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Abstract: In this study, a new multi-use offshore tension leg platform (TLP) was designed for wave
energy production through an embedded wave energy converter (EWEC) system. The proposed
EWEC system consists of four built-in tuned liquid column dampers for absorbing the hull motion
energy and eight Wells turbines as the power take-off devices. A multifold nonlinear analytical model
of this multibody system was developed considering the hydrodynamics of the TLP-EWEC system
during large motions and the aerohydrodynamics of the chamber-turbine groups. A comprehensive
assessment, including an evaluation of motion responses and preliminary generating capacity,
was performed for different wave-load directions using the numerical time integration method.
The results indicated that the multi-use platform can generate a considerable amount of turbine
power for the offshore platform energy mix as well as serve for offshore oil and gas production in
the target oil fields. Such additional benefits and profitability were proven effective and worthy for
further exploration and practical application.
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1. Introduction

Ocean waves contain a seemingly inexhaustible amount of energy, which can be both a source
of destructive power for nearshore and offshore structures and a conspicuous source of renewable
clean energy. With respect to the former, various types of marine structures that can withstand the
ocean environment have been developed. These include ships for cargo transportation and offshore
operations, platforms for marine resource exploitation, and buoys for environmental monitoring. On the
other hand, the development of structures that allow for wave energy conversion and conservation on
a commercial scale has been difficult, slow, and expensive [1].

Since Salter’s paper [2], there have been a number of initiatives and developments in the field of
wave energy in various parts of Europe as well as the rest of the world. For instance, thousands of
patents have been filed and many studies have been performed on the different ways of converting
wave energy at different water depths and locations into a useful form [3]. Fixed or floating oscillating
water columns (OWCs), oscillating body systems, and overtopping converters can be used. In addition,
the power take-off (PTO) mechanism has also been proposed, including self-rectifying air turbines [4],
(low- and high-head) water turbines, and (high-pressure oil-driven) hydraulic motors. A detailed review
of the mechanical PTO equipment available for wave energy conversion can be found in Salter et al. [5].
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Considering the purpose of the integration wave energy-offshore platform, the OWC mentioned
above seems to have a great potentiality for its simple mechanics and flexibility [6]. In general,
OWCs are based on wave-to-pneumatic energy conversion and utilize ocean waves to drive the motion
of a water column within a semi-submerged pneumatic chamber. The movement of the water column
causes bidirectional airflow and pressure fluctuations within the chamber. The pneumatic energy
is then converted into mechanical energy by a turbine or other PTO system that is connected to a
generator to transform the mechanical energy into electricity. Such devices can be categorized based
on their location, onshore or nearshore fixed OWCs and offshore floating OWCs [7,8]. With respect
to the former, numerous investigations have been performed over the past few decades, including
analytical, experimental, and numerical studies [9,10]. Moreover, full-sized prototypes equipped with
self-rectifying air turbines, generally still in the research and development phase, have been built in
Norway, Japan, India, Portugal, the UK, and, more recently, in China [11]. On the other hand, offshore
devices are more complex in terms of their hydrodynamic interactions and energy balance. Hence,
there have been fewer experimental and numerical studies on these devices [12,13]. Further, there is a
growing interest in multi-oscillating water columns (M-OWCs), which can be defined as an array of
OWCs coupled together either in terms of their related structure, airflow, PTOs, or generators [14].

Based on the underlying principle of wave energy conversion, in this study, a new embedded wave
energy converter (EWEC) system that can be attached to a tension leg platform (TLP) was developed.
The EWEC system uses tuned liquid column dampers (TLCD) to absorb the energy from the hull motion
resulting from the wave loadings, based on the sloshing of the working liquid. The fluctuation-free
surfaces at the two ends of the working liquid column are similar to those of conventional OWCs.
Therefore, with the installation of an air chamber and self-rectifying turbines above, the oscillating
motion of the internal free surface generates an airflow through the turbine, which drives an electrical
generator. This energy conversion chain of the TLP-EWEC coupled system can be simplified as follows:
Wave motion - platform motion - liquid column oscillations - pneumatic oscillations - turbine rotation.
As per this scheme, the conventional production platform would act as an energy-producing wave
energy farm and contribute to the energy mix and even help achieve self-sufficiency in terms of
electricity generation and consumption. On the other hand, the serviceability of the platform may be
improved, as some of the hull motion energy is collected by the TLCDs. Brief descriptions of TLPs and
TLCDs are given below.

TLPs are compliant offshore structures generally used for deep-water oil production or as floating
foundations of offshore wind turbines. They consist of a semi-submersible-type floating platform
that is attached to the sea bottom with vertical tethers, which are kept perpetually taut by the excess
buoyancy of the platform. For the sake of linearity, studies on TLPs usually assume that all translational
displacements and angular displacements are small in magnitude [15]. However, TLPs may experience
distinctly large motions in certain sea states, and the attendant nonlinearity would affect their dynamic
behavior. Therefore, the theoretical model proposed by Zeng et al. [16,17] was adopted in this study
to consider the concomitant nonlinear factors induced by finite displacements. On the other hand,
the evolution of offshore platforms has made it possible to think of other opportunities parallel to the
traditional sole function. As a pioneer, the European Union launched “The Ocean of Tomorrow” [18],
a call for proposals for multi-use offshore platforms in 2011. In 2014, Maribe launched the Horizon 2020
project [19] to determine if there is a future for investment in combining Blue Growth sectors. In 2018,
two other projects, Space@Sea [20] and Blue Growth Farm [21], began. The former project intended to
provide a sustainable and affordable workspace at sea, while the latter designs multipurpose offshore
floating platforms that host aquaculture and energy harvesting. More related details can be found in
the literature [22,23]. In fact, the existing multifunctional platforms are mainly in concept evaluation.
To the best of our knowledge, there have been few reports on the combination of wave energy and
offshore production platforms, let alone establishing dynamic models for performance assessment.

TLCDs are passive controlling devices used in building structures as auxiliary mass systems.
Recently, TLCDs have attracted significant interest because of their numerous advantages, such as
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their low installation cost and simple maintenance requirements. Studies on TLCDs for buildings
have ranged from investigations of their fundamental characteristics to evaluations of their control
performance, optimization techniques, and control strategies [24]. In addition, the feasibility of using
TLCDs with offshore systems, especially for offshore wind turbines, has also been explored by various
researchers [25–27]. However, as is the case for TLP systems, there is a lack of deep research on the
design issues related to TLCDs because of the difficulty in finding suitable co-locations for them [28,29].
Lee et al. [30] studied a TLP-TLCD system with three-DOF motions both analytically and experimentally.
Lee et al. [31] developed an experimental testing method for investigating the vibration mitigation
effect of a TLP system equipped with an underwater TLCD and subjected to surge wave motions.
There have been few studies on the dynamic performance of such TLP-TLCD systems with six DOF.
When a damper is used to suppress one DOF motion, its influence on the other DOF motions is very
complex, and it is hard to simultaneously suppress motions with multiple DOF. In addition, there has
been little research on the use of multi-TLCD systems (MTLCD) in offshore platforms. Some studies
have suggested that MTLCD would be more advantageous as opposed to a single TLCD, owing to
the detuning issues involved [32]. However, there have been no reports on the use of TLCDs in wave
energy applications.

This manuscript is arranged as follows. A general description and a multifold nonlinear analytical
model of the TLP-EWEC system are given in Section 2. In Section 3.1, the hydrodynamic interface
model of the coupled system is validated, and a specific site was selected for detailed design. Next,
the results of six-DOF motions and preliminary generating capacity of the system are discussed in
Sections 3.2 and 3.3. In Section 4, the comprehensive assessment of the coupled model and the prospect
of such multi-use offshore platforms are discussed. Finally, Section 5 lists the primary conclusions of
the study along with the future research directions.

2. Methods and Materials

2.1. General Description of TLP-EWEC System

Figures 1 and 2 show a TLP-EWEC system with typical buoyant members and built-in EWECs.
The EWEC system consists of four TLCD devices (TLCD#1–4) with eight chamber-turbine groups
(Tur#i-j, i = 1, 2, 3, 4 and j = 1, 2) and is placed symmetrically under the deck. For each TLCD,
air chambers were built at the ends of the vertical columns, and Wells turbines were installed along the
narrow ducts, which connect the air chambers to the outside atmosphere. Operating rooms were built
for the operators for monitoring and handling. In addition, an orifice with a changeable orifice ratio
(OR) was installed in the middle of the horizontal liquid column to switch the EWEC system on and
off or vary the damping capacity of the TLCDs. All TLCDs used seawater as the working liquid and
were equipped with a water pump system to adjust the volume of the working liquid inside.

As shown in Figure 3, the four main subsystems and their interconnections include the following:

• The hydrodynamic subsystem is the TLP hull, which experiences the environment load and, hence,
the vibrations.

• The energy harvester subsystem consists of the TLCDs that absorb the hull motion energy based
on the oscillations of the working liquid within them.

• The PTO subsystem consists of the air chamber and self-rectifying turbines installed at the two ends of
the TLCDs. This chamber-turbine module is the same as that used in common OWCs (i.e., M-OWCs).

• The control subsystem is the intelligent part of the system, as it is responsible for the control of the
TLP-EWEC system and its measurements. It mainly consists of an orifice and turbine controller,
the relevant components for the automation and electromechanical processes.
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The proposed multi-use design is a practical one for deep-water platforms sited a few hundred
kilometers from the coast, because such a system can act as a wave energy farm and, thus, alleviate the
high electrical load of offshore projects. The built-in EWEC system barely occupies any additional
space. Moreover, it is suitable for complex marine environments where random waves come from
different directions, owing to its symmetry. In addition, it is economical and efficient to adjust the liquid
level in order to optimize the motion response and energy generation performance in the response to
changes in the sea state. In a sense, the working liquid within acts as ballast water to ensure the safety
of the offshore structures.
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2.2. Governing Equations of Coupled TLP-EWEC System

In this section, the coupled three-dimensional governing equations for the TLP-EWEC system
under large motions were derived using the D′Alembert-Lagrange equation [32]. While deriving the
equations, three major hypotheses were made as follows [17,33]: (1) There was no relative motion
between the TLP structure and the EWEC system, with the exception of that of the inner working
liquid. (2) The TLP-EWEC system was idealized as a rigid body that can exhibit large motions. (3) The
wave forces were evaluated using Morison’s equation with sufficient slender assumption. Further,
the free surface effects were considered.

Assuming that oxyz is a fixed reference located on the undisturbed sea surface, the configuration
of the TLP system at any instant of time can be described completely using the parameters X1, X2,
and X3, which are the coordinates of the center of gravity (C.G.) of the TLP with respect to the global
coordinate system, and the Euler angles φ, θ, and ψ, which define the sequence of rotations around the
body axes, Gξηζ. As there is no relative motion between the main structure and the EWEC system,
the body axes, Gξηζ, can also be used to describe the location and orientation of each TLCD in the
TLP system. Assuming that all water particles inside TLCD#j (j = 1, . . . , 4) constitute a flexible body,
an additional four independent coordinates H j (j = 1, . . . , 4) are needed to describe the relative motion
of the liquid in Gξηζ with respect to its undisturbed state. Thus, the coupled system exhibits 10 DOFs
in total and the vector of the TLP-EWEC system coordinates, q, can be written as follows:

q = [q1 q2 q3 · · · q10]
T = [X1 X2 X3 φ θ ψ H1 H2 H3 H4]

T (1)

The D′Alembert-Lagrange equation for the coupled system is given as follows:

d
dt

(
∂(T −U)

∂
.
q

)
−
∂(T −U)

∂q
= QT

e (2)

where Qe is the vector of the external forces and T and U are the total kinetic and potential energies
and are given by,

T = TTLP +
4∑

j=1

TTLCD j , U = UTLP +
4∑

j=1

UTLCD j (3)

The substitution of Equation (4) in Equation (2) yields the following equation:

d
dt

(
∂(TTLP−UTLP)

∂
.
q

)
−
∂(TTLP−UTLP)

∂q +

4∑
j=1

 d
dt

∂
(
TTLCDj−UTLCDj

)
∂

.
q

− ∂
(
TTLCDj−UTLCDj

)
∂q

 = QT
e

(4)
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It is obvious that the equations for the coupled system can be obtained once the equations for
the TLP and TLCD subsystems in the current coordinate configuration have been determined. In this
study, the mass of the airflow and turbines in the PTO subsystem were not taken into account; instead,
we simply applied simultaneous forces and moments on the TLP structure and the corresponding
TLCDs. We denoted the TLP subsystem using the superscripted numeral 0 while the TLCDs were
denoted by the numerals 1 to 4 and the chamber-turbine groups by 5 to 8. Then, the governing
equations in the matrix form can be gained after substituting related explicit terms in Equation (5) and
written as, M0 +

4∑
j=1

M j

{ ..
q
}
=

Q0 +
4∑

j=1

Q j +
8∑

k=5

Qk


T

(5)

where Q j = Q j
e + Q j

v (j = 0, 1, 2, 3, 4), Q j
e is the vector of the externally applied forces, including the

hydrodynamic forces and buoyancy from the moving wave water and the tension from the tendons,
and Q j

v contains the rest of the force terms from the left side of Equation (5) after formalization. Further,
Qk (k = 5, 6, 7, 8) represents the effects of the chamber-turbines on the TLP-EWEC system.

In the following sections, the equations for the TLPs are derived independently while the equations
for the TLCDs are determined taking into account the interactions between the two subsystems. Then,
the equations for the two subsystems are assembled as per Equation (5). The final dynamic equations are
subsequently solved using the universal numerical method, that is, the explicit Runge-Kutta method [34].

2.2.1. Equations for Hydrodynamic Subsystem

In this section, we derive the nonlinear dynamic equations for the TLP system under large
motions in the abovementioned coordinate system. Using Newton’s second law, the nonlinear six-DOF
equations for the TLP system under large motions can be written as,



M 0 0 0 0 0
0 M 0 0 0 0
0 0 M 0 0 0
0 0 0 I1 0 0
0 0 0 0 I2 0
0 0 0 0 0 I3





..
X1..
X2..
X3
.
ω1
.
ω2
.
ω3


=



F1

F2

F3

T1 − (I3 − I2)ω2ω3

T2 − (I1 − I3)ω3ω1

T3 − (I1 − I2)ω1ω2


(6)

where M is the body mass of a TLP, and Ii (i = 1, 2, 3) are its moments of inertia with respect to the
principal axes through its C.G. Further, Ti and Fi (i = 1, 2, 3) are the components of the external forces
and moments, and ωi (i = 1, 2, 3) are the components of the angular velocity (see Equation (A1) in
Appendix A).

The formulas for the components of the external forces and moments in Equation (6) can be found
in Zeng et al. [16,17]. It should be noted that the added mass and drag force were included using the
modified Morison equations [35]. By moving all the nonlinear functions for the acceleration to the
left-hand side and the other terms to the right-hand side of the equations, Equation (6) can be written
as a 10-DOF one, that is, [

M0
]{ ..

q
}
=

[
Q0

]T
(7)

2.2.2. Equations for Energy Harvester Subsystem

For the TLCD, that is, TLCD#j, placed within the columns and pontoons, the positional information
can be obtained from the central point, D j

0, of the horizontal column and an arbitrary angle, α j, in the

Gξηζ system. As shown in Figure 4, the bottom point, D j
1, of the vertical column where the liquid

level drops and the bottom point, D j
2, of the vertical column where the liquid level goes up can be
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determined from point D j
0, angle α j, and length of the horizontal column, L j

h. The relationship of the
three points is given as Equation (A2) in Appendix A.
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The kinetic and potential energies of TLCD#j at an arbitrary position are given as

T j
TLCD =

2∑
n=0

T j
TLCDn

, U j
TLCD =

2∑
n=0

U j
TLCDn

(8)

where n = 0, 1, 2, represents the horizontal columns, the vertical columns where the liquid drops,
and the vertical columns where the liquid rises, respectively.

The absolute velocity of any microscale liquid column in the oxyz system can be expressed as

VT
P = R·

(
¯
ω× rP + vH

)T
+ XT (9)

where rP = (ξ, η, ζ), vH =
(
vHξ, vHη, vHζ

)
is the relative liquid motion in the Gξηζ system, and R is the

transformation matrix (see Equation (A5) in Appendix A).
Then, the kinetic energy can be obtained as

T j
TLCD =

∫ L
j
h
2

−
L

j
h
2

1
2ρA j

h

[
V j

P0

]T[
V j

P0

]
dl +

∫ L j
v−H j

0
1
2ρA j

v

[
V j

P1

]T[
V j

P0

]
dh

+
∫ L j

v+H j

0
1
2ρA j

v

[
V j

P2

]T[
V j

P2

]
dh

(10)

and the potential energy as

UTLCD j =
∫ L

j
h
2

−
L

j
h
2

ρgA j
h[R3]

[
r j

P0

]T
dl +

∫ L j
v−H j

0 ρgA j
v[R3]

[
r j

P1

]T
dh

+
∫ L j

v+H j
0 ρgA j

v[R3]
[
r j

P2

]T
dh

(11)

where A j
h and A j

v are the cross-sectional areas of the horizontal and vertical TLCD columns, and R3 is
the third row of the transformation matrix R.

With respect to fluid flow in TLCDs, the loss of pressure or “head” occurs, owing to the fluid’s
viscosity or changes in the cross-section and flow direction. When evaluating this loss, the total head
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resistance is defined by two different components, namely, the head resistance for the cross-sectional
change along the channel and the head resistance because of the orifices [36].

F j
d = −

1
2
ρ

A j
hδ

j
1 +

(
A j

v

)2

A j
h

δ
j
2


∣∣∣∣∣ .
H

j
∣∣∣∣∣ .
H

j
(12)

where δ j
1 =

(
1− A j

v

A j
h

)2

+ 0.5

∣∣∣∣∣∣1− A j
v

A j
h

∣∣∣∣∣∣, δ j
2 =

[(
1− k j

)
+ 0.707

(
1− k j

)0.375
]2(

k j
)−2

, and k j is the OR for TLCD#j.

By substituting Equations (10), (11), and (12) into Equation (5), the equation for liquid motion
within TLCD#j can be obtained in the matrix form as follows:[

M j
]{ ..

q
}
=

[
Q j

]T
, j = 1, 2, · · ·, 4 (13)

2.2.3. Equations for Power Take-Off (PTO) Subsystem

In this section, a semitheoretical aerohydrodynamic model is established for the PTO subsystem.
Based on experimental data, the equations [37] for the Wells turbine are

∆p = CaK(1/α)
[
V2

x + (rωt)
2
]

(14)

Tt = CtKr
[
V2

x + (rωt)
2
]

(15)

Pt = ωtTt (16)

where ∆p is the pressure drop across the rotor, Tt is the turbine torque, K is a constant, a is the
cross-sectional area, Vx is the air-flow velocity,r is the mean radius, ωt is the turbine’s angular velocity,
Ca and Ct are the power coefficient and the torque coefficient, respectively, given by experiments with
respect to the flow rate, φ = Vx/(ωtr). The computing Matlab codes used can be found in the online
Supplementary Materials.

With respect to the flow in the capture chamber, there are two main ways to simulate depending
on whether or not the air compressibility is considered. The precise but complex model can refer to the
approach of Henriques and Falcão [38] and Spanos and Federica [39]. Actually, the compressibility of
air can be ignored in case the Mach number is less than 0.3 [40]. Moreover, the study on this topic
by Bailey and Robertson [41] has shown that the influence of the incompressibility in terms of the
difference in mean pneumatic, mechanical, and electrical power is very low (smaller than 0.79%).
Thus, for the sake of having a fast and intuitive solution for WEC array modeling, we neglected the
air compressibility. Then, the turbine volume flux is approximately equal to the volume flux of the
fluid across the cross-section of the air chamber, and the air velocity in the turbine channel can be
determined as

Vx =
Av

a

.
H (17)

In the present study, an ideal controller was employed for regulating the rotational speed of the
turbine. The minimum speed of the turbines was preset, and the turbines accelerated or decelerated
automatically. It should be emphasized that this control strategy was not designed for optimal power
production but merely to maintain the turbine velocity within a desired range of values in order to
prevent stalling and other problems. The mechanical and electrical losses were neglected, and the
instantaneous turbine power was assumed to be equal to the instantaneous aerodynamic power.

Considering the air chambers to be hexahedrons whose bottom is the liquid surface and the
remaining faces are fixed on the TLP, the resultant forces acting on the TLP structure and TLCD#j can
be written as F jr = ∆p jrAvj

→
e 3 and F

′

jr = ∆p jrAvj
→
e 3, respectively. The interactional force on the TLP



Energies 2020, 13, 3991 9 of 21

system would act at the position where the turbine is installed
(
ξt jr, ηt jr, ζt jr

)
, and the moment resulting

from the air pressure can be derived as

Ft jr = R · F jr, Tt jr =
(
ξt jr, ηt jr, ζt jr

)
× F jr (18)

where ξt jr and ηt jr are the corresponding vertical liquid column coordinates in the Gξηζ system, and ζt jr
can be determined from the height of the turbines, Zh, shown in Figure 1.

The interactional force on TLCD#j is the result of the pressure drop between the right chamber
and the left one (subscripted with jl) and is given as

F′t j =
∣∣∣F′ jl

∣∣∣− ∣∣∣F′ jr
∣∣∣ = (

∆p jl − ∆p jr
)
Avj (19)

Finally, the generalized force, Qk (k = 5, . . . , 8), can be determined by assembling all the related
equations based on their corresponding components (see Equation (A6) in Appendix A).

3. Results

3.1. Hydrodynamic Validation and Target Design

Due to the absence of design reference for similar systems, the International Ship and Offshore
Structures (ISSC) TLP was used as the hydrodynamic subsystem with an assumption that the EWEC
would not change the original mass distribution of the TLP. In other words, the TLP-EWEC system
keeps the same hull design and mass distribution of the ISSC TLP before the TLCD filled with sea water.
Considering the additional mass of the EWEC, the draught of the TLP-EWEC will significantly change
and slack off the tethers, which ought to be pulled. Therefore, the length of mooring lines should
be adjusted and the tether pretension remains the same. Primary parameters of the hydrodynamic
subsystem are listed in Table 1.

Table 1. Primary parameters for the ISSC TLP and TLP-EWEC system.

Parameter ISSC TLP TLP-EWEC

Column spacing between centers, Lp (m) 86.25 86.25
Column diameter (m) 16.88 16.88

Pontoon width, Lpw (m) 7.50 7.50
Pontoon height, Lph (m) 10.50 10.50

Draft, h0 (m) 35.00 40.84
Displacement (m) 5.346 × 105 5.346 × 105

Total tether pretension (m) 1.373 × 105 1.373 × 105

Platform mass, MTLP (m) 40.5 × 106 40.5 × 106

Roll mass moment of Inertia, I1 (m) 82.37 × 109 82.37 × 109

Pitch mass moment of Inertia, I2 (m) 82.37 × 109 82.37 × 109

Yaw mass moment of Inertia, I3 (m) 98.07 × 109 98.07 × 109

Vertical position of COG above Keel, hG (m) 38.0 38.0
Length of Mooring tethers, L (m) 415.0 409.16

Vertical stiffness of combined tethers, ES/L (kN/m) 0.813 × 106 0.813 × 106

In this study, Liuhua Oil Fields in the South China Sea were selected as the possible destination
and its metocean data listed in Table 2 were used. Since the natural periods of the hull′s six-DOF motion
were expected to be far away from the peak wave periods, we designed appropriate TLCDs to behave
as if they were in resonance with the peak wave frequency in order to improve the energy-harvesting
performance. The relationship is given as

Tp = π
√

2Le/g, Le = 2Lv + LhAv/Ah (20)
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Table 2. Metocean parameters.

Spectrum Peak Enhancement Factor, γ Significant Wave Height, Hs Peak Wave Period, Tp

JONSWAP 2.4 6.5 m 12.3 s

Moreover, the weight of each TLCD was set to approximately 3.0% of that of the TLP-EWEC
system. The design parameters of the TLCDs are listed in Table 3 while those of the Wells turbine
model are given in Table 4 [42,43].

Table 3. Primary particulars of TLCDs.

Parameter Value

Length of the horizontal liquid column, Lh 75
Height of vertical liquid column, Lv 7.6

Cross area of the horizontal liquid column, Ah (m) 15
Cross area of the vertical liquid column, Av (m) 12

ξ-coordinate of those TLCDs, {ξ10, ξ20, ξ30, ξ40} (m) {−43.125, 43.125, 0, 0}
η-coordinate of those TLCDs,

{
η10, η20, η30, η40

}
(m) {0, 0, −43.125, 43.125}

ζ-coordinate of those TLCDs, {ζ10, ζ20, ζ30, ζ40} (m) {−32.75, −32.75, −32.75, −32.75}
α-laying angle of those TLCDs, {α1,α2,α3,α4} {π/2, −π/2, π, 0}

Table 4. Parameters of the Wells turbine.

Turbine Constant, K Cross-Sectional Area, a Turbine Radius, r Installation Height, Zh

0.7079 1.1763 m2 0.7285 m 60 m

The characteristic curves of the selected Wells turbine [42,43] are shown in Figure 5, where the
x-axis represents the flow rate, φ. Based on these curves, the flow coefficient was used to determine the
pressure drop, ∆p, and turbine torque, Tt, according to Equations (14) and (15).
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Using the known wave spectrum, the synthetic sea state was simulated with the random phase
method [44]. The algorithm for the Monte Carlo simulations of the individual wave frequencies and
their bandwidths was taken from Finnegan and Goggins [45]. To verify the computational procedure
employed for the hydrodynamic calculations, six-DOF dynamic responses of the TLP in the case of
regular waves (wave height = 8.0 m, wave period = 14 s) with a heading angle (HA) of 22.5◦ were
compared with the existing solution [16,17], and it was found a good coincidence in Figure 6.
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3.2. Hydrodynamic Performance Analysis

3.2.1. Comparison with the ISSC TLP System

The motion responses of the TLP-EWEC system were evaluated against the requirements for
offshore production operations by comparing them with that of the ISSC TLP system. It should be
noted that the design of the ISSC-TLP system was considered reliable and used as the reference for
offshore operation requirements, even though there were differences in the drafts and weights of the
ISSC TLP system and the TLP-EWEC system.

Figure 7 shows a comparison of the time series of the six-DOF motions and velocities of the
TLP-EWEC system and the TLP system for an HA of 22.5◦. It should be noted that the time window,
5000–6000 s, was selected after the six-DOF motions reached steady fluctuation within certain range.
Another important consideration is that the length of the time window should be several times larger
than the maximum characteristic period of the TLP hull, the TLCDs, and the waves. It can be seen
that the motion trajectories were similar, owing to the fact that the wetted hull surfaces and structural
symmetry-related characteristics of the two systems were similar. Further, the simulation results
indicated that the TLP-EWEC system exhibited smaller responses in the case of the two horizontal
translation DOFs; however, there were no obvious differences in the case of the other DOF. Similar
results can be found in the published article [46], where the TLCDs are installed upon the platform
deck rather than embedded within the pontoons and column for space efficiency (shown in Figure 1).
For a more accurate analysis, the maximum amplitude and standard deviation ratios of the motion
responses for waves with different directions are shown in Figure 8.

It is obvious that there was no response in the sway, roll, and yaw directions when the waves
came in 0◦. Further, there was no response in the yaw direction when the waves came in 45◦. The surge
and roll responses were consistent with the sway and pitch responses, respectively, when the waves
came in 45◦. This was because of the symmetry of the two systems. These characteristics of the hull
motions were also observed in the other results and confirmed the validity of the theoretical model as
well as that of the computational procedure used.
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Figure 8 indicates that the surge and sway performances of the TLP-EWEC system were better
than those of the ISSC TLP system, which exhibited distinctly smaller amplitudes and variations for all
wave-heading angles. The heave direction is an important design parameter in the case of production
platforms with top tension risers. As compared to the heave amplitudes for the TLP system, those of
the TLP-EWEC system were slightly lower, by not more than 5%, for HA = 45◦ but increased by 10% or
less for HA = 0◦ and 22.5◦. The changes in the standard deviations’ ratios in the heave were similar
but smaller than those of the heave amplitudes. Further, the increases in the roll and pitch responses
were within 20% while the yaw responses were slightly lower by approximately 10%.



Energies 2020, 13, 3991 13 of 21
Energies 2020, 13, x FOR PEER REVIEW 14 of 23 

 

 

Figure 8. Motion responses of TLP-EWEC system (with EWEC system turned on (OR = 1.0) and 

conventional TLP system for different wave-heading angles. 

3.2.2. Hydrodynamic Stability for Different Orifice Ratios 

Next, the results of the evaluation of the hydrodynamic stability of the TLP-EWEC system for 

different OR values are presented. A total of four operating conditions (OR = 0.00, 0.25, 0.50, and 0.75) 

were analyzed, and the results were compared to those with OR = 1.00 (see Section 3.2.1). An OR 

value of 0.00 refers to the state where the orifice is completely closed, and the working liquid within 

the TLCDs does not oscillate. It should be noted that an OR value of 0.0001 was substituted for OR = 

0.00 in order to prevent convergence difficulties during the numerical calculations. 

Figure 9a–c shows that the variations in the response amplitudes were within 5% when the OR 

value was decreased from 1.00 to 0.25. However, for OR = 0.00, the variations were larger, ranging 

from –30% to 10%. For OR = 0.00, the amplitude of the sway motion increased by 10% and that of the 

roll velocity decreased by 20% for HA = 22.5°. However, for HA = 45°, the amplitudes of the roll and 

pitch velocity decreased by nearly 30%. The analysis also showed that the variations in the responses, 

that is, the standard deviations, were relatively insensitive to the changes in the OR, with a change 

being noticed only for OR = 0.00. This was because there exists an inversely proportional relationship 

between the head resistance and the OR value, as shown in Equation (12). 

Figure 8. Motion responses of TLP-EWEC system (with EWEC system turned on (OR = 1.0) and
conventional TLP system for different wave-heading angles.

3.2.2. Hydrodynamic Stability for Different Orifice Ratios

Next, the results of the evaluation of the hydrodynamic stability of the TLP-EWEC system for
different OR values are presented. A total of four operating conditions (OR = 0.00, 0.25, 0.50, and 0.75)
were analyzed, and the results were compared to those with OR = 1.00 (see Section 3.2.1). An OR value
of 0.00 refers to the state where the orifice is completely closed, and the working liquid within the
TLCDs does not oscillate. It should be noted that an OR value of 0.0001 was substituted for OR = 0.00
in order to prevent convergence difficulties during the numerical calculations.

Figure 9a–c shows that the variations in the response amplitudes were within 5% when the OR
value was decreased from 1.00 to 0.25. However, for OR = 0.00, the variations were larger, ranging
from −30% to 10%. For OR = 0.00, the amplitude of the sway motion increased by 10% and that of the
roll velocity decreased by 20% for HA = 22.5◦. However, for HA = 45◦, the amplitudes of the roll and
pitch velocity decreased by nearly 30%. The analysis also showed that the variations in the responses,
that is, the standard deviations, were relatively insensitive to the changes in the OR, with a change
being noticed only for OR = 0.00. This was because there exists an inversely proportional relationship
between the head resistance and the OR value, as shown in Equation (12).
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3.3. Generating Capacity of TLP-EWEC System

The effectiveness of the proposed TLP-EWEC system for energy generation was evaluated next.
The dynamic response of the TLCDs equipped with the chamber-turbine modules in the case of waves
coming in with HA = 22.5◦ is shown in Figure 10. Figure 10a,b is the water-column displacement and
velocity time histories of TLCD#1 to TLCD#4. It can be seen that the TLCDs could capture the energy of
the hull motion and cause the violent sloshing of the working liquid within. Interestingly, the motion
and velocity of the working liquid were greater than those of the structure. This is because those TLCDs
were designed in resonance with the peak wave frequency to fully excite internal liquid motion and
improve the energy-harvesting performance. Over the observational time window, the liquid motion
and velocity increased and decreased, in keeping with the intensity of the hull motion under the realistic
sea conditions. Moreover, the response strength varied with the layout position of the TLCDs.
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The variations in the flow rate and instantaneous power of Tur#i-1 (i = 1, 2, 3, 4) for the case where
both ends of the working liquid were free of fluctuations are shown in Figure 10. For Tur#i-2 (i = 1, 2, 3, 4),
the flow rate and instantaneous power were equal to Tur#i-1, respectively, because their instantaneous
airflow velocities were of equal intensity but opposite directions with air incompressibility assumption.
It can be observed that the flow rate, φ, became as high as 0.3, which corresponded to the threshold for
the stalling of the turbines used, and maintained during a certain time owing to the turbine rotation
controller. For evaluating the generating capacity, the instantaneous power of the turbine groups is
the most important factor. In Figure 11b, the peaks and valleys in the cases of Tur#1 to Tur#4 can
be seen clearly, with the power generated ranging from −169.8 W to 86.90 kW. Tur#1 refers to the
sum of Tur#1-1 and Tur#1-2 for their equal instantaneous power. The same goes for other pairs of
turbines. In addition, there were significant differences between the turbine groups as well, owing to
the differences in the response strengths of the corresponding TLCDs. The sum of the instantaneous
powers of the four turbine groups reached a maximum of 212.25 kW.Energies 2020, 13, x FOR PEER REVIEW 17 of 23 
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The performance of the TLCDs, maximum instantaneous power of the turbine groups, and average
powers for different HA and OR values are shown in Figure 11. It can be seen that the structural
symmetry of the proposed system resulted in symmetric responses in the cases of TLCD#1 to TLCD#4
(see Figure 12a). TLCD#1 and TLCD#2 did not oscillate at HA = 0◦, while all the TLCDs exhibited
symmetric motion at HA = 45◦. Another reason is that the TLCD would be most efficient when its
horizontal column is parallel to the excitation orientation but invalid if perpendicular. As the waves
usually come from one main direction, the results can be used for optimization of the number and
layout of TLCDs. The generating capacities of the turbine groups in response to the sloshing of the
corresponding TLCD are shown in Figure 12b. For example, Tur#1 and Tur#2 did not output any power
while Tur#3 and Tur#4 generated a considerable amount of electricity for HA = 0◦. For HA = 22.5◦

and HA = 45◦, all the turbines worked, and the output power was greater than that for HA = 0◦.
As described above, the instantaneous power will fluctuate greatly. Thus, the average power must be
used for evaluating the generating capacity. It is not surprising that the average power of each turbine
group was significantly lower than the instantaneous power, given the fluctuations. For OR = 1.0,
the total average powers for HA = 0◦, 22.5◦, and 45◦ were 67.69 kW, 37.144 kW, and 52.52 kW,
respectively. Fast estimation of the annual energy production (AEP) can be obtained by multiplying
the average power level, the availability, and the yearly production hours:

AEP = Pave × availability× hoursannual (21)

where availability and hoursannual are indicatively assigned as 95% and 8766 h, respectively.
Therefore, the yearly energy production is significantly higher, ranging from 310 to 564 MWh/year

with regard for wave heading angles, which may effectively contribute to the platform energy mix or
even improve self-sufficiency in electricity consumption.
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The OR has significant effects on the responses of the TLCDs and the generating capacity of the
turbines. As the OR is decreased, the motion of the liquid within the TLCDs is suppressed greatly.
Especially for OR = 0.25, the choking effect on the liquid is highly pronounced, resulting in a low
generating capacity.

4. Discussion

In the results for the proposed TLP-EWEC system, in Section 3, the effectiveness of the multi-use
design from the point of view of hydrodynamic responses and energy-generating capacity was presented.
When the hydrodynamic responses of the TLP-EWEC and ISSC TLP, presented in Figures 7 and 8,
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were compared, it was shown that the additional devices did not change the structural characteristic of
such production platform, but improved several DOFs’ motion with limited deterioration on other
DOFs. That is because there are difficulties in achieving six-DOF motion suppression just with TLCD
devices for their passive energy-absorbing capacity [46]. Moreover, results in Section 3.2.2 proved that
improvements can be expected in certain DOFs of the TLP-EWEC system and the deterioration in
other DOFs is limited when the orifices are open completely or partially. Thus, it can be concluded that
the TLP-EWEC met the requirements for offshore production operations as the ISSC-TLP if its EWEC
system was switched on for energy generation.

Section 3.3 indicated that the TLP-EWEC system can generate a considerable amount of electric
power and serve for offshore oil and gas production in the target oil fields. As the EWEC was
designed in resonance with the peak wave frequency, the internal liquid motions were larger than the
hydrodynamic hull and provided strong air flow for energy harvesting. For the selected three heading
angles, HA = 0◦, 22.5◦, and 45◦, the total average powers were 67.69 kW, 37.144 kW, and 52.52 kW,
respectively (see Figure 12). Fast estimation of the AEP reported that the yearly energy production is
significantly higher, ranging from 310 to 564 MWh/year, with regard for wave heading angles, which
may effectively contribute to the platform energy mix or even improve self-sufficiency in electricity
consumption. Moreover, given this effect of the OR on the response of the structure (in Section 3.2.2)
and the generating capacity (in Figure 12), it can be extrapolated that the extents of the damping-related
dissipation by the orifices and turbines are complementary. Therefore, the orifices can also act as
protection devices to prevent the overloading of the turbine groups.

As per this multi-use design, the conventional production platform located a few hundred
kilometers from the coast was able to act as an energy-producing wave energy farm. It can alleviate
the high electrical load and even help achieve self-sufficiency in terms of electricity generation and
consumption. On the other hand, the serviceability of the platform was improved, as some of the
hull motion energy is collected by the EWEC. It must be mentioned here that in this paper only the
TLP was used as the hydrodynamic hull preliminarily, but the concept can be spread to other types of
offshore platforms (e.g., semisubmersibles and mono-column spars). Actually, the TLP structure has
strict requirements of motions and would limit the productivity in calm sea conditions. Therefore,
other type of platforms which permit greater movements during operations could excite the EWEC
system more fully and it will be vastly more productive.

5. Conclusions

In this study, a preliminary design for an offshore TLP that combines a common offshore platform
with a novel EWEC system was proposed for additional energy production function. To assess its
feasibility, a multifold, nonlinear, analytical model of the coupled system was established for operation
simulations and a specific site was selected for detailed design. The hydrodynamic computing program
was validated and simulated the coupled system with different wave heading angles (HA = 0◦, 22.5◦,
and 45◦) and orifice ratios (OR = 0.00, 0.25, 0.50, 0.75, and 1.00), calculating both the six-DOF motions of
the TLP hull and the power output of the EWEC system. We elaborated on the hydrodynamic behavior
and generating capacity of the TLP-EWEC system. Based on the obtained results, the following
conclusions can be drawn.

Firstly, the TLP-EWEC can serve for offshore production operations just as the ISSC-TLP, regardless
of whether its EWEC system was switched on or off. The comparation of the six-DOF motions between
the TLP-EWEC and the ISSC TLP indicated that the new design kept similar structural characteristics of
such production platform and improved several DOFs motion with limited deterioration on other DOFs.
Further investigation indicated that the hydrodynamic responses of the TLP-EWEC are insensitive to
changes in orifice ratios.

Secondly, the assessment of generating capacity clearly showed that the TLP-EWEC system can
generate a considerable amount of electric power in the target oil fields. The total average powers are
67.69 kW, 37.144 kW, and 52.52 kW for HA = 0◦, 22.5◦, and 45◦, while the yearly energy production
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is ranging from 310 to 564 MWh/year. Additional benefits and profitability for the offshore platform
energy mix and motion controlling were proven effective and worthy of further application.

Lastly, the TLP-EWEC design added new concepts for the next generation of offshore platforms
and probed the possibility of wave energy sharing with oil and gas exploitation for offshore platforms.
This scheme can be spread to other types of offshore platforms which permit greater movements during
operations for higher energy production (e.g., semisubmersibles and mono-column spars). Moreover,
the multifold, nonlinear, analytical model presented here can also help to overcome challenges in similar
multi-use designs, primarily, among other benefits, the shared use of common offshore infrastructures.

It is clear that the TLP-EWEC has not been fully developed, gaps in research remain, and a
remnant of potential outcomes can be investigated. Future research should be directed at the energy
output/investment or levelized cost of energy (LCOE) of this new kind of WEC, the development of
certain measures to tune the EWEC, or by combining the EWEC with other types of platforms for both
high structural hydrodynamic performance and good energy-generating capacity.

Supplementary Materials: The computing Matlab codes used are available online at http://doi.org/10.5281/
zenodo.3692833.
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Abbreviations

OWC Oscillating water column DOF Degree of freedom
PTO Power take-off MTLCD Multi-tuned liquid column damper
M-OWCs Multi-oscillating water columns OR Orifice ratio
EWEC Embedded wave energy converter C.G. Center of gravity
TLP Tension leg platform ISSC The International Ship and Offshore Structures Congress
TLCD Tuned liquid column damper HA Heading angle

Nomenclature

oxyz, Gξηζ Global fixed coordinate system and local coordinate system
X1, X1, X3, φ, θ, ψ Surge, sway, heave, roll, pitch, and yaw motion
H j Relative motion of liquid in TLCD#j
q Vector of the TLP-EWEC system coordinates
Qe Vector of external forces
T, TTLP, T j

TLCD
Kinetic energies of TLP-EWEC, TLP, and TLCD#j

U, UTLP, U j
TLCD

Potential energies of TLP-EWEC, TLP, and TLCD#j
M0, M j Final mass matrix of hull and TLCD#j
Q0, Q j, Qk Final force vector of hull, TLCD#j, and chamber#k
M Body mass of a TLP
ρ Density of sea water
I1, I2, I3 Moments of inertia of a TLP
F, T External forces and moments on a TLP
(i, j, k), (e1, e2, e3) Axial base vectors of oxyz and Gξηζ
R Transformation matrix
rP = (ξ, η, ζ) Coordinates of microscale liquid column in Gξηζ
vH, VT

P Relative motion and absolute velocity of microscale liquid column
ω Angular velocity of hull
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F j
d

Total head resistance of TLCD#j
∆p, Tt, Pt Pressure drop across the rotor, turbine torque, and turbine power
K, a, r Turbine constant, turbine cross-section area, and turbine mean radius
Vx, ωt, φ Airflow velocity, turbine’s angular velocity, and flow rate
F jr, F

′

jr, F jl, F
′

jl Resultant forces acting on the TLP and TLCD#j due to air pressure
Tt jr, T

′

t jr, Tt jl, T
′

t jl Resultant moments acting on the TLP and TLCD#j due to air pressure
Ca, Ct Turbine power coefficient and torque coefficient
F′t j Force on TLCD#j result from right and left chamber pressure difference
Lh, Ah Length and cross area of the horizontal liquid column
Lv, Av Length and cross area of the vertical liquid column

Tp,Hs,γ
Peak wave period, significant wave height, and peak enhancement
factor

Appendix A
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Vectors rP and vH for each part of TLCD#j can be obtained as
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The transformation matrix, R, is given as

R =

 cosθ cosψ − cosθ sinψ − sinθ
sinφ sinθ cosψ+ cosφ sinψ − sinφ sinθ sinψ+ cosφ cosψ − sinφ cosθ
− cosφ sinθ cosψ+ sinφ sinψ cosφ sinθ sinψ+ sinφ cosψ cosφ cosθ

 (A5)

The generalized force, Qk (k = 5, . . . , 8), is assembled as

Qk = Ft jr + Ft jl + Tt jr + Tt jl+ [ 0 0 · · · 0 F′t j 0 · · · 0 ]1×10 ( j = k− 4)
1 2 · · · k + 1 k + 2 k + 3

(A6)
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