
 

1 
 

 

Identification of quality and environmental hotspots 
during pelagic fishmeal and fish oil production  

Exploring process changes toward higher-value products and 
promoting positive environmental impacts by choice of energy 

sources 

Guðrún Svana Hilmarsdóttir 

 

Thesis for the degree of Philosophiae Doctor 

 

March 2022 

 

 

Heilbrigðisvísindasvið 





 

i 
 

 

Identification of quality and environmental hotspots 
during pelagic fishmeal and fish oil production  

Exploring process changes toward higher-value products and 
promoting positive environmental impacts by choice of energy 

sources 

Guðrún Svana Hilmarsdóttir 

 

Thesis for the degree of Philosophiae Doctor 

 

Supervisors and doctoral committee: 

Professor María Guðjónsdóttir, University of Iceland and Matís 
Assistant professor Ólafur Ögmundarson, University of Iceland 

Professor Emeritus Sigurjón Arason, University of Iceland and Matís 

 

March 2022 





 

iii 
 

 

Megináhrifaþættir gæða og umhverfisáhrifa við 
framleiðslu fiskmjöls og lýsis úr uppsjávarfiski  

Ferlagreining í átt að framleiðslu hágæða afurða og umhverfisvænni 
framleiðslu með tilliti til orkugjafa 

Guðrún Svana Hilmarsdóttir 

 

Ritgerð til doktorsgráðu 

 

Leiðbeinendur og doktorsnefnd: 

Dr. María Guðjónsdóttir, prófessor við Háskóla Íslands og Matís 
Dr. Ólafur Ögmundarson, lektor við Háskóla Íslands 

Sigurjón Arason, prófessor emeritus við Háskóla Íslands og yfirverkfræðingur 
hjá Matís 

 

Mars 2022 
  



   

 

iv 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thesis for a doctoral degree at the University of Iceland. All right reserved. No part of 

this publication may be reproduced in any form without the prior permission of the 

copyright holder.  

© Guðrún Svana Hilmarsdóttir 2022 

ISBN: 978-9935-9665-0-6 

Printing by Háskólaprent 

Reykjavik, Iceland 2022 



 

v 
 

Ágrip 

Í dag eru uppsjávartegundir, hliðarstraumar frá vinnslustærri fisktegunda og annar 

meðafli uppistaðan í því hráefni sem unnið er í fiskmjöl og lýsi. Fiskmjöl og lýsi eru 

helst notuð sem fóður í fiskeldi, en þar sem verð á fiskmjöli hefur lækkað síðasta 

áratuginn og hlutur fiskmjöls hefur minnkað í fiskeldisfóðri, þarf að finna nýjar leiðir 

til að nýta hráefnið á hagkvæman hátt. Mikið hefur verið lagt í að bæta kælingu á 

hráefni uppsjávarveiðiskipa sem skila sér í betri gæðum þegar aflinn kemur í 

vinnsluna. Þessi þróun hefur þó ekki skilað sér í fiskmjöls- og lýsisvinnsluna, sem hefur 

lítið breyst síðan á sjöunda áratugnum.  

Þessi rannsókn varpar ljósi á núverandi ástand á hráefninu og þeim 

gæðabreytingum sem eiga sér stað í hverju vinnsluþrepi í fiskmjöls- og 

lýsisframleiðslunni (Grein I-II), ásamt því að meta áhrif breytilegs hitastigs í sjóðara á 

gæði (Grein I), kannar hvernig framleiðsluferlið höndlar mismunandi hráefni (Grein 

II), rannsakar eiginleika hliðarstrauma m.t.t. próteingæða (Grein III), kannar 

umhverfisáhrif á framleiðslu  fiskmjöls og lýsis úr loðnu með mismunandi orkugjöfum 

(Grein IV) og kannar hvort hægt sé að nota nærinnrauða litrófsgreiningu (NIR) til 

gæðamælinga og ferlastýringar í fiskmjöls- og lýsisframleiðslunni (Grein V). 

Greinarnar leggja grunninn að bættum fiskmjöls- og lýsisferlum og auka þekkingu á 

vinnsluferlunum sem mun nýtast við þróun þeirra næstu árin.  

Þessi rannsókn sýndi jafnframt fram á að fituinnihald í fiskmjöli sem framleitt er í 

hefðbundnu fiskmjöls- og lýsisframleiðsluferli er breytilegt, en það mældist á bilinu 

frá 2% upp í 20%. Þröskuldur á fituinnihaldi fyrir hágæða fiskprótein miðast við 

fituinnhald innan við 0,5%, sem gefur til kynna að róttækar breytingar í vinnsluferlinu 

þurfa að eiga sér stað ef varan á að uppfylla kröfur  til manneldis. Innihald himnufitu 

í fiskmjöli mældist hátt, sem bendir til þess að aðskilnaður fitunnar frá þurrefninu sé 

ekki nægur. Hins vegar benti magn frírra fitusýra til þess að niðurbrot af hráefninu var 

talsvert. Lækkun á hitastigi í sjóðara var rannsökuð til að skoða hvort fita skilaði sér 

betur frá þurrefninu, og fengust meiri gæði fiskmjöls við 85°C samanborið við 90° og 

95°C (Grein I). Bent er á að bæta þurfi niðurbrot hráefnisins í fyrstu skrefum fiskmjöls 

og lýsisvinnslunnar, auk þess sem gufunin skilaði ekki eins lágu vatnsinnihaldi og búist 

var við (Grein I-II).  

Fitu- og próteingæði voru rannsökuð í mismunandi hliðarstraumum og í hverju 

vinnsluþrepi,  og niðurstöður þessara rannsókna leggja grunn að vöruþróun á nýjum 

afurðum og endurhönnun á vinnsluferlinum.  Leysanleiki  próteina í saltlausn (SSP) og 

styrkleiki lífrænna amín-sambanda minnkuðu í gegnum framleiðsluna, sem hafði áhrif 
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á gæði fiskmjölsins, og benda til niðurbrots, líklega vegna mikils hita í vinnslunni 

(Grein III). Trímetýlamín (TMA) fylgdi vökvahlið vinnslunnar og jókst í gegnum 

framleiðsluna, en gagnstæð þróun sást í styrki dímetýlamíns (DMA). Þessi þróun  gæti 

skýrst af flóknum niðurbrotsferlum  trímetýlamínoxíð (TMAO) yfir í TMA og DMA, auk 

mikils hitaálags i vinnslunni. 

Bættir vinnsluferlar, með lækkun hitastigs í sjóðara (Grein 1), sýndu fram á betri 

gæði fiskmjöls. Það gaf tilefni til að kanna hvort slík lækkun hitastigs skilaði 

mögulegum umhverfislegum ávinningi. Til þess að meta slíkan ávinning 

varlífsferilsgreiningu beitt, en aðerðin er stöðluð aðferðafræði. Lífsferilsgreining 

metur umhverfisáhrif umfram losun gróðurhúsalofttegunda og í þessari greiningu 

voru greind umhverfisáhrifin sem hljótast frá veiðum til og með vinnslu fiskmjölsins. 

Áhersla var lögð á að skoða áhrif mismunandi orkugjafa til vinnsluhlutans 

(fiskmjölsframleiðslunnar). Um orkufrekan iðnað er að ræða og því mikilvægt að 

kanna mismun á umhverfisáhrifum fiskmjölsframleiðslu knúinni með endurnýjanlegri 

orku annars vegar, sem og orku framleiddri með brennslu jarðefnaeldsneytis hins 

vegar. Það var gert til að sýna fram á mögulegan umhverfislegan ávinning af því ef 

fiskmjöl er framleitt með endurnýjanlegri orku. Til viðbótar, voru umhverfisáhrif af 

fiskmjölframleiðslu á Íslandi reiknuð miðað við mismunandi orkugjafa fyrir vinnsluárið 

2018. Niðurstöður lífsferilgreiningarinnar sýndu að þrátt fyrir að lækkun hitastigs í 

sjóðara hafi einungis numið um 5°C, þá skilar slík lækkun minnkuðum 

umhverfisáhrifum sama hver orkugjafinn er. Það sýnir því að þróun vinnsluferla 

fiskmjöls, með áherslu á lækkun hitastigs vinnsluferla, gefur umtalsverðan ávinning 

við minnkun umhverfisáhrifa af fiskmjölsframleiðslu (Grein IV). Áhersla 

framtíðarþróunar vinnsluferla í fiskmjölsframleiðslu ætti því að vera á enn frekari 

lækkun hitastigs í vinnsluferlum, án þess þó að minnka gæði vörunnar. Auk þess leiddi 

lífsferilsgreiningin í ljós að veiðarnar og vinnslan höfðu mest umhverfisáhrif (Grein IV). 

Áhrif mismunandi orkugjafa voru skilgreind út frá umhverfislegum áhrifum, sem 

kemur sér vel þegar skipta á út eða endurbæta vinnsluskref í vinnslunni. Auk þess 

voru talsverð umhverfisleg áhrif frá þeim hreinsiefnum sem notuð eru í vinnslunni, og 

er ráðlagt að skipta þeim út fyrir umhverfisvænni efni eða takmarka notkun þeirra.  

Þar sem vinnsluafköstin eru mikil, og  endurhönnun eða gæðaeftirlit ferla á sér 

stað er mikill fjárhagslegur og umhverfislegur sparnaður fólginn í hraðari mælingum 

og eftirliti á gæðaþáttum í vinnslunni. Nútíma framleiðslukröfur gera ráð fyrir miklum 

áreiðanleika mælinga og einsleitari afurðum en áður. Litrófsgreiningar hafa verið 

nýttar í fjölbreyttum tilgangi við mati á framleiðsluferlum, þar á meðal nærinnrauð 

litrófsgreining (NIR) sem gæðaeftirlit á lokaafurðum í fiskmjöls- og lýsisframleiðslu. Í 

rannsókninni var NIR litrófsgreining notuð til að spá fyrir um breytingar á efnainnihald 

vinnslustrauma í gegnum vinnsluna alla. Spálíkön fyrir vatns- og fituinnihald, þurrefni, 
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fosfólípíð, mettaðar fitusýrur, einómettaðar fitusýrur og fjölómettaðar fitusýrur, 

dókósahexaensýru (DHA) og eíkósapentaensýru (EPA) voru búin til með góðum 

árangri.  Nýting á NIR litrófsgreiningu flýtir þannig greiningu mælinga umtalsvert og 

minnkar notkun á leysum og öðrum búnaði, og skilar sér í  auðveldari stýringu 

vinnsluferilsins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lykilorð:  

Fiskmjöl, lýsi, hitameðhöndlun, fitugæði, próteingæði, lífsferilsgreining (LCA), 

nærinnrauð litrófsgreining (NIR), massabókhald, orkuflæði. 

 



   

 

viii 
 

Abstract 

Today, small pelagic species, side-streams from the production of larger fishes 

intended for human consumption, and other by-catch are currently processed into 

fishmeal and fish oil. Fishmeal and fish oil are presently mainly used as feed, primarily 

for aquaculture, but fishmeal prices have declined over the last decade. Great effort 

towards improving handling on board the fishing vessels has resulted in higher quality 

of the catch reaching the harbor. Meanwhile, the fishmeal and fish oil production 

processes have remained similar since the 1960s. Hence, this thesis aims to shed light 

on the current state of the raw material and the quality changes occurring during 

each operational step of the production (Paper I-II), to assess the effect of cooking 

temperature on the fishmeal quality (Paper I), investigates how the production 

process handles different raw materials (Paper II), investigates promising protein rich 

side-streams for the production of higher value products (Paper III), investigates the 

environmental impacts of producing 1 tonne of fishmeal and fish oil (Paper IV), and 

investigates if Near infrared spectroscopy (NIR) can be used as a monitoring tool 

during the fishmeal and fish oil production. The papers, I-V, also lay a foundation for 

redesigning purposes of the currently operated fishmeal and fish oil factories. 

The study demonstrates that the traditional fishmeal and fish oil production 

processes currently returns high-lipid fishmeal from raw material ranging between 

2% to 20% lipids. The lipid content should be less than 0.5% fat content to classify as 

high-quality fishmeal, indicating that extracting lipids from the raw material is 

inefficient, and drastic changes need to happen if the products are intended for 

human consumption. Although a lower cooking temperature is proposed for higher 

quality fishmeal (Paper I), attention towards higher lipid separation during the initial 

production steps is suggested for a more effective breakdown of the raw materials. 

Further improvements suggest adjusting the evaporation step, as the concentrate 

was relatively high in water content compared to the other solid streams entering the 

drying steps (press cake, sludge, and concentrate) (Paper I-II).  

Protein quality was investigated in promising side-streams, where salt soluble 

proteins content (SSP) decreased throughout the production, affecting the solubility 

of the fishmeal (Paper III). The same trend was observed in biogenic amines, 

indicating protein decomposition, possibly due to extensive heat treatment. The 

press-cake (solid stream) had the lowest amount of volatile nitrogen compounds 

during production from both the fatty and lean raw material. Trimethylamine (TMA) 

followed the liquid stream, increasing throughout the production, and reaching the 

highest values in the fishmeal, while the opposite trend was observed in 

Dimethylamine (DMA) concentrations. These trends could be the result of 
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trimethylamine oxide degradation into TMA and DMA due to high thermal exposure 

during processing. 

The effects of changing the cooking temperature on the fishmeal quality and 

processing efficiency were investigated, both on a quality basis and the effect on the 

environment. Lowering the cooking temperature by 5°C resulted in higher lipid 

quality fishmeal (Paper II), and overall lower environmental impacts (Paper IV). 

Furthermore, the environmental impacts were studied with environmental hot-spot 

analysis, assessed with the Life Cycle Assessment methodology in a cradle-to-gate 

study, based on the functional unit “the production of 1 tonne of capelin fishmeal 

including fish oil from cradle to factory gate, produced in Iceland in 2018. The 

assessment showed that the raw material acquisition was the highest environmental 

hotspot, contributing the most to almost all impact categories, followed by the 

production process. The assessed processing steps contributing the least to the 

assessed environmental impacts were packaging and back-up power, which effects 

were negligible, but cleaning agents (assessed with waste) were the highest 

contributors in many impact categories. The focus of the study included the effect of 

different energy sources for operating the fishmeal production, on the overall 

environmental impacts, and changes in the environmental hotspots (Paper IV). 

Furthermore, Paper IV identified optimization potentials for lower energy 

consumption, e.g. using purse seiner compared to trawling, during the raw material 

acquisition. Identified steps with potential for lower environmental impacts of 

fishmeal and fish oil production lie within the drying and evaporation steps, and 

includes exchanging the current cleaning agents for more eco-friendly cleaning 

agents or limiting their use altogether. The environmental impacts of cleaning and 

waste were independent of the assessed energy sources for the processing.  

In processes, such as fishmeal and fish oil production processes, with high 

throughput, and process redesigning, and quality monitoring are ongoing there is 

great financial and environmental gain to achieve by applying fast and robust 

monitoring techniques. Modern demands further require both higher precision in 

quality monitoring and higher product consistency than before. Spectroscopic 

analytical techniques have been used for a wide variety of quality assurance 

applications, including the use of near infrared spectroscopy to evaluate fishmeal and 

oil end-product quality. In the current study were NIR spectroscopy used to assess 

chemical composition of the streams throughout the whole process. Prediction 

models based on NIR data were successful in predicting water- and lipid content, fat-

free dry matter, phospholipids, along with the fatty acid classes (SFA, MUFA, PUFA), 

including docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) with 

acceptable precision. The application of NIR spectroscopy during the fishmeal and 
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fish oil production provides faster analysis and minimizes the use of solvents, 

chemicals and instruments, which is reflected in easier process control and 

monitoring.  

Increasing the quality of the raw material and reducing the environmental impacts 

requires excessive measurements, emphasizing the need for robust measuring 

methods to secure quicker and less costly analysis, e.g., the lipid quality and the 

separation from the water and FFDM. Assessing changes aimed to lower the 

environmental impact may not only reduce the energy cost but encourage 

sustainable practice and responsible production, as demonstrated in this thesis. 
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1  Introduction 

For the last six decades, direct human consumption of pelagic fish species increased 

from 67% to 88% (Figure 1) (FAO, 1997, 2020). As the world’s population is growing 

and marine raw materials are not foreseen to increase significantly, there is a need 

to produce more food for human consumption requiring better utilization of 

underutilized raw materials, including within the fishmeal and fish oil sector (FAO, 

2020). The total fish amount intended for fishmeal and fish oil production globally in 

2018 accounted for 18 million tonnes, excluding discards which summed up to over 

9 million tonnes (FAO, 2020). However, this number might increase due to the 

increasing utilization of discards, e.g., fishmeal production, as predictions have 

foreseen a 6% increase in fishmeal production from 2018 to 2030 and a 5% increase 

in fish oil production (FAO, 2020). However, as  34% of the marine fish stocks in the 

world were classified as being overfished in 2017, fishmeal production from captured 

target species (e.g., anchoveta, capelin) are expected to decline by 18% by 2030 (FAO, 

2020). 

 Figure 1: Pelagic fish for direct human consumption in the European Union (a) and the world 
(b) from 1961-2013. Data from Food and Agriculture Organization of the United Nations (1997).  

Over the last ten years, fishmeal and fish oil prices of Peruvian fishmeal (65% 

protein) have dropped by 11% (Index Mundi, 2022), which is largely related to supply 

and price variations, along with an increasing demand from the aquafeed industry 

(FAO, 2020). However, primarily due to price, the proportion of fishmeal incorporated 

into feed is decreasing, and studies indicate that up to 90% of fishmeal used in 

aquaculture could be replaced by other animal by-products (Galkanda-Arachchige et 

al., 2020). Furthermore, due to the non-sustainability of the fisheries, wild stocks are 

forced to cover the increasing demand for fishmeal (Naylor et al., 2009). Reduced 
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prices for fishmeal for aquafeed and simultaneously increased demand for high-value 

proteins calls for changes in part of the primary fishmeal markets from aquafeed to 

start feed, or to human consumption. To ensure this market shift, the fishmeal needs 

to have low lipid content and high protein content, as prices primarily depend on 

these factors (Index Mundi, 2022). The traditional fishmeal and fish oil processes have 

remained relatively similar throughout the last seven decades (Bimbo & Crowther, 

1992; Einarsson et al., 2019; FAO, 1986; Hall, 2010; Oterhals & Vogt, 2013). Since 

many fishmeal and fish oil production processes focus mainly on the high throughput 

of the production plants rather than the quality of product, the fishmeal generally 

ends up with a high lipid content (Einarsson et al., 2019; FAO, 1986). Due to the focus 

on mass throughput during fishmeal processing, little or no attention has been 

towards effective water and lipid separation during processing or detailed 

classifications of the raw materials according to species or specific fish parts, 

particularly with higher utilization of cut-offs and side-steams during the fishmeal and 

fish oil production. Furthermore, overlapping of the catching season of the different 

target species causes high variation of the raw material. The heterogeneity of the raw 

materials could lead to variable quality and condition of the raw materials, making 

them inadequate for high-value product production (Thorkelsson et al., 2009). 

During the last decades, catching strategies and optimized handling of pelagic fish 

species on-board have improved substantially (Bao et al., 2007; Margeirsson et al., 

2010). Raw materials of higher quality are thus being brought ashore than before. 

Hence, improving the fishmeal and fish oil processes by redesigning the fishmeal and 

fish oil production processes towards the production of higher-value products, and 

utilizing wild stocks more sustainably, could maximize the production revenue while 

adding to the growing need for food intended for humans. Assessing the 

environmental impacts of those changes would prioritize each operating step and 

shed light on the environmental impacts for an optimized or redesigned processing. 

Furthermore, assessing the correlation between the environmental impacts and both 

the raw material acquisition and the process gives a holistic view of the whole 

production and puts into perspective the effects of each assessed life cycle stage. 

Producing higher-value products more sustainably encourages responsible 

fisheries, and the need to utilize the whole catch to its maximum potential. As the 

raw materials vary, different challenges may emerge during the production as the 

raw materials range from cut-offs to whole fish in several species. Therefore, further 

relative information was provided on these topics, along with lipid and quality 

parameters, the assessment of near infrared spectroscopy as a quality monitoring 

tool, and the environmental impacts of fishmeal and fish oil production  
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2 Literature review 

2.1 Raw materials for fishmeal and fish oil production 

The primary raw materials processed into fishmeal and fish oil are by-catch, cut-offs, 

and small pelagic species (FAO, 2018; Thorkelsson et al., 2009). Iceland’s most caught 

pelagic species are Atlantic herring (Clupea harengus) and capelin (Mallotus villosus). 

However, in recent years, the catching of blue whiting (Micromesistius poutassou) 

and Atlantic mackerel (Scomber scombrus) have increased (ICES, 2011; Statistics 

Iceland, 2020b) due to changes in their feeding opportunities further north due to 

warming oceans (ICES, 2018). The catching season of each species depends on 

seasonal variation, and which species are in the Icelandic jurisdiction at a given time 

(Statistics Iceland, 2019).  

Capelin is often caught in the spring around Iceland and is spawning from 

December to March (Vilhjálmsson, 2002) (Figure 2). The chemical composition of 

caplin varies from ~4% lipid content during spring to 15-20% lipid content in autumn 

(Vilhjálmsson, 2002). Capelin is mainly produced into fishmeal and fish oil used for 

feed production due to its small size, which is 13-20 cm on average. Norway is 

considered the largest buyer of capelin fishmeal for salmon feed (Hilmarsson et al., 

2015). Few other products are currently produced from capelin, although during 

spring processing, capelin eggs are often harvested and sold as capelin caviar 

(Hilmarsson et al., 2015) 

 

Figure 2: Capelin (Mallotus villosus) drawn by Jón Baldur Hlíðberg (www.fauna.is).  

Blue whiting is found in the North Atlantic, mainly around the southern part of 

Greenland, Iceland, Norway, Faroe Islands, and Britain's west coast but can stretch 

down to the northern part of Africa and south-east of Canada (ICES, 2011). Blue 

whiting migrates in the summer after spawning to the Faroe Islands, Norway, and 

east of Iceland, before returning to spawning areas in January/February (ICES, 2011). 

The species migrated first into Icelandic waters in 1995 (Statistics Iceland, 2020a). The 

fish is relatively small, with an average length of around 30-40 cm (Hilmarsson et al., 

2015) (Figure 3).  

http://www.fauna.is/
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Products include skinless fillets for the frozen laminated blocks for fish fingers or 

other portioned production, and mince from skinless fillets used for surimi 

production (FAO, 2001b). However, since 2015 >93% of the blue whiting caught in 

Icelandic waters is processed into fishmeal and fish oil  (Statistics Iceland, 2020a). 

Most of the blue whiting is frozen at sea or inland, if not processed into fishmeal and 

fish oil (Statistics Iceland, 2020a)(Hilmarsson et al., 2015). 

 

Figure 3: Blue Whiting (Micromesistius poutassou) drawn by Jón Baldur Hlíðberg 
(www.fauna.is). 

Herring is a pelagic species found in the North Atlantic and is on average around 

30 cm and 500 gr heavy (Hilmarsson et al., 2015) (Figure 4). Its most important fishing 

grounds are the North Sea, the Baltic Sea, and the coastal waters near Britain, 

Norway, Iceland, and Canada (Stroud, 2001). Herring can variate in lipid content, from 

9-26%, with the highest lipid content in the autumn, and lowest in the spring due to 

spawning (Henderson & Almatar, 1989). 

Most of the herring is processed before being sold, where it is commonly smoked, 

canned, salted, marinated, or canned for pet food (Stroud, 2001). However, the 

herring side-streams are currently considered unsuitable for human food and are 

thus generally processed into fishmeal and fish oil (Stroud, 2001). 

 

Figure 4: Herring (Clupea harengus)  drawn by Jón Baldur Hlíðberg  (www.fauna.is). 

The Atlantic mackerel is a pelagic fish, around 40 cm long and 600 gr. (Hilmarsson 

et al., 2015) (Figure 5), and has been caught around Iceland since 2006, from 4 kilo 

tonnes (kt) on average in 2006 to 160 kt annually from 2011 (ICES, 2018). Since 2011, 

the fishing ground has moved from the north and northeast side of Iceland to the 

south and west of Iceland (ICES, 2018).  

Today, the Atlantic mackerel is either frozen whole or headed and gutted, where 

the remaining material, including guts, heads, viscera, bones etc. accounts for 26-32% 

(Eysteinsson et al., 2020; Sveinsdóttir et al., 2020). The gut can be high in 
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zooplankton, mainly the enzyme-rich copepod C. finmarchicus, which induces protein 

and lipid degradation of the fish muscle (Eysteinsson et al., 2018). These side-streams 

are generally collected, blended with other by-catch, and into fishmeal and fish oil. 

 

Figure 5: Atlantic mackerel (Scomber scombrus) drawn by Jón Baldur Hlíðberg (www.fauna.is). 

The chemical composition and physical properties of the raw materials processed 

into fishmeal and fish oil depend highly on the season (Statistics Iceland, 2019), and 

thus also in value. When comparing the pelagic species caught in Icelandic waters in 

2018, the mackerel was the most valuable, with a market value of 0.55 EUR/kg, 

followed by the Atlantic and Scandian herring combined, with a value of 0.37 EUR/kg, 

capelin with a value of 0.32 EUR/kg, and finally 0.22 EUR/kg for blue whiting (Statistics 

Iceland, 2019). Moreover, due to their small size, capelin and blue whiting are usually 

processed directly into fishmeal, while herring and mackerel are primarily caught for 

human consumption, explaining the difference in value partially.   

When processing side-streams from fillets or whole fish intended for human 

consumption, such as from herring and mackerel, the raw materials are often highly 

heterogeneous. The raw material can include more than one species, by-catch, heads, 

intestines, stomach content, and damaged whole fish, which are all blended and 

collected over time. When processing capelin and blue whiting, the raw materials are 

highly heterogeneous as well, but the chemical composition is more predictable as 

the ratio between the viscera, head, and muscle is relatively similar in all batches. 

Moreover, as most fishmeal and fish oil factories are designed to produce large 

quantities, collecting the appropriate amount of raw materials prior to the process 

initiation can cause delays. Hence, the raw material must often wait several days in 

storage tanks until they are full, and enough materials have been collected before the 

process is initiated. This delay increases the risk of degradation of the raw materials 

due to microbial, enzymatic, and oxidative processes (Ocaño-Higuera et al., 2011; 

Standal et al., 2018). 
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Figure 6: Different parts of a fish can make the production of fishmeal and fish oil difficult, as 
the diversity of the fish protein is high, and the different parts of the fish are not sorted (“Fish 
Anatomy,” 1913). 

Although the side-streams endure a delay on land, the catch is at a high quality 

until reaching the harbor, as chilling protocols and handling have improved 

substantially on-board in the last decades (Bao et al., 2007; Margeirsson et al., 2010). 

There is therefore clear room for improvement in the raw material collection for the 

fishmeal and oil production. 

 Several processing challenges have been encountered, mainly when processing 

mackerel, as the mackerel caught in Icelandic waters has generally been feeding 

heavily on Calanus finmarchicus (Eysteinsson et al., 2018; Prokopchuk & Sentyabov, 

2006). C. finmarchicus is a copepod with high enzymatic activity, which can have 

immediate degradative effects on the pelagic raw material if not appropriately 

treated (Eysteinsson et al., 2018; Prokopchuk & Sentyabov, 2006). As a response, the 

leading processing companies tend to head and gut the mackerel to remove the C. 

finmarchicus from the process, and thus prolong the shelf life of the mackerel. 

However, with increasing discards, which are high in enzymatic activity and of various 

origins, the production of fishmeal and fish oil from side-streams results in a more 

challenging production. The high variation in the raw materials (Thorkelsson et al., 

2009) emphasizes the importance of quality description and classification of the raw 

material upon arrival to shore from the vessels.  

2.2 Traditional fishmeal and fish oil production process  

Traditional fishmeal and fish oil processing was developed in the 1940s, and became 

more prominent and established in the 1960s (Kose, 2010). 

During traditional fishmeal and fish oil processing (Figure 7), the raw material 

enters a cooking step where a cooking temperature from 95-100°C for 15-20 min is 

common practice (FAO, 2018). Before cooking, a pre-heating step can be added for 
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Figure 7: Traditional production of fishmeal and fish oil. Solid streams are identified with green 
color, liquid streams with blue color, and oil streams with yellow color. Machinery is identified 
with grey color. 
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energy-saving, heating the raw material to approximately 55°C for 20 min. Excessive 

energy from other processing steps is often used during the pre-heating step. Next, 

the cooked material is drained, followed by a press for water and oil removal.   

The liquid stream is pumped to a decanter to recover the solid particles before oil 

recovery via a centrifuge. The liquid stream is then concentrated by evaporation, and 

the concentrate is dried along with the press cake and sludge, forming the 

commercial fishmeal (Figure 7). The oil streams from the centrifuges were blended 

and washed with hot water to create the final fish oil. 

Several opportunities for optimizing or redesigning the traditional fishmeal and 

fish oil processes towards producing protein powder for human consumption are 

promising as the pelagic fish raw materials are an excellent source of minerals, 

proteins, and lipids (Jayathilakan et al., 2012; Luten, 2009). However, if intended for 

human consumption, hygienic processing conditions must be improved to ensure 

minimal degradation in the raw material (Einarsson et al., 2019; Windsor, 2001).  

Degradation processes, such as lipid-oxidation induced rancidity could lead to further 

accumulative toxic effects, lower the nutritional value, and form unacceptable flavors 

and odors (Einarsson et al., 2019; Windsor, 2001). 

2.2.1 Heating effects on fishmeal and fish oil quality 

Traditional fishmeal and fish oil processes (Figure 7) include several heating and 

drying steps, which require high energy (Smarason et al., 2017). The primary purpose 

of heating and cooking during fishmeal processing is to break down and degrade the 

raw material, to ease extraction and separation of the lipids from the raw material 

into the liquid stream, resulting in protein-rich fishmeal with a low lipid content (FAO, 

1986). Heat is known to affect different parts of the muscle at different temperatures 

(Hastings et al., 1985), highlighting the importance of applying an optimal 

temperature for an efficient break-down of the raw material during cooking. 

Appropriate cooking temperatures during fishmeal and fish oil production have been 

discussed in earlier studies (Einarsson et al., 2019; Nygaard, 2010), where 95-100°C 

for 15-20 minutes is the most common practice (FAO, 1986).  However, fishmeal 

produced at a temperature below 90°C has been shown to have a lower content of 

lipids and FFAs, as well as higher digestibility (Opstvedt et al., 2003), possibly due to 

lower degradation of the proteins through non-enzymic browning (Maillard 

reactions) (Hall, 2010). Furthermore, high-temperature exposure of fishmeal 

produced with the outlet meal temperature at about 100°C showed a significant 

reduction in digestibility compared to fishmeal produced at the outlet meal 

temperature about 70°C researched in-vitro with mink (Mustela vison, L)  as a model 

animal (Opstvedt et al., 2003).  
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Prior to cooking, the raw material is often pre-heated by using an excess heat 

source from the processing, such as from the steam dryer or evaporator. This energy 

recycling can lead to substantial energy savings (Einarsson et al., 2019). The 

temperature during pre-heating is often 55°C for 20 minutes, which increases the 

enzymatic activity of the raw material (Einarsson et al., 2019). The increased 

enzymatic activity can lead to hydrolysis of proteins into unwanted peptides and 

amino acids (Thorkelsson et al., 2009), which can further transform into biogenic 

amines with off-flavors as ammonia (Toldrá & Reig, 2011). Furthermore, increased 

enzymatic hydrolyzation can lead to the formation of free fatty acids (FFAs) from 

triacylglycerides (TAGs) and phospholipids (PLs) (Ackman, 1967; Arason, 1994). 

Correlations between off-flavors and FFA formation have been reported (Refsgaard 

et al., 2000), and heating has been linked to the formation of off-odors and off-flavors 

during initiation of oxidative reactions (Toldrá & Reig, 2011). This initiation consists 

of free radical formation being catalyzed, by enzymes, metallic cations, light, 

moisture, or heat (Toldrá & Reig, 2011), which all can affect the quality during 

processing. Furthermore, autolysis can also degrade proteins to low molecular weight 

peptides and free amino acids, which is one of the problems arising in ungutted fish 

during heavy feeding periods (Thorkelsson et al., 2009). Hydrolysis can also affect the 

efficiency of the press by lowering the viscosity of the press cake and press liquid due 

to a higher separation between solids and water (Einarsson et al., 2019). 

Furthermore, hydrolyzation can decrease the variation of solid particles in the 

stream, lowering the viscosity (Hall, 2010) 

Generally, at high temperatures, health-promoting ingredients such as 

polyunsaturated fatty acids (PUFAs) are likely to be degraded during fishmeal and fish 

oil production (Fellows, 1988; Fournier et al., 2006; Jacobsen, 2015). However, as high 

temperatures cause accelerated oil deterioration to free fatty acids (Fellows, 1988), 

traditional Hetland air-dryers, in which the temperature may go up to 450°C, can 

highly affect the raw material. Hence, heating and drying techniques need to be 

optimized to maintain high lipid quality throughout the process for a high-quality end- 

product. In addition to high heat, fishmeal and fish oil factories are not closed 

systems, and hence oxygen is continuously introduced to the system during 

processing. Thus, as PUFA are highly susceptible to lipid oxidation, undesirable fishy 

and rancid off-flavors may form (Jacobsen, 2010) during processing. Hence, adjusting 

the air-drying temperature or choosing alternative drying methods might result in a 

more attractive color of the fishmeal. Furthermore, significant color changes were 

observed at temperatures above 60°C when drying sardines due to lipid oxidation 

(Tarhouni et al., 2019). Therefore, adjusting the temperature during drying can result 

in a higher quality product.  
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Different drying techniques require various durations and temperatures, which 

affect the quality of the fishmeal. Traditionally, the drying is carried out in two steps 

due to energy saving. A rotary disc steam-dryer lowers the water content to 

approximately 40% water, followed by an air-dryer, which reduces the content 

further down to 5-10% water. However, the drying steps combined take around 40-

45 minutes, where the steam in the steam dryer is at 95°C for 30 minutes, and the air 

input at the air dryer is 450°C for 10-15 minutes (middle of the air-dryer is at 150°C).  

2.3 Quantitative lipid and protein quality attributes in fishmeal and 
fish oil production 

Common methods for characterization of the raw materials include analysis of the 

proximate composition, salt soluble proteins (SSP), the production of volatile and 

biogenic amines, thiobarbituric acid value (TBA), anisidine values (AV), free fatty acids 

(FFA), and more. High protein content is of special interest when producing fishmeal. 

However, the proteins can decompose into amines and ammonia, affecting the 

protein recovery (Einarsson et al., 2019; Keller, 1990), which occurs if the raw 

material is not fresh when produced into fishmeal and fish oil (EFSA, 2010).    

The freshness of the raw material entering the fishmeal and fish oil factory is often 

assessed by measuring total volatile nitrogen (TVN) or total volatile basic nitrogen 

(TVB-N). Nitrogen bases, such as trimethylamine (TMA) and dimethylamine (DMA), 

along with ammonia, are formed during the spoilage of fish (EFSA, 2010). The 

freshness criterion in the current Hygiene Regulations for whole fish fit for human 

consumption is 60 mg TVB-N/100 g fresh weight, although no scientific evidence lies 

behind that criterion (EFSA, 2010). Other components often used in the industry to 

assess the quality of the fishmeal include biogenic amines such as cadaverine, 

putrescine, tyramine, and histamine, which combined levels cannot exceed 2000 

ppm. Furthermore, are additional threshold values set to histamine content, or 500-

1000 mg histamine/kg food (Einarsson et al., 2019; Pike & Hardy, 1997). The only 

fishmeal fulfilling the recommended criteria is produced from fresh raw materials, 

while moderately fresh or stale raw materials rarely reach acceptable criteria 

(Einarsson et al., 2019; Pike & Hardy, 1997). 

Although fishmeal and fish oil buyers emphasize the importance of the above 

quality parameters, attributes such as salt soluble proteins (SSP) can give valuable 

information on protein degradation effects during processing. However, the analysis 

of SSP has not gained as important status since fishmeal and fish oil are generally not 

used for human consumption. However, protein solubility is an essential function in 

food applications (Thorkelsson et al., 2009) and is widely used as an index for protein 

denaturation (Xiong, 1997). When denaturation occurs, hydrophobic amino acid side 
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chains increase at the surface, and the apolar groups interact, forming protein 

aggregates (Xiong, 1997). Furthermore, heating has been reported to decrease 

protein solubility in SSP extracted from Pacific oysters (Crassostrea gigas), inhibiting 

digestibility (in vitro) and negatively affecting proteolysis (Zhang et al., 2020). Hence, 

measuring SSP in protein-rich processing streams could explain how the fishmeal and 

fish oil production processes affect protein solubility, degradation and overall protein 

quality. 

Although many quality attributes can characterize the fishmeal, one of the most 

critical factors is its lipid content, since it is used in industry to categorize fishmeals 

into quality types or classes (Einarsson et al., 2019; FAO, 1986). Fishmeal produced 

under hygienic conditions and with no lipid content limit is defined by The Food and 

Agriculture Organization (FAO) of the United Nations as fish protein concentrate 

(FPC) Type-C (Einarsson et al., 2019; FAO, 1986). FPC Type-B allows up to 3 g lipid/100 

g sample, and having a fishy flavor and odor after production due to rancidity after 

storage, and FPC Type-A should contain <0.75 g lipid/100 g sample and have no flavor 

and no odor (Einarsson et al., 2019; FAO, 1986). Hence, more effective separation of 

the lipids from the solid streams would benefit fishmeal processing companies as the 

simultaneously obtained higher yield of fish oil would result in a higher yield of low-

lipid fishmeal. However, the lipids remaining in the fishmeal are likely to be 

dominated by phospholipids (PLs), as the PLs form the lipid bilayer of the cell 

membrane (Alberts et al., 2002). Hence, it could be challenging to access and separate 

those lipids from the solid streams compared to triglycerides, which are stored in the 

fish raw material as fat deposits (Huss, 1995).  

During fishmeal processing and storage, free fatty acids (FFA) can form due to 

enzymatic hydrolysis of triglycerides, which is accelerated at the pre-heating stage at 

40-50°C (Einarsson et al., 2019). Correlations between off-flavors and FFA levels have 

been found (Refsgaard et al., 2000), indicating the importance of minimizing 

autolysis. Autolysis can degrade proteins to low molecular weight peptides and free 

amino acids, which remain one of the problems in ungutted fish during heavy feeding 

periods (Thorkelsson et al., 2009).  

Observing the fishmeal and fish oil production process on a lipid quality basis can 

identify potential challenging processing steps or hot spots in the overall process and 

identify occurrences leading to fishmeal production with a high lipid content 

production. Hence, in the current study, the primary focus was set on investigating 

the process on a lipid basis to achieve effective lipid separation from the process. The 

detailed lipid analysis was then followed up by analyzing changes in the protein 

quality during processing, including crude protein content, SSP and amines (both 

biogenic and TVB-N), and further quality attributes of the final fishmeal and fish oil. 
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2.4 Environmental impacts of fishmeal and fish oil production 

The fisheries and aquaculture sector promotes environmental, economic, and social 

sustainability along the value chain (FAO, 2020). Life-cycle assessment (LCA) can be 

applied to determine the environmental impacts of the production and provides a 

quantitative assessment perspective of sustainable solutions within the value chain  

(Hauschild et al., 2018).  

The environmental impacts of a production are described in different impact 

categories, such as global warming, fossil resource scarcity, and terrestrial 

ecotoxicity, which represent the lifetime of the system or the product investigated. 

The impact categories covered by a LCA should reflect a comprehensive set of 

environmental issues that relate to the system or product under study, along with 

the goal and scope of the investigation (Hauschild et al., 2018). Hence, evaluating 

fishmeal and fish oil production with LCA can give a quantitative estimate of 

environmental impacts. 

Environmental impacts of fishmeal production (Samuel-Fitwi et al., 2013) and 

fishmeal factories (Fréon et al., 2017) for feed applications have been studied, but 

information on effects of the raw material acquisition, the production, and cleaning 

and waste are missing from literature. Moreover, as the fishmeal and fish oil 

production processes have remained similar since the 1960s, the production process 

needs optimization. The effect of each processing step was investigated on an 

environmental impact basis. Hence, decision-makers can access all information to 

take an enlightened decision on which processing steps to prioritize for optimization 

both from a quality and environmental impact aspect. The driving force in such 

process adjustments generally aims to increase product quality, although higher 

quality does not always go hand in hand with environmental gain. However, as the 

fishmeal and fish oil production processes are energy-intensive (Fréon et al., 2017; 

Smárason et al., 2017), relatively minor adjustments within the energy usage of the 

production process could result in a significant environmental gain, including higher 

product quality. Therefore, LCA was applied in the current study to estimate the 

environmental impacts of the current production process. The LCA further identified 

hot spots within the process with high environmental effects, which was included in 

the discussion of which processing steps should be prioritized during the required 

process optimization, leaning towards higher product quality, cleaner production, 

and environmental sustainability.  

Earlier assessments of the environmental impacts of fishmeal factories applying 

midpoint evaluation showed that the highest values in most of the impact categories 

originated from running the fishmeal factory, compared to the effects of 

maintenance and construction (Fréon et al., 2017). Furthermore, 87% of prime 
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fishmeal facilities processing Peruvian anchoveta ran on heavy fuel oil (or natural gas 

used during heating) during processing in 2008-2012 (Fréon et al., 2017), highlighting 

the importance of choosing the energy sources used during production wisely. 

However, the environmental impacts have also been studied in aquaculture feed 

(Boissy et al., 2011; Samuel-Fitwi et al., 2013).  

Fishmeal and fish oil products are mostly used in aquaculture and are considered 

the most nutritious and digestible ingredients for farmed fish feed (FAO, 2020). 

However, studies show that exchanging the fishmeal for other animal by-products up 

to 90% of the feed did not affect fish growth and had minor effects on amino and 

fatty acid requirements (Galkanda-Arachchige et al., 2020), where examples of total 

fishmeal replacement has resulted with equal growth performance, feed conversion 

and survival for salmon (Davidson et al., 2016). Moreover, Samuel-Fitwi et al. (2013) 

reported a 58% to 59% reduction in global warming by substituting the fishmeal with 

50% rapeseed- or soybean meal concentrate, where the standard feed was 65% 

fishmeal, compared to soybean- or rapeseed meal with 32.5% soybean/rapeseed 

meal and 32.5% fishmeal. However, studies have shown that substituting fishmeal for 

vegetable originating meals can have a negative impact on the fatty acid composition 

of the farmed fish species, including the omega-3 fatty acids (Huy et al., 2021; 

Torrecillas et al., 2017).  

2.5 Near infrared spectroscopy and quality detection in fishmeal 

Near infrared (NIR) spectroscopy is a valuable method to monitor various 

physicochemical properties during seafood production (Cozzolino & Murray, 2012; 

Oehlenschläger, 2014). NIR spectroscopy builds on covalent bonds absorption in the 

near infrared spectrum, at wavelengths ranging from 700-2500 nm, which are 

descriptive for the physical and chemical environment of the studied molecules. 

Furthermore, as the technique is fast, robust, and sample non-destructive, NIR 

spectroscopy is highly suitable for monitoring various physical and chemical 

properties in industrial implementations (Guðjónsdóttir, 2011). Moreover, applying 

NIR monitoring during processing allows fast decision-making and redirection of 

processing ways in agreement with the characteristics of the raw material and 

processing streams. Due to its online application features, the production processes 

can thus be easily altered if problems arise during the fishmeal and fish oil production. 

NIR has been used for diverse fishmeal quality assessment, such in distinguishing 

between low-value Chinese fishmeal and high-value Peruvian fishmeal samples, with 

respect to differences in absorbance related to their water-, lipid-, and protein 

content (Shen et al., 2017). 
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Predicting moisture, ash, oil, TVN, and NaCl content in the final fishmeal products 

has also shown promise in several studies (Cozzolino et al., 2002; Fontaine et al., 

2001; Lv et al., 2013; Masoum et al., 2011). Furthermore, the fishmeal content in 

other feed compounds can be determined and quantified in other compound feeds 

using NIR with high precision models (R2>0.95) (Lv et al., 2013) Indirect quality 

assessments of calcium, copper, and phosphorus have also been predicted using NIR, 

but a prediction of minerals is important as fishmeal is currently used in animal feed 

(Masoum et al., 2011). Furthermore,  (Cozzolino et al. (2002) predicted crude protein 

content with an acceptable prediction (R2>0.85), which could be useful monitoring 

under industrial conditions. Further studies have been conducted predicting heat 

damage on fishmeal quality by NIR (Cozzolino et al., 2009). All of the essential amino 

acids, except histidine and phenylalanine have been predicted using NIR in wide 

applications, indicating pea-, soy-, rapeseed-, sunflower-, meat-, poultry- and 

fishmeal (Fontaine et al., 2001). However, as the  explained variance for the linear 

crude protein regression (RSQCP) in the study by Fontaine et al. (2001) had a wide 

range from 0.4-0.8(Fontaine et al., 2001)determining those amino acids with NIR 

spectroscopy should be taken with care. 

All above mentioned studies applied NIR spectroscopy to assess the quality 

characteristics of the final fishmeal. Furthermore, NIR assessments of fishmeal quality 

are generally considered easy and inexpensive and are already currently widely 

adopted by the industry (Cozzolino et al., 2002). However, according to the best 

knowledge of the research team, no references are found in the literature on the use 

of NIR to monitor fishmeal and oil quality during processing. Therefore, emphasis 

was put on applying NIR for process analytics and monitoring in the current study. 

Fish oils have also been studied with NIR and PLS regression models to monitor 

hydrolytic and oxidative changes during the production and storage of fish oils 

(Cozzolino et al., 2005). The FFA and moisture predictions were adequately 

determined by NIR, with coefficients of determination in the calibration set  R2>0.94, 

and coefficients of correlation in the validation set r >0.80 (Cozzolino et al., 2005). In 

that study the peroxide value and anisidine values were not considered adequately 

determined. However, the industry calls for more specific chemical information on 

the nutritional qualities of the oil, including their fatty acid profiles (Cozzolino et al., 

2005). This led to the investigation of the correlations between the NIR reflectance 

and the changes in fatty acid compositions during the fishmeal and oil processing in 

the current study.  
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3 Research questions and objectives 

The main objective of this study was to investigate the traditional fishmeal and fish 

oil production processes and the effect of each processing step on the processing 

streams and products, with a focus on lipid and protein quality. Moreover, the study 

investigated the environmental impacts of producing 1000 kg of capelin fishmeal and 

accompanied fish oil during standard procedures compared with reduced cooking 

temperature and according to choice of fuel source. The final objective was to 

investigate whether NIR spectroscopy could be used to effectively monitor the quality 

of the streams during processing. 

 

The detailed objectives of the study were thus to: 

 

• Evaluate the current quality and effectiveness of traditional fishmeal and fish 

oil processes (Paper I-III).  

 

• Assess traditional fishmeal and fish oil production quality and effectiveness 

while processing different pelagic fish species (Paper I). 

 

• Evaluate the effect of changing the temperature in the cooker during fishmeal 

and fish oil production (Paper II). 

 

• Evaluate the protein quality changes in the protein-rich production streams 

during traditional fishmeal and fish oil production (Paper III). 

 

• Assess the change in the environmental impacts of the fishmeal and fish oil 

production process by decreasing the temperature in the cooker from 90 to 

85°C (Paper IV) 

 

• Investigate the environmental impacts of using heavy fuel oil,  hydropower or 

a combination of both during the production of fishmeal and fish oil (Paper 

IV) 

 

• Evaluate the robustness of using NIR spectroscopy to assess chemical quality 

changes during fishmeal and fish oil processing (Paper V) 
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4 Materials and methods 

4.1 Experimental design 

The study was divided into five scientific papers, aiming to investigate the current 

quality and effectiveness of traditional fishmeal and fish oil production processes, and 

to identify where the process could be improved towards increased quality, yield, and 

sustainability. Moreover, the study investigated how raw material variations and 

changes in cooking temperatures affect production and impact the environment. A 

study overview, including short titles on Papers I-IV, is described in Figure 8. 

 

 

 

 

 

Figure 8: Flowchart of the study design. 

A flowsheet of the studied fishmeal and fish oil production process can be seen in 

Figure 8 and details regarding the raw material processed into fishmeal and fish oil in 

Table 1. 

 

4.1.1 Experimental design for Papers I-III 

The objectives of Paper I-II were to study the current product quality and 

effectiveness of a traditional fishmeal and fish oil production process. Paper I focused 

on the lipid quality of each processing step during the production of both fatty and 

lean species, comparing the processing of capelin (Mallotus villosus), a mackerel 

(Scomber scombrus) and herring blend (Clupea harengus), and of blue whiting 

(Micromesistius poutassou). Paper I and II describe a detailed investigation of the 

effect of each processing step on the raw material during capelin and 

mackerel/herring blend production. However, blue whiting samples were only 

collected at key processing locations, which were defined as the solid streams 

entering the drying steps (press cake, sludge, and latter concentrate), and 

characterization of the raw material and end products (Figure 7). Details of the raw 

materials used in the study can be seen in Table 1.   

 

Paper III Paper III Paper III 

Investigation on the 
production process for 

fishmeal and fish oil

Comparison of fishmeal 
from different species, 

lean and fatty

Effect on changing 
cooking temperature

Protein quality in 
high-protein 

processing streams

Paper I and II Paper I  Paper II 

Environmental impacts 
Paper IV 

Robust measuring methods using NIR 
Paper V  

Paper III 
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Table 1 Details of the raw material used in the fishmeal and fish oil production studied in Paper 
I-V. The Table adjusted from Table 1 in Paper I. 

 

The objective of Paper II was to investigate quality changes affected by changing 

the cooking temperatures in the cooker, from the traditional 90°C to either 85°C or 

95°C, where the separation between lipids and fat free dry matter (FFDM) was of 

particular interest. As the production input was 1200 tonnes per day during the 

operation time, more drastic temperature changes could not be made during 

production, since the tested fishmeal, and fish oils are sold commercially. However, 

the literature lacks clear evidence on the effects of temperature changes on the 

quality and effectiveness of fishmeal production during cooking. Hence, the impacts 

of changing the cooking temperature were investigated during processing of a 

mackerel/herring blend. The result from Paper II indicated a higher lipid quality with 

decreased cooking temperatures. However, the focus was set on protein quality in 

the following paper to get a holistic view of the fishmeal and fish oil production.  

Paper III thus focused on protein quality of protein-rich side streams during the 

production in critical processing steps (raw material, press cake, sludge, and latter 

concentrate) as those processing streams are later combined to form the final 

fishmeal after drying. Moreover, the samples taken from these key processing steps 

were shown in Paper I-II to have very different chemical compositions. Therefore, the 

protein quality was investigated and categorized in the before mentioned key 

processing streams in Paper III, along with the raw materials and end products. 
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4.1.2 Design for Paper IV 

The objective of Paper IV was to investigate the environmental impacts of traditional 

fishmeal and fish oil production, including the environmental impacts of lowering the 

cooking temperature by 5°C, from 90°C to 85°C. This decrease in temperature 

resulted in higher lipid quality, as described in Paper II. The life-cycle assessment was 

based on the functional unit of “1000 kg capelin fishmeal produced, with the 

simultaneous production of fish oil, produced in a plant run on hydropower in Iceland 

in 2018”. Mass balances and energy flow were calculated based on the obtained 

chemical, mass, and energy analyses from the standard process (90°C) and the 

reduced temperature process (85°C) presented in Paper II. Data on the annual, overall 

fishmeal and fish oil production data for 2018, chemicals used for cleaning, and 

energy usage used for the analysis were obtained from the company’s green 

accounting reports obtained from the Environmental Agency of Iceland 

(Síldarvinnslan, 2018). Furthermore, the mass balance and energy flow calculations 

were aligned and fitted with the production and energy numbers provided in these 

reports. The mass balances and LCA calculations were performed in close 

collaboration with Síldarvinnslan. 

4.1.3  Experimental design for Paper V 

The objective of Paper V was to investigate the potential application of near infrared 

(NIR) spectroscopy, a fast and non-destructive measuring technique, to assess 

chemical quality changes in the fishmeal and oil during processing. Using NIR to 

measure and analyze samples and predict lipid quality would be beneficial for future 

changes in the production, as the technique is generally robust, results and feedback 

are quick, and samples do not require sample preparation prior to analysis. The 

samples used in Paper II were thus also analyzed for NIR reflectance, and partial least 

square (PLS) models were built to assess the predictability of the chemical 

composition of the samples throughout the processing.    

4.2 Analytical methods 

Various analytical methods were used in the papers to evaluate the performance of 

the fishmeal and fish oil processing, which included the water and lipid quality of the 

samples, evaluation of the robustness of quality monitoring with NIR spectroscopy, 

and the overall environmental impacts of the fishmeal and fish oil production.  

The focus was set on lipid quality and the separation between lipids and fat-free 

dry matter in the production streams. The separation of lipids has proven to be 

challenging, although its implications are vast. A high lipid content lowers the value 

and stability of the fishmeal due to a higher risk of lipid oxidation, and the oxidative 
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stability  decreases with increasing unsaturated fatty acids (Mozuraityte et al., 2016; 

Tengku-Rozaina & Birch, 2013). Detailed knowledge regarding the effect of each 

processing step on the lipid separation is deficient in literature, and hence lipid 

quality-oriented methods were prioritized before protein quality-oriented methods 

in the current study.  

Lipids can be stored in the raw material as fat depots, expressed as 

triacylglycerides (TAGs), consisting of glycerol and three fatty acids (Huss, 1995). 

However, lipids in the cell membrane are mostly phospholipids (PLs) and are both 

hydrophobic and hydrophilic (Alberts et al., 2002), making them difficult to extract. 

Hence, separating the PLs from the solid streams is more complex than separating 

the TAGs from the solid streams. Thus, measuring the PLs throughout the production 

could give an overview of where processing steps should be altered. Otherwise, the 

majority of the PLs are likely to follow the solid material to the dryers and not be 

extracted out, leaving the fishmeal high in lipid content, as the PLs undergo no 

significant chemical hydrolysis if processed traditionally (de Koning, 2002; de Koning 

et al., 1986).  

However, as excessive water, heat and oxygen are present during fishmeal, and 

fish oil production, lipid oxidation and hydrolyzation seem inevitable as lipid oxidation 

is induced by light, temperature, and oxygen (Jacobsen, 2015). Hence, lipid hydrolysis 

as assessed by the formation of free fatty acids (FFA) was measured to identify 

adverse effects during the fishmeal and fish oil production processes. Furthermore,  

correlations between off-flavors and FFA levels have been found (Refsgaard et al., 

2000). During hydrolysis, PLs and TAGs were expressed as FFAs. The composition of 

the fatty acids was analyzed to investigate the nutritional value of each processing 

step; quantifying and locating any loss in fatty acids would hence be possible. 

4.2.1  Water and lipid quality 

Water content was measured according to the ISO 6496 method (ISO, 1999) except 

for water in oil samples, where titration by an 851 Titrando instrument (Metrohm, 

Herisau, Switzerland) was used. Lipid extraction, according to Bligh and Dyer (1959), 

was used for analyzing total lipid content, phospholipids (Stewart, 1980), free fatty 

acids (Lowry and Tinsley, 1976; Bernárdez et al. 2005), and fatty acid composition 

(AOCS, 1998; Dang et al., 2017, 2018; Romotowska et al., 2016, 2017). 

In the current study, FFA and PL content might be underestimated as the standard 

curve of FFA was prepared with oleic acid, and the PL standard curve for the PLs 

assessment was made with phosphatidylethanolamine. As FFAs are amphiphilic, they 

can dissociate in aqueous systems, form micelles, and are dispersed into the water as 

emulsion particles during lipid extraction (Frankel, 2012), and thus often 
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underestimating the FFA concentration of the sample. Since oleic acid was the only 

fatty acid measured during the FFA assessment, the risk of underestimating the free 

fatty acids in the sample is quite high. In the same way, the PLs content is potentially 

also underestimated as phosphatidylcholine was the only PL measured, as it is the 

most abundant phospholipid class in the cell membrane (Alberts et al., 2002). Other 

classes such as phosphatidylethanolamines, phosphatidylserines, and 

sphingomyelins were not measured. Around 5-10% of the peaks remained unknown 

and unassigned during the fatty acid composition assessment.  

4.2.2  Protein quality 

Crude protein content was measured according to ISO 5983-2 (ISO, 2009), and a 

method described by Kelleher & Hultin (1991) was followed to investigate salt soluble 

protein (SSP). Biogenic amines were measured using the method described by Olajos 

(2015) and total volatile basic nitrogen (TVB-N), trimethylamine (TMA) and 

dimethylamine (DMA), were measured by the method described by Malle & 

Poumeyrol (1989). Protein degradation could hence be assessed as non-protein 

nitrogen compounds, including biogenic amines, TVB-N, TMA, and DMA, as they 

contribute to both taste and smell (EFSA, 2010; Pérez-Villarreal et al., 2008). TMA 

formation is produced mainly by bacterial degradation and DMA through 

endogenous enzymatical pathways. However, TVB-N represents the sum of 

ammonia, DMA, TMA and other volatile basic nitrogenous compounds in the samples 

(Pérez-Villarreal et al., 2008; Toldrá & Reig, 2011). Hence, the deduction of the TVB-

N from the total crude protein content indicates how much of the protein is 

denatured. Along with DMA, formaldehyde is produced and increases protein 

denaturation (researched in cod) and decreases solubility (Xiong, 1997; Zayas, 

1997b). Furthermore, protein denaturation could increase due to interactions 

between the formaldehyde and the side chain groups, resulting in protein 

aggregation through non-covalent interactions (Xiong, 1997; Zayas, 1997b), while 

protein aggregation due to exposure of hydrophobic residues can happen during 

thermal treatment (Kristinsson & Rasco, 2000). Solubility was studied by measuring 

salt soluble protein content (SSP), but solubility is the main characteristic of proteins 

used in liquid foods and beverages (Zayas, 1997b). 

4.2.3 Life cycle assessment 

A life-cycle assessment (LCA) was performed to study the effect and impacts on the 

environment of the entire process. The advantages in applying this method are 

involved with the flexibility in the evaluation and how detailed it is (Gregory et al., 

2009). The disadvantages mainly include the extensive, thorough knowledge needed 

to conduct and interpret the results and value judgment on environmental priorities 
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for an effective application (Gregory et al., 2009). Collecting data can be problematic, 

as companies do not necessarily report all incidents or occurrences (intentionally or 

unintentionally) (Hauschild et al., 2018). However, as the focus was set on energy and 

power consumption during the LCA in Paper IV, assessing such challenging factors 

was at a minimum. 

The study follows a standardized LCA methodology, as presented by the ISO 

14044 and ISO 14040 standards and described in detail by Hauschild et al. (2018). The 

LCA was performed in SimaPro (PRé Sustainability, Amersfoort, Netherlands) with 

inventory from "Ecoinvent 3.6". Data comparison was performed in Microsoft Office 

Excel (Microsoft Inc., Redmond, WA, USA).  

4.2.4 NIR assessment 

The effectiveness and prediction precision using near infrared (NIR) spectroscopy to 

monitor several chemical quality parameters was assessed and compared to the 

traditional analytical methods described in the next chapter. The benefits of applying 

this fast, non-destructive analytical technique for both time and cost-efficiency were 

also discussed. Although it is not a standardized method during fishmeal processing 

yet, NIR has been used in earlier studies to predict the composition of both the raw 

materials and final products in real-time with good precision and accuracy.  

Moreover, risk of human error would be minimized during sample measurements 

with NIR spectroscopy. However, studies on the robustness and precision to predict 

and monitor quality during fishmeal and oil processing was lacking. The study set up 

for paper V tried to fill that knowledge gap.  

The near infrared (NIR) measurements were done by a Bruker Multi-Purpose 

Analyzer system with a fiber probe (Bruker Optics, Rheinstetten, Germany). The 

wavelength ranged from 800 to 2500 nm, and five scans were used to build an 

average spectrum for each sample. All analyses were then performed in triplicate. 

Partial least square (PLS) prediction models using the spectral data and chemical 

assessment results in Paper II were built and validated to predict the chemical 

composition of the samples during processing using the Unscrambler® software 

(Version 10.5.1, CAMO ASA, Trondheim, Norway). Two of the sampling replicates 

were used for the calibration building, while the third sample replicates were used to 

form an independent validation matrix.  

4.2.5 Statistical analysis 

Data summaries and handling, figures, and tables were generated in Microsoft Office 

Excel 16 (Microsoft Inc., Redmond, WA, USA). Analysis of variances (ANOVA) and 

Tukey's HSD tests was performed in RStudio (RStudio Inc., Boston, MA, USA) to assess 

differences between samples and treatments. The significance level was set p<0.05 
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for all statistical tests and models, and the results were shown as mean values ± 

standard deviation (SD) from three replicates for each sample.  

5 Results and discussions 

A traditional fishmeal and fish oil process was analyzed to investigate how the 

different processing steps affected the quality of the raw materials. Firstly, the 

production was analyzed on a lipid quality basis (Paper I-II), where the effects of 

processing different species (Paper I) and applying different cooking temperatures 

(Paper II) were investigated. Thereafter, the mass balance (Papers III and IV) was 

calculated and estimated, followed by an evaluation of the protein quality of the 

protein-rich production streams (solid side-streams), and the benefits of processing 

them individually (Paper III). 

The main results of the study are presented in the following chapter and in more 

detail in Papers I – V.  

5.1 Water and lipid separation and quality (Paper I-II) 

Similar trends were observed in the water and lipid content during the processing of 

capelin (C) and the mackerel/herring blend (MHB) (Figure 9). In both species, the 

draining step required optimization as the water content of the cooking step and 

draining did not differ significantly, indicating that the water removal during draining 

was ineffective. The draining needs to sieve the solid particles more effectively, as 

higher FFDM in the protein-rich processing streams (such as the press cake) would 

also lower the energy usage during pressing and the drying steps. Moreover, with 

more effective draining, a lower proportion of FFDM would enter the liquid streams, 

benefiting the whole process. This applies particularly to the evaporation, as viscosity 

changes of the liquid streams can affect the degree and efficiency of evaporation 

dramatically (Einarsson et al., 2019). 

The press worked adequately as the water content significantly decreased in the 

press cake in all species (C and MHB in Figure 9, blue whiting (BW) in Paper I). 

However, as the press and drained liquids were mixed in the decanter, emulsions 

might immerse due to the oil still being a part of the liquid streams.  The water 

content of the sludge variated highly between species, and the lipid content was 

generally lower than in the press cake. However, the sludge had a higher variation in 

lipid content when processing fattier species. The third solid stream entering the 

drying steps was the latter concentrate, which had the highest water content, or 
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around 80% of the sample, and had the lowest lipid content of the three solid streams 

entering the steam dryer. The water content is usually 50-70% after evaporation 

(Einarsson et al., 2019; Hall, 2010) which was not the case in the current study, and 

no significant changes were observed in water content during the concentration step. 

Hence, the evaporation process requires optimization. Moreover, as the three solid 

streams entering the dryers differed widely in water content, from 50% to 80% water, 

the drying might burn some of the materials, in addition to exposing the lipids to 

additional heat and oxygen. Simultaneously, some material might be too wet for the 

following air-drying step. Hence, if the three streams are instead dried individually, 

the drying time and temperature of the streams could be optimized depending on 

the water content of each side-stream entering the dryers, possibly saving energy 

while simultaneously increasing the quality of the resulting products. Similar trends 

in water reduction during drying were noticed between species, although the water 

content from C was around 50% after stream drying, while the steam dried MHB 

material was close to 40% in water content (Figure 9).   

The water content of the fishmeal was 4.6-6.4% in all species studied, which is 

considered relatively low. However, according to FAOs Feed and Feed Ingredient 

standards, no minimum water content is defined (FAO, 2001a).  As fishmeal prices 

depend on the protein content, the water content is often adjusted with more 

extensive drying but simultaneously risking material burning and other heat-induced 

degradation. Another attribute affecting the price of fishmeal is the lipid content. The 

lipid content was relatively high in the fishmeal of all species. The BW fishmeal 

resulted in a lipid content slightly below 10%, classifying it as a Type B fish protein 

concentrate (FPC), while the lipid content of the MHB and C was >10%, resulting in a 

Type C FPCs classification. The fishmeal products were thus too high in lipid content 

to be considered for human consumption in all species under the current production 

conditions. Furthermore, their current odor and color did not help make them an 

attractive food option.  
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Figure 9: Water (subfigure a and c) and lipid (subfigure b and d) content changes during 
fishmeal and fish oil production of capelin (C, presented with green color), and a 
mackerel/herring blend (MHB, presented with orange color). Dashed lines indicate where 
more than one stream was connected between the processing steps, and an unbroken line 
where only one stream was connected. Letters indicate significant difference, where p<0.05. 

(a) 

(b) 

(c) 

(d) 
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The lipid content of the press cakes, sludge, and the latter concentrates differed 

between the species (C, MHB, BW). The highest concentration of lipids entering the 

drying steps came from the press cake in the fattiest raw material (MHB), while the 

highest amount of lipids originated from the latter concentrate in the leanest raw 

material (BW). The TAGs seem to aggregate in the separated press liquid before lipid 

extraction in the following step, depending on the lipid content of the fish species 

processed. The separation between the lipids and the solids could be more efficient 

with more optimized processing steps aiming for oil extraction. Moreover, as the solid 

streams are blended prior to drying, despite their different chemical composition, the 

lipid composition of the fishmeal did not significantly differ between the studied 

species, although the raw material variated between 2-20% in lipid content.  

In both the C and MHB, free fatty acids (FFA) (Figure 10) increased drastically in 

the slurry and stickwater, possibly due to the recirculation of the slurry. This could 

introduce additional heat, oxygen, and water to the process, but they are all known 

factors to induce lipid oxidation (Jacobsen, 2015). When looking at the FFA 

concentrations on a lipid basis, the lipids in the stickwater were 25±15% (MHB) and 

12±12% (C) FFAs, and the slurry 19±8% (MHB) and 14±10% FFAs, indicating that in 

such variated raw materials, the recirculation most likely introduced higher water, 

heat, and oxygen to the processing. FFA protein binding is known to be the driving 

force in lipid hydrolysis (Ackman, 1967) and is involved in the formation of secondary 

oxidation products, which have no beneficial health effects (Tena et al., 2018). Hence, 

low FFA is a crucial factor for in improving the processes towards producing products 

for human consumption. Recirculation could be minimized with a more effective way 

of breaking down the protein-lipid bonds during the initial processing steps. 

Moreover, if the streams are processed individually, bypassing problematic streams 

would be possible. This could for instance benefit the capelin fishmeal production, 

where high FFA values originated from the capelin sludge.  Interestingly, FAO has not 

specified a maximum value for FFAs in fishmeal intended for feed (FAO, 2001a). 

However, fishmeal buyers might have their own individual preference of FFA limits.  

As FFAs are among the products of hydrolyzation of phospholipids (PLs) (Ackman, 

1967), it is suggested that PLs should decrease during hydrolyzation while FFAs 

increase. This was mainly observed during the drying steps (Figure 10). Moreover, 

high temperatures can cause increased deterioration of the lipids to FFA (Fellows, 

1988), including long-chain PUFA degradation at temperatures 180°C-220°C (Fournier 

et al., 2006), which can explain the loss in PLs during drying, primarily in the air-dryer. 

During capelin processing, both the relatively high PLs in the latter concentrate and 

the high FFAs in the sludge could indicate that the processing of capelin was 

challenging. The reason could be higher viscosity of the C sludge, lowering the oil  
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Figure 10: Free fatty acid (FFA, subfigure a and c) and phospholipid (PL, subfigure b and d) 
content changes during fishmeal and fish oil production, of capelin (C, presented with green 
color), and a mackerel/herring blend (MHB, presented with orange color). Dashed lines 
indicate where more than one stream was connected between the processing steps, and an 
unbroken line where only one stream was connected. Subscript letters indicate significant 
difference, where p<0.05 

(a) 

(b) 

(c) 

(d) 
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recovery from the liquid stream processing. Interestingly, the FFAs and the PLs 

differed significantly between the fine meal and fishmeal in both C and MHB. This 

questions the effects of particle size on composition and reactivity, as the fine meal 

samples were collected from the air duct after the air-dryer, which in theory should 

contain a similar chemical composition as the final fishmeal.   

The fatty acid composition (FAC) was dominated by monounsaturated fatty acids 

(MUFAs) in all species (Paper I), in most of the processing steps. During MHB fishmeal 

production, most of the SFAs and MUFAs were extracted in the press-cake and the 

sludge, while PUFAs were highest in the concentrate. In contrast, C production 

showed the highest PUFAs in the sludge and press cake, while MUFAs were highest 

in the concentrate. Hence, to obtain the highest concentrations of PUFA, processing 

the C press cake and C sludge or MHB concentrate separately is advised. However, 

these results indicate that the mechanical process is not separating lipids from all 

classes effectively, and an additional oil extraction step is needed before the press. If 

extracted successfully, the fish oil would yield a higher PUFA yield, MUFAs, and SFAs. 

However, the fish oil differed significantly in composition between species. The 

average PUFA content in the MHB fish oil was twice the amount of PUFAs in the C fish 

oil. The MHB raw material is thus more suitable for process development towards the 

production of high PUFA oils. With more lipids extracted from the protein-rich solid 

streams, the increased fish oil yield would also benefit this production. 

The PUFAs, omega-3 PUFAs, and EPAs (Table 3, Paper I) tend to follow the solid 

stream of the fishmeal and fish oil production, ending up with higher PUFAs in the 

fishmeal compared to the fish oil. As fishmeal is mainly used as feed for aquaculture, 

high PUFAs are of interest, as feed with high levels of omega-3 and omega-6 FAs are 

digested up to 6% better than feed with high rendered animal fats and SFA (Bureau 

et al., 2002). Hence, the production process could produce different products, 

depending on the end consumer, and side-streams with additional oil extraction steps 

could suit the pet food industry or human consumption, while other parts of the 

production could suit fishmeal production.   

As a result of the lipid quality and water content investigations presented in Paper 

I-II, the following recommendations are suggested: 

• Separate collection and processing of the fine meal and the fishmeal  

• Exchange and/or optimization of the cooking process for a more effective 

breakdown of the raw materials. The potential use of enzymes should be 

investigated.  

• Optimization of the draining for higher water removal from solid streams 

• Adjusting the evaporation for more effective water removal 
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• Drying the press-cake, sludge, and the concentrate separately and adapting 

the individual drying times depending on the water content of each stream 

• The effects of the processing are species-specific, and the process require 

adaptation and optimization towards the processing of each raw material. 

With a more effective breakdown of the raw materials, the lipid and water 

separation from the solid streams should increase. Moreover, extracting the oil and 

PUFAs more effectively from the production process, the final oil could result in 

higher PUFA levels, with the improved quality and potential higher health benefits 

that go with them. Furthermore, with enhanced lipid separation from the fishmeal, 

the shelf-life of the fishmeal may thus also be prolonged (Mozuraityte et al., 2016; 

Shahidi & Zhong, 2010) as omega-3 PUFAs are highly susceptible to lipid oxidation 

(Jacobsen, 2010).  

5.1.1 The effect of different cooking temperatures (Paper II) and different 
cookers on fishmeal quality 

The choice of temperatures during cooking has been questioned in earlier studies, 

and most studies investigate the effects of cooking temperature ranging from 75-

100°C (Einarsson et al., 2019; FAO, 1986; Nygaard, 2010). Heat-induced muscle 

denaturation and degradation are highly dependent on the chosen heat treatment 

(Fernandez-Segovia et al., 2003), highlighting the importance of using the correct 

temperature during cooking. Traditionally, the most common practice has been 

cooking at 95-100°C for 15-20 min (Einarsson et al., 2019; FAO, 1986), although 

temperatures down to 75°C for 25 min have been suggested (Nygaard, 2010). Hence, 

the lipid separation from fat-free dry matter was compared at three different cooking 

temperatures, or 85°C, 90°C, and 95°C in the current study.  

Analysis of the MHB fishmeals showed that using a cooking temperature of 85°C 

resulted in fishmeal with the lowest water, lipid, FFA, and PL content. Furthermore, 

the PL contents were lower at 85°C and 95°C in the fishmeal, compared to 90°C, and 

higher at the same temperatures in the fish oil, indicating a better separation at 85°C 

and 95°C compared to 90°C.  The fish oil had the lowest FFAs at 95°C and highest PLs 

at 90°C, but the difference was relatively small, which did not justify applying 

temperatures above 85°C. 

Thus, as the water and lipid content of the fishmeal was lower at 85°C compared 

to 95°C, lowering the cooking temperature to 85°C can be recommended. Future 

research with decreasing the temperature is suggested, with or without enzymes. The 

purpose of the cooking step would shift towards lipid separation and homogenous 

solution, rather than aiming for raw material breakdown and high hygiene. 

Furthermore, other steps of the production process would aim for higher hygiene. 
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5.2 Mass and energy balances (Paper III-IV) 

Investigations of the mass and energy flow throughout the fishmeal and fish oil 

production were performed for the capelin (C), mackerel/herring blend (MHB), and 

blue whiting (BW) raw materials (Figure 11).  

The mass balances show that in leaner species (C and BW), higher amounts of fat-

free dry matter (FFDM) enter the liquid streams already after the draining step (Figure 

11). Hence, most of the FFDM in the liquid stream could be water-soluble or low kDa 

particles that the sieve cannot catch. Furthermore, the separated press liquid can 

include high lipid content depending on the raw materials processed (MHB was 15%, 

C 6%, and BW 1%) as the lipids have not yet been extracted from the process. 

Moreover, as the lipids in the separated press liquid are the main processing stream 

contributing to the final quantity of oil extracted from the process, a less harsh 

extraction process is recommended as the fish oils had lost all PLs in the final oil 

(<0.04 g PL/100 g lipid). Furthermore, the PLs are more susceptible to lipid oxidation 

compared to TAGs due to their close location to prooxidants in the aqueous phase or 

the liquid stream (EFSA, 2010), indicating hydrolyzation of the PLs during the 

production.  

The first centrifugation remains a problematic step during processing, as the 

slurry is recirculated back to the decanter, although the main mass exits as sludge 

with a decreased water content. Evaporation of the stickwater was also ineffective, 

returning the concentrate with higher water content than expected. Evaporation of 

stickwater in a study by Hall (2010) showed similar tendencies and was assumed to 

relate to the high viscosity and stickiness of the material, which increased with lower 

water content. The viscosity of the processing streams must therefore be taken into 

consideration during process optimization.  

5.2.1 Effectiveness of the concentration and drying steps  

The press cake, sludge, and concentrate are blended prior to drying. The size of each 

stream (quantity) contributes differently to the final composition of the final fishmeal 

in each species (Table 2).   

The majority of the FFDM and lipids in the fishmeal originated from the press cake 

(44-54% and 41-69%, respectively), indicating that the press worked adequately in 

liquid removal for both water and lipids (Table 2). This also highlights that improved 

lipid separation prior to pressing needs to be achieved if a high protein product with 

a low lipid content is to be produced. Furthermore, a high proportion of lipids were 

added to the fishmeal through the sludge (contributing to 18-38% of the lipids in the  
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Figure 11: Mass balance (grey color) and energy flow (red color) from a traditional fishmeal 
and fish oil production process, with the functional unit “production of 1 tonne of capelin 
fishmeal including fish oil, produced by hydropower in Iceland in 2018”. The quantity of each 
stream was calculated from water-, fat-, and fat-free dry matter (FFDM) measurements 
throughout processing. Water-, and lipid content was measured first-hand and presented in 
detail in Papers I and II . Calculated data is shown with italic letters. 
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fishmeal), identifying that mixing the streams is not beneficial to achieve a low lipid 

content fishmeal.   

The concentrate resulted in the lowest contribution of lipids to the fishmeal, 

which was not surprising as the concentrate had passed two centrifuges aimed at 

extracting the lipids from the lipid stream during the production process (Figure 7, 

11). However, the concentrate contained high water content (highest contributor in 

C and MHB), making the dryer efficiency substantially lower for these species. 

Furthermore, the high-water content makes the material more likely to stick to the 

metal plates in the steam-dryer, possibly burning part of the raw material. These 

findings support even further that the streams should not be mixed but rather 

processed individually. Optimization of the drying times and temperatures would also 

allow products of higher quality, potentially for human consumption. 

The press cake and the sludge were the highest contributors to both PLs and FFAs 

in the fishmeal. Furthermore, high lipid content and high FFDM seemed to go hand 

in hand, indicating that the lipids were not appropriately separated from the FFDM. 

This suggests that the PL and FFA primarily followed the solid phase (dry matter-rich 

streams) during the fishmeal processing. 

 

Table 2: Proportional contributions of ingredients (water, lipid, FFDM, PL, and FFA) from 
processing streams entering the dryers to the final chemical composition of the resulting 
fishmeal products from capelin (C), a mackerel/herring blend (MHB), and blue whiting (BW), 
respectively. Values represent the average percentage of 
water/lipids/FFDM/phospholipids/free fatty acids in the fishmeal originating from the press 
cake, sludge, and concentrate, respectively. 

 

To obtain a high concentration of PLs, the press cake and sludge are promising 

raw materials for further product development, possibly for pet food production. 

Proportional ingredient contribution to fishmeal composition [%]  

Capelin Quantity [kg] Water Lipids FFDM PL FFA 

Press cake 929 23% 52% 46% 51% 58% 
Sludge 789 24% 36% 30% 45% 38% 
Concentrate 1345 53% 12% 24% 4% 4% 

Blue whiting 

Press cake 849 27% 41% 44% 51% 39% 
Sludge 962 38% 34% 39% 36% 34% 
Concentrate 699 35% 25% 17% 13% 27% 

Mackerel/herring blend  

Press cake 1025 35% 69% 54% 43% 22% 
Sludge 537 21% 18% 27% 53% 61% 
Concentrate 781 44% 13% 19% 4% 17% 
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However, the best solution would be a more efficient lipid extraction, adding higher 

value to all streams, including the fish oil.  

5.3 Protein quality changes during fishmeal processing (Paper III) 

The protein quality changes occurring during fishmeal processing were investigated 

by measuring protein content, salt soluble protein (SSP), biogenic amines (BA), 

enzymatic degradation (dimethylamine content, DMA), and microbial spoilage (TVB-

N and TMA) during the processing of the BW and MHB. This assessment was 

important since the first quality indicator fishmeal customers tend to look at is the 

protein content, followed by the biogenic amines (mainly cadaverine and histamine) 

and TVB-N content. However, references in literature on how these parameters 

change during fishmeal processing are scarce.  

Of the biogenic amines (BA) analyzed (tyramine, putrescine, cadaverine, and 

histamine), cadaverine was the most abundant BA in all sampled processing steps in 

both BW and MHB. Histamine was detected above threshold values in the BW raw 

material, BW press liquid, and BW separated press liquid, and in all sampling locations 

studied during the MHB processing. However, no histamine was observed in the BW 

fishmeal. The obtained higher BA values in the MHB were not surprising as histamine 

levels are expected to be higher during the processing of industrial side-streams 

containing high amounts of guts, gills, and heads (Köse et al., 2003). These high 

histamine values in the raw material indicate ineffective cooling and handling prior 

to processing, as the formation of BAs in seafood primarily depends on the time and 

temperature conditions from catch until processing (Visciano et al., 2020). The 

histamine mainly followed the liquid streams throughout the production and was 

expected not to be destroyed by further processing (Köse et al., 2003), which was not 

the case in the current study as all the BAs decreased during processing by 76% and 

86% during BW and MHB processing, respectively. Although histamine is heat-

resistant to a certain degree (Ienistea, 1971; Köse et al., 2003), extensive heat 

treatment ending with 450°C for 15 min in the air dryer could decompose parts of the 

histamine into other compounds. Moreover, several microorganisms can break 

histamine and other BAs down during processing, including in canned and sterile tuna 

flesh (Arnold & Brown, 1978; Köse et al., 2003). Higher BA amounts were obtained in 

the press liquid than press cake (in the BW), and higher BA in the separated press 

liquid than the sludge (BW and MHB). Mixing the liquid streams back into the fishmeal 

processing, as is currently done, could thus cause problems in BA accumulation during 

processing, and should be avoided, at least for histamine-rich species such as 

mackerel. However, the effect of BA levels of other species, such as BW, should not 

be neglected since high levels of individual BAs, including cadaverine, can cause 

problems when adapting the processes towards human consumption. 



 

53 

The TVB-N, TMA, and DMA values showed similar trends during the BW and MHB 

fishmeal processes, where the press-cake had the lowest values of the volatile 

nitrogen compounds. Interestingly, the press-liquid showed higher TMA levels in the 

BW production, indicating higher microbial activity in the BW than in the MHB 

samples. This trend was seen throughout processing, showing increased TMA levels 

throughout the BW liquid streams, which finally increased the TMA values in the 

fishmeal when the concentrate was blended with the press cake and sludge. 

However, the opposite was observed in DMA formation as the highest DMA values 

were obtained in the fishmeal in both species studied. This proportional increase in 

DMA concentrations during drying is probably due to the water removal, rather than 

an increase in enzymatical activity. Furthermore, as formaldehyde is formed 

alongside DMA during enzymatic degradation of TMAO (Xiong, 1997; Zayas, 1997a), 

possible ring formation between the proteins and the formaldehyde may occur, 

which would regulate the function of the material, e.g., inhibit proteolysis or alter 

folding kinetics of the raw material (Kamps et al., 2019) during processing. Hence, 

formaldehyde formation could affect not only the quality of the raw materials but the 

mass flow, energy use, and overall efficiency of the production. 

Salt soluble protein (SSP) levels were high in the raw material and decreased 

immediately after cooking, resulting in low SSP values in streams after pressing (press 

cake and press liquid) and in the separated press liquid. However, the SSP content 

increased slightly in the fishmeal, possibly due to the water removal during drying. 

The decrease in SSP after the cooking indicated that most of the proteins were 

already denatured. This is in agreement with Hastings et al. (1985), who showed that 

at 87°C, most of the myofibrillar and sarcoplasmic proteins, collagen, and other cod 

muscle proteins were already denatured. However, protein solubility is considered 

the first functional characteristic when testing new protein ingredients and is the 

main characteristic of proteins used in liquid foods and beverages since high solubility 

in the product expands the proteins applications (Zayas, 1997b). Hence, for future 

development of the protein stream, solubility is an essential function that limits the 

applications towards human consumption and should be considered further.  
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5.4 Environmental impacts of fishmeal and fish oil production 
(Paper IV) 

The drivers behind changes in the fishmeal processing were related to quality issues. 

Therefore, a positive correlation between increased quality and decrease in 

temperature brought up the question if the decrease in temperature would reduce 

the environmental impacts of the fishmeal and fish oil production, and to which 

extent? To address these questions, a Life Cycle Assessment was conducted, based 

on the functional unit of 1000 kg of fishmeal produced, in a cradle-to-gate study. Also, 

due to that fishmeal and fish oil is produced worldwide and not only in Iceland but 

with very similar technology and processes, the Life Cycle Assessment included three 

different scenarios, each representing different energy sources. The energy source 

scenarios included the use of hydropower (Base Scenario 0), heavy fuel (Scenario 1), 

and a combination of both energy sources (Scenario 2) to represent the Icelandic 

energy mix for the total fishmeal and fish oil production in Iceland, in the reference 

year 2018. The base case, Scenario 0, ran on 100% hydropower and was calculated 

and assessed from first-hand data from the Síldarvinnslan (SVN) fishmeal and fish oil 

factory in Neskaupstaður in Iceland. The same mass and energy balances were used 

for Scenarios 1 and 2, but scenario 1 assessed the use of heavy fuel oil to represent 

energy usage in most of the fishmeal and fish oil factories in Europe (EUfishmeal, 

2019). Scenario 2 assessed a combination of hydropower (75.4%) and heavy fuel 

(24.6%) oil use, which represented the average overall energy use in fishmeal and fish 

oil factories in Iceland in 2018 (FIF, 2019). All scenarios included an assessment of the 

potential reduction of environmental impacts due to lower cooking temperatures.  

Paper IV includes a complete LCA, but to address the question on optimization 

potential, a hotspot analysis was included in the study to identify the most 

contributing life cycle stages assessed within the system boundary shown in Figure 

12, and the different energy source during the processing (Table 3).   

Hotspot analysis in Scenario 0, with the processing run on hydropower, indicated 

that global warming effects mainly originated from the raw material acquisition, 

followed by cleaning and waste disposal, and finally by processing. For Scenario 1, the 

highest environmental impacts were from the processing, followed by the raw 

material acquisition. Scenario 2 showed similar results for raw material acquisition 

and processing, where cleaning and waste had the lowest impacts on the 

environment of the three categories. Packaging and backup power impacts on the 

environment were relatively negligible in all Scenarios. 

The raw material acquisition had the same overall impacts (320 kg CO2 eq in all 

Scenarios), or 69% of the total global warming effect in Scenario 0, 30% in Scenario 1, 

and 53% in Scenario 2. The shift in global warming impacts and other impact 
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categories reflects the different energy composition in the assessed scenarios. 

Looking at other relevant impact categories, ozone formation, both affecting the 

terrestrial ecosystems and human health, remained the highest environmental 

contributor in the raw material acquisition across all Scenarios.  

Figure 12: System boundaries and the fishmeal and fish oil production process flow. In bold are 
processes contributing to the LCA calculations. Pre-heating used excess heating from the 
evaporators and the steam-dryer and draining did not require any energy. 

Observed averages from seven fishing trips showed that fuel usage also differed 

between fishing gear (lower fuel usage with purse seiner) during catching and 

whether the raw material was superchilled onboard (Table 4). However, sailing 

towards shore required slightly higher fuel usage with the purse seiner than trawl, 

but the results were not significantly different. On average, sailing towards shore 

required the highest fuel usage during the trip, or 44 ± 13% compared to sailing 

towards the catching ground, energy using during catching or superchilling as 

indicated by Table 4. This is due to vessels being heavier when sailing towards shore 

due to the refrigerated seawater tanks being filled with the catch, compared to sailing 

out to the catching grounds.  

Table 3: Raw material acquisition for all Scenarios 

 

Dates from capelin catching from one vessel 
in 2018 

Fuel usage 

Sailing towards 
catching ground 

Catching and 
superchilling 

Sailing towards 
shore 

Average fuel and time with trawl 30 ± 3% 31 ± 4%a 39 ± 6% 

Average fuel and time with purse seiner 31 ± 15% 17 ± 7%b 52 ± 18% 

Overall average fuel and time 30 ± 9% 25 ± 9% 44 ± 13% 
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Table 4: Hotspot analysis for the three Scenarios studied on capelin fishmeal and fish oil 
production with 90°C cooking temperature. Compared Scenarios included Scenario 0 
(hydropower), Scenario 1 (heavy fuel oil), and Scenario 2 (75.4% hydropower and 24.6% heavy 
fuel oil). All results were generated at a 90°C cooking temperature. The color describes the 
percentage of the environmental impacts, whereas the darker color indicates higher 
environmental impacts. Backup power was 1% in terrestrial ecotoxicity in Scenario 0, but 0% 
in other categories in all of the Scenarios. 

Abbreviations: CO2=carbon dioxide, Eq=equivalent, CFC11=trichlorofluoromethane or freon-
11, Co-60=cobalt isotope 60Co, NOx=nitrogen oxide, PM2.5=fine particulate matter less than 
2.5 micrometers, SO2=sulfur dioxide, P=phosphorus, N=nitrogen, 1,4-DCB=1,4 
dichnolorbenzene, Cu=copper 
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The fishmeal and fish oil production process showed different environmental 

impact results when compared between scenarios, as the processing includes energy 

sources of both green and oil origin. Most of the environmental impact categories 

shift from raw material acquisition being the largest hotspot when the processing is 

run on hydropower (Scenario 0), to be the processing, when operated on heavy fuel 

oil (Scenario 1). The impact categories which shift depending on the energy source 

exclude ozone formation which remain the highest in the raw material acquisition, 

and freshwater-, and marine eutrophication, and freshwater ecotoxicity of cleaning, 

and waste, which remain the highest contributors across all of the Scenarios. 

However, although running on hydropower in Scenario 0 returns roughly half of the 

environmental impacts compared to heavy fuel oil, some categories increase when 

running on hydropower. Those categories include water consumption and mineral 

resource scarcity, which increase by 82%, and 24% when running on hydropower 

compared to heavy fuel oil, respectively.  

Combined effects from the drying steps (steam dryer and air dryer), evaporation 

and cleaning, and waste accounted for >71% of the total environmental impact. 

Hence, alterations during drying, evaporation, cleaning, and waste could positively 

affect the environment. However, reducing the cooking temperature from 90°C to 

85°C resulted in 0.1-0.6% overall lower environmental impacts in Scenario 1, when 

the fishmeal and fish oil production operated on heavy fuel oil. Furthermore, in 

theory, 205 kg CO2 eq could have been saved during the capelin season in Iceland 

2018 (Scenario 2) if all fishmeal and fish oil factories in Iceland had adjusted their 

cooking temperature to 85°C. This slight decrease in cooking temperature during the 

cooking process contributed to 13% lower global warming effects in Scenario 0, 

where the factory operated on hydropower. Hence, optimizing possibilities in energy-

intensive processing steps could return even higher environmental gains when the 

factory runs on other fuel sources (Scenarios 1 and 2). Optimization possibilities for 

lowering the environmental impacts of producing 1 tonne fishmeal and fish oil are 

shown in Table 5. 

Table 5: Optimization possibilities for lower environmental impacts of fishmeal and fish oil 
production. 

 

Optimization possibilities 

Raw material acquisition 
• Purse seiner resulted in lower energy usage compared to trawl 

• Changing energy source on the vessels is proposed 

The fishmeal and fish oil 
processing 

• A green energy source is proposed 

• Optimizing the drying and evaporation steps 

• Exchange cleaning agents for eco-friendly cleaning agents 
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Hydropower or other green energy sources are proposed as the primary energy 

source for minimal environmental impacts in Iceland, and elsewhere, where green 

energy sources are available. This would lower the environmental impacts of the 

fishmeal and fish oil production process. The heavy fuel oil was estimated to have 

more than five times higher impacts on global warming, while the impacts were four 

times higher on stratospheric ozone depletion, three times higher on ionizing 

radiation, at least seventeen times higher on ozone formation, fifty-two times higher 

on fine particulate matter formation, seventy-nine times higher on terrestrial 

acidification, twenty-six times higher on terrestrial ecotoxicity, and twenty-one times 

higher on fossil fuel scarcity compared to operating on hydropower. All impact 

categories resulted in higher values running on heavy fuel oil than hydropower, 

except mineral resource scarcity, which remained similar between scenarios, and 

water consumption, which decreased from 70 to 0.4 m3 when using heavy fuel oil. 

Although the total environmental impacts mainly depend on the energy source, 

improved usage of cleaning agents would lower the environmental impacts, primarily 

for freshwater ecotoxicity, and freshwater-, and marine eutrophication.  

Standard cleaning agents are proposed to be exchanged towards more 

environmentally friendly cleaning agents or improved monitoring of their use to some 

extent, as cleaning and waste (waste being relatively low compared to the cleaning 

agents) have relatively high environmental impacts. An overview of the average 

usage per 1 tonne fishmeal from 2010-2020 can be seen in Table 6, where chemical 

agents were grouped for a clearer overview. Furthermore, the average usage of 

cleaning agents was divided into two periods, from 2010-2016 and 2017-2020, as the 

company changed its energy source from heavy fuel oil to hydropower in 2017 (Table 

6). As a result, the oil usage, sulfur dioxide-, and carbon dioxide release decreased 

significantly between these time periods (presented in bold in Table 6).  

The cleaning agents differ between years where catch, weather, staff, delay prior 

to initiation of the fishmeal and fish oil production affects the energy and chemical 

use. Regulations or registrations currently limiting the usage of chemicals during 

fishmeal and fish oil production are currently none. Hence, it is currently in the 

company’s interest to use excessive amounts of cleaning agents to fulfill rules for 

hygiene (FAO, 1986). Furthermore, a positive correlation is likely between shorter 

labor time for cleaning and higher usage of cleaning agents. Furthermore, chemicals 

may be bought in bulk and used for more than one year, possibly explaining the high 

standard deviations in the cleaning agent usage (Table 6). However, except for oil 

usage and release of carbon-, and sulfur dioxide, no significant changes were seen 

between the years, and the standard deviations in all categories were relatively high. 
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Table 6: The average usage of cleaning agents per 1 tonne of fishmeal and fish oil produced 
from 2010-2020 in the company studied, as affected by main energy source. 

 

5.5 NIR (Paper IV) 

The utilization of pelagic species is increasing, although the raw material and the 

availability of pelagic species vary highly (Hilmarsdottir et al., 2021; Romotowska et 

al., 2016).  For a high-value product, the fishmeal and fish oil production needs to 

produce a consistent product (Kristinsson & Rasco, 2000). Quick feedback from the 

production process is beneficial as repairs or attention can be brought to problematic 

operational steps to keep the final product consistent. Hence, applying near infrared 

spectroscopy (NIR) as a monitoring tool during production to predict the main 

chemical quality parameters of pelagic fishmeal and fish oil was assessed. Using NIR 

requires no sample preparation and gives quick response, and thus has the potential 

to save time, labor work, and chemical use, as well as resulting in faster process 

optimization. 

NIR reflection spectra of the samples from Paper I-II were collected 

simultaneously as the physicochemical assessments of the samples were evaluated. 

The spectra were compared with results from water and lipid measurements, and fat-

free dry matter (FFDM) was assessed as the remaining mass in the sample. The 

Time period 2010-2016 2017-2020 

Main energy source Heavy fuel oil Hydropower 

Power usage (kWh) 459.5 ± 75.1 501.5 ± 19.8 

Oil usage (liters) 17 ± 11.9 0.2 ± 0.3 

Cold water usage (m3) 2.6 ± 0.9 1.7 ± 0.9 

Water usage at sea (m3) 16.9 ± 2.7 15.8 ± 0.0 

Formaldehyde (liters) 0.02 ± 0.01 0.02 ± 0.01 

Acetic acid with and without lignin (liters) 1.23 ± 0.47 0.96 ± 0.51 

NaOH related solutions (liters) 0.44 ± 0.38 0.27 ± 0.02 

NaOH in solid state (kg) 0.19 ± 0.39 0.04 ± 0.01 

HNO3 and HCl (liters) 0.15 ± 0.05 0.09 ± 0.01 

Soaps and cleaning agents (liters) 0.03 ± 0.03 0.05 ± 0.03 

Antioxidants for fish oil (liters) 0.05 ± 0.05 0.10 ± 0.03 

Packaging (kg) 0.06 ± 0.04 0.05 ± 0.03 

Diesel for cars (liters) 0.03 ± 0.02 0.03 ± 0.01 

Trash (kg) 0.16 ± 0.16 0.06 ± 0.05 

Recycled metal scraps (kg) 0.70 ± 0.36 0.06 ± 0.07 

Sulfur dioxide (kg) 0.36 ± 0.36 0 ± 0 

Carbon dioxide (kg) 38.1 ± 32.4 0.6 ± 0.8 
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spectra were, furthermore, compared to FFA, PL, and fatty acid composition results 

as presented in Papers I-II. Samples from each operational step during the production 

process were measured in triplicates, where two of the sampling replicates were used 

to build the Partial Least Square Regression (PLSR) models, and the third sample 

replicate was set as an independent test set for validation of the prediction model.  

The water content varied highly during the fishmeal processing. Water content 

prediction from 0.3 to 93 g water/100 g sample was successful where both test and 

data set resulted in R2 correlation coefficients >0.99 (Table 5.6).  Due to the wide 

concentration range, the same prediction model could be used for processing, 

monitoring, and control purposes of water changes throughout the whole process. 

Lipid content prediction models had correlation coefficients in the range 0.93-0.98, 

except when applying the second derivative data pre-processing method, which 

showed a disappointing correlation of 0.53. However, by applying a baseline 

correction (Bl.C) or full multiplicative scatter correction (MSC) of the data prior to 

modeling, a calibration coefficient of 0.97 and independent validation coefficients of 

0.96-0.98 could be achieved, depending on the chosen data pre-treatment. Water 

and lipid generally account for 85-90% of the raw material weight processed into 

fishmeal and fish oil (FAO, 1986), and it is hence of great value to monitor those 

compounds online during fishmeal processing. This holds especially true for 

processes such as fishmeal processing, where  the extraction of the lipids and water 

are often problematic, in which inadequate process monitoring can easily result in 

high-lipid fishmeal, of less value than low-lipid fishmeal (Windsor, 2001). 

The protein content is the majority of FFDM (around 15 g/100 g sample in the 

herring raw material), and ash content is normally relatively low (~4 g/100 g sample 

in the herring raw material) (Oterhals & Thoresen, 2021). However, as protein 

measurements give significantly different results depending on the extraction 

methods used (Mæhre et al., 2018), estimating the protein content from NIR spectra 

directly could provide a more accurate result. Further measurements and 

identification on vitamins, minerals, and other trace elements within the FFDM would 

be necessary to address this matter but are left to further studies, although being a 

promising subject. However, the FFDM concentrations in the current study ranged 

from 0-84.4%, where the prediction correlation was 0.92 during calibration, and 0.94 

during validation when applying the MSC pre-treatment of the data. The high protein 

content is of interest for fishmeal and fish oil producers as higher prices tend to follow 

higher protein content, where 65% protein in fishmeal is used as a reference value 

for fishmeal buyers (Index Mundi, 2022). Hence, an online quality monitoring system 

could help prevent bottlenecks during production and keep a high protein content in 

the final product. 
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Table 7: NIR prediction model summary of attributes feasible to predict with NIR, from data in 
Paper I-II where Table 7 is adapted from Table S2 in Paper V. Green color indicates independent 
validation, and blue shows result from calibration of the model. 

Abbreviations: n=number of samples, R2
CV=calibration correlation factor, R2

P=prediction 
correlation factor, RMSEC=root-mean-square error of calibration, RMSEP=root-mean-square 
error of prediction, DM: Dry matter, SFA: saturated fatty acids, MUFA: monounsaturated fatty 
acids, PUFA: polyunsaturated fatty acids, DHA: docosahexaenoic acid, EPA: eicosapentaenoic 
acid, MSC: multiplicative scatter correction, Bl.C.: baseline correction. Superscript: a=g/100 g 
sample, b=g/100 g lipids. 

Omega-3 fatty acids, such as docosahexaenoic (DHA) and other polyunsaturated 

fatty acids (PUFA) are known to have multiple health benefits (Berquin et al., 2007; 

Gunnarsdottir et al., 2008; Larsen et al., 2011; Zheng et al., 2013) and are therefore 

of interest to minimize their loss during the production. As PUFAs can be destroyed 

during drying, as high temperatures drastically affect the long-chain PUFAs (Fournier 

et al., 2006),  it is possible to monitor processing steps affecting the PUFAs with NIR 

spectroscopy. Excellent prediction models were achieved for SFA, DHA, and EPA 

(R2>0.98) with low prediction error (<1% of lipids) in all lipid class parameters. The 

prediction error was slightly higher for MUFAs and PUFAs, although remaining within 

acceptable limits. This higher prediction error might be due to spectral similarities 

and a possible overlap of the absorption peaks between the unsaturated bonds in 

PUFA and MUFA, resulting in difficulties distinguishing the level of unsaturation. 

Although prediction models for DHA and EPA for optimization and monitoring 

purposes were successful, a wider range of samples would have been preferred. 

However, that is left for future studies to investigate.   

Components  
predicted with NIR 

Range of 
sample 

R2
CV 

n=60 
RMSEC 

R2
P 

n=30 
RMSEP 

Data pre-
treatment 

aWater content 0.3 – 93.0 0.9995 0.67 0.9938 2.41 None 

aLipid content 0 – 100 
0.9669 
0.9681 

3.94 
3.86 

0.9773 
0.9592 

3.94 
6.34 

BlLC. 
MSC 

aFat free DM 0 – 84.4 0.9183 6.23 0.9356 5.58 MSC 
aPhospholipids 0 – 1.4 0.9617 0.06 0.8617 0.11 MSC 

Fatty acid composition      

·          bSFA  20 – 32 
0.9953 
0.9889 

0.20 
0.31 

0.9928 
0.8363 

0.24 
1.13 

None 
MSC 

·          bMUFA 38 – 54 
0.9062  
0.9462 

1.15 
0.87 

0.7968 
0.8291 

1.62 
1.49 

None 
MSC 

·          bPUFA 12 – 36 
0.9371  
0.9816 

1.53 
0.83 

0.8461 
0.8588 

2.20 
2.11 

None 
MSC 

·          bDHA 4 – 17 
0.9073  
0.9623 

0.84 
0.54 

0.8146 
0.8785 

1.09 
0.89 

None 
MSC 

·          bEPA 2 – 10 
0.9536  
0.9791 

0.40 
0.27 

0.8278 
0.8689 

0.71 
0.62 

None 
MSC 
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5.6 Comparison of traditional fishmeal, commercial pet food, and 
human protein product 

During the assessment of the traditional processes, questions arose on how the 

chemical characteristics of the traditionally produced fishmeal products were 

compared to commercial pet food and human protein sources. The following chapter 

describes investigations of where the traditional fishmeal products assessed in this 

study rank compared to commercial pet food and fish protein products for human 

consumption. 

Water content and lipid quality results of the fishmeal products produced at 85°C, 

90°C and 95°C from MHB cut-offs (Paper I) were compared to the water and lipid 

content of BW and C fishmeal (Paper II), as well as of a commercial protein product 

intended for human consumption and a commercial pet food product (Figure 13). The 

commercial protein product was a protein powder available in capsules and produced 

from Atlantic cod (Gadus morhua) cut-offs without bones and skin (Protis; Kópavogur, 

Iceland, www.protis.is). The commercial pet food product contained proteins made 

from cut-offs and side-streams which variated depending on  the catch each time, 

where its processed by a company located at the north coast of France (Copalis; Le 

Portel, France www.copalis.fr), mainly consisting of pelagic fish species .  

The water content of the commercial- protein product and the pet food was 

similar to the MHB fishmeal produced at 85°C (Figure 13). Although the fishmeal 

producers want to keep the water content around 6%, lowering the cooking 

temperature might be thus beneficial for the future development of higher value 

commercial products. The BW fishmeal was significantly lower in lipid content than 

the pet food, or 9.4±0.1% compared to 10.4±0.0% lipids. Hence, the BW fishmeal 

could be sold as pet food based on the lipid quality assessment. However, the protein 

product for human consumption only contained 0.3±0.1% lipids, emphasizing the 

importance of extracting the lipids out more effectively for a higher value product. 

Further developments of the fishmeal towards pet food production could, based on 

this, include relatively minor processing changes, as the BW fishmeal resulted in 

similar lipid qualities (lipid content, FFA and PL) as the commercial pet food product. 

However, to obtain a holistic view of the fishmeal quality compared to both pet food 

and human protein sources, the protein quality and amnio acid composition of the 

samples were also investigated.  

  

http://www.copalis.fr/
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Figure 13: Water-, lipid-, FFA-, and PL content in the studied fishmeal products from traditional 
processing of a mackerel herring blend (MHB) with 85, 90 and 95°C cooking temperature, 
capelin (C) and blue whiting (BW) each processed at 90°C, compared to a commercial protein 
product for human consumption (CPP) and a commercial pet food product (PET). 

Essential amino acids are amino acids that are crucial for successful growth and 

nitrogen balance, as they are not synthesized in humans or other vertebrates and 

must be obtained from the diet (Lopez & Mohiuddin, 2021). The essential amino acids 

are phenylalanine, valine, tryptophan, threonine, isoleucine, methionine, histidine, 

leucine, and lysine and usually derive from animal-based sources (Lopez & 

Mohiuddin, 2021), although plants are being engineered for improved levels of 

essential amino acids (Galili et al., 2005). However, as the amino acid composition is 

known to differ between fish species (Hall, 2010), the commercial protein, 

commercial pet food, and the MHB fishmeal produced at 90°C were further 

compared as amino acids per FFDM (Figure 14). 
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Figure 14: Amino acid profiles of protein commercially sold for human consumption (blue), for 
a commercial pet food product (green), and traditional fishmeal from a mackerel herring blend 
(MHB, gray) produced at 90°C. Essential amino acids are marked with *, where arginine is 
considered essential for children and young adults only. 

The comparison generally showed higher amounts of all amino acids in the 

commercial protein for human consumption compared to the commercial pet food 

and the mackerel herring blend fishmeal (MHB) (Figure 14). However, the commercial 

protein for human consumption contained neither proline (Pro) nor hydroxyproline 

(Hyp). This may be explained by the fact that the cut-offs from Atlantic cod were used 

as the raw material for this product, and did not include fish skin, which generally is 

high in Pro and Hyp content (Akita et al., 2020). Furthermore, the glycine (Gly) was 

relatively low in the commercial protein compared to earlier reported values, but as 

Gly is commonly reported to be higher in white fishmeal compared to herring 

fishmeal (around 6 g and 10 g glycine/100g protein, respectively) (Hall, 2010). 

Furthermore, since the Gly-Pro-Hyp sequence is one of the main factors impacting 

collagen thermostability (Burjanadze, 2000; Karim & Bhat, 2009), lower amounts of 

Gly were not surprising in the commercial protein due to the lack of fish skin in the 

raw material. 

The essential amino acid composition of the fishmeal was not significantly 

different from the essential amino acid composition of the pet food, apart from 

arginine (Figure 14). The reason for a slight decrease in most of the amino acids 
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between the commercial protein, commercial pet protein, and the fishmeal could be 

due to heat treatment, as higher heat increases the possibility of burning the 

material, increasing risk of protein denaturation affecting the protein solubility 

(Zayas, 1997b) and lipid oxidation (Jacobsen, 2015; Mozuraityte et al., 2016).   

Hydration affects both polar and non-polar protein groups due to hydrogen bonds 

and Van der Waals interactions (Privalov & Makhatadze, 1993), it is also not unlikely 

that some amino acids were lost during the fishmeal production. Furthermore, during 

the steam-drying, the water content in the incoming material decreased significantly, 

possibly burning proteins while evaporating water from the mass. If the wet 

concentrate sticks to the metal plates in the steam-dryer, the risk of such burning 

increases even more.  

The comparison between the fishmeal samples from the study and the 

commercial products show that the raw materials used for the fishmeal production 

contains various value-added potentials. Further process optimization and product 

development from the studied raw materials are promising for human consumption. 

That is though left for further studies.  
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7 Conclusions  

The main goal of this Ph.D. project was to investigate the material quality changes at 

each processing step during traditional fishmeal and fish oil processing. The current 

thesis demonstrates the changes in water- and lipid quality at each step, along with 

protein quality changes in promising protein-rich processing streams. Furthermore, 

the environmental impact of the traditional processes was evaluated, both with 

regards to different energy sources and changes in cooking temperature. The study 

provides an overview of quality changes during fishmeal and fish oil production, and 

the results can thus be used as future reference, as detailed production analysis was 

missing from literature. Fishmeal and fish oil producers can thus test the efficiency 

and effects of a processing step of interest and compare it to values that were 

measured in the current study, as well as the environmental impacts of their 

processes.  

Overall chemical composition results indicated that the processing streams should 

not be blended and recirculated but should rather be classified based on their lipid 

and protein quality. Hence, streams currently entering the dryers simultaneously 

(press cake, sludge, and concentrate) should be collected and dried separately, each 

with their optimal temperature and drying time. Optimizing the drying steps would 

benefit all streams, as lowering temperature exposure increases protein digestibility 

in the fishmeal (Opstvedt et al., 2003). This opens up the possibility of producing more 

diverse and higher quality products, which can be aimed at specific markets, 

increasing the overall value of the production. Thus, part of the production process 

could be targeted for different end-users, as the solid side-streams have different 

compositions and physical properties. For a product meant for human consumption, 

the focus should be on the lipids where drastic changes need to occur to obtain a 

product with lower lipid content than 0.5%. In addition, more efficient cooling 

protocols should be installed both after the landings and during the procurement of 

raw materials, in order to obtain products with lower FFAs, TVB-N and biogenic 

amines, and proteins that dissolve better in saline solutions. However, degradation 

should be minimized to produce higher value products.  

Environmental consciousness has been getting more attention lately, and hence, 

incorporating sustainability into optimized processing is beneficial. The aim of the 

thesis included assessing the environmental impacts of current fishmeal and fish oil 

production, including the effects of reducing the cooking temperature. Hotspot 

analysis identified high impact areas of producing 1 tonne of fishmeal and fish oil with 

the main energy sources applied in Europe. Results showed different environmental 

impacts due to the energy source used. Furthermore, the obtained results could act 

as a guide towards cleaner production of fishmeal and fish oil, and affect priorities 



 

67 

when redesigning the fishmeal and fish oil processes for lower environmental 

impacts.  

Furthermore, optimization or redesigning the evaporation and drying steps would 

return high environmental gain, as they combined account for 74-95% of the effect 

on each impact category. The processing and the raw material acquisition are the 

highest environmental contributors of producing 1 tonne capelin fishmeal and fish 

oil, although the impacts differentiated depending on the energy source, as 

presented in the different Scenarios. When the process was run on hydropower 

(Scenario 0), the raw material acquisition was the highest environmental contributor, 

but was shifted to the process when run on heavy fuel oil (Scenario 1) due to the 

energy source being fossil based. However, few impact categories were not affected 

by the different energy sources. Ozon formation remained highest across all scenarios 

during raw material acquisition, where freshwater- and marine eutrophication, and 

freshwater ecotoxicity, remained the highest environmental contributors across all 

scenarios in cleaning and waste. Other impact categories depended on the energy 

source during the process. However, reduction in the cooking temperature did not 

only result in a better lipid separation and higher lipid quality of the fishmeal, but also 

lowered environmental impacts of the production, independently of the energy 

source. Calculated with regards to the energy origin of fishmeal factories in Iceland 

(75.4% hydropower, and 24.6% heavy fuel oil described in Scenario 2), 205 kg CO2 eq 

(further details in Table 7 in Paper IV) and could have been saved if all the factories 

in Iceland had decreased their cooking temperature by 5°C during the capelin season 

in Iceland 2018. Furthermore, chemical agents during cleaning showed higher 

impacts than expected, indicating that several opportunities lie ahead in exchanging 

the current cleaning agents or food-grade or more environmentally friendly cleaning 

agents in the future.  

During optimization or redesign of a fishmeal and fish oil factory, using near 

infrared spectroscopy (NIR) as a measuring tool assessing quality characteristics of 

the final fishmeal is of great value, as traditional quality measurements can be 

financially and environmentally costly. The pelagic species vary highly in raw 

materials characteristics, and with increasing utilization of pelagic species, using NIR 

for online monitoring and processing redesigning purposes is of great value. 

Prediction models for water-, lipid-, and FFDM content were successful with high 

calibration correlation factors and prediction correlation factors within acceptable 

limits. Furthermore, prediction models for phospholipids, SFA, MUFA, PUFA, DHA, 

and EPA were also achieved. Thus, several quality attributes can be monitored 

simultaneously throughout the production, over each processing step, and 

significantly increase the value of the final product. Furthermore, using NIR for online 
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monitoring or redesigning purposes further seizes the opportunity for fast 

development and changes towards a cleaner production.  

Today, fishmeal and fish oil producers in Iceland are occasionally forced to run on 

fossil fuels compared to renewable sources due to a low water reservoir status. More 

sustainable solutions are therefore ahead, where assessing the environmental 

impacts in each step of the production process can reduce the total environmental 

impacts. However, quality can be increased, while simultaneously returning both 

higher value products, a reduction in environmental impacts, and encouraging more 

sustainable fisheries. 

8  Future perspectives  

The future includes possibilities to change the fishmeal and fish oil production 

towards protein concentrate production intended for human consumption. The 

currently practiced trawling of pelagic species to feed aquaculture species is far from 

aligning within the Sustainable Developmental Goals set by the United Nations. To 

answer the responsibility of both producing a higher value product and achieving a 

cleaner production, the studied fishmeal and fish oil production company already has 

invested in a pilot-scale production process. The most energy-intensive processing 

steps will be exchanged for less heat invasive technologies, hopefully returning less 

environmental impacts.  

Future perspectives include looking into several alternative processing steps in 

more detail, both from a quality perspective and with lower environmental impacts. 

A few operational steps which are currently being investigated at the processing 

facility as spin-off from this thesis’ results are discussed below.  

Homogenization of the raw material is vital to achieve, as discussed in Paper I. A 

mincer has been bought and added to the processes, to obtain a more homogenous 

raw material, which furthermore increases the effect of enzyme addition if applied 

and decreases the risk of inconsistent final product characteristics and quality.  

Hydrolyzation has shown promise at an industrial scale to achieve protein 

degradation and ease of lipid and water separation from the solid streams. With 

enzyme addition, heat during the cooking step can be reduced, preserving the protein 

quality, which can increase the digestibility of the fishmeal  (Manditsera et al., 2019). 

Furthermore, problems during pressing could be avoided, as large amounts of 

suspended particles in the stickwater would potentially decrease (FAO, 1986), and 

the yield of the liquid stream is likely to rise. However, the enzyme addition will need 
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to dissolve the PL from the FFDM, indicating that more than one type of enzymes 

need to be applied. However, although hydrolyzation shows promising results, a 

bitter taste remains one of the main bottlenecks during its application or protein 

production (Steinsholm et al., 2021). The combination of enzymes and their 

concentrations and applications will thus require optimization to each raw material.  

Cooking alters proteins at different temperatures (Hastings, 1985). Therefore, 

when using milder heat processing procedures such as pasteurization, the proteins 

are expected to alter less, and might thus be recommended. Along with decreasing 

the risk of burning the raw material, higher separation could be achieved between 

the lipids and the FFDM due to less protein aggregation in the hydrolyzed liquid 

stream. Less heat would be applied to the hydrolyzation and pasteurization 

compared to the traditional processing steps. This lower potential energy could favor 

less protein folding (Zumdahl et al., 2016).   

Membrane filtration is proposed to be added or exchanged for the evaporation 

step, as fractionation during industrial processing of fish protein concentrate with 

membrane filtration (both ultra and nano-filters) has shown promising results 

(Bourseau et al., 2009). Furthermore, with a membrane filtration system, peptides as 

small as 0.5-1 kDa can be extracted from the liquid stream, decreasing the product 

bitterness, which would be of interest for products development for human 

consumption (Steinsholm et al., 2021).  

Drying turned out to be one of the most energy-intensive processing steps 

analyzed in Paper III, affecting lipid and protein quality (Paper I-IV). For higher quality 

and industrial application use, applying a spray drier is recommended rather than 

freeze-drying due to the long drying time and high production cost of freeze-drying 

(Barbosa et al., 2015). Furthermore, yield and quality losses vary due to drying 

techniques, and should thus be chosen wisely based on the aimed for product quality 

characteristics 

As one of the main bottlenecks of the quality aspect of the studied fishmeal 

product, the lipid separation remained inadequate in all cases. Hence, application of 

enzyme hydrolyzation is currently being investigated with regards to the final product 

quality and its suitability in the process. Enzyme technology has shown promise to 

produce high-value products from the marine side-streams  (Guerard, 2007).  Higher 

portions of phospholipids and soluble proteins have been recovered during 

hydrolyzation compared to fishmeal production, measured in mackerel and herring 

cut-offs (Oterhals & Thoresen, 2021). Water streams includes polar lipids as they tend 

to dissolve in the water due to stable intermolecular bonds forming with water 

(Zumdahl et al., 2016), and would need an extra extraction process for recovery 

(Oterhals & Thoresen, 2021). However, heat treatment and mechanical separation 
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should remove most of the water and neutral lipids (TAGs) (Oterhals & Thoresen, 

2021), which seems to be the current aim for fishmeal and fish oil producers, as high 

effort is put into using more effective machinery. 

The focus at the processing company included in the present study is currently on 

redesigning a new production process, aiming for production of higher value products 

and hence, substantial changes and extensive development of the fishmeal and fish 

oil production are foreseen in the next years. However, the question remains: will 

these processing steps fit in a fishmeal factory with a continuous production with an 

input of 1200 tonnes per day and will the end production have a higher 

environmental impact than the current process. The production will perhaps be 

divided and optimized depending on the raw materials processed each time, as well 

as the intended market of the final product. However, as the pilot-scale processing 

will not include the main energy contributors of the fishmeal and fish oil processing 

processes, it will be interesting to re-evaluate the environmental impacts after the 

pilot-scale production has been fully established. Therefore, this study has shown 

that several opportunities lay ahead for producing higher quality protein and oil 

products, both from lean and fatty pelagic fish species, while simultaneously applying 

cleaner production practices. 

This evaluation on the current outlook on fishmeal and fish oil production 

processes gives insight and a holistic assessment to the current processing methods 

and a baseline to further optimize or redesign the fishmeal and fish oil processes, 

with regards to higher quality and lower environmental impacts. However, with new 

designs and optimizations, ongoing environmental assessments can encourage both 

sustainable fisheries, and move further towards the Sustainable Developmental 

Goals set by the United Nations. 
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