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has to be maintained both in normal operating sea
states and also during the most severe 100 year storm
scenarios. Finally the mooring solution needs to be cost
effective, delivering the protection and positioning
required over an acceptable lifetime with a low
operational cost.
In this paper we present an innovative mooring
system which combines elastomeric and thermoplastic
elements to deliver such a solution, as shown in Fig. 1.

Abstract

Marine energy device moorings need to protect
against extreme weather events while allowing
dynamic movement of the device during normal
operation. They must also deliver a footprint
suitable for multi-device deployments. Higher
elasticity mooring tethers can reduce the loads on a
mooring device, the reduced load being achieved
because the tether can elongate through the entire
orbital motion of the waves. Elastomeric tethers
have the elasticity needed to achieve this, but they
cannot deliver the protection in extreme weather
without becoming so stiff that they no longer
respond under normal loads.
To overcome this problem, a novel mooring
tether was developed which combines elastomeric
and thermoplastic elements within the one tether.
This combined tether delivers low stiffness response
in normal load scenarios and high stiffness response
in extreme weather scenarios. This paper presents
simulation results comparing this combined
mooring tether with existing mooring configurations
on a wave energy device. It was found that the
combined tether significantly lowers the load on the
system, by up to 90% compared to existing mooring
architectures, while also delivering a smaller seabed
footprint. These benefits reduce the mooring costs
while allowing a higher density of marine energy
devices to be installed.
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Figure 1: Combined Mooring Tether

The basic principle for a good dynamic mooring
solution is to provide enough slack so that the devices
can ride the orbital motion of the waves while
providing enough restoring force to return the device to
its original position. This basic principle needs to take
into account the waves themselves as well as current
and wind forces on the device. This principle needs to
hold across all sea states, working both in calm
conditions and in storms.
If not enough slack is provided the device will reach
an end point where the mooring line goes taut. In such
a scenario the device pulls against the restoring force of
the line often resulting in very high loads. A mooring
system is usually designed to minimise and withstand
these peak loads.

thermoplastic,

Introduction

One of the key challenges with dynamic mooring of
marine energy devices is the desire to keep them at a
defined location without having any negative impact on
their operating performance. Furthermore, the position
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2.

along the sea bed, and the anchor at the end of the
chain.
The catenary with surface buoy system removes the
constant load on the device by inserting a buoy into the
anchor line and running a tether (usually a rope) from
that to the device. This delivers much more freedom to
the device to follow the motion of the waves.
The taut mooring system tethers the device directly
to the seabed through a line. For dynamic mooring, the
line contains some elasticity usually delivered with a
polymer rope. The freedom of the device to respond to
the waves and the restoring force depend on the chosen
tether (material and length).
The key challenge with all traditional mooring
systems is that they are often constrained by cost or
environmental conditions. While it is possible to
choose a chain size/length combination, or a rope
thickness to withstand the peak loads which occur at
the extended lengths, doing so often results in either
high restoring forces on the device or high costs.

Mooring Architectures

There is a wide body of work already in the public
domain looking at various mooring approaches and
solutions to wave energy devices [1-2]. Due to the wide
range of device types and environmental conditions in
which wave energy devices are placed, there are a wide
range of different mooring solutions which are
considered. We will consider three different types of
mooring systems in this paper, traditional mooring
systems, elastomeric mooring systems, and combined
mooring systems.
2.1 Traditional Mooring Systems
Traditional mooring systems come in many shapes
and sizes and are used in the majority of wave energy
mooring architectures. The mooring configurations
used depend on the device and environmental
conditions but include catenary moorings, multicatenary moorings, taut moorings, catenary anchor leg
buoy moorings, and single anchor leg moorings. A
selection of some of the more common mooring
configurations used are drawn in Fig. 2.

2.2 Elastomeric Mooring Systems
Elastomeric mooring systems contain one or more
elastic tethers which can stretch as a load is applied. A
number of companies produce elastomeric mooring
solutions though typically these have been targeted at
static mooring systems in sheltered environments.

Figure 3: 1.5m long elastomeric mooring tethers

Elastic mooring systems are typically installed in a
taut mooring configuration replacing the polymer rope.
As the device moves with the waves, the elastomer
stretches delivering a restoring force. If the elastomeric
mooring solution has a high enough elasticity or length,
then the device can orbit freely with the wave motion
with only a minimal restoring force. This can
substantially reduce the maximum force on the system,
enhancing survivability, reducing costs and increasing
lifetime.
The elasticity depends on the choice of materials
with most elastomeric tethers being able to deliver
greater than 100% extensions, a significant increase on
that achieved by the polymer ropes. A second
important parameter for elastomeric tethers is the
tensile strength. This is material dependent and ranges
from about 1MPa for pure rubber to 7-10MPa for other
elastomers. Higher values can be achieved by coating

Figure 2: Catenary Mooring, Catenary with surface buoy
Mooring, Taut Mooring.

A catenary mooring consists of a length of chain
attached from the device being moored and laid along
the seabed. A suitable anchor is chosen based on the
seabed material and the expected loads (e.g. gravity
anchor, vertical loaded anchor, pile anchor). The
weight of the free hanging chain acts as a restoring
force on the device. As the motion of the waves moves
the device the chain is lifted and lowered off the
seabed, changing the restoring force on the device. As
the device moves to the limit of the chain length it pulls
against the weight of the chain, the friction of the chain
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or wrapping the elastomers with other materials, but at
a negative impact on the maximum achieved extension,
the lifetime, the elasticity and the tether cost.

position on Fig. 4. This results in a tether which
changes instantly from responsive with low restoring
force to extremely stiff with high restoring force,
resulting in extreme forces many times higher than the
expected maximum forces if a less stiff line was used.

Figure 3: Elastomeric tether stretched by 100%

The diameter and length of an elastomeric mooring
tether is chosen to allow the orbital motion associated
with the worst case scenario storm (100 year) while
providing enough restoring force to keep the device in
place. A typical elastomer has a stress strain response
similar to that shown in Fig 4.

Figure 5: Desired Elastomer Response

To overcome this challenge a concave non-linear
response curve is desired similar to that shown in Fig 5.
With this response the tether remains flexible at low
elongations, responding freely across the lower sea
states, but smoothly changes stiffness to deliver the
stiffer high load response during storm scenarios. This
type of response can be achieved through the
combination of two or more individual tethers. A long
thick (or higher tensile strength) elastomer coupled
with a shorter thin (or lower tensile strength) elastomer
shown in Fig 6 could achieve this response.

Figure 4: Typical Elastomer Response

Long elongations (beyond 150%) can be achieved
but are usually avoided as (a) the slope reduces beyond
this point delivering less increase in load per %
elongation and (b) elongation beyond this length can
have a negative impact on the lifetime of the material.
The key problem for elastomeric mooring tethers is
that the restoring force they need to deliver in a storm
scenario defines a length and thickness of material
which is unsuitable for use at lower sea states due to its
stiffness. While the orbital motion in a storm scenario
might require a 150%, elongation of the mooring tether,
the orbital motion in typical operating conditions may
require only a 50% elongation. To achieve such an
elongation in the stiff elastomer however requires a
load much higher than that typically associated with the
momentum of the device in such sea states and so at
these typical operating conditions the single
elastomeric tether fails to stretch, behaving like a stiff
rope, and the benefits of elastomeric mooring are lost.
One solution is to have a bypass cable coupled in
series with a softer elastomer element. As the entire
tether is stretched, the bypass cable remains slack until
at the target elongation (e.g. 150%) it becomes taut
delivering the required protection load in storm
scenarios. Bypass cables are usually steel rope or
polymer rope lines with stiff responses, and hence this
approach equates to a vertical line drawn at the 150%

Figure 6: Multi-Elastomer Tether

This solution, while capable of delivering the desired
response curve, is impractical due to the thickness and
length of the high load tether.
For tensile solutions the worry is always present that
the maximum load will be higher than expected and the
elastomer or bypass cable snaps, breaking the mooring
line and leaving the device free. Given the size, cost
and location of wave energy devices, such an event is
likely to be very costly.
2.3 Combined Elastomeric and Thermoplastic
An alternative approach to achieving the desired
response in Fig. 5 is to consider using a compressive
spring coupled with the tensile elastomer. In this
approach the system is designed so that the spring
begins to compress as a target maximum length is
approached. A typical spring however has a linear
response. While this is still better than the bypass cable
3
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solution, it is not ideal. What is required is a non-linear
spring.
A thermoplastic material can be formed into a nonlinear spring by using the shape of the material to
define the spring properties as shown in Fig. 7.

Figure 9: Combined Elastomer / Thermoplastic Response

3.

Simulation Set-up

There are many mooring simulation software
packages used in industry. The results presented in this
paper use the Orcaflex package from Orcina. A broad
range of devices (both buoys and wave energy devices)
have been simulated using a wide range of different
mooring configurations (traditional, elastomeric and
combined). Multiple simulations have been undertaken
covering the full range of sea states encountered during
a typical year and also the 100 year storm scenarios for
both Belmullet and Galway Bay, Ireland.
Fig. 10 shows three different mooring configuration
set-ups using the same wave energy device; (a) a
catenary configuration; (b) a catenary with surface
buoy; (c) a taut elastomer mooring configuration. In
each simulation a Bretschneider sea state matching the
100 year storm scenario for Galway Bay is applied with
suitable current and wind loads for a 10,000s period.

Figure 7: Non-Linear Thermoplastic Spring

The spring in Fig. 7 is designed to deliver a specific
tailored stress-strain response to compression. The
choices of the length, wall thickness, material
formulation, diameter (inner and outer), convolute radii
(inner and outer), pitch and convolute shape, all
combine to deliver the response of the spring. The
response of the spring is controlled by the crosssectional area of the material which is carrying the load
as shown in Fig. 8. As the load increases the effective
cross-sectional area changes delivering the non-linear
increase in load desired. By changing the parameters a
different non-linear response can be achieved.

(a)

(b)
Figure 8: Non Linear Thermoplastic Spring Response

Combining a suitable designed thermoplastic spring,
engaging at the desired tether elongation length, with a
suitably chosen elastomer can then deliver the ideal
response desired for the combined tether in the mooring
system as shown in Fig. 9.
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(c)

(c)

(d)
Figure 10: Mooring set-ups of (a) Catenary, (b) Catenary
with surface buoy, and (c) Taut Elastomeric

Simple two leg systems are chosen for comparison
in this paper, but more complex multi-leg systems, as
well as other mooring configurations such as, systems
with subsurface buoys, clump weights, and bridals have
also been simulated. Wave, current and wind directions
are also examined for the various mooring
configurations but only the maximum load scenarios
are compared here.
Orcaflex allows over 100 different performance
variables to be measured, including positions, motions,
angles, forces, contacts, stress, strain, and loads, but for
the purposes of showing the benefits of combined
elastomeric and thermoplastic mooring tethers, only a
small selection are presented here.

Figure 11: Maximum Tension versus Time for (a)
Catenary, (b) Catenary with surface buoy, (c) Elastomer
with steel bypass cable, (d) Combined Elastomer with
thermoplastic

In the storm scenario, the wave, current and winds
exert a very high load on the mooring systems. In all
cases the device moves far enough to ensure that the
mooring system is pushed to its limits. In the catenary
case the chain becomes taut at multiple times, resulting
in many high peak load spikes. The peak load in this
scenario results in a significant chain thickness and
seabed length being required.
The catenary with surface buoy scenario reduces the
frequency of the spikes as additional freedom of
movement is given to the device by the hawser. The
occasional peak loads are of similar maximum to the
catenary case still exist though, resulting in no lowering
of the chain requirements. The reduced frequency of
peak events though would result in an expected lower
risk of failure and longer fatigue life.
The elastomer with bypass cable has significantly
lower loads but when the bypass cable is engaged peak
load spikes occur. While the elastomer is within its
elongation limits, the device is free to rotate with the
motion of the waves without reaching and limits. The
loads are therefore much lower and are directly related
to the thickness of elastomer chosen. When the limits
are reached in extreme scenarios, the bypass cable
kicks in and high load spikes occur. By using a thicker
elastomer and restricting the freedom of motion, the
high load spikes from the bypass cable can be partially
reduced. The peak load in this scenario is ~100kN,
(only ~10kN on the elastomer) resulting in a
significantly lighter and lower cost mooring system.
The combined elastomer with thermoplastic spring
has similar loads during normal operating as the
elastomer with bypass cable, but the peak loads are
significantly reduced. In this scenario the bypass cable
is replaced by a spring which engages at a shorter
elongation but delivers the maximum required restoring
force at the same total elongation. By delivering the
peak restoring force over a longer elongation, lower
maximum peak loads are required and a much
smoother motion achieved. In this scenario the peak

4. Experimental Results
Fig. 11 shows four plots comparing the peak tension
in the mooring lines versus time in a storm scenario for
a catenary mooring, a catenary with surface buoy, an
elastomer with bypass cable, and an elastomer with
thermoplastic compressive element. Both of the
elastomeric mooring configurations use the mooring
design shown in Fig 10(c) above. The axes for all four
plots are plotted at the same scale.

(a)

(b)
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load is ~50kN (only ~10kN on the elastomer) resulting
in the lightest mooring configuration and lowest costs.
Fig. 12 compares the maximum, mean and standard
deviation of the tensions across the four configurations.

One important factor for wave energy devices is
whether the dynamic mooring system negatively
impacts on the motion of the device. A constant heavy
restoring force would impede the motion of the device
this reducing the energy available to be captured. Fig.
14 compares the maximum Heave of the different
mooring configurations.

Figure 14: Comparison of heave across systems

Because the elastomeric mooring system load varies
non-linearly the actual effect on heave is positive,
resulting in higher energy being available for capture
by the wave energy device.

5.

Conclusions

The results presented above show that combined
elastomeric and thermoplastic mooring tethers offer
substantial benefits for dynamic mooring systems.
They deliver lower peak, mean and standard deviations
in tension, allow for smaller footprints, and allow for
better wave motion capture that the alternative mooring
solutions. They are also environmental friendly
delivering low noise pollution and reduced scouring.
This results in significant benefits to the device
operator.

Figure 12: Comparison of tensions across systems

Fig. 12 shows the key performance benefits achieved
using a combined elastomeric tether in the mooring
system. The maximum tensions which occur with the
combined elastomeric system are 80-90% lower than
all other configurations. The mean and standard
deviations are also significantly lower. These
reductions can result in significant cost savings, both in
capital and operational& maintenance costs.
Another benefit of the elastomeric mooring system is
that it can deliver a much smaller seabed or surface
footprint for the device. Fig. 13 shows the maximum
surface displacement for the different mooring
configurations. The elastomeric systems deliver
substantial reductions allowing a much higher density
of devices within any specific ocean location.
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