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Agrip

i dag eru uppsjavartegundir, hlidarstraumar fra vinnslustaerri fisktegunda og annar
medafli uppistadan i pvi hrdefni sem unnid er i fiskmjol og lysi. Fiskmjol og lysi eru
helst notud sem fédur i fiskeldi, en par sem verd a fiskmjoli hefur leekkad sidasta
aratuginn og hlutur fiskmjols hefur minnkad i fiskeldisfodri, parf ad finna nyjar leidir
til ad nyta hraefnid a hagkveeman hatt. Mikid hefur verid lagt i ad baeta keaelingu 4
hraefni uppsjavarveidiskipa sem skila sér i betri geedum pegar aflinn kemur i
vinnsluna. bessi proun hefur po ekki skilad sér i fiskmjols- og lysisvinnsluna, sem hefur
litid breyst sidan a sjounda aratugnum.

Pessi rannsékn varpar ljési & nuverandi astand 4 hrdefninu og peim
gedabreytingum sem eiga sér stad i hverju vinnsluprepi i fiskmjols- og
lysisframlei@slunni (Grein I-11), asamt pvi ad meta ahrif breytilegs hitastigs i sj6dara a
gadi (Grein 1), kannar hvernig framleidsluferlid hondlar mismunandi hraefni (Grein
I1), rannsakar eiginleika hlidarstrauma m.t.t. préteingaeda (Grein Ill), kannar
umhverfisahrif a framleidslu fiskmjols og lysis ur lodnu med mismunandi orkugjéfum
(Grein 1V) og kannar hvort haegt sé ad nota naerinnrauda litréfsgreiningu (NIR) til
gedamalinga og ferlastyringar i fiskmjols- og lysisframleidslunni (Grein V).
Greinarnar leggja grunninn ad baettum fiskmjols- og lysisferlum og auka pekkingu a
vinnsluferlunum sem mun nytast vid préun peirra naestu arin.

bessi rannsokn syndi jafnframt fram & ad fituinnihald i fiskmjoli sem framleitt er i
hefdbundnu fiskmjols- og lysisframleidsluferli er breytilegt, en pad maeldist 4 bilinu
fra 2% upp i 20%. broskuldur & fituinnihaldi fyrir hagaeda fiskprétein midast vid
fituinnhald innan vid 0,5%, sem gefur til kynna ad réttaekar breytingar i vinnsluferlinu
burfa ad eiga sér stad ef varan a ad uppfylla kréfur til manneldis. Innihald himnufitu
i fiskmjoli meaeldist hatt, sem bendir til pess ad adskilnadur fitunnar fra purrefninu sé
ekki naegur. Hins vegar benti magn frirra fitusyra til pess ad nidurbrot af hraefninu var
talsvert. Laekkun 3 hitastigi i sjédara var rannsokud til ad skoda hvort fita skiladi sér
betur fra purrefninu, og fengust meiri gaedi fiskmjols vid 85°C samanborid vid 90° og
95°C (Grein 1). Bent er & ad baeta purfi nidurbrot hraefnisins i fyrstu skrefum fiskmjols
og lysisvinnslunnar, auk pess sem gufunin skiladi ekki eins lagu vatnsinnihaldi og buist
var vid (Grein I-Il).

Fitu- og préteingaedi voru rannsokud i mismunandi hlidarstraumum og i hverju
vinnsluprepi, og nidurstodur pessara rannsékna leggja grunn ad vorupréun a nyjum
afurdum og endurhénnun a vinnsluferlinum. Leysanleiki préteina i saltlausn (SSP) og
styrkleiki lifreenna amin-sambanda minnkudu i gegnum framleidsluna, sem hafdi ahrif



a gaedi fiskmjolsins, og benda til nidurbrots, liklega vegna mikils hita i vinnslunni
(Grein Ill). Trimetylamin (TMA) fylgdi vokvahlid vinnslunnar og jokst i gegnum
framleidsluna, en gagnstaed préun sast i styrki dimetylamins (DMA). bessi préun geeti
skyrst af fléknum nidurbrotsferlum trimetylaminoxid (TMAO) yfir i TMA og DMA, auk
mikils hitaalags i vinnslunni.

Baettir vinnsluferlar, med laekkun hitastigs i sjédara (Grein 1), syndu fram & betri
gaedi fiskmjols. pad gaf tilefni til ad kanna hvort slik laekkun hitastigs skiladi
mogulegum umhverfislegum avinningi. Til pess ad meta slikan &avinning
varlifsferilsgreiningu beitt, en aderdin er stodlud adferdafraedi. Lifsferilsgreining
metur umhverfisahrif umfram losun grédurhusalofttegunda og i pessari greiningu
voru greind umhverfisahrifin sem hljotast fra veidum til og med vinnslu fiskmjolsins.
Ahersla var 16gd 4 ad skoda &hrif mismunandi orkugjafa til vinnsluhlutans
(fiskmjolsframleidslunnar). Um orkufrekan idnad er ad raeda og pvi mikilveegt ad
kanna mismun @ umhverfisahrifum fiskmjolsframleidslu kndinni med endurnyjanlegri
orku annars vegar, sem og orku framleiddri med brennslu jardefnaeldsneytis hins
vegar. bad var gert til ad syna fram 4 mogulegan umhverfislegan avinning af pvi ef
fiskmjol er framleitt med endurnyjanlegri orku. Til vidbotar, voru umhverfisahrif af
fiskmjolframleidslu & islandi reiknud midad vid mismunandi orkugjafa fyrir vinnsluarid
2018. Nidurstodur lifsferilgreiningarinnar syndu ad pratt fyrir ad leekkun hitastigs i
sj66ara hafi einungis numid um 5°C, pa skilar slik leekkun minnkudum
umhverfisdhrifum sama hver orkugjafinn er. pad synir pvi ad préun vinnsluferla
fiskmjols, med aherslu a laekkun hitastigs vinnsluferla, gefur umtalsverdan avinning
vid minnkun umbhverfisahrifa af fiskmjdlsframleidslu (Grein V). Ahersla
framtidarpréunar vinnsluferla i fiskmjolsframleidslu ztti pvi ad vera & enn frekari
laekkun hitastigs i vinnsluferlum, an pess pé ad minnka gaedi vorunnar. Auk pess leiddi
lifsferilsgreiningin i ljos ad veidarnar og vinnslan h6fdu mest umhverfisahrif (Grein V).
Ahrif mismunandi orkugjafa voru skilgreind ut fra umhverfislegum &hrifum, sem
kemur sér vel pegar skipta & Ut eda endurbaeta vinnsluskref i vinnslunni. Auk pess
voru talsverd umhverfisleg ahrif fra peim hreinsiefnum 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 endurhénnun eda gaedaeftirlit ferla a sér
stad er mikill fjarhagslegur og umhverfislegur sparnadur félginn i hradari meaelingum
og eftirliti & gaedapattum i vinnslunni. Ndtima framleidslukrofur gera rad fyrir miklum
areidanleika maelinga og einsleitari afurdum en adur. Litréfsgreiningar hafa verid
nyttar i fjolbreyttum tilgangi vid mati & framleidsluferlum, par @ medal naerinnraud
litréfsgreining (NIR) sem gaedaeftirlit & lokaafurdum i fiskmjols- og lysisframleidslu. |
rannsokninni var NIR litréfsgreining notud til ad spa fyrir um breytingar a efnainnihald
vinnslustrauma i gegnum vinnsluna alla. Spalikon fyrir vatns- og fituinnihald, purrefni,
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fosfolipid, mettadar fitusyrur, eindmettadar fitusyrur og fjéldmettadar fitusyrur,
dokdsahexaensyru (DHA) og eikdsapentaensyru (EPA) voru buin til med gdédum

arangri. Nyting & NIR litrofsgreiningu flytir pannig greiningu maelinga umtalsvert og

minnkar notkun 3 leysum og 68rum bunadi, og skilar sér i audveldari styringu
vinnsluferilsins.

Lykilord:

Fiskmjol, lysi, hitamedhondlun, fitugedi, proteing=di, lifsferilsgreining (LCA),
naerinnraud litrofsgreining (NIR), massabdkhald, orkuflaedi.
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Abstract

Today, small pelagic species, side-streams from the production of larger fishes
intended for human consumption, and other by-catch are currently processed into
fishmeal and fish oil. Fishmeal and fish oil are presently mainly used as feed, primarily
for aquaculture, but fishmeal prices have declined over the last decade. Great effort
towards improving handling on board the fishing vessels has resulted in higher quality
of the catch reaching the harbor. Meanwhile, the fishmeal and fish oil production
processes have remained similar since the 1960s. Hence, this thesis aims to shed light
on the current state of the raw material and the quality changes occurring during
each operational step of the production (Paper I-l), to assess the effect of cooking
temperature on the fishmeal quality (Paper 1), investigates how the production
process handles different raw materials (Paper Il), investigates promising protein rich
side-streams for the production of higher value products (Paper Ill), investigates the
environmental impacts of producing 1 tonne of fishmeal and fish oil (Paper IV), and
investigates if Near infrared spectroscopy (NIR) can be used as a monitoring tool
during the fishmeal and fish oil production. The papers, |-V, also lay a foundation for
redesigning purposes of the currently operated fishmeal and fish oil factories.

The study demonstrates that the traditional fishmeal and fish oil production
processes currently returns high-lipid fishmeal from raw material ranging between
2% to 20% lipids. The lipid content should be less than 0.5% fat content to classify as
high-quality fishmeal, indicating that extracting lipids from the raw material is
inefficient, and drastic changes need to happen if the products are intended for
human consumption. Although a lower cooking temperature is proposed for higher
quality fishmeal (Paper I), attention towards higher lipid separation during the initial
production steps is suggested for a more effective breakdown of the raw materials.
Further improvements suggest adjusting the evaporation step, as the concentrate
was relatively high in water content compared to the other solid streams entering the
drying steps (press cake, sludge, and concentrate) (Paper I-11).

Protein quality was investigated in promising side-streams, where salt soluble
proteins content (SSP) decreased throughout the production, affecting the solubility
of the fishmeal (Paper Ill). The same trend was observed in biogenic amines,
indicating protein decomposition, possibly due to extensive heat treatment. The
press-cake (solid stream) had the lowest amount of volatile nitrogen compounds
during production from both the fatty and lean raw material. Trimethylamine (TMA)
followed the liquid stream, increasing throughout the production, and reaching the
highest values in the fishmeal, while the opposite trend was observed in
Dimethylamine (DMA) concentrations. These trends could be the result of
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trimethylamine oxide degradation into TMA and DMA due to high thermal exposure
during processing.

The effects of changing the cooking temperature on the fishmeal quality and
processing efficiency were investigated, both on a quality basis and the effect on the
environment. Lowering the cooking temperature by 5°C resulted in higher lipid
quality fishmeal (Paper 1l), and overall lower environmental impacts (Paper IV).
Furthermore, the environmental impacts were studied with environmental hot-spot
analysis, assessed with the Life Cycle Assessment methodology in a cradle-to-gate
study, based on the functional unit “the production of 1 tonne of capelin fishmeal
including fish oil from cradle to factory gate, produced in Iceland in 2018. The
assessment showed that the raw material acquisition was the highest environmental
hotspot, contributing the most to almost all impact categories, followed by the
production process. The assessed processing steps contributing the least to the
assessed environmental impacts were packaging and back-up power, which effects
were negligible, but cleaning agents (assessed with waste) were the highest
contributors in many impact categories. The focus of the study included the effect of
different energy sources for operating the fishmeal production, on the overall
environmental impacts, and changes in the environmental hotspots (Paper IV).
Furthermore, Paper IV identified optimization potentials for lower energy
consumption, e.g. using purse seiner compared to trawling, during the raw material
acquisition. Identified steps with potential for lower environmental impacts of
fishmeal and fish oil production lie within the drying and evaporation steps, and
includes exchanging the current cleaning agents for more eco-friendly cleaning
agents or limiting their use altogether. The environmental impacts of cleaning and
waste were independent of the assessed energy sources for the processing.

In processes, such as fishmeal and fish oil production processes, with high
throughput, and process redesigning, and quality monitoring are ongoing there is
great financial and environmental gain to achieve by applying fast and robust
monitoring techniques. Modern demands further require both higher precision in
quality monitoring and higher product consistency than before. Spectroscopic
analytical techniques have been used for a wide variety of quality assurance
applications, including the use of near infrared spectroscopy to evaluate fishmeal and
oil end-product quality. In the current study were NIR spectroscopy used to assess
chemical composition of the streams throughout the whole process. Prediction
models based on NIR data were successful in predicting water- and lipid content, fat-
free dry matter, phospholipids, along with the fatty acid classes (SFA, MUFA, PUFA),
including docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) with
acceptable precision. The application of NIR spectroscopy during the fishmeal and



fish oil production provides faster analysis and minimizes the use of solvents,
chemicals and instruments, which is reflected in easier process control and
monitoring.

Increasing the quality of the raw material and reducing the environmental impacts
requires excessive measurements, emphasizing the need for robust measuring
methods to secure quicker and less costly analysis, e.g., the lipid quality and the
separation from the water and FFDM. Assessing changes aimed to lower the
environmental impact may not only reduce the energy cost but encourage
sustainable practice and responsible production, as demonstrated in this thesis.

Keywords:

Fishmeal, fish oil, process optimization, heat treatment, lipid quality, protein quality,
Life Cycle Assessment (LCA), mass balance, energy flow, near infrared 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 1) (FAO, 1997, 2020). As the world’s population is growing
and marine raw materials are not foreseen to increase significantly, there is a need
to produce more food for human consumption requiring better utilization of
underutilized raw materials, including within the fishmeal and fish oil sector (FAO,
2020). The total fish amount intended for fishmeal and fish oil production globally in
2018 accounted for 18 million tonnes, excluding discards which summed up to over
9 million tonnes (FAO, 2020). However, this number might increase due to the
increasing utilization of discards, e.g., fishmeal production, as predictions have
foreseen a 6% increase in fishmeal production from 2018 to 2030 and a 5% increase
in fish oil production (FAO, 2020). However, as 34% of the marine fish stocks in the
world were classified as being overfished in 2017, fishmeal production from captured
target species (e.g., anchoveta, capelin) are expected to decline by 18% by 2030 (FAO,
2020).
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Figure 1: Pelagic fish for direct human consumption in the European Union (a) and the world
(b) from 1961-2013. Data from Food and Agriculture Organization of the United Nations (1997).

Over the last ten years, fishmeal and fish oil prices of Peruvian fishmeal (65%
protein) have dropped by 11% (Index Mundi, 2022), which is largely related to supply
and price variations, along with an increasing demand from the aquafeed industry
(FAO, 2020). However, primarily due to price, the proportion of fishmeal incorporated
into feed is decreasing, and studies indicate that up to 90% of fishmeal used in
aquaculture could be replaced by other animal by-products (Galkanda-Arachchige et
al., 2020). Furthermore, due to the non-sustainability of the fisheries, wild stocks are
forced to cover the increasing demand for fishmeal (Naylor et al., 2009). Reduced
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prices for fishmeal for aquafeed and simultaneously increased demand for high-value
proteins calls for changes in part of the primary fishmeal markets from aquafeed to
start feed, or to human consumption. To ensure this market shift, the fishmeal needs
to have low lipid content and high protein content, as prices primarily depend on
these factors (Index Mundi, 2022). The traditional fishmeal and fish oil processes have
remained relatively similar throughout the last seven decades (Bimbo & Crowther,
1992; Einarsson et al., 2019; FAO, 1986; Hall, 2010; Oterhals & Vogt, 2013). Since
many fishmeal and fish oil production processes focus mainly on the high throughput
of the production plants rather than the quality of product, the fishmeal generally
ends up with a high lipid content (Einarsson et al., 2019; FAO, 1986). Due to the focus
on mass throughput during fishmeal processing, little or no attention has been
towards effective water and lipid separation during processing or detailed
classifications of the raw materials according to species or specific fish parts,
particularly with higher utilization of cut-offs and side-steams during the fishmeal and
fish oil production. Furthermore, overlapping of the catching season of the different
target species causes high variation of the raw material. The heterogeneity of the raw
materials could lead to variable quality and condition of the raw materials, making
them inadequate for high-value product production (Thorkelsson et al., 2009).

During the last decades, catching strategies and optimized handling of pelagic fish
species on-board have improved substantially (Bao et al., 2007; Margeirsson et al.,
2010). Raw materials of higher quality are thus being brought ashore than before.
Hence, improving the fishmeal and fish oil processes by redesigning the fishmeal and
fish oil production processes towards the production of higher-value products, and
utilizing wild stocks more sustainably, could maximize the production revenue while
adding to the growing need for food intended for humans. Assessing the
environmental impacts of those changes would prioritize each operating step and
shed light on the environmental impacts for an optimized or redesigned processing.
Furthermore, assessing the correlation between the environmental impacts and both
the raw material acquisition and the process gives a holistic view of the whole
production and puts into perspective the effects of each assessed life cycle stage.

Producing higher-value products more sustainably encourages responsible
fisheries, and the need to utilize the whole catch to its maximum potential. As the
raw materials vary, different challenges may emerge during the production as the
raw materials range from cut-offs to whole fish in several species. Therefore, further
relative information was provided on these topics, along with lipid and quality
parameters, the assessment of near infrared spectroscopy as a quality monitoring
tool, and the environmental impacts of fishmeal and fish oil production
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2 Literature review

2.1 Raw materials for fishmeal and fish oil production

The primary raw materials processed into fishmeal and fish oil are by-catch, cut-offs,
and small pelagic species (FAO, 2018; Thorkelsson et al., 2009). Iceland’s most caught
pelagic species are Atlantic herring (Clupea harengus) and capelin (Mallotus villosus).
However, in recent years, the catching of blue whiting (Micromesistius poutassou)
and Atlantic mackerel (Scomber scombrus) have increased (ICES, 2011; Statistics
Iceland, 2020b) due to changes in their feeding opportunities further north due to
warming oceans (ICES, 2018). The catching season of each species depends on
seasonal variation, and which species are in the Icelandic jurisdiction at a given time
(Statistics Iceland, 2019).

Capelin is often caught in the spring around Iceland and is spawning from
December to March (Vilhjalmsson, 2002) (Figure 2). The chemical composition of
caplin varies from ~4% lipid content during spring to 15-20% 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 is 13-20 cm on average. Norway is
considered the largest buyer of capelin fishmeal for salmon feed (Hilmarsson et al.,
2015). Few other products are currently produced from capelin, although during
spring processing, capelin eggs are often harvested and sold as capelin caviar
(Hilmarsson et al., 2015)

Figure 2: Capelin (Mallotus villosus) drawn by Jon Baldur Hlidberg (www.fauna.is).

Blue whiting is found in the North Atlantic, mainly around the southern part of
Greenland, Iceland, Norway, Faroe Islands, and Britain's west coast but can stretch
down to the northern part of Africa and south-east of Canada (ICES, 2011). Blue
whiting migrates in the summer after spawning to the Faroe Islands, Norway, and
east of Iceland, before returning to spawning areas in January/February (ICES, 2011).
The species migrated first into Icelandic waters in 1995 (Statistics Iceland, 2020a). The
fish is relatively small, with an average length of around 30-40 cm (Hilmarsson et al.,
2015) (Figure 3).
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Products include skinless fillets for the frozen laminated blocks for fish fingers or
other portioned production, and mince from skinless fillets used for surimi
production (FAO, 2001b). However, since 2015 >93% of the blue whiting caught in
Icelandic waters is processed into fishmeal and fish oil (Statistics Iceland, 2020a).
Most of the blue whiting is frozen at sea or inland, if not processed into fishmeal and
fish oil (Statistics Iceland, 2020a)(Hilmarsson et al., 2015).

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

Herring is a pelagic species found in the North Atlantic and is on average around
30 cm and 500 gr heavy (Hilmarsson et al., 2015) (Figure 4). Its most important fishing
grounds are the North Sea, the Baltic Sea, and the coastal waters near Britain,
Norway, Iceland, and Canada (Stroud, 2001). Herring can variate in lipid content, from
9-26%, with the highest lipid content in the autumn, and lowest in the spring due to
spawning (Henderson & Almatar, 1989).

Most of the herring is processed before being sold, where it is commonly smoked,
canned, salted, marinated, or canned for pet food (Stroud, 2001). However, the
herring side-streams are currently considered unsuitable for human food and are
thus generally processed into fishmeal and fish oil (Stroud, 2001).

Figure 4: Herring (Clupea harengus) drawn by Jon Baldur Hlidberg (www.fauna.is).

The Atlantic mackerel is a pelagic fish, around 40 cm long and 600 gr. (Hilmarsson
et al., 2015) (Figure 5), and has been caught around Iceland since 2006, from 4 kilo
tonnes (kt) on average in 2006 to 160 kt annually from 2011 (ICES, 2018). Since 2011,
the fishing ground has moved from the north and northeast side of Iceland to the
south and west of Iceland (ICES, 2018).

Today, the Atlantic mackerel is either frozen whole or headed and gutted, where
the remaining material, including guts, heads, viscera, bones etc. accounts for 26-32%
(Eysteinsson et al.,, 2020; Sveinsdéttir et al.,, 2020). The gut can be high in
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zooplankton, mainly the enzyme-rich copepod C. finmarchicus, which induces protein
and lipid degradation of the fish muscle (Eysteinsson et al., 2018). These side-streams
are generally collected, blended with other by-catch, and into fishmeal and fish oil.

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

The chemical composition and physical properties of the raw materials processed
into fishmeal and fish oil depend highly on the season (Statistics Iceland, 2019), and
thus also in value. When comparing the pelagic species caught in Icelandic waters in
2018, the mackerel was the most valuable, with a market value of 0.55 EUR/kg,
followed by the Atlantic and Scandian herring combined, with a value of 0.37 EUR/kg,
capelin with a value of 0.32 EUR/kg, and finally 0.22 EUR/kg for blue whiting (Statistics
Iceland, 2019). Moreover, due to their small size, capelin and blue whiting are usually
processed directly into fishmeal, while herring and mackerel are primarily caught for
human consumption, explaining the difference in value partially.

When processing side-streams from fillets or whole fish intended for human
consumption, such as from herring and mackerel, the raw materials are often highly
heterogeneous. The raw material can include more than one species, by-catch, heads,
intestines, stomach content, and damaged whole fish, which are all blended and
collected over time. When processing capelin and blue whiting, the raw materials are
highly heterogeneous as well, but the chemical composition is more predictable as
the ratio between the viscera, head, and muscle is relatively similar in all batches.
Moreover, as most fishmeal and fish oil factories are designed to produce large
guantities, collecting the appropriate amount of raw materials prior to the process
initiation can cause delays. Hence, the raw material must often wait several days in
storage tanks until they are full, and enough materials have been collected before the
process is initiated. This delay increases the risk of degradation of the raw materials
due to microbial, enzymatic, and oxidative processes (Ocafio-Higuera et al., 2011;
Standal et al., 2018).
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Figure 6: Different parts of a fish can make the production of fishmeal and fish oil difficult, as
the diversity of the fish protein is high, and the different parts of the fish are not sorted (“Fish
Anatomy,” 1913).

Although the side-streams endure a delay on land, the catch is at a high quality
until reaching the harbor, as chilling protocols and handling have improved
substantially on-board in the last decades (Bao et al., 2007; Margeirsson et al., 2010).
There is therefore clear room for improvement in the raw material collection for the
fishmeal and oil production.

Several processing challenges have been encountered, mainly when processing
mackerel, as the mackerel caught in Icelandic waters has generally been feeding
heavily on Calanus finmarchicus (Eysteinsson et al., 2018; Prokopchuk & Sentyabov,
2006). C. finmarchicus is a copepod with high enzymatic activity, which can have
immediate degradative effects on the pelagic raw material if not appropriately
treated (Eysteinsson et al., 2018; Prokopchuk & Sentyabov, 2006). As a response, the
leading processing companies tend to head and gut the mackerel to remove the C.
finmarchicus from the process, and thus prolong the shelf life of the mackerel.
However, with increasing discards, which are high in enzymatic activity and of various
origins, the production of fishmeal and fish oil from side-streams results in a more
challenging production. The high variation in the raw materials (Thorkelsson et al.,
2009) emphasizes the importance of quality description and classification of the raw
material upon arrival to shore from the vessels.

2.2 Traditional fishmeal and fish oil production process
Traditional fishmeal and fish oil processing was developed in the 1940s, and became
more prominent and established in the 1960s (Kose, 2010).

During traditional fishmeal and fish oil processing (Figure 7), the raw material
enters a cooking step where a cooking temperature from 95-100°C for 15-20 min is
common practice (FAO, 2018). Before cooking, a pre-heating step can be added for
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energy-saving, heating the raw material to approximately 55°C for 20 min. Excessive
energy from other processing steps is often used during the pre-heating step. Next,
the cooked material is drained, followed by a press for water and oil removal.

The liquid stream is pumped to a decanter to recover the solid particles before oil
recovery via a centrifuge. The liquid stream is then concentrated by evaporation, and
the concentrate is dried along with the press cake and sludge, forming the
commercial fishmeal (Figure 7). The oil streams from the centrifuges were blended
and washed with hot water to create the final fish oil.

Several opportunities for optimizing or redesigning the traditional fishmeal and
fish oil processes towards producing protein powder for human consumption are
promising as the pelagic fish raw materials are an excellent source of minerals,
proteins, and lipids (Jayathilakan et al., 2012; Luten, 2009). However, if intended for
human consumption, hygienic processing conditions must be improved to ensure
minimal degradation in the raw material (Einarsson et al., 2019; Windsor, 2001).
Degradation processes, such as lipid-oxidation induced rancidity could lead to further
accumulative toxic effects, lower the nutritional value, and form unacceptable flavors
and odors (Einarsson et al., 2019; Windsor, 2001).

2.2.1 Heating effects on fishmeal and fish oil quality

Traditional fishmeal and fish oil processes (Figure 7) include several heating and
drying steps, which require high energy (Smarason et al., 2017). The primary purpose
of heating and cooking during fishmeal processing is to break down and degrade the
raw material, to ease extraction and separation of the lipids from the raw material
into the liquid stream, resulting in protein-rich fishmeal with a low lipid content (FAO,
1986). Heat is known to affect different parts of the muscle at different temperatures
(Hastings et al., 1985), highlighting the importance of applying an optimal
temperature for an efficient break-down of the raw material during cooking.
Appropriate cooking temperatures during fishmeal and fish oil production have been
discussed in earlier studies (Einarsson et al., 2019; Nygaard, 2010), where 95-100°C
for 15-20 minutes is the most common practice (FAO, 1986). However, fishmeal
produced at a temperature below 90°C has been shown to have a lower content of
lipids and FFAs, as well as higher digestibility (Opstvedt et al., 2003), possibly due to
lower degradation of the proteins through non-enzymic browning (Maillard
reactions) (Hall, 2010). Furthermore, high-temperature exposure of fishmeal
produced with the outlet meal temperature at about 100°C showed a significant
reduction in digestibility compared to fishmeal produced at the outlet meal
temperature about 70°C researched in-vitro with mink (Mustela vison, L) as a model
animal (Opstvedt et al., 2003).
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Prior to cooking, the raw material is often pre-heated by using an excess heat
source from the processing, such as from the steam dryer or evaporator. This energy
recycling can lead to substantial energy savings (Einarsson et al.,, 2019). The
temperature during pre-heating is often 55°C for 20 minutes, which increases the
enzymatic activity of the raw material (Einarsson et al.,, 2019). The increased
enzymatic activity can lead to hydrolysis of proteins into unwanted peptides and
amino acids (Thorkelsson et al., 2009), which can further transform into biogenic
amines with off-flavors as ammonia (Toldra & Reig, 2011). Furthermore, increased
enzymatic hydrolyzation can lead to the formation of free fatty acids (FFAs) from
triacylglycerides (TAGs) and phospholipids (PLs) (Ackman, 1967; Arason, 1994).
Correlations between off-flavors and FFA formation have been reported (Refsgaard
et al., 2000), and heating has been linked to the formation of off-odors and off-flavors
during initiation of oxidative reactions (Toldrd & Reig, 2011). This initiation consists
of free radical formation being catalyzed, by enzymes, metallic cations, light,
moisture, or heat (Toldra & Reig, 2011), which all can affect the quality during
processing. Furthermore, autolysis can also degrade proteins to low molecular weight
peptides and free amino acids, which is one of the problems arising in ungutted fish
during heavy feeding periods (Thorkelsson et al., 2009). Hydrolysis can also affect the
efficiency of the press by lowering the viscosity of the press cake and press liquid due
to a higher separation between solids and water (Einarsson et al.,, 2019).
Furthermore, hydrolyzation can decrease the variation of solid particles in the
stream, lowering the viscosity (Hall, 2010)

Generally, at high temperatures, health-promoting ingredients such as
polyunsaturated fatty acids (PUFAs) are likely to be degraded during fishmeal and fish
oil production (Fellows, 1988; Fournier et al., 2006; Jacobsen, 2015). However, as high
temperatures cause accelerated oil deterioration to free fatty acids (Fellows, 1988),
traditional Hetland air-dryers, in which the temperature may go up to 450°C, can
highly affect the raw material. Hence, heating and drying techniques need to be
optimized to maintain high lipid quality throughout the process for a high-quality end-
product. In addition to high heat, fishmeal and fish oil factories are not closed
systems, and hence oxygen is continuously introduced to the system during
processing. Thus, as PUFA are highly susceptible to lipid oxidation, undesirable fishy
and rancid off-flavors may form (Jacobsen, 2010) during processing. Hence, adjusting
the air-drying temperature or choosing alternative drying methods might result in a
more attractive color of the fishmeal. Furthermore, significant color changes were
observed at temperatures above 60°C when drying sardines due to lipid oxidation
(Tarhouni et al., 2019). Therefore, adjusting the temperature during drying can result
in a higher quality product.
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Different drying techniques require various durations and temperatures, which
affect the quality of the fishmeal. Traditionally, the drying is carried out in two steps
due to energy saving. A rotary disc steam-dryer lowers the water content to
approximately 40% water, followed by an air-dryer, which reduces the content
further down to 5-10% water. However, the drying steps combined take around 40-
45 minutes, where the steam in the steam dryer is at 95°C for 30 minutes, and the air
input at the air dryer is 450°C for 10-15 minutes (middle of the air-dryer is at 150°C).

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

Common methods for characterization of the raw materials include analysis of the
proximate composition, salt soluble proteins (SSP), the production of volatile and
biogenic amines, thiobarbituric acid value (TBA), anisidine values (AV), free fatty acids
(FFA), and more. High protein content is of special interest when producing fishmeal.
However, the proteins can decompose into amines and ammonia, affecting the
protein recovery (Einarsson et al., 2019; Keller, 1990), which occurs if the raw
material is not fresh when produced into fishmeal and fish oil (EFSA, 2010).

The freshness of the raw material entering the fishmeal and fish oil factory is often
assessed by measuring total volatile nitrogen (TVN) or total volatile basic nitrogen
(TVB-N). Nitrogen bases, such as trimethylamine (TMA) and dimethylamine (DMA),
along with ammonia, are formed during the spoilage of fish (EFSA, 2010). The
freshness criterion in the current Hygiene Regulations for whole fish fit for human
consumption is 60 mg TVB-N/100 g fresh weight, although no scientific evidence lies
behind that criterion (EFSA, 2010). Other components often used in the industry to
assess the quality of the fishmeal include biogenic amines such as cadaverine,
putrescine, tyramine, and histamine, which combined levels cannot exceed 2000
ppm. Furthermore, are additional threshold values set to histamine content, or 500-
1000 mg histamine/kg food (Einarsson et al., 2019; Pike & Hardy, 1997). The only
fishmeal fulfilling the recommended criteria is produced from fresh raw materials,
while moderately fresh or stale raw materials rarely reach acceptable criteria
(Einarsson et al., 2019; Pike & Hardy, 1997).

Although fishmeal and fish oil buyers emphasize the importance of the above
quality parameters, attributes such as salt soluble proteins (SSP) can give valuable
information on protein degradation effects during processing. However, the analysis
of SSP has not gained as important status since fishmeal and fish oil are generally not
used for human consumption. However, protein solubility is an essential function in
food applications (Thorkelsson et al., 2009) and is widely used as an index for protein
denaturation (Xiong, 1997). When denaturation occurs, hydrophobic amino acid side
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chains increase at the surface, and the apolar groups interact, forming protein
aggregates (Xiong, 1997). Furthermore, heating has been reported to decrease
protein solubility in SSP extracted from Pacific oysters (Crassostrea gigas), inhibiting
digestibility (in vitro) and negatively affecting proteolysis (Zhang et al., 2020). Hence,
measuring SSP in protein-rich processing streams could explain how the fishmeal and
fish oil production processes affect protein solubility, degradation and overall protein
quality.

Although many quality attributes can characterize the fishmeal, one of the most
critical factors is its lipid content, since it is used in industry to categorize fishmeals
into quality types or classes (Einarsson et al., 2019; FAO, 1986). Fishmeal produced
under hygienic conditions and with no lipid content limit is defined by The Food and
Agriculture Organization (FAO) of the United Nations as fish protein concentrate
(FPC) Type-C (Einarsson et al., 2019; FAO, 1986). FPC Type-B allows up to 3 g lipid/100
g sample, and having a fishy flavor and odor after production due to rancidity after
storage, and FPC Type-A should contain <0.75 g lipid/100 g sample and have no flavor
and no odor (Einarsson et al., 2019; FAO, 1986). Hence, more effective separation of
the lipids from the solid streams would benefit fishmeal processing companies as the
simultaneously obtained higher yield of fish oil would result in a higher yield of low-
lipid fishmeal. However, the lipids remaining in the fishmeal are likely to be
dominated by phospholipids (PLs), as the PLs form the lipid bilayer of the cell
membrane (Alberts et al., 2002). Hence, it could be challenging to access and separate
those lipids from the solid streams compared to triglycerides, which are stored in the
fish raw material as fat deposits (Huss, 1995).

During fishmeal processing and storage, free fatty acids (FFA) can form due to
enzymatic hydrolysis of triglycerides, which is accelerated at the pre-heating stage at
40-50°C (Einarsson et al., 2019). Correlations between off-flavors and FFA levels have
been found (Refsgaard et al., 2000), indicating the importance of minimizing
autolysis. Autolysis can degrade proteins to low molecular weight peptides and free
amino acids, which remain one of the problems in ungutted fish during heavy feeding
periods (Thorkelsson et al., 2009).

Observing the fishmeal and fish oil production process on a lipid quality basis can
identify potential challenging processing steps or hot spots in the overall process and
identify occurrences leading to fishmeal production with a high lipid content
production. Hence, in the current study, the primary focus was set on investigating
the process on a lipid basis to achieve effective lipid separation from the process. The
detailed lipid analysis was then followed up by analyzing changes in the protein
quality during processing, including crude protein content, SSP and amines (both
biogenic and TVB-N), and further quality attributes of the final fishmeal and fish oil.
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2.4 Environmental impacts of fishmeal and fish oil production

The fisheries and aquaculture sector promotes environmental, economic, and social
sustainability along the value chain (FAO, 2020). Life-cycle assessment (LCA) can be
applied to determine the environmental impacts of the production and provides a
quantitative assessment perspective of sustainable solutions within the value chain
(Hauschild et al., 2018).

The environmental impacts of a production are described in different impact
categories, such as global warming, fossil resource scarcity, and terrestrial
ecotoxicity, which represent the lifetime of the system or the product investigated.
The impact categories covered by a LCA should reflect a comprehensive set of
environmental issues that relate to the system or product under study, along with
the goal and scope of the investigation (Hauschild et al., 2018). Hence, evaluating
fishmeal and fish oil production with LCA can give a quantitative estimate of
environmental impacts.

Environmental impacts of fishmeal production (Samuel-Fitwi et al., 2013) and
fishmeal factories (Fréon et al., 2017) for feed applications have been studied, but
information on effects of the raw material acquisition, the production, and cleaning
and waste are missing from literature. Moreover, as the fishmeal and fish oil
production processes have remained similar since the 1960s, the production process
needs optimization. The effect of each processing step was investigated on an
environmental impact basis. Hence, decision-makers can access all information to
take an enlightened decision on which processing steps to prioritize for optimization
both from a quality and environmental impact aspect. The driving force in such
process adjustments generally aims to increase product quality, although higher
quality does not always go hand in hand with environmental gain. However, as the
fishmeal and fish oil production processes are energy-intensive (Fréon et al., 2017;
Smadrason et al., 2017), relatively minor adjustments within the energy usage of the
production process could result in a significant environmental gain, including higher
product quality. Therefore, LCA was applied in the current study to estimate the
environmental impacts of the current production process. The LCA further identified
hot spots within the process with high environmental effects, which was included in
the discussion of which processing steps should be prioritized during the required
process optimization, leaning towards higher product quality, cleaner production,
and environmental sustainability.

Earlier assessments of the environmental impacts of fishmeal factories applying
midpoint evaluation showed that the highest values in most of the impact categories
originated from running the fishmeal factory, compared to the effects of
maintenance and construction (Fréon et al., 2017). Furthermore, 87% of prime
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fishmeal facilities processing Peruvian anchoveta ran on heavy fuel oil (or natural gas
used during heating) during processing in 2008-2012 (Fréon et al., 2017), highlighting
the importance of choosing the energy sources used during production wisely.
However, the environmental impacts have also been studied in aquaculture feed
(Boissy et al., 2011; Samuel-Fitwi et al., 2013).

Fishmeal and fish oil products are mostly used in aquaculture and are considered
the most nutritious and digestible ingredients for farmed fish feed (FAO, 2020).
However, studies show that exchanging the fishmeal for other animal by-products up
to 90% of the feed did not affect fish growth and had minor effects on amino and
fatty acid requirements (Galkanda-Arachchige et al., 2020), where examples of total
fishmeal replacement has resulted with equal growth performance, feed conversion
and survival for salmon (Davidson et al., 2016). Moreover, Samuel-Fitwi et al. (2013)
reported a 58% to 59% reduction in global warming by substituting the fishmeal with
50% rapeseed- or soybean meal concentrate, where the standard feed was 65%
fishmeal, compared to soybean- or rapeseed meal with 32.5% soybean/rapeseed
meal and 32.5% fishmeal. However, studies have shown that substituting fishmeal for
vegetable originating meals can have a negative impact on the fatty acid composition
of the farmed fish species, including the omega-3 fatty acids (Huy et al., 2021;
Torrecillas et al., 2017).

2.5 Near infrared spectroscopy and quality detection in fishmeal

Near infrared (NIR) spectroscopy is a valuable method to monitor various
physicochemical properties during seafood production (Cozzolino & Murray, 2012;
Oehlenschlager, 2014). NIR spectroscopy builds on covalent bonds absorption in the
near infrared spectrum, at wavelengths ranging from 700-2500 nm, which are
descriptive for the physical and chemical environment of the studied molecules.
Furthermore, as the technique is fast, robust, and sample non-destructive, NIR
spectroscopy is highly suitable for monitoring various physical and chemical
properties in industrial implementations (Gudjonsdéttir, 2011). Moreover, applying
NIR monitoring during processing allows fast decision-making and redirection of
processing ways in agreement with the characteristics of the raw material and
processing streams. Due to its online application features, the production processes
can thus be easily altered if problems arise during the fishmeal and fish oil production.

NIR has been used for diverse fishmeal quality assessment, such in distinguishing
between low-value Chinese fishmeal and high-value Peruvian fishmeal samples, with
respect to differences in absorbance related to their water-, lipid-, and protein
content (Shen et al., 2017).
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Predicting moisture, ash, oil, TVN, and NaCl content in the final fishmeal products
has also shown promise in several studies (Cozzolino et al., 2002; Fontaine et al.,
2001; Lv et al., 2013; Masoum et al., 2011). Furthermore, the fishmeal content in
other feed compounds can be determined and quantified in other compound feeds
using NIR with high precision models (R?>0.95) (Lv et al., 2013) Indirect quality
assessments of calcium, copper, and phosphorus have also been predicted using NIR,
but a prediction of minerals is important as fishmeal is currently used in animal feed
(Masoum et al., 2011). Furthermore, (Cozzolino et al. (2002) predicted crude protein
content with an acceptable prediction (R?>0.85), which could be useful monitoring
under industrial conditions. Further studies have been conducted predicting heat
damage on fishmeal quality by NIR (Cozzolino et al., 2009). All of the essential amino
acids, except histidine and phenylalanine have been predicted using NIR in wide
applications, indicating pea-, soy-, rapeseed-, sunflower-, meat-, poultry- and
fishmeal (Fontaine et al., 2001). However, as the explained variance for the linear
crude protein regression (RSQcp) in the study by Fontaine et al. (2001) had a wide
range from 0.4-0.8(Fontaine et al., 2001)determining those amino acids with NIR
spectroscopy should be taken with care.

All above mentioned studies applied NIR spectroscopy to assess the quality
characteristics of the final fishmeal. Furthermore, NIR assessments of fishmeal quality
are generally considered easy and inexpensive and are already currently widely
adopted by the industry (Cozzolino et al., 2002). However, according to the best
knowledge of the research team, no references are found in the literature on the use
of NIR to monitor fishmeal and oil quality during processing. Therefore, emphasis
was put on applying NIR for process analytics and monitoring in the current study.

Fish oils have also been studied with NIR and PLS regression models to monitor
hydrolytic and oxidative changes during the production and storage of fish oils
(Cozzolino et al., 2005). The FFA and moisture predictions were adequately
determined by NIR, with coefficients of determination in the calibration set R?>0.94,
and coefficients of correlation in the validation set r >0.80 (Cozzolino et al., 2005). In
that study the peroxide value and anisidine values were not considered adequately
determined. However, the industry calls for more specific chemical information on
the nutritional qualities of the oil, including their fatty acid profiles (Cozzolino et al.,
2005). This led to the investigation of the correlations between the NIR reflectance
and the changes in fatty acid compositions during the fishmeal and oil processing in
the current study.
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3 Research questions and objectives

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

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

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

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

accompanied fish oil during standard procedures compared with reduced cooking

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

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

of the streams during processing.

The detailed objectives of the study were thus to:

Evaluate the current quality and effectiveness of traditional fishmeal and fish
oil processes (Paper I-111).

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

Evaluate the effect of changing the temperature in the cooker during fishmeal
and fish oil production (Paper Il).

Evaluate the protein quality changes in the protein-rich production streams
during traditional fishmeal and fish oil production (Paper Ill).

Assess the change in the environmental impacts of the fishmeal and fish oil
production process by decreasing the temperature in the cooker from 90 to
85°C (Paper V)

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

(Y]

Evaluate the robustness of using NIR spectroscopy to assess chemical quality
changes during fishmeal and fish oil processing (Paper V)
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4 Materials and methods

4.1 Experimental design

The study was divided into five scientific papers, aiming to investigate the current
quality and effectiveness of traditional fishmeal and fish oil production processes, and
to identify where the process could be improved towards increased quality, yield, and
sustainability. Moreover, the study investigated how raw material variations and
changes in cooking temperatures affect production and impact the environment. A
study overview, including short titles on Papers I-1V, is described in Figure 8.

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

Figure 8: Flowchart of the study design.

A flowsheet of the studied fishmeal and fish oil production process can be seen in
Figure 8 and details regarding the raw material processed into fishmeal and fish oil in
Table 1.

4.1.1 Experimental design for Papers I-lli

The objectives of Paper I-Il were to study the current product quality and
effectiveness of a traditional fishmeal and fish oil production process. Paper | focused
on the lipid quality of each processing step during the production of both fatty and
lean species, comparing the processing of capelin (Mallotus villosus), a mackerel
(Scomber scombrus) and herring blend (Clupea harengus), and of blue whiting
(Micromesistius poutassou). Paper | and Il describe a detailed investigation of the
effect of each processing step on the raw material during capelin and
mackerel/herring blend production. However, blue whiting samples were only
collected at key processing locations, which were defined as the solid streams
entering the drying steps (press cake, sludge, and latter concentrate), and
characterization of the raw material and end products (Figure 7). Details of the raw
materials used in the study can be seen in Table 1.
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Table 1 Details of the raw material used in the fishmeal and fish oil production studied in Paper
I-V. The Table adjusted from Table 1 in Paper .

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 Paper Il was to investigate quality changes affected by changing
the cooking temperatures in the cooker, from the traditional 90°C to either 85°C or
95°C, where the separation between lipids and fat free dry matter (FFDM) was of
particular interest. As the production input was 1200 tonnes per day during the
operation time, more drastic temperature changes could not be made during
production, since the tested fishmeal, and fish oils are sold commercially. However,
the literature lacks clear evidence on the effects of temperature changes on the
quality and effectiveness of fishmeal production during cooking. Hence, the impacts
of changing the cooking temperature were investigated during processing of a
mackerel/herring blend. The result from Paper Il indicated a higher lipid quality with
decreased cooking temperatures. However, the focus was set on protein quality in
the following paper to get a holistic view of the fishmeal and fish oil production.

Paper Il thus focused on protein quality of protein-rich side streams during the
production in critical processing steps (raw material, press cake, sludge, and latter
concentrate) as those processing streams are later combined to form the final
fishmeal after drying. Moreover, the samples taken from these key processing steps
were shown in Paper |-l to have very different chemical compositions. Therefore, the
protein quality was investigated and categorized in the before mentioned key
processing streams in Paper Ill, along with the raw materials and end products.
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4.1.2 Design for Paper IV

The objective of Paper IV was to investigate the environmental impacts of traditional
fishmeal and fish oil production, including the environmental impacts of lowering the
cooking temperature by 5°C, from 90°C to 85°C. This decrease in temperature
resulted in higher lipid quality, as described in Paper Il. The life-cycle assessment was
based on the functional unit of “1000 kg capelin fishmeal produced, with the
simultaneous production of fish oil, produced in a plant run on hydropower in Iceland
in 2018”. Mass balances and energy flow were calculated based on the obtained
chemical, mass, and energy analyses from the standard process (90°C) and the
reduced temperature process (85°C) presented in Paper Il. Data on the annual, overall
fishmeal and fish oil production data for 2018, chemicals used for cleaning, and
energy usage used for the analysis were obtained from the company’s green
accounting reports obtained from the Environmental Agency of Iceland
(Sildarvinnslan, 2018). Furthermore, the mass balance and energy flow calculations
were aligned and fitted with the production and energy numbers provided in these
reports. The mass balances and LCA calculations were performed in close
collaboration with Sildarvinnslan.

4.1.3 Experimental design for Paper V

The objective of Paper V was to investigate the potential application of near infrared
(NIR) spectroscopy, a fast and non-destructive measuring technique, to assess
chemical quality changes in the fishmeal and oil during processing. Using NIR to
measure and analyze samples and predict lipid quality would be beneficial for future
changes in the production, as the technique is generally robust, results and feedback
are quick, and samples do not require sample preparation prior to analysis. The
samples used in Paper Il were thus also analyzed for NIR reflectance, and partial least
square (PLS) models were built to assess the predictability of the chemical
composition of the samples throughout the processing.

4.2 Analytical methods

Various analytical methods were used in the papers to evaluate the performance of
the fishmeal and fish oil processing, which included the water and lipid quality of the
samples, evaluation of the robustness of quality monitoring with NIR spectroscopy,
and the overall environmental impacts of the fishmeal and fish oil production.

The focus was set on lipid quality and the separation between lipids and fat-free
dry matter in the production streams. The separation of lipids has proven to be
challenging, although its implications are vast. A high lipid content lowers the value
and stability of the fishmeal due to a higher risk of lipid oxidation, and the oxidative
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stability decreases with increasing unsaturated fatty acids (Mozuraityte et al., 2016;
Tengku-Rozaina & Birch, 2013). Detailed knowledge regarding the effect of each
processing step on the lipid separation is deficient in literature, and hence lipid
quality-oriented methods were prioritized before protein quality-oriented methods
in the current study.

Lipids can be stored in the raw material as fat depots, expressed as
triacylglycerides (TAGs), consisting of glycerol and three fatty acids (Huss, 1995).
However, lipids in the cell membrane are mostly phospholipids (PLs) and are both
hydrophobic and hydrophilic (Alberts et al., 2002), making them difficult to extract.
Hence, separating the PLs from the solid streams is more complex than separating
the TAGs from the solid streams. Thus, measuring the PLs throughout the production
could give an overview of where processing steps should be altered. Otherwise, the
majority of the PLs are likely to follow the solid material to the dryers and not be
extracted out, leaving the fishmeal high in lipid content, as the PLs undergo no
significant chemical hydrolysis if processed traditionally (de Koning, 2002; de Koning
et al., 1986).

However, as excessive water, heat and oxygen are present during fishmeal, and
fish oil production, lipid oxidation and hydrolyzation seem inevitable as lipid oxidation
is induced by light, temperature, and oxygen (Jacobsen, 2015). Hence, lipid hydrolysis
as assessed by the formation of free fatty acids (FFA) was measured to identify
adverse effects during the fishmeal and fish oil production processes. Furthermore,
correlations between off-flavors and FFA levels have been found (Refsgaard et al.,
2000). During hydrolysis, PLs and TAGs were expressed as FFAs. The composition of
the fatty acids was analyzed to investigate the nutritional value of each processing
step; quantifying and locating any loss in fatty acids would hence be possible.

4.2.1 Water and lipid quality

Water content was measured according to the ISO 6496 method (ISO, 1999) except
for water in oil samples, where titration by an 851 Titrando instrument (Metrohm,
Herisau, Switzerland) was used. Lipid extraction, according to Bligh and Dyer (1959),
was used for analyzing total lipid content, phospholipids (Stewart, 1980), free fatty
acids (Lowry and Tinsley, 1976; Bernardez et al. 2005), and fatty acid composition
(AOCS, 1998; Dang et al., 2017, 2018; Romotowska et al., 2016, 2017).

In the current study, FFA and PL content might be underestimated as the standard
curve of FFA was prepared with oleic acid, and the PL standard curve for the PLs
assessment was made with phosphatidylethanolamine. As FFAs are amphiphilic, they
can dissociate in aqueous systems, form micelles, and are dispersed into the water as
emulsion particles during lipid extraction (Frankel, 2012), and thus often
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underestimating the FFA concentration of the sample. Since oleic acid was the only
fatty acid measured during the FFA assessment, the risk of underestimating the free
fatty acids in the sample is quite high. In the same way, the PLs content is potentially
also underestimated as phosphatidylcholine was the only PL measured, as it is the
most abundant phospholipid class in the cell membrane (Alberts et al., 2002). Other
classes such as phosphatidylethanolamines,  phosphatidylserines, and
sphingomyelins were not measured. Around 5-10% of the peaks remained unknown
and unassigned during the fatty acid composition assessment.

4.2.2 Protein quality

Crude protein content was measured according to ISO 5983-2 (ISO, 2009), and a
method described by Kelleher & Hultin (1991) was followed to investigate salt soluble
protein (SSP). Biogenic amines were measured using the method described by Olajos
(2015) and total volatile basic nitrogen (TVB-N), trimethylamine (TMA) and
dimethylamine (DMA), were measured by the method described by Malle &
Poumeyrol (1989). Protein degradation could hence be assessed as non-protein
nitrogen compounds, including biogenic amines, TVB-N, TMA, and DMA, as they
contribute to both taste and smell (EFSA, 2010; Pérez-Villarreal et al., 2008). TMA
formation is produced mainly by bacterial degradation and DMA through
endogenous enzymatical pathways. However, TVB-N represents the sum of
ammonia, DMA, TMA and other volatile basic nitrogenous compounds in the samples
(Pérez-Villarreal et al., 2008; Toldra & Reig, 2011). Hence, the deduction of the TVB-
N from the total crude protein content indicates how much of the protein is
denatured. Along with DMA, formaldehyde is produced and increases protein
denaturation (researched in cod) and decreases solubility (Xiong, 1997; Zayas,
1997b). Furthermore, protein denaturation could increase due to interactions
between the formaldehyde and the side chain groups, resulting in protein
aggregation through non-covalent interactions (Xiong, 1997; Zayas, 1997b), while
protein aggregation due to exposure of hydrophobic residues can happen during
thermal treatment (Kristinsson & Rasco, 2000). Solubility was studied by measuring
salt soluble protein content (SSP), but solubility is the main characteristic of proteins
used in liquid foods and beverages (Zayas, 1997b).

4.2 3 Life cycle assessment

A life-cycle assessment (LCA) was performed to study the effect and impacts on the
environment of the entire process. The advantages in applying this method are
involved with the flexibility in the evaluation and how detailed it is (Gregory et al.,
2009). The disadvantages mainly include the extensive, thorough knowledge needed
to conduct and interpret the results and value judgment on environmental priorities
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for an effective application (Gregory et al., 2009). Collecting data can be problematic,
as companies do not necessarily report all incidents or occurrences (intentionally or
unintentionally) (Hauschild et al., 2018). However, as the focus was set on energy and
power consumption during the LCA in Paper IV, assessing such challenging factors
was at a minimum.

The study follows a standardized LCA methodology, as presented by the 1SO
14044 and 1SO 14040 standards and described in detail by Hauschild et al. (2018). The
LCA was performed in SimaPro (PRé Sustainability, Amersfoort, Netherlands) with
inventory from "Ecoinvent 3.6". Data comparison was performed in Microsoft Office
Excel (Microsoft Inc., Redmond, WA, USA).

4.2.4 NIR assessment

The effectiveness and prediction precision using near infrared (NIR) spectroscopy to
monitor several chemical quality parameters was assessed and compared to the
traditional analytical methods described in the next chapter. The benefits of applying
this fast, non-destructive analytical technique for both time and cost-efficiency were
also discussed. Although it is not a standardized method during fishmeal processing
yet, NIR has been used in earlier studies to predict the composition of both the raw
materials and final products in real-time with good precision and accuracy.
Moreover, risk of human error would be minimized during sample measurements
with NIR spectroscopy. However, studies on the robustness and precision to predict
and monitor quality during fishmeal and oil processing was lacking. The study set up
for paper V tried to fill that knowledge gap.

The near infrared (NIR) measurements were done by a Bruker Multi-Purpose
Analyzer system with a fiber probe (Bruker Optics, Rheinstetten, Germany). The
wavelength ranged from 800 to 2500 nm, and five scans were used to build an
average spectrum for each sample. All analyses were then performed in triplicate.
Partial least square (PLS) prediction models using the spectral data and chemical
assessment results in Paper Il were built and validated to predict the chemical
composition of the samples during processing using the Unscrambler® software
(Version 10.5.1, CAMO ASA, Trondheim, Norway). Two of the sampling replicates
were used for the calibration building, while the third sample replicates were used to
form an independent validation matrix.

4.2.5 Statistical analysis

Data summaries and handling, figures, and tables were generated in Microsoft Office
Excel 16 (Microsoft Inc., Redmond, WA, USA). Analysis of variances (ANOVA) and
Tukey's HSD tests was performed in RStudio (RStudio Inc., Boston, MA, USA) to assess
differences between samples and treatments. The significance level was set p<0.05
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for all statistical tests and models, and the results were shown as mean values *
standard deviation (SD) from three replicates for each sample.

5 Results and discussions

A traditional fishmeal and fish oil process was analyzed to investigate how the
different processing steps affected the quality of the raw materials. Firstly, the
production was analyzed on a lipid quality basis (Paper I-IlI), where the effects of
processing different species (Paper 1) and applying different cooking temperatures
(Paper Il) were investigated. Thereafter, the mass balance (Papers Ill and IV) was
calculated and estimated, followed by an evaluation of the protein quality of the
protein-rich production streams (solid side-streams), and the benefits of processing
them individually (Paper Il1).

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

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

Similar trends were observed in the water and lipid content during the processing of
capelin (C) and the mackerel/herring blend (MHB) (Figure 9). In both species, the
draining step required optimization as the water content of the cooking step and
draining did not differ significantly, indicating that the water removal during draining
was ineffective. The draining needs to sieve the solid particles more effectively, as
higher FFDM in the protein-rich processing streams (such as the press cake) would
also lower the energy usage during pressing and the drying steps. Moreover, with
more effective draining, a lower proportion of FFDM would enter the liquid streams,
benefiting the whole process. This applies particularly to the evaporation, as viscosity
changes of the liquid streams can affect the degree and efficiency of evaporation
dramatically (Einarsson et al., 2019).

The press worked adequately as the water content significantly decreased in the
press cake in all species (C and MHB in Figure 9, blue whiting (BW) in Paper I).
However, as the press and drained liquids were mixed in the decanter, emulsions
might immerse due to the oil still being a part of the liquid streams. The water
content of the sludge variated highly between species, and the lipid content was
generally lower than in the press cake. However, the sludge had a higher variation in
lipid content when processing fattier species. The third solid stream entering the
drying steps was the latter concentrate, which had the highest water content, or
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around 80% of the sample, and had the lowest lipid content of the three solid streams
entering the steam dryer. The water content is usually 50-70% after evaporation
(Einarsson et al., 2019; Hall, 2010) which was not the case in the current study, and
no significant changes were observed in water content during the concentration step.
Hence, the evaporation process requires optimization. Moreover, as the three solid
streams entering the dryers differed widely in water content, from 50% to 80% water,
the drying might burn some of the materials, in addition to exposing the lipids to
additional heat and oxygen. Simultaneously, some material might be too wet for the
following air-drying step. Hence, if the three streams are instead dried individually,
the drying time and temperature of the streams could be optimized depending on
the water content of each side-stream entering the dryers, possibly saving energy
while simultaneously increasing the quality of the resulting products. Similar trends
in water reduction during drying were noticed between species, although the water
content from C was around 50% after stream drying, while the steam dried MHB
material was close to 40% in water content (Figure 9).

The water content of the fishmeal was 4.6-6.4% in all species studied, which is
considered relatively low. However, according to FAOs Feed and Feed Ingredient
standards, no minimum water content is defined (FAO, 2001a). As fishmeal prices
depend on the protein content, the water content is often adjusted with more
extensive drying but simultaneously risking material burning and other heat-induced
degradation. Another attribute affecting the price of fishmeal is the lipid content. The
lipid content was relatively high in the fishmeal of all species. The BW fishmeal
resulted in a lipid content slightly below 10%, classifying it as a Type B fish protein
concentrate (FPC), while the lipid content of the MHB and C was >10%, resulting in a
Type C FPCs classification. The fishmeal products were thus too high in lipid content
to be considered for human consumption in all species under the current production
conditions. Furthermore, their current odor and color did not help make them an
attractive food option.
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Figure 9: Water (subfigure a and c) and lipid (subfigure b and d) content changes during
fishmeal and fish oil production of capelin (C, presented with green color), and a
mackerel/herring blend (MHB, presented with orange color). Dashed lines indicate where
more than one stream was connected between the processing steps, and an unbroken line
where only one stream was connected. Letters indicate significant difference, where p<0.05.
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The lipid content of the press cakes, sludge, and the latter concentrates differed
between the species (C, MHB, BW). The highest concentration of lipids entering the
drying steps came from the press cake in the fattiest raw material (MHB), while the
highest amount of lipids originated from the latter concentrate in the leanest raw
material (BW). The TAGs seem to aggregate in the separated press liquid before lipid
extraction in the following step, depending on the lipid content of the fish species
processed. The separation between the lipids and the solids could be more efficient
with more optimized processing steps aiming for oil extraction. Moreover, as the solid
streams are blended prior to drying, despite their different chemical composition, the
lipid composition of the fishmeal did not significantly differ between the studied
species, although the raw material variated between 2-20% in lipid content.

In both the C and MHB, free fatty acids (FFA) (Figure 10) increased drastically in
the slurry and stickwater, possibly due to the recirculation of the slurry. This could
introduce additional heat, oxygen, and water to the process, but they are all known
factors to induce lipid oxidation (Jacobsen, 2015). When looking at the FFA
concentrations on a lipid basis, the lipids in the stickwater were 25+15% (MHB) and
12+12% (C) FFAs, and the slurry 19+8% (MHB) and 14+10% FFAs, indicating that in
such variated raw materials, the recirculation most likely introduced higher water,
heat, and oxygen to the processing. FFA protein binding is known to be the driving
force in lipid hydrolysis (Ackman, 1967) and is involved in the formation of secondary
oxidation products, which have no beneficial health effects (Tena et al., 2018). Hence,
low FFA is a crucial factor for in improving the processes towards producing products
for human consumption. Recirculation could be minimized with a more effective way
of breaking down the protein-lipid bonds during the initial processing steps.
Moreover, if the streams are processed individually, bypassing problematic streams
would be possible. This could for instance benefit the capelin fishmeal production,
where high FFA values originated from the capelin sludge. Interestingly, FAO has not
specified a maximum value for FFAs in fishmeal intended for feed (FAO, 2001a).
However, fishmeal buyers might have their own individual preference of FFA limits.

As FFAs are among the products of hydrolyzation of phospholipids (PLs) (Ackman,
1967), it is suggested that PLs should decrease during hydrolyzation while FFAs
increase. This was mainly observed during the drying steps (Figure 10). Moreover,
high temperatures can cause increased deterioration of the lipids to FFA (Fellows,
1988), including long-chain PUFA degradation at temperatures 180°C-220°C (Fournier
et al., 2006), which can explain the loss in PLs during drying, primarily in the air-dryer.
During capelin processing, both the relatively high PLs in the latter concentrate and
the high FFAs in the sludge could indicate that the processing of capelin was
challenging. The reason could be higher viscosity of the C sludge, lowering the oil
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Figure 10: Free fatty acid (FFA, subfigure a and c) and phospholipid (PL, subfigure b and d)
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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 stream processing. Interestingly, the FFAs and the PLs
differed significantly between the fine meal and fishmeal in both C and MHB. This
questions the effects of particle size on composition and reactivity, as the fine meal
samples were collected from the air duct after the air-dryer, which in theory should
contain a similar chemical composition as the final fishmeal.

The fatty acid composition (FAC) was dominated by monounsaturated fatty acids
(MUFAs) in all species (Paper 1), in most of the processing steps. During MHB fishmeal
production, most of the SFAs and MUFAs were extracted in the press-cake and the
sludge, while PUFAs were highest in the concentrate. In contrast, C production
showed the highest PUFAs in the sludge and press cake, while MUFAs were highest
in the concentrate. Hence, to obtain the highest concentrations of PUFA, processing
the C press cake and C sludge or MHB concentrate separately is advised. However,
these results indicate that the mechanical process is not separating lipids from all
classes effectively, and an additional oil extraction step is needed before the press. If
extracted successfully, the fish oil would yield a higher PUFA yield, MUFAs, and SFAs.
However, the fish oil differed significantly in composition between species. The
average PUFA content in the MHB fish oil was twice the amount of PUFAs in the C fish
oil. The MHB raw material is thus more suitable for process development towards the
production of high PUFA oils. With more lipids extracted from the protein-rich solid
streams, the increased fish oil yield would also benefit this production.

The PUFAs, omega-3 PUFAs, and EPAs (Table 3, Paper |) tend to follow the solid
stream of the fishmeal and fish oil production, ending up with higher PUFAs in the
fishmeal compared to the fish oil. As fishmeal is mainly used as feed for aquaculture,
high PUFAs are of interest, as feed with high levels of omega-3 and omega-6 FAs are
digested up to 6% better than feed with high rendered animal fats and SFA (Bureau
et al., 2002). Hence, the production process could produce different products,
depending on the end consumer, and side-streams with additional oil extraction steps
could suit the pet food industry or human consumption, while other parts of the
production could suit fishmeal production.

As a result of the lipid quality and water content investigations presented in Paper
I-11, the following recommendations are suggested:

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

e Exchange and/or optimization of the cooking process for a more effective
breakdown of the raw materials. The potential use of enzymes should be
investigated.

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

e Adjusting the evaporation for more effective water removal
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e Drying the press-cake, sludge, and the concentrate separately and adapting
the individual drying times depending on the water content of each stream

e The effects of the processing are species-specific, and the process require
adaptation and optimization towards the processing of each raw material.

With a more effective breakdown of the raw materials, the lipid and water
separation from the solid streams should increase. Moreover, extracting the oil and
PUFAs more effectively from the production process, the final oil could result in
higher PUFA levels, with the improved quality and potential higher health benefits
that go with them. Furthermore, with enhanced lipid separation from the fishmeal,
the shelf-life of the fishmeal may thus also be prolonged (Mozuraityte et al., 2016;
Shahidi & Zhong, 2010) as omega-3 PUFAs are highly susceptible to lipid oxidation
(Jacobsen, 2010).

5.1.1 The effect of different cooking temperatures (Paper 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, 2010). Heat-induced muscle
denaturation and degradation are highly dependent on the chosen heat treatment
(Fernandez-Segovia et al., 2003), highlighting the importance of using the correct
temperature during cooking. Traditionally, the most common practice has been
cooking at 95-100°C for 15-20 min (Einarsson et al., 2019; FAO, 1986), although
temperatures down to 75°C for 25 min have been suggested (Nygaard, 2010). Hence,
the lipid separation from fat-free dry matter was compared at three different cooking
temperatures, or 85°C, 90°C, and 95°C in the current study.

Analysis of the MHB fishmeals showed that using a cooking temperature of 85°C
resulted in fishmeal with the lowest water, lipid, FFA, and PL content. Furthermore,
the PL contents were lower at 85°C and 95°C in the fishmeal, compared to 90°C, and
higher at the same temperatures in the fish oil, indicating a better separation at 85°C
and 95°C compared to 90°C. The fish oil had the lowest FFAs at 95°C and highest PLs
at 90°C, but the difference was relatively small, which did not justify applying
temperatures above 85°C.

Thus, as the water and lipid content of the fishmeal was lower at 85°C compared
to 95°C, lowering the cooking temperature to 85°C can be recommended. Future
research with decreasing the temperature is suggested, with or without enzymes. The
purpose of the cooking step would shift towards lipid separation and homogenous
solution, rather than aiming for raw material breakdown and high hygiene.
Furthermore, other steps of the production process would aim for higher hygiene.
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5.2 Mass and energy balances (Paper IlI-1V)

Investigations of the mass and energy flow throughout the fishmeal and fish oil
production were performed for the capelin (C), mackerel/herring blend (MHB), and
blue whiting (BW) raw materials (Figure 11).

The mass balances show that in leaner species (C and BW), higher amounts of fat-
free dry matter (FFDM) enter the liquid streams already after the draining step (Figure
11). Hence, most of the FFDM in the liquid stream could be water-soluble or low kDa
particles that the sieve cannot catch. Furthermore, the separated press liquid can
include high lipid content depending on the raw materials processed (MHB was 15%,
C 6%, and BW 1%) as the lipids have not yet been extracted from the process.
Moreover, as the lipids in the separated press liquid are the main processing stream
contributing to the final quantity of oil extracted from the process, a less harsh
extraction process is recommended as the fish oils had lost all PLs in the final oil
(<0.04 g PL/100 g lipid). Furthermore, the PLs are more susceptible to lipid oxidation
compared to TAGs due to their close location to prooxidants in the aqueous phase or
the liquid stream (EFSA, 2010), indicating hydrolyzation of the PLs during the
production.

The first centrifugation remains a problematic step during processing, as the
slurry is recirculated back to the decanter, although the main mass exits as sludge
with a decreased water content. Evaporation of the stickwater was also ineffective,
returning the concentrate with higher water content than expected. Evaporation of
stickwater in a study by Hall (2010) showed similar tendencies and was assumed to
relate to the high viscosity and stickiness of the material, which increased with lower
water content. The viscosity of the processing streams must therefore be taken into
consideration during process optimization.

5.2.1 Effectiveness of the concentration and drying steps

The press cake, sludge, and concentrate are blended prior to drying. The size of each
stream (quantity) contributes differently to the final composition of the final fishmeal
in each species (Table 2).

The majority of the FFDM and lipids in the fishmeal originated from the press cake
(44-54% and 41-69%, respectively), indicating that the press worked adequately in
liquid removal for both water and lipids (Table 2). This also highlights that improved
lipid separation prior to pressing needs to be achieved if a high protein product with
a low lipid content is to be produced. Furthermore, a high proportion of lipids were
added to the fishmeal through the sludge (contributing to 18-38% of the lipids in the
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Figure 11: Mass balance (grey color) and energy flow (red color) from a traditional fishmeal
and fish oil production process, with the functional unit “production of 1 tonne of capelin
fishmeal including fish oil, produced by hydropower in Iceland in 2018”. The quantity of each
stream was calculated from water-, fat-, and fat-free dry matter (FFDM) measurements
throughout processing. Water-, and lipid content was measured first-hand and presented in
detail in Papers | and Il . Calculated data is shown with italic letters.
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fishmeal), identifying that mixing the streams is not beneficial to achieve a low lipid
content fishmeal.

The concentrate resulted in the lowest contribution of lipids to the fishmeal,
which was not surprising as the concentrate had passed two centrifuges aimed at
extracting the lipids from the lipid stream during the production process (Figure 7,
11). However, the concentrate contained high water content (highest contributor in
C and MHB), making the dryer efficiency substantially lower for these species.
Furthermore, the high-water content makes the material more likely to stick to the
metal plates in the steam-dryer, possibly burning part of the raw material. These
findings support even further that the streams should not be mixed but rather
processed individually. Optimization of the drying times and temperatures would also
allow products of higher quality, potentially for human consumption.

The press cake and the sludge were the highest contributors to both PLs and FFAs
in the fishmeal. Furthermore, high lipid content and high FFDM seemed to go hand
in hand, indicating that the lipids were not appropriately separated from the FFDM.
This suggests that the PL and FFA primarily followed the solid phase (dry matter-rich
streams) during the fishmeal processing.

Table 2: Proportional contributions of ingredients (water, lipid, FFDM, PL, and FFA) from
processing streams entering the dryers to the final chemical composition of the resulting
fishmeal products from capelin (C), a mackerel/herring blend (MHB), and blue whiting (BW),
respectively. Values represent the average percentage of
water/lipids/FFDM/phospholipids/free fatty acids in the fishmeal originating from the press
cake, sludge, and concentrate, respectively.

Proportional ingredient contribution to fishmeal composition [%]

Capelin Quantity [kg] Water Lipids FFDM PL FFA
Press cake 929 23% 52% 46% 51% 58%
Sludge 789 24% 36% 30% 45% 38%
Concentrate 1345 53% 12% 24% 4% 4%
Blue whiting

Press cake 849 27% 41% 44% 51% 39%
Sludge 962 38% 34% 39% 36% 34%
Concentrate 699 35% 25% 17% 13% 27%
Mackerel/herring blend

Press cake 1025 35% 69% 54% 43% 22%
Sludge 537 21% 18% 27% 53% 61%
Concentrate 781 44% 13% 19% 4% 17%

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 all streams, including the fish oil.

5.3 Protein quality changes during fishmeal processing (Paper lIll)

The protein quality changes occurring during fishmeal processing were investigated
by measuring protein content, salt soluble protein (SSP), biogenic amines (BA),
enzymatic degradation (dimethylamine content, DMA), and microbial spoilage (TVB-
N and TMA) during the processing of the BW and MHB. This assessment was
important since the first quality indicator fishmeal customers tend to look at is the
protein content, followed by the biogenic amines (mainly cadaverine and histamine)
and TVB-N content. However, references in literature on how these parameters
change during fishmeal processing are scarce.

Of the biogenic amines (BA) analyzed (tyramine, putrescine, cadaverine, and
histamine), cadaverine was the most abundant BA in all sampled processing steps in
both BW and MHB. Histamine was detected above threshold values in the BW raw
material, BW press liquid, and BW separated press liquid, and in all sampling locations
studied during the MHB processing. However, no histamine was observed in the BW
fishmeal. The obtained higher BA values in the MHB were not surprising as histamine
levels are expected to be higher during the processing of industrial side-streams
containing high amounts of guts, gills, and heads (Kose et al., 2003). These high
histamine values in the raw material indicate ineffective cooling and handling prior
to processing, as the formation of BAs in seafood primarily depends on the time and
temperature conditions from catch until processing (Visciano et al., 2020). The
histamine mainly followed the liquid streams throughout the production and was
expected not to be destroyed by further processing (Kdse et al., 2003), which was not
the case in the current study as all the BAs decreased during processing by 76% and
86% during BW and MHB processing, respectively. Although histamine is heat-
resistant to a certain degree (lenistea, 1971; Kése et al., 2003), extensive heat
treatment ending with 450°C for 15 min in the air dryer could decompose parts of the
histamine into other compounds. Moreover, several microorganisms can break
histamine and other BAs down during processing, including in canned and sterile tuna
flesh (Arnold & Brown, 1978; Kose et al., 2003). Higher BA amounts were obtained in
the press liquid than press cake (in the BW), and higher BA in the separated press
liquid than the sludge (BW and MHB). Mixing the liquid streams back into the fishmeal
processing, as is currently done, could thus cause problems in BA accumulation during
processing, and should be avoided, at least for histamine-rich species such as
mackerel. However, the effect of BA levels of other species, such as BW, should not
be neglected since high levels of individual BAs, including cadaverine, can cause
problems when adapting the processes towards human consumption.
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The TVB-N, TMA, and DMA values showed similar trends during the BW and MHB
fishmeal processes, where the press-cake had the lowest values of the volatile
nitrogen compounds. Interestingly, the press-liquid showed higher TMA levels in the
BW production, indicating higher microbial activity in the BW than in the MHB
samples. This trend was seen throughout processing, showing increased TMA levels
throughout the BW liquid streams, which finally increased the TMA values in the
fishmeal when the concentrate was blended with the press cake and sludge.
However, the opposite was observed in DMA formation as the highest DMA values
were obtained in the fishmeal in both species studied. This proportional increase in
DMA concentrations during drying is probably due to the water removal, rather than
an increase in enzymatical activity. Furthermore, as formaldehyde is formed
alongside DMA during enzymatic degradation of TMAO (Xiong, 1997; Zayas, 1997a),
possible ring formation between the proteins and the formaldehyde may occur,
which would regulate the function of the material, e.g., inhibit proteolysis or alter
folding kinetics of the raw material (Kamps et al., 2019) during processing. Hence,
formaldehyde formation could affect not only the quality of the raw materials but the
mass flow, energy use, and overall efficiency of the production.

Salt soluble protein (SSP) levels were high in the raw material and decreased
immediately after cooking, resulting in low SSP values in streams after pressing (press
cake and press liquid) and in the separated press liquid. However, the SSP content
increased slightly in the fishmeal, possibly due to the water removal during drying.
The decrease in SSP after the cooking indicated that most of the proteins were
already denatured. This is in agreement with Hastings et al. (1985), who showed that
at 87°C, most of the myofibrillar and sarcoplasmic proteins, collagen, and other cod
muscle proteins were already denatured. However, protein solubility is considered
the first functional characteristic when testing new protein ingredients and is the
main characteristic of proteins used in liquid foods and beverages since high solubility
in the product expands the proteins applications (Zayas, 1997b). Hence, for future
development of the protein stream, solubility is an essential function that limits the
applications towards human consumption and should be considered further.
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5.4 Environmental impacts of fishmeal and fish oil production
(Paper IV)

The drivers behind changes in the fishmeal processing were related to quality issues.
Therefore, a positive correlation between increased quality and decrease in
temperature brought up the question if the decrease in temperature would reduce
the environmental impacts of the fishmeal and fish oil production, and to which
extent? To address these questions, a Life Cycle Assessment was conducted, based
on the functional unit of 1000 kg of fishmeal produced, in a cradle-to-gate study. Also,
due to that fishmeal and fish oil is produced worldwide and not only in Iceland but
with very similar technology and processes, the Life Cycle Assessment included three
different scenarios, each representing different energy sources. The energy source
scenarios included the use of hydropower (Base Scenario 0), heavy fuel (Scenario 1),
and a combination of both energy sources (Scenario 2) to represent the Icelandic
energy mix for the total fishmeal and fish oil production in Iceland, in the reference
year 2018. The base case, Scenario 0, ran on 100% hydropower and was calculated
and assessed from first-hand data from the Sildarvinnslan (SVN) fishmeal and fish oil
factory in Neskaupstadur in Iceland. The same mass and energy balances were used
for Scenarios 1 and 2, but scenario 1 assessed the use of heavy fuel oil to represent
energy usage in most of the fishmeal and fish oil factories in Europe (EUfishmeal,
2019). Scenario 2 assessed a combination of hydropower (75.4%) and heavy fuel
(24.6%) oil use, which represented the average overall energy use in fishmeal and fish
oil factories in Iceland in 2018 (FIF, 2019). All scenarios included an assessment of the
potential reduction of environmental impacts due to lower cooking temperatures.

Paper IV includes a complete LCA, but to address the question on optimization
potential, a hotspot analysis was included in the study to identify the most
contributing life cycle stages assessed within the system boundary shown in Figure
12, and the different energy source during the processing (Table 3).

Hotspot analysis in Scenario 0, with the processing run on hydropower, indicated
that global warming effects mainly originated from the raw material acquisition,
followed by cleaning and waste disposal, and finally by processing. For Scenario 1, the
highest environmental impacts were from the processing, followed by the raw
material acquisition. Scenario 2 showed similar results for raw material acquisition
and processing, where cleaning and waste had the lowest impacts on the
environment of the three categories. Packaging and backup power impacts on the
environment were relatively negligible in all Scenarios.

The raw material acquisition had the same overall impacts (320 kg COz eq in all
Scenarios), or 69% of the total global warming effect in Scenario 0, 30% in Scenario 1,
and 53% in Scenario 2. The shift in global warming impacts and other impact
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categories reflects the different energy composition in the assessed scenarios.
Looking at other relevant impact categories, ozone formation, both affecting the
terrestrial ecosystems and human health, remained the highest environmental
contributor in the raw material acquisition across all Scenarios.
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Figure 12: System boundaries and the fishmeal and fish oil production process flow. In bold are
processes contributing to the LCA calculations. Pre-heating used excess heating from the
evaporators and the steam-dryer and draining did not require any energy.

Observed averages from seven fishing trips showed that fuel usage also differed
between fishing gear (lower fuel usage with purse seiner) during catching and
whether the raw material was superchilled onboard (Table 4). However, sailing
towards shore required slightly higher fuel usage with the purse seiner than trawl,
but the results were not significantly different. On average, sailing towards shore
required the highest fuel usage during the trip, or 44 + 13% compared to sailing
towards the catching ground, energy using during catching or superchilling as
indicated by Table 4. This is due to vessels being heavier when sailing towards shore
due to the refrigerated seawater tanks being filled with the catch, compared to sailing
out to the catching grounds.

Table 3: Raw material acquisition for all Scenarios

Fuel usage
Dates from capelin catching from one vessel — - —
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 three Scenarios studied on capelin fishmeal and fish oil
production with 90°C cooking temperature. Compared Scenarios included Scenario 0
(hydropower), Scenario 1 (heavy fuel oil), and Scenario 2 (75.4% hydropower and 24.6% heavy
fuel oil). All results were generated at a 90°C cooking temperature. The color describes the
percentage of the environmental impacts, whereas the darker color indicates higher
environmental impacts. Backup power was 1% in terrestrial ecotoxicity in Scenario 0, but 0%
in other categories in all of the Scenarios.

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 22% 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: CO,=carbon dioxide, Eq=equivalent, CFC11=trichlorofluoromethane or freon-
11, Co-60=cobalt isotope 5°Co, NOy=nitrogen oxide, PM2.5=fine particulate matter less than
2.5 micrometers, SO,=sulfur dioxide, P=phosphorus, N=nitrogen, 1,4-DCB=1,4
dichnolorbenzene, Cu=copper
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The fishmeal and fish oil production process showed different environmental
impact results when compared between scenarios, as the processing includes energy
sources of both green and oil origin. Most of the environmental impact categories
shift from raw material acquisition being the largest hotspot when the processing is
run on hydropower (Scenario 0), to be the processing, when operated on heavy fuel
oil (Scenario 1). The impact categories which shift depending on the energy source
exclude ozone formation which remain the highest in the raw material acquisition,
and freshwater-, and marine eutrophication, and freshwater ecotoxicity of cleaning,
and waste, which remain the highest contributors across all of the Scenarios.
However, although running on hydropower in Scenario 0 returns roughly half of the
environmental impacts compared to heavy fuel oil, some categories increase when
running on hydropower. Those categories include water consumption and mineral
resource scarcity, which increase by 82%, and 24% when running on hydropower
compared to heavy fuel oil, respectively.

Combined effects from the drying steps (steam dryer and air dryer), evaporation
and cleaning, and waste accounted for >71% of the total environmental impact.
Hence, alterations during drying, evaporation, cleaning, and waste could positively
affect the environment. However, reducing the cooking temperature from 90°C to
85°C resulted in 0.1-0.6% overall lower environmental impacts in Scenario 1, when
the fishmeal and fish oil production operated on heavy fuel oil. Furthermore, in
theory, 205 kg CO2 eq could have been saved during the capelin season in Iceland
2018 (Scenario 2) if all fishmeal and fish oil factories in Iceland had adjusted their
cooking temperature to 85°C. This slight decrease in cooking temperature during the
cooking process contributed to 13% lower global warming effects in Scenario O,
where the factory operated on hydropower. Hence, optimizing possibilities in energy-
intensive processing steps could return even higher environmental gains when the
factory runs on other fuel sources (Scenarios 1 and 2). Optimization possibilities for
lowering the environmental impacts of producing 1 tonne fishmeal and fish oil are
shown in Table 5.

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

Optimization possibilities

. Purse seiner resulted in lower energy usage compared to trawl

Raw material acquisition e  Changing energy source on the vessels is proposed
. A green energy source is proposed
The fishmeal and fish oil . Optimizing the drying and evaporation steps
processing . Exchange cleaning agents for eco-friendly cleaning agents
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Hydropower or other green energy sources are proposed as the primary energy
source for minimal environmental impacts in Iceland, and elsewhere, where green
energy sources are available. This would lower the environmental impacts of the
fishmeal and fish oil production process. The heavy fuel oil was estimated to have
more than five times higher impacts on global warming, while the impacts were four
times higher on stratospheric ozone depletion, three times higher on ionizing
radiation, at least seventeen times higher on ozone formation, fifty-two times higher
on fine particulate matter formation, seventy-nine times higher on terrestrial
acidification, twenty-six times higher on terrestrial ecotoxicity, and twenty-one times
higher on fossil fuel scarcity compared to operating on hydropower. All impact
categories resulted in higher values running on heavy fuel oil than hydropower,
except mineral resource scarcity, which remained similar between scenarios, and
water consumption, which decreased from 70 to 0.4 m3 when using heavy fuel oil.
Although the total environmental impacts mainly depend on the energy source,
improved usage of cleaning agents would lower the environmental impacts, primarily
for freshwater ecotoxicity, and freshwater-, and marine eutrophication.

Standard cleaning agents are proposed to be exchanged towards more
environmentally friendly cleaning agents or improved monitoring of their use to some
extent, as cleaning and waste (waste being relatively low compared to the cleaning
agents) have relatively high environmental impacts. An overview of the average
usage per 1 tonne fishmeal from 2010-2020 can be seen in Table 6, where chemical
agents were grouped for a clearer overview. Furthermore, the average usage of
cleaning agents was divided into two periods, from 2010-2016 and 2017-2020, as the
company changed its energy source from heavy fuel oil to hydropower in 2017 (Table
6). As a result, the oil usage, sulfur dioxide-, and carbon dioxide release decreased
significantly between these time periods (presented in bold in Table 6).

The cleaning agents differ between years where catch, weather, staff, delay prior
to initiation of the fishmeal and fish oil production affects the energy and chemical
use. Regulations or registrations currently limiting the usage of chemicals during
fishmeal and fish oil production are currently none. Hence, it is currently in the
company’s interest to use excessive amounts of cleaning agents to fulfill rules for
hygiene (FAO, 1986). Furthermore, a positive correlation is likely between shorter
labor time for cleaning and higher usage of cleaning agents. Furthermore, chemicals
may be bought in bulk and used for more than one year, possibly explaining the high
standard deviations in the cleaning agent usage (Table 6). However, except for oil
usage and release of carbon-, and sulfur dioxide, no significant changes were seen
between the years, and the standard deviations in all categories were relatively high.
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Table 6: The average usage of cleaning agents per 1 tonne of fishmeal and fish oil produced
from 2010-2020 in the company studied, as affected by main energy source.

Time period 2010-2016 2017-2020
Main energy source Heavy fuel oil Hydropower
Power usage (kWh) 459.5+75.1 501.5+19.8
Oil usage (liters) 17 +11.9 0.2+0.3
Cold water usage (m3) 2.6+0.9 1.7+0.9
Water usage at sea (m?3) 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
HNOs3 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 0+0
Carbon dioxide (kg) 38.1+32.4 0.6+0.8

5.5 NIR (Paper IV)

The utilization of pelagic species is increasing, although the raw material and the
availability of pelagic species vary highly (Hilmarsdottir et al., 2021; Romotowska et
al., 2016). For a high-value product, the fishmeal and fish oil production needs to
produce a consistent product (Kristinsson & Rasco, 2000). Quick feedback from the
production process is beneficial as repairs or attention can be brought to problematic
operational steps to keep the final product consistent. Hence, applying near infrared
spectroscopy (NIR) as a monitoring tool during production to predict the main
chemical quality parameters of pelagic fishmeal and fish oil was assessed. Using NIR
requires no sample preparation and gives quick response, and thus has the potential
to save time, labor work, and chemical use, as well as resulting in faster process
optimization.

NIR reflection spectra of the samples from Paper I-Il were collected
simultaneously as the physicochemical assessments of the samples were evaluated.
The spectra were compared with results from water and lipid measurements, and fat-
free dry matter (FFDM) was assessed as the remaining mass in the sample. The
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spectra were, furthermore, compared to FFA, PL, and fatty acid composition results
as presented in Papers I-1l. Samples from each operational step during the production
process were measured in triplicates, where two of the sampling replicates were used
to build the Partial Least Square Regression (PLSR) models, and the third sample
replicate was set as an independent test set for validation of the prediction model.

The water content varied highly during the fishmeal processing. Water content
prediction from 0.3 to 93 g water/100 g sample was successful where both test and
data set resulted in R? correlation coefficients >0.99 (Table 5.6). Due to the wide
concentration range, the same prediction model could be used for processing,
monitoring, and control purposes of water changes throughout the whole process.
Lipid content prediction models had correlation coefficients in the range 0.93-0.98,
except when applying the second derivative data pre-processing method, which
showed a disappointing correlation of 0.53. However, by applying a baseline
correction (BI.C) or full multiplicative scatter correction (MSC) of the data prior to
modeling, a calibration coefficient of 0.97 and independent validation coefficients of
0.96-0.98 could be achieved, depending on the chosen data pre-treatment. Water
and lipid generally account for 85-90% of the raw material weight processed into
fishmeal and fish oil (FAO, 1986), and it is hence of great value to monitor those
compounds online during fishmeal processing. This holds especially true for
processes such as fishmeal processing, where the extraction of the lipids and water
are often problematic, in which inadequate process monitoring can easily result in
high-lipid fishmeal, of less value than low-lipid fishmeal (Windsor, 2001).

The protein content is the majority of FFDM (around 15 g/100 g sample in the
herring raw material), and ash content is normally relatively low (~4 g/100 g sample
in the herring raw material) (Oterhals & Thoresen, 2021). However, as protein
measurements give significantly different results depending on the extraction
methods used (Mahre et al., 2018), estimating the protein content from NIR spectra
directly could provide a more accurate result. Further measurements and
identification on vitamins, minerals, and other trace elements within the FFDM would
be necessary to address this matter but are left to further studies, although being a
promising subject. However, the FFDM concentrations in the current study ranged
from 0-84.4%, where the prediction correlation was 0.92 during calibration, and 0.94
during validation when applying the MSC pre-treatment of the data. The high protein
content is of interest for fishmeal and fish oil producers as higher prices tend to follow
higher protein content, where 65% protein in fishmeal is used as a reference value
for fishmeal buyers (Index Mundi, 2022). Hence, an online quality monitoring system
could help prevent bottlenecks during production and keep a high protein content in
the final product.
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Table 7: NIR prediction model summary of attributes feasible to predict with NIR, from data in
Paper I-Il where Table 7 is adapted from Table S2 in Paper V. Green color indicates independent
validation, and blue shows result from calibration of the model.

Components Range of R%cy R% 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.

a -

Lipid content 0-100 0.9681 3.86 0.9592 6.34 MSC
aFat free DM 0-84.4 0.9183 6.23 0.9356 5.58 MSC
aPhospholipids 0-14 0.9617 0.06 0.8617 0.11 MSC
Fatty acid composition

0.9953 0.20 0.9928 0.24 None
b —
SFA 20-32 0.9889 0.31 0.8363 1.13 MSC
0.9062 1.15 0.7968 1.62 None
bMUFA -54
u 38-5 0.9462 0.87 0.8291 1.49 MSC
0.9371 1.53 0.8461 2.20 None
b —
PUFA 12-36 0.9816 0.83 0.8588 2.11 MSC
0.9073 0.84 0.8146 1.09 None
b —
DHA 4-17 0.9623 0.54 0.8785 0.89 MSC
0.9536 0.40 0.8278 0.71 None
bEPA 2-1
0 0.9791 0.27 0.8689 0.62 MSC

Abbreviations: n=number of samples, RZcy=calibration correlation factor, RZp=prediction
correlation factor, RMSEC=root-mean-square error of calibration, RMSEP=root-mean-square
error of prediction, DM: Dry matter, SFA: saturated fatty acids, MUFA: monounsaturated fatty
acids, PUFA: polyunsaturated fatty acids, DHA: docosahexaenoic acid, EPA: eicosapentaenoic
acid, MSC: multiplicative scatter correction, BI.C.: baseline correction. Superscript: a=g/100 g
sample, b=g/100 g lipids.

Omega-3 fatty acids, such as docosahexaenoic (DHA) and other polyunsaturated
fatty acids (PUFA) are known to have multiple health benefits (Berquin et al., 2007;
Gunnarsdottir et al., 2008; Larsen et al., 2011; Zheng et al., 2013) and are therefore
of interest to minimize their loss during the production. As PUFAs can be destroyed
during drying, as high temperatures drastically affect the long-chain PUFAs (Fournier
et al., 2006), it is possible to monitor processing steps affecting the PUFAs with NIR
spectroscopy. Excellent prediction models were achieved for SFA, DHA, and EPA
(R?0.98) with low prediction error (<1% of lipids) in all lipid class parameters. The
prediction error was slightly higher for MUFAs and PUFAs, although remaining within
acceptable limits. This higher prediction error might be due to spectral similarities
and a possible overlap of the absorption peaks between the unsaturated bonds in
PUFA and MUFA, resulting in difficulties distinguishing the level of unsaturation.
Although prediction models for DHA and EPA for optimization and monitoring
purposes were successful, a wider range of samples would have been preferred.
However, that is left for future studies to investigate.
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5.6 Comparison of traditional fishmeal, commercial pet food, and
human protein product

During the assessment of the traditional processes, questions arose on how the
chemical characteristics of the traditionally produced fishmeal products were
compared to commercial pet food and human protein sources. The following chapter
describes investigations of where the traditional fishmeal products assessed in this
study rank compared to commercial pet food and fish protein products for human
consumption.

Water content and lipid quality results of the fishmeal products produced at 85°C,
90°C and 95°C from MHB cut-offs (Paper I) were compared to the water and lipid
content of BW and C fishmeal (Paper 1), as well as of a commercial protein product
intended for human consumption and a commercial pet food product (Figure 13). The
commercial protein product was a protein powder available in capsules and produced
from Atlantic cod (Gadus morhua) cut-offs without bones and skin (Protis; Képavogur,
Iceland, www.protis.is). The commercial pet food product contained proteins made
from cut-offs and side-streams which variated depending on the catch each time,
where its processed by a company located at the north coast of France (Copalis; Le
Portel, France www.copalis.fr), mainly consisting of pelagic fish species .

The water content of the commercial- protein product and the pet food was
similar to the MHB fishmeal produced at 85°C (Figure 13). Although the fishmeal
producers want to keep the water content around 6%, lowering the cooking
temperature might be thus beneficial for the future development of higher value
commercial products. The BW fishmeal was significantly lower in lipid content than
the pet food, or 9.4+0.1% compared to 10.4+0.0% lipids. Hence, the BW fishmeal
could be sold as pet food based on the lipid quality assessment. However, the protein
product for human consumption only contained 0.3+0.1% lipids, emphasizing the
importance of extracting the lipids out more effectively for a higher value product.
Further developments of the fishmeal towards pet food production could, based on
this, include relatively minor processing changes, as the BW fishmeal resulted in
similar lipid qualities (lipid content, FFA and PL) as the commercial pet food product.
However, to obtain a holistic view of the fishmeal quality compared to both pet food
and human protein sources, the protein quality and amnio acid composition of the
samples were also investigated.
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Figure 13: Water-, lipid-, FFA-, and PL content in the studied fishmeal products from traditional
processing of a mackerel herring blend (MHB) with 85, 90 and 95°C cooking temperature,
capelin (C) and blue whiting (BW) each processed at 90°C, compared to a commercial protein
product for human consumption (CPP) and a commercial pet food product (PET).

Essential amino acids are amino acids that are crucial for successful growth and
nitrogen balance, as they are not synthesized in humans or other vertebrates and
must be obtained from the diet (Lopez & Mohiuddin, 2021). The essential amino acids
are phenylalanine, valine, tryptophan, threonine, isoleucine, methionine, histidine,
leucine, and lysine and usually derive from animal-based sources (Lopez &
Mohiuddin, 2021), although plants are being engineered for improved levels of
essential amino acids (Galili et al., 2005). However, as the amino acid composition is
known to differ between fish species (Hall, 2010), the commercial protein,
commercial pet food, and the MHB fishmeal produced at 90°C were further
compared as amino acids per FFDM (Figure 14).
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Figure 14: Amino acid profiles of protein commercially sold for human consumption (blue), for
a commercial pet food product (green), and traditional fishmeal from a mackerel herring blend
(MHB, gray) produced at 90°C. Essential amino acids are marked with *, where arginine is
considered essential for children and young adults only.

The comparison generally showed higher amounts of all amino acids in the
commercial protein for human consumption compared to the commercial pet food
and the mackerel herring blend fishmeal (MHB) (Figure 14). However, the commercial
protein for human consumption contained neither proline (Pro) nor hydroxyproline
(Hyp). This may be explained by the fact that the cut-offs from Atlantic cod were used
as the raw material for this product, and did not include fish skin, which generally is
high in Pro and Hyp content (Akita et al., 2020). Furthermore, the glycine (Gly) was
relatively low in the commercial protein compared to earlier reported values, but as
Gly is commonly reported to be higher in white fishmeal compared to herring
fishmeal (around 6 g and 10 g glycine/100g protein, respectively) (Hall, 2010).
Furthermore, since the Gly-Pro-Hyp sequence is one of the main factors impacting
collagen thermostability (Burjanadze, 2000; Karim & Bhat, 2009), lower amounts of
Gly were not surprising in the commercial protein due to the lack of fish skin in the
raw material.

The essential amino acid composition of the fishmeal was not significantly
different from the essential amino acid composition of the pet food, apart from
arginine (Figure 14). The reason for a slight decrease in most of the amino acids
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between the commercial protein, commercial pet protein, and the fishmeal could be
due to heat treatment, as higher heat increases the possibility of burning the
material, increasing risk of protein denaturation affecting the protein solubility
(zayas, 1997b) and lipid oxidation (Jacobsen, 2015; Mozuraityte et al., 2016).

Hydration affects both polar and non-polar protein groups due to hydrogen bonds
and Van der Waals interactions (Privalov & Makhatadze, 1993), it is also not unlikely
that some amino acids were lost during the fishmeal production. Furthermore, during
the steam-drying, the water content in the incoming material decreased significantly,
possibly burning proteins while evaporating water from the mass. If the wet
concentrate sticks to the metal plates in the steam-dryer, the risk of such burning
increases even more.

The comparison between the fishmeal samples from the study and the
commercial products show that the raw materials used for the fishmeal production
contains various value-added potentials. Further process optimization and product
development from the studied raw materials are promising for human consumption.
That is though left for further studies.
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7 Conclusions

The main goal of this Ph.D. project was to investigate the material quality changes at
each processing step during traditional fishmeal and fish oil processing. The current
thesis demonstrates the changes in water- and lipid quality at each step, along with
protein quality changes in promising protein-rich processing streams. Furthermore,
the environmental impact of the traditional processes was evaluated, both with
regards to different energy sources and changes in cooking temperature. The study
provides an overview of quality changes during fishmeal and fish oil production, and
the results can thus be used as future reference, as detailed production analysis was
missing from literature. Fishmeal and fish oil producers can thus test the efficiency
and effects of a processing step of interest and compare it to values that were
measured in the current study, as well as the environmental impacts of their
processes.

Overall chemical composition results indicated that the processing streams should
not be blended and recirculated but should rather be classified based on their lipid
and protein quality. Hence, streams currently entering the dryers simultaneously
(press cake, sludge, and concentrate) should be collected and dried separately, each
with their optimal temperature and drying time. Optimizing the drying steps would
benefit all streams, as lowering temperature exposure increases protein digestibility
in the fishmeal (Opstvedt et al., 2003). This opens up the possibility of producing more
diverse and higher quality products, which can be aimed at specific markets,
increasing the overall value of the production. Thus, part of the production process
could be targeted for different end-users, as the solid side-streams have different
compositions and physical properties. For a product meant for human consumption,
the focus should be on the lipids where drastic changes need to occur to obtain a
product with lower lipid content than 0.5%. In addition, more efficient cooling
protocols should be installed both after the landings and during the procurement of
raw materials, in order to obtain products with lower FFAs, TVB-N and biogenic
amines, and proteins that dissolve better in saline solutions. However, degradation
should be minimized to produce higher value products.

Environmental consciousness has been getting more attention lately, and hence,
incorporating sustainability into optimized processing is beneficial. The aim of the
thesis included assessing the environmental impacts of current fishmeal and fish oil
production, including the effects of reducing the cooking temperature. Hotspot
analysis identified high impact areas of producing 1 tonne of fishmeal and fish oil with
the main energy sources applied in Europe. Results showed different environmental
impacts due to the energy source used. Furthermore, the obtained results could act
as a guide towards cleaner production of fishmeal and fish oil, and affect priorities
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when redesigning the fishmeal and fish oil processes for lower environmental
impacts.

Furthermore, optimization or redesigning the evaporation and drying steps would
return high environmental gain, as they combined account for 74-95% of the effect
on each impact category. The processing and the raw material acquisition are the
highest environmental contributors of producing 1 tonne capelin fishmeal and fish
oil, although the impacts differentiated depending on the energy source, as
presented in the different Scenarios. When the process was run on hydropower
(Scenario 0), the raw material acquisition was the highest environmental contributor,
but was shifted to the process when run on heavy fuel oil (Scenario 1) due to the
energy source being fossil based. However, few impact categories were not affected
by the different energy sources. Ozon formation remained highest across all scenarios
during raw material acquisition, where freshwater- and marine eutrophication, and
freshwater ecotoxicity, remained the highest environmental contributors across all
scenarios in cleaning and waste. Other impact categories depended on the energy
source during the process. However, reduction in the cooking temperature did not
only result in a better lipid separation and higher lipid quality of the fishmeal, but also
lowered environmental impacts of the production, independently of the energy
source. Calculated with regards to the energy origin of fishmeal factories in Iceland
(75.4% hydropower, and 24.6% heavy fuel oil described in Scenario 2), 205 kg CO:z eq
(further details in Table 7 in Paper IV) and could have been saved if all the factories
in Iceland had decreased their cooking temperature by 5°C during the capelin season
in Iceland 2018. Furthermore, chemical agents during cleaning showed higher
impacts than expected, indicating that several opportunities lie ahead in exchanging
the current cleaning agents or food-grade or more environmentally friendly cleaning
agents in the future.

During optimization or redesign of a fishmeal and fish oil factory, using near
infrared spectroscopy (NIR) as a measuring tool assessing quality characteristics of
the final fishmeal is of great value, as traditional quality measurements can be
financially and environmentally costly. The pelagic species vary highly in raw
materials characteristics, and with increasing utilization of pelagic species, using NIR
for online monitoring and processing redesigning purposes is of great value.
Prediction models for water-, lipid-, and FFDM content were successful with high
calibration correlation factors and prediction correlation factors within acceptable
limits. Furthermore, prediction models for phospholipids, SFA, MUFA, PUFA, DHA,
and EPA were also achieved. Thus, several quality attributes can be monitored
simultaneously throughout the production, over each processing step, and
significantly increase the value of the final product. Furthermore, using NIR for online
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monitoring or redesigning purposes further seizes the opportunity for fast
development and changes towards a cleaner production.

Today, fishmeal and fish oil producers in Iceland are occasionally forced to run on
fossil fuels compared to renewable sources due to a low water reservoir status. More
sustainable solutions are therefore ahead, where assessing the environmental
impacts in each step of the production process can reduce the total environmental
impacts. However, quality can be increased, while simultaneously returning both
higher value products, a reduction in environmental impacts, and encouraging more
sustainable fisheries.

8 Future perspectives

The future includes possibilities to change the fishmeal and fish oil production
towards protein concentrate production intended for human consumption. The
currently practiced trawling of pelagic species to feed aquaculture species is far from
aligning within the Sustainable Developmental Goals set by the United Nations. To
answer the responsibility of both producing a higher value product and achieving a
cleaner production, the studied fishmeal and fish oil production company already has
invested in a pilot-scale production process. The most energy-intensive processing
steps will be exchanged for less heat invasive technologies, hopefully returning less
environmental impacts.

Future perspectives include looking into several alternative processing steps in
more detail, both from a quality perspective and with lower environmental impacts.
A few operational steps which are currently being investigated at the processing
facility as spin-off from this thesis’ results are discussed below.

Homogenization of the raw material is vital to achieve, as discussed in Paper I. A
mincer has been bought and added to the processes, to obtain a more homogenous
raw material, which furthermore increases the effect of enzyme addition if applied
and decreases the risk of inconsistent final product characteristics and quality.

Hydrolyzation has shown promise at an industrial scale to achieve protein
degradation and ease of lipid and water separation from the solid streams. With
enzyme addition, heat during the cooking step can be reduced, preserving the protein
quality, which can increase the digestibility of the fishmeal (Manditsera et al., 2019).
Furthermore, problems during pressing could be avoided, as large amounts of
suspended particles in the stickwater would potentially decrease (FAO, 1986), and
the yield of the liquid stream is likely to rise. However, the enzyme addition will need
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to dissolve the PL from the FFDM, indicating that more than one type of enzymes
need to be applied. However, although hydrolyzation shows promising results, a
bitter taste remains one of the main bottlenecks during its application or protein
production (Steinsholm et al.,, 2021). The combination of enzymes and their
concentrations and applications will thus require optimization to each raw material.

Cooking alters proteins at different temperatures (Hastings, 1985). Therefore,
when using milder heat processing procedures such as pasteurization, the proteins
are expected to alter less, and might thus be recommended. Along with decreasing
the risk of burning the raw material, higher separation could be achieved between
the lipids and the FFDM due to less protein aggregation in the hydrolyzed liquid
stream. Less heat would be applied to the hydrolyzation and pasteurization
compared to the traditional processing steps. This lower potential energy could favor
less protein folding (Zumdahl et al., 2016).

Membrane filtration is proposed to be added or exchanged for the evaporation
step, as fractionation during industrial processing of fish protein concentrate with
membrane filtration (both ultra and nano-filters) has shown promising results
(Bourseau et al., 2009). Furthermore, with a membrane filtration system, peptides as
small as 0.5-1 kDa can be extracted from the liquid stream, decreasing the product
bitterness, which would be of interest for products development for human
consumption (Steinsholm et al., 2021).

Drying turned out to be one of the most energy-intensive processing steps
analyzed in Paper lll, affecting lipid and protein quality (Paper I-IV). For higher quality
and industrial application use, applying a spray drier is recommended rather than
freeze-drying due to the long drying time and high production cost of freeze-drying
(Barbosa et al., 2015). Furthermore, yield and quality losses vary due to drying
techniques, and should thus be chosen wisely based on the aimed for product quality
characteristics

As one of the main bottlenecks of the quality aspect of the studied fishmeal
product, the lipid separation remained inadequate in all cases. Hence, application of
enzyme hydrolyzation is currently being investigated with regards to the final product
quality and its suitability in the process. Enzyme technology has shown promise to
produce high-value products from the marine side-streams (Guerard, 2007). Higher
portions of phospholipids and soluble proteins have been recovered during
hydrolyzation compared to fishmeal production, measured in mackerel and herring
cut-offs (Oterhals & Thoresen, 2021). Water streams includes polar lipids as they tend
to dissolve in the water due to stable intermolecular bonds forming with water
(Zumdahl et al., 2016), and would need an extra extraction process for recovery
(Oterhals & Thoresen, 2021). However, heat treatment and mechanical separation
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should remove most of the water and neutral lipids (TAGs) (Oterhals & Thoresen,
2021), which seems to be the current aim for fishmeal and fish oil producers, as high
effort is put into using more effective machinery.

The focus at the processing company included in the present study is currently on
redesigning a new production process, aiming for production of higher value products
and hence, substantial changes and extensive development of the fishmeal and fish
oil production are foreseen in the next years. However, the question remains: will
these processing steps fit in a fishmeal factory with a continuous production with an
input of 1200 tonnes per day and will the end production have a higher
environmental impact than the current process. The production will perhaps be
divided and optimized depending on the raw materials processed each time, as well
as the intended market of the final product. However, as the pilot-scale processing
will not include the main energy contributors of the fishmeal and fish oil processing
processes, it will be interesting to re-evaluate the environmental impacts after the
pilot-scale production has been fully established. Therefore, this study has shown
that several opportunities lay ahead for producing higher quality protein and oil
products, both from lean and fatty pelagic fish species, while simultaneously applying
cleaner production practices.

This evaluation on the current outlook on fishmeal and fish oil production
processes gives insight and a holistic assessment to the current processing methods
and a baseline to further optimize or redesign the fishmeal and fish oil processes,
with regards to higher quality and lower environmental impacts. However, with new
designs and optimizations, ongoing environmental assessments can encourage both
sustainable fisheries, and move further towards the Sustainable Developmental
Goals set by the United Nations.
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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.
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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.
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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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rial and the draining step during the capelin processing, although the
draining was intended to remove most of the water and hence lower
the water content of the main processing stream. Lower amounts
of solid particles in the liquid stream might result in a lower water
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
steps, the latter concentrate was rejoint into the solid stream along
with the press cake and the sludge (63.7 = 6.3 g/100 g sample),
and the streams were mixed immediately in the steam-dryer. The
steam-dryer reduced the water content of the solid streams down to
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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.
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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.

50
a
sz ¥ 1
:% i T
i Separabe |
W iel AR
a v b7 T
8 I\%‘?—(‘L\Ja R N——C anirate o
B3 1 == e, =~ T a5
= T £ --._8 - 8
0 o - e —
Raw  Pre-heating Cooking  Draining Liquid Press liquid Separated  Slurry  Stickwater First Latter
rmaterial insida the press liquid concantr.  concantr.
press
50
Y 4n
:E' 0
a
® §3 o s .
g8 d o L1
85 10 S . S S
IJ2 --.__“}f_ ZogtoiiE
0 *
Raw Pre-heating  Cooking Draining  Press cake  Sludge Latter  Steam-dryer Fine meal  Fishmaal
material concenir

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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Abstract: Quality changes of protein and non-protein nitrogen compounds during industrial fishmeal
processing of fatty pelagic species (mackerel / herring rest material blend, MHB) and lean fish (whole
blue whiting, BW) were studied to identify processing steps that require optimization to allow
production of products for human consumption. Samples from protein-rich processing streams
throughout the fishmeal production were analyzed for proximate composition, salt soluble protein
content (S5PF), biogenic amines (BA), total volatile basic nitrogen (TVB-N), trimethylamine (TMA),
and dimethylamine (DMA). Mass flows throughout processing were balanced based on the total mass
and proximate composition data. The quality of the final fishmeal products was highly dependent on
the fish species being processed, indicating that the processes require optimization towards cach raw
material. The chemical composition changed in each processing step, resulting in different properties
in cach stream. Most of the non-protein nitrogen compounds (including BA, TVB-N, TMA, and DMA)
followed the liquid streams. However, the concentrate contributed less than 20% to the produced
fishmeal quantity. Mixing of this stream into the fishmeal processing again, as currently carried out,
should thus be avoided. Furthermore, the cooking, separating, and drying steps should be optimized
to improve the water and lipid separation and avoid the formation of undesired nitrogen compounds
to produce higher-value products intended for human consumption.

Keywords: fishmeal; protein; biogenic amines; trimethylamine; dimethylamine; TVB-N

1. Introduction

Fish is a nutrient-dense food containing high-quality proteins with a well-balanced
amino acid composition, long-chain polyunsaturated fatty acids (LC PUFA), and micronu-
trients [1,2]. In 2015, fish contributed to about 17% of the human intake of animal proteins
and 7% of the world’s total protein consumption [3]. Global fish production reached about
179 million tons in 2018, of which approximately 88% went to human consumption [3].
Nevertheless, fish is a limited resource, and the depletion of marine fisheries resources and
growing environmental challenges are global issues that require action [3]. At the same
time, the growing global human population will increase the need for fish and fishery
products [1,4]. Ttis predicted that more than 10% of the world’s human population could
face micronutrient and fatty acids deficiencies due to the reduced availability of fish over
the coming decades [1]. Many underutilized fish species and protein-rich rest materials are
used for low-value fishmeal intended for aquaculture or other animal feed. Most small fish
species caught on an industrial scale are used for fishmeal and fish oil production rather
than for direct human consumption [3,5,6]. The Food and Agriculture Organization of the
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United Nations (FAO) suggests that more attention should be paid to utilizing low-value
nutrient-rich fish species, such as small pelagic fish, for human food. Decreasing the use
of wild fish for fishmeal and fish oil production and redirecting fish reduction facilities
towards the processing of fish protein for human consumption can be a valuable step in
meeting the future human protein demand [4-6]. Small-sized fish species, which have a
valuable source of essential micronutrients and high-quality protein [7], can be used for
human consumption or as a start feed in aquaculture or agriculture if the processes are
updated and optimized. Fish protein products from underutilized species can also be used
in functional food or ready-to-eat products, which has encouraged food manufacturers to
develop new methods to process fish protein powders [8,9].

Fish muscle is, however, highly perishable and susceptible to degradation during han-
dling, processing, and storage. Protein stability is one of the most important characteristics
of processed fish products, affecting the nutritional, digestive, and sensory quality. Protein
changes can lead to the loss of essential amino acids, an overall decrease in nutritional
value, and protein functionality and digestibility [10-13]. Several studies have shown a
loss of salt soluble proteins (SSP) in refrigerated, frozen, and salted fish during processing
and storage [10-12,14]. However, there is little information available on protein changes
driven by heat and drying treatment during fishmeal processing.

Non-protein nitrogen compounds formed during the degradation of proteins play a
significant role in determining the taste and smell of fishery products. Free amino acids,
peptides, purine bases, urea, and trimethylamine oxide (TMAQ) are the main components
of this chemical group [15]. Post-catch handling and processing may cause changes in
proteins due to the formation of undesirable non-protein nitrogen compounds such as bio-
genic amines, total volatile basic nitrogen (TVB-N), trimethylamine (TMA), dimethylamine
(DMA), and ammonia [13]. Therefore, it is important to control and minimize the formation
of these compounds if the products are intended for human consumption.

Globally, 65-75% of the fishmeal and fish oil is produced from small pelagic fish [3,6,16].
Pelagic fish species conslitute a large part of the captured fish in Iceland and made up
51% of the total catch in 2020. Blue whiting (Micromesistius poutassou), Atlantic mackerel
(Scomber scombrus), and Atlantic herring (Clupea harengus) are the three dominant pelagic
species, accounting for 42% of the total catch. However, these species only accounted
for about 13% of the total value [17]. Therefore, much can be gained from developing
higher-value products from these species. In lceland, most of the herring and mackerel
catches are processed for human consumption as frozen, headed, and gutted or filleted
fish. The side streams (cut-offs, heads, guts, viscera, backbone, etc.) are collected and
used for fishmeal and fish oil production, along with any bycatch [18,19]. The mackerel
and herring seasons overlap, and these species are thus often processed into fishmeal
and oil simultaneously. Mackerel and herring are histidine-rich species [20,21], and fish
guts are rich in a wide variety of enzymes and bacteria. Biogenic amines are generated
from the decarboxylation of free amino acids by endogenous enzymes of raw material
or by bacterial activities. Biogenic amines, such as histamine, tyramine, putrescine, and
cadaverine, are a potential health risk because of their toxic characteristics [22,23]. It is
thus of high importance to limit the formation of biogenic amines during production. This
is one of the main challenges when producers want to optimize the utilization of side
streams from mackerel and herring fishmeal processing for human consumption into the
development of other high-value-added products.

Blue whiting made up about 50% of the pelagic catch around Iceland in 2020 [17]. This
species is used primarily for fish meal production and is generally not considered tasty
enough for direct human consumption. Blue whiting is a lean fish of the gadoid family, with
high trimethylamine oxide (IMAO) and TMAQase levels [24]. During post-catch handling
and processing, TMAQO may be broken down by spoilage bacteria into trimethylamine
(TMA), generating pungent and undesirable fishy flavours and odours. Moreover, TMAO
may be split into dimethylamine (DMA) and formaldehyde (FA) under TMAQase catalysis.
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It has been shown that TMAQ decomposition plays an important role in the total volatile
base nitrogen (TVB-N) production in this species [24].

Traditional fishmeal /0il products have been processed with the same technology for
decades, forming low-quality products of relatively low economic value. These production
processes are primarily purposed toward water removal. Meanwhile, the protein quality,
lipid removal, and separation of unwanted non-protein nitrogen compounds have not
been considered in detail [16,25]. Furthermore, the processes are not optimized towards
variations in the raw materials or the processing of different species.

This study therefore aimed to indicate how proteins and unwanted non-protein nitro-
gen compounds change and /or separate during processing from the initial raw materials
to the final products during processing of different pelagic species. Evaluating changes in
protein characteristics during each step of the current fishmeal processes is crucial in order
to systematically change these processes towards producing high-quality, protein-rich prod-
ucts for human consumption. The changes in protein and non-protein nitrogen compounds
during traditional processing of fatty pelagic fish species and leaner fish were investigated
to identify necessary improvements towards the production of protein products for human
consumption, as affected by species and raw material characteristics.

2. Material and Methods
2.1. Raw Material and Sampling
2.1.1. Raw Materials

Raw materials were collected on two occasions to compare the efficiency of a fishmeal
factory during the processing of a fatty (a mackerel/herring blend, MHB) raw material and
lean raw material (blue whiting, BW).

The Atlantic mackerel /herring was caught from 3 September to 7 September 2017,
off the southeast coast of Iceland, by midwaler trawling. The mackerel and herring were
mechanically headed and gutted (Baader 221: Automatic Pelagic Processing Line) upon
arrival to the processing facility. The cut-offs were collected along with the bycatch, and
the material was pumped into the fishmeal processing facilities, where it was stored in a
receiver tank and kept at 3 £ 1.5 °C until processed 1-3 days upon arrival to shore. The raw
materials for the MHB fishmeal production contained 58% of Atlantic mackerel (Scomber
scombrus) cut-offs, 37% of Atlantic herring (Clupea harengus) cut-offs, 4.5% of blue whiting
(Micromesistius poutassou), and about 0.5% of bycalch species.

The blue whiting was caught on 30 April 2019, south of the Faroe Islands, by midwater
trawls. The BW was refrigerated at 2 + 2 °C on board for 24 h before being transferred to
the fishmeal processing facility, where it was processed in the same way as the MHB as
described in the following section. More detailed information about the raw materials and
their handling were described by Hilmarsdottir et al. [16].

2.1.2. Sampling during Industrial Fishmeal and Oil Processing

A detailed flow chart of the industrial fishmeal and il production processes is pre-
sented in Figure 1. Upon arrival at the factory, the raw material was preheated for 20 min
at 55 °C. Next, the mixture entered a cooking step at 85-95 °C for 20 min before being
drained and pressed to remove excess water. Then, the press liquid and drained liquid
were transferred to a decanter, forming a liquid mixture called separated press liquid. The
separated press liquid entered centrifuges and evaporators to separate the fish oil from the
solid processing streams. The liquid streams were led through two evaporators to produce
a concentrate, which was combined with the press cake and sludge before drying.
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Figure 1. Industrial fishmeal and fish oil production process. The green colour indicates the solid
streams throughout the process, the blue represents the liquid streams, and the yellow colour
expresses the oil streams. Mass balance from 1000 kg of raw material was calculated for blue whiting
(BW) and mackerel/herring blend (MHB), shown by red lines. The quantity of each processing
stream and the amounts of water, lipid, and fat-free dry matters (FFDM) in each stream are shown
in kg. The flow chart was adapted from Hilmarsdottir et al. [18].

The first drying step was performed in a rotary disc steam dryer for 30 + 5 min (steam
temperature of 160 °C, drying temperature of 95 °C), reducing the moisture content of
the material to approximately 40-50%. The material underwent a second drying step
in a Hetland air dryer for 16 &+ 2 min (maximum input air temperature 450 °C, drying
temperature 150 °C at the middle of the dryer, wet bulb temperature of about 65 °C). Some
fine particle meal (fine meal) was blown out through the air duct during the air drying,.
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This meal was recovered and combined with the rest of the dried meal, forming the final
fishmeal, which had a moisture content of 5-10%.

Samples were collected at key locations throughout the processing, as indicated in
Figure 1. After collecting, the samples were cooled overnight to 0 & 2 °C and transported
the following morning to the laboratory. The samples were then stored at —25 °C until
analysis, which took up to six months for the MHB and three months for the BW. Prior
to analysis, samples were left to thaw at 0—4 °C for 12-36 h. Three samples (n = 3) were
collected at each location, and chemical analyses were performed in duplicate for each
individual sample. In order to assess the effectiveness and quality changes occurring
during processing, a combination of well-known and/or accredited analytical methods,
which are commonly applied during food production, were applied. The same analytical
methods were furthermore applied to both raw materials, as that allows quantitative and
qualitative comparisons of processing of the two raw materials. The applied analytical
methods are described in detail in Sections 2.2-2.4.

2.1.3. Chemicals

All chemicals used in the study were of analytical grade and purchased from the
Sigma-Aldrich Company (Missouri, TX, USA).

2.2. Proximate Composition Changes during Processing

Water content was measured according to 1SO 6496:1999. About 5.0 g of sample
was weighed and placed in a small porcelain bowl. The bowls were left to dry for 4 h at
104 + 2 °C and allowed fo cool to ambient temperature in a desiccator for 30 min before
being weighed again.

Crude protein content of the samples was measured according to SO 5983-2 (2009).
About 2 g of homogenized sample was digested in 17.5 mL concentrated H;SOy in the
presence of two Kjeldahl tablets (each tablet contains 0.4 g CuSOy and 3.5 g K350y) as an
oxidative catalyst at approximately 420 °C for 2.5 h. The digested sample was made alkaline
by adding NaOH, and the nitrogen distilled off as NH;. The NH3 was then “trapped” in a
1% boric acid solution. The amount of ammonia nitrogen in the solution was quantified by
titration with a standardized H>5S0y4 solution. The nitrogen content was multiplied by 6.25
to obtain the ratio of crude protein.

Lipids were extracted from 25 g samples with 50 mL of chloroform, 50 mL of methanol,
and 25 mL or (.88% KCl according to the Bligh and Dyer method [26]. After homogenizing
for 4 min, the mixture was centrifuged at 2500 rpm for 20 min at 4 °C. The lower chloroform
phase, containing, the lipid fraction, was collected and filtrated on a glass microfiber filter
paper under vacuum suction. The extracts were then removed from the upper phase and
filled with chloroform to reach a volume of 50 mL. Exactly 2 mL of the chloroform phase
was pipetted in a glass tube and blown by a nitrogen jet at 55 °C to remove the solvent. The
remaining solution was weighed to determine the total lipid content.

Ash was defined as the remaining components of the dry matter. The ash content was
calculated as the total wet weight (100%) after removing the water, lipid, and crude protein
contents. Fat-fee dry matter (FFDM) was calculated as the total wet weight (100%) minus
the water and the lipid contents. The water, crude protein, lipid, and ash content were
expressed as a percentage of wet weight.

2.3. Mass Balances during Processing

Material balances are essential for effective process development in the food indus-
try [27] and aid in assessment of the quantity of products and side streams.

As the fishmeal and fish oil production was assessed under steady-state conditions, the
mass of the raw materials entering the process facilities equalled the mass of the products
and other exiting processing streams [28]. The raw materials are composed of three major
components: solids (FFDM), lipids, and water. The primary purpose of the fishmeal process
lies in the separation of these major components [13]. The mass balances were established
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throughout the production, and the quantity of side streams was estimated based on
changes in these components after each processing step. The overall mass balances were
calculated based on an input of 1000 kg of rew materials. When fitting the mass balance
between operation steps, average values were used on an FFDM base.

2.4. Protein Changes during Processing
2.4.1. Salt Soluble Protein Content (S5P)

Salt soluble proteins (SSP) were extracted from the samples with a NaCl buffer
(1M NaCl and 0.02 Nap,CO;, pH 7.0) according to the method described by Kelleher
and Hultin [29]. Exactly 190 mL of buffer solution was added to 10 g sample, and the mix-
ture was homogenized in an Ultra-Turrax homogenizer (Ika Laborttechnik, 125 basic,
Staufen, Germany) for 1 min. The mixture was incubated on ice for an hour before
being centrifuged at 4 °C for 15 min at 10,000 rpm (Avanti Centrifuge J.10, Beckmann
Coulter, Fullerton, CA, USA). The SSI” were measured by quantifying the amount of sol-
ubilized protein in the supernatant based on the Bradford method [30]. The diluted
supernatant and the Bradford reactive solution were placed in a 96-well microplate, and
the absorbance read at 595 nm (Sunrise Microplate Reader, Tecan GmbH, A-5082 Grodig,
Austria). The SSP were calculated based on a calibration curve made with bovine serum
albumin with concentrations ranging between 0.1-1.4 mg/mL. Results were expressed as a
percentage of the wet weight.

2.4.2. Biogenic Amines (BA)

Samples were lested for biogenic amines, including tyramine, putrescine, cadaverine,
and histamine, using a method developed by Olajos [31]. About 5 g of the sample was
homogenized with 45 mL of 0.6 M perchloric acid using an Ultra-Turrax homogenizer
for 1 min. The homogenate was then filtered through a Whatman pleated filter paper
113 V. The filtrate was pressed using a disposable syringe assembled into a membrane
filter (pore size 0.45 um). This extract was then used for the measurement by using liquid
chromatography (L.C-30/20 AD with two low-pressure pumps high-performance liquid
chromatography (HPLC) system) (Shimadzu, Kyoto, Japan). The BA were separated on a
reversed-phase column (Zorbax Eclipse Plus C 18 4.6 x 250 mm, 5 um), and after online
derivatization (post-column derivatization) using ortho-phthalaldchyde, they were mea-
sured by fluorescence detection. A standard curve was made using a mixture of standard
solutions, including tyramine hydrochloride, putrescine dihydrochloride, cadaverine dihy-
drochloride, and histamine dihydrochloride solutions, spanning a range of 2.5-100 mg /L.
The BA contents were calculated and expressed as g/kg wet weight (ww).

2.4.3. Total Volatile Basic Nitrogen (TVB-N), Trimethylamine (TMA) and Dimethylamine
(DMA)

TVB-N was determined using the steam distillation method described by Malle and
Poumeyrol [32]. Approximately 50 g of sample was homogenized with 100 mL of 7.5%
aqueous trichloroacetic acid solution. The blend was filtrated through a Whatman pleated
filter paper 113 V. Then, 25 mL of the extract was transferred into a distillation flask with
6 mL of 10% NaOH solution. Steam distillation was then performed using a Kjeldahl-type
distillatory, and the TVB-N was collected under a condenser into a beaker containing 10 mTL
solution of 4% boric acid and indicators (0.04 mL of methyl red and bromocresol green),
which turned green when alkalinized by the TVB-N. The alkalized mixture was titrated
with a standardized HzS504 (0.037 N) solution using a 0.05 mL graduated burette. Complete
neutralization was achieved when the colour turned pink on addition of a further drop of
sulphuric acid solution.

The TMA and DMA were measured according to the liquid chromatography-mass
spectrometry method described by Balifio-Zuazo and Barranco [33]. About 2.5 g of sample
was homogenized with 50 mL of 10 mM acetic acid solution and centrifuged at 13,400 rpm
at 4 °C. Twenty uL of the supernatant of the extract was mixed with 480 uL of tetraethy-
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lammonium chloride hydrate 3.2 ug/mL in acetonitrile /water (6:4), 20 uL of 0.5 M bi-
carbonate buffer, and 1 mL of tert-butyl bromoacetate (5 mg/mL in acetonitrile). The
mixture was incubated in a water bath for 1 h at 60 °C for a derivatization reaction. The
derivatized samples were analyzed using a Luna HILIC column (150 »x 2 mm LD., 3 um)
(Phenomenex Torrance, CA, USA) in a Dionex Ultimate 3000 HPLC (Thermo Fisher Scien-
tific, Waltham, MA, USA) coupled to a TSQ Quantiva mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). The TVB-N, TMA, and DMA were calculated and indicated
as mg N/100 g ww.

2.5. Statistical Analysis

All data summaries and statistical analyses were performed using the TBM SPSS Statis-
tics software (Version 22, IBM, 1 New Orchard Road, Armonk, New York, NC 10504-1722,
USA) and Microsoft Office Excel 2013 (Microsoft Inc., Redmond, WA, USA). One-way
analysis of variance (ANOVA), Tukey’s HSD tests, and Student t-tests were performed
on means of the variables. Significant difference was set at the 5% level (p < 0.05) for all
statistical analyses.

3. Results and Discussion
3.1. Changes in Proximate Composition during Processing

The water content of the blue whiting (82.9 & 0.6%) was significantly higher than
in the mackerel/herring blend (4.6 1 3.3%) (p < (0.05). By contrast, the MHB had a
significantly higher lipid content (19.5 £ 2.0%) than the BW (1.8 £ 0.1%). The difference
in water and lipid contents between the different raw materials agrees with the species-
dependent lipid content, as water and lipid content have an inverse linear relationship in
fish muscle [34,35]. The BW had slightly higher water and lower crude protein content
than the blue whiting reported by Egerton et al. [34], which had lipid, crude protein, and
water contents ranging between 3-5%, 16-18%, and 75-80%, respectively. Thesce differences
can mainly be explained by different location and time of fishing [36].

Water content decreased significantly during pressing to 51.5 + 2.3% and 47.9 + 1.6%
in the BW and MHB press cakes, respectively (Figure 2). The water content of the sludge
was 62.4 -+ 0.6% and 56.3 + 0.9% in the BW and MHB, respectively, which was significantly
lower than the water content in the scparated press liquid (91.1 + 0.0% and 71.2 & 2.1%).
These results confirm that the press and decanter play an important role in water removal.
Water content is an important quality parameter of fishmeal. Low water content can inhibit
protein browning and bacterial-caused deterioration. However, too low water activity
increases the risk of lipid oxidation and loss of protein solubility [37]. Therefore, a water
content of 5-12% is generally recommended for fishmeal [13,25]. The final BW and MHB
fishmeal had water contents close to the suggested range (6.4 + (0.1% and 4.6 + 0.2%,
respectively) and are comparable to earlier published results for these species [38,39].

Most of the lipids followed the liquid processing streams after the separation steps,
resulting in increased crude protein and decreased lipid content in the press cake and
sludge (Figures 1 and 2), more so in the MHB processing due to the higher lipid content in
the raw material. The MHB press cake had a crude protein content of 37.5 -+ 2.4% and a lipid
content of 8.8 £ 0.6%, compared to 12.0 & 0.3% crude protein and 19.5 + 2.0% lipid content
in the raw malerial. Similarly, after passing the decanter, the sludge contained 34.6 1 0.7%
protein and 4.7 £ 0.2% lipid, compared to 10.0 + 0.2% protein and 18.2 + 3.3% lipid in the
separated press liquid. The crude protein content significantly increased while the lipid
content decreased in the final MHB fishmeal (65.2 + 0.3% protein and 14.3 + 0.2% lipid)
compared to the raw material (Figure 2b). Both the proportional protein and lipid contents
were significantly higher in the final BW fishmeal than in the raw material, mainly due to
water removal. The BW fishmeal had a similar crude protein content to the BW fishmeal in
earlier studies (68-70.5%) [38,40]. The protein contents of the fishmeal were comparable to
fishmeal made from other pelagic species reported in the literature [38,41,42] and higher
than the protein content in fishmeal made from both cod and saithe (61.9%) [39] and
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Proximate com position
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tuna cut-offs (56.2-59.1%) [43]. The lipid content of fishmeal from pelagic fish is typically
between 6-10% [39,41]. The MHB fishmeal had a considerably higher lipid content and
lower protein content than the BW fishmeal, reflecting the different composition of the
raw materials used [13]. Lipid separation is thus of special importance during processing
of fatty fish species. However, both the BW and MHB fishmeal had a high lipid content
and were thus classified as type C fishmeal and should not be used for human food under
current processing conditions [13,18,25]. The high lipid content indicates inefficiency
in lipid separation and removal during processing of both species. The processes thus
require oplimization with regards to the lipid separation if the fishmeal is intended for
human consumption. However, the optimal processing changes might be different while
processing the two different species. Hilmarsdottir et al. [18] suggested that optimization of
early processing steps, including the heating steps, would improve lipid separation during
fishmeal processing of a mackerel-herring blend. Furthermore, their study suggested that
drying the press cake, the sludge, and the latter concentrate individually could result in
more flexibility in processing and process control, ultimately leading to the production of
higher-quality products.

OWater @Protein OLipid @Ash

4 fa)

Raw Presscake Pressliquid Sludge  Separated Concentrate Fishmeal
material press liquid

OWater MEProtein OLipid BAsh

i (b)

Raw material Press cake Sludge Separated press Fishmeal
liquid

Figure 2. Proximate composition (%, g/100 g ww) in BW (a) and the MHB (b) fishmeal products
during industrial processing.

The press cake of both raw materials contained higher amounts of ash than other
intermediate stages of processing or 13.7 £+ 1.9% and 5.7 + 1.5% in the BW and MHB,
respectively. The high ash content of the press cake reflects that the bones of the fish were
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mainly left in the press cake. This was especially evident in the BW processing. After
entering the decanter, the remaining ash content remained in the sludge, resulting in a
lower ash content in the separated press liquid (0.3 & 0.0% in BW and 1.3 £ 0.8% in MHB).
The water and lipid removal led to a relative increase of ash content in both the BW and
MHBE fishmeal (15.6 + 0.4% and 15.9 + 0.7%, respectively), of which results are comparable
with values observed in anchovy fishmeal (15.0%) [41] but lower than those seen in fishmeal
made from cod and saithe off-cuts (22.4%) [39].

3.2. Mass Balances during Processing

The factory produces fishmeal and fish oil from around 1200 tons of raw material per
hour when operating at full capacity [18]. However, to ease the assessment of yield and
size of processing streams, a basis of 1000 kg of raw materials was set for the mass balance
calculations. The different raw materials resulted in very different proportions of mass
flow through the press cake, sludge, and concentrate, as well as differences in the yield of
fishmeal and oil (Figure 1), but processing yields are highly dependent on the chemical
composition of the raw materials [13]. The ratios between the press cake and separated
press liquid were approximately 3:4 and 1:2 for the BW and MHB, respectively, indicating
that the chemical composition had a high impact on the balance between the liquid and
solid streams during processing, and thus the effectiveness of the process. The obtained
ratios between the press cake and press liquid furthermore indicate that the pressing was
more efficient in the MTTB than in the BW. In agreement with this, the MHB, which had
higher FFDM and lipid content in the raw material, resulted in a higher production yield of
both fishmeal and oil than the BW (Figure 1).

Although most of the lipids followed the separated press liquid, a significant amount
of lipids remained in the press cake (approximately 4% and 9% in the BW and MHB,
respectively) and sludge (3% and 5% in the BW and MHB, respectively). After evaporation
of the press liquid, the concentrate was mixed with the sludge and press cake prior to
entering the drying steps. The press cake contributed the biggest proportion (44% and
54%) of the total mass in the combined solid stream, followed by the sludge (39% and 27%),
and the smallest proportion originated from the concentrate (17% and 19%) during the BW
and MHB fishmeal productions, respectively. The press cake was the highest contributor
of lipids (39% in BW and 67% in MHB) in the fishmeal. In BW, the highest contributor to
water was the sludge (38%), whereas the concentrate was the highest contributor of water
to the MHB fishmeal (44%). The different contributions of the solid streams towards the
composition of the final fishmeal during processing of the two different raw materials are of
high concern and highlight the importance of adjusting the processing towards the optimal
efficiency and quality of each raw material. The high water content in the BW production
indicates that the decanter did not operate properly, potentially due to overload, leaving
a higher water proportion in the BW sludge (38%) compared to the MHB sludge (21%)
(Figure 1). Overload of the decanter should thus be avoided. Assessment of the fishmeal
composition, furthermore, identified the high importance of efficient lipid separation, both
from the BW sludge and the MHB press cake, indicating that the initial processing steps
require optimization for the removal of lipids during processing of both species.

Most of the lipids present in the separated press liquid were effectively extracted
with the two centrifuges, forming the final fish oils and decreasing the lipid content of the
fishmeal. However, only 26% of the lipid content of the BW raw material was extracted to
form the BW fish oil, whereas 86% of the MHB lipid content in the MHB raw material was
extracted to form the MHE fish oil. This could partially be dependent on differences in the
total lipid content as well as the lipid composition and availability of lipid classes between
the species [16]. Tmproving the lipid separation from the solid streams and directing them
toward the liquid streams would therefore not only increase the fishmeal quality but also
increase the oil yield. The different efficiency of the processing steps due to the variation in
chemical compositions of the different raw materials indicate that further optimizations of
the processing of each species are necessary.
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The BW and MBH fishmeal could both be classified as type C fish protein concentrate
(FPC), according to their lipid content. For a type A FPC, the lipid content should be lower
than 0.75% [13,25]. Substantial changes are thus required during processing of both species
to obtain a type A FPC classification of the products. However, as the solid streams differ
in proximate composition (Figure 1), a suitable end product needs to be aligned with the
properties of each raw material and each processing stream, including the quality of the
proteins, which are discussed in the following section.

3.3. Protein Quality Changes during Processing
3.3.1. Salt Soluble Protein Content (SSF)

Salt soluble protein content (55F) decreased significantly during processing, from
5.7 £ 0.7% to 0.9 £ 0.0% in the BW and from 6.1 £+ 0.5% to 0.9 & 0.0% in the MHB
(Figure 3a,b), indicating substantial protein denaturation and associated loss of protein
solubility during the processing of both species. Generally, the total protein content in fish
muscle ranges from 11-24% wet weight, in which SSP account for 85-90% [2,44]. Low SSP
content was expected in this study due to the high content of connective tissues (stroma
protein) in the raw material [45]. Moreover, the low SSP in both BW and MHB raw mate-
rials may be due to protein denaturation during cold storage before processing and the
frozen storage of the samples until they were analyzed. The SSP content in the BW was
slightly higher than in the blue whiting studied by Derkach et al. [46], which had an SSP
content of 5.2%.
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Figure 3. Salt soluble proteins (%, g SSP/100 g ww) in chosen BW (a) and MHB processing samples
during industrial fishmeal production (b). Lowercase letters indicate significant differences in 55P
between sampling locations, while uppercase letters indicate significant differences between two
types of raw materials at the same processing step. Statistical significance levels were set to p < 0.05
for all analyses.

127



Processes 2022, 10, 621

110f 19

The SSP significantly decreased right after the cooking steps and remained stable
during the following steps, reflecting that the proteins were already mostly denatured
during cooking. This is in agreement with earlier studies, which have shown that protein
denaturation occurs mainly during the cooking step as cell membranes break down, and
the fat depots rupture, separating the oil and water from the fish muscle [13]. Heating
thus causes irreversible changes to the protein structure, such as protein unfolding, ex-
posing previously hidden hydrophobic groups, or heat-induced aggregation, resulting
in decreased content of salt soluble proteins [45,47]. The very low SSP content after the
cooking step indicates that most myofibrillar proteins denatured, and sarcoplasmic proteins
precipitated during the heat treatment. These protein changes can furthermore decrease
protein digestibility in vitro [48]. Actin, myosin, and sarcoplasmic proteins account for
85-95% of total fish proteins [44]. Fish myosin begins to denature at around 35 °C; sarcoplas-
mic proteins are denatured at around 44 °C, while actin is denatured in the temperature
range of 58-68 °C [49-51]. Most fish proteins have thus denatured at temperatures around
75 °C [13]. Significant decreases in protein solubility due to heat processing have also
been reported earlier [52,53]. A proportional increase was observed in SSP in the final
fishmeal compared to the solid streams entering the dryers. Although some further protein
denaturation is expected to occur during the drying step, this increase in SSP can mainly
be explained by the removal of water and lipids during drying.

SSP content is related to protein solubility, which is considered the first functional
characteristic during the development and testing of a new protein ingredient. Protein
solubility is the primary property of proteins used in liquid foods [45]. The low SSP in the
fishmeal hence limit their practical uses. The heat treatment applied in the current fishmeal
processing appears to be too rough. For the products to be fit for human consumption, the
heating step thus requires changing. Adding a suitable amount of polyphosphate or su-
crose could potentially protect the proteins from denaturation during drying, as suggested
by Shaviklo [8]. In addition, potential alternative processing solutions could involve the
reduction of the temperature but extending the heating step duration both during cooking
and drying or use tailored enzymes (proteases) to facilitate more effective protein break-
down without losing the SSP. The use of enzymes may decreasce the processing time, lower
the energy input, and increase the economic effectiveness as shown in various industrial
food processing, such as fish protein concentrate or hydrolysate production [54]. Protein
hydrolysates are good nutritional supplements since they have high bioavailability and can
be utilized for various metabolic activities [55]. The enzymatic process could be performed
at a temperature range from 45-60 °C [56,57] for an extended time. However, these temper-
ature conditions can also promote microbial, biochemical, and chemical spoilage during
processing [58-60] and should thus be applied with care. The products derived from an
enzymatic protein hydrolysis can have a bitter taste, which is one of the key issues that
limits its application in food products [57]. However, this showcases the wide potential
that lies in pelagic fish processing and high-quality product development and innovation.

3.3.2. Biogenic Amines (BA)

The four BA, tyramine, putrescine, cadaverine, and histamine, decreased during
processing and were more strongly indicated in the MHB than in the BW processing
(Figure 4a,b). Cadaverine was the most abundant biogenic amine in all sampling locations
during processing of both BW and MHB. In the BW process, histamine was only detected
in the raw material (0.3 - 0.1 g/kg ww) and the liquid streams (press liquid and separated
press liquid, each with the content of 0.01 g/ kg ww). No histamine was detected in
the BW fishmeal, indicating that the histamine was successfully removed during the
processing. The histamine level in the initial MHB raw material was 3.5 + 0.2 g/kg ww
and decreased to 0.8 & 0.1 g/kg ww in the final fishmeal. However, higher histamine levels
were detected in all processing streams in the MHBE processing than what is acceptable for
human food (<0.2 g/kg ww), as established by the Buropean Commission Regulation No
2073,/2005. The histamine in the raw materials was higher than the acceptable level for
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human consumption but was at acceptable levels for fishmeal in BW (<1 g/kg ww) [61].
High BA levels in the BW and MHB raw materials may have resulted from bacterial activity
during the delay between catching and processing [13,18]. Since both mackerel and herring
are histidine-rich species, and the raw material used for fishmeal processing contained a
large ratio of viscera and dark muscle, the risk of bacterial growth is high [62]. Furthermore,
the generation of BA in mackerel and herring has been shown to occur even when stored at
low temperatures, such as 2 °C [21].
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Figure 4. Biogenic amines (BA) (g/kg ww) obtained during fishmeal and oil processing from BW
{a) and MHB (b). Within each BA type, lowercase letters indicate a significant difference between
sampling locations, while uppercase letters show signifi diffe | Taw erials at the

same processing step. Statistical significance levels were set to p < 0.05 for all analyses.

The BA content was significantly higher in the MHB than the BW raw material, and the
same trend was seen in the corresponding fishmeal. This indicates that the BA formation is
species specific [63,64]. Histidine, the precursor to histamine, exists in abundance in the
dark muscle of fish. Thus, dark-muscle-rich fish species generally contain more histidine
than leaner species [59,63]. Furthermore, there is a positive correlation between the amino
acid histidine and the amount of histamine formed [65]. Tuna and mackerel, which belong
to the scombroid family, thus often have high histidine levels [60,64], resulting in high
histamine contents in products from these species. This is in good agreement with the
different BA levels in the species in the current study, but no histamine was found in the
BW fishmeal, while a histamine content of 0.8 g/kg ww was obtained in the MIHB.

Several previous studies have indicated that BA are thermally stable even during
boiling [66,67] and are thus not likely to be primarily affected by the thermal steps. However,
in this study, significant decreases were observed in the BA after the cooking and pressing
steps, during which the total content of the four studied BA went from 5.6 g/kg ww in
the raw material to 1.5 g/kg ww in both the press cake and press liquid of the BW and
from 16.2 g/kg ww in the raw material to 2.2 g/kg ww in the press cake for the MHB.
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Overall, about 82% and 89% of the total BA content in the raw materials was removed
during the BW and MHB processing, respectively (Figures 1 and 4). These overall decreases
in BA content after processing could possibly be explained by their complex decomposition
into other volatile compounds under heating [67]. BA are of low molecular weight and
mostly water-soluble [60,68] and are thus released into the liquid streams rather than the
oil and solid streams. This results in a higher BA amount in the press liquid than press cake
(in the BW) and higher BA in the separated press liquid than the sludge (BW and MHB).
Mixing the liquid streams back into the fishmeal processing, as is currently carried out,
could thus cause problems when processing raw materials with high BA content and
should be avoided, at least for histamine-rich species such as mackerel. However, the effect
of the BA levels of other species, such as BW, should not be neglected since high levels
of individual BAs (such as cadaverine) can cause problems when adapting the processes
towards human consumption. The relative increase in total BA observed in the concentrate
(BW) and both fishmeal products (BW and MHB) may then be due to the water and lipid
removal during processing, as discussed above.

3.3.3. Total Volatile Basic Nitrogen (TVB-N), Trimethylamine, and Dimethylamine

TVB-N in fish and fishery products primarily includes ammonia, TMA, and DMA [13].
TVB-N levels are often used as a quality criterion for the freshness of raw materials destined
for fishmeal processing. Threshold values are set to not exceed 60 mg N /100 g in the raw
material if the products are intended for human consumption (European Commission
Implementing Regulation No 2019/627) [13] and should be less than 80 mg N /100 g in the
raw material for fishmeal production [13]. High TVB-N and TMA levels were observed in
the raw materials (with TVB-N contents of 83.9 + 0.6 and 68.1 + 3.4 mg N/100 g ww in the
BW and MHB, respectively, and TMA content of 60.3 1+ 5.3 and 35.8 £ 4.6 mg N/100 g ww
in the BW and the MHB, respectively. These values indicate spoilage in the raw material
during the delay between catch and processing, in agreement with the observation of the
BA formation in the raw material prior to processing. Furthermore, the raw materials con-
tain viscera, which have a high content of bacteria and enzymes that can promote spoilage
during the transport and storage of the fish on board the fishing vessel before entering the
fishmeal processing [13,24]. The TVB-N level of the BW was higher than the recommended
level for the raw material and substantially higher than reported values in the light mus-
cle of blue whiting, even after six days of storage onice at 0 °C 22.7 + 1.6 mg N/100 g
ww) [69]. The DMA level of the BW (11.9 & 1.1 mg N/100 g ww) was higher than in the
light muscle of blue whiting as studied by Rey-Mansilla et al. [24], who detected DMA
levels of only 4 mg N/100 g ww after seven days of iced storage. The TVB-N, TMA, and
DMA were significantly higher in the BW raw material than in the MHB. This may be due
to the BW being a gadoid fish, which has high level TMAO and TMAase enzyme [24,70].
According to the study by Mizuguchi et al. [70] DMA is formed faster in dark muscle
than light gadoid muscle, and that DMA formation was triggered by two main factors, i.e.,
nonheme iron and taurine levels, which are both abundant in gadoid dark muscle. DMA
formation is therefore of special concern during processing of BW cut-offs, which contain
a high proportion of dark muscle. Furthermore, the TMAQO may already have partially
decomposed into DMA in the raw material during the delay between catch and processing,
explaining high DMA levels in the BW raw material, as discussed earlier.

The TVB-N levels decreased during the fishmeal processing of both the BW and MHB
before the drying steps (Figure 5). The water removal during drying may have resulted
in a relative increase in the TVB-N content in both final products, in a similar manner as
seen in the BA and SSP results. About 81% and 62% of the TVB-N in the raw material
evaporated during BW and MHB processing, respectively (Figures 1 and 5). TMA levels
showed similar trends as the TVB-N levels during processing (Figure 5), indicating that
TMA is a dominant component of the TVB-N, as shown by Howgate [71]. Since TMA
is a volatile amine [72], a part of the TMA content that existed in the raw material may
have evaporated during the cooking and pressing steps, resulting in lower TMA content
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in both the press cake and press liquid (in BW). More than 90% of the TMA in the raw
materials was removed during both BW and MHE processing (Figures 1 and 5). However,
the same trend was not as dlearly indicated in the DMA changes. The DMA content was
stable before entering the centrifugation step. After evaporation and centrifugation, the
removal of water and oil led to significantly higher levels of DMA, TMA, and TVE-N
in the concentrate than the separated press liquid in BW (Figure 5a). TVB-N, TMA, and
DMA are water-soluble compounds; thus, they are mainly dispersed into the liquid phases
during processing, resulting in a significantly higher amount in the liquid streams (BW
press liquid and BW- and MHB-separated press liquid) than in the solid ones (BW press
cake and BW and MITB sludge, respectively). TMAO is decomposed into TMA, DMA,
and formaldehyde (FA) during thermal processing [73]. Therefore, the remaining TMA
and DMA in the products may result from two concurrent processes, the generation from
TMAOQ decomposition and loss due to volatilization. Rapid DMA non-enzymatic formation
was observed in fish muscle dried at 90 °C by Spinelli and Koury [74]. This may explain
why the DMA was not lost during the fishmeal processing in this study in the same manner
as the TVB-N and TMA (Figure 5). DMA levels increased significantly during evaporation
in the BW fishmeal processing, from 11.0 + 0.5 mg N/kg ww in the separated press liquid
to 30.2 & 0.6 mg N /kg ww in the concentrate. During the drying step, a large part of the
water was removed, which could lead to a relative increase in the TMA such as other dry
matter components. However, the TMA in the final fishmeal products was lower than
during processing (press cake, sludge, and concentrate). This indicates that the TMA was
removed in the drying steps, probably mainly due to the removal of water.

Although the TVB-N contents in the raw material and intermediate processing streams
were generally higher in the BW than the corresponding MHB samples, the MHB fishmeal
had a significantly higher TVB-N level than the BW fishmeal. Meanwhile, the TMA and
DMA were higher in the BW than in the MHB fishmeal. This could be due to potentially
higher ammonia formation during the pre-processing delay of the MHB by-product blend
than in the BW due to a higher proportion of viscera in the MHB raw materials. Viscera,
which are rich in enzymes and bacteria, can promote protein changes and spoilage, forming
amino acids and ammonia [72], resulting in the formation of undesirable odours and
flavours. Ammonia generation during thermal degradation of protein and amino acids has
also been observed in earlier studies [75,76].

The fact that the non-protein nitrogen compounds followed the liquid streams, result-
ing in lower values in the solid streams (the press cake and sludge), indicates that processing
these streams individually could lead to lower volatile nitrous compounds in the final
products, especially if the BA-rich liquid streams are not redirected into the process. This is
in agreement with the observations of Hilmarsdottir et al. [18], who identified inefficient
water removal during the draining and concentration steps and that the lipid separation
from the fishmeal was insufficient for the production of high-quality products, such as
for human consumption or even fish feed. Hilmarsdottir et al. [18] thus recommended
that the main streams entered to final fishmeal (press cake, sludge, and latter concentrate)
should be processed separately. This would allow production of higher-quality protein
products from the press cake, while the sludge and concentrate could contribute to lower
value products. The current observations on BA, TVB-N, and TMA content support this
notion as well. However, the sludge had a high protein ratio (88 g/100 g dry matter (DM)
in BW and 78 g/100 g DM in MHB) and a low lipid and ash proportion, comparable with
the proximate compuosition of fish protein hydrolysates [9]. This stream, therefore, could
potentially be used to produce high-value products, such as special feeds, animal feed
enrichments, or nutritional supplements and healthy foods for human consumption, such
as fish protein hydrolysates or fish protein concentrates [8,9]. These potential uses may
bring more economic value than traditional fishmeal production. However, to develop
high-quality products for humans, other quality properties of this part, such as TVB-N and
biogenic amines of the sludge, need to comply with safety requirements. Processing should
thus primarily be optimized to reduce these unwanted non-protein nitrogen compounds.
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Adding membrane filtration at appropriate settings to the processing could potentially
provide a solution to this problem.
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Figure 5. Volatile nitrogen content (mg N/100 g ww) in streams from the industrial BW fishmeal
production (a) and MHB fishmeal production (b). Within each parameter, lowercase letters investigate
significant differences between sampling locations, uppercase letters show significant differences
between raw malerials at the sample processing step. Statistical significance levels were set to p < 0.05
for all analyses.

4. Conclusions

Chemical characteristics of the protein-rich processing streams in two industrial fish-
meal processes of BW and MHB were evaluated in this study. The raw materials and
processing samples were collected at the fishmeal factory. With an input of 1200 tons of raw
materials per day, the quality of raw materials entering the factory can be highly variable.
The fishmeal production processes were conducted three days post-catch to ensure enough
raw materials to fulfil the capacity criteria of the factory. However, this pre-processing
delay resulted in considerable heterogeneity and quality degradation in the raw material.
In addition, the analysis showed that processing conditions at each step could fluctuate
significantly, and the processing efficiency was highly dependent on the species being
processed. These variations furthermore influenced the chemical properties of the samples
and the quality of the resulting fishmeal products.
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Large amounts of non-protein nitrogen compounds were observed in the raw materials,
probably due to the three-day pending time from catch to entering the fishmeal processing.
Removing the viscera and proper collecting, handling, stable cooling, and storing of the
raw materials before processing would improve the safety and quality of the final protein
products. This can widen the utilization of the final protein products, potentially even for
human consumption, and simultaneously bring more economic benefits of the production.

The BW fishmeal had a higher protein content (69.1 -+ 0.5%) than typical fishmeal
(64-67%), and BA and TVB-N levels were within acceptable thresholds for fishmeal. The
MHB fishmeal had a protein content of 65.2 + 0.3% and a histamine content below 1 g/kg,
currently making it acceptable for animal feed. However, the histamine (0.8 + 0.1 g/kg)
and TVB-N (131.4 + 7.3 mg N /100 g) in the fishmeal were higher than acceptable for
human consumption. These two products can thus be graded as type C fishmeal with lipid
contents above 3%.

Soluble protein content and non-protein nitrogen compounds were readily released
into the liquid processing streams together with most of the water and lipids, while
high-molecular-weight proteins were retained in the solid streams. Most undesirable
non-protein nitrogen compounds were removed during the processing of both species,
especially during the drying step. The lipid quality was also highly affected by heating in
this step, as described earlier by Hilmarsdottir et al. [18]. This indicates that the drying step
requires optimization. Spray drying of the processing streams could potentially provide
milder drying and higher quality. Other unoptimized processing steps, such as pressing
and concentration, were also identified, which need to be improved in order to produce
high-quality products in the future. The testing of alternative processing is left for future
studies. Comparison between the two species, moreover, showed that the processes need
to be adapted to each raw material for higher-value product production.

In both industrial fishmeal processes (BW and MHB), the press cake had high protein
contents and low contents of non-protein nitrogen compounds, making the press cake a
promising material for the development of higher-value products. Furthermore, separate
processing of the solid streams (press cake, sludge, concentrate) thus shows promising
potential for production of a wider range of products, including high-value products
for human consumption. However, to be used as human food, the products from the
optimized processes should be studied further regarding amino acid profiles, digestibility,
and sensory attributes. It would also be of interest to study applications of the optimized
products as ingredients for the development of other value-added products included for
human consumption.
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ARTICLEINFO ABSTRACT

This study aszessed the environmental impacts of a pelagic fishmeal and fish oil production plant in Iceland with
the life eyele assessment methodology. The study focused on assessing the effects of different energy sources for

Heywords: utility production due to the high energy intensity of fishmeal and fizh oil production, as guality improved with
Cleanier praductian. lower cooking temperature. The environmental hotspots of three different processing seenarios were asssssed,
:::‘53 emperanns where the factory was nm on hydropower (Seenario 0), heavy fuel (Scenario 1) and a composition of both
Fishmeal (Scenario 2), from cradle-to-factory gate. Midpoint results showed that the raw material acquisition contributed

ffe-crcle amessment the most to the environmental impact when the fishmeal factory was operating on hydropower. However, drying
Heavy frel oil had the highest impact when heavy fuel oil was used for utility production. This study also demonstrated that
Hydropoweer lowering the eooking temperature from 00 to 85 °C, led to improved quality and simultaneously reduced

environmental impacts during processing. This indicated that a small energy adjustment in the production can
have an environmental gain, demenstrating the necessity to optimize each processing step in the fishmeal and
fizh oil production process both for inereased product quality and minimizing environmental impacts.

1. Introduction challenges, few improvements have been made to the fichmeal and -oil

Fishmeal and fish oilz are considered the most nutritious and
digestible ingredients for farmed fish and arc increasingly being used in
specific production stages of aquaculture (FAC, 2020). Cut-offe and
small pelagic species used for fishmeal and fish oil production intended
for feed and generally have lower quality and valuc than fish for direct

human (FAO, 2020). . as the fisk 1 and fizh oil
production process iz cncrgy mb:nxn: (Smarazon et al., 2017), oppor-
tunities remain of i with less energy and

lower environmental impact. In cham:l, the most commonly processed
pelagic species are capelin (Malloar villosus) and blue whiting (Micro-
mesistius pourassou) (Statistics Ieeland, 2019), which are generslly pro-
cessed directly to fishmeal and fish oil, along with cut-offs from Atlantic
mackerel (Scomber scombrus) and Atlantic herring (Clupea harengus)
fillet production (Statiztics Iesland, 2019). Furthermore, fishmeal pro-
duction may also include other small pelagic specics and by-catch (FAC,
2020), causing high varistions and heterogeneity of the final product.
Although the high vanation of the raw matenal can result in processing

* Comesponding author.
E-mail address: geh0(@hi is (G.S. Hilmarsdstti).

hitps://doi.org/10.1016/7 jelepro. 2022 130880

processes throughout the decadez (FAC, 1926) butﬂ:l: maxl-acl d:mmdls
i calling for imp ge and

methods in the fishmeal industry, both for higher nutritional valuc and

economie value (Einarsson et al , 2018).

Current trends in market demand for higher quality fishmeal and fish
oil, both for aquaculture feed and for direct human consumption (FAO,
2020}, which ealls for an increase in quality from optimized fichmeal
and fish oil production proceszes. High temperatures applied in different
processing steps have shown to result in negative quality effects due to
protein and lipid denaturation (Thorkelsson <t al., 2009). In response to
this, Hilmarsdottir et al (2020) showed that lowering the cooking
temperature from 90 “C to §5 “C led to improvements in fishmeal and oil
quality. While there iz 2 need for }:uglm— quahh fishmeal products, there
iz slzo increased demand for inable products to
minimize their environmental impacts. In fishmeal and fizh oil pro-
duction, the highest cnergy usc occurs during cooking and drying
(Smérason et a1, 2017), which indicates that optimizing these process-
ing steps could reduce the impact of and o1l
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Thus, ing the i tal impact of process opti-
mizations are an .mpomm step towards incressed sustainability of the
production.

‘When exploring L the env impacts of
fishmeal and fish oil production, few studies can be found. The most
relevant study asscsses the environmental sustainability of fishmeal and
fish oil factorics in Peru with life-cycle asscssment (LCA). Fréon ct al
(2017} luded that to decrease the envi tal impact of the
Peruvian fishmeal industry, which included the use of natunl gas
instead of heavy fuel oil, d 1on of the oldest plants,
and production of higher qu,alm- fishmesal was neceszary. Moreover,
Tuded of different energy sources
used for operating the ﬁshm:a] factorics (Fréom et al, 2017). The
different cnergy sources affect the high global warming impacts con-
nected to unsustainsble energy zources and most other impact cate-
gories. Furthermore, the energy uzed to operate the fishmesl plants had
the highest environmental contribution when comparing the usage,
construction, and maintsnznes of the fishmesl and fish oil factories
(Fréon et al, 2017).

Improving the primary production phase and fecd sourcing practices
have been reported to return the highest environmental improvement in
the supply chain of exported, frozen tilapia products (Pelletier and
redmers, 2010). Hence, the supply chain, starting from raw material
acquisition to all st=ps of the production process of fishmeal and fish o1l,
was investigated in the cuncut study. Analyses of the literature revealed
that of 1 bility of fishmeal and fizh oil

duction are Ily a d as part of other product supply chains,
such as sguaculture fecd. (Samuel-Fitwi et al,

dation

2013) compared the

impacts of different fishmesls in aquafeed, and the study showed that
replacing trout feed with soy or rapeseed meal reduced global warming
by 40% and acidification by 25%. This iz among others due to the high
cnergy intensity of fishmeal production. Crop-derived feed inputs arc
then reported to be less m’xpactful than fish-based inputs (Pclleticr and

impact of squafeed include inereasing the feed efficiency, such as using
fishmeal from by-products from other processes instesd of using fish

Furr_hcrmore, recyeling nutrients has been repon.cd as one of the key
roles in improving cnvironmental performance in aquaculture (Pelletior
and Tyedmers, 2010), lowering stressing the importance of using fish
industry sidestreams and by-products for fishmeal and fish oil
production.

Energy usage within the fishmeal and fish o1l factories has not yet
besn studied thoroughly, although rough fuel consumption estimates
during fishmeal production (FAC, 1966) and raw material acquisition in
Norway (Schau ct al., 2009) arc available. As quality is the driving force
of each product, process adjustment resulting in a higher value product,
such as lowering the cocking temperature (Hilmarsdottir et al, 2020),
could benefit the environment. In addition to lower heat- trcatmcnt
during fishmeal and fizh o1l processing, the usage of green energy
sources and fossil-based energy sources has not yet been compared,
although there i a potential for 2 sustainable solution and hence,
cleaner production.

In Eurcpe, most fishmeal factories operate partislly or totally on
heavy fuel oil, while in Ieeland, most factories are fuelled with greener
energy sources, such az hydropower, or a mix of foszil-based and green
energy (Tzble 1). Given the fact that fithmeal production is energy-
intensive, opportunities lie in changing their energy source for envi-
ronmental gains. Duc to the strong influcnce of the cnergy sources
chosen during the operational time of the fishmeal and fish cil plants,
decreaszing the cocking temperature by 5 °C, in addition to hotspot
analysis, would give 2 clearer view of the processing steps needing
optimization (Hilmarsdottir et al, 2020). As the fizhmeal and fish oil
production process is energy-intensive (Smérason et al., 2017), from 263
to 576 kg CO; eq per 1 tonne fishmeal (Freon 7)., a relatively
small adjustment within the cnergy usage of the factory could resultina

Journl of Cleanor Production 545 (2022) 130550

Table 1

Fuel types used in the fishmeal and fish cil industry in 2010, depending on the
country. Factories can operate on more than one fuel type. The table iz adapted
and updated from (EUfishmeal, 2015).

Country
Teeland 10 s 5
Norway 4
Denmark
UK
France
Farce keland
Germany
Ireland
Pinland

Pactories Blectricity il Gaz Other

3 1(PG)
1 {Caal)

@

2 (External Powrer)

e ek W e o

Total ] 5 14 9 4

significant environmental gain, even with simple solutions that require
smasll investments (Thrane «t al., 2002). Morzover, before changing the
production procesz drastically, it is necessary to identify the future
optimization potential of the fishmeal plants. As the fishmeal production
process needs optimization, investigating the changes at an early stage
of the development by applying a life cycle asscssment (LCA) is highly
recommended (Ogmundarson et al, 2020), prioritizing the processes

that require optimization. A concwrrent inerease in product quality
needs to be secured, making this an iterative process where product
quality and environmental sustamabality go hand in hand.

The main goal of this study was to assess the environmental impacts
of fishmeal and fish oil production from the cradle-to-factory gate. This
rescarch identifics the cnvironmental bencfits of cnergy adjustment
during production procssses in a fishmeal and il factory in Iecland. A
hotspot anslyziz was conducted on thiz base case to identify the future
optimization potentizl of the analyzed fishmesal and fizh oil production
process. The potential i | benefitz of ch the energy
sources from heavy fuel oil to hydropower were alzo investigated, as
most Europcan countrics still operate on heavy fucl oil (Tzble 1)
(EUfishmeal, 2015).

2. Materials and methods

The framework followed in the current study was in accordance to
International Standard Organization (I50) 14040 (IS0, 2006, p. 14040)
and 14044 (150, 2006, p. 14044) and addreszed the four mandatory
steps when conducting an LCA study; the goal and scopec definition
phase, the inventory analysis phase, the impact asszssment phase, and
the interpretation phase (Hauschild «t al, 2017). In addition, caleula-
tions of the mass and energy flow of the production process gave esti-
mations of the energy and power consumption, where the zamples uzed
to build the mass balance were collected first-hand.

21 Research objectives
Thiz study aimed to:

1) assess the 1 and fish oil producti
from cradle-to-gate with a focus on energy sources,

2) identify the environmentzl benefitz of energy adjustments during
processing steps while increasing product guality,

3) identify future optimization potsntizls of the fishmeal and fish oil
production process by using hotspot analysis, and

4) provide a detailed life cycle inventory (LCI), which aims to link all
unit processes required to produce the fishmesl and fish oil.

| impacts of fish

The functional unit assessed was “the production of 1000 kg of
pelagic fishmeal including fizh oil from cradle to factory gate, produced
in Iceland in 20187 and included three scenarios depending on theo-
retical application of different energy sources during the production of
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fishmeal and fish o1l

2.2, The fishmeal and fish oil process description

An overview of a traditional pelagic fishmeal and fish oil process
with an average of 1200 tonnes of raw material entering the production
each dzy can be seen in Fig. 1. The raw materials entered & preheating
step (35 °C for 20 min), which used excezs energy from the steam-drier
and the evaporators to lower the energy cost (Einarsson et al | o).
Then, the raw materials were cooked (at 90 °C for 20 min) and drained
for water removal. The resulting liquid stream was treated with a
decanter to remove the remaining solids and concentrated further. Oil
was recovered from the liquid stream through three centrifuges, and the
solid streams, which were obtained from the press, decanter, and
evaporators, were mixed during the initisl drying steps. The
steam-drying included 2 rotary dize steam dryer lowering the water
content to 40%, by applying & steam temperature of 160 “C and a drying
temperature of 95 °C for 25-35 min. The air dryer used was a Hetland air
dryer, which decreased the water content to 5-10% water, with input air
at 430 "C, although having 150 "C in the middle of the dryer.

Samples were collected during a steady-state of the production line
and cooled overnight at 0 + 2 °C, followed by transport to the laboratory
where it was kept at —25 °C until further anzalysiz. Analyzing the zamples
took up to seven months after collection, and sll samples were measured
in triplicates.

2.3. Data collection and system modeling

2.3.1. Energy use during raw material acquisition

The encrgy usage at sca during fishing of the studicd pelagic specics
was cstimated as the average energy use for all trips from one rawler
during the capelin fishing seazon in 2018. The ratio between sailing
towards the catching ground, fishing and chilling, and sailing back to
shore waz compared and aligned with the annual energy consumption.
The fishing veszel assessed was one of the younger fishing veszels in the
Icelandic pelagic fishing fleet (from 2014). Hence, the energy ussge
during the raw material acquisition at zez might be underestimated in
the current study as the average fishing vessel age mn the Ieelandie
fishing flest is currently around 21 years old (The 3
eries, 2020).

2.3.2. Mass and energy balances during fishmeal and fish oil processing

Samples from each processing step in the fishmeal and fish oil pro-
duction were collected and analyzed for water and lipid content, and the
remaining material expressed as fat-free dry matter (FFDM) during the
production of fishmeal and fish oil from capelin (C), a blend of mackerel
and hemring (MHB) and blue whiting (BW), respectively. However,
during the bluc whiting {BW) production, data included only first-hand
chemical composition results from the raw material, press (liguid and
cake), separate press liquid, sludge, concentrate, fishmeal and fish oil
Other zampling locations were modeled according to the capelin pro-
duction, as the BW production was expected to perform in a similar way
due to similar lipid content of capelin and blue whiting.

JTouurmal of Clsamer Produstion 543 (2027) 150650

The mass balances during the fishmesl and oil productions were set
up and modeled through gathered data on the totsl mass, water, lipid
and fat-free dry matter (FFDM) composition st each zampling location
for the three different pelagic species (Hil tal., 2021}, and st
different cooking temperatures (Hilmarsdottir = 2020). A functional
production unit of 1000 kg fishmeal and fish oil was assumed in each
scenario. The quantity of each processing stream was modeled during
production of C and MHB, as well a5 at a few key sampling places during
production of BW as mentioned carlier. The energy consumption of cach
processing step was calculated based on the mass flow and balances
along with known heat transfer cquations cxplained in beoth Fellows
( ) and Geankopliz (1993) during the fishmeal and fish oil (kW)
praduﬂ:\on from the different species and at the different cooking tem-
peratures. The time during each proceszing step was then included in the

of the power ion (kWh) of each processing step. All
caleulated valuez were aligned with documented energy and power
usage from the company's open green reports for 2018 (Sildarvinnslan,
2018). The obtained modeled power values were used in the following
LCA czleulations.

The preheating and draining steps were not considered in the LCA
caleulstions as excess energy from the steam dryer and the evaporstors
were uzed for the preheating, and drsining doer not require energy as it

is & sieving process.

The annual use in 2018 of chemical agents, materials and energy per
functional production unit (1000 kg fishmeal) arc open to the public by
the Environment Agency of Iecland stated (Sildary 2018). Staff
members from the fishmeal and fish oil plant studicd cstimated annual
reparations of the fishing gear used during capelin fishing, used in the
raw materizl acquisition.

2.4. LGA system boundaries

Fora 1 life cycle it was o ary to define the
system boundaries and which variables were included in the assessment
{Fig. 2Z). In the current study, the system boundariez were defined to
include the catching of the capelin raw material, emissions, and energy
use on the trawlers (ssiling towards the ecatching ground, during
catching and superchilling, and sailing towards shore), az well az the
maszs of raw materizls entering the fishmesl and fish o1l production
process on land (Raw msterisl scquisition). Fishing gear and other
material usages on board were inside the system boundaries and
included the use of nylon, hydraulic fracturing fluid, lubricating oil, and
fuel (heavy fuel oil) (see Appendix, Table A1)

As the assessed fishmeal and fish oil plant studicd is almost 50 years
old, and it is estimated that around 1.2 million tonnes of fishmeal have
been produced during its lifctime to date, it was assumed that including
the plant itself was negligible. Hence, the construction of the fishmeal
and fish oil facilitics were considered outside the system boundarics.
Cleaning, waste and maintenance were assessed within the system
boundary.

The backup energy generator was assumed to power the wholc
fishmeal and fish oil production proesss for short periods (Sild

n, 2018), e.g. during bad weather conditions. However, if the energy

[Fwmawrar P erears [ cooms ]

ooy P e

¥ T 1
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Cleanmg waste and maintenance

Backup power
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On land: Fishmeal and fish oil processing

Flg. 2. Procass flow of the production system, identifying the system boundaries of the life cycle assessment during production of 1000 kg of pelagic fishmeal,

including fizh oil from cradle to factory gate, in Iceland in 2018.

consumption of the generstor was distributed evenly during processing,
the heavy fuel oil impact would be lost, and was hence assigned s
separate process step.

2.5. Life cycle impact assessment (LGIA)

The Life Cycle Assessment (LCA) calculations were modeled with the
SimaPro version 9.1.0.5 software (PReConsultants, Amersfoort,
Netherlands) in connection to the ccoimvent 3.6 life cyele inventory.
SimaPro modeled from the aversge encrgy of the functional unit,
products and chemicals used at cach step within the system boundary
(Fig. 2). In the current study, the impact sssessment method used was
midpoint level ReCiPe 2016. The fallowing impact categories were
included in the : global z I
depletion, ionizing radiation, czone formation, human toxicity, fine
particulatc matter impacts, ¢ idifi
entrophication, ecotoxicity, land use, resources depletion, and water

ozonc

heric ozone fi tion,

ton. Mid t impact were used to identify envi-

ronmental hotspots across different life cycle stages and identifying the

most contributing mass and energy inputs and outputs st each produc-

tion step (Ogmundarson et al., 2020), which has cffectively been applicd

earlier to evaluate the impact of variating protein sources in aquafeed
i et al, 2013).

(Samu
2.6, Analyzed energy source scenarios

Three energy source scenarios were modeled and analyzed in this
study. For all scenarios, the same raw material acquizsition was included.
The cnergy source in Scenario 0 was 100% hydropower. As the assessed
fishmeal and fish oil production factory was in 2018 the only known
fishmeal plant operating on 100% hydropower worldwide, two different
scenarios were also sct up to asscss the effects of fucl choice on the
environmental impact of the production process. Henee, two scenarios
were added to asscss the most common cnergy source in European
fishmeal and fish oil factories (Table 1), and the average energy source
combination of Icelandic fishmeal and fish oil factories according to the
Icclandic Union of Fishmeal factorics (sec Appendix, Table 4.1). See-
nario 1 thus only ran on heavy fuel oil, and Seenario 2 with a combi-
nation of 24.6% heavy fucl oil and 75.4% hydropower. The cncrgy was

measured in kWh in all three scenarios.

" Uncertaingy and sensitivigy
The uncertsinty of the results was esleulated by per-
farming a Monte Carle simulation using 2 Pedigree matrix approsch
(Hanschild et 2l 2017). The predefined imeertainty factories in scoin-
vent 3.6 were used, except for acetic acid, which was manually added as
it was missing in the 36 datsbases (see . Fig A1).
The number of simulations performed in the Monte Carls simulation was
5000 runs to assesz the 2.5%-07.5% confidence intervals of the results.

Five sensitivity scenarios were identified to evaluate the sensitivity
of the results to changes in the system modeling =nd settings, as sum-
marised in Table 2 The sensitivity level included various potentially
influencing factors during raw material scquisition and fishmesl and

A di

fish oil production.
0il usage during raw material acquisition differs on various factors
such as the vessel's age, time spent on the ocean, different captains,

Table 2
itivity oz at different
fishmeal, including fish oil

steps when p 1000 kg of

Scenario description

Rawr material  Tiffarent fishing gear applied, weather conditions,
acquisition «catch size, time spent on the ocean, captain

The fishmeal and fish gil ~  Depending on the frechneos of the raw matesial, waser

‘praceming comtens could flucauats (depending on cacch and
specizs), and hence the drying reps differ in time and

Sensitivicy scenario

energy

« During cocking, the raw material can be
heserogenzous and differ in freshness, nd the
breakdonen of the ravs material can hence be affected
1f the rave maserial i tao fresh, it can be difficul: to
process

+ During svaporation, the mumber of solid particles in

the evaporasion can differ, affecting the viscasity of

the smeams

Cleaning 2genss might be difficult t monitor and

different depending on fskmeal factories. Moreover,

other cleaning agents might be used in different

[r—
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catch size, trawling time, and weather conditions (Tzble 2). Henee, the
average oil urage during seven fishing trips from one fiching vessel was
apphed in the calenlations. Dunng these fishing trips the fizhing vessel
was operated with only two captains and during the seme scason to keep
the variations st minimum.

The raw material entering the fishmeal and n.sh ml plmduchnn p]ant

Journal of Cleaner Producdon 543 (3022) 130550

towards the shore was the most energy-intensive part of the raw mate-
rial zequisition.

During the raw material acquisition at sea (Fiz. 2}, most of the el
was spent sailing towards shore with the catch, or on average, 44 1 13%
of the total fuel usage (T=ble 4). A significant difference in fuel usage
was also identified when analyzing the different fishing gear used when

can variate in various factors of the raw mat

in water, lipids and other chemical composition r'actols (Hilmarzd,
et al., 2020), including seasonal variation (Romotowska et al., 2016)
(Table 3). Thos= factors affect the efficiency of the processing steps, 2.3,
the drying can differ in time and energy depending on the water content.
According to the staff members operating the studied fishmeal factory,
processes oriented towards homogenizing the material depend on the

freshness of the raw material, where too fresh raw material can be more
viscous than older raw material and henee, difficult to handle. Evapo-
ration eould also increase viscosity dus to variate amounts of zolid
particles in the stream (Hall, 2010). Cleaning agents can variate between
vears and processing plants, but the amount of chemicsals used i= not
clozely i d L itiz d that the fishmeal and fish oil
production plants do not save chemical cleaning ag:nts when it comes to
cleaning due to the strict lati i ¥ i dard:

tching and superchilling capelin. Using a purse seiner resulted in
lower average fuel use (17 + 7% of the totsl fuel usage) than trawling
(31 4%t of the total fucl ussge) However, sailing towards shore did not
t despite the resist
during trawling. For the fizhing trips, see details in Appendix, Table A 3.
The cifect of different fishing gear and fucl usage has been studied
before, but high variations can be seen in fuel usage, according to the
d:losen fishing gear, ongin of catch and species caught Trawling 1= for
il idered more cnexgy-i pared to purse

seiner (SchaL et al, 2000). Cazhion et (2017) estimated a carbon
dicxide equivalent rd:asc of 1.34 CO; g per 1000 kg of capelin (Mal-
lotus villosus) caught with a pelagic trawl. In the current study, the total
impact results on global warming were 3.2 x 107 €02 oq during catching
of capelin, producing 1000 kg of fishmeal and fish oil, which was higher

result in a of the water

2.5, Statistical analysis

Statiztical analyses were performed in Microsoft Office 365 with
Excel (Microsoft, Redmond, WA, USA). Results were shown as mean
values + standard deviation (SD), and the significance level was set top
< 0.03 to prove with 95% certainty if the theory being investigated was
significant or not due to change. This level of significance is commeonly
used for the asseszment of biological procsszes such as those encoun-
tered during food and feed production.

3. Results and diseussion
3.1 Midpoint analysiz of the raw material acquisition

The midpoint analysis results of the raw material acquisition can be
szen in Table 4. Thiz life cycle stage was divided into three different
substages, as is commonly done by the industry to assess monctary costs
related to fishing. The substages were divided into i) sailing towards
catching ground, 1} catching and superchilling of the catch, and 1)
sailing towards shore. The raw material acquisition was identical for all
three scenarios studied (see s=ction 2 6). A hotspot analysiz identified
which of the life cycle stages of the raw material acquisition contributed
most to cach impact category. The highest contributing process was
burning heavy fuel oil (diesel) to motor the fishing vessel, where sailing

 scenarios at different processing stps when producing 1 tonne of
flshmeal, including fish oil

Sensitivity scenario Scenario description

Raw material scquisiion.  Differen: fishing gear applied, veather conditions, catch
size, time spent on the ocean, capszin

Depending on the freshaess of the raw maserial, water
content could facmuate (depending on casch and
mmj and herce the drying steps differ in tme 2nd

The fishmeal and fish oil
‘proceszing

Durmg cocking, the raw matesial can b heterogeneous
and differ in frechness, and the breakdovim of the rave
material can hence be affected. I the raw i oo

than ted. Hi . indi towards the purse seiner having a
lower carbon footprint ﬂ:lan the trawl were obzerved in both studies
{Cashion ct al_, 2017). Morcover, the fucl use differed significantly be-
tween fizhing gear in the current study (Tsble 5) and can be seen in
detail in Appendix, Table A 2).

3.2 Power usage analysis of the fishmeal and fish oil processing

The mass and energy flow was obtained from chemical composition
results from all processing step during the capelin and mackerel/herring
blend fishmeal productions, and from key processing locations in the
blue whiting fishmeal production. The mas: and energy flow from the

I slurry, stickwraty press oil, centrifuged oil, and the
latter concentrate were mod:lcd for the blue whiting. The quantity of
zach process stream was modeled to fit the functional production unit of
1000 kg of fishmeal in each process (modeled values are expressed in
italic font in Fig. 3).

The energy usage was caleulated from the mass balanee, and as
different inputs of raw material entered the process, the energy differs
between the species processed. The capacity of the steam separator
connected to the evaporator was 4.5 tonnes per hour, and hence the
cnergy was caleulated on an hourly basis. Next, the annual power con-
sumption per 1000 kg fishmeal and fish oil, from the studied company
(sfldarvinnslan, 2018) was aligned with the calculated values where the
production was cstimated to run for 3 h on average per day. The power
to heat the raw material from preheating (50 °C) to 85 °C was compared
to the effects of the 90 “C heating during cooking, which affected the
power ratio of cach processing step (Table 6). The preheating step was
not included in the power and energy caleulations of the functional unit,
as excess steam from the evaporators and the steam dryer was recycled
to heat the raw materizls from an ambient temperature to approcimately
50 “C. The capacty of the steam separator in the evaporator and the
amount of raw materials henee, variated.

The processing steps are displayed in Tsble 6. The drying steps
consumed the most energy (see Appendix, Table A.4), by

ion, pressing, & cookers, and ifuges. During the
production of fishmeal and fish oil, the power differenes using 85 “C in
the cookcrs mstcad of 90 °C was lowered by 11-129% during cooking,

in energy distribution among the processing steps

fresh, it can be difficuls o process
Dusing evaporation, the mumber of salid particles in the
eveparation can differ, affecsing the viscosity of the

streams

Cleaning agents might be difficult to menizar and
different depending on fishmeal facsaries. Marzaver,
cther cleaning agents migh be used in diffrent
scenarios.

overall (Table 6). The power consumption in each step in kWh iz sum-
marised in Appendix, Table 4 5.

The aversge overall fishmesl yield in the fishmes] znd fish ol pro-
duction company studied was 18.3% and 5.7%, respectively, m 2018
according to caleulations from the green accounting reports and ranged
from 16 to 209, while the fish oil vield ranged between 0.5 and 17%,
depending on the seazon and cateh (Table 6

142



G5, Hilmarsdéesr st al.

Table 4
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Midpoint analyziz of the energy use during raw material acquisiton at sea, and their contribution to each impact category. Darker colours reprezent a higher

environmental impact.

Total energy use

Sailing towards

Cathlrlg and

Sailing towards

Raw material acquisition (2.50-97.57%) unit catching ground

Global warming 325100 (3.1%10°-3.4%10°)  kgCOzeq | 8.7%10 £3.0%10'  B.1%10'25.0%10"
Stratospheric czone depletion 9.5x10%({E.0x10°-1.7x10') kg CFC11eq 2.0x10%:B8x10% 24x10%:8,9x10F
lonizing radiation 2.9(1.2-6.5) kBqCo-50eg  8Bx10'£2.7x107  T.4x10':2.7x10"
Ozone formation, Human health 70{47-1=10") kg NO. eg 21465101 1.846.6%10"
Fine particulate matter formation 23(2.0-28) kg PM2.5 eq 6Bx107£2 12107 5.7x10'+2 1%10"
Ozone formation, Terresirial ecosystems 710481107 kg MO, ey 2.126.5%107" 1.86.6%10"
Terrestrial acidification 7.2(63.83) kg S0z eg 2.248.8% 1007 1.86.7x10"
Freshwater eutrophication 4.0%107 (1.8x107-9.1x10%) kg P eg 1.2%10°63.7210%  1.0x10%£3.7%10*
Maring eutrophication 3.6%10% (2.8%104-5.0%104) kg Meg 1A104£3.3210°  9.1=10%13.4%10%
Terrestrial ecotoxicity 2.8x10% {1.6%10%-5.5x10%) kg 1,4-0CB 8.4 x10'+2 6x10" T0x10'+2 6x107
Ereshwater ecotaxicity 705107 (5.1x10°-1.0 kg 14-DCB  21%107£6.5%107  1.8x10716 5%102
Marine ecotoxicity 1.2 (8.2%107-1.8) kg 1,4-DCB AT 2107 3410721, 1%107
Human carcinogenic taxicity 1.4(91%107-2.4) g 14-DCB 4.2 =10741.3=107  3.5%10741.3%10"
Human nen-carcinagenic toxicity 2.0%10' {1.3%10-3.3x10'} kg 1,4-0DCB 6018 5.0£1.8
Land use 53x107 (3.6%107'-8.4%107)  méa crop eg 1621074 9210° 1 3x107+5.0%10%
Mineral resource scarcity 1.0:107 (8.9%10°-1.7%107) kg Cu eg 32%107£9.6510°  2,6x10720,7x107
Fossil resource scarcity 1.0%107 (8.8x10'-1.2x10%) kg il eg 3.1 =10'49.4 26%10'£95
Water consumption 1.5%10" (7.3-2.1-1210'} m’ 4.5¢1.4 3814

Abbreviations: CO;=carbon dioxide, Eq=squivalent,

CFC11=trichloreflucromethane or freon-11,

Co-60=cobalt isotope “Co,

MNO.=nitrogen oxide, PMZ2.5=fine particulate matter less than 2.5 micremelers, S0:=sulfur dicxide, P=phosphorus, N=nitrogen, 1,4-

DCB=1.4 dichnolarbenzene, Cu=capper

Table 5
Resultz from fuel usage and time spent on the ocean when catching capelin in 2018 using two different firhing gears.
Daces from capelin carching from ~ Puel usage Time
one veszel in 2018 Sailing sowards Carching and Sailing owards  Sailing towards Carching and Sailing ovards
catching ground cuperchilling chore carching ground cuperchilling chare
Average fuel and cime with wawl 30+ 5% 31 + 49" 39 £ 6% 19 173 69 & 5% 11+ 2%
Average fuel and time with purse. 31415 17 2 756" 524 15% 25 +11% 60 4 15% 15 4 148
aeiner
Oweral average fuel and time 30 4+ 5% 25+ 5% 4+ 15% 224 9% 65 4 10% 13 + 5%
Similar power usage has been reported by Hall (2010) during fish- steps combined in heric ozone depletion, ionizing radiation, fine
meal and fish oil production. The power usage during cocking, evapo- particulate matter formation, ial acidificati b and

ration and drying were campared befween the studies, as information on
other steps were lacking (Hzll, 2010). The 1 higher

marine eutrophication, freshwater- and marine ecotoxicity, human non-
ic toxieity, land use, and fossil resource scarcity.

power uzage during evaporation, or 52% of the total energy, whereas in
the current study, evaporation accounted for 16-21% of the total power

Cooking for 4.5-7% of the total energy in the
current finding, while cooking accounted for 10% in the study by (Hall,
2010). , drying d for 4 % in the current study,
while 38% was reported by (Hall, 2010). However, the current energy
usage was estimated into power due to the different operating times of
each operation, followed by an estimation of operating time per day. The

Analysiz of the heavy fuel oil-drie and fish o1l ducty
process (Scenario 1) showed that clesning, waste, and maint=nance
remained highest in freshwater- am'l marine cutmp]ucabnn frexhwnt:r

icity, and water
gain of opcrating the fishmeal and ﬁsh oil factory on hyd.mpuw:r instead
of fossil fuels (Fig. 3). Combined drying steps d for the highest
5434, evaporation highest 169, cooking up to 5%, and other processes
combined up to 7% of the bots] :nvuumnmtal impact in each impact

power usage for other p ing steps (excluding cockers,
and dryers) during March 2018 wasz 564 kWh. However, when power

(kWh) obtained from green ing reports of annual
uszage were aligned with the mass flow, the factory was estimated to
operate for 6 h per day on aversge in 2018,

2.3 Midpoint analysic of different energy source seenarios

Different frends were noticed in the midpoint anslysis results on
which processing steps affect the different impact cat ]

. Similar to o, bined drying steps accounted for
54% of global 1ing, foll d by (169¢), while el
waste, and maintenance accormted for 296
In Seenario 2, analysiz of the fishmeal and fizh o1l process operated
partially on hydropower (75.4%) and partially on heavy fuel o1l (24.6%4)
resulted in similar trends az in Eu:mmn 0 and Scenario 1 (r—w 4)
Freshwater- and marine hi, and
d the highest 1 contributors during cleaning, waste
and maintcnance as in the other Sccnarios, where the drying steps
remained the environmental contributors in global warming (51%)

on the energy source in each of the Scenarios (Fig. 2). Energy-related
processes affected the impact categoriez lesz in Scenario 0 comparsd
to the other scenarios. Therefore, cleaning agents, waste and mainte-
nance resulted in the highest environmental impact in most of the
impact categoriez in Scenario 0. Furthermore, the ratio of cleaning
agents, waste and maintenance was higher than all other processing

foll d by evap (1596), while 5% resulted from cleaning, waste,
and maintenance, as in Scenario 1.

3.3.1. Optimization of the cooking step during fishmeal and fish oil
processing
The environmental benefits of lowenng the cooking temperature
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fishmeal and fish oil preduction process, including mass and energy balances of 1000 kg of fishmeal and fish oil
production from capelin (C), 2 blend of mackerel and herring cut offs (MHE), and blue whiting (BW). Measured vahues were water, lipids and fat free dry matter

(FFDM] and applied pover (kW) and water evaporated (kg) modeled for 80 °C cocking temperature and presented with red color. Dashed lines indicate reused
stream and italic letters modeled values.
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Table &

Power usags at each processing step of the total power consumption during
fishmeal and fizh oil production at 90 °C and 85 °C cooking temperature,
respectively. Fishmeal and fish oil yield percentages were calculated.

Journdl of Cleaner Production 545 (2022) 130680

sodium hypochlorite, which impact was below 6% in sll impact cate-

waste and ined the same in all

gories. Cleanin
Scenarios.

2.5 FHotspot analysis of different fuel source scenarios

Analyziz of midpoint evaluation in Seenario 0 (Tzble 9), fizhmeal and
entirely on hy Do -, showed that most
impacts originated from the raw materisl scquisition,

Power urags of procaming steps Capelin Mackaral Blue whiting
5t of toeal energy)
blend

%0 B5 30 B5 bl &5 ﬁsh oil production

“c “C “c - o
Cockers 51 45 70 62 60 53
Prezze: 107 116117 113114
Decanters 6.0-6.1 66 6.4
Centrifuges 1 16 1718 17
Evaporator 163165 213215 17.7-17.5
Centrifuges 2 21 23 23
Steam dryer 273074 15.0-151 26.6-268
Adr drper s 312 245
Cenerifuges 3 32 35 3.4
Fishmeal yield 16% 20% 18%
Fish oil yicld % 17% 0.5%

from 90 °C to 85 °C were analyzed based on a higher quality of the
fishmeal obtained at 85 “C (Hilmarsdothr et al, 2020). While the
increased physicochemical quality in the fishmeal was tested and pre-
s:nt:d in Hilmarsdottir et sl. (2020), no studies have estimated the
1 impact of ch the coocking temperature during

fishmeal and oil processing.
The oversll gain by decreasing the cooking temperature from 90 °C
to 83 °C, in each Scenario can be seen in Tzble 7. The highest gain over
all the impact catcgorics was observed in Scenario 1 (heavy fucl oil),

where 4.6 kg CO; cq was saved by the temperature reduction, or 0.6% of

global warming impact the production. If capelin caught in Ieeland in
2018 accounted for 186 000 tonmes (The Marine and Freshw
Research Institute, 2010, 205 kg €03 eq would thus be saved annually if
all fichmesl and fish oil factories in Ieeland would decrease their cocking
temperature from 90 °C to 85 °C during the capelin season (Scenario 2).

Reducing the cocking temperaturs rezulted in an overall environ-
mental gain m 2ll energy sources studied, and higher quality fishmeal
and fish oil {(Hilmarsdottir «t al, 2020). Therefore, a cooking tempera-
ture of 85 °C instead of 90 “C iz propesed for 21l studied speciez and
energy source scenarjos. Until recently, common practice haz been
90-95 °C (FAD, 1986). However, heating sbove 75 °C has not resulted in
a higher fat separation (FAO, 1236), and morcover, improved fat scpa-
ration in capelin has been reported at 70-80 °C (Nygaard, 2010). Par-
tures, less heating is

allel to environmental gain with lower temp

followed by the fishmeal and fizh oil proce.m.r@ and the usage of
cleaning agents, waste and mai ials and the
backup power (operated on heavy fucl oil) :hd not appear az hotspots for

any of the assessed impact estegories. However, packaging provides a
significant part of the total environmental burden when producing
cenned mackerel and herring (Thrane et al, 2009). The hotspot for
global warming impaet lies in the raw material sequisition, causing 60%
of the totsl global warming impacts scross the assessed life eyele stage
{Tabl= 9). For terrestrial acidification, ozons formation, and fine par-
ticulate matter formation, more than 98% of each of the impact cate-
goriez came from the raw material aequisition (Table 9). This was not
surprizing zince the asseszed fishing vessels operate entirely on heavy
fuel oil, and uses high quantities of oil lubricant and other fozsil-based
materials. Morcover, 90% of the fossil resource scarcity originated
from the raw material acquisition.

Results from the midpoint evaluation of Scenario 1 (Table 9, where
fishmeal and fish oil production entirely operate on heavy fuel oil, most
environmental hotspots shifted to the processing life cycle stage. Pack-
aging material and backup power remained negligible (causing less than
2% of the impacts per assezzed impact category), and the proportional
contribution of clesning agents, waste and maintenance, became a
smaller part of the impact dto 0. While
water consumption waz highest in the processing life cycle stage in
Scenario 0, water consumed was the highest in the raw material
acquisition in Scenario 1, or 9726 of the total impact, due to the different
cnergy sources. Environmental hotspots related to the burning of fossil

fucls in Scenario 1 were the highest in the processing, such as terrestrial
ccotaxicity (91%) and global warming (68%), of the total impact per
impact category.

Secenario 2 showed similar trends as Seenario 0 (Table ©), as 2 high
proportion of green energy sources was portrayed in Scenario 2. The
division of environmentsal hotspotz across impact categories, between
processing, raw material acquisition, and cleaning, waste and mainte-
nance, followed the same trends a5 in Seenario 0. Packaging and backup

assumed, resulting in higher quality products. A reduction in the use of

cleaning agents can also be assumed as the energy efficiency during
cocking can be inereased if product build-up on proesssing equipment
surfaces due to overheating can be mi (Hall, 2010). T 3
an mvestigation into fishmeal and fish oil guality and their environ-
mental impact at lower temperatures could be subject for 2 follow-up
study.

3.4, Midpoint analysis of the effect of cleaning, waste and maintenance

Midpoint analysiz on the production processes showed that the
evaporation, drying steps, and ¢l waste and i had
the highest environmental impacts across all energy sources studied.
Fuel uze has been reported to dominate climate change (87%) during
fishmeal and fish il production (Fréon ct al, 2017), while higher
cmphasis should also be on chemical agents.

The overall highest impact from the cleaning agents, waste and
maintenance, came from the usc of acctic acid, followed by sodium

hydroxide usage in all impact categorics, cxcept for nitric acid having
the highest impact on the stratospheric ozone depletion (80%), and
munieipal solid waste on the marine eutrophication (T=ble ). Other
processes included iron sersp, formaldehyde, hydrochloric acid, and

power ined close to 0% of the totzl impacts in most impact cate-
gories. Terrestrial acidification, ozone formation, fine particulate matter
formation, and water consumption remained highest during the raw
material acquisition (>76%), rclab:d to the burmng of fossil fu:lx and
remained the same as in 0 and 1. as

terrestrial ecotoxicity remained highest in processing (71%), which
resulted in a similar distribution of environmental hotspots as in See-
nario 1.

In all Scenarios, the highest t | impact of terrestrial
ecotoxicity, frezhwater and marine eutrophication originated from the
leaning waste and life eyele stage Furthermore, the
highest impact on czone formation in terrestrial ecosystems and human
health originated from the raw material life cycle stage acroszs zll the
Scenarios.

3.6. Identfication of other potential optimization steps based on hotspots
analysis

Results from the hotspot analysis indicated where to focus future
optimizations of the fishmeal and fish oil production on minimizing its
environmental impact. However, the results do not summarize what can
be changed to improve the environmentsl impaet in each process.
Henee, the sensitivity seenarios will identify those improvement points
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a) Scenario 0: Hydropower
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Fig. 4. Midpoint analysiz of capelin fishmeal and fish oil production processes operating with 90 °C cocking temperature on different energy sources. Processing
steps marked as “Other™ summarize centrifuges, packaging material, and backup power.

(see Table 10).

The recommended cnergy source producing fishmeal and fish oil is
hydropower (or other green energy sourees), as operating the fzctory on
heavy fuel oil iz estimated to have more than double the impact on
global warming, stratospheric ozone depletion, ionizing radiation, fine
parhculnl: matter formation, terrestrial acidification and human non-

toxicity. Furth heavy fuel oil was estimated to be

thn:c t\mcs lugh:r n fcssll resource zcan:lh and over nine times higher
Y. H:m:: t the cnergy source to hydro-

power would lower the 1 impact =i Ty It iz alsa
cstimated that changing to other morc sustainable cnergy sources,

where hyd iz not available, would potentially lower the envi-
ronmental impacts of fishmeal and fish cil production but requircs
further investigation.
TTI: raw material acquizsition turned out to have a high impact on the
1 impact ies and was affected by several factors.
Land-based comnection to electricity at the harbor haz for example
become more frequent, which is estimated to save around 300 000 L of
oil annually (Morgunbladid, 2021). Thiz indicates that & combination of
actions can be taken to decrease the environmental impact of the raw
materizl aequisition. Along with altering the energy souree, the fizhing
gear can affect the environmental impact, where purse seiner resulted in
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Table 7
Overall gain of

at 85 °C and 90 °C cocking i

Journal of Cleaner Production 5§45 (2022) 130550

¥. The envi impact was byan

estimation of anmial pmdm:uun ufcapalln firchmeal (18 5% fishmeal yield) in 2018 in Iceland in each Scenano

Impact categories Gain from lowering the cocking temperarare  Uni Anrmal gain from lovering the cooking temperatare from 90 °C to
from 90 °C 0 85 °C 55 °C based on armual capelin fizhmeal production in Ieeland (2018
Scenariod  Scemario]l  Scemario 2 Scemario 0 Scemario]l  Scemario 2
Global warming 0.6% 0.6% 0.6% 194 217 205
Seracospheric ozone depletion 0.1% 0.5% 0.3% 1% 172 107
lanizing radiation 0.3% 0.5% 0.4% 102 183 141
Ozone formasion, Human healdh 0.3% 0.6% 0.6% 107 216 155
Fine particulate matser formation 0.3% 0.6% 0.6% 92 220 208
Ozone formasicn, Terrestrial ecorystems 0.3% 0.6% 0.6% 108 215 195
Terrestrial acidification 0.2% 0.6% 0.6% 72 220 210
Freshwaser suscphication 0.3% 0.3% 0.3% s 112 94
Marine eatrophication 0.1% 0.2% 0.2% 43 70 54
Terrestrial ecotoxicicy 0.3% 0.6% 0.6% 12 218 202
Freshwaser ecatoxicity 0.2% 0.3% 0.29% 53 ES a6
Marine ecotaxicisy 0.2% 0.4% 0.3% 34 152 108
Human carcinogenic saxicity 0.5% 0.5% 0.5% kg 14DCB 168 189 173
Human nom-carcinogenic toxicity 0.3% 0.5% 0.4% kg 1L4-DCB 94 174 128
Land use 0.3% 0.4% 0.3% s arop ag 91 142 108
Mineral resource scarcity 0.5% 0.4% 0.5% kg Cueg 174 151 169
Fomsil resource scascity 0.1% 0.6% 0.5% by oil ey 42 214 188
Water consumption 0.6% 0.0% 0.6% o 221 15 220
Abbreviations: CO; — carbon dioxide, Eq — equi , CFC11 — or freon-11, Co-60 — cobalt isotope ““Co, NO, — nitrogen oxide, PM2.5 —fine

particnlate matter less than 2.5 pm, 50; = sulfur dioxide, P = phosphorus, N = nitrogen, 1,4-DCB = 1,4 dichnolorbenzene, Cu = copper.

Table 8

Impact categories of the cleaning, waste, and maintenance processing step. Total results and the effect of each component on the impact category are presented.
Darker colours reprezent a higher environmental impact.

Total results Acetic  Cleaningand  Mitric  Sodium Municipal Other
Impact categories (257-97.57%) unit acid_consdmables _ackd _hydrovide _solid wasle _processes
Global warming 16=10"(14%10—1 82107 kg COzeq 3% 105 A% 4%
Stratospheric ozone depletion 4.710° (35%10°66410%) kgCFClleg  13% 2% 4% 0% 1%
lenizing raciation 1.2 (2.0x107-5.0) kBg Co-80 8 2% 16% 0% 10%
Ozone formation, Human health A.6=107 (3.3= 1074 B=107) kg NG eq 3% 1% 0% 4%
Fine particulate matter formation 2707 (23073 52107) kg PMZ5eq 4% 14% 0% 4%
Dzone farmaticn, Termesirial scosysloms 400102 (3,541 07 10" ki NOL oG 3% 1% 0% 4%
Terrestrial acidificatian 585107 (5.0%10°-3.3) ko 50:eq 4% 1% 0% 5%
Frestwater eutrophication 5.4=10% (2 5210°-9.12107} kg Peg 3% 18% O T
Marine eulrophication 9. 7= (7 25 10P4-5.0= 10} kg W oeq 26% 17% 2% 3%
Termestrial acotoxicity 5.7=10° (3.0%10°1.2¢107) kg 1,4-0CB 4% 12% 0% %
Frashwater acotoxdcity 1.2 (7.4x107-2.0) kg 1,4-DCB 3% 10% 19% &%
Marine ecoioxicity 16 (2.2%10"-2 6) kg 1,4-0CE 3% 10% 19% &%
Human carcinogenic toxicity Ba=q0F (230071 B) kg 1,4-0CB 3% 15% 2% 6%
Human non-carcanogenic toxicity 2.2¢10°(1.2%10'-3.9x10") kg 1,4-DC8 3% 10% 22% 5%
Land use 707 (28%10°-5.2x10") s crop eg 26% 10% 0% 8%
Mineral resource scarcity B A=107 (37105112107} kg Cu &g 5% 11% 0% B
Foasil resource scarcity TE{6.4-0.2) wg il eg 24 5% 0% 2%
Water consumption 38210 (-7.B7.1) m? 50 11% 0% 4%
NO,=nilrogen oxida, PM2.5=fine pariculate matter less than 2.5 micrametars, SO.=sulfur dioxide, P=phosgharus, N=nitragan, 1,4-
DCB=1 4 dichnolorbenzene, Cu=copper
3 lower | impact i to trawling due to lesser fuel 1 sgents with lly friendly cleaning sgents would
usage. positively influence the environment.
In the production process, the drying and evaporation steps together
accounted for 48-54% of the total envi 1 impact (not d i 4. Conclusi
on the energy souree) of global warming. Hence, optimizing these steps
might result in 3 great environmentsl gain despite the energy source. A The current work identified the envi tal impscts of prod

small change as lowering the cooking temperature by 5 “C resulted in a
visible environmental gain in the production process, cven though
cooking accounted for <5% in the impact categorics. The optimization
of drying and evaporation stepe will henee be of great beneficial envi-
ronmental impact. As thermal decrease has resulted in higher guality
fishmeal (Hilmarsdottir et al., 2020), optimized drying i could

fishmeal and fish oil and suggested possible solutions that entail
changing the energy souree in the raw material acquisition.

Although the raw material acquisition resulted a: the highest envi-
ronmentsl contributor when using green energy zources, the fishmeal
and fizh oil accounted for the highest environmental impact using fossil

lead to higher quality fishmeal.

During the production process, cleaning agents are used excessively,
and not necessarily with any restrictions. There are no suggcsbcd nor
standardized amountz for the usage of ing agents.

fuel-bazed energy. It iz clear that drying and evaporation contributed to
a large part of the fishmeal and fizh il processing production, and with
minor changes, such as changing the cocking temperature during the
production, positive impacts on the environment may be achieved.

L ing the cooking temperature from 90 °C to 85 "C impacted zll
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Table 0

Journal of Cleanar Produstion 545 (2023) 130550

Hotspot analysis of the Scenarios during capelin fishmeal and fish oil production at 90 “C cooking temperature. Darker color indicates a higher environmental
impact. Backup power was 1%: in terrestrial ecotoxicity in Scenario 0, but 0% in other categories in all Seenarios.

Total results Unit
Scenario 0: Hydropower {2.5M.97.5%%)
Global warming 450100 (4.3%10°4.8x107) kg CO: &g
Stratospheric ozone depletion 1550104 (1.1:104-2.2¢10%) kg CFC11 eq
lenizing radiation 5.1 (1.7-1,5=107) kBqg Co-60 eq
Ozone formation, Human health T (4. 8-1.0=10") kg NOx eq
Fine particulale matter farmation 23 (20-27) ko PM25 ag
Ozone formation, Terrestrial ecosystems 7.2 (4.8-1.0¢10") kg MOy eq
Terrestrial acidification 7.3(6.4-8.4) ko 50 eq
Freshwater eufrophication 1.3=10°2(8, 1%10%-2, 82 10°%) kg P eq
Marine eutrophication 1.6%107%(1. 31052, 1 10°%) ko M eg
Terrestrial ecotoxicity 4051082, 5%1076.7%10% kg 14-DCB
Freshwater ecotoxicity 2.6 (1.6-4.0) kg 14-DCE
Marine ecotoxicity 3.8 (2.8-5.5} kg 1.4-DCE
Human carcinogenic toxicity A6 (1.8-7.7) kg 1.4-DCB
Human non-carcinogenic loxicily 5 8x10'(3.8x10'-8.4%107) kg 1.4-DCB
Land use 1.2(9.2210"1.8) ma crop eq
Mineral resource scarcity 3.8x107 (2451076310 kg Cueq
Fossil resource scarcity 145107 (9.8%107-1,310%) kg oil g
Watar consumption 8.1%10'(-B.4x10°-6.8x10%) m*

Raw
material

Scenario 1: Hcawu all

Glabal warrming

Stratospheric czone depletion
lenizing radiation

Dzone fermation, Human health
Fine particulate matter formation
Ozone formation, Terrestrial ecosystems
Terrestrial acidification
Frashwater eutrophication
Marine eutrophication

Tarrastrial ecoloxicily
Freshwater ecotoxicity

Marine ecotoxicity

Human carcinogenic toxicity
Human non-carcinogenic loxicily
Land use

Mineral resource scarcity

Fossil resource scarcity

Watar cansumption

8.5 (5.9-1.2%10")
4.8 (2.7-1.4%10")

8.5 (6.0-1.2¢107)
1.5%107 (B.0-4.6x10")
1.5%10°% (6,5%10%-3,4%10%)
1B 10 (Lax10-2.4%10%)
3.4x10% (2.1 2 10%-5.6%10%)

2.8 (1.9-4.2)
6.1 (4, -Ha 5}
5.0 (3.2
1.2=10°(7. Ma‘
1.1-2.8)
295107 (1,8%101-4,8%10")
325109 (2,42 1074, 2% 10%)

0%10%)

Scenario 2: Composition of hydr
Glabal warming

Stratospheric ozone depletion
lenizing radiation

Ozone formation, Human health
Fine particulate matter formation
Ozone formation, Terrestrial ecosystems
Terrestrial acidification

Freshwater sutrophication

Marine eutrophication

Tarrestrial ecoloxicily

Freshwater ecotoxicity

Marine ecotoxicity

Human carcinogenic toxicity
Human nan-carcinogenic toxicity
Land use

Mineral resource scarcity

Fossil resource scarcity

Watar ounsumﬂ'nn

1.5%10'(-1.0210°-3.7x10") _

(5.
1.9%10° (1.3 103, ono‘)
6.2(2.3-1.7%10"
7.5(5.2-1.1%10")
2.9(2.3-5.0)
7.6(5.2-1.1=10")

0.1 (7.0-1.6x10%)
1.4%102 (B, 1x10°%-2,9% 107}
1.7%10°% (1.3%10%-2.2%10%)
AR (7. 71071, 72 10°)

2.7(1.8-3.9)
4.3(3.2-6.1)
4.0(2.3-7.3)
7.4x10' (5.1%10'1.1x10%)
1.3(1.0-1.8)
3.6=107 [2.3%10-6.6%10T)
1.E% 107 [1,4210%-2,0%10%)
6 5%10" (-6.6x10%-5.1%107)

kg NOx eq
kg PMZ.5 eg

a
kg 1.4-DCB
ma crop eq
kg Cueq
ka ni 1eq

kg CFC11 g
kB Co-60 eq
kg NOx eq
kg PMZ.5 ag
kg NOx ag
kg S0 eq
kg P eq
kg M eq
kg 1.4-DCB
kg 1,.4-DCB
kg 14-DCB
kg 1.4-DCB
kg 1.4-DCB
ma erop eq
kg Gu en
kg oil eg
m

Abbreviati CO. dioxide,

lent, CFC11=trichlo r freon.
MNO,=nitrogen oxide, PM2.5=fine panlculale matter less than 2.5 micrometers, SO;—sullur dio;ude. P=phosphorus, N-mlrogen.
1,4-DCE=1,4 dichnolorbenzene, Cu=copper
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Table 10
Optimization potential from the hotspot analysis, based on sensitivity scenarios.

Sensitivity scenario Scenario description.
Faw material acquizition + Purse ceiner resulted in lover energy usage
compared to travl
+ Changing energy source on the vemels iz
proposed
The fishmeal and fih oil + A green energy source is proposed
proceszing » Optimizing the drying and evaporation st=ps

+ Exchange cleaning agenss for eco-friendly clean-
ing agents

Journal of Cleaner Produedion 545 (2023) 130550
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Appendix

System boundary

flexible fish proceszing no. 198883-0611 and BIOZOOSTAIN no.
2021267-0611), ERA-NET BlucBioCofund Call (BIOZOOSTAIN) and the
University of Ieeland research fund. The work was carried out at the
University of Ieeland and Matiz ohf. The authors thank Sildarvinnslan hf
for access to their facilities, assistance, and raw materials.

FRaw material within the system boundaries per functional unit can be seen in Table A1

Table A.1
Raw materials inside the system boundaries per functional unit.

Irmpact catgory Toeal Unie Diesel Hydraulic fracturing fuid Lubricating oil Tylan
Global warming 328402 kg 00y 326402 2103 54501 16
Stramorpheric ozone depletion 95805 kg CFCll e B.0E-05 1.38-09 49207 1.5B-05
lonizing radiation 23 kBq Co-60 eg 28 5.92-05 67202 57804
Ozone formasion, Human health 7.0 kg NO, eq 7.0 8.4E-06 3.22-03 3.38-03
Fine particulats maser formation 238 kg PM25 eq 22 3.62-06 1.02-03 1.38-03
Ozone formasion, Terrestrial ecosvetems 71 kg NO, eq 71 8.7E-06 4.32-03 3.4B-03
Terrestrial acidification 7.2 kg 5052 7.1 9.2E06 23803 3.98-03
Freshwater snmophication 402-03 kgPeq 38803 4.BE-07 1.82-04 3.58-05
Marine sumophicasion 36204 kgNeg 3.08-04 2.42-08 12805 51205
Terrestrial ecotoxicisy 25E+02 kg 1,4-DCB 27E-+02 11E-02 27 21801
Frachwater scotoxicizy 70E-01 kg 1,4-DCB £.62-01 7.92-05 3.88-02 3.88-03
Marine ecomicisy 12 kg 1,4-DCB 12 L1E04 50802 5.38-03
Hurman carcinogenic soxicisy 14 kg 1,4-DCB 13 5.92-05 208-02 2.58-02
Human non-carcinegenic toxicity 2OE+01 kg 1,4-DCB 1.92+01 1.6E-03 67201 81202
Land uge 53201 m%a crop eg 5.2E-01 3.6E-04 13202 3.7E-04
Minesal resource scarcity 1.02-01 kg Cueg 9.92-02 3.22-06 48203 1.12-04
Possil resource scarcity 1.0E+02 kgoileg 1.02+02 7.IE-04 6.02-01 4.0E-01
Wazer consumption 1SEHIL m? 10B01 3.28-05 52803 11802

Urcertatngy

Uncertainty for acetic acid had to be added v in the pedi matrix. To the uncertainty with Monte Carlo ansl\-sls each

parameter value must be covered and documented as a statistical parsmeter (Heuschild et al, 2017). Fig. 4.1 d

rates how the -alue
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was obtained and how the reliability, ! poral- and hical- and further technological correlation was estimated.
W7 Pedigres matrix X
Click on the matrix cells to select entries
1 2 3 4 3
Reliability Verified data based on || Verified data partly INon-verified data Qualified estimate Mon-qualified
measurements based on assumptions | | partly based on (e.g. by industrial estimates
o non-verified data | | qualified estimates expert)
based on
mmeasurements.
Compl jive dat pedme || R ive dats e dat
from all sites relevant | | from > 50% of the from only some sites | | from only one site unknown or data from
for the market sites redevant forthe | | (<< 50%) relevant for | | relevant for the asmall number of sites
considered, over and || market considered, the market considered | | market considered or | | and from shorter
adequate pericd to || over an adequate or > 50% of sites but | | some sites but from | pesiods
even out normal period to even out from shorter periods | | shorter periods
fluctuations normal fluctuations
Temporal correlation | Less than3yearsof | |Less than 6yearsof | |Less than 10years of | |Less than 15ysars of || Age of data unknown
difference to the time || difference to the time | | difference to thetime | | difference to the time || or more than 15 years
period of the data set | | period of the data set | | period of the data set | | period of the data set | of difference to the
tirme period of the dats
set
Geographical Data from aresunder | | Average data from Data from area with Data from area with Data from unknown or
comelation study larger area in which | | similer production slightly similar distinetly different ares
the area under study is| | conditions production conditions || (Morth America instead
included of Middle East,
OECD-Europe instead
of Russia)
Further t legrcal  Data from : Data from processes || Data from processes | Data on related Data on related
corelation processes and and materials under | | and materials under | | processes or materials | | processes on
raterials under study | | study (ie. identical study but from laboratory scale or
technolegy) but from | | different technology from different
different enterprises technology
Base uncertainty: |10 | og [1.0580866817a58317 [ Use a5 uncertainty vaiue |

il

Figure A.l. T

for acetic acid

ok | [ petete | | cancel |

added in SimaPro

The documented annusl energy usage from fishmesl and fish oil producers for the years 2017-2019 are summarized in Tzble A 2, where the
division between oil and electricity was ealculated for Scenario 2, or 75.4% hydropower and 24.6% heavy fuel oil

Table A.2

Energy use from different energy resources for the fishmeal and fish oil production in Iceland in 2017-2018 (FIF, 2019).

Energy ue from differen: energy resources for fishmeal and fish oil producsion in 20172019

Year oil Electricity Raw material (tonne) Energy ratio {odl)
Liters Liters/tomne BM kwh EWh/tanne
2007 Z0E406 137 23E408 401.2 SBEH0S 03
2018 TTEH06 nrz 24E 0B 368.9 6.6E 05 02
2019 342106 83 1.7E408 427.4 412105 02
The raw izl isition was estimated from seven fishing trips from one fishing vessel during the capelin seazon in 2018. Tzble A 3 dem-

onstrates the fuel usage and time at each trip in 2018 and compared the energy use when using trawl to purse zeiner.
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Table A.3

Journdl of Clesner Production 545 (2022) 130850

Fuel usage and time during raw material acquisition was divided into sailing towards eatching ground, catching and superchilling, and sailing towards shore

Dates from capelin Foel usage Time
;fd“"’f'““ Sailing towards catching  Caching and Sailing towards  Sailing tawards catching  Catching and Sailing tawards
ground superchilling shore ground superchilling shors

Trip nr. 6.1.- 349 309% 5% 193 FOo% 11%
1] 10.1.

Trip o 121.- 28% 7% 46% 14% T4 12%
bl 16.1.

Trip nr. 17.1- 8% 31% 4% 30% 2% %
-] 11

Trip nx. 21.1.- % 8% 2% 15% T2 14%
4 3.1,

Average fuel and time 30 1 3% 31 + 4% 30 £+ 6% 19 4 7% 69 1 5% 11 1 2%
with tranid

Trip nr. wa- 459 148¢ 4% i 47¥ 30%
5 23

Trip nr. 5.3.-9.5. 33% 2506 41% jl==3 S0t k)
8

Trip . 10.3.- 149 1296 T 155 7N 12%
kel 14.3.

Average fuel and cme 31 £15% 17 + 7% 52 & 18% S L11% 60 £ 19% 15+ 14%
with parse seines

Orveral average fusl 30 + 9% 25+ 9% 44 + 13% 22 +9% 65 +10% 13+6%

Values on energy consumption during sir-drying in the fishmeal and fish oil production. Caleulations are based on values obtsined from s Mollier

diagram (Table A.4).
Table A.4
cC ions of the energy for air-drying fizhmeal and fish oil from a Mollier diagram.
T[] RH [3¢] x [leg varer, kg 2ir] 1 [l kg 2ir]
1 5 80 0.004 15
2 450 1 0.004 430
3 65 100 0.145 430

Midpoint analysis of the fishmeal and fish ol processing

Table A5 demonstrates caleulated values during a full capacity of the fishmeal and fizh oil production plant, with a different cooking temperature
in the cockers (85 °C and 90 “C). Values were calculated from heating the raw material from 50 “C to 85 “C or 90 “C with different raw materials. The
mass balances during production can be seen in Fig. 2.

Table A5

Power usage (kWh) during full operational capacity at each processing steps during fshmeal and fish oil production at 85 °C and 90 °C cocking temperature.

kWh during full caparity Capelin Mackere]/ herring blend Blue Whiting
Processing steps %0°C 90°C 55°C 90 °C 85°C
Cockers 241 211 301 263 267 234
Prazces 254 254 254
Decanters 144 144 144
Centrifuges 1 £ 35 36
765 516 782
Censrifuges 2 51 51 51
Steam dryer 1277 845 1175
Air deyer 1293 1331 1090
Cenerifuges 3 76 76 6
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Near infrared spectroscopy and chemometrics for effective online quality

monitoring and control during pelagic fishmeal and oil production
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Abstract

Near infrared spectroscopy has become a common quality assessment tool for fishmeal products during
the last two decades. However, to date it has not been used for active online quality monitoring during
fishmeal processing. The aim was to investigate whether NIR spectroscopy, in combination with
multivariate chemometrics, could actively predict the changes in the main chemical quality parameters of
pelagic fishmeal and oil during processing, with an emphasis on lipid quality changes. Results indicated
that partial-least square regression (PLSR) models from the NIR data effectively predicted proximate
composition changes and were successful in distinguishing between fatty acids according to their level of
saturation (SFA, MUFA, PUFA). The technique also allowed prediction of phospholipids (PL), and EPA and
DHA content throughout the processing. NIR spectroscopy in combination with chemometrics is thus a
powerful quality assessment tool that can be applied for active online quality monitoring during fishmeal

and oil processing.

Keywords: Near infrared (NIR) spectroscopy, chemometrics, process monitoring, quality assessment,

process optimization; product optimization
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1 Introduction

Recently pelagic fishmeal for the use in fish and animal feed has been lowering in value due to the high
competition with alternative protein meals. However, pelagic fishes, such as Atlantic mackerel (Scomber
scombrus), Atlantic herring (Clupea harengus), and blue whiting (Micromesistius poutassou) are nutritious
raw materials, containing several valuable fatty acids, essential proteins, and minerals (Einarsson et al.
(2019). This calls for increased utilization of pelagic fish raw materials and optimization of production
processes of higher value products, including products for human consumption. Traditional fishmeal and
oil processes from pelagic fish species have remained unchanged for decades (Hall, 2010; Oterhals and
Vogt, 2013; Einarsson et al., 2019). Moreover, the variation in water, protein, and lipid content in the
processing streams during fishmeal processing of pelagic fishes is extreme due to the high variation in the
raw material that enters the process (Cozzolino et al., 2002; Hilmarsdattir et al., 2020; 2021). The raw
material often includes several species, cut-offs, heads, bones and guts, and the availability of species is
highly seasonal (Romotowska et al., 2016; Hilmarsdottir et al.,, 2021). The share of side-streams from
pelagic fish processing to human consumption has increased in recent years and will increase significantly
in the future. This expected demand of products from pelagic side-stream processing calls for effective
raw material and process monitoring of the chemical changes occurring at each processing step. Such
monitoring is critical for process optimization and fast decision making towards the production of higher
value products. However, traditional quality assessment methods performed in the laboratory are
commonly sample destructive, time consuming and expensive, which does not fit well into the need for

fast decision making within the processing environment (Cozzolini et al., 2002).

Near infrared spectroscopy (NIR) is a fast, non-destructive, analytical method that has been used
for some time for quality assessment of seafood quality, including the quality of the final fishmeal

products (Cozzolino et al., 2002; 2009). The main chemical constituents of fish and fishmeal are rich in C-
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H, O-H, N-H and 5-H chemical bonds, which overtones and combination bands are absorbing strongly in
the NIR spectral range (McClure, 2003). NIR analysis has therefore shown to be useful in predicting several
chemical (Cozzolini et al., 2002; 2009; Gudjonsddttir et al. 2011) and derived physical (Stevik et al., 2010}
and sensory quality parameters (Beknaes et al., 2002; Nilsen and Esaiassen, 2005; Ellekjzer et al., 2006) in
diverse agricultural and marine food applications (Blanco & Villarroya, 2002). However, due to the
complex calibration work needed, and the earlier mentioned variations in the chemical composition of
the streams during processing, little effort has been put into collecting live online processing of data to
allow active, live guality monitoring during fishmeal and fish oil processing. This kind of quality menitoring
is, however, necessary if products of higher quality are to be produced. The use of chemometric data
processing simplifies this necessary calibration work and takes multiple variables into consideration
during prediction model building {(Gomes et al., 2022). The combination of spectroscopy and multivariate
chemometrics is, therefore, highly effective in the development of fast online prediction tools (Blanco &

Villarroya, 2002; Rinnan et al., 2009; Cozzolino et al, 2009).

The aim of the current study was, therefore, to investigate whether NIR spectroscopy, in
combination with multivariate chemometrics, could actively predict the changes in the main chemical
quality parameters of pelagic fishmeal and fish oil online during processing and to assess if the technigue
can be actively used for process control and optimization, potentially towards the production of high-

quality products for human consumption and customized high-quality feed for aguaculture and pets.

2 Materials and methods

2.1 Raw materials and process description

A mixture of several pelagic fish species was caught of the east and southeast coast of Iceland with a purse
seiner during September 3™ to 6™ 2017. The total landings arriving to the fishmeal factory contained a

mixture of Atlantic mackerel (Scomber scombrus, 58%), Atlantic herring (Clupea harengus, 37%), blue
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whiting (Micromesistius poutassou, 4.5%), and <0.5% of by-catch from other species. The fishmeal process
commenced three days post landing. The fishmeal and oil production process, which can be seen in Figure
1, was described in detail by Hilmarsdéttir et al. (2020). Three processing runs were analysed, each with
a different temperature in the cooker, i.e. 85°C, 90°C and 95°C, respectively to give more variation to the
sampling set. Samples were taken in triplicate from each processing step (as marked with red dots on
Figure 1) from raw material to final product during each process run to follow the quality characteristics
of the processing streams throughout processing. The samples were analysed for water, lipids, fat free
dry matter, fatty acid composition (FAC), free fatty acids (FFA) and phospholipids (PL), as well as their NIR

spectra.

2.2 Near infrared spectroscopy

Mear infrared (NIR) reflection of the samples were analysed with a Bruker Multi Purpose Analyzer (MPA)
spectrometer (Bruker Optics GmbH, Ettlingen Germany), using a handheld optic fibre probe. NIR
measurements were performed and all NIR data was collected in the Opus software (Bruker Optics GmbH,
Ettlingen Germany). Five scans were measured from each sample to increase the signal-to-noise ratio
(SNR) and their average spectrum used to represent each sample. Each sample from each sampling
location (m=30) was measured in triplicate (n=3), giving a total of 90 NIR spectra throughout the fishmeal

and oil processing.

2.3 Chemical reference measurements

The physicochemical quality parameters of water, lipids, fat free dry matter, fatty acid composition, free
fatty acids and phospholipids were analysed in triplicate (n=3) throughout the processing to give a detailed
view of the quality changes occurring to the pelagic raw material during processing. The water, lipid and
fat free dry matter were measured at all sampling points (m=30), while FAC, FFA and PL were measured

at key locations throughout processing (m=22 for FFA and PL, m=17 for FAC).
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The water content of all processing samples was measured by drying of 5 g samples in an oven at
10444°C for 4 hours according to ISO 6496 (1999). The water content in the final oil samples was, however,
measured by calorimetric titration in an 851 Titrando titrator (Metrohm, Herisau, Switzerland). The water

content was measured in triplicate and expressed as g water/100 g sample.

The total lipid (TL) content of the samples was obtained by Bligh and Dyer extraction (Bligh and
Dyer, 1959). The extracts were then used for analysis of free fatty acids (FFA) with the Lowry and Tinsley
(1976) method with modifications described by Berndrdez et al. (2005), as well as colerimetric analysis of
phospholipids in the form of phosphatidylcholine according to Stewart (1980). The total lipids results were

expressed as g lipids/100 g sample, while FFA and PL concentrations were expressed as g/100 g TL.

Fat free dry matter (FFDM) was calculated as the percentage of remaining weight once the water

and lipid contents had been subtracted from the total sample weight as seen in eguation 1:

FFDM (%) = 100 — water% — TL% 1)

The FFDM results were expressed as g FFDM/100 g sample.

The fatty acid composition (FAC) of the samples was determined by gas chromatography in a Varian
3900 gas chromatography instrument (Varian Inc., Walnut Creek, CA, USA) as described in the ADAC
Official method (1998). The fatty acids were classified according to their level of saturation, i.e. into
saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA),
respectively. The fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) were also
analysed specifically due to their potential health benefits (Fournier et al., 2006; Larsen et al., 2011; Zheng

et al., 2013). All FAC results were expressed as g FA/100 g TL.

The obtained range of each reference chemical variable can be seen in Table 5.1 in the

Supplementary materials. However, a detailed analysis of the chemical changes occurring during
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processing and interpretation of the reference measurements was performed and discussed by

Hilmarsdattir et al. (2020).

2.4 NIR PLSR prediction models

Data from the NIR spectral analysis and the reference measurements were imported to Unscrambler
X®(Camo, Oslo, Norway) for further data analysis. Mean Centred Partial Least Square Regression (PLSR)
models were built to test the ability of the NIR spectra to predict the various analysed reference

parameters.

Two spectra from each sampling location during processing were used for building the training set
for the PLSR calibration models compared to the reference measurements. The third sample spectrum
from each sampling location was used as an independent validation test set of the models. The
effectiveness of using different spectral treatments was also tested, i.e. applying i) no spectral treatments,
i) using a baseline correction, iii) a first derivative model using the Savitzky-Golay method with 11
smoothing points at each end of the spectra, iv) a Savitzky-Golay second derivative model of the second
polymomial order with 11 smoothing points, and finally v) a full multiplicative scatter correction (MSC) of
the spectral data. The score plots of the first two principal components (PCs) and predicted versus
reference results from each obtained PLSR model, were assessed both graphically and numerically to
easily identify trends, outliers, stability, and precision of each prediction model. The efficiency of the
models was evaluated according to the model coefficients of determination (R%w) and coefficient of
determination (R%), and the representative root mean square error of calibration (RMSEC) and root mean

square error of prediction (RMSEP) as described by Gomes et al. (2022).
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3 Results and discussion

3.1 Chemical changes during fishmeal and oil processing

The main chemical changes occurring during fishmeal and oil processing are involving the separation of
water and lipids from the fat free dry matter, to form a low-fat fishmeal and a pure fish oil. The chemical
changes observed in the present processes were described in detail by Hilmarsdottir et al. (2020), but the
range of each of the chemical reference variables are given in Table 52 in the supplementary materials.
The process reflects great variation in chemical composition between processing steps, varying from high
liguid streams rich in water and oil (separated press liguid, first concentrate, final oil), to more solid
streams containing high dry matter content (press cake, sludge, second concentrate and final fishmeal).
The chemical analysis indicated that several processing steps in the current, traditional processes were
inefficient both with regards to energy and material efficiency (Hilmarsddttir et al., 2020). Lowering the
temperature to 85°C resulted in more effective lipid separation during the process, and thus also a lower
lipid content in the final fishmeal, making it both more valuable and more stable. Life cycle assessment
(LCA) of the process furthermore indicated that lowering the cooking temperature to 85°C had a positive
impact on evaluated environmental categories (Hilmarsddttir et al. 2022), indicating that small process
changes can also benefit the sustainability of the process. The two studies, furthermore, identified that
the drying and evaporation stages required optimization to allow the production of food-grade products

for human consumption, instead of the current lower value fishmeal and fish oil.

The traditional chemical reference assessment methods applied in the studies were very time
consuming, required the use of environmentally harmful solvents and chemicals, and the reliability
(precision, accuracy, repeatability) of the method may in some cases also depend on the individual

performing the analysis. The disadvantages of applying these methods, as well as the need for process
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optimization, highlights the need for improved process monitoring on-site. Spectroscopic methods, such

as NIR spectroscopy might be a solution to this problem, as investigated in the following sections.

3.2 NIR spectra and Principal Component Analysis

The obtained NIR spectra showed clear differences between the samples according to where they were
sampled during the fishmeal process (Figure 2). Dominating absorption peaks of overtones and
combination bands due the vibrations of chemical bonds such as -CH, -NH, OH, C=0, etc., which can be
found in the main constituents of fishmeal, were assigned (Figure 2; Table 51 in Supplementary materials).
The peak assignment indicated that the main differences between samples could be found in the water
and lipid content and characteristics of the samples. To get a better overview of the connection between
these main variables a Principal Component Analysis (PCA) was performed on the NIR spectral data (Figure
3). The PCA, which described 99% of the variation between samples, effectively distinguished between
the raw materials, products (fishmeal and oil), and processing streams. Clear groupings could also be seen
within the processing streams distinguishing streams of higher water and lipid content (liguid streams),
such as after cooking and draining, the separated press liquid, and first concentrate, compared to streams
with higher protein content (solid streams), such as from the press cake, sludge and second concentrate.
These results indicate that the NIR spectral information obtained during processing had potential to be
used for process optimization for the main chemical components. This led to the construction and
assessment of the prediction potential of linear partial least sguare models to all chemical components

investigated by Hilmarsddttir et al. (2020) as discussed in the following section.

3.3 PLS quality prediction models

Results of valid concentration ranges, correlation factors (R?), root-mean-square errors (RMSE), standard
error of calibration and validation (RMSEC and RMSEP, respectively), the optimal number of model

factors, and the number of measurements used both for the calibration (CAL) models, and the
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independent validations (VAL) of the built PLS models were listed and compared to assess which data
treatments resulted in the best prediction models (Table 52 in supplementary materials). An overview of

the best performing PLS models for each chemical variable is shown in Figures 4-6.

Several combinations of variable selections, including either the whole spectrum or chosen
spectral regions were tested. Selecting the whole spectrum for the modelling, may lead to the inclusion
of noise in the modelling data (Gomes et al., 2022). Appropriate data pre-processing, such as smoothing
of the spectra can be applied to decrease such detrimental effects and improve the signal-to-noise ratio
(Rinnan et al., 2009). Several spectral data pre-processing treatments were tested to find the strongest
prediction models, including using the raw data directly, applying data normalization and baseline
corrections, first and second derivatives, and multiplicative scatter signal correction (MSC). During the
evaluation of the first and second derivative spectra, the data was smoothed by removing 11 spectral
points from each end of the spectra to improve to signal-to-noise ratio and make the prediction models

stronger as described by Rinnan et al. (2009).

Nevertheless, the comparison indicated that using the whole spectrum seemed to result in the
strongest prediction models, potentially due to the high overlap of absorption bands within the NIR
spectra, especially C-H and O-H bands relating to moisture, proteins, and lipids content of the samples
(Diaz et al. 2019). Selecting the whole spectrum did thus not seem to interfere with the prediction
perfarmance of the PLS models in the current study. Furthermore, applying no spectral pre-treatment
(raw data), only baseline correction in the case of lipid content prediction, or MSC data pre-treatment
provided the overall strongest prediction models. Potentially can even mare precise models be obtained
by applying ordered predictors selection (OPS) algorithms as described by Rogue et al. (2019), but that is
left for further studies. The best data treatment obtained for each variable in the current study are

discussed in the following section.

162



199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

3.3.1 ‘Water content prediction
The water content of the samples obtained throughout processing ranged from 0.3 to 93 g water/100 g
sample. The strongest PLRS models predicting the water content of the samples were obtained by using
the no spectral data treatment, resulting in calibration and validation correlation coefficients of RZ, of
0.9995, and R% of 0.9938, respectively. The obtained model had a RMSEC of 0.67 g/100 g sample and
RMSEP of 2.41 g/100 g sample, indicating that the model was effective for process assessment and precise
enough for process decision making, even though the RMSEP could be improved. The RMSEP is still higher
than values obtained in other studies, such as Cozzolino et al. (2002), who obtained standard errors of
calibration and cross-validation (SEC and SECV, respectively) of 3.9 g/kg dry weight in the final fishmeal
alone (equivalent to a RMSEC of approximately 0.4 g/100 g sample). However, since the range in the
chemical composition in the samples throughout the processing is much wider than in fishmeal alone, the

achieved model parameters are well within acceptable levels for water content prediction.

A robust way of predicting water content simultaneous to optimize or redesign any food
production process with water content ranging from 0 to 93% is a valuable tool. With active monitoring
can any changes in the process be assessed, and the production can be directed towards processing of
products that better fit the processing stream characteristics immediately. As water and lipids account for
85-90% of the raw materials entering the fishmeal and fish oil production process (FAO, 1986), controlling,
and ensuring effective water- and lipid removal from the solid streams remains a priority during the
production of high-quality protein products (Hilmarsddéttir et al. 2020;2021). Furthermore, the abundance
of water can stimulate hydrolyzation of the raw material along with heat and oxygen (Jacobsen, 2015)
which can have serious degrading effects on the quality and storage stability of the products. This further
emphasizes the need of immediate actions if negative characteristics of the processing material are
monitored during production. The developed NIR water prediction model is fully capable of predicting

such guality changes during the process.
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3.3.2 Total lipid content prediction
The total lipid content ranged from 1.2 to 99.7 g/100 g sample in the samples during the fishmeal
processing, although the raw material entering the process had an average lipid content of 19.542.0 g/100
g sample. This lipid content agrees with the lipid content obtained in Atlantic herring and mackerel of
earlier studies (Romotowska et al., 2016; Huong et al., 2018). Similar prediction model results were
obtained for the lipid prediction models as for the water, with regards to that the MSC gave the overall
strongest prediction model, when taking both the calibration and validation parameters into account.
Interestingly, adequate models were achieved with all spectral data treatments each having calibration
and validation coefficients R? in the range from 0.9265 to 0.9773, except the second derivative, in which
the model validation was far below expectation with a R} of 0.5314. The lower performance of the second
derivative models may be caused by the variable selection for the modelling (full spectra with smoothing),
in which the smoothing may have been insufficient, or the full second derivative spectra may contain too
much noise for the modelling. However, since acceptable prediction models were achieved with other
spectral treatments the optimization of variable selection of the second derivative spectra was not
investigated further. It is also possible that the choice of validation samples might have influenced the
validation of the models. A few different validation setups were therefore tested as well, including
randomized wvalidation and full validations, but these did not perform any better than the external,

independent test set validation.

Measuring lipid guality, including lipid content with traditional laboratory methods can take
several months of labour work when sampling numbers are high and frequent (Hilmarsdéttir et al., 2021),
and includes high material costs involved with glassware, chemicals etc. Furthermore, the traditional
analysis commonly uses toxic solvents, such as chloroform, which may have a negative impact on the
health of the staff performing the analysis as well as having negative environmental impacts during

disposal (Watts et al., 2004). Hence, predicting the lipid content by NIR spectroscopy may save a lot of
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time and money, is safer to the analytical staff, and has a lower environmental impact. Furthermore,
human error can be minimized by applying the NIR analysis compared to traditional lipid extraction
protocols, such as the Bligh and Dyer (1959) method, and the staff training periods could be reduced when
using NIR spectroscopy for the task. The fishmeal produced under the current traditional processing
methods resulted in a high lipid content (11-14 g/100 g sample), which classifies it as a Type C fish protein
concentrate (FPC) according to FAO (1986). Online manitoring of the lipid content during processing could
allow the improved process monitoring and thus lowering of the lipid content in the final product. If the
lipid content is lowered below 0.75 g/100 g the product would be classified as a Type A FPC, allowed for
human consumption (Windsor, 2001). Direct monitoring and appropriate process adjustments could
therefore increase the value of the produced products substantially, as well as increase the possibility of

producing more standardized products.

3.3.3 Fat free dry matter prediction
The fat free dry matter mainly consisted of proteins, but also smaller amounts (<2 g/100 g sample) of
salts, minerals, and other trace elements. The obtained FFDM content during the processing ranged from
0 to 84.4%. Again, the MSC model performed best, resulting in a R%, and R3 of 0.9183 and 0.9356,
respectively. The RMSE were though relatively high, or 6.23 and 5.58 g/100 g sample for the calibration
and prediction, respectively, of the MSC prediction model. Visual evaluation of the sample distribution
during modelling showed that the oil samples appeared as extremes during the modelling. However, the
model strength became weaker if the oil samples were removed, indicating the importance of including a

wide range of FFDM content samples to obtain strong prediction models.

The main FFDM component in fishmeal and its production streams is crude protein which
traditionally is measured by determining the nitrogen content, e.g., with the Kjeldahl method (1S0, 2009)

or the Dumas method (ISO, 2008). Neither the Kjeldahl nor the Dumas method distinguishes between
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protein and non-protein nitrogen (150, 2008). However, since the NIR absorption is highly dependent on
both the molecular composition, the micro-structure of the molecule, and the environment that the
molecule is in (Rinnan et al., 2009), NIR spectroscopy has a potential to assess the protein content with
higher precision than the traditional methods. This also highlights the importance of choosing the
reference method wizely whan bullding the NIR prediction modelz, 32 thiz could attect the pradictian

ability and precision of the models.

The FFDM was in this study expressed as what is left when the water and lipid content has been
removed from the total weight of the sample. Even more precise prediction of the protein content and
FFDM might have been achieved if direct measurements of the protein content through the Kjeldahl or
Dumas method had been applied as reference data during the FFDM NIR prediction model building, along
with more precise analyses of the vitamins and minerals potentially present in the samples. The precision
of the Kjeldahl and Dumas methods in assessing protein content have, however, also been criticized lately
and there is not a uniform consensus on which multiplication factors should be used when converting the
analyzed nitrogen content to crude protein content. Most studies refer to the 6.25 multiplication factor,
as derived from the standard Kjeldahl method, while others have shown that the factor requires
modifications dependent on the characteristics of the sample as well as the choice of analytical method
(Kjeldahl or Dumas) (ISO, 2008). However, this comparison between the precision of different protein
assessment methods is outside the scope of the current study but is worthy of further comparisons in the
future. Nevertheless, the current study clearly shows that both time and cost can be saved by applying
NIR spectroscopy to analyse FFDM during fishmeal processing. As the value of fishmeal depends on a high
protein content, an online system monitoring the protein content throughout each operational step could
help keep the final product guality consistent which is of great importance to both the producers and

consumers (Kristinsson, 2007).
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3.3.4 Fatty acid composition (FAC) prediction
The fatty acid composition was analysed and NIR prediction models built for the fatty acid classes SFA,
MUFA and PUFA, along with DHA and EPA. Excellent prediction models were achieved for all parameters
(Figure 5), especially SFA, DHA and EPA, which had high R? parameters (>0.98), and low prediction errors
(<1 g/100 g lipid) for all lipid class parameters. Slightly higher prediction errors were obtained in the MUFA
(RMSEP=1.5 g/100 g lipid) and PUFA (RMSEP=2.1 g/100 g lipid) compared to the SFA (RMSEP=0.23 g/100
g lipid), potentially due to the spectral similarities and high absorption peak owverlap between the
unsaturated bonds in the two fatty acid classes, making it difficult to distinguish between the level of
unsaturation. However, the performance of the MUFA and PUFA prediction models is still within

satisfactory limits for process monitoring and optimization purposes.

Prediction models for DHA and EPA using the MSC spectral data treatment, furthermore, turned
out to be highly efficient during processing, showing R2 parameters of 0.8785 and 0.8689 and RMSEP
values of 0.89 and 0.62 g/100 g sample for the DHA and EPA, respectively. DHA and EPA are desirable
omega-3 fatty acids which can be destroyed during drying, as high temperatures drastically affect the
long-chain PUFAs (Fournier et al., 2006). Hence, heating, and drying technigues need to be monitored
closely for high yield. As DHA and EPA are among desirable PUFAs due to various health effects (Larsen et
al., 2011; Zheng et al., 2013), a higher yield would be beneficial. The prediction of these fatty acids during
processing is therefore especially important due to their potential health effects and their influence on
product value. Furthermore, no other studies were found in literature predicting these parameters in

fishmeal or during fishmeal production, supporting the novelty of the current study results.

3.3.5 Free fatty acids (FFA) and phospholipids (PL) prediction
No significant correlations were obtained for the free fatty acids in the samples, possibly due to the

narrow range of obtained FFA values (ranging between 0 to 5 g FFA/100 g sample). However, a nice PLS
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model was achieved for the phospholipid content (PL) in the range between 0 to 1.4 g PL/100 g sample
with the MSC spectral data treatment, resulting in a prediction model with a R%, and R3 of 0.9617 and
0.8617, respectively. The low RMSEC and RMSEP of 0.06 and 0.11 g/100 g sample furthermore indicated

excellent prediction precision of the model compared to the reference measurements.

Free fatty acids and phospholipid content are strong indications of lipid and protein degradation, and
analysis thereof can emphasize and identify problematic areas or processing steps which involve
hydrolyzation or lipid oxidation induced degradation (Jacobsen, 2015; Hilmarsdéttir et al., 2020;2021).
However, further investigations are proposed with a wider range of FFAs in samples for potential FFA

prediction model building using the NIR technology.

4 Conclusions

NIR spectroscopy based PLS modelling were shown to be a precise and accurate tool for simultaneous
assessment of water-, lipid- and FFDM content, EPA, DHA, and PLs during fishmeal processing. Overall,
two spectral treatments resulted in stronger prediction models than the others, i.e. the spectral models
using no spectral treatments (raw spectra) and the MSC treated spectra, respectively. The models can
potentially be improved even further by adding an even wider range of raw materials (i.e. include data on
more species during processing) or applying more detailed variable selections as inputs for the
multivariate PLS model building. Investigations of this is left for future studies. However, the developed
composition models can substantially decrease labour work and material costs. Integrating NIR for
process monitoring can be promoted as a more sustainable method to monitor processing induced
changes with lower environmental impacts compared to the traditional quality measurements and
processing standards. More effective process control leads to further increase of production yield and

better utilization of the available biomass, which also has substantial environmental benefits. How large
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these potentially positive environmental impacts are, and which categories are most affected, is though

left for further studies.

Overall, NIR online monitoring allows better process control and directing the process towards the
production of products of higher value, potentially even for human consumption, and facilitate that

production of more specialized feed for aquaculture, agriculture, and pets.
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Supplementary material
Table 51: Assignment of NIR overtone and combination bands obtained during pelagic fishmeal and oil

processing. Adapted and modified from Shiroma and Rodriguez-Saona (2009) and Cozzolini et al. (2009).

Approximate Functional group assignment Dominant chemical component
peak maximum

wave numbers

fem?)

10600 O-H stretch 2™ gvertone Water
B8600-8150 C-H 2™ overtone Lipids
7400-7000 2™ gvertone of C-H combinations Lipids

6800, 0-H 1* overtone Water

5750 C-H 1* overtone of CHy Lipids

5500 C-H 1* overtone of -HC=CH- Lipids
5200-5000 0-H stretch 1" overtone, 0-H combinations Water
5100-4500 N-H combination peptide absorption bands of amide Proteins

groups

4370 C-H+C-H combination bands -CHz, -CH: Lipids
4350-4150 C-H combination bands, C=C stretch, -CH, -CHz Lipids
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Table S2. NIR prediction model summary for the prediction of the chemical composition of fishmeal

and oil during processing.

Independent validation

Calibration

Valid range of
Spectral data pre- reference
treatment parameter n p Ricy RMSEC n R% RMSEP
Water (/100 g sample) 0.3-93.0
Mone 60 2 0.9995 0.67 30 0.9938 2.41
Baseline correction 60 3 0.9666 5.56 30 0.9631 5.88
1% derivative 60 3 0.9404 7.42 30 0.9348 7.82
2™ derivative 60 5 0.9793 4.38 30 0.8142 13.20
MSC 60 3 0.9498 6.81 30 0.9477 7.00
Lipids (g/100 g sample) 0-100
Maone 60 4 0.9640 4.11 30 0.9749 4.97
Baseline correction 60 3 0.9669 3.94 30 0.9773 3.94
1* derivative 60 2 0.9265 5.87 30 0.9404 7.66
2™ derivative 60 3 0.9828 2.84 30 0.5314 21.49
MSC 60 3 0.9681 3.86 30 0.9592 6.34
FFDM (g/100 g sample) 0-84.4
Maone 60 4 0.8899 8.36 30 0.9063 7.01
Baseline correction 60 4 0.8473 8.52 30 0.8969 7.06
1* derivative 60 5 0.6743 12.44 30 0.8590 8.25
2" derivative 60 4 0.8570 8.24 30 0.8003 9.82
MSC 60 7 0.9183 6.23 30 0.9356 5.58
FFA (g/100 g sample) 0-5
Mone 52 0.0911 091 25 0.0242 0.99
MSC 52 0.0785 0.92 25 0.0583 0.98
PL (g/100 g sample) 0-1.4
Mone 4 6 0.4476 0.24 22 0.4841 0.22
Baseline correction 44 8 0.6506 0.19 22 0.5453 0.20
1% derivative 4 9 0.8888 0.11 22 0.6033 0.19
2" derivative 4 1 0.3427 0.26 22 0.3055 0.25
MSC 44 10 0.9617 0.06 22 0.8617 0.11
SFA (g/100 g lipids) 20-32
Mone 3 6 0.9953 0.20 17 0.9928 0.24
Baseline correction 34 9 0.9464 0.68 17 0.6922 1.56
1% derivative 34 15 0.9989 0.10 17 0.6668 1.62
2™ derivative 34 1 0.4147 2.26 17 0.3149 232
MSC 34 12 0.9889 0.31 17 0.8363 1.13
MUFA (g/100 g lipids) 38-54
Mone 34 9 0.9062 1.15 17 0.7968 1.62
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Baseline correction 34 5 0.6815 2.11 17 0.6200 2.22
1* derivative 34 4 0.3882 293 17 0.4230 2.74
2™ derivative 34 1 0.2863 3.16 17 0.2532 3.11
MSC 34 9 0.9462 0.87 17 0.8291 1.49
PUFA (g/100 g lipids) 12-36

None 34 9 0.9371 1.53 17 0.8461 2.20
Baseline correction 34 6 0.7060 3.30 17 0.6051 3.53
1* derivative 34 4 0.4791 4.39 17 0.4924 4.00
2™ derivative 34 1 0.3196 5.02 17 0.3087 4.67
MSC 34 11 0.9816 0.83 17 0.8588 2.11
DHA (g/100 g lipids) 417

None 34 8 0.9073 0.84 17 0.8146 1.09
Baseline correction 34 6 0.7320 1.43 17 0.6302 1.55
1* derivative 34 4 0.5864 1.78 17 0.6197 1.57
2™ derivative 34 14 0.9982 0.12 17 0.3380 2.07
MSC 34 9 0.9623 0.54 17 0.8785 0.89
EPA (g/100 g lipids) 2-10

None 34 10 0.9536 0.40 17 0.8278 0.71
Baseline correction 34 4 0.5110 1.30 17 0.6366 1.03
1* derivative 34 4 0.5146 1.30 17 0.5077 1.20
2™ derivative 34 1 0.3437 151 17 0.3335 1.40
MSC 34 11 0.9791 0.27 17 0.8689 0.62

n=number of samples, p=model prediction factor, R2c,=calibration correlation factor, Rﬂ;:prediction
correlation factor, RMSEC=root-mean-square error of calibration, RMSEP=root-mean-square error of

prediction
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