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Summary 

To ensure bacterial safety, high heat loads are frequently applied during preparation of cod in 

industrial settings and at institutional kitchens. This renders the fish overcooked, dry and tough, and 

may contribute to unnecessary amounts of food waste. 

How can we contribute to optimal heating practices for cod, yielding a safe, tasty and healthy meal? 

In this thesis work, a physics-based mathematical model for coupled transport of heat and moisture 

during cooking in a convection oven was developed from first principles. Properties and variables 

needed were measured for untreated and lightly salted cod (1-3 g/100 g NaCl), correlated with the 

measured protein denaturation, and used to predict the temperature distribution and moisture loss 

during heating. The model was validated with good agreements between measured and predicted 

temperature profiles and average concentration of retained water during heating. The model 

predicted increased retention of moisture with increasing salt concentration in the samples, which was 

in agreement with experimental data obtained in other studies. 

During cooking of cod loins, the temperature rise in the loin is coupled with loss of moisture either 

through evaporation and/or as liquid exudate. The liquid expelled is not pure water and has different 

properties from those of water. The relative amounts, components and properties of the liquid, 

referred to as cook loss, was investigated as a function of heating temperature to gain further insight 

regarding which processes occur during heating. It was found that roughly 10 % of the cook loss was 

protein, and that the liquid permeability through the muscle tissue was in the order of 10-16 to 10-15 

m2, which is higher than reported values for meat. Simultaneously with the transfer of heat and 

moisture, the cod loin undergoes change in dimensions, which is a complex phenomenon rooted in 

changes in the muscle structure at microscale. In this work, dimensional change of minced samples 

was investigated and modeled using a kinetic approach. The degree of changes in properties and 

dimension depend on raw material quality, including concentration of salt and freeze storage 

temperature. Unsalted, minced samples stored at a stable, low freezing temperature tend to undergo 

shrinkage in length and swelling in height. 

The models developed in this thesis work can be applied as optimization tools to create heating 

regimes aimed at providing safe, nutritious and tasty meals with cod.  



- iii -

Sammendrag (dansk) 

For at sikre fødevaresikkerheden anvender industri- og institutionskøkkener ofte en kraftig 

varmebehandling ved tilberedning af torsk, hvilket kan resulterer i en overkogt, tør og sej fisk og 

således bidrage til et unødigt madspild. 

Hvordan kan vi bidrage til en optimal tilberedningspraksis for torsk, som giver et sikkert, velsmagende 

og sundt måltid? 

I dette ph.d.-arbejde blev der udviklet en fysikbaseret matematisk model for transport af varme og 

væske under ovnbagning. Egenskaber og variabler til brug for modellen blev målt i henholdsvis rå og 

letsaltet torsk (1-3 g/100 g NaCl), korreleret med målte proteindenatureringer og anvendt til 

forudsigelse af temperaturfordeling og væsketab under opvarmning. Modellen blev valideret med god 

overensstemmelse mellem målte og forudsagte temperaturprofiler og gennemsnitligt vandindhold i 

fisken under opvarmning. Modellen forudsagde, at letsaltet torsk havde et mindre væsketab end 

usaltet torsk, hvilket er i overensstemmelse med eksperimentelle data fra andre undersøgelser. 

Under tilberedning af torskefileten kobles temperaturstigningen i fileten med tab af fugtighed enten 

ved fordampning og/eller som væsketab. Væsketabet består ikke kun af vand og har derfor andre 

egenskaber end rent vand. De relative mængder, sammensætning og egenskaber af væsken, kaldet 

kogtabet, blev undersøgt som en funktion af opvarmningstemperaturen for at få yderligere indsigt i 

hvilke processer, der foregår under opvarmning. Cirka 10% af kogtabet var protein, og 

væskepermeabiliteten gennem muskelvævet var i størrelsesordenen 10-16 til 10-15 m2, hvilket er højere 

end rapporterede værdier for kød. Samtidig med varme- og væsketransporten ændres torskefiletens 

størrelse. Dette er et komplekst fænomen forårsaget af ændringer i muskelstrukturen. I nærværende 

arbejde blev ændringer i dimensionerne af hakkede torskeblokke undersøgt og modelleret ved hjælp 

af en kinetisk model. Størrelsen af krympning eller øgning afhænger af råvarens kvalitet, inklusiv 

saltkoncentration, samt af en eventuel fryselagringstemperatur. Usaltet, hakket torsk opbevaret ved 

en stabil og lav frysetemperatur krymper generelt i længden mens højden samtidig øges. 

De modeller, der er udviklet i denne ph.d.-afhandling, kan bruges som optimeringsværktøjer til 

udvikling af opvarmningsprocedurer, som vil kunne føre til fremstilling af sikre, næringsrige og 

velsmagende måltider med torsk. 
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Sammendrag (norsk) 

For å sikre mattrygghet blir det ofte brukt høye varmebelastninger under tilberedning av torsk i 

industrien og på institusjonskjøkken. Dette gjør fisken overkokt, tørr og seig, og kan bidra til at 

unødvendige mengder mat blir kastet. 

Hvordan kan vi bidra til optimal matlagingspraksis for torsk, som gir et trygt, velsmakende og sunt 

måltid? 

I dette avhandlingsarbeidet ble en fysikkbasert matematisk modell for transport av varme og væske 

under ovnsbaking utviklet. Egenskaper og variabler til bruk i modellen ble målt for ubehandlet og 

lettsaltet torsk (1-3 g/100 g NaCl), satt i sammenheng med proteindenatureringen og brukt til å forutsi 

temperaturfordeling og væsketap under oppvarming. Modellen ble validert med god overensstemmen 

mellom målte og beregnede temperaturprofiler og gjennomsnittlig vanninnhold i fisken under 

oppvarming. Modellen beregnet at lettsalta torsk hadde mindre væsketap enn usalta torsk, som er i 

samsvar med eksperimentelle data fra andre studier. 

Under tilberedning av torskefilet er temperaturøkningen i fileten koblet med tap av fuktighet enten 

gjennom fordampning og/eller som flytende væsketap. Væsketapet er ikke rent vann og har 

forskjellige egenskaper enn vann. De relative mengdene, komponentene og egenskapene til væsken, 

som kalles koketap, ble undersøkt som funksjon av oppvarmingstemperatur for å få ytterligere innsikt 

om hvilke prosesser som skjer under oppvarming. Omtrent 10 % av koketapet var protein, og 

væskepermeabiliteten gjennom muskelvevet var i størrelsesorden 10-16 til 10-15 m2, noe som er høyere 

enn rapporterte verdier for kjøtt. Samtidig med transport av varme og væske gjennomgår torskefileten 

endringer i størrelse. Dette er et komplekst fenomen som skyldes endringer i muskelstrukturen. I dette 

arbeidet ble dimensjonsendring av kvernet torsk undersøkt og modellert ved bruk av en kinetisk 

modell. Mengde krymping eller svelling avhenger av råvarekvalitet, inkludert konsentrasjon av salt og 

temperatur på fryselageret. Usaltet, kverna torsk oppbevart ved en gunstig, lav frysetemperatur 

krympet generelt i lengde samtidig med en økning i høyden. 

Modellene som er utviklet i dette avhandlingsarbeidet, kan brukes som optimaliseringsverktøy for å 

lage oppvarmingsregimer rettet mot å gi sikre, næringsrike og smakfulle måltider med torsk. 
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1. Introduction 

Industrially heated fish is often heated sufficiently long to attain a required reduction in the numbers 

of relevant bacteria, such as Listeria. To make sure that the required reduction is achieved, the 

manufacturers usually overheat the fish, in accord with the precautionary principle and good 

manufacturing practice. This practice is successful in achieving a longer shelf life and in limiting 

foodborne disease. On the other hand, it can be problematic for several other aspects of the quality 

of ready meals, such as taste and texture. This is especially true for lean fish species like cod, which 

frequently ends up dry and tough when overheated. 

The goal of this PhD thesis was to create a mathematical model for cooking of cod in a convection 

oven, which could later be used for optimization purposes, including industrial optimization of ready 

meals with cod. To ensure industrial relevance, Matbørsen, a Norwegian company producing ready 

meals for sale in grocery stores, took part of the project. They initially gave advice and comments 

regarding their production needs, and we visited their factory to get an overview of their process. The 

insight gained from these experiences worked as a backdrop during the project. 

The developed model for cooking of cod builds on the PhD work of Aberham H. Feyissa, who developed 

a model for cooking of meat. Previous work performed by Izumi Sone and Dagbjørn Skipnes (Project: 

Optimal 1), had shown that converting Aberham’s model to cooking of cod required further 

adaptations than changing the thermophysical properties and water holding capacity to that of cod to 

make it accurate. It was suggested that more experimental data should be acquired, and further 

modeling work performed, which lead to the initiation of the Optimal 2 project, in which this PhD work 

was carried out. In addition to the PhD work, three master (Mette R. Vaka, Åse V. Hodnefjell, and Tale 

Nygård) and three bachelor students (Hrant Shamiran, Vanessa Meling and Ida Bjørnstad) successfully 

completed their respective theses within this project under supervision of myself and Dagbjørn, and, 

in the case of Åse, Aberham and Flemming Jessen were the primary supervisors. The work and ideas 

of the students were valuable additions to the project, and some of their data has been included in 

the models and publications presented here. 
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Before going in depth about the work of this study, there are some important points which need 

introduction. These are: 

1. How differences in cod raw material can affect the validity range of the results, and how this

can be approached in studies requiring longer time than cod can be kept fresh (Section 2.1);

2. How cod muscle is built up and how the structure changes during heating (Section 2.2);

3. and finally: How physics-based modeling can be used to predict transfer of heat and moisture

during heating processes (Section 2.3).
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2. Background

2.1 Cod as a raw material 

2.1.1 Some general points regarding the quality of cod 

The quality of cod is highly diverse depending on a range of parameters (e.g. Love, 1980; Kristoffersen, 

Vang, Larsen & Olsen, 2007; Rotabakk, Skipnes, Akse & Birkeland, 2011; Rotabakk, Bleie, Stien & Roth, 

2014; Jørpeland, Imsland, Stien, Bleie & Roth, 2015; Hultmann, Tobiassen, Aas-Hansen, Phu & Rustad, 

2016; Ageeva, Olsen, Joensen & Esaiassen, 2018). Generally speaking, these can be divided into three 

groups: 

1. How and for how long the fish lived;

2. How the fish was sacrificed or died;

3. Ante mortem processing

Considering the second point, reduction of stress is key both for fish welfare and muscle quality. Figure 

2-1 below gives further details of parameters in each group.

Figure 2-1. Important raw material parameters relating to the quality of cod. 
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At the time of writing (2019), only wild cod is found in the Norwegian supermarkets. Wild and farmed 

Atlantic cod belong to the same species (Gadus morhua) but live in habitats which differ in food 

availability and feed composition. Figure 2-2 gives an overview of farming/feeding and important 

processing choices on selected quality parameters of cod. The research that the figure is based upon 

was published between 2006-2008 (Kristoffersen et al., 2006b; Kristoffersen, Tobiassen, Steinsund & 

Olsen, 2006a; Olsson, Seppola & Olsen, 2007; Larsen & Elvevoll, 2008; Larsen, Olsen, Kristoffersen & 

Elvevoll, 2008), during which period cod was farmed commercially in Norway and its quality researched 

extensively. Among other concerns, it was found that the quality was poor compared to wild cod with 

regards to liquid loss and gaping, which are associated with a low muscle pH (Kristoffersen et al., 

2006b). Low muscle pH was probably a consequence of higher glycogen level in the muscle after 

slaughter than wild cod, which was found in an early study comparing wild and farmed cod (Rustad, 

1992). Since cod farming collapsed in 2014, very little (if any) research has been published on the 

comparative muscle quality of farmed and wild cod. As documented by several news articles (incl. 

Aadland, 2018; Lillegård, 2018; The Fish Site, 2019), cod breeding has continued, and the new 

generations of bred cod show promise for renewed farming in the future. Improvements in the quality 

of farmed cod compared to that 10 years ago are therefore expected. 

Figure 2-2. The effect of feeding and selected processing choices on raw filet. 1: As compared to wild, unfed cod; 

2: As compared to post-rigor filleted cod; 3: As compared to no additives. Based on literature referenced in the 

text (2006-2008). 

2.1.2 Raw material considerations and freeze storage 

When applying different test conditions to analyze the effect on a raw material, it is important that 

the raw material initially is as homogenous as possible, so that any real difference in response to the 

test condition can be measured statistically1. With cod this may be difficult to achieve in practice, 

especially when working with fresh cod which changes throughout the season (Love, 1980). The wild 

cod found in the supermarket is in addition of unknown age, and caught using a range of methods, 

1 Of course, this represents a danger to the validity range of the results: If the raw material is diverse, and the material chosen for testing 
represent only a small fraction of the diversity, the results could not be trusted to represent the whole group of raw material. 
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which also influences the quality (Borderias & Sanchez-Alonso, 2011; Rotabakk et al., 2011). When 

working with farmed cod, the history of the fish is known, and it is also possible to acquire a large 

amount of fish with the same history. This can be a great advantage since it increases the chance of 

having a more uniform raw material, but it raises the question of storage, and – when performing 

experiments which require a long time-span – freezing. 

Burgaard & Jørgensen (2010) found that blast freezing (-40 °C) in combination with freeze storage at -

40 °C or lower resulted in no differences in “water pools”, i.e. no observable movement of moisture, 

as measured using LF-NMR during the first 18 months after freezing. This indicates stability in the sense 

of negligible re-crystallization of water. In comparison, cod stored at -20 °C showed changes in water 

pools after 4-5 months frozen storage. Samples stored between -10 and -30 °C also showed a 

significant decrease in water holding capacity (WHC, see Section 2.2.3) as a function of storage time, 

while samples stored at -40 °C or below remained at a high WHC for 18 months (Burgaard & Jørgensen, 

2010). Comparing denaturation profiles for fresh cod (Hastings, Rodger, Park, Matthews & Anderson, 

1985), cod stored at -80 °C (Skipnes, Van der Plancken, Van Loey & Hendrickx, 2008) and -24 °C 

(Thorarinsdottir, Arason, Geirsdottir, Bogason & Kristbergsson, 2002) also imply that storage at -80 °C 

causes no detectable changes in protein denaturation temperature (see Section 2.2.2), while storage 

at -24 °C causes some freeze-denaturation. 

2.1.3 The effect of salt at low concentrations 

In an industrial setting, salt is frequently added to cod during production. Brining at low concentrations 

(<5.8 g/100 g NaCl) adds a number of quality benefits, including increasing uptake and retention of 

moisture in the muscle (Offer & Trinick, 1983; Ofstad, Kidman, Myklebust, Olsen & Hermansson, 1996; 

Larsen & Elvevoll, 2008; Larsen et al., 2008; Johnsen, Jørgensen, Birkeland, Skipnes & Skåra, 2009). The 

increased retention of moisture is caused by a shift in the isoelectric point of the proteins, causing the 

structure to swell at physiological pH. Electrostatic and entropic forces may also be of importance 

(Offer & Trinick, 1983; Offer et al., 1989). 

The effects of high concentrations of salt (>6 g/100 g NaCl) on cod muscle will not be discussed in this 

work but are discussed extensively in the PhD thesis and publications of Thorarinsdottir (2010). The 

most important health related aspects of excessive consumption of salt are outlined in Paper II. 
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2.2 Structural changes during heating of cod 

2.2.1 Muscle structure 

Atlantic cod is a fish species with a high protein content, with reported values between 15-19 g/100 g 

(Dambergs, 1964; Solberg, Willumsen, Amble, Johanessen & Sveier, 2006), and a low fat content of 

approximately 1 g/100 g (Dambergs, 1964). The majority of the remaining fraction is water, with 

reported values between 79-81 g/100 g (Dambergs, 1964; Solberg et al., 2006). 

The structure of the muscle is built up as follows. The muscle is compartmentalized into rows of 

myotome “sheets” separated from each other by thin layers of connective tissue (myocommata) and 

connected to the bone and skin at the edge. The sheets are curved into a “W”-shape and are not of 

uniform thickness (Figure 2-3). The myotomes are composed of muscle bundles of approx. 1 mm 

diameter, in which several muscle fibers are grouped. The muscle fibers, i.e. the muscle cells, are 

surrounded by fibers and a cell membrane (the sarcolemma). Inside the cells, several myofibrils are 

stacked together. The myofibrils are composed of thin and thick filaments, which are primarily built up 

of actin and myosin (Figure 2-4). 
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Figure 2-3. Overview of the muscle structure in cod. Adapted from Lynum (1997). C.t.: connective tissue. 
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Figure 2-4. The build-up of thick and thin filaments in the myofibril. Inspired by Tornberg (2005). The bottom 

image to the left (the myofibril) is extracted from Lynum (1997). 

The literature concerned with the effect of heat on fish muscle is scarce in comparison with that 

describing the effects of heat on meat. There are also some important distinctions between the 

structure of fish muscle and mammalian meat, which leads to expected differences in heat-induced 

structural changes. Firstly, mammalian meat contains more connective tissue than fish. Secondly, 

muscle bundles from e.g. beef and pork are compartmentalized into relatively large anatomically 

distinct muscles in which muscle fibers are running in approximately the same direction. This is a 

contrast to the macrostructural unit of fish muscle, the myotome, where the fibers run from 

myocommata to myocommata, and changes direction in space (x, y, z) according to the direction of 

the myotome. As a consequence, the length of muscle fibers in fish muscle are not longer than the 

width of the myotome (approx. 1-10 mm), while the length of muscle fibers in meats can be several 

centimeters long. Another distinction between beef and cod muscle in particular, is the fat content. 

The fat content in beef is highly variable, with contents up to 20 g/100g reported (Gotto Jr, Scott & 

Foreyt, 1984). Cod does not store fat in the muscles, and as a result the fat content is much lower (<1 

%; Dambergs, 1964). Nevertheless, the muscle of fish and meats are built from highly similar basic 

units (myofibrils, muscle fibers and bundles), and with the previous points in mind, it is possible to 

draw from the pool of meat literature also when investigating heat-induced changes in fish muscle. 
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2.2.2 Muscle proteins and heat-induced denaturation 

The muscle proteins are often divided into myofibrillar, sarcoplasmic, and connective tissue proteins 

(Tornberg, 2005). The primary myofibrillar proteins are the action proteins myosin and actin (Figure 2-

4), the sarcoplasmic proteins constitute the soluble proteins of the sarcoplasm (incl. enzymes), and the 

connective tissue proteins constitute collagen and other fibers which form a boundary around each of 

the organization levels of the muscle structure (Section 2.2.1.). 

Muscle proteins are stable within certain temperature ranges. When temperatures above these are 

applied, they tend to unfold or change configuration, referred to as protein denaturation. The extent 

of these changes in return influences the quality aspects of the muscle, such as water retention and 

tenderness. A certain level of protein denaturation is required for cod to attain a “cooked” appearance. 

Figure 2-5. Determination of output parameters from DSC thermograms. PDT: protein denaturation 

temperature; Tonset: onset temperature; Tendset: endset temperature. 

The extent of protein denaturation under different processing conditions is frequently studied using 

differential scanning calorimetry (DSC; Skipnes et al., 2008; Yu, Llave, Fukuoka & Sakai, 2014). The 

principle of DSC is detection of the deviation in enthalpy required to increase the temperature of a 

sample compared to a reference. The extent of denaturation as measured by DSC is referred to as 

residual enthalpy and depend on measurement conditions such as heating rate and choice of pan (Yu 

& Christie, 2001). The denaturation temperature is often represented by a peak denaturation 

temperature (PDT), onset and endset temperatures. PDT is determined from the point of the 

thermogram where the residual denaturation enthalpy (RDE) of the peak is at its maximum, while the 
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onset and endset temperatures are determined from tangents drawn from the linear sections of the 

peak until intersection with a chosen baseline, as illustrated in Figure 2-5. For pure substances, the 

onset temperature can be interpreted as the melting temperature (Mettler-Toledo, 2006). 

2.2.3 Water in cellular structures 

During heating of muscle structures such as cod, water may be lost through evaporation and as liquid 

exudate. Understanding the distribution of water in the muscle is vital for decoding the mechanisms 

involved in its expulsion, and how to control and limit its extent. Throughout this thesis work, the liquid 

exudate dripping from the fish during heating is referred to as cook loss (CL) and does not include loss 

as evaporation (see also Section 2.3). The term cook loss is chosen to differentiate the liquid loss 

expelled during heating from that expelled during thawing or storage. Collectively, thawing loss and 

cook loss is referred to as liquid loss. 

It is common to consider the water in muscle structure as separated into three forms: 1.) bound (1 %), 

2.) immobilized (10-15 %) and 3.) free (84-89 %; Huff-Lonergan & Lonergan, 2005). Bound water is the 

fraction directly in the vicinity of hydrophilic non-water components, such as proteins. In Figure 2-6, 

the water inside the protein and that directly on its surface is referred to as bound. This water is held 

in place by interaction with the hydrophilic sidechains in the amino acid constituents of the proteins. 

Immediately next to the bound water, other water molecules are present. These are referred to as 

“immobilized” and are held in place primarily by hydrogen bonding to the bound water. Immobilized 

water may also be restricted by mechanical/physical barriers, referred to as steric hindrance. If not 

damaged, the cell membrane can function as a steric hindrance. Water floating freely in the 

extracellular space is referred to as free water and is easily lost as drip. 

In their review, Huff-Lonergan & Lonergan (2005) stated that water may be lost from several 

compartments, as viewed in Figure 2-7 below. The innermost compartment is inside the myofibrils, in 

the space between the thick and thin filaments (Offer et al., 1989; Figure 2-4). According to Offer et al. 

(1989), approximately 80 % of the water in meat is held inside the myofibrils in living muscle. This 

implies that any large change in distribution is caused by changes in the space inside the myofibrils. As 

the water exits, it may enter the intercellular space outside the myofibrils, and then move to the 

extracellular space. 
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Figure 2-6. Water in cellular tissues. Drawn based on information given in the review by Huff-Lonergan & 

Lonergan (2005). 

Figure 2-7. Proposed “compartments” of water in muscle tissue. Drawn based on information given in the review 

by Huff-Lonergan & Lonergan (2005). 
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On a gross scale, the ability of the muscle tissue to hold on to water when exposed to an external 

pressure is referred to as water holding capacity (WHC). It is usually given by the water content after 

processing as a fraction of the water content before processing, where processing could refer to either 

heating, centrifugation, or a combination (Skipnes, Østby & Hendrickx, 2007; see also Appendix B). 

2.2.4 Dimensional change 

In addition to loss of moisture, another phenomenon associated with structural changes during 

heating of muscle is shrinkage and/or swelling behavior, also referred to as dimensional change. 

Dimensional change of muscle structures during heating are reported both on a macroscale (e.g. 

Barbera & Tassone, 2006), and on a microscale (e.g. Ofstad, Kidman, Myklebust & Hermansson, 1993; 

Tornberg, 2005). In this context, dimensional change on a macroscale refers to processes which are 

observable by the naked eye, such as measurements of shrinkage in whole pieces of muscle (mm-cm). 

Changes in microscale refers to changes in the structural units of the muscle and require magnification 

to enable quantification (<1 mm, see Figure 2-3). In both scales, contradictions between studies are 

reported (Tornberg, 2005), and therefore it is very difficult to get a clear overview of what is 

happening. 

There seems to be consensus regarding the following: Dimensional change on a macroscale is 

correlated with swelling and shrinking of muscle fibers (microscale) as a consequence of protein 

denaturation and other changes in protein structure (e.g. aggregation and gelling). It is associated with 

release of water from the muscle, and it is assumed that shrinkage causes water to shift position within 

and eventually move out of the muscle structure. 

Ofstad et al. (1993) documented changes in the microstructure of cod muscle as a function of heating 

temperature during heating at 1 °C/min, followed by heating at a constant, final temperature for 10 

minutes. The most important results in the context of this thesis is extracted and simplified in Figure 

2-8 below. The authors found that when the final heating temperature was 40-45 °C, cod muscle cells

shrunk transversally, which lead to increased space between the fibers. If heated to 60 °C, the contents

of the muscle cells (the myofibrils) detached from the cell membrane, i.e. the sarcolemma. At 70 °C,

gaps started to appear in the sarcolemma, and there were visible networks of channels facilitating

liquid flow through the structures.
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Figure 2-8. Structural changes during heating of cod. The figure is drawn based on information given by Ofstad 

et al. (1993). 

Figure 2-9. Shrinkage observed in meat at microscale. Drawn based on information given in the literature review 

by Tornberg (2005). 
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Gradual development of gaps between muscle bundles and cells has also been observed for uncooked 

meat during storage, according to the review of Offer et al. (1989), wherein the authors discussed their 

own unpublished results. They reported that as the fibers and myofibrils shrunk, water accumulated 

in the extracellular space, first between the muscle bundles and later also between the muscle fibers. 

The authors also reported evidence for flow of water through continuous longitudinal channels 

between the fiber bundles. 

Shrinkage in both a transverse and a longitudinal direction has been documented in microscale during 

heating of meats (Figure 2-9). As was reviewed by Tornberg (2005), longitudinal shrinkage in the 

sarcomere units of the myofibrils has been observed after heating at temperatures between 40-50 °C. 

The muscle fibers has been observed to shrink longitudinally between 40 and 70 °C, and transversally 

between 40-60 °C. The latter observation also corresponds with the observations of Ofstad et al. (1993) 

for cod. Cooperative transversal shrinkage of whole muscle bundles has also been observed between 

40-60 °C.

2.3 Mathematical modeling of heating processes 

Mathematical modeling may be used to predict temperature development and migration of moisture 

during heating. Modeling tools can also be used for optimization purposes. If based on conservation 

laws and physical phenomena, models are not restricted to a certain size and fixed cooking conditions, 

and thus this is a more flexible approach compared to e.g. empirical regression analysis. 

Taking a physical approach, the rate of movement of heat (energy) and mass in a system, can be 

described using transfer equations. These equations describe the transit of heat or mass due to a 

gradient, i.e. a difference in the selected property as a function of space. Thus, by this definition, if a 

system is in equilibrium with regards to the selected property (e.g. temperature, or concentration of a 

substance), no net transfer will occur. Collectively, transfer of heat, mass, and other phenomena (incl. 

momentum) are referred to as “transfer phenomena” or “transfer processes”. Furthermore, different 

types of heat or mass transfer processes are referred to as transfer modes. 

In conventional heating processes, the heat transfer modes involved depend on whether fluids 

(convection) or solids (conduction) are in direct contact with the fish (Incropera & De Witt, 1985). In 

the context of this thesis, mass transfer refers to the transfer of moisture or liquid during heating. 

Thermodynamically speaking, the net mass transfer depends on whether the fish alone is considered 
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as the “system”, or if any container, baking plate or other surroundings immediate to the fish is 

included (see Figure 2-10). In this work, considering the fish as the system under investigation and any 

packaging or baking plate as the surrounding environment is the most useful approach. Following this 

approach, heating processes can roughly be divided into two groups according to which state of matter 

the moisture leaves the sample: 

1. Cook loss only. Processes where moisture leaves the fish primarily in a liquid state (referred

to as cook loss, see definition in Section 2.2.3; e.g. Fig. 2-10A)

2. Cook loss and evaporation. Processes where moisture leaves the fish both as liquid and gas

(i.e. evaporation, e.g. Fig. 2-10B)

Figure 2-10. Transfer modes involved in two heating processes used in this thesis work. A) Sous-vide; B) Oven 

heating at temperatures above 100 °C in unsaturated air. 

Table 2-1. Overview of the cooking methods discussed in this thesis work and the transfer phenomena involved 

in transferring heat from the surrounding medium (in brackets) to the surface of the food. 

Moisture 

leaves as… 
Heating process Temperature (°C) 

Mode of heat transfer to the 

product surface 

1.) CL only Sous-vide <100 Convection (water) to bag 

Baking in steam oven ≤100 Convection (steam) 

2.) CL and 

evaporation 

Baking in dry oven 120-150 Convection (air), conduction 

(baking plate) 
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When fish is cooked in a convection oven, moisture is transferred into the air by evaporation, and may 

also exit the fish as liquid loss. The rate of heat and mass transfer during cooking in a convection oven 

is dependent on the oven parameters, including the relative moisture content of the air, the speed at 

which the air moves in the oven (the fan setting), and the temperature of the oven. It may also depend 

on whether a wire rack or baking tray is used as the cooking surface, since a wire rack enables moisture 

transport from the fish through the bottom surface. Table 2-1 gives an overview of the heat transfer 

processes involved in the heating methods used throughout this thesis work. 

2.3.1 Heat transfer 

The rate of heat transfer (𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ ) depends on the thermophysical properties of the material in 

question, as well as the modes of heat transfer included in the model, as outlined in Table 2-1. The 

necessary thermophysical properties include specific heat (𝑐𝑐𝑝𝑝), density (𝜌𝜌), and thermal conductivity 

(𝑘𝑘). The values depend on the chemical compositions of the species, the organization of the muscle 

fibers and they may also change when heated. Properties of cod are given in Table 2-2.  

Table 2-2. Thermophysical properties of cod. 

Property Value Source 

𝑐𝑐𝑝𝑝 3850 kJ/kg K Stormo et al. (2017) 

𝜌𝜌 1060 kg/m3 Skipnes et al. (2007) 

1000 kg/m3 Stormo et al. (2017) 

𝑘𝑘 0.52 W/m K Skipnes et al. (2007) 

0.47 W/m K Stormo et al. (2017) 

The total amount of heat transferred to and stored in the product is described using a general heat-

transfer equation based on the conservation of energy (Eq. 1). The flow velocity of the liquid (m/s) is 

denoted by 𝑢𝑢𝑤𝑤, and 𝑑𝑑 is the temperature (K). If heat transfer is coupled with moisture transfer, heat 

is also transferred with the moisture, and therefore an additional term may be added (Eq. 2). Modeling 
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of heat transfer has been used for prediction of the temperature profiles in fish for instance during 

heating of vacuum-packed cod in water (Stormo et al., 2017), pan-frying of surimi (Stormo, Sivertsen, 

Heia & Skipnes, 2012), and steam cooking of tuna fillets (Bell, Farkas, Hale & Lanier, 2001). 

𝜌𝜌𝑐𝑐𝑝𝑝 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� + 𝛻𝛻 ∙ (−𝑘𝑘𝛻𝛻𝑑𝑑) = 0  (1) 

𝜌𝜌𝑐𝑐𝑝𝑝 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� + 𝛻𝛻 ∙ (−𝑘𝑘𝛻𝛻𝑑𝑑) + 𝜌𝜌𝑤𝑤𝑐𝑐𝑝𝑝,𝑤𝑤𝒖𝒖𝒘𝒘 𝛻𝛻 ∙ 𝑑𝑑 = 0 (2) 

In Eqns. 1-2, the material properties are given by 𝜌𝜌, 𝑐𝑐𝑝𝑝, and k – the density (kg/m3), specific heat (J/(kg 

K)), and thermal conductivity (W/(m K)) of the fish, and 𝜌𝜌𝑤𝑤 and 𝑐𝑐𝑝𝑝,𝑤𝑤 are the thermophysical properties 

of the moisture transported within the fish sample, respectively. The flow velocity of the liquid (m/s) 

is denoted by 𝑢𝑢𝑤𝑤, and 𝑑𝑑 is the temperature (K). The equation is adjusted to correspond to any 

geometry in any number of dimensions by using the symbol nabla (𝛻𝛻), which is the generic del 

operator. In case of 1 dimensional (1D) geometries, nabla denotes the standard derivative, while in 2 

and 3D, it denotes the partial derivative in x and r or x, y, and z direction (2D: ∇= ∂/ ∂x + ∂/ ∂r ; 3D: 

∇ = ∂/ ∂x + ∂/ ∂y + ∂/ ∂z). 

The conductive heat flux is calculated using Fourier’s law, and is given by Eq. 3 (1D; Incropera & De 

Witt, 1985), where 𝑘𝑘 is the thermal conductivity (W/m K) and 𝐴𝐴 is the area (m2). 

𝑑𝑑𝑑𝑑
𝑑𝑑𝜕𝜕

= −𝑘𝑘𝐴𝐴 𝑑𝑑𝜕𝜕
𝑑𝑑𝑑𝑑

(3) 

The convective flux is given by Newton’s law of cooling (Eq. 4, 1D), and is proportional to the convective 

heat transfer coefficient, h (W/m2 K), and the difference in temperature between the surroundings 

and the sample. 

𝑑𝑑𝑑𝑑
𝑑𝑑𝜕𝜕

= 𝐴𝐴 ℎ(𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑑𝑑) (4) 

2.3.2 Mass transfer 

The net direction of moisture transfer during heating in a convection oven is outward, i.e. moisture is 

transferred from the core of a sample to its surface. At the surface, mass is lost as evaporation and 

liquid exudate. Within the sample, mass is transferred by diffusion and convection. The transfer is 

based on conservation of mass (Bird, Stewart & Lightfoot, 2002), and can be given by Eq. 5: 
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 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜵𝜵 ∙ (−𝐷𝐷𝑤𝑤𝛻𝛻𝑐𝑐 + 𝒖𝒖𝒘𝒘𝑐𝑐) = 0   (5) 

where c is the moisture concentration (mol/m3) and 𝐷𝐷𝑤𝑤 is the moisture diffusion coefficient (m2/s) in 

the sample. Assuming that the sample is porous and that the driving force of moisture transfer within 

the sample is a pressure gradient, porous media approach can be applied. In this case, the velocity of 

liquid transport within the sample can be described by Darcy’s law (Eq. 6): 

 𝒖𝒖𝒘𝒘 = − 𝜿𝜿 
𝜇𝜇𝑤𝑤
𝛻𝛻𝒑𝒑  (6) 

In Eq. 6, 𝜿𝜿 is the intrinsic permeability of the sample (m2), which describes the ease of flow of a liquid 

through a structure and is considered to be a property specific to the muscle tissue (Datta, 2006). 𝜇𝜇𝑤𝑤 

is the dynamic viscosity of water (Pa s). The swelling pressure vector, p, is proportional to the excess 

moisture concentration within the sample (Barrière & Leibler, 2003; van der Sman, 2007), and is given 

by Eq. 7: 

 𝒑𝒑 = 𝐺𝐺′�𝐶𝐶 − 𝐶𝐶𝑒𝑒𝑒𝑒�  (7) 

where G′ is the storage modulus of the sample (kPa), which is a measure of the deformation energy 

stored in the sample during a shear process (Tabilo-Munizaga & Barbosa-Cánovas, 2005), and is related 

to the texture of the sample. 𝐶𝐶𝑒𝑒𝑒𝑒 is the water holding capacity (see Section 2.2.3 for a definition), and 

C denotes the mass fraction of water (kg/kg sample). Substituting Eq. 7 into Eq. 6 gives the following 

expression for the velocity of the liquid (Eq. 8; Feyissa, Gernaey & Adler-Nissen, 2013; Rabeler & 

Feyissa, 2018a): 

 𝒖𝒖𝒘𝒘 = −𝜿𝜿 𝐺𝐺′

𝜇𝜇𝑤𝑤
𝛻𝛻�𝐶𝐶 − 𝐶𝐶𝑒𝑒𝑒𝑒�  (8) 

During cooking of meat, the evaporative flux at the surface has been described using a mass transfer 

coefficient estimated from the heat transfer coefficient by the Lewis relation, and the evaporative flux 

was equated to be driven by the difference between the water vapor concentration in the boundary 

layer above the product, and the water vapor density at the surface (van der Sman, 2007). In other 

studies, similar versions of the evaporative mass transfer boundary condition have been employed. 

Rabeler & Feyissa (2018a) simulated the evaporative flux as the product of the mass transfer 

coefficient and the difference of the concentration of moisture at the surface of chicken filets and the 

relative humidity of the oven, and Isleroglu & Kaymak-Ertekin (2016) substituted the latter with 
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something they termed the “bulk concentration” in their model for cooking of meat, which supposedly 

was the concentration of moisture in the entire system. 

2.3.3 Modeling dimensional change 

Although it is highly related to changes in microstructure (Section 2.2.4), dimensional change can be 

modeled by applying general physical theories such as conservation of mass and volume. Dhall & Datta 

(2011) outlined how theories of deformation can be applied to food materials. In their paper, they 

proposed that for very wet foods (i.e. in a soft, rubbery state), the volume change could be 

approximated by the moisture loss or gain. This was partially based on the theories of Scherer (1989), 

who found that during drying of gels, there was an initial period where the moisture loss due to 

evaporation the gel was shrinking at the same rate as moisture was lost. When the rate of evaporation 

is high, the sample may not be able to continuously transfer liquid to the surface at the same rate as 

evaporation, which would lead to development of a drying front at the surface. In such a scenario, a 

crust may form, which may restrict contraction of the sample. Instead of further shrinking, continued 

moisture loss may be followed by developments of pockets of air inside the product. 

To the best of my knowledge, there are no published works considering modeling of volumetric 

shrinkage of fish, but some research consider shrinkage in area. Area shrinkage of salmon samples 

heated at 55-90 °C has been modeled kinetically using 1st order kinetic reactions (Ovissipour, Rasco, 

Tang & Sablani, 2017). At temperatures from 100-131 °C, area shrinkage has been related to the 

amount of cook loss and modeled using a quadratic equation (Kong, Tang, Rasco & Crapo, 2007). 
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3. Aim of the study

The overarching aim of this PhD project was to develop a tool that could be used for heat process 

optimization of cod. The tool should be able to predict the transfer of heat, and thus the required 

heating time until a specified core temperature was reached, as well as the transfer of moisture, which 

is correlated with quality traits such as juiciness. Moreover, the tool should be based on fundamental 

equations in which it is possible to adjust for differences in size and shape of the fish sample in 

question. 

In order to build the tool, phenomena occurring during heating needed to be characterized and 

quantified. Several parameters and variables to be used as input in the model had to be obtained. We 

also sought to expand our knowledge of what was happening during heating, which was important in 

order to know which phenomena were relevant for heat-induced changes in the properties of cod. 

To reach the aim of the study, the following hypotheses were proposed: 

H1. Since the structure of meat is different from that of fish, properties such as storage modulus, 

permeability, and water holding capacity are also different. 

H2. The mechanisms of water expulsion from cod during heating can be described by the 

physical laws (conservation of mass, diffusion, convection), and by adapting the model input 

properties to correspond with those measured for cod, the model prediction will give an 

accurate representation of reality. When differences in raw materials cause differences in 

moisture retention (such as the effects of salting), these can also be accounted for 

accurately by updating the model input to comply with the properties of the raw material 

in question. 

H3. By applying the principle of conservation of volume in soft rubbery materials, the amount 

of muscle shrinkage can be approximated by the amount of cook loss in processes where 

evaporation can be neglected (e.g. high relative humidity). 

H4. By incorporating dimensional change of cod during heating into the model, the heat transfer 

prediction will be more accurate than when excluding shrinkage. 

H5. The components and properties of the liquid expelled from cod muscle during heating are 

influenced by protein denaturation and microstructural changes, and by studying the liquid, 

insight into the mechanism of its expulsion can be obtained. 
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4. Overview of papers 

The work described in this thesis was performed using loins from 2-year old farmed cod from Tromsø 

as the raw material. It was bought in one batch and stored at -80 °C until analysis. 

A model for cooking of cod loin in a convection oven was developed (Paper I) based on previous models 

for cooking of meat and chicken (Feyissa et al., 2013; Rabeler & Feyissa, 2018a). The phenomena 

included in the model were: 

1. heat transfer from the oven to the sample surface, and from the surface into the sample; 

2. and mass transfer from the within the sample to the surface, and evaporation from the 

surface into the oven air 

To account for differences between cod as compared to meat and chicken, the elastic modulus and 

water holding capacity were measured and used in the prediction (Paper I). As hypothesized (H1), the 

elastic modulus and water holding capacity of cod differed substantially from those measured for meat 

and chicken (Feyissa et al., 2013; Rabeler & Feyissa, 2018a). It was possible to use the measured 

properties in the prediction, and there was agreement between the measured and the predicted 

temperature distributions and average mass loss (H2; Paper I). Elastic modulus and water holding 

capacity of cod salted at low concentrations were also measured (Paper II). Salting reduced the residual 

enthalpy associated with denaturation of proteins, increased water holding capacity and decreased 

storage modulus as compared to unsalted samples (Paper II). The practical implications are as already 

stated in the literature (e.g. Ofstad et al., 1996; Kong, Oliveira, Tang, Rasco & Crapo, 2008; Larsen et 

al., 2008): Salting at low concentrations increase water retention and decrease hardness after heating. 

By using the properties for salted fish in the model, the mass transfer model prediction changed in 

accordance with expected increase of water retention in salted cod (H2), with increased retention at 

higher salt concentrations (up to 3 g NaCl/100 g fish). When heating larger samples of cod, the 

prediction started to deviate from the measured results (not included in the papers), as processes not 

included in the model were becoming more important. These processes were: 

3. Dimensional change of the sample, which lead to deviations between measured and 

predicted core temperatures; 
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4. Significant amounts of liquid loss were expelled in addition to the evaporated loss, which

caused deviations between measured and predicted mass loss.

It was found that the volume of sample lost as liquid cook loss (CL), calculated based on the mass of 

CL and its density, could be used to approximate the volume lost due to heat-induced dimensional 

change. This was found during heating at high relative humidity, i.e. a process where evaporation could 

be neglected (Paper III; H3). The investigation was approached in a kinetic study, where 1st order 

equilibrium equations for expelled CL were used to model the dimensional change, together with an 

empirical relation for change in height of the sample (temperature-dependent, but independent of 

time). This was investigated during heating of a matrix of reduced complexity compared to cod loin 

(minced cod) which was shaped into a simple geometric form (cylinder). The measurement data for 

the change in radius of minced and non-minced samples was used to validate the model, with good 

agreements. 

In addition to investigating the amount of CL expelled when heating at high relative humidity in an 

oven, the CL was quantified and characterized as expelled from cod during sous-vide heating (Paper 

IV). Sous-vide heating was chosen since there was no risk of water loss from the CL through 

evaporation. Furthermore, the temperature rise in the samples was quick compared to when heating 

in an oven, which limits the duration of temperature gradients and their effects such as uneven heating 

throughout the sample. It was found that the amount of water in cook loss was approx. 90 %, while 

approx. 10 % was protein. While the total amount of protein expelled (g/100 g raw fish) was relatively 

independent of temperature (40-90 °C), the total amount of water expelled increased significantly 

from 60-90 °C. The protein composition seemed to change during heating in reflection of mechanisms 

involved, including protein denaturation and aggregation (H5). The papers are graphically summarized 

in Figure 4-1. 

Figure 4-1. Graphical 

summary of papers 

(next page). 
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5. Summarizing discussion

5.1 Comparative mass transfer properties – differences between muscle foods 

Several properties are needed to model mass transfer using the porous media approach (Section 

2.3.2). These include the storage modulus, water holding capacity and permeability, which are all 

included in Darcy’s law (Eq. 8). In the following discussion, values found for these properties for 

different muscle foods are compared, and differences discussed. 

5.1.1 Storage modulus 

Rheology is the analysis of flow and deformation of a material in the transient area between solids and 

fluids (Tabilo-Munizaga & Barbosa-Cánovas, 2005). One rheological property is of special interest in 

food modeling, namely the Storage modulus (G’), which is a measure of the deformation energy stored 

in the sample during a shear process. In addition to being a property needed for modeling mass 

transfer using the porous media approach it is also of interest since it can be related to the texture of 

the sample. 

The comparative functions for storage modulus of raw cod (Paper I and Paper II), meat and chicken 

are plotted in Figure 5-1. As can be seen from the figure, the functions are initially within the same 

range. During heating, the storage modulus rose when the samples reached temperatures between 

50-85 °C, and the final value was significantly higher for chicken (92 kPa) and beef (83 kPa) compared

to values for cod (38-48 kPa depending on salt concentration). The differences could partially be based

on the high content of connective tissue in meats compared to fish. However, methodological

differences, such as different heating rate and sample size could also influence the result.
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Figure 5-1. Comparative functions for storage modulus (G’) developed for untreated (Paper I) and salted cod 

(Paper II), chicken breast meat and beef meat. 1: Rabeler & Feyissa (2018b); and 2: Feyissa et al. (2013) using 

data from Tornberg (2005)2. 

5.1.2 Water holding capacity 

The capacity of muscle to keep its water in the muscle structure is referred to as water holding 

capacity, as mentioned in Section 2.2.3. To facilitate the measurement, an external force is often 

applied. In the discussion below, centrifugation was used to obtain measurements for cod after 

heating the sample inside a steel cylinder immersed in a water bath for 10 min (Paper I-II). For beef, 

the water content of thin slices immersed in a water bath for up to 30 min (Bengtsson, Jakobsson & 

Dagerskog Sik, 1976) were considered as the WHC (van der Sman, 2007). In the latter experiment, the 

concentration remained rather constant between 10-30 min heating times. The WHC capacity of 

chicken was determined based on the water content after heating inside a plastic bag immersed in a 

water bath for 24 h (van der Sman, 2013).  

2 Following the nomenclature introduced in the equation of Feyissa et al. (2013), their equation was corrected when preparing Figure 5-1 to 

include subtraction of the initial storage modulus (E0) in the nominator: 𝐸𝐸 = 𝐸𝐸0 + 𝐸𝐸𝑚𝑚−𝐸𝐸0
1+exp�−𝐸𝐸𝑛𝑛∗(𝜕𝜕−𝜕𝜕𝐷𝐷)�
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Comparative functions for WHC found for cod chicken and beef are shown in Figure 5-2. Lower water 

holding capacities have been found for chicken and beef, with final values of 46 and 40 g/100g water, 

respectively, compared to above 60 g/100 g water for untreated cod. According to the developed 

functions for chicken and beef, their respective water holding capacities does not decrease until 

temperatures above 50 °C. This corresponds with higher denaturation temperature of myosin in 

chicken and beef than in cod muscle (Barbut & Findlay, 1991; Murphy, Marks & Marcy, 1998; Zielbauer, 

Franz, Viezens & Vilgis, 2016). Due to the differences in methodology, we can expect that the results 

are not purely reflections of the raw material, but also of methodological differences. 

Figure 5-2. Comparative functions for water holding capacity (WHC) developed for untreated (Paper I) and salted 

cod (Paper II), chicken breast meat and beef meat. 1: van der Sman (2013); and 2: van der Sman (2007) using 

data from Bengtsson et al. (1976). 

5.1.3 Permeability 

The intrinsic permeability, which is simply referred to as permeability throughout this work, account 

for the matrix properties of the hydraulic conductivity, as outlined by Datta (2006). The higher the 

permeability value, the easier liquid flows through the muscle structure under influence of a pressure 

gradient. Although the permeability is necessary for modeling mass transfer using the porous media 

approach (see Section 2.3.2), it has previously been pointed out that it was a property lacking for most 
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food materials (Datta, 2007). As a result, the permeability of beef as found by Datta (2006) has been 

used extensively when modeling heating of other muscle foods as well, including cod (Paper I) and 

chicken (Rabeler & Feyissa, 2018a). As discussed in Section 2.2.1, there are some differences between 

fish muscle structure and beef, and these are expected to influence the permeability. As can be seen 

from Figure 5-3, the permeability of raw cod muscle (not minced) is in the same range as the 

permeability of hamburger heated until an end-temperature of 50-60 °C (minced meat; Oroszvári, 

Rocha, Sjöholm & Tornberg, 2006), while that of raw, whole beef muscle has been measured at much 

lower values (Datta, 2006). After heating, the permeability of cod muscle increased significantly, and 

greatly surpassed the permeability of hamburger and beef. The observed differences between beef 

and cod could be caused by the low amount of fat and connective tissue in fish muscle compared to 

the beef. In the research by Oroszvári et al. (2006), it was found that hamburgers made of meat with 

a low fat content (shrank, 4 % fat) had a higher permeability to both water and fat as compared to 

hamburgers made of meat with higher fat contents (rib and brisket, 13 and 22 % fat).  

Figure 5-3. Comparative permeability of raw and heated muscle foods: beef, hamburger, and cod (Paper IV). 1: 

Datta (2006); 2: Oroszvári et al. (2006). 

Due to the inverse relationship of permeability and viscosity (Eq. 8), inclusion of the permeability of 

cod in the model description will not yield a model prediction in range of experimental results, unless 

the viscosity is updated simultaneously. This is further discussed and illustrated in Appendix A.  
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5.2 Biochemical properties, temperature and protein denaturation 

Figure 5-4. Change in measured variables in relation to temperature. Protein denaturation is shown as peak 

denaturation temperature (PDT, solid purple lines) of peaks attributed to myosin, SP and actin during heating at 

2.5 °C/min (Paper II). Boundaries of light red boxes indicate onset and endset temperatures. In the case of 

collagen, the light blue box and blue solid line indicate the onset, endset and PDT and as found by Hastings et al. 

(1985)3. WHC: Measured as described in Paper I and calculated according to WHC(A) and (B) given in Appendix 

B. Cook loss: 1) steaming (Paper III), 2) heating sous-vide (Paper IV), 3) heating in a steel sample cup (Paper I).

Storage modulus (Paper I) and change in height and radius after steaming of minced samples for 30 min (Paper

III) are plotted as percent of initial value. The average measurement points are indicated by dots with solid lines

added between them as visual aid. The reader is referred to the indicated papers for illustrations of the

associated standard deviations.

3 Information extrapolated from Figure 1e showing DSC thermogram of extracted collagen. 
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Several of the properties which were measured as model input (Paper I and Paper II) are of biochemical 

nature, and it is useful to consider these in a perspective of temperature and protein denaturation 

(Paper II) to gain further insight about what occurs in cod muscle during heating. Other phenomena 

such as dimensional change (Paper III), expulsion of cook loss (Paper III), and characteristics of the cook 

loss (Paper IV) also seem to be highly dependent on heating temperature and related to protein 

denaturation. 

In Figure 5-4, changes in some temperature dependent properties of unsalted cod are plotted together 

with information about protein denaturation. From the plot, it is evident that temperatures where 

transitions in properties occur often coincide with protein denaturation intervals. 

5.2.1 Water holding capacity in relation to protein denaturation 

The water holding capacity of unsalted cod was initially high (81.2±0.8) and started to decrease after 

heating at 30-35 °C for 10 minutes (Figure 5-4). WHC reached a local minimum after heating at 40 °C. 

When analyzing the denaturation peaks of samples previously heated in the same manner as heating 

was performed prior to WHC analysis (Paper II), it was found that heating at 35 °C lead to significant 

decrease in the magnitude of residual denaturation enthalpy of the peak attributed to myosin. Thus, 

it is very likely that denaturation of myosin does lead to reduced WHC, which has also been pointed 

out previously (Skipnes, Johnsen, Skåra, Sivertsvik & Lekang, 2011). When considering denaturation 

values as found for extracted collagen by Hastings et al. (1985), it is evident that the initial decrease in 

WHC occurs in the same temperature range as initial denaturation of collagen. The onset temperature 

of collagen in Figure 5-4 can be considered as its melting point (see Section 2.2.2). Therefore, it is also 

possible that denaturation of collagen plays a role in reduction of WHC. This can be argued for since 

loosening or solvation of the connective tissue would increase opportunity for liquid flow through the 

muscle tissue. 

After the initial decrease in WHC, the measured value increased slightly (but not significantly), possibly 

as a consequence of denaturation and aggregation of SP proteins. A significant increase in WHC at 

temperatures correlated with denaturation of SP proteins has also been reported previously (Skipnes 

et al., 2011), and the increase was more prominent after heating for 20-30 minutes as compared to 10 

minutes, which was used in this study. The correlation is strengthened by the following arguments. In 

Paper II, we measured the denaturation profile of samples brined in pure water for 2 days. The PDT of 

myosin of these samples shifted with 3 °C compared to untreated samples. The shift was correlated 
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with partial freeze-denaturation or frost damage, since the microstructure of the samples brined in 

pure water showed a greater extent of widened channels between cells compared to untreated cod 

(Paper II: Figure 6). However, there could also be another explanation. Hastings et al. (1985) isolated 

SP proteins from cod and analyzed their denaturation in comparison with whole cod muscle. In their 

study, they found that the major myosin denaturation peak coincided with the first SP transition and 

termed the peak a composite. Thus, a shift in the peak denaturation temperature of peak 1, attributed 

to myosin in Paper II, could also be caused by a shift in transitions of SP proteins. As can be seen from 

the WHC of samples brined in pure water for 2 days (Paper II: Figure 4a), there is no measurable 

increase in WHC when heating temperatures are increased from 40-60 °C. In Paper IV, we found that 

SP proteins were expelled rather easily with the liquid lost during thawing. Since no heating was 

necessary to facilitate their release, it seems likely that SP proteins could also escape from the fish 

samples during water-brining in excess water (~120 g fish sample in 2L water). The loss of SP proteins 

would cause a shift in PDT of peak 1. Furthermore, if denaturation of SP proteins leads to increase in 

WHC, a lower increase would be observed if lower amounts of SP proteins were present. During 

investigations of the amount of expelled cook loss, lower amounts than what was expected was found 

after heating at 60 °C (especially in Paper III). This finding could also be related to the same 

phenomena. If it is true that aggregation of SP proteins leads to increase in WHC and decrease in CL 

this would suggest great opportunities for heat-treatment optimization based on low temperature 

long time (LTLT) regimes, although different mechanism could be at play compared to those found in 

meats (tenderization due to enzyme activity). 

5.2.2 Storage modulus in relation to protein denaturation 

Both rheological analysis and DSC were carried out at the same heating rate (2.5 °C/min). As can be 

seen from Figure 5-4, the average storage modulus of unsalted cod started to decrease after the cod 

muscle was heated to around 10 °C, correlated with softening of the muscle tissue. The decrease in 

storage modulus continued to around 37 °C, after which the storage modulus started to increase. The 

rate of decrease is also interesting: around the same temperature as collagen denaturation started 

(according to Hastings et al. (1985), who analyzed protein denaturation during heating at a rate of 10 

°C/min), softening of the muscle occurred at a faster rate than at lower temperatures. The 

temperature at which the muscle stopped getting softer, and started getting tougher/harder, 

coincided with the onset temperature of myosin denaturation (39.8 °C). After myosin denaturation 

was completed, the rate of hardening (increase in G’) was faster, coinciding with denaturation of SP 
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proteins. The storage modulus reached the peak maximum around the same temperature as actin 

denatured, which has also been observed in a study of meat (Ishiwatari, Fukuoka & Sakai, 2013). The 

correlation between denaturation of actin and texture is further strengthened when considering data 

for texture of catfish (McKenna, Nanke & Olson, 2003). When the fish had been heated until actin was 

completely denatured, additional profound heating did not cause any significant changes in the 

measured texture. 

5.2.3 Cook loss in relation to protein denaturation 

During this thesis work, the amount of cook loss expelled was investigated for three different 

isothermal heating processes. Two of these employed a closed container immersed in a water bath, 

namely sous-vide heating and heating in a steel sample cup. The final method was steaming in a 

convection oven, which in contrast to the other two methods was performed using minced cod. The 

relative amount of CL expelled during these processes are shown in Figure 5-4. It is apparent that the 

amounts expelled during steaming (30 min) and sous-vide heating (10 min) were highly similar. The 

amount of cook loss expelled after heating generally increased with increasing temperature 

throughout the range of protein denaturation. The exception was heating at 60 °C, where the amount 

expelled during sous-vide heating remained the same as that expelled at 50 °C, while for the steaming 

process the average amount decreased substantially. This could point to differences in the 

mechanisms involved in expulsion of liquid in the two processes. In particular, the vacuum in the sous-

vide bag could contribute to a higher internal pressure. The amount of cook loss expelled during 

heating in the steel sample cup (10 min) was measured as much lower than that of the other two 

processes. Some of the reason for this could be that when using the cup, the CL must pass through a 

filter in order to be detected, which may limit the amount of protein aggregates and muscle fragments 

in the detected CL. 

In Figure 5-5, the contents and properties of the CL obtained after sous-vide heating for 10 min (Paper 

IV) are shown with protein denaturation data for cod muscle proteins (Paper II; Hastings et al., 1985).

It can be seen that the amount of CL expelled increased in the interval from 30 to 40 °C, in the same

temperature range as denaturation of collagen and myosin. The amount remained relatively constant

between 40-60 °C, before increasing at higher heating temperature (70-90 °C). The liquid permeability

through the muscle tissue increased from raw to heated, with the highest measured values after

heating at 40 °C. This corresponds to loosening of the connective tissue during solvation of collagen,
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and denaturation of myosin, and transversal shrinkage of muscle cells, resulting in increased space 

between them (see Section 2.2.4: Figure 2-8; Ofstad et al., 1993). The protein content of the liquid 

loss, normalized according to g/100 g raw fish muscle, was highest after heating at 50 °C and reached 

a minimum value after heating at 60 °C. 

Figure 5-5. Cook loss obtained after heating sous-vide (10 min): its properties, contents, and permeability 

through the muscle structure (Paper IV except density: Paper III). pH, density and permeability: fraction of initial 

value. Content and amounts of liquid loss: fraction of initial value in g/100 g raw fish. Initial value, in this context, 

refers to the measurement at the lowest temperature. The average measurement points are indicated by dots 

with solid lines added between them as visual aid. The reader is referred to Figure 5-4 for explanations of lines 

and boxes showing protein denaturation, and to the indicated papers for illustrations of the associated standard 

deviations. 

5.2.4 Dimensional change in relation to protein denaturation 

The final radius and height after isothermal steaming in a convection oven at 45-100 °C is given in 

Figure 5-4 as percent of initial values. The change in height was negative (shrinkage) when heating at 
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45-50 °C – temperatures correlating with denaturation of myosin. After heating at 60-90 °C, the

samples swelled on average in height. The swelling occurred simultaneously with shrinkage in radius,

which (on average) was seen after heating at 50-90 °C. These results were surprising, since we

expected that the randomized orientation of fibers of minced samples would lead to similar

dimensional change in all directions. When comparing the shrinkage of minced and un-minced

samples, it was found that mincing did not affect the direction of shrinkage. Heat-induced swelling in

height was also found for the majority (6/10) of the untreated samples when investigating the

dimensional change of larger, rectangular cod pieces, simultaneous with a lengthwise shrinkage

(approximately) longitudinal to the muscle fibers (Appendix C). Similar results have been reported for

meats: In cooking trials using fresh meats, Goñi & Salvadori (2010) found that all six of their tested

samples swelled in height while shrinking in the other directions. In their experiments, large cylindrical

samples of 0.5-1 kg were used, and the axis of symmetry was parallel with the horizontal plane. The

samples were heated for 63-92 minutes at temperatures ranging between 170-225 °C. In the results

included in Appendix C, it is apparent that contradictory to untreated samples, the water-brined

samples never swelled. After heating for 5 minutes, all water-brined samples shrank in height, and two

shrank and one did not undergo any changes after heating for 15 minutes. Although this could be a

coincidence, a more likely explanation is that the difference in structure or composition between the

untreated and water-brined samples is responsible for the difference in behavior. The swelling in

height of minced samples found in Paper III correlated in temperature with denaturation of

sarcoplasmic proteins (SP; Figure 5-4). Thus, one hypothesis for why untreated samples swell in height

is increased retention, aggregation and swelling in SP proteins. This would also explain why water-

brined samples didn’t swell, if correct that the SP proteins became diluted during the brining process

(Section 5.2.1). On the other hand, the increase in height could also be strictly mechanical, since the

simultaneous reduction in radius and increase in height would cause the samples to attain a shape

closer to the sphere, which is the shape with the least internal mechanical strain. If so, perhaps the

expulsion of CL during heating occurred at a slower rate than the contraction in horizontal directions,

thus forcing the samples to expand upwards. For samples brined in water, the WHC was lower (Paper

II), which would cause more release of water from the muscle during heating. In addition, the water

content of the samples was higher, and the soluble components were possibly diluted during the

brining. These effects would lead to a lower viscosity, and thus higher flow rate of the internal liquid

(possibly further aided by a higher permeability, as discussed in Paper II: Section 3.5). As a
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consequence, the rate of shrinkage of water brined samples could equal the rate of expulsion of liquid, 

and therefore rendering any increase in height redundant. 

5.3 Industrial implementation of the model 

There are several ways in which the model presented in this work can be implemented industrially. 

The original idea was to use the model as a decision-making tool for process optimization in the 

industry. By modeling various cooking scenarios, insight into the effect on quality variables can be 

obtained. In addition, modeling can be used as a predictive tool to construct heating regimes based on 

specific criteria. One approach of using the model to develop heating regimes could be to divide the 

fish samples into groups according to size and heat them in a standard way according to the maximum 

size limit of each group. This approach could be used either in a factory setting, or to provide cooking 

instructions to be included on food packaging. Alternatively, the heating regimes could be based on 

the individual geometry and dimension of each sample, through an interactive app receiving the 

necessary information from the factory. Such an app could be made available for industrial kitchens or 

domestic consumers for use during preparation of meals. For this approach to work in an optimal way, 

the apps would require measurement of the specific dimensions and water content of each sample, 

as well as information about specific heating equipment to be applied. An example of how the app 

could work is included in Figure 5-6. 

Figure 5-6. Example of application of the model as a predictive tool. 

The work presented in this thesis has contributed substantially to reach the suggested model uses. 

However, apart from mere technical solutions, there are still some parts that can be addressed in order 

to increase accuracy and allow a broader use of the model, as included in the discussion below. 
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5.3.1 Using the model as a decision-making tool 

A good decision-making tool for process optimization of cod muscle products should be able to predict 

temperature distribution and mass loss within a reasonable accuracy. It should be possible to adjust 

various modeling settings (including oven temperature and relative humidity) to investigate the effect 

on the quality of the product. The model developed in Paper I can be used as is in this regard, since 

the temperature and relative humidity can be adjusted. Furthermore, the water holding capacity and 

storage modulus parameters included in the model can be used as a measure of juiciness and 

toughness, respectively. The most important concern regarding using this model as a decision-making 

tool is the humidity validity range, since it is only validated for low relative humidity. The mass transfer 

boundary condition included in this model specifies the rate of evaporation at the surface, and for 

processes where there is no evaporation (high relative humidity), the mass transfer boundary 

condition cannot be applied (the model will predict that the sample takes up moisture from the air). 

Instead, when simulating processes at high relative humidity, mass loss may be modeled using the 

kinetic equation for cook loss as a function of temperature and time, as proposed in Paper III. This use 

remains to be validated for large, un-minced samples before application. 

To increase the value of the tool, additional phenomena of relevance to the industry and consumers 

should be added. The most important are inactivation kinetics of relevant bacteria and kinetics for 

nutrient retention. Depending on the accuracy of the heat transfer model for the sample in question 

(which depends largely on the extent of dimensional change), an additional safety margin should be 

added to the time needed to achieve a specified inactivation of the relevant bacteria. 

5.3.2 The importance of dimensional change when using the model as a predictive tool 

As discussed above, the model might also be used as a predictive tool. This could entail suggesting 

heating regimes to achieve specific criteria. For frozen cod loins stored at -20 to -18 °C, the model 

solution yielded a core temperature prediction within -4.3 °C of the measured temperature (Appendix 

D). Sine the deviation was always negative (i.e. the predicted core temperature was always lower than 

the measured), the model provides a fail-safe prediction of microbial inactivation if used to investigate 

food safety issues. Large samples of loin stored at -80 °C exhibited unpredictable dimensional change 

during heating (Appendix C), which would cause much larger and more unpredictable deviations in the 

core temperature profile than that described above for samples stored at high freezing temperatures. 
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It is likely that the reason for this difference in behavior is freeze-denaturation and subsequent quality 

changes of samples stored for >6 mo at -20 °C or higher (Burgaard & Jørgensen, 2010).  If so, it can be 

expected that fresh cod also undergoes unpredictable dimensional change such as swelling in height 

during heating. It is also plausible that the degree of cutting (removal from macrostructure orientation) 

will have an effect on the degree of dimensional change. Future studies should map the need for 

inclusion of dimensional change for the specific raw material quality in question. 

5.3.3 Additional model adjustments 

Some additional adjustments are proposed which might increase the accuracy (1-2) and practicality 

(3) of the model: 

1. Inclusion of parameters and variables for properties of the cook loss instead of those of water (H2) 

The cook loss has different physical properties than water and behaves differently in response to heat, 

and its behavior can therefore not be captured by using the properties of the water. 

2. Inclusion of the permeability of cod as a function of temperature instead of that of meat (H2) 

The permeability of cod muscle tissue is much higher than that of meat, and it undergoes changes 

during heating (Paper IV). However, including the permeability of cod as input in the model presented 

here should be accompanied by a simultaneous inclusion of the viscosity of the liquid loss. Else, the 

predicted rates of mass transfer from the sample during heating will be unrealistically high (Appendix 

A). 

3. Inclusion of parameters as functions of water and salt content 

Inclusion of parameters as functions of water and salt content would simplify the process of adjusting 

the model to different raw material qualities, since it is possible to measure water content 

spectroscopically in real time at factories. Adjusting the variables to be functions of salt content is 

necessary in order to apply the model for different salt concentrations than those measured (Paper II: 

0.1, 1 and 3 g NaCl/100 g fish). 
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6. Concluding remarks 

The work presented in this thesis concerns heating of cod, primarily in a convection oven, and how 

this process can be modeled (Paper I, III). Several quality parameters and variables relevant for 

modeling use has been measured (Paper I-IV), and these can be used for relating heat load to the 

attained quality. The work has industrial relevance and the models produced can be used as decision 

support tools in the industry. Properties and characteristics of the cook loss were also obtained and 

used to obtain insight to the mechanisms of its release (Paper IV). 

Cod muscle has higher water holding capacity (Paper I-II) and permeability (Paper IV), and lower 

storage modulus (Paper I-II) than what has been found for beef and chicken. In combination with 

differences in thermophysical properties, these differences can account for differences in heat and 

mass transfer between the raw materials. 

For quality properties measured as function of temperature, it was evident that temperature ranges 

where transitions in properties occur often coincide with temperature intervals where different 

protein groups denature. In this way, quality properties are related through the heat load. The 

information obtained can be used for constructing heating regimes where advantageous processes 

occur, and disadvantageous processes are limited. 

The model has direct industrial relevance and, if coupled to inactivation kinetics of bacteria, it can be 

used to optimize heating regimes and validate cooking protocols provided on the packaging of fish. 

The models and information provided can also be used to create a cooking app that can either be used 

as an optimization tool in the industry, or a predictive tool for use in institutional kitchens or at home. 

Future work should ensure that the work provided in this thesis and project reach the industry and can 

be used to create safe, healthy and tasty meals. 
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A B S T R A C T

Mathematical modeling of cooking of several muscle foods has been accomplished, however there are very few
models predicting cooking of fish. In this study, a 3D mathematical model of transport phenomena describing
baking of cod muscle in a convection oven has been developed from first principles. Several properties lacking in
the literature were also determined. This includes measurements of storage modulus, water holding capacity,
and the fraction of energy used for evaporation as functions of temperature. The model was validated using
temperature measurements and average mass loss measurements, with good agreements.

1. Introduction

Cooking of cod in a convection oven is a popular process, especially
in the industry and the hotels, restaurants, and catering market. During
cooking, several changes occur in the muscle which affect the eating
quality of cod. Cod consists mainly of protein (∼20%) and water
(∼80%), and one hypothesis is that the changes during convective
heating can be regarded mainly as consequences of protein denatura-
tion and moisture migration.

During cooking of cod, the collagens, which in the native state
“bind” the myotome muscle sheets of the fish together, denature first.
The amounts of collagen are very small compared to the other proteins,
so it is usually not possible to detect denaturation of collagen when
analyzing the denaturation peaks of whole muscle. Collagen isolated
from skin and bone of Pacific and Atlantic cod, respectively, showed
denaturation around 14–16 °C (Sun, Li, Song, Si, & Hou, 2017;
Żelechowska, Sadowska, & Turk, 2010), however higher denaturation
values have also been reported (Hastings, Rodger, Park, Matthews, &
Anderson, 1985; Shu, Ren, Ao, Qi, & Zhang, 2017). Denaturation of
collagens may lead to separation of the myotome sheets, referred to as
flaking. The majority of muscle protein is made up of the fibrillary
proteins myosin and actin. In cod, the myosin part of the myofibrillar
proteins denature at 38.4–44 °C (Skipnes, Van der Plancken, Van Loey,
& Hendrickx, 2008). This change is correlated with whitening and
softening of the muscle (Ovissipour, Rasco, Tang, & Sablani, 2017).
Sarcoplasmic proteins, which constitute the soluble proteins of the

sarcolemma (Tornberg, 2005), denature at 57.3–69.5 °C (Skipnes et al.,
2008). These protein solubilize in the liquid fraction of the fish, are
exudated with water loss (Shibata-Ishiwatari, Fukuoka, & Sakai, 2015),
aggregate and contribute to the white color of the cook loss. If heating
is prolonged, the actin part of the myofibrillar proteins denature around
73.8–76.1 °C (Poulter, Ledward, Godber, Hall, & Rowlands, 1985;
Skipnes et al., 2008). This change is correlated with toughening of the
structure and increased hardness (Ovissipour et al., 2017). The extent of
protein denaturation depend on the amount of heat the sample is
subjected to (i.e. temperature and exposure time), as well as the history
of the specimen (eg. freezing and temperature abuse during storage;
Hastings et al., 1985; Matos et al., 2011; Poulter et al., 1985). In meat,
changes in the availability of water in the muscle tissue, as measured by
NMR, correlated well with protein denaturation temperatures (Bertram,
Wu, van den Berg, & Andersen, 2006; Micklander, Peshlov, Purslow, &
Engelsen, 2002). For cod, there is a loss of juiciness, measured as water
holding capacity (WHC), for each major group of denatured proteins
(Skipnes, Johnsen, Skåra, Sivertsvik, & Lekang, 2011), which supports
the claim that protein denaturation is correlated with moisture migra-
tion. Heat-induced shrinkage of muscle, which is also associated with
protein denaturation (Tornberg, 2005), may exert a mechanical force
on the tissue (van der Sman, 2007). The mechanical force may in turn
contribute to expulsion of free water and water-soluble compounds as
cook loss. However, the mechanism and cause–and–effect relationship
of shrinkage and cook loss has not yet been firmly established. In ad-
dition to expelled liquid, evaporation leading to surface drying will be
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an important process for water loss during convection oven cooking at
low relative humidity.

To minimize the weight loss and control the heat dependent quality
changes, the cooking process can be optimized using mathematical
modeling of heat and mass transfer. Several studies of heat transfer
during cooking of fish were found in the literature, but none were
coupled to mass transfer. In the physics based studies, Fourier's law of
conduction was used to model heat transfer in the product. Convective
boundary conditions were given by Newton's law of cooling, and, when
relevant, in combination with other modes of heat transfer, such as
thermal radiation. The available publications focusing on heat transfer
in fish during heating consider steaming, immersion in water, and au-
toclaving of vacuum-packed product. Models where cooking of cod was
considered were used to confirm measurements of thermal load and
end-point temperature as performed by IR measurements (Stormo,
Sivertsen, Heia, & Skipnes, 2012), and to generate mild heat processing
regimes that would inactivate the bacteria on the surface of vacuumed-
packed cod loins (Stormo et al., 2017). Other authors studied steaming
of tuna, and used a 1-dimensional model to estimate the core tem-
perature, with good agreements between measured and simulated va-
lues (Bell, Farkas, Hale, & Lanier, 2001).

To the best of our knowledge, no physics-based models for cooking
of fish have been coupled with mass transfer phenomena. However,
models of coupled heat and mass transfer during cooking have been
established for other muscle-based foods. Datta (2007) suggested to use
a porous media approach when modeling mass transfer of muscle foods.
Since the pores in muscle foods are small, Darcy's law can be used to
describe the velocity of the liquid, as formulated from conservation of
momentum. van der Sman (2007) applied Flory-Rehner theory to es-
timate the swelling pressure, which he stated as the driving force in
Darcy's law. The resulting swelling pressure was expressed as propor-
tional to the difference between the moisture content and the water
holding capacity. He proposed that the details of molecular processes
(such as protein denaturation) was absorbed in the WHC term. The
same approach has been used in other studies when expressing the
velocity of the liquid during cooking of meat and chicken (eg. (Feyissa,
Gernaey, & Adler-Nissen, 2013; Rabeler & Feyissa, 2018a)). An alter-
native approach is considering the internal mass transfer as a pure
diffusion process (Fick's law), i.e., by neglecting the pressure driven
transport of moisture in the muscle. However, this approach has been
criticized since it is not able to predict moisture transport inside the
muscle (Feyissa et al., 2013; van der Sman, 2007).

There is a difference in the heating process between lean fish and
meat during cooking. Some of this can be ascribed to the difference in
the muscle fiber macro-orientation in fish into myotomes, and a looser
overall structure in fish muscle due to less connective tissue compared
to mammalian muscle tissue. In addition, the muscle fibers of cod are
much smaller than the muscle fibers of beef. Due to differences in
muscle structure, it is expected that some properties and mechanisms
will differ. Therefore, the aim of the present study was to determine the
properties needed for prediction of heat and mass transfer during
cooking of cod, and develop and validate a numerical model for cou-
pled heat and mass transport during cooking of cod loin in a convection
oven.

2. Model formulation

2.1. Process description

During cooking of lean fish muscle in a convection oven, heat is
transferred from the hot air to the surface of the loin by convection and
radiation, and from the baking plate by conduction (Fig. 1). The heat is
transported from the surface into the core of the loin by conduction and
convection. Mass transport through the loin is driven by diffusion and
convection. At the surface, mass is lost through evaporation and as
exudate. In this study, it is assumed that all the liquid exudate

evaporated from the fish surface. This can be argued for as follows: No
visible amounts of cook loss was expelled to the baking tray during the
first phase of heating. Only after cooking for 5–6min, when the core
temperature of our small samples was approaching 80 °C, bubbles of
cook loss emerged from the sample surface (video recorded observa-
tions). For larger pieces of fish this does not hold true due to longer
heating times and smaller surface area compared to the total volume,
and this will therefore be dealt with in later research. Since the amount
of fat in the cod was measured to<0.35% (Section 3.8), no fat trans-
port is a justified assumption. The energy that was consumed during
denaturation of proteins, as measured previously using differential
scanning calorimetry (eg. Skipnes et al., 2008) is very small compared
to the energy transferred from the oven and was therefore neglected.

During cooking of normal sized cod loins, an unpredictable di-
mensional change was encountered, which made validating the heat
and mass transfer model difficult. By reducing the sample size, the
muscle was detached from its original macro-structure, and this re-
sulted in a different kind of dimensional change, which occurred to a
much lesser extent. The smaller samples were also much quicker to
cook, which also contributed to limited dimensional change. This
phenomena was therefore not taken into account in this study, but
during cooking of cod loins with larger dimensions, this will have to be
considered.

2.2. Geometry

The 3D model consisted of two domains: A rectangular cod sample
and a baking tray (Fig. 2). The cod sample was built with a surface area
of 24×33 mm and height of 13mm. During validation, the average
sample dimensions used for each experiment was substituted. The fish
sample had six boundary surfaces: The top, back, and right surfaces
were external, and exposed to the oven air (Fig. 2). The bottom surface
was in direct contact with the baking tray. To reduce the computational
burden, we took advantage of the symmetries of the geometry. Two
symmetry planes (left and front) were used as shown in Fig. 2, reducing
both the length and the width of the studied sample to ½, and reducing
the full sample volume to ¼. To yield the full rectangular geometry
during computation, the solution was reflected along the lines of
symmetry. Similar computational approaches taking advantage of
symmetric boundary conditions were applied in other studies using the
same software (Feyissa et al., 2013; Rabeler & Feyissa, 2018a). The core
(1) and bottom surface (2) positions used for temperature validation are
also shown in Fig. 2.

Fig. 1. The heat and mass transport phenomena occurring during baking of
small samples of cod fish on a baking plate in a convection oven.
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The baking tray was constructed as a 1.4 mm thick 200×400 mm
steel plate, upon which the cod sample was positioned in the middle.
The baking plate was built with the same internal symmetry as the fish
sample.

2.3. Governing equations

2.3.1. Heat transfer
The heat transfer in the fish (Equation (1a)) and baking tray (Eq.

(1b)), is described by:

+ + =uc T
t

k T c T( ) 0wp w p w, (1a)

+ =c T
t

k T( ) 0p (1b)

where the material properties are given by , cp, and k – the density
(kg/m3), specific heat (J/(kg K)), and thermal conductivity (W/(m K))
of the materials (cod and baking tray), respectively. Similarly, w and
cp w, are the thermophysical properties of the water transported within
the fish sample, respectively. The thermophysical properties used and
the input parameters are given in Table 1. is the three-dimensional
del operator i.e. partial derivative in x, y, and z direction
( = + +/ x / y / z). The flow velocity of the liquid (m/s) is

denoted by uw, and T is the temperature (K).

2.3.2. Mass transfer
The mass transfer within the fish sample is based on the conserva-

tion mass (Bird, Stewart, & Lightfoot, 2002), and given by Eq. (2):

+ + =uc
t

D c c( ) 0ww (2)

where c is the moisture concentration (mol/m3) and Dw is the moisture
diffusion coefficient (m2/s) in the sample. A porous media approach to
determine the velocity inside the fish, where the driving force is the
pressure gradient in the sample (Datta, 2007). The velocity of the water
inside the fish sample, uw, was described using Darcy's law (Eq. (3)):

=u p
µw

w (3)

In Eq. (3), is the permeability of cod (m2) and µw is the dynamic
viscosity of water (Pa s). The swelling pressure vector, p, is proportional
to the excess moisture concentration within the fish (Barrière & Leibler,
2003; van der Sman, 2007), and is given by Eq. (4):

=p G C C T( ( ))eq (4)

whereG' is the storage modulus of the cod as a function of temperature
(kPa), which is given in Eq. (9) (see Section 4.4), andC T( )eq is the water

Fig. 2. The model geometry used in the model prediction. Points 1 and 2 indicate the core and bottom surface positions for temperature validation.

Table 1
Input properties in the model.

Symbol Property Value/equation Unit Source

κ Permeability 10 17 m2 Based on property for meat; Datta (2006)
σ Stefan Boltzmann's constant ×5.676 (10 )8 W/(m2 K4)
c Concentration of water at t= i ( )xwi

cod
Mw

mol/(m2 s)

Cair Mass fraction of water in the air (kg water/kg water at
saturation)

0.1 – Measured

cp,cod Specific heat of the cod 3650 J/(kg K) Skipnes et al. (2007)
cp,plate Specific heat capacity of the baking plate (20 °C) 500 J/(kg K) Köckher & co (2019)
cp,w Specific heat of water (55 °C) 4180 J/(kg K) Singh and Heldman (2014)
Dw Diffusion coefficient of water in cod ×4 10 10 m2/s Swordfish: Valle and Nickerson (1968)

Pork: Vestergaard, Risum, and Adler-Nissen (2005)
a

hc Convective heat transfer coefficient 41 W/(m2 K) Measured
Hevap Latent heat of evaporation ×2.3 106 J/kg
htotal Total heat transfer coefficient 55 W/(m2 K) Measured
kcod Thermal conductivity of cod 0.515 W/(m K) Skipnes et al. (2007)
kplate Thermal conductivity of the baking plate (20 °C) 15 W/(m K) Köckher & co (2019)
Toven Average oven temperature 146.8 ± 2.85 °C Measured
Twall Wall temperature of oven 144 °C Measured
μw Dynamic viscosity of water

× × +2.414 10 10 T5
247.8

( 273.15) 140
Pa s Singh and Heldman (2014)

ρcod Density of cod 1060 kg/m3 Skipnes et al. (2007)
ρplate Density of the baking plate 7900 kg/m3 Köckher & co (2019)
ρw Density of water (55 °C) 986 kg/m3 Singh and Heldman (2014)

a Valle and Nickerson (1968) studied drying of fresh swordfish at 55 °C, and Vestergaard et al. (2005) studied salting of pork.
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holding capacity as a function of temperature, which is given in Eq. (8)
(see sections 4.3). C denotes the mass fraction of water (kg/kg sample).
Substituting Eq. (4) into Eq. (3) gives the following expression for the
velocity of the liquid (Feyissa et al., 2013; Rabeler & Feyissa, 2018a):

=u G
µ

C C T( ( ))w
w

eq
(5)

2.4. Boundary conditions

2.4.1. All external surfaces
2.4.1.1. Heat transfer boundary conditions. Combined convective and
radiative flux boundary conditions were applied to all air-exposed
external surfaces (back, top, and right; Fig. 2) of the fish sample and
baking tray (Fig. 2). The boundary condition (Eq. (6)) has a convective
heat flux term given by a modified Newton's law of cooling (Feyissa
et al., 2013), and a radiative term given from the Stefan-Boltzmann law
(Isleroglu & Kaymak-Ertekin, 2016):

= +n k T f h T T T T( ) (1 )( ( ) ( ) )h c oven s wall s
4 4 (6)

where hc is the convective heat transfer coefficient (W/(m2 K)), Toven is
the measured average temperature of the oven (K), and Ts is the surface
temperature (K). fh is a step function turning the heat transfer off when
the surface temperature approaches 100 °C (Feyissa et al., 2013). For
the radiative part of the equation, is the measured emissivity of the
oven at room temperature (−), is Stefan Boltzmann's constant (W/
(m2 K4)), and Twall is the wall temperature in the oven (K).

2.4.1.2. Mass transfer boundary conditions. The mass transfer boundary
condition at the fish sample was applied to all external surfaces (back,
top, and right; Fig. 2). The evaporative flux was modeled as described
by Feyissa et al. (2013), and is the diffusive flux relative to the
convective flux (Eq. (7)):

=n D c f h T T
H

C C
M

( ) ( )
w evap

total oven s

evap

s air

w (7)

where fevap is the measured fraction of the internal energy used for
evaporation (Eq. (10); Section 4.5). The nominator, Newton's law of
cooling, represents the energy needed for evaporation, and the
denominator is given by the latent heat of evaporation, Hevap. The
concentration gradient, C Cs air , accounts for the difference between
the mass fraction of water at the surface of the sample (Cs) and the mass
fraction of water in the oven air as calculated from the relative
humidity (Cair). The latter term is the driving force of the equation. It
is divided by the molecular weight of water,Mw, for conversion of units.

2.4.2. Bottom surface
Conductive heat transfer (Eq. (1b)) was applied from the baking

tray to the bottom fish surface (Fig. 2). A no flux mass transfer condi-
tion was also applied.

2.4.3. Internal surfaces
Along the internal boundaries of the sample, namely the left and

front surfaces (Fig. 2), symmetry boundary conditions were assigned to
yield a solution for each element in the full geometry (see Section 2.2).
Symmetry was also applied along the internal surfaces of the baking
tray.

2.5. Model solution

The mathematical model was solved using the Finite Element
Method (FEM) in the software COMSOL Multiphysics® version 5.4.

All domains (fish sample and baking tray) were meshed using the
free tetrahedral method. A free tetrahedral distribution with 50 number
of elements were used to increase the resolution along the edges of the
fish (Fig. 3). For the remaining geometry, the predefined “finer” setting
in COMSOL Multiphysics was applied (maximum element size:
0.88mm; minimum element size: 0.064mm; maximum element growth
rate: 1.4; curvature factor: 0.4; resolution of narrow regions: 0.7).

3. Experimental methods

3.1. Raw material

Cod (Gadus morhua) from the Aquaculture research station in
Tromsø was used. The fish was 2 years old, had an average weight of
3.75 kg, and was starved for 9 days before slaughter in December 2017.
The fish was sacrificed by a blow to the head, followed by bleeding in
seawater at 5.7–6.0 °C for 25min. The fish was then put on ice until
direct filleting and deskinning to a filet weight of 373 ± 75.8 g,
numbered, followed by drying lightly with a paper towel, weighting,
photographing, individual packaging in plastic bags, before packaging
into Styrofoam containers with ice and absorbent, and transportation
overnight to our lab in Stavanger. The next morning the temperature in
the boxes were still 0 °C, and the fish was put in a storage room at 0 °C
to undergo rigor mortis. After 5 days, the filets were cut into 2–4 pieces
of depending on the size of the filet. The cod pieces used for analysis in
this study were quick frozen directly in a freezing chamber at −60 °C,
vacuum packed at 92.2% vacuum to avoid thawing, and stored at
−80 °C until analysis to maintain the freshness and avoid major
changes in water state.

3.2. Validation experiments

3.2.1. Sample preparation
Cod loins were selected from−80 °C storage and placed in a −30 °C

freezer overnight. The loins were allowed to warm at 0 °C for 30–90min
prior to cutting to form a smooth top and bottom surface using a meat
slicer, while also cutting away any brown muscle, gaping, or blood
stains. The samples were still frozen when cut, but at a temperature
high enough not to force expulsion of exudate when cutting. From each
loin, 2–3 rectangular specimen were cut using a 20×30 mm stencil.
The exact dimensions of each sample was measured using a caliper,
prior to thawing on an aluminum tray under plastic film at 0–2 °C over

Fig. 3. The meshing of the fish sample and baking tray used in the model prediction.
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night. From each fish, the water content was gravimetrically de-
termined to 77.3 ± 0.62% from 4.0 ± 0.2 g of finely chopped sample.

3.2.2. Calibration of thermocouples
The temperature probes used were calibrated at 0 °C in equilibrated

ice water, and 30, 60, 90, 120 and 150 °C in a LiquiCal-HM oil bath
(Ellab Validation Solutions, Hillerød, Denmark) using a recently cali-
brated ETS20 (Ellab Validation Solutions, Hillerød, Denmark) as a
standard.

3.2.3. Temperature measurements
For temperature measurements, 11 samples were used.

Thermocouples (SSA-TF, Ellab Validation Solutions,± 0.2 °C) were in-
serted into the geometric core of the samples and put in a central po-
sition between the sample and baking tray, hence referred to as the
“bottom surface”, and 15 cm above the fish in the oven, referred to as
the oven temperature. The samples were allowed to equilibrate under
plastic film in room temperature for 1 h, then heated one-at-a-time for
12min in a Metos System Rational oven (MSCC 61, Kerava, Finland).
Prior to analysis, the oven was pre-heated for a minimum of 45min at
148.2 ± 1.59 °C, with a fan speed of 3/5. The humidity of the oven was
measured to 6–9% during cooking. During experiments, the baking tray
with the fish sample was placed in position 2 from the bottom (approx.
1/3 up), with direct exposure from the oven fan from one side.

3.2.4. Measurement of average mass loss
For measurements of average mass loss, 12 cod loins and two

samples per loin were used. The 24 samples had heights of
12.8 ± 1.22mm (as measured after thawing), widths of
33.2 ± 0.45mm, and depths of 23.9 ± 0.40mm. After cutting, the
samples were divided into three batches of 8, 7, and 9 specimen, re-
spectively, according to height. The samples were heated individually
using the same oven and set-up as described above, for 2–10min. The
heating time was evenly distributed according to the number of samples
in the batch, to spread the effect of dimensional differences. Care was
also taken to disperse samples from the same fish throughout the
heating time range. The samples were equilibrated for 30–45min prior
to cooking to minimize temperature gradients within the fish. Before
and after heating, the samples were weighed to 4 decimals on an ana-
lytical scale, prior to gravimetric analysis (18 h, 105 °C) of the re-
maining fraction of water. The measured temperature profiles were
divided into two groups based on the height of the fish sample prior to
cooking, and the average dimensions, initial temperatures and oven
temperatures measured for each group was used for the simulations.

3.3. Water holding capacity

Prior to analysis, eight frozen pieces of cod loins were cut hor-
izontally into thin slices with a meat slicer. Any brown muscle was
carefully cut away, and the remaining muscle was finely chopped. The
small pieces were distributed into sealed plastic bags and thawed over
night at 0–2 °C. Analysis of water holding capacity (WHC) was per-
formed the following two days, using the methodology described by
Skipnes, Østby, and Hendrickx (2007), with some alterations. Briefly,
4.2 ± 0.13 g of fish pieces were weighed into cooled, pre-weighed steel
sample cups. The cups had an adjustable, central filter, making the fish
sample closely situated to the top of the cup, and the expelled liquid
was allowed to exit to the removable bottom. For analysis of cooked
samples, the filled sample cup was isothermally heated in a water bath
(GR150, Grant Instruments, Cambridge, UK) at 25, 30, 35, 40, 50, 70
and 90 °C for 10min, before cooling in ice water for at least 5min. The
exudate was removed to determine the amount of cook loss, before
centrifugation (Rotina 420R, Hettich, Tuttlingen, Germany) at 4 °C for
15min at 528 g. The water holding capacity was determined as the
remaining mass after centrifugation as a fraction of the original, raw
mass. The gravimetrically determined (18 h, 105 °C) water content of

each individual fish was used in the calculation.

3.4. Determination of storage modulus

Prior to analysis, five frozen pieces of cod were cut horizontally into
3mm thick slices using a meat slicer. Circles of 30mm were then cut
from the slices using a sharp edged pipe, while avoiding any brown
muscle and uneven areas. The discs were singly put in small plastic
bags, vacuum packed at 92.2% vacuum, and stored at −80 °C until
analysis. To avoid thawing of the samples, the preparation was per-
formed in a chill room with circulating air at 0–2 °C.

A Discovery hybrid rheometer-2 from TA Instruments (New Castle,
DE, USA) with a 20mm cross-hatched parallel plate and temperature
control connected to a heat exchanger (P/N 953260.901 TGA, TA
Instruments) was used for the analysis. Fish samples were collected
one–at–a–time from storage, thawed in ice water while still in the va-
cuum bag (< 5min), and put on the 0 °C Peltier plate. Amplitude
sweeps were run at 1 Hz/0.01–100% strain at 25 °C, as well as 40, 60,
and 80 °C after preheating for 10 and 60min to ensure that strain in the
linear viscoelastic region was applied in later testing. Temperature
ramps were performed at 0.05% strain, and 1.0 Hz frequency, from 0 to
100 °C, with a constant heating rate of 2.5 °C/min (n= 9). Prior to all
testing, a conditional step was included to lower the geometry to
0.25 ± 0.1 N axial force. A solvent trap was placed around the sample
and geometry to prevent heat loss and drying of the sample, and alu-
minum foil was placed around the solvent trap for additional preven-
tion of heat loss.

3.5. Evaluating the fraction of energy used for evaporation

Since water evaporates from the cook loss after it leaves the fish, the
original amount of water leaving the fish as cook loss was calculated
from the original dry matter content of the cook loss (Section 3.5.1).
From this and the weight loss of the fish sample (Section 3.5.2), the
weight loss due to evaporation was determined. This value was used
together with the core temperatures, heat capacity, sample mass, and
time between reaching the various core temperatures, to determine the
fraction of energy used for evaporation, as theoretically described by
Feyissa et al. (2013).

3.5.1. Original dry matter content in cook loss
The original moisture content in the cook loss was determined by

heating vacuum packed (92.2% vacuum) rectangular specimen
(17×20×30 mm) of cod together with a 30mm glass tube in a water
bath (GR150, Grant Instruments, Cambridge, UK). The glass tube was
included to lead the liquid away from the specimen, allowing for easier
collection. The amount of dry matter in the cook loss was determined
gravimetrically, by weighting the cook loss into pre-weighed aluminum
cups with a thin layer of pre-dried sea sand (pro analysis, Merch KGaA,
Darmstadt, Germany), and drying in a heating cabinet at 105 °C for
16–18 h before weighting again (ISO 6496, 1999).

3.5.2. Measurement of evaporation
From four cod loins, three 16× 20×30 mm samples per loin were

cut as described in Section 3.2.1. One sample per loin was used for each
temperature. The samples were weighed in pre-weighed aluminum cups
with height 1–2mm around the edge before and after heating. Mineral
isolated thermocouples (Testo, West Chester, PA, USA,± 1 °C) were
inserted in the core position and centered between the sample and the
cup at the bottom. The samples were heated one-at-a-time in the oven
as described in Section 3.2.3 until a core temperature of 50, 70, or 90 °C
was reached. After heating, the weight of the samples and cook loss was
recorded, before gravimetric determination of the fraction of water in
the cook loss accompanying each sample. The water concentration in
the cook loss was determined to 90–92%.
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3.6. Estimation of the emissivity in the oven

The emissivity was estimated using an IR thermal camera (MobIR®

M8, PAL/NTSC, 9V) from Wuhan Guide Infrared (Wuhan, P. R. China).
The camera was secured to a tripod 1m from the oven wall. A triple
layer of black plastic was used to cover the oven door opening, and a
hole just large enough for the camera lens was cut out. The camera was
then taped to the plastic around the opening, allowing no light to es-
cape into the oven. The relative humidity setting used was calculated
from the wet and dry bulb temperature in the oven. The emissivity
setting in the camera was then changed until the temperature in the
oven as measured by the camera was in accordance with the tem-
perature measured using the calibrated thermocouples.

3.7. Determination of the heat transfer coefficient

The heat transfer coefficient was determined as described by
Ghisalberti and Kondjoyan (1999) and summarized by Skåra et al.
(2014), using the same aluminum cylinder (Ø=30mm, h=30mm) as
described. Thermocouples type K (PR Electronics Inc., San Diego, CA)
were used for measurement of the geometrical center of the cylinder.
Prior to measurements, the accuracy was determined to± 0.37 °C be-
tween 30 and 150 °C. The oven temperature was recorded using a high
temperature thermocouple (STC25012E700KT, Ellab Validation Solu-
tions, Hillerød, Denmark) calibrated to an accuracy of± 0.2 °C. The
oven was pre-heated and allowed to equilibrate for 20–30min prior to
analysis, using the same settings and an empty baking tray in the same
position as described above (Section 3.2.3). The cylinder was hanged
centrally in the oven from a cooling rack, within 5–10 cm of the ther-
mocouple, and within 2–3 cm of the baking plate. Temperatures were
recorded for 40min (n=2), and the total surface, radiative and con-
vective heat transfer was determined using the lumped capacity method
as described by Isleroglu and Kaymak-Ertekin (2016).

3.8. Chemical analysis of fat

The amount of fat in the muscle was analyzed using ethyl acetate
extraction (NS 9404, Nofima BioLab) from a sample of 10.4 ± 0.5 g
from 6 fish loins, and reported as 0.298 ± 0.0305%.

3.9. Statistics

Statistical analysis was performed using Minitab® 18.1. One-way
ANOVA with 95% confidence interval and Tukey post-hoc test was
performed for analysis of significant difference. Analysis of outliers was
performed using Dixon's Q test with 0.05% significance level. Analysis
of linear correlation coefficients (R2) was performed using Microsoft®

Excel® 2013.

4. Results and discussion

4.1. Heat transfer prediction and validation

The developed model of heat transfer predicts the temperature at

each point in space and time. As shown in Fig. 4, the temperature
distribution in a fish sample can be obtained at specific cooking times.
After 1min, a gradient is forming throughout the fish, with the highest
temperature on the surface and the lowest near the geometric core.
After 4.5min of cooking, the small (13.4×24.4×33.4mm) piece of
fish has already reached a temperature of 70 °C in the coldest spot.

The effect of the conductive heating from the baking tray to the fish
can also be seen from the model prediction since the coldest spot is
raised from the geometric core. In Fig. 4, this is easiest to see after 3min
of cooking, when the temperature at the bottom surface is red and has
surpassed 90 °C, whereas the temperature at the central top surface
remains at the color orange under 80 °C. Thus, in the portrayed sce-
nario, the conductive heating from the baking tray is quicker than the
convective and radiative heating from the surrounding air.

Fig. 4. Predicted temperature profiles of a cod sample (13.4× 33.4× 24.2mm) and baking tray during cooking.
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Fig. 5. Measured (± SD) and predicted temperature curves during
cooking of cubes of cod fish on a baking tray in a convection oven. a)
Samples of height 11.5 ± 0.50mm (n = 5); b) Samples of height
13.36 ± 0.98mm (n = 6). Solid line: predicted; staggered line: measured.
Blue: geometric core; orange: bottom surface. For clarity, the standard devia-
tion is shown every 30 s. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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The model prediction at the core and bottom surface positions (Fig. 2)
were compared to the measured data from the same positions, as seen in
Fig. 5. There is a generally good agreement between the measured and the
predicted temperatures, and the curves show a similar tendency in slope
and lag. For the core temperature prediction, the model is within 2 °C in
the critical range between 40 and 80 °C. After 80 °C, the average measured
core temperature rises somewhat quicker than the prediction. This is
probably attributed to shrinkage in height during this region, which would
lead to quicker heating of the sample.

The fit in the range 40–80 °C is made even better when including the
geometry and parameters of the thermocouple in the model simulation
(Fig. 6). The thermocouple was modeled as a 40mm long hollow
stainless steel (316L) cylinder using the measured diameter and wall
thickness of the electrode, 1.2 and 0.08mm, respectively, with ther-
mophysical properties from Kim (1975). The volume inside was as-
sumed to have the same insulating properties as air. When the sample
size is increased to 80× 60×25 mm, which is a normal size for a cod
loin, the effect of the thermocouple on the core temperature diminishes
to under 0.8 °C. During cooking of samples of normal dimensions, the
effect can therefore be neglected.

4.2. Mass transfer prediction and validation of average mass loss

The predicted moisture profile shows that there is a gradual drying
of the sample surface, and a drying front is slowly moving inwards
during cooking (Fig. 7). According to our model, the change in the
water profile in the central positions is very slow.

The predicted average mass fraction of water in the sample is very
dependent on the relative humidity of the oven, since the evaporative

(mass transfer) boundary condition is driven by the difference between
the moisture concentration on the sample surface and the relative hu-
midity of the oven air. Fig. 8 shows the effect of raising the humidity of
the oven on the predicted average evaporation rate. Increasing the
humidity to 50% reduces the evaporative weight loss after 4.5 min by
3.5% compared to a relative humidity of 10%. Like the figure shows,
humidity can be an important parameter in process optimization to
minimize the weight lost as evaporation.

In this study, mass transfer was only validated using average mass loss
data. While this method has limitations, including not showing the
moisture profile within the sample during cooking, it is able to give a gross
overview of how the reality fits the prediction on a macro-scale. However,
in order to truly validate the mass transfer model, information about the
distribution and movement of moisture during cooking must be acquired.

Our measurements showed that during cooking of
12.8×33.2×23.9mm samples, the mass fraction of water decreased
linearly from the initial 77.5% until it reached 68.9 ± 0.491% after
10min. For the first 8.5min of the process, there was good agreement
between the measured and the predicted water concentration in the
samples (Fig. 9). After cooking for 10min, all measured data values were
below the model prediction, with 1.3% between average measured and
predicted values. During the last stage of heating (8–10min), cook loss
was expelled from the sample surface in addition to evaporation (video
recorded observations). Since the mass transfer boundary condition only
included evaporation and not mass lost in liquid form as cook loss, the
deviation can be accounted for in the future by adding equations of cook

Fig. 6. Measured (staggered line,± SD) and predicted (solid line, blue
color) core temperature, and the effect of including the thermocouple
(black color) in the model for samples of height 13.36 ± 0.98mm (n = 6).
For clarity, the standard deviation is shown every 30 s. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 7. Predicted water profiles of a cod sample (13.4× 33.4×24.2mm) after
cooking for 1.5 and 4.5min. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Predicted average mass fraction of water in fish samples during cooking
with 0, 10, 30, 50, and 70% relative humidity (RH) in the oven.

Fig. 9. Predicted (RH=10%) and measured mass fraction of water in the
fish sample and its change during cooking. A trend line (staggered line, R2

= 0.93) is included to emphasis the linear tendency of the decrease in the mass
fraction of water with respect to cooking time.
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loss to the model. This is especially important when predicting the mass
loss during cooking from larger samples.

4.3. WHC

The water holding capacity (WHC) of the raw fish was measured to
81.3 ± 0.822% (Fig. 10). From 25 to 40 °C, the WHC decreased until
reaching a local minimum of 67.0 ± 4.83%, which is a similar trend to
what has been found previously for post-rigor fileted farmed cod
(Skipnes et al., 2011). In this study, consistently higher values were
found throughout the temperature range for pre-rigor fileted fish than
was found for post-rigor fileted fish in the aforementioned study. This
may be a consequence of increased loss of free water during the rigor
mortis stage when fileting prior to this biological process (Kristoffersen,
Vang, Larsen, & Olsen, 2007), leaving the fish with less water available
for loss during cooking and centrifugation. From 40 to 90 °C, there were
no significant differences between the measured temperature points. It
therefore seems that the water holding capacity reached a plateau after
the proteins were denatured. The average value obtained after cooking
at 40–90 °C was used as the final value in the proposed equation. There
were large standard deviations accompanying the data on account of
large biological differences between each fish. The low or high WHC
behavior seen in each fish specimen was consistent along the tem-
perature range applied.

A function for the change in water holding capacity with tempera-
ture has previously been formulated by van der Sman (2007). The ex-
perimental data found for farmed cod was fitted to this relation to give
a function for WHC of cod muscle (Eq. (8)):

=
+

C T C a
a a T T

( )
1 exp( ( ))eq eq,0

1

2 3 (8)

where Ceq,0 is the initial water holding capacity of raw sample, 0.82, T
is the temperature in °C,T is the center of a logistic curve, 25 °C, and a1,
a2, and a3 are fitting parameters set to 0.12, 23.0, and 0.42 by trial-and-
error. It should be noted that the water holding capacity is specific to
the raw material, and affected by conditions before, during, and after
sacrificing the fish. Especially, differences are expected between wild
and farmed cod (Rustad, 1992), between pre- and post rigor fileted cod,
and as a consequence of freezing regimes (Schubring, 2005). When
differences in WHC is found, the parameters of Eq. (8) should be ad-
justed accordingly.

4.4. Rheological analysis

The rheological measurements (Fig. 11) showed that the storage
modulus (G′) of cod decreased initially from 0 to 37 °C, before an

increase between 50 and 75 °C, and eventually a plateau was reached
after heating to 80–100 °C. The change in G’ as a function of tem-
perature was fitted to a sigmoidal curve, as outlined in Feyissa et al.
(2013) for meat and in Rabeler and Feyissa (2018b) for chicken breast
(Eq. (9)):

= +
+ ( )G T G G G( )

1 exp
max

min max
T g

g
1

2 (9)

where G max is the mean maximum elastic modulus, 48.2 ± 8.55 kPa,
Gmin is the lowest measured elastic modulus, 14.2 ± 3.20 kPa, T is the
temperature (°C), and g1 and g2 are fitting patterns with values 64 and
5, respectively, determined by trial-and-error.

The data, especially after 70 °C, was accompanied by large standard
deviations, which yields an uncertainty for the equation. This is not
unexpected, since measurements of cod texture have been correlated
with high standard deviations also previously, when using a compres-
sion test to measure hardness (Skipnes et al., 2011). When statistically
analyzing the storage modulus at critical points (0, 37, and 76 °C), no
correlation between sample height and storage modulus was found
(R2 < 0.28).

4.5. Fraction of internal energy used for evaporation

The fraction of internal energy used for evaporation, calculated
from the measured data and plotted against the average core tem-
perature of the time intervals used for the calculation (0–50 °C,
50–70 °C and 70–90 °C), is shown in Fig. 12. In the case of samples
cooked from 0 to 50 °C, the fraction of internal energy used for eva-
poration had already reached 0.19 ± 0.05. For samples reaching a core
temperature of 70 and 90 °C, the fraction increased to 0.78 ± 0.02 and
0.86 ± 0.01, respectively. The fitted sigmoidal function describing the
fraction of internal energy used for evaporation, f (T)evap , is given by Eq.
(10):

= +
+ ( )f T f

f f
( )

1 exp
evap max

max
T f

f

0

1
2 (10)

where fmax is the maximum fraction of internal energy that can be used
for evaporation, 1, which is achieved at the boiling point of water,
100 °C. The fraction of evaporation at the freezing point, 0 °C, given by
f0, has a value of 0. T is the surface temperature (°C) of the sample,
and f1 and f2 are fitting parameters with values 47 and 15, respectively,
determined by trial-and-error and visual inspection of the curves. In
practice, this function gradually turns up the fraction of internal energy
used for evaporation at the surface.

Fig. 10. The measured average water holding capacity (WHC;± SD) of cod
after cooking at 0–100 °C for 10min (n=8), and the fitted sigmoidal
function. Measurement points not sharing a letter are significantly different.

Fig. 11. The measured average storage modulus (± SD) of cod samples
heated from 0 to 100 °C (n=9), plotted with the fitted sigmoidal function.
For clarity, standard deviation is included each 10 °C.
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5. Conclusion

A comprehensive model of heat and mass transport during baking of
small pieces of cod on a baking tray in a convection oven was for-
mulated. The model showed the ability to predict the temperature and
moisture concentration during cooking as functions of time and space.
Empirical relations for storage modulus and water holding capacity of
cod were developed, as well as a relation for the fraction of internal
energy used for evaporation. The model does not consider dimensional
change and expulsion of water as cook loss, which are processes of great
importance when heating larger pieces of cod. In order to make a more
general model with a larger specimen validity range, these processes
will be considered in later studies. In addition, quality and safety
parameters can be added, so that the model may assist industry and the
hotels, restaurants, and catering businesses in process optimization to
minimize the liquid loss and optimize quality, while maintaining safety.
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A B S T R A C T

Low levels of salt are frequently used to increase flavor and water retention in cod. This alters the biochemical
properties of cod during heating. In this paper, properties needed to mathematically model moisture transfer
during cooking – water holding capacity and storage modulus – were determined for cod containing 0.06, 1 and
3 g/100 g NaCl. Protein denaturation and microstructure was also investigated to increase the understanding of
quality effects of salt during cooking. A model was established to investigate the effect of the measured storage
modulus and water holding capacity on the predicted moisture retention during heating. Salting lead to a higher
water holding capacity, less hardening of the muscle tissue during heating, diffused protein denaturation peaks
and caused swelling of the muscle fibers. By interchanging the acquired variables in the model of coupled heat
and moisture transfer, we found a higher predicted water retention during cooking of brined cod compared to
unsalted cod. This knowledge may be utilized in creating modeling tools for optimization of cooking processes,
which may support chefs and ready-to-eat meal producers in reducing weight loss and improving the texture and
juiciness of their products.

1. Introduction

Mathematical modeling is a powerful tool which may be used in the
food industry, catering and restaurants for creating cooking protocols
tailored to the specific fish product at hand. Using physics-based
mathematical modeling, it is possible to try out endless combinations of
convection oven input parameters – such as temperature, relative hu-
midity and heating time – and observe effects on quality parameters
which may be included in the model as output. Such quality parameters
may include texture – especially hardness or toughness; water holding
capacity – which is related to juiciness; and color development (Kong,
Tang, Rasco, & Crapo, 2007; Ovissipour, Rasco, Tang, & Sablani, 2017;
Rabeler & Feyissa, 2018a). Moreover, such models can be combined
with bacterial inactivation kinetics and kinetics of vitamin breakdown,
and this offers opportunities for creating products which are both safe,
healthy and tasty.
For modeling the moisture transfer during heating, it is commonly

assumed that the muscle structure functions like a porous media, for
which Darcy's law can be applied (Datta, 2007). Using this approach,
properties describing both the muscle structure, the liquid being
transported, and their interactions are needed. The driving force in

Darcy's law has been hypothesized to be the swelling pressure that
originates when proteins denature and muscle foods swell or shrink,
which can be determined from the water holding capacity and storage
modulus of a product (Barrière & Leibler, 2003; van der Sman, 2007).
These properties have been determined for meat, chicken and cod, and
the porous media approach has been used for modeling moisture
transfer during heating of these foods (eg. Blikra, Skipnes, & Feyissa,
2019; Feyissa, Gernaey, & Adler-Nissen, 2013; Rabeler & Feyissa,
2018b). However, the properties of the muscle, especially the water
holding capacity – which describes the ability of a food to hold on to
water when a pressure is applied – may change drastically when salt is
added. Salt is commonly applied to cod before heating, and thus it is
important to know the extent of which water holding capacity and
storage modulus are affected by salt concentration during heating.
Addition of low concentrations of salt (< 5.8 g/100 g NaCl) increase

the ability of muscle foods to hold on to water, which decrease the
amount of liquid exudated during storage of raw fish (Larsen &
Elvevoll, 2008; Larsen, Olsen, Kristoffersen, & Elvevoll, 2008) and
during heating (Kong, Oliveira, Tang, Rasco, & Crapo, 2008; Ofstad,
Kidman, Myklebust, Olsen, & Hermansson, 1996). The increased re-
tention of moisture is caused by a displacement in the isoelectric point,
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changing the pH at which the muscle proteins bind water more effec-
tively. In addition to being dependent on the salt concentration
(Johnsen, Jørgensen, Birkeland, Skipnes, & Skåra, 2009), the water
holding capacity of fish show changes corresponding to the denatura-
tion of major protein groups (Skipnes, Johnsen, Skåra, Sivertsvik, &
Lekang, 2011).
The other property needed to determine the swelling pressure

during cooking, namely the storage modulus, is a rheological property
which is correlated with the textural property of hardness. The storage
modulus of extracted fish proteins and surimi pastes have been well
documented. However, since the effect of salt on rheological properties
depend on processing conditions and addition of other additives (eg.
Cheow, Yu, & Howell, 1999; Kobayashi & Park, 2017), these results
cannot be adopted directly to processing of lightly salted fish muscle.
On the other hand, the hardness of brined fish muscle has been assessed
using more traditional methods. Sensory analysis was used to assess the
hardness of cod brined for 10min in 5 g/100 g NaCl followed by
heating at 95 °C for 10min in a water bath (Esaiassen et al., 2004). The
result indicated an increased softness of brined cod compared to un-
salted samples. This correlates with measurements of the force required
to pull bones from cod muscle, which decreased with increasing salt
concentration in the brine from 1.5 to 6 g/100 g NaCl (Larsen et al.,
2008). As measured using a compression test, salmon brined in 1.5 g/
100 g NaCl also showed a lower shear force after heating at 121.1 °C for
10–60min compared to unsalted salmon (Kong et al., 2008).
It is appropriate to mention that even though salting of fish, espe-

cially cod, is an ancient tradition, it is important to consider all foods in
a more general perspective of food health. There is strong evidence that
high levels of salt in the diet may cause unfavorable medical conditions,
especially raised blood pressure and in turn cardiovascular disease (He
& MacGregor, 2009), and claims to reduce the amount of salt in pro-
cessed foods have thus been raised (Asaria, Chisholm, Mathers, Ezzati,
& Beaglehole, 2007). In addition to demanding less salt, consumers also
demand “natural foods” without artificial preservatives including
phosphates which are commonly used to increase water retention in
muscle foods (Bearth, Cousin, & Siegrist, 2014; Evans, de Challemaison,
& Cox, 2010; Zink, 1997). It is important to offer consumers a choice to
eat preservative-free food, however for the consumers who prefer fish
products which are higher in flavor and juiciness, an option where a
sufficiently low level of salt is used so that it does not cause damage to
public health may be provided. It is our belief that complex modeling
could be used to find this level. For restaurants, catering, and the ready-
meal industry, adjusting the sodium content in the rest of the meal, for
instance by serving cod with vegetables and low-sodium sauce, is also a
suitable option.
The objective of this paper was 1) to investigate the changes in

important moisture transfer properties for cod brined at low con-
centrations of salt, 2) to increase the understanding of the quality ef-
fects of salt on cod during cooking, and finally 3) to enable optimization
of convection oven cooking of lightly salted cod through mathematical
modeling.

2. Materials and methods

2.1. Raw material

Farmed Atlantic cod (Gadus morhua) weighing 2–4 kg were starved
for 9 d, killed by a blow to the head, bled in seawater for 25min, filleted
(pre-rigor), and transported on ice to our lab (December 2017). The
fillets were stored at 0–2 °C (5 d) to undergo rigor mortis, after which
they were cut into pieces of 100–150 g. Untreated samples were quick-
frozen in a blast freezer (< 15min) at −60 °C, vacuum packed at
7.66 kPa to avoid thawing, and stored at −80 °C until analysis to
maintain freshness and avoid major changes in water state (Burgaard &
Jørgensen, 2010). The remaining samples were brined in individual
bags with 2 L brine (0, 1.5 and 4.5 g/100 g NaCl) per fish piece, for

48 h at 0–2 °C, lightly patted dry with a paper towel, followed by pro-
cessing and storage as described for untreated samples. A flow chart
summarizing the processing steps is given in Fig. 1.

2.2. Characterization of raw material

Ten specimens were removed from the slaughter-line one at a time
before bleeding. Their initial muscle pH and blood lactate was mea-
sured. Fish length (L; m), as well as mass of whole fish and liver
(W LW, ; kg) were used to calculate the hepatosomatic index
( =HSI 100LW

W ) and condition factor ( =K 100W
L3 ).

The weight gain during brining was analyzed by weighing 10 loins
prior to and after brining, after lightly patting dry with a paper towel.
Analysis of total aerobic count was performed according to NMKL 184
(2006) on raw material after processing and freezing (n= 3). Final pH
after processing and freezing was measured in a 1:1 solution of sample
and 0.1mol/L KCl (10–40 g each), using a Mettler Toledo Five Easy Plus
pH meter (FEP20, Zürich, Switzerland) with an LE438 electrode. The
measurement was performed in duplicate on four samples from dif-
ferent specimen.

Fig. 1. Flow chart of processing and sample preparation steps.
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2.3. Sample preparation

The temperature of frozen loins was gradually raised by following
the steps shown in Fig. 1, to allow cutting the cod pieces into samples of
appropriate size. For analysis of water holding capacity (WHC), salt and
pH, frozen pieces of cod were cut horizontally into 3mm thick slices
using a meat slicer. For rheology, disks of 30mm were cut from the
muscle slices using a heavy duty round hollow punch – a hand-held
device with a sharp-edged pipe attached to a handle. Any brown muscle
and uneven areas were avoided during cutting. The white fish muscle
surrounding the disks was finely chopped for DSC analysis. To avoid
thawing of the samples, the preparation was performed in a chill room
with circulating air at 0–2 °C, followed by vacuum-packing in appro-
priately sized polyethylene bags at a pressure which had previously
shown not to thaw the samples (7.66 kPa). The samples were then put
back for storage at −80 °C until analysis (< 6mo).

2.4. Salt concentration

The salt concentration after processing and freezing was measured
as total chloride content by titration with silver chloride (Mettler
Toledo T7), according to ISO 5943 IDF 88 with some deviations. 1.5 g
homogenized sample was mixed with 50mL distilled water at 55 °C for
1 h without subsequent blending. Two samples from the surface and
core positions of four loins were analyzed for each parameter
(n=2x4), except untreated cod which was analyzed without regard to
position (n=8). Going forward, the salted samples (brined at 1.5 and
4.5 g/100 g NaCl) are referred to using the average measured con-
centration of salt, 1 and 3 g/100 g NaCl, respectively (Table 1). The
samples brined in pure water are referred to as “water-brined” samples,
and the group “unsalted samples” include both water-brined and un-
treated samples.

2.5. Differential scanning calorimetry

Heat denaturation was analyzed using a Mettler Toledo DSC1 and a
modified version of the methodology described by Skipnes, Van der
Plancken, Van Loey, and Hendrickx (2008). Samples of 51.4±6.5mg
were weighed into stainless steel crucibles (Mettler Toledo medium
pressure Ø 7mm with pin), sealed with a Viton O-ring and analyzed at a
rate of 2.5 K/min from 2 to 100 °C. Deionized water corresponding to
the amount of water in the sample (40mg) was used in the reference
pan to remove the noise of water from the resulting thermograms. Raw
samples (n= 6–8) and samples isothermally heated in a GR150 water
bath (10min; n= 2) at either 25, 30, 35, 40, 45, 55, 60, or 65 °C were
used, except water-brined samples which were not heated at 30 °C. The

heated samples were cooled in ice water (> 30 s) prior to DSC analysis.
The thermograms were analyzed using the software StarE version 14.00
(Mettler Toledo). A spline baseline was used for analysis of all peaks.
Data was reported as peak denaturation temperature (PDT) and nor-
malized (residual) denaturation enthalpy (hden) of each detected peak.

2.6. Water holding capacity

Water holding capacity (WHC) was analyzed as described by
Skipnes, Østby, and Hendrickx (2007), with some alterations. Briefly,
5.12 ± 0.02 g of fish pieces were gently ripped to appropriate size and
weighed into cooled, pre-weighed steel sample cups of height 37 and
Ø36 mm (Skipnes et al., 2007). The cups had an adjustable, central
filter, allowing the fish sample to be rotated up until it touched the lid
of the cup, and the expelled liquid was allowed to exit through the filter
to the removable bottom. For analysis of cooked samples, the filled
sample cup was isothermally heated in a water bath (GR150, Grant
Instruments, Cambridge, UK). Each cup was heated at either 25, 30, 35,
40, 45, 55, 60, 65, 70 or 100 °C, before cooling in ice water for 5min.
The cups were kept cold until removal of the cook loss using paper
towels, followed by centrifugation (Rotina 420R, Hettich, Tuttlingen,
Germany) at 4 °C for 15min at 528 g (Skipnes et al., 2007, 2011). WHC
was determined as the remaining mass after centrifugation as a fraction
of the original, raw mass and as g hold water/g dry weight (n= 8). The
gravimetrically determined (18 h, 105 °C) water content of re-
presentative samples (n=8) of each salt concentration was used in the
calculation (Table 1).

2.7. Rheology

Rheological measurements were performed using a DHR-2 (TA
Instruments, New Castle, DE, USA) with a 20mm cross-hatched parallel
plate and temperature control connected to a heat exchanger (P/N
953260.901 TGA), as described by Blikra et al. (2019). Samples were
collected one-at-a-time from storage at −80 °C (n=10), thawed in ice
water and put on the 0 °C Peltier plate. Temperature ramps were per-
formed at 1.0 Hz, from 0 to 100 °C, with a heating rate of 2.5 K/min,
and with an initial axial force of 0.25 ± 0.1 N. The strain % to be used
for the tests were determined from amplitude sweeps performed at a
minimum of three temperatures, to ensure testing in a linear viscoe-
lastic region. The strain % determined were 0.05, 0.025, and 0.25% for
water-brined samples and samples containing 1 and 3 g/100 g NaCl,
respectively. A solvent trap was placed around the sample and geo-
metry to prevent heat loss and drying, and aluminum foil was placed
around the solvent trap for additional prevention of heat loss.

Table 1
Fish characterization and model parameters.

Property Untreated g/100 g NaCl in brine

0 1.5 4.5

Characterization Weight gain during brining (g 100/g
initial weight, n= 10)

– 8± 3a 11±1a 24±5b

Final muscle pH (n=10) 6.22 ± 0.08ab 6.27 ± 0.06a 6.23 ± 0.02ab 6.10 ± 0.06b

NaCl content (g/100 g, n=8) 0.10 ± 0.02a 0.06 ± 0.03a 1.00 ± 0.17b 3.06 ± 0.58c

Moisture content (g/100 g, n= 8) 77.3 ± 0.4a 80.1 ± 1.1b 80.6 ± 1.9b 80.2 ± 2.2b

Eq. (8). WHC Ceq,0 0.82∗ 0.70 0.85 0.98
a1 0.12∗ 0.13 0.17 0.32
a2 23∗ 23 25 20
a3 0.42∗ 0.35 0.42 0.08
Tσ 25∗ 30 32 16

Eq (9). G’ G'max (kPa) 48 ± 9∗ 38 ± 9 42 ± 7 38 ± 8
G'min (kPa) 14 ± 3∗ 13 ± 5 10 ± 2 15 ± 1
g1 64∗ 64 60 63
g2 5∗ 4 7 5

Values in a row not sharing a common letter are significantly different (P < 0.05).
∗ Data published by Blikra et al. (2019).
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2.8. Microstructure

Cross-sectional microstructure was analyzed using myotomes sepa-
rated from muscle samples. In order to dissolve the collagen holding the
sheets together and enable separation of the sheets, cubes of approxi-
mately 30mm were vacuum packed (7.66 kPa) in polyethylene bags
and heated for 20min at 30 °C in a GR150 water bath. The samples
were subsequently frozen in liquid nitrogen and stored at −80 °C until
analysis (unsalted<13mo; brined < 3mo; Fig. 1). Upon analysis,
frozen samples were embedded in tissue freezing medium (Leica,
14020108926, Wetzlar, Germany), and cut into 10 μm slices at −20 °C
using a Leica CM1860 UV cryostat. The slices were transferred to mi-
croscopy slides and stained with Orange G and Methyl blue (Sigma-
Aldrich, St. Louis, MO, USA), followed by inspection using a Leica MZ8
stereo microscope (San Jose, CA, USA). Images were prepared with an
integrated camera above the lens (VisiCam 10.0, VWR®, Leuven, Bel-
gium). ImageJ (Version 1.52b, Fiji) was used for calibration of pixel
size. For each sample group, the analysis was conducted in triplicate.

2.9. Model prediction

A mathematical model was established to investigate the effect of
the measured difference in WHC and storage modulus on the predicted
mass loss. A similar model was previously published (Blikra et al.,
2019), but for convenience, a summary of the model is given below.

2.9.1. Governing equations
2.9.1.1. Heat transfer. The heat transfer is described by Eq. (1):

+ + =uc T
t

k T c T( ) 0wp w p w, (1)

where , cp, and k – the density (1060 kg/m3), specific heat (3650 J/(kg
K)) and thermal conductivity (0.515W/(m K)) – are the material
properties of the fish which are obtained from Skipnes et al. (2007).
The thermophysical properties (density, w (986 kg/m

3) and specific
heat, cp w, (4190 J/(kg K)) of the liquid transported were approximated
from the properties of water at 55 °C (Singh & Heldman, 2014). is the
three-dimensional del operator, i.e. partial derivative in x, y, and z
direction ( = + +/ x / y / z). uw is the flow velocity of the liquid
(m/s) given by Eq. (3), and T is the temperature (K).

2.9.1.2. Mass transfer. Moisture transfer within the fish sample is based
on the conservation of mass (Bird, Stewart, & Lightfoot, 2002), and
given by Eq. (2):

+ + =uc
t

D c c( ) 0ww (2)

where c is the moisture concentration (mol/m3) and Dw is the moisture
diffusion coefficient ( ×4 10 10m2/s; Valle & Nickerson, 1968) in the
sample. Using a porous media approach (see Section 1), the velocity of
the water inside the fish sample, uw, was described by Darcy's law (Eq.
(3)):

=u G
µ

C C( )w
w

eq
(3)

where is the permeability of cod (10 17m2; Datta, 2006), G is the
storage modulus (Eq. (9)), and µw is the dynamic viscosity of water (Pa
s; Singh & Heldman, 2014), given by Eq. (4). C is the mass fraction of
water (kg/kg sample), and Ceq is the water holding capacity (Eq. (8)).

= × × +µ 2.414 10 10w T5 247.8
133.15 (4)

2.9.2. Boundary conditions
2.9.2.1. Heat transfer. Convective boundary conditions were applied to
all external surfaces of the fish sample (eg. Feyissa et al., 2013):

=n k T f h T T( ) (1 )( ( ))h oven s (5)

where h is the convective heat transfer coefficient (55W/(m2 K)) and
Toven is the temperature of the oven (146.8 °C). fh is a step function
turning the heat transfer off when the surface temperature approaches
100 °C (see Feyissa et al., 2013).

2.9.2.2. Mass transfer. The mass transfer boundary condition at the fish
sample was applied to all external surfaces, except the bottom surface
where a no flux condition was assumed. The evaporative flux was
modeled using Eq. (6) (Blikra et al., 2019; Feyissa et al., 2013):

=n D c f h T T
H

C C
M

( ) ( )
w evap

oven s

evap

s air

w (6)

where fevap is the measured fraction of the internal energy used for
evaporation, given by Eq. (7) (Blikra et al., 2019), Hevap is the latent
heat of evaporation ( ×2.3 106 J/kg), and Mw is the molecular weight of
water (18.02 g/mol). Cs is the mass fraction of water at the surface of
the sample, and Cair is the relative humidity (0.1[ ]).

= +
+ ( )f T

f
( ) 1

1 exp
evap

max
T 226.2

15 (7)

2.9.3. Model solution
The mathematical model was solved in COMSOL Multiphysics®

version 5.4 using the Finite Element Method (FEM). The fish piece was
modeled as a rectangle of 20x30× 15mm. The geometry was meshed
using a free tetrahedral distribution to increase the resolution along the
edges of the fish, while the predefined “finer” setting was used for the
remaining geometry (Blikra et al., 2019).
In the computation, we took advantage of the geometrical symmetry

to reduce the computational burden to 1/4th of the required calcula-
tions. Thus, along the internal boundaries of the sample, symmetry
boundary conditions were assigned to obtain a solution for each ele-
ment in the full geometry (see Blikra et al., 2019).

2.10. Statistical analysis

Statistical analysis was performed using Minitab® 18.1. One-way
ANOVA with 95% confidence interval and Tukey post-hoc test was
performed for analysis of significant difference. For rheological ana-
lysis, measurements every 0.4 °C were collected. To simplify the sta-
tistical analysis, measurements every 5 °C were selected for analysis of
variance.

3. Results and discussion

3.1. Characterization of raw material

The stress level experienced by the fish during the slaughter process
was assessed using initial muscle pH and blood lactate, measured to
7.3±0.1 and 2.5±0.7 mmol/L, respectively, indicating low stress levels.
Hepatosomatic index and condition (K) factor were used to assess the
nutritional status of the fish. As found by Lambert and Dutil (1997), K-
factor and HSI are indicators of muscle and liver energy in cod, re-
spectively. The K-factor was found to be 1.35±0.1 kg/m3, which is
comparable to other values reported for farmed cod (Hultmann,
Tobiassen, Aas-Hansen, Phu, & Rustad, 2016; Kristoffersen et al.,
2006a; Kristoffersen, Vang, Larsen, & Olsen, 2007). The HSI was found
to be 14.7±1.3 [ ], which indicates good nutritional status, and is
slightly higher than other values reported for farmed cod (Kristoffersen
et al., 2006a, 2007; Kristoffersen, Tobiassen, Steinsund, & Olsen,
2006b).
During the brining process all samples absorbed weight, including

samples brined in pure water. The amount of uptake increased with
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increasing salt concentration in the brine from 0 to 4.5 g/100 g
(Table 1). No significant difference was found between the microbial
load of samples undergoing the different treatments. The total aerobic
count averaged 2.3±0.3 cfu/g, indicating good microbial quality.

3.2. Differential scanning calorimetry

Differential scanning calorimetry (DSC) of untreated samples gen-
erally revealed three peaks (Fig. 2). The peak maximum temperature
found for the peaks of untreated cod in this work were in the same
range of what was found for farmed, unsalted cod (Skipnes et al., 2008)
and wild fresh cod (Hastings, Rodger, Park, Matthews, & Anderson,
1985). However, due to differences of the instrument and setup, three
peaks were identified instead of five and eight which were found in the
other studies. Based on the aforementioned work, peak 1 was attributed
to myosin and residual collagen, and peak 2 to sarcoplasmic proteins.
Within peak 3 it was often possible to identify two overlapping peaks:
the smaller and of lower temperature was attributed to sarcoplasmic
proteins, and the larger to actin. In this study, these were analyzed as
one peak, with peak denaturation temperature corresponding to actin.
It is a logical assumption that the majority of denaturation enthalpy
(hden) of this peak comes from denaturation of actin, since the propor-
tion of actin in cod muscle greatly surpasses that of sarcoplasmic pro-
teins. Furthermore, the peak denaturation temperature (PDT) and hden
for actin is known from literature (eg. Skipnes et al., 2008) to be in the
same range as peak 3 in the present study and does not correspond with
observations of sarcoplasmic proteins.
For samples that had not been heat-treated before the DSC analysis,

the average PDT of myosin (peak 1) was found at 35.8–46.2 °C, with
higher values for unsalted specimen (Fig. 3). Water-brining shifted the
myosin PDT significantly by 3.0 °C on average, from 43.2 for untreated
samples to 46.2 °C. Salted samples showed a significantly lower myosin
PDT and hden compared to unsalted samples. The peak attributed to
sarcoplasmic proteins was detected at average temperatures from 56.6
to 58.2 °C, with no significant differences between the sample groups.
The exception was samples containing 3 g/100 g NaCl, for which no
peak was observed. The average PDT of actin (peak 3) decreased with
increasing salt concentration, from 76.1 °C for untreated samples to
66.2 °C for samples containing 3 g/100 g NaCl. The denaturation en-
thalpy followed the same trend of decreasing absolute value with in-
creasing salt concentration, as was also reported for cod containing
higher concentrations of salt (7–20 g/100 g; Thorarinsdottir, Arason,
Geirsdottir, Bogason, & Kristbergsson, 2002).
When the samples were heated from 25 to 65 °C prior to DSC ana-

lysis, the residual denaturation enthalpy (hden) and PDT shifted (Fig. 3).
For all sample groups, the hden of myosin did not change compared to
raw samples after heating at 25 °C. For the salted samples, hden of
myosin was significantly smaller than for the unsalted samples, and the

peak attributed to myosin disappeared after heating at 30–35 °C. Sar-
coplasmic proteins (peak 2) were completely denatured after heating at
55 °C or above for unsalted samples, and 50 °C or above for samples
containing 1 g/100 g NaCl. After heating the samples at 45 °C, the hden
of untreated samples and samples containing 1 g/100 g NaCl increased
significantly in magnitude, indicating that peak 2 was partly covered by
peak 1 during the initial temperature range, and then grew as myosin
was denatured. The same might be the case for the sudden appearance
of peak 2 after heating at 30 °C for samples containing 3 g/100 g NaCl.
This peak was not visible after heating at lower and higher tempera-
tures. Actin seemed to be less heat-stable for salted samples than for
unsalted samples, as the hden of peak 3 decreased in magnitude after
heating at 45 °C or higher for samples containing 1 g/100 g NaCl, but
generally remained at a larger magnitude for unsalted samples until
after heating at 70 °C. After heating at 40 °C or higher, all peaks had
disappeared completely from the thermographs of samples containing
3 g/100 g NaCl. This indicates that for this salt concentration, any
changes in 3D-conformational structure of the muscle proteins after
40 °C were either too gradual or did not involve sufficient energy dis-
sipation to be visualized in the DSC thermographs.

3.3. Water holding capacity

In Fig. 4a, data for water holding capacity (WHC) of brined cod are
shown with data for untreated cod (Blikra et al., 2019) as a function of
heating temperature. As can be seen from the figure, salting increased
the WHC of the fish after heating at all tested temperatures. Samples
containing 3 g/100 g NaCl generally showed a higher WHC than the
samples containing 1 g/100 g NaCl, although not always significant.
This is in agreement with a previous study, where WHC of cod in-
creased with increasing salt concentration in the brine added to ground
cod, ranging from 0.3 to 1 g/100 g NaCl (Johnsen et al., 2009).
In Fig. 4a, the water-brined samples showed a lower WHC compared

to the untreated samples. When considering the result in g hold water/g
dry matter (Fig. 4b), the results for untreated and water-brined samples
were almost identical, showing that the absorbed water during brining
could explain the difference in water holding capacity expressed as
mass fraction of final to initial weight. The result for water-brined cod
(Fig. 4a) was similar to data for post-rigor fileted cod (Skipnes et al.,
2011), which is known to contain more water than pre-rigor fileted cod
(Kristoffersen et al., 2006a).
The experimental data was fitted to a function for the change in

WHC with temperature (van der Sman (2007); Eq. (8)):

=
+

C T C a
a a T T

( )
1 exp( ( ))eq eq,0

1

2 3 (8)

where Ceq,0 is the initial WHC of raw sample, T is the temperature in °C,
T is the center of a logistic curve, and a1, a2, and a3 are fitting para-
meters determined by trial-and-error (Table 1). The functions are
shown in Fig. 4a with the measured data. There was a general trend in
all sample groups of higher WHC for samples not previously heated and
samples heated at 30 °C, followed by a significant drop with a local
minimum after isothermal heating treatments from 45 to 50 °C. For
unsalted samples and samples containing 1 g/100 g NaCl, this drop
corresponded to denaturation of peak 1, attributed to myosin.
It should be noted that while water-brined cod fit the sigmoidal

curve type well, salted cod changed in a different manner. In contrast to
water-brined samples and samples containing 3 g/100 g NaCl, the WHC
of cod containing 1 g/100 g NaCl increased slightly after heating at
50–55 °C. The same increase was also observed after heating at
40–50 °C for untreated cod (Blikra et al., 2019). Since the result was not
significantly different from the results for samples treated at tempera-
tures immediately lower or higher than 50–55 °C (namely 40–65 °C),
this rise was not included in the parameters of Eq. (8). Cod containing
3 g/100 g NaCl showed a more gradual decrease in WHC with in-
creasing temperature than all other sample groups, and as a

Fig. 2. Normalized examples of DSC thermographs for raw samples of all salt
concentrations heated at 2.5 K/min from 2 to 100 °C.
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consequence, the sigmoidal type equation could not capture all the
measurement points. Rather, during the equation fitting we aimed to
obtain a good prediction for a maximum of temperatures. The equation
should be validated experimentally using the measured mass loss
during heating. If substantial deviations are found between measured
and predicted results, fitting the data to a more complex equation type
can be considered.

3.4. Rheology

The storage modulus of cod samples with all salt concentrations
tested followed the same overall trend of lower initial values (0–50 °C),
then a rapid rise (50–70 °C), and finally a plateau (80–100 °C; Fig. 5).
The slope found between 50 and 75 °C was very similar for all sample
groups. Significant differences between the storage modulus of some of
the sample groups were found in the temperature range 0–40 °C, but
none from 45 to 80 °C. However, there were some clear trends in the
average values. The initial storage modulus for unsalted cod was higher
than for the salted samples, which corresponds well with the decreased
hardness of salted fish muscle compared to unsalted in the literature
(Esaiassen et al., 2004; Kong et al., 2008; Larsen et al., 2008). Cod
containing 3 g/100 g NaCl showed a different behavior than the other
concentrations in that there was a local maximum in storage modulus
observed between 40 and 44 °C for all parallels (n= 10). This peak

resulted in a significant difference in storage modulus between the
samples containing 1 and 3 g/100 g NaCl at 40 °C. During DSC analysis
of raw samples containing 3 g/100 g NaCl, a very low residual dena-
turation enthalpy of peak 3 (actin) was visible at a PDT of around 67 °C
(Fig. 3). However, after isothermal heat treatment at 40 °C for 10min,
this peak had disappeared, which indicates that actin easily denatures
even at 40 °C in cod samples of this salt concentration. Thus, the local
maximum in G′ at 40–44 °C observed for samples of 3 g/100 g NaCl
could be attributed to hardening as a consequence of denaturation of
actin. For the same salt concentration, a significant reduction in WHC
occurred between isothermal heating temperatures of 35–40 °C
(P= 0.000; Fig. 4). Since myosin was denatured after isothermally
heating at 35 °C, the reduction in WHC of samples of this salt con-
centration could perhaps also be attributed to denaturation of actin.
After reaching 50 °C, the G′ of samples containing 3 g/100 g NaCl in-
creased steadily until reaching around 75 °C, like the other samples,
despite actin most probably already being denatured. The continued
increase in G’ could result from protein aggregation, which has been
reported for isolated myosin from cod (Yongsawatdigul & Park, 1999),
as well as for isolated myosin and myofibrils from white muscle of
salmon (Lefevre, Fauconneau, Thompson, & Gill, 2007).
The change in storage modulus (G’) as a function of temperature

was fitted to sigmoidal curves (Fig. 5; Eq. (9)), as previously published
for meat (Feyissa et al., 2013), chicken breast (Rabeler & Feyissa,

Fig. 3. Residual denaturation enthalpy (hden) and peak denaturation temperature (PDT) of heated cod muscle of various salt concentrations. Peaks 1 (A–B),
2 (C–D) and 3 (E–F) are shown for raw samples and samples isothermally heated for 10min at 25–65 °C,± SD (n= 2). Cross: Untreated; Triangle: Water-brined;
Diamond: 1 g/100 g NaCl; and Line: 3 g/100 g NaCl.
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2018a) and unsalted cod (Blikra et al., 2019). In Equation (9),G max and
Gmin are the average maximum and minimum storage moduli, respec-
tively, T is the temperature (°C), and g1 and g2 are fitting parameters
determined by trial-and-error, supplied in Table 1.

= +
+ ( )G T G G G( )

1 exp
max

min max
T g

g
1

2 (9)

3.5. Microstructure

Micrographs showing an average cross-sectional muscle structure
for each sample parameter are shown in Fig. 6. Muscle bundles can be
seen as orange structures surrounded by white channels. The white
channels can be regarded as areas where water can be transported
during cooking without disrupting the structure. There were no visible
spaces present between the muscle bundles of samples containing 3 g/
100 g NaCl (Fig. 6d), probably as a result of muscle structure swelling
during brining, which has also been reported by other authors (Ofstad
et al., 1996). The water-brined samples (Fig. 6b), on the other hand,
showed a greater extent of widened channels than the other parameters
(Fig. 6a, c-d). It can be speculated that the water absorbed by these
samples during brining was kept “free” in channels between the muscle
structures. Since the water added did not contain any solutes, less

suspended particles per g extracellular water would be present in the
water-brined fish muscle than in the untreated, and thus a lower
number of nucleation sites during freezing (Burgaard, 2010). This could
result in formation of fever and larger ice crystals compared to the other
sample groups and cause partial freeze denaturation of water-brined
samples, which may have caused the partially disrupted structure ob-
served in Fig. 6b. The elevated PDT of myosin observed for water-
brined samples compared to untreated samples (Section 3.1) could
perhaps also be related to this phenomenon. Moreover, the addition of
brine (Fig. 6c and d) could have caused better and quicker freezing
conditions due to the addition of solutes and thus nucleation sites in
addition to swelling. Therefore, it may be possible that the differences
in microstructure not only reflect the differences between salt con-
centrations directly, but also reflect the effect that these salt con-
centrations have on protection of the muscle structure during this
particular freezing regime (Fig. 1; Wolfe & Bryant, 2001).

3.6. Model prediction

The model prediction showed that salting reduced the predicted
mass loss in a concentration dependent manner (Fig. 7). This was in
accordance with the expected result, since it is known that brining in
low salt concentrations decrease the amount of liquid loss during
cooking (eg. Kong et al., 2008; Ofstad et al., 1996).
For water-brined samples, less water loss was predicted than for un-

treated fish (Fig. 7). Based on first-hand experience, however, we know
that the water-brined samples lose more water upon cooking than un-
treated samples. Storage modulus and WHC were the major variables
measured in this study; however, the permeability of the muscle also af-
fects the modeled result (Blikra et al., 2019). In the simulations performed
in this study, the permeability was assumed to be constant, and therefore a
fixed value was used for all sample parameters. However, since larger gaps
were seen between the muscle cells of water-brined samples than un-
treated samples (Fig. 6) it is expected that the permeability, in which pore
size is a contributing factor (Datta, 2006), will be higher for the former
group, which would increase the predicted mass loss.

4. Conclusion

In this study, quality parameters of brined cod were investigated
and used in a physics-based model to estimate water retention during
heating. Equations describing the temperature dependency of the sto-
rage modulus and water holding capacity (WHC) for water-brined
samples (0.06 g/100 g NaCl) and salted samples containing 1 and 3 g/
100 g NaCl were developed. Samples containing 3 g/100 g NaCl showed
significantly higher WHC than unsalted cod. Salting also showed a
profound effect on the denaturation enthalpy and peak denaturation
temperature of the three visible protein denaturation peaks. Salting
lowered the denaturation temperature and reduced the magnitude of
the observed residual enthalpy of the peaks attributed to myosin and
actin. Considering the peak attributed to sarcoplasmic proteins, no
difference was observed between untreated samples and samples con-
taining 1 g/100 g NaCl. This peak was, however, camouflaged or de-
natured after heating at all tested temperatures except 30 °C for samples
containing 3 g/100 g NaCl.
Mathematical modeling was used to investigate how the functions

for storage modulus and WHC affected the predicted change in water
content of cod during heating. The model prediction showed that cod
containing 1–3 g/100 g NaCl had a higher water retention compared to
unsalted samples, which was in agreement with experimental data
obtained in other studies (Kong et al., 2008; Ofstad et al., 1996).
The model predictions remain to be quantitatively validated in later

studies. This validation may be combined with an optimization study of
a commercial product to prove the industrial impact of this innovative
model. In addition, accurate values for the permeability of cod muscle is
needed to acquire more accurate model solutions.

Fig. 4. Water holding capacity of raw and heat-treated cod muscle of
various salt concentrations (± SD). A) measurements (symbols) and equa-
tions (lines) in w/w percentage of raw sample weight; and B) measurements in
g hold water/g dry water. Cross: Untreated; Yellow triangle: Water-brined;
Orange diamonds: 1 g/100 g NaCl; and red circles: 3 g/100 g NaCl.
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Fig. 5. Storage modulus of cod muscle of various salt concentrations. A) Untreated; B) Water-brined; C) 1 g/100 g NaCl; D) 3 g/100 g NaCl. The dashed lines
show measurements (n= 10), and the solid lines show the corresponding equation. For clarity, SD is shown every 10 °C.

Fig. 6. Cross-sectional representative images of the microstructure of cod muscle of various salt concentrations (n=3). A) Untreated; B) Water-brined; C)
1 g/100 g and d) 3 g/100 g NaCl.
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Abstract 

Shrinkage of cod filets and loins during heating is associated with unwanted changes in the product 

appearance and eating properties, including liquid loss, loss of juiciness and increased hardness. In this 

paper, shrinkage of minced cod filets exposed to 45-100 °C for up to 1800 s in a convection oven with 

100 % relative humidity was investigated and related to degree of mass loss. The result was compared 

to data for cut (non-minced) samples of the same dimension. A kinetic model for the mass loss was 

developed, and it was found that the volume of shrinkage could be approximated by the volume of 

mass loss. The kinetic model was coupled with a model for heat transfer to investigate the effect of 

shrinkage on the temperature prediction. Further work should include investigation of the effect of 

the fish macrostructure orientation on shrinkage, as well as model optimization and validation for large 

samples such as whole loins. 
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1. Introduction 

During heating of fish muscle (e.g. filets), several changes occur which are biochemical and 

physical/mechanical in nature. The changes affect both appearance and eating properties of the fish 

which are important for the consumers, and therefore also for stakeholders in the fish supply chain, 

especially food manufacturers (industries preparing ready meals). In the case of heat processing of fish 

filets, shrinkage is one of the changes that lead to quality loss. For cod, shrinkage during heating can 

be severe, which directly affects the size and weight of the sold ready cooked filet compared to the 

uncooked filet. This means that there may be substantial losses in raw material during the processing 

from raw to heated filet. Moreover, and of importance to the consumers, severe shrinkage may have 

a direct effect on texture and moisture loss, which may reduce juiciness and increase hardness in the 

product. In some cases, shrinkage also affects the rate of heat transfer, which when unaccounted for 

may cause differences between predicted and measured temperature profiles during heating. This 

may render models for heat transfer unsuitable for prediction of temperature-dependent phenomena 

such as inactivation of bacteria and retention of nutrients, which may be vital for models constructed 

for process optimization. 

To account for shrinkage during heating, the phenomena may be predicted using mathematical 

modeling. Apart from strictly empirical regression analysis (Mayor & Sereno, 2004), two major 

strategies to modeling shrinkage during heating or drying of foods has been employed: a) shrinkage 

based on conservation of mass or volume in relation to expelled moisture (e.g. Feyissa, Adler-Nissen 

& Gernaey, 2009, Dhall & Datta, 2011), and b) shrinkage based on conservation of 

momentum/pressure accounting for changes in mechanical deformation properties (e.g. Defraeye & 

Radu, 2018). Both of these approaches can be considered fundamental, and in this paper, the former 

approach was used. To the best of our knowledge, there are no previous works considering modeling 

of volumetric shrinkage occurring during heating of fish, and very little research on heat-induced 

shrinkage of fish in general. The research found modeling heat-induced shrinkage in fish (salmon) 

looked solely at area shrinkage, and the change in thickness of the samples were not measured (Kong, 

Tang, Rasco & Crapo, 2007). Moreover, the research focused on heating at temperatures above 100 

°C, which yield very little information regarding the mechanisms of shrinkage since most biochemical 

processes, such as protein denaturation, occur below 80 °C. Most of the research studying muscle 

shrinkage during heating use meats, typically beef, as a raw material (e.g. Oroszvári, Bayod, Sjöholm & 

Tornberg, 2005, Oroszvári, Sjöholm & Tornberg, 2005, Barbera & Tassone, 2006). This research may 
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give some information regarding what can be expected for other types of muscle tissue, such as cod 

muscle. However, given differences in composition, protein denaturation temperatures, and structure 

between cod and beef, research specific to cod is also needed both to enable accurate predictions and 

to facilitate understanding of the mechanisms in play during heat-induced shrinkage. 

Shrinkage of muscle foods is a complex issue, and in fish such as cod the degree of complexity is 

increased compared to for instance beef due to the muscle structure orientation of the fish. Cod 

muscle is arranged into myotomes, which are thin sheets of muscle connected to the bone and skin, 

causing contraction and swimming motion in the alive fish (Figure 1). The myotomes are surrounded 

by connective tissue and stack horizontally. The added complexity in the shrinkage phenomenon is 

caused by the spatial orientation of the myotomes, since when cut into a filet, loin or other shape, 

myotomes are often curved compared to the axes of cutting. The orientation and degree of curviness 

of the myotomes are observably different from one specimen to the next, and this biological deviation 

may depend on for instance the size of the whole fish and the position of the muscle piece in the filet. 

In addition, the width of myotomes differs both within one sheet and between sheets, which adds to 

the complexity. When preparing samples for studying heat-induced shrinkage in the lab, the 

differences in the orientation of cut samples may be more important for the measured result than the 

laboratory set-up, which may result in false-negative correlations. 

 

Figure 1. Muscle structure of cod, emphasizing the interlinkage of myotomes. 

In an attempt to simplify the complex issue of shrinkage and investigate the effect of temperature and 

time on the degree of shrinkage in cod, we removed the muscle fibers from their original 

macrostructure by mincing the filet. In this way, the behavior of the fibers could be investigated 

without influence of the muscle fiber orientation. The results were compared to data for cut (un-

minced) samples of the same dimension. The amount of moisture loss was kinetically analyzed, and 

we investigated whether the change in weight could adequately describe the shrinkage phenomena 

during cooking of fish patties. 
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2. Experimental methods 

2.1 Raw material 

Two-year-old cod (Gadus morhua) from the Aquaculture research station in Tromsø with an average 

weight of 3.75 kg was used (December 2017). The fish was starved for 9 days, sacrificed by a blow to 

the head, and bled in seawater at 5.7-6.0 °C for 25 minutes. The fish was then put on ice until direct 

filleting and deskinning to filet weights of 373±75.8 g, individual packaging in plastic bags and 

Styrofoam containers with ice and absorbent, and transportation overnight to our lab. Still at 0 °C, the 

fish were put in storage at 0-2 °C to undergo rigor mortis. After 5 days, the filets were cut into 2-4 

pieces according to filet size, quick-frozen directly at -60°C, vacuum packed at 92.2 % to avoid thawing, 

and stored at -80 °C until analysis (14-16 mo) to maintain freshness and avoid major changes in water 

state. 

2.2 Sample preparation 

For kinetic analysis of minced samples, 3-4 cod loins were thawed overnight at 0-2 °C prior to grinding 

together using a coarse grinder (Robot-Coupe R5A, Bourgogne, France) for 4-5 s. The batch was kept 

on ice under plastic film throughout the experimental period. Prior to heat treatment, minced cod was 

shaped into a cylinder of height 9.9 mm and diameter 30 mm using a custom-made steel stencil pipe 

of the same dimensions. A thin layer of cooking fat was added between the baking tray and the samples 

to facilitate free contraction of the samples during heating. 

For analysis of small pieces of whole fish, cod loins were put at -30 °C overnight, 0-2 °C chill room for 

30-60 min, and then cut to a uniform thickness using a meat slicer. A heavy duty round hollow punch 

– a hand-held device with a sharp-edged pipe attached to a handle – was used to cut the slices into 

cylinders of approximately equal dimension as minced samples (height: 9.1±0.9 mm; diameter: 

28.5±0.6 mm). For analysis of the density of CL, the sample underwent the same temperature 

treatment and slicing as described for cylindrical whole fish samples. The slices were then cut into 

small cubes of dimensions 3x2 cm using a sharp knife and a paper stencil. 

2.3 Measurements of CL and dimensional change after heating 

The samples were heated at 100 % relative humidity setting in a Metos System Rational oven (MSCC 

61, Kerava, Finland). Prior to analysis, the oven was pre-heated (≥20 min) at temperatures from 40-
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100 °C, with a fan speed setting of 3/5. During experiments, the baking tray with the fish samples was 

placed in position 2 from the bottom (approx. 1/3 up), with direct exposure from the oven fan from 

one side. All cylindrical samples were heated in a semicircle arrangement allowing equal fan-exposure 

of the six parallel measurements. An additional test sample with a centrally positioned thermocouple 

(SSA-TF, Ellab Validation Solutions, ±0.37 °C) was added to the tray to keep track of the temperature 

development during heating and cooling. After cooking, samples were transferred to a room tempered 

stainless steel baking tray and cooled in a chill room at 0-2 °C until the test sample reached 19 °C in 

the core (4-5 min). The samples were then placed in room temperature (19 °C) under plastic film for 

15 minutes to let them reach temperature equilibrium. 

Sample weight was recorded prior to cooking and after temperature equilibration to determine the 

cook loss. The volumetric change was then recorded by measurements of height (4 measurements per 

sample at crossing directions) and diameter (2 perpendicular measurements per sample) using a digital 

caliper (LiMiT 150 mm, ±0.02 mm). 

2.4 Measurements of the density of cook loss 

To avoid the uncertainty of exchange of vapor with the oven air, cook loss (CL) was collected after 

heating cubes of cod sous vide in a water bath. The heat treatments were performed at 40, 50, 60, 70, 

80, and 90 °C. A 3 cm glass rod was placed inside the plastic pouch to direct the CL away from the 

sample. To keep the pouch immersed and the rod vertically positioned beneath the fish, 2 metal nuts 

were sealed in the bottom of the pouches. After collection of the CL, its apparent density was 

measured by reading the volume within a 2 mL graduated pipette, followed by weighing the pipette 

and subtracting the weight of the pipette without the sample. Prior to measurements, the accuracy of 

the graduated pipette was tested using water, and an accuracy of ±0.02 g/mL was obtained compared 

to literature values at the same temperature. 

Since all measurements were performed at 20 °C, the thermal expansion of the water fraction of the 

CL needed to be accounted for separately. The fraction of density change of water compared to the 

density of water at 20 °C, 𝑦𝑦Δρ,w, was calculated using data from Singh & Heldman (2014) according to 

Eq. 1 

𝑦𝑦Δρ,w = 𝜌𝜌𝑤𝑤,𝑇𝑇/𝜌𝜌𝑤𝑤,20     (1) 

where 𝜌𝜌𝑤𝑤,𝑇𝑇 and 𝜌𝜌𝑤𝑤,20 are the densities at temperatures T (0-100 °C) and 20 ° C, respectively. The 

fraction of density change for the CL was then calculated in terms of the fraction of water in the sample, 
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𝑦𝑦𝑤𝑤, according to 𝑦𝑦Δ𝜌𝜌,𝐶𝐶𝐶𝐶 = 𝑦𝑦𝑤𝑤�𝑦𝑦Δρ,w − 1�. The fraction of water during sous vide heating of cod was 

previously found to be 0.9±0.02 between 50-90 °C (Nygård, 2019). The density of the CL, 𝜌𝜌𝐶𝐶𝐶𝐶, 

accounting for the thermal expansion of the water fraction of the sample, is given by Eq. 2. 

𝜌𝜌𝐶𝐶𝐶𝐶 = 𝜌𝜌𝐶𝐶𝐶𝐶,20(1 + 𝑦𝑦Δρ,CL)    (2) 

The values were fitted to a sigmoidal function (Eq. 3, Figure 2) for use in the model. In Eq. 3, 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚 

represents the maximum value, which in this case corresponds to the density of CL at 40 °C, 1060 

kg/m3. Since no significant differences were found between 60-90 °C, 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚 is given by the average 

density at these temperatures, 1010 kg/m3. The parameters a, b, and c are determined by trial and 

error and are given in Table 1 together with the other parameters of sigmoidal functions referred to in 

this work. 

𝑥𝑥 = 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

1+𝑚𝑚exp�𝑇𝑇[°𝐶𝐶]−𝑏𝑏
𝑐𝑐 �

    (3) 
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Figure 2. Sigmoidal relations of measured properties given by Eq. 3 with parameters in Table 1 (lines) plotted 

together with measured data (±SD, crosses) as a function of temperature. A) Density of the cook loss, accounting 

for thermal expansion of the water fraction; B) Heat transfer coefficient; C) Equilibrium cook loss; D) Endpoint 

height (after 1800 s). 

2.5 Determination of the heat transfer coefficient 

The heat transfer coefficient was determined by comparing manual and predicted temperature in an 

aluminum cylinder (Ø=30 mm, h=30 mm). Thermocouples type K (PR Electronics Inc., San Diego, CA; 

±0.37 °C) were used for measurement in the geometrical center of the cylinder, and the oven 

temperature was recorded using a high temperature thermocouple (STC25012E700KT, Ellab Validation 

Solutions, Hillerød, Denmark; ±0.2 °C; n=2-3). The oven was pre-heated (≥20 min) using the same 

settings and an empty baking tray in the same position as described in Section 2.3. The cylinder was 

hanged centrally in the oven from a cooling rack within 2–3 cm of the baking plate. Since the heating 

rates were quick and temperatures ≤100 °C, it was assumed that the radiative portion of the heat 

transfer was neglectable. The heat transfer model of the aluminum cylinder was prepared in COMSOL 

Multiphysics as will be described in Section 3.4-3.5, substituting the thermophysical properties of the 
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fish with those of the aluminum cylinder (Ghisalberti & Kondjoyan, 1999). The heat transfer 

coefficients were obtained by adjusting their values in the model until the predicted and measured 

temperature profiles were in agreement. The obtained values of heat transfer coefficients were then 

fitted to a sigmoidal function (Eq. 3) with parameters given in Table 1. The minimum heat transfer 

coefficient, 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚, is the extrapolated minimum heat transfer coefficient which ensures the best fit for 

the tested oven temperatures (Figure 2). 

2.6 Statistical analysis 

Statistical analysis was performed using Minitab® 18.1. One-way ANOVA with 95 % confidence interval 

and Tukey post-hoc test was performed for analysis of significant difference. Kinetic analysis, analysis 

of linear correlation coefficients (R2), and calculations of averages and standard deviations were 

performed using Microsoft Excel 365 ProPlus. 

3. Model formulation 

3.1 Process description 

In this work, minced fish patties were cooked isothermally in a convection oven at temperatures 

ranging from 45-100 °C, using 100 % relative humidity. Heat was transferred from the saturated water 

vapor in the oven air to the patties by convection, and throughout the patties by conduction and 

convection. Since the relative humidity of the oven was close to saturation, it was assumed that no net 

evaporation from the surface occurred, and moisture was only lost form the patties to the 

surroundings as liquid. 

 

Figure 3. Shrinkage and swelling behavior of cod patties heated at different temperatures. 

In our experiments, the samples changed both radius and height during heating. The amount and 

direction of change was dependent on the temperature, as illustrated in Figure 3. Samples heated at 
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45-60 °C did not show a consistent behavior between parallels, as some shrunk while others swelled 

in radius, while samples heated at 70-100 °C always shrunk radially. Regarding change in height, 

samples heated at 45-50 °C varied from swelling to shrinking, while samples heated at 60-100 °C always 

swelled. There were significant differences between initial height (9.9 mm) and height after heating 

for 1800 s for all oven temperatures (P=0.023 for 45 °C, else P<0.004). Otherwise, there were no 

consistent significant differences between heating durations, implying that changes in height were not 

time dependent. With regards to temperature, there were significant differences between lower 

heating temperatures (45-50 °C) and higher heating temperatures (60-100 °C) in height after 1800 s. 

Given this behavior, the change in radius and height was modeled in different ways. The change in 

radius was approached kinetically as will be described in Section 3.3, while a simpler approach was 

followed for change in height. Given that change in height depended on heating temperature but not 

time, it was modeled using a sigmoidal function of percent average change in height after heating for 

1800 s (Eq. 3, Figure 2). The maximum value was taken as the average change in height after heating 

at 60-100 °C, since there were no significant differences between these measurements. The minimum 

value was taken as the average change in height after heating at 45-50 °C, since no differences were 

found between these either. It should be noted that the minimum value is negative since the samples 

shrunk on average when heated at 45-50 °C. The parameters are given in Table 1. The sample height 

was adjusted prior to the initial time during modeling, and all equations were based on the adjusted 

height. 

3.2 Expulsion of cook loss 

A function of cook loss (CL) in terms of temperature and time was obtained using kinetic modeling 

performed as described for salmon, shrimp and mussels (Kong et al., 2007, Ovissipour, Rasco, Tang & 

Sablani, 2013, Ovissipour, Rasco, Tang & Sablani, 2017, Wang et al., 2018). From the general rate law, 

which describes the change in concentration of a quality attribute, such as CL, in terms of the reaction 

rate constant, k, the concentration at time t, and time, equations for each reaction order can be 

attained (e.g. Chang, 2005). 

In this work, an apparent equilibrium occurred after longer heating times, and thus equilibrium kinetic 

equations were employed. The concentration of CL obtained after at the longest heat treatment (1800 

s) was termed equilibrium cook loss, 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒. The 1st order equilibrium reaction is given by Eq. 4, and 

manipulation of the equation gives the reaction rate constant expressed in Eq. 6 (Kong et al., 2007). In 
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the case of cook loss, the initial concentration is zero, and Eq. 4 can be simplified to Eq. 5. The initial 

concentration of CL is given by 𝐶𝐶𝐶𝐶𝑚𝑚. 

𝐶𝐶𝐶𝐶(𝑡𝑡) = 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 + �𝐶𝐶𝐶𝐶𝑚𝑚 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒�𝑒𝑒−𝑘𝑘𝑘𝑘    (4) 

𝐶𝐶𝐶𝐶(𝑡𝑡) = �1 − 𝑒𝑒−𝑘𝑘𝑘𝑘�𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒    (5) 

−𝑘𝑘𝑡𝑡 = ln �𝐶𝐶𝐶𝐶(𝑘𝑘)−𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶i−𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒

�    (6) 

The Arrhenius equation (Eq. 7) describes the temperature dependency of the reaction rate in terms of 

the pre-exponential factor, 𝐴𝐴0, and the activation energy, 𝐸𝐸𝑚𝑚. The activation energy can be found as 

the slope of the plot ln𝑘𝑘 vs. 1 𝑇𝑇⁄ , and the pre-exponential factor as the average of 𝑒𝑒ln𝑘𝑘+𝐸𝐸𝑚𝑚 𝑅𝑅𝑇𝑇⁄  for all 

tested temperatures. 𝑅𝑅 is the universal gas constant and 𝑇𝑇 the absolute temperature. 

𝑘𝑘 = 𝐴𝐴0𝑒𝑒
− 𝐸𝐸
𝑅𝑅𝑇𝑇     (7) 

3.3 Dimensional change 

Previous models have described shrinkage in terms of the mass lost due to evaporation and liquid, 

which is valid mechanically if the samples are in a wet state (Scherer, 1989, Dhall & Datta, 2011). In 

this state, the sample retracts at the same rate as mass is lost, and the exterior surface of the sample 

remains wet (Scherer, 1989). Since our samples were heated at temperatures at or below 100 °C, and 

the relative humidity used was very high, it is a reasonable assumption that the samples remain in this 

state throughout the cooking time. In this work, the volume change was therefore modeled semi-

empirically using kinetic equations of cook loss. 

In the experiments, cylinders of 15 mm radius and 9.9 mm height (Section 2.2) were heated in a 

convection oven with heat transfer coefficients between 400-700 𝑊𝑊 𝑚𝑚2𝐾𝐾⁄  (Section 2.5). Despite the 

small size of the samples and large heat transfer coefficients, a temperature gradient was established 

during the first minutes of heating, until the samples reached the same temperature as the oven. The 

average predicted temperature in the samples reached within 5 °C of the oven temperature after 3.3 

min at 100 °C, and shorter times at lower heating temperatures (except 45 °C, with 4.9 min). The 

reaction rates of cook loss were estimated using the Arrhenius equation (Eq. 7), and based on this the 

volume of cook loss could be found as described previously (Section 3.2).  When estimating the volume 

loss of sample due to shrinkage based on the kinetic equations for cook loss (as outlined below), the 

most correct approach is to use the oven temperature (𝑇𝑇𝑜𝑜𝑜𝑜𝑒𝑒𝑚𝑚) in the Arrhenius equation, to mimic the 
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experimental set-up. However, if a model that can be used for any size and shape is to be attained, it 

is necessary to change the temperature in the equation from that of the oven to the local temperature 

of the sample (𝑇𝑇; Eq. 8). To check whether applying this change yielded a result within acceptable 

limits, the model was ran first using the oven temperature and then the sample temperature in the 

Arrhenius equation. As can be seen from Figure 4, the differences between the resulting radii are 

negligible, with maximum 0.15 % difference (after 46 s). It therefore seems that in this case, the 

temperature in the samples is sufficiently close to the oven temperature to develop accurate kinetic 

equations. 

𝑘𝑘 = 𝐴𝐴0𝑒𝑒𝐸𝐸𝑚𝑚 𝑅𝑅𝑇𝑇𝑜𝑜𝑜𝑜𝑒𝑒𝑚𝑚⁄ ≈ 𝐴𝐴0𝑒𝑒𝐸𝐸𝑚𝑚 𝑅𝑅𝑇𝑇⁄     (8) 

An empirical sigmoidal relation for 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 was obtained using data for the amount of cook loss expelled 

after 1800 s (Eq. 3, Table 1). The fraction of CL in terms or raw sample weight (𝐶𝐶𝐶𝐶(𝑡𝑡)) was calculated 

from Eq. 5. The mass of the cook loss was then calculated by multiplication with the initial sample mass 

(Eq. 9), and the volume of cook loss (𝑉𝑉𝐶𝐶𝐶𝐶(𝑡𝑡)) was obtained by dividing by density (Eq. 10; Section 2.4). 

𝑚𝑚𝐶𝐶𝐶𝐶(t) = 𝐶𝐶𝐶𝐶(𝑡𝑡) × 𝑚𝑚𝑚𝑚    (9)  

𝑉𝑉𝐶𝐶𝐶𝐶(𝑡𝑡) = 𝑚𝑚𝐶𝐶𝐶𝐶(𝑡𝑡) 𝜌𝜌𝐶𝐶𝐶𝐶⁄     (10) 

 

Figure 4. Comparison of the predicted radius during heating at 100 °C when applying the temperature of the 

oven versus the local temperature of the sample in the Arrhenius equation (Eq. 8). 

Finally, since the sample was in a wet state (Section 3.1), the volume after time t was given by the 

volume of cook loss subtracted from the initial volume, 𝑉𝑉(𝑡𝑡) = 𝑉𝑉𝑚𝑚 − 𝑉𝑉𝐶𝐶𝐶𝐶(𝑡𝑡). Recalling that the change 
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in height (h) was stationary (Section 3.1), the volume change as a function of time was modelled as 

change in the radial dimension only. Thus, the radius at time t can be expressed in terms of the volume 

change (Eq. 11), and the velocity of the radial change is given by its derivative with respect to time (Eq. 

12). This equation was applied for modeling the radial shrinkage, as will be described in Section 3.5. 

𝑟𝑟(𝑡𝑡) = �V(t)
𝜋𝜋×ℎ

      (11) 

𝑑𝑑
𝑑𝑑𝑘𝑘
𝑟𝑟 = 𝑑𝑑

𝑑𝑑𝑘𝑘
�V(t)
𝜋𝜋×ℎ

     (12) 

3.4 Heat transfer 

The rate of heat transfer is described by Eq. 13, where 𝜌𝜌𝑐𝑐𝑜𝑜𝑑𝑑, 𝑐𝑐𝑝𝑝,𝑐𝑐𝑜𝑜𝑑𝑑, and 𝑘𝑘𝑐𝑐𝑜𝑜𝑑𝑑 – the density, specific 

heat and thermal conductivity – are the material properties of the fish. 𝛻𝛻 is the three-dimensional del 

operator, and 𝑇𝑇 is the temperature (K). 

𝜌𝜌𝑐𝑐𝑜𝑜𝑑𝑑𝑐𝑐𝑝𝑝,𝑐𝑐𝑜𝑜𝑑𝑑 �
𝜕𝜕𝑇𝑇
𝜕𝜕𝑘𝑘
� + 𝛻𝛻 ∙ (−𝑘𝑘𝑐𝑐𝑜𝑜𝑑𝑑𝛻𝛻𝑇𝑇) = 0   (13) 

Convective boundary conditions (Eq. 14) were applied to all external boundaries of the fish sample 

(Figure 5, 2-6; e.g. Feyissa et al., 2013): 

𝒏𝒏 ∙ (−𝑘𝑘𝑐𝑐𝑜𝑜𝑑𝑑𝛻𝛻𝑇𝑇) = ℎ𝑚𝑚𝑚𝑚𝑎𝑎  (𝑇𝑇𝑜𝑜𝑜𝑜𝑒𝑒𝑚𝑚 − 𝑇𝑇𝑠𝑠)    (14) 

where hair is the convective heat transfer coefficient, measured as described in Section 2.5 and given 

by Eq. 3 with parameters in Table 1. 𝑇𝑇𝑠𝑠 and 𝑇𝑇𝑜𝑜𝑜𝑜𝑒𝑒𝑚𝑚 are the temperatures at the fish surface and in the 

oven, respectively. 

 

 

Figure 5. Raw material processing and model geometry. Numbers 1-6 represent sample boundaries. 
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3.5 Model solution 

The mathematical model was solved in COMSOL Multiphysics® version 5.4 using the Finite Element 

Method (FEM). The geometry was a disk constructed as a 2D axisymmetric rectangle with rounded, or 

filleted, corners (see Figure 5). The fillets (boundaries 5-6) were added to eliminate sharp edges, which 

improved the computational convergence. The disk was built with the same radius and height as the 

minced samples used for measurements of cook loss (Section 2.2). The geometry was meshed using 

physics-controlled “finer” meshing (maximum element size: 0.88 mm; minimum element size: 0.064 

mm; maximum element growth rate: 1.4; curvature factor: 0.4; resolution of narrow regions: 0.7). 

For modeling deformation, the deforming geometry interphase with deforming domain setting was 

applied. A 2nd order geometry shape was used for the interphase, i.e. 2nd order polynomials were used 

to represent the geometry shape in the material frame. A Yeoh smoothing type with stiffening factor 

of 1 was employed. A Lagrange multiplier coupled the mesh displacement (material frame) and the 

transfer phenomena (spatial frame; ALE method). 

The edge of the sample, represented by boundaries 4-6, was prescribed to move in the r-direction at 

a normal mesh velocity, using the expression in Eq. 12. A prescribed mesh displacement of zero in both 

directions was applied to boundary 1 in order to avoid dislocation of the full geometry. To keep the 

position of the top and bottom surface of the sample constant, boundaries 2 and 3 were set to zero 

normal mesh velocity. 

The model was run with initial time 0.001 s, and a maximum time stepping of 1 s was added to obtain 

a smooth and accurate prediction throughout the calculation time of 1800 s. The geometry was initially 

automatically re-meshed when the mesh quality was below 0.5, and then after the quality was below 

0.7. Mesh quality is defined as a dimensionless number from 0 to 1, where 1 represents a perfectly 

regular element, and 0 represents a deformed element. The default measure of Skewness (equiangular 

skew) was employed. When necessary, backward Euler was used for initialization after remeshing. 

4. Results and discussion 

4.1 Kinetics cook loss 

When heating fish patties in a convection oven at 100 % relative humidity and temperatures ranging 

from 45-100 °C, the amount of expelled cook loss was dependent both on temperature and time 
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(Figure 6a). For all heating temperatures, the rate of expulsion was higher in the initial phase of 

heating, before leveling off and approaching an apparent equilibrium. The behavior was generally also 

consistent with regards to heating temperature, with more cook loss at higher temperatures. An 

exception to this generalization was found for samples heated at 60 °C, which yielded less cook loss 

than samples heated at 45-50 °C. 

For heating temperatures 45, 70, 80, 90, and 100 °C, the fraction of cook loss expelled to initial sample 

weight followed first order reaction kinetics until the equilibrium fraction of cook loss was reached. 

The same order has also been used to describe the cook loss expelled from salmon, shrimp, and 

mussels during heating (Kong et al., 2007, Ovissipour et al., 2013, Ovissipour et al., 2017, Wang et al., 

2018). The reaction rate constant (k; Eq. 6) calculated from data for samples heated at 70 °C was very 

low compared to the tendency expressed by the other heating temperatures and was therefore 

removed as an outlier during the calculation. 

In previous work, Kong et al. (2007) expressed the temperature dependency of the equilibrium level 

of cook loss of salmon by a linear function. In our experiments we found that a linear correlation, 

although of a relatively high correlation value (R2=0.87), did not capture the full change of equilibrium 

cook loss with respect to time. Firstly, the heating temperatures 90 and 100 °C did not show 

significantly different equilibrium cook loss values, and the linear correlation did not account for this 

trend. Secondly, the CL equilibrium reached at an oven temperature of 60 °C was lower than that at 

45 and 50 °C, when the opposite tendency should be expected from the linear correlation. Instead of 

using a linear correlation, a sigmoidal type relationship was applied in this work, since this relation 

yielded an expression closer to the experimental data. The function is illustrated in Figure 2 and given 

by Eq. 3 with parameters in Table 1. 

The non-linear tendency of the equilibrium CL is not unexpected, since several changes in protein 

configuration (Blikra, Jessen, Feyissa, Vaka & Skipnes, 2019), cell membrane integrity and the resulting 

permeability (Halder, Datta & Spanswick, 2011) occur between 40-80 °C. It seems that the equilibrium 

cook loss reflects these changes. In the experiments of Kong et al. (2007), all heating temperatures 

were above the temperatures of protein denaturation, and this could explain why a linear temperature 

dependency was found in their experiments. 
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Figure 6. Measurements of minced cod (±SD, circles), cut cod (±SD, squares), and model predictions (solid lines): 

A) The amount of CL expelled; and B) The change in radius during heating at 45-100 °C. Identical colors are applied 

for identical temperatures. 
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4.2 Model prediction and validation 

The current model is able to predict the dimensional change coupled with the temperature rise of the 

samples, as exemplified for a sample heated at 100 °C in Figure 7. A temperature gradient is formed in 

the initial phase of heating, with lower temperatures found in the geometric core of the sample. After 

200 s, the predicted core temperature of the sample approaches the oven temperature. Simultaneous 

with the temperature development, the sample is shrinking in the radial dimension. The shrinkage 

continues after the temperature of the sample is uniform, until an equilibrium value is approached at 

13.0% shrinkage. When heating at lower temperatures, the amount of predicted shrinkage after 1800 

s decreased. At 70-100 °C, 7.6-11.9 % shrinkage was predicted, and 5.0-5.8 % was predicted between 

heating temperatures 45-60 °C. 

 

Figure 7. Predicted temperature profile of the axisymmetric cod patty heated at 100 °C with the corresponding 

heat-induced dimensional change. 

Incorporating changing dimensions in a model with heat transfer can sometimes lead to altered 

temperature predictions. In this work, the predicted core temperature was altered when the change 

in height was included in the model, compared to models not including change from the initial height 

of the samples (Figure 8). No difference between temperature predictions was found with and without 

change in radius. This is not unexpected since the heat transfer is more sensitive to changes the 

smallest dimension of a sample. 
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Figure 8. The effect of dimensional change on the predicted temperature. The models: 1) d(h,r)≠0: model with 

change in height and radius; 2) d(h,r)=0: model with no change in any dimension; and 3) d(h)=0; d(r)≠0: model 

with change in radius but not in height. 

Figure 6b shows the predicted change in radius with the experimental data. In the figure, negative 

values indicate reduction in radius, i.e. shrinkage, while positive values indicate increase in radius, i.e. 

swelling. The prediction corresponded well with the measured radius of minced and cut samples 

between oven temperatures 70-100 °C. This indicates that at these temperatures, empirically 

measured cook loss can be used to assess the degree of shrinkage through mathematical modeling. 

The initial change (<500 s) in the radius of samples heated at 50-60 °C was within the standard 

deviation of the measurements. For longer heating times the prediction showed clear deviations from 

the average measurements. The individual measurements at these temperatures ranged from swelling 

behavior to shrinkage, as is prominent from the SD of the measurements at 1800 s. Due to this 

unexpected result, all measurements at 50 and 60 °C were repeated, and the experimental data report 

the average and SD of all data collectively. The prediction was also poor for samples heated at 45 °C. 

At this temperature, the samples lost weight (Figure 6a), but the average sample dimensions were the 

same as the initial dimension after heating at 1800 s. These results indicate that shrinkage is not the 

only mechanism that leads to cook loss. 
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From the previous sections, we see that volumetric change in cook loss mimics the volumetric change 

in sample dimension for temperatures above those of protein denaturation. When heating at lower 

temperatures the relationship between cook loss and shrinkage was not as clear. Heating at 45 °C 

yielded 8.6±0.7 % cook loss after heating for 1800 s, however there were no significant differences in 

height nor radius between initial dimensions and dimensions after heating for 1800 s, implying that 

the samples lost mass while maintaining size. For samples heated at 50 °C, 11/60 measurements 

showed swelling both in radius and height while losing mass, and the same was true for 6/72 samples 

heated at 60 °C. Rather than reflect measurement uncertainty, these results could point to the 

mechanisms relating cook loss and shrinkage and their relation to biochemical changes, such as protein 

denaturation and disruption of cell membranes. These points should be followed up in later studies of 

heat-induced dimensional change. 

5. Conclusion 

In this work, the kinetics of cook loss from cod patties was characterized and used to semi-empirically 

model coupled shrinkage and heat transfer during heating of cod patties. The amount of cook loss (CL) 

expelled during heating follow 1st order equilibrium kinetic equations. During cooking of cod patties, 

the shrinkage occurred mostly in the radial dimension, while the height of the samples marginally 

increased when heated above 60 °C. It was possible to predict volumetric shrinkage by employing the 

kinetic equations for expulsion of CL, and the prediction showed good agreement with experimental 

data of change in radius from 70-100 °C heating temperatures. At heating temperatures from 45-60 

°C, the amount of CL exceeded the dimensional change, and a linear relationship between CL and 

shrinkage was not obtained. 

Cook loss was kinetically modeled using the local temperature in the sample instead of oven 

temperature, and thus the model is able to predict shrinkage both during fast and slow heating 

processes. However, such applications should also be validated, especially since the extent and 

orientation (x, y, z) of shrinkage of cod may depend on shape and size. 

The insight from this work can contribute to building sophisticated predictive models which can be 

used to optimize and tailor food products containing cod. Such models can be valuable tools for use in 

the industry, institutional kitchens, and restaurants. 
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Abstract 

Liquid loss released from cod during heating contains more than water. Proteins in the liquid result in 

properties differing from those of water and must be considered. In the present study, the amount 

and components of cook loss from cod was studied as functions of heating temperature. 

The amount of water and protein in the cook loss ranged between 3.3-20 g/100g and 0.9-1.3 g/100g 

raw fish, respectively. In combination with literature studies, data from differential scanning 

calorimetry, scanning electron microscopy and sodium dodecyl sulphate–polyacrylamide gel 

electrophoresis suggested presence of collagen, sarcoplasmic proteins, and myofibrillar proteins in the 

liquid. The liquid permeability through raw fish muscle was higher than that reported for meat 

(~10−16m2) and increased during heating (~10−15 m2). 

The data acquired in this study improved our understanding of the cook loss and can in turn help 

optimize heat-treatments and prepare healthy fish meals of higher and more stable quality. 

mailto:marthe.blikra@nofima.no
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Abbreviations 
CL: Cook loss 
DSC: Differential scanning calorimetry 
ICP-MS: Inductively Coupled Plasma-Mass Spectrometry 
LL: Liquid loss 
MF: Myofibrillar proteins 

SDS-PAGE: Sodium dodecyl sulphate polyacrylamide gel 
electrophoresis  
SEM: Scanning Electron Microscopy 
SP: Sarcoplasmic proteins 
TL: Thawing loss 
Tmax: Peak temperature of protein denaturation

 

1. Introduction 

Fish, such as cod, is usually heated during preparation of meals. In the hotel, restaurant and catering 

(HoReCa) market as well as in institutions, the so-called cook & chill and sous-vide methods are 

commonly used owing to a number of benefits. Regardless of cooking method, one particular challenge 

is loss of liquid as cook loss (CL), which is associated both with economic loss and loss of quality. 

Examples of quality loss include reduced juiciness, unpleasant texture besides looking less appealing. 

The loss of texture and juiciness is especially prominent for lean fish species, like cod. 

A number of studies have been done to optimize the heat processing of lean fish and cod in particular 

(e.g. Ofstad, Kidman, Myklebust & Hermansson, 1993; Skipnes, Johnsen, Skåra, Sivertsvik & Lekang, 

2011). Some studies in this category have been assisted by modeling, either heat transfer modeling 

alone (Stormo, Sivertsen, Heia & Skipnes, 2012; Stormo et al., 2017), or in combination with mass (i.e. 

moisture) transfer (Blikra, Skipnes & Feyissa, 2019). However, in these models the CL has been 

regarded as pure water. It has previously been suggested that the CL of cod contain significant amounts 

of proteins (Skipnes et al., 2011), which has also been found for other muscle foods, including meat 

(Shibata-Ishiwatari, Fukuoka & Sakai, 2015). If so, the CL cannot be expected to have properties like 

water. To the best of our knowledge, systematic studies characterizing the heating temperature 

dependency of the contents of cook loss from Atlantic cod and the effect on properties of mass transfer 

have not been reported previously. 

The fish muscle can be considered a porous material, where liquid moves from inside to the outside 

and exits as drip due to pressure-driven flow. With this consideration, Darcy’s law of transfer in porous 

media can be applied to predict the velocity of the liquid (Datta, 2007). The same approach has also 

been used for other muscle foods, such as beef (van der Sman, 2007, Feyissa, Gernaey & Adler-Nissen, 

2013) and chicken (Rabeler & Feyissa, 2018). In order to accurately model transport of cook loss 

through the muscle tissue using the porous media approach, knowledge of the permeability of the 

tissue is necessary. Today, the permeability of beef as found by Datta (2006) is used also for other 

muscle foods, including fish (Blikra et al., 2019). We know that the build-up of muscle structure in fish 
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and meat is similar in ultra- and microstructure but differ in macrostructure as the fish muscle is 

composed of myotome sheets, rather than the large muscle structures seen in e.g. beef. In addition, 

cod muscle contains much less collagen than beef muscle, which also is likely to have an effect on the 

pathways where liquid readily can flow in the muscle. Thus, it is highly likely that the permeability of 

cod muscle differs from that of beef. 

The objective of this work was to investigate the composition of the CL from Atlantic cod and how it 

changed with processing temperature. In order to increase understanding of mechanisms of CL, the 

protein components were further characterized. In addition, the permeability of the muscle tissue was 

characterized to enable more accurate modeling of mass transfer during heating. Our hypothesis was: 

The components and properties of the CL released from cod muscle during heating are influenced by 

protein denaturation and microstructural changes, and by studying the CL, insight into the mechanism 

of its release can be obtained. 

2. Materials and methods 

2.1 Raw material 

Farmed Atlantic cod (Gadus morhua) weighing 2-4 kg was starved for 9 days, killed by a blow to the 

head, bled in seawater for 25 minutes, filleted (pre-rigor), and transported on ice to our lab (December 

2017). The fillets were stored at 0-2 °C to undergo rigor mortis (5 days), after which they were cut into 

pieces of 100-150 g, and blast-frozen in a freezing chamber at -60°C. The loins were subsequently 

vacuum packed (92.2 %) and stored in a freezer at -80°C up until analysis (August 2018–May 2019). 

2.1.1 Sample preparation 

Cod loins were selected from -80 °C storage and placed in a -30 °C freezer overnight, followed by 

tempering for 30-60 minutes in a chilled, ventilated room (0-2 °C). A meat slicer was used to cut away 

any brown muscle, blood and/or gaping. Each loin was subsequently cut with a sharp knife into three 

or four 3×2 cm sample pieces (approx. 10 g) with a thickness ranging from 10-17 mm. The preparation 

was performed in room temperature using pre-cooled (0-2 °C) equipment. The samples were thawed 
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overnight at 0-2 °C in zip lock pouches. The resulting thawing loss (TL) released from the samples were 

stored at 0-2 °C and analyzed within three days. 

After thawing, each cod piece was singly vacuum packaged (92.2 %) in 70 μm polyamide/polyethylene 

(20/50) plastic bags with a 5 cm long glass tube (diameter × inner diameter: 1 cm×0.1 cm) and two 

metal nuts. The glass tube was positioned vertically below the sample within the bag to allow 

transportation of liquid (cook loss, CL) from the sample during heating. It was covered with 

BriteGuard® to minimize surface tension to the cook loss. The metal nuts were separately sealed at 

the bottom of each bag in order to keep it upright and from floating during cooking. The contents were 

vacuum-sealed from the side to avoid incidents of the tube sticking to the cod sample. 

The samples were then isothermally heated in a circulating water bath (Grant, GD120, Cambridge, 

England) for 10 minutes at up to 7 different temperatures (30, 40, 50, 60, 70, 80 and 90 °C; ±0.05 °C), 

followed by cooling in ice water for at least 10 minutes. The bags were then resealed after removing 

the fish, the metal nuts and the glass tube, and the CL was homogenized by grinding the bag towards 

the edge of a table until visible homogenization of the cook loss was achieved. All fish samples except 

those used for analysis of permeability and water content were grinded using an UltraTurrax 

homogenizer (IKA Werke GmbH, Staufen, Germany) at 1350 rpm/min-1 for 10x3 s, with intermitted 

wiping of the walls with a spatula to transfer the spatter to the body of the sample. All analyses were 

performed within three days after cooking. Collectively, TL and CL are referred to as liquid loss (LL) 

throughout this text. 

2.2 Quantification and biochemical characterization of the cook loss 

2.2.1 Moisture 

The mass of LL, 𝑚𝑚𝐿𝐿𝐿𝐿, during thawing and cooking was calculated as the mass change of the fish sample 

according to Equation 1, 
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𝑚𝑚𝐿𝐿𝐿𝐿 = 𝑚𝑚𝑖𝑖 −𝑚𝑚𝑓𝑓     Eq. 1 

where 𝑚𝑚𝑖𝑖 is the weight of the fish sample before thawing or heating (g) and 𝑚𝑚𝑓𝑓 is the weight of the 

fish sample after thawing or heating. The LL was then expressed as a percentage of the initial mass 

(w/w, wet basis), and evaluated using Eq. 2. 

𝑌𝑌𝐿𝐿𝐿𝐿 = 𝑚𝑚𝐿𝐿𝐿𝐿
𝑚𝑚𝑖𝑖

× 100     Eq. 2 

Gravimetric determination of moisture content1 was performed by following AOAC 950.46 "Moisture 

in Meat" (AOAC, 1991). The sand pan technique (ISO, 1999) was applied for the LL. The full amount of 

LL (0.2–1.5 g) and fish (6-10 g) was used for analysis. The fraction of water in the CL and heated fish 

(n=3; 30-90 °C), TL (n=5x3) and raw fish (n=14) was calculated according to Eq. 3, 

𝑦𝑦𝑤𝑤 = 𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤−𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤
     Eq. 3 

where 𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤 is the wet weight of the LL (Eq. 1) or that of the raw or cooked fish sample, and 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑 is 

the respective weight after drying. The loss of water from the fish during thawing or cooking is given 

by the 𝑌𝑌𝑤𝑤,𝑤𝑤𝑒𝑒𝑒𝑒𝑤𝑤𝑒𝑒𝑒𝑒𝑤𝑤𝑑𝑑, and expressed per 100g raw fish (Eq. 4), where 𝑦𝑦𝑤𝑤,𝐿𝐿𝐿𝐿 is the fraction of water in the 

CL or TL (Eq. 3). Similar calculations were used to determine loss of protein. 

𝑌𝑌𝑤𝑤,𝑤𝑤𝑒𝑒𝑒𝑒𝑤𝑤𝑒𝑒𝑒𝑒𝑤𝑤𝑑𝑑 = 𝑦𝑦𝑤𝑤,𝐿𝐿𝐿𝐿 × 𝐿𝐿𝐿𝐿(%)    Eq. 4 

2.2.2 Protein 

Proximate protein content was measured using NMKL method no. 6 "Nitrogen. Determination in foods 

and feeds according to Kjeldahl." (Bøgh-Sørensen, 2003) with block digestion. The procedure was 

 
1 The moisture content was taken as equivalent to the water content. 
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optimized for the raw material (fish and CL heated to 40-90 °C; n=3x2) by adjusting the amount of 

sample (fish: 0.2 g; CL:1 g) and reducing the volume of sulphuric acid to 5 mL. Nitrogen-free weighing 

paper was used, and two flasks with weighing paper only were used as blind samples. A conversion 

factor of 6.25 was used to convert measured nitrogen to amount of proteins.  

2.2.3 Salt 

Chloride in TL (n=2) and CL obtained after heating at 50 °C (n=5) and 70 °C (n=4) was analyzed according 

to ISO 1841-2 "Meat and meat products - Determination of chloride content" (1996). In addition, 

chloride was analyzed in raw cod (n=5) and cod heated at 30-70 °C (n=2x5). Since the results were close 

to the reported detection limit, they were validated by analyzing pooled samples (n=3) of raw and 

cooked fish (n=5) at an accredited laboratory (BioLab, Nofima, Norway), according to the  AOAC 937.09 

"Salt (Chlorine as Sodium Chloride) in Seafood" (1937). 

2.2.4 Ions and total ions 

Pooled samples (n=4) of raw and cooked fish were digested in accordance with the NS-EN method 

13805:2014 "Foodstuffs - Determination of trace elements - Pressure digestion" (2014), and analyzed 

according to U.S. EPA 200.8 "Determination of Trace Elements in Waters and Wastes by Inductively 

Coupled Plasma-Mass Spectrometry" (ICP-MS; 1994), using ICP-MS with sector field (ICP-SFMS; ALS 

Laboratory Group, Norway). The total ion content was estimated by summation of all ions detected 

above 0.01 %. Ion losses (g/100 g raw) were calculated based on the total ions (%) and average CL, for which 

values were obtained by earlier experiments. 

2.2.5 pH 

pH was measured in samples of raw fish, TL, as well as cooked fish and resulting CL obtained after 

heating at 40, 60 and 90 °C. The pH values are reported as the average and the standard deviation of 

six biological parallels (n=6). Two analytical parallels per sample was retrieved by changing the position 
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of the electrode in the solution. Homogenized samples of 5 g fish or 0.2-1.5 g of LL were mixed 1:1 

(w/w) with 0.1 M KCl. pH measurements were made using a ToledoTM FiveEasy PlusTM FEP20 pH meter 

with a LE438 electrode (Mettler Toledo, Zürich, Switzerland) that was calibrated with buffer standard 

solutions of known pH. 

2.3 Investigation of protein components of the cook loss 

2.3.1 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) was performed using a DSC1 (Mettler Toledo), and similar 

methodology to that described by Blikra, Jessen, Feyissa, Vaka & Skipnes (2020). Samples of LL (approx. 

50 mg) were accurately weighed into a steel sample pan (medium pressure Ø7 mm with pin, Mettler 

Toledo). A reference pan was filled with water corresponding to the amount of water in the LL to 

remove the noise of water from the resulting thermograms. The sample and reference pans were 

hermetically sealed and heated from 2–100 °C at a rate of 2.5 °C/min. The analysis was conducted on 

samples of TL and CL obtained after heating at 30-70 °C (n=3). Peak temperature of protein 

denaturation (Tmax,°C) and residual denaturation enthalpy (∆H, J/g) were determined using the STARe 

Software v14.00 (Mettler Toledo). Each peak of the thermograms was considered as the temperature 

range in which a separate protein group underwent denaturation.  A rescan was used to determine 

which baseline to be used during integration. The individual peaks were integrated using a spline 

baseline, whilst a line baseline was used when quantifying the total ∆H (J/g) of overlapping peaks. 

2.3.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis  

SDS-PAGE (Sodium dodecyl sulphate polyacrylamide gel electrophoresis) was performed according to 

the procedure given by Bio-Rad (10026447), which was based on the Laemmli method (Laemmli, 

1970). TL and CL obtained after heating at 30–90 °C (n=2) were diluted with distilled water to 2.5% 

(w/v) and mixed 1:1 (w/w) with loading buffer (5% 3-mercaptoethanol and 95% sample buffer; 
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BioRad). The sample buffer consisted of 65.8 mM Tris-HCl, 26.3% (w/v) glycerol, 2.1 % SDS and 0.01 % 

bromophenol blue (premixed solution from Bio-Rad). The protein solutions were solubilized and 

reduced by heating at 90°C for 2 min before loading onto gels (10 µL), with Mark12 protein standard 

(Invitrogen, Thermo Fisher Scientific) added in a separate well. Electrophoresis was performed in a 

Mini-PROTEAN apparatus (Bio-Rad), using a vertical mini-slab gel (Mini-PROTEAN® TGX™) composed 

of 4–20 % acrylamide and run at constant voltage of 200 volts for 30–40 min. The gel was stained (1 

hr) with Coomassie blue solution (0.25% Coomassie brilliant blue R250; Bio-Rad, 50% (v/v) methanol 

and 10% (v/v) acetic acid) and destained (1 hour) using 5% (v/v) methanol and 7.5% (v/v) acetic acid. 

The gel image was captured and analyzed using an Odyssey CLx scanner (Li-COR Biosciences, Lincoln, 

USA). 

2.3.3 Scanning Electron Microscopy 

CL obtained after heating four pieces of the same cod loin at 30, 50, 70 and 90 °C (n=1) was freeze 

dried and sputter coated with a layer of palladium atoms. Scanning Electron Microscopy (SEM; Zeiss 

Supra 35 VP) was used to visualize the microstructure (resolution of 50 nm) of the CL proteins. 

2.4 Permeability of the fish tissue 

2.4.1 Intrinsic permeability 

Intrinsic permeability was measured as described by Datta (2006) for raw whole meat, and by 

Oroszvári, Rocha, Sjöholm & Tornberg (2006) for fried hamburgers, in a customized pressure cell. A 

stainless-steel sample cup (Hettich, Tuttlingen, Germany; Skipnes, Østby & Hendrickx, 2007) was 

repurposed as the foundation of our pressure cell. It was covered with adhesive modelling clay (Blu-

Tack) on the internal surface, and the sample cup filter was mounted at the bottom and covered with 

a filter paper. Cylindrical shaped cod samples (diameter ∼20 mm, n=2) were made to react with super 

glue and positioned inside the cup, before epoxy glue was used to make sure there were no cavities 
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between the fish sample and the rings. 3 mL water was put on top of the sample, and a lid with an 

attached pressure hose was used to connect the set-up to a manometer. An overpressure of 0.3 bar 

was applied to the headspace of the cell, and the water was allowed to flow through the cell. The 

amount of water collected (±0.01g) was noted every 2 min for 30 min. 

2.4.2 Permeability by centrifugation 

Permeability was also measured during centrifugation. Cylindrical shaped raw cod samples (n=2) were 

placed in an updated version of the sample cups described above, in a similar fashion as performed by 

Skipnes et al. (2007) for measuring water holding capacity. The cups were centrifuged (Rotina 420R, 

Hettich, Tuttlingen, Germany) at 550 RPM (approx. 50g) and 1770 RPM (approx. 500 g) for 15 minutes 

at a temperature of 20 °C. The resultant force of 500 g is approximately the same as created by the 

overpressure of 0.3 bar.  Due to an agreement between the permeability obtained at 500 and at 1770 

RPM and the intrinsic permeability measurement, the permeability of water through heated fish 

samples were determined by the centrifuge method at 550 RPM only. For the analysis, fish samples 

were heated as previously described (Section 2.1.1.) at 40 (n=6), 60 and 90 °C (n=3), except that heating 

was performed in the sample cups instead of bags. The permeability was calculated using the 

equations provided by Oroszvári et al. (2006) and Datta (2006), and the values of viscosity and density 

of water at 20 °C – 0.00102 N s/m2 and 998 kg/m3, respectively. 

2.5 Statistical analysis 

The results were analyzed for significant differences using one-way ANOVA and Tukey post-hoc test 

with 95 % confidence interval (IBM SPSS Statistics, v25). A boxplot was used to identify any outliers. 

Outliers differing more than 1.5 box lengths were removed from the data set. For analysis of ions, this 

confidence interval was indicated by calculating the extended measurement uncertainty (JCGM, 2008) 

with a coverage factor of 2. 
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3. Results 

3.1 Quantification and biochemical characterization of the cook loss  

3.1.1 Water, protein and ions 

The amount of CL released during 10 minutes of heating, with regards to 100 g raw fish, increased with 

increasing temperature (Figure 1), from 3.8 ± 1.1 g at 30 °C to 23 ± 1.5 g at 90 °C. The exception was 

heating temperatures 40-60 °C, where an apparent plateau was reached, averaging about 11 g. The 

amount of TL obtained in the present study was 3.7 ±  2.1 g. 

 
Fig. 1 Total CL and associated water and protein released in response to thawing (0 ºC) and heating (30-90 ºC) of 

3×2 cm cod fish samples (n=3-15) in vacuum bags for 10 min. Mean values are shown with standard deviation.2 

The water content of the raw fish (76.6 ± 0.5%) decreased after heating at 70 °C (72.7 ± 1.0%), 

accompanied by a similar increase in the protein content (21.7 ± 0.6% to 24.7 ± 1.0%; Figure 2a). The 

trends observed for the fish were amplified when looking at the CL (Figure 2b). Compared to the TL 

(85.4 ± 0.4% ) and CL at 30 °C (85.6 ± 0.9%), the water content in the CL was higher after heating at 50 

°C (88.9 ± 0.5%), and furthermore it increased when cooking at 70 °C (93.0 ± 0.5%). The CL obtained 

after heating at 40 °C contained 11.1 ± 0.4% proteins, decreasing to 8.7 ± 0.7% after heating at 60 °C. 

Furthermore, the amount of proteins decreased when raising the temperature from 60 °C to 70 °C, 

after which 6.2 ± 0.3% proteins were observed. 

 
2 Measurements of protein content of TL and CL at 30 ℃ was not manageable, as this analysis required larger sample sizes.  
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(a) Water and protein content (%) of raw and heated fish 

  
(b) Water and protein content (%) of LL 

Fig. 2 Water and protein content (%) of (a) raw and heated fish and (b) liquid losses, as a result of thawing (0 °C) 

and heating at temperatures from 30-90 °C for 10 min. Mean values are shown with standard deviation. 

The ions found above 0.01 % in raw and cooked fish samples are summarized in Table 1. The most 

abundant ions were potassium, sulfur and phosphorus (0.3-0.5 %). The amount of sodium, magnesium 

and calcium were rather low (0.01–0.04 %). As measured using the ISO method, the amount of salt 

(NaCl) in raw fish was 0.17 ± 0.02 g, which was validated by the AOAC method. No differences were 

found between the Cl- content of raw or heated fish, CL, or TL. As can be seen in Table 1, there was a 

minor decrease in the contents of ions when the fish was cooked, compared to when it was raw. 

Considering the 1.32 ± 0.27 g total ions originally present in raw fish, about 0.39 g and 0.47 g total ions 

(g/100 g raw fish) were released as CL after heating at 50 °C and 90 °C, respectively. 
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Tab. 1 Ions that make up 0.01 % or more (exception is Hg) of raw and cooked (50 and 90 °C) cod loins, and the 

sum taken as total ions. Results (%) are shown with extended standard uncertainty (ions) and combined standard 

uncertainty (total ions), respectively. Total ions do not consider the amount of Cl- or NaCl, in which the 

uncertainty is the standard deviation. Ion losses (g/100 g raw) were calculated based on the total ions (%) and 

average cook loss, in which values were obtained by earlier experiments. n.a.: not applicable.   

Ion Raw 50 °C 90 °C 

K+ 0.53 ± 0.11 0.46 ± 0.10 0.47 ± 0.11 
S2- 0.37 ± 0.18 0.29 ± 0.06 0.33 ± 0.07 
P3- 0.33 ± 0.16 0.23 ± 0.05 0.24 ± 0.05 
Cl- 0.10 ± 0.01 0.12 ± 0.02 0.12 ± 0.02 
Na+ 0.043 ± 0.021 0.030 ± 0.006 0.031 ± 0.007 
NaCl 0.17 ± 0.02 0.20 ± 0.03 0.20 ± 0.03 
Mg2+ 0.032 ± 0.007 0.029 ± 0.006 0.031 ± 0.007 
Ca2+ 0.010 ± 0.002 0.009 ± 0.002 0.010 ± 0.002 
Hg2+ 6.8×10-6 ± 1.8×10-6 8.1×10-6 ± 2.2×10-6 9.3×10-6 ± 2.5×10-6 
Total ions (%) 1.32 ± 0.27 1.04 ± 0.13 1.10 ± 0.14 

Ion loss (g/100 g raw) n.a. 0.39 g 0.47 g 

3.1.2 pH 

The pH of raw fish after filleting, rigor mortis, freezing and storage was 6.3 ± 0.1. The pH of the CL 

increased from 6.2 ± 0.1 to 6.4 ± 0.1 when increasing the heating temperature from 40 to 60 °C. A 

similar trend was observed for the fish, although not significant until reaching 90 °C. The LL consistently 

had a slightly lower pH than the fish. 

3.2 Investigation of protein components of the cook loss 

3.2.1 Differential scanning calorimetry 

The residual denaturation enthalpy (∆H) of TL and CL obtained after heating at 30-70 °C (n=3) 

decreased with increasing heating temperature (Figure S1, supplementary material). Four clearly 

defined peaks with minima at about 42-44, 58, 70-73 and 80 °C were found in total, belonging to four 

proteins or groups of proteins with similar tolerance for heat. The endothermic peaks diminished 

gradually with increasing heating temperatures until 70 °C, where no peaks could be detected. 

The first peak was visible in TL and CL collected after heating for 10 min at 30 °C and showed Tmax 

values of 41.6 ± 0.1 °C and 43.5 ± 0.2 °C, respectively. The peak was not visible in CL obtained after 

heating at 40 °C or higher temperatures. Peak 2 and 3 showed Tmax values of 57.5-58.4 °C and 69.8-
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72.6 °C, respectively. The ∆H of the peaks were strongly reduced for each 10 °C increase in heating 

temperature from 30–60 °C, until disappearing after heating at 60 °C and 70 °C, respectively. The CL 

obtained after heating at 30 °C had a significantly higher Tmax value for peak 3 (72.6 ± 0.3 °C) compared 

to the CL obtained after heating at higher temperatures (Tmax: <70.4 °C). The temperature shift could 

be caused by the appearance of the protein group corresponding to peak 4, which emerged as a 

separate peak after heating at 40 °C. Peak 4 portrayed a Tmax of about 80.1 °C, but it was too small to 

be integrated. 

3.2.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

The protein band pattern corresponding to approximate molecular weights of proteins in the LL is 

illustrated in Figure 3. TL and CL obtained after heating at 30-40 °C showed higher abundance of 

medium and low molecular weight proteins than CL obtained at the higher temperatures. Large 

molecular weight proteins (>100 kDa) were released below 40 °C and above 60 °C. The protein bands 

were tentatively identified (see Section 4.2). 

 
Fig. 3 SDS-PAGE of 2.5 % diluted TL and CL (30-90ºC). Every second lane represent TL and CL from the same loin. 

MF: myofibrillar, SP: sarcoplasmic, A: actin, V: vemitin TM: tropomyosin, G3P: glyceraldehyde-3-phosphate 

dehydrogenase, TPI: triose-phosphate isomerase, A (frag.): actin fragment, MLC: myosin light chain. Based on 
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findings of Gudmundsson (2002), Kjærsgård, Nørrelykke & Jessen (2006), Vang (2007), and Rosas-Romero et al. 

(2010). The gel is representative of two similar gels. 

3.2.3 Scanning Electron Microscopy 

Figure 4 presents SEM images of CL retrieved after heating at 30 °C, 50 °C, 70 °C and 90 °C. The surface 

of the CL obtained after heating at 30 °C exhibited a large, compact and uniform structure. The surfaces 

of the CL samples obtained after heating at higher temperatures predominately appear as clusters of 

small globular proteins, tangled with long rod-like shaped fibrous proteins, with increasing size 

according to increasing heating temperature. After heating at 70 and 90 °C, proteins of > 10 µm were 

found. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 4 SEM images of freeze-dried liquid expelled at (a) 30 °C, (b) 50 °C, (c) 70 °C, and (d) 90 °C. The green scale 

line represents 10µm. 

3.3 Permeability 

The permeability of raw cod fish obtained using 50 g pressure was  1.5 × 10−16 ±  4.8 × 10−17m2 

(Figure 5). There were no significant differences between the permeability values obtained from the 

two instrumentations used or between the applied pressures. After heating at 40 °C, a 10-fold increase 

(1.3 × 10−15± 3.8 × 10−16m2 in in the permeability of the fish occurred as compared to raw fish. 
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Heating at 60 and 90 °C apparently resulted in lower permeability values than at 40 °C, but the trend 

was not significant.  

 
Fig. 5 Permeability upon 15 min centrifugation of raw (pressure: 50 g and 500 g) and heated (pressure: 50g) fish. 

Mean values are shown with number of biological parallels and standard deviation. 

4. Discussion 

4.1 Quantification of the cook loss  

As was found here, increasing amount of CL with increasing temperature is also the trend seen in 

earlier studies investigating whole and ground cod muscle (Ofstad et al., 1993; Skipnes et al., 2007; 

Skipnes et al., 2011), and salmon (Ofstad et al., 1993; Kong, Tang, Rasco & Crapo, 2007). The exception 

to this trend was the amount of CL obtained after heating at 40-60 °C, where an apparent plateau was 

reached. 

Despite similar temperature dependent tendencies, the total amount of CL was higher in this study 

compared to the literature. This is probably caused by methodological differences in the heating 

procedure, especially introduction of the glass tube in the bags. The glass tube separates the LL from 

the fish and prevent most of the dissolved proteins from solidifying and binding to the fish surface 

during cooling. The vacuum inside the glass tube might also contribute to a higher amount of CL. The 

amount of TL obtained in the present study (~4 %) was in range of previous measurements of the 

amount released from pre-frozen, wild Atlantic cod after chilled storage for 7 days (4 %; Rotabakk, 
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Skipnes, Akse & Birkeland, 2011), and the amount of drip loss released within 1-3 days from fresh, pre-

rigor fileted farmed Atlantic cod (1-3 %; Vang, 2007). 

For raw Atlantic cod, the measured contents of water (~77 %), protein (~22 %) and ions (~1.3 %, of 

which ~0.2 % was NaCl) were in close agreement with previous literature (Dyer, 1943; Ofstad et al., 

1993; Ghaedian, Decker & Mcclements, 1997; Vang, 2007; Skipnes, Van der Plancken, Van Loey & 

Hendrickx, 2008). The values obtained for ions were also in the same range as values found in the 

literature for Atlantic cod (Na+, K+: Love, Robertson & Strachan, 1968; Hg2+, Ca2+, Mg2+: Hellou, Warren, 

Payne, Belkhode & Lobel, 1992). The pH of raw fish was similar to other measurements of pre-rigor 

fileted farmed Atlantic cod, both pre-frozen, fresh, and brined at 0-1.5 % NaCl (Ofstad et al., 1993; 

Vang, 2007; Skipnes et al., 2008; Blikra et al., 2020).  

4.2 Investigation of protein components of the cook loss 

Data obtained from studying DSC thermograms, SEM images, and SDS-PAGE bands were used together 

with literature studies to tentatively characterize the protein components of the CL. 

4.2.1 Collagen 

A protein group with peak denaturation temperature between 41-44 °C appeared in the DSC 

thermograms of TL and CL obtained after heating at 30 °C. Slightly lower peak denaturation 

temperatures of 32, 40 and 38 °C have previously been associated with connective tissue proteins in 

cod (Hastings, Rodger, Park, Matthews & Anderson, 1985; Skipnes et al., 2008). In the SEM images, a 

uniform structure was observed in the CL obtained after heating at 30 °C. The structure showed 

similarities with intercellular collagen from sponges at the same magnification (Tziveleka et al., 2017). 

In addition, gelatin from cod has previously been found to exhibit a SDS-PAGE gel band at approx. 116 

kDa (Gudmundsson, 2002), which was also observed in the present study in TL and CL throughout the 

heating temperature range. Combined, the SEM and SDS-PAGE results suggested that collagen was 

present in TL and CL. 
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4.2.2 Sarcoplasmic proteins 

From the SDS-PAGE (Figure 3), it can be seen that TL and CL obtained after heating at 30-40 °C showed 

relatively higher abundance of medium and low molecular weight proteins than CL obtained at the 

higher temperatures. These proteins mainly corresponded to sarcoplasmic (SP) proteins (Hashimoto, 

Suzuki, Hagiwara & Takai, 2004; Kjærsgård, Nørrelykke & Jessen, 2006; Vang, 2007), but also to 

myofibrillar (MF) proteins (Vang, 2007; Abdollahi & Undeland, 2018) In the DSC thermograms, protein 

groups with peak denaturation values of 58 and 70-73 °C were found, which probably also 

corresponded to SP proteins, in accordance with studies investigating cod (Hastings et al., 1985; 

Skipnes et al., 2008) and hake (Beas, Wagner, Crupkin & Ańon, 1990). The protein group denaturing 

around 80 °C could possibly also belong to a 4th group of SP proteins, which has previously been found 

in isolated SP proteins from cod (Hastings et al., 1985). 

4.2.3 Myofibrillar proteins 

When heating at 70 °C and above, the relative content of high molecular weight proteins in the CL 

seemed to increase (Figure 3). Correspondingly, an increase in the size and introduction of rod-like 

shaped proteins was also observed from the SEM images (Figure 4). These proteins are probably 

aggregated SP and MF proteins, specifically the myosin heavy chain (MHC). The MF protein bands are 

identified based on weakly discerned bands observed in the drip loss of cod (Vang, 2007) and after the 

findings of Rosas-Romero et al. (2010), who analyzed the CL from squid and found only proteins they 

presupposed to be MF proteins. In addition, the identification was based on MF proteins present in 

high amount in cod (Kjærsgård et al., 2006). 

The loss of MF proteins due to heating temperature is supported by the findings of Murphy & Marks 

(2000), who found that the presence of myofibrillar protein subunits of molecular weight greater than 

43 kDa decreased in chicken breast patties with increasing temperature from 23◦C to 80 ◦C, when 

cooked in brass containers in a water bath. On the other hand, the introduction of any mechanical force 

from pressure due to the presence of vacuum and increasing heating temperature could cause the loss 

of MF proteins. During washing of cod surimi, high losses of myofibrillar proteins were observed by 

Lin, Park & Morrissey (1995). 

After heating at 40 °C, a 4th peak emerged with a Tmax of about 80 °C. On rescanning the samples no 

peaks were seen, indicating that the new or residual structure could be destroyed by heat. The peak 

was too small to be integrated when heating at 60 °C, and not present in the CL obtained after heating 
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at 70 °C. Isolated actin was previously found to have a Tmax of 81 °C (Hastings et al., 1985), which is 

higher than that of actin in whole cod muscle (Tmax: 75-76 °C; Hastings et al., 1985; Skipnes et al., 2008; 

Blikra et al., 2020). Thus, the detected peak could belong to actin, and the higher Tmax could be a result 

of actin being present after release into the CL from the myofilaments. However, as stated in Section 

4.2.2., this peak could also belong to a 4th group of SP proteins, which denature at approximately the 

same temperature as isolated actin. In the SDS-bands, some protein groups which could be either SP 

(Hashimoto et al., 2004) or actin (approx. 42 kDa; Vang, 2007; Abdollahi & Undeland, 2018) were 

released during heating at all temperatures. 

4.3 Permeability 

The permeability of raw beef meat has been reported by Datta (2006), as the range of 10-17 to 10-19 m2, 

which is lower than our results (~1.5 × 10−16m2; Figure 5) and may indicate that the porosity of fish 

muscle tissue is larger than the porosity of whole beef muscle tissue. Moreover, Datta experienced 

that the permeability varied with the applied pressure, which was not observed within the present 

study. 

In our study, an increase in permeability was seen when heating at 40 °C compared to raw. Similar 

results have been reported for beef burgers, when roasting at 50-60 °C (Oroszvári et al., 2006). Increase 

in permeability of the fish tissue can either be caused by an increase in porosity, which is a 

characteristic of the fish muscle structure, or a decrease in viscosity of the liquid flowing through the 

tissue. Since the protein components in the CL obtained after heating at 30-40 °C is highly similar to 

the TL, as illustrated by the bands of the SDS-PAGE (Figure 3), it seems likely that the difference in 

permeability between raw muscle and muscle heated at 40 °C is caused by a difference in porosity. 

Heating at 40-45 °C has previously been linked to transversal shrinkage of muscle cells due to 

denaturation of myosin, which increased the extracellular space (Ofstad et al., 1993). Combined with 

loosening of the connective tissue as a consequence of collagen denaturation, this would lead to easier 

flow of liquid in the muscle. On the contrary, the release of large amounts of water at higher 

temperatures could decrease the viscosity, thereby increasing the flow rate, of the liquid flowing 

through the tissue. 

When heating at 60 and 90 °C, the average permeability of cod muscle seemed to decrease compared 

to heating at 40 °C. This could explain why the water loss did not increase markedly when heating at 

60 °C compared to 50 °C, but no increase in permeability do not correlate well with the substantial 

increase in water loss at higher temperatures (70-90 °C). Explanations for the loss of water at the higher 
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temperatures could be due to thermodynamic changes like thermal expansion of water, evaporation 

of water and convective flux resulting from the temperature gradients. 

Ofstad et al. (1993) hypothesized that denatured SP proteins in cod muscle could aggregate and hinder 

flow of water in the muscle, which would lead to lower permeability at temperatures above 45 °C. 

Aggregation could also cause gelation of the CL itself, which would increase its viscosity. In the present 

study, relatively higher contents of SP proteins were presupposed to be found in the CL obtained after 

heating at 30-40 °C than at higher temperatures, suggesting that more SP proteins remain in the tissue 

when heating at 50 °C and above. This tentative finding supports the hypothesis of Ofstad et al. On the 

other hand, further shrinkage or swelling of muscle structures leading to narrower pathways allowing 

for liquid flow could also be related to this phenomenon. 

4.4 Relationship between heating temperature and the components of the cook loss 

In accordance with our hypothesis, insight into the mechanisms of release of CL during heating was 

obtained by studying the components of the cook loss and its permeability through the muscle 

structure at different heat treatment temperatures. Taking into account the original amount of water 

present in 100 g raw fish (77 g), about 3 g of water was released when heating at 30 °C (Figure 1). 

When heating at 40 °C, 9 g of water was released, accompanied by the release of 1.2 g of protein 

(Figure 1) of the 22 g present in raw fish. This heating temperature corresponds to denaturation of 

myosin (43 °C; Blikra et al., 2020) and collagen (32-40 °C; Hastings et al., 1985). The permeability of the 

fish tissue also increased after heating at 40 °C compared to that of raw fish, which could be caused by 

loosening of the connective tissue as a consequence of collagen denaturation, and transversal 

shrinkage of the muscle cells during denaturation of myosin (Ofstad et al., 1993). When heating at 30-

40 °C, more SP proteins were found in the CL than at higher temperatures. Heating at 50 °C lead to the 

release of an additional 1 g of water, but no additional protein. The first group of SP proteins started 

to denature around 45 °C (Hastings et al., 1985), and this could lead to the release of some water 

previously held by the SP proteins. At the same time, they may lose solubility which would explain why 

there is no increase in the amount of released proteins. Despite no total increase in the amount of 

released protein, released protein fragments belonging to either actin or the 4th group of sarcoplasmic 

proteins (Hastings et al., 1985) reach a maximum ∆H when heating at 50 °C. Fish heated at 50 °C also 

lost 0.4 g ions, where less than 0.02 g was salt (NaCl). At 60 °C, the amount of released water was 

slightly higher than at 50 °C (+0.4 g). This increase correlates with the denaturation of the second group 

of SP proteins (57 °C; Skipnes et al., 2008). The amount of proteins released at 60 °C was significantly 

lower than at 50 °C, about 0.9 g, which strengthens the hypothesis of denaturation and aggregation of 
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SP proteins leading to less release of protein. When increasing the heating temperature from 40-60 °C, 

an apparent decrease in permeability (Figure 5) was seen, as well as a significant increase in the pH of 

the CL. At temperatures above 60 °C, the amount of proteins released increased to some extent, and 

attained a significantly higher value after heating at 90 °C (1.1 g) compared to at 60 °C. At the same 

time, the water released increased steeply as about 3-4 g additional water was released for each 

additional 10 °C in heating temperature from 60-90 °C. This could correspond to denaturation of 

additional protein groups, especially the third group of SP proteins (70 °C; Skipnes et al., 2008), actin 

(76 °C; Blikra et al., 2020), and possibly a 4th group of SP proteins (80 °C; Hastings et al., 1985). When 

heating at 70 °C and higher temperatures, the relative amount of high molecular weight proteins in 

the CL also seemed to increase (Figure 3). This could be aggregates of MF proteins, especially MHC. 

After heating at 90 °C, 0.5 g of ions were lost into the CL per 100 g of fish. 

5. Conclusion 

In the present study, components and properties of released liquid from Atlantic Cod (Gadus morhua) 

during processing was quantified and characterized as a function of temperature. 

Using SEM, it was observed that intercellular collagen probably was solubilized at 30 °C and thus 

present in the CL, in accordance with the high molecular weight proteins found by SDS-PAGE. This did 

not cause any substantial water loss. The water loss of cod increased markedly when heated at 40 °C 

compared to at 30 °C and the increase coincides with the release of a large amount of proteins. The 

permeability of cod muscle cooked at 40 °C also markedly increased compared to the permeability of 

raw cod muscle. The increase could have been facilitated by expansion of pores in the muscle. 

The amount of CL released was stable between heating temperatures 40-60 °C, but after heating at 60 

°C, less protein was lost /g raw fish than at 40-50 °C. The water loss increased substantially for each 

additional 10 °C in heating temperature between 60-90 °C. It was observed by SEM-images that more 

fibrous proteins were released at higher temperatures, and SDS-PAGE analysis indicated that these 

proteins included the myosin heavy chain. The permeability of cod muscle seemed to decrease when 

heating at 60 and 90 °C compared to at 40 °C, which could be caused by thermodynamic changes 

resulting from the temperature gradients. The pH of the fish increased between 40 and 90 °C, in 

correlation with increased water loss. 

The data provided in this work may be used for later improvement of models for cooking of fish and 

optimization of the cooking process. The information provided on the effect of heat load on muscle 
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proteins can be used for heat-process optimization with respect to contradicting goals such as using a 

low heat load (e.g. to maintain juiciness or limit weight loss) vs. a high heat load (e.g. to achieve a 

specific microbial inactivation required for a long shelf life). 

As this was the first known investigation of the properties of the cook loss (CL) of cod, a number of 

properties still remains to be investigated such as thermophysical properties of the CL. In addition, the 

loss of nutrients and flavors involving a more detailed chemical analysis combined with a sensorial 

study also remain. A further study of the CL by transmission electron microscopy is recommended for 

closer interpretation of the aggregation following the denaturation of proteins. 
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Supplementary material 

 
 

Fig. S1 Average DSC thermograms (n=3) showing ∆H peaks as a function of temperature (Tmax) for TL (0 °C) and 

CL (30-70 °C). Curves have been shifted along the y-axis for comparability reasons. The heating rate was 2.5 

°C/min. 
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Appendix A. Model sensitivity to permeability and viscosity 

Methods 

General model description 

A model was constructed as described in Paper II. In summary, heat transfer was modelled as pure 
convection from the oven air, excluding thermal radiation and conduction from the baking plate (which 
are included in Paper I). Mass transfer was analyzed as diffusion and convection processes, using 
Darcy’s law to estimate the velocity of the liquid in the sample. The fish sample dimensions were the 
same as described in Paper I for samples used to analyze mass loss, which allows comparison of the 
model predictions with these experimental data. 

The sample was meshed as described in Paper I, except using a free tetrahedral distribution with 25 
number of elements were used to increase the resolution along the edges of the fish instead of 50. For 
the remaining geometry, the predefined “fine” setting in COMSOL Multiphysics was applied instead of 
“finer” (maximum element size: 1.33 mm; minimum element size: 0.166 mm; maximum element 
growth rate: 1.45; curvature factor: 0.5; resolution of narrow regions: 0.6). The model was solved using 
an initial time step of 0.001 s. 

Unless otherwise stated, the model was run with the same model input parameters and variables as 
those presented in Paper I. 

Model input 

In this analysis, the input variables of permeability and viscosity were changed singly and in 
combination to investigate the effect on the model prediction. 

The permeability values of 10−17, 10−16, and 10−15 m2 were tested while keeping the viscosity as that 
of water (𝜇𝜇𝑤𝑤), which was also used in Paper I-II (Eq. A-1). For testing the effect of changing viscosity, a 
permeability value of 10−15 m2 was used. Application of the viscosity of water (Eq. A-1; wherein T(°C), 
unit m2/s) and the viscosity of 10 % whey protein concentrate as given by Patocka, Cervenkova, Narine 
& Jelen (2006), 0.05 Pa s, was compared. The latter value was divided by the density of the cook loss 
(CL; Equation provided in Paper III) for conversion from absolute (Pa s) to kinematic viscosity (m2/s). 

𝜇𝜇𝑤𝑤 = �2.414 × 10−5 × 10�
247.8

(𝑇𝑇+273.15)−140�� Eq. A-1 

Results 

When increasing the permeability from 10−17, which is the value used in Paper I, to 10−16 and 10−15, 
the predicted remaining mass fraction of water during heating decreased substantially (Figure A-1, A). 
When increasing both permeability and viscosity simultaneously, the predicted remaining mass 
fraction of water increased as compared to only changing the permeability (Figure A-1, B). This was 
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Appendix A

expected given the inverse relationship between these variables in Darcy’s law (Eq. 8). It is interesting 
to note that modeling using the viscosity of 10 % whey protein concentrate together with the 
measured permeability of cod (10−15) gave a model prediction that was close to the measured data. 
It is therefore likely that the viscosity of the CL (approx. 10 % protein) is much closer to the viscosity of 
10 % whey protein concentrate than that of water. 

Figure A-1. The effect of changing the permeability (A) and the viscosity (B) on the model prediction of average 
remaining mass fraction of water in a heated sample. The measurement data shown were obtained from the 
average mass loss in Paper I. WPC: whey protein concentrate.  
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Appendix B. Methods for calculating WHC 

Introduction 

There are several ways of calculating the water holding capacity, and the chosen calculation affects 
the resulting data and its physical interpretation. In this appendix, three equations are introduced, and 
the results from each of these methods are compared and used in the COMSOL model presented in 
Appendix A to investigate the effect of the chosen calculation on the model prediction.  

Equations 

Figure A-2 illustrates the relationship between the water and dry matter content in cod muscle before 
and after centrifugation for a raw (A) and a heated sample (B). The liquid losses during the processes 
are also indicated. Using the nomenclature introduced by the figure, a general description for water 
holding capacity may be stated by Eq. A-2. 

𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑖𝑖𝑖𝑖 𝑠𝑠𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 𝑐𝑐𝑤𝑤𝑖𝑖𝑤𝑤𝑤𝑤𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤𝑖𝑖𝑐𝑐𝑖𝑖
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑖𝑖𝑖𝑖 𝑠𝑠𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤 𝒃𝒃𝒂𝒂𝒂𝒂𝒃𝒃𝒂𝒂𝒂𝒂 𝑐𝑐𝑤𝑤𝑖𝑖𝑤𝑤𝑤𝑤𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤𝑖𝑖𝑐𝑐𝑖𝑖

= 𝑠𝑠𝑤𝑤,𝐶𝐶𝐶𝐶
𝑠𝑠𝑤𝑤

 Eq. A-2 

Figure A-2. Sample masses used in calculation of water holding capacity. Adapted from Skipnes, Østby & 
Hendrickx (2007). 

When samples are both heated and centrifuged, they lose moisture in two successive processing steps. 
Both of these processes describe aspects of the water holding capacity behavior of the sample. 
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Inclusion of either loss individually or in combination yields slightly different physical interpretations 
of the data. 

In the equations below, WHC(A) describes how well the heated sample can keep the remaining water 
during the centrifugation step, as a fraction of the water content of the heated sample. WHC(B) takes 
into account the water lost during heating as well and describes how well the sample is able to retain 
moisture during the entire processing. WHC(C), which is the calculation used in Paper I, describes how 
well the heated sample retains moisture during the centrifugation step, as a fraction of the water 
content of the raw sample. 

A. 𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑖𝑖𝑖𝑖 𝑠𝑠𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤 𝑤𝑤𝑐𝑐𝑤𝑤𝑤𝑤𝑤𝑤 𝑐𝑐𝑤𝑤𝑖𝑖𝑤𝑤𝑤𝑤𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤𝑖𝑖𝑐𝑐𝑖𝑖
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑖𝑖𝑖𝑖 𝑠𝑠𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤 𝑤𝑤𝑐𝑐𝑤𝑤𝑤𝑤𝑤𝑤 ℎ𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑐𝑐

= 𝑠𝑠𝑤𝑤,𝐶𝐶𝐶𝐶,ℎ
𝑠𝑠𝑤𝑤,ℎ

= 𝑠𝑠𝑤𝑤,ℎ−𝑠𝑠𝐶𝐶𝐶𝐶.𝐿𝐿
𝑠𝑠𝑤𝑤,ℎ

= 𝑠𝑠𝑤𝑤,𝑟𝑟−𝑠𝑠𝐶𝐶𝐿𝐿−𝑠𝑠𝐶𝐶𝐶𝐶.𝐿𝐿
𝑠𝑠𝑤𝑤,𝑟𝑟−𝑠𝑠𝐶𝐶𝐿𝐿

 

B. 𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑖𝑖𝑖𝑖 𝑠𝑠𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤 𝑤𝑤𝑐𝑐𝑤𝑤𝑤𝑤𝑤𝑤 𝑐𝑐𝑤𝑤𝑖𝑖𝑤𝑤𝑤𝑤𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤𝑖𝑖𝑐𝑐𝑖𝑖
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑖𝑖𝑖𝑖 𝑠𝑠𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤 𝑏𝑏𝑤𝑤𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤 ℎ𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑐𝑐

= 𝑠𝑠𝑤𝑤,𝐶𝐶𝐶𝐶,ℎ
𝑠𝑠𝑤𝑤,𝑟𝑟

= 𝑠𝑠𝑤𝑤,ℎ−𝑠𝑠𝐶𝐶𝐶𝐶.𝐿𝐿
𝑠𝑠𝑤𝑤,𝑟𝑟

= 𝑠𝑠𝑤𝑤,𝑟𝑟−𝑠𝑠𝐶𝐶𝐿𝐿−𝑠𝑠𝐶𝐶𝐶𝐶.𝐿𝐿
𝑠𝑠𝑤𝑤,𝑟𝑟

 

C. 𝑊𝑊𝑊𝑊C = 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑖𝑖𝑖𝑖 𝑠𝑠𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤 𝑤𝑤𝑐𝑐𝑤𝑤𝑤𝑤𝑤𝑤 𝑐𝑐𝑤𝑤𝑖𝑖𝑤𝑤𝑤𝑤𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤𝑖𝑖𝑐𝑐𝑖𝑖 𝑤𝑤𝑒𝑒𝑐𝑐𝑤𝑤𝑠𝑠𝑤𝑤 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑖𝑖𝑖𝑖 𝑠𝑠𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤 𝑏𝑏𝑤𝑤𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤 ℎ𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑐𝑐

= 𝑠𝑠𝑤𝑤,𝑟𝑟−𝑠𝑠𝐶𝐶𝐶𝐶.𝐿𝐿
𝑠𝑠𝑤𝑤,𝑟𝑟

 

The calculations (A and B) are based on those presented by Skipnes et al. (2007), but using mass as a 
basis instead of fractions. Note that the water content of heated samples was not measured, and 
therefore they are calculated based on water content of raw samples and loss of liquid during heating 
and centrifugation. Figure A-3 shows the difference between these methods of calculation together 
with the equation proposed for WHC of cod in Paper I (C), and functions fitted to WHC data obtained 
by the alternative methods of calculation (A and B). 

Figure A-3. Water holding capacity calculated in different ways (A-C), plotted with corresponding functions. The 
reader is referred to Paper I for visualization of standard deviations. 
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Model prediction 

The general COMSOL Multiphysics model presented in Appendix A was used. The parameters of the 
WHC was changed to investigate the effect of choosing either a function made based on WHC(B) or 
WHC(C). These two functions were chosen for the modeling since they are the most different of those 
considered here. To investigate if there was a difference, plots showing water concentration in spots 
as a function of time and space were obtained and compared, as well as the average water content of 
the sample. 

The effect of the chosen calculation on the model result 

The predicted water concentration during heating was not very sensitive to changes in WHC in the 
order of magnitude discussed in this Appendix. No apparent differences between the predicted 
concentration in any positions of the sample were found. As an example, the predicted average 
concentration of water is given in Figure A-4. The curve showing the predicted average concentration 
obtained using WHC(C) overlaps with the curve obtained when using WHC(B). The difference between 
the two curves is so small that it for all practical purposes is negligible (<0.02 %). 

Figure A-4. Predicted volume average concentration of water in a fish sample during heating, when using 
functions based on WHC calculated in two ways from the same data set. 
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Appendix C. Dimensional change during heating of rectangular 
samples of farmed cod 

Materials and methods 

The cod raw material used in this experiment was the same as that used in Paper II (see Paper II: Figure 
1, part A). After storage of vacuum-packed loins for 2-4 months at -80 °C, samples were thawed in their 
packaging in a large bucket with ice water under a running tap and kept in ice water until analysis. If 
necessary, the samples were cut along the length and width to obtain a relatively rectangular 
geometry. The initial dimension of the samples were 85 ± 9.1 cm length, 67 ± 11 cm width, and 21 ± 
3.5 cm height. The oven and set-up used was the same as that described in Paper I, except that samples 
were heated on an aluminum food container with cut edges (max 5-7 mm height) which was put on 
top of the baking tray during heating. Samples were photographed prior to and after heating using a 
fixed camera set-up (Canon EOS 400D with lens EF-S 18-55 mm; see example of image in Figure A-5). 
A ruler was placed within the view of the camera, to allow calibration of pixels and measurement of 
sample dimensions using ImageJ v. Fiji (2007). The height of the samples was measured manually using 
a caliper. The samples were heated for either 5 or 15 minutes (n=3 per sample group). In addition, 
untreated samples were heated for 40 ± 2.3 min (n=4). The relative change was calculated according 
to Eq. A-3, 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑐𝑐ℎ𝑅𝑅𝑎𝑎𝑎𝑎𝑅𝑅 = 𝑒𝑒𝑓𝑓−𝑒𝑒𝑖𝑖
𝑒𝑒𝑖𝑖

× 100% A-3

where 𝑥𝑥𝑖𝑖 and 𝑥𝑥𝑐𝑐 are the initial and final dimensions, respectively. A summary of the method 
description is given in Figure A-6, which also illustrates some major differences between the analysis 
described here and the analysis outlined in Paper III. 

Figure A-5. Example of image of a sample on its aluminum container before and after heating (cropped to 

emphasize the samples). Note the ruler in the upper left corner, the marking tape indicating the correct position, 

and the cleft in the right edge of the container for inserting the bottom thermocouple (B). 
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Figure A-6. Summary of samples and experimental set-up used for analysis of shrinkage.  

Results 

The results are illustrated in Figure A-7 below. It can be seen that the samples generally shrink 
lengthwise and in width, especially after 15-40 minutes, with approximately 10 % shrinkage lengthwise 
after heating for 15 minutes, accompanied by approximately 5 % shrinkage in width. There are no clear 
trends between the sample groups. The data for changes in sample height is more perplexing, with 
results ranging from shrinking to swelling behavior after heating at all the tested durations. It can be 
noted that untreated samples swelled after heating for 5 minutes, and their behavior ranged from 
swelling to shrinking after heating for 15-40 minutes. For samples brined in water, no swelling was 
observed. Since only three parallels were used for each sample group and there are large standard 
deviations associated with the results, this might be a coincidence. However, this notable difference 
in behavior could also be a consequence of the water-brining, which might have stripped away some 
easily solvable components from the fish muscle, such as sarcoplasmic proteins, which might be 
involved in the swelling. The results range from shrinking to swelling for samples brined in salt 
solutions, so if the above speculation is correct, and the mechanism of swelling of untreated and salted 
samples is the same, it follows there must be less dilution from these samples than the samples which 
were “brined” in pure water. 
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Figure A-7. Dimensional change of samples heated for 5-40 min in a convection oven at 150 °C and 0 % relative 
humidity. Error bars indicate standard deviations. 
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Appendix D. Investigation of shrinkage and heat transfer in 
store-bought cod loins previously stored at -20 °C 

Introduction 

The heat transfer model presented in Paper I has been validated with good agreements for small pieces 
of farmed cod. However, during heating of larger samples, deviations between the predicted and 
measured temperature profiles are frequently observed. These deviations are likely caused by 
dimensional change of the samples during heating (e.g. as expressed in Appendix C). In this appendix, 
it is investigated whether the same effect can be seen for samples which have previously been stored 
at relatively high freezing temperatures (-18 to -20 °C). 

Methods 

Cod loins (n=3) were bought frozen (-20 °C) from a local supermarket in Copenhagen, Denmark. The 
loins were thawed in a bucket of ice and lightly patted dry with a paper towel prior to heating. The 
initial dimensions of the samples were 10.8±0.9 cm length, 4.8±0.2 cm width, and 2.3±0.2 cm height. 
The samples were placed on a black plate and analyzed individually before and after heating to obtain 
the 3D geometry using a scattered light approach. The 3D analysis was performed by Jacob L. Skytte 
(DTU), using the method described by Skytte, Ekgreen & Jessen (2016). After the initial 3D 
measurement, the loins were individually placed on a baking tray with thermocouples in the core 
position and centrally between the fish sample and the baking tray (see Figure A-9, bottom right). The 
samples were heated in a preheated convection oven at 145.2±0.7 °C. 

COMSOL modeling was performed as described in Appendix A, except that the heat transfer coefficient 
was switched to correspond to that measured for the oven used in this experiment, 33.4 W/(m2K) 
(Feyissa, Gernaey & Adler-Nissen, 2013). The average of the core and bottom-surface initial 
temperatures (12.5±2.9 °C) was chosen as the initial temperature setting during modeling. The initial 
temperature, initial dimensions, and average oven temperature corresponding to each sample and 
experiment was used as model input. When analyzing the experimental temperature curves, the initial 
heating time was taken as the moment the oven temperature stopped decreasing and started to 
increase, corresponding with closing of the oven door. 

Results 

The measured dimensional change of the tested cod loins can be seen in Figure A-8A. All loins 
underwent shrinkage in length during heating, reaching between 70-80 % of initial length. Moreover, 
the height of the samples stayed constant for all the analyzed loins. The change in width was not 
consistent between the tested samples, but the magnitude of the change in width was in all cases 
small. As can be seen from Figure A-8B, grooves appeared in the 3D image of loin number 3 after 
heating. This coincided with darkening of stripes of brown muscle tissue which was observed on the 
surface of all loins. Since a black plate was used as the background during image analysis, it might have 
been difficult for the instrument to distinguish between the plate and the intermittent dark stripes on 
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the muscle tissue. As a consequence, the obtained 3D volume of the samples might deviate from the 
“true” volume and was therefore not included in the figure. 

Figure A-8. 3D analysis of cod loins before and after heating. A.) Length, width and height as percent of initial 
values; B.) Image of loins, where colors indicate height (from low/blue to high/orange). Images obtained by Jacob 
L. Skytte using the methodology of Skytte et al. (2016), and reused in an adapted form with permission.

There were generally good agreements between the measured and predicted core temperatures for 
the three tested loins (Figure A-9). The maximum deviation found between the measured and the 
predicted core temperature curves in the full measurement duration was 4.3, 3.4, and 3.4 °C for loins 
1, 2, and 3, respectively. This implies that the model is capable of predicting the core temperature of 
full loins previously kept frozen at high temperatures (-20 °C) within an accuracy of ±5 °C, even when 
there are obvious deviations in model and actual geometry (rectangle vs irregular, see Figure A-8). As 
can also be seen from Figure A-9, the measured temperature was always slightly higher than the 
predicted temperature in the regions between 30-70 °C, which provides a fail-safe prediction of 
microbial inactivation if the model should be used to investigate food safety issues. Furthermore, the 
general agreement between the measured and predicted temperatures also suggests that the 
dimensional change of the samples had negligible effect on the prediction. This is not unexpected, 
since none of the samples changed in height, which was the smallest dimension. 
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Appendix D 

The temperature on the bottom of the sample deviated in all measurements. One reason for this could 
be that the baking tray, which influences heat transfer (Paper I), was not considered in the model. The 
measured bottom-surface temperature of loin 2 deviated more from the prediction than the other 
samples, with up to 17 °C difference between measured and predicted temperature. This is probably 
caused by the bulkiness and rigidity of the thermocouple which might prevent the sample from laying 
completely flat on the tray. If so, the measured bottom temperature for this sample would not be the 
temperature of the loin, but of air trapped between the loin and the baking tray. This problem was 
sorted out in later experiments by using narrower thermocouples and taking more care in taping the 
thermocouples to the baking tray. 

Loin 1 Loin 2 

Loin 3 

Figure A-9. Measured and predicted temperature curves during heating on cod in a convection oven. 
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