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[bookmark: _Toc499887048]Abstract
The west coast of Scotland has enormous potential for wave energy generation, due to its consistently high waves. Four different wave energy convertors were critically evaluated; Oscillating Wave Column, Overtopping Device, Wave Attenuator and Point Absorber. Each of these technologies have strengths and weaknesses with some being located offshore and some onshore. 
There are several areas and topics that need to be considered before implementing a wave energy scheme these are; Power output, Use of Land, Cost, Grid Connection, Animal and Plant life, and the Public. After all of these areas have been considered in relation to each of the wave energy schemes, the most suitable one can be chosen. 
There are several areas of expenses to consider too; Civil works, electrical, machinery, external costs, running. Offshore schemes tend to have lower civil work and machinery costs compared to onshore schemes however they have higher running and electrical costs due to the extra wiring and difficulty accessing. 
Despite being a renewable energy scheme there are also various environmental effects that need to be considered such as coastal erosion, noise pollution and recreational activities. 
After all of these factors were taken into consideration when evaluating each wave energy scheme, it was concluded that most suitable technology for deployment on the west coast of Scotland is the Point absorber.

[bookmark: _Toc499887049]Introduction
Waves are predominately the product of wind. As the wind blows along the ocean’s surface, the friction between the air and the water produces waves; the stronger the wind the larger the waves will be. However, waves are not the movement of water but rather the travelling of energy through the water. [1] The main aim of this report is to choose a suitable wave technology to be deployed on the west coast of Scotland, which is one of the best locations for wave energy schemes in the world. As shown in the figure below, the west coast of Scotland has the highest category of >60kW/m.
[image: https://upload.wikimedia.org/wikipedia/commons/2/21/World_wave_energy_resource_map.png]
Figure 1 - World Wave Energy Resource [2]
 This report will evaluate the potential of generating electricity using wave energy convertors and their ability to harness the energy available within waves. Four different technologies will be explained and evaluated before discussing the factors that are required to be taken into consideration before implementing one of these technologies. The next section will mention the potential costs that must be considered before the implementation of a wave energy convertor. Finally, a conclusion will be made which will present the most suitable technology for the given scenario.


[bookmark: _Toc499887050]Principles of Wave Energy
Ocean waves are caused by the wind passing wide areas of water. This air flow causes a tangential stress on the water, causing waves to form and grow. The waves continue to grow when turbulent air causes varying sheer stresses and pressure fluctuations in phase with the waves. Once the waves have reached a certain size the wind blowing on the upwind face causes the waves to grow even further.[3]
Ocean waves function and consist of the same components of other types of waves, they consist of a wavelength, frequency and amplitude. The figure below shows these characteristics and the effects of wind on them.
[image: http://www.open.edu/openlearn/ocw/pluginfile.php/411599/mod_oucontent/oucontent/12669/e788eacc/b373f2ad/renc_1_fig01wk7.jpg]
Figure 2 - Wave Characteristics [3]
The wavelength is the successive peaks or troughs, frequency is the number of waves per second and the amplitude or wave height is the height between the peak and the trough. Using these values, the velocity and power of the wave can be calculated.


Where P is power in kW per meter, t is period, V is velocity, H is height and λ is wavelength. [3]
Considering on the west coast of Scotland waves can easily reach 3.5m with periods of around 8 seconds.

During storms the wave height can easily surpass 7m with periods of around 12s.[4]

Therefore, the west coast of Scotland has enormous potential for wave energy, due to the wave height being squared, every meter has a significant increase on the potential energy output.
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[bookmark: _Toc499887052]Oscillating Wave Column
There are two types of Oscillating Wave Columns which include fixed and floating which are positioned near shore and off shore respectively. However, they both function using the same principles. The structure of them is hollow with an inlet below the water line. When the water enters the hollow structure the air within gets compressed, driving the air through the turbine. These turbines are usually bi-directional, allowing for the decompression of air to also drive the turbine. [5], [6]
As waves come closer to shore they lose some of their energy, thus the offshore oscillating wave columns can take advantage of this. Although, due to them being away from the shore other difficulties have the potential to arise. They would require more cabling than fixed oscillating wave columns and the cabling for them would have to be laid underwater, therefore increasing the maintenance cost for an offshore scheme. They also require mooring to prevent the currents pulling them out to sea or into shore.
[image: Image result for offshore oscillating water column]

 3 - Offshore Oscillating Wave Column [3]
[bookmark: _GoBack]In comparison fixed Oscillating Water Columns are nearer to the shore, making them easier to access, install and maintain. However, due to being near the shore, the waves have lost some of their energy by the time they reach the columns due to friction with the sea bed, and have a much larger capital and installation costs in comparison to offshore schemes. [5] Figures 3 and 4 show the difference in the structure of the offshore and onshore oscillating wave columns. 
[bookmark: _gjdgxs][image: Image result for oscillating water column] 
[bookmark: _Toc499887053]Figure 4 - On Shore Oscillating Wave Column [4]

Overtopping Device
The wave overtopping device is an offshore wave energy scheme that utilises the potential energy within the waves rather than the waves’ energy directly. [7] The waves travel up a ramp into a reservoir which is positioned higher than the sea level, the water within the reservoir than passes through several turbines and back into the sea. Reflectors can also be positioned to direct waves towards the ramp, thus increasing the energy generated. [8] Figure 5 displays this process, indicating the ramps, reservoir and water flowing downwards through the turbines.
[image: Image result for over topping device]
Figure 5 - Overtopping Device[9] 
Due to the overtopping devices only moving part being the turbines, they have reduced risk of failure, less areas of inefficiency and can also reduce some aspects of maintenance costs. Some of the downsides to it being an offshore device is that there is likely to be other increased maintenance costs due to the site being difficult to access. A large amount of cabling to connect the scheme to the power network and the presence of a reservoir could have potential issues with fouling and debris.[8] 
[bookmark: _Toc499887054]Wave Attenuator 
Wave attenuators float on top of the water offshore and are split into segments. The attenuators consist of several cylindrical segments joined by hinges. As waves pass by the attenuator these cylinders conform to the shape of the waves compressing a hydraulic pump within the system which then drives a generator. [10] Figure 6 shows that attenuators can conform to the waves on both the horizontal and vertical axis.
[image: Image result for wave energy attenuator]
Figure 6 - Wave Attenuator[11]
This method of capturing wave energy suffers from similar disadvantages to the other two offshore designs.  It has higher maintenance due to it being offshore and increased design costs to ensure it is able to withstand the harsh weather. It would also require to be moored and as it has multiple hinges and hydraulic pumps, it contains several points of failure. Some advantages are that due to it not being a fixed structure it has the potential to be easily relocated or removed.
[bookmark: _Toc499887055]Point Absorber
The point absorber comes in two forms, floating and submerged. Both submerged and floating-point absorbers function in the same manner; they both contain a hose to pump water that moves in sync with the waves as they pass. This movement compresses the seawater and drives it through a turbine to produce power. The main difference between them is that the floating point absorbers generate power through a heave motion whereas submerged point absorbers generate power through surge motion. [12], [13] Figure 7 Shows how the point absorbers function.
[image: Image result for point absorber buoy]
Figure 7 - Point Absorber [14]
Both versions of the point absorber have the issues of being offshore and therefore they are difficult to access, which increases maintenance costs. However due to their only fittings being moored and their relatively small size, they could easily be transported to a different location like the attenuator. The submerged point absorber has some disadvantages with regards to power generation, due to it being underwater and there being less energy potential, but by being submerged it is not subjected to the harsh weather conditions therefore reducing the potential of it being damaged. [13]


Suitability of Technologies
When deciding on an installation for a renewable energy scheme a feasibility study must first be conducted, even before the design of the scheme has been created. This will not only provide whether it is feasible to install a wave energy scheme in the specified location but also the type of technology that is most suited.
Energy Output
The most crucial factor for any renewable energy scheme is the amount of power it will generate. If the scheme will not generate a significant amount of power, then it is likely not feasible to take the project any further. There are other factors to consider such as how long until the scheme’s power generated covers its cost and how much power will the scheme produce annually?
Use of the Land
The use of the land depends on the whether it is the owner of the land who intends to build the scheme. If it isn’t the owner of the land then permission to build the scheme on that land must be obtained otherwise the project cannot proceed, this affects both onshore and offshore schemes since the offshore schemes require mooring to the sea bed and undersea cabling. This permission must be obtained from all owners for all sections of land that require work, so in the case of offshore schemes, may require permission from multiple parties to lay the caballing. The owners of the land may also take a percentage of the profits.
Cost
This will be more thoroughly discussed in the next section, but the main considerations are the capital cost for building the project (design, materials, installation etc) and the operations cost for running the project (repairs, ongoing license fees, operation etc). The main goal for the cost of the energy produced is for it to outweigh the capital and operations costs.
Grid
Renewable energy schemes can either be connected to the grid to aid in the power generation for the country or be a standalone scheme for generation for the local electricity company. If the scheme is to be connected to the grid, then extra building work may be required for a transformer.
Animal and Plant Life
The noise and presence may cause issues with the local wildlife. Offshore schemes may scare away the local fish and potentially block sunlight to the underwater plant life. Extra care should be taken so that the installation of the scheme impacts the ecosystem as little as possible.
Public
Will the scheme affect the tourism to the area? On shore schemes will certainly have an effect and depending on how far out the offshore schemes they potentially will too. Will the schemes noise be an issue to the local community? This will only affect the onshore schemes and only be an issue if the community is in close proximity. Will the scheme affect recreational activities? This could be affected by both types of schemes but mostly offshore, potentially restricting surfers, wind-surfers and swimmers.



[bookmark: _Toc499887056]Costs & Environmental Issues
One of the most important considerations when implementing a new renewable energy scheme is the costs and environmental issues. Below is a table from an article written in 2006 giving estimated costs of implementing a wave energy scheme.
[image: ][15]
However, these costs were calculated over 10 years ago and it is likely the costs are different now since the technology used has advanced. Each of the various costing areas will differ depending on the technology but the following idea will discuss the numerous factors that need to be considered.
[bookmark: _Toc499887057]Machinery Costs
Machinery costs consist of all the components required for the electricity generation from waves. These will vary depending on the technology being discussed but may include components such as; Generators, Hydraulic Pistons, Air Turbines, Water Turbines, etc. The cost of the machinery varies not only through the technology itself but also the size of the scheme. E.g. How many turbines are being used in an oscillating wave column scheme.
[bookmark: _Toc499887058]Civil Costs
Civils costs consist of the building materials, infrastructure and adjustments to the land. This area will likely be higher in the onshore schemes such as Oscillating wave column, due to the requirement of a fixed housing, foundations and maybe some terraforming.  It would be lower for the offshore schemes due to them not requiring as large housing or any foundations, but they require mooring instead. Any roads that require building so that the site can be accessed would also be included in the civil costs. 
[bookmark: _Toc499887059]Electrical Costs
Electrical costs consist of the electrical components used within the scheme such as any power supply being used, the laying of the cables, installation of transformers, connection to the grid network etc. With the offshore schemes the cost of laying the cables will be far greater than that of the onshore schemes, due to the cabling being laid into the sea bed. Electrical costs would also include connections to the control network so that the scheme can be controlled and monitored.


[bookmark: _Toc499887060]External Costs
External cost mostly involves the use of third parties.  Which may include the companies that design the scheme and manage its installation. This area would also include any licensing and permissions to build on the land and seabed, as well as covering the costs of arranging permissions and the third parties involved in the agreements.
[bookmark: _Toc499887061]Running Costs
Running costs are the costs that will need to be paid consistently whilst the scheme is operation. This includes leasing fees, if the land is owned by third party and annual fee will need to be paid to the owner; annual charges for metering depending on the power output of the scheme; rates to export the electricity to the grid, the cost of which varies depending on the individual scheme. Any maintenance costs would also be included within this section, these would likely be higher for the offshore schemes and schemes that contain more points of failure or are prone to fouling. There is also insurance to cover any damages from storms, fires, malicious damage etc; which would also be covered here.
[bookmark: _Toc499887062]Environmental Issues
Despite one of the main reasons to pursue renewable energy schemes is to reduce carbon emissions, they still have other environmental issues. Not all types of schemes will have the same effects but there are issues to consider for all.
· Coastal Erosion –  This only occurs in the on-shore schemes such as over-tipping and oscillating wave columns. This is due to the energy and position of the waves being altered.[16]
· Device Construction – This entails any construction that involves damage/disturbance to the landscape. Offshore schemes are more of a concern because of the need to lay electrical cables in the sea bed as well as being moored to the ocean floor.[16]
· Environmental – As previously mentioned wave energy convertors do not emit any greenhouse gases. There is still the potential of leakage of hydraulic fluids from pistons, anti-bacterial agents, anti-corrosion and lubricating oils.[16]
· Fishing – The offshore schemes again are the biggest issue in this category, due to the anchoring and the devices themselves floating, which obstructs fishing zones.[16]
· Marine Eco-system – As with fishing, only offshore devices affect this category. The large floating structures could affect the migration of marine life and the mooring could cause an issue with entanglement, especially for larger animals. [16]
· Noise Pollution – Noise pollution affects both on and off shore schemes. There are large noise levels produced by generators and turbines. This is a potential issue for both animals who live in the ocean near the offshore schemes and people who are located near the onshore schemes.
· Recreational Activities – Both offshore and onshore schemes could have detrimental effect on recreational activities such as swimming, surfing and wind surfing.  The visual change to the landscape may also affect tourism in the area.[16]
· Sedimentary Flow – All types of schemes can also affect the flow of sediments such as sand and rocks along the sea bed.

Conclusion
In conclusion the most the suitable wave energy convertor to be implemented on the west coast of Scotland would be the point absorber technology. This is because point absorbers are relatively small in comparison to the other schemes and due to the scheme being offshore it would have lower civil costs, the possibility of less detriment to the scenery (depending on how far out at sea they are deployed) and ability to capture waves before they begin to lose energy to friction with the seabed.
Its smaller size gives it an advantage over other offshore schemes meaning that it has a smaller potential to be   an obstruction to recreational activities and fishing. Another reason is because it utilises less moving parts than that of the wave attenuator, which contains multiple hydraulic pistons, which could cause a major issue if they were to become damaged and leak in adverse weather conditions. 
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Table 3

() Component costs used for 1 MW wave generation, in 2006 prices, £000s and %
of total costs.

Total (€000s) %

Onshore transmission and grid upgrade 3622 1
Undersea cables 18112 5
Spread mooring 36224 10
Power conversion module 1847.44 51
Concrete structures 72488 20
Construction facilities 14488 4
Installation 14488 4
Construction management 18112 5

Total 362244 100
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