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Abstract 
 
In this thesis the power consumption of a fish farm is set in relation to the expected power 
production from a wind turbine in order to assess the feasibility of this combination. The fish 
farm, called Rataren, is located in Sør-Trøndelag and hourly data on power consumption is 
available in the period 1st February 2016 until 31st August 2016, as a result of change in 
energy source from diesel generators to the onshore power grid. This is one of Norway’s 
largest fish farms and has 14 cages during the studied period. There are some minor data 
losses that are removed from the data sets. Wind speed, air and water temperatures at 2.5 masl 
and 1 mbsl are measured by a Seawatch Midi 185 Buoy at the location, and the data are 
supplied by SINTEF Ocean. In view of the estimation of the power output of a wind turbine 
the data on wind speed have to be extrapolated from measuring height to turbine hub height. 
For this the atmospheric stability, estimated here by the temperature difference between the 
air and the sea, is taken into account. The classifications used are unstable, slightly unstable, 
near-neutral, slightly stable and stable, and are characterized by limits of the temperature 
differences set to -3°C, -1°C, 1°C and 3°C. 
 
Two methods of extrapolating wind speed from measuring height to hub height are 
considered; the logarithmic law with corrections according to stability and the power law 
parametrized according to stability. For both methods the complete calculation of key 
variables requires information that is unavailable in this case of study. The problems faced 
when using the log law were the determination of stability parameter z/L, but also variation in 
friction velocity or roughness height. When using the log law in combination with different 
values for the variables based on literature, there were inconsistencies in the results indicated 
by unreasonable wind profiles. The more simplified method, the power law, is therefore 
concluded as the best approximation when this many parameters are unknown. The power law 
exponents that are used to correspond to each of the atmospheric conditions mentioned are set 
to 0.07, 0.09, 0.11, 0.13 and 0.15. Hourly mean wind speeds were then calculated using the 
power law with the exponent for the stability class found to occur at that particular hour. The 
results show an average wind speed of 7.04 m/s at 65 meters, compared to a measured 
average of 5.01 m/s at 2.5 meters height. 
 
The hourly power production at site by a Hywind Demo 2.3 MW turbine and a GWP 750 kW 
turbine was estimated. To analyse the sensitivity of the results to the relation of consumption 
and production, the hourly consumption is also multiplied by three and by six in two other 
cases, while being compared to the power production by the Hywind turbine. The production 
by a wind farm of three GWP turbines are estimated and compared to the other cases, which 
is similar in capacity to the one Hywind turbine. The 750 kW turbines are considered to be 
slightly more favourable, as the ratio of energy import to export to the onshore power grid is 
lower. In all, the results show that wind turbine is not suitable without energy storage or 
additional power sources. Hence, it is not possible to make a firm conclusion of which turbine 
is most suitable without further investigations. 
  



	

	
	

ii	

Abbreviations 
 
RES = Renewable Energy Sources 
O&M = Operation and Maintenance 
PV = Photovoltaic (Solar Cell) 
MUP = Multi-Use Platform 
MOST = Monin-Obukhov Similarity Theory 
HAWT = Horizontal Axis Wind Turbine 
AEP = Annual Energy Production 
RNA = Rotor-Nacelle Assembly 
PBL = Planetary Boundary Layer 
SL = Surface Layer 
Masl = Meters above sea level 
Mbsl = Meters below sea level 
 
 
Nomenclature 
 
z0 : Roughness height [m] 
z : Height [m] 
zr : Reference height [m] 
a : Power law exponent [-] 
U(z) : Wind speed at height z [m/s] 
U(zr) : Wind speed at reference height [m/s] 
r : Air density [kg/m3] 
u* : Friction velocity [m/s] 
k : von Kàrmàn constant [-] 
t0 : Surface shear stress [N/m2] 
L : Monin-Obukhov length [m] 
z : Stability parameter [-] 
𝜃" : Mean virtual potential temperature [K] 
g : Acceleration due to gravity [m/s2] 

(𝑤′𝜃′)' : Surface virtual potential heat flux [m´K/s] 
AC : Charnock parameter [-] 
HS : Significant wave height [m] 
LP : Peak period wavelength [m] 
A : Area [m2] 
v : Wind speed [m/s] 
Ab : Blade area [m2] 
D : Drag force [N] 
L : Lift force [N] 
Cd : Drag coefficient [-] 
Cl : Lift coefficient [-] 
Cf  : Capacity factor [-] 
Cp : Power coefficient [-] 
a : Axial induction factor [-] 
l : Tip speed ratio [-] 
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1. Introduction 
 
The utilization of wind turbine as power supply for a fish farm will be examined in this thesis. 
This chapter will present the background and context for the problem, the problem statement, 
limitations and assumptions, literature review, solution approach, methods and finally the 
outline of the report. 
 

1.1  Background and Context 
 
Aquaculture is one of the most important industries in Norway but many facilities experience 
challenges with the environmental impact, partly because they traditionally run on diesel 
generators and the farms have a high energy consumption. Simultaneously the offshore wind 
industry is experiencing rapid growth. This subchapter will provide the background for the 
problem solution by introducing the situation and trends of offshore wind turbines and fish 
farming industry, and why a possible synergy could be beneficial. 
 

1.1.1 Status and Trends for Wind Turbines 
 
According to WindEurope’s report on offshore wind for 2016, Europe had an installed 
capacity of 12 631 MW from 3 589 wind turbines connected to the grid in 10 countries by the 
end of the year (WindEurope, 2017a). In comparison, the installed capacity for onshore wind 
turbines in EU was 141.1 GW, making a total capacity of 153.7 GW combined. Thus, wind 
energy is now the second largest form of power generation capacity worldwide, replacing coal 
(now third) and with natural gas fired power stations being the very largest form of power 
generation capacity. There were investments of 27.5 billion euros in wind onshore and 
offshore during 2016 in the 28 EU countries. UK had the largest share of this, with 
investments of 12.7 billion euros (WindEurope, 2017b). As seen from Figure 1 below, the 
amount of new, offshore installed capacity was much lower in 2016 than in 2015. However, 
there were a lot of installations done in 2014 that was not connected until 2015. The 
cumulative capacity is noticeable increasing and will continue to do so for at least the next 
two years, which is evident if one looks at the number of projects that have currently started 
construction. It is projected that offshore wind will have a total installed capacity of 24.6 GW 
by 2020, which is a doubling from today over the next four years (WindEurope, 2017a). 

	

Figure	1:	Cumulative	and	annual	offshore	wind	installations	Europe	the	recent	years.	Source:	WindEurope	(2017a). 
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In 2016, the sea basin where 96.4% of all net capacity had been installed was the North Sea 
due to its high wind energy availability (Mermaid, 2016), however not in Norwegian waters. 
One of the reasons are that there is a very uneven distribution of wind energy available in 
Europe, with very high resources in the North Sea, the Atlantic ocean, and some parts of the 
Mediterranean and Baltic sea (WindEurope, 2017a). The countries having the most installed 
capacity offshore in total are United Kingdom, Germany, Denmark and the Netherlands. 
Norway is the 10th largest on offshore installations, with one floating Hywind Demo Turbine 
at 2.3 MW installed outside Karmøy (WindEurope, 2017a). From WindEurope’s report for 
offshore wind for 2016, Figure 2 shows the depths and distance from shore (fetch) for bottom-
fixed wind farms, where the size of the circle indicates the overall capacity. It is prominent 
that installations continue to be not much more than at 45-meter water depths, however 
distance from shore is planned to increase in the near future (WindEurope, 2017a). 
 

 
Figure 2: Offshore wind farms distance from shore and water depths per 2016. Source: WindEurope (2017a). 

 
The development of floating turbines recent years makes it possible to install in much deeper 
waters, and it gives possibilities of expanded use also for stand-alone offshore installations 
and platforms that are self-dependent in terms of power. Statoil has since 2002 developed a 
floating wind turbine called Hywind. Its support structure is a spar buoy, i.e. closed 
cylindrical tube that floats upright in the water. It has a ballast of a few tonnes (depending on 
the power capacity) at the bottom of the spar that counteract the thrust loads and the weight of 
the RNA, therefore resisting overturning. There are mooring lines and anchors securing it to 
the seabed (Manwell, 2009). In 2009 the Hywind Demo turbine with rated power of 2.3 MW, 
was installed outside Karmøy in south-west of Norway. It has since then produced more 
power than expected and is very successful. In late 2017 the world’s first floating wind park 
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will start to operate in Scotland, the installation of the five 6 MW turbines is currently 
ongoing and will constitute the Hywind Pilot Park. The total installed capacity of 30 MW is 
enough to power around 20 000 UK homes. The cost reduction for the wind park is 60-70% 
from the Hywind Demo project (Moxnes, 2017). As utilizing much deeper waters becomes 
possible, the technical potential of wind resource exploitation can increase significantly. 
 
One of the downsides of offshore wind farms is the very large areas of use; to reduce the 
interference on other turbines’ production, the length of 7-8 rotor diameters is often needed as 
spacing between each turbine. This can result in many square kilometres per farm, even up to 
100 km2 – in comparison to around 2.5 km2 for fish farms (Mermaid, 2016). Wind farms 
typically get exclusive rights to areas offshore, making very large areas unusable for other 
purposes for decades. 
 

1.1.2 The Fish Farming Industry 
 
Over-population is causing a substantial pressure on food production and distribution, among 
other challenges. A part of the solution can be to rely more on the sea in the future as the 
earth’s surface is composed of 71% water, however many challenges must be overcome. At 
some coastlines the sea food production is already reaching its maximum capacity limits. 
Every day the Norwegian seafood industry delivers 38 million meals all over the world alone, 
this makes it one of the country’s most important export products after oil and gas 
(SjømatNorge, 2017). Only in 2012 the Norwegian aquaculture production reached a first-
hand value of 31.4 billion NOK (Myrseth, 2016). 
 
The industry causes a lot of emissions due to the traditional use of diesel generators at the 
offshore facilities, along with a large power consumption. The most important loads are 
feeding lines (compressors), light in the cages and operation of the barges. In addition, there 
are some equipment such as cranes etc. (Næss, 2017). There is now a shift in use of energy 
source in the fish farm industry in Norway, where Enova has subsidised approximately 10 
companies at 30 locations for connecting to the onshore grid by cables as per January 2017 
(Knain, 2017). Nevertheless, the installations are costly as the cables can be very long and 
substations are needed and so on. 
 
Vision 3 of the European Energy plan is to place the power source close to the demand (ECF, 
2010). The amount of power transferred on the electricity grids in Europe are pushing their 
capacity limits, therefore the power source should be located close to the loads where this is 
possible and stand-alone systems are favourable. DNV GL states: “In the longer term, the 
offshore wind industry should become integrated with other associated industries such as 
fishing and aquaculture and thereby share resources and assets that will further reduce 
operation and maintenance (O&M) costs” (Bosma, 2014). The aquaculture industry has also 
proclaimed prospects of utilization of renewable energy sources (RES) in the future 
(Flathagen, 2016b). Getting involved with renewable energy would give the industry a 
progressive and sustainable profile. Food and Agriculture Organization (FAO) of the United 
Nations has stated that technological development is one of the major deal breakers for the 
future development and growth of the aquaculture industry (Subasinghe, 2003). 
 
The available areas closer to shore are becoming few due to conflicting interest between 
fisheries, tourism and the rapid growth in the fish farming industry. Large areas in Norway 
are already utilized - some thinks this has reached a critical load on the coastline (SINTEF, 
2011). As a consequence, the industry’s interest for utilizing exposed areas further offshore is 
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increasing. Aquaculture in exposed areas is more challenging, not only because of the 
remoteness (and therefore the costs and time of vessel transport), but also the strong current, 
high waves and varying and severe wind conditions. This is causing large challenges and 
enhancing the issues experienced closer to shore. 
 
Because of severe weather conditions and longer distances to shore, power supply failures are 
more likely to happen. In addition, this is more serious at exposed locations because there are 
more autonomous operations as human presence may be inhibited or undesirable. 
Autonomous operations are strongly dependent on reliable power supply. Examples of these 
operations are feeding, size grading and distribution for best stocking densities, monitoring 
fish welfare and water quality, net cleaning and structural maintenance. In addition, the 
regularities of these tasks are important for maintaining sustainable and profitable production 
(Bjelland, 2015). Hence, it is crucial to ensure that core operations remain uninterrupted by 
power downtime i.e. caused by severe weather conditions. The trend has been to up-scale 
traditional cage systems as they are moved further away from shore, and some are also 
researching and developing closed or semi-closed cages (SINTEFOcean (2015), HaugeAqua 
(2017), Aquafarm (2017)). This affects the energy demand and ratio of autonomous 
operations to human labour. 
 
Because of the costs of cables, Zanuttigha (2016) concludes that it is cheaper with stand-alone 
system than transferring the power to shore by subsea cables, and thereby store the generated 
power on site or use it for other purposes. Potential advantages by stand-alone configuration 
listed by Zanuttigha (2016) are firstly the avoidance of substation and export cables, which 
reduces the environmental impact and significantly decreases the costs, and second, the boost 
of blue-growth – EUs long term strategy for sustainable growth in the maritime environment 
and sector – by using renewables instead of diesel generators that are an alternative for some 
fish farms. There is not a direct income from selling power to the grid but there are savings in 
avoiding the mainland connection. 
 
According to aPoint, a company who consults the industry on energy measures, a typical fish 
farm in Norway uses 4-500 000 kWh per year. Demand varies from 200 000 kWh for the 
smaller and up to 800 000 kWh for the largest farms (Næss, 2017). Compared to diesel 
generators, where the fuel use can be 70 000 litres diesel per generator per year and the 
efficiency is about 35%, there are significant benefits to depending on RES instead (Flakne, 
2015). Among the benefits of RES compared to diesel generators are no continuous expenses 
for fuel and fuel transportation, no fuel storage needed at the facility, absence of 
environmental disadvantages, i.e. emissions, noise and risks regarding spill. 
 

1.2  Problem Statement 
 
Norwegian economy strongly depend on exporting fish and holds a lot of knowledge about 
offshore operations from oil and gas industry. Hence, innovative work on multiuse on these 
subjects can have value for the Norwegian offshore industry, that is primarily based on 
petroleum, because many companies seek to transfer their knowledge to new provident 
objectives. Statoil – a Norwegian energy company and the world’s largest offshore operator – 
is investing a lot in wind energy and is gaining much experience under the processes of being 
operators of the Dudgeon wind farm and being involved in several projects in UK and now 
also in Germany in cooperation with EON. Other international oil and gas companies are also 
involved with offshore wind, i.e. Shell in the Netherlands. 
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Focussing on the power consumption side, the world is likely to be more dependent of the sea 
as source for food, and as the food production industry in general causes massive emissions 
and harm to the environment, it is essential to have focus on a sustainable growth. For the 
global view it is crucial to transition from fossil energy sources to renewable energy where 
this is possible. Research and innovation will spark more research and innovation, and 
provide more insight in how to combine technologies and in turn more optimization of design. 
It is important to demonstrate with research that new areas of use are possible to save 
emissions where there would otherwise generally be diesel generators or other fossil sources 
for energy, and also that synergies and cooperation between industries can be a win-win 
situation. 
 
This report should focus on a case study investigating in the possible wind power supply of a 
fish farm. Fish farming is in the thesis defined as the grow-out phase for the fish that is taking 
place in cages at sea, located in floating farms moored to the seabed or the shore. A somewhat 
exposed location would be a benefit due to the suitability of a turbine and wind conditions, 
and because the trend is to move fish farms further offshore. 
 
The main goal of the thesis is to examine how a wind turbine can supply the electrical load of 
an offshore fish farm and how well the energy consumption will be covered by the energy 
supply in the case of study. Wind turbines could possibly produce the power required but the 
main adverse consequence is the difference in production and consumption – it is not 
necessarily needed when available and vice versa. This thesis will examine how great this 
difference will be. In doing so, a crucial task also becomes to extrapolate the wind speed by 
utilizing the most suitable method. The wind speed distribution at the location is essential for 
the power production, hence methods of extrapolation of its magnitude from sea level to the 
height of the generator will be emphasized. The effect of changing unknown variables in 
methods regarding this will be examined, as these are implemented with some uncertainties. 
 
The power production from a GWP 750 kW turbine and a Hywind Demo 2.3 MW turbine is 
calculated and compared to the power consumption of a specific fish farms offshore. One of 
the challenges will be how to get the best match in power supply and demand. Meeting the 
power consumption requirements at the facility will result in a very low utilization of the 
amount of power produced, hence an over-dimensioned turbine. Turbine will however, 
always have hours without sufficient production no matter the size. A lower surplus is likely 
to be more suitable for a system including energy storage. Because of these contradictions it is 
not expected to find an optimum solution without regards to energy storage calculations. In 
the case of a facility supplied by the onshore power grid, it will be studied how much energy 
can be delivered to the grid. Energy storage is preferable, and will be included if time. 
 
For the specific facility chosen, main questions to be answered in the thesis are: 

- How can wind speed be extrapolated between recorded measure height and assumed 
turbine hub height in the most realistic manner for offshore sites? 

- How does the power production compare to the consumption of the fish farm, and 
what is likely to be the best match of turbine for the fish farm facility chosen? 

- How does the key findings change when the ratio of power consumption to turbine 
capacity becomes different? 
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1.3  Limitations and Assumptions 
 
This work is mainly limited to be valid only for the site chosen, with its energy consumption 
during a specific period, the related weather and its time pattern. However, the methods and 
approach is general and could be transferrable to other sites. The actual possibility of placing 
a turbine of this size at the site will not be evaluated, neither the structure and complexity of 
such a hybrid facility. This work will not include economical evaluations. The emphasis is 
neither on energy storage, however, this is a very important aspect that will be investigated if 
time. It is important to note that the power demand at a fish farm is changing by season and 
year, and is depending on where in the growth phase the fish are. Not basing results on data 
that include different seasons is therefore a limitation in itself. The study may also be limited 
by the availability of meteorological data. As the wind resources are so rapidly changing, 
there would ideally be an infinite number of intervals of data on power production and 
consumption, over a very large timescale. The availability of various data will have a great 
effect on how comprehensive and realistic the calculations can be. 
 
In the thesis it is assumed no down time for the turbines due to maintenance or other service 
operations, because this would have to be at an arbitrary chosen time, affecting the production 
in a non-realistic way. The turbines are assumed to be preforming at their theoretical 
characteristics; the power curves are assumed to give the realistic output power. Some 
simplifications are made for the power extraction for the turbines, hereby the assumption that 
the pitching of the blades and the yaw regulation are instant. The latter is more reasonable 
when there is only one turbine because there is no big impact of changing wind direction. 
Wind speed at turbine height is calculated based on assumptions of the unknown parameters 
in the methods, which gives a simplification to the calculations and hence, an uncertainty to 
the results as the power in the wind is strongly dependent on the wind velocity. Regarding the 
power consumption at the fish farm, there are some periods in the data that show zero 
consumption. In conversation with aPoint, these are regarded as measurement failures and the 
periods its regarding are excluded from the calculations. Other than that, the data are assumed 
to be very reliable. The calculations are done in Excel and may have some human error which 
could affect the results. 
 

1.4  Literature Review 
 
A literature review reveals that there is not much discussion worldwide on the combination of 
aquaculture within offshore wind farms. According to Wever (2015), the number of events 
discussed have been increasing each year until 2012, when the number of events were 
approximately 12. The article states that it is believed that it could offer significant benefits in 
terms of minimizing the impact on the environment, economics and optimizing spatial 
planning. However, nearly no experience exists demonstrating the potential impacts of 
multiple offshore wind energy and aquaculture installations. A few studies were found were 
the power produced by wind turbines is utilized by the fish farm, however, these systems are 
very small compared to the ones in this thesis. Also studies were found for very large 
combining systems of a round 1000 MW in turbine farm capacity, with these sizes the main 
purpose is to deliver the power to the onshore grid and not only to be used at the fish farm. 
Both types of studies are presented here.  
 
Michalis (2013) presented the case of a very small size RES system to be applied on offshore 
aquaculture sites to enable remote monitoring of the feeding management system. The 
capacity was based on that the power was considered to cover a sea current profiler, a 
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temperature sensor and an oxygen sensor. Energy consumption from the feeding management 
system was therefore only 16 Wh per day. The hybrid RES system was decided to include a 
wind turbine with nominal power of 200W and two photovoltaic (PV) solar cell units of 
80Wp each, supplying power to a battery bank. There were two batteries connected in parallel 
with 90 Ah capacity each and nominal voltage of 12V. 
 
In Toner (2002), a number of different RES are discussed for power supply to aquaculture, 
including small wind turbines of less than 4.5 kW. Total energy consumption per week for a 
Pacific oyster farm was 79.3 kWh, for rainbow trout farm it was 280.7 kWh, and for marine 
recirc farm it was 13 767 kWh. Based on an estimated average wind speed, it was found that 
it is feasible for oyster farm, but not economic for the rainbow trout farm or marine recirc. It 
is stated in the report that energy costs are a significant part of operating costs, even though 
it’s often less than salary, feed and stock costs. It is concluded that wind turbines may have a 
part to play in aquaculture and its solely site dependent, and it’s worth exploring if the site has 
wind speed of 6 m/s or higher (Toner, 2002). 
 
There have been many EU projects under “the oceans of tomorrow” initiative regarding 
multi-use platforms (MUPs) with purpose of developing multidisciplinary approaches to 
marine and maritime challenges. This is platforms with a large number of energy conversion 
units, and hence, main purpose is delivering power to the onshore grid. MUPs are foreseen to 
be the marine infrastructure of the future as a way of minimizing the impact on environment 
and the costs of offshore operations. Mermaid (2012-2015) was one of the projects for 
developing innovative multi-purpose offshore platforms. Four pilot study sites were chosen to 
be able to make real contributions to design concepts and industrial applications. The final 
report points to differences between wind farms and aquaculture farms, among them cost 
characteristics, area sizing, and operational nature. Nevertheless, there can be some common 
interest regarding the forecast and warning systems, accommodation platforms – although this 
is most necessary for the fish farm, and possibly sharing of staff. Each industry has however a 
high focus on their own needs and possibilities, and this is seen as one of the main barriers for 
MUPs to be realized according to (Christensen, 2016). Regarding one of the sites for 
MERMAID with wind turbines and aquaculture combined, they state that there are major 
concerns about unwanted impacts on the ecosystem. Also the costs and environmental effects 
are very uncertain, and therefore has dominated the discussions to some degree.  
 
In addition to MERMAID, other similar research projects founded by EU are H2OCEAN 
(2012-2014) and TROPOS (2012-2015), which also have all been a part of the “Ocean of 
tomorrow” initiative from 2011. In the project H2OCEAN studies were done on the 
possibility of harvesting wind and wave power and partly using the energy for multiple 
applications on-site. This would include hydrogen production to be stored and shipped to 
shore or refuelling at the platform, and for multi-trophic aquaculture farm. (H2OCEAN, 
2014). Further it is stated that the energy from wind and wave also would be used in the form 
of electricity, in addition to hydraulic power, to feed the other energy demanding activities on 
the platform (H2OCEAN, 2016).  
 
As part of MERMAID, there has been done theoretical case studies on MUPs with a 1000 
MW wind farm integrated with both wave farm and fish farm, concluding that there are 
economic benefits with sharing the infrastructure, installation and O&M. However, the 
technologies are in developing stages (W. He, Weissenberger, J., et. al. (2011), W. He, 
Yttervik, R., et. al. (2013)).  
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In a paper by Zanuttigha (2016), the purpose is to provide a new multi-criteria methodology 
for the initial design and the selection of the uses of MUPs, and further the methods for the 
design optimization of projects at specific sites. Evaluation is done by experts on the possible 
solutions for MUPs with different combinations of wind turbines, wave power and 
aquaculture, being connected to the onshore grid or as stand-alone system at an area outside 
Alghero, Sardinia Island, Italy. According to Zanuttigha (2016) there were only a few studies 
dealing with co-location of aquaculture and wind farms as per January 2016. It is stated that 
fostering the development of synergies with other activities such as fish farms, transportation 
and gas platforms are desirable. Different combinations for MUPs are scored and compared, 
where wind and aquaculture together as a stand-alone system gets good scores on complexity 
of the installation type, exploitation potential, environmental impact and costs. On total 
scores, only one solution gets better results, that is if also wave is implemented to the stand-
alone wind and aquaculture platform (Zanuttigha, 2016). 
 
Christian Michelsens Research (CMR) Prototec is developing a concept called Green Fish 
Farming (GFF) where units of RES are incorporated to the fish farm for production of oxygen 
for the fish and hydrogen for the vessels, among other purposes (Myrseth, 2016).  
 
In a thesis from Haugesund University College in Norway, different RESs and combinations 
for powering a fish farm are evaluated. It was concluded that the wind was not strong enough 
at the site, with a mean wind speed of 5.86 m/s, for the one 800 kW wind turbine to supply 
enough power alone for the very roughly estimated energy consumption of 2416 kWh per 24 
hours. However, it was suggested that the wind turbine could be sufficient in combination 
with fuel cell or battery storage (Haakull, 2016). 
 
The Blauwdruk project had the main objective to study the feasibility of the combination of 
offshore wind energy production and offshore production of mussels on the Dutch 
Continental Shelf. There are done scenario analyses with the main purpose to demonstrate the 
economic feasibility of this combination. The project also evaluates the possibility of the 
same employees can manage both the wind farm and aquaculture farm. With the conclusion 
that the ”lost hours” for the workers on site can be reduced from 50% to 25 %, resulting in 
large cost reductions (Lagerveld, 2014). 
 

1.5  The Scheme Applied for Problem Solution 
 
The main steps to cope with the problems stated are as follows. Firstly, collecting power 
consumption data with as frequent measurements as possible from a specific fish farm is 
essential. When the site is final, as many data on weather conditions as possible must be 
collected from the same period, preferably also for different heights. The wind speeds must 
then be extrapolated from the recorded height to the wind turbine height. The most frequently 
used methods for this are the logarithmic law (log law) and the power law, both will be 
presented in the following chapters. The atmospheric stability is essential for wind profile 
determination and can be estimated based on temperature difference between the sea and the 
air if these data are available. Each measurement interval of the period will be related to one 
of five atmospheric stability classes; unstable, slightly unstable, near-neutral, slightly stable or 
stable conditions. The calculated wind speeds at turbine hub height will then have variations 
based on stability class and wind speed at measured height. The combination of the datasets 
gives the background for calculating the possible power production at the site, based on the 
power curves for a GWP 750 kW turbine and Hywind Demo 2.3 MW turbine. The Hywind 
turbine is chosen because of its relevance in newer technology; it is floating and can be placed 
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further offshore for exposed fish farms locations. Excel is chosen as the software for all the 
computations, however, e.g. Matlab could also be used. 
 

1.6  Report Outline 
 
Chapter 1 has been an introduction to the thesis, in chapter 2 the theoretical background for 
the work will be presented. Chapter 3 is regarding the methods for the problem solution and 
in Chapter 4 the results of the study is presented. The results are further compared and 
discussed in Chapter 5, followed by conclusion and proposals for further work in Chapter 6. 
References are then listed in Chapter 7 and is followed by appendices.  
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2. Theoretical Background 
 
In this chapter wind resources, aerodynamics, turbines and wind shear profile will be 
presented, as they are considered essential theoretical aspects of the thesis. There are many 
possibilities of wind energy extraction but only what is found most relevant for this work is 
introduced. Main focus is therefore on three bladed, horizontal axis turbines and offshore 
specifications. Methods for extrapolating wind speed between different altitudes is of great 
importance in the thesis and is therefore emphasised. 
 

2.1  Wind Resources and Aerodynamics 
 
The origin of the global wind systems is that the sun heats up the earth’s surface and 
atmosphere unevenly because of the spherical shape of the earth. As air gets warmer its 
density is reduced and it will rise, which causes differences in atmospheric pressure over the 
surfaces. Hence, there are movements of air masses from higher pressure to lower pressure 
areas. Along with the Coriolis force, centrifugal force, gravity and friction forces, this results 
in the global wind systems. On a smaller scale the winds are affected by the topography and 
combinations of land and sea, and difference in direction of the heat transport between day 
and night, which also creates high and low pressure areas (Boyle, 2012). Land and sea breeze 
occur partly because water has a higher specific heat capacity and is therefore heated at a 
slower rate than land. As the air over land gets warmer it rises and creates a low pressure that 
is replaced by the air over the sea, called sea breeze, this cycle is reversed during night. In 
daily variation there are normally lower wind speeds from midnight to sunrise than during the 
day. Generally, there are stronger winds during winter season (Manwell, 2009). 
 
The higher the wind speed, the more kinetic energy it holds. When combining the equations 
for kinetic energy and mass transport per unit of time, the power density of the wind can be 
written as: 
 

(
)
= +

,
𝜌𝑣/ [W/m2]       (2.1) 

 
A : Area [m2] 
r : Air density (kg/m3] 
v : Velocity of the air [m/s] 
 
Air density is a function of both temperature and pressure, and is given as 1.225 kg/m3 at 
15°C and atmospheric pressure at sea level. Equation 2.1 shows the importance of the wind 
velocity, v, because the wind power is very sensitive to this value as to a power of three. 
Hence, careful measurements and calculations over a long period of time is a necessity when 
predicting the available wind power at a site. 
 
Drag and lift are the two forces generated on an object in an air flow. Lift forces are 
perpendicular to the air flow direction, and turbine devices that are based on lift are the most 
efficient and therefore the most used (Boyle, 2012). The design of the blades is crucial for the 
generation of lift forces and determine to a large extent the conversion efficiency of the 
turbine. The turbine blade design is shown by the cross section in Figure 3, with a convex 
upper surface, forcing the airflow to accelerate and therefore causing a large reduction in 
pressure which results in a suction-effect that is called the lift force. In turn, this produces a 
net positive torque on the rotating shaft of the turbine. 
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Figure 3: Airfoil nomenclature. Source: Nielsen (2016a). 

 
The lift force is only sustained if the airflow leaves the blade smoothly at the trailing edge, 
and the low pressure at the upper surface is not cancelled out by the high pressure air moving 
around the trailing edge. The situation when turbulence occur at the upper surface is called 
stall, and is a consequence of a too steep angle of attack between the chord and the airflows 
direction. This is illustrated in Figure 4. Stall causes a large loss in lift forces and increase in 
drag forces. 
 

 
Figure 4: Stall on an airfoil because of an angle of attack that is too steep. Source: Nielsen (2016a). 

 
Many studies have measured and catalogued lift and drag forces for different angle of attacks 
for a variety of aerofoil shapes. Drag and lift are often described by the coefficients, Cd and 
Cl, that can be written as shown in the following two equations, where the blade area is equal 
to the chord length multiplied by the length of the blade. 
 

𝐶1 =
2

3.5∗7∗"8∗)9
  [-]       (2.2) 

 
Cd : Drag coefficient [-] 
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D : Drag force [N] 
Ab : Blade area [m2] 
 

𝐶: =
;

3.5∗7∗"8∗)9
  [-]       (2.3) 

	
Cl : Lift coefficient [-] 
L : Lift force [N] 
 
As shown, lift and drag are both proportional to the energy in the wind and are dependent on 
the shape of the blade, orientation of the blade relative to the airflow, and also on whether the 
flow is laminar or turbulent. It is typical to use the ratio between the lift and drag to describe 
their values, where the maximum value of the ratio then characterizes high lift and low drag, 
and therefore the most efficient setting of the blades. There have of course been done a lot of 
work to optimize the design to make the turbine most efficient, and specially developed 
software is used (Boyle, 2012). 
 

2.2  Wind Turbines 
 
Wind turbines are converting the kinetic energy in the wind into mechanical energy by the 
rotor and further to electrical energy by the generator. This occurs instantaneously, and is 
intermittent, the resource cannot be stored for electricity production later on without other 
units. It must also be converted to electricity at the location of the turbine. However, power 
lines make the power transportable to some extent, and also energy storage may compensate 
more for this in the future (Manwell, 2009). 
 
Turbines can vary a lot in design and operation and therefore be classified by different criteria 
such as the number of blades, energy extraction mechanism and axis orientation. More blades 
are costlier, cause slower rotational speed and therefore need a larger gear ratio. For several 
reasons, together with its dynamic balance, the result has been that three blades are the most 
tested and used. The most dominant type today and the most successful type offshore is three 
bladed, horizontal axis wind turbine (HAWT), also called propeller turbine. Its main 
components are tower, nacelle, rotor – which include the blades and the hub, the drive train 
and the yaw system (Mermaid, 2016). 
 
The yaw regulation is rotation around the vertical axis and enables the turbine to turn towards 
the direction of the wind. It may be a free (passive) or driven (active) yaw, which means that 
either the wind forces are utilized in order to adjust the orientation of the nacelle, or there are 
some torque producing device that rotates the nacelle. Inside the nacelle there are normally a 
generator, gearbox, control system with break, cables and conversion components. Gear 
system is implemented because the turbine rotates at relatively slow speeds, which is boosted 
to drive the generator at higher speeds. There is an ongoing development towards direct drive 
permanent magnet machines in very large sizes, which means no gear system is required and 
the operations are simplified (Mohan, 2012). 
 
The offshore wind turbines consist of rotor-nacelle assembly (RNA) and support structure, 
which in turn consists of tower, substructure and foundation. The most common type of 
support structure is the monopiles, varying in diameter from 2.5 to 4.5 m and are driven 10-20 
meters into the seabed (Manwell, 2009). However, this is changing as the turbines get larger 
in size. The second most common type is the gravity structure were the total weight of the 
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turbine and the large base area makes the stability achievable (Manwell, 2009). Multimember 
support structure is also common, this includes tripod and the jacket, respectively with three 
and four legs. These are suitable for greater depths and don’t need seabed preparation as 
comprehensive as the two previous mentioned structures.  

 
Design of RNA of offshore turbines are similar to onshore, however the tower and subsystem 
can be very different. Turbines operating offshore are affected by large forces on the 
construction, not only wind, but also waves and tides. Waves impact on a structure may be 
critical because it can have a regular cycle and produces both viscous drag and inertia forces 
on the structure (Manwell, 2009). In addition, there has to be a clearance between the highest 
expected sea and the blades, so this has to be taken into consideration in tower design. 
Offshore turbines are more challenging and costly to access and operate, the trends are to 
install them further offshore and towards deeper waters, the same trend that was experienced 
with oil rigs. One of the reasons for the decrease in cost is the prospects of further rotor 
dimensions expanding, and hence also increase in rated power capacity per turbine. This 
causes the number of turbines to be reduced for the same wind farm capacity, resulting in 
substantially reduction of installation costs per MW. However, both the turbine size and park 
size are increasing (Nielsen, 2016b). 
 
The turbines have a limited operational range regarding wind speeds; power production starts 
at wind speeds higher than what is called cut-in wind speed due to overcoming losses and 
stops the production above shut-down wind speed for safety reasons (Mathew, 2011). Cut-in 
wind speed is typically at around 3 m/s and shut-down wind speeds are typically at around 25 
m/s. The amount of power a turbine can extract is thereby higher if it has lower cut-in wind 
speed and higher shut-down wind speed, as the turbine will extract power from a broader 
spectre of wind velocities. The graph for the produced power at different wind speeds, i.e. 
power curve, is also characterized by the rated wind speed at which the turbines maximum 
power production is reached.  
 
As mentioned, the angle of attack has a large effect on the lift force that drives the rotor 
around. By changing the angle of the blades in relation to the wind direction, i.e. pitching, the 
speed of the turbine can be regulated. Pitching the blades are used when the wind speed is 
between rated and shut-down values, with intention to minimize the effective angle of attack 
between the blades and the direction of the wind, and therefore to maximize the extracted 
power. Pitching is also very useful for breaking when shut-down wind speed is exceeded. 
There is also a mechanical break on the gear to be used to complete the shut down when the 
speed of the turbine has decreased sufficiently. 
 
There can be very large differences between the actual power production and the rated power 
of the turbine due to the operational limitations and power curve, maintenance on the turbine 
and so on. The turbine also uses time to set the pitch and yaw to extract the most power at all 
times due to the irregularity of the wind direction and speed. The measure of actual annual 
energy production (AEP) divided by the maximum possible power production over one year 
gives the capacity factor, Cf. Typically, capacity factor ranges from 0.25-0.35 onshore and 
0.35-0.45 offshore (Nielsen, 2016b). 
 
The power coefficient, Cp, is an indicator of how efficient a turbine can extract power for 
different wind speeds, and as so, ideally it would be operating at maximum Cp at all times. 
For a modern wind turbine its value is close to 0.5, which is where they become commercially 
viable (Mathew, 2011). Power coefficient is generally assumed to be a function of pitch angle 
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and tip speed ratio, l. Tip speed ratio is the ratio between rotational speed of the blades 
multiplied by their length (rotor radius), to the free wind speed. Optimal tip speed ratio is 
often 6-7, but in literature also varies between 6-20 (Boyle, 2012). 
 
Because of continuity in the air mass flow across the turbine, there is a maximum amount of 
power that can be extracted by the turbine before the air downstream will decreased so much 
in speed that is blocks the transportation of new air masses. The power coefficient at this 
maximum transportation level is called the Betz limit and can be written as: 
 

 𝐶(,>?@ =
(ABCDEFCAG
(HIJG >?@

= +K
,L
= 0.593      (2.4) 

 
This is the maximum portion of the winds kinetic energy that can be converted to mechanical 
energy by the rotor in a theoretical situation, and is not regarding wake (turbulence) rotation. 
Power coefficient is therefore not to be confused with efficiency. At this level of power 
extraction, the wind speed downstream of the rotor is slowed down by 2/3 compared to the 
upstream free speed of the wind. This variable is called the axial induction factor, a. The 
idealized model used to calculate the Betz limit is not valid when the axial induction factor 
exceeds the value of 0.5. Figure 5 shows the power coefficient curve and axial induction 
factor for an ideal turbine. 
 

 
Figure 5: Power coefficient curve for an ideal turbine. Source: Manwell (2009). 

 
Manwell (2009) mentions three reasons why the actual power extraction must be lower than 
Betz theoretical limit, namely: 

- Rotation of the wake downstream 
- A finite number of blades and their tip losses 
- An aerodynamic drag that is higher than zero 
 

If including the consideration of wake rotation, the Glauert limit can be found, see Figure 6. 
However, this is still only theoretical, as its including an infinite number of blades and no 
drag forces. When the theoretical limits are accounted as maximum, the efficiency of modern 
turbines can be 80% or more (Mathew, 2011). 
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Figure 6: Maximum achievable power coefficients as a function of number of blades, no drag. Source: Manwell (2009). 

 
 

2.3  Wind Shear and Atmospheric Condition 
 
The lowest part of the atmosphere is called the Planetary Boundary Layer (PBL), where the 
air is considered turbulent due to the contact with the surface and hence the frictional 
resistance created. The wind may therefore have a very different velocity at different heights 
above the ground, i.e. wind shear profile. Roughly the lowest 10 % of the PBL is often 
referred to as the Surface Layer (SL), where the vertical increase in wind speed is nearly 
logarithmic (Stull, 1988). The wind shear profile is very difficult to estimate as it is constantly 
varying and affected by a number of parameters. Wind changes in speed and direction around 
its mean profile because of turbulence. The wind at any given time can then be written as 
u=U+û, where û is the turbulence and U is the mean wind speed. This is demonstrated in 
Figure 7 below, together with the increase in mean speed with height. For very rough terrains, 
a displacement height can also be taken into account such that the log profile does not start at 
ground. It is worth noting that wind speed can also decrease with height, called an inverse 
wind profile. 
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Figure 7: Momentary representation of a typical wind speed distribution with height above ground along z-axis. Source: van 
der Tempel (2006). 

The atmospheric stability and the surface roughness height, z0, are two variables that can 
strongly affect the vertical wind shear, and over sea they both change continuously. At any 
given time, roughness height varies with wave height and so it is a depends on wind speed 
and fetch. DNV (2010) lists typical values for roughness height for various terrain types, these 
are given in Table 1 and based on Panofsky (1984), Simiu (1978), JCSS (2001) and Dyrbye 
(1997). In literature the roughness height for offshore sites can vary a lot, it is often accepted 
as approximately 0.0002 meters for coastal areas and for calm open sea (Manwell, 2009). 
 
Table	1:	Terrain	types	with	typical	roughness	parameter	and	power	law	exponent.	Source:	DNV	(2010).	

Terrain type Roughness parameter z0 [m] Power law exponent a [-] 
Plane ice 0.00001 – 0.0001  
Open sea without waves 0.0001  
Open sea with waves 0.0001 – 0.01 0.12 
Coastal areas with onshore 
wind 

0.001 – 0.01  

Snow surface 0.001 – 0.006  
Open country without 
significant buildings and 
vegetation  0.01 

 

Mown grass  0.01   
Fallow field  0.02-0.03   
Long glass, rocky ground 0.05  
Cultivated land with scattered 
buildings 0.05 0.16 

Pasture land 0.2  
Forests and suburbs 0.3 0.30 
City centres 1-10 0.40 
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Offshore conditions are mainly causing three related effects on the wind resource due to the 
smoothness of the sea compared to land. Winds over open water always higher, exhibit less 
shear, and are intrinsically less turbulent than over land (Manwell, 2009). Average wind speed 
increases with distance to shore, however, turbulence and shear decrease. Lower turbulence 
intensity in the undisturbed wind offshore is causing improved performance, but are also 
causing some negative effects. The downstream turbulence of a turbine takes longer time and 
distance to become as laminar as the upstream, undisturbed wind. This may increase the 
average intensity of the turbulence significantly, enhancing and enlarging the wake and 
therefore turbines need more spacing between them to not be too affected by the turbulent air 
flows of each other, adding to the already large area of use for wind farms. Turbulence 
offshore also decreases with height, so as the trends are bigger turbines, this problem becomes 
slightly less important (Manwell, 2009). 
 
The atmospheric conditions can be determined based on how the temperature changes with 
altitude. Under atmospheric conditions where the temperature gradient for unsaturated air is 
9.8°C per km, the atmosphere is considered to be neutral. If the temperature differs less than 
this, the atmosphere is considered stable as vertical movements are suppressed and velocity 
gradients are preserved. In the opposite case where the temperature differs more than 9.8°C 
per km, the atmosphere is unstable and vertical mixing of air masses is enhanced. The 
velocity gradients are therefore reduced. There are several reasons why the atmosphere will 
change, some of the processes that can create instability are (Ahrens, 2015): 
 

- Radiation heating of lower altitudes and/or cooling in higher altitude 
- Influx of hot air in the lower level 
- Influx of moist air 
- Rising of air that is cooled adiabatically 

 
The effects of atmospheric stability on wind shear needs to be taken into account when 
extrapolating wind speed. Temperature can cause uncertainty because it can reinforce or 
diminish turbulence in the air. Wet air is generally less stable than dry air because the wet air 
gets cooled later. Pasquill (1961) established stability classes that are arranged from very 
unstable, A, to stable, F, where D corresponds to neutral conditions. 
 
For offshore conditions, estimations on stability can be done by using the temperature 
difference between the sea and the air. The variation in stability with temperature differences 
and wind speed at 10 meters is demonstrated in Figure 8 by Hsu (1992). As seen, the neutral 
atmosphere assumption is reasonable when the hourly mean wind speed exceeds about 10 
m/s. At this wind speed the turbulent mixing overpowers atmospheric instability. When the 
air is warmer than the sea, stable conditions often apply. This makes it more typical for the 
summer months. If the atmosphere is strongly stable, inversion is likely to happen. 
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Figure 8: The stability classes as function of the wind speed and air-sea temperature differences. Source: Hsu (1992). 

 
2.4  Methods for Extrapolating Wind Speeds 

 
The power law is one of the most used methods for extrapolating the wind speeds between 
different altitudes because of its simplicity. The surface configuration and atmospheric 
conditions can be implemented in a single variable called the power law exponent, a. It has 
been found that the exponent varies with such parameters as elevation, time of day, season, 
nature of the terrain, wind speed, temperature and various thermal and mechanical mixing 
parameters (Manwell, 2009). The basic form of the power law equation is: 
 

Q(R)
Q(RD)

= R
RD

S
 [-]        (2.5) 

 
where, 
U(z) : Wind speed at height z [m/s] 
U(zr) : Wind speed at reference height [m/s] 
z : Height [m] 
zr : Reference height [m] 
a : Power law exponent [-] 
 
Since the exponent is strongly variable, specially offshore due to varying surface roughness 
caused by waves, the use of the power law method is not recommended in some literature 
(Heinemann, 2002). Especially at low wind speeds the surface roughness is an important 
consideration in determining power law exponent (Spera, 1979). Manwell (2009) presents 
different methods of calculating the exponent. One of them shows correlation for the power 
law exponent as a function of velocity and height as proposed by Justus (1978), another 
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shows correlation dependent on surface roughness given by Counihan (1975). An empirical 
formula where the exponent is varying according to surface roughness height, and 
simultaneously is a function of measured velocity and height, is given by Nfaoui (1998) and 
rewritten here according to Khalfa (2014): 
 

α = 𝒳V3.3WW+×YZ	(QD)

+V3.3WW+×YZ [D
\] 	

 [-]        (2.6) 

 
Where 𝒳 depends on roughness height according to: 
 
z0 = 0 – 0.005 m  𝒳 = 0.25 
z0 = 0.005 – 0.05 m  𝒳 = 0.31 
z0 = 0.05 – 0.5 m  𝒳 = 0.37 
z0 = 0.5 – 4 m   𝒳 = 0.48 
 
Often a power law exponent value of 1/7 (»0.143) is used for neutral atmosphere over land, 
and for stable (unstable) conditions higher (lower) values are used. The larger the power law 
exponent, the larger the vertical gradient in the mean horizontal wind speed. Offshore, a value 
of 0.11 is often considered as reasonable for neutral atmosphere. However, the value of the 
power law exponent can vary a lot between different cases of study. 
 
The exponent varies between 0.050 and 0.169 in Hsu (1994), concluding with an exponent of 
0.11 ±0.03 as standard deviation of 30 samples in the gulf of Mexico and the East coast of 
United States under near-neutral atmospheric stability conditions. Lower values of the power 
law exponents were found to be suitable for cases studied by Furevik (2012). This was a study 
based on data collected at Polarfront (66N, 2E) which was 400 km north-west of the site for 
this thesis. For unstable conditions an exponent value of 0.04 was established, 0.05 for 
neutral, and 0.09 for stable conditions. Based on temperature differences between air and sea, 
assumptions were that stable conditions occurred when DT > 0, neutral when -1 ≤ DT ≤ 0 and 
unstable when DT < -1. In another study, Corrigan (2017) found the power law exponent to be 
at an average of 0.09 for lake Erie, 6 km from land in Cleveland, USA. When taking into 
account the atmospheric stability conditions, the average power law exponents of 0.02 and 
0.14 were found for when unstable regimes and neutral/stable regimes was indicated, 
respectively. 
 
Figure 9 and 10 shows how mean power law exponent change as a function of surface 
roughness height and of wind speed at 10 m, respectively. Results from several different 
methods for calculating power law exponent is implemented (Spera, 1979). Direct values of 
the power law exponent for each stability class can be found in literature, however, not for 
atmosphere over sea, e.g. EPA (2000). The result in Emeis (2005) show that the power law 
offers a good fit to the logarithmic profile for slightly stable conditions and very smooth 
surfaces only. 
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Figure 9: Mean power law exponent as a function of surface roughness height. Source: Spera (1979). 

 
Figure 10: Mean power law exponent as a function of wind speed at 10 m. Source: Spera (1979). 

 
Another much used method for determining the vertical wind profile, is the logarithmic law 
(log law) that can be presented by 
 

𝑈 𝑧 = `∗
a
𝑙𝑛 R

R]
	   [m/s]       (2.7) 

 
where, 
u* : Friction velocity [m/s] 
k : von Kármán constant ≈0.4 [-] 
 
Friction velocity is defined by the relation: 
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𝑢∗ = 	 t3 r [m/s]       (2.8) 
 
Where, 
t0 : Surface shear stress, or momentum flux at the surface [N/m2] 
r : Density [kg/m3] 
 
The log law can be rewritten for extrapolation of wind speeds between two known altitudes 
with the same roughness height: 
 

e(f)
e(fg)

= YZ	(	f f])
YZ	(fg/f])

  [-]       (2.9) 

 
Variables are the same as those used for the power law in Equation 2.5. The log law as it is 
presented by Equations 2.7 and 2.9 is only valid if the thermal stratification of the atmosphere 
is neutral, and the surface roughness height is known. The atmospheric stability state can to 
be taken into account for by the boundary layer similarity theory, or Monin-Obukhov 
similarity theory (MOST). A stability correction function, y, is added to the logarithmic wind 
profile, and the log law can then be written as in Holtslag (2014): 
 

i`
iR
= `∗

aR
− 𝜓 R

;
+ 𝜓 R]

;
      (2.10) 

 
where, 
L : Monin-Obukhov length [m] 
 
The last term in Equation 2.10 is generally neglected since z >> z0. The term z/L is defined as 
the stability parameter z, and is related to stability with z/L< 0 referring to unstable, z/L≈ 0 to 
neutral and z/L> 0 to stable conditions. According to Webb (1970), MOST is only valid in a 
range of -1 ≤ z/L ≤ 1. Newman (2014) states that the similarity theory methods only produce 
accurate wind speed estimates for unstable conditions. Also according to Optis (2016) there 
have been found limitations in the MOST for wind profile extrapolation under stable 
stratification conditions. 
 
The Monin-Obukhov length is defined as 
 

𝐿 = 	− no	`∗p

aq(rsns)t
  [m]       (2.11) 

 
Where, 
𝜃" : Mean virtual potential temperature [K] 
g : Acceleration due to gravity [m/s2] 

(𝑤′𝜃′)' : Surface virtual potential heat flux [m´K/s] 
 
The Obukhov length calculation requires measurements of heat and momentum fluxes, as 
seen, typically from a sonic anemometer. Another commonly used stability parameter is the 
gradient Richardson number. The Richardson number, in contrast to the Obukhov length, 
depends on the vertical temperature gradient and the velocity gradient (Newman, 2014). 
Temperature measurements at two different levels are therefore required. 
 
By examining the log law, a relation between wind speed and stability can be found, where 
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the Monin-Obukhov length is proportional to the friction velocity cubed in Equation 2.11, 
which in turn depends on the wind speed as seen in Equation 2.7. Large values of L, and 
hence z/L ≈ 0, is therefore a result of high wind speed and also imply near-neutral conditions 
as stated (Motta, 2005). 
 
When z/L is known, the wind profile for stable atmosphere is given by Emeis (2005): 
 

𝑢(𝑧) = `∗
a
𝑙𝑛 R

R]
+ 4.7 R

;
   [m/s]     (2.12) 

 
For unstable atmosphere the stability correcting function can be approximated by (Emeis, 
2005): 
 

−Ψ R
;
= 𝑙𝑛 +x@8

, \yB
8

8 − 2𝑡𝑎𝑛V+ 𝑥 + ~
,

  [-]  (2.13) 

 
Where 
 

𝑥 = 1 − 15 R
;

+ �
  [-]      (2.14) 

 
 
The log law is a function of roughness height, and determining roughness height offshore is as 
seen, not straight forward. In combination with MOST, the Charnock model is often 
additionally used for describing the change in roughness height over the ocean as a function 
of the wind speeds. Because of the relation seen in Equation 2.8, friction velocity can be 
thought of as a proxy for the surface stress (WMO, 1998). The wind-stress acting at the air-
sea interface is an important influence on the generation of surface waves, among other 
phenomena. The Charnock model is providing that the surface roughness is governed by 
gravity waves (Wu, 1969). The relation between roughness height and friction velocity is 
given by Charnock as follows: 
 

𝑧3 = 𝐴�
`∗8

q
  [m]        (2.15) 

 
Here, 
AC : Charnock parameter [-] 
 
The Charnock parameter was initially assumed to be a constant, however, it is found to be an 
empirical value that depends on how open the sea is and how old the waves are. For fully 
developed waves at open sea, Charnock parameter between 0.011 and 0.014 is recommended, 
and for near-coastal locations it is usually higher, with values of 0.018 or more (DNV, 2010). 
According to Manwell (2009), the Charnock parameter is normally set to 0.018 for coastal 
waters. 
 
There have been many attempts to define the parameter, Kitaigorodskii (1965) proposed a 
wave-age based approach, expressed as either cP/u* or cP/U10N. Here, cP is the wave phase 
speed at the peak of the spectrum and U10N is the 10-meters neutral wind speed (Drennan, 
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2005). Hsu (1974) proposed instead that the Charnock parameter could be considered as a 
function of the wave steepness, thus considering the density of the wave field. 
 
Taylor (2001) proposed an alternative to the classical wave-age scaling proposed by 
Kitaigorodskii (1965). It is similar to Hsu (1974) in which is based on wave steepness to 
predict roughness height, however, it is a simplified formula. The relation is rewritten as by 
Drennan (2005): 
 

R]
��
= 𝐴 ��

;�

�
[-]       (2.16) 

 
where, 
HS : Significant wave height [m] 
LP : Peak period wavelength [m] 
 
The values of A and B are found empirically by Taylor (2001) to be 1200 and 4.5, 
respectively.  
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3. Methods applied for characterizing load and wind power 
production in the case study 

 
In this chapter the methods used for handling the different sub-problems are presented. 
Firstly, the way the quantitative data were collected and processed is explained shortly, before 
the power consumption data are presented, followed by the most suitable extrapolation 
method of wind data at site. 
 

3.1  Collecting and Processing the Data 
 
Collecting the data on power consumption was done by 
contacting the industry, consultant companies and research 
centres with links to fish farming. The main aim when 
requesting data from a fish farm was that it was a relatively 
large facility and that there was good availability of data for a 
long period and with short intervals. Such data was given by 
the operational company SalMar Farming AS and their 
energy advisory company aPoint on a facility called Rataren 
in Sør-Trøndelag, Norway. At the location there is a SINTEF 
ACE owned Seawatch Midi 185 buoy as seen in Figure 11, 
that measures a number of weather parameters. Data from the 
buoy was given by SINTEF Ocean for the entire period of 
available power consumption data. The type of wind measure 
method at the buoy is sonic anemometer, where the velocity 
of ultrasonic sound waves between two pairs of transducers is 
measured to calculate the wind speed. The anemometer is a 
WindSonic by Gill Instruments Ltd, which measures direction 
and speed with 1 Hz, 10 minutes’ average, 60 minutes’ 
acquisition interval. An excerpt of the datasheet can be found 
in Appendix A. 
 
Wind and air temperature is measured at 2.5 meters above sea level (masl), water temperature 
is measured at 1 meter below sea level (mbsl). Motta (2005) discuss how error can occur 
when the temperatures have been measured separately and the difference is calculated 
afterwards. Given that sea temperature varies slowly, it is claimed that using the difference 
may lead to many extreme (i.e. very stable, or very unstable) stratification conditions. Also, 
sea temperature should be measured at surface (skin temperature) with remote sensing ideally, 
not in the top layer which is more common and also is the case here (Motta, 2005). 
Nevertheless, this is the only possible and reasonable method in this case of study. 
 
The hours of the wind and temperature data are in UTC and is therefore shifted one (two) 
hour(s) according to the power consumption data set, as the time for power demand is in CET 
(CEST). The buoy is placed 360 meters from the middle of the fish farm and 420 meters from 
the barge, forming an almost isosceles triangle. The data from the buoy is to be used for the 
extrapolation of wind speeds from the measured height to the turbine height, the last section 
of this chapter will explain the methods to do this.  
 
Air temperature from the period was also collected from the Norwegian Meteorological 
Institutes climate database, at the web portal eKlima. The closest weather station to Rataren is 

Figure	11:	Seawatch	Midi	185	
Buoy	located	at	Rataren.	Source:	
SINTEF	Ocean.	
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Sula lighthouse at 5 masl located 7.8 km north-west of Rataren. Official requirements give 
temperature measurement at 2 meter above ground level, resulting in temperature data at 7 
masl at Sula lighthouse. It was decided not to use these data in the calculations as the 
measurements are not from a sufficient altitude when being this far apart from the 
measurements at the buoy. 
 
The power curve for Hywind Demo 2.3 MW turbine is given by Statoil, it can be found in 
Appendix B. Also the GWP 750 kW turbines power curve can be found in Appendix C 
(GWP, 2002). The two turbines different power curves and hub heights are accounted for in 
the calculations. For comparison of different ratios of power production and power 
consumption, a wind farm of three 750 kW turbines is included in calculations and also the 
hourly consumption is multiplied by one, three and six times the original consumption at 
Rataren. 
 
Excel was chosen as the computer software program used for all calculations. It is suitable for 
the simple, yet many calculations and to make graphs to present the results in a clear manner. 
There were not found any limitations with this program in this case compared to others. 
 

3.1.1 Power Consumption at the Fish Farm 
 
Rataren fish farm is located 100 km north-west of Trondheim, and about 50 km of the 
mainland, in between some smaller islands but less than 10 km from the open sea, see Figure 
12. Rataren is one of the largest fish farms in Norway, and consists of system anchoring with 
the capacity to carry 16 cages. There are currently 14 cages, and each of them have a 
circumference of 160 meters. The barge has a feed capacity of 600 tonnes, in addition to eight 
bedrooms, seven bathrooms, two kitchens, TV-room, two meeting rooms, three offices and 
one control room (ACE, 2013). The location for the middle of the fish farm is 63°46’85.3”N, 
8°31’04.3”E, and the barge is located 63°46’75.6”N, 8°31’36.7”E.  
 

 
Figure	12:	Location	of	the	case	of	study,	Rataren	fish	farm	in	Trøndelag,	Norway.	

 
Rataren is also a research facility and SalMar Farming AS is a partner in Exposed – a centre 
for research-based innovation on exposed aquaculture operations. One of Exposed’s research 
partners and the centre host is SINTEF Ocean (Reed, 2013). As of June 2016 Rataren got 
connected to the onshore power grid, before that only diesel generators were used; two at 300 
kW and one at 100 kW. There are now an 8 km long power transmission cable to shore and a 
transformer is placed on a skerry (Flathagen, 2016a). The power consumption has not been 
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registered before 1st of February 2016, and the received data set from SalMar on power 
consumption is from this date until 31st of August 2016. In general, fish farms use about 60 % 
of the energy consumption for feeding, so where the salmon is in the growth phase is 
important for power consumption. Rataren was empty from November 2014 before 2.5 
million fish were set in 15 cages during March and April 2015 (Hammervik, 2015). The fish 
at Rataren were in the latest growing-phase when the power consumption was registered, 
according to SalMar and aPoint there are less fish after August. 
 
The power measurements are hourly, which is not ideal regarding that power production from 
wind turbine can vary a lot within one hour. However, the data are regarded to be the best 
available. There are some periods, varying from a few hours to many days, where the main 
measure point is out of service and the consumption apparently drops to zero. These periods 
are filtered off, and is not contributing in any calculations. During the period with data from 
1st of February 2016 till 31st of August 2016 there are in total 5100 hours. The periods with 
outages constitutes 430 hours, which results in 4670 hours for calculations. The data 
availability for the power consumption is then almost 92% during the whole seven months 
period, and the data are given in kW with one decimal, i.e. with an accuracy of 100 W. The 
remaining data are still considered very reliable and invaluable in this study. 
 

3.1.2 Wind Resource Estimations 
 
The methods for examining wind resource are emphasized because of the wind speeds’ 
importance when calculating the wind power, as seen in Chapter 2. The data from the buoy is 
evidently the best source of information about the weather conditions at the site, but the wind 
speeds needs extrapolation from the buoy height to the hub height, which is 65 meters for the 
Hywind Demo 2.3 MW turbine and considered to be 55 meters for the GWP 750 kW turbine. 
Taking wind shear profile into account, the difference in wind speed over the area of the rotor 
of a turbine can be substantial, depending on the size of the turbine. It is therefore a problem 
that becomes more important for the Hywind turbine, however, it is not taken into account 
here; the wind is extrapolated to an altitude that is considered reasonable for the centre of the 
rotor for both turbines. 
 
There are different methods around to extrapolate wind speed, the power law and the log law 
have been presented previously. The log law is more complex in its calculation and 
dependencies of variables. There has been done attempts in the thesis to find the most suitable 
variables based on literature research and trial and error. As mentioned in Chapter 2, the 
Monin-Obukhov length can be given by Richardsons number, which in turn depends on the 
temperature gradient and the velocity gradient. In this study these data are not available, but 
different example values for the parameter z/L per stability class is found (Hsu (1992), 
Cañadillas (2011)). 
 
Roughness height was also varied in the calculations, causing changes in friction velocity due 
to Charnocks equation. As mentioned, there is interdependence between wave height and 
wave periods that could be used to calculate a varying roughness height for each hour 
(Manwell, 2009). From the buoy at Rataren, data on significant wave height were available, 
however, data on wave period was not. The MOST method for stable and unstable conditions 
are not directly depending on the wind speed measured at site, so friction velocity would 
either be constant for all wind speeds (also causing constant wind at hub height), or changing 
with the rule of thumb as stated in Ho (2015) that it is equal to one tenth of the wind speed, 
but holding u*<1, which caused unreasonable jumps in the calculated wind speed. There was 
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also made attempts to find a reasonable estimate for friction velocity by the relation to wind 
speed given in WMO (1998), where 𝑢 ∗= 𝑣 𝐶1 due to the drag law 𝜏 = 𝜌𝐶1𝑣,, see Figure 
13. 
 

 
Figure 13: Drag coefficient as a function of stability and 10 meters wind speed. Source: WMO (1998). 

 
However, calculations show inconsistencies in the wind speeds and the method is therefore 
not satisfying. A shorter period of the results for z/L= ±0.4 and u*= v/10 (u*=v/20) for v <10 
(v >10) can be found in Appendix D. 
 
The friction velocity has also been calculated using Charnocks equation assuming AC=0.0185 
(Wu, 1980). This was consequently not giving more reasonable results as the Charnock 
parameter is kept constant. Estimating more suitable Charnock constants for this particular 
case was not possible due to the unavailability of some parameters in the methods mentioned 
in Chapter 2. 
 
As a result of this, the power law was decided to give the most reasonable values of wind 
speed calculation, even though the power law exponent also is uncertain and must be 
estimated best possible based on literature. A literature review revealed little in the way of 
atmospheric stability in general correlation with values of the power law exponent. 
Recommended power law exponents are found for urban and rural wind profiles, but not for 
offshore conditions, i.e. by EPA (2000). There are many studies done where different 
exponents are found to be valid for the particular site offshore, however, they are not directly 
transferrable to the site of interest in this thesis. 
 
For most accurate results in this thesis, the power law exponent is set to be different for five 
stability classes. Power law exponents that are assumed to be reasonable are 0.07, 0.09, 0.11, 
0.13 and 0.15, for respectively unstable, slightly unstable, near-neutral, slightly stable and 
stable conditions. In addition to temperature difference, wind speed in an indicator of 
atmospheric stability as previously seen. Therefore, sets of power law exponents was also 
calculated using the method by Nfaoui (1998) given in Equation 2.6. The results are as shown 
in Table 2, and compared to the chosen values of the power law exponent as listed above. The 
calculations can be found in Appendix E. 
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As seen in Chapter 2, 𝒳 = 0.25 for z0 = 0-0.005 m., and 𝒳 = 0.31 for z0 = 0.005-0.05 m. 
Roughness height below 0.01 meters is considered reasonable for all sea states in Table 1, and 
it is often accepted as approximately 0.002 meters for coastal areas. Both values of 𝒳 are 
therefore used for calculating power law exponents, but 𝒳 = 0.25 is believed to result in the 
most reasonable values for power law exponent from this method, and in this case of study. 
The method was used to calculate power law exponents for each hour based on the wind 
speed at 2.5 meters height throughout the period, for both values of 𝒳. The average exponents 
for each stability class as shown in Table 2 were found. 
 
As seen are the chosen values for the power law exponents decreasing the more unstable the 
atmosphere is, as it should per definition. When 𝒳 is set to be 0.25 the same pattern is found 
for slightly stable, near-neutral and slightly unstable conditions, with the exact same values of 
exponents as for the chosen values. However, for stable and unstable conditions the exponents 
are lower and higher than expected, respectively. This is not correct according to the theory 
on wind shear and atmospheric stability. The same pattern is found for when 𝒳 is equal to 
0.31, but the values are in general higher than the chosen values. 
 
It is also evident that the maximum and minimum values with this method are quite extreme, 
as a power law exponent of 0.4 corresponds to city centres according to Table 1. These 
findings are also decreasing the credibility of the suitability of the method in this case of 
study. Partly based on these results, it is determined to use the chosen values of the power law 
exponents from 0.07 to 0.15, and not further use the method given by Nfaoui (1998). 
 
Table	2:	Power	law	exponents;	chosen	values	and	calculated	values	by	taking	into	account	the	assumed	roughness	height	
and	measured	wind	speed	at	2.5	meters.	

Atmospheric	
stability	class	

Chosen	α	
based	on	
stability	class	

Calculated average α 
when 𝓧 =0.25 (z0=0-
0.005 m) 

Calculated average α 
when 𝓧 =0.31 
(z0=0.005-0.05 m) 

Stable	 0.15	 0.12	 0.17	
Slightly	stable	 0.13	 0.13	 0.18	
Near-neutral	 0.11	 0.11	 0.17	
Slightly	unstable	 0.09	 0.09	 0.15	
Unstable	 0.07	 0.10	 0.15	
Minimum	value	
of	α	found	 0.07	 0.02	 0.07	
Maximum	value	
of	α	found	 0.15	 0.39	 0.44	
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4. Results 
 
In the first of the following subchapters the wind turbines power production is estimated. This 
is a result of the wind resource estimates at hub heights, which calculation is based on the 
determination of atmospheric stability for each hour. Following, the power consumption is 
presented and is compared to the power production using graphs and key numbers. Finally, 
the produced power is compared with the power demand for different fish farm sizes. The 
time periods with outage at the measure points at the fish farm are removed from all data 
where the total period is included in calculations. In several of the figures the data are only 
shown for two weeks, this is for illustration purposes and the first two weeks of the period are 
chosen by chance. 
 

4.1  Estimation of the Power Production 
 
Presented in the following sections are the chosen variables and the results of the calculations 
that provides the basis for the power productions. The atmospheric stability and wind 
distribution is therefore firstly determined. 
 

4.1.1 Atmospheric Stability 
 
Determining the atmospheric stability is critical for how to process the data on wind speed at 
the site. As mentioned, the difference in air and water temperature gives an indication of 
atmospheric stability. In this thesis, near-neutral atmospheric condition is assumed to be valid 
when the temperature difference is between 1°C and -1°C. If the air temperature is more than 
3°C lower than the water temperature, the near surface atmosphere is considered to be 
unstable, and difference above 3°C gives assumed stable atmosphere. Slightly stable and 
slightly unstable conditions are assumed when temperature difference is between 1°C and 
3°C, and -1°C and -3°C, respectively. 
 
The stability class is determined for each hour throughout the period, and the conditions can 
therefore be characterized as shown in Figure 14. This is the total period between 1st of 
February till 31st of August 2016, including hours with outages in the measure points at 
Rataren. Out of the 4670 hours when excluding outage periods, there are found a vast 
majority of hours of near-neutral conditions throughout the period with 63%. Slightly 
unstable conditions found to occur 22 % of the time, while slightly stable, unstable and stable 
occurs 7%, 6% and 2 % of the time, respectively. Calculations for these results can be found 
in Appendix F. 
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Figure 14: Temperature difference between air and sea (Ta-Ts), and corresponding stability classes. 

 
Furthermore, the chosen power law exponent that is assumed reasonable for each atmospheric 
condition is given in Table 3, together with the corresponding temperature differences 
between air and sea. For wind speed extrapolation, the power law equation presented in 
Chapter 2 is applied to each hour using the power law exponent that is assumed correct for the 
applicable conditions. 
 
Table 3: Stability classes and characteristics. 

Pasquills 
stability 

categories 

Atmospheric condition DT (Tair – Tsea) Power law exponent, a 

B Unstable DT < -3 0.07 
C Slightly Unstable -3≤ DT < -1 0.09 
D Near-Neutral -1 ≤ DT ≤ 1 0.11 
E Slightly Stable 1 < DT ≤ 3 0.13 
F Stable 3 < DT 0.15 
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4.1.2 Probability Distribution of the Wind Speed 
 
The wind speeds are extrapolated to 65 meters altitude based on the specifications for the 
Hywind Demo turbine, and to 55 meters for the 750 kW turbine. Figure 15 shows a two 
weeks period of wind speed measured at 2.5 meters and extrapolated to 65 meters using the 
power law with the exponent changing according to establishments in the previous 
subchapter.  
 

 
Figure	15:	Wind	speeds	over	two	weeks	period;	measured	at	2.5	meters	and	calculated	for	65	meters	altitude.	

 
Taking into account the whole period of 4670 hours, Figure 16 shows how many hours the 
different wind speeds occurred in measurements at 2.5 meters and the results of calculated 
wind speed at 65 meters. It shows the same configuration as a typical histogram. For the 
whole period the average wind speed at 2.5 meters is 5.01 m/s, at 55 meters it is 6.92 m/s and 
at 65 meters it is 7.04 m/s. The most frequent wind speeds are however 4 m/s for 2.5 meters 
and 5 m/s for 65 meters altitude. The number of hours with zero wind speed is 28 at 2.5 
meter, compared to 17 hours at 65 meter. The maximum mean wind speed during one hour is 
21 m/s at 65 meters that occurs for one single hour, and at 2.5 meters the maximum mean 
wind speed is 14 m/s and occurs for 3 hours. At 55 meters altitude, the number of hours with 
no wind is 18 and maximum mean wind speed is 20 m/s, occurring for one single hour. 
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Figure	16:	Probability	distribution	of	wind	speed	in	number	of	hours	calculated	for	65	meters	height	and	measured	at	2.5	
meters	height,	each	in	total	of	4670	hours. 

 
Figure 17 shows the calculated mean wind profiles for each stability class, with corresponding 
horizontal error bars for confidence level 95% calculated for 65 meters’ height. The legend 
shows the number of hours each of the atmospheric stability classes is found to occur. As 
seen, each of the mean wind profiles are results of many measurements that has various 
starting points for wind speed at 2.5 masl. Hence, there are large discrepancies between the 
measured values of wind speeds, with standard deviation at 2.5 meters between 2.3 and 2.5 
m/s for all stability classes. 
 

 
Figure 17: Average wind profiles calculated for each stability class. 
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In Figure 18 the frequency of occurrence of the different stability classes based on the 
calculated wind speeds at 65 meters altitude, can be seen. To fit into the categories of wind 
speed, they had to be rounded. The calculations can be found in Appendix G. It is prominent 
that all classes appear at almost the entire range of wind speeds, where it is expected to be 
clearer patterns. At higher wind speeds than 10 m/s at 10 masl, almost exclusively near-
neutral conditions are expected. However, calculations based on 65 meters height show that 
all stability classes still occur during higher wind speeds, especially are there more hours than 
expected of slightly unstable conditions. 
 

 
Figure 18: Frequency of occurrence of the different stability classes by calculated wind speeds at 65 meters height. 

 
 

4.1.3 Power Production 
 
In this subchapter the results from the calculated power production by both the 750 kW and 
the 2.3 MW turbine are presented. Figure 19 illustrates the power curves for both turbines, 
where the y-axis shows the power output over rated power. The shut-down wind speeds are 
the same for both turbines at 25 m/s, however, the cut-in wind speeds for the 750 kW turbine 
is 3 m/s - while for the 2.3 MW turbine it is 4 m/s. 
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Figure	19:	Power	curves	for	both	the	GWP	750	kW	turbine	and	the	Hywind	2.3	MW	turbine,	where	the	power	is	shown	at	
the	y-axis	as	power	production	over	rated	power	for	each	of	the	turbines.	

 
Calculations of power production are done for each hour based on the wind speed 
extrapolated to hub height using the exponential profile according to the respective stability 
and using the power curve for both the Hywind 2.3 MW turbine and the GWP 750 kW 
turbine. In Table 4 some key numbers on the calculated energy production throughout the 
period can be seen.  
 
For demonstrating the consequence of taking into account different atmospheric stability 
conditions, the energy production for 2.3 MW turbine for when only near-neutral conditions 
are assumed can be seen in the column to the far right. Here, the power law exponent is set to 
0.11 for all hours regardless of temperature difference between air and sea. The result is an 
average wind speed of 7.17 m/s and a total energy production of 104.16 % compared to the 
production by 2.3 MW turbine when division of stability classes are made. Zero power 
production is the most common situation for both of these two cases, while maximum power 
production is the second least common production level for the case with five stability 
classes, and it is the least common situation when no consideration to classifications are 
made. 
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Table 4: Key numbers of energy production from the 750 kW turbine and the 2.3 MW turbine when division of the five 
stability classes are made. The production from the 2.3 MW turbine is also calculated when it is assumed exclusively near-
neutral conditions throughout the period. 

 
 
 

 

GWP 750 kW 
turbine 

Hywind 2.3 MW turbine 

Calculated 
production when 
taking into 
account five 
different a 
according to 
stability 

Calculated 
production when 
taking into account 
five different a 
according to 
stability 

Calculated 
production if 
a=0.11 for all 
hours 

Total energy 
production 1 027 305 kWh 3 205 195 kWh 3 338 634 kWh 
Maximum possible 
energy production 3 502 500 kWh 10 741 000 kWh 10 741 000 kWh 
Capacity factor, Cf 0.2933 (29.33 %) 0.2984 (29.84 %) 0.3108 (31.08 %) 
Number of hours with 
zero power 
production 383 (8.20%) 748 (16.02 %) 740 (15.85 %) 
Number of hours with 
maximum power 
production 119 (2.55%) 13 (0.28 %) 17 (0.36 %) 
 
 
The energy production by Hywind has also been calculated by multiplying the probability of 
occurrence of each wind speed at hub height by the power production by the turbine at that 
same wind speed. The calculations can be found in Appendix F, and the results is seen in 
Figure 20. It is found that 10 m/s is the wind speed where highest power output is combined 
with most frequently occurring wind speed. In total, the energy produced by Hywind at 10 
m/s is 426 564 kWh. At no other wind speed does the turbine produce more energy in total 
during the period. It is therefore at 10 m/s that the Hywind turbine should work best, i.e. have 
the highest power coefficient, if it were to be ideal for the wind conditions at site. 
 
The GWP turbine also has its highest energy production of 138 818 kWh during hours with 
wind speed 10 m/s at 55 meters altitude. Calculations were done to estimate the power 
coefficients of both turbines for various wind speeds. The results show that maximum power 
coefficient for GWP is approximately 0.45 at 8 m/s, while Hywinds power coefficient at 9 
m/s is 0.41 at its maximum. The calculations that these results are based on can be found in 
Appendix H. 
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Figure	20:	Frequency	of	wind	speeds	at	65	meters	altitude	and	energy	produced	by	Hywind	2.3	MW	turbine.	

 
The results from calculated power production for both the 750 kW turbine and the 2.3 MW 
turbine the throughout the period can be seen in Figure 21 below, where it is clear that the 
power production varies greatly and also becomes zero at times. The production is somewhat 
higher during the winter months and early spring, which is consistent with the normally 
higher wind speeds during this season and is slightly predictable from the result for calculated 
wind speed at 65 meters in this case. 
 

  
Figure 21: Power production by 750 kW and 2.3 MW turbine based on calculated wind speeds at 55 meters and 65 meters 
altitude, respectively. 
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Further, the average wind speeds and average power production for the Hywind 2.3 MW 
turbine for each stability class is calculated, as seen in Table 5. The average power production 
was found by taking the sum of energy produced during each stability class and divide it by 
number of hours of that stability class. The average wind speeds at both 2.5 and 65 meters are 
increasing for slightly stable, near-neutral and slightly unstable conditions, however, both for 
stable and unstable conditions this pattern is not valid. Following, the average power 
production must show the same pattern. 
 
When average wind speeds at 2.5 meters are compared to average wind speeds at 65 meters 
for each stability class, the difference increase by almost 10 % for each classification, starting 
from least stable. Average capacity factor is found for each stability class, they are inevitable 
showing the same pattern as average wind speed and power production. The highest capacity 
factor is found for slightly unstable conditions and lowest value is found for slightly stable 
conditions. There is no evident dependence of stability class and capacity factor. 
 
Table 5: Stability dependent values of average wind speeds and average power production (energy per hour) by the Hywind 
Demo 2.3 MW turbine. 

Stability 
classes 

Number of 
hours in 

total 

Average wind 
speed at 2.5 m 

Average wind 
speed at 65 m 

Average 
power 

production 

Average 
capacity 
factor, 

Cf 

Unstable 296 (6%) 5.74 m/s 7.21 m/s 728 kW 31.63 % 

Slightly 
unstable 1001 (22%) 5.74 m/s 7.70 m/s 804 kW 34.98 % 

Near-
neutral 2940 (63%) 4.81 m/s 6.88 m/s 654 kW 28.44 % 

Slightly 
stable 342 (7%) 4.14 m/s 6.33 m/s 572 kW 24.87 % 
Stable 91 (2%) 4.40 m/s 7.17 m/s 720 kW 31.29 % 

Total 4670 
(100%) 5.01 m/s 7.04 m/s 686 kW 29.84 %	

 
  



	

	 38	

 
4.2  Power Consumption 

 
The complete power consumption data set from Rataren between 1st of February and 31st of 
August 2016 can be seen in Figure 22. Figure 23 shows the power consumption when periods 
with outages on the main measure point are excluded, which is the data used for further 
calculations. Maximum consumption is found at 195 kW on the 11th of May between 08.00 
and 09.00. During spring and summer the power consumption is reduced because the base 
load is lighting. There is also less fish after August. The periods that are removed from the 
data sets are: 
 

- 1st - 3rd of February 
- 2nd - 15th of March 
- 8th of April 
- 20th -21st of April 
- 12th of May 
- 13th of June 
- 22nd - 23rd of June 
- 3rd - 4th of August 
- 22nd - 23rd of August 

 

 

 
Figure 24 below is implemented to show the difference in energy demanding operations 
through the day for a period of two weeks. There are five measure point at Rataren, where the 
operation of feeding is shown to draw 38 % of the total energy consumption over the period 
of two weeks. The feeding is very regularly happening during daytime and this is by far the 
highest power load. There are two courses of light in the cages, which are used when there is 
no feeding. 

Figure	23:	Power	consumption	when	outage	periods	are	
excluded.	

Figure	22:	Power	consumption	as	raw	data.	Source:	
SalMar	ASA.	
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Figure 24: Power consumption as recorded at different measure points at Rataren fish farm. Source: SalMar ASA. 

 
4.3  Comparing Production and Consumption 

 
Over the seven months with available power consumption data, the load and estimated power 
production can be compared on hourly basis. For an illustration of the differences, Figure 25 
shows the values for the first two weeks of that period. It is evident that the production in 
general is much higher than the consumption, especially for the Hywind turbine, but 
sometimes the production drops below what is adequate supply for the consumption at that 
time. For Hywind this happens a whole 1027 hours during the period, which corresponds to 
22.00 % of the time. However, the lacking in power are not more than 187 kW as the fish 
farm does not consume much more than this. Nevertheless, these periods are very critical and 
makes the facility strongly dependent on a second energy source or an energy storage. 
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Figure 25: Comparison	between	power	production	by	the	2.3	MW	turbine,	power	production	by	the	750	kW	turbine,	and	
power	consumption	at	the	fish	farm	over	two	weeks.	

 
By subtracting the power consumption from the power production for each hour, the 
continuous balance in power is found. This is shown in Figure 26 where the great surplus 
most of the time is evident for both turbines. The surplus and deficit represents the power that 
necessarily would be transferred between the onshore grid and the offshore facility without a 
large capacity energy storage at site. For Hywind 2.3 MW turbine, the total amount of turbine 
power utilized is only 8.43 %, which means that 91.57 % of all turbine power produced 
during the period is not utilized at the facility without energy storage. The summary results 
from the two turbines and the power consumption can be seen in Table 6 below. 
 

 
Figure 26: Power production minus power consumption is illustrated for the two cases. 
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A turbine farm consisting of three 750 kW turbines have a capacity of 2250 kW, i.e. almost 
the same capacity as one Hywind Demo 2.3 MW turbine. Table 5 shows a comparison 
between one 750 kW turbine, three 750 kW turbines and one 2.3 MW turbine, when serving 
the same consumption as previously shown. Differences between the scenarios with three 750 
kW turbines and one 2.3 MW turbine are then almost exclusively due to differences in the 
power curves between the two turbines. 
  
Table	6:	Results	from	one	750	kW	turbine,	three	750	kW	turbines,	and	one	2.3	MW	turbine	when	serving	the	consumption	
at	Rataren.	

 
1x 750 kW 
turbine 

3x 750 kW 
turbines 

1x 2.3 MW 
turbine 

Total energy production 1 027 305 kWh 3 081 915 kWh 3 205 195 kWh 
Total energy consumption 328 723 kWh 328 723 kWh 328 723 kWh 

Total lacking in energy 82 949 kWh 48 136 kWh 58 654 kWh 
Total surplus in energy 781 531 kWh 2 801 328 kWh 2 935 126 kWh 

Total consumption covered by 
turbine production 245 774 kWh 280 587 kWh 270 069 kWh 
Capacity factor, Cf 29.33 % 29.33 % 29.84 % 
Percent covered by turbine 
production 74.77 % 85.36 % 82.16 % 
Percent used of all turbine 
production 23.92 % 9.10 % 8.43 % 

Percent of time with 
inadequate production 32.98 % 21.18 % 22.00 % 
 
 

4.4  Scaling the Consumption 
 
Further, the power consumption was scaled up to compare the difference in key numbers 
relative to an unchanged turbine capacity for the Hywind Demo 2.3 MW turbine. For this 
purpose, the original power consumption is multiplied by three and by six in two different 
cases, while the power production remains the same. The results from multiplying the 
consumption each hour by three, are shown in Figure 27. Likewise, the consumption is 
multiplied by six for the results in Figure 28. In theory, the two cases represent the 
consumption of 42 fish cages and three barges, and 84 fish cages and six barges, respectively. 
In Table 7 some key numbers for the two cases are listed. 
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Figure 27: Two weeks of power production from 2.3 MW turbine and three times Ratarens power consumption. 

 

 
Figure 28: Two weeks of power production from 2.3 MW turbine and six times Ratarens power consumption. 
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Table 7: Results for upscaled fish farm power consumption while maintaining the 2.3 MW turbines power production. 

 
2.3 MW turbine and 

3x consumption 
2.3 MW turbine and 

6x consumption 
Total energy production  3 205 195 kWh 3 205 195 kWh 
Total energy consumption 986 169 kWh  1 972 338 kWh  
Total consumption covered by 
turbine 718 271 kWh 1 234 259 kWh 
Total surplus of produced 
energy 2 486 924 kWh 1 970 936 kWh 
Total inadequacy (lacking in 
production compared to 
consumption) 267 898 kWh 738 079 kWh 
 
Figure 29 shows the comparison of key characteristics by the three different power 
consumption cases studied. The y-axis is set in percentage; for inadequate power production it 
gives the percentage of the time when this happens, i.e. the sum of hours when the power 
production does not cover the consumption, divided by all 4670 hours. 
 
To calculate the percent of the consumption that is covered by the production, the amount of 
consumed power that is covered by the turbine production is summed and divided by the total 
energy consumption. To calculate the percent of the total energy that is utilized by the fish 
farm of all the energy that is produced, the amount of consumed power that is covered by the 
turbine for each hour is summed and divided by the total energy production. These values are 
also shown as percentage by the y-axis. 
 
The lines are almost linear as the difference in the cases are simply the multiplication. The 
case with three times the consumption results in inadequate power production 35.74 % of the 
time, where six times the consumption gives a total of inadequate production 48.18 % of the 
time. Simultaneously, not more than 62.58 % of the fish farms consumption is covered. 
However, the surplus is still great, and only 38.51 % of the energy produced is utilized. 22.41 
% of the produced energy is utilized for the case with three times the consumption, while 
72.83 % of the time the consumption is covered. 
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Figure 29: Relationship between change in power consumption and key characteristics. The percent of time with inadequate 
power production point to the	sum	of	hours	when	the	power	production	does	not	cover	the	consumption	-	divided	by	the	
total	4670	hours. 

 
To sum up and for better to estimate the most preferred sizing, the energy necessary to 
transfer between Rataren and the mainland for the different cases mentioned, is presented in 
Table 8. The energy needed from the onshore grid in the case of three times the consumption 
is 4.6 times the energy needed in the case of original power consumption, both with the power 
production by the Hywind turbine. For six times the consumption this is 12.6 times the 
energy. On the other hand, the energy transferred to the onshore grid for three times the 
consumption is above 0.8 times compared to the case of original consumption. For six times 
the consumption the energy transferred to the onshore grid is almost 0.7 times the case with 
original consumption. 

When comparing the results from the wind farm consisting of three 750 kW turbines with the 
one 2.3 MW turbine, both with the original power consumption at Rataren, it is found that the 
ratio of energy import to export to the onshore power grid would be lower for the case with 
750 kW turbines. The amount of energy needed by the fish farm and not covered by the 
turbine is lower in the case with the three 750 kW turbines, however, also the total surplus of 
energy is lower for the 750 kW turbines than for one 2.3 MW turbine. 
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Table	8:	Necessary	energy	transfer	between	fish	farm	and	onshore	grid	when	no	energy	storage	is	implemented.	Ratio	of	
energy	import	to	export	equals	total	energy	transferred	from	the	onshore	power	grid	divided	by	total	energy	transferred	
to	the	grid.	

Power 
production 
 

GWP 750 kW Hywind 2.3 MW 

1 turbine 3 turbines 1 turbine 1 turbine 1 turbine 
Power 
consumption 
compared to 
Rataren 

1x 
consumption 

1x 
consumption 

1x 
consumption 

3x 
consumption 

6x 
consumption 

Total energy 
transferred 
from grid 82 949 kWh 48 136 kWh 58 654 kWh 267 898 kWh 738 079 kWh 
Total energy 
transferred 
to grid 781 531 kWh 

2 801 328 
kWh 

2 935 126 
kWh 

2 486 924 
kWh 

1 970 936 
kWh 

Ratio of 
energy 
import to 
export 10.61 % 1.72 % 2.00 % 10.77 % 37.45 % 
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5. Discussion 
 
The results presented in the previous chapter will be discussed here, and important aspects 
will be emphasized. The results are based on actual data measured at site, and even though 
there had to be some simplifications and assumptions, the results are expected to be as good 
as they could be in this case of study. Power law was chosen as the method used for 
extrapolating the wind speeds between altitudes, due to its simplicity and suitability when 
certain variables are unavailable. Assumptions had to be made both considering the chosen 
values of the power law exponents and the limits of temperature difference between air and 
sea, determining the stability classes and therefore when to apply the different exponents. 
This had the strongest impact on the result of power production as it is dependent on wind 
speed to the power of three, which can make a small error significant.  
 
Firstly, the results from the determination of atmospheric stability classes were presented. 
Because of the method used for this, where temperature of air and sea is measured separately 
and the difference is calculated afterwards, there was a chance that the results would falsely 
show extreme stratification conditions most of the time, as mentioned in Chapter 3. This was 
however not the case as near-neutral conditions were found to occur 63 % of the time. As 
seen in Chapter 2, warm sea below colder air will heat up the air and this mass will rise, hence 
causing unstable conditions, and vice versa. Therefore, unstable conditions typically occur 
more often during winter months; tendencies that are also found in temperature distribution 
over the current period. When studying the temperature difference, it seems as July is the 
month more typical for the tendencies expected in the summer season, where in August the 
temperature differences causes some shorter unstable periods. The wind speeds during this 
period in August is not very high, which could have explained the labelling of “unstable” if it 
really was near-neutral conditions. This increase the credibility of the assumptions of stability 
classifications, but nevertheless, the uncompromising limits of temperature differences are 
known as simplifications. 
 
From February till May there are only one shorter period of a few days when the atmosphere 
is found not to be near-neutral, slightly unstable or unstable. For example, 27th of March, 
which is during this stable period, wind speeds of 8 m/s are measured while the air 
temperature is 4°C higher than the sea temperature. According to Hsu (1994), at 4°C 
difference, wind speeds over 7 m/s at 10 meters height corresponds to neutral conditions.  
 
Unless the stable conditions are actually causing an inverse wind profile, this is an occasion 
where the chosen simplification result in the wrong conclusion regarding stability. By 
simplification in this case it is meant that only the temperature differences between air and sea 
was considered when determining the applicable stability classes, and the wind speeds are not 
included as a factor in this. Inverse wind profile is assumed to be unlikely in this situation 
because it requires a relatively large decrease in wind speed between 2.5 meters and 10 meters 
height. The temperature data are the base for further results, and can therefore indicate slight 
disturbances to the stability and wind speed, and hence, the power production. However, this 
is considered almost impossible to avoid with the simplifications that had to be made. 
 
In Chapter 3 the method given by Nfaoui (1998) was evaluated, which is including wind 
speed in estimations of power law exponent. During the discussed hours the 27th of March, 
the power law exponents were found to be 0.06 for 𝒳 = 0.25 and 0.11 for 𝒳	= 0.31 with this 
method. These are regarded as more reasonable for wind speed of 8 m/s while temperature 
difference is 4°C. However, there was found extreme values when using this method as 
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mentioned in Chapter 3; e.g. for 𝒳	= 0.21 the exponent drops to 0.02 right after the hours 
discussed 27th of March, and 𝒳	= 0.31 gives a = 0.25 just hours before. It is therefore still 
considered reasonable to not use the method by Nfaoui (1998), however, there is also clear 
disadvantages with choosing the power law exponent values of 0.07-0.15 as well. 
Calculations from 27th of March can be found in Appendix E. In all, the limits set for 
temperature differences and the exponents for each stability class are assumed to be 
reasonable for the available data. 
 
The wind distribution at 65 meters appears as a slightly understated extrapolation from 2.5 
meters, with an average increase of 2.03 m/s. This can be due to the many low velocities 
found at 65 meters. At low velocities, there are very small differences in wind speed between 
the altitudes, which is also the nature of the logarithmic mean wind speed profile. When the 
wind speeds are higher, the difference in wind speed between the altitudes are also much 
higher, as expected. 
 
The results for stability classes with wind speed show a slightly unexpected distribution. High 
wind speeds are expected to cause near-neutral conditions, while stable and unstable 
conditions are expected to dominate at wind speeds lower than 10 m/s at 10 meters’ height, 
according to Hsu (1992), among others. This is not the tendency here, where a simple relation 
of stability to actual wind speed can not be identified, and near-neutral conditions occur at all 
wind speeds. The other stability classes are also distributed over the majority of the wind 
speeds. This can be a consequence of the varying temperature differences found throughout 
the period and is not necessarily an indication that the determinations of stability classes are 
inaccurate. 
 
The power curves show similar characteristics for both types of turbine; the shut-down wind 
speeds are the same at 25 m/s, however, the cut-in wind speeds for the 750 kW turbine is 3 
m/s - while for the 2.3 MW turbine it is 4 m/s. As the wind velocities at site are shown to be 
quite low, it is expected that the lower cut-in wind speed gives some benefits to the 
production by the 750 kW turbine. However, according to calculations the available energy in 
the wind during 3 m/s is only 11 305 kWh over the 394 hours at 55 m height, for the rotor 
area of the chosen 750 kW turbine. This is the energy that the 750 kW turbine can extract a 
small fraction of, while the 2.3 MW turbine can not extract anything at this speed. 
 
For Hywind the energy available at 3 m/s is 36 786 kWh because of the much bigger rotor 
area, and the number of hours with this wind speed is only shorten by 2 hours at 65 meters 
compared to 55 meters height. The actual energy that the 750 kW turbine extract during these 
hours at 3 m/s is 1 576 kWh, which is just above 0.15 % of its total energy production of 
approximately 1.027 GWh throughout the period. The lower cut-in wind speed is much less 
important than what was first expected; because of the wind powers dependence on wind 
speed cubed, the lower wind speeds have much less impact on the power production than the 
higher velocities. 
 
The assumption of near-neutral conditions for all hours was implemented for the Hywind 2.3 
MW turbine in Table 4 to be able to evaluate the effect of changing power law exponent for 
different stability assumptions. The energy production became 104.16 % higher and hence, 
the capacity factor increased by 1.24 % for the Hywind turbine. The purpose of implementing 
stability classes is to effect the wind speed, and thereby the power production, to be more 
accurate. However, if the wrong stability class is implemented, i.e. by errors in the limits of 
temperature difference, it can enhance the error compared to if all hours were considered 
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near-neutral. In this case of study, it is expected that implementing five stability classes with 
corresponding power law exponents enhanced the accuracy of the energy production results, 
however, this could not be validated. 
 
For the 750 kW turbine the capacity factor is shown to be only slightly lower than for the 2.3 
MW turbine, however the number of hours with zero production is halved for the GWP 
turbine. This is due to the lower cut-in wind speed for the 750 kW turbine, and also the effect 
on wind speed by difference in hub heights. The number of hours with maximum power 
production is much higher for GWP than for Hywind. The 750 kW turbine reaches rated 
power at 15 m/s, however, the 2.3 MW turbine does not fully reach the rated power before 
wind speed is 18 m/s. Nevertheless, the power produced for the 2.3 MW turbine at for 
example 15 m/s is 2288 kW, i.e. very close to maximum. This causes the large difference in 
number of hours at maximum power production with 119 and 13 hours.  
 
For best possible energy production, a turbine needs to work most efficient during the wind 
speed where the combination of high power output and high probability is at its maximum. In 
total, the most energy was produced by Hywind during the hours with a wind speed of 10 m/s. 
According to calculations on Hywinds power coefficient, it operates at its best at 9 m/s. At 10 
m/s the turbine has a power coefficient at 0.401, which is very close to optimum at 
approximately 0.412. The GWP turbine was found to have the optimum power production at 
8 m/s with a power coefficient of 0.452. The most energy was produced by GWP while the 
wind speed also was 10 m/s, at which the turbine has a power coefficient slightly above 
0.426. These results indicate that the characteristics of the GWP turbine is more suitable for 
the conditions at site, and is expected to have a much larger impact on the total energy 
production than the lower cut-in wind speed of the GWP turbine. Further, the turbines 
capacity factors are relatively high; both the Hywind and the GWP turbine has a capacity 
factor close to 30 % for the period in total. 
 
The comparison between the continuous power production by the turbines and the power 
consumption at Rataren shows large differences. The total production by the Hywind turbine 
was almost 9.8 times the energy consumed at the fish farm during the whole period, for the 
GWP turbine the ratio was just above 3.1. However, the turbines production does not cover 
the power demand at all times, which is the main challenge with wind power as discussed 
previously. A whole 22 % of the time the Hywind turbine does not produce the power needed 
by the fish farm, which is significant but not unreasonable, as it is typical that the power 
production varies greatly. Unaffected by the turbine capacity, such periods will exist because 
of calm winds or windless conditions. These periods are critical for the operation of the fish 
farm and would in this case without other additional energy source or energy storage, be 
strongly dependent on bi-directional transport of power from the onshore grid or other energy 
sources. 
 
In addition to one single 750 kW turbine, a wind farm of three 750 kW turbines were 
compared to one 2.3 MW turbine. The wind farm consisting of three 750 kW turbines have 
almost the same capacity as one 2.3 MW turbine, however, the benefits with the 750 kW 
turbines are shown to be many. Even though the production by three 750 kW turbines is lower 
in total, the percent of the fish farms consumption that is covered by the production is higher, 
following is also the percent utilized of all energy produced by the turbines slightly higher. In 
addition, there is also a few more hours when the production is high enough to cover the 
power demand at that time. The benefits of utilizing three 750 kW turbines instead of one 2.3 
MW turbine can be mainly due to the differences in the power coefficients at the wind speeds 
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around 10 m/s, as previously discussed. The main disadvantages of utilizing three turbines 
instead of one are considered to be the costs in conjunction with three foundations and 
installations, and also the wake that they would produce that can affect the power production. 
However, this is not taken into account here as economic aspects and placing of turbines are 
beyond the scope of the thesis. 
 
The fish farm had diesel generators with a total of 700 kW capacity before becoming 
connected to the onshore grid in June 2016. If comparing the capacity of the diesel generators, 
it shows that one 750 kW turbine would be more than enough capacity if it was operating at 
maximum power production at all times. The capacity factor is just under 30 % in this case of 
study, which gives that the wind farm with three 750 kW turbines should supply almost 
enough energy – if production occurred whenever power was needed for the fish farm. 
However, during the period studied, the maximum power needed was 195 kW. Following, the 
diesel generator capacity would have been much higher than needed at this time and one 750 
kW turbine is shown to supply over three times the amount of energy consumed during the 
seven months period. 
 
Finally, the fish farm consumption was upscaled to compare different scenarios of production 
versus demand. It was decided to multiply the consumption by three and by six, and have the 
power production from the 2.3 MW turbine compared to both cases. Results show that the 
produced energy is 3.3 and 1.6 times the consumed energy during the whole period for three 
and six times the consumption, respectively. Even though the production is in total still higher 
than the consumption, the case where the consumption is multiplied by three resulted an 
inadequate production 35.74 % of the time. Six times the consumption shows inadequate 
production a whole 48.18 % of the time. These numbers show high frequencies of very 
critical periods as previously discussed, because additional solutions are needed for the power 
to be supplied to the fish farm. However, the facility would in any case be dependent on either 
energy storage or additional power sources. 
 
Some key numbers for all different cases are presented for how much energy that must be 
transferred between the fish farm and the onshore grid as needed in the case of Rataren. It is 
evident that the total mismatch for the 2.3 MW turbine, i.e. the sum of lacking energy and 
surplus energy, is getting smaller as the consumption increase. Because of the scaling, it is 
reasonable to compare the wind farm with three 750 kW turbines to the one 2.3 MW turbine 
supplying normal power consumption, and the one 750 kW turbine to the 2.3 MW turbine 
supplying three times the consumption. In both cases the 750 kW turbine seems to be 
favourable, based on the results in this thesis. For the first comparison mentioned, the results 
can be summed up as follows. 
 
From Table 6 it was clear that the three 750 kW turbines compared to the one 2.3 MW turbine 
has these advantages; higher percent of the consumption is covered by the turbine production, 
higher percent utilized of all turbine energy produced, and lower percent of time where the 
production is not high enough to cover the consumption at the time. In addition, results in 
Table 8 shows that it would be necessary to transfer much less energy to the fish farm for the 
three 750 kW turbines than for the one 2.3 MW turbine, and simultaneously is the unused 
energy available to be transferred to the onshore power grid only slightly lower. The 
difference between the three 750 kW turbines and the one 2.3 MW turbine for the original 
consumption at Rataren, is exclusively due to the difference in wind speed at hub height and 
power curve characteristics. As seen from the power coefficients, the GWP turbine has a 
higher value than Hywind at the speed where probability times the wind speed to the power of 
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three (i.e. proportional to the power in the wind) is highest, namely at 10 m/s. This is believed 
to be the main cause of the discovered advantages by the 750 kW turbine. 
 
Finding the optimum combination of turbine size and fish farm size is not straight forward 
and unambiguous. Nevertheless, in this case there are reasons as mentioned to expect that the 
wind farm with three 750 kW turbines is most suitable for the energy consumption at Rataren 
fish farm. This is based on the assumptions regarding transferring power by transmission lines 
to and from shore, where it is most favourable with large transport from the wind turbines, 
and as small transport as possible to the fish farm from the onshore grid. 
 
In general, for improving the balance in power supply and demand sufficiently, a control 
system for when the power is supplied is required. Power transferred from the onshore grid, 
or diesel generator if necessary, can be utilized, but more preferred is the solution of energy 
storage for utilizing more of the free wind power at site. In the case of fish farms with already 
installed cables to the onshore grid, which is the case at Rataren, an uneven supply and 
demand can be regularized by transferring the power quantities as seen. In that case, the 
system should be suitable for bi-directional transmission, if not, the surplus power produced 
by the wind turbines is wasted. The unpredictability regarding whether the power will be 
needed by the onshore grid when it is supplied can cause uncertainties in the potential income 
from selling the power, and vice versa; if the turbines does not produce enough power for a 
predicted surplus to the grid, it can have economic consequences because of the strict balance 
of the power market. 
 
Whether the prediction of power transferred to and from the onshore grid can be estimated 
good enough, depends mostly on the accuracy of the wind resource estimations because the 
consumption at the fish farms is quite predictable. Wind estimations with very high accuracy 
are, as seen, nearly impossible to achieve. Power from the grid would be a great benefit to 
take advantage of if already installed, because of the costs of energy storage in the needed 
size. However, such a system would also be costly due to additional investments, and energy 
storage would make the facility power independent while also the power is free and 
guarantied renewable. 
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6. Conclusion and Future Work 
 
The growth of the fish farming industry is dependent on the ability to be more sustainable and 
take into use technology development in the food production. There is currently a shift in use 
of energy source at the Norwegian offshore facilities from diesel generators to connections to 
the onshore power grid. Because available coastal areas are becoming fewer, the trend is to 
install facilities further offshore at exposed locations. This is making the power connection to 
shore more difficult, and simultaneously the autonomous operations increase, further 
enhancing the importance of reliable power supply. 
 
Offshore wind power industry is developing rapidly and with the floating turbines entering 
the market, new areas of applications increase drastically. There are several benefits with the 
synergy of the two industries mentioned, hereby is the most important considered to be no 
continuous expenses for fuel, fuel transportation and storage, environmental advantages, i.e. 
no emissions, less noise and no risks regarding spill. In addition, and perhaps the most 
important for the future of fish farming industry; the facility’s power independence is a 
significant advantage that enables fish farming further offshore regardless of the possibilities 
of cable connection to shore. Limitations on coastal areas can also be a factor that makes it 
necessary to share area, and can especially be beneficial for MUPs where the surplus power is 
to be transferred to the onshore grid. 
 
The objective of this thesis has been to study the possibility of wind turbine as power supply 
for an offshore fish farm, by examine a specific facility’s power consumption for a period and 
calculate the possible power production from wind turbines at site during the same period. In 
this thesis a fish farming facility outside Trøndelag in Norway have been studied regarding 
their power consumption from 1st of February to 31st of August 2016, the data has been given 
by curtesy from SalMar ASA through aPoint. The estimated power production from a Hywind 
Demo 2.3 MW turbine at the same location has been estimated with regards to the wind 
resource during the same period, the power curve is given from Statoil ASA. Also a GWP 750 
kW turbine has been used for estimation on power production. 
 
Data on wind speeds, air and sea temperature at site has been collected as data series from a 
SINTEF Ocean owned Seawatch Midi 185 Buoy. Measurements are done at 2.5 masl and at 1 
mbsl. The wind speeds have further been extrapolated to hub heights at 55 and 65 meters by 
taking into account wind shear and atmospheric stability, using the power law. There are five 
stability classes included, where they are estimated based on the difference in air and sea 
temperature for each hour. The temperature differences where the atmosphere is assumed to 
change in stability are set to -3°C, -1°C, 1°C and 3°C. The power law exponent was 
determined for each stability class at values of 0.07, 0.09, 0.11, 0.13 and 0.15 for unstable, 
slightly unstable, near-neutral, slightly stable and stable, respectively. The validity of these 
strict limits for temperature and power law exponents has been discussed, however, 
simplifications had to be made and the values chosen are considered to be reasonable. As 
these assumptions are the base for wind resource estimations, smaller errors may have a large 
impact on calculated power production. The data on power consumption and weather 
conditions are at one-hour frequency, with weather data being the average of the last 15 
minutes of the hour. For optimum results the data would have even higher frequency, as the 
conditions may change rapidly. 
 
Results have shown as expected that the power production varies greatly while the power 
consumption at the fish farm is relatively stable and predictable. A high number of hours are 
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found for both turbines for when the power production is not high enough to cover the power 
consumption at that time. The capacity factors are close to 30 %, which is relatively high 
considering that these turbines are not designed for the wind conditions at site, and typical 
capacity factors for turbines offshore are 0.35-0.45 as mentioned.  
 
For further evaluation of the suitability of the 2.3 MW turbine, the power consumption for 
each hour is multiplied by three and by six. The cases correspond to the total energy 
consumption for 42 cages and three barges, and 84 cages and six barges, given that this 
simplification in scaling is valid. This inevitably increase the percent of the time when the 
power production is inadequate to supply the power consumption, which is also associated 
with relatively low power utilization of the production. Based on this, the case with six times 
the consumption seems to be too high for the production by the Hywind Demo 2.3 MW 
turbine. Still, the amount of energy produced is 1.6 times as great as the energy consumed 
during the period, so it is possible that with sufficient energy storage this ratio of turbine 
capacity by power consumption is feasible. 
 
In all, the results show that wind turbine is not suitable without energy storage or additional 
power sources. Hence, it is not possible to make a firm conclusion of which turbine is most 
suitable without further investigations. The 750 kW turbine had the highest power coefficient 
of the two at the wind speed occurring most frequent while also holding the most energy, 
which is also reflected when comparing the energy production of the two turbines. The case 
with three 750 kW turbines are supplying the consumption at Rataren show the lowest ratio of 
energy import to export from the onshore grid. These results indicate that the GWP 750 kW 
turbine is slightly more suitable than the Hywind Demo 2.3 MW turbine, however, this can 
not be validated in this case.  
 
In general, a shortage in research on the power law exponent for different stability classes 
offshore was discovered, in addition to very few studies on wind turbine as power supply for 
offshore fish farms. Optimum solutions can be found by more research, and stimulate the 
development of demo projects. If the synergy of the two industries mentioned evolve, it could 
possibly be an example for the sustainable development of other industries in the future. The 
subject of renewable energy production from wind turbines for aquaculture use urges a lot of 
subjects for studying. The following lists a few of them. 
 

- Storage systems can be evaluated, as this is an essential part for utilizing the 
intermittent wind power. This is a very important subject of study for RES in general, 
but essential to off-grid power systems. 

- Optimization in the ratio of capacity between fish farm, turbine and energy storage 
size through simulation. 

- Control and demand side management (DSM). 
- Evaluate more exposed locations for multiuse and possibly closed or semi-closed 

cages that are particularly relevant further offshore. 
- For the estimation of wind resources offshore, there were found some shortages in 

literature regarding the atmospheric stability and its impact on the power law 
exponent. The results from this thesis and power law exponents chosen could have 
been compared to other findings for indications of their validity. Also to compare the 
results with other methods (log law) if more data are available. Future work could 
therefor study a general correlation between the two methods offshore that would 
likely to be of great advantage of other wind resource studies.  
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Appendices	
 
In addition to received datasheet and power curves, essential calculations for the thesis are 
shown with the first few hours of the period as examples. 
 
Appendix A: Datasheet for Gill Instrument 
On the buoy there is a Gill instrument measuring the wind speed. The following shows an 
excerpt from the datasheet supplied by SINTEF Ocean. 
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Appendix B: Power Curve for Hywind Demo 2.3 MW Turbine  
By courtesy from Statoil. 
 
Wind 
speed 
[m/s] 

Power 
output 
[kW] 

0 0 
1 0 
2 0 
3 0 
4 42 
5 136 
6 276 
7 470 
8 727 
9 1043 
10 1394 
11 1738 
12 2015 
13 2183 
14 2260 
15 2288 
16 2297 
17 2299 
18 2300 
19 2300 
20 2300 
21 2300 
22 2300 
23 2300 
24 2300 
25 2300 
26 0 
27 0 
28 0 
29 0 
30 0 
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Appendix C: Power Curve for GWP 750 kW Turbine  
This is a turbine randomly chosen and used for all calculations involving a 750 kW turbine in 
the thesis (GWP, 2002). 
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Appendix D: Log Law Calculations 
Following is a small excerpt of the attempts to apply the logarithmic wind profile that resulted 
in inconsistencies and are rejected from the results in the thesis. The data are only divided into 
three stability classes and the hub height is set to 80 meters, as seen. From row 14 and 15, an 
example of the unreasonable jumps is shown; the difference in wind speed at 2.5 m. is 2 m/s 
but at 80 m. the difference become 10 m/s in mean wind speed from one hour to the next. 
This is due to the friction velocity, which value is kept under 1 according to (Ho, 2015). As 
seen, it has also been calculated using Charnocks equation assuming AC=0.0185, 
consequently not giving more reasonable results as the Charnock parameter is kept constant. 
 
Results: 
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Formulas: 
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Appendix E: Calculations of Alternative Power Law Exponents 
Power law exponents were calculated according to the method given by Nfaoui (1998). They 
are compared to the chosen values of 0.07-0.15. 𝒳 = 0.25 refers to z0 = 0-0.005 m. and 𝒳 = 
0.31 refers to z0 = 0.005-0.05 m. The following shows excerpts of the period, including the 
calculations for the hours during 27th of March that is discussed in Chapter 5. The average 
values take into account the whole period of seven months (4670 hours). 
 
Results: 
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Formulas:
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Appendix F: Production Calculations Using Power Law 
As an example of calculated power production based on the power law, the following shows 
the Hywind production at 65 meters altitude for a few hours of the period. It also includes the 
stability determination, mean wind profiles and probability of wind speeds and corresponding 
energy production for the complete period. The same method is used for calculation of the 
GWP 750 kW turbines production. 
 
Results: 
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Formulas: 
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Results: 

 
 
Formulas: 
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Appendix	G:	Stability	Distribution	by	Wind	Speed	at	65	Meters	Height	
A small excerpt is shown from the wind speeds, where the data are sorted from smallest to 
largest value. The hourly wind speeds are also rounded to fit into the categories as shown. 
Formulas used are shown for two of the stability classes. 
 

 
 
Results: 
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Formulas: 
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Appendix H: Calculating the Power Coefficients for the GWP and Hywind Turbines 
The power coefficients are calculated for Hywind Demo 2.3 MW turbine and for GWP 750 
kW turbine. The results are shown first, followed by the formulas. The difference in power 
curve and in swept area is taken into account. The rotor diameters are 85 meters and 47 
meters. 
 
Results: 
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Formulas:	

	
	

	


