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Abstract

The objective of this study was to investigate the possibility of combining two existing
cooling systems, Refrigerated Sea Water (RSW) system and Chilled Sea Water (CSW),
to see if the outcome could be beneficial for fisheries to implement in their production.
The main principle behind the idea was to add ice, preferably slurry ice, to help the RSW
system to cool the catch down to an optimum temperature. The anatomy of the mackerel
was discussed as well as seasonal variation and other important aspects of the species.
A closer look into the two cooling systems in question as well as the Icelandic mackerel
quota was taken. One of the main objectives was to calculate the ice requirements for the
different cooling systems, as well as compare their oil consumption and cooling rate of the
product. Similar cooling treatments can also be used at other stages in the production
line. Therefore the study also included a small experiment on using slurry ice to pre-cool
the processed mackerel before plate freezing.

The study showed that for every 5 tons of ice added to help the RSW system, running
on 100% capacity (2324 kW), 12 min were shaved off the cooling time. Using between 5
and 20 tons of ice per tank was considered optimal to cool the mixture of catch and sea
water, which, when full, contains around 205 tons of sea water and 210 tons of mackerel.
Oil cost would decrease as well, roughly 300.000 ISK for the mackerel cooling, over one
fishing period of 12 trips. Given the average haul per trip, it is assumed that 3 full tanks of
mackerel and seawater are needed to be chilled in each trip. That along with the potential
savings on the pre-cooled seawater, the decrease in oil cost for the whole fishing period
of mackerel could be at least 500,000 ISK. Disadvantages to changing the current system
into the combined system of RSW and CSW is the storage of ice on-board. Measures
have to be taken to prevent ice from turning in to clumps but then it would be impossible
to pump the ice to the necessary tanks.
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Útdráttur

Markmið þessa verkefnis var að rannsaka hvort að möguleiki væri að sameina tvö fyrirligg-
jandi kælikerfi, vélkældan sjó (RSW) og ískældan sjó (CSW), og sjá hvort að niðurstöðurnar
sýndu fram á að gagnlegt væri fyrir útgerðir að skipta um kerfi. Breytingin liggur í því að
bæta við ís, helst krapa-ís, til þess að hjálpa RSW kerfinu að kæla afla í tilsett hitastig.
Líffræðilegir eiginleikar makrílsins eru ræddir sem og tíðabreytingar og aðrir mikilvæ-
gir þættir tegundarinnar. Nánar verður farið í eiginleika beggja kælikerfana og íslenskar
kvótareglur verða skoðaðar. Eitt af aðalmarkmiðunum var að reikna út ísþörfina fyrir
kælikerfin sem og að bera saman olíunotkun þeirra og kælihraða aflans. Sambærilegar
aðferðir gætu að auki verið notaðar seinna í framleiðsluferlinu og því var einnig kannaður
möguleikinn á að nota krapaís sem forkælingu á makríl rétt fyrir frystingu.

Niðurstöðurnar sýndu að fyrir hver 5 tonn af ís sem bætt er við til að hjálpa RSW
kerfinu, minnkar tíminn til kælingar um 12 mín miðað við 100% afköst á kerfinu. Áæt-
lað var að best væri að nota á bilinu 5 til 20 tonn af ís per tank til að kæla blönduna
af afla og sjó, ef miðað er við fullan tank, sem inniheldur 205 tonn af sjó og 210 tonn
af makríl. Olíukostnaður myndi einnig minnka, um 100,000 krónur per tank yfir heilt
tímabil, sem telur 12 veiðiferðir. Ef hugsað er til meðalafla í hverri ferð, þá er áætlað
að 3 fullir tankar af makríl og sjó þarfnist kælingar í hverri ferð. Ef bætt er ofan á það
mögulegum sparnaði við forkælingu á sjó, þá er hægt að áætla að heildarsparnaður við
olíukostnað yfir veiðitímabilið gæti náð allt að 500,000 krónum. Ókostir þessa blandaða
kerfis er geymsla íss um borð. Gera verður ráðstafanir til að forðast það að ísinn, sem er
framleiddur í landi, breytist í klumpa sem gerir það að verkum að ómögulegt er að dæla
ísnum úr geymslutanknum yfir í þá tanka sem þarf.
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1. Introduction

When fishing pelagic fish species such as mackerel, blue whiting, capelin or herring, ves-
sels that are not equipped for freezing the catch on-board must cool the catch and keep
it chilled until they reach the processing plants. Two cooling methods are currently being
used to cool and maintain temperatures in the Icelandic pelagic fishing fleet, Refriger-
ated Sea Water (RSW) system being the most popular one judging from the number of
Icelandic vessels equipped with such a system, and Chilled Sea Water (CSW) being the
other system (Icelandic directorate of fisheries, 2015b).
With increasing demand and higher quality requirements by the market, new ways are
being sought out on how to increase the quality of pelagic fish and/or reducing production
cost such as oil consumption on-board.

The RSW system cools sea water and catch mechanically, using heat exchangers and
circulation systems which suck the water out of the tanks into the heat exchangers, where
the sea water is cooled and pumped back into the tank (Kelman, 1977). This system
is a good solution for maintaining a certain temperature and by using only water it is
relatively easy for the circulation system to maintain a flow through the tank, given that
the system is designed correctly. A perfect system should be able to cool a catch to 0℃
within 1 hour, although in reality it often stretches up to 2-3 hours. Even though the
circulation system is designed correctly, there is a recurring problem in the tanks that so
called "dead pools" form, where the water gets little to no circulation and the temperature
is significantly higher than anywhere else in the tank.

The Chilled Sea Water (CSW) system uses ice to cool both the water and the catch.
Much quicker cooling can be reached using this method but maintaining a steady temper-
ature in the tank has been a problem. Another problem with this is that the ice making
machines take up a lot of space on-board.

The purpose of combining the two systems is to use the quick cooling characteristics
of the ice and the circulation system of the RSW to try to reach an optimum tempera-
ture as quickly as possible and keeping the catch at a homogeneous state until the vessel
reaches land.

1



1. Introduction

Cost and efficiency calculations were generated to calculate the proposed advantages of
combining the two systems. Those kind of calculations are crucial to be able to take a
scientific decision on whether it is a cost effective idea to add ice to the chilling process
or not. The calculations look into both the reduced cooling time due to the quick cooling
effect of the ice, as well as the decrease in oil cost since the RSW system can be run on
a shorter period of time on full capacity due to the cooling capabilities of the ice. The
outcome of the calculations will be compared to the current RSW system aboard the
fishing vessel Börkur NK-122.

One issue that was addressed and discussed is the fluctuations that can occur in the cooling
tanks in Börkur NK-122. Tests that were made aboard Börkur NK-122, by (Margeirsson
et al., 2011), were analyzed and the difference in temperature between when the RSW
system was run solely or when ice was added to the mixture of seawater and catch. These
results are addressed as a part of the wider concept of increasing the quality and effec-
tiveness of the cooling system aboard the ship.

The use of ice, and ice slurry in particular, is not only applicable in the cooling part
of the production line, before being processed, but also as a pre-cooler before the pack-
aging and freezing. Since the addition of ice to the value chain is being discussed, a
small part of the thesis was used to address the possibility of adding ice slurry to bags of
mackerel before they are put in a plate freezer.

The question that were addressed in this thesis were whether combining the two systems,
RSW and CSW, is applicable for Icelandic fisheries. Both time and cost were looked into
to see if the proposed system could provide better results than the existing RSW system.
One ship was used as a test subject, Börkur NK-122, and their existing system used to
compare with the results from the cost and efficiency calculations of the proposed new
system.

The main focus of this thesis lies in studying the potential benefits of combining the
two cooling systems, but questions related to ice slurry applications, such as using it to
pre-cool mackerel before packaging and freezing were also addressed. Experiments were
made in the summer of 2014 on a small scale and the results are an indicator of what can
be achieved by optimization of cooling treatments throughout the value chain.
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2. Background Theory

2.1. The Industry

The Atlantic mackerel (Scomber scombrus) can be found in the Atlantic Ocean. The
mackerel reaches south to North Carolina and all the way north to Labrador, while in the
east it goes south to Morocco and up to northern Norway. It also habitats in the Black
Sea, Kattegat, the Mediterranean Sea, Skagerrak and the Baltic Ocean (Astthorsson et al.,
2012).

As for the Icelandic fishing jurisdiction, the Atlantic mackerel was almost unheard of until
the year 2007. Until then there had only been a couple of small catches in the Icelandic
fishing jurisdiction. A sporadic heat wave was believed to be the main reason for this
appearance and that the mackerel’s stay would therefore only be brief. Although, ever
since then, the mackerel stock has grown each year and now numerous fisheries in Iceland
harvest this new species in the Icelandic jurisdiction. As Figure 2.1 shows there was a

Figure 2.1: The development of mackerel spottings off the coast of Iceland. The red
spots are scientific samples taken by the Marine Research Institute. The blue spots are
mackerel samples taken by the Icelandic pelagic fishing fleet (Astthorsson et al., 2012).

boom in the mackerel stock between the years of 2006-2010 off the coast of Iceland. The
fishing year 2006/2007 was the first year that the Icelandic Directorate of Fisheries reg-
istered mackerel in their report of total catches. That year they registered a total catch
of 36,000 tons. The earlier two years there had been reported catches of 360 tons and
4200 tons respectively, but they were not included in the published yearly report. In
2010/2011 that number was 152,000 tons, and in the past couple of years, the quota has
been somewhere around that mark (Icelandic directorate of fisheries, 2014).
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2. Background Theory

This development has had a huge financial impact on Icelandic fisheries. In 2013 the value
of exported, frozen mackerel was 21.3 billion ISK (100 million e) which was approximately
8% of the total exported value of fish products. In comparison, in 2006 the value of
mackerel was barely 11 million ISK, which, at the time was 0.009% of the total exported
value of fish products (Statistics Iceland, 2013).
The Atlantic mackerel has improved the Icelandic fishing industry profoundly in the past
ten years or so, going from a few catches in the east in 2006 to thousands of tons off the
entire Icelandic coast in 2013. The fishing areas from 2012 are shown in Figure 2.2 which
correlates well with Figure 2.1 regarding mackerel catches in 2010.

Figure 2.2: Fishing grounds of the Icelandic fleet in 2012. Dark areas indicate the highest
catch (tons/nmi2) (Marine Research Institute, 2013)

4



2.2. The Atlantic Mackerel

2.2. The Atlantic Mackerel

The Atlantic mackerel is a seasonal fish which travels in schools. It is very fast and spreads
around wide areas in the Atlantic Ocean. It’s very streamlined with its body being round
and elongating to each side. The color of the mackerel is often green or blue on the back
with roughly 20-30 dark wavy stripes on the back. The mackerel has a silver side with
a hint of copper, although the stomach is white. It is a fatty pelagic fish, collecting fat
in the tissue instead of the liver (Keay, 1979). A picture of the Atlantic mackerel can be
seen in Figure 2.3

Figure 2.3: Atlantic Mackerel (Scomber Scombrus) (Collette and Nauen, 1983)

The scales are small so the skin has an almost velvety texture. Interestingly it doesn’t
have a swimbladder, a gas-filled organ, which helps fish control buoyancy and to stay at
a current depth. Instead it has a red vascularized tissue under its spine which is roughly
2 cm wide which serves the same purpose. The weight of an adult mackerel is usually
300-500g before gutting and the length is 30-35cm.

The female mackerel starts spawning in February and usually spawns about 300,000 eggs,
which are 1 mm in diameter when fertilized. The larvae hatch after 4-8 days and by the
end of the 1st year the young mackerel has grown to be 15-20 cm long. After 4 years or
so the growth rate is significantly reduced and an average sized mackerel (30-35 cm) can
be anywhere between 5-20 years old (Keay, 1979).

Mackerel’s main food source comes from various lance species such as sand lance, small
fish like capelin juveniles, and also some species of the calanoid family (Guðmundsson
et al., 2012). However, the mackerel does not eat during the winter period, and does not
start feeding again until spawning time or near spring. This results in a very high fat
content by fall and very low in the spring (Keay, 1979).

5



2. Background Theory

Figure 2.4 shows the distribution of both fat and protein in the Atlantic mackerel over a
12 month period. The fat content decreases to roughly 5% in the spring time, which is the
time most mackerel start feeding again. In a matter of two months the fat content goes
from 5% to 28% (Arason et al., 2010). While the fat content of the mackerel is fluctuating
the protein content stays about the same around 16-18%, going up to 20% when the fish
is at a seasonal low in fat content in July.

Figure 2.4: The fat and protein content in mackerel according to the FAO. The red line
corresponds to fat content and the blue line to protein content (Arason et al., 2010).

Catching and processing of mackerel can be done in various ways. Usually Icelandic
fisheries catch and process either on-board and/or on-shore. When fishing mackerel in
Iceland, it is normally full of zooplankton called Calanus finmarchicus and if the mackerel
is to be suitable for human consumption it needs to be headed and gutted. This requires
a mechanical header on-board and a suction device to suck out the intestines (Sveinþórs-
dóttir, 2011). The mackerel is then stacked into small chambers in vertical plate freezers,
which freeze the product. The on-shore processing uses the same methods if the mackerel
is intended for human consumption, but on a bigger scale and more varieties of freezers
are available due to the bigger space at the on-shore factories. The mackerel season is
limited to the months of June-September and it depends on the level of fat in the mackerel
when it’s best to start fishing.
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2.3. Calanus finmarchicus

2.3. Calanus finmarchicus

Calanus finmarchicus is a marine zooplankton that resides in the Norwegian sea and is
a vital part of the mackerel diet. When analyzing the stomach contents of mackerel dur-
ing the summer months of June-September, Calanus finmarchicus consisted of anywhere
between 50-98% of the feed they consumed, averaging at about 65% (Utne et al., 2013).

Figure 2.5: Calanus finmarchicus (Sintef, 2016)

This zooplankton however has become a problem for the Icelandic mackerel industry. If
the stomach contents of mackerel are filled with Calanus finmarchicus the fish have to be
headed and gutted to decrease the chance of spoilage through the stomach (Sveinþórsdót-
tir, 2011). For vessels such as Börkur NK122, that store the catch in large tanks until they
reach shore, where they are processed, quick cooling is necessary to minimize potential
damage, which the Calanus finmarchicus can cause in the stomachs.
In recent years the Calanus finmarchicus has become more of a problem for the Icelandic
industry but has disappeared from the mackerel processed in Norway. This is most likely
due to the fact that the Calanus finmarchicus has migrated through the years to the west
Norwegian sea and is now increasingly being found in large numbers around Iceland (Utne
et al., 2013).
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2. Background Theory

2.4. Fishing Methods and Regulations

There are two different types of catching methods that fish mackerel around Iceland.
Those which process the product on-board and freeze the mackerel, and those which
pump them into tanks that keep them chilled until the trawler reaches shore. These two
types of catching methods utilize most of the quota, but there are smaller boats that fish
mackerel, those using hooks and lines, while the trawlers mainly use purse seines and
trawl nets (Keay, 1979) (see Figure 2.6 and Figure 2.7).

Figure 2.6: Purse seine (FRDC, 2015) Figure 2.7: Fleeting trawl (Prasad, 2015)

Since the mackerel is a seasonal species in Icelandic waters, with great variations in crucial
aspects such as fat percentage, the fishing season in Icelandic jurisdiction, is only about 2
months a year. The mackerel only remains in the Icelandic jurisdiction for approximately
3-4 months, from June til September. The time period in which fisheries go out to sea
can fluctuate between years. Figure 2.8 shows the changes between the years 2008 and
2009, where roughly 4% of the total catch was captured in June 2008, while in the year
after that number had risen to 47% (Arason et al., 2010).
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2.4. Fishing Methods and Regulations

Figure 2.8: Distribution of the total mackerel catch over a 4 month period in 2008 and
2009 (Arason et al., 2010).

Regulations are necessary to sustain the livestock and distribute the quota evenly between
fisheries. An insight to how the quota was distributed in 2011 is provided in the passage
below. The total quota that year was 154,825 tons and was divided into 4 groups:

1. 112,000 tons were given to ships that had fished for mackerel with trawl nets or
surrounding nets in the years 2007, 2008 and up to mid-July 2009. The quota was
divided based on the ships fishing experience for those 3 years.

2. 2,000 tons were given to ships that used hooks and lines.

3. 6,000 tons were given to ships that didn’t freeze the mackerel on-board. The fisheries
however had to prove that the mackerel would be processed on-shore. This quota
was divided to ships based on their size. Ships that were under 200 Gross Tonnage
(GT) got 20% of what the larger ships got.

4. 34,825 tons were given to processing ships based on their total processing capacity.
This quota was divided between ships that had a processing capacity of 85 tons
or more per day and those that had a processing capacity of less than 85 tons per
day. The bigger ships were given twice as much as the smaller ships (Guðmundsson
et al., 2012).

Börkur NK-122 is 3588 GT (Síldarvinnslan, 2015) and has a processing ability above 85
tons per day (Hörður Erlendsson, chief engineer at Börkur NK-122, personal communica-
tion, September 17th, 2015).
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2. Background Theory

2.5. International Relations

The Icelandic quota isn’t the only thing that matters when fishing mackerel in Icelandic
waters. In the 1980s, Norway and the European Union started co-operating and divided
the overall quota for the Atlantic mackerel between themselves. The Faroe Islands later
joined this agreement, and for a number of years, the overall quota was divided between
these three parties. This did not concern Iceland since the Atlantic mackerel never went
into the Icelandic jurisdiction, which, however, took a turn in 2008 when the Icelandic
fisheries started catching mackerel as a by-catch in growing numbers (Hannesson, 2013).

When Iceland started to fish mackerel in 2008, they were dissatisfied with the quota
provided by Norway, EU and the Faroe Islands and instead decided to set a quota for
themselves, which ended up being 20% of the total mackerel catch in the North Atlantic
in 2008. Subsequently, the Faroe Islands dropped out of their agreement with Norway
and the EU, being discontent with their own provided quota in comparison to Iceland.
This argument has yet to be resolved and is often called the Great Mackerel Dispute
(Hannesson, 2013).

The Icelandic Directorate of Fisheries hired 5 additional inspectors in 2011 to add to
the permanent 5 supervisors already employed. Their job was to go on fishing trips with
the 31 trawlers that were given mackerel quota that year in order to monitor their fishing
and processing methods. The most important part of their job however, was to ensure
that every single ship was following rules regarding disposal of products in the ocean,
which is illegal (Guðmundsson et al., 2012).
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2.6. Cooling Systems

2.6. Cooling Systems

2.6.1. RSW system

The RSW system is currently the most popular cooling system for on-board chilling of
seafood products. It was patented in 1919 but it took roughly 40 years for it to be
introduced and used in Scandinavia (Kristófersson et al., 2000). The author assumes that
vessels in Iceland started using this system a few years later.
Using sea water to keep the catch cool is convenient, given that the salinity in the ocean
is 35 grams of salt per liter of sea water. The sea water has a freezing point of -1.8°C,
which allows the system to keep the temperature of the catch as low as -1.5°C, without
risking the mixture to freeze (Sætrang, 2009).
The system can be divided into two different parts, the cooling part of the system and
the circulation part. A system similar to the one on Börkur NK-122 can be seen in Figure
2.9.

Figure 2.9: Two identical RSW-systems circulating water to one or more fish storage
tanks. A- screw compressor, B- oil cooler C- condenser D- sea water pump for con-
denser, E- throttle valve, F- evaporator, G- RSW pump for evaporator (Thorsteinsson
et al., 2003).
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2. Background Theory

The cooling part

This part of the system can both cool the sea water as well as cool the mixture of catch
and sea water. The ships take in sea water on their way out to sea, which is usually
stored in one of their centre tanks (Kelman, 1977). The quantity depends on the ratio
between fish and sea water and is normally 45% of mackerel to 55% of sea water (Hörður
Erlendsson, chief engineer at Börkur NK-122, personal communication, September 17th,
2015).
The sea water is circulated through circulation pumps and cooled down to -1℃ or -1.5℃.
This has to be finished before the ship arrives at the fishing ground. Since there is only
sea water in the tanks the pumps are performing at maximum capacity to increase the
fluid velocity and therefore increase heat transfer (Hörður Erlendsson, chief engineer at
Börkur NK-122, personal communication, September 17th, 2015).
When hauling the fish in the amount of fish coming in is estimated to see how many
tanks are needed. The refrigerated water is then pumped to the necessary tanks before
pumping of the fish and sea water begins (Kelman, 1977). This is done to have an equal
amount of pre-cooled sea water in each tank. Alternatively, the fish and sea water from
the catch is pumped directly to the centre tank and the overflowing sea water flows into
other adjacent tanks.

Circulation system

When the tanks are full the circulation can begin. Bottom to top circulation is generally
used, where water is pumped in at the bottom and sucked out at the top. A filtration
system filters the sea water before it is pumped to the cooling part of the system, where
it is cooled before being pumped back into the tanks.
The most problematic part of the RSW system is the circulation. To maintain an even
temperature in the whole tank, the circulation must be able to maintain an even flow
through the system. Grids are located on the bottom of the tanks which work like a
coarse filter, making sure that the fish does not clog up the circulation system. There are
grids as well at the top of the tank, where the water is sucked out. These grids have to
be designed so that the water can be easily distributed through the tank where size and
positioning of the holes are the most important parameters (Sindri Sigurðsson, Project &
Development Manager at Síldarvinnslan, personal communication, July 15th, 2014).

The cooling duration in a RSW system varies depending on the amount of catch that’s
on-board but a normal cooling time is to get the mixture below 0℃ in less than 2 hours.
The size of each catch varies, but is often between 200-250 tons (Hörður Erlendsson, chief
engineer at Börkur NK-122, personal communication, November 16th, 2015).
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2.6. Cooling Systems

In Figure 2.10 temperature profile in a typical chilling process for the RSW system can
be seen. The sea water in the tanks is cooled from temperature T1 to T3 in the time τ1.
This sea water is then pumped into the tanks scheduled to be filled up with catch. When
the catch is added to the pre-cooled sea water the temperature rises from T3 to T2 in the
time period τ2. The capacity of the cooling system then decides the length of the third
time period, τ3, which is the time it takes the mixture to reach its target temperature T3
(Thorsteinsson et al., 2003).

Figure 2.10: Expected curve for chilling time for RSW system(Thorsteinsson et al., 2003)

When sea water is used to cool down the catch, the catch is normally cooled down to -1.5℃
to avoid freezing of sea water in the system due to variable salt content (Kristófersson
et al., 2000).

When choosing an RSW system, the refrigerant has to be chosen based on the output
it can produce as well as its environmental impact. Natural refrigerants and artificially
developed chemicals such as Hydrochlorofluorocarbons (HFC) are commonly used and
new systems using CO2 have also been introduced in the last couple of years (Sætrang,
2009).
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2. Background Theory

Ammonia as a refrigerant

Ammonia (R-717) is a common refrigerant used in RSW systems and has been replac-
ing the more environmentally harming refrigerant, Chlorodifluoromethane (R-22), in the
recent years due to regulations by the European Union. Since January 15, 2015, all
Hydrochlorofluorocarbons (HFC) such as R-22 are illegal to use in refrigeration systems
(Council of the European Union, 2009).

Table 2.1: Properties of different refrigerants (Pearson, 2013)

Ozone Depletion Global Warming Ct Boiling
Potential Potential (℃) Temperature(℃)

R-22 0.055 1,700 96 -41
R-23 0 12,000 26 -82
R-134a 0 1,300 101 -26
R-404A 0 3,780 73 -47
R-410A 0 1,980 72 -51
R-717 0 0 133 -33

In Table 2.1 the different properties of several common refrigerants are listed. According
to the table it can be seen that R-717 has 0 ozone depletion potential (ODP) and 0 global
warming potential (GWP), as well as a high critical temperature, which results in higher
efficiency compared to the other refrigerants (Pearson, 2013). It is thus a good choice in
large refrigeration systems such as RSW systems aboard big fishing vessels.

2.6.2. CSW system

The CSW system is both simpler and cheaper than the RSW system but still not used
as much. A CSW system uses ice to cool down the catch, and the ice is either produced
on land or on-board. The most common method is to mix ice and sea water together
and store it in one of the centre tanks, which has been modified to store the mixture.
To keep the mixture fairly homogeneous, air-pipes are fitted at the bottom of the tank,
which shoot out air for 5 minutes at 3 hour intervals to stir up the mixture.

When the catch arrives on-board, a vacuum pump is used to suck the ice and sea water
mixture up from the storage tank. The ice is separated from the sea water and the sea
water flows back into the storage tank. The ice is then mixed in with the catch before
the catch is pumped into the tanks (Kristófersson et al., 2000).

The amount of ice needed to cool both the fish and sea water in the tanks is estimated
based on ice meltage, size of the tank, temperature of both sea and air, insulation around
the tanks and the duration of the trip. The general rule is that if there is any doubt
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2.7. Mackerel fishing at Börkur NK122

of how much ice should be brought on the trip, it is better to take too much than too
little. The amount of ice and water versus catch varies and is often difficult to estimate,
but a full tank should constitute of sea water, ice and fish in the proportions of 1:1:4,
respectively (Kelman, 1977).

2.7. Mackerel fishing at Börkur NK122

While sailing out to sea the directors of the company, along with the captain, decide how
much the target amount of catch should be and the engineers fill a number of tanks with
sea water accordingly. Each tank is filled with sea water, which is then cooled down to
-1.5℃, the target temperature for keeping the mackerel cool until they reach harbour.
If the fishing grounds are more than a day away then the cooling system is run on 50%
capacity to save fuel, otherwise it is run on full capacity.
While the first haul is being hauled in, the engineers pump cold sea water from one of the
full tanks to an empty tank. Equipped with 24" vacuum pumps, the water is transferred
quickly between tanks and will fill up 45-50% of the volume. When the catch is dumped
in the tanks the temperature of the mixture of mackerel and sea water will rise to 2.5-3℃,
all depending on the seasonal sea temperature.
The RSW system now runs on full capacity to cool the mixture down to -1.5℃. According
to the engineers working on the ship they normally see the mixture get below 0℃ after
1-2 hours (Hörður Erlendsson, chief engineer at Börkur NK-122, personal communication,
November 16th, 2015).
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2. Background Theory

2.8. Ice Production

Producing ice on land is considered to be more efficient than producing it on-board if
quantity and cost is a factor. It is a cheaper way than producing it on-board due to the
factory being powered by electricity where the kWh costs 8.6 ISK versus the on-board
production where the motors are oil driven and the kWh costs 24.4 ISK (Sindri Sigurðsson,
Project & Development Manager at Síldarvinnslan, personal communication, January 6th,
2016). That along with the fact that quantity wise, land production can both produce
and store much more ice than the on-board production can.
Many ships are equipped with on-board ice machines and therefore use the CSW system
to cool down the catch. This would however be difficult with both systems in place, the
ice machines take up a lot of space and so does the RSW system. The optimal way of
combining the two is to load one of the tanks with ice at the harbour and set up a small
distribution system on-board so the ice can be distributed to the other tanks.

2.8.1. Land Production of Ice

If the fisheries want to utilize the benefits of both the RSW and the CSW system, an
adequate ice production plant has to be at the harbour. This plant will have to be
able to fulfill three different, yet equally important requirements for this joint system to
work. A disadvantage to land production is that while the ice is being transferred and
subsequently stored on the ship, some of it will melt, which means that a greater amount
of ice is needed than if the ice production was on-board and produced just before the
catch arrives on-board.

Quantity

Depending on the number of ships and how often they would go out each season, the
plant would have to be able to produce enough ice for every ship. In the summertime
there are a lot of smaller vessels that need ice as well as the big trawlers. This could be a
problem. The issue here is the uncertainty of when the vessels arrive to shore to offload
the catch. They can come at a 2-3 day interval or all in the same day. If the ice plant can
not service all the ships with ice within their harbour period, it could result in a delay
which is not ideal when the fishing season is not longer than 2-3 months a year. This
problem however should not be hard to solve, but it’s still one that needs consideration
before any changes are made to the current system.
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2.8. Ice Production

Storage and Transportation

Storing the ice after production is important since it is too time-consuming to produce
the ice and deliver it to the ship directly. Looking at the storage tanks at Neskaupsstaður,
where Börkur NK-122 sets dock, those tanks have a holding capacity of roughly 20 tons
of ice. Having 3-4 storage tanks like that should be enough to meet the requirements
needed to fill each ship with the necessary amount of ice.

Transferring the ice from the plant to the storage tanks in the ships has to be both
quick and efficient. The pumping system must deliver the ice without crushing it, which
will result in a lower cooling capacity and quicker melting.

2.8.2. Ice Plant at Neskaupsstaður

The current ice plant located at Neskaupsstaður harbour is equipped with two storage
tanks that can store between 35-40 tons of ice. It takes 24 hours to produce enough
ice to fill one tank and the ice produced is at 0℃ (Sindri Sigurðsson, Project & Devel-
opment Manager at Síldarvinnslan, personal communication, August 26th, 2015). For
each ton produced, the energy requirements are 16.2 kWh. Given that an average price
for each kWh in 2014 was 8.6 ISK/kWh it can be seen that each ton costs 140 ISK to
produce (Sindri Sigurðsson, Project & Development Manager at Síldarvinnslan, personal
communication, January 6th, 2016)

Type of ice produced

According to Hörður Erlendsson(Chief engineer at Börkur NK-122, personal communica-
tion, November 6th, 2015), there had been some testing done on mixing ice with sea water
in the past. The type of ice being used then was plate ice which turned out to melt badly
with the sea water. There were cases where the ice got mixed in, and some part if it did
not melt, which later resulted in damages to the fish.
So the type of ice used has to be right to minimize the chances of damaging the fish. The
best option for the combined system is most likely slurry ice, since it is easily pumped
and is therefore the ice type typically used in CSW systems (Shawyer and Pizzali, 2003).
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2. Background Theory

2.9. Plate Freezers

A common reason for an uneven freezing between the top and bottom of the packaged
product of mackerel, is due to the plate freezers used to freeze the mackerel blocks. There
are two types of plate freezers that are being used today, the Vertical Plate Freezer (VPF)
(see Figure 2.11) and the Horizontal Plate Freezer (VPF) (see Figure 2.12).

Figure 2.11: VPF (Johnston et al., 1994) Figure 2.12: HPF (Johnston et al., 1994)

VPF are most common during on-board freezing while HPF are more common in on-
shore processing. Both freezers can however cause the same problem, which is not enough
contact between the product and the plates. The cause of this can be that ice has formed
on one of the plates, which causes poor heat transfer from the product to the plates, or
that the block can be badly filled, which also causes longer freezing. In Figure 2.13 a
visual explanation of the errors that might occur in a HPF can be seen (Johnston et al.,
1994).

Figure 2.13: Illustration of typical problems encountered in horizontal plate freezers. Ma-
jor reasons are that the box is not touching the upper plate (left), the box is only partly
filled (middle) or the box makes poor contact due to ice formation between the box and
plate (right) (Johnston et al., 1994)
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3. Materials and Methods

Temperature tests were performed on-board the vessel Börkur NK-122 as well as in an
experiment regarding pre-cooling methods before freezing of product. Information re-
garding the vessels fishing procedure and technical information were given by the staff at
Síldarvinnslan (SVN), as well as the engineers working at Börkur NK122.

3.1. Temperature Tests

In the summer of 2008, 12 heat sensors were placed in one of the tanks of Börkur NK122 to
monitor the temperature in different places in the tank during a period of several months.
These observations were used to see the average temperature in the tank, as well as the
time it takes for the mixture to reach the optimum cooling temperature of -1.5℃ with
acceptable margins.

Figure 3.1: Placement of the heat sensors in one of the tanks in Börkur NK-122. The left
picture shows the sensor placement in three dimensions, while in the right the sensors
are seen from the side (Margeirsson et al., 2011).

In figure 3.1 the placement of the sensors can be seen. The average size of a tank aboard
Börkur NK-122 is about 213 m3. The sensors used were HOBO TidbiT v2 Water Temper-
ature Data Loggers (Onset Computer Corporation, MA, USA). These sensors can measure
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3. Materials and Methods

a range from -20℃ to 70℃ and have an accuracy of ±0.2℃. They were programmed to
measure the temperature at 5 min intervals and where kept in the tank for several months.

3.2. Heat transfer calculations

The time it would take the system to cool both the catch and seawater to an optimum
temperature of -1.5℃ was calculated using traditional heat transfer equations. Using both
fixed and interchangeable parameters, e.g. cooling power of the system, the weight of the
catch and physical properties of both the fish and seawater, it was possible to calculate
the heat [kJ/kg] of both the mackerel, as well as the seawater. After estimation of the
earlier mentioned parameters, the cooling time could be calculated for each cooling sys-
tem, as affected by the starting temperatures of the raw materials, cooling requirements,
and the cooling capacities of the systems. A closer look at the calculations can be seen
in Appendix A.
The equations pivotal to the heat transfer calculations designed for this thesis are listed
below.

The key equation to calculate the temperature of the mixture of mackerel and cooling
medium at equilibrium is:

Tmix =

2∑
i=1

micpiTi

2∑
i=1

micpi

(3.1)

where

• mi = Mass of substance i [kg]

• cpi = Specific heat of substance i [kJ/kg/K]

• Ti = Temperature of substance i [℃]

• i = [sea water, mackerel]

It is then possible to calculate the heat that needs to be released by the mixture to achieve
the target temperature.

Qi = mi ∗ cpi ∗ ∆Ti (3.2)
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3.2. Heat transfer calculations

Equation (3.2) is called the Energy Transfer Equation (Incropera and Dewitt, 1985) and
it is used to calculate the heat needed to be released from the substance in the RSW
tanks where

• Q = Quantity of energy transferred from the substance

• cp = Specific heat of the substance

• ∆T = Temperature change in the substance

The theoretical time it would take the RSW system to cool the substance in the tank is
then given by the following equation:

Time =

∑
Q

ERSW

(3.3)

where

• ERSW = Nominal output of the system [kW]

As the temperature changes, so does the specific heat capacity of the mackerel. In Table
3.1 the different cp values of the mackerel can be seen. Using the known values for
these different temperatures, interpolation gives us the correct specific heat capacity for
mackerel at 12℃, which is the temperature used in the calculations.

Table 3.1: Specific heat capacity (cp) of pelagic fish for different temperatures (Margeirsson
et al., 2011).

T[℃] 0 10 20
cp [J/kg/℃] 4144 3683 3222

Quicker freezing of the product can result in better quality. Pre-cooling the mackerel
after processing with ice slurry is one method that was tested to see if quicker cooling
could be achieved by putting different amounts of ice slurry in the packaging bags with
the processed mackerel just before freezing in the plate freezers.
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3.3. Pre-cooling experiment

Using ice slurry to help the RSW system on-board is not the only possible use for the ice
in the mackerel production line. In this study, the possible effects of adding ice slurry to
bags of mackerel before plate freezing was assessed and discussed.
Testing of the pre-cooling method using ice slurry was performed on the 18th of July 2014
in Vestmannaeyjar. Four different cooling methods were tested; cooled sea water (exact
amount not measured), 0.7 kg of ice slurry, 0.9 kg of ice slurry and 1.1 kg of ice slurry.
In each bag the amount of mackerel varied between 11.1 kg to 11.8 kg and consisted of
headed and gutted (H&G) 300-350g mackerel. The ice slurry was sieved with a common
household sieve to drain most of the liquid away and the temperature of the slurry was
measured to be -2℃ before it was added to the bags.

Each method was used on two bags of mackerel and heat sensors were put on both the top
and the bottom of each bag. A small incision was made on the back of the fish and the
heat sensor was placed in the resulting wound. An electrical wire was then tied around
the fish to ensure that the heat sensor would stay in place. The heat sensors (iButton
DS1922L-F5 # Thermochron 8K, iButtonLink Technology, Wisconsin, USA) were pro-
grammed to record the temperature at 2 minute intervals and show data for several days
after freezing. The freezing took place in a horizontal plate freezer at the processing plant
in Vestmannaeyjar. The temperature data collected during the first hours after placement
of the sensors were examined and graphed to analyze the cooling time.

The bags were shipped to Matís 4 days after the sensors were put in, until then they
had been stored at the freezing plant in Vestmannaeyjar. At Matís, quality assessment
of the mackerel was performed, where parameters such as weight, skin damage, freshness,
color after filleting, firmness and blood spots. This type of quality assessment of mackerel,
which is performed from standardized forms, can be seen in Appendix A.5

22



4. Results

4.1. RSW System

In order to compare the current system, which is in use (RSW system) to the combination
of both RSW and CSW systems, calculations on the performance of the RSW system solely
and the combined systems were performed. The parameters used for the RSW calculations
are based on the ship Börkur NK-122 operated by Síldarvinnslan out of Neskaupsstaður.
Similar derivations can easily be applied to estimate the effect of using a RSW system
for other fishing vessels by changing the relevant input parameters seen in Table 4.1. An
assumption was made regarding the density of mackerel, that the variation of density
in regards to fat content was considered to be negligible and is not factored into these
calculations.

Table 4.1: Input parameters for the RSW system

Input parameters
Size of the catch [m3] 200
Sea water temperature [℃] 12
Target temperature [℃] -1.5
Output of the RSW system [kcal/h] 2,000,000
Ratio of pre-chilled sea in the tanks 50%
Temperature of pre-chilled sea water [℃] -1.5

In Table 4.2 the fixed parameters for the model are listed. (calculations can be seen in
Appendix A)

Table 4.2: Calculated parameters and physical properties

Fixed parameters
Cooling power of the RSW system [kW] 2,324
Quantity of pre-cooled sea water [m3] 200
Combined quantity of sea water and catch 400
Sea water density [kg/m3] (Millero and Huang, 2009) 1,025
Heat capacity of sea water [kJ/kg/K] (Cox and Smith, 1959) 3.987
Mackerel density [kg/m3] (Margeirsson et al., 2011) 1,054
Heat capacity of mackerel at 12℃ [kJ/kg/K] 3.590
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4. Results

Using the parameters given in Table 4.1 and Table 4.2 it is possible to calculate the mass
of the catch and the mass of the seawater.

Vi ∗ ρi = mi (4.1)

The temperature of the mixture of mackerel and pre-cooled sea water can now be calcu-
lated using Equation (3.1). To be able to calculate the correct specific heat capacity for
the mackerel at 12℃ the values in Table 3.1 were used and interpolation. The difference in
specific heat capacity for the sea water in regards to different temperature was considered
negligible.

210, 800kg ∗ 3.590 kJ
kg∗K ∗ 12℃ + 205, 000kg ∗ 3.987 kJ

kg∗K ∗ −1, 5℃

205, 000kg ∗ 3.987 kJ
kg∗K + 210, 800kg ∗ 3.590 kJ

kg∗K
= 5℃ (4.2)

Knowing the temperature of the mixture, the heat [kJ/kg] that is necessary to be released
by the mixture of sea water and mackerel can be calculated for it to reach the target tem-
perature of -1.5℃ by using Equation (3.2). These calculations can be seen in Appendix A.

The time required for the RSW system to cool the mixture down to the target temperature
can now be calculated using Equation (3.3).

5, 300MJ + 4, 900MJ

2, 324kW
= 4, 400 sec (4.3)

73 min is the time it takes for the RSW system to cool the mixture, containing 205 tons
of sea water and 210 tons of mackerel, down to -1.5℃.

All calculations can be seen in Appendix A.
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4.1. RSW System

4.1.1. Pre-Cooled Sea Water vs Regular Sea Water

The advantages of pre-cooling the sea water in the tanks before the catch is added to
them can be seen by comparing the cooling time to when the seawater is not cooled
down. The heat [kJ] that needs to be extracted from both the sea water and the mackerel
is calculated using Equation 3.2. These calculations can be seen in Appendix A.

The cooling time for the mixture to reach -1.5℃ can then be calculated using equation
(3.3).

11, 000MJ + 10, 200MJ

2, 324kW
= 9, 150 sec

It would take 2 hours and 32 min to cool down the mixture, containing 205 tons of sea
water and 210 tons of mackerel, if the sea would not be pre-cooled. That is 80 min longer
than it takes when the sea water is pre-cooled.

4.1.2. Cooling the Sea Water using RSW

One thing that needs to be addressed while assessing the current system is the time it
takes to cool down the seawater in the tanks, which will be used to pre-cool the catch. In
Table 4.3 the input parameters needed to calculate the cooling time are displayed and the
fixed parameters are the same as in table 4.2. All calculations can be seen in Appendix A

Table 4.3: Input parameters for cooling sea water

Input parameters
Size of the tanks [m3] 2,588
Sea water temperature [℃] 12
Target temperature [℃] -1.5
Output of the RSW system [kcal/h] 2,000,000
Ratio of pre-chilled sea in the tanks 50%

The mass of the seawater is calculated using Equation (4.1). Knowing the mass it is pos-
sible to calculate the heat [kJ] released by the seawater being cooled from 12℃ to -1,5℃
using Equation (3.2).

It is now possible to calculate the time it takes the RSW system to cool down the seawater
to -1.5℃ by using Equation (3.3).

71, 390, 126 kJ

2, 324 kW/h
/60 = 512 min (4.4)

It takes 8 hours and 32 min to cool down 1,300 tons of seawater in using the full capacity
of the RSW system.
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According to one of the engineers aboard Börkur NK-122 it is also common that if the
vessel has to sail 24 hours or more to the fishing grounds, the RSW system is run on 50%
capacity which results in the cooling time being twice as long.

4.1.3. Oil Consumption and Power Requirements of the Cooling
System.

A large vessel such as Börkur NK-122, 3500 GT ship, requires a lot of power to be
able to operate and the main engine is a 4320 kW MaK engine made by Caterpillar
(Síldarvinnslan, 2015). Calculations in this thesis however solely on the oil consumption
for the RSW system and does not factor in the overall oil consumption while sailing.
The ship is equipped with two 1,000,000 kcal cooling systems, which can be operated at
the same time or one at a time. One cooling system itself consists of four different units
that have different power requirements.

• The oil consumption aboard Börkur NK-122 is 0.232 L/kWh.

• The press requires 205 kW

• The 2 RSW pumps, each requires 40 kW

• The condenser pump requires 5 kW

• The total energy requirements for one system = 290 kW Information given by Hörður
Erlendsson (chief engineer at Börkur NK-122, personal communication, November
5thth, 2015)

Running on full capacity, the oil consumption of the RSW system per hour can be calcu-
lated.

290 kW ∗ 2 systems ∗ 0.232
L

kWh
= 134.5

L

h

Oil prices vary between months but the average price is between 100-110 ISK/L of oil.
Knowing the energy requirements for the system running on full capacity and the oil
consumption per kWh we can calculate the cost per hour.

134.5
L

h
∗ 105

ISK

L
= 14, 100

ISK

h

26



4.2. Combined System

4.2. Combined System

Using ice to speed up the cooling process for both the pre-cooled sea water as well as the
mixture of sea and catch could not be tested in a full scale test to confirm if it was better
than only using an RSW system. The reason is that it is deemed to risky and could cost
a fortune if it resulted in lesser quality than with previously used methods. Therefore,
calculations were made to show the possible outcome of the proposed combined system
and see if quicker cooling could be achieved.
Another hopeful result of this system is to reduce oil consumption aboard the ship. By
using the ice to help cool the mixture and the pre-cooled seawater, the RSW system can
be run on either lower capacity or for a shorter time since the amount of heat needed to
be extracted from the mixture is less due to the melting of the ice.

4.2.1. Cooling the Sea Water

Using the information given in Table 4.3 and in Equation (A.5) the mass of the seawater
that will be used to pre-cool the catch is known to be 1,326,000 kg. This is assuming the
ship will fill up all of its tanks to the maximum capacity, catching mackerel weighing a
total of 1,360,000 kg. Equation (A.6) shows the amount of heat required to be extracted
from the sea water to reach the target temperature of -1.5℃. Assuming the sea water to
be 12℃ it is possible to calculate the ice requirements.

71, 390, 000 kJ

335kJ
kg

= 213, 100 kg

A quick assessment shows that according to Equation (4.4) it takes 8 hours and 30 min
to cool the sea water using the full capacity of the RSW system. Knowing that and the
oil cost per hour when the RSW system is run on full capacity, it is possible to calculate
the theoretical savings if ice was used instead of the RSW system.

8.5 h ∗ 14, 100
ISK

h
= 120, 000 ISK

The downside to this is the massive amount if ice needed. The current ice production
plant at Neskaupsstaður can only store 30-40 tons so this solution seems implausible given
those conditions.

Knowing the amount of ice it would take to cool down half the ships tanks capacity
of sea water it is possible to set up a couple of scenarios where different amounts of ice
would be used and the RSW system would be running as well. Five different amounts of
ice were used in the calculations as well as running the RSW system on 100% capacity
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and 50% capacity as a comparison.
Running the RSW system on 100% and 50% capacity, with no added ice, the cooling time
for half of the ships tanks would be 8:30 [h:m] and 17:03 [h:m] respectively.

Table 4.4: Comparison of 20-40 tons of ice used to cool 1,326 tons of seawater alongside
100% and 50% capacity of the RSW system

100% Capacity 50% Capacity
Amount of ice [tons] Time [hh:mm] Amount of ice [tons] Time [hh:mm]

20 07:43 20 15:27
25 07:31 25 15:03
30 07:19 30 14:39
35 07:07 35 14:15
40 06:55 40 13:51

In Table 4.4 the difference in cooling time can be seen for both 100% capacity and 50%
capacity. The chosen amounts of ice are from 20-40 tons, since the current ice plant at
Neskaupsstaður can not hold more than 40 tons at a time.
Looking at the numbers it can be seen that for every 5 tons of ice used to help cool the
sea water, it would take 12 min less for the RSW system to cool the sea water working
on 100% capacity. When the system is running on 50% capacity it takes twice as long
with no added ice and therefore it takes 24 min less for every 5 tons of ice added. In these
calculations, the amount of sea water estimated has been half of the ships capacity, an
unlikely scenario but crucial to estimate the maximum requirements of the system.

The oil cost that can be saved using this method can be calculated and summed up
over the mackerel fishing period. According to the directorate of fisheries, the number of
trips Börkur NK-122 took during the mackerel period in 2015 were 12 in total (Icelandic
directorate of fisheries, 2015a). The average total catch during this period was 640 tons
(Icelandic directorate of fisheries, 2015a). Knowing that it is assumed that the average
amount of seawater taken in was 640 tons for each trip.

Table 4.5: Comparison of 20-40 tons of ice used to cool 640 tons of seawater alongside
100% and 50% capacity of the RSW system

100% Capacity 50% Capacity
Amount of ice [tons] Time [hh:mm] Amount of ice [tons] Time [hh:mm]

20 03:18 20 06:37
25 03:06 25 06:13
30 02:54 30 05:49
35 02:42 35 05:25
40 02:30 40 05:01

In Table 4.5 the same principle goes that for every 5 tons of ice used alongside the RSW
system, 12 min are shaved off the cooling time if the system is running on 100% capacity,
and 24 min if the system runs on 50% capacity. Using only the RSW system on either
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4.2. Combined System

100% or 50% capacity, the cooling time for 640 tons of seawater would be 04:07 [h:m] and
08:13 [h:m] respectively.

To calculate the reduced oil cost using different amounts of ice the following equation is
used:

S = t ∗ C (4.5)

where

• S = The money saved by each amount of ice [ISK]

• t = The time saved by each amount of ice [h]

• C = The cost per hour for the RSW system [ISK/h]

When the system is running on 100% capacity, it consumes 134L of oil per hour. When
the system is running on 50% capacity the oil consumption is 67 L per hour. It takes the
system, running on 50% capacity, twice as long to cool the catch than if the system was
running on full capacity. Therefore, the 50% system uses the same amount of oil as the
system running on full capacity so the oil cost that could be saved will be the same for
both scenarios. The oil cost that could be saved over the fishing period can be seen in
Figure 4.1. Calculations can be seen in Appendix A

Figure 4.1: Reduced oil cost due to different amounts of ice used alongside the RSW
system running on either 100% or 50% capacity.
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Production cost of the ice is then calculated using Equation (4.6) for each amount of ice

Stotal = mice ∗ Cice ∗N (4.6)

where

• Stotal = The total cost [ISK]

• mice = The mass of the ice [tons]

• Cice = The production cost per ton of ice [ISK]

• N = The number of fishing trips

and then subtracted from the reduced oil cost amount to give us the overall cost reduction
(storage and transportation cost negligible) for both 100% and 50% capacity, which can
be seen in Figure 4.2. Calculations can be seen in Appendix A.

Figure 4.2: Overall cost reduction by combining RSW and CSW as a function of amount
of ice used.
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4.2.2. Cooling the Catch

A normal mixture of ice and seawater in CSW systems is 25/75. In this section, the effects
of adding ice to the mixture, ranging from 5/95 to 25/75 ratio of ice and seawater were
calculated.
Using the same parameters as in Table 4.1 but altering the amount of pre-cooled sea water
it is possible to see the effects different amounts of ice would have on the cooling time.
From Equation (4.2) the temperature of a mixture of sea water and catch at a 50/50 ratio
can be seen. Using the latent heat of ice it is possible to calculate the amount of ice it
would take to cool the mixture down to the target temperature of -1,5℃ using only ice.
From Equations (A.3) and (A.4) the total amount of heat needed to be extracted from
the mixture to reach the target temperature can be seen.

5, 300MJ + 4, 900MJ = 10, 200MJ

So the amount if ice needed to cool down the mixture, which contains 210 tons of mackerel
and 205 tons of sea water, is calculated to be

10, 200MJ

335kJ
kg

= 30, 500kg

Knowing the total amount of ice needed it is possible to see what can be achieved by using
less ice and running the RSW system as well. Using the latent heat of ice, the time it would
take the RSW system to extract the heat from the mixture could be calculated, given that
the ice would absorb part of the heat and melt completely. Using just the RSW system on
full capacity, with no added ice, the cooling time would be 01:13 [hh:mm]. Calculations
can be seen in Appendix A.

Table 4.6: RSW cooling of the mixture, 210 tons of mackerel and 205 tons of sea water,
with various ice amounts added

100% Capacity
Amount of ice [tons] Time [hh:mm]

5 01:01
10 00:49
15 00:37
20 00:25

In table 4.6 the theoretical time it would take the RSW system to cool down the mixture
can be seen, given that different amounts of ice are added to the mixture. Unsurprisingly
the same results are achieved, as for every 5 tons of ice added to the mixture, 12 minutes
are shaved off the cooling time.
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These calculations are based on cooling down one tank full of catch and seawater, which
normally contains around 210 tons of mackerel and 205 tons of sea water. The results can
then easily be multiplied given the number of tanks in use each time.
Using Equation (4.5), the same equation that was used in the cost analysis of the pre-
cooled seawater, the reduced oil cost for one tank over the whole fishing period can be
seen in Figure 4.3. The calculations can be seen in Appendix A.

Figure 4.3: Reduced oil cost due to different amounts of ice used alongside the RSW
system running on full capacity.

Production cost of the ice is then calculated for each amount of ice and then subtracted
from the reduced oil cost amount to give us the overall cost reduction (storage and trans-
portation cost negligible) can be seen in Figure 4.4. Calculations can be seen in Appendix
A.
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Figure 4.4: Overall cost reduction vs amount of ice used.

4.3. Temperature Tests

Temperature tests were made aboard Börkur NK-122 in the summer of 2008, as earlier
published by (Margeirsson et al., 2011). On one of the trips measured in that study, ice
was added to the tanks, which make those results a good addition to this study.
Results from six out of the seven reported trips in the study of (Margeirsson et al., 2011)
were used to validate the calculations obtained in the current study.

In Figures 4.5 to 4.10 the average temperature of each sensor is shown. The average
temperatures are measured 10-12 hours after the catch was pumped into the tanks. Not
all sensors were readable from all the trips but they give a good sense on the fluctuations
in temperature in the tank. In the first three trips, Figures 4.5-4.7, there were some
fluctuations between the sensors which can cause abnormal growth of bacteria as well as
decreased quality of the product according to Sigurjón Arason (personal communication,
January 12th, 2016).
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Figure 4.5: Average temperature 10-12 h after pumping of catch into tanks during trip 1.
The catch was cooled using the RSW system on-board.

Figure 4.6: Average temperature 10-12 h after pumping of catch into tanks during trip 2.
The catch was cooled using the RSW system on-board.

When quality assessment where made (see Appendix A) the so-called flaw percentage
was measured from a random sample from each fishing trip. The flaw percentages are
measured as a ratio of the weight of the measured sample. The flaw percentages were
measured to be 5.27%, 0.86% and 4.98%, for trips 1 to 3 respectively. The lower the
percentage the better quality of the product. The guide which the quality assessment is
based on can be seen in Appendix A and was acquired from (Þorláksdóttir, 2013).

In Figure 4.8 the trip where the flake ice was added can be seen. There are no ma-
jor fluctuations between the sensors, however, there were only 8 sensors readable of the 12
that were on-board, which can alter the outcome of the test. Quality assessment showed
that the flaw percentage was 1.68% which is a good result. Another interesting thing was,
according the report, trip no 4, which used flake ice as well as a RSW system to cool the
catch, had the least temperature increase when the catch was added to the tanks. This
is most likely due to the immense cooling capabilities of the ice. In other trips, where
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Figure 4.7: Average temperature 10-12 h after pumping of catch into tanks during trip 3.
The catch was cooled using the RSW system on-board.

abnormal difference in temperature between the sensors could be seen, it suggests that
the cooling and/or circulation system was uneven in the tank. This did not seem to be
the case when ice was added to the tank. The location of the sensors can be seen in Figure
3.1.

Figure 4.8: Average temperature 10-12 h after pumping of catch into tanks during trip 4.
The catch was cooled using the RSW system on-board as well as added flake ice.

Trips 5 and 6, using only the RSW system, (Figures 4.9 and 4.10) showed good results,
averaging between -1.2℃ and -1.6℃. The quality assessments from those trip also show
good results, having the flaw percentages between 1.2% and 1.8%.
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Figure 4.9: Average temperature 10-12 h after pumping of catch into tanks during trip 5.
The catch was cooled using the RSW system on-board.

Figure 4.10: Average temperature 10-12 h after pumping of catch into tanks during trip
6. The catch was cooled using the RSW system on-board.
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In Figure 4.11 a comparison of the first 4 trips can be seen. The minty blue line represents
the flake ice trip. Temperatures were lower in trip no 4, as well as the temperature did
not rise as much after the catch was added to the tank.

Figure 4.11: Temperature in tank during the first 20 hours of trips no 1-4.

These results show the potential temperature difference in the tanks as well as a promising
outcome when 10 tons of flake ice was added to the mixture of catch and sea water. That
corroborates with the earlier results of the cooling ability of the added ice as well as adding
stability in temperature to the speculations regarding the combined system. There was
not a noticeable difference in temperature between top and bottom sensors between trips.
More detailed results can be found in the report by (Margeirsson et al., 2011).
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In Table 5.1 the results from the pre-cooling experiment are shown. Each bag contained
between 11.1-11.8 kg of mackerel before the ice slurry was added. Bags 1 and 2 were filled
with chilled seawater, bags 3 and 4 with 0.7 kg of ice slurry, bags 5 and 6 with 0.9 kg of
ice slurry and bags 7 and 8 with 1.1 kg of ice slurry. The freezing times both to -25℃ and
-18℃ were measured, both at the bottom and top of the bags. Those cells showing N/A
mean that those particular sensors never reached the desired temperature.

Table 5.1: Cooling time to -25℃ and -18℃[h:m]

Bag No Mackerel weight [kg] Pre-cooler Top Bottom
-25℃ -18℃ -25℃ 18℃

1 11.52 Sea 3:42 3:10 N/A 14:28
2 11.38 Sea 2:56 2:26 3:48 3:24
3 11.44 0.7kg of ice 3:06 2:44 3:14 2:52
4 11.12 0.7kg of ice 2:48 1:42 2:46 2:12
5 11.28 0.9kg of ice 3:14 2:22 N/A 10:24
6 11.30 0.9kg of ice N/A 3:20 N/A 3:40
7 11.64 1.1kg of ice N/A 13:58 N/A 15:18
8 11.78 1.1kg of ice N/A 3:24 3:28 2:58
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In bag no 1, the temperature at the bottom never reached -25℃. The lowest measured
temperature was -23.6℃ which was reached 41 hours after the heat sensor was placed in
the bag. It’s also interesting to see the difference between the top and bottom sensors on
reaching -18℃. It took the bottom almost 10 hours longer to reach -18℃ than it took the
top. Another observation shows that at the same time the top of the bag had reached
-25℃ the temperature at the bottom was -2.3℃. The likeliness of quality difference in the
bag would be high considering the time it took to reach the optimum temperature.

Bag 1 - Top - Sea water Bag 1 - Bottom - Sea water

Bag no 2 showed much better results. There was however a 50-60 min time difference
when the top and the bottom reached both -25℃ and -18℃. When the top of the bag
reached -25℃ the bottom was only at -10℃. Another issue was that the lowest temper-
ature reached by the sensor on top was -31.5℃ while the bottom sensor only reached
-25.5℃. This is another example of the inconsistency between the top and bottom in one
bag of frozen mackerel.

Bag 2 - Top - Sea water Bag 2 - Bottom - Sea water

40



Both bags 3 and 4 show much better consistency and uniformity in temperature than the
ones with the chilled sea water. All the sensors reach a minimum temperature ranging
from -30.7℃ to -31.4℃. This indicates that with the right amount of ice slurry and by
making sure it’s evenly distributed in the bags, a quick and homogeneous freezing can be
achieved throughout the bag. This can be seen in Figure 5.1.

Bag 3 - Top - 0.7kg of ice Bag 3 - Bottom - 0.7kg of ice

Bag 4 - Top - 0.7kg of ice Bag 4 - Bottom - 0.7kg of ice

The same problem occurs with bag no 5 as with bag no 2, containing the chilled sea water.
The bottom sensor only reached a minimum temperature of -23.2℃ (41 hours after the
sensor was placed in the bag, the same amount of time as in bag no 2) while the top one
reached -30.3℃. Whether this excessive cooling affects the product or not is not known
and will not be discussed in this thesis. The bottom sensor reads a temperature of -2.5℃
at the same time the top sensor reached -25℃. There is also a significant time difference
between the two sensors when reaching -18℃ or 8 hours.
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Bag 5 - Top - 0.9kg of ice Bag 5 - Bottom - 0.9kg of ice

Bag no 6 doesn’t reach -25℃. The top sensor reached -24.2℃ as its lowest temperature
after about 4 hours and the bottom sensor reached a minimum temperature of -22.9℃ in
the same amount of time. The top and bottom sensors however, reached -18℃ in 3 hours
and 20 minutes and 3 hours and 40 minutes respectively.

Bag 6 - Top - 0.9kg of ice Bag 6 - Bottom - 0.9kg of ice

The temperature at the top and the bottom of bag no 7 after 4 hours shows that the
temperature at the top is -13.8℃ and -2.2℃ at the bottom. This shows the temperature
difference that can occur inside the bags. It can also be seen that it took the bag 14-15
hours to reach -18℃, which is way beyond acceptable time levels. This can result in a big
difference in quality if not taken care of. A probable solution to this is to use less slurry
ice in the bags and make sure that it is distributed evenly.
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Bag 7 - Top - 1.1kg of ice Bag 7 - Bottom - 1.1kg of ice

Bag no 8 shows much better numbers but it doesn’t reach -25℃ at the top. The difference
between these two bags is believed to be more of a coincidence than bad processing or
handling. If the blocks of mackerel are frozen at temperatures above -23℃ they tend to
fall apart, so getting the blocks down to -25℃ is crucial (Sveinþórsdóttir, 2011).

Bag 8 - Top - 1.1kg of ice Bag 8 - Bottom - 1.1kg of ice

Most of the bags take a steep curve down to - 30℃ and then reach a more stable tem-
perature. This is because the plate freezer freezes to a lower temperature than the frozen
storage facility, where the packaged product is stored. In Figure 5.1 a graphical compar-
ison of the lowest temperature reached by each bag can be seen.
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Figure 5.1: Lowest temperature reached by each bag.

According to these numbers, using 0.7 kg of slurry ice in each bag gave the best results.
This of course has to be tested in more detail to reach a definitive conclusion of which
amount is best to use, and whether it is a good idea to use ice slurry prior to freezing. It
is also necessary to make sure that the ice slurry is evenly distributed through the bags
to make sure that homogeneous freezing in the bag is achieved.
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6. Discussion

Performing a full scale test on the difference between using an RSW system to keep the
catch cool versus using a combination of RSW and CSW systems is too expensive and
risky without any publications that it might work. The current method is without a doubt
an efficient way to keep the mackerel chilled until the ship reaches the harbour, and is a
proven method in the industry. That being said, there are always new possibilities being
discovered on how to perform better and the fishing industry is no different.

A crucial addition to the cost and efficiency calculations is that the time is calculated
from when the mixture has reached equilibrium in temperature. The catch is dumped
into tanks, where pre-cooled seawater has been pumped in. It is difficult to estimate
or calculate when this equilibrium in temperature between the two substances would be
reached, further testing would have to be made to estimate this. The same would have
to be done if ice would be added at the same time as the catch.

The idea of combining the two existing systems, RSW and CSW, was to find out if
quicker cooling and better efficiency compared to the RSW system could be achieved.
However, quality effects of an improved combined system, such as environmental impact
and bacterial growth, were not discussed in detail.

Due to quicker cooling of the mackerel, bacteria growth and the formation of volatile
compounds known as total volatile nitrogens (TVN) would decrease since their growth
is directly linked to temperature in the fish, the lower the temperature, the less growth
of TVN and bacteria (Margeirsson et al., 2011). This can be a big problem for Icelandic
fisheries due to the fact that the Calanus finmarchicus is the mackerels main food source.
Since the mackerel isn’t processed right away, it is important to cool the catch down below
freezing point as quickly as possible to minimize bacteria growth and enzymatic degrada-
tion from the intestines (Sigurjón Arason, Matís, personal communication, January 12th,
2016).

By adding ice to the mixture of mackerel and sea water, the amount of sea water needed
decreases. A possible positive outcome of that is that less water needs to circulate through
the circulation system and the heat exchanger. This results in lower probability of bacte-
ria growth inside the systems tubing and inside the heat exchanger.
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A factor that can be addressed is however, that oil prices in the world are highly unstable,
and the fluctuations can be well above 60% just in one year alone (Nasdaq, 2016). This
could encourage fisheries to decrease their oil cost to be able to produce more stable cost
budgets for each fishing season. Another factor that could also affect the decision on
whether to implement the new system is the decrease in environmental impact due to less
oil requirements.

Looking at the temperature results from the tests made back in 2008 in one of the tanks
at Börkur NK-122 it can be seen that fluctuations do occur. While it isn’t a recurring
issue according to the engineers on-board, it does happen from time to time that so called
"dead pools" form in the tanks, resulting in higher temperatures than in the rest of the
tank. The reason why these tests were included in this thesis were mainly because of the
test run that was made with flake ice on-board. It was a good indicator to compare the
fishing trips in regards to average temperature in the tanks as well as the flaw percentage.
Having these results should increase the chance of fisheries wanting to do more research
on the proposed new system.

The small scale test of adding ice slurry to bags filled with mackerel, just before freezing,
proved to be a good indicator of what might be achieved with further testing. Results
showed good promise of quick and steady cooling, by adding 0.7 kg of ice slurry, but it
would need a larger scale testing to confirm. These tests were only made with 8 bags and
therefore do not have any scientific certainty of effectiveness due to lack of test subjects.
However, preliminary results look promising and further testing should be done on this
subject.
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The results show that theoretically, using a combined system of RSW and CSW, effi-
ciency will improve. Looking at the decrease in cooling time for both the sea water used
for pre-cooling and the mixture of catch and seawater, it can be seen that for every 5
tons added, 12 min are shaved off the time it would take the RSW system to cool the
substance, running on full capacity. Quicker cooling results in better quality regarding
less formation of bacteria and TVN as well as being able to decrease oil cost for the RSW
system.

The production cost of ice was found out to be much lower on-shore than on-board due to
different sources of energy, and therefore the most suitable solution for the proposed new
system. The existing ice production plant at Neskaupsstaður however, seems to be too
small to handle such a big change to the fishing fleet at SVN and production capabilities
would have to be increased for the change to be possible.
According to the calculations on reduced oil cost, over a period of 12 fishing trip, 1290
L less of crude oil could be used for one tank if 20 tons of ice would be used to help the
RSW system cool down the mixture of catch and sea water. 1290 L of crude oil release
4.6 tons of CO2 into the atmosphere (EPA, 2016).

Temperature fluctuations in the tanks aboard Börkur NK-122 seem to happen on oc-
casion according to the tests that were made in 2008, and with further testing, the risk
of it happening could be reduced if it were understood how to prevent it from happening.
Adding ice to the tanks showed more stable temperature values between sensors as well
as less of a temperature "jump" when catch was added to the mixture of sea water and ice.

Preliminary results from the small scale testing of adding ice slurry to bags of mack-
erel before freezing gave promising results. Using 0.7 kg of ice slurry in bags filled with
mackerel ranging between 11.1-11.8 kg, quick and steady cooling was achieved. In com-
parison to other test subjects including different amounts of ice slurry and one subject
including sea water, the one with the 0.7 kg gave the best results.

All in all, the questions that were raised ahead of this thesis were answered with promising
findings and results.
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7.1. Future Prospects

To be able to further confirm the results in this thesis, a large scale testing of adding ice
slurry to a mixture of catch and sea water in RSW tanks would be necessary. Alongside
with that experiment it would be useful to plant multiple heat sensors in a few tanks
to see if there would be any difference in the cooling time or temperature fluctuations
between two tanks, one using only the RSW system and the other having ice slurry added
to it.

Regarding the ice slurry in bags of mackerel after processing as a pre-cooler before freez-
ing, more experiments would have to be made to confirm the findings in this thesis. More
bags would have to be tested as well as trying different amounts of ice slurry in the bags.
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A.

A.1. Efficiency and cost calculations

200 m3 ∗ 1, 054
kg

m3
= 210, 800 kg of mackerel (A.1)

200 m3 ∗ 1, 025
kg

m3
= 205, 000 kg of sea water (A.2)

First the heat [kJ] that needs to be extracted from the sea water is calculated using
Equation (3.2):

205, 000 kg ∗ 3.987
kJ

kg ∗K
∗ (4.99℃ − (−1.5℃)) = 5, 300 MJ (A.3)

Then the heat [kJ] that needs to be extracted from the mackerel is calculated using the
same equation:

210, 800 kg ∗ 3.590
kJ

kg ∗K
∗ (4.99℃ − (−1.5℃)) = 4, 900 MJ (A.4)

The heat [kJ] that needs to be extracted from the sea water is

205, 000 kg ∗ 3.987
kJ

kg ∗K
∗ (12℃ − (−1.5℃)) = 11, 000 MJ

The heat [kJ] that needs to be extracted from the mackerel is

210, 800 kg ∗ 3.590
kJ

kg ∗K
∗ (12℃ − (−1.5℃)) = 10, 200 MJ
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A.

A.2. Cooling the seawater using RSW

Mass of the seawater

1, 294 m3 ∗ 1, 025
kg

m3
= 1, 326, 350 kg (A.5)

Heat released by the seawater

1, 326, 350 ∗ 3.987
kJ

kg ∗K
∗ (12℃ − (−1, 5℃)) = 71.4 GJ (A.6)

A.3. Cooling the seawater

Reduced oil cost for different amounts of ice used

• 0.8 hours * 14,100 ISK/hour = 135,360 ISK (20 tons)

• 1.0 hours * 14,100 ISK/hour = 169,200 ISK (25 tons)

• 1.2 hours * 14,100 ISK/hour = 203,040 ISK (30 tons)

• 1.4 hours * 14,100 ISK/hour = 236,880 ISK (35 tons)

• 1.6 hours * 14,100 ISK/hour = 270,720 ISK (40 tons)

Production cost of the ice is then calculated to see the overall cost reduction.

• 20 tons of ice * 140 ISK * 12 fishing trips: 33,600 ISK

• 25 tons of ice * 140 ISK * 12 fishing trips: 42,000 ISK

• 30 tons of ice * 140 ISK * 12 fishing trips: 50,400 ISK

• 35 tons of ice * 140 ISK * 12 fishing trips: 58,400 ISK

• 40 tons of ice * 140 ISK * 12 fishing trips: 67,200 ISK

A.4. Cooling the catch

Production cost of the ice is then calculated to see the overall cost reduction.
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A.5. Quality assessment of mackerel

• 5 tons of ice * 140 ISK * 12 fishing trips: 8,400 ISK

• 10 tons of ice * 140 ISK * 12 fishing trips: 16,800 ISK

• 15 tons of ice * 140 ISK * 12 fishing trips: 25,200 ISK

• 20 tons of ice * 140 ISK * 12 fishing trips: 33,600 ISK

A.5. Quality assessment of mackerel
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A.5. Quality assessment of mackerel
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