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A B S T R A C T   

The majority of the population living in coastal remote areas does not have access to energy sources in Egypt. 
Development of living standards in such areas without infrastructure can be achieved through floating power 
stations. Novel cylindrical power station powered by hybrid marine renewable resources is proposed to overcome 
energy shortage in such areas. The objective of the present study is to experimentally evaluate the motion 
behaviour of the proposed concept in different load conditions for critical environmental loads in order to obtain 
model characteristic data which is critical in the structure’s verification and other post-analysis study. 
Furthermore, selecting suitable deployment site for the proposed concept was performed based on integrated 
geographical information systems and multi-criteria decision model considering the potential of renewable 
sources in Egypt. The experimental test was conducted using 1:100 model-scale in irregular wave which is a more 
realistic condition in order to check the operational safety among critical conditions. The site selection analysis 
show that Marsa Alam area has the highest priority to place the proposed concept. Moreover, the time-domain 
analysis results indicate that the proposed concept can safely operate in the selected deployment area subjected 
to environmental loads.   

1. Introduction 

Population growth and the economic development in Egypt are the 
main factors that lead to rapid increase in energy demand which is hard 
to supply from one energy source. To overcome energy demands and 
satisfy the stability in energy supplement, Egyptian government has 
implemented an energy diversification strategy, known as Integrated 
Sustainable Energy Strategy (ISES) (Ministry of Electricity and Renew-
able Energy, 2018). The ISES involves renewable energy especially for 
remote coastal areas which are difficult to reach. By 2030, Egyptian 
government’s plan is to provide 22% of its power supply from renewable 
energy and special consideration will be given to remote areas (Khalil 
et al., 2010). Globally, solar and wind technologies have become one of 
the lowest-cost sources of new energy resources. According to IRENA, 
onshore wind power is the cheapest renewable energy source, while it is 
expected that by 2030, offshore wind power will approach this potential 
(IRENA, 2020). Egypt has a long coastline and is rich in renewable re-
sources far from the crowded delta. However, it is difficult-to-reach 
these areas which need unconventional and flexible power generation 

solutions. Egypt has a high potential to use marine renewable energy 
resources to meet its energy needs due to its geographic privileged 
location, where the coastal areas extend for more than 3000 km. The 
Red Sea area has A class wind speed, where the average wind speed 
exceeds 10 m/s. Moderate wind energy potential exists for other regions 
such as Owaynat, Sinai and the north coast where the average wind 
speed reaches 7 m/s (Mortensen et al., 2006). Egypt as one of the 
sun-belt countries has high solar radiation of 2000–3200 kWh/m2/year. 
According to solar atlas analysis, south region of Egypt has long sunshine 
duration throughout the year ranges from 9 to 11 h. Also the potential of 
solar energy at north coastal areas along the Mediterranean Sea is ex-
pected to range between 4.8 and 5.6 kwh/kwp/day (- Global Solar Atlas. 
Ava, 2019). 

Nowadays, the world shifts to renewable energy production instead 
of fossil fuel at places where the potential of renewable resources are 
found. Marine renewable energy is an abundant and clean source. Ma-
rine wind energy is the most mature category of marine renewable en-
ergy based on its technology development, commercialization, and 
installation capacity (Appiott et al., 2014). Tidal energy is also in a 
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mature phase especially tidal barrages technology (Takvor, 2017). The 
rest of marine renewable energy technologies are still in their research, 
conceptual and pilot station phases (Edenhofer et al., 2011). Recently, 
investment in offshore wind energy was increased, taking the advantage 
that the wind blows more consistently at offshore than onshore. Large 
number of on-grid offshore wind turbines have entered the service and 
belong to UK, Germany, Denmark, Korea and Taiwan (Wind Europe, 
2017). Regarding tidal power technology, European Marine Energy 
Center (EMEC) installed five tidal devices with a capacity of 4 MW in the 
UK for testing. Also, Italy, France and Norway have also installed 

prototypes for testing (France tested 2 MW tidal project) (ErnstYoung, 
2013). Netherlands demonstrated a tidal pilot station with a capacity of 
200 kW on 2015 (Takvor, 2017). 

Offshore marine units capable of providing access to the energy and 
water supply to remote coastal areas as an unconventional solution were 
proposed by many researchers. For example, floating power platforms 
that can operate independent from local resources or infrastructure was 
proposed in (Esra and Amin, 2020). A conceptual design of a floating 
desalination plant integrated with renewable energy power station was 
also presented to overcome water shortage in coastal remote areas with 
clean source of power (Amin et al., 2020a). Numerical and experimental 
studies on the hydrodynamics behaviour of a floating desalination plant 
powered by wind turbine with a solar PV system were investigated in 
(Amin et al., 2020b, 2021a, 2021b). Recently in EU islands, renewable 
energy has been integrated with energy storage technologies to equalize 
the generation and loads in order to reach 100% renewable-based en-
ergy (Daraei et al., 2020). The main goal to attach a storage system is to 
cover on-peak period by using the stored energy during off-peak period. 
Based on a numerical study, wind power integrated with a storage sys-
tem was investigated for different operating model. The numerical re-
sults concluded that up to 50% increase in efficiency can be achieved 
with respect to stand-alone wind power system (Gao et al., 2014). 
Another study investigated the potential of converting the excess power 
to hydrogen for onshore wind turbines using land based storage tanks 
(Daraei et al., 2020). In another study, the design and operation of in-
tegrated wind-hydrogen-electricity network in UK was presented 
(Samsatli and StaffellNouri, 2016). The results showed that the inte-
grated system can meet the electricity demand. 

Based on the fact that the environmental conditions have a key factor 
on energy production of renewable energy devices, strong attention 
should be given to the location of wind power farm and deployment area 
of renewable devices. Therefore, selection of a suitable location for a 
mobile floating power plant is the most critical task in order to provide 
high potential of renewable resources for the onboard power system. 
Wrong-site selection could lead to loss of economic revenue, negative 
influence on marine activities, low energy harvesting and displeased 
neighbours (Díaz and GuedesSoares, 2021). One of common tools which 
can help to identify the suitable site for renewable energy projects is 
multiple criteria decision method. Numerical solution of complex mul-
tiple criteria problems is difficult without spatial analytical and visual-
ization tools. Geographic information systems (GIS) can be used due to 
their capabilities of handling spatial problems. GIS was utilised with 
other solution methods in different studies before, such as decision 

Fig. 1. FRPS concept.  

Fig. 2. Proposed hybrid offshore power station.  
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making and the method for multi-criteria decision making (Rikalovic 
et al., 2014). Recently, the use of a GIS-based model for the site selection 
as an efficent tool has increased especially in offshore projects in 
different regions. Gavériaux et al. (2019) presented a framework which 
integrates multi-criteria decision analysis and GIS for identifying the 
most suitable marine areas to implement an offshore wind turbine farm 
in the Hong Kong bay. For Baltic States and Greece, similar studies were 
performed to investigate the most suitable locations for offshore wind 
and wave combined farms (Chaouachi et al., 2017; Vagiona and Kar-
anikolas, 2012). GIS was also used in a comparative study on the energy 
efficiency of a system for two operating schemes at different demands 
(Carriçoaet al., 2014). The potential of wave energy at Red and Medi-
terranean Seas was investigated by Mahdy and Bahaj (2018) in order to 
determine suitable location for a wind farm in Egypt. 

Although experimental studies are important to understand the hy-
drodynamics performance of marine units in different operating condi-
tions, this importance increases when it relates to new concepts that 
have not been previously investigated. For example, a novel floating 
offshore structure integrated with a wave converter combined with a set 
of net cages was presented using experimental test in regular wave (SHI 
et al., 2019). The study aimed to explore the frequency-domain of the 

Table 1 
The selected sites and their power potential.  

Sites Latitude Longitude Wind speed m/s Direction Wind kW solar annuallykWh 

Alex 31.10 29.51 5.91 330 734.93 2180.97 
Damietta 31.26 32.30 5.92 300 738.67 2221.35 
Port Said 31.26 32.33 5.55 330 608.64 2290.01 
Edko 31.31 30.27 6.05 330 788.40 2172.89 
Arish 31.13 33.80 5.26 330 518.13 2261.74 
Rasheed 31.45 30.36 6.05 315 788.40 2175.72 
Ezbet Borg 31.44 31.97 5.90 315 731.20 2281.94 
Beir Al abd 31.02 33.02 5.77 285 683.93 2431.37 
Rafah 31.24 34.25 4.91 330 421.43 2374.02 
Ras ElBar 31.51 31.83 6.05 300 788.40 2217.31 
New Damietta 31.46 31.68 6.09 315 804.15 2238.72 
Sheikh Zowid 31.21 34.10 5.51 330 595.58 2180.97 
Gamasa 31.43 31.54 6.07 315 796.25 2161.58 
New BorgArab 31.02 29.63 6.40 330 933.30 2109.07 
Baltim 31.58 31.16 5.90 300 731.20 2147.44 
Sedi Brani 31.70 25.85 6.54 300 995.90 2281.94 
Alamin 30.83 28.95 6.61 330 1028.22 2110.69 
Saloum 31.58 25.09 8.05 330 1857.25 2146.64 
Daba’’a 31.03 28.43 6.21 330 852.62 2257.70 
Matrouh 31.35 27.22 6.67 300 1056.48 2208.43 
Suez 29.94 32.50 6.02 0 776.73 2305.77 
Zafarana 29.11 32.65 10.42 0 4027.96 2543.65 
Ras Ghareeb 28.36 33.09 11.65 330 5629.38 2758.11 
Ras Sedr 29.72 32.70 7.31 0 1390.70 2315.46 
Abu Zeneimah 29.05 33.09 8.87 330 2484.58 2504.07 
ElTor 28.23 33.61 8.84 300 2459.46 2746.00 
Abu Redes 28.90 33.17 8.63 330 2288.31 2506.09 
Marsa Alam 25.06 34.89 8.83 330 2451.12 2613.12 
Al Qusayr 26.10 34.28 7.95 330 1788.89 2180.97 
Safaga 26.76 33.94 10.58 330 4216.38 2221.35 
Hurghada 27.24 33.84 9.00 300 2595.43 2290.01 
Berenice 23.96 35.50 9.36 330 2919.51 2172.89 
Shalaten 23.56 35.49 7.74 0 1650.84 2261.74 
Taba 29.49 34.89 10.06 30 3624.74 2175.72 
Sharm Sheikh 27.86 34.31 7.15 30 1301.37 2281.94 
Noweiba 28.74 34.61 13.56 0 8876.91 2431.37 
Dahab 28.49 34.51 11.24 30 5055.70 2374.02  

Fig. 3. Weight percentage of different factors.  

Table 2 
The score of selected criteria.  

Criteria Weight of Criteria 

Wind speed 30 
Solar irradiance 15 
Wave power 10 
Aggregate the other different factors 45  

Table 3 
Criteria ranking values.  

Rank Value 

Low 0 
Moderate 2 
Moderate to high 4 
Very high 8  
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platform as a reliable information for a novel concept. While the 
experimental tests in regular waves is important, the evaluation of 
floater motion behaviour in irregular waves is more realistic to simulate 
the real sea condition. Another experimental study investigated the 
hydrodynamics performance of the Iberdrola LPWIND offshore floating 
wind turbine with the NREL 5 MW reference turbine over a range of 
irregular sea state conditions (Oguz et al., 2016). Experimental study for 
the model of the AKER wave converter, floating body type, was pre-
sented for both linear frequency domain and time domain (Ersda and 
Moe, 2013). The hydrodynamic structure interaction of a free ship 
sailing in irregular waves were predicted and the hull girder ultimate 
strength was subsequently evaluated (Jiao et al., 2019). Ramachandran 
et al. (2013) investigated the effect of operational wind turbine on the 
Response Amplitude Operators of a 5 MW floating wind turbine sup-
ported by OC3-Hywind spar foundation. He concluded that aero-
dynamic damping of wind turbine decreased the platform surge and 
pitch responses. In the present study, a novel hybrid floating power 

station integrated with hydrogen storage system is proposed to serve the 
remote coastal area in Egypt and presented in section 2. Most of the 
common power stations are rectangular barge configuration, while the 
present proposed novel configuration is a cylindrical shape. Since the 
wind turbine and photovoltaic panels are very sensitive to the density of 
wind and solar energy in the deployment area, selecting suitable 
deployment site for the proposed concept was performed in section 3 
based on integrated geographical information systems and multi-criteria 
decision model and by considering the potential of renewable sources in 
Egyptian coastlines. In order to test the proposed Floating Renewable 
Power Station (FRPS) concept in an environment similar to the real 
environment in the selected deployment area, scaled model was tested 
in irregular head waves which were generated based on two sets of 
critical wave spectrum collected from the selected area at different load 
conditions, as shown in section 4. Obtaining the model test character-
istic is important and critical for the structural verification, to check the 
safety during operation and for other post-analysis study. 

2. Floating Renewable Power Station concept 

Floating Renewable Power Station (see Fig. 1) is a novel proposed 
concept to overcome the energy shortage in remote coastal areas which 
are far from national energy grid and without infrastructure. The power 
plant generates power from marine offshore renewable energy resources 
such as wind and solar energies and is capable to store the productive 
power in hydrogen storage system. The proposed concept has mobility 
feature in order to meet the power needs in different locations and 
different seasonal occasions. The platform has outer diameter of 70 m. 

Fig. 4. Projected base map for the Egypt.  

Table 4 
Restriction and their score.  

constraints restriction some restriction no restriction 

Shipping Routes 0 1 2 
Military Zones 0 1 2 
Natural Park 0 1 2 
Cables, tunnels and Pipeline 0 1 2 
Oil and gas extraction Area 0 1 2 
Water Depth 0 1 2 
Distance from shore 0 1 2  
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Fig. 5. Restricted areas.  

Fig. 6. Potential of renewable wind and solar energies in Egyptian coastal areas.  
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Upper deck can be extended to 87.5 m to support more solar panels and 
the lower bottom can also be extended to the same diameter to act as a 
heave plate. 

Hydrogen is generated from renewable energy using electrolysis 
located inside the platform on the working deck. Two components are 
typically distinguishing the energy storage systems; the energy storage 
device and power conversion system. Electrolysers are used to split 
water molecules into hydrogen and oxygen. The hydrogen is stored 
under pressure and can be transformed back to electricity utilising the 
fuel cell units which are also located on the working deck. The hydrogen 
is stored in six separate tanks under the working deck. Oxygen is also 
stored in the tank for commercial usage. The proposed hybrid system is 
illustrated in Fig. 2. The energy from turbine and solar panels can power 
the platform itself directly, and can be connected with the grid if needed. 

The proposed hybrid system has a far smaller footprint than the land- 
based power station and storage facility. Furthermore, the hydrogen fuel 
cells do not require any of the toxic chemicals used in the production like 
batteries storage system. 

3. Site selection analysis 

3.1. Egypt’s energy potential 

Egypt has a long coastline at the west of Red Sea and south of 
Mediterranean Sea, where 37 common coastal cities spread along the 
coastaline are selected as possible locations for the poposed concept. 
Based on the previous experimental study (Amin et al., 2021b), Vestas 
V112–3.0 MW offshore wind turbine is selected for the proposed FRPS 
concept. The swept area is about 9852 m2. For solar panel system, 
polycrystalline silicon panel is selected. The solar panel efficiency is 
expected to be around 15% and the panel size is about 2 m length and 1 
m width. The sun deck of the proposed FRPS concept can support up to 
3000 panels. The potential of wind and solar power for each site can be 
respectively evaluated as: 

Pth = 0.5.ρ.A.V3 (1)  

where Pth is the theoretical wind power, A is the rotor swept area equal 
to A.π.r2, V is the wind speed and ρ is the air density, and 

PT =Pth.Cp (2)  

where PT is the turbine overall power, and Cp is the turbine power co-
efficent, which is provided by the manufacturer. Solar power potential 
can be estimated as: 

Se =A.r.H.PR (3)  

where Se is the solar power in kWh, A is the solar panel area (m2), r is the 
solar panel efficiency, H is annual average solar radiation and PR is the 
performance ratio. The measured wind and solar power potential for the 
selected sites are presented in Table 1. 

3.2. Multi criteria decision and GIS methodology 

The identification of suitable deployment locations for renewable 
energy devices is a critical problem which needs various information 
about the enviromental condition and consideration of several technical, 
social and ecnomical aspects. In the present study, Multi-criteria deci-
sion based on simple additive weighting is used in order to select the 
suitable deployment area for the proposed FRPS concept. The main 
purpose of multi-criteria decision analysis method is to provide the best 
decision and determine the priority option based on chosen criteria 
which helps to find solutions to problems having unmatched factors or 
conflicted points of view. Moreover, merging of the Multi-criteria de-
cision method with GIS technique gives powerful tool to achieve the 
accurate and best decision. The selected technical, social, economical 
and enviromental aspects are shown in Fig. 3. The weight percentage of 
the selected aspects and its influence percentage are presented in Ta-
bles 1 and 2. The selected factors play a basic role in order to select the 
suitable sites for harvesting maximum energies. The simple additive 
weighting (SAW) is one of the well known and widely used method. In 
this method, alternatives are ranked based on their weighted sum score 
as: 

S=
∑

wi.xi (4)  

where wi is the weight of factor map, xi is the criteria score and S is the 
suitability index. 

Fig. 7. Reclassified maps of wind and solar energies.  
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The presented site selection study combines GIS and multiple criteria 
decision method throughout different steps. First, the target 37 
deployment areas are identified using the GIS database and followed by 
generating the thematic layers which represents exclusion criteria. As a 
second step, the available coastal city locations are analysed and ranked 
using the weighted suitability method (WSM) process based on tech-
nical, social, environmental and economic aspects. The exclusion stage 
is considered in the third step and the incompatible areas are excluded 
based on specific aspects previously mentioned. As the last step, the 
evaluation criteria are ranked based on the pairwise comparison (see 
Table 3). 

3.3. Site selection analysis 

The processing of GIS data was achieved through four main steps. 
Firstly, the base map of Egyptian Border and the areas along the Medi-
terranean Sea and Red Sea was established. Secondly, three layers 
including the wind speed density, solar power potential density, and the 
density of the aggregate of criteria, were established and extracted using 
the Spatial Analyst tool. Thirdly, the previous three layers were classified 
to arrange entities into groups or categories on a map to extract more 

Fig. 8. Map of sites priorities.  

Fig. 9. KHL towing tank.  
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influencing classes from a multiband raster image. Fourthly, the three 
layers were combined in a single one. Each cell for each criterion must 
be reclassified into a common preference scale. 

Google Earth and Global Mapper software were used to prepare the 
data obtained from the polygon of Egypt border and coastal areas. The 
geographical location of the sites was created by Geographic Coordinate 
System “GCS_WGS_1984”. Next, Geographic Coordinate system was 
transferred into Projected Coordinate System: WGS_1984_ UTM Zone 
36N in global mapper to create shape files and complete the processing 
in GIS program. Fig. 4 represents the base map showing the selected sites 

based on the above mentioned steps. 
The selection constraints and their degree of influence are shown in 

Table 4 including military zones, shipping routes, insufficient water 
depth, distance from shore, and oil and gas extraction area. According to 
the selected constrains, Fig. 5 shows the identification of restrictions for 
the selected sites. 

Power density map of potential of wind energy was extracted by 
considering wind speeds above 6 m/s, while the power density map of 
solar energy potential was extracted by considering irradiance above 5 
kwh/kwp/day or more. Based on the calculated power potential for 
Egyptian coastal areas, Fig. 6 represents the density maps for wind and 
solar energies. 

Depending on the sites score, the layers in the weighted overlay were 
ranked into four values from 1 to 4 by considering the least favourable as 
‘1’ and the best favourable as ‘4’. Fig. 7 presents the two reclassified 
maps for potential of wind and solar energies. While Fig. 8 presents the 
weighted overlay map of all sites. The figure classifies the site according 
to its priority to host integrated wind-solar project. 

4. Experimental investigation on motion behavior of FRPS 
platform in irregular waves 

A novel power station concept powered by hybrid marine renewable 
resources was proposed to overcome energy shortage in remote coastal 
areas. The objective of the presented section is to evaluate the motion 
behaviour of the proposed concept in different load conditions at critical 
wave spectrum in order to obtain model characteristic data which is 
critical in the structure verification and other post-analysis study. The 
effect of wind turbine thrust on the motion behaviour of same cylindrical 
model was investigated before for regular wave condition (Amin et al., 
2021b). The previous study concluded that there is no significant change 
in frequency and time domains for a 3 MW turbine. The proposed FRPS 
platform considers a very large barge type platform with its displace-
ment exceeding 60,000 tons (about 10 times of OC3-Hywind platform 
(Ramachandran et al., 2013)), which makes it less responsive to turbine 
aerodynamics loads. Therefore, the effect of wind turbine was assumed 
to be neglected in order to simplify the test procedure. Decay test and 
irregular sea test were performed as presented in next sections in order 
to evaluate the motion behaviour of the proposed concept. The cylin-
drical platform was proposed before for different marine applications 
such as on-grid desalination plant (Amin et al., 2020b), off-grid desali-
nation plant support wind turbine (Amin et al., 2021c; Bayoumi et al., 
2021) and offshore floating production and storage platform for oil and 
gas industry (Amin et al., 2022). The motion behaviour of cylindrical 
platform was investigated in regular waves. In the present study, the 
cylindrical platform was experimentally investigated in irregular waves 
at different load conditions. 

4.1. Experimental setup and model description 

The experimental tests were conducted in the towing tank at Kelvin 
Hydrodynamics Laboratory (KHL) of University of Strathclyde, UK as 
shown in Fig. 9. The towing tank facility dimensions are 76 m × 4.6 m ×
2.5 m (length, width and depth, respectively). It has a wave generator 
capable of generating waves from 0.3 to 1.2 Hz and a towing carriage 
with a maximum speed of 4 m/s. The wave generator is capable to 
produce regular and irregular waves over 0.5 m height while the 
opposite end is fitted with sloping beach to damp the reflected waves. 
The test was performed for a cylindrical hull form as shown in Fig. 10. 

The experimental model was manufactured at 1:100 scale with 
respect to the full scale design. Table 5 presents the full scale dimensions 
and model scale properties. The present test analysis considers free 
floating arrangement as the worst motion behaviour scenario. There-
fore, the model was placed at the centre of the tank far from the carriage 
of 10 m and moored by soft elastic mooring wires to keep the model 
position during the test. To capture the motion of the model, the six 

Fig. 10. Model geometry.  

Table 5 
FDP properties and main dimensions.  

Parameters Unit Full scale Scaled (λ = 1/100) 

Upper deck diameter m 87.5 0.875 
Main platform diameter m 70 0.7 
Heave plate diameter m 87.5 0.875 
Platform depth m 32 0.32 
Turbine tower height m 84 0.84  

Table 6 
FDP mass properties.  

Load case Property FDP Full scale FDP Model Units 

1-Light-ship case Draft 5.25 0.0525 m 
Volume 25000 0.025 m3 

Displacement 25625000 25 kg 
VCG 18.99 0.189 m 

2-Ballast case Draft 14.44 0.144 m 
Volume 61151 0.061 m3 

Displacement 62680000 61.151 Kg 
VCG 13.89 0.138 M  

I. Amin et al.                                                                                                                                                                                                                                     



Ocean Engineering 249 (2022) 110858

9

degrees of freedom QUALISYS motion camera system was used. It is 
comprised of four illuminated balls infra-red reflectors strategically 
placed on the model. The coordinates of the balls in 3D space were 
registered by four high speed capture cameras suitably located above the 
model attached to the tank roof. The incident wave elevation was 
monitored and plotted using probe placed around 10 m from the wave 
maker, and the model was monitored in real time history through Spike 

V9.06 data converter. 
The floating plant mass estimation and distribution were arranged in 

3D model using Sesam DNV GL modeller, GeniE. Two different load 
conditions were considered including light-ship and ballast conditions. 
The mass properties for each load case is shown in Table 6. 

4.2. Decay tests in still water 

Since the natural period of any offshore structure can be considered 
as the worst operational scenario, the FRPS natural periods were 
experimentally determined through decay test in KHL. Decay test was 
performed in still water and the heave and pitch natural periods were 
determined. Those periods will be used later in the next section to create 
the irregular wave spectrum. Two sets of free oscillation tests were 
carried out to identify the model natural period and damping coefficient 
of FRPS models for two different load cases. For the heave motion decay, 
the model was displaced and carefully released vertically. The motion 
displacements in z-direction were plotted as shown in Fig. 11 (a) and (c). 
In case of the pitch motion, the model was released at a fixed tile angle 
along y direction and the angular displacements were plotted as shown 
in Fig. 11 (b) and (d). The linear spring-mass damper model shows a 
good fit for heave and pitch responses as shown in Fig. 11. Table 7 shows 
the estimated natural period of the full scale FRPS concept in both heave 
and pitch responses. 

4.3. Time series analysis of irregular wave case 

4.3.1. Irregular waves elevation 
In order to predict the motion behaviour of FRPS platform in irreg-

ular sea condition, complete time-domain simulation is a vital procedure 
of obtaining some significant information, such as extremely critical 
values for structural and other post-analysis verification. The most 
critical wave period is chosen in this study as heave and pitch natural 
frequencies as illustrated in section 4.2. The wave period in Red Sea is 8 s 
(0.25 Hz), which is out of the capability of the wave maker. For this 
reason, the worst wave period scenarios were considered based on FRPS 
platform’s heave and pitch natural frequencies. Two sets of wave height 
were selected based on the selected site in section 3. The maximum wave 
height was equal to 5.18 m and the significant wave height was equal to 
2.14 m. The selected sea states were generated by the wave maker for a 

Fig. 11. Comparison between decay test results and analytical method for heave and pitch responses.  

Table 7 
Free decay test results.  

Loading 
cases 

DoF Damping 
coefficient (ζ) 

Full scale natural 
frequency (ωn) Hz 

Full scale 
natural period 
[s] 

Light-ship 
case 

Heave 0.1980 0.067 14.92 
Pitch 0.0670 0.045 22.22 

Ballast 
case 

Heave 0.0507 0.069 14.50 
Pitch 0.0245 0.046 21.74  

Table 8 
Test matrix for irregular waves and corresponding full-scale conditions.  

Load 
condition 

Natural 
frequency 

Sea 
State 

P-M Spectrum 
full-scale 

P-M Spectrum 
model-scale 

Hs 
[m] 

Tp [s] Hs 
[mm] 

Tp [s] 

1- Light-ship Pitch run1 2.15 14.8 21.5 1.48 
Heave run2 5.18 22.22 51.8 2.222 

2- Ballast Pitch run1 2.15 14.8 21.5 1.48 
Heave run2 5.18 22.22 51.8 2.222  

Table 9 
Wave spectrum characteristics.  

Sea State Conditions Run 1 Run 2 Units 

Full scale wave height, Hs 2.15 5.18 m 
Significant model wave height, Hs 21.5 51.8 mm 
Peak period, Tp 1.48 2.22 s 
Wave frequency, fp 0.67 0.45 Rad/s  
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period corresponding to 3 h at full scale. All sea states were calibrated 
before the model was placed in the tank. The irregular wave elevations 
were defined based on P-M wave spectrum 

SPM

(

ω
)

=
15
16

H2
S

T4
P.f 5 exp

(
5
4
(
f .Tp

)− 4
)

(5)  

as illustrated in the test matrix as shown in Tables 8 and 9. In Eq. (5), Hs 
is the significant wave height, Tp is the wave peak period, and f is the 

frequency in Hertz. 
Time series of incident wave elevation acting on the model was 

measured during the experiment for both running conditions (run1 and 
run2) as shown in Fig. 12. 

4.3.2. Effect of load condition on motion behavior of FRPS platform in 
irregular wave 

In order to predict the motion behaviour of FRPS platform in 

Fig. 12. Time series of wave elevation in different wave spectrum conditions.  

Fig. 13. Comparison of the time series motion behaviour of FRPS model under different load conditions.  
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irregular waves for different load conditions, time-series simulation 
history for the proposed FRPS motion behaviours in heave, pitch, roll, 
yaw, sway and surge under irregular wave conditions for both light and 
ballast load conditions are plotted in Fig. 13. The test was conducted 
under run1 wave spectrum condition (pitch natural period base) and it’s 
interesting to notice that, in light-ship load condition, the model shows 
lower responses during heave motion only, while for all other responses 
the ballast load condition shows lower responses as shown in Fig. 13. 
Generally, the roll responses are small compared to pitch responses and 
almost no significant changes were observed due to change in the load 
conditions. For heave responses, the maximum values reached 20 mm 
(2 m in full scale) in the case of ballast load condition while half of this 
value was observed in the case of light-ship condition. Also, the 
maximum wave elevation values reached 20 mm as shown in Fig. 13. 
Since the run1 case is far from the heave natural frequency peak 
response, the RAO is equal to approximately 1. 

The maximum values for pitch and yaw reached about 2◦ and 5◦, 
respectively, for light-ship load condition. From t = 360 s–400 s, the 
motion responses for surge, yaw and sway significantly increased in 

lightship condition due to interaction between the heave plate and 
incident wave. The heave and pitch motions appeared to be quite high 
during this spike response. 

4.3.3. Effect of wave spectrum on motion behavior of FRPS platform in 
irregular waves 

The comparison of time series of FRPS model motion in the selected 
wave spectrum conditions (run 1 and run 2) is shown in Fig. 14. The 
wave spectrum was selected based on platform’s natural frequencies 
(heave and pitch). According to the comparison, it is clear that the 
motion behaviour shows similar trends but different magnitudes be-
tween spectrum conditions run 1 and run 2. Generally, all motion re-
sponses in the case of run 2 (wave spectrum created based on maximum 
wave height and heave natural period) are higher than run1 responses 
(wave spectrum created based on significant wave height and pitch 
natural period). 

It seems that the heave and pitch motion responses were very sen-
sitive to the change of wave spectrum. It should be pointed out that the 
amount of heave response of the run 2 case is twice of the heave 

Fig. 14. Comparison of the time series motion behaviour of FRPS model under different wave spectrum.  
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responses of run1 case. The same observation was noted for roll re-
sponses which is significantly lower response than pitch motion and no 
significant change occurred due to change of the wave spectrum. 
Although the run 1 case was created based on pitch natural period, the 
pitch response for run 2 case was much higher than the run 1 case 
response. The reason of this observation is that run 2 case was created 
based on maximum wave height which significantly affected the pitch 
response rather than pitch natural frequency. The maximum pitch angle 

reached its value at 4◦ while the maximum value for yaw responses 
reached to 5◦ at run 2 case. For sway and surge responses at run 2 case, 
the maximum values reached 20 mm and 50 mm, respectively. 

4.3.4. Probability of a sorted sequences distribution 
To illustrate the influence of load condition and wave spectrum on 

the FRPS motion behaviour in a more dramatic situation, probability of 
a sorted sequences distribution was estimated and presented in an 
irregular wave condition as shown in Fig. 15. It is interesting to observe 
from Fig. 15 (a) that the probability of a sorted sequences (PSS) of heave 
motion tended to oscillate quite symmetrically with large amplitude 
around zero reference (sinkage position). The maximum heave ampli-
tude reached about 47 mm (maximum heave response) at run 2 case for 
both oscillation directions (see Table 10). The heave motion of run 2 
case in ballast condition shows strong responses exceeding double time 
of run 1 case for light-ship and ballast load cases. 

The pitch motion shows a strong correlation between the responses 
and incident wave direction. When the incident wave reached to model 
forepeak, the model was pitching with smaller oscillation with respect to 

Fig. 15. Probability of a sorted sequences (PSS) distribution for FRPS at different motion responses, load condition and wave spectrum.  

Table 10 
Sea state maximum and minimum motion responses at different load cases.  

Motion Lightship (Run1) Ballast (Run1) Ballast (Run2) 

Max Min Max Min Max Min 

Heave [mm] 13.28 − 15.31 21.89 − 21.09 47.47 − 50.14 
Pitch [deg.] 2.07 − 1.69 1.37 − 1.25 2.89 − 4.37 
Roll [deg.] 0.60 − 0.58 0.55 − 0.44 0.39 − 0.80 
Yaw [deg.] 4.92 − 5.23 1.78 1.72 4.65 − 4.98 
Sway [mm] 27.20 − 18.11 11.02 − 10.17 18.01 18.59 
Surge [mm] 34.84 − 36.64 17.62 − 20.45 47.07 − 49.64  
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the stern where the pitch angle increased by 50% than the fore side as 
shown in Fig. 15 (b). As the roll motion was in the perpendicular di-
rection to the incident wave, the roll responses tended to be smaller than 
pitch responses and without significant changes in different loads and 
spectrum conditions. 

Wayman (2006) illustrated that turbine inclination angle should not 
exceed 10◦ and the maximal offset from original position should not 
exceed 10 m. According to the measured values, the pitch angle reached 
a maximum of 4.4◦ and the surge responses were less than 5 m, both 
demonstrating that the turbine can efficiently operate. 

5. Conclusion 

A novel floating hybrid power station integrated with hydrogen en-
ergy storage system is proposed as an unconventional solution to the 
remote coastal cities. Site selection analysis was performed using inte-
grated GIS and multi-decision criteria model in order to select suitable 
deployment area for the proposed concept. The results showed that 
Marsa Alam has the highest potential for the proposed wind and solar 
power system. On the other hand, Mediterranean coastline, especially in 
front of Delta, has the lowest potential. Decay test was conducted to 
determine the heave and pitch natural periods in order to use them to 
create the most critical wave spectrum. A series of irregular wave tests 
were performed to identify the FRPS platform behaviour in a realistic 
environment condition. Time domain analysis of dynamic responses of 
the proposed concept was carried out for the selected deployment area 
in Egypt. 

The corresponding time series of heave, pitch, roll, sway, yaw and 
surge responses of the FRPS were experimentally investigated at KHL. 
For ballast load condition, the maximum heave response of wave spec-
trum run 2 case was higher than wave spectrum run 1 case by about 
127%. The lowest heave response was measured for light-ship condition 
at wave spectrum run 1 case. Unsymmetrical pitch responses between 
fore and aft peaks were observed and the maximum pitch angle reached 
4.4◦ at ballast condition and wave spectrum run 2 case. For light-ship 
condition at wave spectrum run 1 case, the pitch responses decreased 
by about 62% with respect to ballast condition at wave spectrum run 2 
case. While wave spectrum run 1 case presents worst scenario for pitch 
motion (pitch natural period), since the turbine tilling angle is the most 
important factor in offshore wind turbine, ballast condition is suggested 
for FRPS operation condition to maintain the highest performance for 
wind turbine which recorded the lowest pitch response in the present 
study. All results of time-domain analysis show that the proposed 
concept can safely operate for Egyptian environment conditions. 
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