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Abstract

Wave energy development continues to advance in order to capture the immense ocean energy available globally. A
large number of wave energy conversion concepts have been developed and researched to date but we are still not able
to see a convergence of technologies. This provides the requirement and additional opportunity for further research.
This paper provides a review and discusses the development of the OWC concept of wave energy converters in general
and the evolved variation of the M-OWC more specifically. The review outlines the increased potential of the M-OWC
concept and its current state through its advancement in recent years. Although still under development the M-OWCs
have the potential to provide promising results, through the various innovative concepts under consideration, and
support the progression and further development of wave energy as another serious contender in the renewables energy
mix.

Keywords

Wave Energy Converter, Oscillating Water Column, Ocean Energy, Review, Renewable Energy

1. Introduction

The oceans, which cover a majority of the earth’s surface, are by far the largest source of renewable energy yet to be
harnessed effectively [1]. Even though there are over one thousand wave energy converter (WEC) patents, very few
have progressed into development, let alone full-scale demonstration or commercialisation [2].

Although there are aims to increase harnessing of all renewable energy resources and develop more energy efficient
systems, world energy consumption is expected to rise by 28% before 2040 [3], in conjunction with global electricity
demand forecasted to rise by 65%, with 85% of that demand expected to come from developing nations [4].

Ocean waves are formed due to the interaction between strong offshore winds and the ocean surface. Thus, large
waves that reach the shoreline have travelled very long distances while suffering minimal energy loss [5, 6]. Other
forms of renewable energies are less power dense than both wave and tidal energy, with a typical 2-3 kW/m? across
a wave farm compared to an upper value of 0.6 kW/m? on wind farms. Furthermore, the lack of consistency and
predictability with alternative forms such as wind and solar means that production is only possible for 20-30% of the
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time in the UK. Wave energy can harvested from up to 90% of the time, however the diversity of this resource and
the challenge of its extraction is more complex [1, 5, 7].

The oscillating water column (OWC) is a well-established wave energy device concept, which will continue to
contribute greatly in the progression of wave energy. The OWC and the associated devices in existence have been
well reviewed in literature [5, 7-14]. However, there has been much lesser focus on the multi-oscillating water column
devices (M-OWCs) in the past [13, 15, 16], although a specific interest is starting to develop [17, 18]. This paper aims
to fill this gap by firstly discussing the evolution of the OWC concept, then introducing and reviewing the relevant
M-OWC technology and devices.

2. Brief overview of Wave Energy

2.1 Wave Energy Resource

There are many publications of past and ongoing studies into wave energy resource that reveal the potential for both
the globe [8, 19-24] and waters local to the UK [25-27]. Both UK and global studies reveal a worldwide wave resource
93,000TWh/year [23]. However, Ref. [8] notes that there is a variance of estimations across literature that suggests
there’s a need for an accurate database. True resource characterisation is important when considering WEC
deployment, as devices are best suited to particular locations due to their characteristics and tuning. For example,
damping and natural frequencies, which will allow for optimal extraction of the wave energy available and therefore
the resource should be considered from the outset [8, 28].

The UK and Western Europe are among the highest with available wave power resource [2]. The UKs potential is
between 250-600 TWh/year [8], which is roughly 35% of Europe’s wave energy resource [29]. Vast differences come
between these theoretical and practical resource predictions of around 70 Twh/year when considering implications
such as marine environmental and industrial interactions [30, 31]. Such resource and potential give license to set
targets; one being set by the EU to have an ocean energy capacity of 100 GW by 2050 [9, 32, 33]. However, as of
the end of 2016, in Europe only 14 MW of ocean energy capacity was installed [10].

2.2 Wave Energy Device Development

Wave energy converters can be characterised with several sub-categories. As summarised in Table 1, these categories
are; the operational concepts, their locations with respect to the shoreline, their state of buoyancy or water depth
positioning and orientation with respect to the incident wave [5, 7, 34]. Further sub-categories exist to characterise
WEC operation and the various steps in the wave-to-wire conversion, as well as categories based on biomimetic rules
[35]. These alternative devices somewhat cultivate their own sub-category, such as piezo-electric seaweed [36].

There are various databases that list known WEC concepts and devices in development [9, 10, 37-40], but true
numbers in development are uncertain. The large variety of wave energy devices is due to a lack of convergence in
technology, which is necessary in order to overcome such a diverse range of development. Other forms of renewable
energies, namely wind, have a much more refined range of devices. The larger variety of WECs at lower levels of
development result in steep competition but with no indication of the most ideal technologies for given settings [34].



The WEC development process is large and demands major financial support, which requires an attractive investment
opportunity to provide a competitive alternative to other fuel based sources. Compared with other forms of renewable
energies, despite the density of wave energy, the returns are not significant enough to provide enough incentive to
overcome the current technical issues to be discussed.

Table 1 — Categories for wave energy device characterisation [5, 7, 34]

Operational concept Location State Orientation

Wave Activated Body Onshore Fixed Attenuator

Oscillating Water Column (OWC) Nearshore Floating Terminator
Overtopping Offshore Submerged Point Absorber

Oscillating Wave Surge Converter (OWSC)

Rotating Mass

Pressure Differential

A large number of concepts fail to surpass early stages of development with very few reaching demonstration or
prototype stage [20]. The Technology Readiness Levels (TRLs) and development protocols outline the necessary
steps to be taken during WEC development to finish with a viable and attractive deployment proposal [41-44]. In
latter stages indexing is complemented by the Commercial Readiness Levels (CRL) index, a financial based protocol
[45].

Based on a number of factors, as in Ref. [46], the multi-point absorber and attenuator WECs have the highest
deployment attractiveness in the USA and UK respectively. This gives reason to the fact that according to Ref. [2]
these devices are the most deployed as seen in Figure 1. Furthermore, development traits have proven that offshore
and floating type WECs make up 64% and 67% of the development projects respectively [47]. The OWC WECs are
found at a combination of locations and water depths, generally, fixed devices are found in intermediate to shallow
waters and floating in deeper waters [23].
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Figure 1 - Wave Energy Converter Deployment [2]
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2.3 Challenges and Barriers

Issues that affect progression of wave energy as a whole are either technological challenges or economic, social and
environmental barriers. Wave energy converter design and especially OWCs face a number of great technological
challenges. The major being the irregular and slow 0.1 Hz wave frequency and behaviour that must transpire to a
smooth 50 Hz at the generator [48]. Methods in achieving steady electrical output include energy storage methods,
device arrays or device control [5]. Another significant challenge for the OWC and offshore industries in general is
the extreme marine environmental conditions. These inhospitable conditions reinforce requirement for quality
structural and material design. Storms result in wave power levels in excess of 2000 kW/m, which not only raises
structural question marks but also will be worthless for power generation as these are infrequent occurrences, which
devices aren’t tuned for and is therefore as futile as a flat ocean [5].

It is clear that WEC development is the most costly aspect of the lifetime costs of a project, accounting for 22% of
total costs [49]. Installation of a farm therefore, without additional subsidies, makes the comparative capital costs of
other energy sources such as fossil, nuclear and majority of renewables more attractive [50]. However, although the
initial capital costs are high, without the need for fuel purchase, revenue becomes a function of the energy yield [20].

Aside from technological challenges, these external barriers can be categorised and detailed as by Ref. [51]; Complex
planning processes, Administrative procedures, Environmental Impact Assessment process, and Interactions with
other marine uses and stakeholders. However, it is expected that as technology converges and development
progresses, so will these external barriers as knowledge in general increases. Wave energy is said to have a much
lower environmental impact than tidal for example, however, uncertainties still exist with longer term question marks
on downstream costal, moorings, cabling and marine life impacts [49]. More than environmental issues, economic
and social impacts need to be the focus of these external factors; these include quantifying positive socio-economic
impacts and cost-benefit analyses.



3. Oscillating-Water-Column Technology

3.1 Background

Yoshio Masuda was the first to implement the OWC concept in fairway and weather buoy with ratings of 70 W and
120 W from 1965 in Japan [52]. Masuda later patented the OWC concept and variations in the 1980’s [53]. Masuda
went on to scale up the OWC concept with a commercial-size device known as Kaimei in Japan (1978), developed
by the Japanese Marine Science and Technology Centre (JAMSTEC). The Kaimei originally had 22 OWC chambers
and was later reduced to 13 in the second round of sea trials [16]. JAMSTEC continued development at a later date
(from 1998) with the trials of the Mighty Whale, a 50m long 3-chamber prototype [54, 55]. Other OWC prototypes
were built subsequently, not only in Japan with fixed onshore variations like the shoreline Gully, Sanze, the Offshore
Breakwater, Sakata Port, The Kujukuri and Haramachi [56], but also globally, in nations including Norway with the
Toftestallen (1985) and India with the Vizhinijam (1990) [11, 57].

3.1.1 Working Principle

The OWC concept has been applied worldwide in many different variances, preferred due to its simple operation with
no submerged moving parts, structural robustness, ease of maintenance and versatility to be implemented in a wide
range of applications.

The basis of the OWC wave-to-wire energy conversion is illustrated Figure 2. The wave-to-wire conversion requires
two stages. The first stage being the pneumatic power from hydrodynamic interaction into mechanical, where the
energy of the waves pressurises the working fluid, which is utilised by the air turbine or PTO (Power Take-Off). The
second stage is then the conversion from mechanical to electrical energy using a generator.

The OWC concept harnesses the energy of a wave by using free-surface movement as a piston and therefore
effectively creating a pump. Structures, either floating or fixed have semi-submerged chambers contain a volume of
water and air. As depicted in Figure 3 [58], surface elevation occurs as the peak of the wave passes and descends with
the trough of the wave causing bidirectional airflow and pressure fluctuations within the chamber, and for a simple
OWC concept like this, past the turbine also. In these more common bidirectional airflow systems, a self-rectifying
turbine is required to facilitate a constant rotation in one direction while flow is continuously changing direction past
the turbine. The Wells turbine, designed by Professor Wells from Queens University, is the most commonly used in
OWCs with its variations. A competitor to the Wells turbine was the Australian invention known as the Denniss-Auld
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Figure 2 - Oscillating water column wave energy conversion processes (adapted from Ref. [13])



turbine, which was later implemented in the Oceanlinx OWCs [15]. Alternative turbine options exist in development,
such as the self-rectifying bidirectional impulse turbine [59], and savonious turbine [60].

TURBINE ALWAYS ROTATES IN THE
SAME DIRECTION

TURBINE
GENERATOR

TURBINE

GENERATOR

WAVE TROUGH

Figure 3 - The oscillating water column concept [58]

3.1.2 Hydrodynamic Performance and Disadvantages

Optimisation of the hydrodynamic conversion processes (1% stage) for an OWC is vital since the power available at
the PTO is ultimately a function of the pressure differential created by the high pressure up-stream and the air volume
flow rate, and thus is dependent on an efficient hydrodynamic process. The optimisation of just this 1% stage may
include investigations into the front wall shapes, draft and slope, chamber water plane area shape, PTO orifice or
valve sizes, PTO damping, mooring configurations, ballast control and more [61]. This efficiency is generally
characterised by the Capture Width Ratio (CWR), which is the ratio between the wave power successfully captured
and the re-source of the wave per unit width [38]. A crucial condition in achieving maximum pneumatic power at the
turbine is having the device operate as near to the resonance condition as possible. This is attained by the matching
natural frequency of the OWC and the heaving frequency or period of the waves [11]. The natural frequency is
ultimately determined by the geometrical characteristics of the OWC. Hence, an OWC can be designed to extract
energy efficiently when conditions suit and resonance occurs, but outside of this optimal condition operation is less
efficient. This is a disadvantage of the raw OWC concept — its inability to tune to varying sea conditions and therefore
having a small bandwidth of optimal operation.

A further disadvantage with OWC operation is the varying power output due to bidirectional airflow. Power extraction
is made possible with self-rectifying turbines like the previously mentioned Wells Turbine that rotates in the same
direction during inhalation and exhalation of the OWC [15]. Although self —rectifying bidirectional turbine
technology is improving, it is still an inefficient process in the energy conversion. Furthermore, it has been proven



that the exhalation process is less efficient than the inhalation. Unidirectional turbines are more efficient and thus
single directional flow is more desirable for energy extraction [62].

3.2 OWC Devices and Development

Along with the aforementioned original OWCs and their variations, following a decision made by the European
Commission in 1991 to include wave energy in the JOULE programme, two onshore pilot OWC plants were
constructed. One called the LIMPET (2000), on the Isle of Islay, Scotland, and the Pico Plant (1999), in the Azores,
Portugal [15, 63, 64]. In 2001, the Wavegen deployment of LIMPET then became the first wave energy plant to be
connected to the grid in the UK. Both plants have facilitated in very useful research and development, for example,
the Pico Plant, which was involved in six or more European projects. Following a storm on the 17" of April 2017, the
Pico Plant suffered significant structural damage, and due to lack of financial support, WaveEC made the decision to
dismantle the plant in 2018 [63]. Currently, the LIMPET still stands despite having faced the largest storms recorded
on the Islay [65].

The majority of OWCs have been fixed and usually onshore like the LIMPET, Pico and the more recent plant on Jeju
Island (South Korea), which yields opportunities for synergy projects like integration with breakwaters. Examples of
synergies such as this is the previously mentioned Vizhinjam in India and in Sakata Port, Japan, and in more recent
years the Mutriku in Spain [66-68].

Aside from fixed OWCs mentioned, since floating devices such as the Mighty Whale, predominantly just singular
column devices have been considered for offshore deployment. The Oceanlinx, previously known as Energetech,
devices (greenWave, ogWAVE, BlueWAVE) are singular OWCs designed for different water depths and wave
conditions. A 1 MW prototype of the greenWave device was launched in Australia in 2013, however due to a
transportation incident, the deployment was not completed [69, 70]. Worldwide, OWC deployment has seen the
failure of a number of other devices destroyed by the harsh marine environment. Devices such as the Toftestallen,
Norway; Osprey, Scotland; Pico Plant, Portugal; and the Mutriku in Spain [63, 66, 71].

The popularity and versatility of the OWC concept has led to it being used in a range of devices and applications. For
example, as a point absorber type OWC like the Spar Buoy in Figure 4 [15]. This simple, compact and stable floating
axisymmetric device contains the OWC inside the length of the body, which features a flare like opening aimed to
assist the control the direction of the heave. At the head of the OWC is a vertical axis self-rectifying air turbine that
rotates during inhalation and exhalation [11].



Figure 4 - Spar Buoy OWC [15]

3.3 OWC Evolution

The OWC has evolved from the original concept discussed with there now being many variations. For example, with
more unconventional devices like the Floating OWC Drakoo Type B (Hann-Ocean) - a novel two chamber OWC
design allegedly reaches an average CWR of 50% [72]. Due to the key disadvantages of the OWC discussed regarding
the bidirectional airflow and bandwidth or tune ability of a device, generally, innovations based on the OWC concept
aim to resolve these disadvantages.

3.3.1 Multi-resonant devices
Variations of the OWC concept referred to as multi-resonant devices are self-tuning to operate efficiently in a wide

range of frequencies based on the principle that different lengths of the water column effect the resonant period of the
OWC [73].

An example of these single OWC multi-resonant devices is the Ocean Energy (OE) Buoy, which is based on the
Backward Bent Duct Buoy concept (Fig. 5) [74], having an L-shaped chamber with the inlet facing in the direction
of the propagating wave (away from the approaching crest). The concept was developed by Masuda in 1986 who
found that by having an L-shaped duct rather than strictly vertical, increases the bandwidth of optimal operation and
therefore improving performance in irregular waves [15, 74].

Multi-resonant capabilities have also been developed for the onshore application where there isn’t necessarily the
depths to extend chamber lengths. The answer was found with the U-shaped OWC - essentially extending the water
column in order to create a tune ability and effectively ‘force’ resonance [75]. This concept found implemented with



such devices like the Kvaener [76] and the breakwater synergy device REWEC3 (Resonant Wave Converter U-OWC)
[77].
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Figure 5 — Backward Bent Duct Buoy (BBDB) concept [74]

3.3.2 Rectifying devices

As discussed, a significant drawback to most singular OWC designs is the unidirectional airflow. While this is easier
to overcome with M-OWCs, singular OWCs require further manipulation of the pneumatics in order to achieve
unidirectional airflow. A spar buoy type device called the Tupperwave creates unidirectional airflow by having two
additional chambers above the OWC, one for the inhalation and one for the exhalation situated downstream and
upstream of an air turbine respectively. Therefore, the inhalation that would normally draw the air back through the
turbine, actually acts upstream to maintain the original direction of both airflow and turbine rotation creating a closed
system of airflow, as shown in Figure 6 [78] . Development of this device has been a work from University College
Cork, Ireland, where 1:24 scale experiments were carried out. Experiments were ran for both regular and irregular
waves with results compared to a conventional spar buoy OWC modelled in the same tests to give fair comparison.
Performance results from the Tupperwave device have proven that the concept has potential to rival the original OWC.
The main losses were apparently induced from the one-way valves, which imposed too much damping and did not
open quickly enough [79].

A concept known as UniWave, being developed by Wave Swell Energy Ltd. from Australia also operates with a
unidirectional flow turbine in a singular OWC device. However, airflow is only passing the turbine for half the wave
period, which is during the inhalation of the air from the atmosphere. During the OWC heave, the pressurised air is
exhausted directly to the atmosphere resulting in atmospheric pressure in the chamber at the maximum OWC heave
point. Small scale (1:30) tests have been carried out from which the peak pneumatic efficiency in irregular waves was
recorded at 83% [61].
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Figure 6 - Tupperwave concept sketch and full-scale dimensions [78]



4 Multi — Oscillating Water Columns

4.1 The Concept

The multi-oscillating-water-column (M-OWC) concept, sometimes referred to as the multi-chamber oscillating water
column (MC-OWC) [18], can be defined as an arrangement of OWC systems coupled together whether it be with
regard to structure, airflow, PTOs or generators. The M-OWC concept was perhaps the original OWC concept of the
Kaimei that comprised of multiple OWCs, which was essentially an OWC array. However, as discussed one of the
disadvantages with OWC operation is the varying power output due to bidirectional airflow, the main issue more
modern M-OWC concepts generally aim to resolve. Although self-rectifying turbine technology is improving, it is
still an inefficient stage in the energy conversion, which gives the M-OWC a great advantage.

4.1.1 M-OWC Categories

It is important to clarify the three main applicable M-OWC sub-categories to be referred to as found in Ref. [13] with
their respective illustrations in Figures 7a-c:

¢ OWC Array (Fig.7a): A device with multiple singular OWCs operating in isolation with individual turbines and
generators but a housed in a common structure constituting one device

e Segmented M-OWC (Fig.7b): The turbines of multiple OWCs remain segregated but are mechanically coupled in
order to have all operate the same one generator

e Modular M-OWC (Fig.7c): Multiple chambers providing airflow that is combined or accumulated and perhaps
manipulated upstream of the turbine. Hence, the integration of the separate OWC systems occurs before the PTO
stage to create a steady unidirectional airflow.

An M-OWC could be further sub-categorised, especially for segmented or modular M-OWCs. For example, modular
M-OWCs vary with open or closed systems. Closed system devices create high and low pressure ducts downstream
and upstream of the PTO respectively and therefore a large pressure differential. Hence, there is a controlled volume
of working fluid in circulation. Open systems operate with high-pressure upstream and atmospheric pressure only
downstream of the PTO. Since concepts significantly vary with no common trend developing, no further sub-
categories are defined at this stage.
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4.2 M-OWC Devices

Up until recent years, singular OWCs, arrays of singular OWCs within large structures (OWC arrays) and hybrid
wind/wave energy structures have been the focal point of most OWC technology development. Many patents exist
for different M-OWC concepts and development has been steadily emerging with mainly offshore floating devices in
attenuator formation. These more modern M-OWC concepts are modular systems, which are arranged with a smaller
PTO to OWC ratio in order to obtain higher pressures and steady/unidirectional airflow rates.

4.2.1 Floating Devices

A two-chamber device named MORE, based on the M-OWC Seabreath concept (Fig. 8) was initially investigated in
a MARINET project [80]. This floating device consists of several OWC chambers arranged in alignment with the
wave propagation (perpendicular to the wave crest). Each OWC creates high and low pressures as the wave peaks
and trough pass respectively. Unidirectional valves allow pressurised air during the compression process from each
chamber to accumulate in a common high-pressure duct. Similarly, unidirectional valves allow flow from the low-
pressure duct to fill the chamber as the water level recedes creating a negative pressure. As depicted in Figure 8, the
high and low pressure ducts create a closed system with potentially more steady high-pressure flow differential across
the turbine. An advantage of this closed system is that there will always be a constant supply of air even in less
desirable conditions.

The early development work of the device has been well documented; initially experimental tests were carried out
with a scaled device in a wave tank 36 m long [80]. During testing, a very low efficiency was recorded with respect
to energy of the incident wave due to the two pressure ducts allegedly being too small. The concept boasts of the
ability to harness irregular waves but in fact the pre-turbine performance reduced by 50% [80]. Further work done by
Refs. [81, 82] with the concept includes numerical modelling providing experimentally validated performance
predictions.

— _"“

Figure 8 - Seabreath Concept [80]



Similar to the Seabreath concept is the Australian invention patented in 2009 [83] developed by iVec named as the
Floating Wave Power Plant (FWP) [84] and now known as the Wave Mill under Wave Power Engineering Ltd. [85].
The concept, as seen in Figure 9, comprises of multiple OWCs creating pressure differential with high and low
pressure air ducts. The near shore system underwent sea trials in Brisbane, Australia (2009), and believed to have
demonstrated very high efficiency ratings. Using a low efficiency turbine, the 30m long prototype generated with a
max efficiency of 81% and minimum of 41%. Including a low efficiency generator, the wave to wire efficiency was
calculated to be from 16% - 36% for varying wave conditions. Costings of production at a commercial scale has been
estimated but it appears no further developments have been published since 2014 [85].

Figure 9 - Wave Mill Device [85]

Another MARINET project involved the M-OWC known as the KNSwing (Fig. 10), a ship-like structure with 20
OWCs either side of a central ballast (40 chambers total) [86-91].This concept is based on the Moody [-Beam
Attenuator (1979) [87], with the [-beam cross sectional shape comprising of side entry chambers. The shape of the
KNSwing is designed to induce minimal body response in waves, which has been proven in harsh scaled conditions
and thus absorbs as much energy as possible through the OWCs [86, 88, 90].

Initial experimental studies were carried out with a 1:50-100 model at the Hydraulics and Maritime Research Centre
(HMRC) facility, University of Cork in 2013 [86, 89-91]. Aside from the various optimisation experimental findings
and numerical analysis [87], the performance results were scaled to compare the peak CWR with other the Kaimei
sea tests (1979 and 1982) and the Moody I-Beam experimental results (1979), all from which it falls short [86].
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Figure 10 — KNSwing design sketch (top) and experimental model (bottom) [86, 87]



The LEANCON device, patented in 2007 [92], is a floating V-shaped M-OWC that creates high and low pressures
air ducts with an array of many small OWC tubes as depicted in Figure 11 [15]. The ‘boomerang’ or ‘V’ shape,
perhaps a terminator/attenuator hybrid, allows the WEC to capture a larger width of the wave. Theoretically, the large
number of tubes create a balancing of forces as localised high and low pressures act within the tubes. The design is
compact with air channels built into the structural design and a PTO system that comprises of turbine/s place between
high and low pressure channels subject to unidirectional flow. The shape of the device and the array of tubes tilted
with their openings toward the incident wave crest are intended to minimise wave impact forces and splash.
Furthermore, the anchorage position, ideal when on the tip of the bow, helps the WEC to align with wave direction
as the two arms cause a balancing effect [92].

In Ref. [93], experimental tests were carried out at HMRC and numerical modelling with a very similar but smaller
model to the LEANCON at 1:50 scale with 32 tubes or OWCs [93]. Reports from a different 1:40 scale experiment
conducted at the Aalborg University wave tank contain results for general hydrodynamic performance under various
mooring configurations [94, 95]. The bottom standing and floating configurations reached efficiencies reached 12.4%
(3.56 GW/year) and 7.1-12% (2.03-3.43 GW/year) respectively [95]. In December of 2015, a 1:10 scale LEANCON
prototype with 104 tubes completed operational and structural tests at sea and was subsequently removed.
Deployment is intended for the North Sea, off the Danish coast, after alleged 1:2 scale tests are carried out at the

DanWEC facility [88].
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Figure 11 - LEANCON WEC orientation and operating principle [15]

A novel floating attenuator design patented by engineering entrepreneur Robin Kyffin [96], known as the
Waves2Watts (W2W) M-OWC wave energy converter concept is now the subject of a research project at Lancaster
University, UK. The Lancaster University Renewable Energy Group (LUREG) [17] is well known for WEC
development with devices, such as the Lancaster Flexible Bag [48], WRASPA [97, 98], PS Frog [99], TALOS [100],
EB Frond [101] and more. The W2W concept is unique and differs from the other M-OWCs reviewed in this paper
in a number of respects. As seen in Figure 12, chambers are arranged in series along the length of the attenuator. Each
chamber operates as an individual OWC, however, unidirectional air valves mean that chambers are pneumatically

coupled to allow airflow in the same direction the propagation wave. At the first chamber, as a trough passes air is

drawn from the atmosphere. The air is subsequently compressed as the peak arrives creating a higher pressure. This



temporary pressure drop between the heaving chamber or fully elevated pressurised column and the subsequent
chamber will assist in airflow and potentially create multi-stage compression type operation. The ideal occurrence of
multi-stage air compression across an undefined number of chambers ends at a top tank (accumulator) before the
PTO. The intention of the W2W is to create an open system where a high-pressure differential is achieved with respect
to the atmosphere instead of having additional structures for separate low-pressure ducts. The combination of a high-
pressure differential and unidirectional flow should lead to higher first stage conversion efficiency.

1. Oscillating Water Column Chambers 5. Top Air Tank
a First Chamber 6.  Air Turbine
b-e. Intermediate Chambers 7. Turbine Exhaust
£ Final Chamber 8. Generator

2. Inlet Valve
3. Unidirectional Valve

Wave :
Direction 4. Rear Ballast Tank

Figure 12 - Annotated original design sketch of the W2W concept [96]

Most OWCs are either onshore or semi-submerged floating structures unlike the Stellenbosh wave energy converter
(SWEC) — a fully submerged shallow water, V-shaped breakwater integrated converter (Fig. 13) [102]. This M-OWC
type, mounted on the sea floor, uses a closed loop unidirectional airflow system created by unidirectional valves and
the high and low pressure manifolds as demonstrated in Figure 13 [102]. Chances of survivability are greater when
submerged but components are exposed to increased corrosion rates.

In 1984, Ref. [103] carried out experiments on both 2D and 3D models from 1:100 to 1:50 scale [103]. Since then,
the SWEC has been the subject of various studies coming out of Stellenbosch University, South Africa [102, 104,
105]. In more recent years, experimental studies with a 1:25 scale submerged single chamber model of the concept
had been carried out, reaching a maximum conversion efficiency of 22%. Although the concept is still being
considered for specific applications and further development [106], the operational optimisation of the SWEC for
these applications is still a working progress [107].
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Figure 13 - Stellenbosch device arrangement (top) and operating principle (bottom) [104]

A fixed M-OWC concept and its variations have been the subject of research from Glasgow University initially in
2003 and more recently at University of Technology Sydney. This device is based on a concept with two to four
chambers in either a segmented and modular arrangement. Initially models where tested with a Wells turbine before
using just the savonius turbine in a segmented arrangement. Although this concept has been extensively investigated,
there are still gaps in the research that are stunting its progression but should be a part of future work [18, 60, 108-
110].

Further M-OWC identified devices that have been found in literature but not discussed are the NEL Bottom Standing
Terminator, Vickers Terminator and Vickers Attenuator, the NEL Floating Terminator and Attenuator, the OWC
Belfast Point Absorber [48].

4.2.2 Multi-resonant M-OWCs

As with singular OWCs, resonance and the ability to tune to resonance is a desired trait. While solving the nature of
the airflow with alternative M-OWC designs, if a greater bandwidth or a potential for more resonant peaks could be
created, this would certainly set apart the M-OWC concept.

Based on a concept eventually patented in 2007 [111], the Orecon and its variants can be considered as a M-OWC as
well as a Multi-Resonant Chamber (MRC). Figure 14 shows the MRC1000 and the Orecon Buoy, which Ref. [58]
had performed various mooring based experiments at the Oceanide wave tank, France in 2009 [58, 112]. The design
of the Orecon concept, having chambers of varying lengths, offers multiple resonant peaks and hence, great tune
ability. As wavelengths vary in real irregular sea conditions, one OWC should at least approach resonant operation
[111]. The MRC1000 device, reviewed in a 2004 report [112], is a floating offshore, slack-moored, 32m diameter
WEC rated at 1 MW (full-scale) with a 3-stage PTO system, which includes an intermediary hydraulic stage. There
are reports of wave tank experiments allegedly been carried with five different scaled models ranging from 1:250 and
1:20. Additionally, a 1:10 scale 5 kW prototype was tested at sea with plans for further seat trials in coming years
[112]. However, in 2009 Orecon development seemed to have ceased due to financial support issues despite being so
close to deployment of the 1 MW WEC [113].



Figure 14 — MRC1000 ORECON Device [112]

4.2.3 M-OWC Synergies

With the current cost of wave energy and anticipation of a slow decline, innovative hybrid synergies are the subject
of a lot of global research. Offshore synergies could play a large part in wave energy development with potential
offshore platforms, large structures like breakwaters, energy plants or wind turbine platform integration.

Similar to the singular OWC synergy concepts mentioned, the Power Platform, by Global Renewable Solutions, is a
wind turbine platform with six internal OWCs [114]. Synergies such as these are perhaps born from projects that
envisage integration with wave energy at a latter stage. Hence, structures that have a primary purpose and later
adapted, such as considered by Ref. [115] where the bare structure of a floating wind turbine platform is integrated
with 3 OWCs. On a slightly larger scale, another example is the Rho-Cee, a Pneumatically Stabilised Platform (PSP)
by Float Inc. [116]. The platform, known as an Impedance-Matched OWC (IM-OWC), contains a larger array of open
bottom cylinders on the underside of the platform, which essentially take advantage of the air movement to provide
stability. The platform can have a number of ancillary applications including wind energy hybrid, energy storage and
generation.

As well as synergies across other ocean energy fields, integration of multiple WEC operational concepts exist. An
example in the work of Ref. [117], where a combination of an OWC and overtopping device known as an Oscillating
and Overtopping Water Column (O-OWC) has been experimentally modelled.



4.3 Performance Baselines

Device performance figures as collated by Ref. [38], reveal that the present M-OWCs performance values do not
show significant improvements from the singular OWCs such as the (OE) Buoy. When compared to other types of
WECs, as in Table 2 [38], OWCs are most competitive with the fixed oscillating wave surge converters (OWSCs).
Currently, with the few very mixed performance predictions of small scale M-OWCs it is hard to determine whether
they could be competitive at this stage. Thus far, modular type M-OWC performances and predictions have not been
good enough to compete with various singular OWCs. The CWR data summarised by Ref. [38] and in Table 2
essentially reveals the benchmarks and shows that for OWCs, and as with other WEC categories, currently no device
performance significantly outweighs the rest.

Table 2 - Mean and standard deviation of CWR across WEC categories [38]

. Heaving Fixed Floating

OWCs Overtopping Devices OWSCs OWSCs
Capture Mean 29 17 16 37 12

Width Ratio
% STD 13 8 10 20 5
(%)

Characteristic Mean 20 124 12 18 33
dimension (m) STD 10 107 7 14 24

5. Concluding Remarks

The development of wave energy technologies is progressing around the world while it is still lagging behind the
developmental stages of other renewable energies with no visible convergence of technologies to date. The
excellent global resource potential provide a very good incentive for further development of competitive wave
energy technologies.

This paper reviews the concept of the OWC, its evolution and development. The M-OWC has been introduced with
background on operational theory, terminologies and details of the known devices in development over recent years
as summarised in Table 3.

The majority of devices that exist are floating or fixed attenuator types with closed pneumatic systems comprising of
low and high-pressure ducts. The greatest advantage of these modular M-OWC systems over the singular OWC being
the steady unidirectional airflow denying need for less efficient but most commonly installed self-rectifying turbines.
This is a logical step in improving overall efficiency in the first stage of energy conversion alone. Furthermore, it has
been suggested that due to the versatility and potential of the M-OWC, concepts may include opportunity to increase



bandwidth of optimal operation with multiple resonant frequencies. Based on the evolution of the OWC and in light
of its disadvantages, the M-OWC concepts offers significant theoretical improvements. Such concepts have been
subjects of investigations but at present are still far from commercialisation.

Although the M-OWC has great potential, performance reports from scaled experiments and trials suggest there is
still a lot room for development. Competitiveness with a substantially better conversion efficiency is key in order to
justify larger structures such as M-OWCs over singular OWCs. Novel devices such as the W2W presented and the
development intended is a step in the direction toward gaining further understanding and contributing to the wave
energy community in the challenge of extracting energy from ocean waves. Both OWCs and M-OWCs remain to be
a versatile and diverse WEC concept allowing integration in a variety of applications as discussed. For example, large
structures like the W2W could be moored offshore and be integrated with other technologies such as wind and solar
power, offshore platforms and breakwaters. The ocean energy industry will ultimately steer toward these synergies to
create more cost effective deployment and power production. It is clear that the M-OWC has not been developed
enough, but there remains to be a gap in research and a remnant of potential outcomes to be investigated, which
should be further explored.



Table 3 — Summary of M-OWCs reviewed

Company/ Sub- Number of Max. Scale Latest

Institution Device Name categories OWCs Tested Publication Refs.
Modular 36 m [80-
MARINET MORE/Seabreath M-OWC >2 Length 2014 82]

Wave Power Plant

o Modular 30 m [83-
(F WP} / Waye Power Wave Mill / iVec M-OWC >2 Length - 85]
Engineering Ltd.
[86,
MARINET KNSwing Modular 40 1:50 2015 88-
M-OWC 91]
Aalborg University and LEANCON Modular 104 1:10 2013 5828’
HMRC M-OWC ' 9 5i
Stellenbosch Modular ) [102-
University Stellenbosch M-OWC - 1:25 2017 107]
Lancaster University Modular ) [17,
and Waves2Watts Ltd. Waves2Watts M-OWC 2 1:30 2018 96]
University of Glasgow,
Taiwan National
: [18,
Science Segmented / 60
Council and - Modular >2 - 2017 1 023-
University of M-OWC 110]
Technology
Sydney
MRC, Pm [58,
Orecon MRC1000 Modular M- >2 Diameter 2009 111-
OowWC 113]
Global Repewable Power Platform M-OWC 6 ) ) [114]
Solutions Synergy
Rho-Cee,
Float Inc. Pneumatically IM-OWC - - - [116]
Stabilised Platform
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