture powders 

All particles in animal feed, their molecules, ions, and atoms are subjected to forces between 

them, with or without applied stress to them. These interaction forces may cause some chemical 

reactions between particles. Between the components of the feed mixtures, there are various 

types of forces described as bonds. The most important ones are explained by Walstra (2003): 

a. Hard-core forces with very large energy where the direction is not fixed. These forces 

cannot lead to bond formation due to its repulsive behavior. These forces between 

powder particles are rare in practice; 

b. Covalent bonds involve medium energy with a very restricted range of directions and 

restricted attraction properties.  Covalent bonds may, however, be very strong;  

c. van der Waals forces involve very low energy. Though, they have a wide working range 

and are without a fixed direction. These forces act between all molecules and with 

different interactions where the positive end of one molecule orients to the negative end 

of another molecule. The structure of feed powders is mostly determined by van der 

Waals forces between small particles (<100 m¹). Because of such low energy forces, 

even when additional stress between particles is applied, the end structures are loosely 

packed. This could lead to process-related issues and low physical quality feed 

products; 

d. Hydrogen bonds are also based on low energy. These bonds are having fixed direction. 

All hydrogen bonds are having attractional properties between a covalently bound 

hydrogen atom and one electronegative group, like oxygen or nitrogen. Hydrogen 

bonds are weaker than covalent bonds but much stronger than van der Waals 

interactions. 

These bonds and their interactions may influence the frictional forces acting between molecules 

of the feed particles. Thus, they can influence the compaction flow of the material or the 

interaction between the particles and their active molecules during densification. 

Chemical interactions between molecules of the particles at elevated temperatures during 

densification and compaction can influence the viscosity of the feed mixture. Thus, the 

rheological properties of the feed mixture may change due to convection, heat conduction, and 

diffusion of the single raw material included in the feed mixture. Such changes might further 

influence compacting properties of the entire system.   
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Mechanisms responsible for inter-particle reactions and final stability of compacted powder 

systems are well defined by Pietsch (1991) as solid bridges, immovable or mobile liquid 

bridges, attraction forces between particles and interlocking bonds. 

Solid bridges are created between clustered particles as deposited material developed by 

diffusing molecules from one particle to another. This can happen through incomplete melting 

at contacted sites of the particle where elevated temperatures and pressures progress. Also, the 

solid bridges might be developed by chemical reactions everywhere where the hardening of 

added binders or solidification of molten feed components would occur. The force influencing 

the cohesion of powder particles will thus rest on the contact area of the solid bridges and the 

diameter of the particles. From another point, forces influencing bond-creation between 

particles that come from the surface tension of liquid structures and capillary pressures that are 

formed during compaction are defined as liquid bridges. Very viscous feed mixtures could use 

mobile liquid bridges to create immovable liquid layers that can decrease physical distances 

between particles and hence increase contacts between them. Immovable liquid bridges created 

by constrained liquid molecules could produce very strong bonds. The capillary pressure and 

interfacial forces can also create strong bonds between feed particles by mobile liquid bridges. 

However, these bridges may be weaker than immovable liquid bridges. Attraction forces 

between particles are purely dependent on surface properties formed between the particles, 

strongly defined by van der Waals forces. Interlocking bonds are pure mechanical bonds 

between particles. These bonds are weak when compared to previously mentioned 

mechanisms, however, they are very important as reinforcement during establishing the bonds 

between particles. The point of interaction during particle interlocking is physical contact 

where the distance is so small that the binding bridges can form several interaction sites on 

only one particle (Barbarosa-Canovas et al., 2005). Interlocking is dependent on the geometry 

of particles, porosity, and coordination number as a valuable microscopic parameter that 

describes the packing of the particles.  

6.7 Flow and deformation characterization of feed mixture powder systems 

There are many substances included in the feed mixture powder systems that simultaneously 

possess both solid and liquid properties when changing the environment. Therefore, the 

rheology of such systems needs to consider deformation for solid-like components and flow 

for predominantly fluid-like substances. The flow distance (l), time (s), and mass (m) are 

important for explaining the rheological properties of the feed mixture powder systems during 

its flow within the area (A) and the volume (V) when the force (F) is applied.  

The unit of F symbolized with the unit newton (N), as a dimension of m * l * s, is defined as 

the load. Load during feed pelleting can be explained as the force to which a feed mixture 

powder system is exposed in supporting a mass of a powder system by simply resisting 

externally applied forces in the die hole. Feed mixture powder systems are predominantly 

densified and compacted in the die hole during feed pelleting. In the compaction process, the 

stress (Ϭ) is commonly used to explain forces, defined by the unit of Pascals (Pa). These forces 

influence the feed mixture powder system to be compacted in the pelleting die, where Pa=N/m2 

and m2 is the unit of compaction area. Stress is calculated as presented in eq. 6.1: 

 



17 
 

Ϭ=F/A            Eq. 

6.1 
 

Stress is achieved when F is applied evenly to the feed mixture powder system enclosed in 

compaction area (A) within densification volume (V) (m3), practically called the pelleting die 

hole. If the feed mixture powder system is theoretically having uniformly shaped particles with 

similar particle sizes, the deformation of such a system is much lower than the system with 

various particle size distributions and different shapes of particles. If the geometry of all 

particles in the system is uniform, it is assumed that stress (Ϭ) is evenly distributed within the 

entire feed mixture powder system. However, this is very uncommon in feed mixture powder 

systems due to the un-uniform size, various structures, and chemical composition of the 

particles representing the mixed feed ingredients. In most powder systems it is often impossible 

to map the distribution of stress all over the densification volume. Therefore, the rheological 

characterization of such systems with shear strain (ε) is needed. Shear strain describes the 

change of the feed mixture powder system when subjected to Ϭ during densification and 

compaction. Strain during pelleting could be explained by the natural strain as the 

dimensionless logarithmic ratio of the Hencky strain (eq. 6.2). Hencky strain refers to natural 

strain as a logarithmic change in size or shape of the material subjected to stress. 

 

ε = ln (l / l0)           Eq. 

6.2   

where: l represents the stressed height of the powder system and l0 represents the unstressed 

height.  

Powders have characteristics of a solid during mechanical stress. Also, powders can flow, 

which is characteristic of a liquid. All these characteristics are time-dependent. In addition, 

powder particles can be dispersed in the air, for example during mixing. When powders move 

within the system because of force imbalance by the gravitational forces their particles show 

adhesion (molecular interactions) and friction (mechanical interlocking) behavior. The 

electrostatic force influences the flow of the powder in the compaction systems. Improved flow 

of the powder systems could be achieved when using larger particle sizes and when particle-

to-particle separation is increased (Kendall, 1994). The flow of the feed mixture powder system 

could be explained as plastic deformation of the system due to the loads acting on it. As 

explained by Schulze (2008), if the yield strength (fc) is increased at the surface of the die, that 

will consequently increase a layer of the powder system. Thus, it will be more difficult to 

initiate flow through the pelleting die-hole and the pelleting equipment will block. Measuring 

the flowability of the powder system is possible by measuring the magnitude of the load that 

is necessary to move that system. Processing conditions prior to feed pelleting could greatly 

influence the flow behavior of the particles that belong to the feed mixture powder system. 

However, it must be taken into consideration that the flow property of the feed mixture powder 

system can be, among other factors, influenced by the moisture of the materials, particle shape, 

and particle size. Also, the flow property will depend on the chemical nature of the material 

and its surface roughness before applying any processing conditions. All previously mentioned 

could be a good reason for challenged or non-successful scale-up processes.   
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Flow measurement can predict the behavior of the feed mixtures by studying relations between 

the applied forces (F) in the pelleting die that act on a given feed powder mixture or single raw 

material. Enough information on the deformation of a single material in the pelleting die may 

predict the behavior of the feed powder system because of a chemical change due to a change 

of F or due to the addition of water, steam, or enzymes that may influence that change. 

Deformation identified as a compaction of the feed mixture powder system during pelleting 

includes information regarding the applied force and flow distance during that deformation. At 

this point, the mechanical work could be assumed as a product of those two factors. Therefore, 

the formula for deformation W=F⋅s explains that F is a force that influences displacement of 

the feed material (s) in the direction of F. Displacement of the feed mixture powder system 

during pelleting, because of densification and compaction of the feed mixture powder system 

may be explained by laminar flow of the system and its particles. There could be several types 

of laminar flow during pelleting. The type of laminar flow is dependent on the moisture of the 

materials, particle shape and size, the chemical nature of the particles in the feed mixture 

powder system, and the surface roughness of the particles, presented in Figure 6.3.  

Each laminar flow is dependent on its geometrical limits defined by the linear flow velocity 

(ν), the velocity gradient (Ψ), the rotation rate (R), and rotation frequency (ω). In high-viscosity 

feed materials, the ratio of the internal forces to the shearing force of the die-wall can be 

described with a low Reynolds number (Re) due to slow movement of the feed mixture powder 

system, and consequently laminar flow of the system through the die. 

 

           A               B               C 

Figure 6.3 – The velocity profiles for different laminar flows, A – Rotation; B – Simple shear; C - 

Hyperbolic laminar flow. Adopted from Walstra (2003). 

 

Normally during feed pelleting the laminar flow dominates. However, the transitional type of 

flow can occur too. If the powder system starts rotating in the center due to for example the 

high content of moisture in the powder or due to any other reason the powder particles will 

move by rotation (Fig. 6.3.A). Such flow could be defined as simple shear but not as simple as 

presented in Figure 6.3.B. However, the flow of the feed powder systems in a confined tube 

(pelleting die hole) during the axisymmetric flow the in the x direction is very unlikely to 

happen in the pelleting die hole (Fig. 6.3.C). During feed pelleting, the flow is mostly laminar 

(Fig. 6.4). Theoretically, during such flow, the linear flow velocity is close to zero at the die 

wall and it is maximal in the center of the pelleting die. The velocity gradient is a shearing 

stress developed between the layers of different velocities and it equals zero in the center of 

the die hole. Such shearing stress is maximal at the die-wall. For non-Newtonian systems such 

as powders, the ability to resist deformation by shear or tensile stress is dependent on the share 

rate.  
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The velocity of the feed mixture powder system during compaction in the pelleting die is 

dependent on the nature of the molecules that create the powder system. During compaction, 

these molecules experience constant heat motion due to the velocity gradient change and 

increase of the kinetic energy between particles or between layers of the feed mixture powder 

and the die wall. However, the pelleting die hole is never long enough for the heat to be fully 

increased in the center.  

Applying constant stress and load to the feed mixture powder system during pelleting makes 

the system deform. When the deformation of the system under a certain load is high enough 

the system will start moving. The moment of maximum pressure at incipient flow for the 

system to deform enough and move forwards is defined as pmax. Deformation and dynamics of 

the system in the pelleting die hole constantly change due to thermo-mechanical change, 

chemical properties of the compacted feed mixture powder system, the applied stress on the 

system, etc... In natural polymers, such as proteins or polysaccharides, even a small change in 

the system, as for example available free-water molecules, may affect the deformation and thus 

pmax of the feed mixture powder system.  

 

 

 

 

 

 

    

Figure 6.4 - Plug flow with different velocity profiles in the pelleting die hole influenced by centrifugal 

forces and loads from corrugation of the pelleting ring-die roller. Ring die model: Salas-Bringas (2011). 

Some solid materials may move easily through a pelleting die with the low yield stress applied 

to the materials if it contain enough fat or water. Pressure distribution in the pelleting die is 

dependent on the shear stress between the compressed feed mixture powder and the die wall, 

within the length of measured pressure change and the radius of the pelleting die for a given 

length of pressure measurement. The scale of the material flow through the pelleting die may 
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depend on the applied yield stress and the observation time. The yield stress is a product of the 

pressure difference from the measuring points in the pelleting die when a minimum pressure 

has been obtained and the radius of the pelleting die divided by 2 measuring lengths, one on 

each side of the die diameter.  The viscosity of the particles which are moving in the pelleting 

die is affected by the applied shear rate. As described by Walstra (2003), all the molecules 

without perfect spherical shape would affect molecular orientation to be aligned with the 

direction of flow of the powder system. The plug flow for the compressed feed mixture in the 

pelleting die is forming when the shear stress is smaller than the yield stress.  

After compression of the feed-powder system, a compacted feed pellet enters the phase of 

relaxation. Such relaxation, better known as the “spring back effect” is explained in Figure 6.5 

and it normally arises due to the expansion of residual compressed air and due to elastic 

recovery of the feed material.  

 

Figure 6.5 – Stages of powder densification and compaction with the elastic spring-back (Pietsch, 

2008). 

 

The threshold of the ability for a powder system to flow through the pelleting die and yet to 

have elastic properties defines the entire system as viscoelastic. Figure 6.6 demonstrates the 

deformation of a powder system during densification and compaction. When applying load at 

the feed mixture system that fills the pelleting die hole it can be observed an immediate 

compression of the system. Such compression is showing instantaneous elastic deformation 

followed by a prolonged and continuous rate of deformation called “creep deformation”. 

Deformation in densified and compressed powder systems continuously increases with time. 

When releasing the load on compressed powders there is a sudden partial elastic recovery of 

it. Such recovery is observed within a certain time, and it is defined as “creep recovery”. The 

creep recovery is usually not high in the feed mixture powder system after pelleting and thus 

the compacted system does not return to its original height. This is known as permanent 

deformation, easily shown by size or shape after the pelleting and tableting process. 
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      Original shape                           Compressed 

Figure 6.6 - Uniaxial deformation of a solid under a constant force 

 

6.8 Densification and compaction of feed mixture powder systems   

 

During the densification and compaction of the feed particles, there are many variables 

influencing these activities. Perhaps the most important variables to consider prior to pelleting 

are the geometry of the particles, their size, and the size distribution of the particles within the 

feed mixture to be densified and compacted. However, the moisture content of the particles, 

the thermal property of whether the solitary ingredient which belongs to the feed mixture 

system or the entire feed mixture powder system, should not be neglected. Also, chemical, and 

mechanical properties of the materials and their binding characteristics, surface abrasion of the 

particle, requested final porosity of the manufactured product after compaction, production 

capacity, total cost, and energy requirements are among many other very important properties 

to consider prior to manufacturing. Production capacity during pelleting, production costs, and 

nevertheless density of the feed mixture can be directly influenced by the properties of the die 

hole. Wall friction in the die hole will depend greatly on previously mentioned factors and 

properties of the material that the pelleting die is manufactured from. Prior to commencing the 

feed pelleting process, it is crucial to have knowledge of the feed mixture's density, as it serves 

as a significant metric. In such a way, the correct production capacity and thus final quality and 

manufacturing cost can be established. It is important to stress that when the temperature of the 

compacted feed mixture system elevates the density of such system can change as well, 

depending on free-water content. For some materials, minor changes in temperature may aid 

the thermal expansion of the material and thus change all other following processes. 

 

6.9 Influence of the temperature during densification and compaction of the feed mixture 

powder system  

 

The temperature elevation in the feed pellets after pelleting is a sign of increased kinetic energy 

of a powder system during compaction (Wang et al. 2020). Motion between particles during 

densification and compaction also increases molecular motion. With increased molecular 

activity the kinetic energy also increases. Forces applied to the feed mixture powder system 

during pelleting assist to increase the speed of molecular motion and hence the minor raise of 

the temperature within the entire system. Thermal energy (E) of densified and compacted feed 
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mixture is the fundamental kinetic energy of the molecules defined by temperature (T) and 

measured in the system (eq. 6.3).  

 

E = k * T                      Eq. 

6.3 

 

Where: k is Boltzman’s constant (1.3807 x 10-23 J*K-1); T – temperature in Kelvin (K) 

 

Feed mixture powder system with high internal temperatures indicates that molecules of the 

system have high kinetic energy. Hypothetically speaking, if the feed mixture system is at zero 

degrees the temperature of the molecules within such mixture will be without any kinetic 

energy. The internal energy (U) of a thermodynamic powder system may exist in two forms, 

the heat transfer (Q) and work transfer (W’), and it can be expressed as: 

 

U = Q + W`                      Eq. 

6.4 

 

W’ is defining the forced displacement of the particles during compaction where pressure and 

volume can change. Whereas displacement work (W) is a product of pressure (p) and volume 

(V) of a displaced feed mixture system, defined in equation 6.5. 

 

W = p * V                   Eq. 

6.5 

 

The internal energy (U) of the feed mixture powder system during pelleting is a product of the 

heat transfer (Q) within the system and applied pressure (p) that is influencing the change of 

the volume in the system. Equation 6.6 explains how the internal energy within the feed mixture 

system develops during pelleting and equation 6.7 explains the heat transfer within the system. 

 

U = Q – p * V                   Eq. 

6.6 

 

Q = U + p * V                      Eq. 

6.7 

 

Every powder system despite its chemistry has a thermal property that shows the ability of the 

material to hold and store heat. Such thermal property, defined as the heat capacity is quantified 

by specifying the amount of heat needed to raise the temperature to the desired level during 

manufacturing. The heat capacity of the powder system at constant pressures is defined as: 

 

C = Q / T                                 Eq. 

6.8  
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where: C is heat capacity (J*K-1); Q is heat (J); T is the temperature (°K) 

 

The heat conductance of the powder system in limited volume during pelleting in the pelleting 

die is significantly present due to steam addition and friction obtained by particle-to-particle or 

particle-to-wall interaction. However, some heat transfer resistance is possible to arise within 

the powder system, and therefore the heat conduction can be minimized. The hypothetical layer 

in the feed mixture powder system that divides the tempered and non-tempered layers can 

minimize heat conduction. Such a layer is usually formed in the center of the feed pellet, and 

it represents the surface heat transfer constant (α). The heat transfer of such layer, with a 

defined area (A) from the original tempered surface (Ts) to another layer with temperature (T∞) 

can be expressed as: 

 

Q = α * A * (Ts – T∞)                     Eq. 

6.9 

 

Within the feed mixture powder system, the thermal conductivity is insignificantly dependent 

on the temperature of the system. This is because the thermal conductivity increases marginally 

with temperature increase. Insignificant dependence is mostly reliant on water content and the 

air found between the particles. In a feed mixture powder system intended to be pelleted, there 

are solid feed particles and water. Here the heat will be transferred by convection when the 

mass of particles is in motion, and conduction when the electrons move within a particle or 

when particles collide. The heat transfer is greater if it occurs by conduction. However, this is 

not the case with dry porous materials, grain, or other powders that are used to create a feed 

mixture powder system. The heat transfer is happening in this case by convection where the 

heated air tries to travel through the porous pelleted material. Natural convection of the air 

always occurs in the direction opposite to gravitational forces. When the air temperature 

increases, the air travels above the cooler air in the system that is being compacted which has 

a greater density. That is the reason why the temperature increase in the powder systems during 

compaction opposite of the gravitational force. In colder climates, such a random heat transfer 

may cause the blockage of the pelleting die. To overcome this problem, the pellet press should 

be pre-heated prior to pelleting.  

 

6.10 Compressibility of the feed mixture powder system  

 

Powder in the pelleting die shows an elastic behavior explained by the volume reduction of the 

powder system when pressure is applied to it. When pressure is removed, some powders may 

return to their original position but most of the food, feed, and pharmaceutical powders can 

only insignificantly return to their original position. The mechanical energy applied to the feed 

mixture powder systems during compression is converted to heat between the feed particles. 

This mechanical energy is greatly influenced by the unit of stress (Pa), defined by units of force 

(F) in newtons (N) over the area (A) in square meters (m-2), which is explained by the formula 

N * m-2 = Pa. The mechanical energy exchange during compressibility of the feed mixture is 

happening between the interacting feed particles. Forces acting between the particles and their 

magnitude and directions must be well comprehended to fully understand densification and 
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compression during pelleting. When the feed mixture powder system is subjected to stress, the 

load acting on them will be theoretically transferred through individual particle contacts. Such 

a powder system is considered as a continuum during compressibility and thus it can be 

assumed many contacts in a compressing volume (die hole) where the particles are densified. 

Therefore, it should be assumed that the stress applied to such a system is homogeneously and 

randomly distributed across the entire densification area. In reality, the particles within the feed 

mixture powder system are distributed randomly and in three dimensions. Therefore, some 

particles are in very close contact, whereas other particles are more distant when the stress is 

being applied.  

 

Normally, during the compression of the particles by pelleting, the entire system of particles is 

uniaxially compressed in the x direction (Fig. 6.7.B). Due to stress caused by compression, the 

particles approach each other in the x direction. The force (F) and stress (Ϭx) can be transferred 

only from one particle to another particle through their physical contact. Due to the deformation 

of the loaded feed mixture powder system (Fig. 6.7.A) in confined volume (V) of the die and 

in x direction, the force chains are oriented in the x direction (Fig. 6.7.B). Some particles could 

have the force chains oriented also in y direction (Fig. 6.7.C). Such force could be responsible 

for the stress (Ϭy) even though the uniaxial compression towards the plane x (Ϭx) which is 

primarily influencing the compressed system as the major stress. Therefore, particles during 

compaction in x direction will be oriented like columns (Fig. 6.7.B).        

 

Figure 6.7 – Transmission of stress among the particles at different steps of deformation during 

compaction and densification.  

 

Normally, in the feed mix, there are particles with various geometry. If particles are not 

spherical, for example, flake-like, they will orient in their preferred and random orientation 

during compression. However, during the compaction of the feed mixture system in the die, 

the sidewalls of the die can influence the compression of the system in the y direction (Fig. 

6.7.C). In this way, the new particle orientation is possible to happen horizontally (Fig. 6.7.C). 

Thus, new contacts between particles in the compression direction are created. This happens if 

particles in the feed mixture allow the creation of more stress-chains with particles that are 

horizontally oriented from the vertical chains. Possibly, the moving of such systems could 

allow flow developed by the slip-stick behavior (Fig. 6.8). The slip-stick friction occurs when 

particle surfaces are sliding against each other or against the wall of the die. Such behavior is 

common among spherical particles. 
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During the slip-stick friction and all through a “stick” period, the shear stress rises until the 

static friction has reached a maximum pressure at incipient flow (pmax). Then, the densified and 

compressed system starts moving together along the direction of the die where suddenly 

decreased shear stress (τ) is replacing the static friction with kinematic friction. Hence the 

displacement in the x direction would show a peak of mass (m) velocity. The reason for sudden 

acceleration is that instantly, at the fraction of the mass movement, a portion of the force (F) is 

needed to overcome the reduced friction. That causes the additional energy, which is previously 

stored as elastic energy in the spring, to create the force which will accelerate the mass. This is 

very common to observe by using single-die pelleting devices with a blank die and particles 

that are difficult to interlock or bind with each other (Fig. 6.8). 

       

Figure 6.8 – Slip-stick oscillations and their consequence on the particulate material with low binding 

abilities  

It is vital to understand these slip-stick properties of various ingredients that are part of the feed 

mixture powder system for probable prediction of the deformation of the feed mixture during 

pelleting. This also may be a tool for predicting the physical quality of the animal feed pellets. 

Dominant deformation that is usually happening in the x direction may define the final structure 

of the compacted material. In the continuous pelleting process the flow at constant volume and 

constant stress is called the steady-state flow, which is preferable in commercial feed 

manufacturing. Yet, before the steady state, shearing between the particles and between the 

particles and the wall of the pelleting die is necessary to occur. That is why the stress chains 

which are oriented during dominant deformation would define the structure of the final feed 

pellet. Stresses applied in formerly explained directions in a feed mixture powder system are 

helping to achieve the anisotropic properties of the material. Usually, the properties of the 

compacted material can defer, even if the same powder material would be used if moved in 

different and not predicted directions. This is usually neglected by process designers and feed 

formulators when different raw material is used to produce a cheaper feed. The steady-state 

flow, as the process of pelleting, leads to more anisotropic compacts than uniaxial compression 

with isotropic deformation that happens during tableting. Therefore, there are different physical 

properties of the finite compacted product between pellets and tablets even by applying the 

same forces.  

6.11 Shear deformation and shear zones  

The ideal compression in x direction and immediate dilation in y direction is called “pure 

stress”. Such ideal deformation of the feed powder system does not normally happen during 

the pelleting or tableting process. The shear stress (τ) is low in the feed powder system during 
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initial compaction when the compaction volume is large. However, the consolidation of the 

particles increases as the shear stress increases and becomes high enough for the steady-state 

flow to be achieved. 

The initial compression of the powder feed mix gives the particles high mobility due to the 

weight of the particles. Loose particles present in the feed mix tend to expand during 

densification and prior to initial compaction. This is happening because the particles of the 

system move over the other particles in the compaction systems. As explained by Török et al. 

(2003) in Schulze (2008), prior to steady-flow development, a decrease of the shear stress with 

increasing deformation within the feed mix leads to the concentration of the shear zones. 

During shear deformation, under constant stress, the steady-state flow overcomes the shear 

zone over the entire powder system of the feed mix. With increased shear deformation, the 

shear zones are concentrated in a region of decreased density. During shear deformation by the 

shear stress while compacting the feed powder mix, the shear stress first increases to its 

maximum, and thereafter decreases. However, if the constant shear stress dominates during 

pelleting the displacement in the x plane of the confined pelleting die volume, the maximum 

shear stress could decrease. Such a decrease would happen only if the filling rate of powders 

during pelleting is not constant.  

The height of the shear zone has a large influence on the shear zone (hs) and on the shear stress 

(τ) as particle-to-particle interaction or particle-to-die-wall interaction. Such an effect creates 

dependence of the shear stress on the shear rate. Also, it creates dependence of the shear stress 

on the shear deformation at a certain shear height. Such deformation is happening if the shear 

height of the shearing zone has a relative velocity of the compression in the x plain exactly 

between the top and the bottom of the compressed feed powder. In random homogeneous feed 

mix powder systems, it is difficult to comprehend which of the ingredients present in the feed 

mix would influence most the creation of the shear-stress zones. The most realistic particles 

found in the feed mixtures are typically having many different shapes and sizes. To understand 

the phenomenon of particle interactions in complex animal and fish feed it is vital to experiment 

with the two-phase systems. These phases can have different physical or chemical properties, 

such as particle size, shape, density, or composition. The two phases may be present in different 

proportions and can interact differently within the system, leading to unique characteristics and 

behaviors. Such systems need to be developed preferably by the constituents which are majorly 

present in the homogeneous feed mix. This would provide valuable information on the creation 

of the shear-stress zones and hence the creation of the shear-stress in the compacting die. To 

compress two-phase powder systems, the large clusters and voids of the homogeneous feed 

mix are stabilized by weaker van der Waals forces. Those forces need to collapse so that a 

denser structure will be formed. Any further densification is created by rearranging particles 

within the contact areas by higher stress and minor changes in particle size. As explained by 

Andersson et al. (2008) the heterogeneous two-phase powder system interaction is dependent 

on particle size and particle size distribution, humidity, presence of liquids such as oil, or 

others. Displacement and diffusion of two-phase systems could have a diffusive or caging 

regime (Fig. 6.9). By analyzing the displacement and long-term memory of the materials, 

insights into the correlation structure and predictability of the pelleting process can be 
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achieved. The Hurst exponent can be used as a measure of long-term memory of the pelleted 

materials. 

 

Figure 6.9 – Diffusive (A) and Caging (B) regime during the two-phase heterogeneous interactions. 

The use of the Hurst exponent in feed pelleting helps in understanding the degree of self-

similarity or fractal behavior of the feed particles exhibited by the time related to the pelleting 

process in the die. In feed pelleting, the Hurst exponent can assist in evaluating the efficiency 

and quality of the pelleting process. It can help identify patterns, trends, or dependencies which 

can be indicative of optimal conditions for achieving desired pellet properties, such as density, 

durability, and uniformity. By analyzing the long-term memory of the process variables, 

adjustments can be made to the pelleting parameters to improve the overall pellet quality and 

production efficiency. As explained by Andersson et al. (2008), by decreasing the Hurst 

exponent, more disordered density distributions will be formed and thus such structure can 

pack better. However, by decreasing the Hurst exponent it causes a rougher and more 

disordered interface between two-phase heterogeneous powder systems. If such an interface is 

formed, more sliding contacts and lower friction can be observed, and thus low compressibility 

between the two-phase heterogeneous powder systems (Fig. 6.10). All this contributes to 

nonlinear stress-strain behavior. 

      

       A          B                 C 

Figure 6.10 Ordered and disordered density distribution structure based on decreased (A), medium 

decreased (B), or increased (C) Hurst exponent.  

Density distribution usually occurs across the shear surfaces, between the die wall and the 

closest layer of the feed mixture powder system. Generally, it is well-established knowledge 

that the force networks and chains of connected particles play a very important role in the 
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physics of powder materials and the final physical quality of compressed granular-based 

materials (Hinrichsen and Wolf, 2004).  

6.12 Compressibility, compactibility and recovery of powder systems in the pelleting die  

Die compaction is a common technology across many different industries. Commonly, animal 

feed products are pelleted. The die compaction, as a continuous process, normally involves 

filling of formulated feed mixture in the die, compression between the rollers and the ring or 

the flat die, and finally, ejection of compacted pellets out from the die. The scientific 

investigation of compaction based on compressibility and compactibility of different types of 

formulated feed is necessary to understand and overcome problems in the pelleting process. 

Also, the scientific investigation shall indicate optimal processes to produce physically good 

quality feed pellets. Compressibility refers to the ability of the powder to change in volume 

when subjected to pressure (Ilic et al. 2009), whereas compactibility is the ability of powders 

to convert from small particles into coherent solid dosage forms (Yap et al. 2008). 

When powder systems are subjected to the loads, depending on the applied load, the rate of 

densification changes. The density of final compacts is greatly dependent on pressing methods, 

for example, die pressing or hydrostatic pressing may define the state of the applied stress. 

During the compaction of the powder feed material, the pseudo-plastic properties of the 

material prevail. The powder densification is most represented by the die compaction (Heckel, 

1961). Some disadvantages during the die compaction process could significantly influence the 

density variations due to die-wall friction. As already mentioned in the previous text of this 

manuscript, the development of the mean density during die compaction can be assumed by 

measuring the compact height and the force applied to the feed powder. During the powder 

compaction cycle, the rise of friction is present between powder particles and the compacting-

die surfaces. Also, friction during the unloading and ejection stages is of vital importance for 

understanding the final density of the compacted material (Brewin et al. 2008). During the die-

unloading stage, the compression loads are stress-free, and elastic recovery of the compressed 

material is taking place. However, this recovery is resisted due to presence of the friction 

between the compacting-die wall surfaces. Friction is present due to the existence of the 

remaining stress within the compacted feed material, which is normally oriented toward the 

die-wall surfaces. As explained by Brewin et al. (2008), at the end of the die-unloading stage 

there will remain a plane over the pellets which is beyond the friction force between the powder 

system and the die-wall surfaces. This friction force will equal the recovery force within the 

compacted pellet. In the case of cylindrical pellets, one layer of the pellet will string back. That 

layer is leaning towards the side where the applied stress is present. This happens because the 

recovery force (A) of the layer within the powder-compact exceeds the friction force (S) that is 

present over the zone above this plane (fig. 6.11). Therefore, the die-unloading friction can lead 

to further densification of the powder system being compressed (Gethin et al. 2008). 
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Figure 6.11 – Compact recovery on relaxation of compressed loads. Reproduction from Brewin et al. 

(2008).           

Before the compaction will start it is assumed that the die-fill or density of the feed mixture in 

the die is consistent. However, this is very unlikely to happen due to factors beyond the topic 

of this Ph.D. thesis work. Burch et al. (2008) measured the density distribution of the initial 

powder bed in filled compaction dies and found a variation between densities of 10% to 15%. 

This was also measured by Gethin (2004) and the authors concluded that two regions with 

densities differing by 10% exist prior to compaction and after the die-fill. This study showed 

that for simple shapes, such as the shape of the deep cylinder, there is a negligible variation in 

the final density distributions. Such variation happens even for different vertical die-fill density 

distributions with the same total mass of powder material that is filled in the die. However, 

such a difference did not influence the final loads at the end of the compaction.  

During the feed pelleting process, a feed mixture powder system is loaded mainly by 

compression where the compressive stresses and strains are positive. When assuming uniaxial 

compression on the compacted feed mixture a multiaxial stress applied on that mixture would 

be expected. According to Cocks (2008) under multiaxial conditions, during the compaction of 

the feed mixture, the three normal components of stress and three shearing components must 

be considered. However, during the compaction of the three-dimensional powder systems in 

the cylindrical die, only two stress variations are occurring. Those stresses are the hydrostatic 

pressure (p) and the von Mises equivalent stress (q). Considering that a feed mixture in the 

cylindrical die is subjected to axial (Ϭa) and radial (Ϭr) elements of the stress the multiaxial 

state of stress is unavoidable. The hydrostatic stress is the mean value of the three major stresses 

(one axial and two radial) where the asymmetric stress state is calculated as: 

P = 1/3 * (Ϭa * Ϭr)                   Eq. 

6.16       

Applied axial and radial components of the stress would also influence the strain (ε) on the 

total three-dimensional asymmetric cylindrical powder components of the feed mixture system 

(Fig. 6.12). 
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Figure 6.12 – Axial and radial components of stress (A) and strain (B) on axisymmetric powder system 

during compaction. Based on Cocks (2008).  

The loading (Fig. 6.12 A) has the Mises equivalent stress related to major shear stresses defined 

as: 

 q = (Ϭa - Ϭr)                    Eq. 

6.17 

The axisymmetric condition of Figure 6.12 B represents the axial and radial strains under axial 

and radial loads. These strains can be defined as the volumetric strain (εv) and the equivalent 

strain (εe), explained in eq. 6.18 and 6.19, respectively. 

εv = εa + 2εr                     Eq. 

6.18  

εe = 2/3 (εa - εr)                       Eq. 

6.19 

Compacted feed mix shows the elastic properties where particles are uniformly distributed in 

all orientations and can identify the response, defined as the relationship between stress and 

strain, by volume change (εv) presented in eq. 6.20 The effective stress leads forward to a shape 

change of the feed mixture powder system, shown in eq. 6.21. 

εv = p/K                     Eq. 

6.20 

εe = Ϭe / 3G                    Eq. 

6.21 

Where: p – pressure; K – bulk modulus; G – the shear modulus 

If the response of the feed mixture powder materials would be uniaxially loaded the yield stress 

below the elastic response can be taken into account. However, this would be incorrect due to 

multiaxial loading influenced by the three-dimensional structure of the feed pellet. Therefore, 

it can be concluded that the pressure (p) in three-dimensional feed mixture powder systems 
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affects changes in the volume of the feed pellet. The stress, however, influences the shape 

change which is characterized by the effective accumulated strain in a three-dimensional feed 

pellet.         

6.13 Physical and mechanical pellet quality  

It is vital to understand the behavior of the feed particles compacted in the pellets due to the 

assessment of the final product’s quality and possible prediction of failure in manufacturing. 

The physical and chemical behavior of feed pellets depends greatly on the amount of water that 

is present during the pre-compaction stage in the feed mixtures. Water is not dictating only the 

physical properties of the feed pellets but also the biochemical degradation, and microbial 

activity in the products (Lewicki, 2004). The way how the water molecules are bound to the 

internal structure of the feed mix powders and the degree to which water is freely available can 

be valuable information to understand the water activity (aw) of a feed mixture during pelleting 

or in the downstream processes after pelleting. The aw of powders can be defined as the 

equilibrium relative humidity of the material. When a feed mix powder comes into equilibrium 

with its environment prior to compaction the aw in the powder is like the relative humidity of 

the atmosphere found in the feed mixture. Therefore, the feed mixture powder does not gain 

nor lose moisture over time. The steady aw values are very important for assessing the phase 

transition on various temperatures of the feed mixture during and after pelleting. This is equally 

important for assessing the shelf life and physical quality of the pelleted product.  

 

6.13.1 Physical properties of feed pellets after pelleting  

Undesirable breakdown of compacted feed mixture can happen by fragmentation or abrasion 

during the transport of the feed pellets in the feed mill prior to packing or at the animal farms. 

This can further lead to dust formation and thus loss of the product in the system. The 

assessment and the physical property characterization of the feed pellets are very important and 

not an easy task. Porous feed mixture particles during the pelleting process are subjected to 

compression of multiaxial stress history. A better understanding of the structural changes that 

occur during pelleting of the feed particles at the molecular level would enable an effective 

understanding of the physical properties of pelleted feed products. This can also bring better 

assessment of the production parameters and hence optimize the physical properties of the final 

feed product. Multiple scientific techniques are available to provide valuable insights into the 

structural aspects of feed pellets. These findings can then influence further decisions or 

modifications to commercial technological approaches, thereby enhancing the physical quality 

of the product to better suit its intended application.  

Among many techniques, a tensile strength analysis is a compression test that is performed by 

a Brazilian test (Adams and McKeown, 1996). Such test can detect the failures that occur very 

often during feed packing, transportation, or unloading at the farm. Also, failures can arise 

during feed pelleting where the changed density of the feed mixture powder can influence the 

cohesion of particles and consequently physical damage to feed pellets. To assess the failures 

before and during compaction as well as during ejecting the feed pellets from the pelleting die, 

some physical quality analyses are necessary. Except for the Brazilian test, other physical 

quality tests for compacted feed pellets are texture analyses and durability.  
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Brazilian test may evaluate the texture properties of the feed pellets through hardness analyses. 

Hardness analyses are comprised of tensile stress test, diametral compression, and simple 

compression. For feed pellets, one of the most convenient analytical approaches is the 

diametral-compression test, which includes the uniform tensile stress (σd) development across 

the loaded diameter (d) (Kergadallan et al., 1997; Gethin et al., 2004). Equation 6.22 explains 

the diametral compression test: 

σd = 2F/πDt                    Eq. 

6.22 

Where:  

F - applied load 

Dt – sample diameter or thickness  

 

The diametral compression test consists of one dynamic cylinder that mechanically moves 

toward the feed pellet specimen.  The feed pellet that is placed on the fixed disc is being 

compressed. The type of failure and the failure stress depends on the shape of the surface used 

for loading the tested material (Sinka et al. 2004). Failure stress expressed in MPa and the 

relative densities of the compacted pellets are greatly influenced by the length and diameter of 

the pellet (Brewin et al., 2008). The simple compression test is also used to determine the 

physical properties of the material by applying two opposite forces and one coaxial 

compressive force (Fig. 6.13). 

 

Figure 6.13 - Compressive stress and shear stress without the failure line and with the failure line. 

 

During the compaction process, friction is exhibited between all surfaces at all points of the 

mechanical contact within the feed pellet. It is important to assess the influence of friction for 

predicting the final product quality.  
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6.13.2 Wetting and surface phenomenon of compacts 

The surface phenomena are very important during the processing of feed powders and during 

intended usage. The physical properties of the pellets and stability of the pellets are mostly 

decided during compaction. A large fraction of compacted feed products consists of different 

materials with various phase boundaries and interfaces. Understanding the interfaces of 

different materials could evaluate the absorption of different liquid substances added to the 

feed pellets after pelleting. This could predict the colloidal interaction forces between structural 

elements in the compacted pellets and the liquid substances. The surface tension and the 

attractional forces are present between all molecules. When a surface of a pellet is created by 

compaction it takes a long time for molecules at the surface to orient differently from previous 

orientation. The liquid adsorbent adsorbed on an air-solid interface could happen as the 

adsorption of water from moist air or oil in the downstream oil coating processing. The 

adsorption at the solid surface of the feed pellet is happening at predetermined adsorption sites 

that can bind the adsorbate molecules.  

Wetting and surface phenomena of the feed pellets are important to understand the contact 

angles (θ) of the adsorbents as for example oil or water and the pellets. When compaction of 

the feed mixture powder influences different densities in the feed pellets this can lead further 

to the formation of different surface properties of the pellets. This is usually happening when 

adsorbents are added to the feed pellets in the post-pelleting phase defined as top coating or 

vacuum coating. The surface contact angle between the adsorbent and adsorbing medium is 

based on three-phase boundaries: air, liquid, and solid. The equilibrium of those three phases 

is necessary to achieve the point lines of the contacts between the pellet surface and added 

liquids that can be described as wetting. If θ = 0° it can be concluded that the pellet is fully 

wetted and thus the liquid will spread in a thin layer over the entire surface of the feed pellet 

or it can be fully soaked in the pellet. Another extreme could be that θ = 180°. In this case, it 

can be concluded that the feed pellet cannot be defined as wetted. In such a case, the oil or 

water droplet is theoretically “hovering” over the feed pellet, and it is almost with no contact 

with the pellet surface. The interfacial tension between the air and the liquid is balanced by the 

elastic reaction forces at the surface of the feed pellet. Non-Newtonian liquids, e.g., starch 

suspensions, are the only ones to engage these forces. The Newtonian liquids, e.g., oil or water 

will spread over the feed pellet with gravitational help, ideally until it gets to one molecule 

thickness. During the capillary displacement of a liquid in a porous feed pellet filled with air, 

the air will be displaced by the liquid if the contact angle measured in the liquid is equal to zero 

value. Adsorption and desorption occur at the surface of the interface between the feed pellet 

and the fluid-atmosphere which is surrounding it. A good example is pelleted shrimp feed 

which stays for a long time submerged in the water prior to the shrimps would start eating it. 

Such conditions of mass transfer are recognized as solid-liquid boundary surfaces. When 

molecules of water are attracted to the surface of the submerged shrimp feed pellet, they will 

start to adhere to it. Adherence in this case is called the adsorption of the fluid to the solid. In 

the case of desorption, the fluid molecules are escaping from the solid matrix, the feed pellet. 

Such desorption could be present, for instance, during the drying process of the feed pellets. 

Under the drying process, the free water molecules at the surface of compacts start to escape 

into the relatively dry fluid atmosphere, dry air. Such escape of molecules will happen until 
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reaching the equilibrium of relative humidity. Adsorption or desorption of the fluid is ruled by 

the physical and chemical characteristics of the feed pellet and its surface (Fig. 6.14). 

Adsorption and desorption are dynamic states where molecules are leaving the surface in a 

desorption process, while other molecules are getting attached to the surface in an adsorption 

process. Equilibrium is reached when the number of molecules departing from the surface and 

those being attached is similar and remains averaged. 

 

Figure 6.14 - Adsorption and desorption equilibrium of the water at the surface of the feed pellet.   

 

Molecular adsorption in pelleted feed is the primary cause of swelling of the starches and 

changing the orientation of non-starch polysaccharides in the feed mixture or the feed pellets. 

The molecular adsorption process comes through the mechanisms of bound water, whereas 

capillary adsorption corresponds to free water. When the pellet is having low water activity, 

water molecules adhere easily to the surface of the feed pellet and its molecular structure. The 

water molecules are drawn into the network of the pellet wall only when the distance between 

the water molecule and the pellet becomes small enough. When the moisture of the feed pellets 

increases, the molecular attraction reduces, and therefore the volume increases. The volume 

increase of the pellet is closely equal to the volume of added water. Therefore, the deterioration 

of the compacted feed pellets can occur. In the case of shrimp feed pellets, it is undesirable to 

bring water activity to very low levels due to fast irreversible damage from adsorption 

compression when pellets are stored prior to feeding or submerged in water during feeding of 

the animals.  

The surfaces of the feed pellets are having porous structures with small cavities that promote 

water transport in, or out, of the feed pellet by capillary adsorption. This is happening when 

cavities in the structure of the pellets are optimally sized to hold water by forces of the surface 

tension. The addition of nano components, such as enzymes, or micro components as 

lignosulphonates, during the feed mixing, can change the ability of feed pellets to absorb water 

and hence change the product quality (Fig. 6.15). 
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Figure 6.15 Sessile water drop and contact angle (θ) measurement during different time intervals at the 

surface of compacted microalgae (C) with added lignosulphonates (LS), xylanase (NSP) and protease. 

Source: Salas-Bringas et al. (2015). 

 

 

The measurement of θ presented in Fig. 6.15 is called drop-shape analysis (DSA). The DSA 

analyses could be performed by using an optical instrument, with the image processing 

software, where the shape of a single drop can be analyzed and evaluated.  

 

6.13.3 Water activity and hygroscopicity  

Feed pellets produced with various combinations of feed materials will behave differently 

when the humidity is changed from lower to higher values. The adsorbed moisture content 

versus water activity (aw) could be measured by the eq. 6.23.  

 

(1/xw) · (aw/1-aw)                   Eq. 

6.23   

 

where: 

xw - moisture 

aw - water activity 

 

Except for changes in the physical properties the aw values can influence the population growth 

of microorganisms. Lower aw limits for microbial growth are defined as such: 

 

Bacteria (aw) 0.91 – 0.95     Halo-tolerant bacteria (aw) 0.75 

Yeasts (aw) 0.88      Osmo-tolerant yeast (aw) 0.70 

Molds (aw) 0.80      Xero-tolerant molds (aw) 0.65 

 

The relative rate of different spoilage reactions as a function of aw is presented in Fig. 6.16 
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Figure 6.16 - Relative rate of different spoilage reactions as a function of water activity aw in food. 1: 

lipid oxidation, 2: browning reactions, 3: enzymatic reactions, 4: molds, 5: yeasts, 6: bacteria. The 

dashed line indicates the sorption isotherm of the sample material.  Adopted from Figura and Teixeira 

(2007). 

 

The sorption isotherm and its shape could predict the quality of physical characteristics as a 

function of aw. The sorption isotherm is divided into three regions of water bonding states (Fig. 

6.17), where region I have a very low aw and moisture content.  

 
Figure 6.17 - Sorption isotherm graph showing three regions of water activity. Source: Figura and 

Teixeira (2007). 

 

In region I water is completely bound and unavailable to contribute to any kind of change of 

the pelleted feed material. Most feed pellets in this region are hard and brittle. It is a very rare 

occurrence that the dry feed pellets will be in the region I. Most of the finished feed pellets are 

out of region I and within region II. In region II the aw is low enough, thus the spoilage reactions 

cannot proceed if the enzymes are not existing. This region is good for dehydrated pellets 

intended for long-term storage. Region III is the region where uptake of the moisture happens 

rapidly. The moisture content comes to the levels where the water can be free and thus support 

chemical and biological reactions. In this region, the feed pellets show elastic and semi-plastic 

behavior.  
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6.14 Significance of rheology research in feed pelleting 

 

The deformation and flow of feed material under applied stress are adequately studied in the 

science of rheology. Rheology is used to study the flow and deformation of feed raw materials 

and compacted feed pellets under different conditions, such as temperature, pressure, and shear. 

In feed pelleting, rheology research helps to understand the behavior of the feed materials 

during pelleting, extrusion, or transportation. Any change of behavior may affect the nutritional 

and physical quality of the final feed product. Studying how materials flow and change shape, 

called rheology research, is important for making animal feed. The science of rheology can 

help feed manufacturers to optimize feed manufacturing in order to gain better mechanical 

pellet quality. Such research can help optimize the feed pelleting process by providing insights 

into the behavior of the feed materials under different conditions. This can lead to the 

development of more efficient pelleting methods, resulting in higher technical and nutritional 

quality and more consistent feed products. All this can lead to manufacturing quality feed 

products with lower prices and an overall better economy. Rheology research can help in 

understanding the factors that influence pellet durability and hardness as indicators of 

optimized mechanical feed quality. By studying the rheological properties of the feed materials, 

researchers can identify the ideal conditions for producing optimal durable and stable pellets. 

Hence, rheology can facilitate control of the quality of the feed pellets by understanding the 

factors that affect their physical and chemical properties. By knowing the rheological properties 

of the feed materials, researchers can develop strategies to optimize and control the factors 

such as pellet density, size, and shape, which can affect the nutritional value of the final 

product. Optimized feed manufacturing can improve overall feed quality, reduce feed wastage, 

and enhance animal performance. However, the feed manufacturing process can be challenging 

due to the complexity and variability of feed materials found in the formulated feed, which can 

alter pellet quality and production efficiency. Therefore, it is needed to study the flow and 

deformation of materials under stress during and after pelleting. Understanding the physical 

properties of feed materials in the ever-changing composition of the animal feed, such as their 

viscosity, elasticity, and plasticity can optimize their behavior during pelleting too. By 

measuring and analyzing these properties, investigators can optimize the formulation and 

processing parameters of certain novel feed materials. In such a way, the investigators may 

identify and address problems that may arise during the pelleting process, such as clogging of 

the pelleting die, bridging of the material or pelleting die wear. By understanding the 

underlying causes of these issues, the feed industry can develop strategies to improve pellet 

quality, reduce downtime, and increase profitability. 
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7 Hypotheses and aims of the Ph.D. thesis 

 

To understand the main existing issues in feed manufacturing it is vital to investigate and isolate 

the important factors that may influence further development. It is hypothesized that the 

understanding of the rheology of novel feed ingredients is rather poor. Thus, there is inadequate 

knowledge of the rheology of feed materials deriving from unicellular organisms. The 

importance of offering future directions of the technology, methods, and novel feed ingredients 

for better management in the feed mills has been prioritized in Paper I.  

Experiment I, Paper II have been designed to examine the hypothesis that the pin-pointed 

novel feed ingredients from Paper I, microalgae, together with lignosulphonate, can affect the 

physical strength and decrease hydration of the compacted microalgal pellets. It was also 

hypothesized that microalgal pellets can affect swelling under stagnant water. However, the 

inclusion of feed additives based on lignosulphonate and enzymes can minimize pellet 

swelling. Therefore, the aim of Paper II was to investigate steps forward and to rheologically 

characterize the pellets made of microalgae and understand better their shelf-life potential 

during the storage and usage phase underwater. 

In Experiment II, Paper III the objective was to study the hypothesis that different enzymes 

and their dosage can lower the pressure at anticipant flow when a novel material based on 

microalgal biomass is pelleted by a single die pellet press. Furthermore, the hypothesis that 

both novel materials and different dosages of enzymes may reduce the tensile strength of the 

pellets was examined. Also, the hypothesis was that the inclusion of enzymes in microalgal 

pellets can reduce the underwater pellet swelling and decrease the interaction of the pellet 

surface with oil and water. Paper III investigated these hypotheses.   

Experiments III and IV in Paper IV were systematized to investigate the hypothesis that a 

novel feed ingredient, the yeast Cyberlindnera jadinii, as a replacer of the fishmeal in the 

whiteleg shrimp (Litopenaeus vannamei) diet with or without adding enzymes, can influence 

pressure at anticipant pellet flow out of the pelleting die by worsening pellatability and physical 

properties of the pellets. Paper IV investigated these hypotheses. 

 

 

 

 

 

 

 

 

 



39 
 

8     Materials and methods 

 

To attain the goals of the Ph.D. thesis work, the investigational effort has been guided by 

several steps, as presented in the outline of this thesis (Figure 5.1). Those steps include:  

- Screening and investigation of the current issues in the feed manufacturing technology, 

- Identifying the novel feed raw materials where poor or none of the published work has been 

done regarding the technical quality of the feed pellets and inclusion of enzymes, 

- Mixing of the novel materials with enzymes, 

- Single die pelleting, and 

- Analytical methodology development and/or introduction for the assessment of technical 

pellet quality. 

 

8.1 Screening of the current issues in feed manufacturing and identification of the novel 

raw materials worth exploring  

 

Among many different issues occurring in an ever-changing approach to feed manufacturing, 

the need for novel protein-based raw materials has been recognized as worth exploring. The 

focus was set on the physical quality of the pellets that incorporate novel protein-based raw 

materials. Microalgae and yeast were identified as novel materials of importance in terms of 

the physical quality of compacted feed pellets for livestock and aquaculture. Both microalgae 

and yeast are sustainable feed materials with low environmental impact, as they do not require 

large amounts of land, water, or energy to produce. As such, they have been explored as 

potential alternatives to traditional feed materials such as fishmeal. Also, the enzymes phytase, 

protease, xylanase, and endo-exo 1.3-beta-glucanase were used to explore their influence on 

the potential utilization of the novel raw materials. Enzymes can unintentionally affect the 

contents inside and outside of the cells that are being disrupted. Therefore, thorough 

optimization and evaluation of enzyme treatment were conducted. The novel materials and 

enzymes were chosen to explore their influence on the die-wall friction during pelleting, the 

final physical quality of pellets, and overall manufacturing aspects such as the pressure at 

anticipant flow.   

 

8.2 Mixing process 

 

The target of the mixing process during the Ph.D. study was to ensure the homogeneity of 

water, enzymes, and novel materials in the powder feed mixture to be pelleted. The hypothesis 

was based on the fact that some enzymes or combinations of enzymes in different dosages may 

decrease the friction between the powder feed mixture and the pelleting die wall. Such 

decreased friction may improve downstream process efficiency. However, decreased friction 

can also cause weaker packing of the feed particles and thus create a low physical quality of 

the pelleted feed product. Mixing of novel feed raw materials with the enzymes xylanase 

(0.01%) and protease (0.006%) in Paper II, and phytase, protease, and xylanase at 3 inclusion 

levels (Paper III), as well as the addition of an enzymatic cocktail, made of protease and endo-

exo 1,3-β-glucanase (Paper IV), was done with the same mixing time of about 800 seconds. 

The mixing time was chosen to ensure a homogeneous mixture when the speed of the mixing 
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device was 250 rpm. and the mixing knife speed was 500 rpm. During the mixing of the novel 

raw material or formulated diets, 2.5% of distilled water (Paper III) or 10% of distilled water, 

were added to the feed mixture (Paper IV) to secure enough moisture for further enzymatic 

and manufacturing processes. Water was also used as a carrier of the minor enzymatic dosages 

so that homogeneity of the enzymes could be achieved throughout the entire mixing batch. 

Prior to pelleting, all homogeneous mixtures from each experiment were placed in vacuum-

sealed bags and stored in the freezer at an average temperature of -20°C.     

 

8.3 Steam conditioning of experimental mixtures 

 

Paper IV describes the simulation of commercial steam conditioning. Each dosage of the 

mixed feed was weighted to be 0.13 g each and had a moisture level of 13%. Each feed dosage 

was thereafter placed in Eppendorf tubes which were sealed well and prepared to be 

conditioned by evaporating the free water found in the Eppendorf tube and between the feed 

particles. The steam forming in the Eppendorf tube happened when 30 sealed tubes were placed 

into the boiling water for 3 minutes. Thereafter, the tubes were placed at a temperature of 4℃ 

to cool down so that free water would condense rapidly within the entire feed mash present in 

the tube. Steam-conditioned feed mixture from a single Eppendorf tube was used to produce 

one pellet.  

 

8.4 Pelleting of experimental mixtures  

 

Pelleting process for the entire Ph.D. thesis was done with a single-die pellet press designed at 

the Norwegian University of Life Sciences, Ås, Norway. Single-die pelleting equipment was 

used to facilitate precise control of applied pressures, pelleting time, and temperature. Also, a 

very small amount of the material, about 0.2 grams, was used when pelleting with a single-die 

pellet press. The entire investigation was done with 250 grams batches for each experimental 

treatment. A thorough description of the pelleting process and the pelleting equipment is given 

by Salas-Bringas et al. (2010, 2011). Pellets were produced at the temperature of 81°C due to 

protection of the animal feed against salmonella and with respect to Norwegian regulation, 

VKM Report 2006: 20, 3B. To characterize the compressibility of microalgae pellets in Paper 

II the pressures of 7, 11.6, 23.3, and 35 MPa were used at a constant temperature of 81°C. 

Thereafter the chosen pressure of 12 MPa and the load of 285 newtons with the compressing 

speed of 10 mm/min were used during pelleting in Papers III and IV. The pellet diameter for 

all treatments was 5.5 mm. The total retention time of the materials in the compressing channel 

of the blank die was 9 minutes for all the experiments and all the treatments. 

 

 

8.5 Physical pellet quality assessment and analytical methodology  

 

A short overview of the methods used for assessing the physical pellet quality and surface 

properties is presented in Table 8.1.  

Regarding the aspect of developed analytical methods of work used in Paper II and III, the 

underwater pellet swelling method (UPS) with image analyses, must be pinpointed as a novel 
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analytical approach. Such methodology is particularly important for the precise measurements 

of the lifetime of pelleted products intended to be used in aquaculture production (Paper IV). 

To monitor the swelling of a pellet under stagnant water a specific arrangement including 3D 

printed platform for the pellet and the tweezer for placing the pellet onto the platform was 

designed and incorporated into a pre-developed glass container. Such an arrangement was 

incorporated into the commercial imaging analysis system, an optical tensiometer (Paper II). 

An optical tensiometer was also used for assessing the hydrophobicity and hydrophilicity of 

diametral surfaces of pelleted microalgal biomass (Paper II and III) and pelleted feed.  

 

Table 8.1 An overview of the methods used for assessing the technical pellet quality   

Quality parameter Method description The indicator for: 

Tensile strength, hardness 

Diametric compression test (Paper II, III 

and IV) by using force (F) in Newtons 

during a diametral compression at 1 

mm/min 

Stability of the pellets during handling and  storage. 

Pellet stability under water 
Pellet swelling, image analysis (Paper II 

and III) 
Pellet hydration and swelling under stagnant water. 

Pellet surface interaction 

Surface contact angle - image analysis and 

water or oil adsorption properties (Paper 

II, III and IV) 

Water or oil-repellent properties. Changed interaction 

of the pellet with oil and with water due to enzymatic 

treatment of microalgal biomass and/or replacement 

of the fishmeal with yeast. 

Water activity 

Measuring the ratio of the vapor pressure 

of water in the substance to the vapor 

pressure of pure water at the same 

temperature and pressure. 

Growth of microorganisms, enzyme activity, and 

chemical reactions that affect product quality and 

storage stability. 

Particle size distribution 

Malvern Mastersizer, determination of the 

particle size distribution in the feed mixed 

mash (Paper III and IV) 

Improved availability of the mixed feed particles 

during steam conditioning and compaction during 

pelleting. A higher surface area leads to higher 

compaction and densification and lower dissolution 

underwater.  

Pellet surface roughness 

Surftest SJ-210 as a numerical scale of the 

surface condition influenced by novel 

materials or the enzymes with diverse 

packing-ability of the particle in the pellets 

(Paper IV) 

Uneven or slow material flow in processing 

equipment. A smooth pellet surface can reduce 

friction and improve flowability during pelleting. 

Also, the impact of the dissolution rate of the pellets 

under stagnant water and physical pellet quality 

where smooth pellets may have better packing of the 

feed particles and thus withstand longer the attrition 

during transport. 

Measuring of soluble protein 

and phosphorous 
Spectrophotometric method (Paper III) 

Changed chemical properties of the microalgal 

biomass due to enzymatic treatments. 

Pressure at initial flow 

measurement (p-max) 

Measuring maximum pressure required to 

initiate compressed pellet to flow through a 

pelleting die (Paper II, III and IV)  

Friction between the die wall and the pellet surface 

that may lead to more energy consumption during 

pelleting.  
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9 Results and Discussion 

 

9.1 Raw materials for future challenges in the feed production 

 

Novel feed raw materials and their nutritional and rheological variability must be understood 

prior to animal feed being formulated and certainly before feed manufacturing. Achieving 

sustainable, efficient, and flexible feed manufacturing must include a good understanding of 

the rheological relationship between conventional and novel raw ingredients. Hence, the role 

of novel ingredients integrated into animal feed in the pelleting process is becoming very 

important. In Paper I it was concluded that there is often tension between the routinely used 

commercial feed ingredients and the high capital technological infrastructure that dictates the 

ways that animal feed is manufactured. The variation in the feed ingredients may be 

considerably high across different ingredients and within a single ingredient and its dosage. 

Without a complete rheological analysis of a single feed ingredient and its inclusion in the feed 

formulations, the production variability during feed manufacturing will continuously be the 

unknown factor that may endanger the process of sustainable manufacturing.  

Inconsistent and unexpected processing may result in inaccuracies in technical, physical, and 

nutritional feed quality too. An optimal inclusion level of the novel feed ingredients can be 

used in the pelleting process when precise effects of processing are known. Adopting and 

developing analytical techniques are also rather important for measuring the physical properties 

of animal feed. The key elements from a feed manufacturer’s perspective and the criteria for 

potential inclusion rates, stability, handling, and energy consumption are all important when 

measuring pellet quality. Various changes during the feed pelleting process may happen due to 

the chemical composition of the raw materials previously defined as by-products, and their 

thermomechanical properties in relation to the effect on pellet manufacturing (Paper 1). This 

agrees with Bastiaansen et al. (2023) where the focus has been on the thermomechanical 

properties of novel ingredients that can adversely affect pelleting process with increased energy 

costs and decreased final pellet quality. Alternative feed ingredients should not increase energy 

consumption during feed manufacturing unless the inclusion of such ingredients reduces feed 

costs (Paper I). The usage of microalgae and yeast as protein sources instead of fishmeal, 

together with feed enzymes, may lower electrical energy usage considerably (Paper III and 

Paper IV). Nevertheless, this can influence the other factors defining the technical quality of 

the feed pellets such as densification, tensile strength, the surface roughness of the feed pellets, 

interaction of the pelleted material with oil or water, etc.. 

 

9.2 Pressure and its influence on density change in the microalgal pellets 

 

Most of the powders when being compacted would change their density according to given 

pressures in the pelleting die. However, this density change is not observed when compacting 

the microalgal biomass beyond the pressure of 7 MPa (p<0.05) (Paper II). The compressibility 

of microalgae can be swiftly changed from the bulk density of 600 kg/m³ when compressed to 

1400 kg/m³ by applying the pressure of 7 MPa. When applying any further pressure from 7 

MPa to 35 MPa no further densification has been observed (Paper II). However, below 7 MPa 

the pellets were not sufficiently strong to keep a cohesive shape during handling, thus causing 
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severe breakage of the pellets. The cause for this observation, once the compacting load has 

been removed, may be attributed to an elastic relaxation in the microalgal biomass. Such 

relaxation or recovery is resisted due to presence of the friction between the compacting-die 

wall surfaces. This friction force, as previously explained, has matched the recovery force 

within the compacted pellet. Similar behaviour has been also observed in pellets made of 

co<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>