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Abstract: The difficulties associated with the installation, operation, and maintenance of wind turbines offshore are assessed. Information is drawn primarily from documented accounts of past offshore projects. The inherent difficulties of operating at sea caused by weather conditions and restricted access are identified as the primary obstacles to development.
1.     INTRODUCTION

Onshore wind energy is now a considered mature technology but is inhibited by planning restrictions and site availability. In Denmark where legislation has supported the industry the best resources on land are now almost fully exploited. Developers are therefore looking to the alternative of harnessing offshore wind. Various demonstration projects throughout the 1990s have helped commercialise offshore technology and more recent developments at Middlegrunden, Utgrunden, and Horns Rev have demonstrated its viability. The central challenge in offshore wind is install operate and maintain turbines in such a way that the additional costs are kept low enough so that the financial advantages of exploiting a better wind resource are not outweighed.

2. INSTALLATION      

The extra technical challenges associated with offshore development (as opposed to onshore) stem mainly from the inherent difficulties of performing operations at sea. In addition larger more powerful turbines tends to be installed to fully exploit a superior wind resource. Installation consists of about 7% of the initial capital cost of an offshore wind development [1], hence ensuring it is cost-effective has a appreciable impact on overall project viability. Debts covering the capital costs have to be serviced until it they eventually repaid by earnings. A wind farm will not generate any revenue until it first turbine begins to sell energy to the grid. It is therefore essential that the installation is completed as quickly as possible so that the cost of project debts is minimized.
There are three main components of a wind farm installation:

1. Foundation construction

2. Turbines erection

3. Laying of electrical cables under seabed

2.1 Turbine Foundations

Weather conditions can have a profound effect on the installation time of foundations.  Significant delays caused by unfavourable conditions have been experienced by many developers. It is therefore essential to select a class of foundation whose design will be able to cope with the necessary loads, but will not prevent installation in less accommodating seas.

Three classes of support structures for offshore wind turbines exist.
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Figure 1. Foundation designs

The choice support structure depends on the water depth and seabed conditions.  Gravity based designs are not commercially viable at water depths beyond 10m, monopoles have a maximum water depth of around 25m, and  tripods may be suitable for deeper water but have yet to be used. There are different challenges associated with the installation of each support structure.

2.1.1 Gravity-Based Designs

Gravity based designs consist of concrete caissons which are supported by their own weight. The typical foundation mass required to support a 1.5MW turbine is around 1500 tonnes [2]. They are best suited to seabed conditions where there is no solid base, for example sand banks. Compaction of a rock cushion on the seabed usually precedes the placement of the caisson. This class of structure was used at the Tunø Knob and Middelgrunden developments.

The contractor responsible for the foundations at Middelgrunden wind farm found the preparation of the seabed for the foundation to be a far more complicated task than they expected.  The site had been used for more than 200 years as a dumpsite for harbour sludge and other environmental waste. This meant that the seabed had to be excavated to reach solid rock before the rock cushion could be put in place.  However the contractors did not predict difficulties caused by fine particles seeping in from the near liquid sludge around the excavated site. This led to a large amount of suspended particles in the water over the excavation, which had to be removed several times before the placement of the caissons. Careful daily planning was required in order to avoid seabed operations upstream resulting in impossible working conditions downstream due to particles in the water. The contractors also encountered problems compacting the rock cushion and in the end the foundations at several sites required injection in order to secure them sufficiently to the rock cushion [3] [4].

The caissons for the Middelgrunden project were cast  simultaneously in an old dry dock. One advantage of using gravity-based foundations is the amount of work which can be performed while the caissons are still in dry dock. The developers of Middelgrunden were able to install the lower section of the turbine tower including transformer and switchgear before floating the foundations out to site.  The lower section of the tower provided an effective means of pulling up the submarine cables into the tower as soon as the foundation was placed at the final site.

The problems encountered at Middelgrunden due to the difficult seabed conditions highlight the inherent difficulties of working offshore. The developers of the  project were led to the conclusion that ‘all operations of the standard type onshore are complicated offshore’[3] .

2.1.2 Monopole Foundations

Monopole foundations consist of a  steel tube pile which is driven into the seabed a depth of about 18-25m. Hard rock seabeds may necessitate the drilling of a channel before the pile is driven. This class of foundations were used at Bockstigen, Blyth, Utgruden and the recent Horns Rev development. 

As stated previously making installation cost-effective is perhaps its greatest challenge. The purpose of the Bockstigen project was to demonstrate economic viability of this type and drilled monopole foundations were identified as a useful cost-saving technology.  A jack-up barge was used to drill the foundation hole. A tug  then towed out the monopole which was lifted into place by crane. Finally the monopole was grouted into position by filling the gap between the drilled channel and the pile with special concrete [5]. The monopole installation at Bockstigen though largely successfully was hampered by bad weather. The installation of the five 500kW turbines performed by Seacore lasted around three months although the actual work only took four weeks.  Seacore believed that these delays due to bad weather conditions would had been much greater had gravity-based designs (requiring much heavier lifts)  been chosen. 

Drilling operations may also be complicated by seabed conditions. Seacore described the glacial overburden it encountered at Yttre Stengrund as the most difficult it had ever encountered. Huge boulders had to be removed before the sockets could be drilled in the exceptionally hard underlying quartzite sandstone bedrock [6].

If seabed conditions are suitable monopole installation can be made even more cost effective by driving them into place avoiding the time consuming drilling process. However this can result in problems with the inclination of the driven monopole and damage to the top of the pile. These issues can be overcome with the use of a grouted joint between the pile and the tower. This innovative ‘transition piece’ was first used at Utgrunden [7] and has since been employed at Horns Rev[8]. Transition pieces have the potential to be prefitted with the flange,  J-tube, and any boat-landing arrangements further speeding up the construction process.

2.1.3 Tripod foundations

Tripod foundations are made up of a central column and three supporting spikes linked by a steel frame. The validity of the tripod design is as yet unproven, but is reportedly being considered for use in at least one German offshore project [2]. The promise of allowing offshore wind farms to be constructed in greater water depths make tripods an attractive proposition.  However adopting a new technology for foundations will mean that many of the lessons learnt from the implementation of monopole and gravity designs will become irrelevant and new ones will have to be learned. Extension of offshore development to deeper waters is therefore sure to present many new challenges.

2.2 Turbine Installation

Once the foundations have been put in place the next phase is to add the wind turbines themselves. As with the foundations, the installation of the turbines is weather critical. The tower sections must first be lifted into place, then the nacelle and finally the blades. Developments so far have relied mainly on jack-up barges, often using one to transport the pieces and then a second to perform the lifts. Both vessels can thus jack out of the water allowing all lifts to be stationary. The use of only a single jack-up barge (and a standard vessel for turbine transportation) was identified as a major source of delay at Blyth [9].

2.2.1 Jack-up Barges

Attempting to use standard container ships for offshore  turbine installation would result in extremely difficult operations. 
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Figure 2. Amplification of sea-level oscillations

at the top of boom

Fig. 2 shows how relatively small movements at sea-level are amplified at the top of the boom when a standard container is used.
Jack-up barges offer the advantage of being able to raise themselves above sea-level and thus remain stable even in an unsteady sea. However many jack-up barges are still unable to move in wave heights greater than one metre. This can slow down installation leading to increased expenditure.
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Figure 3. Jack-up barge at turbine installation height

Unfortunately jack-ups have not been designed specifically for the purpose of erecting wind turbines offshore. They must jack-up to far greater heights than their standard operating range in order to perform the necessary lifts. This jacking capacity is intended for operation marginally above water level in deeper waters, as opposed to elevating far above water height in shallower waters. The time taken to raise to the required height and then to lower back down to sea level once work is completed also slows down installation and can result in missed weather windows. The use of jack-ups for offshore turbine installation is thus more cumbersome and slower than would be considered ideal.

2.2.1 Custom Vessels
Developers want a single vessel that can move from site to site as fast as possible, perform the required lifts and preferably store multiple turbines so as to reduce the number of times it has to return to shore. Jack-up barges are not ideally suited to these requirements and more traditional container vessels do not perform very well in rough seas (Fig. 2). There has therefore recently been a shift to the use of more specialised vessels. The Danish company A2SEA have modified ships especially for offshore wind construction.  Currently they have two vessels based on self-sustained container carriers with a mounted lattice boom-crane and 4 tension legs for stabilising the vessel during crane operations [10]. Both of these vessels  which look like a hybrid of a jack-up and traditional container were used to install the eighty 2MW turbines at Horn’s Rev in Denmark. Each vessel is capable of erecting one turbine per day. At Horn Rev fifty-four turbines were installed in the 57 days from June 26 to August 21 [8], far short of maximum capacity but a massive improvement over what would have been achievable using jack-ups. These custom vessels also provide an important source accommodation for people working on the installation.
2.3 Electrical Cables

Commercial onshore electricity distribution has been made possible by high voltage connections which minimise current and therefore losses. The same logic applies to offshore developments. Within the farm medium voltage cables (around 30kV) are used to connect the turbines. If the distance to land is not considered too far then medium voltage cabling may also be used for the connection ashore. This was the approach used for the Middelgrunden project which was approximately 3.5km from it’s grid connection [3][4]. For larger developments further away from the coast an offshore substation is needed to step-up the voltage before a high-voltage cable is used to bring the electricity ashore. At Horns Rev 34kV cables are used from the turbines to the substations transformer after which the voltage is 150kV [8].

2.3.1 Laying Of Submarine Cables

There are several approaches to the laying of submarine cables:

· Anchoring: This was the method used at Bockstigen. Separate electrical and communication cables were laid using a ferry and then anchored to the seabed. This approach proved very troublesome due to unexpectedly strong undersea currents.  Failed attempts to anchor the cables were made with concrete weights and then 12mm steel hooks before they eventually succeeded with 25mm U-shaped hooks [11].
· Washing: Certain bottom conditions permit the extremely economic process of washing cables into seabed. The cables are first pulled and then a special vessel equipped with high pressure water jets buries them to a depth of 1-2m. Washing was used very successfully at  Horns Rev [8].
· Trench Excavation: If washing is not possible the normal approach is to excavate a trench as at Middlegrunden. The cables are first laid out on air bags floating in the water. A speed boat is then used to line the cable up with the trench. Divers then deflate the airbags and manoeuvre the cable into the trench which is then covered over with the excavated material [3][4].
Washing and trench excavation both have the distinct advantage of burying the cables, reducing the risk of damage due to fishing equipment, anchors etc. There is also a risk of damaging the cable during installation or from other work taking place onsite.
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Figure 4. Middelgunden foundation and cable conduit

Once the cables have been laid they need to pulled inside the turbine towers. Fig 4. shows the arrangement by which this was achieved at Middelgruden. Divers were used to drag the cable to the conduit of the foundation and then tie them to a wire sticking out. A winch inside the tower base section then pulled the cable inside[3][4].
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Figure 5. J-Tube cable duct

Monopoles generally use a J-tube to protect and guide the cable into position. Fig 5 shows the arrangement used at Horns Rev [8] where the J-tube runs up the side of the foundation. J-tubes can also be run internally as was the case at Yttre Stengrund [12]

2.4 Safety at sea
Offshore construction can present many hazards. The success of any installation depends not only on its speed and cost but also on its safety record. Accidents damage the reputation of the industry and lead to higher insurance costs for future developments.

2.4.1 Divers

Foundation and cabling laying both involve the use of divers. Such procedures may be of high risk and consequently require careful planning, monitoring and reporting. Diving operations are complicated by strong currents and changeable weather conditions such as those associated with the North Sea. Access to divers can also be a major problem, at Middelgrunden this was considered to be the bottleneck of the project [3]. Large-scale developments will probably require an onsite pressure chamber, as was the case at Horns Rev [8].

2.4.2 Traffic Control

The construction of large offshore farm involves the use of many vessels. This amount of sea traffic must be co-ordinated. Horns Rev used a traffic co-ordination centre manned twelve hours a day, seven days a week to supervise all traffic to and form the site [8].

2.5 Bigger Turbines Greater Challenges?

From the first 220kW turbine at Nogersund in the Baltic Sea to the current megawatt class machines being installed in offshore developments a clear trend to maximise power production by increasing machine size is evident. Currently turbines in the region of 5MW are being prototype for use offshore [13] [14]. These larger machines will inevitably mean heavier and more complicated lifts and place greater demands on foundation design and construction processes. 
4. OPERATION & MAINTENANCE     

The cost of operation and maintenance has a substantial impact on the cost of the electricity produced at any wind farm.  Effective and efficient maintenance is essential for the availability of the wind turbines to be maximised. Low availability leads to lost revenue for owners and a damaged reputation for the offshore wind energy industry generally.

4.1 Maintenance

Two types of maintenance are usually distinguished:

· Preventative Maintenance: Servicing is usually scheduled for every six months. Routine services will generally include inspections, lubrication, replacement of filters etc. It takes approximately 40-80 man-hours to perform such a service. A major overhaul is performed every 5 years and takes around 100 hours to complete [15].

· Corrective Maintenance: Unscheduled repairs which are performed after a fault is detected; repairs, replacement of consumables, replacement of components.

Comparisons have been made between the maintenance of offshore wind farms and similar size onshore sites.  Vestas have performed one such study on the Fjaldene onshore wind farm and the Tunø Knob offshore wind farm. It was concluded that the spare parts and consumables used at Tunø Knob was at the same level as the comparable site on shore. Time spent in repair and maintenance was even slightly lower. The big difference was however the difficulty in gaining access to the offshore site [16]. The costs of accessing an offshore wind farm increase with its distance from land.

4.1.1 Weather Constraints

Access is only possible inside a ’weather window’ of meteorological parameters – wind, wave, tide, daylight and visibility. Ultimately accessibility will determine turbine availability. Forecasting of weather conditions is essential for the planning of maintenance. To gain access to an offshore structure a period of suitably calm weather to travel to the site and perform the maintenance must be predicted. Experiences at Blyth suggests that when examining accessibility to an offshore site if is not enough to study previous weather data. Calm conditions are only useful from the point of view of maintenance if they can be predicted in advance [17]. A year may contain very many days suitable for maintenance but if you cannot tell when they will occur they are useless.

4.1.2 Method of Transportation

It is extremely important to choose the correct method of transportation for maintenance operations. Traditionally access has been by boat but this is relatively slow and very dependent on weather conditions.  A suitable boat landing arrangement is critical, features used to maximise accessibility include[18]:

· Platforms fixed to tower above splash zone with fender posts to protect against vessel impacts.

· Flexible Gangways.

· Facility for winching the vessel out of water during rough sea conditions.

Helicopters provide greater and faster accessibility but are more expensive to operate. With an emerging trend towards developments with larger and more numerous turbines, helicopters lead to a considerably lower loss in production which offsets their higher cost.  Helicopters have been chosen as the primary method of transportation for maintenance at Horns Rev, although provisions have been made to boat access should the need arise [19].

4.1.3 Nacelle Mounting Cranes

It is considered prohibitively expense to use large access vessels equipped with lifting equipment for maintenance  operations [20]. Smaller vessels are more likely to be used in conjunction with turbines equipped with nacelle mounted cranes to lift any replacement components. The turbines at Middlegrunden are equipped with two hydraulic cranes which allow tools are spares to be lifted from sea level and placed anywhere on the turbine. If the replacement of the heavier components (blades, gearbox, generator etc.) is required, these cranes can be used to install a large transportable crane [21].

4.1.4 Remote Monitoring

Offshore (and also onshore) wind turbines are equipped with remote monitoring systems. A vibration control system is used to monitor the main bearings, gear and generator. The system will report when a measuring point shows sign of change in the condition of the measured component. The control system also collects data on the gear, generator, yaw system pump etc. These technologies necessitate a broadband communications link to a remote monitoring system where the data can be analysed. Problems must be identified quickly or even anticipated so that maintenance is made as efficient as possible.

As a result of the increased difficulty in gaining access to  turbines at sea additional demands have been place on offshore monitoring systems. This has led to the development of more extensive and integrated monitoring systems.
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Figure 6. OptiFarm fault detection system

 One such development OptiFarm detects faults by comparing the measured power curve with a theoretical one on-line, divergence of the two curves is used to indicate the presence of a problem (Fig. 6). Video surveillance is also used internally as a fast and simple method of detecting problems such as oil leakages and externally to inspect the structure for any damage [22].  Such technology is likely to play an increasing role achieving cost-effective maintenance.

4.1.4 Co-Ordination And Feedback Issues : Computer Systems To Aid Maintenance Management

Administration of maintenance is in itself a major challenge.  Maintaining wind turbines leads to a considerable amount of data on component performances, failure rates and configurations. It is important that operators, developers, service companies and manufacturers have a means of sharing this information. This should lead to improved designs, maintenance strategies and life-cycle analysis. Maintenance management software is under development to co-ordinate this complex process [23].

4.2 Power Quality

It is not simply enough for offshore wind farms to generate power at a competitive price. Operators must also ensure that the power is of the required quality in order for production to become viable.

The main quality issues associated with wind turbines are:

· Harmonic current generation: Wind turbines may operate at variable or fixed speed. Variable speed operation results in variable voltages and variable frequency. Power electronics are thus required to convert to fixed voltage and fixed frequency. Fixed speed turbines do not require such power electronics as fixed voltage and frequency is produced directly. Variable speed  operation gives greater efficiency but the power electronics tend to inject undesirable current harmonics into the grid.

· Grid Influence:  Wind farms consume reactive power these can leads to grid losses.

· Flicker: Uneven power production associated with wind farms can lead to voltage variations on the grid. Such variations can lead to consumers experiences blinking lamps and other problems coincident say with a wind-turbine cutting-in.

To minimise the above wind turbine operators must have the correct control strategies in place. Capacitors are located at standard wind turbines in order to compensate for the no-load consumption of reactive power. This system is however inflexible as after installation the amount of reactive power production is fixed. At Bockstigen wind farm converters are available so that the supervisor is able to control the reactive power to minimise grid losses while at the same time minimising flicker [24]. Control systems must also be selected which will give minimum THD (Total Harmonic Distortion).

5. ADDITIONAL CONSIDERATIONS

5.1 Environmental Impact

The political support for offshore wind energy depends on more than its economic viability. Wind farms must demonstrate that they can cause minimal ecological impact over their life-cycles if legislators are to support their development. Care must be taken to cause minimum disruption to the marine environment during construction. For a project like Middelgrunden this was especially difficult as construction involved the excavation of a seabed which had been used for many years as a dumping ground. It is also essential that studies on birds, seals, fish etc. are carried out during installation and operation until such time that any risk to species is demonstrated to be minimal.

5.2 Public Relations

Public opposition to the development of an offshore wind farm can be very detrimental.  During construction and operation many local support services (accommodation,  boat rental etc.) are  utilised, and the availability of these can hinge on local feeling towards the project. It is therefore very important that local communities in immediate area of the site and the  ports from which it is accessed are not alienated. The general public are the eventual consumers of the electricity produced and so also need to be kept well informed. Websites are an extremely affective way of achieving this and can even be integrated with external video surveillance systems to supply the public with up-to-date images of the project. Co-operatives such as Middelgrunden take relations a further step forward by giving the general public an opportunity to invest financially.

6. CONCLUSIONS

The challenges associated with the installation, operation, and maintenance of wind turbines offshore have been reviewed. Many lessons have been learnt from the recent developments at Middlegrunden, Utgrunden, Yttre Stengrund, and Horns Rev. The inherent difficulties of operating at sea caused by weather conditions and restricted access are the primary source of difficulty. Technological innovation has played a huge role in reducing the obstacles to offshore development. Further advances in installation processes and remote monitoring/control are crucial for future progress.  
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