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Abstract: This study investigates the technical feasibility of a dry towing-based installation method for a 10 MW class jack-up offshore

wind turbine (OWT), in response to the increasing technical challenges associated with the transportation and installation of large-scale

offshore wind turbines. Structural stability and mooring responses during both the transportation and installation phases were evaluated

using MOSES and ANSYS AQWA. Particular attention was given to the station-keeping performance and mooring line tensions during

the leg lowering process under barge mooring conditions. The analysis results indicate that the barge—OWT system maintains sufficient

stability during the dry towing transportation phase. In addition, the mooring system provides stable station-keeping performance

during the installation phase. The mooring line tensions were also found to have adequate safety margins compared to the safe working

load (SWL). These results demonstrate that the dry towing-based installation method is a feasible alternative for the installation of

large-scale jack-up OWTs.
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1. Introduction

With the global acceleration of carbon neutrality (net-zero)
policies and the expansion of renewable energy strategies, off-
shore wind power has rapidly emerged as a key energy source for
the energy transition. In particular, to improve power generation
efficiency and enable large-scale offshore wind farm develop-
ment, the capacity of individual offshore wind turbines has con-
tinuously increased. Recently, large-scale offshore wind turbines
with capacities exceeding 10 MW have reached the stage of com-
mercial deployment [1]. This trend has significantly increased
the technical complexity of transportation and installation pro-
cesses for offshore wind turbines (OWTs).

OWTs are typically installed using wind turbine installation
vessels (WTIVs) or large crane barges. Although these methods
ensure high operational precision and stability, they have notable
limitations, including high equipment charter costs, restricted
weather windows, and limited global availability of WTIVs,
which may lead to project delays [2]. In addition, offshore instal-

lation operations are highly sensitive to environmental conditions

such as waves, wind, and currents, and their feasibility is gener-
ally determined through weather window analysis [3].

Recently, alternative installation approaches such as tug-as-
sisted methods have been investigated. In the case of jack-up
(self-elevating platform, SEP) offshore wind turbines (OWTs),
self-installation using onboard jacking systems enhances the fea-
sibility of such approaches [4]. In terms of transportation, OWTs
can be broadly classified into wet towing and dry towing. Wet
towing provides high transportation efficiency but exposes the
OWT directly to environmental loads, making motion response
and stability critical design considerations. In contrast, dry tow-
ing transports the OWT on a barge, reducing motion responses
and improving transportation stability. Various studies have in-
vestigated towing performance and transportation stability of
OWTs [5]-[7].

During the installation process of jack-up OWTs, the leg low-
ering operation and spudcan penetration into the seabed play a
critical role in structural stability. Previous studies have investi-

gated spudcan penetration behavior and installation stability for
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various jack-up systems, providing fundamental insights for in-
stallation design [8]-[9].

In addition, recent studies published in the Journal of Ad-
vanced Marine Engineering and Technology (JAMET) have in-
vestigated mooring system behavior and stability characteristics
of offshore wind turbines (OWTs) under environmental loading
conditions [10].

However, existing studies have primarily focused on towing
stability and transportation performance, while limited attention
has been given to the integrated evaluation of both transportation
and installation phases for jack-up OWTs transported using dry
towing. In particular, the coupled effects of leg lowering and
mooring system response on position-keeping performance dur-
ing installation have not been sufficiently addressed.

In dry towing-based installation, the transportation and instal-
lation phases are inherently interconnected, as changes in struc-
tural configuration and environmental loading conditions during
leg lowering can significantly affect both stability and mooring
response. Therefore, an integrated evaluation of both phases is
required to ensure the overall feasibility of the installation
method.

Therefore, this study aims to evaluate the technical feasibility
of a dry towing-based installation method for a 10 MW class
jack-up OWT through an integrated analysis of both transporta-
tion and installation phases. Numerical analyses were conducted
to assess structural stability during transportation and mooring
response characteristics during installation. Particular emphasis
was placed on the position-keeping capability and variations in
mooring line tension during the leg lowering process under barge

mooring conditions.

2. Offshore Wind Installation Methods and the
Concept of Dry Towing

2.1 Offshore Wind Installation Methods

The installation methods for large-scale OWTs can generally
be classified into wind turbine installation vessel (WTIV)-based
methods, large crane barge-based methods, anchor mooring-
based methods, and tug-assisted installation methods [2].

Among these, the WTIV-based installation method is the most
widely used, as it can ensure high levels of operational precision
and stability. However, it has notable disadvantages, including

high equipment costs and limited availability of such specialized
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vessels. For these reasons, continuous efforts have been made to

develop alternative installation methods for large-scale OWTs.

2.2 Dry Towing
Dry towing is a transportation method in which the OWT is
carried on the deck of a barge, thereby reducing structural mo-
tions and ensuring transportation stability. This method has the
advantage of minimizing wave exposure of the OWT during the
transportation [5]-[7].
The main characteristics of dry towing are as follows:
(1) Minimization of wave exposure during transportation
(@) Capability to ensure high restoring stability
(3 Enhanced transportation stability for large-scale OWTs
On the other hand, the installation phase involves the following
procedures:
Securing mooring stability of the barge
Leg lowering and spudcan penetration

Deck elevation through the jack-up process

® OO

Demobilization of the barge

3. Numerical Analysis Method

3.1 Target Structure

The target structure considered in this study is the 10 MW
OWT. The structure consists of a triangular pontoon with three
legs arranged at its corners, and each leg is equipped with a spud-
can at its base to transfer loads to the seabed. The legs extend
vertically from the pontoon, and during the installation phase, the
spudcans penetrate into the seabed through the leg lowering pro-
cess to secure structural support [8]-[9].

The topside structure consists of a deck and a tower, and an
rotor-nacelle assembly(RNA) is installed at the top of the tower.
The jack-up structure is operated by lowering the legs to fix the
structure to the seabed at the installation site, followed by elevat-

ing the deck to secure a working platform.

lo

ol

Figure 1: Configuration of the 10 MW OWT
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Table 1: Main particulars of the 10 MW OWT

Item Value
Turbine (DTU) 10 MW
Total Length (m) 69.1
Leg Length (m) ©4.0x60.5
Body Arm Length (m) 36.0
Body Height (m) 10.5
Body Breadth (m) 12.0

Table 2: Principal particulars of the transportation barge

Item Value

Length (O. A) (m) 97.500
Breadth (MLD.) (m) 6.000
Depth (MLD.) (m) 6.000
Draft (D.L.W.L) (m) 4.500

In this study, numerical analyses were conducted under the as-
sumption that the 10 MW OWT, with the above structural char-
acteristics, is transported in a fully assembled condition on a
barge and installed at the site through the leg lowering and sub-
sequent jack-up processes. The configuration of the target struc-
ture is shown in Figure 1, and its principal particulars are sum-

marized in Table 1 and Table 2.

3.2 Environmental Conditions

The environmental conditions were defined based on the con-
cept of weather-restricted conditions specified in DNV-ST-N001
[11] and ISO 19901-6 [12]. According to these standards, envi-
ronmental conditions for offshore operations are categorized into
the operational limiting condition (OPLim) and the operating
weather forecast condition (OPwg).

The operational limiting condition (OPLm) represents the max-
imum allowable environmental conditions used to verify struc-
tural safety, whereas the operating weather forecast condition
(OPwr) represents the environmental conditions under which off-
shore operations can be safely carried out. In practice, offshore
installation operations are conducted within a weather window
determined based on metocean analysis.

In this study, a-factors of 0.59 and 0.71 were applied to wave
height and wind speed, respectively, to define the OPwr. Accord-

ingly, the operating conditions were set to be less severe than the

Table 3: Environmental conditions for operating (OPwr) and de-

sign (OPLim) cases

Criteria OPLIM OPWF
Wave Height(Hs) (m) 1.0(0=0.59) 0.6
Wind Speed (m/s) 10.0(0=0.71) 7.0
Current Speed (m/s) 1.03 1.03

OPLiv = operational limiting condition (design condition)

OPwr = operating weather forecast condition

design conditions, and the key environmental parameters are

summarized in Table 3.

3.3 Analysis Concept and Positioning Assessment

In the dry towing-based installation method, the 10 MW OWT
mounted on a barge is transported to the installation site, where
the legs are lowered under moored conditions to allow the
spudcans to penetrate into the seabed. During this process, main-
taining the target installation position is a critical requirement, as
excessive positional deviation may lead to misalignment of the
spudcan touchdown location and affect the subsequent jack-up
operation and structural stability.

To evaluate the installation feasibility, both transportation sta-
bility and position-keeping capability during the installation
phase must be considered. In particular, the leg lowering process
induces changes in draft, center of mass, and submerged geome-
try, which in turn affect the hydrodynamic response and mooring
system behavior.

In this study, the performance of a four-point mooring system
in maintaining the stability of the barge—-OWT system under en-
vironmental loading conditions was evaluated. The position-
keeping capability was assessed based on horizontal offsets
(surge and sway), while mooring stability was evaluated using
the maximum mooring line tension relative to the allowable lim-
its.

To account for variations during installation, three representa-
tive leg lowering stages (5 m, 10 m, and 15 m) were considered.
The selected leg-lowering stages represent key transitional con-
ditions during the installation process, where variations in draft,
center of mass, and hydrodynamic characteristics significantly
influence both motion responses and mooring system behavior.
At each stage, the structural motion responses and mooring line
tensions were analyzed under identical environmental condi-
tions, enabling a consistent comparison of position-keeping per-
formance and mooring stability throughout the installation pro-

CEsS.

3.4 Modeling of the Barge—10 MW OWT and Mooring
System

The analysis model consists of the 10 MW OWT mounted on
a barge and a four-point mooring system used to maintain its po-
sition during installation. The structure was assumed to be rigidly
fixed to the barge deck, and the entire system was modeled as a
single rigid body with six degrees of freedom, including surge,

sway, heave, roll, pitch, and yaw.
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The dynamic behavior of the system was described using fre-
quency-domain equations of motion that account for structural
mass, added mass, radiation damping, viscous damping, hydro-
static restoring forces, and restoring forces induced by the moor-
ing system. The mooring system provides additional restoring
forces that contribute to suppressing environmental load-induced

motions and ensuring position-keeping capability.

(M + A((l’))f + (B(w) + Bv)é + CE + Fpoor (§)
= Fyave + Fwina + Feurrent (1)

The motion of the barge—OWT system is governed by the
above equation. Here, M denotes the structural mass matrix,
A(w) is the frequency-dependent added mass matrix, B(w) is
the radiation damping matrix, and B, represents the viscous
damping matrix. C denotes the hydrostatic restoring matrix.

In addition, F,,,, represents the restoring force induced by the
mooring system, while Fy e, Fying and Ferene denote the exter-
nal forces due to waves, wind, and current, respectively.

The vector ¢ represents the six degrees of freedom of the
structure, namely surge, sway, heave, roll, pitch, and yaw.

The mooring lines were configured as a four-point arrange-
ment connected to the corners of the barge and were modeled
using a nonlinear catenary formulation that considers self-
weight, initial tension, and geometric nonlinearity. This approach
enables realistic prediction of mooring line configuration and
tension variations under environmental loading.

Environmental loads acting on the system include wave, wind,
and current forces. Wave loads were calculated based on linear
potential theory in the frequency domain, including second-order
drift forces that contribute to mean displacement. Wind and cur-
rent loads were estimated using drag-based formulations and in-
corporated into the hydrodynamic analysis.

Numerical analyses were performed using MOSES and AN-
SYS AQWA. Hydrodynamic coefficients were first obtained,
and the motion responses of the barge—OWT system were evalu-
ated in the frequency domain. Subsequently, mooring line ten-
sions and position-keeping performance were assessed by con-
sidering the nonlinear restoring characteristics of the mooring
system under combined environmental loading conditions.

The dry towing installation concept and the configuration of
the mooring system considered in this study are illustrated in Fig-

ure 2.
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Figure 2: Conceptual configuration of the dry towing installation

with four-point mooring system

3.5 Environmental Loads and Numerical Analysis Proce-
dure

In this study, the primary environmental loads acting on the
structure include wave, wind, and current loads. The wave loads
were calculated using frequency-domain analysis based on linear
potential theory, and second-order drift forces causing mean dis-
placement of the structure were also taken into account [13].

Wind loads were estimated using a drag formulation based on
air density, drag coefficient, and projected area, while current
loads were calculated using the drag term of the Morison equa-
tion [14]. These approaches are widely used in hydrodynamic
analysis of offshore structures.

Numerical analyses were performed using MOSES and AN-
SYS AQWA. First, hydrodynamic coefficients of the structure
were computed, and motion responses were obtained in the fre-
quency domain. Subsequently, structural motions and mooring
line tensions were calculated by considering the nonlinear restor-
ing characteristics of the mooring system.

The overall procedure for hydrodynamic response and instal-

lation analysis adopted in this study is illustrated in Figure 3.

Hydrodynamic & Hydrodynamic Response Analysis by AQWA

Environment

™ R0 iin {77 (Wave, Current, Wind) i

Wave Exciting Force 1 i X

i L B - Fivinds Feurrent

| MOSES

b arf

> Added Mass
Radiation Force i

due to Floating Motion
Radiation

Damping

» BuoyencyForces | |

Hydrostatic Properties & Morert

Diameter,
Towline Properties  --~-»  Weight in Air,
Length, Stiffness, ... ¥

Mooring Line & Anchor Re-arrangement |
(Re-analysis with new mooring gears)

heck
A ) Maximum Mooring Line Tension < SWL
) Anchor Holding Capacity

Figure 3: Flowchart of the hydrodynamic response and installa-

tion analysis procedure for the barge-OWT system
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(a) (b) (©)
Figure 4: Installation stages of the barge-OWT system during
dry towing installation (water depth = 20 m): (a) Step-1, leg low-
ering of 5 m; (b) Step-2, leg lowering of 10 m; (c) Step-3, leg

lowering of 15 m

3.6 Analysis Scenarios for Leg Lowering Stages

In the dry towing installation process, the draft, center of mass,
and submerged geometry of the structure change as the legs are
lowered. These changes affect the restoring characteristics and
hydrodynamic behavior of the structure. Therefore, it is neces-
sary to examine the structural behavior and mooring responses
corresponding to different leg lowering stages.

In this study, three installation stages were considered accord-
ing to the leg lowering depth:

Step-1: Leg lowering of 5 m

Step-2: Leg lowering of 10 m

Step-3: Leg lowering of 15 m

At each stage, identical environmental conditions were applied
to compare and analyze the structural motion responses and
mooring line tension variations. The installation concept for each

leg lowering stage is illustrated in Figure 4.

4. Stability Analysis during Dry Towing Transpor-
tation

4.1 Towing Resistance and Required Towing Force Anal-

ysis

In dry towing, it is necessary to estimate the total resistance
acting on the barge-OWT system during transportation to the in-
stallation site and to evaluate the required performance of the tug
vessels accordingly.

In this study, the total resistance under dry towing conditions
was calculated using the formulation provided in the Enforce-
ment Decree of the Ship Safety Act, specifically the regulations
on the provision and inspection of towing equipment. This stand-
ard is widely applied in practical offshore structure transportation

operations and in Marine Warranty Survey (MWS) assessments.
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Table 4: Resistance components of the barge—10 MW OWT sys-

tem during dry towing

Item Value
Friction resistance (tonf) 1.747
Wave making resistance (tonf) 1.871
Air resistance (tonf) 55.746
Additional resistance (tonf) 5.500
Total resistance (tonf) 64.863

Table 5: Principal particulars of the 4500 PS tugboat used in the

analysis
Item Value
Engine power (PS) 4500
Length overall (LOA) (m) 37.0
Breadth (B) (m) 10.0
Depth (D) (m) 4.5
Bollard Pull (BP) (tonf) 55.0

Table 6: Towing performance calculation based on DNV-ST-

NO001

Item Value
Bollard Pull per tug (tonf) 55.0
Tug efficiency (%) 62.3
Effective pull per tug (tonf) 342
Number of tugs 2
Total effective pull (TPR) (tonf) 68.5

The calculation conditions for total resistance were set as fol-
lows: a towing speed of 2 knots, a wind speed of 36.93 knots
(approximately 19 m/s), and a significant wave height of 3 m.
The total resistance was obtained as the sum of frictional re-
sistance, wave-making resistance, air resistance, and additional
resistance components, and each resistance component is sum-
marized in Table 4.

The calculation results show that the total resistance under dry
towing conditions was approximately 64.9 tonf, with air re-
sistance accounting for the largest proportion of the total re-
sistance.

To evaluate the required tug performance based on the esti-
mated total resistance, the effective towing force was assessed
using the tug efficiency formulation presented in DNV-ST-N0O1
[11]. In this study, the specifications of a 4,500 PS-class tug were
applied, and the principal particulars are summarized in Table 5.

In accordance with DNV standards, the effective towing force
was calculated by considering the bollard pull and tug efficiency.
Under a significant wave height of Hg = 3.0 m, the tug effi-
ciency was estimated to be approximately 62.3 %, resulting in an

effective towing force of 34.2 tonf for a single tug.
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When two identical tugs are employed, the total pulling require-
ment (TPR) is calculated to be 68.5 tonf, and the results are sum-
marized in Table 6. The number of tugs was determined to sat-
isfy the required towing force based on the estimated total re-
sistance. The calculated total effective towing force was found to
exceed the total resistance estimated for the dry towing transpor-
tation phase, indicating that towing of the barge-10 MW OWT

system is feasible under the conditions considered in this study.

4.2 Stability Analysis

To evaluate the stability of the barge—10 MW OWT system
during the dry towing transportation phase, an intact stability as-
sessment was performed. The stability evaluation was conducted
with reference to the stability criteria specified in the Korean
Ministry of Oceans and Fisheries (MOF) regulations and DNV-
ST-NOO1 [11].

Since dry towing operations are categorized as weather-re-
stricted operations, a wind speed of 50 knots was applied in the
stability analysis.

The stability assessment was carried out by comparing the
righting arm (GZ) curve with the wind heeling arm curve. For
intact conditions, the area under the righting moment curve
(A+B) must be at least 40 % greater than the area under the wind
heeling arm curve (B+C).

The barge used in this study has an overall length of 97.5 m
and a breadth of 36.0 m, which classifies it as a large cargo barge
according to DNV standards. Accordingly, the minimum re-
quired range of stability under intact conditions was set to 36 °
or greater.

The stability analysis was performed using the MOSES pro-
gram, and the numerical model used in the analysis is shown in

Figure 5.

Figure 5: Numerical model of the barge-10 MW OWT system
used for intact stability analysis in MOSES
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Figure 6: Intact stability curves of the barge—10 MW OWT sys-

tem showing righting arm (GZ), wind heeling arm, and area ratio

Table 7: Summary of intact stability results

Item Value

Condition Intact (50 knots)
Draft, Roll, Pitch 2.80m, 0.0°,0.5°
GM 8.37 m > 1.0 m (OK)
Area Ratio at S/I 6.0 > 1.4 (OK)
Intact Stability Range 37°>36° (OK)

S/I = second interception

The analysis results show that the ratio of the area under the
righting moment curve to that under the wind heeling arm curve
was approximately 6.0, which significantly exceeds the required
criterion of 1.4. In addition, the range of stability was found to be
approximately 37 °, satisfying the intact stability requirement.

The initial stability parameter, GM, was calculated to be 8.37
m, which is well above the minimum required value of 1.0 m.
The results of the stability analysis are summarized in Table 7.

The righting arm curve and wind heeling arm curve are pre-
sented in Figure 6.

Therefore, the barge—10 MW OWT system is considered to
satisfy the intact stability criteria under dry towing transportation

conditions.

5. Stability Assessment during Dry Towing Instal-

lation Phase

5.1 Installation Procedure and Analysis Overview

The dry towing-based installation method involves transport-
ing the 10 MW OWT mounted on a barge to the installation site,
followed by mooring the barge and lowering the legs in a step-

wise manner while maintaining the position of the structure.
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The typical installation procedure consists of barge mooring,
leg lowering, spudcan touchdown, jack-up, and barge demobili-
zation.

Since environmental loads induced by waves, wind, and cur-
rent act at the installation site, the mooring system must provide
sufficient position-keeping capability to maintain the structural
position in a stable manner.

In this study, the analysis focused on the leg lowering process,
which has a significant influence on structural behavior and
mooring stability during installation. The leg lowering depth was

divided into three stages at 5 m intervals (5 m, 10 m, and 15 m).

5.2 Mooring System Configuration and Mooring Line Character-
istics

In this study, a four-point mooring system was applied for the
installation analysis, in which mooring lines are connected to the
four corners of the barge. Each mooring line is connected to a
seabed anchor and is designed to resist environmental loads in-
duced by waves, wind, and current, while controlling the hori-
zontal motions of the structure to ensure position-keeping capa-
bility during the installation process.

The mooring system was modeled to evaluate whether the
barge-10 MW OWT integrated system can maintain the target
installation position in a stable manner during the leg lowering
process. In particular, as the leg lowering progresses, the sub-
merged geometry and hydrodynamic forces acting on the struc-
ture change. Therefore, variations in mooring line tension and the
positional response of the structure were analyzed simultane-
ously.

The mooring lines used in this study consist of 42 mm diame-
ter wire ropes (6x24 + FC), and their main properties are sum-
marized in Table 7. The diameter of the mooring lines was se-
lected based on the design criteria for temporary mooring sys-
tems used in offshore installation operations, ensuring that the
maximum mooring line tension induced by environmental loads

does not exceed the safe working load (SWL).

Table 8: Mooring line properties

Item Value

Line Wire Rope (6x24+FC)
Diameter (mm) 42

Weight in Air (kg/m) 7.04

Axial Stiffness (N) 71270000

MBL / SWL (kN) 1117 /669

MBL = minimum breaking load

SWL = safe working load

Journal of Advanced Marine Engineering and Technology, Vol. 50, No. 2, 2026. 4

Wire @42mm

Figure 7: Four-point mooring arrangement of the barge-10 MW

OWT system

Figure 8: Numerical model of the barge—10 MW OWT system

and four-point mooring configuration during leg lowering of 5m

According to DNV-ST-NO0O1, the safe working load (SWL) of
a mooring line can be taken as approximately 60 % of the mini-
mum breaking load (MBL). The MBL of the mooring line used
in this study is 1117 kN, resulting in an SWL of approximately
669 kN.

The layout of the four-point mooring system applied to the
barge—10 MW OWT system is illustrated in Figure 8.

5.3 Analysis Results for Leg Lowering Stages

The installation analysis was performed under the specified
environmental conditions, considering eight load directions from
0° to 315° at 45° intervals. The position-keeping performance of
the structure was evaluated based on the horizontal offsets in the
surge and sway directions.

As the leg lowering depth increases, the center of mass de-
creases while the submerged geometry changes, resulting in var-
iations in restoring characteristics and hydrodynamic loading.
These changes influence both the structural motion responses and
the mooring line tension.

Step-1 represents the initial stage of leg lowering, where the
center of mass remains relatively high. As shown in Figure 8,

the configuration of the barge-OWT system and the mooring
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Table 9: Horizontal offsets and mooring tension during step-1,

leg lowering of 5Sm (Hs = 1.0m, Tp = 7.0s)

Dir (deg) Surge (m) | Sway (m) | Max Tension (kN)
0 1.129 0.021 1333
45 1.161 0.851 169.4
90 0.253 3.564 514.6
135 1.184 0.907 176.7
180 1.137 0.022 134.2
225 1.219 0.930 180.8
270 0.242 3.484 502.9
315 1.154 0.848 170.0

Table 10: Horizontal offsets and mooring tension during step-2,

leg lowering of 10m (Hs = 1.0m, Tp = 7.0s)

Dir (deg) | Surge (m) | Sway (m) | Max Tension (kN)
0 1.113 0.062 136.5
45 1.207 0.888 178.0
90 0.261 3.639 5334
135 1.232 0.950 186.2
180 1.123 0.064 137.6
225 1.259 0.965 189.1
270 0.212 3.462 507.4
315 1.234 0.902 181.1

Table 11: Horizontal offsets and mooring tension during step-3,

leg lowering of 15m (Hs = 1.0m, Tp = 7.0s)

Dir (deg) Surge (m) | Sway (m) | Max Tension (kN)
0 1.088 0.084 140.7
45 1.253 0.941 191.4
90 0.258 3.635 541.3
135 1.321 1.039 205.1
180 1.098 0.087 142.0
225 1.377 1.074 210.9
270 0.215 3.490 520.4
315 1.268 0.946 192.5

lines at this stage reflects the initial installation condition. The
analysis results indicate that the maximum surge and sway off-
sets are 1.219 m and 3.564 m, respectively. The maximum moor-
ing line tension is 514.6 kN, corresponding to approximately 77
% of the safe working load (SWL). Detailed results for each load
direction are summarized in Table 9.

As the leg lowering depth increases, the overall configuration
of the system remains similar, with variation primarily in the leg
penetration depth. In Step-2 and Step-3, the maximum surge off-
sets increase slightly to 1.259 m and 1.377 m, respectively, while
the maximum sway offsets remain at a similar level of approxi-
mately 3.6 m. The maximum mooring line tension also increases

gradually to 533.4 kN and 541.3 kN, corresponding to approximately
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80 % and 81 % of the SWL, respectively. The detailed results for
each stage are summarized in Tables 10 and Table 11.

Overall, a slight increase in horizontal displacement and moor-
ing line tension is observed as the leg lowering depth increases.
This trend is primarily attributed to the increased current-induced
loads acting on the legs as they become more deeply submerged.
Despite this increase, all mooring line tensions remain within the
allowable range defined by the SWL, indicating that sufficient

safety margins are maintained throughout the installation process.

6. Results Analysis and Evaluation of Ap-
plicability of the Installation Method

6.1 Comparison of Position-Keeping Performance at Dif-
ferent Leg Lowering Stages

The position-keeping performance of the barge—10 MW OWT
system during the installation process was evaluated by compar-
ing the maximum horizontal offsets (surge and sway) at each leg

lowering stage. As shown in Figure 9, the horizontal
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displacement exhibits a slight increasing trend as the leg lower-
ing depth increases.

This behavior is primarily attributed to changes in the sub-
merged geometry and the associated increase in hydrodynamic
loading acting on the legs, particularly due to current effects. As
the legs penetrate deeper into the water, the projected area ex-
posed to environmental loads increases, resulting in higher exter-
nal forces acting on the system.

Despite this trend, the overall horizontal displacement remains
within the acceptable range for offshore installation operations.
In general, position-keeping accuracy on the order of 5-10 m is
considered acceptable depending on the installation method and
operational conditions [11]. The results obtained in this study fall
well within this range, indicating that the applied mooring system
provides sufficient position-keeping capability throughout the
leg lowering process.

Furthermore, it should be noted that actual offshore installa-
tion operations are typically conducted under weather-restricted
conditions that are less severe than the design conditions consid-
ered in this study. Therefore, smaller positional deviations are
expected in practice, further supporting the applicability of the

proposed installation method.

6.2 Comparison of Mooring Line Tension during Leg
Lowering Stages

The variation in mooring line tension during the leg lowering
process was evaluated by comparing the maximum tension val-
ues at each stage, as shown in Figure 10. The results indicate a
gradual increase in mooring line tension as the leg lowering depth
increases.

This increase is closely related to the changes in hydrodynamic
loading caused by the increasing submergence of the legs. As the
submerged portion of the structure increases, the environmental
loads acting on the system also increase, leading to higher moor-
ing line tensions.

However, the maximum mooring line tensions at all stages re-
main within the allowable limits defined by the safe working load
(SWL). This indicates that the mooring system has sufficient
strength and stiffness to resist the environmental loads encoun-
tered during the installation process.

Overall, the mooring system provides stable restoring perfor-
mance and maintains adequate safety margins throughout the en-

tire leg lowering process.

6.3 Evaluation of the Applicability of the Dry Towing-
Based Installation Method

Based on the comprehensive analysis of both the transporta-
tion and installation phases, the technical feasibility of the dry
towing-based installation method was evaluated from three key
aspects.

First, the stability of the barge-OWT system during the trans-
portation phase satisfies all required criteria, including GM, sta-
bility range, and area ratio. In addition, the required towing force
can be sufficiently secured using conventional tugboats, confirm-
ing the feasibility of the dry towing operation.

Second, during the installation phase, the barge-OWT system
maintains stable position-keeping performance throughout the
leg lowering process. The horizontal displacement remains
within the acceptable range for offshore installation operations,
indicating that the applied mooring system can effectively con-
trol the structural position under environmental loading.

Third, the structural safety of the mooring system is ensured,
as the mooring line tensions remain within the allowable limits
throughout the installation process. This confirms that the moor-
ing system can provide sufficient restoring capacity and maintain
structural stability during leg lowering.

Therefore, the dry towing-based installation method can be
considered a technically feasible and practical alternative for the
installation of large-scale jack-up OWTs. In particular, the pro-
posed method offers potential advantages in reducing depend-
ence on wind turbine installation vessels (WTIVs) and lowering
overall installation costs, making it a viable solution in regions

with limited availability of specialized installation vessels.

7. Conclusions

This study evaluated the technical feasibility of a dry towing-
based installation method for the 10 MW OWT through numeri-
cal analyses using MOSES and ANSYS AQWA. The structural
stability and mooring system responses during both the transpor-
tation and installation phases were systematically investigated.

The main findings of this study are summarized as follows:

1. The barge-OWT system satisfies all intact stability cri-
teria during the dry towing transportation phase,
demonstrating sufficient stability under the considered
environmental conditions.

2. The required towing force can be achieved using two
4,500 PS-class tugboats, indicating that the transporta-

tion of the system is practically feasible.
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3. During the installation phase, stable position-keeping
performance is maintained throughout the leg lowering
process, with horizontal displacements remaining
within acceptable limits for offshore operations.

4. The mooring system ensures structural safety, as the
maximum mooring line tension remains within the al-
lowable range of the safe working load (SWL), provid-
ing sufficient safety margins.

Overall, the results confirm that the dry towing-based installa-
tion method is a technically feasible and practical alternative for
the installation of large-scale jack-up OWTs. In particular, the
proposed method offers potential advantages in reducing depend-
ence on wind turbine installation vessels (WTIVs) and lowering
installation costs.

For future work, more detailed analyses incorporating realistic
barge configurations, ballast control systems, and damage stabil-
ity should be conducted. In addition, time-domain dynamic anal-
yses are recommended to capture transient responses and nonlin-
ear effects under varying environmental conditions during actual

offshore operations.
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