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Abstract

The oceans are teeming with heat as an immense source of renewable energy. Seawater
source heat pump system is a proven technology for resurrecting heat from the seawater as
a source of heat. The system has attracted attention as a renewable energy solution technique
for the countries where heating is essential throughout the year. As the most efficient form
of technology, the system is able to extract heat from cold seawater for energy utilization
and space heating. However, extracting large amounts of heat from the cold seawater is a
challenge, and hardly feasible if the seawater temperature is only a few degrees above the
freezing point. Iceland, as a cold country with a high demand for space heating, is surrounded
by the cold seawater with the Arctic and the Atlantic Ocean sources. This thesis assesses the
feasibility of ocean heat extraction in Icelandic coastal waters through a case study of
Onundarfjérdur, a fjord located in Westfjords region of Iceland. In order to acquire better
insight about the heat source, this research collected one year field measurements and carried
out numerical simulations of oceanographic parameters. The results show that the seawater
temperature in the research area is generally higher than 1 °C and rarely exceeds 10 °C. The
simulations indicate that the fjord is tidal dominated with higher current velocity which
prominently flanks alongshore during ebb. The outcome reveals that extraction of the heat
via seawater source heat pump system is theoretically feasible from Onundarfjérdur. This
research also presents suitable locations for extracting heat from the fjord.

Keywords: Seawater source heat pump, seawater temperature, current velocity,
Onundarfjordur, Iceland
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1 Introduction

Growing industries and rising energy demands, combined with the scarcity of fossil fuel, are
making the use of renewable energy sources increasingly worthwhile. The use of renewable
energy leads to enhanced energy independence, security, sustainability, and economic benefits
and carries few if any negative environmental impacts. About half of the energy used in the
building sector is used for the purposes of space heating/cooling and supplying hot water. It is
estimated that around 5-20% of the amount of renewable energy targeted by 2020 in the
European Union (EU) will be generated by heat pump systems (International Renewable Energy
Agency, 2013).

In Iceland, unique geological conditions provide a bountiful source of energy. Iceland’s major
sources of energy are hydropower and geothermal energy. Around 86% of primary energy in
the country is provided from local sustainable sources of renewable energy (Ketilsson,
Petursdottir, Thoroddsen, Oddsdottir, Bragadottir, Gudmundsdottir & Johannesson, 2015).
More than 90% of the heat demand is supplied by geothermal energy for residential and service
purposes (Icelandic Ministry of Industries and Innovation, 2009). Iceland’s targets for
renewable energy use are proportional with respect to the EU’s energy policy as laid out in the
Renewable Energy Directive (Baltic Sea Region Energy Cooperation [BASREC], 2014).
Iceland’s energy policy states the following goals: 1) “Utilization of new renewable energy
resources will be supported and at the same time new and smaller energy possibilities will be
supported to suit domestic industry”; and 2) “Power generation shall at all times use the best
available technology to maximize efficiency and minimize pollution” (BASREC, 2014, p. 38).
Based on Act No. 78/2002 and Regulation No. 284/2005, using electricity or oil for the space
heating is granted in Iceland. In addition, the utilization of district heating systems for heating
applications and the installation of heat pumps for space heating have been subsidized (Icelandic
Ministry of Industries and Innovation, 2009). Research conducted by the National Energy
Authority on the feasibility of heat pump systems in Iceland has demonstrated that these systems
can play a significant role in space heating in regions where geothermal waters are not

economically obtainable (Asmundsson, 2005).
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This research was conducted through observation and measurements in the field, along with
scientific numerical modeling of oceanographic parameters, in order to gain a better
understanding of the source of heat in the area of interest. This research reviews the national and
international literature as well as previous research with respect to seawater source heat pump
systems. Furthermore, measured data by other authorities were collected and analyzed.

This thesis aims to answer the following research questions:

1) What are the oceanographic conditions in Onundarfjérdur with regard to the feasibility of the

implementation of heat pumping system?

2) Where is the best location for heat extraction with respect to key oceanographic parameters, and

port and fishing activities in the fjord?

3) If implementation of the system is feasible, what equipment for heat extraction should be taken

into account?

This thesis is divided into nine chapters.

Chapter 2 contains a broad overview of the literature on seawater source heat pump systems.
The chapter explores the oceanographic conditions around Iceland, mostly focused on the west
and northwest coasts of the country, including the sources of water masses, seawater
temperatures, and main ocean currents. Case studies and previous international experiences
about seawater source heat pump systems are also described in this chapter. Chapter 3 reviews
the definition of renewable energy, concentrating on ocean energy and seawater source heat
pump systems. In this chapter, the operational principles and the system components of heat
pumps are detailed. Also, the principle components of a heat exchanger are described with
respect to the purpose of this research. Chapter 4 describes the area of study. This chapter
provides readers with both general and detailed information about the location, weather
conditions, maritime activities, and heat demand of the area. Chapter 5 outlines the research
methodology. This chapter describes the tools and equipment used in the research and the
locations where the measurements took place, as well as the theory of numerical modeling,
governing equations and the creation of input data for the simulations. Chapter 6 presents the

results of the field measurements and numerical simulations. This chapter includes a nuanced
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analysis of the raw data as well as a delineation of the output of the models. Chapter 7 compares
the results of the measurements and also the simulationes. The chapter discusses different
potential sites throughout the area of interest based on the measurements and simulations and
identifies the most suitable site location for the research. The chapter also draws attention to the
port, fishing, and aquaculture activities taking place in Onundarfjordur.

Finally, chapter 8 discusses the results, and chapter 9 make recommendations for further study.

1.1 Motivations and objectives

The present research assesses the feasibility of seawater heat extraction from Onundarfjérdur.
The fjord is located in the Westfjords region of Iceland, where there are few easily accessible
geothermal fields as shown in Figure 1. Also, there is a limited potential of improving the
hydropower in the Westfjords as well as land and water ownership’s rights in the region.
Supplying energy by Marine Renewable Energy (MRE) adjacent to the inhabitant, increase the
security of delivery for the users. The system reduces the cost of energy distributions and
reliance on other sources of energy from the national grid for the area (Jonsson, 2010).

This research presents prominent locations for extracting heat from in the fjord. Collecting
comprehensive and informative information about the oceanographic parameters in this
reaserch, allows better understanding about the heat source throughout the area. Also, this work
can be designated to contribute to potential utilization of seawater source heat pump system in
Westfjords region. Furthermore, this research is a pilot project; if it proves feasible, seawater
heat pumps offer a promising alternative for the energy utilization in other regions in Iceland.
With the feasibility study the reliability, business opportunities and positive and negative aspects

of the project will be determined (Jonsson, 2010).
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Figure 1. Distribution of geothermal fields in Iceland, red box shows Westfjords region
(Loftsdottir & Thorarinsdottir, 2006)

The feasibility of seawater source heat pump system has not yet been studied in the Westfjords.
This is the first time that the subject has been considered scientifically in this region of Iceland.
This research concludes the first such considerations, and focuses on the heat source. This study
provide a good basis for heat extraction methods to the local inhabitant and addresses
recommendations based on the findings and the results.
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2 Literature review

2.1 The oceanographic conditions around Iceland

Iceland is an island located in the North Atlantic Ocean at the confluence of waters from the
Atlantic and Arctic Oceans from the south and north, respectively. However, waters to the south
and west coasts are sourced from the Atlantic Ocean, while the north and east coasts of Iceland
are also influenced by the Arctic sources. (Malmberg & Valdimarsson, 2003). Table 1 shows

the bodies of water surrounding Iceland with their temperatures and origins.

Table 1. Water masses around Iceland, their temperatures and origins (Malmberg &
Valdimarsson, 2003)

Water mass Temperature °C | Origin of water mass

Atlantic Water 3-8 North Atlantic and Irminger Currents

Polar Water <0 East Greenland Current

Arctic/Polar Water <0-2 East Icelandic Current

North Icelandic Winter Water | 2-3 North Icelandic Shelf

Bottom/Deep Water <0 Deeper layers north and east of
Iceland

Arctic Intermediate 0-2 Below the Polar Water in the East
Greenland Current

Coastal Water Variable Shelves around Iceland

The country is located on the intersection between the Reykjanes Ridge (which is part of the
Mid-Atlantic Ridge) in the southwest, the Kolbeinsey Ridge in the north, the Greenland-Iceland
Ridge in the northwest and the Iceland-Faroe Ridge in the southeast, as depicted in Figure 2
(Valdimarsson & Malmberg, 1999). The shelves, which are narrow along the south coast and
broad along the west, north, and east coasts, mostly extend to the depths of around 400-500 m
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(Astthorsson et al., 2007). The shape and direction of the ridges have significant effects on the

distribution of water masses and the direction of the major currents around Iceland.

35 30 25 20° 15 10° 5

Figure 2. Bottom conditions around Iceland (Valdimarsson & Malmberg, 1999)

The confluence of several water masses and specific features of the seabed combine to create a
complicated hydrographical situation around Iceland (Logemann, Olafsson, Snorrason,
Valdimarsson & Marteinsdottir, 2013). Generally, there is a clockwise circulation of coastal
water around Iceland (Jonsson, 1999). Figure 3 shows a schematic view of the main surface
circulation around the country. The warm and saline Irminger Current (IC), along with water
from the North Atlantic Ocean, flows from the south along the western side of the Reykjanes
Ridge toward Iceland. This water mass prevails along the south and west coasts (Valdimarsson
& Malmberg, 1999).
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Figure 3. Surface circulation in Icelandic waters, measured via drifter from May 1995 to
November 1996. The red, blue, and green arrows represent Atlantic water, Polar water and
mixed water, respectively. (Valdimarsson & Malmberg, 1999)

About 5-10 % of the IC flows northward through the Denmark Strait and eventually eastward
along the North Icelandic Shelf (Logemann et al., 2013). Then, the North Icelandic Irminger
Current (NIIC) transports warm and saline Atlantic waters through the Denmark Strait toward
the north of Iceland (Logemann & Harms, 2006). Logemann and Harms (2006) used a model
with a high spatial resolution to simulate the NIIC around Iceland. Their results demonstrated
that a part of NIIC recirculates in between sections 4 and 5 of its pathway (Figure 4). They stated
that the NIIC, flowing eastward, has a significant effect, as a heat source, to the area along the

coast and the variation of temperature over the region.
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Figure 4. Simulated mean flow of the NIIC and its pathway, 1997-2003. The red and blue
arrows represent warm and cold currents, respectively and the black and colored numbers
represent sections and Sverdrup rates respectively. (Logemann & Harms, 2006)

As can be seen, in between sections 4 and 5, the area of interest in this research is mostly
influenced by the NIIC, which is the prevailing warm current over the Westfjords region.
Jonsson and Valdimarsson (2012) presented the North Icelandic Jet (NIJ) as a cold and deep
current from the west of the Kolbeinsey Ridge along the northern Icelandic continental slope.
The jet is one of the main sources of dense overflow water and appropriates about half of the
total overflow transport throughout the region (Vage, Pickart, Spall, Valdimarsson, Jonsson,
Torres, @sterhus & Eldevik, 2011).
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2.2 Seawater temperature around Iceland

The variability of the seawater temperature around Iceland is primarily related to the currents
coming from Atlantic and Polar sources (Astthorssona et al., 2007). Valdimarsson and
Malmberg (1999) demonstrated that there are strong horizontal and vertical temperature
gradients in Icelandic waters where warm and cold currents meet each other and these are
strongest in the northwest and the southeast of the country. Logemann and Harms (2006)

presented isotherm lines around Iceland, as illustrated in Figure 5.

Figure 5. Water temperature measurements taken in February 2002 (left) and from January—
March 2003 (right) at a depth of 50 m (Logemann & Harms, 2006)

Studies have shown that during several periods (e.g., from 1972 to 1974, in 1980, from 1984 to
1987, from 1991 to 1994, and from 1999 to 2001), northern Icelandic water was mostly
influenced by warm Atlantic water. However, during other periods (e.g., from 1975 to 1979, in
1982, in 1988, and from 1996 to 1998) Polar conditions and during 1981 to 1983, from 1989 to
1990, and in 1995, Arctic influences were recognized over the region (Malmberg & Jonsson,
2002). Jonsson (1999) pointed out in his study that along the south coast of Iceland, the
minimum monthly mean temperature occurs sooner, in comparison to the northern coast of the
country. Astthorsson et al. (2007) showed that the temperature of the Atlantic water fell between
6-11 °C in the south of Iceland. Hanna, Jonsson, Olafsson & Valdimarsson (2006) studied
Icelandic coastal Sea Surface Temperature (SST). They presented a comprehensive record of

long-term Icelandic SST measurements. Jonsson (1999) studied seawater temperatures around
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Iceland and analyzed gathered data from seven stations. The results showed that at almost all of
the stations, the maximum monthly mean temperature occurred in August. Logemann et al.
(2013) simulated seawater temperatures in Icelandic waters. The presented results support
observational results based on data from the Marine Research Institute (Anonymous, 2014). The
sea water temperatures recorded in 2013 at a depth of 50 m around Iceland are illustrated in
Figure 6. As can be seen, in general, the seawater temperatures along the southern coast of the

country were warmer than those recorded along the northern coast.

February 05, 2013 - February 15, 2013 May 14, 2013 - May 29, 2013
cawfr B o N : 1 F —_— 10

August 07, 2013 - August 21, 2013 November 12, 2013 - December 05, 2013

"~ T |

Ocean Data View / DIVA

Figure 6. Seawater temperatures around Iceland at a depth of 50 m (Anonymous, 2014)

péroardottir and Eydal (1996) conducted a one-year survey along the northwest coast of Iceland,
with regard for the fishing and export industries. The seawater temperatures they measured in
Onundarfjordur indicate that, the temperature fluctuated between 1 and 11 °C. The minimum
and maximum of the temperatures were recorded in March and August, respectively as shown

in Figure 7.
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Figure 7. Monthly seawater temperature variation in Onundarfjordur in 1994 (pordardottir &
Eydal, 1996)

2.3 Seawater source heat pump systems and case study
utilizations

Thermal energy in the seawater can be extracted via seawater source heat pump technology in
the countries that are surrounded by the sea. Young, Minsung, Ki, Young and Ho (2014) pointed
out that series operation seawater source heat pump system could increase the annual heating
performance by at least 8% under certain conditions. They presented the single unit of the

system, as shown in Figure 8.

27



[I Compressor p
70— ’
1

1
1
1
1
i
1
1 .
Tbrinc.high : i gialll’l]g
: Tevap.sm chmd.sal : PPy
i 1
Tbrinc,low : @ : TR
1
i 1
' i ' Ret
i Expansion eturn
Seawater INAAAAAAAA i Evaporator \F’)/awe Condenser E
Heat 'S i
Exchanger Heat pump
Tsca,inlcl Tscn.cxil
v
Seawater

Figure 8. Single unit seawater source heat pump system (Young et al., 2014)

Young et al. (2014) also clarified the operational concept of the single unit seawater source heat
pump system as follows: In the first step, seawater with temperature Tsea,intet IS directed into the
seawater heat exchanger. Afterward, brine seawater is heated up and circulated throughout the

system. Then, low Thurine is released back into the sea with the temperature of Tseaexit.

Zhena, Lin, Shu, Shuang and Zhub (2007) studied energy-savings and the environmental
impacts of seawater source heat pump systems. Their results showed that such systems can
present meaningful energy savings. They also estimated that a seawater source heat pump
system can decrease the standard amount of coal used annually, which brings environmental
benefits and reduces air pollution. Hani and Koiv (2012) studied the implementation of heat
pump systems in different fields. They analyzed related technologies in order to improve the
system’s coefficient of performance (COP). They also investigated the feasibility of electrical
seawater source heat pump technology and compared it with conventional district heating for
within a 5 km radius. Different options of district heating and cooling production and the life
cycle costs were considered in this research as well. Chua et al. (2010) studied district heating
and cooling using a seawater source heat pumps system in Dalian, China. Their results indicate
that the system can reduce the annual energy bill. Wandong, Tianzhen, Shijun and Huan (2014)

showed that seawater temperature plays a significant rule in the thermal performance of seawater
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source heat pump systems. They also notified that the thermal performance of the system should

be taken into account for regions with cold winters.

Moreover, a few examples of operation of seawater source heat pump systems in cold countries
are as follow:

In Sweden, heat pump systems are used for different purposes with seawater temperatures within
arange of 1.5-2.0 °C (Young et al., 2014). In 2012, the total heating power from several seawater
heat pumps in Vartaverket (Ropsten and Nimrod), located in Stockholm, was close to 340 MW.
A system operates with 3 °C seawater from a depth of 15 m (Friotherm brochure, no date; Varme
samagt, 2012). At Ropsten-1 in Stockholm, six two-stages heat pump compressors were used.
The system supplies around 150 MW of heating power in general. Furthermore, at Ropsten-3,
another heat pump system, with a capacity of 100 MW, is in operation (Asmundsson et al.,
2013). In Norway, a heat pump system operates with seawater at a range of 4-7 °C to supply the
district heating for an area of about 15 km?. At Nordfjordeid in Sognog Fjordane, Norway,
seawater from 50 m depth and within a range of 8-10 °C is used to operate around 40 heat pumps
in order to supply 8.5 GWh of heating energy. In Trondheim, Norway, about 800 kW of seawater
sourced heating power is supplied by a 1.1 MW heat pump for one of the largest water parks in
Scandinavia (Asmundsson et al., 2013). In the Faroe Islands, a seawater source heat pump
system has been utilized for several purposes, such as public and private district heating. In
Thorshavn, a home for the elderly (Bodanesheimid) is heated with four heat pumps, producing
in total 54 kW, which extract heat from the ocean via a closed glycol loop connected to a
seawater heat exchanger located at the shore. At the Betesta church in Klaksvik, a carbon dioxide
(CO2) heat pump producing roughly 100 kW, has been assembled by a marine engineer, Esmar
Miller. The system extracts heat from seawater in a single stage and uses three Dorin
reciprocating compressors (R. Asmundsson, personal communication, 2016). In Japan, in some
regions such as Fukuoka Seaside Momochi, the Osaka Nanko Cosmosquare Area, and Sunport
Takamatsu, seawater source heat pumps have been operated for district heating and cooling
since 1993 (Young et al., 2014). Furthermore, several countries and regions, such as Alaska in
the United States, Canada, China, and Korea, are using seawater source heat pump systems for

heating and cooling purposes.
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3 Definition of Renewable Energy

Renewable energy is a form of energy that is obtained from sources that can be replenished
naturally on a continual basis (Edenhofer, Pichs-Madruga, Sokona, Seyboth, Matschoss,
Kadner, Zwickel, Eickemeier, Hansen, Schlémer & von Stechow, 2011). Renewable energy
technologies generate useful energy from the natural, renewable sources of energy. The
technologies can supply heat and electricity, as well as mechanical and chemical power
(National Renewable Energy Laboratory, 2001). Although most renewable forms of energy are
derived from the sun, tidal and geothermal energy originate from different sources (Jackson,
2000).

3.1 Ocean Energy

The oceans have a reputation for yielding remarkable sources of renewable energy in many
different forms. In general, ocean energy is in the form of potential, kinetic, thermal, and
chemical energy (Edenhofer et al., 2011), which originate from solar energy and gravitational
forces (Jackson, 2000). Oceans absorb energy from sunlight. Stored heat in the seawater is an
enormous source of renewable energy from which thermal energy can easily be generated using

heat pump system technology (Hani & Koiv, 2012).

Ocean energy can be utilized for many applications, including space heating as well as cooling
and generating electricity (National Renewable Energy Laboratory, 2001). In order to reduce
spatial conflict between MRE installations and other marine activities, such as fishing activities,
shipping, and marine protected areas, the areas of interest should be carefully investigated and
assessed (Bollmann, Bosch, Colijn, Ebinghaus, Froese, Giissow, Khalilian, Krastel, Kértzinger,
Langenbuch, Latif, Matthiessen, Melzner, Oschlies, Petersen, Proel, Quaas, Reichenbach,

Requate, Reusch, Rosenstiel, Schmidt, Schrottke, Sichelschmidt, Siebert, Soltwedel, Sommer,
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Stattegger, Sterr, Sturm, Treude, Vafeidis, van Bernem, van Beusekom, Voss, Visbeck, Wahl,
Wallmann & Weinberger, 2010).

3.1.1 Seawater source heat pump system
Today, the consumption of energy for supplying heat is increasing (Eisentraut & Brown, 2104).

A Water Source Heat Pump (WSHP) system applies water, including seawater, as a source of
heat energy to provide useable heat (Sustainable Energy Authority of Ireland, no date). The
system transfers heat from the heat source, which is at a low temperature, into a district heating
system or heat sink with a higher temperature by using an external source of energy (Eisentraut
& Brown, 2014). The availability of the heat source, the range of temperatures, and the
investment costs are the important factors in the successful implementation of such a system
(Forsén, 2005). Figure 9 shows a WSHP schematically.

Heating /\
> i \

system

Heat pump

Weights for " Collector with

anchoring plastic pipes

Figure 9. Major components of a water source heat pump (Forsén, 2005)
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The system contains two main parts: a water heat exchanger by which heat is delivered to the
heat pump and the heat pump that heats the water. In WSHP systems, water loops are inseparable
components of the system. The looping system links together different parts, such as the heat
pumps, the heat rejecter (i.e., a cooling tower), the heat exchanger, the heat adder (i.e., a boiler),
circulation pumps, and related accessories (Murphy, 2007). Depending on the utilization of the
source, WSHPs are categorized as closed-loop and open-loop systems. In an open-loop system,
the water flows through the heat pump to extract latent heat from the water. Afterward, the water
is discharged out of the system. In a closed-loop system, pipes and heat exchange panels are
placed directly into the water in order to absorb and then extract heat energy. In a closed-loop
system, a mixture of fluids such as water and anti-freeze are applied. In this system, the heat
source is never used directly. Figure 10 shows closed-loop and open-loop systems. In general,
open-loop systems need more maintenance in comparison to closed-loop systems (Sustainable

Energy Authority of Ireland, no date).

Figure 10. Open-loop system (left) and closed-loop system (right) of WSHP (Sustainable
Energy Authority of Ireland, no date)

Generally, WSHPs for district heating and cooling systems are not only major feats of
engineering; they also require consideration of economic and management factors (Xiang-li, Lin
& Hai-wen, 2010).
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3.1.2 Heat Pumps
Today, heat pumps are among the most energy-efficient devices. Heat pumps are able to supply

three to six units of thermal energy services in absolute terms by consuming one unit of energy.
Regarding the EU Directive on the promotion of renewable energy, heat pump systems are
known as a renewable energy technology (International Renewable Energy Agency, 2013).
They are the only systems that include a process in which a percentage of the heat produced
recirculates back into the system to produce useful outcomes, such as space heating, hot water,
and even desalination. This ability improves energy efficiency and eliminates negative
environmental impacts of the system (Chua, Chou & Yang, 2010).

According to the Directive 2010/31/EU of the European Parliament and Article 2 of the Council
of 19 May 2010 on the Energy Performance of Buildings (EPBD), heat pumps are defined in
the following terms:

Heat pump means a machine, a device or installation that transfers heat from natural
surroundings such as air, water or ground to buildings or industrial applications by
reversing the natural flow of heat such that it flows from a lower to a higher temperature.
For reversible heat pumps, it may also move heat from the building to the natural

surroundings. (Borre, 2011, p. 1)

Borre (2011) also defines heat pumps as

A machine, device or installation using renewable natural energy sources from
aerothermal, geothermal or hydrothermal heat or non-natural processed wasted heat
from water or air and which transfers it to buildings or industrial applications by
reversing the natural flow of heat such that it flows from a lower to a higher useful
temperature. Primary energy input from electricity, gas or fuel is needed to drive this
process. In extreme climatic conditions, additional heating device must compensate the

reduced heat production from heat pumps. Only heat pumps with an output that

33



significantly exceeds the primary energy needed to drive them and the additional heating
device energy should be considered. (p. 2)

Heat pumps use heat from different sources of energy, as shown in Figure 11.
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Figure 11. Schematic operation of a heat pump system (Borre, 2011)

Moreover, point 31 of the European Directives mentions renewable energy usage by heat pumps
as follow:

Heat pumps enabling the use of aerothermal, geothermal or hydrothermal heat at a useful
temperature level need electricity or other auxiliary energy to function. The energy used
to drive heat pumps should therefore be deducted from the total usable heat. Only heat
pumps with an output that significantly exceeds the primary energy needed to drive it

should be taken into account. (Borre, 2011, p. 1)
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Heat pumps can be used for district heating as well as cooling, hot water, swimming pools,
sidewalk snow melt, fishing activities, and industrial facilities such as conditioners and
refrigerators (Forsén, 2005).

3.1.3 Principles of heat pump operation
Heat pumps operate on the second law of thermodynamics, which is based on the Carnot

principle developed by French scientist Nicolas Léonard Sadi Carnot in 1824. Technically, in a
complete cycle of heat pump operations, mechanical energy is obtained from thermal energy
(International Renewable Energy Agency, 2013). The Carnot cycle comprised four phases:
isothermal expansion, contraction, thermally isolated expansion, and contraction. The phases

for non ideal refrigeration cycle are shown in Figure 12.

Non ideal Refrigeration Cycle : Pressure — Enthalpy chart, showing superheating & sub cooling
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The amount of heat that the refrigerant absorb must equal the cooling load.

(1) Refrigerant cooling load ( F ) = cooling load / ( H2 - H1)
(2) Work done by compressor = F x( H3 -~ H2)

(3) Heat rejected by condenser =F x ( H3 - H1)

(4) Heat absorbed by evaporator=F x (H2 ~ H1)

Figure 12. Carnot cycle (Hossain, 2014)

Also for the operation of heat pump system, four phases of the Carnot cycle are defined as
follows (Denker, Modern Thermodynamics, 2005):
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Phase 1_ Isothermal expansion: The gas is expanded by the absorption of the heat reservoir (Qn)

at atemperature of (T1). Since the stage is isothermal, the temperature of the gas does not change,

but it leads to work on surroundings. In this stage, the entropy of gas is AS = (;—” :
1

Phase 2_ Isentropic expansion: The gas continues expanding and its temperature drops to (T>).
In this stage the gas also works on surroundings while the entropy does not change.
Phase 3_ Isothermal compression: Surroundings work on the gas and the gas compressed. At a

constant lower temperature of gas (T2) which lead to heat energy of (Qc). The entropy of the gas

is AS = &
T-

2

Phase 4_ Isentropic compression: Surroundings continue to work on the gas, and the cycle will
be completed. While the entropy of the gas does not change, the internal energy and the
temperature (T1), increase again.

In the Carnot cycle, the ratio of heat and absolute temperature are the same (Erlichson, 1998):

a=2 [1]

Qc T;

Where Qn, T1, and Qc , T2 are the heat and the temperature of the source and the sink,

respectively.
Also, work done per cycle can be calculated as:
W =Qu—Q [2]

Furthermore, regarding the first law of thermodynamics and conservation of energy the

efficiency of a system is:

_w QH—Qc
n= QH Or QH [3]

Then, efficiency of the Carnot cycle is obtained as follows:

E=- [4]
Or
Thot—Tco
Mhe = 45— [5]
hot
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Where 1y, is the efficiency of the Carnot cycle. It should be noted that the temperature values

are on the Kelvin scale.

There are four key components in a heat pump, including the evaporator, condenser, compressor,

and expansion valve. These components are illustrated in Figure 13.
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Figure 13. Heat pump components (Heat Pump Center, no date)

In the system, a fluid such as ammonia, clycol, or even potable water are applied as working
fluids. Heat pumps have four main stages based on the Carnot cycle in the heating mode of
operation. These stages are defined below (Sustainable Energy Authority of Ireland, no date):
Stage 1_ Heat is extracted from a lower temperature heat source, for instance air, water, or
ground via a heat exchanger. This external heat energy evaporates refrigerant. Then evaporated
refrigerant is delivered to the compressor.

Stage 2_ The compressor raises the pressure, and consequently, the temperature of the
refrigerant is increased. The power required for the compressor can be supplied by auxiliary
powers such as electricity or gas (Forsén, 2005).
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Stage 3 High pressure with high temperature refrigerant gas transfers its heat energy to the
heating system. Then, the temperature of the refrigerant drops and starts converting to liquid via
condenser.

Stage 4_ At the final stage, an expansion valve decreases the pressure of the refrigerant. In order
to complete the cycle, a mixture of gas/liquid refrigerant with low pressure is delivered to the

heat exchanger, and the cycle starts again.

The two major factors by which performance of a heat pump unit is considered includes the
performance of the heat pump units and the conditions in which the system works. In the system,
thermodynamic perfectibility is defined as the tendency of the current cycle to the ideal cycle in
the system. Also, the index of thermodynamic perfectibility is applied to find the efficiency of
heat pump units (Haiwen, Lin, Jing, Xin, Zhiyong & Haiyang, 2015). The efficiency of heat
pumps has improved notably over the past years. The overall efficiency of a heat pump system
is called the Coefficient of Performance (COP). COP is an important performance indicator for
the system. COP is defined as a ratio of entire amount of supplied heat to the total power input
to the system (Haiwen, Lin, Jing, Xin, Zhiyong & Haiyang, 2015):

-9
cop == [6]

Where Q is the supplied heat power from the source and I/ is the power delivered to the heat
pump system.

COP depends on three main factors, including the type of the heat source, the efficiency of the
appliance, and the difference between the temperatures of the heat source and the heat sink.

In the heating mode of a heat pump, the COP is more than 1 (Forsén, 2005). The larger the
discrepancy in temperature that exists between the heat source and the sink, the lower the COP
(International Renewable Energy Agency, 2013).
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3.2 The utilization of a heat exchanger

Heat exchangers are the key devices used in order to extract heat from seawater. They transfer
heat from one fluid to another when both fluids have different temperatures (Arya & Dhanjibhai,
2015). There are several types of heat exchangers that have been used worldwide. However, for
ocean heat extraction, the tube heat exchangers possess several advantages in comparison to
other types of heat exchangers. The tube heat exchanger, which is the most accepted heat
exchanger in the industry, presents a great deal of promise that can be taken into consideration.
The following are the main reasons for which tube heat exchanger has been selected as having
the most potential for implementation (MTS Systems Corporation, 2005; Subbarao, no date):

e High availability of information about the design, fabrication, operation, and
maintainence

e Ability to tolerate high pressure and to transfer a high ratio of heat

e Relatively high degree of adaptation to the oceanographic conditions

e Simple manufacturing and accessibility to the materials in a wide variety of sizes

e Easy maintenance, repairs, replacement, and cleaning

e Inexpensive accessories in comparison to other types of heat exchangers

e Little, if any, maintenance during its long lifespan of operation

e Allows utilization of free seawater flow access directly to the tubes, i.e. the tube heat

exchanger can be designed without a shell with forced seawater flow

3.2.1 The principal components of a heat exchanger
It is also vital for decision makers to acquire general insight into the mechanical features of a

heat exchanger prior to making any decision to implement such a device. In this regard, major
components of the heat exchanger will be described in this section.

Tube bundle
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The tube bundle is the part of the heat exchanger that consists of a set of tubes, tube sheets,
baffles, tie rods, spacers, and sliding strips. The tube is the basic and the most important
component of a heat exchanger. Tubes transfer heat between fluids that are flowing both outside
and inside of the tube. The tubes can be categorized as different types, such as plain or
longitudinally finned (Mukherjee, 1998). In order to transfer heat efficiently, the maximum
number of tubes in a heat exchanger are applied. Tubing can be fabricated to be either seamless
or welded. For the tubing, some criteria should be taken into account, including the number of
tubes, which depends directly on the rate of flowing fluids and pressure conditions, tube
diameter, tube materials, tube thickness, straightness of the tubes, tube passes, and tube patterns
(Arya & Dhanjibhai, 2015). Tube thickness plays a main role in high-pressure and corrosive
conditions. The angles between tubes comprise the tube pattern, as illustrated in Figure 14. The
shortest distance between the centers of each tube is called the tube pitch. Pressure conditions
and velocity control, heat transfers, and mechanical cleaning all are dependent on the geometry
of the tube pitch in the heat exchanger (Mukherjee, 1998).

Triangular Rotated
(30°) Triangular
(607)

®9
&

Square Rotated
(90) Square
(45)

Figure 14. Tube patterns and tube pitch (Mukherjee, 1998)
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Tube sheets

Another component of the heat exchanger is the tube sheet. The tube sheet is a part of the device
through which tubes are inserted. Tube sheets are made in the form of round plates of metal or
forgings drilled and grooved. Depending on the pattern of tubes in the heat exchanger, drilled
holes in the tube sheet are formed into either triangular or square shapes. In some cases, the heat
exchangers also can operate without tube sheets. The thickness, diameter, and the material of

the tube sheet play important roles in the quality of this mechanical part.

Baffle

In a heat exchanger, baffles support the tubes. The plate baffle and rod baffle are two types of
baffle. Baffles serve different functions in the heat exchangers (Mukherjee, 1998), by doing the
following:

e Supporting the tubes

e Maintaining space between the tubes

e Directing the flowing fluid through the tubes and shell

e Improving the transfer of the heat between the flow on the outside and inner side of the

tubes

e Preventing failure of the tube against vibration and sagging
The fabrication of the baffle in the tube bundle is related to the heat transfer coefficient of the
system. The number of baffles and baffle spacing are the two main characteristics of the baffle
in a heat exchanger. Figure 15 shows baffle spacing in a heat exchanger.
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Figure 15. Baffle spacing in a heat exchanger (Mukherjee, 1998)

Moreover, based on the type of the heat exchanger, the following components are used in the

system as well:

Tie-rods and spacers

Channel cover

Pass partition plates

Nozzles

Impingement plate

Longitudinal baffle

Connections

Sealing strips

Supports

Foundation

Overall length

Bolt holes

Aforementioned equipment, should be taken into account for implementation of the seawater

source heat pump system in Onundarfjordur.
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Types of material

One of the crucial factors in the manufacturing, operation, and maintenance of the heat

exchangers is the selection of materials. The materials used must reach the relevant standards,

codes, and ordinances that are in place. To identify appropriate materials and alloys for the

manufacturing of the heat exchanger, the following criteria should be assessed (EZGi, 2014 ;
Farhami & Bozorgian, 2011):

Environmental condition and location of the device in the field
Availability of the material

Initial cost of the material

Political considerations

Previous experiences with materials in similar situations
Maintenance and failure cost

Water quality, such as purity, pH level, etc.

Careful consideration of the aforementioned criteria prior to the installation of a seawater source

heat pump will reduce the risks of corrosion, fouling, fatigue, erosion, and microbiological

influenced corrosion (MIC).
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4 Description of the area of study

Flateyri is a small town with a geographical positon of N66° 3' 0.976" and W23° 30' 46.205".
As shown in Figure 16, the town is located in the Westfjords region in the northwest corner of
Iceland. The town is 482 km by road from Reykjavik, the capital of Iceland.

Figure 16. The red dot mark is the location of Flateyri (Kortasja, 2016)

The town is surrounded by steep mountains. Flateyri (Figure 17) is the largest settlement on the
coast of Onundarfjordur.
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Figure 17. Flateyri (MATS, 2016)

The town also has a history of whaling, shark-hunting, and fishing activities. In 2015, the
population of Flateyri was 206.

There is an active port in Flateyri. The area of the port is around 32,600 m?. The port is protected
with a rubble-mound breakwater and seawall. Although the port has multiple purposes, but the
main activities are related to fishing. The port has loading and unloading facilities, two landing
cranes, a floating deck, a concrete pier, and an 80 m long wharf purposed for cruise ship landings
and cargo. In Onundarfjordur, there are 47 vessels registered with Flateyri as their home port.
The largest boat with the Flateyri as its home port is 35.98 m with gross tonnage of 275.37 ton

(The Directorate of Fisheries, no date). Bigger vessels such as cruise ships also operate in the
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fjord occasionally. In Onundarfjérdur, the safe distance for navigation is around 150-200 m from

the shoreline (G. Kristjansson, personal communication, April 7, 2016).

Observation data from the weather station located in Flateyri, indicate that the area of
Onundarfjordur is well protected against the wind. Figure 18 and Figure 19 show time series of
meteorological data from the station for one year of measurements, from April 1, 2015 to April
1, 2016, which are contemporaneous with the present research. The meteorological raw data are

available in the Icelandic Meteorological Office (IMO).
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Figure 18. Monthly recorded relative humidity at the Flateyri weather station
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Figure 19. Monthly wind data and air temperature at the Flateyri weather station

As shown in the last two figures, the air temperature falls to below zero on the Celsius scale in
the winter time. Also, with increase of the air temperature, the relative humidity decreased in
the area. A descriptive presentation of wind, such as wind speed and wind direction over the
area, is plotted in Figure 20 as a wind rose diagram.

Wind Rose
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Figure 20. Wind rose plot of Flateyri from April 1, 2015 to April 1, 2016
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As depicted in Figure 20, the distribution of the rose wind shows that the east and southeast are
as the prominent sectors of wind. Also, the maximum and average wind speed are 24.4 m/s and

4.84 m/s respectively.

In Flateyri, the major sources of energy are provided via electricity and oil. For space heating
and the supply of hot water, district heating has been used in the town. The utilization of district
heating is known as an efficient way to distribute heat. In a district heating system, water is
heated and then distributed throughout network piping. District heating is an economical system
to service residential as well as industrial sectors (Baker & Schaefermeyer, 2013). Figure 21
depicts a screenshot of the district heating system in Flateyri, which is monitored by the regional

power utility, Orkubu Vestfjaroa.

Figure 21. Schematic diagram of the district heating system for Flateyri (Orkubu Vestfjarda,
2016)

As shown in the figure, hot water is distributed throughout the closed, insulated piping system
at 75.5 °C and re-circulated back to the district heating at 42.7 °C. In the system, hot water is
supplied via an electrical boiler. However, an oil boiler is also added to the system in necessary
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conditions as an auxiliary boiler. In Flateyri, both electricity and oil are used to supply hot water
and space heating for private users, industries, and the public sector, in addition to other user as

categorized in Table 2.

Table 2. Total consumption of electricity for space heating and hot water in Flateyri in 2015
(Orkubu Vestfjarda, 2016)

Consumption of electricity | (kWh) | Consumption of electricity to | (kWh)
supply hot water
Private users 85716 Private users 2470285
Industries 130761 | Industries and swimming pool | 1880997
Public sector and other users | 727567 Other users 499059
Total 963574 Total 4522590
Total 5486164

Moreover, Table 3 describes the monthly amount of electricity consumption and oil usage in

order to provide electricity for the town in 2015.
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Table 3. Monthly amount of oil and electricity demands in Flateyri in 2015 (Orkubu
Vestfjarda, 2016)

Month Oil (liter) | Electricity from oil (kwh) | Electricity (kWh)
January 437 3,715 592,364
February 2,616 22,236 527,535
March 1,262 10,727 551,368
April 760 6,460 521,810
May 1,009 8,577 449,119
June 204 1,734 352,266
July 313 2,661 344,914
August 160 1,360 355,088
September 6,053 51,451 327,605
October 458 3,893 497,516
Novemver 93 791 550,944
December 13,075 111,138 469,179
Total 26,440 224,740 5,539,708

Table 3 shows that oil supplies around 4% of the energy consumed in Flateyri. The reasons for
the small discrepancy between the total amount of electricity consumption presented in Table 2
and that presented in Table 3 are the energy loss that occurs during the distribution of energy
throughout the network piping, as well as interconnection and any possible leakage (S.

Solbergsson, personal communication, April 22, 2016).
Figure 22 shows the air temperatures in Flateyri in 2015. As shown in the figure, the area

experiences an ambient air temperature below zero on the Celsius scale in eight months of the

year.
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Figure 22. Monthly air temperature in Flateyri

The maximum, average, and minimum recorded air temperatures in 2015 were 18.1°C, 3.9°C
and -9.1°C, respectively.
As depicted in Figure 23, the maximums consumption of electricity in the town occur in the

early months and last months of the year, when air temperatures are generally below zero.
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Figure 23. Monthly amount of energy demands in Flateyri in 2015 (Orkub( Vestfjarda, 2016)

As can be seen, the heating demand in the town is directly related to the weather conditions.
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5 Methodology

5.1 Tools and equipment used for field measurements

In this research, the in-situ seawater temperature is measured by two different types of
instruments. The instruments were moored in Onundarfjordur. The moorings were deployed
accurately via Global Positioning System (GPS). The period of measurement was one year,
beginning April 1, 2015 and ending April 1, 2016. Table 4 provides basic information for the

four locations, hereafter called A, B, C, and D.
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Table 4. Location of and mooring information for the instruments

e At depth of 8 m

Location Position Bottom | Type of
Latitude Longitude Depth depth | Instrument
A 66° 2.718'N | 23° 29.803'W | ¢ Measurement at 7 |15.5m |SM4
depths from 1-10 m
e The interval in
between sensors is
15m
B 66° 2.670'N | 23° 30.370'W | e Measurement at 1 |16.2m | Starmon
depth mini
15 m above the
bottom
C 66° 2.879'N | 23° 31.389'W | e Measurement at 1 |17.6m | Starmon
depth mini
15 m above the
bottom
D 66° 2.517'N | 23° 34.137'W | e Measurement at 1 |21.5m | Starmon
depth mini

The locations of the instruments are pictured in Figure 24.
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Figure 24. Location of instruments in Onundarfjérdur

Figure 25 illustrates the 2D bathymetry of the fjord in order to discern the locations of the

instruments for measuring seawater temperatures.

23 44'W 23°41'wW 23*38'W 23* 38'W 23°32'W 23° 20'WwW
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Figure 25. Plotted 2D bathymetry of Onundarfjérdur, Using Surfer13
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As can be seen from Table 4, location D is located in the deepest area relative to the other
locations.

At location A, the instrument was attached to an aquaculture pen, as shown in Figure 26.
Location A is the innermost place in the fjord in this research.

Figure 26. Attaching the instrument to the aquaculture pen at location A

At location B, the instrument was anchored to the bottom and attached to a rope located 1.5 m
above the bottom. The instrument was chained to a concrete block on a rubble-mound seawall

as shown in Figure 27. Location B is in front of the tip of the Flateyri peninsula and near to the
port.
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Figure 27. Chaining the instrument to the block at location B

At location C, the instrument was anchored to the bottom and attached to a rope 1.5 m above
the bottom of the fjord. The instrument was marked with floatation buoy on the surface of the
water, as shown in Figure 28. This location is at the northwest of Flateyri, along the north shore
of Onundarfjordur.

Figure 28. Floating buoy at location C

At location D, an instrument was attached to an aquaculture pen at a depth of -8 m. Location D
is off the southern shoreline of Onundarfjordur, near the mouth of the fjord and furthest from

56



Flateyri. This location was more subject to open ocean in comparison to the other tested

locations in the fjord.

5.1.1 Seawater Temperature Recorder-Starmon mini

The seawater temperature was measured via Starmon mini at locations B, C, and D. Starmon
mini instruments are reliable and accurate in recording seawater temperature. The instruments
were covered by plastic or titanium waterproof cylinders (Figure 29) and manufactured by
STAR-ODDI Ltd. in Iceland (Star ODDI Company, no date).

Figure 29. Starmon mini, underwater temperature recorder (Star ODDI Company, no date)

In order to protect the instruments in rough environmental and high pressure conditions, a non-
corrosive, stainless steel protective housing (Figure 30) was used. The housing also helps for
the better attachment of the recorder to the moorings facilities (Star ODDI Company, no date).

57



Figure 30. Stainless steel protective housing (Star ODDI Company, no date)

For transferring the recorded data to a PC computer, a communication cable was used. The

technical specifications of the instrument are detailed in Appendix A.

5.1.2 Seawater temperature recorder- SM4
Another instrument that was used for measuring seawater temperature at location A, is

developed by POLS Engineering Company in Iceland. The instrument, hereafter called SM4,
has a series of DS18B20 thermometers (Ingélfsson, Grimsdottir & Jonsson, no date). The
DS18B20 has a central microprocessor and required power can be directly derived from the
same data line. One microprocessor controls many installed DS18B20s in different places.
Technical features of the thermometer are detailed in Appendix B. In the SM4, thermistors are
fixed throughout the cable at specific interval. The instrument consisted of eight thermometers,
and the first one was placed at +1 m above the surface water. The following one was at a depth
of -1 m and the rest were placed at 1.5 m interval through the cable. As depicted in Figure 31,

one thermometer was deployed in every small circle.
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Figure 31. SM4 in laboratory

During measurement, the recorded data transferred continuously by a wireless Global System
for Mobile Communications (GSM) telephone connection to a central computer. The real-time

output are displayed as a seawater temperature profile on the website * as depicted in Figure 32.
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Figure 32. Graphed water temperature profile measured by the SM4 on November 16, 2015

! http://data.snowsense.is/snwebh2o/sngraph.php?1D=214
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Since 2006, the SM4 has been mostly used for ice, snow, and avalanche applications, as well as
weather forecasting in Iceland (Jonsson, Grimsdottir, Breien, Kristensen & Zeinali, 2014).
However, there is a history of seawater temperature measurements via the instruments placed in
isafjordur bay, Skutulsfjordur, and Dyrafjérdur. In order to reassure the accuracy of the
instrument, both the Starmon mini and the SM4 were placed at the same depth in location A
from April 1, 2015, to June 15, 2015. The comparison between the instruments indicated that
SM4 recorded less data than Starmon mini (by about 2%) during the period of measurement.
Missing data were considered as null data in order to complete the comparison. As illustrated in
Figure 33, unanimous trends in peaks and falls confirmed the reliability of the SM4 for the
purposes of this research. Figure 34 shows the good qualitative correlation between data, with

consistency between the two instruments.
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Figure 33. Comparison of the trend in data collected by the SM4 and the Starmon mini
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Figure 34. Correlation between the data collected by the SM4 and the Starmon mini

The results of the comparisons reveal that the SM4 is a reliable instrument that is able to measure
seawater temperature with acceptable accuracy for the present research. Additional instruments
and tools used in field measurements, such as rope, floating buoys, chains, and anchors, are

pictured in Figure 35.

Figure 35. Additional instruments and tools for field measurements
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5.2 Tools and software for numerical simulation

The major aim of the modeling is to arrive at a plausible overview of the oceanographic
conditions in Onundarfjordur. In this research, two-dimensional (2D) and three-dimensional
(3D) features of the seabed in Onundarfjordur were plotted with the software Surferl3,
developed by the American company Golden Software. Surferl3 offers 2D and 3D high
resolution modeling, including contour mapping, modeling bathymetry, gridding, and analyzing
surfaces. The features of the model can also be customized by a modeler. Basically, the initial
data for the Surferl3 are X, Y, and Z data, which represent latitude, longitude, and altitude or
depth, respectively (Golden Software Company, no date). The raw bathymetry data were
obtained from the hydrographic department of the Icelandic Coast Guard.

The oceanographic parameters of Onundarfjérdur were simulated via the commercial software
MIKE21 and MIKE3 Flow Model, developed by the Danish Hydraulic Institute (DHI). These
two types of modules are versatile tool for 2D and 3D simulation based on flexible mesh (DHI,
2016). The software used had several advantages in comparison to other software, such as the
ability to represent actual conditions of interest parameters in the area and the flexibility of mesh
for modeling, which aided in the achievement of accurate results. The main numerical solutions
for the modeling system included incompressible Reynolds averaged Navier-Stokes equations,
Boussinesq, and hydrostatic pressure. Furthermore, the model included continuity equations,
momentum equations, temperature equations, salinity equations, and density equations. In these
modules, the simulations of water level variations and flows were based on a variety of forcing

functions (DHI, 2016). Moreover, the following factors were considered in the simulations:

e Bed resistance

e Eddy viscosity

e Tidal potential

e Wind shear stress
e Coriolis force

e Momentum dispersion
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e Flooding and drying

5.2.1 3D governing equations in Cartesian coordinates
In the shallow water conditions, the principle equation was the incompressible Reynolds

averaged Navier-Stokes with respect to Boussinesq and hydrostatic pressure.

The local continuity equation is presented as:

ou v ow [7]

And the two horizontal momentum equations for X and Y components are:

ou N ou? N owu N owu
at  0x dy 0z

_ a_"_iaﬁ__ "ap L(asﬂ aSXY) ( a_”)
fv—g5; o f 7 ox + =)+ B+ (v, ) +usS [8]
ov  ov:  duv . owv
wt oy T T =
fu—_gm _19pa_ g Mp 4 1 (% OSW) ( )
fu 93y " ooy Pof — =+ 22+ F 4 (v ) + S [9]

Where t is the time; X, y and z are the Cartesian coordinate; 7 is the surface elevation; d is the
still water depth; h = n + d is the total water depth; u, v and w are the velocity components in
the x, y and z direction; f = 20sing is the Coriolis parameter (Q is the angular rate of
revolution and ¢ the geographic latitude); g is the gravitational acceleration; p is the water
density; Sxx, Sxy, Syx and Syy are components of the radiation stress tensor; v: is the vertical
turbulent or eddy viscosity, Pa is the atmospheric pressure; po is the reference density of water.
S is the magnitude of the discharge due to point sources, and (us, vs) is the velocity by which
the water is discharged into the ambient water (DHI, 2016).

The surface and bottom boundary condition for u, v and w are:

Atz =77:
ou 9
+ u + v =0, (a_Z'aZ) = (Tsx,’l.'sy) [10]
Atz = —d:
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(Tsx, Tsy) and (Tvx, Thy) are as the x and y components of the surface wind and bottom stresses.
From the kinematic boundary condition at the surface, the water depth, h, is achievable, while
the velocity is considered with momentum and continuity equations (DHI, 2016). The vertical

integration of the local continuity equation is:
Mo O _hs+P—F [12]

where P and E represent precipitation and evaporation and % and ¥ are the depth averaged

velocities:

hi = [" udz,ho = [ vdz [13]

Moreover, the fluid is considered to be incompressible. The density, p, depends on temperature,
T, and salinity, s, as follows:

p=p(T,s) [14]
Transport equation for salt and temperature

Regarding the transport diffusion equation, the transport of temperature and salinity can be

defined as follows:

oT ouT ovT owT d oT PN

Sttt e =t (D) + A TS 1]
as ous ovs ows d as

ittt =By (D) +ss o]

Where Dy is the vertical turbulent diffusion coefficient. H represents the source which is
exchanging heat with the atmosphere. Ts and Ss are the temperature of the source and the salinity

of the source, respectively. F is the horizontal diffusion, which is described as follows:

(Fr.F) = |52 (Dngz) + 55 (Dng) | (T9) [17]
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Dn is the horizontal diffusion coefficient related to the eddy viscosity as shown below:

D,=42 p,=2 [18]

or or
Where o7 is the Prandtl number.

Transport equation for a scalar quantity

The conservation equation of scalar quantity is defined as follows:

ac
Z) — kyC +CsS [19]

ac | duc | 9vC n owcC
at ox dy 0z

a
=F. +5.(D,
Where C represents the concentration of the scalar quantity, kp is the linear decay rate, Cs is the
concentration of the scalar quantity at the source, Dy is the coefficient of vertical diffusion and
Fc is horizontal diffusion, which is:

Ro= [ (ong) + 5 (o)l [20]

Where Dn is the coefficient of horizontal diffusion (DHI, 2016).

5.2.2 2D governing equations in Cartesian coordinates
Two-dimensional shallow water equations are achievable with respect to integration of the

horizontal momentum equations and the continuity equation over depth h = n + d as follows:
dh | dhu , Ohv

T Ty oS [21]
i | NG | UL i gh O e G100 o (35 Oy)

at + ox + oy _fvh ghax pPo Ox 2po 6x+ Po Po Po \ 0x + oy +

o d

o (hTo) + %> (hTyy) + hugS [22]
i | N N — 0D TS0 | Ty Ty L (% Oy

at ax T ay fuh ghay Po @y 2000y  po Po  Po\ Ox + ay +

d d

- (hTy) + > (hT,,) + hvsS [23]
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The overbar is the depth average value. u and v are the depth-averaged velocities which are

obtain from:

hi=[" udz, ho = [" vdz [24]

The lateral stresses T;; comprise viscous friction, turbulent friction, and differential advection.

According to the depth average velocity gradients and the eddy viscosity formulation, lateral

stresses are (DHI, 2016):

u

Tox = 2A5%

Ju  dv ov
Tey = A (5 +57) Ty = 245 [25]

Transport equations for salt and temperature

Integrating the transport equations for salt and temperature over depth, the two-dimensional

transport equations are derived as shown below:
OhT | ohuT , AhwT

Se tor + 5 = hFy + hH + hT,S [26]

0hs ohus ohvs
at ax ay

= hE, + hS,S [27]

Where T and 5 is the depth average of temperature and salinity, respectively (DHI, 2016).

Transport equations for a scalar quantity

The two-dimensional transport equations in depth average for a scalar quantity are:
6LC ohuc ohvC
at dx dy

= hF, — hk,C + hC,S [28]

Where C is the depth average scalar quantity.

5.2.3 Time integration
In terms of the general form of equation as Z—Lt’ = G(U) in 2D simulation, for the time integration

there are lower and higher order methods, such as Euler and Runge Kutta, respectively.
In the Euler method:
Un+1 = Un + AtG(Un) [29]
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In the Runge Kutta method:
1
Un% = Un + 5 AtG(Un) [30]

Upsr = Uy, + AG (Un+3) [31]

2

Where At is the time step interval.

5.2.4 Courant-Friedrich-Levy (CFL) number
In Cartesian coordinates, the CFL for the shallow water equation is described as:

CFLup = (Jgh + [ul) 5=+ (Vgh + v]) [32]

Where h is the total water depth; u is x direction and v is y direction velocity components; g is
the gravitational acceleration; AX and Ay are length scale; At is time step interval,

Furthermore, in Cartesian coordinates the CFL number for the transport equations is (DHI,
2016):

At At
CFLap = lul 1=+ v 5= [33]

5.2.5 The creation of digitized bathymetry
Creating the computational domain and the boundary were the initial tasks for the modeling.

The creation of the mesh file was one of the crucial steps in the modeling process, which requires
a variety of considerations and modifications. In order to generate mesh with minimum error, a
nested approach was considered (DHI, 2016). The resolution was around 200 m. The total
number of elements used in the mesh was 4249, with 2298 nodes. The CFL number used was
0.8. AUTM projection system and zone 27 were specified for the model. The mouth of the fjord
and the coastline were defined as the model’s domain boundaries. Figure 36 shows the generated
mesh with scattered bathymetric values of the fjord. The generated mesh improved through

smoothing, refining, and analyzing.
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Figure 36. Scattered bathymetry data with mesh file

Figure 37 depicts a comprehensive bathymetry of the fjord, created from interpolated scatter
data and generated mesh.

Figure 37. Plotted bathymetry of the fjord
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5.2.6 Input parameters
Before setting up the model, it was essential to create the input parameters. To this end,

preprocessing of raw meteorological and oceanographic data was performed for the modeling.
Meteorological data from an automatic weather station in Flateyri were inputted into the model.
The information about the weather station in Flateyri is presented in Appendix C. The station is

located next to the port of Flateyri, as marked with a red dot in Figure 38.

wivri 3

Figure 38. Location of the weather station in Flateyri (www.map.is)

For the model, all the recorded meteorological data by the station included air temperature,
relative humidity, wind speed, and wind direction were defined uniform over the domain.

Furthermore, the nearest station of measuring sea level to Onundarfjordur is located in
isafjéraur, a town near to Flateyri. However, the data have not been recorded consistently at the
station. So, in this research predicted tidal data based on global tidal analysis were used for the
modeling. The data were defined as the boundary conditions to the model. A comparison of data
collected at the station in Isafjordur with predicted tidal data demonstrates that both data have
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acceptable conformity. Figure 39 shows the predicted tidal elevation for the years 2015 and
2016.

Predicted tidal elevation [m]

1.0

2015 2016

Figure 39. Predicted tide used for the model

The tidal diagram reveals that tidal characteristic of the area were mixed with predominantly
semi-diurnal types. With MIKE zero the raw data were processed and put in an acceptable

format for the modeling as the input of the model.

Currents played a significant role in the research. In 2013, Nattarustofa Vestfjarda sporadically
measured currents during the periods from July 10 to August 4, September 20 to October 10,
and November 28 to December 20. The current meter was located at the position of 66°03.050
and -23°36.000" at a depth of 10 m, as shown in Figure 40 (borisson, 2013).
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Figure 40. Location of the current meter in Onundarfjérdur

The aforementioned current data were used in the calibration of the model. In this regard, the
current model in this research was based on the current pattern in Onundarfjérdur measured in

2013. Figure 41 shows the current data, including velocity and direction, after despiking of
invalid raw data.
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Figure 41. Measured current data in Onundarfjérdur
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Generally, the calibration of a model is carried out in order to modify the outputs of the model
with available measured data (Goyal & Rathod, 2011). The calibration of the model provides
accurate simulation of the interest parameters. Accordingly, in this research the model was
calibrated using the comprehensive data sets of one year of field measurements plus the
available data. The main parameters for the calibration of the current are bed resistance using
Manning’s number and eddy viscosity using the Smagorinsky formula. Furthermore, for the
calibration of the seawater temperature, vertical and horizontal distribution with dispersion

coefficient formulation were performed.
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6 Results

6.1 Field measurements

In this chapter, measured data will be discussed based on statistical and graphical analysis. Also,
the monthly variations of seawater temperature from the surface to the bottom of Onundarfjordur
will be investigated. This thesis marks the first time that a continuous seawater temperature has

been measured simultaneously at four locations in the fjord.

At location A (see Figure 24), data were recorded at two different intervals, including every 10
minutes and every 60 minutes. The monthly time series of seawater temperatures for one year

is illustrated in Figure 42.
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Figure 42. Monthly seawater temperatures at location A
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Some gaps in the dataset are explained by battery failure and other technical problems that
occurred during the online transfer of data from the instrument to the server. Moreover, the
instrument broke down because of harsh weather and sea conditions from early December.
However, the instrument was redeployed at the same location in late January. The damaged
instrument is shown in Figure 43.

Figure 43. Damaged SM4 instrument

As depicted in the Figure 42, 12.0 °C and -0.4 °C were recorded as the maximum and the
minimum seawater temperatures at the depth of -1 m in late July and in February, respectively.
Table 5 gives an overview of the data recorded at the individual sensors at location A.
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Table 5. Statistical information at location A

Depth (m) | Minimum (°C) | Maximum (°C) | Mean (°C)
-1 -0.4 12.0 4.3
-2.5 -0.2 11.0 41
-4 0.0 11.0 4.1
-5.5 0.0 10.2 4.0
-7 0.0 10.1 4.1
-8.5 0.2 10.0 4.2
-10 0.6 9.5 4.0

As illustrated in Figure 42, the water temperatures recorded at the four upper sensors had more
fluctuation during the measurements. The sensor at a depth of -1 m recorded the maximum
number of fluctuations, likely because surface layers are more influenced by ambient air and are
less dense in comparison to isolated, denser water at the bottom. However, tidal mixing and
wind reduces stratification and the high variation of seawater temperatures between the layers.
The standard deviation during June to July was the largest at this location. Higher temperatures
were observed several times during the measurements at the two upper sensors. However, soon
after, the temperatures decreased again. As can be seen from Figure 42 during the first half of
measurements, from April to the middle of September, four upper sensors recorded higher water
temperatures. This trend changed during the second half of the measurements, during which the
sensors recorded lower seawater temperatures. At all depths, the minimum temperatures were
recorded in February and the maximum temperatures occurred in July. Since September, when
the ambient air temperature began decreasing, the temperature of the surface layer fell more in
comparison to other layers. In June, three maximums were observed. The maximums were
particularly seen in the surface layers, including at depths of -1 m, -2.5 m, and -4 m. In the
following month, the maximums were observed again with lower ranges, as shown in Figure
44,
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Figure 44. Seawater temperatures at location A in June and July

As illustrated in Figure 44, the water temperatures at the depth of -1 m dropped drastically, by
around 4.5°C, at the end of June. In this month, the standard deviation of recorded data at the
depth of -1 m was 0.4 °C. Going forward to August, a distinct peak in temperature at the upper
layer was observed. At the end of the month, the seawater temperature suddenly fell, mostly in
the deeper layers, as depicted in Figure 45.
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Figure 45. Seawater temperatures at location A from late August to early September
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As elucidated in Figure 45, while seawater temperatures at upper layers remained approximately
constant, at the depper layers, the temperatures changed suddenly. This episode was observed
for data recorded by the lowest sensor, which registered a drop in temperature of more than 1.5
°C. This anomaly is in accordance with data recorded at other locations, where the instruments
were placed at the bottom of the fjord. The reason may be explained by a cold front current
which flows at the lower layers during this short period of time. This pattern was observed by

simulation of the current at the lower layers as well (Figure 70).

Then, the water temperature started rising with a smooth slope until mid-September.
Thenceforth, the temperature started falling until the end of period of measurement. However,
the seawater temperature at the upper layers dropped several times in October and November.
Figure 46 delineates the maximum, average, and minimum seawater temperatures recorded by

all seven sensors every month.
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Figure 46. Monthly maximum, average, and minimum seawater temperatures for seven
sensors at location A

The monthly time series of seawater temperatures at location B (see Figure 24) from April 1,
2015, to April 1, 2016 is depicted in Figure 47. In this location, the recording interval was every

10 minutes.
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Figure 47. Monthly seawater temperatures at location B

As can be seen from the figure, maximum temperature in the seasonal cycle was 9.21 °C,
recorded in September, and the minimum temperature was 0.74 °C, recorded in February. For
the whole period of measurement, the average temperature was 5.64 °C with a standard
deviation of 2.50 °C. At the beginning of the measurement period, a relative minimum seawater
temperature was observed in mid-April. At the end of this month and in early May, the
temperature suddenly increased by more than 1.50 °C. After that, the temperature fell to 3.0 °C
by mid-May. Then, the seawater temperature started rising from 3.00 °C to 8.00 °C during the
following two months, until mid-July. At the end of July the water temperature decreased by
less than 0.50 °C. Although the temperature increased in August, at the end of the month the
seawater temperature dropped by more than 2.00 °C, a drastic shift. In this month, the standard
deviation was 0.50 °C. In September, the temperature began to rise with a steep slope until the
middle of the month when the maximum temperature was recorded. Afterward, the temperature
had a diminishing pattern, with variable temperature until March. At the end of the period, the
seawater temperature remained near constant, at around 2.00 °C. Figure 48 illustrates monthly

maximum, average, and minimum seawater temperatures.
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Figure 48. Monthly maximum, average, and minimum seawater temperatures at location B

As shown in the figure, at this location there was no major difference between maximums and

minimums of seawater temperature during the year. The monthly maximum and minimum

discrepancy of digrams were in February and January respectively.

The monthly time series of seawater temperature at location C (See Figure 24) from April 1,

2015, to April 1, 2016 is shown in Figure 49. In this location, the recording interval was 10

minutes.
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Figure 49. Monthly seawater temperatures at location C

As shown in the figure, the maximum seawater temperature was 9.26 °C, recorded in September,
and the minimum temperature was 0.74 °C, recorded in March. For the whole period of
measurement, the mean temperature was 6.06 °C and the standard deviation was 2.39 °C. At
this location, the seawater temperature significantly increased, with more than 1.50 °C at the
end of April and early May. After that, the temperature decreased by around 0.50 °C, nearly
constant to the 3.00 °C recorded by mid-May. Then, the temperature continuously started rising
with a steep slope, reaching 6.50 °C in June. However, at the end of this month the seawater
temperature dropped by around 1.00 °C. Although there was an increasing trend in July, from
the latter half, variations in the seawater temperature appeared. There was one anomalous
episode in August and in the second half of the month, the seawater temperature fell drastically,
by around 2.00 °C within one day. However, after that, temperatures increased again. In mid-
September, the temperature increased to a distinct peak of 9.26 °C. In this month, the standard
deviation was 0.45 °C. Thenceforth, the seawater temperatures started falling until the end of
period. In November, the temperature dropped suddenly more than 1.50 °C. In February the
temperature increased again, and a few days later the temperature fell to about 1.00 °C. Figure

50 shows the maximum, average, and minimum seawater temperature recorded each month.
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Figure 50. Monthly maximum, average, and minimum seawater temperatures at location C

As can be seen from the figure, the trend of maximums and minimums at location C were almost

the same as at location B during the year. The monthly maximum and minimum discrepancy of

digrams were in February and May respectively.

The monthly time series of seawater temperature at location D (see Figure 24) from April 1,

2015, to April 1, 2016 is illustrated in Figure 51. In this location, the recording interval was 60

minutes.
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Figure 51. Monthly seawater temperatures at location D

As shown in the graph, the highest temperature of 9.36 °C occurred in September, while the
minimum temperature was 0.36 °C in February. For the whole period of measurement, the mean
temperature and the standard deviation were 6.16 °C and 2.50 °C, respectively. In early April,
the seawater temperature remained nearly constant, but then it increased with a steep slope to
3.60 °C at the end of month. Although the temperature decreased again by mid-May around 3.00
°C, it increased significantly with a steep slope to 8.50 °C in early July. The increasing
temperature of the water in July coincided with distinct variation in temperature, with a standard
deviation of 0.42 °C from the latter half of the month. In August, the temperature remained
mostly in the range 8.50-9.00 °C, but in the second half of month the temperature dropped
drastically by more than 1.50 °C within one day. Right after that, at the beginning of September,
the temperature increased again. Around mid-September, the temperature increased to the
maximum of 9.36 °C. Then, the seawater temperature started falling with a steep slope until the
end of the period of measurement, in particular in November. Figure 52 shows monthly

maximum, average, and minimum temperatues of seawater at location D.
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Figure 52. Monthly recorded maximum, average, and minimum seawater temperatures in
location D

The figure reveals that at this location, the discrepancy between the maximum and minimum
was lesser than at other locations, and the seawater had a lower range of temperatures. The
monthly maximum and minimum discrepancy of digrams were in August and September,
respectively. At this location, the yearly variability was the smallest, with an amplitude of 7.97
°C.

6.2 Bottom features of Onundarfjérdur

The seabed, as well as the seawater temperature and current velocity, plays an important role in
the implementation of seawater source heat pumps system. Features of the seabed were
significant factors in the cost analysis of the utilization of the system. In order to plot the
bathymetry of Onundarfjordur, the X, Y, and Z data were defined to be acceptable for the
software. Using Surfer13, the 2D bathymetry of Onundarfjordur was plotted (Figure 25). 2D
bathymetry allows users to discern possible locations for the implementation of a heat exchanger
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in the fjord. Through 3D simulation, the bottom features of Onundarfjordur were carefully
scrutinized, and the 3D bathymetry of Onundarfjérdur was plotted, as shown from two opposite

angles in Figure 53 and Figure 54.

Figure 53. 3D bathymetry of Onundarfjordur, view to the North Atlantic Ocean

Figure 54. 3D bathymetry of Onundarfjordur, view from the North Atlantic Ocean
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As depicted in the last two figures, the northern shore of Onundarfjordur is steeper than the
fjord’s southern shoreline. The bottom of Onundarfjordur has a smooth slope, and the deepest
part is located at the mouth of the fjord with the maximum depth around 36 m.

Figure 53 and Figure 54 delineate that around the port of Flateyri and beside the town, the fjord

has the shallowest area.

6.3 Simulation of oceanographic parameters

Oceanographic parameters play noteworthy roles in the present research. Through the art of
numerical modeling, better insight of the unknown oceanographic patterns can be acquired. The
means of numerical modeling estimates the prevailing conditions of the parameters of interest
in the area of study. In this research, the aim of the modeling was to provide accurate linkages
between the locations of measurement as well as to assess the parameters of interest in

Onundarfjéréur.

6.3.1 2-Dimensional simulation of currents
In this research, the simulations of currents in Onundarfjérdur were based on data from 2013.

The simulated currents represent acceptable contingency with the measured data. However, the
outputs of the model indicate that the currents measured have higher velocity in comparison to
the simulation results. The results show that a strong vortex usually flows at the mouth of the
fjord, as illustrated in Figure 55. Over this area, the maximum current velocity is around 1.6

m/s.
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Figure 55. Vortex pattern at the mouth of Onundarfjordur

However, it should be noticed that the creation of the vortex in the mouth of the fjord is
influenced by the unstable conditions of the model’s boundary. One year of hydrodynamic
simulations indicate that during floods and ebb, a higher velocity was observed throughout the
area. During flood, the center of the fjord was influenced by a higher velocity, while the shores

along the fjord are mostly ebb-dominated, as shown in Figure 56.
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Figure 56. Strong ebb along shorelines

Current speed [m/s]

I Above 0.44

I 0.40-
[ 0.36-
] 032-
] o02s8-
] o024-
[ o20-
= o0.16-
B o012-
B o008-
B 004-
Il 0.00-
I 0.04-
I -0.08-
Bl 012-

0.44
0.40
038
0232
028
024
020
0.16
012
0.08
0.04
0.00

-0.04
-0.08

Il Below -0.12
[ Undefined Value

As shown in the figure, during the ebb, the high longshore velocity component flows towards

the mouth of the fjord. The results indicate that the magnitude of flood and ebb are not similar

throughout the fjord. The simulated depth average current demonstrated that during ebb, the

southern shoreline experiences higher velocity in comparison to the northern shoreline. The

result shows that the maximum current along the southern and northern shoreline in the fjord is

around 0.72 m/s and 0.46 m/s, respectively. Results indicate that the northern longshore of the

fjord rarely experiences flood, while strong flood occasionally is observed along the southern

shoreline (Figure 57).
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Figure 57. Strong flood and ebb along the southern and the northern shoreline, respectively

The simulation showed that, in general, the currents innermost of the fjord and in front of the
port were smaller than at the center and near the mouth of the fjord. Furthermore, several rings
were constantly formed in the fjord during the one year simulation. In general, both clockwise

and anticlockwise rings at the middle of the fjord were observed, as depicted in Figure 58.
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Figure 58. Formation of rings in Onundarfjordur
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The main reasons for the formation of the rings in the fjord were prevailing wind patterns, the

flow of currents in opposite directions along the northern and southern shorelines, and bottom

features.

6.3.2 2-Dimensional simulation of seawater temperature

In this research, the simulation of seawater temperature is for the period of April 1, 2015, to

April 1, 2016, which was simultaneous to the seawater temperature measurements in

Onundarfjordur. As shown in Figure 59, the result of the simulation has acceptable correlations

at location A. The average simulated and measured seawater temperature at location A were
4.73°C and 4.17°C, respectively.
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Figure 59. 2D simulated and measured seawater temperature at location A

The discrepancies between the simulated result and the measured data might be explained by
the fact that the effects of ice coverage parameter in the model over the fjord was ignored. Also,
the deepest sensor was placed at location A at -10 m, which is not at the bottom of the fjord.
Moreover, it seems the instrument was not able to record the minimum temperatures during
several periods, in particular in May and June. These defects which were due to technical
problem of the instrument, were observed more often for the deeper sensors. The simulation
showed that the seawater temperature was not only affected by ambient air temperature, but it
was also strongly correlated with tidal currents throughout Onundarfjordur. The results of the
simulation demonstrate that there is no considerable difference in seawater temperature
throughout the fjord. However, in front of the port and along the northern shoreline of the fjord,
higher depth average seawater temperatures were observed. Results of the comparisons show
that the south and center of the fjord were dominated by colder seawater, especially in the second

half of the year. Figure 60 depicts the variety of seawater temperatures over the area.
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Figure 60. The variety of seawater temperatures in Onundarfjordur

6.3.3 3-Dimensional simulation of currents
In this research, information acquired from 2D simulations by MIKE21 were used to analyze

seawater temperatures and currents in 3D simulations by MIKE 3. For 3D simulations, vertical
parameters such as vertical mesh, vertical eddy viscosity, vertical dispersion, and 3D equations
were taken into account. The results of the one-year simulation show that there is not a uniform
pattern of currents from the surface to the bottom of Onundarfjérdur. This variety is more
distinct around obstacles, such as the head of the tip of the peninsula and beach cusps. The
simulations indicate that during flood, the current mostly flows over the bottom layers to the

fjord, as shown in Figure 61.
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Figure 61. Prevailing current patterns over the bottom layer during flood

As illustrated in the figure, during flood, the higher velocity current is appears mostly near the
mouth of the fjord, and the velocity decreases towards the inner side of the domain. However,
during ebb the current predominantly flows at the surface layers with a higher longshore velocity

component towards the mouth of the fjord, as delineated in Figure 62.
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Figure 62. Current pattern at the surface layer during ebb
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Also, wind-driven currents on the surface layer flows to the mouth of the fjord along with the

prevailing east and southeast winds. The results demonstrate that a strong vortex flows from the

surface layer to the bottom in front of the mouth of the fjord, as illustrated in Figure 63.
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Figure 63. Surface and bottom current velocities at the up and down pictures, respectively
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Figure 64 delineates the side view of the vortex. As shown in the figure, the formation of the

vortex takes place from the surface to the bottom of the fjord. The formation is mainly due to

the seabed features and the different directions of the currents in the area.
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Figure 64. Strong vortex in front of the mouth of Onundarfjérdur

Cross-shore currents and the formation of rings were constantly observed in the simulations. In
general, the current components were mainly influenced by the tide and wind throughout the

fjord. However, the effect of the wind was decreased at the deeper layers.

6.3.4 3-Dimensional simulation of seawater temperature
3D simulation of seawater temperature carried out from April 1, 2015 to April 1, 2016. The

results of simulation show that surface seawater temperature is directly influenced by ambient
air temperature. Generally, at the surface layers the maximum seawater temperature is observed
along northern shoreline of the fjord, particularly in front of the port during one year of
simulation. Also, over the bottom layers, the maximum seawater temperature is found along
northern shoreline. However, in the center and along southern shoreline of Onundarfjoréur
seawater occasionally experiences high temperature in one year. In order to deliberate seawater
temperature along the northern shoreline three areas will be investigated. The reasons of
delibration of seawater along the northern shoreline are higher temperature and the vicinity to
the town. In these areas, hereafter called T1, T2 and T3 (see Figure 65) seawater temperature is
considered at the surface and bottom layers.
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Figure 65. Selected areas along northern shoreline

The results of comparisons demonstrate that, from April to September there is no significant
difference of seawater temperature between the areas. However, from September to the end of

March bottom layers of area T1 and surface and bottom layers of T2 experience higher seawater
temperature as delineated in Figure 66.
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Figure 66. Comparisons of surface and bottom seawater temperature in the areas

Horizontal and vertical dispersion of seawater temperature throughout the fjord demonstrate
that, in general, lower layers have more steady temperature with less variability in compare to

the surface layers as depicted in Figure 67.
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Figure 67. Surface bottom seawater temperature at the left and right side respectively
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7 Discussion

7.1 Site selection based on the measurement results

Comparisons among the measurements over one year indicate almost uniform conformity, with
similar seawater temperatures among the locations in Onundarfjordur. The comparison of

recorded data among locations during the period of measurement is depicted in Figure 68.

Location A (-10m) [deg C] ——
Location B [degC] ——
Location C [deg C]

Location D [degC] ——
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2015 2015 2015 2015 2015 2015 2015 2015 2015 2016

ebruary March
2016 2016

Figure 68. Comparison of seawater temperature among locations A(-10m), B, C, & D

The general agreement among locations, with slight changes in trends and anomalies occurring
at all locations, indicate the coherent variation of seawater temperature throughout the fjord
during the year. As shown in the figure, at the bottom layers the seawater temperatures rarely
fall below 1 °C and never exceed 10 °C. The lowest monthly seawater temperatures recorded at
all locations occurred in February, while the highest monthly temperatures were observed in
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July and September. Figure 69 shows the drop in seawater temperatures at all locations in late

August.
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Figure 69. Seawater temperature falls at locations in Onundarfjordur in the late August

As can be seen from the figure, the drop in seawater temperatures started from location D.
Thereafter, the seawater temperature dropped at locations C, B, and finally A. The result of the
simulation reveals that flowing of a cold front current to the fjord is the main reason for the drop
in temperature at the locations. The cold front, as depicted in Figure 70, flowed to

Onundarfjordur from the south of the mouth of the fjord.
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Figure 70. The flow of cold front current to Onundarfjérdur

As illustrated in the last figure, the cold front flowed toward location D initially. Thereafter, the
front came to locations C, B, and A, respectively. Figure 71 presents a comparison of the

maximum, minimum, and average recorded seawater temperatures at the four locations.
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Figure 71. The maximum, average, and minimum seawater temperatures at the locations. At
location A, the data are for a depth of -10 m.
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As illustrated in the figure, location A had the highest maximum seawater temperature.
However, locations B and C experienced higher average seawater temperatures during the year
of measurement. In addition, the surface seawater temperature in Onundarfjérdur was directly

influenced by the ambient air temperature, as can be seen in Figure 72,
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Figure 72. Ambient air and surface water temperatures in Onundarfjordur

As depicted in the above figure, from October to May the ambient air temperature fell below

zero, and during this time the freezing of the surface water in Onundarfjérdur was occasionally
observed.

The following comparative diagrams show similarities between the two nearby locations.
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Figure 73. Comparison of seawater temperatures between locations A and B in
Onundarfjérour

The graphed time series (Figure 73) reveals the same trend, with no considerable discrepancy

between location A (at -10 m depth) and location B.
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Figure 74. Comparison of seawater temperatures between locations B and C in
Onundarfjorour
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As shown from the Figure 74, the seawater at these locations had nearly identical temperatures.

However, location C had a higher maximum seawater temperature during the measurement
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Figure 75. Comparison of seawater temperatures between locations C and D in
Onundarfjérour

As can be seen from the Figure 75, the seawater at location D had a higher temperature from
mid-May until late September. However, thereafter the seawater at location C mostly
experienced higher temperatures.

A comparison of seawater temperatures recorded at nearly the same depth in locations A and D

is shown in Figure 76.
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Figure 76. Comparison of seawater temperature between locations A and D in
Onundarfjorour

The comparison between the innermost location in the fjord and the furthest location to the town
(Figure 76) indicates that, in general, the latter location had lower seawater temperatures during
the year.

Overall, there was a minor difference in the monthly seawater temperature between the
locations. Analysis of the seawater temperature measurements over one year at four locations
indicates that locations B and C seawater have higher bottom seawater temperatures in
comparison to other locations, in particular during the wintertime. In this regard, the denouement
of the measurements suggests that the locations west side of Flateyri and around the tip of the

peninsula have higher potential with respect to installing heat exchanger in the fjord.
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7.2 Site selection based on the simulation results

The collected measured data provide the modeler with insight for evaluating the areas of interest.
Also, the outputs of the model serve as an informative source that aids in the investigation of
the main oceanographic parameters over the area. As already mentioned in the previous chapter,
the current predominantly flows with higher velocity along the shore of Onundarfjérdur. On the
other hand, the seawater along northern shorelines of the fjord generally yielded higher
temperatures. So, those areas have priority for the purposes of this research. Over the entire
research area, the results of the simulations indicate that there are four locations in which the
seawater has relatively higher temperatures throughout the year and in particular in wintertime.
These locations are hereafter called locations 1, 2, 3, and 4. Locations 1, 2, and 3 are found
along the northern shoreline, and location 4 is around the southern shoreline of the fjord.
Locations 1 and 4 are at the bottom layer, while locations 2 and 3 are found at depths of 4-6 m.

The locations are depicted in Figure 77.
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Figure 77. Selected locations with higher annual seawater temperatures in Onundarfjoréur
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Since locations 1, 2, and 3 are next to Flateyri, they are prioritized for considering the placement
of heat exchanger, and the results of the seawater temperatures and current velocities recorded
at these locations were compared together. A vertical profile of the simulation around the town
is found in Figure 78.
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Figure 78. Vertical profile for simulating seawater temperature and current velocity from IP1
to IP6

Analysis of the profile reveals that at depths of 10-12 m before IP2, 4-6 m around IP3, and 4-6
m over IP5, Onundarfjérdur mostly experienced higher temperatures during the year, as

illustrated in Figure 79 and Figure 80.
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Vertical profile from (3; ,7328588) to (387287,7327418)
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Figure 79. Vertical profile (see Figure 78) of simulated seawater temperatures in summertime
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Figure 80. Vertical profile (see Figure 78) of simulated seawater temperatures in wintertime

The bottom features of the locations are marked in Figure 81.

107



Location 2: depth4 _6m

Figure 81. The bottom features of locations 1, 2, and 3

Comparison of the seawater temperatures recorded in three locations indicate that seawater had

the highest temperature at location 1 in wintertime, as shown in Figure 82.

Location 1 [deg C]
Location 2 [deg C]
Location3[deg C] —
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Figure 82. Comparison of simulated seawater temperatures at locations 1, 2, and 3
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As depicted in the figure above, seawater at location 1 not only yielded the highest temperature

in wintertime, but it also had the highest minimum temperature over the simulation period.

Technically, within the acceptable range of temperatures, heat exchanger(s) has the main rule to
extracts heat from the heat source. However, in wintertime when the seawater temperature drops
to a few degrees above the freezing point, a heat pump should be utilized in order to transfer
required thermal energy from the seawater. Also, a higher current velocity is preferable for the
system as it provides a greater volume of seawater as a heat source. The simulation shows that
the northern shoreline was mostly dominated by longshore ebb currents flowing toward the
mouth of the fjord. The higher current velocities at the surface layers were mostly observed in
front of the port and at the tip of the Flateyri peninsula, as plotted in Figure 83.
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Figure 83. Ebb-dominated current pattern along the northern shoreline

The simulated current velocities throughout locations 1, 2, and 3 reveal that the highest
maximum and the highest average current velocity are at locations 2 and 3, respectively. Figure

84 shows the current velocities at locations 1, 2, and 3.
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Figure 84. Comparison of current velocities at locations 1, 2, and 3

As can be seen from the last figure, there is conformance among the current velocities at the
different locations. However, a distinct vertex was observed at location 2 and several maximums

were observed at location 3.

As mentioned before, around the southern shoreline, location 4 experienced warmer conditions
in comparison to other areas along the southern shore in Onundarfjordur. In this location, which
is highlighted in Figure 85, the seawater had a higher average temperature during the year,

particularly in wintertime.
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Figure 85. The bottom features of location 4

Figure 86 illustrates the vertical profile of the simulated seawater temperature along the southern

shoreline.
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Figure 86. Vertical profile of simulated seawater temperatures in wintertime along the
southern shoreline of Onundarfjordur
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As can be seen in the Figure 86, the higher seawater temperatures were mostly restricted at

location 4 during the wintertime. The monthly seawater temperature diagram at location 4 is

shown in Figure 87.
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As shown in the figure, the seawater temperatures were higher than 0°C during the simulation
period. The results show that the location is influenced by mostly flood and also ebb. Figure 88
illustrates the monthly current velocity at location 4.
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Figure 88. Simulated current velocity at location 4

As can be seen, the current velocity is mostly less than 0.05 m/s at this location during the course
of the year. Table 6 presents the simulated seawater temperatures from April 1, 2015, to April
1, 2016.

Table 6. Seawater temperatures at locations 1, 2, 3, and 4

Seawater Temperature (°C) | Minimum | Maximum | Average | Standard Deviation
Location 1 -0.20 9.00 4.63 2.87
Location 2 -0.68 10.42 4.62 3.20
Location 3 -0.80 11.31 4.54 3.36
Location 4 0.36 9.23 4.75 2.82
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The simulation showed that location 4 has the highest average seawater temperature during the
year in comparison to the other three locations. The current velocities measured at the locations
from April 1, 2015, to April 1, 2016 are provided in Table 7.

Table 7. Statistical information of current velocities at locations 1, 2, 3, and 4

Current velocity (m/s) | Minimum | Maximum | Average | Standard deviation
Location 1 0.00 0.15 0.02 0.01
Location 2 0.00 0.21 0.02 0.02
Location 3 0.00 0.18 0.03 0.02
Location 4 0.11 0.02 0.01 0.11

Although location 4 showed better conditions in the comparison, such as the highest minimum
and average seawater temperatures, it is furthest from the town. Also, not only at location 4 the
average current velocity is less than other selected locations, but location 4 is also at a greater
depth, which would increase the cost of implementation. The analysis of the simulated results
indicates that there are no considerable differences between the current velocities and seawater
temperatures at locations 1, 2, and 3. However, location 1 has one advantage in that it has the
highest seawater temperature during the winter time. Thereby, location 1 was determined to be
the most appropriate location from which to extract heat from Onundarfjérdur.

7.3 Fishing and aquaculture activities in Onundarfjordur

The existence of fragile marine ecosystems limits the implementation of MRE (Sotta, Niliot &
Lefeuvre, 2012). Prior to any installation, implementation, and operation of MRE technology,
the potential environmental impacts and environmental risks should be taken into account.
Although WSHP systems have a few, if any, negative impacts on the direct environment, an
investigation into the marine species, most likely to be affected, and the environment around the

area of heat extraction are required. The development of MRE increases the potential for spatial
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conflicts with other marine activities, such as commercial fishing (Reilly, O’Hagan & Dalton,
2015). Having a general overview about aquaculture activities in the area of interest should help
reduce this potential for spatial conflict. In Iceland, regulations on fish farming are made under
the authority of the Ministry of Industries and Innovation (Icelandic Ministry of Industries and
Innovation, 2015). Furthermore, aquaculture activities and fish farming are mostly assessed by
the Directorate of Fisheries. In order to implement seawater heat extraction with respect to the
purpose of this research, the related regulations on aquaculture, published by Ministry of
Industries and Innovation in Iceland, should be taken into consideration. In order to reduce and
or prevent any spatial conflicts, the most relevant issues in the regulation are included; chapter
I, article 4 about minimum distance between marine cage farms; chapter IV, Article 12 about
Information on the total size of installations and precise location of farming stations; chapter V,
article 21 about local audit of the locations of marine cage farms; chapter V, article 25 about
demand for fish farming licenses in the area; chapter V, article 27 about profile description of
marine cage farms and any future plans; chapter V, article 28 aboutduration of farm licenses;
chapter V, article 32 about signs and markers on marine cage farms and also minimum distance

from fishing and other maritime activities.
Jonsson (2014) presented the areas of interest for aquaculture and other utilizations in

Onundarfjérdur (see Figure 89). Furthermore, he pointed out that fishing activities have been
limited in Onundarfjérdur in the past few years.
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Figure 89. Interested area of aquaculture activity (blue areas), fishing ground (reddish-brown
areas), lumpfish (oblique dark area), common navigation route (dashed line) in
Onundarfjordur (Jonsson, 2014)

During the research period, field observations were also carried out in Onundarfjordur.
Aquaculture activities are very common along the southern shore of Onundarfjérdur. Also,
according to the existing documents, the northern shore of the fjord is considered to be area of
interest for aquaculture activities. So, in order to install a heat exchanger in Onundarfjordur,
decision makers must first consider the potential impacts on the marine life in the fjord.
However, in this research, locations 1 and 2 present fewer spatial conflicts with respect to fish

farming areas and also to areas of interest for aquaculture activities.
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7.4 Port activities in Onundarfjordur

Shipping routes are optimized in order to reduce navigational distances. The operation of MRE
may increase the potential for spatial conflicts in the area with shipping activities (Cradden,
Kalogeri, Barrios, Galanis, Ingram & Kallos, 2016). In Onundarfjordur, in order to install a heat
exchanger in one of the areas of interest, potential conflicts with fishing boats and cruise ships
should also be analyzed. In terms of port activities and navigation routes in the fjord, the
implementation of a heat exchanger and the relevant facilities should not be placed in anchorage
areas of the vessels. Furthermore, any activity taking place within the inner side of imaginary
line from Valpjofsdalur to Ytribot (Figure 90) has to be considered and verified by the harbor

committee (G. Kristjansson, personal communication, April 7, 2016).
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Figure 90. The red line is the imaginary line (Kortasja, 2016)
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It is important to allow sufficient space between the navigation routes of seaborne vessels and
devices such as the heat exchanger, piping, and mooring facilities. Location 1 has the most
promise in this regard because it allows the maximum spacing from marine activities and the

minimum amount of spatial conflicts with the active navigation routes in Onundarfjéréur.
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8 Conclusion

Increasing energy demands among the public and private sectors, along with the scarcity of
fossil fuels, have led policy makers and scientists to consider the use of renewable sources of
energy. The heat stored in seawater is an immense source of renewable energy. Seawater source
heat pump systems extract heat from seawater, even at low temperatures, to supply thermal
energy. With the most efficient output, the system is being utilized as a renewable energy
solution in countries with cold weather conditions. In the present study, the feasibility of heat
extraction was investigated in Onundarfjordur in the northwest of Iceland. The research was
conducted for one year, during which measurements of seawater temperatures were made at four
locations in Onundarfjérdur. Furthermore, in order to gain insights into the complex
oceanographic conditions in the fjord, 2D and 3D simulations were carried out in the areas of
interest. The measurements and simulations indicate that the seawater temperatures is higher
than 0 °C and rarely exceed 10 °C in Onundarfjérdur. In general, the seawater along the northern
shoreline of the fjord has a higher temperature. The results of the simulations show that the fjord
is tide-dominated. The high velocity currents prominently flank alongshores during ebb. The
results reveal four preferable locations for heat extraction in Onundarfjérdur. However, along
the northern shoreline, bottom seawater in the west side of the town has superior conditions in
comparison to the other locations in Onundarfjérdur. Furthermore, various considerations, such
as potential impacts on and conflicts with fishing, aquaculture, and port activities, were included
in the analysis. Overall, regarding the results of the field measurements and outputs of the
modeling as well as other relevant considerations, supplying heat for the target habitants by a
seawater source heat pump system has been ascertained to be theoretically feasible. The
feasibility suggests that similar research can be carried out in the west and south of the Iceland
as well, as the seawater temperatures in those regions are relatively higher. Also, tide-dominated
coastlines augment the potential utilization of the system in Iceland. High demand for space
heating, cheap electricity prices as well as the concentration of inhabitants and industrial
activities in coastal zones create exceptional opportunities for supplying thermal energy via
seawater source heat pump systems in Iceland. Such a system could potentially provide social

and economic advantages, diminish the demand for oil for heating, bring investment and
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business opportunities, and enhance sustainable development without negative environmental
impacts. With respect to the temperature of seawater in Onundarfjordur, the seawater source
heat pump system, which is comprised of a district heating system, a heat pump, and heat
exchangers for Flateyri, is presented schematically in Figure 91.
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Figure 91. Schematic seawater source heat pump system for Flateyri, green boxes with zigzag
line are heat exchanger (Varmalausnir - Heat RD Company, 2016)

Figure 91 illustrates a rough concept of a closed-loop system for the purpose of the present
research. The system extracts thermal energy from the seawater via a Glycol pump. Then, a heat
pump transfers the energy to the (retrofitted) district heating in Flateyri. In general, the system

should be able to supply 70 °C hot water in district heating from Onundarfjordur.

Moreover, this work has contributed to the compilation of a comprehensive and informative

database of oceanographic parameters throughout the area of interest.
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9 Recommendations and further research

In this research, all attempts were made to demonstrate comprehensive and accurate outcomes.
However, the author would like to mention the following recommendations for further research

in this field of study.

e Inorder to obtain better data analysis, it is recommended that measurements of seawater
temperature and currents be carried out across a wider spatial area.

e In order to acquire higher confidence of the feasibility in the region, a pilot installation
included designing and implementing of one or more heat exchangers as well as a
seawater source heat pump system is recommended.

e Since there are several maritime users in Onundarfj6rdur, in order to avoid any spatial
conflicts, Marine Spatial Planning (MSP) and Integrated Coastal Zone Management
(ICZM) should be addressed in further studies.

e Risk management analysis as well as Strategic Environmental Assessment (SEA) and
Environmental Impact Assessment (EIA) are recommended in further research.

e The use of consistently measured data in the field as the input data of the model is

suggested. Also, better calibration of the model increases the accuracy of the outputs.
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11 Appendices

Appendix A: Technical features of the Starmon mini

The information retrieved from the catalog of the device (Star ODDI Company, no date).

Sensors

Temperature

Size (diameter x length)

25mm x 130mm

Housing material

Plastic or Titanium

Weight (in air/in water)

Plastic housing: 80g , Titanium housing: 170g

Memory type

Non-volatile EEPROM

Memory capacity

262,000 measurements (standard)

Memory extension option

393,750 measurements or 524,250 measurements

Memory management

Custom programming

Temperature resolution

0.001°C (0.0018°F)

Temperature accuracy

+/-0.025°C (0.045°F)

Temperature range

-2°C 10 +40°C (28°F to 104°F)

Outside ranges available upon request

Temperature response time

Plastic housing: Time constant (67% of full value) is 18 s.
Option for fast response of 2 sec. Titanium housing: Time

constant is 6 s.

Data retention

25 years

Clock

Real time clock, Accuracy +/-1 min/month

Sampling interval

From 1 second up to 90 hours

Communications

9 pin RS-232C serial cable w/USB serial converter

Attachment hole

2.8 mm in diameter

Battery life

10 years - For a sampling interval of 10 minutes. Battery
is replaceable.
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Appendix B: Technical features of the thermometer used
in SM4

The information was retrieved from the catalog of the device (Dallas Semiconductor Company,
no date):

e Unique 1-Wire® Interface Requires Only One Port Pin for Communication

e Each Device has a Unique 64-Bit Serial Code Stored in an On-Board ROM

e Multidrop Capability Simplifies Distributed Temperature-Sensing Applications

e Requires No External Components

e Can Be Powered from Data Line; Power Supply Range is 3.0V to 5.5V

e Measures Temperatures from -55°C to +125°C (-67°F to +257°F)

e +0.5°C Accuracy from -10°C to +85°C

e Thermometer Resolution is User Selectable from 9 to 12 Bits

e Converts Temperature to 12-Bit Digital Word in 750ms (Max)

e User-Definable Nonvolatile Alarm Settings

e Alarm Search Command Identifies and Addresses Devices Whose Temperature is

Outside Programmed Limits (Temperature Alarm Condition)

e Available in 8-Pin SO (150 mils), 8-Pin uSOP, and 3-Pin TO-92 Packages

e Software Compatible with the DS1822

e Applications include thermostatic Controls, Industrial Systems, Consumer Products,

Thermometers, or Any Thermally Sensitive System
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Appendix C: Information about the Flateyri weather

station

The Information was retrieved from Iceland Meteorological Office (2016)

Type

Automated observational station

World Meteorological Organization number

4113

Location

66°02.99', 23°30.58' (66.05, 23.51)

Height above sea-level

3.0m

Beginning of weather observations

1997
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