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Agrip

I dag eru uppsjavartegundir, hlidarstraumar friéanslwsteerri fisktegundaog annar
medafli uppistadan i pvi hraefni sem unnid er i fiskmjél og lysi. Fiskmjol og lysi eru
helst notud sem fodur i fiskelden par sem verd & fiskmjdlefur leekkad sidasta
aratuginn ochlutur fiskmjols hefur minnkad i fisketd6dri, parf ad finnanyjar leidir

til ad nytahraefnid & hagkveeman hatiMikid hefur verid lagt i ad beetkeelingu &
hraefni uppsjavarveidiskipa sem skila sér i betri geedwrgar aflinn kemur i
vinnslunapessi préun hefur pé ekki skilad sér i fiskmjaggslysisinnsluna sem hefur

liti® breyst sidan gjoundaaratugnum

Pessi rannsoknvarpa ljési & nuverandi astanda hradefnnu og peim
geedabreytingum sem eiga sér stad i hverju vinnsluprépifiskmjols og
lysigramleidslunni(Greinl-Il), asamt pvi ad metahrif breytilegshitastigs i sjodara
gaedi(Greinl), kanna hvernig framleidsluferlid hondlar mismunandi hraef@réin
II), rannsaka eiginleika hlidarstrauma m.t.t. préteingeeda (Grein Ill), kannar
umhverfisahrif 4 framleidsldiskmjols og lysiar lodnumed mismunandi orkugjéfum
(Grein1V) og kannar hvorhaegt sé ad nota naerinnrauddréfsgreinings (NIR) til
gedameelinga og ferlastyringar fiskmjéls og lysisramleidsinni (Grein V)
Greinarnarleggja grunninn adaettum fiskmjéls og lysiserlum ogauka pekkingu &
vinnsluferlunum sem mun nytast vid préun peirra naestu arin

Pessi rannsékn syndi jafnframt fram a ad fituinnihiaidkmjélisem framleitt er i
hefédbundnu fiskmjolsog lysisframleidsluferker breytilegt,en pad meeldist & bilinu
frA 2% upp 120%. broskuldur a fituinnihaldyrir hageeda fiskpréteimmidast vid
fituinnhald innan vi®,5%, sem gefur til kynna ad rétteekar breytingamnsluferlinu
purfa adeiga sér sta@f varan & ad uppfylla kréfutil manneldis Innihald himnufitu
i fiskmjoli meeldishatt, sembendir til pess a@dskilnadur fitunnar frgurrefninu sé
ekki reegur. Hins vegar benti magn frirra fitusyra til pess ad nidurbrot af hidafmar
talsvert Laekkun &nitastigi i sjodara var rannsokud til aBoda hvort fita skiladi sér
betur fr4 purrefniny ogfengustmeiri gaedifiskmjélsvid 85°C samanborid vid 90° og
95°C(Grein I)Bent er a ad baeta purfi nidurbrdiraefnising fyrstu skrefum fiskmjols
og lysisvinnslunmaauk pess sem gufungkiladi ekki eins lagu vatnsinnihaldi og buist
varvid (Grein HI).

Fitu- og proteingaedivoru rannsékudi mismunandi hlidarstraumum oghverju
vinnsluprepi, og nidurstddur pessara rannsokfeggja grunn ad voérupréun a nyjum
afurdum og endurhénnun a vinnsluferlinurheysanleiki préteina i saltlausn (&P
styrkleiki lifreenna ambsambandaninnkudu i gegnum framleidsluna, sem hafdi ahrif



a geedi fiskmjolsis) og benda til nidurbrots, liklega vegna mikils hitimnslunni
(Grein 1lI). Trimetylamin (TMA) fylgdi vokvalid vinnslunnar ogjokst i gegnum
framleidslunagngagnstaed proun séast i stydimetylamirs (DMA). bessi préun geeti
skyrst af floknumnidurbrotsferlum trimetylaminoxid (TMAO) yfir i TMA og DMA, auk
mikils hitadlags i vinnslunni.

Beettir vinnsluferlar, med laekkun hitastigs i sjédara (Grein 1), syndu fram & betri
gaedi fiskmjols. bad gaf tilefni til ad kanna hvort slik laekkun hitastigadi
mogulegum umhverfislegum avinningi. Til pess ad meta slikan avinning
varlifsferilsgreiningubeitt, en aderdiner stddlud adferdafreedi. Lifsferilsgreining
metur umhverfisahrif umfram losun grédurhdsalofttegunda og i pessari greiningu
voru greind umkerfisahrifin sem hljétast fra veidum til og med vinnslu fiskmjolsins.
Ahersla var 16gd a4 ad skodahrif mismunandi orkugjafa til vinnsluhlutans
(fiskmjolsframleidslunnar). Um orkufrekan idnad er ad reeda og pvi mikilveegt ad
kanna mismun & umhverfisahrifufiskmjoélsframleidslu kndinni med endurnyjanlegri
orku annars vegar, sem og orku framleiddri med brennslu jardefnaeldsneytis hins
vegar. bad var gert til ad syna fram & mogulegan umhverfislegan avinning af pvi ef
fiskmjél er framleitt med endurnyjanlegri ku. Til vidbétaryvoru umhverfisahrif af
fiskmjolframleidslu & islandéiknudmidad vidmismunandorkugjafafyrir vinnsluérid
2018. Nidurstodur lifsferilgreiningarinnar syndu ad pratt fyrir ad leekkun hitastigs i
sj6dara hafi einungis numid® um 5°C, pa laskislik laekkun minnkudum
umhverfisdhrifum sama hver orkugjafinn er. Pad synir pvi ad préun vinnsluferla
fiskmjols, med &herslu a lsekkun hitastigs vinnsluferla, gefotalsverdanavinning
vid minnkun umhverfisahrifa af fiskmjolsframleidsiu  (Grein 1V). rélae
framtidarprounar vinnsluferla i fiskmjolsframleidslu eetti pvi ad vera & enn frekari
leekkun hitastigs i vinnsluferlum, &n pess p6 ad minnka geedi vorunnar. Auk pess leiddi
lifsferilsgreiningin i [jés ad veidarnar og vinnslan héfdu mest umhverfisarein(l¥).

Anrif mismunandiorkugjafa voru skilgreind Gt frd umhverfislegum ahrifum, sem
kemur sér vel pegar skipta a Ut eda endurbeeta vinnsludkvéinslunni. Auk pess

vorutalsverd umhverfisleg ahrif fideimhreinsiefnum sem notud eru i vinnslunni, og
er radlagt ad skipta peim ut fyrir umhverfisveenni efni eda takmarka notkun peirra.

Par sem vinnsluafkdstin eru mikil, og endurhdnnun eda geedaetftirlit ferla & sér
stad er mikill fjarhagslegur og umhverfislegur sparnadur félgihmadari meelingm
ogeftirliti & gaedapattum i vinnslunrilitima framleidslukréfur gera rad fyrir miklum
areidanleika meelingag einsleitari afurdumen adur. Litréfsgreiningar hafa verid
nyttar i fjdlbreyttum tilgangi vid mati a framleidsluferlum, par a medal neerinnraud
litr6fsgreining (NIR3em gaedaetftirlit & lokaafurdum i fiskmjétsy lysisframleidslu. |
rannsékninnivar NIRlitréfsgreiningnotud til ad spa fyrir um breytingarefnainnihald
vinnslustrauma i gegnum vinnsluaba. Spalikon fyrivatns og fituinnihald, purréni,
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fosfolipio, mettadar fitusyrur, einémettadar fitusyrur og fidlomettadar fitusyrur,
dbkésahexaensyru (DHA) og eikésapentaensyru (EPA) voru buin til med gédum
arangri Nyting & NIR litréfsgreiningu flyfranniggreiningu maelinga umtalsvedg
minnkar notkun a leysum og 6&rum bunadbg skilar sér i audveldari styringu
vinnsluferilsirs.

Lykilora:

Fiskmjol, lysi, hitamedhodndlun, fitugeedi, préteingaedi, lifsfegieining (LCA),
naerinnraud litréfsgreining (NIR), massabokhaidkuflaedi
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Abstract

Today, small pelagic species, stdeeams fromthe production of larger fishes
intended for human consumptigrand other bycatch are currently processed into
fishmeal and fish oil. Fisneal and fish oil arpresentlymainlyused as feed, primarily
for aquaculture put fishmeal prices havdeclinedover the last decade. Great effort
towards imprownghandling on board the fishing vesskbsresulted in higher quality
of the catch reaching the harboMeanwhilg the fishmeal and fish oil production
processediaveremained similar since the 1960s. Hencésthesisaimsto shed light
on the current state of the raw materiand the quality chages occurringluring
each operational step of the production (Papédf)]to assess the efféaf cooking
temperature on the fishmeal qualityPaper I), investigatehow the production
process handles different raw materials (Paper Il), investgyatemisingprotein rich
sidesstreams forthe production ofhigher value produat(Paper Ill), investigasghe
environmental impad of producing 1 tonne of fishmeal and fish oil (Paper &g
investigates if Near infrared spectroscopy (NIR) can be used asnanitoring tool
duringthe fishmeal and fish oproduction.The papers,-V, also lay foundation for
redesigning purposes diie currently operatedishmeal and fish oil factories.

The study demonstrates that the traditional fishmeal and fish oil prdiac
proceses currently returns higHipid fishmeal from raw material ranging between
2% to 20% lipids. The lipid content should be less than 0.5861féentto classify as
high-quality fishmeal, indicating that extracting lipids from the raw material is
inefficient, and drastic changes need to happerh#é products areintended for
human consumption. Although lower cooking temperature is proposed for higher
quality fishmeal (Paper 1), attention towards higher lipid separation during the initial
produdion 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 stepqpress cake, sludge, and concentrate) (Papbr |

Protein quality was investigated in promising s&teeams, where salt soluble
proteins content (SSP) decreased throughout the production, affecting the solubility
of the fishmeal (Paper )Il The samerend was observed in biogenic amines
indicating protein decomposition, possibly due to extensive heat treatmerihe
presscake (solid stream) had the lowest amount of volatile nitrogen compounds
during production fronboth the fatty andlean raw materialTrimethylamire (TMA)
followed the liquid stream, increasing throughout the producti@md reachinghe
highest values in the fishmealhile the opposite trend was observed in
Dimethylamine DPMA) concentrations. These trends could be the result of
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trimethylamire oxide degradaton into TMAand DMA due tohigh thermal exposure
duringprocessing

The effects ofchangingthe cooking temperatureon the fishmeal quality and
processing efficiencyere investigatedboth on a quality basis artie effect on the
environment Lowering the cooking temperature by 5°@sulted in higher lipid
quality fishmeal(Paper Il), and overall lower environmental impactiPaper V)
Furthermore the environmental impactwere sudied with environmental hotspot
analysis assessed with the Life Cycle Assessment methodology in a-toaghkte
study,6  aSR 2y (KS the gzgdddiion ®fylltdnne dfytadpélin fishmeal
including fish oil from cradle to factory gate, produced in Iceland in .20h8
assessmenshowed that the rawmaterial acquisitiorwasthe highest environmental
hotspot, contributing the most to almost all impact categories, followed Hye
production processThe assessed procésg steps contributing the least to the
assessed environmental impacts wegrackagingand backup power, which effects
were neglgible, but cleaning agents (assessedth waste) were the highest
contributors inmanyimpact categoriesThe focus of the studiyncludedthe effect of
different energy sources for operating the fishmeal productiam the overall
environmental impacts, and¢hanges inthe environmental hotspots(Paper V)
Furthermore, Paper IV identifi¢ optimization potentiat for lower energy
conaumption, e.g.using purse seiner compared to trawlirduringthe raw material
acquisition. Identified steps with potential for lower environmental impacts of
fishmeal and fish oil productiofie within the drying and evaporation stepand
includes exchangingthe current cleaning agents fomore ecofriendly cleaning
agentsor limiting their use altogether.The envionmental impacts of leaningand
wastewere independent of the assessed energy sources for the processing.

In processes, such dshmeal and fish oil production process with high
throughput, and processredesigning and quality monitoringare ongoing there is
great financial and environmental gain to achieve by applying fast rabdst
monitoring techniques. Modern demands further require both higher precision in
quality monitoring and higher product consistency thaefore. Spectroscopic
analytical techniques have been used for a wide atgriof quality assurance
applications, including the use of near infrared spectroscopy to evaluate fishmeal and
oil endproduct quality. In the current study were NIR spectroscopgdito assess
chemical composition of the streams throughout the whole procda®diction
modelsbased orNIRdata were successful in predictimgater- and lipid content, fat
free dry matter, phospholipids, along with the fatty acid classes (SFA, MUFA),PU
including docosahexaenoic acid (DHA) and eicosapentaenoic acid (&PRA)
acceptable precisianThe application of NIR spectroscopy during the fishmeal and



fish oil productionprovides faster analysis and minimizes the use of solvents,
chemicals and nistruments, 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 fromthe water and FFDM. Assessing changes aimed to lower the
environmental impact may not only reduce the energy cost but encourage
sustainable practice and responsible productiamgdemonstratedin this thesis

Keywords

Fishmeal, fish giprocess optimization, heat treatment, lipid quality, protein quality,
Life Cycle Assessment (LCA), mass balance, energpdianinfrared spectroscopy
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1 Introduction

For the last six decades, direct human consumption of pelagic fish species increased
from 67% to 88% (Figure (BAO, 1997,2020) ! & G KS $2NI RQ&a LJ2 Lz |
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 se¢EkO,

2020) The total fish amount intended for fishmeal and fish oil production globally in
2018 accounted for 18 million tonnes, exding discards which summed up to over

9 million tonnes(FAO, 2020)However, this number might increase due to the
increasing utilization of discards, e.dishmeal production as predictions have
foreseena 6% increase in fishmeal productifrom 2018 to 2030 and a 5% increase

in fish oil productionFAO, 2020)However, as34% of themarine fish stocks in the
world were clasgied as being overfisheid 2017 fishmeal production from captured
target species (e.ganchoveta, capeligre expected talecline by 18% by 2036A0,

2020)
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Figurel: Pelagic fish for direct human consumption in the European Union (a) and the world
(b) from 19612013. Data fronfrood and Agriculture Organization of the United Nations (1997)

Over the last ten yews, fishmeal and fish oil prices of Peruvian fishmeal (65%
protein) have dropped by 11¢ndex Mundi, 2022)whichis largely related to supply
and pricevariations, alongvith an increasing dmand from the aquafeed industry
(FAO, 2020However primarily due to pricethe proportion offishmealincorporated
into feed is decreasingand studies indicate that up to 90% of fishmeal used in
aquaculture could be replaced by other animatgrgpducts(GalkandaArachchige et
al., 2020) Furthermore, due to the nosustainability of the fisheries, wild stocks are
forced to cover the increasing demarfior fishmeal(Naylor et al., 2009)Redwced
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prices for fishmeal for aquafeed and simultaugy increased demand for highalue
proteinscalls for changes ipart of the primary fishmeal marketgrom 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 pripesnarily depend on
these factorgIndex Mundi, 2022)Thetraditional fishmeal and fish oil processes have
remainedrelatively similarthroughout the lastsevendecades(Bimbo & Crowther,
1992; Einarsson et al., 2019; FAO, 1986; Hall, 2010; Oterhals & Vogt, Qi0t8)
manyfishmealand 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 conteffEinarsson et al., 2019; FAO, 1988)e tothe focus

on mass throughput during fishmeal processing, little or attention has been
towards effective water and lipid separation during processing or detailed
classificationsof the raw materials according to species gpecific fish parts,
particularly with higher utilization of ctaffs and sidesteams during the fishmeal and
fish oil production. Furthermore, overlappimgthe catching season dfie different
target speciegauses highariation of the raw material. The heterogenedthe raw
materials couldead to variable quality and condition of the raw materials, making
them inadequate for higivalue product productiorfThorkelsson et al., 2009)

During the last decadesatching strategies and optimized handling of pelagic fish
specieson-board haveimproved substantially(Bao et al., 2007; Margeirsson et al.,
2010) Raw materials of highequality are thus being brought ashoithan before.
Hence, improving the fishmeal and fish oil processesbgsigning the fishmeal and
fish oil production processes towards the production of highailue productsand
utilizing wild stocksnore sustainaly, could maximize theproduction revenuewhile
adding to the growing need for food intended for humanAssessing the
environmental impactf those changesvould prioritize each operating step and
shed light on the environmentamnpactsfor 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 thedfects of eachassessed life cycle stage

Producing highevalue products more sustainalyl encouragesresponsble
fisheries,and the need tautilize the whole catch to its maximum potentigis the
raw materials vary, differenthallenges may emergaduring the production asthe
raw materials rangfrom cut-offs to whole fish in several specidherefore, further
relative information was provided on these topics, along with lipid and quality
parameters, theassessment ofiear infrared spectroscopyas a quality monitoring
tool, andthe environmental impactsf 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 aieatmh, cutoffs,

and small pelagic speci¢BAO, 2018; Thorkelsson etal., 20090 Sf | Yy RQ& Y2 a i
pelagic species are Atlantic herrir@pea harengysand capelinNlallotus villosus

However, inrecent years, thecatching of blue whitingMicromesistius poutassgu

and Atlantic mackerglScombescombru} have increasedICE, 2011;Statistics

Iceland 2020b)due to changes in their feedingpportunities further north due to
warming oceangICES, 2018)The catching season of each species deperrls
seasonalariation, 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 MarchVilhjalmsson, 2002)Figure 2). The chemical composition of
caplin varies ftm ~4% lipid content during spring to-28% lipid content in autumn
(Vilhjalmsson, 2002 Capelin is mainly produced into fishmeal and fish oil used for
feed production due to its small size, which is2lBcm on average. Norway is
considered the largest buyer of capelin fishmeal for salmon {é#kinarsson et al.,
2015) Few other products are currently produced from capelin, although during
spring processing, apelin eggs are often harvested and sold as capelin caviar
(Hilmarsson et al., 2015)

Figure2: Capelin¥allotus villosusdrawn by Jon Baldur Hlidbeggww.fauna.ig.

Blue whiting is found in the North Atlantic,aimly 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 soutrast of CanaddICES, @11) Blue
whiting migrates in the summer after spawning to the Faroe Islands, Notaved
east of Iceland, before returning to spawning areas in January/Feb(l@Es, 2011)

The species migrated first into Icelandic waters in 1995 (Statistics Iceland, 2020a). The
fish is relatively small, with aaveragdength of around30-40 cm(Hilmarsson et al.,
2015)(Figure3).
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Products include skinless fillets for the frozen laminated blockfdbfingers 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 waterds processed into fishmeal and fish ofBtatistics Iceland, 202Qa)
Most of the blue whiting is frozen at sea or inland, if not processtmfishmeal and
fish oil(Statistics Iceland, 202(&)ilmarsson et al., 2015)

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

Herring is a pelagic spesitound in the North Atlantic and is on average around
30 cm and 500 gr heayiilmarsson et al., 2018igure 4)Its most important fishing
grounds are the North Sea, the Baltic Seaad the coastal waters near Britain,
Norway, Icelangand CanadéStroud, 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, marinatedr canned for pet foodStroud, 2001) However, the
herring sidestreams are currently considered unsuitable for human food arel
thus generally processed into fishmeal and fish(&troud, 2001)

Figure4: Herring Clupeaharengu$ drawn by Jon Baldur Hlidberg (www.fauna.is).

The Atlantic mackerel is a pelagic fish, around 40 cm long and 6@dilgrarsson
et al., 2015)Figureb), and has been caught around lagdasince 2006, from 4 kilo
tonnes (kt) on average in 2006 to 160 kt annually from 20CES, 2018pince 2011,
the fishing ground has moved from the north and northeast side of Icelarttieto
south and west of IcelandCES, 2018)

Today, the Atlantic mackerel is either frozen whole or headed and gutted, where
the remaining materiglincludingguts, heads, viscera, bones aaccountsfor 26-32%
(Eysteinsson et al., 2020; Sveinsdéttir et al., 20Ze gut can be high in
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zooplankton mainly the enzymeich copepodC finmarchicuswhich inducesprotein
and lipiddegradation of the fish muscléEysteinsson et al., 2018)hese sidestreams
aregenerallycollected blended with othelby-catch andinto fishmeal and fish oil.

Figure5: Atlantic mackerel (Scomber scombrus) drawn by J6n Baldur Hlidberg (www.fauna.is).

The chemical compositicand physical propertiesf the raw materials processed
into fishmeal and fish oil depend highly on the seaé®tfatistics Iceland, 201,9nd
thus alsoin vale. 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 theAtlantic and Scandiherring combined, with a value of 0.37 EUR/kg,
capelin with a value d1.32 EUR/kg, and finally 0.22 EUR/kg for blue wh{@tatistics
Iceland, 2019)Moreover, de to their small size, capelin and blue whiting are usually
processedlirectly into fishmeal, while herring and mackerel are primarily caught for
human consumption, explaining the difference in vahaetially.

When processing sidgtreams from fillets or whole fish intended for human
consumptionsuchas from herring and mackerehé raw materials areften highly
heterogeneous. The raw material can include more than one spdxiestch, 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 préxiécts
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 ahw materialsprior to the process
initiation can cause&elays.Hence, the raw material must often wait several days in
storage tanks untthey are ful)and enoughmaterials have been collectdzbfore the
process is initiated. This delay increases the risk of degradation of thmadgrials
due to microbial, enzymatic, and oxidative proces@@safieHiguera et al., 2011;
Standal et al., 2018)

25



Ridney

Dorsal avrta A Spinal cord
\ -

Stomach

{ 'r'rlrr\ Pvloric cecum

Brain

Olfactory

S bitlb

N
&
e, k
4 ey \X 3 Mouth
- : 111 A
- S z Pt > v W AD
=== 2 = e TSR V™ pharynr
z ) o g B i

Heart Gitt

| =
Urinogenital”  Anus o Intestine \ Spleen
apening, Swim bladder *Pancreas

Figure6: 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 differguatrts of the fish are not sorted & CA a K
lylFiz2Yezé Mmoo

Although the sidestreams endure a delay on land, the catch is at a high quality
until reaching the harbor, as chilling protocols and handling have improved
substantially orboard in the last decadg8ao et al., 2007; Margeirsson et al., 2010)
There is therefore clear room for improvemtein the raw material collection for the
fishmeal and oil production.

Several processing challenges have been encountenaihly when processing
mackerel, as the mackerel caught in Icelandic waters has generally been feeding
heavily onCalanudinmarchicugEysteinsson et al., 2018; Prokopchuk & Sentyabov,
2006) C. finmarchicuss a copepodwith high enzymatic activity, whicban have
immediate degradative effects on the pelagiaw material if notappropriately
treated (Eysteinsson et al., 2018; Prokopchuk & Sentyabov, 2086 responsédhe
leading processing companies tend to head and gut the mackeramove theC.
finmarchicusfrom the process, and thuprolong the shelf life of the mackerel.
However with increasing discards, whiae high in enzymatic activity and of various
origins, the production of fishmeal and fish oil from si&teeams resultsn a more
challenging production. The high variation in the raw materfalsorkelsson et al.,
20M) 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 i1946s, and became
more prominentand established in th&960s(Kose, 2010)

During traditional fishmeal and fish oil processing (Fightethe raw material
enters acookingstep where a cooking temperature from 9®0°C for 120 min is
common pratice (FAO, 2018)Before cooking, pre-heating step can be added for
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energysaving, heatingtte raw material to approximately 55°C for 20 min. Excessive
energy from other processing steps is often used during thehgiaing step. Next,
the cooked material idrained, followed by apressfor water and oil removal.

The liquid stream is pumped todecanter to recover the solid particles before oil
recoveryvia acentrifuge. The liquid stream is then concentrated éyaporation, and
the concentrate is dried along with thepress cakeand sludge forming the
commercialfishmeal (Figure7). The oil steams from the centrifuges were blended
and washed with hot water tareatethe final fish oil.

Several opportunitiegor optimizing or redesigninghe traditional fishmeal and
fish oil processes towards producing protein powder for human consumption are
promising as thepelagic fish raw materials aran excellem source of minerals,
proteins, and lipidg¢Jayathilakan et al., 2012; Luten, 20Q99wever, if intended for
human consumptionhygienicprocessingconditions must be improved toensure
minimal degradationin the raw material (Einarsson et al., 2019; Windsor, 2001)
Degradation processes, such as hpiddation inducedanciditycouldlead to further
accumulative toxic effects, lower the nutritional value, and form unacceptitdolers
and odorg(Einarsson et al., 2019; Windsor, 2001)

2.2.1Heating effects on fishmeal and fish oil quality

Traditional fishmeal and fish girocesseqFigure?) include several heating and
drying steps, which require high energmarason et al., 2017)he primary purpose

of heating and cookinduring 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 proteirich fishmeal with a low lipid contefEAOQ,
1986) Heatis 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 breadown of the raw material during coking.
Appropriate cooking temperatures during fishmeal and fish oil production have been
discussedn earlier studiegEinarsson et al., 2019; Nygaard, 20Mhere 95100°C

for 1520 minutes is the most common practi€EAO, 1986) However, fishmeal
produced at a temperature below 90°C has been shown to have a lower content of
lipids and FFAs, as well lsigherdigestibility (Opstvedt et al., 2003possiblydue to
lower degradation of the proteins through nemzymic browning (Maillard
reactions) (Hall, 2010) Furthermore, higktemperature exposure of fishmeal
producedwith the outlet meal temperature at aboufl00°C showed a significant
reduction in digestibility compared to fishmeal produced #he outlet meal
temperature about70°Creseached invitro with mink (Mustela visonl) as a model
animal(Opstvedt et al., 2003)
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Prior to cooking, the raw material is often pheated by using an excess heat
source from theprocessing, such as from the steam dryer or evaporator. This energy
recycling can lead to substantial energy savifgsmarsson et al., 2019)The
temperature duringpre-heating is often 55°C for 20 minutes, which increases the
enzymatic activity of the raw materigEinarsson et al., 2019)The increased
enzymatic activity canehd to hydrolysis of proteins into unwanted peptides and
amino acids(Thorkelsson et al., 2009)vhich can further transform into biogenic
amineswith off-flavors as ammoniéToldra & Reig, 2011)urthermore, increased
enzymatic hydrolyzation can lead to the formation of free fatty acids (FFAs) from
triacylglycerides (TAG9nd phospholipids (PLgAckman, 1967; Arason, 1994)
Correlations between offiavors and FFformation have been reportedRefsgaard
et al., 2000), antieating has beefinked tothe formation ofoff-odors and offflavors
during initiation ofoxidative reactiongToldra & Reig, 2011Yhis initiation consists
of free radical fornation being catalyzed by enzymes, metallic cations,light,
moisture, or heat(Toldra & Rig, 2011) which all can affect the quality during
processingFurthermore 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 period¥horkelsson et al., 200$ydrolysican 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 watéEinarsson et al., 2019)
Furthermore, hydrolyzatiorcan decrease the variation of solid particles in the
stream, lowering the viscosiHall, 2010)

Generally, at high temperatures, healnomoting ingredients such as
polyunsaturated fatty acids (PUFAS) are likely tolbgraded during fishmeal and fish
oil production(Fellows, 1988; Fournier et al., 2006; Jacobsen, 28idyever, as high
temperatures cause acceleratexd deteriorationto free fatty acidqFellows, 1988)
traditional Hetland akdryers, in which the temperature may go up to 450°C, can
highly affect the raw material. Hence, heating and drying techniques need to be
optimizedto maintain high lipid quality throughout the procefss ahigh-quality end
product. In addition to high heat, fishmeal and fish oil factories are not closed
systans, and hence oxygen is continuously introduced to the system during
processing. Thus, as PUFA are highly susceptible to lipid oxidation, undesirable fishy
and rancid offflavors may form{Jacobsen, 201@uring processing. Hence, adjusting
the air-drying temperature or choosing alternaé 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., 2019T herefore, adjusting the temperature during drying can result
in a higher quality product.
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Different drying techniquesequire variousdurationsand temperatures, which
affectthe quality of the fishmeal. Traditionallyhé drying is carried out in two steps
due to energy saving. A rotary disc stedmer lowers the water content to
approximately 40% water, followed by an -dityer, whichreduces the content
further down to 510% water. However, the drying steps combinake 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 416 minutes (middle of the audryer is at 150°C).

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

Common methods for characteation of the raw materials include analysis of the
proximate composition, salt soluble proteins (SSP), the production of volatile and
biogenic amineghiobarbituric acid valueTBA), anisidine values (AV), free fatty acids
(FFA)and more.High protein content i®f specialinterest when producing fishmeal.
However, theproteins can decompose into amines and ammoniaffecting the
protein recovery(Einarssonet al., 2019; Keller, 1990Wwhich occursif the raw
material is not fresh when produced into fishmeal and fisHEHSA, 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 velagkic nitrogen
(TVBN). Nitrogen bases, such as trimethylamine (TMA) and dimethylamine (DMA),
along with ammonia, are formed during the spoilage of f{#FSA, 2010)The
freshness criterion in the current Hygiene Regulations for whole fish fit for human
consumption is 60 mg TWR/100 g fresh weight, although no scientific evideties
behind that criterion(EFSA, 2010pther components often used in the industry to
assessthe quality of the fishmed include biogenic amines such as cadaverine,
putrescine, tyramine, and histamine, which combinledels cannot exceed 2000
ppm. Furthermore,are additional threshold values set to histamine content, or-500
1000 mg histamine/kg foodEinarsson et al., 2019; Pike & Hardy, 199he only
fishmeal fulfilling the recommended criteria jgoducedfrom fresh rawmaterials,
while moderately fresh or staleaw materials rarely reach acceptable criteria
(Einarsson et al., 2019; Pike & Hardy, 1997)

Although fishmeal and fish oil buyers emphasize ithh@ortance of theabove
quality parameters attributes such as salt soluble protei(S8SP) can give valuable
information on protein degraation effects during processing. However, the analysis
of SSP hasot 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 applicationgThorkdsson et al., 2009nd 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 habeen reported to decrease
protein solubility in SSP extracted from Pacific oyst€ragsostrea gigasinhibiting
digestibility {n vitro) and negatively affecting proteolygighang et al., 2020Hence,
measuring SSP in protefith processing streamsould explain how the fishmeal and
fish oil production processes affect protein solubijlifegradation and overall protein
quality.

Although many quality attributes can characterize the fishmeal, one of the most
critical factors isits lipid content,since it is used in industry toategorizefishmeals
into quality typesor classegEinarsson et al., 2019; FAO, 198d@shmeal produced
under hygienic conditions and with no lipid content limit is defined by The Food and
Agriculture Organization (FAO) of the United Nationdists protein concentrate
(FPC) Typ€(Einarsson et al., 2019; FAO, 198®C Typ8allows up to 3 g lipid/100
g sample and having dishy flavor and odor after production due to rancidity after
storage, and~PC Typé should contain <0.75 g lipid/100 graple and have no flavor
and no odor(Einarsson et al., 2019; FAO, 198&)nce, more effective separation of
the lipids from the solid sdams would benefit fishmeal processing companies as the
simultaneously obtainettigher yield of fish oil would result in a higher yield of {ow
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., 2002Hence, it couldbe challengingo access and separate
those lipids from the solid streams compared to triglycerides, which are stored in the
fishraw material as fat deposit¢iuss, 1995)

During fishmeal processing and storage, free fatty acids (FFA) cardfarto
enzymatic hydrolysis of triglycerides, which is accelerated at thdnpading stage at
40-50°C(Einarsson et al., 2019Forrelations between offavors and-FA levels have
been found (Refsgaed et al., 2000) indicating the importance ofminimizing
autolysis Autolysiscan degrade proteins to low molecular weight peptides and free
amino acids, whichemainone of the problems in ungutted fish during heavy feeding
periods(Thorkelsson eal., 2009)

Observing the fishmeal and fish oil production process on a lipid quality basis can
identify potential challenging processing steps or §ipots in the overall process and
identify occurrences leading to fishmeal productiovith a high ligd 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 agalying changes irthe protein
quality during processing, including crude protein content, SSP and amines (both
biogenic and T\ABI), and further quality attributes of the final fishmeal and fish oil.
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2.4 Environmental impact®of fishmeal and fish oil production

The fisheries andquaculture sectopromotesenvironmental, economic, and social
sustainability along the value chafRAO, 2020)Lifecycle assessment (LCZ8n be
applied todeterminethe environmental impaa of theproduction and provides a
guantitative assessment perspective of sustainable solutions wittérnvalue chain
(Hauschild et al., 2018)

The environmental impacts of a production are described in different impact
categories, such as global warminfpssil resource scarcityand 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 thinvestigation(Hauschild et al., 2018Hence, evaluating
fishmeal and fish oil productiomwith LCA can give a quantitative estiraabf
environmental impacts

Environmental impacts of fishmeal productig8amuelFitwi et al., 2013xand
fishmeal factorieqFréon et al., 2017pr feed applications have been studiedjtb
information on effects of the raw materialcquisition, theproduction, and cleaning
and waste are missing from literaturdloreover, as the fishmeal and fish oil
production processes havemainedsimilarsince the 1960sthe production process
needs optimization. The effect ofaeh processing stegvas investigated on an
environmental impact basis. Hence, decisimakers can access all information to
take an enlightened decision on which processing steps to priofaizeptimization
both from a quality and environmental impacsect 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 enénggnsive (Fréon et al., 2017;
Smarason et al., 201,7elatively minor adjustments within the engy usage of the
production process could result in a significant environmental gain, including higher
product quality. Therefore, LCAvas appliedin the current study to estimate the
environmentl impacs of the current production processThe LCA furthredentified
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 pitimhc
and environmental sustainability.

Earlier assessments of the environmental impacts of fishmeal factories applying
midpoint evaluation showed thahe highest values irmostof theimpact categories
originated from running the fishmeal factorycompared to the effects of
maintenance and constructiofFréon 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 pcessing in 20062012(Fréon et al., 2017 highlighting

the importance of choosing the energy sources used during production wisely.
However, the environmental impagthave also been studied in aquaculture feed
(Boissy et al., 2011; Samttwi et al., 2013)

Fishmeahnd fishoil productsare mostly used in aquaculture and are considered
the most nutritious and digestible ingredientfor farmed fishfeed (FAO, 2020)
However, tudies show that exchanging thishmealfor other animalby-products up
to 90%of the feeddid not affect fish growth and had minor effects on amino and
fatty acidrequirements(GalkandaArachchige et al., 2020)vhereexamples ototal
fishmeal replacement has resulted with equal growth performance, feed conversion
and survival for salmofDavidson et al., 2016Moreover, SamueFitwi et al. (2013)
reporteda 58%to 59% rediction inglobal warmindyy substituting the fishmealvith
50%rapeseed or soybean meal concentratayhere the standard feedwas 65%
fishmeal compared to soyban- or rapeseedmeal with 32.5% soybednapeseed
meal and 32.5% fishmedlowever, studies have shown that substitutindnfieeal for
vegetable originating meals can have a negative impact on the fatty acid composition
of the farmed fish species, including the ome}ydatty acids(Huy et al., 2021;
Torrecillas et al., 2017)

2.5 Nearinfrared spectroscopy and quality detection in fishmeal

Near infrared (NIR) spectroscopy is a valuable method to monitor various
physicochemical propertieduring seafood productionCozzolino & Murray, 2012;
Oehlenschlager, 2014NIR spectroscopyuilds on covalent bonds absorption in the
near infrared spectrum, at wavelengths ranging from 7ZB00 nm, which are
descriptive for the physical and chemical environment of #edied molecules.
Furthermore, as the technique is fast, robust, and sammpbe-destructive, NIR
spectroscopy is highly suitable for monitoring various physical and chemical
properties in industrial implementation€Sudjénsdottir, 2011)Moreover, applying
NIR monitoring during processindlaavs fast decisionmaking and redirection of
processing ways in agreement with the characteristics of the raw material and
processing stream®ue to its onlineapplicationfeatures, the production processes
can thus be easily altered if problems ariseidgthe fishmeal and fish oil production

NIR has been usddr diverse fishmeal quality assessment, such in distinguishing
betweenlow-value Chinese fishmeahdhighvalue Peruvian fishmeal samplegth
respect to differences in absorbance related tbeir water-, lipid, and protein
content(Shen et al., 2017)
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Predicting moisture, ash, oil, TVN, and NaCl content in tiaé fishmeal products
has also shown promise in several studi¢€ozzolino et al., 2002; Rame et al.,
2001; Lv et al., 2013; Masoum et al., 201R)rthermore,the fishmealcontent in
other feedcompoundscan bedetermined and quantified in other compound feeds
using NIRwith high precision modelsR>0.95) (Lv et al.,2013) Indirect quality
assessments of calcium, coppand 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 a{2002)predictedcrude protein
content with an acceptableprediction (R2>0.85) which could beuseful monitoring
under industrial conditions Further studies have been conducted predicting heat
damage on fishmeal quality by N{®ozzolino et al., 200931 of the essential amino
acids except histidine and phenylalanine have been peeetl using NIR invide
applications, indicatingpea, soy, rapeseed sunflower, meat, poultry- and
fishmeal(Fontaine et al., 2001 However, as the explained variance foe linear
crude protein regression (R&§in the study by Fontaine et al. (2001) had a wide
range from 0.40.8(Fontaine et al., 200#etermining those amino acids with NIR
spectroscopy should bekken with care.

All above mentioned studies appliedIR spectroscopy to assess the quality
characteristics of the final fishmeal. Furthermore, B$Ressmentsf fishmeal quality
are generally consideredeasy andinexpensiveand are alreadycurrently widey
adopted by the industryCozzolino et gl.2002) However, according to the best
knowledge of the research team, no references are fourtfiériterature on the use
of NIR to monitorfishmeal and oifuality during processing Therefore, emphasis
was put on applying NIR for procesmsalytics 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 NIRwith coefficientsof determination in the calibration set?R0.94,
and coefficientsof correlation in the validation set>0.80(Cozzolino et al., 2005)n
that study the groxide value and anisidinealueswere not considered adequately
determined However,the industry calls for more specific chemical informatim
the nutritional qualities of the oilincluding theirfatty acid profilegCozzolino et al.,
2005) This led to the investigation of the correlations betwdbe NIR reflectance
andthe changes iffiatty acidcompositionsduringthe fishmeal and oil processing in
the current study.
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3 Research questions anobjectives

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 kgapfelinfishmeal 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 whetheNIR spectroscopy could be used to effectively monitor the quality
of the streams during processing.

The detailed objectives of the study were thus to:

1 Evaluate the current quality and effectiveness of traditional fishmeal and fish
oil processes (Papéill).

1 Assess traditional fishmeal and fish oil production quality and effectiveness
while processing different pelagic fish species (Paper I).

1 Evaluate the effect of changing the temperature in the cooker during fishmeal
and fish oil production (Papé¥).

1 Evaluate the protein quality changes in the proteich production streams
during traditional fishmeal and fish oil production (Paper III).

1 Assess the change in the environmental impacts of the fishmeal and fish oll
production process by decreasgjrthe temperature in the cooker from 90 to
85°C (Paper IV)

1 Investigate the environmental impacts of using heavy fuel oil, hydropower or
a combination of both during the production of fishmeal and fish oil (Paper

V)

1 Evaluate the robustness of usihgR 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 effectivenessferaditional 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 tempenates affect production an@mpactthe environment. A
study overview, including short titles on Papet¥ | is described in Figuge

Paper | and Il Paper | p Paper ll
Investigation on the Comparison of fishmeal Protein quality in
production process for from different species, ‘EffECIon Cha”@'“g high-protein
fishmeal and fish oil lean and fatty Saokaiempe ature processing streams

Figure8: Flowchart of the study design.

A flowsheet of the studied fishmeal and fish oil production process can be seen in
Figure8 and details regarding the raw material processed into fishmeal and fish oil in
Table 1

4.1.1Experimental design for Paperdll

The objectives of Paperlll were to study the current product quality and
effectiveness of a traditional fishmeal and fish @dquction process. Paper | focused
on the lipid quality of each processing step during the production of both fatty and
lean species, comparing the processing of capeédallptus villosuy a mackerel
(Scomber scombriisand herring blend Glupea harengys and of blue whiting
(Micromesistius poutassQuPaper | and Il describe atdiled investigationof the
effect of each processing step on the raw material during capelin and
mackerel/herring blendproduction 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 (FigQreDetails of the raw
materials used in thetudy can be seen in Taklle
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Tablel Details of the raw material used in the fishmeal and fish oil production studied in Paper
I-V. The Bble adjusted from Table 1 in Paper I.

Name in text Blue whiting  Capelin | Mackerel/herring blend
whole whole cut-offs
58% Atlantic mackerel
(Scomber scombrus)
100% Blue whiting ~ 100% Capelin 37% Atlantic herring
Species and by-catch (Micromesistius (Mallotus (Clupea harengus)
poutassou) villosus) 4.5% Blue whiting

(Micromesistius poutassou)
<0.5% By-catch

02.05.19 - 01.03.18 -

03.05.19 02.03.18

""""""""""""""""""""""""""""" South of Faroe Island 320 (south), 400, 511, 512, 553-555, 600
(60°North 7°West) 616 (northeast)* (southeast)*

Midwater trawling

Midwater trawling

Sample analysis time Up to 3 months Up to 7 months  Up to 6 months

Abbreviations: TVN (total volatile nitrogen), *Location around Iceland

The objective of Papdl was toinvestigate quality changes affected by changing
the cooking temperatures in the cooker, from the traditional 90°C to either 85°C
95°C, where the separation between lipids and fat free dry matter (FFDM) was of
particular interest. As the production inguwas 1200 tonnes per day during the
operation time, more drastidemperature changescould not be made during
production, since the tested fishmeaind fish oils are sold commercially. However,
the literature lacks clear evideacon the effects of tempeature changesn the
quality and effectiveness of fishmeal production during cookhgnce, thempacts
of changing the cooking temperature were investigated during processing of a
mackerel/herring blend. The result from Paper Il indicated a higherdipadity with
decreased cooking temperatures. Howevére tfocus was set on protein quality in
the following paper to get a holistic view of the fishmaat fish oiproduction

Paper Il thus focused on protein quality of proteich side streams durinthe
production incritical 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 Paperll to hawe very different chemical compositioriBherefore, the
protein quality was investigated and categorized in the before mentioned key
processing streams in Paper lll, along with the raw materials and end products.
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4.1.2 Design for Paper IV

The objective of Pape¥Iwas to investigate the environmental impsof traditional
fishmeal and fish oil production, including the environmental impa€towering the
cooking temperature by 5°C, from 90°C to 85T@is decrase in temperature
resultedin higher lipid quality as described in PaperThelife-cycleassessment was
oFaSR 2y GKS T de@OKykapefinfishmedtypfoduce® Tith dhe
simultaneous production of fish oil, produced in a plant run on hydropower in Iceland
in201& ® al aa ol f | yiavSwere talffRatedShasedEehe obtained
chemical, mass, and energy analyses from the standard process (90°C) and the
reduced temperature process (85°C) presented in Paper Il. Data on the annual, overall
fishmeal and fish oil production data for 2Q1&hemicals used for cleaningnd
energy usageused for the analysis were obtained fromKS O2 Yitekny @ Qa
accounting reports obtained from the Environmeal Agency of Iceland
(Sildarvinnslan, 2018Furthermore, the mass balance and energy flow calculations
were aligned and fitted with the duction and energy numbers provided in these
reports. The mass balances and LCA calculations were performed in close
collaboration with Sildarvinnslan.

4.1.3 Experimental design for Paper V

The objective of Paper V was to investigate the potential applicatiorearinfrared

(NIR) spectroscopy, a fast and ndestructive 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 Il were thus also analyzed for NIR reflectance, and partial least
squae (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 oilrpcessing, which included the water and lipid quality of the
samples, evaluation of the robustness of quality monitoring with NIR spectroscopy,
and the overall environmental impasdf the fishmeal and fish oil production.

The focus was set on lipid qugliand the separation between lipids and fate
dry matter in the production streamsThe €paration of lipids has proven to be
challengingalthoughits implications arevast Ahigh lipid contentowers the value
and stability of the fishmeal due tokagher risk of lipid oxidation, and the oxidative
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stability decreases with increasingsaturated fatty acid§Mozuraityte et al., 2016;
TengkuRozaina & Birch, 2013Petailed knowledge regarding the effect of each
procesing step on the lipid separation is deficient in literature, and hence lipid
quality-oriented methods were prioritized before protein qualityiented 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 #didss, 1995)
However, lipids in the cell membrane are mostly phospholipids (PLs) and are both
hydrophobic and hydrophiliAlberts 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, meeguthe 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
signifcant chemical hydrolysis if processed traditionéilg Koning, 2002; de Koning
et al., 1986)

However, as excessive water, heat and oxygen are present during fisrandal
fish oil production, lipid oxidation and hydrolyzation seem inevitable as lipid oxidation
is induced by light, tempature, and oxygeJacobsen, 2015Hence, lipid hydrolysis
as assessed by the formation of free fatty acids (FFA) was measuriekrttify
adverse effects during the fishmeal and fish oil production processes. Furthermore,
correlations between offlavors and FFA levels have been foyRefsgaard et al.,
2000) During hydrolysis, PLs and TAGs were expressed as FFAs. The composition of
the fatty acids was analyzdd 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 1ISO 6496 me(t®@, 1999xcept
for water in oil samfes, where titration by an 851 Titrando instrument (Metrohm,
Herisau, Switzerland) was used. Lipid extraction, accordifigh and Dyer (1959)
wasused for analyzing total lipid content, phospholipi@®ewart, 1980)free fatty
acids Lowry and Tinsley, 1976; Bernardez et al. 20@8y fatty acid composition
(AOCS, 199®ang 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 phosphatidylethandlzen As FFAs are amphiphilic, they
can dissociate in aqueous systems, form micelles, and are dispersed into the water as
emulsion particles during lipid extractiorfFrankel, 2012) and thus often
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underestimating the FFA concentration of the sample. Since oleioxssidhe only

fatty acid measured during the FFA assessment, the risk of underestimating the free
fatty acids in the sample is quite high. In tteme way, the PLs content is potentially
alsounderestimatedas phosphatidylcholingrasthe only PLmeasured, as it is the
most abundant phospholipid class in the cell membréiiberts et al., 2002)ther
classes such as phosphatidylethanolamines, phosphatidylserines, and
sphingomyelins were not measurefiround 510% of the paks remained unknown

and unassigned during the fatty acid composition assessment

4.2.2 Protein quality

Crude protein content was measured accordingl$® 5982 (ISO, 2009)and a
method described b elleher & Hultif1991)was followed to investigate salt soluble
protein (SSP). Biogenic amines were measured using the method descritéajdxy
(2015) and total volatile basic nitrogen (T\NB, trimethylamine (TMA) and
dimethylamine (DMA), were measured by the method described Malle &
Poumeyrol (1989) Protein degradation could hence be assesssdnonprotein
nitrogen compounds, including biogenic amines, -N/BTMA and DMA, as they
contribute to both taste and sme(EFSA, 2010; Pér¥ilarreal et al., 2008)TMA
formation is produced mainly by bacterial degradation and DMA through
endogenous enzymatical pathways. However, TVB represents the sum of
ammonia, DMA, TMA and other volatile basic nitrogenous compounds in the samples
(PérezVillarreal et al., 208; Toldra & Reig, 2011Hlencethe 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 decreassolubility (Xiong, 197; Zayas,
1997b) Furthermore, protein denaturation could increase due to interactions
between the formaldehyde and the side chain groups, resulting in protein
aggregation through nowgovdent interactions(Xiong, 1997; Zayas, 1997hyhile
protein aggregation due to expoee of hydrophobic residues can happen during
thermal treatment(Kristinsson & Rasco, 200@olubility was studied by measuring
salt soluble protein content (SSP), but solubility is the main ckeniatic of proteins
used in liquid foods and beverag@&ayas, 1997b)

4.2 3Life cycle assessment

A lifecycle 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 evaluatipand how detailed it i§Gregory et al.,
2009) The disadvantages mainly include the extengiveroughknowledge needed

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

as companies do not necessarily report all incidents or occurrences (intentionally or
unintentionally)(Hauschild et al., 2018However, as the focus was set on energy and
power consumption during the LCA in Paperd$sesig such challenging factors
was at a minimum.

The study followsa standardizedLCAmethodology, as presented by th&O
14044 and 1SO 14040 standasedal desctied in detail byHauschild et a{2018) The
LCA was performed in SimaPro (PRé Sustainability, Amersfoort, Netherlands) with
inventory fom "Ecoinvent 3.6". Data comparison was performed in Microsoft Office
Excel (Microsoft Inc., Redmond, WA, USA).

4.2 . 4NIR assessment

The effectiveness and prediction precision usiegminfrared (NIR)spectroscopyto
monitor several chemical qualitparameters was assessed andmpared tothe
traditional analytical methods described in the next chapiére benefits of applying
this fast, nondestructive analyticalechniquefor both time and cosefficiencywere
also discussedilthough it is not atandardized method during fishmeal processing
yet, NIR habeen used in earlier studies fredictthe composition oboth the raw
materials and final products in reatime with good precision and accuracy
Moreover, risk of human errorwould be minimizedduring sample measurements
with NIR spectroscopyowever, 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 nearinfrared (NIR) measurements were done by a Bruker MRutipose
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 lgsas were then performed in triplicate.
Partial least square (PLS) prediction models using the spectral data and chemical
assessment results in Paper Il were built and validated to predict the chemical
composition of the samples during processing using tnscrambler® 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 simmaries 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 testsasperformed in RStudio (RStudio Inc., Boston, MA, USA) to assess
differences béwveen 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 (Papbr where the effects of
processingdifferent species (Paper I) and applying different cooking temperatures
(Paper 1) were investigated. Thereafter, the mass balance (Papers Il and 1V) was
calculated and estimated, followed @n evaluation ofthe protein quality of the
protein-rich produdion streams(solid sidestreams) and the benefits of processing
them individually (Paper I11).

The main results of the study are presented in the following chapter and in more
detail in Papersg V.

5.1 Water and lipid separation and quality (Papeil)

Smilar trends were observed in the water and lipid content during the processing of
capelin (C) and the mackerel/herring blend (MHB) (Fig)rdn both species, the
draining steprequired optimization as the water content of the cooking step and
drainingdid not differ significantly, indicating that the water removal during draining
was ineffective. The draining needs to sieve the solid particles more effectiasly,
higher FFDM in the proteirich processing streams (such as the press cake) would
also lover 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 othe liquid streams can affect the degree and efficiency of evaporation
dramatically(Einarsson et al., 2019)

Thepressworked adequately as the water content significantly decreased in the
press cake in all species (C and MHB in Figuigue whiting (BW)n Paper I).
However, as the presand drainedliquids were mixed in the decanter, emulsions
might immersedue to the oil still being a part of théiquid streams. The water
content of thesludge variated highly betweerspecies,and the lipid contentwas
generallylower than in the press cakelowever, the sludge had a higher variation in
lipid content when procesing fattier speciesThe third solid stream entering the
drying steps was théatter concentrate which had the highest water content, or
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around 80% of the samplend hadthe lowest lipid content of the three solid streams
entering the steam dryer. Theater content is usually 580% after evaporation
(Einarsson et al., 2019; Hall, 203@)ich was not the case in the current studyd

no significantchangeavere observedn water content during the concenttian step.
Hence, the evaporation process requires optimization. Moreover, as the three solid
streams entering thdryersdiffered 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 oxygersimultaneously, some material might be too wet for the
following airdrying step. Hengelf 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 sidstream entering the dryers, possibly saving energy
while simultaneously increasing the qitglof 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 (Fig8ixe

The water content of the fishmeal was 466% in all species studied, which is
considered relatively low. However, according to FAOs Feed and Feed Ingredient
standards, no minimum water content is defin@dAO, 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-imetaiced
degradation. Anothertfribute affecting the price of fishmeal is the lipid content. The
lipid content was relatively high in the fishmeal alf species. The BW fishmeal
resulted in a lipid content slightly below 10%, classifying it &gpa B fish protein
concentrate (FPCyhile the lipid content of the MHB and C was >10%, resditiag
Type C FPGdassificationThe fishmeal products were thus too high in lipid content
to be considered for human consumption in all species under the current production
conditions Furthermae, their current odor and color did not help nakhem an
attractive food optian.
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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 (@resented 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. Lettersdate significant difference, where p<0.05
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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 thtiést 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 thipid content of the fish species
processed. The separation between the lipids and the solids could be more efficient
with more optimized processing steps aig for oilextracton. Moreover, as the solid
streams are blended prior to drying, despite thdifferent chemical composition, the
lipid composition of the fishmeal did not significantly differ between the studied
species, although the raw material variated betweeB®x in lipid content.

In both the C and MHBree fatty acids (FFA) (Figuté) increased drastically in
the slurry and stickwater, possibly due to the recirculation of the slurhjscould
introduce additional heat, oxygen, and water to the procdss,they are all known
factors to induce lipid oxidationJacobsen, 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 slur®¢8% (MHB) and 14+10% FFAs, indicating that in
such variated raw materials, the recirculatiomost likelyintroduced higher water,
heat, and oxygen to the processing. FFA protein binding is known to be the driving
force in lipid hydrolysi§Ackman, 1967and is involved in the formation of secondary
oxidation products, which have no beneficial health efféGisna et al., 2018Hence,
low FFA is a crucial factfmr in improving the processes towards producing protiu
for human consumption. Recirculation could be minimized with a more effective way
of breaking down the proteitipid bonds during the initial processing steps.
Moreover, if the streams are processed individually, bypassing problematic streams
would bepossible. This could for instance benefit the capelin fishmeal production,
where high FFA values originated from the capelin sludigierestingly, FAO has not
specified a maximum value for FFAs in fishmeal intended for (E&®D, 2001a)
However, fishmeal buyers might have their own individual preference of FFA limits.

As FFAs are among the products of hydrolyzation of phospholipidqfeks)an,
1967) it is suggested that Plshould decrease during hydrolyzation while FFAs
increase. This was mainly observed during the drying steps (Fifiuréloreove,
high temperatures can cause increased deterioration of the lipids to(FEWows,
1988) including longchain PUFA degradation at temperatures 18220°QFournier
et al., 2006)which can explain the loss in PLs during drying, primarily in thyar.
During capelin processing, both the relativelythBLs in the latter concentrate and
the high FFAs in the sludge could indicate that the processing of capelin was
challenging The reason could beigher viscosity of the C sluddewering theoil

45



z & &4 z
T oeg
=
@ E5
w
Ea
o) b
R s
v - . [
efg ef fo efg de . o e ¢
e — LR -
a K-
Raw Pre-heating Cooking Draining  Press cake  Sludge Latter Steam-  Fine meal Fishmeal
material concentr. dryer
8 -
ey
S B
i)
EE
" F
® E2 4
e :
E = ab abc &
L t 2
E = ed bed d
= cd i a d = cJ:
0 = = X
Raw  Preheating Cooking Draining Presscake Sludge Latter Steam-dryer Fine meal Fichmeal
material concentr.
5 4
a
41 =
o .
]
oy =] 4
28 3
© 2
= oo
2o 24 b
] o
s d c L
~ ﬁ 1 x =
e =
o e € e e e
o e — Y - o
Raw  Pre-heating Cooking Drainng Press cake  Sludge Latter Steam-  Fine meal Fishmeal
material concentr. dryer
5
4
=
ity
48 34
£8
o v
= oo
c. 29
@ Fs a
gt b = b
o B 14 b = T
e a ~ooooocg -
= g d d
=1 o e — Y 4 b
Raw Cooking Draining  Press cake Sludge Latter ~ Steam-dryer Fine meal  Fishmeal
material concentr.

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 orangkr). 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
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recovery from the liquid streamrpcessing. Interestingly, the FFAs and the PLs
differed significantly between the fine meal and fishmeal in both C and MHEB
questionsthe effects of particle size on composition and reactivity the fine meal
samples were collected from the aluct after the airdryer, 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 (Papeinynost of theprocessing step®uring MHBfishmeal
production, most of the SFAs and MUFAs were extracted in the preks and the
sludge, whilePUFAs were highest in theoncentrate In contrast,C production
showedthe highestPUFAs in the sludgend press cakevhile MUFAs were highest
in the concentrate. Henceop obtainthe highest concentrations of PUR#pcessing
the Cpress cake an€ sludgeor MHB concentrateseparatelyis advisedHowever,
these results indicate thathe mechanical process is not separatiigids from all
classeffectively, andan additional oil extraction step is needéeforethe pressif
extracted successfully, the fish oil would yialdigherPUFA yieldMUFAsand SFAs.
However,the fish oil differed significantly imomposition 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 exteacfrom the proteinrich solid
streams, the increased fish oil yield woaldo benefit this production

ThePUFA, omega3 PUFA, and EPA(Table 3, Paper tend to follow the solid
stream of the fishmeal and fish oil productioending up with highePUFAsin the
fishmealcompared to the fish qilAs fishmeal isnainly used as feed for aquaculture,
highPUFAs are of interest, as feed with high levels of or8gad omege FAs are
digested up to 6% better than feed with high rendered animal fats and(Bi&au
et al., 2002) Hence, the productionprocesscould produce different products,
depending on the end consumemd sidestreams with additional oil extraction steps
could suit the pet food industry orhuman consumption, while other parof the
production could suit fishmeal production

As a resulbf the lipid quality and water content investigations presentedPiaper
I-I1, the following recommendations are suggested:

1 Separate collection and processing of the fine meal and the fishmeal

1 Exchange and/or optimization of the cooking processdanore effective
breakdown of the raw materialsThe mtential use of enzymes should be
investigated.

1 Optimization of the draining for higher water removal from solid streams

1 Adjusting the evaporation for more effective water removal

47



1 Drying the pressake,sludge, and the concentrate separately and adapting
the individual drying times depending on the water content of each stream

1 The effects of the processing are speespgcific and the processequire
adaptation andoptimizationtowards the processing &ach 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 résult
higher PUFA levels, with theproved quality and potential higher health benefits
that go with them. Furthermore, witlenhan&d lipid separation from the fishmeal
the shelflife of the fishmeal may thus also be prolong@dozuraityte et al., 2016;
Shahidi & Zhong, 201@s omega3 PUFAs ardighly susceptible to lipid oxidation
(Jacobsen, 2010)

5.1.1The effect ofdifferent cooking temperatures (Paper Il) 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, 2&xatinduced muscle
denaturation and degradation are highly dependent on the chosen heatment
(FernandezSegovia et al., 2003highlighting the importance of using the correct
temperature during cookingTraditionally,the most common practicdhas been
cooking at95-100°Cfor 15-20 min (Einarsson et al., 2019; FAO, 19&d)hough
temperaturesdown to 75°C for 25 mihavebeen suggeste@Nygaard, 2010Hence,

the lipid separation from fafree dry matter was compared #tree differentcooking
temperatures or85°C, 90°Gand 95°Gn the current study.

Analysis of the MHB fishmeals showed that using a cooking temperature of 85°C
resulted in fishmeal th 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 td9C. The fish oil had the lowest FFAs at 95°C and highest PLs
at 90°C, but the difference was relatively smathich 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 recommendedure
researchwith decreasing the temperature is suggesteidth or without enzymesThe
purpose of the cooking step would shift towarliigid separationand homogenous
solution, rather than aiming for raw material breakdownand high hygiene
Furthermore, eéher steps of the production process would aim fagherhygiene.
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5.2 Mass and energy balances (PaperlW)

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 (Figut#).

The mass balances show that in leaner species@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 wsakible or low kDa
particles that the sieve cannot catch. Furthermorke tseparated 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 mpeigessing 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 susceptilipédtoxidation
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 recirculeed 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 bidall (2010showed similar tendencies antlas 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.

5.2.1Effectiveness of the carentration 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 FRD and lipids in the fishmeal originated from the press cake
(44-54% and 4%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 pessing 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 te3®% of the lipids in the
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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 hzabksed two centrifuges aimed at
extracting the lipids from the lipid stream during the production process (Figure
11). However, the concentrate containdughwater content (highest contributor in
C and MHB)making the dryer efficiency substantially wer for these species.
Furthermore,the high-water content makes the materiahore likely to stick to the
metal plates in the steardryer, possibly burning part of the raw material. These
findings support even further that the streams should not be mixed tather
processed individually. Optimization of the drying times and temperatures would also
allow products ofhigher quality, potentially for human consumption.

The press cake and the sludge were hiighestcontributors to both PLs and FFAs
in the fismeal. Furthermore, high lipid content and high FFDM seemed to go hand
in hand, indicating that the lipids were nappropriately separatedrom the FFDM.
Thissuggess that the PL and FFA primarily followed the solid phase (dry miatter
streams) duringhe fishmeal processing.

Table 2: Proportional contributions of ingredients (water, lipid, FFDM, &id FFA) from
processing streams entering the dryers ttee final chemical composition of the resulting
fishmeal products from capelin (C), a mackerel/herringh8léMHB), 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.

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%
Bluewhiting

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%

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.
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However, the best solution would be a more efficient lipid extraction, adding higher
value to al streams, including the fish oil.

5.3 Protein quality changes during fishmeal processing (Paper II)

The protein quality changes occurring during fishmeal processing were investigated
by measuring protein content, salt soluble protein (SSP), biogenic aniBres
enzymatic degradation (dimethylamine content, DMA), and microbial spoilage (TVB
N and TMA) duringhe processing of the BW and MHB. This assessment was
important since the first quality indicator fishmeal customers tend to look at is the
protein conent, followed by the biogenic amines (mainly cadaveand histamire)

and TVEN content. However, references in literature on how these parameters
change during fishmeal processing are scarce.

Of the biogenic amines (BA) analyzed (tyramine, putresciadawerine, 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 ljgumdin allsamplingocations
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 duritige processing of industrial siedgtreams
containing high amounts of guts, gilland heads(Kdse et al., 2003)These high
histamine values in the raw material indicate ineffective cooling and handliog pri
to processing, as the formation of BAs in seafpadharily dependn the time and
temperature conditions from catch until processifyisciano et al., 2020)The
histamine mainly followed the liquid streams throughout the production and was
expected not to be destroyed by further process{K@se et al., 2003)vhich 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 degreéenistea, 1971; Kdse et al., 2003xtensive heat
treatment ending with 450°C for 15 min in the air dryer could decompose parts of the
histamine into other compounds. Moreoveseveral microorganisms can break
histamine and other BAs dowtiuring processing, including canned and sterile tuna
flesh(Arnold & Brown, 1978; Kdse et al., 200dgher BA amounts were obtained in
the press liquid than press cake (in the BW), and higher BA in the separated press
liquid than the slude (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 histamicte species such as
mackerel. However, the ffct 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.
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The TVBN, TMA, and DMA values showed similar trexdring the BW and MHB
fishmeal processes, where the preszke had the lowest values of the volatile
nitrogen compounds. Interestingly, the preliguid showed higher TMA levels in the
BW production, indicating higher microbial activity in the BW thiarthe 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, theopposite was observed in DMA formatias 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 enzymighl activity. Furthermore, as formaldehyde is formed
alongside DMA during enzymatic degradation of TMXi{ong, 199; Zayas, 1997a)
possible ring formation between the proteins and the formaldehyde may occur,
which would regulate the function of the material, €.mhibit proteolysis or alter
folding kinetics of the raw materigkamps et al., 2019uring processing. Hence,
formaldehyde formation could affect not only the quality of the raw mateieit the
mass flowenergy use, andverall efficiency of thg@roduction

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 SteRtcon
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 applicatiof@ayas, 1997bHence, for future
development of the proteirstream solubility is a essential function that limits the
applications towards human consumption and should be considered further.
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5.4 Environmental impacs of fishmeal and fish oil production
(Paper IV)

The drivers behind changes in the fishmeal processing were relatgualatdy 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 questiors,Life Cycle Assessment was conducted, based
on the functional unit of 1000 kg of fishmeal producetda cradlgo-gate studyAlso,

due to that fishmeal and fish oil is produced worldwiged not only in Icelantut

with very similar technology and processes, the Life Cycle Assessment included three
different scenarios, each representing different enespurces The energy source
scenarios included the use of hydropowBaée Scenario)Oheavy fuel$cenario ),

and a corbination of both energy sources¢enario 2to represent the Icelandic
energy mix for the total fishmeal and fish oil production in Iceland, in the reference
year 2018. The base casggenario Oran on 100% hydropower and was calculated
and assessed frofiirst-hand data from the Sildarvinnslan (SVihmeal and fish ol
factory in Neskaupstadur in Icelarithe same mass and energy balances were used
for Scenarig 1 and 2 but scenario 1 assessélde use of heavy fuel oil to represent
energy usage in mogif the fishmeal and fish oil factories in EurofieUfishmeal,
2019) Scenario 2assessed 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 20181F, 2019)All scenarios included an assessment of the
potential reduction of environmental impacts due ltmwver cooking temperatures.

Paper IV includes a complete LCA, but to address the questiayptimization
potential, a hotspot analysiswas included in the study to identify the most
contributing life cycle stages assessed within the system boundary shoviguire F
12,and the differentenergy source during the processing (Table 3).

Hotspot analysis icenario Qwith the processing run on hydropower, indicated
that global warming effects mainly originated from the raw material acquisition,
followed by cleaimg and waste disposal, and finally by processingSEenario lthe
highest environmental impastwere from the processing, followed by the raw
material acquisitionScenario Zhowed similar results for raw material acquisition
and processing,where cleaning and waste had the lowest impacbn the
environment of the three categorie®ackaging and backup power impson the
environment were relatively negligible in &ienarios

The raw material acquisition had the same overall imp&820 kg Ceeqin all
Scenariok or 69% of the total global warming effect@tenario 030% irScenario 1,
and 53% inScenario 2 The shift in global warming impacts and other impact
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categoriesreflects the different energy composition in the assessanarios
Looking at other relevant impact categoriexone formation, both affecting the
terrestrial ecosystems and human health, remained the highest environmental
contributor inthe raw materal acquisition across dicenarios.
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Figurel2: System boundaries and the fishmeal and fish oil production process flow. In bold are
processes contributing to the LCA calculations.-H&ating used excess heating from the
evaporators and the steasdryer and draining did not require any energy.

Observed averages from seven fishing trips showed that fuel uslagadiffered
between fishing gear (lower fuel usage with purse seiner) during catching and
whether the raw materialwas superchilled onboard (TabW. However, sailing
towards shore required slightly higher fuel usage with the purse setraar trawl,
but the results were not significantly different. On average, sailing towards shore
required the highest fuel usage duog the trip, or 44 + 13% compared to sailing
towards the catching ground, energy using during catching or superchilling as
indicated by Tabld. This is due to vessels being heavier when sailing towards shore
due to the refrigerated seawater tanks beinlded with the catch, compared to sailing
out to the catching grounds.

Table3: Raw material acquisition fall Scenarios

. . Fuel usage
Dates from capelin catching from one vess — - —
in 2018 Sailing towards Catching and  Sailing towards
catching ground superchilling shore
Average fuel and time with trawl 30+ 3% 31+4% 39+ 6%
Average fuel and time with purse seiner 31+ 15% 17 +7% 52 + 18%
Overall average fuel and time 30 + 9% 25 + 9% 44 + 13%
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Table 4: Hotspot analysis for the thre&enariosstudied on capelin fishmeal and fish oil
production with 90°C cooking temperature. Compar&denarios included Scenario 0
(hydropower),Scenario Theavy fuel oil)andScenario 275.4% 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 impagtwhereas the darker color indicates higher
environmental impact Backup powewas 1% in terrestrial ecotoxicity Bcenario Pbut 0%

in other categories in all of th8cenarios

Total results . Raw . . Cleaning, waste
Scenario 0: Hydropower (2.5"-97 5M%) Unit material Processing  Packaging and mainty e
Global warming 16107 (4.4<10°-4.9<10°) kg CO: eq 27% 0% 3%
Stratospheric ozone depletion 1.5=10% (1.1=10%-2.3=10%) kg CFC11 eq 5% 0% 3%
lonizing radiation 5.2 (1.7-1.6=10") kBq Co-60 eq 20% 1%
Ozone formation, Human health 7.1 (4.8-1.0=10") kg NO. eq 1% 0%
Fine particulate matter formation 2.3(2.0-2T) kg PM2.5 eq 1% 0%
Ozone formation, Terrestrial ecosystems 7.2 (4.8-1.0=10") kg NO. eq 1% 0%
Terrestrial acidification 7.3(6.4-8.4) kg 50z eq 1% 0%
Freshwater eutrophication 1.3=10%(6.0=10-2.8=10%) kg P eg 28% 2%
Marine eutrophication 1.7=10%1.3=10%-2.2=10%) kg N eq 17% 2%
Terrestrial ecotoxicity 40x102(2.6x10>-6.8<10) kg 1,4-DCB [NINESSIN  16% 0%
Freshwater ecotoxicity 27(1.8-41) kg 1,4-DCB 26% 28% 1%
Marine ecotoxicity 3.8(27-57) kg 1,4-DCB
Human carcinogenic toxicity 3.7(2.0-7.8) kg 1,4-DCB
Human non-carcinogenic toxicity 5.9x10"(3.8x10"-1.0x10%) kg 1,4-DCB
Land use 12(9.2=10"-1.8) m“a crop eq
Mineral resource scarcity 3.9=10" (2.4=107-6.4=107) kg Cueq
Fossil resource scarcity 1.1x10%(9.8x10'-1.3x107) kg oil eq
Water consumption 8.5=10"(-9.4=10-7.3=10%) m®
Scenario 1: Heavy fuel oil
Global warming 1.1x10%(1.0x10%-1.1x107) kg CO: eq
Stratospheric ozone depletion 3.0=10%({1.8=10%-56=10") kg CFC11eq
lonizing radiation 9.9=10"(3.8-2.4=10") kBq Co-60 eq
Ozone formation, Human health 8.6 (6.0-1.2=10") kg NO. eq
Fine particulate matter formation 5.0(2.8-1.5=10") kg PM2.5 eq
Ozone formation, Terrestrial ecosystems 8.6 (6.1-1.2=10") kg NO. eq
Terrestrial acidification 1.5=10"(8.1-5.0=10") kg S0: eq
Freshwater eutrophication 1.5x102(6.7x10°-3.3=10%) kgPeq
Marine eutrophication 1.8=107 [1.4=10%-2 5=107) kg N eq
Terrestrial ecotoxicity 3.6=10%(2.2=10°-6.0=10%) kg 1,4-DCB
Freshwater ecotoxicity 2.8(2.0-4.3) kg 1,4-DCB
Marine ecotoxicity 6.3 (46-8.9) kg 1.4-DCB
Human carcinogenic toxicity 52(3.393) kg 1,4-DCB
Human non-carcinogenic toxicity 1.3=10%(7.9x10"-2.1=10%) kg 1,4-DCB
Land use 17 (1.1-27) m*a crop eq
Mineral resource scarcity 3.0=10"{1.9=107-51=107") kg Cueq
Fossil resource scarcity 3.3=10% (2. 5=10°-4.4=10%) kg oil eq
Water consumption 1.5=10'(-1.1=10"-3.7=10") m®
Scenario 2: Composition of hydropower (75.4%) and heavy fuel oil (24.6%)
Global warming 6.1=10% (5.9=10°-6.4=10%) kg CO: eq
Stratospheric ozone depletion 1.9=10%{1.3=10%-3.1=10%) kg CFC11eq
lonizing radiation 6.4(2.3-1.7x10") kBg Co-60 eq
Ozone formation, Human health 75(52-1.0=10" kg NO.eq
Fine particulate matter formation 3.0(2.3-55) kg PM2.5 eq
Ozone formation, Terrestrial ecosystems 7.5(5.2-1.1x10") kg NO, eq
Termrestrial acidification 9.2(7.0-1.8=10") kg SOz eq
Freshwater eutrophication 1.4=10%(6.3=10-3.1=10%) kg P eg
Marine eutrophication 1.7=107[1.4=10%-2.2=107) kg N eq
Terrestrial ecotoxicity 1.2x10%(8.3x10°-1.9x10%) kg 1,4-DCB
Freshwater ecotoxicity 2.7(1.942) kg 1,4-DCB
Marine ecotoxicity 44(3364) kg 1,4-DCB
Human carcinogenic toxicity 4.1(2.4-7.9) kg 1,4-DCB
Human non-carcinogenic toxicity 7.6=10"(5.3=10"-1.2=10%) kg 1,4-DCB
Land use 1.3(1.0-1.9) m“a crop eq
Mineral resource scarcity 3T7=10"(2.4=107-6.0=107) kg Cueq
Fossil resource scarcity 1.7=107% (1.4=10%-2.0=10%) kg oil eq
Water consumption 6.8=10" (-7.1=10"-5.7=10%) m®

Abbreviations: C&carbon dioxide, Eq=equivalent, CFC11=trichlorofluoromethane or freon
11, Ce60=cobalt isotope°Co, NQ=nitrogen oxide, PM2.5=fine pé&tlate matter less than
2.5 micrometers, S@sulfur dioxide, P=phosphorus, N=nitrogen, -D@B=1,4
dichnolorbenzene, Cu=copper
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The fishmeal and fisleil production processhowed different environmental
impact results when compared between scenar@ssthe processing includes energy
sources of both green and oil origiMost of the environmental impact categories
shift from raw material acquisition being thargest hotspo whenthe processing is
run on hydropower $cenarid), to be the processingwhen operated on heavy fuel
oil (Scenario L The impact categoriewhich shift depending on the energy source
excludeozoneformation which remain the highest in the ramvaterial acquisition,
and freshwater, and marine eutrophicationand freshwater ecotoxicitygf cleaning,
and waste which remain the highestontributors across all of theScenarios
However,althoughrunning on hydropower irfscenario @eturns roughly halfof the
environmental impacts compared to heavy fuel oil, some categories incrghsa
running on hydropower. Those categories inclugater consumption and mineral
resource scarcitywhich increaseby 82% and 24%when running on hydropower
compared toheavy 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, alteations during dryingevaporation, cleaning, and wasteuld positively
affect the environment However, reducing the cooking temperature from 90°C to
85°C resulted in 0:0.6% overallower environmental impactén Scenario Lwhen
the fishmeal and fish oil productiooperated on heavy fuel oil Furthermore, n
theory, 205 kg C®eq couldhave been aved during the capelin season in Iceland
2018 Gcenario 2)f all fishmeal and fish oil factories in Icelahdd adjused their
cooking temperature to 85°Chis #ight decrease in cooking temperature during the
cooking process contributed to 13% lower global warming effectSdenario O,
where the factoryoperatedon hydropower. Hence, optimizing possibilities in energy
intensive processing steps could return even Bighnvironmental gains when the
factory runson other fuel sourcesScenarios And 2). Optimization possibilitiekor
lowering the environmental impacts of producing 1 tonne fishmeal and fish oil are
shown in Table 5.

Table 5: Optimization possibilities for lower environmental impsctf fishmeal and fish oil
production.

Optimization possibilities

Purse seier resulted in lower energy usage compared to trawl
Changing energy source on the vessels is proposed

Agreen energy source is proposed

Optimizing the drying and evaporation steps

Exchange cleaning agents for ddendly cleaning agents

Rawmaterial acquisition

The fishmeal and fish oil
processing

=4 =4 —a|=a —a
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Hydropoweror other green energy sources apeoposed as therimary energy
source for minimal environmental impacis Iceland, and elsewhere, where green
energy sources are availabl&his would lower the environmental impaabf the
fishmeal and fish oil production procesthe heavy fuel oil was estimated to have
more than five times higher impazbn global warming, while the impasivere four
times higher on stratospheric ozone depletion, three times higher on ionizing
radiation, at least seventeen times higher on ozone formation,-fifty times higher
on fine particulate matter formation, seventpine times higher on terrestrial
acidification, twentysix times higher on terrestrial ecotoxicity, and twettye times
higher on fossil fuel scarcity compared to operating on hydropower. All impact
categories resultedn higher values running on heavy fuel oil thaypdropower,
except mineral resource scarcity, which remained similar between scenarals,
water consumption, which decreased from 70 to 0.3 when using heavy fuel oil.
Although the total environmental inpacts mainly depend on the energy source,
improved usagef cleaning agergwould lowerthe environmental impactgrimarily
for freshwater ecotoxicity, anfteshwater, and marine eutrophication.

Standard cleaning agents are proposed to be exchanged rttsvanore
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 impaciAn overview of the average
usageper 1 tonne fishmeal from 201R020 can be seen in TalBewhere chemical
agents were groupedor a cleareroverview. Furthermore, the average usage of
cleaning agents was divided into two periods, from 2@006 and 2012020, as the
company changed its energy source from heavy fuel oil to hydropower in 2017 (Table
6). As a result, the oil usage, sulfur dioxjdend cabon 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 egyeand 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
O2YLIl yeQa AyiGSNBald (2 dzas$ SEOS&ues6S | Y2dzy i
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 explainirmgihe
standard deviations in the cleaning agent usage (Table 6). However, except for olil
usage and release of carbgrand sulfur dioxide, no significant changes were seen
between the years, and the standard deviations in all categories were relativély hig
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Table6: The average usage of cleaning agents per 1 tonne of fishmeal and fish oil produced
from 20162020 in the company studied, as affected by main energy source.

Time period 20102016 20172020
Main energy source Heavy fuel oil Hydropower
Power usage (kWh) 4595+ 75.1 501.5+19.8
Oil usage (liters) 17+11.9 0.2+0.3
Cold water usage (fn 26+09 1.7+0.9
Water usage at sea @n 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
HNQ and HCI (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 0zx0
Carbon dioxide (kg) 38.1+32.4 0.6 +0.8

5.5 NIR (Paper 1V)

The utilization of pelagic speciésincreasing, although the raw material and the
availability of pelagic species vary higftilmarsabttir et al., 2021; Romotowska et
al., 2016) For a higtvalue product, the fishmeal and fish oil production needs to
produce a consistent produgKristinsson & Rasco, 200Quickfeedback from the
production process is beneficial as repairs or attention cabiought to problematic
operational steps to keep the final product consistent. Hence, apphgaginfrared
spectroscopy (NIR) as a monitoring tool during production to predict the main
chemical quality parameters of pelagic fishmeal and fish oil wessaed. Using NIR
requires no sample preparation and gives quick responsetfamsihas the potential
to save time, labor work, and chemical uses well asresulting in faster process
optimization.

NIR reflection spectra of the samples from Papell were collected
simultaneously as the physicochemical assessments of the samptesevaluated.
The spectra were compared with results from water and lipid measurements, and fat
free dry matter (FFDN) was assessed as the remaining mass in the saniple.
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spedra were, furthermore, compared to FFA, PL, and fatty acid composition results
as presented in Paperdll Samples fromach operational step during the production
processveremeasured in triplicates, where two of the samplieglicateswere used

to build the Partial Least Square Regression (PLSR) models, and the third sample
replicate was set as an independent test set for validatibthe prediction model

Thewater contert varied highly during the fishmeal processingyater content
prediction from 0.3 to 93 g water/100 g sample was successful where both test and
data set resultedn R correlation coefficients >0.99 (Table 5.6pue to the wide
concentration rangethe same prediction model could be used for processing,
monitoring, and controlpurposesof water changeshroughout the whole process
Lipid content prediction models had correlation coefficients in the range-0.98
except when applying the second derivatidata preprocessing method, which
showed a disappointing correlation of 0.53. However, by applying a baseline
correction B81.C) or full multiplicative scatter correction (MSC) of the data prior to
modeling, a calibration coefiient of 0.97 and independs validationcoefficientsof
0.96-0.98 could be achieved, depending on the chosen datatne@ment. Water
and lipid generallyaccount for 8%90% of the raw materialveight processed into
fishmeal and fish oi(FAO, 1986)and it is hence of great value to monitor those
compounds online during fishmeal processingThis holdsespecially true for
processes such as fishmeal processing, whtreextraction of the lipids and water
are often problematicjn which inadequate pocess monitoring can easily resuit
hightlipid fishmeal, of less value than ldipid fishmealWindsor, 2001)

Theprotein content is the majority of FFDM (around 15 g/100agngle in the
herring raw material)and ash contenis normallyrelatively low ¢4 g/100 g sample
in the herring raw material{Oterhals & Thoresen, 2021However, as protein
measurements give significantly different results depending on the extraction
methods usedMaehre et al., 2018pstimating the protein content from NIR spectra
directly could provide a more accurate result. Further measurements and
identification on vitamins, minerals, and other trace elertgewithin 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 duriatijozation, and 0.94
during validation when applying the MSC fireatment 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 isdiss a reference value
for fishmeal buyerglndex Mundi, 2022)Hence, an online quality monitoring system
could help prevent bottlenecks during production and keep a high prateirtent in
the final product.
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Table7: NIR prediction model summary of attributes feasible to predict with NIR, from data in
Paperll where Table 7 is adapted from Table S2 in Paper V. Greennbt@ates independent
validation, and blue shows result from calibration of the model.

Components Range of Recy Rep Data pre
predicted with NIR sample n=60 RMSEC n=30 RMSEP treatment
aWater content 0.3¢93.0 0.9995 0.67 0.9938 2.41 None
- 0.9669 3.94 0.9773 3.94 BILC.
“Lipid content 0¢ 100 09681 386 09592  6.34 MSC
aFat free DM 0¢84.4 0.9183 6.23 0.9356 5.58 MSC
aPhospholipids 0gl4 0.9617 0.06 0.8617 0.11 MSC
Fatty acid composition
0.9953 0.20 0.9928 0.24 None
b
SFA 20632 0.9889 0.31 0.8363 1.13 MSC
0.9062 1.15 0.7968 1.62 None
b
MUFA 38654 09462 087 08291  1.49 MSC
0.9371 1.53 0.8461 2.20 None
b
PUFA 12636 0.9816 0.83 0.8588 211 MSC
0.9073 0.84 0.8146 1.09 None
b
DHA 4clv 0.9623 0.54 0.8785 0.89 MSC
0.9536 0.40 0.8278 0.71 None
b
EPA 2610 0.9791 0.27 0.8689 0.62 MSC

Abbreviations: n=number of samples, 2R~calibration correlation factor, 4=prediction
correlation factor, RMSEC=renteansquare error of calibration, RMSEP=rootansquare

error of prediction, DM: Dry matter, SFA: saturated fatty acids, MUFA: monounsaturated fatty
acids, PUFA: polyunsaturated fatty acids, DHA: docosahexaidjdEPA: eicosapentaenoic
acid, MSC: multiplicative scatter correction, BI.C.: baseline corre@igperscripta=g/100 g

sample, b=g/100 g lipids.

Omega3 fatty acids, such as docosahexaenoic (DHA) and other polyunsaturated
fatty acids (PUFA) are knowm have multiple health benefitéBerquin et al., 2007;
Gunnarsdottir et al., 2008; Larsen et al., 2011; Zheng et al., 20iBare therefore
of interest to minimize their loss during the production. As PUFAs can be destroyed
during drying, as high temperatures drasticaltfect the longchain PUFAg-ournier
et al., 2006) it is possild to monitor processing steps affecting the PURAtE NIR
spectroscopy Excellat prediction models were achieved for SFA, DHA, and EPA
(R>0.98) with low prediction error (<1% of lipids) in all lipid class parameters. The
prediction error was slightly gher 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 kionds
PUFA and MUFEAesulting in difficulties distinguishing the level of unsaturation.
Although pediction models for DHA and EPA for optimization and monitoring
purposes were successful,véder range of samples would have been preferred.
However, that is left for futuretudies to investigate.
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5.6 Comparison of traditional fishmeal, commercial pet fopdnd
human protein product

During the assessment of the traditional processes, questions arose on how the
chemical characteristics of the traditionally produced fishmeal pmtsl were
compared to commercial pet food and human protein sourdée 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 qualitgesultsof the fishmeal products produced at 85°C,
90°C and 95°C from MHB eaffs (Paper |I) werecompared tothe water and lipid
content ofBWand C fishmea(Paper Il)as well a®f a commercial protein produc
intended for human consumption aredcommerciapet foodproduct(Figurel3). The
commercial protein product was a protein powder available in capsules and produced
from Atlantic codGadus morhupcut-offs without bones and skin (Protis; Képavogur,
Iceland , www.protis.is). The commercial pet food product contain@wteins made
from cut-offs and sidestreamswhich variated depending onthe catch eachtime,
where its processed by company locateat the north coast of France (Copalis
Portel, Francevww.copalis.f), mainlyconsisting of pelagic fish species

The water content of thecommercial protein product and the pet foodvas
similar to the MHB fishmeal produced at 85figure 13)Although the fishmeal
producers want to keep the water content around 6%, lowering the cooking
temperature might be thus beneficial forthe future development of higher value
commercial products.le 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 qualdgessmentHowever, the protein
product for human consumptioonly contained 0.20.1% lipids, emphasizing the
importance of extracting the lipids out more effectively for a higher value product.
Further develomentsof the fishmeal towards pet food production could, based on
this, include relatively minor processinghanges, 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 sourceghe protein quaity and amnio acid composition of the
samples were also investigated.
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Figurel3: Water, lipid-, FFA and Plcontent in the studied fishmeal products from traditional
processing of a mackerel herring blend (MHB) with 85480 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 cruciauocessful growth and
nitrogen balance, as they are not synthesized in humans or other vertebrates and
must be obtained from the digl.opez & Mohiuddin, 2021The essential amino acids
are phenylalanine, valine, tryptophan, threonine, isoleucine, methionine, histidine,
leucine, and lysine and usually derive from anib@ated sources(Lopez &
Mohiuddin, 2021) although plants are being engineered for improved levels of
essential amin@cids(Galili et al., 2005However, as themino acid composition is
known to differ between fish speciegHall, 2010) the commercial protein,
commercial pet food, andhe MHB fishmeal produced at 90°C were further
compared as amino acids per FFDM (Figure 14).
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Figurel4: Amino acidrofilesof protein commercially sold for human consumptigrue),for

a commerciapet foodproduct (green)andtraditional fishmeal from a mackerel herring blend
(MHB, gray)producedat 90°C Essential amino acids are marked with *, where arginine is
consideredessential for children and young adults anly

The comparison generally showed higheemounts of all amino acids in the
commercial proteirffor human consumptiortompared to the commercial pet food
and the mackerel herring blend fishmeal (MHBurel4). Howeverthe commercial
protein for human consumption contained neither proliio) nor hydroxyproline
(Hyp). This may be explained by the fact thiaé cutoffs fromAtlanticcodwere used
as the raw materiafor this product, andlid not include fish skinyhich generally is
highin Pro and Hyp content (Akita et al., 2020)Furthermore the glycine(Gly)was
relatively low in the commercial proteicompared toearlierreported values, buts
Gly is commonly reported to be higher in white fishmeal compared to herring
fishmeal (around 6g and 10 g glycine/100g protein, respectivelyHall, 2010)
Furthermore,sincethe Gly-Pro-Hyp sequence is one of the mafactorsimpacting
collagen thermostabilitfBurjanadze, 2000; Karim & Bhat, 2008yver amounts of
Gly were notsurprising 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 foagart from
arginire (Figure 14) The reason for a slight decrease in most of the amino acids
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between the commerial protein, commercial pet protejrand the fishmeal could be
due to heat treatment, as higher heat increases the possibility of burning the
material, increasing risk of protein denaturatioaffecting the protein solubility
(Zayas, 1997k3nd lipid oxidatior(Jacobsen, 2015; Mozuraityte et al., 2016)

Hydration affects both polar and nepolar protein groups due to hydrogen bonds
and Van der Waals interactioiBrivalov & Makhatadze, 1993) is also not unlikely
that some amino acids wetestduring thefishmealproduction.Furthermore during
the steamdrying,the water content in théncoming materiatlecreasedsignificantly
possibly burning proteinswhile evaporating waterfrom the mass. If thewet
concentratesticks tothe metal plates in the stearddryer, 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 valuadded 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 quhlityges at
each processing step during traditional fishmeal and fish oil processing. The current
thesis demonstrates thehanges in waterand lipid quality at each step, along with
protein quality changes ipromising proteinrich processing stream&urthermore,
the environmental impacbf the traditional processesvas evaluated, both with
regards to different energy sources and changes in cooking temperafieestudy
providesan overview of quality changaduring fishmeal and fish oil producticamd
the resultscanthus be used aguture reference as detailed production analysigas
missingfrom literature. Fishmeal andish oil producers carthus test the efficiency
and effects of aprocessing step ofnterest and compare it to valuethat were
measured in the currenstudy, as well asthe environmental impacts of their
processes

Overallchemical compositioresults indicated thathe processingtreams should
not be blended and recirculated bshouldrather be classifiedbasedon their lipid
and protein quality. Hence, streanwurrently entering the dryerssimultaneously
(press cake, sludge, and concentragbpuldbe collected and dried separatelyach
with their optimal temperature and dryingme. Optimizing the drying steps would
benefit all streamsas lowering temperature exposure increases protein digestibility
in the fishmea{Opstvedt et al., 2003T his opens up the possibility of produgimore
diverse and higher quality products, which can be aimed at specific markets,
increasing the overall value of the productiorhus,part of the production process
could be targeted for different endsers,as the solid sidstreamshave different
compositiors and physical propertiefora product meant for human consumption,
the focus should be on the lipids where drastic changes need to docniotain a
product with lower lipid content than (®%. In addition more efficient cooling
protocols should be installedoth after the landings and during the procurement of
raw materials, in order to obtain products witlower FFAsT\B-N and biogenic
amines, andoroteins that dissolve better in saline solutioridowever, degradation
should beminimizedto producehigher value product

Environmental consciousnebas beergetting more attentionlately, and hence,
incorporating sustainabty into optimized processing beneficial. Theaim of the
thesis includedassessinghe environmental impacof current fishmeal and fish oil
production, includingthe effects of reducing thecooking temperature. Hotspot
analysis identified high impaateas of producing 1 tonne of fishmeal and fish oil with
the main energy sourcegppliedin Europe Results showed different environmental
impacts due to the energy source usé&dirthermore, the obtained resultsould act
as a guide towards cleaner prodion of fishmeal and fish qilandaffect priorities
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when redesigning the fishmeal and fish oil proessfor lower environmental
impact.

Furthermore, optimization or redesigning the evaporation and drying steps would
return high environmentadain as theycombinedaccount for 7495%of the effect

on each impact categoryThe processg and the raw material acquisition are the
highest environmental contributorsf producing 1 tonne capelin fishmeal afigh

oil, although the impacts differentiatd depending on the energy sources
presented inthe different Scenarios When the process was run on hydropower
(Scenario §) the raw material acquisitiomvas the highest environmentabntributor,

but was shifted to the process when rum heavy fuel oiScenario 1due to the
energy source beinfpssil basedHowever few impactcategoriesvere not affected

by the differer energy sourcesOzon formation remained highest acrosssaénarios
during raw material acquisitigrwhere freshwater and marine eutrophicationand
freshwater ecotoxicity remained the highest environmental contributoasross all
scenariosn cleaning and wasteOther impact categories depended on the energy
source during the process. Howeveeduction inthe 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 originfehmealfactoriesin Iceland
(75.4% hydropower, and 28%heavy fuel oidescribed irScenario 2 205 kgCQ eq
(further details in Table 7 in Paper Af)d could have been savdtlall the factories

in Iceland hadlecreasedheir cooking temperaturdry 5°C during the capelin season
in Iceland 2018.Furthermore chemical agents during cleaning showbidher
impact than expectedindicating thatseveralopportunities lie aheadn exchanging
the currentcleaning agentsr food-gradeor more environmentally friendlgleaning
agentsin the future

During optimization or redesign & fishmeal and fish oil factory, using near
infrared spectroscopy (NIR) as a measuring tool assessing quality characteristics of
the final fishmeal is of gat value, adraditional quality measurements can be
financially and environmentally costly. The pelagic species vary highly in raw
materialscharacteristicsand with increasing utilization of pelagic species, using NIR
for online monitoring andprocesang redesigning purposes is of great value.
Prediction models for water lipid-, and FFDM contentvere successful with high
calibration correlation fact@ and prediction correlation facterwithin acceptable
limits. Furthermore prediction models fophospholipids, SFA, MUFA, PUFA, DHA,
and EPAwere also achievedThus,several quality attributes can be monitored
simultaneously throughout the production, over each processing stepand
signifcantlyincreas 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 producens Iceland areoccasionallforced to run on
fossil fuels compared to renewable sources dua kow water reservoir statusviore
sustainable solutions are therefore ahead, where assessing the environmental
impacts in each step of the productigmocesscan reduce the total environmental
impacts. However quality can be increasedvhile simultaneouslyeturning both
higher value products reduction in environmental impactand encouraging more
sustainable fisheries.

8 Future perspectives

The future includes possibilities to changjee fishmeal and fish oil production
towards protein concentrate production intended for human consumptidine
currently practicedrawling of pelagic species to feed aquaculture species is far from
aligningwithin the Sustainable Developmental Goals set by the United Natibms.
answer the responsibility of both producing a higher value product and achieving a
cleaner production,tie studied fishmeal and fish oil production company alrelaaly
invested in a piloscale productiomprocess The most energintensive processing
steps will be exchanged for less heat invasive technologmsefully returningless
environmental impact.

Future perspectiveincludelooking intoseveral alternative processirggepsin
more detai| both from a quality perspective and with lower environmental impact
A few operational stepswvhich are currently being investigateat the processing
facility as spin-off from thisi K S & A a fe dis&issedtbeioiy

Homogenizatiorof the raw material ivital to achieve, as discusséd Paper I. A
mincer has been bought and addagthe processego obtain a more homogenous
raw material, which furthermoréncreasesthe effect of enzyme addition if applied
anddecreagsthe risk ofinconsistent final producatharacteristics anduality.

Hydrolyzationhas shown promise atn industrial scaleto achieve protein
degradationand ease of lipid and water separatiororin the solid streamsWith
enzyme additionheat during the cooking stegan be reduced, preserving the protein
quality, which can increage digestibility of the fishmea{Manditsera et al., 2019)
Furthermore, problems during pressimpuld be avoided as large amounts of
suspended particles in the stickwater woipdtentially decrease(FAO, 1986)and
the yield of the liquid streanislikely to rise. However, the enzyme addition will need

68



to dissolve the PL from the FFDM, indicatihgt more than onetype of enzyms
needto be applied However, although hydrolyzatioshows promising resultsa
bitter taste remains one of the main bottlenecks duriitg application orprotein
production (Steinsholm et al.,, 2021)The canbination of enzymes and their
concentrations and applications will thus require optimization to each raw material.

Cookingalters proteins at different temperaturefHastings, 1985). Therefore,
when using milder heatprocessing procedures such pasteurization the proteins
are expected to alter lesand might thus berecommended. Along with decreasing
the risk of burring the raw material, higher separation coulbit achievecbetween
the lipids and the FFDM due to less protein aggregation in urdhyzed liquid
stream. Less heat would be applied to the hydrolyzation ancpasteurization
compared to thdraditional processing steps. This lower potential enargyld favor
less protein foldingZumdabhl et al., 2016)

Membrane filtrationis proposed to be added or exchanged floe evaporation
step, as fractionationduring industrial processing of fish protein concentrate with
membrane filtration (bothultra and nandfilters) has shown promising results
(Bourseau tal., 2009) Furthermore, withe membrane filtration systenpeptides as
small as0.5-1 kDacanbe extracted from the liquid stream, decreasing th@duct
bitterness which would be of interestfor products development forhuman
consumption(Steinsholm et al., 2021).

Drying turned out to beone of the most energintensive processing steps
analyzed in Paper lll, affectiligid and protein quality (PapedV). For higher quality
and industrialapplication useapplyinga spray drieris recommendedrather than
freezedrying due to the long drying time and high production cost of fredzeng
(Barbosa et al., 2015)urthermore,yield andquality losss vary due to drying
techniques and should thus be chosen wisely based ordinged for product quality
characteristics

As one of the main bottlenecks of the quality aspecttted studied fishmeal
product, the lipid separation remainethadequate in all caseslenceapplication of
enzyme hydrolyzation is currently being investigatédth regards tothe final product
quality and itssuitability in the process.rzyme technology has shown promise to
produce highvalue products from the marine siegtreans (Guerard, 200). 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/ aterstreansincludes plar lipidsas they tend
to dissolve in the water due tstable intermolecular bonds forming with water
(Zumdahl et al., 2016)and would needan extra extraction process faecovery
(Oterhals & Thoresen, 2021 owever,heat treatment and mechanicakparation
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shouldremove most of the water and neutral lipids (TA@3)erhals & Thasen,
2021) which seems to be the current aim for fishmeal and fish oil prodyesrkigh
effort is put intousing more effectivenachinery.

Thefocusat the processing company included in fr@sentstudyis currently on
redesigning a new productiqerocessaiming forproduction of higher value produst
and hencesutstantial changes andxtensivedevelopment of the fishmeal and fish
oil productionare foreseen in the next yearsdowever, the question remainsvill
these processing steps fit infishmeal factory with a continuous production with an
input of 1200 tonnes per day and will the end production havehigher
environmental impactthan the current processThe production will perhaps be
dividedand optimizeddepending on the raw materiafgrocessed each timeas well
as the intended market ahe final product. However, as the pilstale processing
will not include the main energy contributors of the fishmeal and fish oil processing
processes, it will bénteresting to reevaluate the envbnmental impacs after the
pilot-scale production has been fully established. Therefore, this study has shown
that severalopportunities lay aheador producing higher qualityprotein and oil
products, both from lean and fattyelagic fish speciewhile simultaneously applying
cleaner productiorpractices

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 redge the fishmeal and fish oil processes,
with regards to higher quality and lower environmental impacts. However, with new
designs and optimizations, ongoing environmental assesssuant encourage both
sustainable fisheries, and move further towarttsee Qustainable Developmental
Goals set by the United Nations.
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Abstract

Most fish meal and fish oil production facilities run with outdated processes, produc-
ing low-value products, typically not intended for human consumption. The aim of
the study was to perform a detailed analysis of the current fishmeal and oil produc-
tion processes of capelin (Mallotus villosus), and compare the key locations of both
fattier and leaner pelagic raw material to identify which steps need to be improved
for the production of higher-value products. Results indicated inefficient draining
and concentration during the production process and ineffective break-down of the
raw material, as lipid separation was ineffective in all studied species. Although the
raw material initially differed in lipid content (2%6-20%, depending on the species),
all fishmeal produced resulted in high-lipid fishmeal (93%:-14%). Chemical composi-
tion variations in the solid steams entering the dryers suggested that drying these
streams individually could lead to more process and product flexibility, which can
result in higher-value products, such as fish meal and protein powders for human

consumption.

Practical applications

Traditional production lines of fishmeal and fish oil factories have remained the same
for decades, resulting in low-quality products with a low market price. Therefore,
optimization and redesign of the production processes are needed to increase the
product quality. This study analyzed the lipid quality and water content in all pro-
cessing steps. The current evaluations will help to shift the traditional fishmeal and
fish oil production process from low-quality to high-quality products intended for
ion by p ting a detailed analysi
available in the literature to date. Our results can act as reference values for other

human ¢ of the production process not

fishmeal and fish oil producers to assess their production quality. That includes iden-
tification of bottlenecks affecting the efficiency and effectiveness of their produc-

tion processes.

J Food Process Preserv. 2021:45:e15294.
hitpz://doi.org/10.1111/jfpp. 15294
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1 | INTRODUCTION
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The total world fish production in 2018 was 172 million tons, where
fishmeal and fishi oil accounted for 10% (18 million tons) (FAO, 2020).
The overall production of fishmeal has been declining since 1994,
when it reached 30 million tons (FAQ, 2018). The fishmeal price
was 0.133 EUR/100 g (Index Mundi, 2020} in August 2014, when
at the same time, protein for strength/muscle build (intended for
human consumption) was, on average, 4.11 EUR/100 g (European
Commission et al., 2016). The fishmeal prices have remained similar,
as in September 2020 and the fishmeal price was 0.125 EUR/100 g
{Index Mundi, 2020). The low fishmeal prices force the industry to
change and adapt, where optimizing the production line toward fish
protein powder is of high potential.

The primary raw materials processed into fishmeal and fish
oil are by-catch, cut-offs, and small pelagic species (FAO, 2020;
Thorkelsson et al., 2009), where the main species around Iceland are
capelin (Mallotus willosus), blue whiting (Micromesistius poutassou),
Atlantic herring (Clupea harengus), and Atlantic mackerel (Scomber
scombrus) (Statistics Iceland, 2019). However, the catch within the
Icelandic junsdiction varies both in quantity and quality between
seasons and catching grounds (Statistics Iceland, 2019).

Traditional fishmeal and fish oil processing lines have remained
unchanged for decades (Bimbo & Crowther, 1992; Einarsson
et al, 2019; FAO, 1986; Hall, 2010; Oterhals & Vogt, 2013} even
though the catch is of higher value when reaching the harbor (Bao
et al., 2007} due to improved handling and chilling protocols on-
board (Margeirsson et al., 2010). Until recently, the industrial focus
has been on obtaining a high throughput in the plants and less on
the guality of the products. Since the fishmeal price depends pri-
marily on its protein and lipid contents, minimizing the lipid content
of the meal is of high interest. Generally fishmeal with a higher lipid
content are considered of lower quality than fishmeal with a lower
lipid content (Einarsson et al., 2019; Windsor, 2001). The lipid con-
tent and composition of the fishmeal are also important factors in-
fluencing the stability of the fishmeal during storage (Bragadéttir
et al, 2004). However, information on the effects of processing on
lipid quality, such as the fatty acid composition, formation of free
fatty acids (FFAs), and phospholipids (PLs) of fishmeal, is scarce but
necessary for the development of higher-value protein products for
human consumption.

To control the quality and stability of the final product and to
open up for the possibility of producing more valuable products for
human consumption, the fishmeal process needs to be understood
in detail. An understanding of the effects of each processing step on
the lipid quality and quantity is essential as the separation between
the lipids and the dry matter is often problematic.

The objective of this study was hence to investigate the effec-
tiveness of the current fishmeal and fish oil processing practices
and to make a detailed mapping of the effects of each processing
step on the lipid quality as affected by species variations (capelin,
blue whiting, and mixture of herring and mackerel). Moreover,

B HILMARSDOTTIR ETAL

the study aimed at identifying problematic processing steps for
both fatty and lean pelagic species in order to optimize an es-
tablished commercial fishmeal processing line from producing
fishmeal to producing fish protein powders intended for human
consumption.

2 | MATERIALS AND METHODS

2.1 | The fishmeal and fish oil plant

During the fishmeal and fish oil production, the water-, lipid-, free
fatty acid-, and phospholipid content of the raw material was moni-
tored throughout the production. Figure 1 shows a flow chart of the
fishmeal and oil plant studied. The raw material was pre-heated for
approximately 20 min at 55°C, followed by cooking for approximatehy
20 min at 90°C. The cooking temperature was continuously adjusted
to keep the two cookers at 90°C on average. After cooking, the raw
material was drained and pressed mainly for water and oil removal.
The liquid from the draining and the press are combined and enter
a decanter. The liquid from the decanter, separated press liquid, was
led through a centrifuge for oil recovery, followed by concentration
via two-step evaporation. Oil from the decanter (separated oil) and
concentration (concentrate oil) form the final oil after washing with
hot water and another centrifugation. The solid streams from the
press (press cake), decanter (sfudge), and the evaporation steps (the
latter concentrate) were mixed and dried down to approximately 40%
water at a rotary disk steam-dryer (30 + 5 min at steam temperature
160°C, drying temperature 95°C). The next drying step included a
Hetland air-dryer (16 + 2 min, input air temperature < 450°C, center
dryer temperature 150°C, and approximate wet bulk temperature
65°C), which lowered the water content down to 5%-10% water. The
final fishmeal consisted of both fine meal and fishmeal. The fine meal
was collected from a cyclone installed for the removal of dust en-
trained in the exit gas stream, while the fishmeal refers to the com-
mercial fishmeal end-product of the process.

2.2 | Raw materials

Raw materials and processing samples were collected during three
runs of the fishmeal factory (Table 1). The raw materials processed
during these runs were (i) capelin (Mallotus villosus) (i} o blend of
Atlantic mackerel (Scomber scombrus) and Atlantic herring (Clupea
harengus), and (iii) blue whiting (Micromesistius poutassou). Initiation
of the fishmeal and fish oil processing line was 1-3 days post catch
to secure enough raw materials. Approximately 1,200 tons of raw
materials enter the fishmeal processing facility per day, where the
production capacity of the factory is around 10 tons/hour of fish-
meal. The fishmeal production yield usually is around 20%, while the
fish oil yield can vary from 0% to 20% dependent on the fat content
of the species.
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FIGURE 1 Traditional fishmeal processing plant. Solid streams are presented with green lines, liquid streams with blue lines, and oil
streams with yellow lines. Red dots indicate sampling points in the capelin production, and gray boxes indicate sampling points in the
mackerelherring blend and blue whiting production

2.3 | Sampling production to give a detailed analysis of the processing. Samples were

collected at key locations in the mackerel/herring blend and blue whit-
After establishing a steady state for commercial fishmeal production, ing preduction {raw material, press cake, sludge, concentrate, and final
samples were collected throughout the fishmeal factory, as shown in fishmeal and fish oil} to compare the different raw materials while
Figure 1. Samples were taken more frequently throughout the capelin keeping the experimental costs within an acceptable range.

88



15 L WiLEY- =

nd Pr

==ifst [

HILMARSDOTTIR ETAL

TABLE 1 Detailed description of the species processed into fishmeal and oil regarding catching time and date, processing time, catching
ground, fishing equipment, total catch, and temperature and salt content during landing of the catch at the harbor. Range is given in case of

data from more than one trawler

Name in text

Species and by-catch

Catching date

Dates fishmeal processed

Catching grounds (of Iceland)

Fishing equipment
Total catch
Temperature at landing
Salt content at landing
TVM at landing

TWM in the tanks

TWM in the meal

Cadav in the meal (g/kg)

Blue whiting {whole)

1003 Blue whiting
(Micromesistius poutassou)

30.04.1%

02.05.1%-03.05.1% [waited
for — 24 hr)

South of Faroe Island (60°Morth
T West)

Midwater trawling
2170 tons

21°C (one trawler)
0.5 g/100 g sample
16.5 {one trawler)
324-37%9
85.8-108.46
0.64-1.67

Capelin (whole)

10036 Capelin (Mallotus
villosus)

23.0218
01.02.18-02.03.18

320 (south), 616
(northeast)™

Purse seine

2,450 tons

4+15%C

0.6 +-0.1 g/100 g sample
234-75.8

25.5-40.2

100.6-108.4

0.64-0.83

Mackerel/herring blend (cut-offs from
mackerel and cut-offs herring)

58% Atlantic mackerel (Scomber scombrus)
373 Atlantic herring (Clupea harengus)

4.5% Blue whiting (Micromesistius
poutassou)

«0.5% By-catch
03.09.17-07.09.17
07.07.17-08.09.17

400, 511, 512, 553-535, 600 (southeast)”

Midwater trawling

884 tons

3+15°C

0.9 + 0.4 g/100 g sample
24.5-38.8

20.0-48.0

136.5 (one meal party)
10.75 lone meal party}

Abbreviation: TVM, total volatile nitrogen.

Three individual samples were taken from each sample location
to imvestigate if the production was homogenous. The samples were
transported to the research facility and kept at -25°C until analy-
sis. Samples were thawed at 0-4°C for up to 36 hr prior to chemi-
cal composition analysis, where the thawing time depended on the
water content of the samples. Each sample triplicate was measured
twice to confirm the measurements.

2.4 | Chemical composition analysis

The water content was measured according to the 150 56496
{150, 1999), where samples (~3 g) were kept at 104°C + 1°C for
a minimum of 4 hr. Water-in-oil was measured using calorimet-
ric titration performed by 851 Titrando (Metrohm, Herisau,
Switzerland).

Total lipids were extracted and determined gravimetrically, ac-
cording to Bligh and Dyer (195%) with modifications described by
Dang et al. (2017) and Romotowska et al. (2016). The total lipid ex-
tract was further used to measure lipid content, phospholipids {PLs),
free fatty acids (FFAs), and fatty acid composition (FAC).

Phospholipids {PLs, phosphatidylcholing) were measured by a
colorimetric method described by Stewart (1980, with modifica-
tions described by Dang et al. (2017) and Romotowska et al. (2016).
The method describes a complex formed between PLs and am-
monium ferrothiocyanate, which has an absorbance at 488 nm.
The samples were measured in a UV-1800 spectrophotometer

(Shimadzu, Kyoto, Japan). The standard curve was prepared with
phosphatidylcholine.

Free fatty acids (FFAs) were measured in the total lipid extract
according to the method by Lowry and Tinsley (1976), modified
by Berndrdez et al. (2005) and described by Dang et al. (2017} and
Romotowska et al. (2016), at 710 nm, using a Uv-1800 spectropho-
tometer (Shimadzu, Kyoto, Japan). The standard curve was prepared
with oleic acid.

The fatty acid composition (FAC) of the samples was analyzed
with an adjusted methylation method based on the AQCS Official
Method Celb-58% (AOCS, 1998), described by Dang et al. (2017) and
Romotowska et al. (2016). The samples were determined by a gas
chromatography (Varian 3,200 GC, Varian, Inc., Walnut Creek, CAJ,
where the oven was set at 100°C for the first 4 min, and with a rate
of 3°C/min, ended at 240°C. Helium was used as the gas carrier at
& ml/min column flow. Software used was Galaxie Chromatography
Data System, (Version 1.9.3.2 software, Varian Inc.).

2.5 | Statistical analysis

Data summaries, handling, figures, and tables were performed in
Microsoft Office Excel (Microsoft Inc., Redmond, WA, USA), while
analysis of variance (ANOWVA) and Tukey's H5D test were performed
in RStudio (RStudio Inc., Boston, MA, USA). The significance level
was set p < 05. Results were shown as mean values & standard de-
wviation (SD) from the three triplicates for each sample.
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3 | RESULTS AND DISCUSSION

3.1 | Chemical composition changes during capelin
processing

311 | Water content changes during
capelin processing

The water content in the capelin raw matenal (820 £ 1.2 g/100 g
sample) was stable until the streams were divided into solid {rep-
resented by green colored dashed lines) and liquid streams (blue
colored dashed lines) [Figure 2a-2b). These results indicate that the
raw material entering the processing plant was homogenous and in
line with the fact that no water was added or removed during the
heating steps (pre-heating and cooking) at the beginning of the pro-
cess. Earlier reported measurements show a water content in high-
lipid capelin of 72.7 + 0.7 /100 g sample and 76.9 + 0.74 g/100 g
sample in low-lipid capelin (Cyprian et al., 2015). The water content
observed in the current study is, therefore, slightly higher than in the
raw material studied by Cyprian et al. (2015), but the water and lipid
contents of capelin are highly dependent on the catching season and
location of the species (Arason et al., 2014; Bragadéttir et al,, 2002;
Vilhjalmsson, 1994).
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content of the concentration, as viscosity greatly affects the degree
of evaporation (Einarsson et al., 2019). However, the water content
of the press cake decreased significantly (54.5 + 0.4 2/100 g sample)
from the draining step (82.0 + 1.2 g/100 g sample), indicating that
the press was successful in water removal from the solid stream, as
the press cake of fatty fish has been reported to be 53 g/100 g water
content. After the concentration of the stickwater, a water content
of 84.3 4+ 0.1 g/100 g sample was observed in the latter concentrate,
which was higher than expected, as stickwater has been reported to
be 65 2/100 g water content (Hall, 2010) and 30%-50% dry matter
(Einarszon et al., 2019). However, no significant differences were ob-
served in the water content between the two concentration steps,
indicating that the second concentration step was ineffective in
water removal and required adjustments. After the concentration
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FIGURE 2 Solid streams (presented in green, a) and liquid streams (presented in blue, b) from the fishmeal and oil processing lines from
Figure 1. Oil streams are presented with yellow color. Water content on Figure 2a-2b, lipid content on Figure 2c-2d, free fatty acids (FFA) on
Figure 2e-2f, and phospholipids (PL) on Figure 2g-2h. The dashed lines indicate where more than one stream was connected between the

processing steps, but unbroken lines indicate only one connection
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51.2 + 0.5 g/100 g sample. The air-dryer lowered the water content
further down to 5.1 + 0.2 g/100 g sample of the capelin fishmeal.
Water content was expected to be higher in the fishmeal, as it has
been reported to be around 9-10 g/100 g water content (Hall, 2010;
de Koning, 2002). The fine meal and final capelin fishmeal did not
wvary significantly in water content.

The water content did not significantly change between the
press cake and the steam-dryer due to the addition of the latter con-
centrate and the sludge to the solid stream. This raises questions of
the effectiveness of processing these streams together with regards
to water removal. It is highly likely that the water removal could be
improved considerably by drying these streams (the |atter concen-
trate, press cake, and sludge) individually.

cessing and Preserv

Qil streams were collected from two places during processing,
from the centrifuges installed after the pressing and evaporation,
respectively (Figure 1). When combined again these oil streams
form the final commercial oil. The water content was highest in the
concentrate oil (2.2 + 0.5 g/100 g sample), while the separated oil
(0.6 + 0.2 g/100 g sample) and final oil (0.6 + 0.2 2/100 g sample)
were lower in water content.

The European Food Safety Authority (EFSA) has defined the
quality guidelines for crude oils (Bimbo, 1998}, refined fish oil
{Hamm, 20:09), and omega-3 concentrates (GRAS by FDA in the USA)
where the allowed water content in crude oil is 0.5%-1%, unspeci-
fied in refined oil (Hamm, 2009) and 0.1% in omega-3 concentrates
(EFSA, 2010). Therefore, the final oil from the capelin processing
falls into the crude oil category.

Low water content in oil is beneficial, as the exposure of
water in the oil increases the microorganisms and enzyme activity
{Rodriguez, 2013; Roos, 2003). Moreover, the droplet size of the
water is critical, where small water droplets in water-in-oil {w/o} emul-
sions are reported to be more stable in oil phases than large drop-
lets, as the sedimentation speed is lower (Ushikubo & Cunha, 2014}
and the amount of growth compounds are limited on the radius of
the wio droplets (Verrips & Zaalberg, 1980). Unfortunately, the w/o
droplet size was not investigated in the current study. However, the
small water droplets were separated from the oil, by pressurizing hot
water through the oil prior to centrifugation, leading to improved
water-oil separation. During further process optimization, actions
toward limiting the amount of hot water pressurized through the oil
and the water droplet size should be taken.

31.2 | Lipid content changes during
capelin processing

The capelin raw material had a lipid content of 5.0 + 0.5 g/100 g sam-
ple. Previously, capelin has been reported to vary from 43 to 20% in
lipid content (Vilhjalmsson, 1994), where adult capelin are 2- to 4-fold
higher in lipid content in the autumn, due to its feeding in the sum-
mer [Vilhjdlmsson, 2002). During measurements, it was noted that
eggs were seen in the samples, indicating that the catch consisted of
both female and male capelin (Vilhjdlmsson, 2002). Reported values
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in lipid content in capelin have been 10.2 4+ 0.2 /100 g sample (high-
lipid capelin) and 5.8 + 0.5 g/100 g sample (low-lipid capelin) (Cyprian
et al., 2015), which is slightly higher than in the current study.

Several changes were observed in the lipid content during pro-
cessing. The lipid content of the press cake (6.6 + 0.2 g/100 g sam-
ple) and sludge (5.6 + 0.7 g/100 g sample)} was significantly higher
than in the capelin raw material due to the liquid removal during
pressing. However, the press cake has been reported to be lower,
or 4 g/100 g sample in fatty species (Hall, 2010). Analysis of the lig-
uid streams indicated that some lipids were pressed out with the
water during pressing, leaving the latter concentrate with a lipid
content of 1.1 + 0.0 g/100 g sample, and has been reported to be
2 /100 g sample previously (Hall, 2010). These streams were then
fed to the dryers, increasing the relative lipid content of the mate-
rial, again in relation to the water removal obtained during the two
drying steps. After steam-drying, the measured lipid content was
6.6 + 0.4 g/100 g sample, which rose further during the air-drying to
11.0 +0.5 2/100 g sample in the fine meal, and to 14.5 £ 0.2 /100 g
sample in the final capelin fishmeal. The fishmeal resulted in high-
lipid content, but previously reported values were 6 g/100 g sample
for fatty species (Hall, 2010) up to 12.9 + 1.4 g/100 g sample fish-
meal produced with steam-drying (de Koning, 2002).

The obtained results indicate that lipid removal from the solid
stream was inefficient using the current processing techniques and
must be improved. One of the primary purposes of using heating
during early processing is to break down the protein-lipid bonds to
ease the separation of lipids from the solid stream. As different tem-
peratures affect different parts of the muscle (Hastings et al., 1985),
the heating step, therefore, requires adjustment to serve its purpose.
Furthermore, a higher focus on the first steps during the processing
line is suggested, as these steps are the only steps breaking down the
protein-lipid bonds for material entering the press. Several methods
could be used to optimize the production ling, including adding a
mincer, which has been shown to be effective for blending raw ma-
terials in fish silage production (Arason, 1994). Enzyme addition has
also successfully been used in the industry to catalyze the hydrolysis
during the first steps of fish protein hydrolysates production, or to
apply pH manipulation (Hultin et al., 2005; Kristinsson, 2007).

Results also showed that each solid stream (press cake, slurry,
and concentrate) entering the dryers had different lipid content.
Drying these streams individually could lead to a higher drying ef-
ficiency and, to the production of higher-quality protein products
with a low-lipid content.

3.1.3 | Free fatty acids (FFA) changes during
capelin processing

The formation of FFA was monitored in the samples to assess the
effects of lipid hydrolysis, both due to delays between catching
and processing, and during the processing itself. All the capelin
was caught on the same day, and the majority at the same catching
ground. Hence, the waiting time between catch and processing was
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approximately 1.5 days. Measured FFA values in the raw material
were 0.2 + 0.0 2/100 g sample, or 4.4 + 0.6 2/100 g lipid. Capelin
caught in the spring have been reported to have the highest FFA
walues of the seasons, varying from 3.3 + 0.0 g FFA/100 g lipid at the
start of landing, up to 4.1 + 0.2 g FFA/100 g lipid at the end of the
landing, where the landing took 10-15h and started within 24h from
harvesting (Bragaddttir et al, 2002). The FFA value of the raw mate-
rial in the current study was hence similar to the FFA content in fish
at the end of landing in the Bragadéttir et al. (2002) study.

Moreover, when looking at the formation of FFA during the pro-
cess on a lipid basis, the FFA values increased and varied highly in the
liquid stream. Low FFA values were observed in the separated press
liquid (2.1 4+ 0.2 g FFA/100 g lipid), while high values were observed
in the slurry (14.2 + 10.4 g FFA/100 g lipid) and stickwater (11.5 +
11.5 g FFA/100 g lipid). Decreased FFA values were then observed
in the separated oil (1.9 + 0.1 g FFA/100 g lipid). The reason for a
high FFA in slurry and stickwater could be the recirculation of the
slurry, as more heat and mcygen is then introduced to the stream,
increasing the lipid oxidation (Jacobsen, 2015). Moreover, as FFAs
bind to proteins both through hydrophobic and hydrophilic interac-
tions (Xiong, 1997}, it was not surprising to see high FFA values in
samples with relatively high-lipid content as well as water. Relative
FFA |levels rose during steam- and air-drying to 6.1 + 0.1 g FFA/100 g
sample in the final capelin fishmeal. In addition to being an effect of
the water removal, this increase could be the result of the formation
of lipoprotein complexes due to reduced polarity during dehydration
(protein-FFA bindings) [Xiong, 1997). Those lipoproteins deteriorate
when subjected to high temperatures, which also drastically affect
the long-chain PUFA (Fournier et al., 2006). As the input tempera-
ture of the air-dryer is 450°C, the lipids are likely partially expressed
as FFAs. Furthermore, lipoproteins might lead to an unwanted in-
crease in insoluble proteins (Xiong, 1997), which have lower digest-
ibility toward fish larvae than soluble proteins (Tonheim et al., 2007).
Moreowver, as a higher fraction of crude proteins are in the insoluble
fraction (Tonheim et al,, 2007), adjusting the dehydration step is
wvaluable to ensure maximum yield of the soluble protein fraction in
the final commercial fishmeal.

Interestingly, a significant difference was observed in FFA be-
tween the final fishmeal (6.1 + 0.1 g FFA/100 g sample) and the
fine meal (0.5 + 0.0 g FFA/100 g sample), although the same pro-
cessing procedure was applied to both samples. Lower values have
been reported for fishmeal than in the current study, where the
final fishmeal, on a lipid basis, resulted in 139 + 0.3 g FFA/100 g
lipid, and previously reported values from fishmeal produced with
steam-drying was 8.5-9.5 g FFA/100 g lipid (de Koning, 2002). It is
unknown which solid stream(s), entering the dryers, form the fine
meal. A suggestion could be the latter concentrate, as it is more
hydrolyzed than the other solid streams due to more water, heat,
and oxygen during the liquid stream processing, and hence could be
lower in kDa and swirl up the air duct. However, these suggestions
are not confirmed and are a research topic by itself.

The development of FFA has been recognized as occurring con-
currently with protein denaturation, where protein-FFA binding is
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the driving force in lipid hydrolysis (Ackman, 1967). Mot only FFA is
a product from lipid hydrolyzation, but also involved in the forma-
tion of secondary oxidation products and has no beneficial effects
on health (Tena et al, 2018). Higher water content was, therefore,
assumed to accumulate a higher degree of lipid hydroxylation, as ob-
served in the current study. Therefore, mixing the press cake, sludge,
and the latter concentrate is not recommended to keep the forma-
tion of FFA low. Moreover, during the processing, an increase in FFA
levels was observed in the sludge compared to other samples, indi-
cating that the majority of the FFA could be separated from the main
solid stream through the press and decanter. This gives yet another
argument for not mixing the streams.

Results from the oil streams showed that the FFA content was
significantly lower in the separated oil (1.9 + 0.0 g/100 g sample)
compared to the concentrate oil (2.1 + 0.1 g/100 g sample) and the
final oil (2.2 + 0.1 g/100 g sample). Allowed FFA values (oleic acid)
in crude oil are 2%-5% FFA (Bimbo, 1998), while 0.1% oleic acid is
allowed for refined oil (Hamm, 2009), but not specified for omega-3
concentrates (EFSA, 2010). FFA values obtained in the current study
indicate that the produced oils can be defined as crude oils. Lowering
FFA values of the produced oils by processing of fresher raw materi-
als and by process optimization would, therefore, be beneficial if the
production is intended for higher-value products.

314 | Phospholipids (PL) changes during
capelin processing

Phospholipids (phosphatidylcholine) were measured throughout the
processing, and the raw material had a PLvalue of 2.6 + 0.5 /100 g
lipid. Cyprian et al,, (2015) reported PL values of 5.8 + 0.5 g/100 g
lipid in high-lipid capelin, and 10.2 + 0.2 g/100 g lipid in low-lipid
capelin, at the same season and at the same storage conditions.
Interestingly, the measured PL content was significantly lower than
previously reported, suggesting higher degradation of PL, which
could relate to the higher FFA values in the current study, as FFAs
are among the products of hydrolyzed PLs (Ackman, 1967) and tria-
cylglycerols (TAGS) (Arason, 1994).

When in contact with water, PLs can be hydrolyzed, resulting in
the removal of the tail fatty acids from the polar head group. This
may explain the observed lowered PL concentrations and simulta-
neous increase in FFA concentrations. Results show that most of the
PLs measured follow the solid streams peaking after steam-drying
3.9 + 0.1 g/100 g sample). The increase in PLs in the steam-dried
samples was primarily explained by the water removal experienced
in the drying process. The air-dryer lowered the water content
even further, the PL decreased from 3.9 + 0.1 g/100 g sample to
1.6 + 0.0 g/100 g sample. Due to evaporation, a higher concentra-
tion of the PL would be expected in the fishmeal. However, high
temperatures can cause accelerated deterioration of the lipids to
FFAs (Fellows, 1988), which could explain the loss of PLs after air-
drying in the fishmeal. Moreover, high heat affects the long-chain
PUFA, which are easily degraded at temperatures between 180°C
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and 220°C (Fournier et al., 2006} as well as in the presence of ox-
ygen (Jacobsen, 2010). As the lipids exceeded 250°C in the driers
and were exposed to added oxygen during recirculation earlier in
the process, a simultaneous decrease in PL concentration and an
increase in FFAs during the last steps of drying can be explained.
Previous values of fishmeal include average values from 24 to 28 g
PI/100 g lipid (de Koning, 2002), where results in the current study
were similar, or 27.0 + 0.3 g PI/100 g lipid.

In the sampled oil streams, no PLs were detected. Moreowver,
there are no quality guidelines for minimum PL requirements in ome-
ga-3 concentrates (EFSA, 2010).

3.1.5 | Fatty acid composition (FAC) changes during
capelin processing

The FAC of the capelin was dominated by monounsaturated fatty
acids (MUFA: 36.3-69.4 2/100 g lipid), followed by polyunsaturated
fatty acids (PUFA: 9.4-44.0 g/100 g lipid) and saturated fatty acids
(SFA: 17.7-23.9 g/100 g lipid) (Table 2). Kas'yanov et al,, (2002)
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reported a similar FAC of 44.2-51.0 g MUFA/100 g lipid, 19.8%-
25.5% g PUFAS100 g lipid, and 22.9%-29.9% g SFA/100 g lipid in
capelin caught between July and October. Bragadattir (2004) also
reported seasonal changes in the FAC of capelin, indicating that both
the lipid content and composition are highly dependent on season
and catching ground.

During processing, higher concentrations of MUFA were de-
tected in the separated press liquid (67.6 + 0.3 g MUFA/100 g lipid)
than in the press cake (41.0 + 1.0 g MUFA/100 g lipid), suggesting
that MUFAs mainly follow the liquid stream. MUFAs concentrations
decreased during processing between sampling of the stickwater
and the latter concentration, while concentrations of the other fatty
acid classes (SFA and PUFA) increased in concentration between
the same processing steps. Moreover, SFAs were higher in the press
cake than in the separated press liquid, suggesting that the majority
of the SFA followed the solid streams. Furthermore, the press cake
contained higher values of PUFAs, including n-3 PUFAs and eicos-
apentaenoic acid (EPA), compared to the separated press liquid.
During the process, a systematic trend was detected in PUFA, n-3
PUFA, and EPA levels, which were highest in the sludge, followed by

TABLE 2 Fatty acid composition of capelin samples during fishmeal and fish oil processing (see Figure 1). The capelin was caught the
February 28th and processed on March 2nd 2018. Samples were collected from south and northeast of Iceland. All data are explainedas g

X/100 g lipid and mean + 5D (n = 3)

Capelin

samples at Lipid

20°C content SFA MUFA PUFA EPA EPA/DHA  n-3PUFA n-3/n-6

Rawmaterials 504 05% 192412% 5714219 2044169 69403 08401 168415%  53402%%

Pre-hesting 51401% 155303% s590+10% 19.0 + 117 65+03"  093+00° 1553109 513019

Cooking 52419 194204 5222519 196sa47 6713 09:0F 162544  s5ai097F

Draining 74+73% 189+09% 639+35% 150+30% s55+09 12405 118+30%F  42409%F

Press liquid 5.6+00°% 185404° 640+03 150403% 5430219 11300° 115+02%%F 11300

Press cake 660" 235403 40+ 100 334107 101 +0.9° 0.6+0.0° 254409 87103

Separated 612404 179402 6762057  115.029 43 101 15+00° 832017 3.3402%
press liguid

Slurry 39+06% 193+00% ss2s06Y 197077 66+02" 08+00° 164+07%  s5ao02

Stickwater 05+01" 197204  602+15%  178:11%% §1304%" 053000 1445117 515039

Separated oil 99.4+02° 182403 684 +1.0° 106 +1.2° 37 +11 1.5+0.5" 72+11° 27 +0.3°

Sludge 56407 237409 381+18 3514+10° 113 +0.3° 07+00° 308+10° 7.6+0.2%

First 224+00% 195+01% 599307 1874059 64301  08:+00° 153+059 54401
concentrate

Latter 11400%  206+17° 510:68%  251:483F 77 £05" 07£01° 217x63%  73:14%
concentrate

Concentrste  97.8405° 180401 679201  117.00% 44200 18400° 794007  29.00F
oil

Steam-dryer 66404 234407 430s+07  m16:+05"° 55 +0.1% 06+00° 276+05°  78+00°

Fine meal 1104055 226200 432+03% 326+05 101303 06+00° 287+10° 87 +04%

Fishmeal 145+02° 231407  40.83+42 391+ 49° 108 +1.0° 16+15 309+10° 7.0 + 0.9%%

Final oil 991+ 04 185405 655+41°F 134+30% 49409 15405 98+32%F 354107

Abbreviations: DHA, docosah: ic acid; EPA, eicosap ic acid; MUFA, monounsaturated fatty scids: n-3 PUFA, omega-3 PUFA; n-3/n-4,

ratio between omegs-3 and omegs-& fatty acids); PUFA, polyunzaturated fatty acids: SFA, saturated fatty acids.
*%| atter indicates a significant difference between vertical results, where p < 05.
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FIGURE 3 Water content (3a), lipid content (3b), free fatty acids content (3c), and phospholipid content (3d) at key locations in fishmeal
processing in blue whiting (gray column), capelin (white column), and mackerel/herring blend (dark gray column). Key locations include press
cake, slurry, and latter concentrate, which were all solid streams entering the drying steps

the stickwater, and lowest in the separated oil. This indicated fur-
ther that the PUFA, n-3 PUFA, and EPA mainly followed the solid
stream. If these lipids were to be successfully separated from the
solid stream, the final oil would increase in PUFA, n-3 PUFA, and
EPA concentrations. As a PUFA-rich diet suggests multiple health
benefits (Jacobsen, 2010; Larsen et al., 2011; Ruxton et al, 2004;
Tocher, 2015), optimization of the solid and oil streams would be of
focus when developing higher-value products from the processing
plant. However, n-3 PUFA are also highly susceptible to lipid cxida-
tion, which may lead to the formation of undesirable fishy and rancid
off-flavors (Jacobsen, 2010). Both the potential health benefits and
the oxidative stability, therefore, depend on the FAC of each individ-
ual product matrix (Jacobsen, 2010), which needs to be considered
during further process optimization.

3.2 | Process efficiency comparison
between species

Fishmeal from three different runs were compared to evaluate the
efficiency of the processing facilities toward a variation in raw ma-
terials. The types of fish that entered the processing were (i) capelin,
(i} a mackerel/herring blend, and (jii) blue whiting (Table 1). All types
of fishmeal were produced under their standard conditions, as de-
scribed earlier.

Samples from chosen key sampling locations during process-
ing (raw materials, press cakes, sludges, latter concentrate, final

fishmeal, and final oil) were compared during processing of the dif-
ferent fish species (capelin, mackerel/herring blend, blue whiting).
As the fine meals differentiated significantly in composition from the
final fishmeal of both the capelin and mackerel/herring blend, the
fine meal was investigated in these species as well.

3.21 | Process comparison of water content from
different raw materials

The water content was significantty higher in the blue whiting
(82.9 + 0.6 /100 g sample) and capelin (32.0 + 1.2 /100 le) raw
materials compared to the mackerel/herring blend (64.6 +3.32/100g
sample) (Figure 3a). The sludge and the latter concentrate introduced
higher amounts of water into the driers than expected, as the evapo-
ration system should lower the water content down to 50%6-70%
water content and depends on the viscosity/dry matter relationship
(Eimarsson et al., 2019; FAC, 1984; Hall, 2010). No significant differ-
ence was observed in the water content of the sludge from the three
species. Simultaneously, the large standard deviation obtained in the
water content of the mackerel/herring blend during processing indi-
cated high hets of these ples, was possibly due to the
different chemical composition of the two mixed species (mackerel
and herring). Centrifuging the |atter concentrate was expected to re-
mowve the oil and water from the liquid stream, and thus feed the dry-
ers with relatively similar matenial in water content. However, this was
not the case, and the water content of the capelin latter concentrate
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was nearly 10% higher compared to the latber concentrate of the other
species. This increases the drying load during the capelin processing.
The fine meals and fish oils did not differ significantly in water content
between the species. A trend was observed in the water content of
the raw material and the fishmeal, where higher water content in the
raw material resulted in a higher water content of the fishmeal. Hence,
mackerel/herring blend fishmeal resulted in the lowest water content
of the species.

According to the Feed and Feed Ingredient Standards from FAQ,
the water content should not exceed 10 £/100 g sample for fishmeal,
while minimum requirements are not specified (FAD, 2001). The
water content of all fishmeal samples was hence within the required
range for feed production. No standards regarding water content
were found for fish protein concentrate for human consumption,
other than a protein content of 65%-803%, which limits the water
content (Einarsson et al, 2019; FAO, 2001). The factory currently
aims to produce fishmeal with 7-8 g water/100 g sample, but as the
wvalue of fishmeal depends on protein content, the water content is
adjusted depending on the amounts of cut-offs and different species
available each time. Hence, the mackerel/herring blend fishmeal was
considered the most promising fishmeal regarding water content.

3.2.2 | Process comparison of lipid content from
different raw materials

The lipid content of the raw matenial differed significantly between the
blue whiting (1.8 + 0.1 2/100 g sample), capelin (5.0 + 0.5 2/100 g sam-
ple),andmackerel/herringblend (19.5 + 2 02/100g sample), as expected
(Figure 3b). The lipid content of the press cakes varied significantly be-
tween the species, where the blue whiting had the lowest lipid con-
tent (3.7 +0.2 /100 g sample), followed by capelin (6.6 £ 0.2 2/100 g
sample), while the mackerel/herring blend press cake still had the high-
est lipid content (8.8 + 0.6 2/100 g sample). Interestingly, although
the blue whiting fishmeal was significantly lower in lipid content
(9.4 + 0.1 2/100 g sample), no significant differences were observed in
the lipid content between the capelin (14.3 + 0.2 g/100 g sample) and
machkerel/herring blend (14.5 + 0.2 £/100 g sample) fishmeal samples.
Furthermore, no significant differences were observed in the lipid con-
tent of the fish oils between the species.

Most of the lipids dispersed into the drying steps were from the
press cake of the fattiest raw matenal (mackerel/herring blend) but
from the latter concentrate in the leanest raw material (blue whiting).
The highest lipid content dispersed into the dryers of the solid streams
from capelin came from the sludge. The lipids of lean fish mosthy con-
sist of PLs [Ackman, 1980; Huss, 1995) as an integral part of the struc-
ture of the oells {Huss, 1995). Separating the PLs from the lipid-protein
bond is thus likely to have a higher threshold compared to TAGs during
processing. Moreover, as fattier fish species store their lipids in fat cells
throughout their body (Huss, 1995), the press cakes of fattier fish were
expected to contain higher lipid content, which was indeed observed.

Fishmeal is divided into fish protein concentrate (FPC) types A-C
depending on their lipid content (Einarsson et al_, 201%; Windsor, 2001).
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As the streams are all fed into the dryers and blended, the fishmeal
ends up as the low-grade Type C, since the lipid content exceeded
3 2/100 g sample in the fishmeal of all three species. To reach lower
lipid content in the products, redesigning of the fishmeal factory is
suggested. The obtained lipid contents of the fishmeal samples were
similar to fishmeal from South Africa (de Koning, 1999), which all are
too high in lipid content for human consumption.

The separated oil from the capelin production contained
99.4 + 0.2 g lipids/100 g sample and differed significantly from
the separated oil from the mackerel/herring blend (988 + 01 g
lipid/100 g sample). The lipid content in the final oil between the
species was relatively similar and fell within the range of crude oil
where the allowed water content ranges between 0.5% and 1%
(EF5A, 2010; Hamm, 2009).

3.2.3 | Process comparison of FFA content from
different raw materials

Inthe raw materials, FRAs were significantly highest in the mackerel/
herring blend, possibly both due to a high-lipid content, and more
heterogeneity of the raw material (Figure 3c). When comparing the
solid streams entering the dryers, the sludge contributed to the high-
est FFA values between the species, which was even more evident
on a lipid base. It could be assumed that the recirculation of the
slurry introduced additional heat, mcygen, and water to the process,
inducing lipid oxidation (Jacobsen, 2015), increasing the formation of
FFAs. Moreover, as the latter concentrate contributed to the lowest
amounts of FFA in all species, it could be assumed that most of the
FFAs were extracted out in the sludge. This was supported by the
observation of a peak in FFA in the capelin sludge (20 £+ 0.2 /100 g
sample or 37.0 + 1.8 g/100 g lipid), which was also reflected in the
capelin fishmeal (6.1 = 0.1 g/100 g sample or 418 + 0.4 g/100 g
lipid) compared to the other species. Even though a peak was only
observed in the capelin sludge, separating the streams (press cake,
sludge, and latter concentrate), and processing them further indi-
vidually could have prevented this FFA peak in the capelin fishmeal.
The highest concentrations of FFA in the final fishmeal samples were
measured in the capelin (6.1 + 0.1 g FFA/100 g sample) and mack-
erel/herring blend productions (2.8 + 0.1 g FFA/100 g sample). The
highest concentration of FFA in the blue whiting process was ob-
served in the fish oil. The amount of FFA ranged between1.5and 3 g
FFA/100 g in the final oil from all species, which is considered to be
in the crude oil range (Bimbo, 1998). However, FAQ has not specified
any maximum FFA values for fishmeal intended for feed (FAO, 2001),
although fishmeal buyers might have a limit of FFA values.

3.24 | Process comparison on PL content from
different raw materials

Mo significant differences were observed in the PL content of the
three raw materials on a 100 g sample basis (Figure 3d). However,
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when calculating the PLs in the raw materials on a lipid basis, the
mackerel/herring blend had the lowest amount of PLs (09 + 02 g
PL/100 g lipid), followed by capelin (4.4 + 0.6 g PL'100 g lipids),
while the highest amount of PLs was measured in the blue whiting
{16.4 + 0.6 g PL/100 g lipid). PLs in capelin were low in the sludge due
to the low-lipid content, but when compared on a lipid basis, cape-
lin and blue whiting had the highest value, 14.4 3+ 0.7 2/100 g lipid
and 14.5 + 0.8 g PI/100 g lipid, respectively, while the mackerel/her-
ring blend contained only 9.9 + 0.4 g PI/100 g lipid. However, high
amounts of PL in the latter concentrate of the capelin (11 + 00 g
PLf100 g sample or 11.3 + 0.5 g PI/100 g lipid), was suggested to be
mirrored in the fishmeal, as the capelin was significantly higher in
PLs (1.6 + 0.0 g PI/100 g sample or 27.0 + 0.3 g P/100 g lipid) com-
pared to the latter concentrate of both mackerel/herring blend and
blue whiting. Moreover, the PLs were significanthy lower in the cape-
lin sludge compared to the other species, which can be explained by
the high FFA of this sample. The fine meal of the capelin was lower
in PL than the final fishmeal, while the opposite was observed in
the mackerel/herring fine and final meal samples. The highest con-
tributors to a PL-rich fishmeal from blue whiting or mackerel/herring
blend were the press cake and sludge. On a lipid base, the press cake,
sludge, and the latter concentrate all contributed to the high PLval-
ues in capelin fishmeal.

Reported PL values from seven pelagic factories were higher
than measured in the current study, where the water content from
those factories had double the amount measured in the current
study (de Koning, 2002). Furthermore, de Koning (2002) concluded
that PL values should be included in establishing the quality criteria
of fishmeal to know the history of the meal. The results from the cur-
rent study support that PL values should be taken into consideration
when defining the quality of fish meal products.

3.2.5 | Process comparison of FAC from different
raw materials

The FAC of all species was dominated by MUFAs, followed by PUFAs,
while concentrations of SFAs were the lowest {Table 2,3). Measured
wvalues of the raw material from mackerel and herring blend are in
line with previously reported wvalues from mackerel {Romotowska
et al., 2016) and herring (Dang et al., 2017). The blue whiting raw ma-
tenial has been reported with relatively similar SFAs (19-21 g/100 g
lipids) (Jonsdéttir et al., 2007; Kolade, 2015), where MUFAs and
PUFAs differentiate highly from measured values in blue whiting
{Jénsdéttir et al., 2007; Kolade, 2015). MUFAs in blue whiting have
been reported from 23.4 g/100 g lipids {Jénsdéttir et al., 2007) to
38.2 g/00g lipids (Kolade, 2015) and MUFAs in blue whiting in
the current study was 44.3 + 0.7 g/100g lipid. PUFAs in blue whit-
ing has been reported from 21.6 2/100 g lipids {Kolade, 2015} to
46.4 /100 g lipid (Jénsdéttir et al, 2007), and was measured
30.6 + 0.3 g/100 g lipid in the current study.

‘When comparing the capelin raw material to the mackerel/her-
ring blend and blue whiting, capelin had higher concentrations of
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MUFA (57.1 4+ 1.6 2/100 g lipid) than the mackerel/herring blend and
blue whiting, but had lower concentrations of SFA, PUFA, EPA, and
n-3 PUFA. Simultaneously the raw materials differentiated signifi-
cantly in n-3/n-6 ratios, where blue whiting had the highest ratio, or
11.7 + 0.0 g/100 g lipid, and the mackerel/herring blend significantly
the lowest ratio (3.3 + 0.2 g/100 g lipid). Although different con-
centrations of the raw material were observed, the n-3/n-6 ratio in-
creased during the processing of the solid streams, but n-3/n-6 PUFA
content strongly influences the membrane function and mumerous
cellular processes (Schmitz & Ecker, 2008). Omega (n-3, such as EPA,
or docosahexaenoic acid (DHA)) and n-6 (arachidonic acid, AA) fatty
acids are competitive substrates involved in autacoid biosynthesis.
A higher n-3/n-é ratio in is beneficial since n-é fatty acids are mostly
pro-active, while the n-3 fatty acids show inhibitory characteristics
of inflammatory signaling (Schmitz & Ecker, 2008).

Higher concentrations of SFA and MUFA were observed in the
press cake and sludge of the mackerel/herring blend when com-
pared to the same sample places in capelin. However, higher concen-
trations of PUFA, EPA, n-3 PUFA, and n-3/n-6 ratio were observed
in the capelin press cake compared to the mackerel/herring blend
press cake. The n-3/n-6 ratio was overall highest in blue whiting, fol-
lowed by capelin, where the mackerel/herring blend had the lowest
ratio. Interestingly, the fine capelin meal was higher inn-3 PUFA than
the capelin fishmeal, which was not observed in the mackerel/her-
ring blend. The blue whiting fishmeal had the highest n-3/n-6 ratio
(12.2 + 0.1 g/100 g lipid), followed by capelin (70 + 0.9 g/100 g
lipid), while the lowest ratio was measured in the mackerel/herring
blend (4.9 + 0.1 2/100 g lipid).

Moreover, the final oil of the blue whiting had a significantly
higher ratio of n-3/n-6 compared to the oils from the capelin and
mackerel/herring blend. Fish oil from capelin had the highest con-
centration of MUFAs (65.5 + 4.1 £/100 g lipid), followed by blue
whiting (51.5 + 0.3 g/100 g lipid), where the mackerel/herring
blend had the lowest concentration of MUFA (43.7 + 0.2 g/100 g
lipid). Moreover, the mackerel/herring blend final oil had the high-
est amounts of PUFAS (31.3 + 0.4 g/100 g lipid), followed by blue
whiting (24.9 + 0.1 g/100 g lipid), where lowest concentration was
measured in capelin final oil (13.4 + 3.0 2/100 g lipid).

Processing of individual streams may be optimized depend-
ing upon the species processed each time. During the capelin
processing, optimization of further processing of the sludge and
the press cake would be the most promising streams regarding
the production of PUFAs. When producing the mackerel/herring
blend, the latter concentrate would be the most promising stream
for collection of PUFAs, the sludge for collection of MUFA, and
the press cake for SFA. Moreover, as these values are all on lipid
base, the mackerel/herring blend would be the most promising
since the raw material was four times higher in lipid content than
the capelin. However, all raw materials need to be broken down
more effectively at the start of the production process, leaving
the press cakes with a lower lipid content and a higher yield of
PUFAs in the oil streams. Moreover, as n-3 PUFAs are highly sus-
ceptible to lipid oxidation (Jacobsen, 2010), extracting them from
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the fishmeal solid stream into the oil streams would not only in-
crease the value of the fishmeal but is likely to prolong the shelf
life of the fishmeal as well (Mozuraityte et al, 2016; Shahidi &
Zhong, 2010). Furthermore, in order to maintain the PUFA quality
during the final steps of the oil streams, temperatures, oxygen,
and water usage during the fishmeal process and oil extraction
might require further optimization.

4 | CONCLUSIONS

Traditional fishmeal factories worldwide have been run with the
same technology for decades without a detailed analysis of the qual-
ity changes occurring during processing. These processing lines are
mainly oriented toward water removal, while lipid removal and lipid
quality are not of focus, resulting in low-value products. Hence, the
objective of the current study was to investigate how the physico-
chemical characteristics of the raw material are changing during pro-
cessing and identify which processing steps need to be changed in
order to produce higher-value products in the future.

Detailed analysis of the capelin fishmeal production indicated
that optimization of draining and cooking was needed, a5 the water
content remained unchanged before and after cooking. Furthermore,
with effective draining, a lower proportion of dry matter would enter
the liquid stream. The press was working adequately as the press
cake was low in water content and resulted in a relatively good lipid
quality. Despite that, the water content of the concentrate samples
remained too high, or 75%-85% in all species studied, where &5%
would be expected (Hall, 2010). This indicates that the concentra-
tion process requires further optimization as well.

A high FFA increase was observed in the slurry and stickwater,
possibly due to the recirculation of the slurry, which introduced
more water, heat, and oxygen to the processing stream. With a more
effective way of breaking down the protein-lipid bonds during the
initial processing steps, recirculation of processing streams can be
minimized. Hence, minimizing moygen, heat, and water could lower
the FFA values.

Lipid analysis indicated that the process did not result in low-
lipid fishmeal in any of the fish species investigated. However, lower
lipid content was observed in both capelin, and mackerel/herring
blend fine meal, and is hence recommended to be collected sepa-
rately. Moreover, solid streams entering the drying steps (press cake,
sludge, and the latter concentrate) are recommended to be processed
and dried separately. As the solid streams differed in water-, lipid-,
FFA, and PL concentrations, and obtained different physicochemical
characteristics, any optimization of the process calls for optimization
of the drying times of each individual stream. Streams high im FFA
values could thus also be easily bypassed during the production.

Optimization of early processing steps, such as homogeniz-
ing the raw material with a mincer or heat treatment optimization,
is suggested to aid with lipid separation from the solid streams in
all species. Furthermore, separate optimized drying of each solid
stream may then lead to the production of high-quality products.

———— ] mAL LEY-L2

ACKNOWLEDGMENTS

The asuthors gratefully acknowledze the support from the AVS
(The Added Value of Seafood) fund of the Ministry of Fisheries
and Agriculture in Iceland (grant number: R18 031-18), the Rannis
Technology Development Fund (no. 198883-0611), and the
University of lceland research fund as well as Sildarvinnslan bf. for
access to their facilities, assistance, and raw materials.

CONFLICT OF INTEREST
The authors have declared no conflicts of interest for this article.

DATA AVAILABILITY STATEMENT
Data available on request from the authors.

ORCID

Gudrun Svana HJ'Irersdo‘tﬁr@ https:/forcid.
org/0000-0003-3869-1487

Olafur Ogmundarson @ https://orcid.org/0000-0003-3171-2388
Sigurjon Arason @ https://orcid.org/0000-0002-7358-8103
Maria Gudjgnsdsttir [ https: forcid org/0000-D001-7577-1190

REFERENCES

Ackman, R. G. (1967 ). The influence of lipids on fish quality. Intermational
Journal of Food Science & Technology, 2, 169-181. httpsz//doi.
org/10.1111/5.1365-2621 1967 tb0133%

Ackman, R. G. (1980 Advances in fish science and technology. In J. 1.
Connell {Ed.), Fish lipids (pp. 86-103). Fishing News (Books) Ltd.

ADCS. (1798 Official method Ce 1b-89. Official method and recommended
practices of the AOC (7th ed.). American Oil Chemizsts’ Society.

Arason, 5. [1994). Production of fish silage. In A. M. Martin (Ed),
Fisheries processing (pp. 244-272). Springer US. https//doi.
org/10.1007/978-1-4615-5303-8_11

Arason, 5., Nguyen, M. V. Thorarinsdottir, K. A, & Thorkelsson, G.
{2014). Preservation of fish by curing. In |. 5. Boziaris (Ed.), Seafood
processing: Technology, quality and safety (1st ed., pp. 122-160). John
Wiley and Sons Ltd. hittps:.//doiorg/10.1002,/9781118345174.ché

Bao, H. M. D, Arason, 5., & Dérarinzdéttir, K. A. (2007). Effects of dry ice
and superchilling on quality and shelf life of arctic charr (Sahvelinus
alpinus) fillets. International Journal of Food Engineering, 3. httpsz//doi.
org/10.2202/1556-3758.1093

Berndrdez, M., Pastoriza, L., Sampedro, G., Herrera, J. J. R, & Cabo, M.
L. (2005} Modified method for the analysis of free fatty acids in fish.
Journal of Agricuitural and Food Chemistry, 53, 1903-1904. https:/
doi.org/10.1021/jf040282c

Bimbo, A. P. (1998). Guidelines for characterizing food grade fish oil.
Intarnational Fishmeal & Oil-manufacturers Associgtion, 8, 473-483.

Bimbo, A. P., & Crowther, J. B. (1992). Fizh meal and oil: Current uses.
Journal of the American Ol Chemists Society, 6%, 221-227. https://doi.
org/10.1007/BF02535270

Bligh, E. G.. & Dyer, W. J. (155%). A rapid method of total lipid extraction
and purification. Canadian Journal of Biochemistry and Physiolagy, 37,
F11-917. https/fdoiorg/10.113%/y57-097

Bragadéttir, M., Pilmadéttin, H.. & Kristbergsson, K. (2002). Seasonal
changes in chemical composition and quality parameters in capelin
(Mallotus villosus). fournal of Aquatic Food Product Technology, 11, 87-
103. https://doi.org/10.1300/J030v11n03_08

Bragadéttir, M., PAlmaddttir, H., & Kristbergszon, K. (2004). Composition
and chemical changes during storage of fish meal from Capelin
(Mallotus villosus). Journal of Agricultural and Food Chemistry, 52,
1572-1580. hittps://doi.org/10.1021/jf034677s

98



Bragadéttir, M, Palmadbttir, H, & Kristbergsson, K (2004). Composition
and Chemical Changes during Storage of Fish Meal from Capelin
[Mallotus villosus). Journal of Agricuftural and Food Chemistry, 52,
1572-1580. https.//doi.org,/10.1021/{f034677s.

Cyprian, O. 0., Mguyen, M. V., Sveinsdottir, K, Jonsson, A., Tomasson,
T. Therkelssen, G., & Arason, 5. [2015). Influence of smoking and
packaging methods on lipid stability and microbial guality of Capelin
[Mallotus villosus) and sardine (Sardinello gibossa). Food Science &
Mutrition, 3, 404-414. https.//doi.org/10.1002/fsn3.233

Dang. H. T. T. Gudjénsdéttir, M., Karlsdéttir, M. G., Van Mguyen, M.,
Romotowska, P. E., Témassen, T, & Arason, 5. (2017). Influence of
temperature stress on lipid stability of Atlantic herring (Clupea ha-
rengus) muscle during frozen storage. Journal of the American Ol
Chemists” Society, 94, 143%-1449. https./Ydoiorg/10.1007/1174
6-017-3052-4

de Koning, A. J. (1999} Properties of South African fish oils: A review.
International Journal of Food Properties, 2, 205-215. https:/fdoi.
org/10.1020/10942919909524605

de Koning, A. J. (2002). Quantitative quality tests for fish meal. . An
investigation of the quality of South African fish meals and the va-
lidity of a number of chemical quality indices. International Journal
of Feod Properties, 3, 493-307. https://doi.org/10.1081/JFP-12001
5487

EFSA. (2010). Scientific opinion on fish il for human consumption.
Food hygiene, including rancidity. EFSA Journal, 8, 1874, http=://doi.
org/10.2903/j.efsa.2010.1874

Einarsson. M. |.. B=k, A. M., Eliasen, O., Flesland, O., Jacobsen, C..
Jokumsen, A, Pilsson, )., Pedersen, 5. A, & Samuelsen, T. A (2019).
Mordic center of excellence network in fishmeal and fish oil (IS5M 1670-
71%92; p. 124). Matis ohf. https://doi.org/10.5281/zenodo. 3243334

European C bon, Di G | for Health and Food Safety,
& Agra CEAS Consulting. (2016). Study on food intended for sports-
people final report. Publications Office. http://bookshop.europaeu/
uri*target=EUB:NOTICE:EWO01156224:EM:HTML

FAQ. (1986). The production of fish meal and il (FAQ Fisheries Technical
Paper—142 15BN $2-5-102464-2; Aguaculture Feed and Fertilizer
Resources Information System). hitpu/Ywww.fac.org/3/X68%%=/
HS8FFEDO.HTM

FAQ. (2001). Feed and feed ingredient standards [Aquaculture Feed and
Fertilizer Rezources Information System]. Food and Agriculture
Organization of the United Mations. http./fwww.fac.org/fishery’
affriz/feed-and-feed-ingredient-standards/en/

FAD. (2018). The State of World Fisheries and Aquaculture. Meeting the sus-
tainable development goals (ISBM 978-92-5-130562-1; The State of
the World, p. 210). Food and Agriculture Organization of the United
Mations. http/fwww.FAD.org/3/17540EN/19540en.pdf

FAQ.(2020). The state of world i d\ It 2020: Sustainability

=z=ifst |

I HILMARSDOTTIR ETAL

effect of processing and species variation. Journal of Food Science,
50, 503-506. https.//doi.org/10.1111/5.1365-2621 1985.th13437.x

Hultin, H.. Kristinsson, H.. Lanier, T.. & Park, J. (2005). Process for re-
covery of functional proteins by pH shifts (pp. 107-13%). https:/fdoi.
org/10.1201/9781420028041 ch3

Huss, H. H. [1995). Quality and quality changes in fresh fish [Technical
Paper FAQ Fisheries Technical Paper-348; Food and Agriculture
Organization of the United Mations). Ministry of Agriculture and
Fisheries. http-/fwww.fao.org/3/V7180E/ 7 1B0EDO.hitm

1S0. (1999). Animal feeding stuffs (IS0 &494:1999; Determination of
Moisture and Other Volatile Matter Content, p. 7). International
Organization for Standardization.  httpsw/www.iso.orgfobp/
uif#isosidiso:6496:ed-2vlen

Jacobsen, C.{2010). Enrichment of foods with omega-3 fatty acids: A mul-
tidisciplinary challenge. Annals of the New York Academy of Sciences,
1120, 141-150. hitps-/’doiorg/10.1111/].1749-6632.2009.05263.x

Jacobsen, C. (2015). Some strategies for the stabilization of long chain
n-2 PUFA-enriched foods: A review. Eurapean Journal of Lipid Science
and Technology, 117, 1853-1864. https:/fdoi.org/10.1002/ejlt. 20150
0137

Jénsdéttir, R., Tryggvaddttir, 5. V., Bragaddttin, M., Eimarszon, H.,
Bjdrnsson, H., & Jénsson, 5. (2007). Bait from fishery byproducts.
Processing and product development, biotechnolgoy and food
safety [Vol. 43-07, p. 12). Matiz Food Research, Innovation and
Safety. hitps./fwww.matis.i diz ti wrela_Feitt_
er_sgnid__3_pdf

Kas'yanov, 5. P, Sayapina, T. A, Gorkavaya, G. M., Naumenko, E. A.,
& Alkulin, V. M. {2002). Correlation between the lipid compesition
of the Anadyr capelin Mallotus villosus and its physiological state.
Journal of i v Bi v and 38, 7. https:/fdoi.
org/101023/A:101556530549%

Kolade, O. Y. {2013). Fatty acid profile investigation of blue whiting fish
[Micromesistivs poutazsou) flesh from Agbalata Market Badagry.
Lagos West, Nigeria. Emergent Life Sciences Research, 1, 20-25.

Kristingson, H. G. (2007). Aguatic food protein hydrolysates. In
Maximising the value of marine by-products (pp. 229-248). Elsevier.
https://doi.org/10.1533/9781845672087.2.227

Larsen, R., Eilertsen, K.-E., & Elvevoll, E. O. (2011). Heslth benefits of
marine foods and ingredients. Biotechnology Advances, 25, 508-518.
https:/fdoi.org/10.1016/j biotechadw.2011.05.017

Lowry, R. R, & Tinsley, 1. J. {1975). Rapid colorimetric determination of
free fatty acids. Journal of the American Oil Chemists Society, 53, 470-
472. https://doi.org/10.1007/BF02636814

Margeirsson, B., Lauzon, H. L, Thorvaldsson, L., Amason, 5. V., Arason,
5., Valtysdéttir, K. L, & Martinsd6ttir, E. (2010). Optimized chilling
protocols for fresh fish (Report Matis 15-10). Matis Food Research,

in action (ISBN: 978-92-5-132692-3; The State of the World, p. 224).
Food and Agriculture Organization of the United Mations. httpsy
doi.org/10.4060/ca?22%en

Fellows, P. (1988). Food processing technology- Principles and practice (3rd
ed.). Published jeintly by Ellis Horwood and VHC.

Fournier, V., Destaillats, F.. Juanéda, P., Dionisi, F, Lambelet, P, Sébédio,
J-L, & Berdeaux, 0. {20048). Thermal degradstion of long-chain poly-

I tion and Safety.  httpsi/rafhladan.is/bitstream/handl
e/10802,/1508/54-10-0Optimized- Chilling-Protocols.pdf?zeque
nce=1

Mozuraityte, R, Kristinova, V., Standal, I. B., Carvajal, A. K., & Aursand,
M. (2018}, Oxidative stability and shelf life of fish cil. In Oxidative
stability and shelf life of foods containing oils and fats (pp. 209-231).
Elsevier. https-//doi.org/10.1016/B978-1-63067-056-6.00005-7

unzaturated fatty acids during d ion of fish oil. =
Joumal of Lipid Science and Technology, 108, 33-42. hitps://doi.
org/10.1002/ejlt. 200500270

Hall, G. M. [2010). Fishmeal production and sustainability. In G. M. Hall
(Ed.), Fish processing {pp. 207-235). Wiley-Blackwell. https://doi.
org/10.1002,/9781444328585.ch?

Hamm, W. {2009). Processing of fish oil. In B. Rossell (Ed.), Fish cils (pp.
81-98). Wiley-Blackwell.

Hastings, R. J.. Rodger, G. W., Park, R., Matthews, A. D., & Anderson,
E. M. [1985). Differential scanning calorimetry of fish muscle: The

Mundi, |. (2020). Fishmeal—Monthly price (euro per metric tonj—
Ci dity prices—Price charts, data, and news. Indexmundi.Com.
https:/fwww.indexmundi.com/commodities/?commodity="fish-

I vths=1208cur

Oterhals, A, & Vogt, G. (2013). Impact of extraction, refining and con-
centration stages on the stability of fish oil. In C. Jacobsen, M. 5.
Mielsen, A.F. Homn, & A.-D.-M. Sgrensen (Eds.), Food enrichment with
omega-3 fatty acids (pp. 111-129). Wioodhead Publishing. https://doi.
org/10.1533/9780857078863.2.111

Rodriguez, A. C.(2013). Effects of food processing on dizeaze agents. In J.
G. Morris, & M. E. Potter (Eds.), Foodborne infections and intoxications

99



HILMARSDOTTIR ET AL Journal of

ood Processing and Pre

{4th ed.. pp. 455-478). Academic Press. hittps://deiorg/10.1016/
B$78-0-12-4156041-5.00033-0

Romotowska, P. E.. Karlsdéttir, M. G., Gudjénsddttir, M., Kristinszon, H.
G., & Arason, 5. (2016). Seasonal and geographical variation in chem-
ical composition and lipid stability of atlantic mackerel (Scomber
scombrus) caught in icelandic waters. Journal of Food Composition and
Analysis, 49, 5-18. https://doi.org/10.1016/].jfca.2016.03.005

Roos, Y. H. (20032} Water activity. Effect on food stability. In B. Caballero
(Ed.). Encyclopedia of food sciences and nutrition (2nd ed., pp. 6094-
6101). Academic Press. hitps.//doi.org/10.1016/B0-12-227055-
¥/01275-¢

Ruxton, C. H. 5., Reed, 5. C., Simpson, M. 1. A, & Millington, K. 1. (2004).
The health benefits of omegs-3 polyunsaturated fatty scids: A re-
view of the evidence. Journal of Human Nutrition and Dietetics, 17,
449-459. https.//doiorg/10.1111,/).1365-27 7. 2004.00552 x

Schmitz, G., & Ecker, 1. (2008). The opposing effects of n-3 and n-4
fatty acids. Progress im Lipid Research, 47, 147-155. https://doi.
org/10.1016/].plipres.2007.12.004

Shahidi, F., & Zhong, Y. (2010). Lipid ceidation and improving the oxida-
tive stability. Chemical Society Reviews, 39, 4067-407%. https://doi.
org/10.1039/8922133M

Statistics Iceland. (201%). Profitability in fishing and fish processing 2018
(Statistical Series 104 (14); Statistical Series). Statistics Iceland; IS5M:
15670-4770. https:statice.is/public ication-detail

Stewart, J. C. M. (1980 Colorimetric determination of phosphelipids
with ammanium ferrothiocyanate. Analytical Biochemistry, 104, 10-
14, https://doi.org/10.1016/0003-2657(80)20265-7

Tena, M., Lobo-Prieto, A, Aparicio, R., & Gonzalez, D. (2018). Storage
and preservation of fats and oils. https:/fdoi.org/10.1016/B978-0-
08-1005%6-5.22268-3

Thorkelsson, G., Slizyte, R, Gildberg, A, & Kristinsson, H. G. (2009). Fish
p il peptides. Pr il dz, gquality and functionality. In
Luten (Ed.), Marine functional foeds. Wageningen Academic Publishers.

Tocher, D. R. {2015). Omega-3 long-chain polyunsaturated fatty acids
and aguaculture in perspective. Agusculture, 447, 94-107. https
doi.org/10.1014/].aguaculture.2015.01.010

wor szzcafst - WiLEv-1222

Tonheim, 5. K., Nordgreen, A, Hegay, |, Hamre, K. & Rennestad, I
(2007). In vitro digestibility of water-scluble and sater-insoluble
protein fractions of some common fish larval feeds and feed ingre-
dients. Aguaculture, 262, 426-4335. https//doi.org/10.1016/.aquac
ulture.200:5.10.020

Ushikubo, F. Y., & Cunha, R. L. (2014]. Stability mechanisms of liguid
wiater-in-oil emulsions. Food Hydrocolloids, 34, 145-153. https://doi.
o0rg/10.1016/] foodhyd 2012.11.016

Verrips, C. T. & Zaalberg, J. [1980). The intrinsic microbizl stability of
wiater-in-cil emulsicns. European Journal of Applied Microbiology and
Biotechnology, 10, 187-196. https://doi.org/10.1007/BF00508606

Vilhjélmsson, H. (1974). The |celandic capelin stock. Capelin, Mallotus
villosus (Miller), in the lceland-Greenland-Jan Mayen area. Marine
Research Institute, 13, 281.

Vilhjélmsson, H. (2002). Capelin (Mallotus villesus) in the |celand-East
Greenland-Jan Mayen ecosystem. ICES Journal of Marine Science, 57,
870-883. https//doi.org/10.1005/jmsc.2002.1233

Windsor, M. L. (2001). Fish protein concentrate [Torrey advisory note
nr. 3%]. FAQ Fisheries and Aguaculture Department. httpe/fenww fao.
org/3x5917e00 htm#Contents

Xiong, Y. L. (19%7). Protein dematurstion and functionality losses.
In M. C. Erickson, & Y-C. Hung (Eds), Quality in frozen food
(pp. 111-140). Springer Science & Business Media. https:/doi.
org/10.1007/978-1-4615-5975-7

How to cite this article: Hilmarsdottir G5, Ogmundarson O,
Arason 5, Gudjénsddattir M. Efficiency of fishmeal and fish oil
processing of different pelagic fish species: Identification of
processing steps for potential optimization toward protein
preduction for human consumption. J Food Process Preserv.
2021;45:215294. https://doi.org/10.1111/jfpp.15294

100



Paper I

101



E processes Moy

Article
The Effects of Varying Heat Treatments on Lipid
Composition during Pelagic Fishmeal Production

Gudrun Svana Hilmarsdottir 1*0, Olafur Ogmundarson 1@, Sigurjon Arason L2 and
Maria Gudjonsdottir 12
1 Faculty of Food Science and Nutrition, University of lceland; Aragata 14, 102 Reykjavik, leeland;
olafuro@hi.is (0.0.); sigurjar@hi.is (5.A.); mariagu@hi.is (M.G.)
2 Matis ohf, Ieelandic Food and Biotech R&D, Vinlandsleid 12, 113 Reykjavik, Teeland
*  Correspondence: gsh9@hi.is

check for
Received: 20 August 2020; Accepted: 10 September 2020; Published: 12 September 2020 updates

Abstract: The study aimed to provide insight into the lipid quality of pelagic fishmeal and fish oil
processing of mackerel and herring cut-offs, and the effect of temperature changes in the cooker
(85-95 °C) during production. Samples were collected after each processing step at a traditional
processing line where water and lipid content, free fatty acids (FEA), phospholipids (PL) and fatty
acid composition (FAC) were measured. Results showed that the standard procedures at 90 °C
included ineffective draining and concentration steps. Moreover, the solid streams entering the
driers variated in chemical composition, suggesting that processing each stream separately could
be beneficial for maintaining the lipid quality. The cooking temperature affected the lipid removal
from the fishmeal processing, where lowering the temperature to 85 °C resulted in a lower lipid
content of the final fishmeal, along with lower FFA and PL values. Hence, the fishmeal and fish oil
factories could save energy by lowering the cooking temperature, as well as obtaining more stable
and higher value products. Further recommendations include more focus on the initial steps for
a better homogenization and breakdown of the raw material, as well as investigation of different
drying techniques applied on each processing stream entering the drying steps.

Keywords: fishmeal; fish oil; process optimization; heat treatment

1. Introduction

Marine rest raw materials (including remains from main production lines, cut-offs, heads, guts,
by-catch, etc.) are a great source of lipids, proteins and minerals and have been used in fishmeal
and fish oil production, along with small pelagic species [1]. Fishmeal and fish oil are considered
the most nutritious and digestible ingredients for farmed fish, and with no major increases in raw
material, any increase in fishmeal production needs to come from byproducts [2]. The current estimate
of cut-offs from the main production that enter the fishmeal and fish oil factories is 25-35% of the
total volume [2]. Although it is a positive development, the traditional fishmeal and fish oil processes
were developed in the 1940s to 1960s [3], and little improvements have been made to the land-based
processes since then [1,4-7]. However, applied handling improvements from catch to landing have
resulted in higher fishmeal quality [8]. Hence, most of the produced fishmeal remains with a high
lipid content, which the Food and Agriculture Organization (FAQ) of the United Nations defines as
a Type C fish protein concentrate (FPC), or fishmeal processed under sufficient hygienic conditions.
Type C FPCs contain rancid lipids that can lower the nutritive value of the proteins, affect the product
flavor and odor, and increase the risk of cumulative toxic effects if consumed regularly over a long
period [1,9]. However, if the lipid content of the FPC is lowered below 0.75 g/100 g sample, the highest
FPC class (Type A) would be reached, allowing improved FPC for human consumption [1,9]. Further
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regulations for fishmeal and fish oil come from the Marine Ingredient Organization (IFFO), which is
guided by the FAO regulations and accounts for more than 75% of the fishmeal and fish oil trade
worldwide [10].

Heating is one of the most critical processing steps in fishmeal and fish oil production, both during
cooking and drying. Cooking is the main step intended to separate the lipids and the proteins, making
the lipid extractions more efficient at later stages of the processing line. To keep the lipid content low in
the final fishmeal, it is important to remove the majority of the lipids early in the process, as the lipids
cannot be extracted during drying. Therefore, by cooking the raw material at a temperature where the
separation of the lipids and the proteins is the most effective, the lipid content in the fishmeal could be
lowered. Moreover, above 90 °C, intermolecular disulfide bonds start to form and protein coagulation
thereafter [11], leaving unfavorable interactions with solvent water [12]. Furthermore, cod and herring
muscle proteins deform at different temperatures, starting from approximately 30 °C, while most of the
proteins were fully unfolded at approximately 90 °C [13]. These results indicate that muscle protein
degradation and denaturation is highly dependent on the chosen heat treatment [14].

Iceland’s most caught pelagic species are the Atlantic herring (Clupea harengus) and capelin
(Mallotus villosus). However, in recent years, catchings of oceanic redfish (Sebastes mentella), blue whiting
(Micromesistius poutassou), and Atlantic mackerel (Scomber scombrus) have increased [15,16]. When the
mackerel is caught in Icelandic waters, it has generally been feeding on the zooplankton species
Calanus finmarchicus [17,18). C. finmarchicus is very rich in enzymes, which can have fast degradative
effects on the landed mackerel raw material if not treated properly. Hence, the processing companies
tend to behead and gut the mackerel to prolong mackerel shelf life. The heads and guts are collected
for fishmeal production along with bycatch and other potentially remaining raw materials. Since it
takes a long time to collect the appropriate amount of these side streams prior to process initiation,
the raw material must wait several days in the tanks until they are full, and enough material has been
collected to initiate the process. This delay prior to operation increases the risk of degradation of the
material due to microbial, enzymatic and oxidative processes [19,20]. Moreover, the raw material is
highly heterogeneous, as it includes bycatch, heads, viscera, stomach content and damaged whole fish,
which is all blended and collected over time. Moreover, as the mackerel catching season overlaps with
the herring season, fishmeal is often produced from a mixed catch, i.e., including multiple species,
increasing the heterogeneity of the raw material even further as the production pace of fishmeal is too
high for separating the catch.

In this context, the aim of this study was to make a detailed investigation of the fishmeal and fish
0il production processes of highly diverse and fat raw material from Atlantic herring and Atlantic
mackerel and to assess the effects of three different temperatures in the cooker (85 °C, 90 °C and 95 °C)
on the final fishmeal and fish oil quality.

2. Materials and Methods

2.1. Raw Materials and Sampling

Fish were caught east and southeast of the Icelandic coast by purse seiners from September 3 to
September 6, 2017. The raw materials entering the fishmeal production line weighed in total 885 tons,
and consisted of 513 tons (58%) of Atlantic mackerel cut-offs (Scomber scombrus), 330 tons (37%) of
Atlantic herring cut-offs (Clupea harengus) and 40 tons (4.5%) of blue whiting (Micromesistius poutassou).
Initiation of the fishmeal processing line was three days post catch as the mackerel and herring blend
mainly consisted of cut-offs and damaged fish. The production capacity of the factory is around
10 tons per hour of fishmeal, with 1200 tons of raw material entering the production line per day.
During September 2017, the average fishmeal production yield was 22.5%, and the fish oil production
yield was 17.0%.

An overview of the fishmeal and oil process can be seen in Figure 1. Upon initiation of the fishmeal
and fish oil process, the raw material entered a pre-heating step, where the temperature was kept at
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approximately 55 °C for 20 min, followed by a cooking step at 85-95 “C for 20 min. The pre-heating
step is powered by excess steam or condensate from the evaporators and other equipment for better
energy efficiency, lowering the energy cost in the fishmeal plant [1]. Next, the raw material was drained
before the press to remove excess water. The press liquid was combined with the drained liquid,
which both entered a decanter. These liquid streams combined are called the separated press liguid,
which was treated both with centrifuges and evaporators to separate the fish oil from the solid streams.
Next, a large part of the water was evaporated in a vaporizer before the material entered the drying
steps. The solid streams from the press (press cake) and the decanter (sludge) were combined with the
latter concentrate in a two-step drying process. The first drying step consisted of a rotary disc steam
dryer (steam temperature 160 °C, drying temperature 95 °C and duration time 30 + 5 min). The second
drying step was a Hetland air dryer (maximum input air temperature 450 °C, dryer temperature 150 °C
at the middle of the dryer, wet bulb temperature of approximately 65 °C and the drying time was
16 + 2 min). The steam drying decreased the moisture content of the solid streams to approximately
40-50%, while the air dryer reduced the moisture further to approximately 5-10%. Some fine particle
meal (fine meal) swirled up in the air duct during the air drying. This meal was lighter than the fishmeal
and was collected and blended with the rest of the dried meal to make the final fishmeal product.

Figure 1. A traditional fishmeal and fish oil processing line. The green color represents the solid
streams throughout the processing line, the blue streams identify the liquid streams and the yellow
streams represent the oil streams. Red dots indicate sampling points in the production. Green-filled
boxes highlight the solid streams entering the drying steps, and a red dashed line highlights the cooking
step, which was investigated at three different temperatures.
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After a steady state process had been established to produce commercial fishmeal, samples
were collected throughout the process, with fishmeal and fish oil as end products. Standard cooking
conditions include cooking the raw material at 90 °C for 20 min. However, upon changing the cooking
temperatures between 85 °C, 90 °C and 95 °C, samples were collected to investigate the effect of the
cooking temperature throughout the production line. All samples were cooled to 0 °C + 2 °C overnight
and transported the following morning to the laboratory, where the samples were kept at —25 °C until
analysis, which took up to 6 months. Prior to analysis, samples were thawed at -4 °C for 12 h or up to
36 h, depending on the water content and the sample size. Three individual samples (triplicates) were
collected at each point to investigate if the production was homogenous. Each triplicate was measured
twice to confirm the consistency and reproducibility of the measurements.

2.2, Chemical Analysis

The water content of the samples, except the oil samples, was measured according to 1SO 6496 [21].
Water content in the oil samples was measured using calorimetric titration, performed by an 851
Titrando (Metrohm, Herisau, Switzerland). Total lipids (TL)* were extracted and measured [22], and the
TL extracts used both to measure enzymatic lipid hydrolysis in the form of free fatty acids (FFA) [23]
with modifications [24] and phospholipid (PL) content [25]. In the current study, PL measurements
refer to measurements of phosphatidylcholine, as it is the most abundant phospholipid class in
the membrane [26]. The fatty acid composition (FAC) of the samples was determined by gas
chromatography (Varian 3900 GC, Varian, Inc., Walnut Creek, CA, USA) of fatty acid methyl esters,
based on the AOCS Official Method Ce 1b-89 [27], with minor adjustments. Results for water and lipid
content, FFA and PL are shown as g/100 g sample. FAC results are presented as g/100 g lipid.

2.3. Statistical Analysis

Data summaries, tables and statistical analyses were performed in Microsoft Office 365 with Excel
(Microsoft, Redmond, WA, USA) while one-way ANOVA, Tukey's HSD test and Pearson’s correlation
were done in RStudio (RStudio Inc., Boston, MA, USA). The significance level was set to p < 0.05 for all
statistical analyses, and results were shown as mean + SD from the three triplicates for each sample.

3. Results and Discussion
3.1. Chemical Composition of Mackerel and Herring Blend at Standard Conditions (90 °C)

3.1.1. Water Content Changes during Standard Processing (90 °C)

The water content increased significantly when the raw material (64.6 + 2.0 g/100 g sample) was
pre-heated (74.6 + 1.8 g/100 g sample) and cooked (72.9 + 1.0 g/100 g sample) (Figure 2). This increase
in water content can be explained by heterogeneous raw material, as the mackerel and herring blend
included different-sized mackerel and herring, in addition to mackerel heads and guts. Due to these
large variations in the raw material during the initial processing steps, it can be asserted that during
processing of multiple side streams and species, the processing line cannot produce a homogenous
blend of raw materials during pre-heating and cooking. No additional solvents or liquids of any
kind were added during the fishmeal process. After cooking, the material was drained to separate
the heated raw material into solid streams (Figure 1, green-colored dashed line) and liquid streams
(Figure 1, blue-colored dashed line).
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Figure 2. Water content in liquid streams (a) and solid streams (b) from the traditional fishmeal and fish
oil processing facilities shown in Figure 1. Liquid streams are identified by a blue color, solid streams
by a green color (b) and oil streams by yellow color. A dashed line indicates where the process breaks
up into multiple streams or where they join each other again. Solid lines indicate only one possible
gateway. Letters indicate significant differences where p < 0.05.

The draining did not result in a reduction of water content compared with the following step
(separated press liquid) of the liquid stream (Figure 2a), indicating the inefficiency of the draining
step. However, after pressing, a significant decrease in water content from 81.8 + 2.0 g/100 g sample
to 47.9 + 1.6 g/100 g sample was observed, showing effective water removal in the press (Figure 2b).
Any remaining solids in the liquid stream were removed in the decanter (sludge), or by centrifugation
(slurry). The slurry was recirculated to the decanter because of its high lipid content and large particles.
Meanwhile, the stickwater continued throughout the evaporation steps to form the first and second
concentrates (Figure 2a). The second concentrate, the sludge (from decanter) and the press cake were
then joined in the solid stream and entered the steam dryer. After the steam dryer, the water content
had been lowered to 41.5 + 0.1 g/100 g sample, followed by further drying in an air dryer, resulting in a
water content of 4.6 £ 0.2 /100 g sample in the final fishmeal (Figure 2b).

Interestingly, the fine meal (that swirls up to the drying cylinder) had a significantly higher water
content (5.4 + 0.1 g/100 g sample) than the final fishmeal. The process overview of the water changes
indicated that the press and the air dryer were highly effective in removing water from the fishmeal.
However, the draining, concentration and evaporation and steam drying steps were ineffective and
required optimization.

During the oil extraction process, water was extracted from the oil by centrifugation, resulting in
a final oil with a purity of 99.7 g lipid/100 g sample. As microorganisms and enzymes are primarily
active in the water phases of biological samples [28,29], a higher water content would increase the risk
of oxidation or other degradation of the oil during storage.

3.1.2. Lipid Content during Standard Processing (90 °C)

The raw material had a lipid content of 19.5 + 2.0 g/100 g sample, which is an intermediate lipid
content for mackerel (Figure 3). Mackerel are known to vary in lipid content between catching times,
scasons and locations, with an average range between 15-25% [30,31]. In comparison, herring has a
lipid content of 5-8% in the white muscle and a 15-20% lipid content in the dark muscle [32]. Herring
heads, frames and viscera commonly have a 9-12% lipid content [33]. A negative correlation (r = —0.66)
was observed between the water and lipid contents of samples over the whole processing line (p < 0.05),
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which is in agreement with carlier findings both in mackerel [30] and herring [32]. Thus, the significant
water content increase observed during these first processing steps was mirrored by a decrease in
lipid content. Approximately 59% of the analyzed lipids in the raw material were removed during the
cooking and draining steps, indicating that these processing steps serve an important role in overall
lipid separation and removal from the solid stream into the liquid stream. However, the separation
might become more effective with the use of other cooking temperatures or other appropriate settings,
which will be analyzed in Section 3.2.
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Figure 3. Lipid content in liquid streams (a) and solid streams (b) from the traditional fishmeal and
fish oil processing line in Figure 1. Liquid streams are identified by a blue color, solid streams by a
green color (b) and oil streams by a yellow color. A dashed line indicates where the process breaks
up into multiple streams or where they join each other again. Solid lines indicate only one possible

gateway. Letters indicate significant differences where p < 0.05.

Minor changes in lipid content in the liquid stream (Figure 3a) between the draining and separated
press liquid suggest that the small amount of lipid added from within the press (lipid content of
35.2 + 8.6 g/100 g sample) only had a minimal effect on the overall lipid content of the separated press
liquid (15.5 + 0.9 g/100 g sample). The separated press liquid was centrifuged and the oil extracted
(the separated press oil), hence decreasing the lipid content in both the slurry and the stickwater.
The first concentrate (3.9 + 0.1 g lipid/100 g sample) underwent a similar oil extraction in addition to
evaporation, resulting in a lower lipid content in the second concentrate (2.4 + 0.2 g/100 g sample).

An overall decrease was observed in the lipid content of the solid stream (Figure 3b) throughout the
processing line, until reaching the drying steps (8.9 + 0.2 g lipid/100 g sample). However, after drying,
the relative lipid content in the fishmeal increased to 14.3 + 0.3 g/100 g sample, mainly due to water
removal. A significant difference between the fishmeal and the fine meal (12.3 + 0.8 g/100 g sample) was
observed in both the water and lipid contents. The studied fishmeal is considered to be Type C, as it
contained a lipid content above 3 g/100 g sample [5,9]. However, high-lipid fishmeal is not uncommon
and has been reported before [34], but is hence unsuitable for human consumption, according to the
FAO [1,9].

3.1.3. Free Fatty Acids (FFA) during Standard Processing (90 °C)

Although up to three days had passed from the catching of the fish until the fishmeal and oil
production was initiated, a relatively low free fatty acid (FFA) content (0.4-0.6 g FEA/100 g sample)
was observed in the raw material compared with carlier studies [20,32], indicating that enzymatic
degradation of the raw material was not severe upon processing. Measured FFA values (Figure 4) were
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close to the reported values of a dark herring muscle [32] and, taking into account easier exposure to
oxygen for blended cut-offs compared with a part of a muscle, the FFA values are considered relatively
low. Keeping FFA values low when catching mackerel can be difficult as its stomach is often full of the
enzyme-rich zooplankton Calanus finmarchicus [6,17]. Along with gastric enzymes, these enzymes can
initiate severe raw material degradation if not treated properly [6,17].
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Figure 4. Free fatty acid (FFA) content in liquid streams (a) and solid streams (b) from the traditional
fishmeal and fish oil processing line in Figure 1. Liquid streams are identified by a blue color, solid streams
by a green color (b) and il streams by a yellow color. A dashed line indicates where the process breaks
up into multiple streams or where they join each other again. Solid lines indicate only one possible
gateway. Letters indicate significant differences where p < 0.05.

The raw materials studied had higher FEA values than fresh mackerel muscle [31], including the
effects of seasonal changes. The different parts of mackerel have been reported to have <0.7, <0.5
and <0.4 g FFA/100 g lipid in dark muscle, light muscle and whole mackerel, respectively, if stored at
4 °C for 4 days [20]. The dark muscle of herring has been shown to contain ~2.0 g FFA/100 g lipid
and the light muscle ~1.1 g FFA/100 g lipid [32]. The FFA content in the raw material was 2.8 £ 0.7 g
FFA/100 g lipid, or 0.5 + 0.1 g FFA/100 g sample. This implies that the delay before processing enables
the activation of enzymes and microbiological spoilage, which induces the formation of FFA through
degradation of the raw material and should be kept as short as possible.

Free fatty acids (FFA) were also measured in the liquid, solid and oil streams during processing
(Figure 4). Most of the FFA were, however, observed in the solid stream samples, peaking in the final
fishmeal (19.3 + 0.4 g FFA/100 g lipid).

The large standard deviations in FFA during cooking and draining can be explained by the
heterogeneous nature of the raw material and the (yet) unoptimized production line. However, the FFA
content remained relatively low in the press cake, sludge and latter concentrate, which all contained
less than 0.35 g FFA/100 g sample. FFA levels were expected to rise during the concentration of
aqueous materials, as observed during drying of the solid streams, but not between the concentration
steps [35]. During the air drying, the water content decreased from 41.5 + 0.1 g/100 g sample down
to 4.6 + 0.2 g/100 g sample, while the lipid content became a proportionally larger part of the sample.
Hence, it is not surprising to observe an increase in FFA formation during drying, due to the high
temperatures [36] and the raw materials’ exposure to oxygen [37]. The FFA content in the fine meal
and the fishmeal were 4.3 + 0.2 g/100 g lipid and 19.3 + 0.4 /100 g lipid, respectively. Hence, the lipids
of the fine meal were less hydrolyzed or denatured compared with the fishmeal, although the fine
meal was lower in water content.
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Published results from anchovy meal, processed directly after landing, showed an FFA content
of 6.8 g FFA/100 g lipid [38], which is lower than the commercial fishmeal obtained in this study
(19.3 + 0.4 g FFA/100 g lipid). Hence, it is suggested that the processing of fishmeal and fish oil should
not wait three days as in the current study. Lower FFA values could be reached by storing the raw
material at 2-3 °C or even lower during the wait, or by removing the dark muscle and viscera from the
raw material [39].

Moreover, the hydrolysis of PL seems to be a contributor to the increase in FFA if the raw material
is not heated and the lipid hydrolysis inactivated [39]. Tt is reported that the primary cause for FFA
escalation in fish oils is contamination by bacteria (genus Alcaligenes) which thrives at the oil-water
interface, located at the bottom of oil storage tanks, and converts the phospholipids into oil-soluble
FFA and water-soluble phosphate esters [35]. As the oil-soluble FFA have a lower density than the oil,
they disperse upwards and hence contaminate the oil [35]. In the present study, the final oil contained
0.06 g FFA/100 g lipid, which is within acceptable margins of FFA values of fish oil intended for
human consumption [1]. However, the oil would still need to undergo an additional refining process
composed of deacidification, transesterification, concentration, deodorization and earth treatment,
antioxidant addition and fill off to be considered for human consumption [1,40], in addition to FEA
levels below 0.1 g FEA/100 g lipid [1].

3.1.4. Phospholipids (PL) during Standard Processing (90 °C)

Phospholipids (mostly phosphatidylcholine [26]) were measured throughout the processing
line (Figure 5). Phospholipid values in the raw material were 0.9 + (.2 g PL/100g lipid, which is in
good agreement with PL values in other pelagic species, as earlier studies have reported PL values
ranging between 1.5-3.0 g PL/100 g lipid in herring and 0.7-4.0 g PL/100 g lipid in mackerel [31,32].
Upon cooking and draining, PL were almost non-existent in the liquid streams (Figure 5a).
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Figure 5. Phospholipid content in liquid streams (a) and solid streams (b) from the traditional fishmeal
and fish oil processing line in Figure 1. Liquid streams are identified by a blue color, solid streams by a
green color (b), and oil streams by a yellow color. A dashed line indicates where the process breaks
up into multiple streams or where they join each other again. Solid lines indicate only one possible
gateway. Letters indicate significant differences where p < 0.05.

When analyzing the PL content in the solid stream (Figure 5a), a clear increasing trend in PL
content was observed after pressing and after the two drying steps. The trend was in agreement with
the water removal and potential heat-induced lipid denaturation occurring during these processing
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steps, increasing the relative phospholipid concentrations in the fishmeal [35,41]. Interestingly, the PL
content of the fine meal in the air-drier was higher than the PL content of the final fishmeal, although
the fine meal had a higher water content than the final fishmeal. The PL content changes during drying
showed on a lipid basis that the fine meal had a significantly higher PL content (8.9 + 0.1 g PL/100 g
lipid) compared to the final meal (6.2 + 0.8 g PL/100 g lipid). Since the same trend was seen both
on a sample and a lipid basis, this difference cannot be explained by the changes in water content
alone, but indicates a difference in the lipid composition of the two meal types. Moreover, the finer
particle size of the fine meal would result in a proportionally higher surface area to volume ratio
(A/V ratio) of the particles. This increased A/V ratio could increase the availability of microorganisms,
oxidizing agents and other degrading factors to the components of the fine meal, compared with the
final fishmeal. Hence, the question arises whether the fine meal should be mixed with the final fishmeal
or not. Further processing of the solid streams individually (the press cake, sludge and the latter
concentrate) might be beneficial to achieve better control of the characteristics of the final products,
which in turn would result in both lower energy use and higher quality for each product.

3.1.5. Fatty Acid Composition (FAC) during Standard Processing (90 “C)

The fatty acid composition (FAC) of the samples was analyzed to give an overview of any
compositional changes in the lipids during processing (Table 1). The overall FAC profile during
processing was generally dominated by monounsaturated fatty acids (MUFA, 38.3-53.7 g/100 g lipid),
followed by polyunsaturated fatty acids (PUFA, 13.3-34.6 g/100 g lipid), while containing a fairly
low concentration of saturated fatty acids (SFA, 21.4-30.9 g/100 g lipid). The FAC of pelagic fish is
highly dependent on the season and the place of the catch [30]. Lower levels of MUFA have been
reported in mackerel (32.9 + 1.4 g MUFA/100 g lipid) [30] compared with the raw material in the current
study (42.2 + 2.6 g MUFA/100 g lipid), while higher values of MUFA have been reported in herring
(51.9 + 0.4 g MUFA/100 g lipid) [32] than in the current study. The same trend was observed with SFA.
As the raw material consisted of both herring and mackerel, these results could be expected. However,
PUFA values of the raw material in the current study (31.4 + 2.5 g PUFA/100 g lipid) are reported closer
to mackerel (33.8 + 0.8 g PUFA/100 g lipid) [30] than to herring (22.6 + 0.6 g PUFA/100 g lipid) [32].

The solid streams entering the drying steps—the press cake, the sludge and the
concentrate—differed significantly in FAC. The stickwater and the concentrate shared a similar
FAC, which is not surprising as the stickwater is the precursor of the concentrate in the fishmeal
processing line. The differences in FFA and PL in the fine meal and fishmeal could not be explained by
differences in their fatty acid compositions. However, processing may change the structures or forms
of the lipid molecules, as proteins associated with membranes are likely to be affected or influenced in
their lipid environment [42], such as changing from the bilayer to the more stable micellar form [26].
Such structural changes could explain the availability of the FFA and PL for analysis in the fine meal
compared with the final fishmeal. Such structural changes would, on the other hand, not influence the
FAC as such, explaining the similar fatty acids content of the two fishmeal samples.

Both the final fishmeal and oil had PUEA and MUFA contents over 74 g/100 g lipid, including
23-28 /100 lipid n — 3 PUFA and a beneficial n — 3/n — 6 ratio of 3.2 + 0.0 and 4.9 % 0.1 in the fish
oil and fishmeal, respectively. These fatty acid profiles are beneficial for various health effects and
may decrease the risk of cardiovascular and coronary vascular diseases [43], prevent the development
of breast cancer [44] and prostate cancers [45] and prevent obesity [46]. Although these fatty acid
profiles are attractive, the high MUFA and PUFA content makes the products highly susceptible to
lipid oxidation [47]. Increased lipid oxidation in food could, in turn, cause toxicity of the lipids as well
as the secondary products, as the secondary products are more toxic than hydroperoxides [43].
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3.2. Effect of Different Cooking Temperatures

The analysis of the standard 90 °C process indicated that the current fishmeal processing line
requires optimization, as shown in earlier sections. As a result of the inefficient breakdown of the raw
material during the initial steps of the processing line, the final fishmeal was too high in lipid content.
As muscle denaturation and degradation is highly dependent on the heat treatment chosen [14],
it can be suggested that optimizations of the temperature in the cooker might obtain better separation
between the lipid content and dry matter. Moreover, optimal cooking conditions have been questioned,
where a minimum of 20 min above 70 °C for wild fish has been recommended [49], or 20 min at
75 *C [1] for optimal results, questioning the 95-100 °C cooking temperatures recommended by the
FAO [5]. However, these temperatures aim primarily for the inactivation of parasites, viruses and
bacteria and do not necessarily take separation of lipids and proteins into the equation. The second
objective of the study was therefore to investigate the effect of different cooking temperatures (85 °C,
90 °C and 95 °C) on the water, lipid, FFA and PL composition on chosen sampling points throughout
processing (Figure 6).
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Figure 6. Measurements of water content (a); free fatty acids (b); lipid content (¢); and phospholipids
{d) from a traditional fishmeal and fish oil production line, presented in Figure 1 with a different
temperature applied in the cooker (85 °C, %0 °C and 95 °C). All data is presented as a g/100 g sample as
mean + SD (n = 3).

Variations in the chemical composition of the raw material were observed between the three
temperature runs, indicating that the raw material was highly heterogeneous. However, no significant
differences were observed in the water content, and the variations in the lipid content decreased after
cooking. After draining, the samples that underwent the 90 °C cooking were significantly higher in
water content, although this was not reflected through the rest of the process. No systematic changes
were seen in the water, lipid or FFA content through processing in relation to the observed variation in
the chemical content of the raw material, indicating that any observed changes were indeed an effect of
the processing treatments.

The water content of the fishmeal samples cooked at 85 °C and 90 °C were significantly lower
than the fishmeal treated with 95 °C cooking. Furthermore, the fishmeal cooked at 85 °C was lower
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in lipid content compared with the fishmeal samples treated at the other temperatures. Since low
water and lipid content is beneficial for the stability of fishmeal, a processing temperature of 85 °C is
recommended. No significant differences were observed in the water or lipid composition of the final
oil between the three heat treatments.

When looking further at FFA and PL, the FFA concentrations were significantly higher in the
fishmeal heated to 90 °*C, while no significant differences in FFA and PL were scen in the final fishmeal
or the fish oil at 85 °C and 95 °C treatments. Although slightly lower FFA were observed in the final oil
at 95 °C, compared to the other heat treatments, this difference is too small to justify a recommendation
of applying 95 °C heating,

Overall, the best results were obtained by lowering the temperature to 85 °C, resulting in a fishmeal
of low water and lipid content, as well as low FFA and PL content. Lower PL content indicates a more
efficient breakdown of the raw material. Higher temperature treatments are likely to denature proteins
to a greater extent [13], decreasing their quality and, therefore, also their application possibilities for
human consumption. Analysis of the protein quality changes during processing is, however, a matter
for a later study.

4. Conclusions

Analysis of the Atlantic mackerel raw material indicated that, although up to three days had
passed from catch to processing, the raw material was at a good lipid quality. Large variations in raw
material characteristics may, though, make processing problematic and less homogeneous, and long
delays between catch and processing may increase such raw material quality variations. It might,
therefore, be beneficial for the processing companies to shorten any processing delays to open the
possibility of producing higher quality fishmeal and fish oil products. Currently, several companies
own trawlers that process the fishmeal onboard directly from catching [1], which could eliminate the
processing delay.

One of the main problems of pelagic fishmeal production lies in the high lipid content of the
raw material and problems in lipid removal from the fishmeal. Detailed analysis of the chemical
changes during processing revealed that the solid streams entering drying have different chemical
compositions. Hence, different processing is suggested depending on the characteristics of each stream,
such as different drying times for the press cake (50% water) and the latter concentrate (80% water).
Moreover, all the solid streams entering the dryers were too high in lipid content, meaning that the
initial breakdown of the raw material was not sufficient. Furthermore, the standard process at 90 °C
revealed poor effectiveness of water removal during draining, as well as an increase of FFA and PL
during the steam and air drying steps of the fishmeal, indicating that the process required optimization.

During the analysis of different cooking temperatures in the mackerel and herring blend, it was
evident that the cooking steps had a highly important role in the lipid removal from the fishmeal
processing. By lowering the temperature in the heater to 85 °C, the water and lipid content of the
fishmeal was lowered, as well as contributing to lower the FFA and PL values, indicating the production
of a more stable product at 85 °C compared with the standard 90 °C. Moreover, the PL values were
lower at 85 °C, indicating a more efficient breakdown of the raw material. In addition to a higher
quality fishmeal, energy costs can be decreased, as fishmeal and fish oil factories are operating with
a cooker at temperatures up to 95-100 °C. Moreover, performing a life cycle assessment (LCA) is
suggested to investigate the environmental impact of the processing. Lowering the temperature in the
heater to 85 °C can therefore be recommended.

Further recommendations include investigation of ways to break down the raw material more
efficiently during the first steps in the production line, which could be applied in commercial fishmeal
and fish oil factories. As the diversity of the fish protein is high, as well as the volume, a possible solution
for homogenizing the raw material is applying enzymatic technology, but fish protein hydrolysates
are currently being produced industrially [50]. Drying affected the FFA concentrations and, hence,
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optimizing the drying of the different solid streams is recommended to receive the highest value
possible and open up the possibility of producing products intended for human consumption.
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