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Hydrodynamic performance of a pile-supported OWC breakwater: an analytical study 1 

Abstract 2 

A pile-supported OWC breakwater is a novel marine structure in which an oscillating water column (OWC) is 3 

integrated into a pile-supported breakwater, with a dual function: generating carbon-free energy and providing shelter 4 

for port activities by limiting wave transmission. In this work we investigate the hydrodynamics of this novel structure 5 

by means of an analytical model based on linear wave theory and matched eigenfunction expansion method. A local 6 

increase in the back-wall draft is adopted as an effective strategy to enhance wave power extraction and reduce wave 7 

transmission. The effects of chamber breadth, wall draft and air chamber volume on the hydrodynamic performance 8 

are examined in detail. We find that optimizing power take-off (PTO) damping for maximum power leads to both 9 

satisfactory power extraction and wave transmission, whereas optimizing for minimum wave transmission penalizes 10 

power extraction excessively; the former is, therefore, preferable. An appropriate large enough air chamber volume 11 

can enhance the bandwidth of high extraction efficiency through the air compressibility effect, with minimum 12 

repercussions for wave transmission. Meanwhile, the air chamber volume is found to be not large enough for the air 13 

compressibility effect to be relevant at engineering scales. Finally, a two-level practical optimization strategy on PTO 14 

damping is adopted. We prove that this strategy yields similar wave power extraction and wave transmission as the 15 

ideal optimization approach. 16 

Keywords: oscillating water column; wave energy converter; wave transmission; wave power; air compressibility; 17 

optimization 18 

1. Introduction 19 

Conventional breakwaters, whether vertical (caisson), rubble-mound or composite, have the function of 20 

providing shelter against waves for port operations. However, with the growing marine economy, marine 21 

development and utilization gradually progress into deeper water, and there is increasing concern about the 22 

environmental effects of conventional breakwaters, particularly on coastal processes [1, 2]. By contrast, pile-23 

supported breakwaters have less environmental impact, for they permit water and sediment exchange between their 24 

seaside and leeside [3]. As wave energy is concentrated near the water surface in deeper waters, pile-supported 25 

structures can provide shelter at a cost that is far less sensitive to water depth than that of conventional breakwaters 26 

[4]. For these reasons, pile-supported breakwaters have recently emerged as an interesting alternative to traditional 27 

breakwaters in deeper waters. 28 



2 

 

At the same time, ocean waves are one of the most important marine renewable energy resources. The worldwide 1 

wave resource is substantial and widely distributed [5]. Wave energy converters (WECs) extract energy from the 2 

wave field, and thus reduce the wave height [6, 7]; under certain circumstances, they can play a similar role in 3 

breakwaters. The "Mighty Whale" WEC produces a relatively calm sea behind during the open sea tests [8]. At 4 

present, the cost of stand-alone in deeper waters remains high, which hampers the development of wave energy [9, 5 

10]. For these reasons, the integration of WECs into breakwaters has been the object of increasing research. An 6 

example is OBREC, an overtopping WEC integrated into a rubble-mound breakwater [11, 12]. The integration of 7 

oscillating water column (OWC) into vertical (caisson) breakwaters has also been investigated [13]. With respect to 8 

pile-supported breakwaters, the subject of this work, the integration of WECs can be beneficial for three main reasons 9 

[14-16]. First, pile-supported breakwaters can provide the substructure for the WECs and thus enhance their economic 10 

viability. Second, the WECs, by absorbing wave energy, contribute to reducing wave transmission past the 11 

breakwaters, and thus improve their efficiency. Finally, the WECs provide electricity to the activities protected by 12 

the pile-supported breakwaters, which are usually of certain distances from the mainland [17]. 13 

Nowadays, there has emerged a diversity of wave energy converters [18-22]. Compared with other converters, 14 

OWC type converter is notably [23-27]. An OWC converter has a pneumatic chamber with a large underwater 15 

opening. Incident waves excite the water column inside the chamber, causing it to oscillate; this oscillation forces the 16 

air inside the pneumatic chamber to drive a power take-off (PTO) system. Owing to the advantages of simple 17 

configuration, fewer moving mechanical parts, good durability and high reliability, OWC converters are particularly 18 

suitable for integration with breakwaters [16, 28-30]. Breakwater-mounted OWCs have attracted both the academic 19 

and engineering communities. The initial focus of OWC-breakwater integration was bottom-seated, caisson 20 

structures, since the work of Ojima [31] in the 1980s; then, the prototypes appeared in different regions, e.g., Sakata, 21 

Japan [32], Vizhinjam, India [33], Mutriku, Spain [34], Civitavecchia, Italy [35, 36] and GWK, Germany[37, 38]. At 22 

present, OWC-type breakwaters are considered both as bottom-seated, caisson structures and pile-supported 23 

structures for deeper water [39]. In the latter, the reduction of wave transmission becomes a key element of the 24 

structure’s performance, but further study is required. He and Huang [14] investigated the hydrodynamic performance 25 

of a pile-supported OWC breakwater through wave-flume experiments, and compared it with more than ten types of 26 

innovative pile-supported breakwaters proposed in the literature. They demonstrated that the wave transmission 27 

performance was not inferior to other types. Notwithstanding, there is still much room for improvement, not least in 28 
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relation to optimization - a fundamental objective for OWC systems [13] which has not been accomplished so far for 1 

pile-supported OWC breakwaters. 2 

For stand-alone OWC converters, there have been extensive theoretical studies. The analytical method based on 3 

potential theory is well established and could help to understand the fundamental hydrodynamic performance of 4 

OWCs. Evans [40] assumed that the water column inside a narrow pneumatic chamber moved like a rigid piston, and 5 

focused on how to determine the added mass and radiation damping of the water column. Subsequently, Evans [41] 6 

generalized the previous theory and took into account the spatial variation of the water column surface. A reciprocal 7 

relationship between the air pressure inside the pneumatic chamber and the diffraction-induced vertical flux was also 8 

derived. Sarmento and Falcão [42] considered the compressibility effects of the air inside the pneumatic chamber, 9 

and neglected wave diffraction by the immersed OWC. Given that the energy in a sea state is distributed across a 10 

range of frequencies, the fundamental objective of the theoretical studies of stand-alone OWCs is to achieve a high 11 

extraction efficiency over a broad bandwidth around the peak of the incoming wave spectrum.  12 

As for theoretical studies of OWCs integrated into breakwaters, Martin-Rivas and Mei [43] considered a 13 

cylindrical OWC standing at the tip of a thin breakwater and found that, with an appropriate volume of the pneumatic 14 

chamber, air compressibility could help broaden the bandwidth of high extraction efficiency. But for pile-supported 15 

OWC breakwaters, the effects of air compressibility on wave transmission have not been addressed yet. Sarmento 16 

[44] reported wave transmission data for a pile-supported OWC structure, but the immersion adopted was too small 17 

to make it function as a breakwater. In the small-scale laboratory tests carried out by He and Huang [14], air 18 

compressibility was negligible, and therefore its effects were not considered. One aim of the present analytical study 19 

is to explore whether air compressibility may help in reducing wave transmission over a broad bandwidth of 20 

frequencies. 21 

The optimal power extraction of the OWC is essentially achieved by the impedance matching between the 22 

radiation damping and the PTO characteristic. Since the geometry cannot be easily adjusted once the OWCs have 23 

been constructed, most of the previous theoretical studies assumed the PTO characteristic to be ideally controlled for 24 

optimization over a broad bandwidth of frequencies [45]; in practice, however, this ideal control is hard to implement. 25 

Lovas et al. [46] proposed a more practical control strategy, whereby the PTO characteristic took on only specific 26 

values, one for each frequency interval, and found that this approach can be almost as efficient as the ideal control 27 

strategy. Another aim of the present analytical study is to explore whether this practical control strategy is also 28 

effective in regard to wave transmission over a wide range of frequencies. 29 
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The main objective of the present study is to improve the performance of a pile-supported OWC breakwater by 1 

increasing power extraction and reducing wave transmission over a broader bandwidth of frequencies. To this end, 2 

the hydrodynamic performance of a pile-supported OWC breakwater is analytically investigated. A linear Wells 3 

turbine is considered for the PTO, and the compressibility of the air inside the OWC chamber is taken into account. 4 

Based on linear potential theory and the method of separation of variables, the spatial potential at any point in the 5 

water domain is expressed as a series of Fourier functions. The Galerkin approximation method is adopted to deal 6 

with the strong singularities at the sharp edges of the pile-supported OWC breakwater. As indicated by Sarmento 7 

[44], the maximum extraction efficiency is only 0.5 for the pile-supported OWC converter with identical front and 8 

back walls. In the present study a local increase in the back-wall draft is adopted to improve the performance in an 9 

economical way [47]. The effects of chamber breadth and wall draft on the power extraction and wave transmission 10 

are examined. Moreover, the air compressibility and practical control strategy are considered in detail.  11 

2. Formulation 12 

2.1 Problem description 13 

Fig.1 shows the two-dimensional pile-supported OWC breakwater in the water of finite depth under 14 

consideration in this study. The problem is formulated in a Cartesian coordinate (Oxz) system with x-axis being 15 

horizontally rightwards and z-axis being vertically upwards. The origin of the coordinate system O  is on the still 16 

water level. A train of monochromatic incident waves of small amplitude A  and wave frequency   propagates 17 

from x = − . The breadth of the pneumatic chamber is denoted by a , and the drafts by 
1d  and 

2d  for the front 18 

and back walls, respectively. The water depth, h, is constant in this study, thus the horizontal sea bed is at z h= − . 19 

The positions of the front and back walls on the x -axis are 1x x=  and 2x x= , respectively. 20 

 21 

Fig. 1. Problem definition sketch. 22 
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in the pile-supported OWC breakwater functioning as a reflective structure rather than as an absorbing system. Indeed, 1 

 contributes mainly to enhancing wave reflection, rather than to improving the power extraction. For all wall 2 

drafts,  hardly improves the performance in terms of protection against wave action, but does diminish the 3 

wave power extraction. 4 

 5 

 6 

Fig.9 (a) Power extraction efficiency , (b) optimal dimensionless PTO damping , (c) optimal wave 7 

transmission coefficient  and (d) wave reflection coefficient  versus dimensionless wave number  8 

for different wall drafts  [ =20 m, =0.1, = +0.1 and ]. 9 

 10 

To sum up, optimizing the PTO damping as  to maximize the wave power extraction allows  to 11 

match the radiation damping at each wave frequency. Instead, optimizing the PTO damping as  to minimize 12 

the wave transmission causes  to lose this matching relationship with the radiation damping. Compared with 13 
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,  improve the protection performances against wave action to a very limited extent, but diminishes wave 1 

power extraction notably. The optimization to maximize power production generally improves coastal protection as 2 

well, given that the more energy that is absorbed by the structure, the less energy that is transmitted. For a pile-3 

supported OWC breakwater, therefore, it is likely that by optimizing the PTO damping towards minimum wave 4 

transmission, the loss (in terms of power extraction) far outweighs the gain (in terms of wave protection). For this 5 

reason, only the results with the optimal PTO damping  will be reported in the following. 6 

3.4 Air chamber volume 7 

When the air chamber volume is large enough, air compressibility becomes an important factor determining the 8 

wave power extraction and can no longer be ignored. It has been concluded that the bandwidth of high extraction 9 

efficiency with an appropriate volume can be broadened by considering the effect of air compressibility [43]. The 10 

effects of air chamber volume of pile-supported OWC breakwater on the wave power extraction and the protection 11 

against wave action are examined in this subsection. 12 

The variations of optimal power extraction efficiency , optimal dimensionless PTO damping , wave 13 

transmission coefficient  and wave reflection coefficient  versus dimensionless wave number  are 14 

shown in Fig. 10. The calculation parameters are: =20 m,
 

=0.1, =0.15, =0.25, 
0V =0, 0.5ah , 15 

1.5ah , 3ah  and 5ah . The degree of air compressibility increases with 
0V , and 

0V =0 means the air is 16 

incompressible. We can see from Fig. 10(a) that two peaks of  appear for 
0V = 0.5ah  and 1.5ah . The presence 17 

of these two peaks, reported by Sarmento and Falcão [42] and Martins-Rivas and Mei [43], is attributed to the 18 

counteraction of radiation susceptance and air compressibility, i.e. 
PTO =0 + . Recall that 

0  is defined as 19 

PTO g h −  and   is defined as /g h . Fig. 11 shows the variations of 
0  for different air chamber 20 

volumes 
0V  and  versus dimensionless wave number . As 

0V  increases, the 
0  curves are getting more 21 

and more downwardly oblique. There exists two interaction points between 
0  curve and  curve for 

0V = 0.5ah  22 

and 1.5ah , corresponding to the presences of two peaks of . When 
0V  exceeds a certain value, e.g., 

0V = 5ah , 23 

0  curve begins to have no interaction with  curve. Correspondingly, the peak  for 
0V = 5ah  is lower than 24 
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other air chamber volumes. In addition, Fig. 10 (b) indicated that a larger optimal PTO damping is desired for a larger 1 

air chamber volume when resonance occurs. 2 

 3 

 4 

 5 

Fig.10 (a) Optimal power extraction efficiency , (b) optimal dimensionless PTO damping , (c) wave 6 

transmission coefficient  and (d) wave reflection coefficient  versus dimensionless wave number  7 

for different air chamber volumes 
0V  [ h =20 m, =0.1, =0.15 and =0.25]. 8 

As shown in Fig. 10(c), wave transmission for different air chamber volumes is not fundamentally different. It 9 

is interesting to note that around the values of  where peaks of  occur, there are corresponding local peaks 10 

of , albeit not very marked. It may be inferred that the resonances increase somewhat the wave energy passing 11 

through the back-wall of the pile-supported OWC breakwater. For 
0V = 0.5ah  and 1.5ah , which correspond to two 12 
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peaks of , there exists a second local peak for , but it is a little lower than the first local peak and happens 1 

for shorter waves. It can be concluded that air compressibility increases the transmission coefficient for certain 2 

particular wave conditions, but at an insignificant level. 3 

In brief, for a pile-supported OWC breakwater, the effect of air compressibility can counteract the radiation 4 

susceptance more than once in the computed range of wave conditions with appropriate air chamber volumes. The 5 

multiple counteractions can enhance the bandwidth of high extraction efficiency by the appearance of multi-peak of 6 

, but are detrimental to the protection against wave action fortunately at an insignificant level. For multiple 7 

counteractions to occur, the air chamber volume should be large enough. As illustrated in Fig. 11, at least 
0V = 0.5ah  8 

is required in this case. It means that the freeboard height of the air chamber must be 0.5h , i.e., half of the water 9 

depth, which is too large from the standpoint of engineering practice. For a more reasonable value, e.g., 
0V = 0.1ah , 10 

the air compressibility may be ignored.  11 

 12 

Fig. 11 
0  coefficient of different air chamber volumes 

0V  and dimensionless radiation susceptance  versus 13 

dimensionless wave number  [ h =20 m, =0.1, =0.15 and =0.25]. 14 

3.5 Practical optimization strategy 15 

 Hereinbefore, the optimization of PTO damping for maximizing wave power extraction over all wave 16 

frequencies was ideal, in the sense that the characteristics of the turbine system, e.g., the blade angles or rotational 17 

speed, were assumed to be adjusted in real time according to the incoming wave spectrum. This ideal optimization is 18 

hard to achieve in practice. A more practical optimization strategy, proposed by Lovas et al. [46], considered only a 19 
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discrete series of values for the PTO damping, each value corresponding to a certain frequency band. In the following, 1 

this strategy is adopted, and the resulting wave power extraction and protection against wave action are examined. 2 

As an example, the calculation parameters are: =20 m, =0.1, =0.15,
 

=0.25 and 
0V =3 

0.1ha . The variations of dimensionless PTO damping 
PTOc , power extraction efficiency   and wave transmission 4 

coefficient T  from the ideal optimization strategy are shown in Fig. 12 as solid black lines for comparison. As 5 

shown in Fig. 12(a), two values of dimensionless PTO damping are taken as 
1c =2.067 being the  for peak of 6 

 and 
2c =0.550 being the arithmetic mean of  over 0 10kh  . The corresponding power extraction 7 

efficiency   and wave transmission coefficient T  for 
1c  and 

2c  are shown in Figs. 12(b) and 12(c) as blue 8 

and red symbols, respectively. We can see from Fig. 12(b),   for 
1c  is almost identical with  over a certain 9 

range of  around where the peak  occurs, and   for 
2c  is very close to  over other . Two 10 

intersection points between the curves of   for 
1c  and   for 

2c  occur at =3.8 and =5.2. For the 11 

practical optimization strategy, the dimensionless PTO damping 
PTOc  piecewise constants are: 

1c =2.067 for 12 

3.8 5.2kh   and 
2c =0.550 for 3.8kh   and 5.2kh  , as replotted in Fig. 13(a). The corresponding power 13 

extraction efficiency   and wave transmission coefficient T  with the practical optimization strategy are shown 14 

in Figs. 13(b) and 13(c). It is found that it is possible to obtain a power extraction efficiency close to  and a 15 

wave transmission coefficient close to  with only two values of PTO damping. Indeed, with two values the 16 

largest difference between the ideal and practical optimization strategies is only 0.08 in terms of power extraction 17 

efficiency (difference between  and  ) and a mere 0.03 in terms of wave transmission (difference between 18 

 and T ). Although these differences can be further diminished by setting more piecewise constants for 
PTOc , 19 

the two-level optimization strategy has been proven to be efficient enough over all wave frequencies. The fewer 20 

levels of 
PTOc , the easier it is to implement the strategy in practice. With the two-level optimization strategy, both 21 

the wave power extraction and the protection against wave action can be guaranteed for the pile-supported OWC 22 

breakwater. 23 
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1 

 2 

Fig.12 (a) Dimensionless PTO damping 
PTOc , (b) power extraction efficiency   and (c) wave transmission 3 

coefficient T  versus dimensionless wave number  from ideal optimization of PTO damping and two values 4 

of PTO damping [ h =20 m, =0.1, =0.15, =0.25 and ]. 5 

 6 

 7 
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 1 

 2 

Fig.13 Optimization of (a) dimensionless PTO damping 
PTOc , (b) power extraction efficiency   and (c) wave 3 

transmission coefficient T  from ideal strategy and practical two-level strategy [ h =20 m, =0.1, 4 

=0.15, =0.25 and ]. 5 

4. Conclusions 6 

 The hydrodynamic performance of a pile-supported OWC breakwater was modeled analytically based on linear 7 

wave theory and the method of matched eigenfunction expansion. A local increase in the back-wall draft, proposed 8 

as an economical means to enhance performance, was shown to effectively increase wave power extraction and 9 

decrease wave transmission. Initially, the PTO damping was optimized ideally, targeting two objectives: maximum 10 

power extraction and minimum wave transmission. The effects of chamber breadth, wall draft and air chamber 11 

volume were examined. Given the difficulties for the practical implementation of the ideal optimization strategy, a 12 
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more practical strategy to optimize PTO damping was explored too, with the same objectives. The following 1 

conclusions can be drawn from this study.  2 

First, an optimization towards maximum power extraction can also lead to satisfactory wave transmission, but 3 

an optimization towards minimum wave transmission results in a significant reduction in wave power extraction. For 4 

this reason, optimizing the PTO damping towards maximum power extraction is preferable. 5 

Second, as regards the effects of the chamber breadth, a wider chamber can enhance the extraction bandwidth 6 

for longer waves, albeit at the expense of a slightly lower peak value; wave transmission and, therefore, protection 7 

against wave action was found to be little sensitive to chamber breadth. As for the wall draft, a shallower wall can 8 

enhance the power extraction bandwidth for shorter waves, but at the expense of greater wave transmission. This sets 9 

a limit to the minimum draft that is required for practical applications. 10 

Third, the air compressibility effect can enhance the bandwidth of high extraction efficiency with appropriate 11 

air chamber volumes, but can also increase slightly the transmission coefficient for certain particular wave conditions. 12 

In any case, it is found that, at engineering scales, the air chamber volume is too small for the air compressibility 13 

effect to play a significant role in the performance of the pile-supported OWC breakwater. 14 

Finally, applying the two-level optimization strategy, both the wave power extraction and the protection against 15 

wave action can be as efficient as the ideal optimization of PTO damping, with the advantage of being easier to 16 

implement in practice.  17 

In summary, the pile-supported OWC breakwater, with the dual function of generating carbon-free energy and 18 

providing shelter against wave action, was shown to be a promising multifunction marine structure with the potential 19 

to protect maritime activities in deeper water than conventional breakwaters (e.g., far away from the mainland) and 20 

provide electricity efficiently for the same, or other, activities. Future work will consider the effect of non-linear PTO 21 

system, e.g., a radial or bi-radial turbine, in the time-domain as well as the performance in irregular wave conditions, 22 

which may lead to more realistic results. 23 
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Appendix  1 

After inserting the expression of the air pressure fluctuation inside the chamber p
 
into Eq. (49), we have 2 
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3 

from which it can be inferred that for an absolute value of the PTO damping coefficient tending to infinity 4 

(
PTOc → ), the wave transmission coefficient will tend to  5 

( ) ( )1

0 0 b,0

i
1 0T Z A

gA


= + .          （A2） 

6 

Fig. A1 presents an example which illustrates the effect of PTO damping on the wave transmission. Here the 7 

calculating parameters are: h =20 m, =0.1, =0.15, =0.25,  and 4.0kh = . With 8 

increasing 
PTOc , the wave transmission coefficient T  firstly increases from just above 

0T  to the peak value, later 9 

shaply drops to the valley value in a relatively narrow range of 
PTOc , and finally increases to just below 

0T . Actually, 10 

for any certain wave condition tested in this study, the variation of T  versus 
PTOc  is a curve shaped like the letter 11 

“N” and intersect with 
0T  at 

PTOc  around zero. 12 

 13 

Fig. A1 Wave transmission coefficient T  versus dimensionless PTO damping 
PTOc [ h =20 m, =0.1, 14 

=0.15, =0.25,  and 4.0kh = ]. 15 
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The PTO damping coefficients 
1c  and 

2c , corresponding to the peak and valley values of T , respectively, 1 

can be evaluated by letting 
PTO 0T c  =  as 2 
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where 4 
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and 6 
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7 

For all the cases tested in this study, both 
ta  and 

tb  are positive and meanwhile 
1 20c c  , therefore the optimal 8 

PTO damping coefficient for minimizing the wave transmission is  9 
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10 

Since in practice the value of PTO damping coefficient will not be too large, here we set an upper limit for the PTO 11 

damping coefficient as , i.e., 
PTOc  is always not larger than . The optimal PTO damping coefficient at the 12 

range of [0, ] for minimizing the wave transmission is  13 

( )( )22 2
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