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Abstract
With the rapid development of marine renewable energy technologies, the demand to mitigate the fluctuation of variable
generators with energy storage technologies continues to increase. Offshore compressed air energy storage (OCAES) is a novel
flexible-scale energy storage technology that is suitable for marine renewable energy storage in coastal cities, islands, offshore
platforms, and offshore renewable energy farms. For deep-water applications, a marine riser is necessary for connecting floating
platforms and subsea systems. Thus, the response characteristics of marine risers are of great importance for the stability and
safety of the entire OCAES system. In this study, numerical models of two kinds of flexible risers, namely, catenary riser and lazy
wave riser, are established in OrcaFlex software. The static and dynamic characteristics of the catenary and the lazy wave risers
are analyzed under different environment conditions and internal pressure levels. A sensitivity analysis of the main parameters
affecting the lazy wave riser is also conducted. Results show that the structure of the lazy wave riser is more complex than the
catenary riser; nevertheless, the former presents better response performance.
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1 Introduction

Driven by changing climate, evolving energy demand, and
favorable economics, the renewable proportions of energy
portfolios are growing rapidly. They are also increasingly in-
tegrated with storage technologies that enhance their

flexibility. The ocean, accounting for 71% of the planet, con-
tains enormous unexploited renewable energy resources
(Bahaj 2011; Stegman et al. 2017).

In recent years, marine renewable energy has drawn increas-
ing interest as marine renewable energy technologies continue
to mature. The UK, which is considered a global leader in this
field, proposed the Marine Energy Action Plan early in 2010
(Government 2010). Soon after, the European Commission, the
Mid-Atlantic Regional PlanningBody, andChina released plans
to develop marine renewable energy (European Commission
2014; Mid-Atlantic Regional Planning Body 2016).

Marine renewable energy covers many forms, such as off-
shore wind, offshore solar, wave, tide, current, temperature,
and salinity gradient (Bahaj 2011). Similar to their terrestrial
counterparts, most marine renewable energy sources are un-
steady, intermittent, stochastic, and far from the end users;
these limitations can cause power stability as well as transmis-
sion, energy, and economic challenges (Zhou et al. 2016).
Energy storage is one of the most promising options for re-
solving these issues (Zhou et al. 2013; Liu and Zhang 2016;
Tang et al. 2017;Wang et al. 2017). However, the challenge of
a harsh marine environment and difficult business cases has
restricted the widespread commercial success of marine re-
newable energy storage. Beyond infantile battery energy
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storage, other novel marine renewable energy storage technol-
ogies have emerged; such technologies include offshore com-
pressed air energy storage (OCAES), offshore pumped hydro
energy storage, offshore hydrogen energy storage, offshore
gravity energy storage, and buoyancy energy storage
(Komor and Glassmaire 2012; Lim et al. 2013; Slocum et al.
2013; Pimm et al. 2014; Lan et al. 2015; Li and Decarolis
2015; Serna et al. 2016; Vasel-Be-Hagh et al. 2015; Wang
et al. 2016; Zanuttigh et al. 2016; Bassett et al. 2016; Hahn
et al. 2017; Germa andMGH-deep sea storage 2010).Many of
these energy storage technologies offer promise to create in-
tegrated, dispatchable energy systems based on the great re-
source potential of the sea.

Among the aforementionedmarine renewable energy storage
technologies, OCAES is the most developed and regarded as a
flexible-scale energy storage technology. The world’s first
utility-scale OCAES system was established and activated by
Hydrostor Corp. in 2015 (Hydrostor Corp 2015). IRWA
(International Renewable Energy Agency) and DNV&GL (Det
Norske Veritas and Germanischer Lloyd) predict that the large-
scale deep-water offshorewind farm and offshore energy storage
systems will be commercially deployed before 2050; they also
highlighted the particular critical role of future OCAES technol-
ogy (DNV 2014; Abu Dhabi 2016). Compared with onshore
CAES, the underwater subsystem is unique to OCAES, where
risers are required to transport compressed air into and out of
deep-water air accumulators. Despite examples of OCAES re-
search and commercial activity, few studies are available regard-
ing the viability of risers in OCAES systems.

Marine risers are critical components of offshore applica-
tions in ocean engineering because they provide a means of
transferring fluids or power between subsea units and a top-
side floating platform or buoys (Hoffman et al. 1991;
Institution 2006; Zhu and Gao 2017; Zhu et al. 2017).
According to their structures and functions, marine risers can
be divided into four categories: top tension riser, steel catenary
riser, flexible riser, and hybrid riser (Lshii et al. 1995;
Cuamatzi-Melendez et al. 2017). In deep-water applications,
flexible risers can suffer large displacements because bending
stiffness is lower than axial and torsional stiffness. These risers
require special nonlinear analysis (Kordkheili and Bahai
2007; Pham et al. 2016; Santillan and Virgin 2011). Flexible
risers are an enabler for deep-water (< 1000m) and ultra-deep-
water (> 1000m) developments for over 26 years inmarine oil
and gas production systems (Hill et al. 2006; Wang and Duan

2015). Thus far, the deepest application of a flexible riser is
2438.4 m. The riser diameter ranges from 50.8 to 482.6 mm.
The maximum design pressure can reach 103.4 MPa, and the
maximum operating temperature can reach 130 °C (Yu et al.
2014). At present, spatial discrete methods for the physical
and mechanical models of flexible risers are categorized into
three kinds, namely, concentrated mass method, finite differ-
ence method, and finite element method (FEM). The concen-
trated mass method is based on the physical model of the
flexible riser, which is regarded as a series of massless springs
connected to discrete concentrated mass nodes. Ghadimi and
Boom et al. first obtained the bending moment by the change
in each slope and calculated the equivalent shear force
(Ghadimi 1988; Boom et al. 1987). Raman-Nair and
Baddour deduced the generalized active force of the spring
in the local coordinate system, but the author used the Kane
equation to describe the control equation; as such, the deriva-
tion process was very complex, which greatly reduces the
simulation efficiency of the concentrated mass method
(Raman and Baddour 2003). This method can be used to an-
alyze the dynamic response of the variable length towing ca-
ble system; the main advantage is that it is easy to simulate the
process of release and recoverywith high efficiency (Kamman
and Huston 2001). Miao used a quasi-steady time domain
method to analyze the motion and dynamic characteristics of
a mooring system under the combined action of wind, wave,
and flow; the dynamic characteristics of the anchorage chain
were obtained by a generalized mass method (Miao 1998).
Zhu adopted the model and proposed a method for time do-
main analysis of the three-dimensional dynamic performance
of an ocean cable integrated system (Zhu et al. 2002).
Compared with the concentrated mass method, the finite dif-
ference method is more based on differential equations in
mathematics. However, this method is not easy to deal with
due to the boundary conditions and existence of a conver-
gence problem. Jain used a finite difference scheme for static
analysis of the lazy-S riser drape section (Jain 1994). Jason
derived the two-dimensional motion equation of underwater
cable considering bending stiffness in the geometric

Table 1 Actual system parameters

Parameter type Value

Water depth (m) 500

Inner diameter of riser (m) 0.250

Pressure of compressed air (MPa) 5.1

Fig. 1 Typical configuration of an OCAES system
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compliance mooring system; the equation was discrete in the
space domain by a box method and integrated with the gener-
alized alpha method in the time domain (Gobat 2000).
Santillan used elastic line theory to analyze the large deforma-
tion problem and employed shooting and finite difference
methods for numerical solution; finally, an example of a steep
riser was given (Santillan 2007). The FEM is based on the
elastic mechanics and can discrete the cable into a finite ele-
ment. Xie and Gao introduced two-dimensional finite element
analysis of the dynamic characteristics of an integrated ocean
cable system composed of surface buoys, cables, and interme-
diate objects (Xie and Gao 2000). Long and Tan established
the dynamic response of the mooring system in the time do-
main by establishing the FEM of the contact line between the

mooring line and the seabed under marine environment load
(Long and Tan 2005). Yuan et al. used the FEM in the time
domain to establish a numerical model of the cable equation,
taking the simulation comparison of the single mooring and
multi-point mooring as examples; they also developed the
corresponding calculation program (Yuan et al. 2010a, b). At
present, flexible risers are mainly used to convey liquid or
gas–liquid mixtures. Our literature survey indicated a dearth
of research on flexible marine risers conveying single-phase
high-pressure gas. The prolific flexible riser technology in the
oil and gas industry will provide a valuable reference for re-
search on developing flexible risers in OCAES systems.

In this study, the response characteristics of flexible risers
in OCAES systems are investigated for the first time. Two

Fig. 2 An OCAES power plant.
C compressor, E expander, G
generator, M motor, HFT hot
thermal energy storage fluid tank,
CFT cold thermal energy storage
fluid tank

Table 2 Riser data sheet unit: mm

Layer No. Description Material Inner diameter Thickness Outer diameter

1 Carcass layer Carbon steel 250 7 264

2 Internal pressure sheath PVDF 264 4 272

3 Internal pressure sheath PVDF 272 12 296

4 Pressure armor Steel 296 12 320

5 Antiwear PALL 320 1.5 323

6 1st tensile armor layer Steel 323 6 335

7 Antiwear PALL 335 0.4 335.8

8 Antiwear PALL 335.8 1.5 338.8

9 2nd tensile armor layer Steel 338.8 6 350.8

10 Antiwear PALL 350.8 0.4 351.6

11 Antiwear PALL 351.6 1.5 354.6

12 3rd tensile armor layer Steel 354.6 6 366.6

13 Antiwear PALL 366.6 0.4 367.4

14 Antiwear PALL 367.4 1.5 370.4

15 4th tensile armor layer Steel 370.4 6 382.4

16 Antiwear PALL 382.4 0.4 383.2

17 Antiwear PALL 383.2 0.4 384

18 Outer sheath PVDF 384 12 408

B. Hu et al.:Response Characteristics of Flexible Risers in Offshore Compressed Air Energy Storage Systems 355



options, namely, catenary riser and lazy wave riser, are ana-
lyzed. According to the actual system parameters shown in
Table 1, the flexible risers are designed and analyzed numer-
ically. Static and dynamic analyses are performed, and the
results are compared. The main factors of the buoyancy mod-
ule that influence the global response characteristic of the
system are also analyzed by simulations.

The paper is organized as follows. In Section 2, the system
configuration and working processes of the OCAES system
are introduced. The numerical models of the catenary riser and
the lazy wave riser are established in Section 3. In Section 4,
the effective tension and the shape of the flexible riser in the
static and dynamic models are analyzed. A sensitivity analysis
is also conducted for the main parameters of the buoyancy
module. Finally, conclusions are drawn.

2 Offshore Compressed Air Energy Storage
System

A typical OCAES system is shown in Fig. 1. Electricity is
generated by the marine renewable energy converters
(MREC), collected, and transformed in the offshore substa-
tion. Surplus (because of low demand/low market price)

electricity from the MREC is used to charge the CAES power
plant. In the CAES power plant, electricity energy is convert-
ed into thermal and pressure energy carried in compressed air.
The high-pressure compressed air is transported into air accu-
mulators, which are ballasted to the seabed. When needed, the
stored compressed air is released from the air accumulators to
drive turbo expanders, which regenerate electricity. This elec-
tricity is transmitted to the onshore substation and grids via
underwater cables. Thus, this energy storage system can be
realigned for offshore oil and gas platforms, islands, and
coastal cities, where available topography exists.

Figure 2 shows a simplified schematic of anOCAES power
plant.

The system can be divided into compressed air storage and
thermal energy storage subsystems, which are connected via
heat exchangers. The compressed air storage subsystem is
primarily used to store compressed air. Excess electricity
drives the electric motor (M). Atmospheric air is drawn into
and compressed in the air compressor (C). After cooling in the
heat exchanger, the compressed air is charged into the air
accumulators via the riser. When needed, the stored com-
pressed air is discharged from the air accumulators and
reheated in the heat exchanger to drive the air expander (E)
and generate electricity in the generator (G). The compression
unit generates a significant amount of heat, which is used to

Fig. 4 Model of the lazy wave riser

Fig. 3 Model of the catenary riser

Table 3 Structure parameters of the flexible riser

Parameter type Value

Length of catenary riser (m) 960

Length of lazy wave riser (m) 780

Outer diameter (m) 0.408

Inner diameter (m) 0.250

Mass per unit length (kg/m) 404

Bending stiffness (kN · m2) 203

Axial stiffness (kN) 3.8E6

Table 4 Environment parameters

Parameter type Value

Seawater density (kg/m3) 1025

Wave period (s) 7.0

Wave length (m) 80.8

Wave height (m) 6.0

Surface current (m/s) 2.01

Seabed current (m/s) 0
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heat up the working fluid from the cold thermal energy storage
tank and is stored in the hot thermal energy storage tank. In the
discharging stage, the stored thermal energy in the hot thermal
energy storage fluid tank (HFT) is utilized to heat the cold air
via the heat exchanger on the expansion site, before returning
to the cold compressed air. In this way, the thermal energy
generated in compression is not wasted.

3 System Modeling of a Flexible Riser System

Based on the pressure condition of the OCAES system,
flexible riser parameters are designed using the API
Recommended Practice 17B (API 2008). The riser data
sheet is presented in Table 2. Although the structure of
the flexible riser is very complex, it can be assumed as a
homogeneous pipeline for simplification. The equivalent
structural parameters of the flexible riser are shown in
Table 3.

The numerical model of the catenary riser and the lazy
wave riser is established in OrcaFlex software (Figs. 3 and
4). The flexible riser is established by the line unit, and the
buoyancymodule of the lazy wave is established by the clump
unit. The inside of the flexible riser is filled with high-pressure
compressed air with a density of 60.5 kg/m3. The top of the
flexible riser is attached to the bottom of the platform, while
the end of the riser is connected to the seabed by an anchored
boundary condition. The friction coefficient between the soil
and the riser is set as 0.5 (OrcaFlex). The environmental

parameters, both wave and current, used in the calculation
are shown in Table 4. The boundary conditions are shown in
Table 5.

Compared with other methods, lumped mass method has
many advantages (Huang and Vassalos 1993; You et al. 2008):
(l) explicit physical meaning of mathematical model; (2) high
efficiency for calculating the tension and riser configuration;
and (3) suitability for non-linear, unsteady state, non-uniform
riser and oscillation flow analyses (Fig. 5).

The motion equation of the ith node on the flexible riser is
as follows:

miai þ 1

2
eiþ1=2aiN iþ1=2 þ

1

2
ei−1=2aiN

����
����
i−1=2

¼ Fi ð1Þ

where mi is the mass, ai is the acceleration, ei+1/2 is the imag-
inary masses of the fluid being dragged between nodes i and
i + 1, ei−1/2 is the imaginary masses of the fluid being dragged
between nodes i and i − 1, aiN∣i+1/2 and aiN∣i−1/2 are the nor-
mal components of vector ai on two segments, and force

Fig. 6 OrcaFlex line model (OrcaFlex)Fig. 5 Lumped mass method model

Table 5 Boundary conditions

Catenary riser Lazy wave riser

Top hanging point (36, 1.7, − 7.5) Top hanging point (36, 1.7, − 7.5)

Touchdown zone (600, − 35, 0.2) Touchdown zone (420, − 35, 0.2)
Hanging angle 20° Hanging angle 15°
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vector Fi includes tension, drag force, gravity, buoyancy, and
any other external forces in two segments.

The basic mechanism of dynamic tension in the riser sys-
tem is inertia force, tension force, geometric stiffness, and
elastic stiffness. Except for the case that the riser is tensioned
or has obvious high-frequency motion, the elastic stiffness in
most riser systems of compliant platforms is ignored, and the
spring-mass-damping system takes into account all these
physical parameters.

Figures 6 and 7 show the finite element model of the
riser used in OrcaFlex (ORCAFLEX 2017). The model is
based on the theory of the lumped mass method, which is
commonly used for analyzing slender rod structures. The
riser is divided into a series of segments, which are then
modeled by a straight massless model segment with a
node at each end. The model section only simulates the
axial and torsional properties of the riser, while other
properties (mass, weight, buoyancy, etc.) are all lumped
into the nodes numbered as 1, 2, 3, etc. in Fig. 6.

Figure 7 presents the details of the line model, showing a
single mid-line node and the segments on either side of it. The
figure includes the various spring and dampers that model the
structural properties of the line. The three types of spring and
dampers in the model are as follows:

1) The axial stiffness and damping of the line are modeled
by the axial spring and damper at the center of each seg-
ment, which applies an equal and opposite effective ten-
sion force to the nodes at each end of the segment.

2) The bending properties are represented by rotational
spring and dampers on either side of the node, spanning
between the node’s axial direction Nz and the segment’s
axial direction Sz.

3) The line’s torsional stiffness and damping are modeled by
torsional spring and damper at the center of each segment,
which applies equal and opposite torque moments to the
nodes at each end of the segment.

Fig. 7 Detailed representation of the OrcaFlex line model (OrcaFlex)

Fig. 9 Influence of different internal pressure levels on the shape of the
catenary riser

Fig. 10 Influence of different internal pressure levels on the shape of the
lazy wave riserFig. 8 Tension and pressure force
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In OrcaFlex, the two types of tension reported are effective
tension (Teff) and wall tension (Twall), which are related by:

T eff ¼ Twall−piAi þ p0A0 ð2Þ
where pi is the internal pressure (pressure of compressed
air), p0 is the external pressure (pressure of surrounding
water), and Ai and A0 are the internal and external cross
section areas of the stress annulus of the riser,
respectively.

The difference between the effective tension and the
wall tension is shown in Fig. 8. The nodes in the two
sides represent a length of riser with its contents. The
forces on them are calculated as if the length of the pipe
represented has end caps, which hold in the contents and
are exposed to internal and external pressure. Therefore, a
force balance presented by Eq. (1) is formed in the axial
direction (OrcaFlex).

4 Global Response Analysis of the Riser
System

4.1 Static Response Characteristics

Based on the established model, the static response char-
acteristics of the flexible riser are analyzed first. The ob-
jective for the static analysis is to determine the equilib-
rium configuration of the system under weight, buoyancy,
and hydrodynamic forces, thereby providing a starting
configuration for the dynamic simulation. The influence
of different internal pressure levels and current flow on
the flexible riser is determined, and the response charac-
teristics of the flexible riser are analyzed.

Figure 9 shows the influence of different internal pressure
levels on the shape of the catenary riser in a static state. The
internal pressure varies from 3.6 to 5.6 MPa. The result shows
that the internal pressure of air has negligible impact on the
shape of the catenary riser in the static state.

Fig. 12 Influence of different internal pressure levels on the effective
tension of the lazy wave riser

Fig. 13 Influence of different types of current flow on the shape of the
catenary riser

Fig. 11 Influence of different internal pressure levels on the effective
tension of the catenary riser

Fig. 14 Influence of different types of current flow on the shape of the
lazy wave riser
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Figure 10 shows the influence of different internal
pressure levels on the shape of the lazy wave riser in a
static state. The internal pressure has a greater impact on
the lazy wave riser than that on the catenary riser. The
height of the float section decreases with increasing inter-
nal pressure at the buoyancy section.

Figure 11 shows the influence of different internal
pressure levels on the effective tension of the catenary
riser in a static state. The result shows that the effective
tension on the top hanging point increases with increasing
internal pressure. The influence of internal pressure de-
creases along the length of the riser.

Figure 12 shows the influence of different internal
pressure levels on the effective tension of the lazy wave
riser in a static state. The maximum effective tension of
the lazy wave riser is smaller than that of the catenary

riser. The result shows that the effective tension on the
top hanging point increases with increasing internal pres-
sure. Meanwhile, the effective tension on the buoyance
section decreases with increasing internal pressure.

Figures 13 and 14 show the influence of different types
of current flow on the shape of the catenary riser and lazy
wave riser in a static state, respectively. The distribution
of current flow varies from 0.5 to 2.0 m/s, and the current
method is interpolated. The result shows that the current
flow has negligible impact on the shape of the catenary
riser and the lazy wave riser.

Figures 15 and 16 show the influence of different types
of current flow on the effective tension of the catenary
riser and the lazy wave riser in a static state, respectively.
The result shows that the current flow has little impact on
the effective tension of the catenary riser and the lazy
wave riser.

Fig. 15 Influence of different types of current flow on the effective
tension of the catenary riser

Fig. 16 Influence of different types of current flow on the effective
tension of the lazy wave riser

Fig. 18 Influence of different internal pressure levels on the effective
tension of the lazy wave riser

Fig. 17 Influence of different internal pressure levels on the effective
tension of the catenary riser
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4.2 Dynamic Response Characteristics

The dynamic response of the two configurations of the flexi-
ble risers are calculated and compared under the same condi-
tions. The dynamic analysis is a time simulation of the mo-
tions of the model over a specified period of time, starting
from the position derived by the static analysis.

Figure 17 shows the influence of different internal pressure
levels on the effective tension of the catenary riser in a dy-
namic state. The result shows that the effective tension on the
top hanging point increases with increasing internal pressure.
In addition, the influence of internal pressure decreases along
the length of the riser.

Figure 18 shows the influence of different internal pressure
levels on the effective tension of the lazy wave riser in a
dynamic state. The result shows that the effective tension on
the top hanging point increases with increasing internal

pressure. By contrast, the effective tension on the buoyancy
section decreases with increasing internal pressure.

Figures 19 and 20 show the influence of different wave
conditions on the effective tension of the flexible riser in a
dynamic state. The height of the wave varies from 8.7 to
18 m, and the period varies from 12.3 to 16.1 s. The result
shows that the wave conditions have little impact on the ef-
fective tension of the catenary riser and the lazy wave riser.

Figure 21 shows the steady state shapes of the flexible riser
in different current directions. The current directions vary
from 0 to 270° with 90° increments. The projected steady state
shapes of the flexible riser in the XOZ plane are the same
because of the plane symmetry of the 90° current and 270°
current about the XOZ plane. For the dynamic analysis, the
effects of different current directions on the shapes of the
flexible riser are not significant; thus, only the 180° current
is considered for the analysis of dynamic response
characteristics.

Figures 22 and 23 show the dynamic vertical displacement
at 460 m point in the two studied configurations. The

Fig. 19 Influence of different wave conditions on the effective tension of
the catenary riser

Fig. 22 Dynamic vertical displacement of the catenary riser at 460 m
point

Fig. 20 Influence of different wave conditions on the effective tension of
the lazy wave riser

Fig. 21 Steady state shapes of the flexible riser in different current
directions
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displacement of the catenary riser is larger than that of the lazy
wave riser, indicating that the lazy wave configuration per-
forms better in terms of global displacement response.

4.3 Sensitivity Analysis of Lazy Wave Parameters

The parameters of the buoyancy module are the main factors
that affect the global response of the lazy wave riser. Thus, a
parametric sensitivity analysis of the global response of the
lazy wave riser is performed.

The length of the buoyancy module is an important factor
that affects the global response of the lazy wave riser. The
static effective tension and the bending curvature of the lazy
wave riser with 200 m, 300 m, 400 m, and 500-m buoyancy
modules are analyzed. Figure 24 shows that the effective ten-
sion of the top hanging point decreases while the effective

tension at the end of the buoyancy module increases with
increasing buoyancy module.

Figure 25 illustrates that the local maximum values of the
bending curvature of the buoyancy module decrease as the
buoyancy module lengthens. As such, appropriate extension
of the buoyancy module can improve the bending perfor-
mance of the flexible riser.

The position of the buoyancy module can alter the wave-
form of the lazy wave riser. Thus, the static effective tension
and the bending curvature of the lazy wave riser are analyzed
in the context of the location of the buoyancy module.
Specifically, the starting point of the buoyancy module is var-
ied from 200 to 500 m in 100 m increments. Figure 26 shows
that the effective tension at the top hanging point increases as
the start of the buoyancy module is delayed. On the other
hand, the maximum value of the effective tension increases
with the starting position of the buoyancy module. Figure 27

Fig. 23 Dynamic vertical displacement of the lazy wave riser at 460 m
point

Fig. 24 Comparison of effective tension of different buoyancy modules
with various lengths

Fig. 26 Comparison of effective tension for different positions of the
buoyancy module

Fig. 25 Comparison of bending curvature of different buoyancy modules
with various lengths

362 Journal of Marine Science and Application



shows that the bending performance of the lazy wave flexible
riser is better as the buoyancy module is postponed.

Other than the starting position, the size of the buoyancy
module can provide different levels of buoyancy for the
lazy wave riser. The static effective tension and the bend-
ing curvature of the lazy wave riser are analyzed in terms
of the size of the buoyancy module. The size of “buoy 1”
buoyancy module is the smallest, and that of “buoy 4” is
the largest. The results are shown in Figs. 28 and 29. The
effective tension at the top hanging point decreases with
the increasing value of the buoyancy module. However, an
increase in the size of the buoyancy module also increases
the buoyancy, which in turn increases the effective tension
in the buoyancy module. The bending curvature local max-
imum values of the lazy wave flexible riser decrease with
the increasing size of the buoyancy module. Hence, the
buoyancy module can improve the global bending
performance.

5 Conclusions

In an effort to push deep-water OCAES technology closer
to implementation, marine riser approaches from the oil
and gas industry are introduced and investigated for this
new application for the first time. The numerical models
of two kinds of flexible risers, namely, catenary riser and
lazy wave riser, are established in OrcaFlex software. The
static and dynamic characteristics of the catenary and the
lazy wave risers are analyzed under different environment
conditions and internal pressure levels. A sensitivity anal-
ysis of the main buoyancy module parameters affecting
the lazy wave riser is also conducted. The results show
that the structure of the lazy wave riser is more complex
than the catenary riser; nevertheless, the lazy wave riser
presents better response performance. The detailed main
conclusions are as follows:

1) In the static analysis, the effective tension of the cat-
enary riser gradually decreases along its length. The
lazy wave riser shows maximum values in the buoy-
ancy module, although these maximum values are
significantly smaller than those associated with the
catenary riser. The effective tension of the catenary
riser and the lazy wave riser is influenced by internal
pressure.

2) In the dynamic analysis, the effective tension of the cate-
nary riser is more intense than that of the lazy wave riser.
This finding implies that the lazy wave riser can be uti-
lized to improve the dynamic response of the OCAES
system, i.e., stabilize the OCAES system.

3) In the sensitivity analysis, the maximum bending curva-
ture and the effective tension at the top hanging point
decrease with elongation and the enlargement of the
buoyancy module. With decreasing distance between
the buoyancy module and the top hanging point, the

Fig. 28 Comparison of effective tension for different sizes of the
buoyancy module

Fig. 29 Comparison of bending curvature for different sizes of the
buoyancy module

Fig. 27 Comparison of bending curvature for different positions of the
buoyancy module
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maximum effective tension of the top hanging point in-
creases while the maximum bending curvature decreases.
Therefore, a balance between these parameters is
required.
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