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a b s t r a c t

In this study we compare wave climates and their potential for wave energy conversion for the two
energetic but quite different sites of Albany and Orkney. Energy capture is based on the M4 machine with
well defined characteristics. The M4 machine is a self reacting system with 3 floats, each float with a
circular cross-section when viewed from above. The smaller two floats are rigidly connected by a beam,
and the largest float is connected to the mid float by a beam with a hinge. The machine generates power
through the relative angular motion of this hinge above the middle float. The machine performance was
previously assessed for various locations in the eastern North Atlantic including the European Marine
Energy Centre (EMEC) site west of the Orkney Islands, Scotland, for wave power output (Santo et al.,
2016a) and extreme response (Santo et al., 2017). In this study, we apply the analysis to a location off
Albany on the south coast of western Australia, an area well-known for almost continuous exposure to
long period swells. We use Australian Department of Transport (DOT) wave buoy data measured in 60m
of water over the period 2009� 2017. The hourly data is close to continuous but contains some gaps
corresponding to � 13% of the total duration, these are patched to form a continuous wave record.

Having sized the machine based on mean wave period, extreme wave height statistical analysis is
performed using storm-based identification and a peaks-over-threshold technique, following Santo et al.
(2016b), providing information relevant for any wave energy converter at the location. From operability
and power scheme economics, we then compare the optimal size of machine, practical power output and
the associated variability in power produced by an M4 machine at Albany to the open North Atlantic
location off the Orkneys. This is performed with the methodology outlined in Santo et al. (2016a). For
survivability, it is important to identify extremes of machine motion. Hence, extreme responses are also
compared for the central hinge angle of the machine in survival mode with the power take-off turned off.
We find that a much larger machine is required at Albany, because of the longer waves compared to
Orkney. However, at the two very different locations the power/cost ratios are similar.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

This paper presents a complete analysis of a wave energy
converter (WEC) from operability to survivability and the feasi-
bility in terms of cost/power. We use the M4 machine as the WEC,
which is a system with three floats in this study, each float is a
vertical circular cylinder with a lower hemispherical end. The two
smaller floats are rigidly connected by a beam above the water,
and the largest float is connected to the mid float by a second
beam; this is rigidly connected at the third and largest float but
hinged at the middle float. The machine's power converter gen-
erates power through the relative angular motion of the hinge
above the middle float. Thus, the complicated mechanical com-
ponents are in the air, only the ‘dumb’ floats run below the water
surface. To maximise the angular motions and hence the power
generation, the spacing between each float is chosen to be about
half a wavelength at the optimal operating condition; so the
machine fits within a wavelength. The machine is single point
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moored from the smallest float to a small mooring buoy through a
cable and this buoy is then catenary moored to the seabed. Hence,
the machine is self-aligning into the waves. The mooring system
would also contain the cable for the transmission of the produced
electrical power. The overall geometry of M4 is shown in Fig. 1,
the dimensions correspond to laboratory scale (see Refs. [6,17]
and the machine size is Froude-scaled into the field. For details of
the design principles of the M4 machine, see Ref. [26]. There has
been on-going development to look into different geometries and
multi-float configurations as described in Ref. [25]. In this anal-
ysis, we use the same ‘classical’ M4 wave energy converter model
as described in Ref. [19].

As far as we are aware, there are no available studies which
report a complete analysis of a WEC from operability to surviv-
ability. Some studies concentrate on the operability in terms of
practical power output and costing, while some focus on the sur-
vivability analysis of WECs. For example, the practical wave power
generated by the Pelamis machine has been previously studied by
Ref. [10] together with its associated power variability, while [2]
provide a comprehensive numerical analysis for eight other WECs
with different working principles. Extreme response statistical
analysis is useful to determine the probability of any wave energy
converter surviving extreme sea conditions. There are published
studies looking into the effects of extreme responses on the
mooring lines, but there are only few studies on the statistics of the
extreme response of the device itself, e.g. see Refs. [1,11e13]. [5]
provide a comprehensive survey on the survivability analysis of
WECs in recent years. Meanwhile, there is growing number of
studies looking into the hydrodynamics of the extreme responses of
point absorber type WECs, all single float designs, using numerical
Computational Fluid Dynamics (CFD) which are then compared
with the physical experimental results, for example [4,14,15,22,30].
However, collecting response statistics by running CFD is extremely
computationally intensive.

This paper is a continuation of our previous work looking at
extreme wave height statistics, and subsequently the operability
and survivability of the M4machine in the northeast North Atlantic
and North Sea, including Orkney, north of Scotland. This is the
location of the EuropeanMarine Energy Centre (EMEC) test site, see
Refs. [17,19,20]. Here we conduct similar analysis for Albany (on the
south coast of Western Australia), providing extreme wave height
analysis which is relevant for survivability of any WEC at the
location, practical wave power analysis which is important from
operability and power scheme economics, and subsequently
extreme machine response analysis in which the M4 machine is in
survival mode with power take-off turned off.
Fig. 1. Schematic diagram of the M4 wave energy conver
2. Discussion on locations, general metocean characteristics
and type of data

Fig. 2 shows the locations of Albany and Orkney, with their
zoom-in insets taken from http://www.transport.wa.gov.au/
imarine/albany-tide-and-wave.asp, and http://www.emec.org.uk/
about-us/our-sites/, respectively. For the location of Orkney, we
assume that M4 is located at the EMEC ‘full scale wave site, Billia
Croo, 2 kmwest of the mainland of Orkney, in 60m depth of water
(tie-in points there vary from 50m to 70m). For the location of
Albany, https://www.wawaves.org is another website providing
data fromwave buoys off Western Australia, including one recently
installed in Torbay, close to Albany. The data provided on this
website is from a Datawell buoy moored in 30m of water
approximately 1 km off the beach, installed as work in the Wave
Energy Research Centre at the University of Western Australia and
funded by the WA Government. The DOT buoy which has provided
the 8-years of data that we have used in this work is in 60m of
water approximately 15 km off the beach. The assumption of our
work is that M4 would be directly offshore of the Albany Wind
Farm in 60m depth. The Albany Wind Farm is located on the top of
the cliff in the Torndirrup National Park, as shown in the subse-
quent photos.

Fig. 3 shows two photographs from the cliff top at Albany where
a row of turbines in the onshore wind farm is visible in the right
photograph.

Fig. 4 shows the comparison in terms of significant wave height
(Hs), wave energy period (Te), and mean wave direction at the two
locations. Visual inspection of the two wave records shows some
interesting differences. Albany is known for its exposure to long-
period swells from the southern Indian Ocean and Southern
Ocean, and there is relatively little variability nor seasonal variation
throughout this wave record. Orkney on the other hand, being
exposed to large waves from the open north east North Atlantic, is
more variable, with both substantially larger extremes and smaller
lulls in wave activity than the Albany record. Seasonality is also
more marked in the North Atlantic. It is thus of interest to compare
and contrast the performance of the M4 machine in these two
rather different wave environments. Table 1 provides comparison
of basic properties between the two sites.

We consider wave buoy data measured in 60m of water at a
location off Albany (S 35+20100, E 117+5303300), so off the south coast
ofWestern Australia. The datawas downloaded from the Australian
Department of Transportation (DOT) website. The buoy data re-
cords, provided at intervals of 15min to several hours, contain in-
formation such as significant wave height (Hs), peak spectral period
(Tp), meanwave period (Tm), and meanwave direction for total sea,
ter (at laboratory scale, with dimensions in metres).

http://www.transport.wa.gov.au/imarine/albany-tide-and-wave.asp
http://www.transport.wa.gov.au/imarine/albany-tide-and-wave.asp
http://www.emec.org.uk/about-us/our-sites/
http://www.emec.org.uk/about-us/our-sites/
https://www.wawaves.org


Fig. 2. Maps of (a,b) Albany and its zoom-in inset with the location of the onshore wind farm denoted with (red) cross, and (c,d) Orkney and its zoom-in inset. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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as well as wind sea and swell. The spectral components are also
available for both wave energy and direction, but the spectra are
truncated at 4 s (lower limit) and 28.6 s (upper limit).

The buoy data spans from 31 Aug 2008 to 15 June 2017, and for
the analysis we use the data from 15 Jan 2009e14 Jan 2017, so a
total of 8 complete years, Australian summer to summer. The data is
close to continuous but contains some gaps corresponding to �13%
of the total duration. The data of various intervals is first mapped
into hourly data (or sea-state), by taking an average over the range
of data that falls within the same hour. The gaps are then patched
by assuming that, if the climate is varying across the gaps with the
season, half filling (mirroring) from either side of each gap would
approximately bridge the gap. In the analysis we choose to use the
spectral components instead of the summary statistical quantities
to avoid making an additional assumption on the shape of the wave
spectrum. Due to the truncation, the statistics from the integral of
the spectral components are � 10% lower. However, given the
characteristics of the M4 machine, this loss of very long and very
short spectral components makes no difference to either the power
take-off or survivability assessment.

The wave data at a location west of Orkney (N 58+5801200, W
3+360000) is taken from the hindcast Norwegian 10 km Reanalysis
Archive (NORA10) from 1958 to 2011, for more information see
Ref. [16]. The hindcast wave datawere available at 3 h intervals, and
contain information such as date, time, significant wave height (Hs),
peak spectral wave period (Tp), wind speed, wind and wave di-
rections. Comparisons between hindcast and measured buoy data
were conducted previously in terms of the significant wave height
and period, Hs and Tp, at Haltenbanken (N 65+2103600, E 7+802400)
and Forties (N 57+4702400, E 0+5204800), and in general the agree-
ment is good with no bias and with relatively small variability [21].

Some discussions on the two different sources of data are briefly



Fig. 3. Views from the cliff-top above the assumed location of the M4 machine. Left photograph shows the view to the east from just below the eastern end of the onshore wind
farm showing rock islands to the east. Right photograph shows the view to the west where a row of the turbines in the wind farm is visible. Photographs courtesy of P. H. Taylor.
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provided as follows. Buoy or other type of measured data tends to
span over short periods (a few years) and suffer from gaps/missing
data due to intermittent discontinuity in the measurement. Hence,
assumptions are required to patch the gaps and the uncertainty
arising from that will affect the analysis. Also, the short duration of
measurement data prevents meaningful analysis on the extreme
value, in particular since any decadal or longer (climatic) variability,
if it exists, will not be adequately captured. Nevertheless, measured
data is ‘real as much as any measurement is ‘real e assuming the
buoy characteristics are properly taken into account. Hindcast data,
on the other hand, tends to span over longer period of time and to
be continuous in record. However, since they are numerically
simulated, from time to time the accuracy (and bias) has to be
verified with ground truth measurement such as buoys/satellite.

3. Extreme wave statistics

For the extreme wave height analysis, the statistical analysis is
performed using a storm-by-storm approach and a peaks-over-
threshold technique, following [20]. The motivation for the
storm-based statistics is that successive Hs values are strongly
correlated, as they are likely to be part of a single longer storm. We
perform analysis based on data for the whole year and then the 6
winter months only (May to Oct at Albany).

For the storm-based identification, two assumptions are
required. First is on the storm cut-off value which is set at 0:8�
HsMax; we use this threshold to define a single storm. Second is on
the duration of the storm. Previously in Ref. [20], a single storm at a
fixed location was assumed to last not more than 24 h, a reflection
of the timescale for the motion of winter depressions in the north-
east Atlantic and the North Sea. To assess whether this same
assumption is suitable for Albany, we compare the average shape of
the storm records containing the 25 largest Hs values in time for
Albany and Orkney as shown in Fig. 5. It can be observed that for a
cut-off at 0:8� HsMax, the average storm duration is � 17 hours for
Albany and � 10 hours for Orkney. Hence, the assumption of a
maximum storm duration of 24 h is also applicable for Albany. The
absence of the fast rise to the localised peak for the average storm
history at Albany is presumably because storm centres and hence
the most intense wave fields typically pass further south in the
Southern Ocean. Albany has more of a swell environment. In
contrast, Orkney is exposed to the most severe winter storms in the
eastern North Atlantic with at least some of the storms tracking in a
north-easterly direction towards the north of Scotland and passing
directly over the Orkney Islands.

Once all storms have been identified, the most probable largest
individual wave in each storm (Hmp), as first introduced by Ref. [28]
using convolution integrals, can be estimated. This is a better
parameter than HsMax for each storm as it incorporates both the
severity and duration. We follow the same procedure as outlined in
Ref. [20] which is based on a simpler method using random sam-
pling, assuming a Rayleigh distribution to account for the short-
term variability of individual wave heights within a sea-state.
Fig. 6 compares the distributions of Hmp for Albany and Orkney.
In general, the Hmp values for Orkney are significantly larger than
those for Albany. Both distributions tail off asymptotically towards
the extremes, with Orkney apparently having a broader and more
slowly decaying high tail as well as larger values.

The identified storms are ordered in terms of Hmp magnitude,
and the peaks-over-threshold technique is used for the long-term
extrapolation. In this analysis, we assume that the exceedances
(observations above a threshold) can be fitted into the class of ‘thin’
asymptotic tails with a Weibull distribution form, with the cumu-
lative density function written as:

P¼1� exp
�
�
�
Hmp

a

�b

þ
�
Hc

a

�b�
(1)

where Hc is the minimum cutoff (threshold) value of Hmp used in
the fit, a and b are the scale and shape parameters, respectively, to
be obtained by the maximum likelihood method.

Robust threshold behaviour is important for POT analysis. We
investigate the sensitivity of the extrapolation to the threshold
level by using the number of storms downwards from the most
severe as a threshold, and find that a threshold value of about 400
largest storms for 8 years of data is appropriate. This corresponds to
about 50 storms per winter, roughly 2 per week. This criterion
works well for both Albany and Orkney (noting that the Orkney
wave data is 54 years long and a threshold of 1000 largest storms is
used here). Fig. 7 (a) shows the long-term fit of the Hmp for Albany
using the entire record, and just the winter data (MayeOct). Every
data point (crosses) represents an individual storm severity (Hmp)
from the buoy data, while the lines are obtained by a non-
parametric bootstrap. Since there is still some, although relatively
weak, seasonal variationwithin a year in Albany, there is only a very
small difference between the fits to the winter data alone and that
for the whole year. We also investigate the fit of the exceedances
with a variant form of Weibull distribution as described in the
Appendix. Comparable results are obtained, demonstrating that the
results from the long term extrapolation are robust. Fig. 7(b) shows
the fit for the Orkney Islands location. All the wave heights are
larger and the Weibull fits are now straight lines on the plot, so the



Fig. 4. Comparison of (a,b) Hs , (c,d) Te and (e,f) wave direction between Albany (left) and Orkney (right).
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Weibull form reduces to a simple exponential tail. At long return
periods, this implies a much wider high tail and thus much larger
waves at Orkney. Confidence intervals (5e95%) are approximated
by simple bootstrapping. The original fit forms and the mean of the
bootstrapped results match well.
Table 2 compares the extreme wave heights for Albany and
Orkney. Extreme waves at Albany are considerably less severe than
Orkney, and in general anywhere in the exposed eastern North
Atlantic and North Sea, particularly at return periods of 1 in 100
years and upwards. It is worth noting that the wave height (Hmp)



Table 1
Comparison of the basic properties between Albany and Orkney.

Properties Albany Orkney

Water depth (m) 60 assumed 60 (ranging from 50 to 70m)
Distance to shore (km) 15 2
Time period of data for analysis 15 Jan 2009e14 Jan 2017 (8 years) 15 Jul 1958e14 Jul 2012 (54 years)
Average (and std) Hs (m) 2.87 (1.05) 2.93 (1.57)
Average (and std) Tp (s) 12.91 (1.99) 11.54 (2.65)

Fig. 5. Comparison of the average shape (thick black line) of the 25 largest Hs in time between (a) Albany and (b) Orkney.

Fig. 6. Comparison of the distribution of Hmp between (a) Albany and (b) Orkney.

H. Santo et al. / Renewable Energy 146 (2020) 444e459 449
ratios shown in same table are stable in that other (thin) tail forms
would give the same values. We have repeated the POT analysis
using the individual HsMax values as a measure of storm severity.
The results are also given in Table 2. The fits are equally good as
those for Hmp, with values close to a factor of 2 smaller. This factor
between themost probablemaximum individual wave,Hmp, within
each storm and the HsMax value for that storm is consistent with
each storm containing a few thousand waves, and the use of the
Rayleigh narrow-banded approximation for the distribution of
wave heights within each storm.

4. Practical wave power by M4

Following the design recipe from Ref. [24] as used by Ref. [19];
the M4 machine is sized based on the long-term average energy
period, Te, of Albany, which is 10.5 s. This is substantially longer
than anywhere in North East Atlantic and North Sea (with values
ranging from 6 to 9 s), even for locations fully exposed to North
Atlantic winter storms. Consequently, a larger machine size is
proposed for Albany, giving an overall machine length of 146m
using the standard sizing recipe. In comparison, the machine size
for Orkney (EMEC) is 94m, so about 2 =3� size.

To estimate the practical wave power, the M4 capture width
characteristics is required. We use the same capture width ratio (as
a function of incident wave energy period) for a power take-off
coefficient (PTO) of 3 Nms (at model scale) as described in
Ref. [19]. This is based on the experimental results by Ref. [24] and
numerical prediction from a coupled hydrodynamic-structural
model by Ref. [6]. There is no account of directional spreading in
this analysis, hence the assumption is that the waves are mostly
close to uni-directional and that the M4 machine is pointing along
the mean wave direction. Being restrained by a single point
mooring to the smallest float, M4 is a self-aligning geometry with
respect to wave direction.



Fig. 7. Long-term extrapolation using Weibull fit for (a) Albany for whole year data (solid lines, a ¼ 3:7 and b ¼ 2:7) and winter 6 months (dashed line, a ¼ 4:0 and b ¼ 2:9), and
threshold N � 400 largest storms, and for (b) Orkney with winter 6 months (a ¼ 1:2 and b ¼ 1:0, hence a simple exponential fit) and threshold N � 1000 largest storms. The circles
from bottom up correspond to Hmp with a return period of one in 1000 years, 100 years, 50 years, 10 years, 5 years, 1 year and 1 month, respectively.

Table 2
Comparison of the extreme wave heights between Albany and Orkney.

Extreme wave Albany Orkney

100-yr Hmp (m) 17.5 31.4
1000-yr Hmp (m) 18.9 37.1
Ratio 1.1 1.2
100-yr HsMax (m) 9.4 16.2
1000-yr HsMax (m) 10.4 19.2
Ratio 1.1 1.2
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The wave power is computed using the integral of the spectral
components. Since the location of the buoy data does not satisfy a
deepwater condition, an additional correction to account for water
depth effect is incorporated into the wave power estimation, e.g.
see Ref. [23]. The methodology to obtain the practical wave power
on a sea-state basis is briefly as follows:

1 Compute the power on a sea-state basis (Hs, Te) incorporating
the capture width characteristics and assumed mechanical ef-
ficiency of 0.9.

2 Obtain the average practical power over 8 years of data. This is
termed the “no clipping” case.

3 Assume the machine capacity ¼ 3� long-term average practical
power, so power output saturates if the practical power in any 1-
h interval exceeds this capacity. This is termed the “power
clipping” case.

4 Re-compute the average practical power including clipping until
convergence.

We note the use of the wave energy period (Te). This is
computed from integrals over the measured spectrum for Albany.
For Orkney, this was estimated as Te ¼ ðTp þ TzÞ=2 [19].
Fig. 9 shows the annual average wave power at Albany and
Orkney over 8 years of data. As well as the practical wave power
which is obtained using the capture width ratio, an idealised
practical wave power is obtained by incorporating a flat frequency-
independent capture width ratio, matching the peak value of the
practical capture width ratio (0.4, see the dashed line in Fig. 8). This
represents a physical limit of energy capture for the machine (in
terms of length of crest). The ideal practical wave power can then
be used to define a power output efficiency. The long-term average
of the practical wave power at Albany is just below 1MW, with a
power efficiency of 57%. In comparison, the equivalent power at
Orkney (with a size 2 =3� smaller) is 319 kWand a power efficiency
of 34%. We note also the larger relative variability year on year at
Orkney, in particular in terms of the ideal practical wave power
(coefficient of variation (CV), defined as the ratio of the standard
deviation to the mean, is 11% for Orkney and 7% for Albany). This is
consistent with the Albany wave environment being more swell
dominated.

Based on operability and power scheme economics, and the
standard Stansby design recipe for M4, Albany is a little more
attractive location compared to Orkney. With an Albany machine
1:55� larger than Orkney, power/cost is 1:3� better for Albany than
Orkney if cost � length2, and close to identical if cost � length2.5.
The requirement for machine survivability, however, may lead to
different conclusions, and this is assessed in the next Section.

5. Extreme response statistics

For the extreme response statistics, we perform statistical
analysis in terms of the peak hinge angle, assuming the PTO is
switched off and the machine is in survival mode. For the present
M4 machine configuration with a straight beam connecting the
middle float and the largest float, the limiting angle before self-



Fig. 8. Plot of capture width ratio variation with ratio of energy period to heave period of stern float (Te =Tr3) for power take-off coefficient (PTO) of 3 Nms (at model scale).
Experimental data are taken from Ref. [24]; and the numerical prediction is from Ref. [6]. The dashed line is the theoretical flat capture width ratio used for assessment of the ideal
practical wave power, where the capture width at the peak is taken as a representative reference.

Fig. 9. Annual mean ideal practical and practical wave power at: (a) Albany and (b) Orkney (b, for an equivalent 8 year period). Dashed lines are the power output without
saturation (no clipping), solid lines with saturation (clipped at 3� long-term mean power).
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collision between themiddle float and the beam is� 40+, whichwe
assume governs the survivability requirement. This does implicitly
assume that mooring design is sufficiently mature to provide a
suitable system for any conditions. It is thus important to assess
whether the M4 sized for Albany in the previous section also sat-
isfies the survivability requirement.

Fig. 10 presents scatter diagrams of normalised occurrence of Hs

and Tp for the entire 8 years of record at Albany and entire 54 years
of record at Orkney, with red indicating the highest number of
occurrences. The two lines represent lines of constant steepness
(defined as s ¼ Hs=T2

p): solid line for the constant limiting steep-
ness (s ¼ 0:0584 for Albany), and dashed line for the constant mean
steepness (s ¼ 0:0149 for Albany). The limiting steepness line in
one sense represents the most severe historical sea-states ever
predicted at that location during the period of the available data. In
comparison, the constant limiting steepness and constant mean
steepness for Orkney is s ¼ 0:0576 and 0.0169, respectively. As
could be anticipated, the limiting wave sea-state steepness at both
locations is virtually identical - and presumably limited by wave
breaking. In contrast, the average wave steepness at Albany is
slightly lower than for Orkney and the average period is also
significantly larger. Also shown is the long-term mean Te of Albany
represented by a straight vertical solid line. It can be seen that the
diagram is dominated by waves with periods greater than 8 s,
indicating that Albany is dominated by long-period swells. Also, the
mean Te which is used to size the machine is considerably closer to
the periods with the highest number of occurrences, indicating that
the machine response is likely to be large.

Following [17]; we perform linear response statistics for sur-
vivability of the M4 machine in severe sea-states, assuming the
power take-off is disconnected. Linear statistics is assumed,
neglecting the effect of nonlinearity due to local submergence of
the floats (‘dunking’) and possibly viscous damping for very large
relative motion. Including the effect of this nonlinearity will reduce



Fig. 10. Scatter diagrams of normalised occurrence of Hs and Tp at (a) Albany from 2009� 2016 and (b) Orkney from 1958� 2012. Red region indicating the highest number of
occurrences. Solid line represents the constant limiting steepness, dashed line represents the constant average steepness and a straight vertical solid line represents the long-term
mean Te which is used to size the M4 machine. An additional dashed vertical line for Albany represents the optimum size for Albany which is 1:6� the standard machine size which
is based on long-term mean Te . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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the peak response in general, though we note that laboratory tests
on an M4 model show that the machine motion is remarkably
linear. The overall damping with the PTO disconnected is almost
entirely due to wave making by the moving machine, until the
motion is so large that the central float starts to ‘dunk’. Hence, these
linear results give an upper bound on machine responses.

To obtain themachine response for each sea-state, we convolute
the same machine Response Amplitude Operator (RAO) as in
Ref. [17] with the spectral components. We perform the analysis
assuming two different models for wave spreading in the sea-
states: uni-directional, and directional sea-state using bimodal
directional spreading in fetch-limited sea-states following [7]. We
assume that the machine always points into the mean wave di-
rection. It is worth remarking that the sea-state in Albany is on
average less spread than in Orkney, hence the use of Ewans
spreading model could be slightly non-conservative, but the
assumption of uni-directional waves will remain conservative.

Fig. 11 shows the histogram of the most probable maximum
linear hinge angle for each hour in the dataset for Albany and for
each 3 h period for Orkney, for both uni-directional and directional
spread seas. The statistics are collected over the entire 8 years of
record at Albany and entire 54 years of record at Orkney. It can be
seen that the distribution for Albany is shifted to the right (towards
larger hinge angle) relative to that for Orkney, indicating that the



Fig. 11. Comparison of the histogram of the peak hinge angle distribution of the M4 machine sized for (a) Albany per hour and (b) Orkney for each 3-h interval with two different
sea-state assumptions. The probability of a response level in each 10� bin is given by the height of the bar in that bin.
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risk of self-collision of the beam between the centre and rear floats
with the edge of the centre float is greater for Albany compared to
Orkney. This can also be observed from the average time between
occurrences of the hinge angle exceeding 40+, as listed out in
Table 3. It can be seen that for the Albany-sized machine, the
average time is only 2e3 h compared to that for the Orkney-sized
machine which is about 20e28 h. Thus, from survivability
perspective based on linear analysis, the present machine sized for
Albany based on the standard Stansby design recipe with a straight
beam is liable to self-collision.

Given the size difference between Albany and Orkney, it is of
interest to investigate how the M4 machine of Orkney size might
perform in Albany. The analysis is repeated with the machine size �
1:5 smaller (to match an Orkney-sized machine), as well as 1:6�
larger, and the histograms are shown in Fig. 12. The risk of self-
collision is decreased by up-sizing the machine, while down-
sizing the machine will increase the risk of self-collision instead.
This is counter-intuitive to the initial assumption that a smaller
machine will ride over the crests and troughs of the long waves, but
for large amplitude and long peak period storms there will always
be a high frequency tail of the wave spectrum providing combina-
tions of shorter waves that will excite the smaller machine more
than the larger machine. Increasing the size of the machine causes
the machine to react less to the shorter waves within the same sea-
state. The scaled up Albany machine (length 234m, 1:66� ) has
very similar hinge rotational statistics to the original Orkney ma-
chine (with a length of 94m), though it would bemore expensive to
construct and would produce substantially more power.
Table 3
Comparison of the long-term mean peak hinge angle between Albany and Orkn

Location and type of sea-state Mean of the peak

angle distribution

Orkney (machine length 94m)
Unidirectional 24.5
Directional 21.7
Albany (machine length 146m)
Unidirectional 44.5
Directional 39.4
Albany (machine length 94m)
Unidirectional 56.8
Directional 49.0
Albany (machine length 234m)
Unidirectional 19.8
Directional 16.7
5.1. Designer waves

Here we present comparisons of the wave and machine re-
sponses in time for a 1 in 1 h sea-state for Albany and 1 in 3 h sea-
state for Orkney.Hs is chosen to be 1 in 10 year return period, which
corresponds to 8.4m for Albany and 13.5m for Orkney. The asso-
ciated Tp is chosen from the limiting steepness lines and the mean
steepness lines (from the scatter diagrams). The machine response
is presented for the optimally sized machine for each location, i.e.
234 m long for Albany and 94m long for Orkney, respectively. Since
the high frequency spectral tail components are truncated from the
buoy data for Albany, we assume a JONSWAP spectral shape with
peak enhancement factor of 3.3.

We present several results on average shapes of extreme waves
and machine responses in these hypothetical storms. We examine
the shape of the most probable maximum wave (crest) shape in
time, and the predicted machine response due to that wave. We
also present the time history of the most probable maximum ma-
chine response in time, and the input wave group which would
produce this machine response - the designer wave. All of these are
based on the same sea-state. The average shape of an extreme
response in a linear random Gaussian process (NewWave) is pro-
portional to the auto-correlation function for that process, see
Refs. [8,9,29] as well as [20] for application toM4. Themagnitude of
the peak response crest can be determined using the Rayleigh
distribution of peaks in the random field. The equations of the auto-
correlation functions for wave (crest) and machine response are
briefly provided as follows.
ey.

hinge Average time between occurrences of

(deg.) the hinge angle exceeding 40 deg. (hr)

20
28

2
3

2
2

13
29



Fig. 12. Comparison of the histogram of the peak hinge angle distribution of the M4 machine for Albany which has been sized (a) 1:5� smaller and (b) 1:6� larger relative to the
original size. The probability of a response level in each 10� bin is given by the height of the bar in that bin.
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The average shape of the largest waves in the incident random
wave field, the NewWave in surface elevation, is expressed as:

hNW ¼ ah

P
nShhðunÞDuRe½expðiuntÞ�P

nShhðunÞDu : (2)

Demonstrations that this shape does match the average linear
components of large wave crests (and troughs) in time are given in
Refs. [8,27] for winter storms in the North Sea, and in Ref. [18] for
Hurricane Camille in the Gulf of Mexico.

The associated response angle in time due to the NewWave in
surface elevation is expressed as:

fhNW
¼ ah

P
nShhðunÞDuRe½Znq¼0expðiuntÞ�P

nShhðunÞDu (3)

where ShhðunÞ is the power spectrum of surface elevation, un is the
frequency of the nth wave component, Znq¼0 is the machine RAO for
unidirectional waves, and ah is the most probable maximum wave
amplitude in N samples.

Equivalently, the average size and shape in time of extremes in
the response angle, which could be termed as the NewWave in
response angle, is simply:

fNW ¼ af

P
nSffðunÞDuRe½expðiuntÞ�P

nSffðunÞDu (4)

The unidirectional designer wave as the wave time history
which would give the NewWave in response angle can be defined
as:

hfNW
¼ af

P
nSffðunÞDuRe

h
Z�1
nq¼0expðiuntÞ

i
P

nSffðunÞDu (5)

where SffðunÞ is the power spectrum of the hinge angle response,
and af is the 1 in N linear crest elevation in the random sea-state.
Both af and ah can be approximated for large N samples as:

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2m0 log NÞ

q
(6)

where m0 is the total variance of the power spectrum for the wave
field or the machine response, as appropriate. In general, N is ob-
tained from the zero crossing period (Tz) of waves or responses in a
1 or 3 h sea-state. Further, we note that Sff ¼ Shh

��Znq¼0j2, because
the M4 machine is assumed to behave linearly. Applying these re-
sults to both the incident wave fields and the M4 machine re-
sponses at Albany and Orkney, we obtain the following predictions.

The left hand column of plots in Fig.13 show the shape in time of
the most probable maximum (linear) wave crest (NewWave, hNW )
in 1 h (Albany) and 3 h (Orkney) sea-states; these are of course
independent of the choice of theM4machine. The centre column of
plots show the response of the specified M4 machine to the left
hand wave group. The right hand plots show the most probable
maximum machine response in time (fNW ) in the sea-state for the
specified M4 machine. Due to the different machine sizes, the
natural frequency of the M4 machine for Albany is different
compared to that for Orkney. Previously [20] found that the most
probable maximummachine response time histories along limiting
steepness storms are very similar for Orkney (regardless of Tp since
the response is governed by the form of the JONSWAP high tail), but
this is not the case for Albany (where the machine resonant period
is much closer to the peak wave period, Tp).

Discussing, in more detail, the centre column of plots in Fig. 13,
this shows both the machine response in time given an input of the
most probable maximumwave (fhNW

, with time axis running left to
right, and the vertical axis scale on the left), as well as the wave
group (designer wave, hfNW

, with the time axis running right to left,
and the vertical axis scale on the right) which would produce the
most probable machine response in time. The shape of these two
functions, fhNW

and hfNW
, are identical - a powerful and useful

example of reciprocity for linear systems. It can be seen that there
are some differences in the temporal shape of the designer waves
between Albany and Orkney. Since the M4 machine for Albany has
lower natural frequency (longer period), the wave frequency
required to drive the most probable maximum response in time is
also lower compared to that for Orkney.

With different size of machine (or different type of machine)
responding to waves differently, the concept and the use of a
designer wave, which is designed for each device, is useful to assess
the survivability requirement, although qualitatively, the designer
waves for survival for M4 machines at Albany and Orkney are
similar. Of course the most extreme machine motions shown in
Fig. 13 would threaten the survivability of the M4 machine. How-
ever, we note that previous physical testing in the Plymouth COAST
laboratory wave showed that, for predicted rotation angles greater
than � 35+, the central float is temporarily submerged and this
greatly limits the extrememotion of themachine [20]. Secondly, we
observe that such severe sea-states, and storms, along the limiting



Fig. 13. Plots of wave and machine response time histories for a 1 in 1 h sea-state for Albany and 1 in 3 h sea-state for Orkney, with the Hs chosen to be 1 in 10 year return period.
The associated Tp is chosen from the limiting steepness lines for (a,b) and from the mean steepness lines for (c,d). Left hand column shows the shape of the most probable maximum
wave crests for each sea-state (hNW ). Right hand column shows the most probable maximum response in time for each sea-state (fNW ). Centre column shows the machine response
given an input wave group matching the most probable maximum wave in time (fhNW

), and also the wave group (with the time axis reversed) which would produce the most
probable maximum machine response in time (hfNW

).
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wave steepness are very unlikely. However, these designer wave
cases would be ideal as input conditions for full CFD simulations of
short duration, as well as for experiments in a wave tank, each
requiring only a few waves to be simulated as opposed to having to
run long random wave simulations. Finally, we note that the re-
lationships in Fig. 13, running horizontally, are linear. Hence,
applying an arbitrary scaling to the size of the maximum wave
crests (left), the same scaling applies to both the centre and the
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right hand subplots for response given the wave, wave given the
most probable maximum response, and the most probable
maximum response itself.
6. Economic scaling of machine size

The results in Fig. 14 complete the analysis by looking at the
variation from power output and peak hinge angle with respect to
machine size and ultimately cost for both Albany and Orkney.
Increasing the machine size up to 2� the original size will increase
the power output, as shown in Fig. 14(a), and reduce the peak hinge
angle, as shown in Fig. 14(b), beyond which the cost of building
multiple originally-sized machines will be significantly cheaper
than that for a single larger machine, as shown in Fig. 14(c). By
doubling the machine size from the original/initial size, under the
same increase of cost relative to the original size, theM4machine at
Orkney produces more additional power output (from the ratio of
Fig. 14. Variation of the linear scaling of the original machine with (a) the long-term mea
dashed line is for uni-directional sea-state, while solid line is for directional sea-state. (c) V
power output with cost ratio, assuming three variations of cost as a function of size. Also s
machines of the original size. Open circles denote integer numbers of multiple standard-si
power to that of the original size) relative to Albany. However, the
machine at Albany gains a more drastic reduction in the peak hinge
angle relative to Orkney.

To assess whether the M4 machine is more cost-effective in
Albany or Orkney, one has to investigate the results in terms of the
power to cost ratio, as shown in Fig. 15. As obvious from the figure,
for the original 1:5�machine size for Albany relative to the size for
Orkney, the machine is more cost-effective for Albany. However,
since the machine for Albany has to be up-sized to match the sur-
vival characteristics of the Orkney machine, this effectively pushes
the power cost ratio in favour of Orkney. Our analysis suggests that
the three-floatM4 design can be sized toworkwell at each location,
the size difference simply reflects the different characteristics of the
wave fields at the two locations. We also note that continuing work
on improved designs of M4-type machines could potentially pro-
duce more power per machine at significantly lower cost/power
[25], albeit with increased machine complexity.
n practical wave power output and (b) the long-term mean peak hinge angle. For (b),
ariation of three lines (solid lines for Albany, dashed lines for Orkney) of normalised
hown is the variation of normalised power output with the cost ratio of having more
zed machines.



Fig. 15. Variation of the power to cost ratio with ratio of machine sized for Albany to Orkney for two different cost function assumptions.
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7. Conclusions

The Australian coast is known to provide high wave energy
densities (see Ref. [3]. To further possible development of wave
power in Australia, we have presented analysis on both operability
(power production) and survivability for the M4machine in Albany
and compared these to the EMEC test site on Orkney, north of
Scotland. The Albany location is exposed to both storms and swells
from the Southern Ocean. Orkney is exposed to some of the most
severe winter storms in the eastern North Atlantic. Extreme waves
at Albany are considerably less severe than anywhere in the
exposed eastern North Atlantic and North Sea, particularly at 1 in
100 years and upwards. This has important implications for the
survivability of any marine renewable energy device, in particular
WECs. Looking at the mean energy wave period, Albany has a much
longer period Te ¼ 10:5 sec compared to Orkney (EMEC) Te ¼ 8:4
sec, which shows that Albany is dominated by long-period swells
from the Indian Ocean and Southern Oceans. And these swells are
more stable over the year than the waves at Orkney.

With standard M4-machine sizing rules, we obtain a mean po-
wer production of 1MWat Albany with an M4 machine length of
146m compared to 319 kW for Orkney with a machine length of
94m. Therefore, more wave energy per machine is available at
Albany than Orkney. However, there are much larger predicted
machinemotions in severe storm conditions in Albany compared to
Orkney, therefore threatening frequent component self-collision, at
least using a linear model for the machine motion which would be
reduced by nonlinear effects including dunking in practice. This can
be greatly reduced by increasing the Albany machine size by � 1:5,
and the survival rate becomes similar to that of Orkney, while at the
same time increasing the average power output to 2.3MW for
Albany with machine length of 234m. Comparing power to cost
ratio between Albany and Orkney, with an Albany machine now
234 =94 ¼ 2:5� larger than Orkney, we obtain the following:

� With cost � size2, power/cost � 1:16� better for Albany vs.
Orkney

� With cost � size2.5, power/cost � 1:36� better for Orkney vs.
Albany
Overall, since the cost is perhaps more likely to be somewhere
between these two forms, there is not much difference in the
performance of the optimised M4 machines at each of the two lo-
cations of Albany and Orkney. The higher power output efficiency
and less pronounced seasonal effects (therefore more consistent
power all year round) make Albany a slightly better location, in
particular since the variability of the practical wave power at Ork-
ney is strongly influenced by the variability of the waves in the
winter in response to the combined effects of the North Atlantic
Oscillation (NAO) and the higher geophysical atmospheric modes
[19]. We also note that continuing improvement in the designs of
M4-type machines could yield substantially more power per ma-
chine at lower cost/power [25].

We conclude with a comment about the Albany wind farm.
There are 18 wind turbines in the Albany wind farm which is
located on the top of the cliff above thewave energy site (see Fig. 3).
The maximum capacity is 35.4MW, which translates to 80% of the
electricity requirements for the town of Albany. With a peak ca-
pacity of the optimum M4 machine at Albany of 7MW (3� the
mean power), 5 M4machines would produce the same peak power
output. More detailed economic analysis would be required to
assess whether wave power at Albany would be a cost-effective
replacement for the onshore wind farm.
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Appendix

In addition to using theWeibull form shown in Equation (1), the
exceedances are also fitted with the following variant form of
Weibull distribution which is written as:

P¼1� exp
�
�
�
Hmp � Hc

a

�b�
(7)

https://www.transport.wa.gov.au/imarine/albany-tide-and-wave.asp
https://www.transport.wa.gov.au/imarine/albany-tide-and-wave.asp
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Fig. 16 plots the long-term extrapolation using the variant form
of Weibull fit for Albany using fits to the whole year (12 months)
and winter data (6 months only). There is little difference in the
quality of the fits or the extrapolated values (here the extreme 1 in
1000 year Hmp is � 10% higher), so we conclude that our results are
at least plausible.
Fig. 16. Long-term extrapolation using the variant form of Weibull fit for Albany with threshold N � 400 largest storms and with (a) 12 (a ¼ 0:9 and b ¼ 1:3) and (b) 6 months (a ¼
1:07 and b ¼ 1:3). The circles from bottom up correspond to Hmp with a return period of one in 1000 years, 100 years, 50 years, 10 years, 5 years, 1 year and 1 month, respectively.
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