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In the present study, the authors have attempted to present a novel approach 
for the prediction, analysis, and optimization of the Friction Stir Welding 
(FSW) process based on the Deep Neural Network (DNN) model. To 
obtain the DNN structure with high accuracy, the most focus has been on 
the number of hidden layers and the activation functions. The DNN was 
developed by a small database containing results of tensile and hardness 
tests of welded 7075-T6 aluminum alloy. This material and the production 
method were selected based on the application in the construction of fishing 
boat flooring, because on the one hand, it faces the corrosion caused by 
proximity to sea water and on the other hand, due to direct contact with 
human food, i.e., fish etc., antibacterial issues should be considered. All 
the major parameters of the FSW process, including axial force, rotational 
speed, and traverse speed as well as tool diameter and tool hardness, 
were considered to investigate their correspondence effects on the tensile 
strength and hardness of welded zone. The most important achievement of 
this research showed that by using SAE for pre-training of neural networks, 
higher accuracy can be obtained in predicting responses. Finally, the 
optimal values for various welding parameters were reported as rotational 
speed: 1600 rpm, traverse speed: 65 mm/min, axial force: 8 KN, shoulder 
and pin diameters: 15.5 and 5.75 mm, and tool hardness: 50 HRC.
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1. Introduction

One of the oldest methods of non-separable con-
nections, which is widely used in various industries, is 
welding. In fact, large structures cannot be produced in 
one piece, such as the body of ships, airplanes, trains, 
subways, and ground vehicles [1, 2]. Therefore, it is nec-
essary to connect different parts to each other and create 
an assembly. Hence, depending on the application of the 
connection, different types of welding are used in various 
industries, each of which has advantages and disadvan-
tages compared to the others [3]. For example, the biggest 
challenge for all types of welding methods is the creation 
of tensile residual stress in the welding area [4] or micro-
structure change in the Heat-Affected Zone (HAZ), both 
of which lead to a decrease in joint strength [5,6]. In other 
words, these two areas are prone to damage and cracks. 
However, some additional disadvantages arise when an 
intermediate material is used for welding. Therefore, in 
large industries, it is usually tried to use welding methods 
that do not require an electrode or additional material, 
such as Resistance Spot Welding (RSW) in the automotive 
industry [7]. Moreover, the FSW process which was first 
presented by The Welding Institute (TWI) in 1991 [8], has 
emerged as an effective alternative to traditional Metal 
Inert Gas (MIG) welding for use in marine applications, 
particularly as the industry moves towards increased use 
of aluminum alloys. Based on the TWI report in 2007, 
171 large organizations and companies received licenses 
to manufacture shipbuilding from aluminum extrusion by 
FSW process, especially, Al7075 is used to manufacture 
aluminum panels for deep freezing of fishing boats. In 
this regard, one of the biggest challenges and concerns in 
the manufacturing is to optimize the strength of welded 
joints via the welding process. The powerful combination 
of reduced weight from aluminum and increased strength 
of FSW welds can yield spectacular benefits for marine 
designs. Generally, FSW is well suited for marine appli-
cations because of the nature of the welds [9]. During the 
last decades, the selection of the favorable parameters of 
this process to obtain the optimal properties of the welded 
parts is remained challenging and widely considered by 
many researchers. In this regard, the goal is to increase 
the quality and improve the strength of the connection, 
and for this purpose, various techniques have been used. 
The number of publications in this field is very large and 
a comprehensive study is required for a detailed review, 
which is beyond the scope of the present research. How-
ever, some of the efforts made to optimize aluminum parts 
welded in this way are collected in Table 1.

As presented in Table 1, scientists paid the most atten-

tion to data mining methods such as Taguchi Method (TM), 
Linear Regression Method (LRM), Analysis of Variance 
(ANOVA), and Response Surface Method (RSM) to op-
timize different parameters of FSW process. In addition, 
the main goal was to improve the tensile strength and 
hardness of the connection. In recent years, attention has 
been paid to machine learning methods such as Artificial 
Intelligence (AI) for modeling and optimizing friction stir 
welding of aluminum alloys. Nevertheless, the present 
article includes the most comprehensive laboratory results 
and six input parameters. Also, the deep machine learning 
method was used to provide a new approach in optimizing 
the friction stir welding process of aluminum parts. Re-
cently, the advantages and accuracy of using Deep Neural 
Network (DNN) technique compared to Artificial Neural 
Network (ANN) have been evident and proven in various 
fields of engineering [28,29]. Padhy et al. have published a 
comprehensive review on the FSW technology and the 
effects of process parameters on the material characteriza-
tion and metallurgical properties like microstructure [30]. In 
addition, Gangwar and Ramulu have focused on the titani-
um alloys joints by FSW [31]. Also, to improve the quality 
of this type of welded joint, the effects of two parameters 
of the tool and the thickness of the raw material sheets 
have been evaluated. After that, microstructure, material 
properties (i.e., hardness), mechanical properties (i.e., ten-
sile, fatigue, and fracture toughness), residual stress field, 
and temperature distribution have been studied. Mohanty 
et al. have utilized RSM to examine the effects of tool 
shoulder and probe profile geometries simultaneously on 
the FSW of aluminum sheets [32]. In this research, three 
parameters of tool type, tool probe diameter, and shoulder 
flat surface, each of them at three different levels, were 
considered as input to the RSM analysis. Also, connection 
strength, weld cross section area, and grain size in both 
welded area and HAZ were considered as output. The 
results showed that straight cylindrical FSW tool with the 
minimum level of probe diameter provided better strength 
of welded joint. Ahmed et al. have optimized FSW pro-
cess parameters to achieve the maximum tensile strength 
and hardness of welded 5451Al sheets by performing Ta-
guchi sensitivity analysis [33]. They stated that the pin pro-
file of the tool is the most effective factor in both outputs 
with more than 60% effectiveness. Moreover, research on 
the connection of thick aluminum plates through FSW has 
also been carried out [34]. Before this, in most articles, the 
connection of thin sheets up to 5 or 6 mm has been con-
sidered. In this regard, Kumar et al. have proposed a trap-
ezoidal pin of tool to reach a free-defect connection of 12 
mm thick aluminum sheets. constructions, which are ulti-
mately directly or indirectly related to the economic field 
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and cost. For example, in the construction of a fishing 
boat, it is possible to refer to the initial costs including the 
preparation of the raw material i.e., aluminum alloy, the 
construction design including the dimensions and thick-
nesses of the sheets for the construction of the ship, and 
finally the construction method and the type of connection 
of the sheets to each other. On the other hand, considering 
the working conditions in the vicinity of sea water and the 
corrosion as a result, and on the other hand, in direct con-
nection with fish and antibacterial issues, it is necessary 
to choose the type of alloy and heat treatment correctly. 

Finally, in order to reduce production time and ultimately 
reduce the cost of free-defect production, in order to min-
imize repairs, it is necessary to optimize the production 
process. Apart from these cases, just the free-defect con-
struction is not enough, and it must have enough strength 
so that it does not have problems after some time of use [35].  
For this purpose, in addition to examining the tensile 
strength, it is better to study the hardness and microstruc-
ture in the welded area. Therefore, the results of such re-
search can satisfy part of the demands stated above.

Table 1. A summary of the research conducted to optimize the friction stir welding of aluminum parts.

Reference Year Material Method Parameters Objective

[10] 2015 AA6082-T6 Taguchi
Joint geometries: butt, lap, and 
T-shaped

Ultimate tensile strength

[11] 2010 AA1050
Grey relation analysis and 
Taguchi

Rotating speed, welding speed, and 
shoulder diameter

Tensile strength and 
elongation

[12] 2015 AA8011
Taguchi-Based Grey 
Relational Analysis

Tool shoulder diameter, rotational 
speed, welding speed, and axial load

Tensile strength and 
microhardness

[13] 2016
Cast AA7075/SiCp 
Composite

Response surface 
methodology, regression 
model, and Fuzzy grey 
relational analysis approach

Spindle speed, travelling speed, 
downward force, and percentage of 
SiC added to AA7075

Ultimate tensile strength 
and percentage elongation

[14] 2019
AA6082/SiC/10P 
composite

Taguchi approach and analysis 
of variance (ANOVA)

Tool rotation speed, welding speed, 
and tool tilt angle

Ultimate tensile strength

[15] 2018
Dissimilar alloys 
(AA6082/AA5083)

Taguchi method, Grey 
relational method, weight 
method, and analysis of 
variance (ANOVA)

Tool rotation speed, welding speed, 
tool pin profile, and shoulder 
diameter

Ultimate tensile strength 
and elongation

[16] 2008
RDE-40 aluminium 
alloy

Taguchi technique and analysis 
of variance (ANOVA)

Rotational speed, traverse speed, 
and axial force

Tensile strength

[17] 2010 AA7075-T6
Response surface methodology 
and analysis of variance 
(ANOVA)

Tool rotational speed, welding 
speed, axial force, tool shoulder 
diameter, pin diameter, and tool 
hardness

Tensile strength

[18] 2017 Al5052-H32 alloy Response surface methodology
Tool profile, rotational speed, 
welding speed, and tool tilt angle

Tensile strength and 
elongation

[19] 2012
Dissimilar alloy: 
AA6061-T6 and 
AA7075-T6

Response surface methodology
Rotational speed, welding speed, 
and axial force

Ultimate tensile strength, 
yield strength, and 
displacement

[20] 2009
Cast aluminum alloy 
A319

Taguchi method and analysis 
of variance (ANOVA)

Tool rotation speed, welding speed, 
and axial force

Tensile strength

[21] 2021
Dissimilar aluminum 
alloys 6061 and 5083

Response surface methodology
Tool pin profile, tool rotation speed, 
feed rate, and tool tilt angle

Ultimate tensile strength, 
yield strength, and 
microhardness

[22] 2021
Dissimilar 
AA7075-T651 and 
AA6061

Taguchi technique and analysis 
of variance (ANOVA)

Tool offset, pin profile of tool, and 
tilt angle of tool

Tensile strength

[23] 2022
Armor-grade aluminum 
alloys AA5083

Response surface 
methodology, regression, and 
analysis of variance (ANOVA)

Shoulder diameter, shoulder flatness, 
pin profile, and welding speed

Ultimate and yield tensile 
strength and elongation
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Reference Year Material Method Parameters Objective

[24] 2021
Dissimilar aluminum 
alloys of AA 7075-O 
and AA 5052-O grade

Taguchi approach and analysis 
of variance (ANOVA)

Tool pin profile, tool rotational 
speed, feed rate, and tool offset

Tensile strength and 
microhardness

[25] 2018
Dissimilar AA5083-O 
and AA6063-T6 
aluminum alloys

Artificial intelligence and 
genetic algorithm

Tool rotational speed, welding 
speed, shoulder diameter, and pin 
diameter

Tensile strength, 
microhardness, and grain 
size

[26] 2021
Dissimilar AA3103 
and AA7075 aluminum 
alloys

Taguchi method
Tool rotation speed, feed rate, and 
tool pin profile

Hardness, tensile strength, 
and impact strength

[27] 2018
Armor-marine grade 
AA7039

Desirability approach: RSM & 
ANOVA

Rotational speed, feed rate, and tilt 
angle

Ultimate tensile strength 
and tensile elongation

Table 1 continued

In the FSW, a tool moves along the joint line of two 
plates (similar or dissimilar) that simultaneously rotates 
and therefore it creates frictional heat that mechanically 
intermixes the metals and forges the hot and softened met-
al by the applied axial force. Figure 1 depicts the schemat-
ic of the FSW process and its effective parameters such as 
axial force, rotational and traverse speeds as well as tool 
geometry and hardness. As mentioned, in the FSW both 
mechanical and thermal processes are involved which 
show their effects in the welding zone and its surrounding 
regions and divide it into four major parts of Weld Nugget 
(WN), Thermo-Mechanically Affected Zone (TMAZ), 
Heat Affected Zone (HAZ), and Base Material (BM) that 
can be described as fully recrystallized region, area that 
plastically deformed without recrystallization, thermal 
affected, and region of original properties, respectively [36]. 
Because of the variety of physical phenomena in the FSW 
process, its analysis and optimization have become very 
complicated. Therefore, scholars have tried to solve the 
problems in this field by considering different alternative 
approaches of experiments like modeling and optimiza-
tion methods [37]. In this regard, chu et al. have performed 
mechanical and microstructural optimization in the FSW 
joint of Al-Li alloy [38]. They used RSM and Box-Behnken 
experimental design to maximize static strength (i.e., ten-
sile and shear stresses). Moreover, Electron Backscatter-
ing Diffraction (EBSD) and Differential Scanning Calo-
rimetry (DSC) observations have been utilized to optimize 
hardness and reach the ultrafine grains. Sreenivasan et al. 
have optimized FSW process parameters for joining com-
posite materials (i.e., AA7075 - SiC) [39]. They considered 
different parameters, including friction pressure, spindle 
speed, burn-off length, and upset pressure, in three lev-
els, as the input variables in the optimization algorithms. 
Also, they tried to optimize hardness and Ultimate Tensile 
Strength (UTS). To achieve this goal, they employed two 
methods of linear regression and genetic algorithm. In a 
similar study, FSW process parameters have been opti-

mized to obtain the maximum joint strength and the high-
est elongation [40]. Also, Heidarzadeh et al. have employed 
ANOVA and RSM analysis to present mathematical rela-
tionships between the strength, elongation, and hardness 
of the connection in terms of FSW process parameters, 
including rotation speed, traverse speed, and axial force. 
They stated that the hardness reduces by raising the ro-
tation speed and axial force and decreasing the traverse 
speed at the same time. Moreover, rotation speed and axial 
force are the most important factors that affect the strength 
and elongation values, respectively. After that, Heidarza-
deh continued his research in this field with a focus on 
material properties and imaging observations, including 
EBSD and TEM [41]. He et al. have published a review 
report on the numerical simulation of FSW process [42].  
They discussed different techniques for process simulation 
and presented the results obtained from them. However, 
methods based on artificial intelligence such as neural 
networks are remarkably applied in different aspects of 
science and engineering [43-46] as well as their application 
for modeling of FSW process [47-49]. In general, a neural 
network has three major layers of input, hidden, and out-
put [50,51]. A literature review conducted in this research 
shows that shallow Neural Network (SNN), as the primary 
generation of artificial neural networks, has been mostly 
used in the simulation of FSW. In fact, SNNs have 1 or 2 
hidden layers which are generally trained by Back-Prop-
agation (BP) algorithm [46]. These networks besides their 
beneficial applications have some limitations. The most 
important limitation of SNNs is that a large number of 
data sets are required for their development. Recently, by 
considering the improvements achieved in the training 
of neural networks by deep learning presented by Hinton  
et al. [52]; it is feasible to develop deep neural network with 
higher efficiency by employing small data set [53]. As an 
innovation, the current paper aims to show the capability 
of the DNN for prediction, analysis, and optimization of 
the FSW process for the first time by using small data 
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set. In the following, the authors have attempted to as-
sess strength and hardness in the welded zone in terms of 
different process parameters as well as pin and shoulder 
features (i.e., hardness and diameter).

2. Experimental Data

The data used in this research were extracted from the 
paper published by Rajakumar et al. [54]. In order to con-
duct experiments, they prepared rolled sheets of 7075-T6 
aluminum alloy with a thickness of 5 mm and dimensions 
of 150 × 300 mm. The ultimate and yield tensile strengths 
of the sheets are 485 and 410 MPa, respectively. Table 2 

also presents the chemical composition of this material. 
Next, friction stir welding operation perpendicular to the 
rolling was performed as a single pulse and with non-con-
sumable tools. The details of this process are shown in 
Figure 2. 

In the next step, tensile test samples were fabricated ac-
cording to the ASTM standard. They prepared two types of 
smooth and notched samples. All tests were performed at 
room temperature and at a speed of 0.5 mm/min. However, 
in the present study, only the laboratory results for smooth 
samples were used. Moreover, Vickers microhardness in the 
welded zone was measured by applying a force of 50 gr.
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Figure 2. Dimensional details of sheets, sheets rolling and welding process directions.
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3. DNN Developing
A DNN with four hidden layers was developed to mod-

el the FSW process by using experimental data described 
in the previous section. This experimental dataset was 
selected because it includes high amounts of effective 
parameters of FSW process. Nevertheless, the data used 
for this simulation is given in the Appendix (Table A1). 
Also, the first author has used these data previously for 
providing a model based on the common SNN with BP 
method [48]. Hence, the innovation of the present work 
with the previous one is to present a novel modified neu-
ral network based on deep learning. Parameters of axial 
force, rotational and traverse speeds as well as shoulder 
and pin diameters, and tool hardness were considered to 
investigate their related influences on the strength and 

used for the training and testing steps, respectively. In 
addition, in order to develop DNN, as the dataset is small, 
a Stacked Auto-Encoder (SAE) was used for pre-training 
of DNN. SAE is a specific hidden layer SNN that has the 
same input and output layers and also has the same num-
ber of neurons in each layer of it with respect to the main 
DNN architecture. Used DNN along with linking to SAE 
is presented in Figure 3. Also, the accuracy of predicted 
results was determined via correlation coefficient (R2). 
The obtained accuracies for the developed DNN with and 
without SAE for both training and testing steps based on 
equation (1) are reported in Table 3.
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Table 3. Obtained values of accuracies for developed DNN.

Developed DNN Accuracy

Without SAE-train 0.982

Without SAE-test 0.974

With SAE-train 0.996

With SAE-test 0.993

 (1)
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parameters of FSW process. Nevertheless, the data used 
for this simulation is given in the Appendix (Table A1). 
Also, the first author has used these data previously for 
providing a model based on the common SNN with BP 
method [48]. Hence, the innovation of the present work 
with the previous one is to present a novel modified neu-
ral network based on deep learning. Parameters of axial 
force, rotational and traverse speeds as well as shoulder 
and pin diameters, and tool hardness were considered to 
investigate their related influences on the strength and 

hardness of welded zone. To this end, 25 and 5 data were 
used for the training and testing steps, respectively. In 
addition, in order to develop DNN, as the dataset is small, 
a Stacked Auto-Encoder (SAE) was used for pre-training 
of DNN. SAE is a specific hidden layer SNN that has the 
same input and output layers and also has the same num-
ber of neurons in each layer of it with respect to the main 
DNN architecture. Used DNN along with linking to SAE 
is presented in Figure 3. Also, the accuracy of predicted 
results was determined via correlation coefficient (R2). 
The obtained accuracies for the developed DNN with and 
without SAE for both training and testing steps based on 
Equation (1) are reported in Table 3.
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4. Results and Discussions

Based on the results of the determination of accuracies 
that show the DNN was developed well, parametric anal-
ysis was performed. In Figure 4 and Figure 5, the effects 
of welding process parameters and tool features on the 
welded zone strength and hardness are continuously re-
vealed respectively in a general condition and interval of 
each parameter for the applied analyses are shown at the 
bottom of each contour. The region that has ≤ 95% of the 
considered experimental value was specified in each 2D 
contour by a black line. It can be seen that, in the same 
graph whole prediction, analysis, and optimization can be 
carried out with accuracy close to 100% (R2 ≈ 1). From 
Figure 4, as the rotation speed increases, the strength of 
the welded zone always increases, which is consistent 
with the results of Ahmed et al. in the study of 2022 [33]. 
Also, with the increase of the axial force, the strength im-
proves, but its changes are not significant compared to the 
rotational speed parameter and it depends on the values 
of other parameters. Ref No. 33 also deals with the opti-
mization of process parameters. The authors showed that 
the tensile strength of FSW joint considering the feed rate 
of 18 mm/min is much higher than the tensile strength of 
FSW joint with feed rates of 16 and 20 mm/min. In other 
words, the tensile strength of the connection increases 
with the increase of the feed rate in the range of 16 to 18 
mm/min, and it decreases with the increase of the feed rate 
in the range of 18 to 20 mm/min. Therefore, this interpre-
tation is exactly in accordance with the results presented 
in Figure 4. Moreover, the contour presented in Figure 4b 
indicates that if the rotational speed is less than 1000 rpm, 
changes in axial force do not affect the strength. However, 
all the results presented in this section are considering the 
welding conditions in this study and different results may 
be obtained in other conditions. Therefore, more studies 
are needed to generalize the results to other conditions, 

which is on the agenda of this research group for its future 
studies. Furthermore, by focusing on the hardness in the 
welded zone as a response, it is seen that the hardness 
increases with increasing rotational speed. But in interac-
tion with other parameters, i.e., axial force and transverse 
speed, there is an intermediate area where the highest 
hardness is obtained within this specific area and the low-
est hardness is obtained outside this area. For example, it 
is clear from Figure 4f that setting the rotational speed in 
the range of 1500 to 1700 rpm and also the axial force be-
tween 7 and 9 KN can result in the highest hardness in the 
welded zone.

As shown in Figure 5, no specific trends can be found 
between the system responses (i.e., strength and hardness 
in the welded zone) and tool characteristics, including pin 
and shoulder diameters and their hardness. In other words, 
the interaction between various parameters of this section 
must be checked with more precision and laboratory data 
and it is very difficult and perhaps unlikely to be able to 
independently declare the effect of one of these parame-
ters on the output, because depending on the conditions 
of other parameters, there is a possibility of changing the 
state of the response. It is clearly evident in the contours 
with yellow color theme (i.e., Figure 5d, e, and f) that 
there are different circular and elliptical layers, therefore, 
there is a specific area in each contour that should be tried 
to select the characteristics of the tool in such a way that 
the responses be placed within these areas.

In summary, according to all the achievements present-
ed above, in order to obtain the optimal parameters, all 
the contours should be placed on each other at the same 
time and the common space between the areas marked by 
black lines should be selected. In this way, optimal values 
of rotational speed, traverse speed, axial force, shoulder 
diameter, pin diameter, and tool hardness are specified as 
1600 rpm, 65 mm/min, 8 KN, 15.5 mm, 5.75 mm, and 50 
HRC, respectively.
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Figure 4. Parametric analysis of the effects of axial force, rotational and traverse speeds on strength (a-c) and hardness 
(d-f) of welded zone.Figure 4. Parametric analysis of the effects of axial force, rotational and traverse speeds on strength (a-c) and hardness 
(d-f) of welded zone.
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Figure 5. Parametric analysis of the effects of shoulder diameter, pin diameter, and tool hardness on strength (a-c) and 
hardness (d-f) of welded zone.
Figure 5. Parametric analysis of the effects of shoulder diameter, pin diameter, and tool hardness on strength (a-c) and 
hardness (d-f) of welded zone.
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5. Conclusions

The application of DNN to model the FSW process 
was investigated in this study. The obtained results re-
vealed that by using SAE for pre-training of neural net-
works higher accuracy can be obtained. In addition, it 
can be concluded that by applying DNN on small dataset 
with discrete values, continuous values for whole consid-
ered intervals can be predicted for parametric analysis of 
FSW. Moreover, these 2D contours with the accuracy of 
close to 100% can be easily used for further analysis and 
optimization. However, one of the challenges in this re-
search was that the small dataset was used to estimate the 
tensile strength, but more studies are needed to optimize 
the hardness, and no specific trend was found for hardness 
changes in the welded area according to the investigated 
parameters. Therefore, in future research, the authors seek 
to perform more tests using design of experiment (DOE) 
techniques such as Taguchi method and considering more 
input parameters. In addition, the authors agree with the 
opinion of many reports that the main causes of failures of 
mechanical parts are the fatigue phenomenon [55]. There-
fore, in the future research series, this research team seeks 
to model, analyse, and optimize the friction stir welding 
process of aluminium sheets with the aim of improving 
the fatigue life of the joint. For this, they will use various 
techniques including data mining, artificial intelligence, 
deep learning, etc. to make a comprehensive study. Also, 
the accuracy of the methods will be compared with each 
other and the advantages and disadvantages of each of 
them will be discussed. 
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Appendix A

The data used in this research, including various weld-
ing conditions and laboratory results of tensile and micro-
hardness tests, are given in Table A1.

Table A1. The data used in the current study, including welding conditions and testing results.

Case 
No.

FSW Process Parameters Tool Features Responses in Welded Zone

Rotational speed Transverse speed Axial force Shoulder diameter Pin diameter Tool hardness Strength Hardness

(rpm) (mm/min) (KN) (mm) (mm) (HRc) (MPa) (VHN)

1 1400 60 8 15 5 45 314 203

2 1800 60 8 15 5 45 310 185

3 1400 40 8 15 5 45 279 194

4 1400 60 8 15 5 45 310 198

5 1400 80 8 15 5 45 308 197

6 1400 60 7 15 5 45 282 180

7 1400 60 8 15 5 45 314 199
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Case 
No.

FSW Process Parameters Tool Features Responses in Welded Zone

Rotational speed Transverse speed Axial force Shoulder diameter Pin diameter Tool hardness Strength Hardness

(rpm) (mm/min) (KN) (mm) (mm) (HRc) (MPa) (VHN)

8 1400 60 8 12 5 45 280 193

9 1400 60 8 15 5 45 310 198

10 1400 60 8 18 5 45 256 197

11 1400 60 8 15 4 45 292 194

12 1400 60 8 15 5 45 310 198

13 1400 60 8 15 6 45 300 197

14 1400 60 8 15 5 40 261 186

15 1400 60 8 15 5 45 313 198

16 900 60 8 15 5 45 245 175

17 1200 60 8 15 5 45 290 191

18 1400 20 8 15 5 45 255 180

19 1400 100 8 15 5 45 245 179

20 1400 60 6 15 5 45 263 173

21 1400 60 10 15 5 45 285 171

22 1400 60 8 9 5 45 242 178

23 1400 60 8 21 5 45 296 187

24 1400 60 8 15 3 45 264 181

25 1400 60 8 15 7 45 284 178

26 1400 60 8 15 5 33 271 178

27 1400 60 8 15 5 56 282 178

28 1400 60 9 15 5 45 301 190

29 1400 60 8 15 5 50 310 192

30 1600 60 8 15 5 45 314 202

Source: Maleki, E., 2015 [48].

Table A1 continued
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1. Introduction
To achieve carbon neutrality in the future, carbon emis-

sions need to be controlled from the energy consumption 
side and energy production side respectively. On the side 
of energy consumption, the main consideration are in-
dustrial power and transport carbon reduction. There is 

already a good measure to reduce carbon in land transport, 
namely electrification [1], when traditional battery energy 
storage cannot meet the demand alone, polymer electro-
lyte membrane fuel cells (PEMFCs) power can be coupled 
with it to achieve a longer endurance and faster energy re-
plenishment speed. Before being applied to civil ships, the 
more mature power application of fuel cells (FCs) in ships 
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is PEMFC in the HDW submarines working as air inde-
pendent propulsion (AIP) [2]. This type of submarine has 
been in service since the 1990s. In the civil market, Gold-
en Gate Zero Emission Marine, an American company, 
built the first hydrogen fuel cell ship in 2018. It’s called 
Water Go Round, with a maximum speed of 22 knots and 
84 passengers. The low density of hydrogen and the PEM-
FC’s proneness of remarkable degradation restrict the 
application of PEMFC in surface ships. When it is used 
on ships, the hydrogen-fueled PEMFC is usually hybrid-
ized with a battery energy storage system [3]. PEMFC and 
lithium-ion batteries both have the problem of remarkable 
degradation which raises the need for an energy manage-
ment strategy [4]. According to the research of Chiara Dall’ 
Armi et al., with an appropriate energy management strat-
egy, the overall lifetime of the plant can be increased more 
than twice [5]. With the ageing of components, the decrease 
in PEMFC efficiency leads to an increase in hydrogen 
consumption [6]. This cause the need for additional space 
for the hydrogen storage system to ensure the normal op-
eration of the ship after a period of service. The lifetime 
and hydrogen storage problems faced by PEMFC ships 
will be gradually solved in the process of PEMFC trans-
portation industry development. In contrast, the scheme 
proposed in this paper focuses more on the hydrogen refu-
elling of PEMFC ships. For carbon reduction in offshore 
transportation, offshore fishing boats and small sightsee-
ing boats are suitable to use PEMFC to achieve zero car-
bon emission, with appropriate control and optimization 
strategies, and energy storage systems [7]. However, it is 
difficult to refuel hydrogen when it is sailing on the sea, 
and frequent landing for hydrogen charging would bring 
a lot of inconvenience to its normal operation. It is also 
important to note that, if blue hydrogen is used, its life-cy-
cle greenhouse gas emission intensity is still higher than 
that of LNG and diesel [8,9], because of the large amount 
of CO2 emissions during the hydrogen generation process 
of the SMR and the electricity consumed in the hydrogen 
compression process [10]. Green hydrogen must be used if 
hydrogen-powered maritime transport is to achieve a full 
life-cycle of zero carbon [11], but it accounts for only 1% of 
the domestic hydrogen production in China. This problem 
brings our focus to a wide range of renewable sources of 
energy, also located offshore.

wind energy is favored by many countries in the world 
because of its short construction cycle, low environmental 
requirements, rich reserves and high utilization ratio. Off-
shore wind power also has advantages such as non land 
occupation and being close to the load center area with 
high power demand [12]. The power of wind power de-
pends on the natural wind and is affected by many natural 

factors. Its fluctuation and irregularity make it difficult to 
be fully integrated into the grid even if it is coordinated 
with other power sources for peak shaving [13]. Under such 
circumstances, this extra part of wind power is forced to 
be abandoned [14]. Storing and distributing hardto- use 
wind power can effectively improve the utilization rate 
of wind power, but traditional electromagnetic energy 
storage methods cannot meet the demand for wind energy 
storage [15], and it’s difficult to use those traditional storage 
systems in the marine environment. Under these circum-
stances, hydrogen energy storage systems appear as an 
alternative to conventional storage technologies [16]. The 
green hydrogen produced by wind power can be used for 
PEMFC-powered transportation to achieve zero carbon 
emissions for the whole life cycle and help increase the 
efficiency of renewable energy use and their share in the 
energy mix [17,18]. With the wind-hydrogen energy storage 
system, massive wind energy curtailment can be convert-
ed into commercial profits [19,20]. It can even build a dedi-
cated wind farm for hydrogen production, some research-
ers have demonstrated the feasibility of this model [21].  
But compared to conventional liquid fuels, hydrogen has 
a low volumetric energy density, which brings problems 
to its storage and transport. This problem is also reflected 
in hydrogen production from wind power fields in previ-
ous industrial projects [22-24]. The NORTH2 project in the 
Netherlands uses large offshore hydrogen plants to deliver 
wind power [25]. AquaPrimus is the first sub-project of the 
German AQUAVENTUS project, and it plans to 2028 
a hydrogen plant on the base of a wind turbine to deliv-
er green hydrogen to the region through specially laid 
pipelines. Poshydon of the Netherlands, the world’s first 
offshore wind-hydrogen project, will use a natural gas 
pipeline to mix hydrogen and natural gas into its national 
gas pipeline network [26,27].

Most of the existing plans for offshore hydrogen pro-
duction worldwide are designed to take into account the 
demand for hydrogen on land, and the annual output often 
reaches 10,000 tons or even 100,000 tons, so they can 
only consider the way of sending wind power to shore or 
offshore platform to make hydrogen by pipeline to shore, 
not considering the possibility of hydrogen storage and 
consumption offshore. There have also been examples of 
combining hydrogen generation from wind power with 
characteristic transportation demand, but these attempts 
are also applicable to the land transportation field [28,29], 
in order to supply hydrogen produced by wind power for 
PEMFC vehicles [30]. Using green fuels like these green 
hydrogen to replace traditional fossil fuels is an effective 
way for the maritime sector to reduce carbon emissions [31].  
If each of the scattered offshore hydrogen platforms in 
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the offshore hydrogen project is used to supply a group of 
coastal PEMFC ships with relatively fixed but not massive 
hydrogen, then there is no need to consider the transport 
of hydrogen. Marine ranch is well suited for this, with 
a fixed number of ships and a fixed working trajectory. 
Therefore, offshore hydrogen production platforms and 
offshore hydrogen refuelling stations can be considered at 
locations close to both marine ranch and wind farms, al-
lowing PEMFC-powered ships to refuel hydrogen on their 
daily route. The energy consumption of the marine ranch 
ships is relatively fixed every day, and the offshore hy-
drogen production platform can be produced on demand 
according to the surrounding conditions, which can reduce 
the cost of the hydrogen storage process and unnecessary 
energy loss, and avoid the hydrogen storage and consump-
tion problems that offshore hydrogen station faced before. 
The main challenge of applying green hydrogen to ships 
is the storage of H2 on ships [31], however, in this mode, 
PEMFC ships can timely replenish hydrogen near the 
work area, which to some extent alleviates the problem of 
hydrogen storage. In the future, it can also cooperate with 
the composite hydrogen storage technology with higher 
capacity, lower weight, and improved safety [32] to further 
solve the problem of hydrogen storage on ships. Based on 
it, this paper presents a scenario design for the integrated 
application of coastal PEMFC ships and offshore hydro-
gen stations by wind power. It aims to solve the hydrogen 
refuelling problem of offshore PEMFC ships and provide 
a feasible integrated scheme and operation mode for the 
combination of offshore wind power and hydrogen energy 
storage. The analysis of the daily operation of offshore 
hydrogen stations and marine ranch PEMFC ships shows 
that this model is economically feasible. It also shows 
great potential for further expansion to other coastal areas.

2. Model Description
This model uses a grid-connected way of hydrogen 

production from wind power, because it can obtain power 
from the power grid to maintain the normal operation of 
the alkaline electrolytic cell when the output power of 
wind turbines cannot meet the requirements. If the system 
only relies on wind power without coordinating the power 
grid, it may cause damage to the electrolytic cell when the 
fluctuation is large. The offshore hydrogen production and 
refuelling station can be built on the original offshore plat-
form of the wind farm. It uses alkaline electrolytic cells 
to produce hydrogen. Although using proton exchange 
membrane water electrolysis (PEMWE) can obtain lower 
energy consumption and higher hydrogen purity, it brings 
higher costs and requires more frequent maintenance 
which makes it less suitable for this scenario than alkaline 

electrolytic cells.
In this scenario design, the quantity, types and perfor-

mance parameter data of the ships in designated marine 
ranch were taken into consideration to specify the corre-
sponding transformation scheme, and shows the theoret-
ical hydrogen consumption data. The output of offshore 
hydrogen stations is set based on the daily hydrogen 
demand of these ships, and the redundancy is reserved to 
cope with different conditions. The wind power output 
allocated for offshore hydrogen stations is set based on 
the power consumption of developed alkaline electrolyt-
ic cells, hydrogen purification/compression devices and 
other equipment. The power consumption of the whole 
hydrogen production process is set as 5.156 kWh/Nm3. 
In the actual operation, the dispatching control system 
needs to adjust the power according to the available idle 
wind power data to meet the requirements of the power 
grid and all hydrogen production equipment at the same 
time. However, the main starting point of this model is to 
provide the nearby hydrogen supply for the application 
of PEMFC on offshore vessels. Therefore, this paper sets 
the power supply and hydrogen output of offshore wind 
stations as a constant mean. The calculation part of this 
paper is focused on the cost recovery period, net profit 
and emission reduction. In the calculation process, it uses 
the ideal state with additional redundancy upper limit to 
approximately replace the fluctuations caused by various 
practical factors. The energy flow path of this scenario de-
signed is shown in Figure 1.
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way for the maritime sector to reduce carbon emissions [31].  
If each of the scattered offshore hydrogen platforms in 
the offshore hydrogen project is used to supply a group of 
coastal PEMFC ships with relatively fixed but not massive 
hydrogen, then there is no need to consider the transport 
of hydrogen. Marine ranch is well suited for this, with 
a fixed number of ships and a fixed working trajectory. 
Therefore, offshore hydrogen production platforms and 
offshore hydrogen refuelling stations can be considered 
at locations close to both marine ranch and wind farms, 
allowing PEMFC-powered ships to refuel hydrogen on 
their daily route. The energy consumption of the marine 
ranch ships is relatively fixed every day, and the offshore 
hydrogen production platform can be produced on 
demand according to the surrounding conditions, which 
can reduce the cost of the hydrogen storage process and 
unnecessary energy loss, and avoid the hydrogen storage 
and consumption problems that offshore hydrogen 
station faced before. The main challenge of applying 
green hydrogen to ships is the storage of H2 on ships [31],  
however, in this mode, PEMFC ships can timely 
replenish hydrogen near the work area, which to some 
extent alleviates the problem of hydrogen storage. In the 
future, it can also cooperate with the composite hydrogen 
storage technology with higher capacity, lower weight, 
and improved safety [32] to further solve the problem of 
hydrogen storage on ships. Based on it, this paper presents 
a scenario design for the integrated application of coastal 
PEMFC ships and offshore hydrogen stations by wind 
power. It aims to solve the hydrogen refuelling problem of 
offshore PEMFC ships and provide a feasible integrated 
scheme and operation mode for the combination of 
offshore wind power and hydrogen energy storage. The 
analysis of the daily operation of offshore hydrogen 
stations and marine ranch PEMFC ships shows that 
this model is economically feasible. It also shows great 
potential for further expansion to other coastal areas.

2. Model Description

This model uses a grid-connected way of hydrogen 
production from wind power, because it can obtain power 
from the power grid to maintain the normal operation of 
the alkaline electrolytic cell when the output power of 
wind turbines cannot meet the requirements. If the system 
only relies on wind power without coordinating the power 
grid, it may cause damage to the electrolytic cell when 
the fluctuation is large. The offshore hydrogen production 
and refuelling station can be built on the original offshore 
platform of the wind farm. It uses alkaline electrolytic 
cells to produce hydrogen. Although using proton ex-
change membrane water electrolysis (PEMWE) can 

obtain lower energy consumption and higher hydrogen 
purity, it brings higher costs and requires more frequent 
maintenance which makes it less suitable for this scenario 
than alkaline electrolytic cells.

In this scenario design, the quantity, types and per-
formance parameter data of the ships in designated 
marine ranch were taken into consideration to specify 
the corresponding transformation scheme, and shows 
the theoretical hydrogen consumption data. The output 
of offshore hydrogen stations is set based on the daily 
hydrogen demand of these ships, and the redundancy 
is reserved to cope with different conditions. The wind 
power output allocated for offshore hydrogen stations is 
set based on the power consumption of developed alkaline 
electrolytic cells, hydrogen purification/compression 
devices and other equipment. The power consumption 
of the whole hydrogen production process is set as 
5.156 kWh/Nm3. In the actual operation, the dispatching 
control system needs to adjust the power according to the 
available idle wind power data to meet the requirements 
of the power grid and all hydrogen production equipment 
at the same time. However, the main starting point of this 
model is to provide the nearby hydrogen supply for the 
application of PEMFC on offshore vessels. Therefore, 
this paper sets the power supply and hydrogen output of 
offshore wind stations as a constant mean. The calculation 
part of this paper is focused on the cost recovery period, 
net profit and emission reduction. In the calculation 
process, it uses the ideal state with additional redundancy 
upper limit to approximately replace the fluctuations 
caused by various practical factors. The energy flow path 
of this scenario designed is shown in Figure 1.

Figure 1. The flow path of energy in this scenario.

A wind farm project in the Yellow Sea in northeast 
China, covering an area of about 48 square kilometers, 
is the background of the initial scenario design for the 
demonstration of PEMFC ships and offshore hydrogen 
stations. The center of the site is located about 19.1 km 
from the coast. There are 60 wind turbines with a total 
installed capacity of 300 MW.

In this initial scenario of integrated utilization, offshore 

Figure 1. The flow path of energy in this scenario.

A wind farm project in the Yellow Sea in northeast Chi-
na, covering an area of about 48 square kilometers, is the 
background of the initial scenario design for the demon-
stration of PEMFC ships and offshore hydrogen stations. 
The center of the site is located about 19.1 km from the 
coast. There are 60 wind turbines with a total installed ca-
pacity of 300 MW.  

In this initial scenario of integrated utilization, off-
shore wind farm investors will invest in a 1,000 kg per 
day offshore hydrogen production and refuelling station 
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on an offshore platform about 15 kilometers offshore, 
and the H2 is sold to hydrogen-powered breeding boats 
and sightseeing boats of a nearby marine ranch. Investors 
of the marine ranch invest in hybrid PEMFC boats with 
hydrogen fuel cells and power batteries that use hydrogen 
from offshore wind farms to replace conventional diesel 
fuel. On the one hand, it can save some fuel costs under 
the current subsidy policy, on the other hand, it can avoid 
the emission of diesel engines, and improve the efficiency 
of energy conversion, so as to achieve the effect of energy 
saving and emission reduction.

The investors of the marine ranch have invested about 1.44 
million $ to build an offshore leisure platform in the marine 
ranch, which will integrate offshore fishing and offshore 
sightseeing, and make it a comprehensive platform that takes 
into account both tourism and aquaculture operations. As 
shown in Figure 2, the ranch boats and tourist boats use the 
power provided by the battery system to drive to the offshore 
hydrogen station of the wind farm for refuelling in the morn-
ing and then the boats can go to the working area, sightseeing 
boats are responsible for transporting tourists to and from 
tourist attractions and the shore. All of the ships return to 
offshore hydrogen stations before running out of fuel, return 
to shore at the end of the day and recharge at night through 
shore-based charging posts. 
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wind farm investors will invest in a 1,000 kg per day 
offshore hydrogen production and refuelling station on 
an offshore platform about 15 kilometers offshore, and 
the H2 is sold to hydrogen-powered breeding boats and 
sightseeing boats of a nearby marine ranch. Investors 
of the marine ranch invest in hybrid PEMFC boats with 
hydrogen fuel cells and power batteries that use hydrogen 
from offshore wind farms to replace conventional diesel 
fuel. On the one hand, it can save some fuel costs under 
the current subsidy policy, on the other hand, it can avoid 
the emission of diesel engines, and improve the efficiency 
of energy conversion, so as to achieve the effect of energy 
saving and emission reduction.

The investors of the marine ranch have invested about 
1.44 million $ to build an offshore leisure platform in 
the marine ranch, which will integrate offshore fishing 
and offshore sightseeing, and make it a comprehensive 
platform that takes into account both tourism and 
aquaculture operations. As shown in Figure 2, the ranch 
boats and tourist boats use the power provided by the 
battery system to drive to the offshore hydrogen station 
of the wind farm for refuelling in the morning and then 
the boats can go to the working area, sightseeing boats 
are responsible for transporting tourists to and from 
tourist attractions and the shore. All of the ships return 
to offshore hydrogen stations before running out of fuel, 
return to shore at the end of the day and recharge at night 
through shore-based charging posts.

Figure 2. Daily route of marine ranch ships in this scenario.

3. Results

3.1 Composition and Analysis of Investment Cost

Initial Investment Estimate of Offshore Hydrogen Plant
The hydrogen station needs about 58000 kWh to 

produce 1000 kg of hydrogen per day. To meet this 
production capacity, the hydrogen station needs to be 
equipped with a 2.5 MW electrolytic hydrogen production 
system. (The energy conversion efficiency of the entire 
system is recorded as 55%). The cost of hydrogen pro-
duction in offshore wind farms is mainly composed of 
the cost of the offshore converter station, the hydrogen 

production system, the hydrogen compressor, the hy-
drogen cylinders, the hydrogen charging system and the 
installation costs, as shown in Table 1. The hydrogen 
production system consists of a seawater desalination unit 
and an electrolytic water hydrogen production unit, the 
hydrogen charging system includes the charge machine, 
the hydrogen pipeline system, the dispersing system, the 
displacement purging system, the instrument air system, 
the safety monitoring system and other pipeline materials 
for connection. The hydrogen compressor requires two di-
aphragm compressors with a rated exhaust pressure of 45 
MPa and a hydrogen compression rate of 500 kg per day. 
The hydrogen cylinder adopts a 45 MPa hydrogen cylin-
ders group, and the hydrogen charging system needs four 
35 MPa charging machines. The installation cost is esti-
mated according to 10% of the total cost, and the initial 
investment of the offshore hydrogenation station is about 
3.469 million $, expressed in CCF.

Table 1. Cost estimates for offshore hydrogen stations.

Equipment
Unit price 
(million $)

Total cost 
(million $)

Offshore converter station 0.287/MW 0.718

Hydrogen production system 0.287/MW 0.718

Hydrogen compressor 0.431 0.862

Cylinders and refueling 
systems

0.825 0.825

Installation costs 0.346 0.346

Total cost 3.469

Initial Investment Estimates for Marine Ranch
After conducting research on marine ranches that integrate 

aquaculture and tourism, such as the Genghai No.1, the small 
breeding boats and sightseeing boats that are commonly used 
are selected as the expected renovation targets. The basic 
parameters of 30 working boats and 15 sightseeing boats for 
the marine ranch are shown in Table 2.

Table 2. Basic parameters of marine ranch boats.

Parameter Breeding boat Sightseeing boat

Speed (knots) 9 10

Length (m) 10 13.5

Ship width (m) 2.85 3.5

Draft (rice) 0.59 0.73

Engine power (kW) 16 60

Daily working hours (h) 10 10

As shown in Table 3, the fuel cell system power of the 
breeding boat is 20 kW, which considers both power gen-
eration and bucking-wave performance. With a power cell 
capacity of 40 kWh, it can run at 9 knots while operating 

Figure 2. Daily route of marine ranch ships in this scenario.

3. Results

3.1 Composition and Analysis of Investment Cost

Initial Investment Estimate of Offshore Hydrogen 
Plant

The hydrogen station needs about 58000 kWh to pro-
duce 1000 kg of hydrogen per day. To meet this produc-
tion capacity, the hydrogen station needs to be equipped 
with a 2.5 MW electrolytic hydrogen production system. 
(The energy conversion efficiency of the entire system 
is recorded as 55%). The cost of hydrogen production in 
offshore wind farms is mainly composed of the cost of 

the offshore converter station, the hydrogen production 
system, the hydrogen compressor, the hydrogen cylinders, 
the hydrogen charging system and the installation costs, 
as shown in Table 1. The hydrogen production system 
consists of a seawater desalination unit and an electrolytic 
water hydrogen production unit, the hydrogen charg-
ing system includes the charge machine, the hydrogen 
pipeline system, the dispersing system, the displacement 
purging system, the instrument air system, the safety mon-
itoring system and other pipeline materials for connec-
tion. The hydrogen compressor requires two diaphragm 
compressors with a rated exhaust pressure of 45 MPa 
and a hydrogen compression rate of 500 kg per day. The 
hydrogen cylinder adopts a 45 MPa hydrogen cylinders 
group, and the hydrogen charging system needs four 35 
MPa charging machines. The installation cost is estimated 
according to 10% of the total cost, and the initial invest-
ment of the offshore hydrogenation station is about 3.469 
million $, expressed in CCF.

Table 1. Cost estimates for offshore hydrogen stations.

Equipment
Unit Prise
(million $)

Total Cost
(million $)

Offshore converter station 0.287/MW 0.718

Hydrogen production system 0.287/MW 0.718

Hydrogen compressor 0.431 0.862

Cylinders and refueling systems 0.825 0.825

Installation costs 0.346 0.346

Total cost 3.469

Initial Investment Estimates for Marine Ranch

After conducting research on marine ranches that inte-
grate aquaculture and tourism, such as the Genghai No.1, 
the small breeding boats and sightseeing boats that are 
commonly used are selected as the expected renovation 
targets. The basic parameters of 30 working boats and 15 
sightseeing boats for the marine ranch are shown in Table 2. 

Table 2. Basic parameters of marine ranch boats.

Parameter Breeding Boat Sightseeing Boat

Speed (knots) 9 10

Length (m) 10 13.5

Ship width (m) 2.85 3.5

Draft (rice) 0.59 0.73

Engine power (kW) 16 60

Daily working hours (h) 10 10

As shown in Table 3, the fuel cell system power of the 
breeding boat is 20 kW, which considers both power gen-
eration and bucking-wave performance. With a power cell 



19

 Sustainable Marine Structures | Volume 05 | Issue 02 | September 2023

capacity of 40 kWh, it can run at 9 knots while operating at 
80% performance output. The fuel cell system power of the 
sightseeing boat is 75 kW, with a power cell capacity of 150 
kWh. The design principle is that it can be used as a sep-
arate energy source for ships to operate at rated power for 
more than 2 h, and can supplement the power needed for 
bucking-wave navigation, and be used as backup power for 
electric valves and other equipment. A 35 MPa gas cylin-
der has an H2 storage density of 20-22 g/L and a hydrogen 
storage capacity of about 3 kg. The endurance is calculated 
according to the working condition of these ships at rated 
power, and it requires that ships operate at rated power and 
run for more than 5 hours.

Table 3. PEMFC ship modification plan for marine ranch.

Breeding Boat Sightseeing Boat
Power of fuel cell system (kW) 20 75
Power cell capacity (kWh) 40 150
Rated power (kW) 16 60
Bottle pressure (MPa) 35 35
Volume of carbon fiber bottle (L) 140 140
Number of carbon fiber bottles 2 8
Hydrogen storage (kg) 6 24
Sailing duration (h) 5.6 6
Number of vessels 30 15

As shown in Table 4, the modification costs of hydro-
gen- powered boats include the cost of fuel cell power 
generation system, hydrogen storage system, power cell 
system, accessory cost and other costs. Accessories mainly 
include electric propulsion systems, power grids and power 
control systems. Other costs consist of labor costs and hull 
modification costs. The cost of a fuel cell system is about 
718 $/kW, the cost of a power cell is about 215.5 $/kWh, 
the hydrogen storage capacity of 35 MPa hydrogen cylin-
der is about 3 kg, and the cost of a single cylinder is about 
2155$, the initial investment for the marine ranch boats 
transformation is about 3.32 million $. 

Table 4. Cost estimation of marine ranch PEMFC ship 
modification.

Part of the Cost
Cost of Breeding 
Boat ($)

Cost of Sightseeing 
Boat ($)

Fuel cell system 14,368 53,880

Power battery system 8,620 32,328

Hydrogen storage system 4,310 17,241

Cost of accessories 7,184 28,736

Other costs 2,874 14,368

Cost of upgrading a single 
ship

37,356 146,553

It costs 58200$ to build thirty 7 kW charging posts 
at 144$ and fifteen 120 kW charging posts at 3592$, as 

shown in Table 5, the initial investment cost of the marine 
ranch investor is about 4.815 million $, expressed in CCR 
including 3.32 million $ to retrofit a hydrogen-powered 
ship, 58200$ for charging posts and 1.437 million $ for a 
marine sightseeing-entertainment platform.

Table 5. Cost estimation of shore charging posts.

Unit price ($) Total cost ($)

7 kW charging post 144 4,320

120 kW charging post 3,592 53,880

Total cost of charging posts 58,200

3.2 Cost Recovery Period Analysis

Cost Recovery Period Analysis of Offshore Wind Farm 
Investors

According to the above data, the initial investment cost 
of offshore hydrogen station (CCF) is 3.469 million $.

About 1,000 kg of hydrogen produced per day are sold 
to the marine ranch at 2.87$ per kilogram. Calculated by 
300 days per year (matching the business hours of the ma-
rine ranch), the annual income can reach 0.862 million $. 
An annual investment of 0.534 million $ will be required,

including annual maintenance costs (34483$ at 1 
percent of the cost of the equipment) and electricity con-
sumption costs (0.5 million $ for 58,000 kWh electricity 
per day at 0.0287$ per kWh). Therefore, the annual net 
income can reach 0.328 million $, expressed in CIF. Ac-
cording to Initial investment/annual net income = years of 
cost recovery, described by equation (1).
TF=CCF/CIF (1)

The years of cost recovery for wind farms without sub-
sidies can be calculated. In Dalian, a one-off subsidy of up 
to 0.862 million $ (expressed in CSF) will be given to new 
hydrogen refueling stations put into use after 2023, not ex-
ceeding 30 percent of the investment. According to Initial 
investment subtract subsidies/annual net income = years of 
cost recovery with subsidies, described by equation (2).
TSF=(CCF – CSF)/CIF (2)

The years of cost recovery for wind farms with subsi-
dies can be calculated, as shown in Table 6.

Wind farm investors can earn a profit of 0.328 million 
$ a year from the sale of hydrogen. Without taking into 
account subsidies, investors can recover the cost of their 
initial investment in 10.59 years, if the government sub-
sidies for the construction of hydrogen stations (onshore) 
are taken into account, the investment cost recovery pe-
riod will be shortened to 7.96 years, and the government 
subsidies can bring the cost recovery period forward to 
about 2.63 years, if the government in the follow-up to the 
construction of offshore hydrogen station subsidies.
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Table 6. Cost recovery years for offshore wind farm in-
vestors.

Component Amount (million $)

Initial investment 3.467

Annual income 0.862

Annual expenses 0.534

Annual net income 0.328

Cost recovery period 10.59

Cost recovery period (subsidy) 7.96

Analysis of Cost Recovery Period of the Marine 
Ranch Investor

Based on the above data, it can be calculated that the 
cost of rebuilding the ship is 3.319 million $, the cost of 
shore charging posts is 58200$, the cost of building an 
offshore integrated entertainment platform is 1.437 mil-
lion $, and the initial investment of marine ranch is 4.81 
million $, expressed in CCR. It also needs to invest 0.287 
million $ a year in the operation and maintenance of the 
hydrogen-powered ships, taking the fuel cost savings 
compared with traditional diesel ships and the entrance 
fees of the offshore integrated platform as income. Then 
the annual net income of marine ranch investors’ hydrogen 
investment can reach 0.552 million $, expressed in CIR. 
Taking into account Dalian’s subsidies at 0.498 million $ 
(expressed in CSR), for 15% of the total 2023 cost of hy-
drogen- powered ships purchased and put into operation in 
2023, according to Initial investment/annual net income =  
years of cost recovery, described by Equations (3) and (4).
TR = CCR/CIR (3)

TSR = (CCR – CSR)/CIR (4)
We can calculate the years of cost recovery with and with-

out subsidies for marine ranch investors, as shown in Table 7.

Table 7. Marine ranch investors’ cost recovery years.

Component Amount (million $)

Initial investment 4.81

Annual income 0.839

Annual expenses 0.287

Annual net income 0.552

Cost recovery period 8.73

Cost recovery period (subsidy) 7.82

The total diesel consumption of 30 marine ranch breed-
ing boats with the same performance parameters is about 
1320 liters per day, and that of 15 sightseeing boats with 
the same performance parameters is about 2460 liters per 
day, which is a total of 3780 liters, the price of diesel is 
calculated at 1.12$ per liter and the annual working days 
are calculated at 300 days. The annual fuel cost of ma-

rine ranch ships is about 1.266 million $, and the annual 
fuel cost of the hydrogen-powered ships is 0.862 million 
$, which can save 0.404 million $ per year. The price of 
the ticket for the marine entertainment platform is set at 
12.79$ per person, calculated on the basis of 40,000 tour-
ists per year, with an annual income of 0.511 million $.

The annual net income of marine ranch can reach 0.552 
million $. Without taking into account subsidies, marine 
ranch investors can recover the cost of their initial invest-
ment after 8.73 years, if the government subsidy for the 
hydrogen station is taken into account, this marine ranch 
can complete the cost recovery of the initial investment 
after 7.82 years. The government subsidy can bring the 
cost recovery period forward by about one year.

3.3 Cost Recovery Period Analysis Considering 
Other Influencing Factors

In the last part of the cost-recovery cycle, we only as-
sumed that the offshore hydrogen station is matched with 
the operation of the marine ranch and only produces hy-
drogen 300 days a year. But if the plant is operating year-
round, selling excess hydrogen to other users for revenue, 
the cost-recovery cycle could be further shortened to 6.54 
years, as shown in Figure 3. The sightseeing revenue of 
the marine ranch before was assumed to be constant every 
year, but this new model of tourism has the potential for 
continuous development and expansion. If tourism profits 
increase by 5% every year, the cost-recovery cycle could 
be shortened to about seven years, and total profits over 
the first 20 years would be about 65 percent higher. (This 
growth model becomes less credible as the period grows). 
In this scenario designed, the offshore hydrogen station is 
currently matched with the operating time of the marine 
ranch. However, if it operates year-round and sells excess 
hydrogen to other users, it will gain higher profits, as 
shown in Figure 4.
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construction of offshore hydrogen station subsidies.

Table 6. Cost recovery years for offshore wind farm 
investors.

Component Amount (million $)

Initial investment 3.467

Annual income 0.862

Annual expenses 0.534

Annual net income 0.328

Cost recovery period 10.59

Cost recovery period 
(subsidy)

7.96

Analysis of Cost Recovery Period of the Marine Ranch 
Investor

Based on the above data, it can be calculated that the 
cost of rebuilding the ship is 3.319 million $, the cost 
of shore charging posts is 58200$, the cost of building 
an offshore integrated entertainment platform is 1.437 
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4.81 million $, expressed in CCR. It also needs to invest 
0.287 million $ a year in the operation and maintenance of 
the hydrogen-powered ships, taking the fuel cost savings 
compared with traditional diesel ships and the entrance 
fees of the offshore integrated platform as income. Then 
the annual net income of marine ranch investors’ hydrogen 
investment can reach 0.552 million $, expressed in CIR. 
Taking into account Dalian’s subsidies at 0.498 million $ 
(expressed in CSR), for 15% of the total 2023 cost of hy-
drogen-powered ships purchased and put into operation in 
2023, according to Initial investment/annual net income = 
years of cost recovery, described by Equations (3) and (4).
TR = CCR/CIR (3)

TSR = (CCR – CSR)/CIR (4)
We can calculate the years of cost recovery with and with-

out subsidies for marine ranch investors, as shown in Table 7.

Table 7. Marine ranch investors’ cost recovery years.

Component Amount (million $)

Initial investment 4.81

Annual income 0.839

Annual expenses 0.287

Annual net income 0.552

Cost recovery period 8.73

Cost recovery period 
(subsidy)

7.82

The total diesel consumption of 30 marine ranch breed-
ing boats with the same performance parameters is about 
1320 liters per day, and that of 15 sightseeing boats with 
the same performance parameters is about 2460 liters per 
day, which is a total of 3780 liters, the price of diesel is 

calculated at 1.12$ per liter and the annual working days 
are calculated at 300 days. The annual fuel cost of ma-
rine ranch ships is about 1.266 million $, and the annual 
fuel cost of the hydrogen-powered ships is 0.862 million 
$, which can save 0.404 million $ per year. The price of 
the ticket for the marine entertainment platform is set at 
12.79$ per person, calculated on the basis of 40,000 tour-
ists per year, with an annual income of 0.511 million $.

The annual net income of marine ranch can reach 0.552 
million $. Without taking into account subsidies, marine 
ranch investors can recover the cost of their initial invest-
ment after 8.73 years, if the government subsidy for the 
hydrogen station is taken into account, this marine ranch 
can complete the cost recovery of the initial investment 
after 7.82 years. The government subsidy can bring the 
cost recovery period forward by about one year.

3.3 Cost Recovery Period Analysis Considering 
Other Influencing Factors

In the last part of the cost-recovery cycle, we only as-
sumed that the offshore hydrogen station is matched with 
the operation of the marine ranch and only produces hy-
drogen 300 days a year. But if the plant is operating year-
round, selling excess hydrogen to other users for revenue, 
the cost-recovery cycle could be further shortened to 6.54 
years, as shown in Figure 3. The sightseeing revenue of 
the marine ranch before was assumed to be constant every 
year, but this new model of tourism has the potential for 
continuous development and expansion. If tourism profits 
increase by 5% every year, the cost-recovery cycle could 
be shortened to about seven years, and total profits over 
the first 20 years would be about 65 percent higher. (This 
growth model becomes less credible as the period grows). 
In this scenario designed, the offshore hydrogen station is 
currently matched with the operating time of the marine 
ranch. However, if it operates year-round and sells excess 
hydrogen to other users, it will gain higher profits, as 
shown in Figure 4.

Figure 3. Total net income from marine ranch sightseeing.Figure 3. Total net income from marine ranch sightseeing
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Figure 4. Total net revenue of offshore hydrogen stations.

In this scenario, factors such as changes in hydrogen 
price, changes in the technological maturity of PEMFC 
system, and the level of equipment maintenance and 
management will all have impacts on the cost recovery 
period. Therefore, further sensitivity analysis is needed. 
The impact of changes in the above factors on the results 
is shown in Figures 5, 6, 7, and 8. 

In fact, the growth level of marine ranch tourism 
income will be affected by multiple factors and present 
uncertainty. The change in hydrogen price is the most 
intuitive factor affecting the operating profit of PEMFC 
ship users. When the average price of hydrogen gas is 
different, the change curve of the cost recovery period 
for investors of PEMFC ships is shown in Figure 5, and 
its impact on the cost recovery period of the hydrogen 
station is shown in Figure 6. (The upper price limit of 
20 RMB for H2 sold by hydrogen station is stipulated 
by preferential policies). From them, it can be seen that 
hydrogen prices within the range of 2.65 $/kWh to 2.88 $/
kWh are more suitable for both parties, which can control 
the cost recovery period of both parties within 10 years. 
In addition, the current policy subsidies have a more 
significant helping effect on the offshore hydrogen station.

Figure 5. The cost recovery period of marine ranch is 
affected by H2 price.

Figure 6. The cost recovery period of the H2 station is 
affected by the H2 price.

The initial construction cost of offshore hydrogen 
refuelling stations will decrease with the development 
of the technological maturity of electrolytic hydrogen 
production. In this scenario, when the expected cost 
recovery period remains unchanged, the hydrogen price 
of the hydrogen station is mainly affected by the initial 
construction cost of the hydrogen refuelling station. When 
the cost recovery period of a hydrogen station is 8 years 
(subsidies were taken into consideration), the trend of 
hydrogen price is shown in Figure 7.

Figure 7. Hydrogen price trend of the offshore hydrogen 
station.

In the future, with the development of this industry, it 
is foreseeable that the price of hydrogen and hydrogen 
stations will decrease, which can effectively improve the 
application economy of PEMFC ships.

Changes in equipment maintenance expenses can 
also have an impact on the results. Due to differences 
in maintenance and management capabilities, when the 
maintenance cost of equipment fluctuates within 0.4 
to 2.2 times the original value, its impact on the cost 
recovery period is shown in Figure 8. It can be seen that 
the fluctuation of maintenance expenses has a very limited 
impact on the offshore hydrogen station, but it is a very 
important issue for marine ranch investors.
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In this scenario, factors such as changes in hydrogen 
price, changes in the technological maturity of PEMFC 
system, and the level of equipment maintenance and 
management will all have impacts on the cost recovery 
period. Therefore, further sensitivity analysis is needed. 
The impact of changes in the above factors on the results 
is shown in Figures 5, 6, 7, and 8.

In fact, the growth level of marine ranch tourism income 
will be affected by multiple factors and present uncertainty. 
The change in hydrogen price is the most intuitive factor af-
fecting the operating profit of PEMFC ship users. When the 
average price of hydrogen gas is different, the change curve 
of the cost recovery period for investors of PEMFC ships is 
shown in Figure 5, and its impact on the cost recovery peri-
od of the hydrogen station is shown in Figure 6. (The upper 
price limit of 20 RMB for H2 sold by hydrogen station is 
stipulated by preferential policies). From them, it can be 
seen that hydrogen prices within the range of 2.65 $/kWh to 
2.88 $/ kWh are more suitable for both parties, which can 
control the cost recovery period of both parties within 10 
years. In addition, the current policy subsidies have a more 
significant helping effect on the offshore hydrogen station.
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is foreseeable that the price of hydrogen and hydrogen 
stations will decrease, which can effectively improve the 
application economy of PEMFC ships.

Changes in equipment maintenance expenses can 
also have an impact on the results. Due to differences 
in maintenance and management capabilities, when the 
maintenance cost of equipment fluctuates within 0.4 
to 2.2 times the original value, its impact on the cost 
recovery period is shown in Figure 8. It can be seen that 
the fluctuation of maintenance expenses has a very limited 
impact on the offshore hydrogen station, but it is a very 
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in maintenance and management capabilities, when the 
maintenance cost of equipment fluctuates within 0.4 
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The initial construction cost of offshore hydrogen re-
fuelling stations will decrease with the development of 
the technological maturity of electrolytic hydrogen pro-
duction. In this scenario, when the expected cost recovery 
period remains unchanged, the hydrogen price of the 
hydrogen station is mainly affected by the initial construc-
tion cost of the hydrogen refuelling station. When the cost 
recovery period of a hydrogen station is 8 years (subsidies 
were taken into consideration), the trend of hydrogen 
price is shown in Figure 7.
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Figure 8. The impact of changes in maintenance expenses 
on the cost recovery period.

3.4 Promotion Scenario of the Integrated Utilization 
Operation Mode

In the scenario design of the integrated utilization 
operation mode of the hydrogen-powered ship, the size 
of the offshore hydrogen production and refuelling unit 
is relatively small, the industrial technology of each 
component is relatively mature, and the retrofit scheme 
of the hydrogen-powered ship is relatively perfect, it is 
suitable for further promotion as elements of a larger scale 
distributed design in the development and construction 
planning of offshore wind power and hydrogen-powered 
ships. In the further scenario design, four adjacent wind 
farm sites offshore of Liaoning province can be selected, 
and a hydrogen production and refuelling station with 
a daily hydrogen production of 1 t can be built on the 
platforms in their respective areas close to the offshore 
fishing operation area, it serves as a source of hydrogen for 
nearby hydrogen fuel cell powered farming breeding boats 
and sightseeing ships, and, as the total hydrogen supply 
in the area increases, it can provide enough hydrogen for 
more hydrogen-powered ships. Larger fishing ships such 
as hydrogen-powered trawlers and shrimp trawlers could 
also be considered. Because such ships require larger 
power-cell capacity, the investors would need to install 
120 kW charging posts. The parameters and cost are 
shown in Tables 8 and 9.

Based on the above data, it can be calculated that the 
initial investment cost is 29.667 million $ and the annual 
investment is 2.283 million $, which includes annual 
maintenance costs (0.287 million $ per year, estimated at 1 
percent of the equipment cost) and electricity consumption 
costs (0.0287 $/kWh, 231,500 kWh per day, 1.996 million 
$ per year), On the other hand, the 100 diesel vessels with 
the same parameters will consume about 13,025 liters of 
diesel per day. Based on their working duration of 300 
days per year, the annual fuel cost for these ships will be 

about 4.362 million $. From this, we can calculate the 
change curve for the cost of PEMFC ships and diesel-
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cost after the 15th year already has an advantage over tra-
ditional diesel fuel, and the longer it takes, the greater the 
advantage is.

A liter less diesel is equivalent to a 2.63 kg reduction in 
CO2 emissions. This expansion would reduce CO2 emis-
sions by around 10,000 tonnes and sulphur dioxide emis-
sions by 3358.4 kg per year (calculated as 0.005% sulfur 
content of diesel fuel).

4. Discussion
In this promotion scenario, additional passing hydro-

gen- powered ships could be added to it to increase de-
mand for hydrogen, especially during the fishing off-sea-
son. This will not only make full use of the output capacity 
of offshore hydrogen stations to shorten the payback 
period for offshore wind power investors, but also create 
conditions for the use of more hydrogen-powered ships, 
and reduce fuel costs for ship owners. Furthermore, with 
good offshore wind power infrastructure, there are many 
offshore wind farms located within 100 km of each other 
in China, especially in the eastern and southern parts, if 
these wind farm investors build a chain of offshore hy-
drogen production and refuelling stations at reasonable 
intervals, they will be able to provide seamless hydrogen 
supply for the ships sailing along the coast, to promote the 
full use of renewable energy and hybrid PEMFC ships in-
dustry development. Furthermore, it should be noted that 
this proposed model requires nearby offshore wind farms 
in the sea area and the conditions to allow ships to berth 
and refuel. In addition, if the infrastructure construction 
of other alternative fuels along the coast is also relatively 
complete, the competitiveness of the proposed model will 
also be weakened.

5. Conclusions
In this paper, a demonstration scenario for the integrat-

ed utilization of offshore PEMFC ships and offshore wind 
power is presented, and the technical and economic anal-
ysis of this operation mode is made. It was also compared 
with traditional fuel ships. The following conclusions are 
drawn.

In this integrated application scenario, an offshore wind 
investor would ideally be able to recoup their investment 
costs in just 6.54 years and earn 0.399 million $ thereafter. 
Marine ranch investors can recover their costs in six to 
eight years, depending on the development of the sight-
seeing market and government subsidies for PEMFC- 
powered transportation.

Factors such as H2 prices, policy subsidies, and main-
tenance expenses all have varying degrees of impact on 

the results. The price of hydrogen is the most significant 
factor. Among other factors, the impact of policy subsidies 
is more evident for the offshore hydrogen station, while 
for investors of the marine ranch, maintenance expense is 
a more significant issue.

The promotion scenario can reduce CO2 emissions 
by around 10,000 tons per year, and SO2 emissions by 
3,358.4 kg per year, and the overall cost of using hydro-
gen as a fuel is lower than conventional diesel fuel start-
ing in the 15th year. However, the initial investment cost 
of fuel cell ships is high, and its economic benefits need to 
rely on policy incentives to further improve.
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The wind farm owner/operator must prepare a Design Basis to facilitate 
the design of floating offshore wind turbines. The Design Basis is crucial 
to ensure that the individual elements of the wind farm are designed 
according to the relevant standards and the actual site conditions. In case 
of under-design, systematic failures can occur across the wind turbines, 
which can result in progressive damage to the turbines of the wind farm. 
This paper focuses on the safety and overall economics, including limiting 
potential excessive costs of heavy maintenance caused by damage due 
to under-design. Thus, this paper highlights critical aspects of particular 
importance to be implemented in the Design Basis document. Meeting all 
required constraints for developing offshore wind farms in deep water may 
result in higher costs than initially anticipated. Nonetheless, a realistic cost 
estimation for all phases of the project, engineering, construction, transport, 
and installation on site, remains essential for all engineering projects, 
including those involving renewable energy.

Keywords:
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Current conditions
Soil conditions
Transformer stations
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Costs for wind turbine projects

1. Introduction
Every facility development project undergoes an engi-

neering phase and needs a Design Basis to be executed. The 
Design Basis document sets the framework for the project, as 
it contains the essential requirements and information regard-
ing important parameters for the design, fabrication, installa-
tion, and operation phases of the facilities. 

The Design Basis lists the selection of standards in 
every project. DNV [1] provides a comprehensible review 
of applicable standards, noting that the IEC 61400 series 
of standards [2] represents the de facto international stand-
ards for offshore wind turbines. Furthermore, standards 
specifically needed for the project must be listed. These 
requirements also include the selection of safety levels for 
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the design related to safety for personnel during all phases 
of the project, the physical environment, and the robust-
ness of the facilities to damage and collapse.

Furthermore, the Design Basis provides information 
regarding the design environmental loading in line with 
the selected safety level. For instance, it covers the wind, 
current, and wave conditions related to the selected annual 
exceedance probability. Additionally, the conditions of the 
sea floor on which the facilities are to be placed are essen-
tial information. Failing to properly assess it before com-
mencing detailed engineering can lead to substantial cost 
overruns or huge damages during operations. Likewise, 
carefully selecting materials for the facilities is critical, 
as improper use of materials can quickly lead to wear and 
tear, corrosion, and subsequent damage. It has also recent-
ly become essential to specify all emissions from all types 
of facilities during their entire lifetime to gain govern-
mental approval for the start-up of operations. The use of 
equipment or processes that produce toxic waste or could 
lead to large pollution if emitted into water or air shall be 
limited. 

Critical design parameters for offshore wind turbines 
must not be underestimated to obtain a successful project. 
As the operator has to install several wind turbines in a 
wind farm to obtain acceptable profit from the project, 
a systematic failure could lead to the collapse of several 
wind turbines in a wind farm in a chain reaction. Selecting 
a Design Basis that represents an under-design could thus 
involve many (or all) turbines, potentially leading to irrep-
arable damage to the wind farm. 

2. The Design Basis for Floating Offshore Wind 
Turbines

Considerable efforts have been made to develop safe 
and efficient floating offshore wind turbines suitable for 
water depths exceeding the economic limit of fixed mono-
pile or jacket-supported wind turbines [3,4]. Technologies 
applicable to such wind turbines have been developed; for 
example, Yang et al. [5] presented a thorough summary of 
commissioned floating offshore wind projects and their 
mooring systems, showing the versatility of the currently 
applied concepts. International standards [2] have been de-
veloped to ensure wind turbines are designed according to 
sound engineering principles.

The success of an actual wind turbine depends on 
its design being suitable for the actual site conditions. 
Therefore, a proper design basis must be developed by 
the owner and operator of all wind turbines in the entire 
wind farm and for the substation carrying transformers (if 
required). 

The Design Basis for floating offshore wind turbines 

must cover all elements required for the fabrication, in-
stallation, and operation phases of the facilities. In recent 
years, the authorities have also required the Design Basis 
for projects to include a plan for abandonment and remov-
al of the facilities after their intended use. 

Even though authorities and operators may promote 
wind farm projects, a realistic attitude to costs must be the 
basis for decisions. The Design Basis is a document that 
sets the technical requirements, and the reality regarding 
the design conditions might disappoint the most optimistic 
developers. The oil and gas company Equinor announced 
in 2022 [6] that a wind farm is planned in the central North 
Sea to provide electrification of the Troll field; see Figure 
1. The electricity generated was to replace the gas turbines 
mounted on the production platforms. One year later, 
Equinor announced [7] that technology was not sufficiently 
mature, and costs were higher than initially calculated. 
Therefore, the company decided to put the wind farm pro-
ject at Troll on hold. 

Figure 1. The planned Troll wind farm project that is put 
on hold, Equinor’s website.

Source: Equinor Put Trollvind on Hold[7].

3. Discussion of Critical Parameters of the 
Design Basis 

3.1 Safety Levels for the Design of Floating Offshore 
Wind Turbine Farms

The national authorities give the safety levels for the 
design of offshore wind turbines and offshore substations 
(transformer stations), generally building on international 
standards. It might be noted [8] that “for marine structures 
in the offshore wind engineering business, lower safety 
levels than in the oil and gas industry are specified by 
international standards. The set of design requirements 
provided by the International Electrotechnical Commis-
sion (IEC); IEC 61400 [2] ensures, however, that wind tur-
bines are appropriately engineered against damage from 
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hazards within the planned lifetime”. One can, however, 
question whether the annual probability of exceedance of 
the environmental loading should be set to 10–2, like for 
the oil and gas industry [9], since floating offshore wind 
turbines represent large investments and extreme environ-
mental effects at present seem to occur more frequently 
due to ongoing climate changes. On the other hand, some 
authors claim that the offshore wind industry might better 
not adapt to the oil and gas standards, see Griffith et al. [10]. 
Further work is recommended to clarify the issue of how 
to obtain an adequate safety level in the offshore wind in-
dustry. 

“It should be noted, however, that wind farms will re-
quire transformer stations, which from time to time must 
be manned. These substations have a considerable volume 
of toxic transformer oil for cooling the transformers and 
represent large investments. The safety level selected for 
the design of these substations will depend on the conse-
quences of failure to, or loss of the stations [8].” Related to 
this, the actual safety level is determined by the selection 
of the annual probability exceedance of the environmental 
data and the selection of partial coefficients.

3.2 Information about the Soil Conditions at the 
Offshore Site 

The soil conditions at the offshore site determine the 
design of the anchor system. For instance, in certain areas 
in the Norwegian Trench, the soil conditions are relatively 
homogeneous and consist of soft clays. In this case, an 
anchor system based on suction piles connected to the 
mooring lines can be considered. Collecting information 
about the soil conditions where anchors are to be placed 
is necessary in areas with local soil variations. In onshore 
projects, disputes regarding actual soil conditions often 
cause project cost overruns, and there should be no excuse 
to skip details regarding the soil conditions in the Design 
Basis for offshore floating wind turbines. 

3.3 Data Regarding the Physical Environment 

The physical environment leads to loads on built fa-
cilities. Offshore, the wind, wave, and current conditions 
represent large loads, and wind turbines placed offshore 
must be designed to resist the associated load effects. 
Other loads caused by snow and ice (atmospheric ice on 
the turbine blades and sea spray ice on the floater) must 
also be considered where relevant. The NORSOK N-003 
standard [11] summarizes offshore actions and action ef-
fects, stating that the wind turbines must be designed to 
resist the loads expected for the specified annual proba-
bility of exceedance. The Design Basis must reflect the 

measured environmental data; however, data collection 
takes a long time, and available databases must be used. 
With the ongoing climate change, extreme weather is 
expected to occur more frequently than in the past. Data 
from databases going back in time should be considered. 
This should be done to consider especially extreme events 
adequately. Sufficient measurements of environmental 
conditions might be absent in areas without oil and gas 
developments, for example, close to the Norwegian coast. 
When there is a lack of sufficient measured data for en-
vironmental conditions, alternative methods should be 
sought to obtain physical environmental data that approxi-
mates the actual situation to reduce design risks. This may 
include using measurements from similar areas, simula-
tion techniques, or other suitable methods. Additionally, it 
must be clear how these methods are used and referenced 
to effectively obtain the environmental conditions of the 
operating area. 

Wave Conditions at the Offshore Site

The wave conditions in the North Sea and many loca-
tions worldwide are well known, and considerable data-
bases exist. Using data about meteorological low-pressure 
situations and measured wave information, it should also 
be possible by the method of “wave hindcasting” to pre-
pare statistics about wave conditions at most sites where 
offshore floating wind turbines are considered. For the 
Norwegian shelf, the recommendations given by NOR-
SOK N-003 [11] for an annual probability of exceedance of 
10–2 can be used; see Figures 2 and 3. However, the stand-
ards for offshore wind turbine design [1,2] require a design 
to resist environmental loading for an annual probability 
of exceedance of 2 × 10–2. This means a 50-year return de-
sign wave is used for offshore wind projects rather than a 
100-year return design wave that would have been applied 
in the oil and gas industry. 

Currents at the Offshore Site

It is essential to identify the design of near-surface-cur-
rent at the site where offshore wind turbines are going 
to be installed, as these turbines have relatively large 
near-surface volumes to secure sufficient buoyancy and 
volume for ballast (to act against tall turbines in order to 
secure initial stability). The forces on the anchor system 
might be tremendous in case of strong currents in combi-
nation with relevant wave-particle motions.

For wind turbines placed near the Norwegian coast, say 
within 60 to 100 km from the coast, it should be noted that 
The Norwegian Coastal Current (NCC) can be extremely 
strong. During intense northerly storms, a storm surge is 



29

 Sustainable Marine Structures | Volume 05 | Issue 02 | September 2023

created in the Southern North Sea, Skagerrak, Kattegat, 
and even the Baltic Sea. When the storm settles, water 
flows back north and can considerably enhance the NCC. 
Figure 4 shows coastal current whirls (eddies) on 13 April 
1981 [12]. The near-surface whirls (eddies) are created as 
the northern flow of water becomes unstable; see also Fig-
ure 5 [13].

Figure 2. Significant wave height contours based on 
NORA10 1958-2011, corresponding to an annual exceed-
ance probability of 10–2, NORSOK.

Source: NORSOK Standard N-003 Actions and Actions  
Effects [11].

Figure 3. Spectral peak period associated with 10–2 annual prob-
ability significant wave height Hs: Tp = a·(1.0+Hs) 

(0.33+0.0029·HS),  
a = 5.8 at N55° linear increasing to 6.6 at N78°, NORSOK.

Source: NORSOK Standard N-003 Actions and Actions  
Effects [11].

The Troll oil and gas field is located 65 km west 
of Bergen in the Northern North Sea at 60°38’44”N 
3°43’35”E/60.645556°N 3.726389°E and is influenced by 
whirls (eddies) which expand westwards from the NCC. 
The water depth exceeds 300 m across the field. During 
the drilling of wells in the spring of 1981, there was one 
specific situation when very strong eddy currents occurred. 
The drilling rig was about to drift off location, and there 
were concerns that the anchor system would not hold. 
Supply vessels had to be linked to the rig to keep the rig in 
position. That was successfully done; however, an exten-
sive research project was initiated after the event to iden-
tify the cause of the strong currents and realistic extreme 
values. Much of this research work was carried out at Sin-
tef, Trondheim, under the leadership of McClimans [14,15].  
The surface currents were studied in the laboratory and 
by numerical models to support a field measurement pro-
gram. “Large bursts of coastal water with surface currents 
over 3 knots were observed far offshore. Laboratory stud-
ies of the dynamics of coastal currents off the west coast 
of Norway revealed large mesoscale eddies at an annual 
probability of exceedance of 10–2 [15].” Other locations 
along the Norwegian coast have also been considered by 
Saetre [16]. For the Troll location, the design of the current 
value (with an annual exceedance probability of 10–2) is 
given in Figure 6.

One could question whether estimating this high value 
of the design current is correct based on one specific event 
and very few measurements. The argument is, however, 
that this value has been estimated from actual extreme 
data, and it is relevant to select a design basis with refer-
ence to actual events. The standard for selecting actions 
and action effects for oil and gas installations on the Nor-
wegian shelf [11] requires measurements at the site to use 
lower values for the current; see Figure 7. For the design 
of offshore wind turbines, careful selection of design cur-
rent values must be carried out to ensure that the mooring 
system can keep the wind turbines on location. It should 
be noted that the extreme value of the current may not be 
combined with the maximum waves, as extreme currents 
occur after a storm event, following the backflow of water 
after the storm surge.

Furthermore, the design value of the current will in-
fluence the design of the electric cables between the indi-
vidual wind turbines [17,18] and the transformer station [19],  
where the electricity generated by the wind turbines is 
transformed from alternating current (AC) to direct cur-
rent (DC) to limit energy loss during transport to shore. 
Functioning cables are crucial for the profit of a wind 
farm, and the risk of damage must be minimized. That is 
important to consider in the design, as repair works on 
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cables can often only be carried out in small weather win-
dows, meaning the wind turbines might be disconnected 
from the electricity grid over several months [20].

Figure 4. Satellite thermal image of coastal whirls (eddies) 
on 13 April 1981, McClimans and Lønseth.

Source: McClimans, T.A., Lønseth, L. [12].

Figure 5. The general current circulation system of the 
North Sea, OSPAR.

Source: Quality Status Report 2000 Region II Greater  
North Sea [13].

Wind Conditions at the Offshore Site

In the actual marine environment, wind loads mainly 
come from the cyclic loads of the turbine. The economic 
viability of different wind fields needs to be demonstrated. 
The unbalanced wind load on the upper part of the tower 
poses a challenge to the control of the nacelle. Further-

more, there is a fire and mechanical failure risk, which 
requires additional analysis and description.

Figure 6. Design current suggested for the Troll field; CS =  
surface current, CB = bottom current, T represents the 
max. temperatures in the water column; note that the wa-
ter depth is 300 m, Saetre.

Source: Saetre, H.J. [16].

Figure 7. Preliminary total current profiles for cases when 
no current data is available, NORSOK.

Source: NORSOK Standard N-003 Actions and Actions  
Effects [11].

Ice Conditions at the Offshore Site

The presence of ice and ice sheets represents special 
consideration for certain areas. The floating wind turbine 
structures can fail under compression from the ice [21]. In 
some areas (e.g., in the Baltic Sea and Bohai Bay), the bot-
tom fixed wind turbines are designed to resist these loads, 
and the reference is usually ISO 19906 [22]. For floating wind 
turbines, the potential presence of ice can represent a “no-
go” whereby no floating wind turbines should be installed 
in the area. Ice management can be considered in the case 
of light ice conditions. It should be noted that vessels in ice 
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are designed to turn up against the ice drift; this might not be 
possible for floating wind turbines. 

Conditions of the Physical Environment at the 
Fabrication Site

When the fabrication site has been selected for the 
wind turbines, it is of utmost importance that the environ-
mental conditions at the fabrication site are known to en-
sure that the design for fabrication considers the soil con-
ditions as well as the wind, wave, current, and bathymetry 
at the site. While it is expected that most of the needed 
data is easily available, strong winds occurring during the 
fabrication period may cause damage and even lead to 
fatalities. Furthermore, the wind turbines may be moored 
near the fabrication dock before the float-out to the off-
shore site. The mooring system during fabrication must be 
designed for the actual conditions. The selection of safety 
level includes the selection of the return period for wind 
and wave conditions at the fabrication site and is critical. 
With changing climatic conditions, extreme weather is 
occurring more frequently, and safety during fabrication 
must be considered appropriately. 

It should be noted that all countries will endeavour to 
fabricate wind turbines at local fabrication sites [23]. This 
can be seen as the biggest risk in the supply chain [24]. 
Concepts requiring wide fabrication yards will be exclud-
ed from most shipyards. The bathymetry at the construc-
tion site and along the tow-out channel to the offshore site 
will largely influence the concept selection. Restrictions 
will favor concepts that do not need a deep draft. Due 
to this, the deep-draft Hywind will not be given priority 
when operators are selecting a wind turbine concept that 
can be partly fabricated in drydocks and be finalized in-
shore in shallow waters, ready to be towed to the site with 
tower, nacelle, and turbine blades installed. 

3.4 Use of Toxic Fluids in Wind Farm Transformers

A wind farm consisting of many individual wind tur-
bines will generate large quantities of electricity. In order 
to efficiently transport the electric current to the users, the 
(AC) generated must be transferred to the (DC). Separate 
transformer stations must be installed. The wind turbines 
are connected to a transformer station by electric cables 
hanging between the wind turbines. The cables are made 
buoyant using buoyancy elements or routed along the sea-
floor. These cables will severely restrict fishing activities 
in the area; note that the mooring system will also do so. 
The transformer stations contain a significant volume of 
oil, up to 50 m3 [25], for cooling the transformer. As trans-
former oil is generally very toxic, the pollution from the 

collapse of a transformer station is non-negligible. The de-
sign basis for the transformer stations must consider this 
fact [19]. A requirement that the mooring system shall be 
redundant is relevant. It is also suggested that efforts must 
focus on using less toxic transformer fluid or developing 
transformers that can better handle the heat generated 
through the electricity transformation from AC to DC [26].

4. Need for Adequate Insurance Cover

As wind farm operators are not necessarily organiza-
tions with large funds and may struggle to repair their 
assets, there is a need for proper insurance to protect the 
public from having to take over a malfunctioning offshore 
wind farm project. For onshore wind farms, the numerous 
failures can generally be classified as individual failures 
rather than systematic failures. However, there is a ten-
dency for the gear systems to be weak, and the blades of 
offshore wind turbines deteriorate faster than expected [27]. 

For offshore wind turbines, a failure in the grouting 
system between the foundation and the tower has been of 
much concern and has caused much repair work [28]. The 
floating wind turbines are individually more expensive 
than fixed wind turbines, and a systematic error or un-
der-design for a complete wind farm may lead to bankrupt-
cy of the farm. Such an error can easily be caused by the 
collision of a drifting ship with a floating wind turbine re-
sulting in progressive drifts throughout the entire farm [29].  
For a discussion of using shared or four mooring lines to 
provide redundancy see Hall et al. [30]. 

It is, therefore, suggested that the authorities require 
offshore floating wind farm projects to have proper in-
surance to handle situations with major damage to wind 
turbines in the wind farm. Such a requirement will lead to 
the need for external verification by a warranty surveying 
company in all project phases to ensure that the facilities 
are built, installed, and operated according to specifica-
tions, the established Design Basis, and sound engineering 
and operational principles, like in the offshore oil and gas 
industry. For a full review of North Sea environmental 
conditions see Quante et al. [31]. The costs of insurance 
coverage throughout the lifetime of the floating offshore 
wind parks will be noticeable. However, if a company 
cannot afford safety, the company might have to face the 
costs of accidents. In civil society, insurance is required 
when the potential economic loss exceeds the funds of the 
owner. All cars must, for example, have third-party dam-
age insurance coverage referring to their license plates, as 
the costs of collisions with potential personnel injury can 
be exceptionally high, outside the range where individuals 
can pay the compensation set by the juridical system. 
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5. Safety for Personnel Involved in the Fabri-
cation, Installation, and Operation of Floating 
Offshore Wind Turbines 

In addition to the structure itself, personnel safety and 
risks involved in the construction process are critical fac-
tors to consider for the overall operational cost of floating 
wind turbines. Ensuring personnel safety should be re-
flected throughout the entire construction and operation 
processes. The safety risk during the construction period 
should follow industry standards that are set in the off-
shore construction industry.

The safety of everyone involved in the operations of 
floating offshore wind turbines, including access for main-
tenance and repair, must be ensured [32,33]. The theme is 
highly relevant as the activities involve transfer from the 
ship to the wind turbine, a transfer between two moving 
objects often in conditions where the personnel transport 
vessel has considerable movements in waves [34]. A com-
plete Design Basis will have to ensure that personnel safe-
ty is incorporated in the design of all wind farm facilities. 

6. Construction Management and Installation 
Risk

Efficient construction management is key to the suc-
cess of all construction projects. The process for a well-
planned project emphasizes a detailed FEED (Front End 
Engineering Design) document, rigorous cost control, 
relevant standards and clear contracts, and company 
attendance at the construction site. Following the COV-
ID-19 pandemic, some construction material has come in 
high demand that cannot be supplied as quickly as before, 
causing project delays and cost overrun. In the long term, 
construction and operational experience are expected to 
contribute significantly to reducing the levelized cost of 
energy (LCOE) of floating offshore wind farms [24]. 

Insurance companies and warranty surveyors must be 
involved to ensure acceptable risks during towing and 
installation. The consequence of carefully planned and 
executed installation activities might be “waiting on the 
weather” to carry out the marine operations. The probabil-
ity of waiting for adequate weather will influence the tow-
ing and installation costs, and the marine operations must 
be carefully designed and planned to avoid excessive cost 
escalations during towing and installation.

7. Discussion and Conclusions 

A discussion on the necessity to prepare a proper De-
sign Basis for floating offshore wind turbines has been 
presented. The focus has been on selecting relevant stand-
ards and values of the environmental data to be used for 

the design. Unless safe values are selected, there is a high 
probability that wind turbines can be damaged during ex-
treme weather events. Furthermore, it is emphasized that 
soil data for mooring system design must be available. 

The findings imply that developing offshore wind farms 
in deep waters might increase costs. At the same time, the 
probabilities of damages or failures can be reduced. 

The principal findings of the paper can be summarized 
as follows:

• The selection of data for environmental loading 
should be reviewed with a discussion of whether data with 
an annual probability of exceedance of 10–2 should be 
used, as for the oil and gas industry. The argument is that 
the costs of floating offshore wind turbines are very high, 
and under-design might involve the failure of many or all 
turbines in a wind farm. 

• The current at the site is a major unknown, and efforts 
must be made to identify the value of the design current. 
The statistical database for selecting extreme current val-
ues may not be sufficient, and separate data collection or 
laboratory modeling may be necessary. The problem is, 
however, that extreme design currents occur very infre-
quently. It might be necessary to consult data archives to 
identify realistic values. Selecting the combination of ex-
tremely strong currents and large waves can also be nec-
essary to design the mooring and electrical cable systems.

• The central electricity transformer station of a wind 
farm represents a non-negligible environmental pollution 
risk. Efforts should be made to reduce this risk, either by 
designing the transformer station to a high safety standard 
to reduce the probability of pollution or to reduce the vol-
ume of toxic transformer oil to minimize the consequenc-
es of an oil spill. Offshore wind farms should be prepared 
for oil spill clean-up operations.

• The repair costs of damaged wind turbines in a wind 
farm might exceed the financial capabilities of the owner 
of the facilities. It is suggested that insurance coverage 
should be mandatory to ensure that the authorities do not 
have to take over the responsibility to repair or remove the 
damaged turbines. 

• The wind turbine operators shall be prepared to bear 
the costs of abandoning the wind farm and removing all 
facilities at the location. 

• Given the above findings and conclusions, research 
efforts are recommended concerning the following:

• A review of the selection of safety levels for offshore 
floating wind turbines and all equipment installed in a 
wind farm should be conducted. That will also include ro-
bust mooring design and selection of mooring line redun-
dancy requirements.

• Data evaluation projects related to identifying real-
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istic values for the current are recommended for all areas 
opened by authorities for the development of floating off-
shore wind farms.

• A project should be carried out to ensure the safety 
of all involved in the operations of floating offshore wind 
turbines, including access for maintenance and repair. 
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The current marine-based aquaculture primarily utiliz-
es nearshore waters by means of fish cages. Over the past 
few decades, enormous types of fish cages have evolved, 
and the technology converges to a few optimized designs 
of cages that balance capital costs and fish welfare. The 
prevailing technology for fish farming is the flexible grav-
ity-type open-net cage, which comprises a floating collar 
made of high-density polyethylene (HDPE), flexible net 
enclosures for fish containment, a bottom ring, bottom 
weights, and interconnecting wires or ropes. These cages 
can have diameters exceeding 50 m and depths of over 
20 m. A modern commercial-scale farm can consist of up 
to ten or more such cages, and a complex grid mooring 
system is required. Such a system includes bridle lines, 
frame lines, anchor lines and buoys. The whole system is 
highly flexible and resilient against exposure to wave and 
current forces. However, due to biofouling, wear and tear 

caused by environmental forces and operation, regular 
maintenance is needed to keep the system in good condi-
tion. Feeding is facilitated through feeding tubes, operated 
either from the control room aboard a barge or remotely 
from shore. Such fish farms are known for their cost-ef-
fectiveness and resilience, typically situated in sheltered 
environments, like fjords or nearshore areas.

The sustainability of nearshore aquaculture faces sev-
eral critical challenges, including threats to wild stocks 
from fish escape, issues with parasites, water pollution, 
harmful algal blooms, impacts from climate change, etc. 
Additionally, the limited availability of sheltered locations 
is also a driving factor to move the aquaculture industry 
toward more exposed seas, notably offshore fish farming. 
Currently, there is no agreed definition for offshore or 
exposed fish farming [1]. In general terms, it refers to fish 
farming conducted in remote and unsheltered locations 

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.36956/sms.v5i2.949
mailto:lin.li@uis.no


36

 Sustainable Marine Structures | Volume 05 | Issue 02 | September 2023

characterized by high-energy currents and waves com-
parable to those of the open ocean but located relatively 
close to the coast [2]. 

The potential advantages of offshore farming are sig-
nificant. They include access to ample open sea space for 
achieving better economies of scale, reduced exposure 
to pollution from human-induced sources, minimized 
conflict with other nearshore activities, improved water 
exchange within the farm, better control of fish parasites, 
reduction in negative environmental impacts both on wa-
ter quality, the substrate and associated benthic organisms, 
etc. However, new challenges emerge as the industry tran-
sitions to exposed locations. These challenges, owing to 
their complexity, are not yet clearly defined, or extensive-
ly researched. Generally, the key challenges are associated 
with structural design, remote operation, and ensuring 
fish welfare in the face of harsh environmental conditions 
and the remoteness of offshore sites. These result in extra 
costs that need to be matched by benefits in production. 
Addressing these challenges demands innovation in both 
technology and strategies to adapt current practices to ef-
fective offshore farming.

In recent years, numerous offshore fish farm concepts 
have been proposed, and some have been successfully 
constructed and deployed. A comprehensive review of 
these concepts can be found [1]. From a structural design 
perspective, the novel offshore fish farms tend to feature 
more rigid and robust supporting frames and submerged 
cages in contrast to the prevailing flexible floating cage 
technology. The design aims to endure the stronger wave 
and current loads in an offshore environment while mini-
mizing deformation and ensuring adequate cage volume. 
Two prominent offshore fish farm units, namely Ocean 
Farm 1 and Havfarm, are the pioneering examples among 
various designs, and they are already in full-scale opera-
tional phases off the Norwegian coast.

Ocean Farm 1 has been considered as the first full-scale 
offshore fish farm operating in exposed sea since 2017. 
With a diameter of 110 m and a volume of 250000 m3, the 
cage can accommodate over 1 million salmon. In contrast 
to the flexible collar cage in sheltered waters, this offshore 
facility is a dodecagonal semi-submersible unit composed 
of a rigid frame structure with steel columns, pontoons, 
and braces to resist excessive environmental loads. Stiff 
net materials are attached to the frame structure to min-
imize cage deformation. The design significant wave 
height for such a structure is about 5 m and the design 

current velocity is 0.75 m/s [3].
Havfarm, on the other hand, is recognized for its ves-

sel-like design, and the first unit has been in operation 
since 2020. It is a 385 m steel construction equipped with 
a weathervane mooring system. The entire farm comprises 
six separate cages along the vessel, and the volume of the 
whole farm is 414000 m3, with a capacity to host 10000 
tons of salmon [4]. The nets in the upper part of the cages 
are attached to the rigid frame structure. The farm is di-
mensioned to withstand a significant wave height of up to 
10 m. 

The development of the above advanced technologies 
for exposed and offshore farming has been heavily based 
on established practices in the offshore oil and gas sector, 
given many similarities between the engineering methods 
within these industries. While it is feasible to design and 
manufacture enduring offshore structures as proven by 
the oil and gas industry, offshore fish farm structures face 
additional challenges in ensuring the well-being of the 
fish. Offshore conditions characterized by strong currents 
and waves, can significantly impact the fish’s behaviour, 
potentially leading to health and welfare concerns. These 
considerations impose limitations on the design and site 
selection of offshore farms. Consequently, offshore farms 
are currently situated in locations that are either partially 
sheltered or relatively close to land, rather than fully ex-
posed open sea areas.

Offshore fish farm development is still in its early stag-
es. The cost of establishing offshore farms significantly 
surpasses that of nearshore fish farms. The elevated cost 
is primarily driven by the necessity for more robust and 
expensive structures which also have much higher mainte-
nance costs, as they are subjected to accelerated wear and 
tear from harsh weather conditions. As an example, Ocean 
Farm 1 faced a deficit of over 100 million NOK in 2022, 
largely attributed to major maintenance and upgrading 
costs. As a result of these challenges, the full-scale devel-
opment of offshore fish farms remains limited to a few 
countries such as Norway and China. To facilitate industry 
growth, well-structured financing is thus imperative. The 
feasibility of offshore fish farming may be achieved by 
embracing the development of multi-functional and au-
tonomous infrastructure from the oil and offshore indus-
try. Co-locating offshore renewable energy systems with 
offshore fish farms has the potential benefits of integration 
and shared services while reducing operational time and 
costs. Meanwhile, research and development of the tech-
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nology require more cross-disciplinary collaboration to 
take care of engineering and biological challenges, as well 
as social and environmental aspects. 
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The effect of soil-monopile-structure interaction is of great importance in 
the design of offshore wind turbines (OWTs). Although sea waves play the 
most effective role in the performance of OWTs, the coupled effect of sea-
wave loads and seismic motion on the performance of the OWT system in 
seismic-prone areas is a factor that is less investigated and should not be 
ignored. In this regard, a 2-D porous model based on Biot’s poro-elastic 
theory is considered to capture the pore water pressure generation in the 
soil domain surrounding the OWT foundation. The coupled effect of sea 
waves and seismic motion through a comparative study is considered for 
the reference OWT system based on the monopile foundation by using the 
FE program, OpenSees. The results of the analyses are presented in specific 
locations. Upon the obtained results, the dynamic behavior of the OWT 
system and the possibility of liquefaction in the soil surrounding the OWT 
during applied loads are investigated and compared. This comparison is a 
good representative of the effect of the seismic motion on the performance 
of the OWT system and the soil medium by considering soil-monopile-
structure interaction in seismic-prone areas.

Keywords:
Offshore wind turbines
Seismic motion
Sea-wave loads
Pore water pressure generation

1. Introduction

According to the demand of the world for green energy 
resources, wind energy is one of the examples that is of 
great interest in recent years. Wind energy is a secure type 
of energy and is environmentally friendly. Because of the 
considerable number of coastal areas in the world and 
the high speed of the offshore wind, the Offshore Wind 
Turbine (OWT) compared to the onshore one, is of great 

interest nowadays. According to the recent agreement by 
the countries to achieve net-zero emissions over the com-
ing decades, OWT farms will be increasingly employed 
in seismically active regions. The reasonable performance 
of these structures both functionally and economically is 
one of the main concerns in the OWT projects. It needs 
to be noted that for these giant structures with a design 
life of 25 years, the design of the foundation which costs 
about 25-34% cost of the whole project is one of the most 
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costly parts of the whole system [1]. In this regard, the cur-
rent study concerns the performance of the offshore wind 
turbine system during environmental loads (cyclic sea-
wave and earthquakes) with a focus on the geotechnical 
part of the system (foundation and the surrounding soil) 
which has been less investigated. Monopile, which is the 
most common foundation for OWTs, is considered for the 
numerical analyses in the present study.

The present design standards and guidelines for OWTs 
are dependent on p-y curves that are defined for offshore 
pile foundations in the oil and gas industry. Because of 
larger numbers of load cycles, the larger diameter of 
monopiles for OWTs, and the possibility of pore water 
pressure generation in the soil domain, the accuracy of 
their application for the OWT system is now questionable 
among researchers. The main aim of the current study is 
to evaluate the possibility of liquefaction in the soil medi-
um in the vicinity of the monopile in seismic-prone areas 
by considering soil-pile-structure interaction. 

In the present research, the Finite Element (FE) pro-
gram OpenSees (The Open System for Earthquake Engi-
neering Simulation) is employed for numerical modeling 
and analysis of the OWT system [2]. The consequences 
such as stresses, strains, excess pore water pressure ratio, 
and deformations are evaluated in specified locations of 
the model. 

Among studies in the field of OWT, some studies in-
vestigated the structural response of the OWT system  
(e.g., [3,4]), and only a few concentrated on the geotech-
nical performance of the system under seismic actions  
(e.g., [5-7]). Despite the numerous recent studies in the field 
of OWT, the number of items relevant to the investigation 
of the liquefaction possibility in the soil surrounding the 
OWT is very limited [7]. The traditional p-y curves meth-
od, used for the current design of the OWTs suggested by 
the guidelines and standards (API and DNV GL), greatly 
overestimates the initial stiffness for the liquefied soils. 
This procedure leads to an unconservative estimation of 
foundation tilting and the dynamic performance of the 
overall system [8-10]. In 2020, Kazemi Esfeh and Kaynia 
evaluated the possibility of liquefaction in the soil sur-
rounding the OWT foundation during the combined ac-
tion of wind and seismic loads. According to the authors, 
liquefaction is a phenomenon that has not been studied 
sufficiently for the case of the OWT foundation and the 
soil domain in the vicinity of the foundation. The OWTs 
based on monopile and caisson foundations were analyzed 
in this research. FLAC 3D software was employed and 
the soil medium was formed by using SANISAND con-
stitutive model through nonlinear dynamic analyses. They 
resolved that liquefaction incident has considerable effects 

on the rotation of both monopile and caisson-type founda-
tions [7]. 

There are no reliable guidelines or codes for the de-
sign of OWTs in seismic-prone areas, and the available 
codes for seismic design are mainly developed for classic 
structures. It is required to check and approve their prac-
ticality to offshore wind turbines [10]. Bhattacharya et al. 
(2021) explained the main steps and challenges in the 
seismic design of offshore wind turbines. They mentioned 
that OWTs are designed for a lifespan of 25 to 30 years. 
So, major seismic events are less probable but they are 
high-risk events. Nowadays, most standards use a 475-
year return period (corresponding to a 10% probability of 
exceedance in 50 years) for the seismic design of OWTs. 
The amount of allowable tilt for OWT structures is one 
of the significant design factors of monopile-supported 
OWTs. The allowable tilt is specified as 0.5 to 0.75 de-
grees currently, and the effect of the P-delta moment ini-
tiates a rise in the foundation loads by the increase in tilt 
values. They noted that in sites with loose cohesionless 
soil deposits (e.g., sand), the occurrence of liquefaction 
is the most critical condition for the seismic design of a 
monopile foundation. The liquefaction phenomenon may 
lead to an excessive permanent tilting of the foundation [10].  
Zheng et al. (2015) investigated that the joint effect of 
earthquake and sea-wave loads is essential to be consid-
ered for the structural response of OWT through experi-
mental tests. They mentioned that further numerical FE 
analysis is required to investigate the effect of seismic and 
hydrodynamic loads on OWT by considering soil-struc-
ture interaction [11].

2. Numerical Modeling

2.1 Soil Medium Modeling

The constitutive model (Drucker-Prager 𝐽2 multi-sur-
face plasticity model) is generally useful for representing 
the soil behavior for various cyclic loads [12-16]. This mod-
el is mostly determined to simulate cyclic liquefaction 
response in clean sand and silt numerically. Yang et al. 
(2003) and Elgamal et al. (2003) developed a multi-sur-
face plasticity model at the University of California, San 
Diego (UCSD) for both sand and clay [16,17]. This model 
presents an elastic-plastic material and is implemented 
as Pressure Depend Multi Yield (PDMY) and Pressure 
Independ Multi Yield (PIMY) for both sand and clay, re-
spectively, in the OpenSees framework [2]. Later PDMY 
material was modified by Yang et al. (2008) and defined 
as PDMY02 soil constitutive model in the OpenSees 
materials library [17]. After clarification of the model, labo-
ratory and centrifuge test results were considered for cali-
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bration of soil parameters specified for the current model, 
and reasonable outcomes were achieved.

The plastic strain tensors (Q and P) in the specified soil 
constitutive model contain deviatoric and volumetric com-
ponents and are presented in equation (1) [12].

,  (1)
𝑄 ́ and 𝑃 ́ are deviatoric and  and  are volumetric 

components of the plastic strain. Deviatoric plastic strain 
is defined based on the associative flow rule (�́� = �́�) and �́� 
can be expressed as �́� which is specified based on the yield 
surface. The volumetric plastic strain follows the non-asso-
ciative flow rule (  ≠ ) and  can be defined based on 
the phase transformation (PT) surface instead of the yield 
surface [18]. In liquefaction studies, non-associativity is of 
great importance. Contractive, and dilative behaviors of soil 
can be simulated based on this factor properly [2,16,19]. 

Contractive and dilative parameters are defined within 
the soil constitutive model and are inputted to the program 

as the terms 𝑐1, 𝑐2, 𝑐3 (contraction) and d1, d2, and d3 (dila-
tion), respectively. 

Table 1 presents the calibrated soil parameters for 
undrained sandy soil used in the current study [20]. For 
modeling the soil domain, the implemented 9-4 quad-up 
element (9 nodes for solid deformation and 4 corner nodes 
for pore water pressure determination) in the OpenSees 
platform is employed.

2.2 OWT System Modeling

Figure 1 presents the schematic view of the mono-
pile-supported OWT. The still sea-water depth is 20 m, the 
modeled soil depth is 30 m, and the tower’s length above 
the sea level is 90 m. The mass of the rotor and nacelle is 
assumed as a lumped mass for the FE model [21,22]. Table 2 
gives the properties of the OWT, foundation, and sea-wa-
ter depth for the reference OWT (5-MW NREL).

After the foundation and superstructure are installed 

Table 1. PDMY02 calibrated soil properties for Nevada sand (Dr = 63%).

Parameter Description Value Units
Gr, Kr Reference shear and bulk modulus 72.5E3, 193.6E3 [kPa]
ρ Saturated unit weight 2 [ton/m3]
e Void ratio 0.66 -
φ Soil friction angle 34.5 [°]
φPT Soil phase transformation angle 26.5 [°]
Pr Reference effective confinement pressure 101 [kPa]
n Pressure dependent coefficient 0.5 -
ϒmax Peak shear strain 0.1 -
c1, c2, c3 Contraction parameters 0.04, 2.5, 0.2 -
d1, d2, d3 Dilation parameters 0.07, 3, 0 -
NYS No. of yield surfaces generated by model 20 -
liq1, liq2 Account for permanent shear strain (slip strain or cyclic mobility) in sloping ground 1, 0 [kPa] 

Source: Karimi, Z., Dashti, S., 2016 [20].

    

        (a)       (b)       (c)
Figure 1. (a) Schematic outlook for the reference OWT, (b) wave force application, and (c) numerical modeling of the 
problem for FE analysis.

Source: Fard, M.M., Erken, A., Erkmen, B., et al [22].
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in the FE domain, the effect of the soil-pile interaction 
is captured by utilizing modified soil elements as the 
interface [22]. The wall thickness (t) is considered con-
stant along the foundation and is considered as 1% of the 
monopile diameter [21]. The viscous boundary conditions 
for the base and lateral boundaries are defined by using 
the Lysmer-Kuhlemeyer dashpots (1969) [22,23]. They are 
used to damp out outgoing waves by reproducing radi-
ation damping and are defined through zero-length ele-
ments in the OpenSees platform [2].

2.3 Load Characteristics

The sea-wave loads are estimated using linear wave 
theory (small-amplitude wave or Airy theory) and cal-
culated based on the determination of the water particle 
velocity and acceleration using DNVGL [9,24] according to 
Morison’s equation as given in Equation (2) and are ap-
plied to the tower of the OWT. For this purpose, the tower 
elevation between the seabed and the maximum water 
level was divided into twenty equal-length strips as shown 
in Figure 1b. The hydrodynamic force acting on each strip 
was calculated using Morison’s theory.

 (2)

where ρ is the mass density of the fluid, CA is the added 
mass coefficient (CA = CM (inertia coefficient)-1) and CD 
is the drag coefficient which is dependent on the Keule-
gan-Carpenter number and tower diameter calculated 
based on equations [9], A is the cross-sectional area,  is 
fluid particle acceleration, v is fluid particle velocity, and 
diameter of the cross-section is defined as D [22]. Based on 
the equations, CA and CD are considered as 0.6 and 1.0, 
respectively. The variations of surface elevation are con-
sidered based on linear wave theory [24].

The distributed sea-wave loads calculated for a 9-sec 
period and 20-m water depth, are applied to the OWT. 
The pile diameter and embedment depth are considered 5 

m and 20 m respectively. The load applied to the seabed 
station as a sample for 5-m diameter tower is presented in 
Figure 2. For detailed information regarding the calcula-
tion of sea-wave load through Morison’s theory [9,22,24] can 
be referred.

Figure 2. Sea-wave load at y = 0 (seabed (S0)).

Firstly, the sea-wave load is applied for 270 seconds (30 
cycles) to the reference OWT system. After this step, the 
specified seismic motion, Kobe earthquake 1995, with 6.9 
Mw (PGA = 0.28 g, PGV = 0.55 m/s, PGD = 0.15 m) is ap-
plied to the FE model (at the base of the model) while still, 
the sea-wave load remains in the system. The time history for 
the acceleration of the record is presented in Figure 3 (https://
peer.berkeley.edu/peer-strong-ground-motion-databases) [25]. 

3. Finite Element Analysis and Results

In reality, the seismic acceleration and lateral loads of 
the OWT due to waves will be coupled together to affect 
the motion and pore water pressure of the soil around the 
monopile foundation. In the present study, for simplicity, 
the lateral loads from waves are simplified as a cyclic 
point force acting on the tower of the OWT [26]. In the 
present study, the sea-wave cyclic load is obtained based 
on the common approach used for offshore structures 
through Morison’s theory, linear wave theory (small-am-
plitude wave or Airy theory) [9,24]. 

Table 2. Offshore wind turbine parameters.

h (m) d (m) L (m) D (m)
ρs
(ton/m3)

Tower’s length above S.W.L Water depth
MP
embedment 
depth

MP
diameter

Steel density

90 20 20 5 7.85
Es (GPa) Asec (m2) Isec (m4) IM (ton.m2) M (ton)

Steel modulus of elasticity MP cross-section area MP moment of inertia Rotational inertia
Mass of rotor+
nacelle

200 0.777 2.38 2600 350

Note: Figure 1 illustrates the parameters in Table 2 and MP is monopile.
Source: Corciulo, et al.; Fard, et al. [21,22].

https://peer.berkeley.edu/peer-strong-ground-motion-databases
https://peer.berkeley.edu/peer-strong-ground-motion-databases
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Dynamic excitation is applied as a displacement time 
history to the base of the soil domain, at the nodes which 
share equal degrees of freedom with the Lysmer-Kuhle-
meyer (1969) dashpots by using the method of Joyner 
and Chen (1975) [27]. The displacement time history of 
the recorded ground motion by using the multi-excitation 
method defined in the program is applied to the system [2].

After applying the sea-wave and seismic loads and 
FE analysis of the system, the results for the deformation 
of the monopile foundation and the surrounding soil are 
obtained in specified locations. Later, the performance of 
the system during the sea-wave load and the coupled sea-
wave and the seismic loads are compared and presented in 
graphs. In the first case, only the sea-wave load is applied 
to the OWT system for 302 seconds, and in the second 
case, the sea-wave load is exerted on the system for 270 
seconds (30 cycles) (the time that the steady state situa-
tion is reached), and then the sea-wave and seismic loads 
are applied for 32 seconds (total 302 seconds load appli-
cation). The variation in the effective vertical stress in 
the soil medium is a significant sign of excess pore water 
pressure generation, which can cause liquefaction in the 

soil domain. 
Pile lateral displacement and rotation at the seabed 

surface are presented in Figure 4. The results for pile 
deformation develop by reaching the seabed surface, and 
the highest rates are achieved at the seabed surface. The 
monopile deformation is more affected during the sea-
wave load application, and seismic motion causes a reduc-
tion in the deformation values. The values are smaller than 
the limits defined in DNVGL-ST-0437 [9], and the results 
obtained for seabed are presented.

Soil effective vertical stress and shear strain are good 
representatives for the evaluation of pore water pressure 
generation and liquefaction possibility in the soil domain. 
Increasing soil shear strain and decreasing effective ver-
tical stress (to reach zero), lead to the increase in excess 
pore water pressure which makes liquefaction possible  
(ru = 1.0). Figures 5 and 6 illustrate the soil response in 
time as, soil shear strain, effective vertical stress, and ex-
cess pore water pressure ratio. The response is presented 
at two specific locations around the pile foundation. The 
results are evaluated with a 5 m distance from the pile lo-
cation to avoid interface effects on the outcomes. 

Figure 3. (a) Acceleration, and (b) displacement time histories of the recorded motion.

Figure 4. Response at the seabed: (a) pile lateral displacement, and (b) pile rotation.
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Figure 5. At y = –2 m, and x = +5 m, (a) soil shear strain, (b) soil effective vertical stress, and (c) soil excess pore water 
pressure ratio.

Figure 6. At y = –15 m, and x = +5 m, (a) soil shear strain, (b) soil effective vertical stress, and (c) soil excess pore wa-
ter pressure ratio.
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4. Discussion

Investigating the results during the sole effect of sea-
wave and the simultaneous effect of seismic and sea-
wave loads shows that the response of the system goes 
on smoothly during the sea-wave load application while 
the seismic motion has a sudden effect on the response of 
the OWT system. The effect of seismic motion is mainly 
obvious on the soil shear strain values and they increase 
significantly during the application of seismic motion. By 
increasing depth from the seabed, the time required for 
effective vertical stress to reach zero increases, and this 
delays liquefaction. At 15 m below the seabed surface, 
the increase in soil shear strain over time is more obvious 
specifically during seismic motion application to the sys-
tem. There is a sudden increase in the excess pore water 
pressure ratio and it reaches 1.0. This shows the effect of 
seismic motion on possible liquefaction for deeper parts of 
the seabed surface. Based on the presented graphs, at –2 
m below the seabed surface, in the first 40 seconds of sea-
wave load application, the effective vertical stress reaches 
zero, which makes the excess pore water pressure ratio 
proceed to 1.0, and soil liquefies. The duration required 
for liquefaction increases to 270 seconds while the depth 
increases to –15 m from the seabed surface. However, the 
maximum rate for the excess pore water pressure ratio is 
0.75 during individual sea-wave load application to the 
OWT system. 

By comparing the results for the response of soil and 
monopile, it is apparent that the seismic motion is more 
effective on the behavior of the soil surrounding the 
monopile. This results in a rise in the soil response and 
makes deeper locations of the soil medium liquefy. 

5. Conclusions

In this research, the performance of OWT is studied 
through the 2D fully coupled u-p dynamic analysis by 
considering soil-monopile-structure interaction. In this 
regard, the effects of the coupled application of sea-wave 
and seismic loads on the performance of the monopile and 
the soil surrounding the foundation are investigated. The 
results are obtained in some specified locations based on 
the earlier analyses for this research and presented in the 
selected figures. In this analysis, the sea-wave load is ap-
plied for 270 seconds (30 cycles, to reach a steady state) 
to the OWT system based on a 5-m diameter monopile 
with 20 m embedment depth. Later the specified earth-
quake motion is exerted on the system while still, the sea-
wave load remains in the system. 

In reality, the combination of seismic motion and cyclic 
sea-wave load is not rational and the load combination 

performed in the current study is for simplification, and 
a closer to reality load combination is advised. Accord-
ing to the presented figures, the effective vertical stress 
approaches zero at about –15 m from the seabed surface. 
This behavior confirms the loss of strength in the soil 
medium, which is a primary sign of the appearance of 
liquefaction. The rise in the soil shear strain values and 
the drop in the rates for the effective vertical stress during 
the coupled effect of the sea-wave and seismic motion 
makes an increase in the excess pore water pressure ratio. 
This response makes the excess pore water pressure ratio 
approaches 1.0 over time, and liquefaction happens as a 
result. By comparing the results obtained through the sole 
effect of the sea-wave load and the coupled application 
of sea-wave and seismic loads to the system, it is derived 
that the seismic motion is more effective on the response 
of the soil surrounding the monopile. Applying seismic 
motion to the OWT system leads to the possibility of liq-
uefaction for deeper locations of the soil medium where 
liquefaction is not the case during the sole effect of sea-
wave loads. This is an ongoing study and the obtained 
results confirm the significant role of the seismic motion 
on the dynamic response of the soil surrounding the OWT. 
When it comes to sandy soil and seismic regions, lique-
faction is an aspect that plays a significant role. It may 
cause excessive tilt and permanent rotation which affects 
the serviceability and stability of the OWTs and this ef-
fect should not be ignored in the design of OWTs in seis-
mic-prone areas. 
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This paper presents a two-dimensional discrete vortex method that uses 
the vortex growing core model to simulate the unsteady force and the 
wake patterns of the pure pitching airfoil efficiently and accurately. To 
avoid the random fluctuation caused by the random walk method, a vortex 
growing core method is used to simulate the viscous diffusion motion. In 
addition, the vortices fall off randomly on the body surface. Referring to 
the experimental configurations of Mackowski and Williamson (2015), a 
good agreement is achieved through the comparisons between the present 
simulation results and the experimental results, including the mean force 
coefficients, oscillation amplitude and wake patterns. It shows that the two-
dimensional discrete vortex method can be used to predict the mechanical 
behavior and wake patterns on the pitching airfoil motion.

Keywords:
Discrete vortex method
Pitching motion
Airfoil
Thrust

1. Introduction 
Birds, as well as some marine creatures, use vibrations 

of their wings, fins or other parts to generate thrust and 
lift. From the perspective of bionics, some scholars have 

focused on creating thrust-generating devices, just like 
autonomous underwater vehicles and some flapping wing 
micro-aerial vehicles [1-3]. This kind of device is different 
from the turbines which rotate around an external axis 
to achieve electricity generation [4-6], but to control the 
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airfoil motion actively for realizing the bionic behavior 
such as propulsion, hovering, heaving and so on. In recent 
decades, more and more scholars focused on the thrust 
and lift generation mechanism of flapping wings and how 
this mechanism is influenced by various factors. The pure 
pitching motion of the airfoil simplifies the complex mo-
tion of the flapping airfoil, and the study by considering 
only the pitching motion is instructive for researchers to 
understand the evolution law of unsteady forces during 
the movement of the airfoil.

On the basis of Theodore’s pioneer study [7] on the un-
steady force of oscillating airfoil, Garrick [8] theoretically 
calculated the unsteady force caused by the pitching and 
heaving motion of the airfoil. The results showed that the 
pitching motion need high enough frequency to make the 
transition from drag to thrust, whereas the heaving motion 
could produce thrust at any frequency. Koochesfahani [9]  
visualized the wake structure of the pitching NACA 0012 
and found that the wake structure can be modified by the 
control of the amplitude, frequency and shape of the vi-
bration waveform. Further, Bohl and Koochesfahani [10]  
improved the experiment and introduced the method 
of estimating the mean force on the airfoil by using the 
measured mean and fluctuating velocity fields. Godoy-Di-
ana et al. [11] captured the transition of the vortex streets 
in the wake flow of pitching airfoil from the Benard-von 
Karman (Bvk) wake to the reverse Bvk vortex street. The 
results also showed that this transition precedes the actual 
drag-thrust transition. Schnipper et al. [12] visualized a va-
riety of wakes in a vertical soap film and mapped out the 
wake types in a phase diagram. 

Similarly, some scholars used numerical simulation to 
discover the mystery of the pitching airfoil. Young and  
Lai [13] used a compressible two-dimensional Navi-
er-Stokes solver to study the flow over a NACA 0012 air-
foil which oscillated sinusoidally in the plunge. Chandra-
vanshi et al. [14] used both a gridless Lagrange technique 
and a finite volume based Navier-Stokes solver to study 
the pure plunging motion of the airfoil. Wu et al. [15] stud-
ied the NACA 66 hydrofoil’s pitching motion under the 
Lagrange coherent structures. In this study, he used the  
k – ω shear stress transport turbulence model coupled with 
a two-equation γ – Reθ transition model for the turbulence 
closure was used. As a meshless numerical simulation 
method of Lagrange, the discrete vortex method has high-
er efficiency than the traditional CFD method. Therefore, 
some scholars also use the discrete vortex method to calcu-
late the unsteady force and the wake structure of the pitch-
ing airfoil [16-19]. However, most of them used the method 
of random walk which was introduced by Chorin [20]  
to model the viscous diffusion and this method may cause 

the random fluctuation of order Re–1/2 to the simulation 
result. To avoid this random fluctuation, some scholars 
used the growing core method [21-23] instead of the random 
walk method which was introduced by Park [24] in 1989. 
Also, some scholars specified the control layer thickness 
in advance according to the results of a trial and error pro-
cedure when using the discrete vortex method.

This study introduces a two-dimensional discrete vor-
tex method to simulate the propulsive performance of the 
pitching airfoil. This method uses the vortex growing core 
method to simulate the viscous diffusion motion, instead 
of the random walk method. In addition, the vortices 
fall off randomly in this study instead of setting a fixed 
boundary layer thickness in advance. In order to validate 
the reliability of this method, the pure pitching motion of 
the airfoil referring to the experiment of Mackowski and 
Williamson [25] is simulated. For verifying the calculated 
results, the mean force coefficients, oscillation amplitude 
and wake patterns are compared.

In this paper, Section 1 introduces the background of 
the pitching airfoil and the research status of other schol-
ars; Section 2 introduces the numerical implementation 
method for calculating the pitching airfoil; Section 3 
shows the comparison between the simulation results and 
the experimental results; Section 4 draws a conclusion.

2. Numerical Method

2.1 Governing Equation

With the assumption of mass-force ignored, for the 
two-dimensional, incompressible, viscous flow, the fluid 
continuity equation and the Navier Stokes equation can be 
written as: 

0∇⋅ =V  (1)

21 p v
t ρ

∂
+ ⋅∇ = − ∇ + ∇

∂
V V V V  (2)

where V is the local velocity vector of the fluid, p is the 
pressure, ρ and v are the uniform density and the kinemat-
ic viscosity, respectively. Taken the curl of the velocity on 
both sides of N-S equation, it can be written as: 

2v
t
ω ω ω∂
+ ⋅∇ = ∇

∂
V  (3)

where ω  is the vorticity, ω = ∇×V . Considering the two-di-
mensional fluid, the continuity equation can be rewritten 
by introducing the stream function φ in the form of Pois-
son equation:

2ω ϕ= −∇  (4)

To solve the equation, Chorin [20] introduced the oper-
ator splitting method which divided the equation into two 
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parts: the convection part and the viscous diffusion part.

t
ω ω∂
= − ⋅∇

∂
V  (5)

2v
t
ω ω∂
= ∇

∂  (6)

The convection equation indicates the invariance of 
the vorticity of the vortex elements when the vorticity 
field is discretized. For solving the convection equation, 
the Biot-Savart law can be used to obtain the summation 
speed of the vortex elements which concludes the velocity 
induced by the other vortices in the vorticity field and the 
incoming flow.

2

( ) ( , )1( , )
2 ( )

i i

i

tt dVω
π∞

− ×
= −

−∫
r r rV r U

r r  (7)

where  is the free stream incoming flow, ri = (xi, yi) is 
the position vector of the i-th vortex element, ω(ri, t) is the 
vorticity of the i-th vortex element at ri. Since the solution 
of the equation exists singularity which will cause the 
calculated speed become infinite near the vortex element 
position, Chorin [20] introduced a vortex core model ‘vor-
tex-blob’ which gave the vortex elements finite core radi-
us to make the function bounded. Using this vortex core 
model, the equation can be rewritten discretely as [20]: 

2 2
1

( )1( , )
2 ( )

N
i

i
i i i

t
π∞

=

−
= − Γ

− +σ∑ r rV r U
r r  (8)

where iσ  is the radius of the i-th vortex blob, i is the cir-
culation of i-th vortex blob. 

2.2 Numerical Implement of Pitching Airfoil

The stream function of the velocity induced by the i-th 
vortex element can be written as:

2 2ln( )
4

i
i i iϕ

π
Γ

= − +σr  (9)

In the vorticity field, the total stream function of the j-th 
element can be written as:

2 2 2 2

1 1
ln(( ) ) ln(( ) )

4 4

s wN N
i k

j j j i i j k k
i k

yϕ
π π∞

= =

Γ Γ
= − − +σ − − +σ∑ ∑U r r r r  (10)

where Ns and Nw are the number of vortex elements gen-
erated in the surface and the vortex elements moving into 
the wake flow, respectively. 

It should be noted that the no-slip condition and 
no-penetration condition should be satisfied near the solid 
body surface, which can be written as:

b

b

⋅ = ⋅
 ⋅ = ⋅

u s u s
u n u n  (11)

where s and n are the tangent and normal vector of the 
solid body surface, respectively, u and ub are the velocity 
of fluid near the solid body surface and the velocity of 

the body, respectively. Results from Qian and Vezza [26], 
Clarke and Tutty [27] and Wang and Yeung [28] have shown 
that no-slip condition and no-penetration condition are 
equivalent to determine the vorticity boundary condition. 
Therefore, satisfying either no-slip condition or no-pen-
etration condition can uniquely determine the vorticity 
distribution. 

As mentioned before, by solving the equation that satis-
fies the no-penetration condition, the vorticity distribution 
can be obtained on the solid body surface. This equation 
is calculated by differentiating the stream function of two 
adjacent control points on the surface, as written below.

1i i ci iSϕ ϕ+ − = ⋅ ∆U n  (12)

where φi is the stream function of the i-th control point on 
the surface, Uci is the solid body surface velocity at the i-th 
control point, ΔSi is the distance between i-th and (i+1)-th 
control points. As shown in Figure 1, Ns vortex elements 
are generated corresponding to Ns control points on the 
airfoil surface at each time step. For each two adjacent 
vortex elements, the corresponding equation to solve the 
vorticity of every newly generated vortex element. The 
form of the linear equations listed can be written as:

Γ =A B  (13)
where A is a Ns × Ns coefficient matrix, Γ is the vector 
composed of the vorticity of new vortexes, B is a vector. 
The elements of matrix A and vector B can be written as:
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 (15)

To ensure the conservation of the total vorticity in the 
field, the vorticity of the new elements and the vortex ele-
ments in the wake flow should satisfy the condition of the 
equation.

Figure 1. Scheme of the airfoil body surface and corre-
sponding vortex elements. 

1 1

s wN N

i j
i j= =

Γ = − Γ∑ ∑  (16)

The vorticity of the newly generated vortex elements 
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can be solved. Under the circumstance of Ns unknowns 
and Ns + 1 equations, Walther [29] used the least square 
method and the Gauss elimination algorithm to solve this 
equation set. So far, the vorticity of newly generated vor-
tex elements can be obtained by solving the convection 
equation, and the induced velocity between elements can 
be further calculated to update the whole field.

In addition, the solution of the viscous diffusion equa-
tion is the Green function. Usually, scholars use the ran-
dom walk method which was introduced by Chorin to 
simulate the viscous diffusion motion. In order to avoid 
the random fluctuation caused by this method, Park [24] 
introduced a vortex growing core method, in which the 
growing radius of the vortex can be written as:

( )21 4.946n n v t+σ = σ + ∆  (17)

where σn and σn+1 are the core radius at the n-th time step 
and the (n+1)-th step, respectively, t∆  is the length of time 
step. Since then, both the convection part and the viscous 
diffusion part can be calculated, so that the whole vortic-
ity field can be calculated by updating the vortex motion 
information.

Since at each time step, certain number of vortex ele-
ments are generated on the body surface, a total number 
of vortex elements will increase rapidly and then make 
the computational cost increase dramatically. Spalart [30] 
introduced a vortex element emergence method to control 
the total number of vortex elements in the whole field. At 
each time step, if two vortex elements satisfy the condi-
tion of the equation, merge these two vortex elements [30]. 

2

03/2 3/2
0 0( ) ( )

i j i j

i ji j

V
D d D d

Γ Γ −
⋅ ≤

+ +Γ +Γ

r r
 (18)

where ri and rj are the position information of the i-th and 
the j-th vortex element, respectively, D0 and V0 are the 
governing parameters, di and dj are the distance from the 
i-th and the j-th vortex element to the body surface, re-
spectively. The vortex element information after the emer-
gence is written as:

i i j j

i j

Γ + Γ
=

Γ +Γ

r r
r  (19)

i jΓ = Γ +Γ  (20)

2.3 Solution of Pitching Airfoil in Water Environment

This study uses the two-dimensional discrete vortex 
method introduced above to simulate the flow field and 
the mechanical behavior of the airfoil when the airfoil 
performs a pure pitch motion. The motion pattern of the 
airfoil shown in Figure 2 is considered, in which the 

airfoil oscillates around its quarter-chord point with the 
frequency f and the angle θ0. The free stream flow direc-
tion is from the left to the right. At each time step, the 
angle of attack is controlled by a sinusoidal oscillation 
shown in the equation. Also, this study uses the reduced 
pitching frequency k which is nondimensionalized by the 
freestream velocity , the chord length c and the fre-
quency f. The equation can be written as:

0 sin(2 )ftθ θ π=  (21)

fck
U
π

∞

=  (22)

Another parameter charactering the pitching motion 
of the airfoil is the Strouhal number StA. It can be defined 
based on the wake width A. In nature, swimmers and birds 
typically keep the StA between 0.2 and 0.4 [31]. Due to the 
fact that the wake width A is difficult to measure, it can be 
replaced by the amplitude change of the airfoil’s trailing 
edge [25].

02 sinp
A

f c rfASt
U U

θ

∞ ∞

⋅ ⋅ ⋅
= =  (23)

where rp is the dimensionless length from the pivot point 
to the trailing edge (in this study, rp = 0.75). Similarly, 
the Reynolds number which combines the free stream 
velocity, kinematic viscosity and the chord length is also 
one of the dominant parameters in the research of pitching 
airfoils. The Reynolds number can be defined as:

Re U c
υ
∞ ⋅=  (24)

In this study, the time step Δt is determined by a 
non-dimensional time step dt based on the free stream 
incoming flow velocity 

02 sinp
A

f c rfASt
U U

θ

∞ ∞

⋅ ⋅ ⋅
= =

 and the chord length c, which 
can be seen in:

dt ct
U∞

⋅
∆ =  (25)

In this study, dt is set as 0.01 after some trial and error.

Figure 2. Geometry and kinematics of the airfoil.

The force exerted on the airfoil can be determined by 
the pressure distribution on the body surface. The tangen-
tial pressure gradient on the body surface can be written 
as [16]:
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21
c

p da v
dt
ω ω

ρ
∂ ∂Γ

= − ⋅ − ⋅ ⋅ + ⋅ ⋅ +
∂ ∂

s n r s r
s n  (26)

where s  and n are the tangential and normal unit vector at 
the considering control point, respectively, r  is the vector 
which starts from the pivot point to the considering con-
trol point, ω  is the angular velocity at this control point t, 
p and ac are the pressure and the acceleration on the se-
lected control point, respectively. The first three terms of 
the right side in the equation represent the motion acceler-
ation, rotational acceleration and centripetal acceleration, 
respectively. 

By integrating circumferentially the body surface pres-
sure, the streamwise force and the transverse force can 
be obtained. The form of thrust and lift coefficient can 
be written as equation (27) and equation (28), where the 
thrust coefficient CT describes the propulsion performance 
of the pitching airfoil.

21
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=  (27)

21
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U cρ ∞

=  (28)

3. Results and Discussion

For validating the computational accuracy of the 
two-dimensional discrete vortex method introduced above, 
this study carried out the numerical simulation of the 
pitching airfoil referring to the experimental configuration 
of Mackowski and Williamson [25]. The main parameters 
of the pitching airfoil are listed in Table 1. In Mackowski 
and Williamson’s research, they studied the trends in pro-
pulsive performance with the flapping frequency, pitching 
angle and Reynolds number for NACA 0012. They also 
examined the unsteady forces on the pure pitching airfoil. 

Table 1. Main parameters of the airfoil in the configura-
tion of Mackowski and Williamson.

Airfoil Type NACA 0012 Hydrofoil

Chord length 10 cm

Pivot location 0.25c

Reynolds number 12000, 16600

Pitching angle 2°, 4°, 8°, 16°, 32°

Reduced frequency range 0.5-12

Figure 3 shows the experimental and computational 
time average values of thrust coefficient CT under the 
circumstance of Re = 12000, θ0 = 2°, with the range of 
reduced pitching frequency k from 0.5 to 12. When the 
frequency is small, the value of the thrust coefficient is 
about –0.03, which is close to the static drag for the airfoil 

at zero angle of attack [32]. The thrust coefficient monoton-
ically increases with the increase of the frequency k, and 
the transition from drag (CT < 0) to thrust (CT > 0) occurs 
at k = 10. At k = 12, CT reaches the maximum of 0.02. 
Comparing the black points of the experimental results 
with the red points of the numerical results, it can be ob-
served that the numerical results agree reasonably well 
with the experimental results in the whole range. In this 
case, the average thrust coefficient CT and its variation 
trend can be calculated well. 

Figure 3. Experimental and computational values of thrust 
coefficient for the pitching NACA 0012 airfoil when Re = 
12000, θ0 = 2°.

As can be seen in Figure 3, both experimental and 
simulation results show that the crossover point between 
thrust and drag occurs at the position of k = 10 under the 
condition of Re = 12000, θ0 = 2°. Further, Figure 4 indi-
cates the crossover value of the reduced frequency k in 
the Reynolds number range from 1 × 104 to 3 × 104. Al-
though there is a slight gap between the experimental and 
calculated values with the Reynolds number increasing, 
the overall trend shows great consistency. The crossover 
point decreases monotonically with the increase of the 
Reynolds number, which means that the higher Reynolds 
number makes it easier to generate thrust due to the airfoil 
pitching motion. 

Figure 5 shows the variation trend between the mean 
thrust coefficient CT and Strouhal number StA at different 
pitching angles under the condition of Re = 16600. The 
black line is a curve fitted to the data. It can be observed 
that the mean thrust coefficient CT and the Strouhal num-
ber StA show a monotonically consistent increase when 
the pitching angle θ0  8°. However, this trend changes 
dramatically at the pitching angle of θ0 = 16° and θ0 = 32°. 
It can be observed that within the increasing frequency 
in large-amplitude cases, the thrust coefficients present a 
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decreasing trend instead of an increasing trend. Therefore, 
it is necessary to avoid the excessive pitching angle in the 
design of the pitching airfoil propulsion procedure.

Figure 4. The crossover point of reduced frequency k at θ0 = 2°.

Under the condition of small pitching angles, the sim-
ulation can well predict the thrust coefficient results and 
its trend. However, as the angle increases, the simulation 
results of CT present some gap compared with the exper-
imental result. What’s gratifying is that the simulation 
result can still predict the variation trend in the range of 
large angle amplitudes.

Figure 5. Mean thrust coefficient vs. Strouhal number StA 
at different pitching angles when Re = 16600.

Figure 6 and Figure 7 present the oscillating amplitude 
of the unsteady thrust and lift coefficient in Mackowski 
and Williamson’s experiment and the simulation of this 
paper at different pitching angles. It can be observed that 
the increase of the pitching angle and the frequency will 
lead to the increase of force coefficient, and this trend will 
be enhanced with the increase of pitching angles. Figure 

6(b) and Figure 7(b) show the CT /  and CT /θ0 amplitude, 
respectively. The scaling in CT and CY work remarkably 
well across the whole range of pitching angles. The black 
lines shown are the prediction results of the linear theory 
introduced by Garrick [8]. It can be seen that across the 
whole range of pitching angles, the numerical calculation 
can well predict the value and variation trend of CT and CY 
under different conditions. The oscillating amplitude of CT 

/  andCY /θ0 under all pitching angles can both be fitted 
into a curve, and the numerical calculation results can also 
reflect this feature.

Figure 6. Amplitude of the varying component of the 
thrust coefficient at different pitching angles when Re = 
16600: (a) CT oscillating amplitude vs. reduced frequency 
k; (b) CT oscillating amplitude divided by θ0

2 vs. reduced 
frequency k.

Figure 7. Amplitude of the varying component of the lift 
coefficient at different pitching angles when Re = 16600: 
(a) CY oscillating amplitude vs. reduced frequency k; (b) 
CY oscillating amplitude divided by θ0 vs. reduced fre-
quency k.

Figure 8 shows the spanwise vorticity results presented 
by Mackowski and Williamson’s PIV measurements and 
the simulation result of this paper under the same con-
ditions. It shows that no matter k = 2, k = 5 or k = 9, the 
simulation results present the consistent vorticity structure 
characteristics in the wake flow. As the reduced frequen-
cy k increases, the wake flow vortex mode changes from  
4P + 2S to 2P and then to inverse-2S mode. Similar results 
can also be observed in Godoy-Diana et al. and Schnipper 
et al.’s research [11,12]. Figure 8 proves that the numerical 
calculation method introduced in this paper can not only 
predict the fluid force exerted on the body, but also can be 
used to obtain the wake structure of the pitching airfoil.
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Figure 8. Spanwise vorticity presented by PIV measure-
ments and DVM simulation with pitching angle θ0 = 2°, 
Re = 16600: (a) PIV measurement when k = 2; (b) PIV 
measurement when k = 5; (c) PIV measurement when k = 
9; (d) simulation result when k = 2; (e) simulation result 
when k = 5; (f) simulation result when k = 9.

4. Conclusions

This study introduces a two-dimensional discrete vor-
tex method to simulate the propulsive performance of the 
pitching airfoil. The vortices fall off randomly on the body 
surface instead of setting a fixed boundary layer thickness 
in advance. In addition, the vortex growing core method 
is used to simulate the viscous diffusion motion instead of 
the random walk method. By using this method, the pure 
pitching motion of the airfoil under the same configura-
tions as Mackowski and Williamson’s [25] experiment is 
simulated in order to verify the reliability of this method. 
The mechanical behavior and wake patterns with different 
flapping frequencies, amplitudes and Reynolds numbers 
are obtained and studied.

Under the condition of Re = 12000, θ0 = 2°, the mean 
value of the thrust coefficient CT can be predicted well by 
the present numerical simulations. Within the increase of 
reduced frequency k, the x direction force acting on the 
airfoil will monotonically increase and complete the tran-
sition from drag to thrust. Similarly, the results of reduced 
frequency k when the transitions from drag to thrust occur 
under different Reynolds numbers also agree well with the 
experimental results. It can be observed that the crossover 
point which indicates the transitions from drag to thrust 
decreases monotonically with the increase of Reynolds 
number, indicating that it is easier to generate thrust for 
airfoils at higher Reynolds numbers. In the cases of dif-
ferent pitching angles, thrust results for small angle cases 
collapse reasonably well with Strouhal number. With larg-
er pitching angles, there are some slight differences be-
tween the calculated lift coefficients and the experimental 
results, but it can still predict the amplitude and the var-
iation trend of the force coefficient. Compared with PIV 
measurements, the simulation wake patterns visualized by 
the distribution of vortex elements present the consistent 

vorticity structure characteristics. It can be clearly ob-
served that the transitions from the ‘4P + 2S’ mode to the 
‘2P’ mode and eventually to the inverse ‘2S’ mode occur 
gradually as the pitching frequency increases.

This study proves that the two-dimensional discrete 
vortex method introduced in this paper can be used to rea-
sonably predict the propulsion performance and wake pat-
terns on the pitching airfoil motion. As this paper mainly 
focuses on the validation of this method used in the pure 
pitching airfoil cases, further research can be also carried 
out to study the complex airfoil motion such as the heav-
ing and pitching combined motion, based on the method 
introduced in this paper.
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