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Abstract

:

The supply of freshwater has become a worldwide interest, due to serious water shortages in many countries. Due to rapid increases in the population, poor water management, and limitations of freshwater resources, Egypt is currently below the water scarcity limit. Since Egypt has approximately 3000 km of coastlines on both the Red Sea and the Mediterranean Sea, seawater desalination powered by marine renewable energy could be a sustainable alternative solution, especially for remote coastal cities which are located far from the national water grid. The objective of this research work is to evaluate the feasibility of a floating desalination plant (FDP) concept powered by marine renewable energy for Egypt. A novel design of the FDP concept is developed as an innovative solution to overcome the freshwater shortage of remote coastal cities in Egypt. A mobile floating platform supported by reverse osmosis (RO) membrane powered by marine renewable power technology is proposed. Based on the abundant solar irradiation and sufficient wind density, Ras Ghareb was selected to be the base site location for the proposed FDP concept. According to the collected data from the selected location, a hybrid solar–wind system was designed to power the FDP concept under a maximum power load condition. A numerical tool, the DNV-GL Sesam software package, was used for static stability, hydrodynamic performance, and dynamic response evaluation. Moreover, WAVE software was used to design and simulate the operation of the RO desalination system and calculate the power consumption for the proposed FDP concept. The results show that the proposed mobile FDP concept is highly suitable for being implemented in remote coastal areas in Egypt, without the need for infrastructure or connection to the national grid for both water and power.
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1. Introduction


More than two-thirds of the earth’s surface is covered with water. According to the European Environmental Agency (EEA), approximately 97% of the water is saltwater in the form of oceans, seas, and bays. On the other hand, only 3% of the total of water is freshwater in the form of ice, groundwater, rivers, and lakes, which is not enough for the human demand [1]. Increases in populations and subsequent rises in demands for consumable water have been cited as the biggest problems that humanity will face in the future. The desalination of seawater is considered one of the promising alternatives which can solve the world’s freshwater shortage and help meet the global water demand [2]. These facts drove the global desalination market to accelerate at a rate of 9% from 2018 to 2022, with 74% of the growth coming from Europe, Middle East, and Africa (EMEA) region [3]. Egypt has mainly depended on the Nile River water for a long time, with a share of 55 billion cubic meters per year [4]. Currently, due to the rapid increase in population and poor water management, Egypt is under the water scarcity limit, which has urged the Egyptian Government to initiate programs for the desalination of water to overcome the lack of drinking water, especially in remote areas [5].



Generally, desalination processes can be divided into two main technology types: Thermal distillation and membrane processes. In recent years, membrane technology has taken over 73% of the global desalination installation capacity [6]. Many studies have shown that the renewable energy-powered RO desalination system is more reliable and sustainable than other energy sources, due to its low operation cost and environmental impacts. Omer and Moussa [7] discussed several factors which should be considered before selecting renewable energy, such as the feed and product water salinity, feed pressure, plant location, wind speed and solar radiation at the site, plant size, and cost of product water. These factors play a vital role in estimating the total power consumption. Recently, photovoltaics (PV) panels have been introduced in desalination systems, but they have low efficiency and need a large settlement area. Since Egypt has about 3000 km of shorelines on both the Red Sea and the Mediterranean Sea, desalination can be used as a sustainable water resource for domestic use in many coastal areas [8]. Atallah et al. [9] provided a comparison of a land-based conventional RO desalination plant and an unconventional one powered by a hybrid renewable energy system in Egypt.



Currently, the RO process is widely used to desalinate water in Egypt, especially for touristic coastal areas, since these remote areas are located far from national water and power grids. While RO requires a high amount of energy, energy is mostly generated using fossil fuels, which impacts the environment in this area [10]. Moreover, most of Egypt’s coastal areas have a shortage of land area and/or are expensive in terms of the construction of PV panel systems. For this reason, renewable energy-powered floating desalination plants are emerging as an efficient solution around coastal areas.



Many previous studies have dealt with the design of conventional land-based desalination plants, as well as their power supply and operating systems, whereas few studies have discussed the floating desalination plant (FDP) concept. Floating desalination plants are relatively young technology if compared with land-based desalination solutions, where a number of existing units driven by fossil fuel and nuclear power have been established and successfully tested in commercial projects in different countries. Chouski [11] proposed a floating desalination ship for the western Mediterranean Sea. The proposed plant is powered by liquefied natural gas (LNG) and provided with water storage tanks. Later, he also described the construction and operation of shipboard desalination plants in another study [12]. The same concept was investigated by Fadel et al. [13]. He discussed the concept of FDP and compared the application of such plants with conventional land-based installations. The study presented a fully seagoing desalination vessel called RUMAITH serviced in Abu Dhabi and the vessel carried two 1250 m3/day Multi-stage flash (MSF) distillers and was completed with a power generating plant and full marine and navigation facilities. The power needed for desalination process was generated by the main vessel engine and two diesel generators.



The FDP concept powered by a nuclear power source has been discussed in different research works. The design of two barges comprising two desalination plants was studied by Vasjukov et al. [14]. A nuclear steam supply system, steam turbine plant for the preparation of potable water, and auxiliary and ship support system were presented in his study. Another state-of-the-art of existing design and analytical procedures of floating nuclear plants has been presented by Babu and Reddy [15]. The study suggested that floating barge configurations are much better, due to technical and economic reasons. On the other hand, the FDP concept was offered as an alternative solution for conventional desalination systems in the Middle East and the Arab Gulf by Al-Othman [16]. He concluded that the floating concept offers several safety features, which makes this configuration more suitable and well-prepared for tsunamis and earthquakes. A high-capacity floating desalination island powered by multi renewable resources was proposed by Stuyfzand and KappelhoP [17]. His preliminary calculations indicated that the production costs for freshwater from seawater by desalination on huge floating islands through renewable multi-energy supply are low and close to prices when using fossil fuels, without environmental effects. In another unconventional concept of FDP, Davis developed a novel floating membraneless PV-electrode system for hydrogen and water production [18]. The system was carried on a platform which used sunlight to generate the solar fuel and produce electricity that was sent to durable membraneless electrolyzers that split water into oxygen and hydrogen. The Ydriada MUP platform located in Greece is the perfect prototype of a small unconventional concept of an offshore FPD unit driven by wind turbine-delivered desalination water to a grid via a pipe at a 70 m3/day maximum capacity [19]. The plant contains small vertical cylinder pontoons connected to each other, and the center pontoon supports small desalination unit and wind turbine with 35 kW.



The FDP concept generally consists of a marine floating platform, desalination plant, and power system. Lampe et al. [20] presented a desalination ship example in his study. His proposal concept used RO technology and was capable of storing freshwater in five tanks, each with a capacity of 18,000 m3. Johanson and Clelland [21] also proposed a single mobile floating desalination plant with a ship shape to serve islands and arid coastline communities. His proposed unit supports multistage flash distillation (MFD) for desalination and can have a production capacity of 909 m3/day. Desalination barges have operated since 2008 to meet the high seasonal demand for potable water along the Red Sea coast of Saudi Arabia. In 2010, the largest floating desalination plant in the world, with a production capacity of 25,000 m3/day (9 million m3/year), was launched on a barge in Yanbu [22]. The desalination plant and equipment required, such as pumps, the proportional feeding unit, pipes, chemical tanks, and control units, should be arranged below the main deck inside the hull of the vessel [23].



Based on our understanding of Egypt’s freshwater problem and previous literature, the objective of this research work is to evaluate the feasibility of a novel FDP concept powered by marine renewable energy as an effective solution to help Egypt overcome its water scarcity and develop remote coastal areas. A novel design of a floating RO desalination plant powered by a hybrid solar-offshore wind turbine system is shown in Figure 1. An FDP concept with a capacity of 10,000 m3/day freshwater is numerically designed based on environmental data collected for Ras Ghareb city. The proposed FDP concept has a mobility option in order to provide freshwater for different coastal cities in Egypt, depending on the freshwater demand.




2. Proposed Conceptual Design Procedure for FDP


Based on the literature review discussed in the previous section, a procedure was developed to design a novel FDP concept. The procedure begins with a gap analysis and site selection step in order to determine the most suitable location to locate the FDP concept. There are some factors and constraints that should be determined for the available sites. Each factor should be ranked, and the locations which do not meet the constraints should be extracted. The most important constraints are related to location restrictions, such as the draft or width, or other industrial activities. The next stage is to design the desalination system and its renewable energy-supported power system. Collection of all technical data of the whole system and location restrictions are available to analyse and select a suitable platform for hosting the systems. The following stage is to check the integrity of the whole system and its platform as one unit. Hydrodynamics and structural satisfaction are the first to be checked, followed by economic and environmental satisfaction. The proposed design procedure is shown in Figure 2.




3. Feasibility of FPD for Egypt


An FPD concept powered by a wind turbine is a rather new and unexplored concept for freshwater and energy production. Due to the unique mass population distribution and availability of marine renewable energy resources in Egypt, the FDP concept is proposed to overcome the freshwater shortage and support the development of remote coastal cities in Egypt. In this section, the conceptual design procedure which was presented in the previous section is applied for Egypt and a novel FPD concept is developed to serve Ras Ghareb city.



3.1. Site


Site selection: Egypt has approximately 3000 km of coastal zones situated on the Mediterranean Sea and the Red Sea. Approximately 1150 km of the coast is located on the Mediterranean Sea, while 1200 km is bordered by the Red Sea, with 650 km of coast located on the Gulf of Suez and Aqaba [24]. The Red Sea region has the best wind resources, with a mean power density at a 50 m height in the range of 300–900 W/m2 [24]. This fact means that wind power can be selected as the main power source for the FPD concept. The Red Sea coastline is considered remote from the Nile River supply, and the Egyptian government has paid attention to developing this area in its 2030 vision plan, due to its important touristic value [25]. In an unpublished study, a separate site selection study was performed. The results have shown that Ras Ghareb city has the highest rank for the FDP concept in Egypt. The city lies at a latitude of 28.33° N, longitude of 33° E, and altitude of 56 m. The height of the anemometer is 24.5 m above the ground [26].



Ras Ghareb is one of the biggest cities in the Gulf of Suez in the Red Sea. The total population of Ras Ghareb is about 60,000 people, according to the Red Sea Governor website. The city has three major characteristics: A high water demand for civil and industrial reasons, a medium shallow water depth, and a very high wind energy potential. The site location is shown in Figure 3. The FDP concept is suitable for operation in Ras Ghareb as a base point and transfer between the Gulf of Suez and Red Sea Zone to serve remote cities in this area, depending on their water demands. The location is an important factor when determining the environmental loads which the platform will face in the selected location.



Water depth: The FDP plant will be located near to Ras Ghareb port terminal. The average draft is 50 m in the selected area [26]



Distance from the shore: Maintaining a buffer zone of a 2 km distance from the coastline has been considered far from any anchoring area or oil industry installation, and other activities.



Environmental loads: Based on the database and historical weather information, significant wave height and wave period were determined for a 1-year return period in this area, producing values of 2.15 m for the wave height and 5.08 s for the wave period [27]. Moreover, the maximum wave height and time period for one year are 5.18 m and 6.5 s and for a 100-year return period, are 7.92 m and 8 s, respectively. The tide height for a 1-year return period is 0.91 m and that for a 100-year return period is 1.52 m [28]. The max. current speed is 0.6 m/s, and most of the wind comes from north and northwest directions [29].



The wave spectrum is one of the most important parameters in the hydrodynamic analysis of floating offshore structures. One parameter spectrum was used to calculate Ras Ghareb’s wave spectrum, according to the DNV-GL rule [30], as shown in Equation (1). The results show that the wave spectrum band begins from 0.5 rad/s in this area, as can be seen in Figure 4. The proposed FDP concept should be out of the wave band range to avoid large dynamic responses [31].
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Renewable energy density: The available offshore wind potential can be quantitatively expressed through the mean wind velocity 50 m above the mean water level for Egyptian coastal cities. Marine areas with a mean wind velocity smaller than 6 m/s are considered unsuitable for offshore floating wind turbines, according to several studies [32]. According to Egypt’s wind atlas, shown in Figure 5, the average wind speed over the year is 9.8 m/s at a 24.5 m height. The solar radiation atlas of Egypt, which is shown in Figure 6, shows that this area has an annual average direct solar radiation of 7.81–8.3 kWh/m2/day. In his study, Shimy [33] showed that Ras Ghareb city has an average sunshine duration of 12.125 hours and annual average air temperature of 20 °C. A comparative study has shown that Ras Gareb has a high potential for the use of wind turbines compared with other Egyptian cities [34]. The Red Sea region, in general, has the best wind resources in Egypt, with a mean power density at a 50 m height in the range of 300–900 W/m2. Ras Ghareb has the second-highest wind density after GabalElzeet, according to statistical studies [4], with a wind class of 7 and an average wind speed equal to 9.9 m/s [35].




3.2. Desalination Criteria


Selection of desalination technology: Basically, a complete desalination process includes 3–4 steps: Feed pumping water from the sea; pre-treatment of pumped water (filtration and chemical addition); a desalination process; and finally, a post-treatment, if necessary [36]. There are different ways to produce freshwater with desalination technologies. More common technologies are reverse osmosis (RO), the multi-stage flash process (MFP), and multi-effect distillation (MED). In the FDP concept powered by diesel fuel, MFP is the most common. Many examples have been presented for ship-shaped desalination plants and barge plants in the Mideast area [11,12], and all of them used MFP. Many factors play a vital role in the selection of desalination technology, such as raw water properties, location, and type of power supplier.



Desalination systems employing RO are widely used in Egypt in different sectors. The rapid development in technology, especially in membrane manufacturing, has led to a marked decrease in cost and operating pressure, which has enabled RO to compete with other systems [37]. The Red Sea zone is considered as having high salinity seawater, with a value equal to TDS 45,000, which presents a higher limit for using RO technology.



Desalination system: The FDP concept contains six desalination modules. Each one has a capacity of 2000 cubic meters of desalinated water. Five units can meet the required desalination capacity of the plant (10,000 m3/day), while the sixth one is allocated as a backup unit. The system is designed to operate for 24 h.



The Water Application Value Engine (WAVE) software program, version 12.5, was used to design and model the RO desalination system in this study. The RO module is shown in Figure 7, and the design parameters for each unit of the RO module are given in Table 1.



RO desalination technology was selected for the FDP concept, due to its lightweight equipment and its suitability for hybrid renewable energy. A complete desalination process can be summarized in four main steps:




	
The first step is to take in seawater by a feed pump through sea-chests at the lower level of the platform and pass it through a specially designed metal screen with a size of 1 mm to store it in the raw water seawater tank. The proposed concept placed this tank at the center of the platform to eliminate pipeline losses and costs. The seawater supply pumps to elevate the pressure of the seawater sufficiently to pass it through the pre-treatment process. The suspended solids, which cause fouling of the RO membranes, are removed by inline coagulation and filtration. The intake inter tank is used as the seawater tank, and can store up to 6000 m3 of feed seawater. The inner sides of the tank should be coated with anti-corrosion paint to prevent corrosion of the surfaces that are in contact with seawater;



	
The second step is the pre-treatment of seawater by pumped water using filtration and chemical doses. A coagulant is added to the acidified seawater, which is effectively mixed and then immediately passed through a dual-media filter to remove the microflocs which have formed. Polyelectrolytes can be used in addition to coagulants to support the formation of stable, filterable flocs. A disinfectant is injected into the seawater to prevent microbiological activities in the pipes and filters. Acid is required to prevent carbonate scaling on the RO membranes and is also added upstream of the dual-media filter. The dual-media filters have to be regularly backwashed with filtrate or brine and scour air from the bottom to the top. The rejected water is discharged into the sea. The power consumption of the filter feed pump and discharge pump were estimated to be 40 kWh and 226 m3/h at 5 bar, respectively. A self-cleaning filter, which is responsible for removing suspended particles with a size of more than 20 micron, is added to the system. A cartridge filter with a nominal 5 micron mesh size is also used in the ore-treatment process;



	
The third step is the RO desalination process, including high-pressure pumps and a multistage centrifugal pump with a consumption power of 200 kWh and discharge of 86 m3/h at 65 bar. RO skids contain 26 vessels, with each having six membrane modules of the FILMTEC SW30HRLE-440 type. Desalted water is transferred to product water tanks. The plant contains a dosing system, including dosing pumps and chemical tanks for filter aid, antiscalant, post pH adjustment, and post disinfection. Cleaning and flushing systems are also included. Chemical cleaning of the RO membranes is performed regularly in order to re-establish the initial plant performance;



	
The fourth step is to discharge the brine far from the plant. Discharge outfalls are located at the aft of the plant to dissipate high salinity rejected brine in the direction of a current stream to a distance 300 m from the plant into surface bodies of sea. Feed water intake is located at the lower point of the bottom of the plant to decrease the effect of discharged brine. FDP has the advantage of discharging brine far from the coastline, which helps to eliminate the environmental impact on marine life compared with the discharging process of land-based plants.



	
The last step includes post-treatment and transfers to a shore facility. The filtrate is polished by means of fine filters for the final protection of the RO membranes from suspended particles. A dechlorination agent is injected into the feed water stream to eliminate the residual disinfectant. The feed water is pumped through the membranes with sufficient pressure. In total, 40% of the feed water is converted into permeate, and the concentrate is passed through an energy recovery turbine and then partially transferred to the backwash tank and mainly discharged overboard. By passing the concentrate through the energy recovery turbine, the consumption of electric energy is cut by 35%. The proposed desalination system is presented in Figure 8.









3.3. Power System


Many studies have shown that a renewable energy-powered RO desalination system is more reliable and sustainable than others, due to different factors, such as its low operation cost; low carbon dioxide emissions; clean energy system; and usage of natural resources, which are permanent [38]. However, many factors should be taken into consideration before choosing renewable energy, such as the feed and product water salinity, feed pressure, plant location, wind speed and solar radiance at the site, plant size, and cost of product water [39,40]. These factors play a vital role in determining the electrical energy required and the rate of proper sources.



The proposed FDP concept powered by a solar–wind integrated system is a stand-alone, mobile, and hybrid off-grid system. Therefore, it is a self-sustainable system. The system consists of two major components or subsystems: A solar-PV system and offshore wind turbine system. These components are integrated into, or interconnected with, the RO desalination system, as shown in Figure 9.



Control and integration of the solar–wind system are performed by power inverters, and a controlling system governs the solar-PV and wind turbine systems. The hybrid system here is defined as an off-grid energy generation system in the form of electricity and freshwater. Both products are generated by harvesting renewable resources from the sun, wind, and sea. The management of pumping freshwater to a shore facility is accomplished by pressure pumps located at the top of each storage tank.



The total power consumption of each RO module was estimated using the WAVE simulation program. The total power for all RO modules was estimated to be 1591.2 kWh, as shown in Table 2. The peak power of each module without a power recovery system was estimated to be 483.9 kW. For marine operation and the accommodation of power loads, the maximum power consumption was estimated for other operating pumps, lighting, and control and outfitting devices to be 1660 kWh, as shown in Table 3.



The total maximum power load for the proposed FDP concept is 3.2512 MWh (78.029 MW/day). This power will be supplied by a V112-3MW turbine located at the center of the platform and PV panels will be distributed over the sundeck of the platform. The hybrid power system will cover the plant power consumption with a production of 79.2 MW/day.



3.3.1. Offshore Wind turbine


As mentioned earlier, the Ras Ghareb area in Egypt has a very high potential for using offshore wind turbines. The hourly wind speed for the selected site is the first data required for the design of a wind turbine. The data was collected from the Egyptian Metrological Authority of Ras- Ghareb [41]. Ras Ghareb has an average wind speed equal to 9.8 m/s at a 24.5 m height from the ground and 12.5 m/s at a 100 m height [41]. The average monthly wind speed is shown in Figure 10 for both heights of 24.5 and 100 m. The FDP concept should be adapted to the site that it is designed for. The three megawatt Vestas wind turbine was selected for the proposed FDP concept. The turbine rating speed is 12 m, and the height of the rotor center from the sea level is approximately 100 m from the sea level, which makes this turbine suitable for the average wind speed in the Ras Ghareb area. The turbine specifications are presented in Table 4. Equation (3) was used to estimate the maximum thrust force generated by the turbine in order to evaluate the static stability during turbine operation. The thrust force is a function of the wind speed, rotor swept area, air density, and turbine thrust coefficient [42]. The results are shown in Table 5 and Figure 11. The results reveal that the maximum thrust is 483.8 kN and occurs at a wind speed equal to 10 m/s.


  T h r u s t =  1 2   C t  ρ A  U 3   



(3)




where ρ is the air density (1.225 kg/m3), A is the turbine swept area, U is the wind velocity, and Ct is the thrust coefficient.



Based on the wind data and turbine performance curve, shown in Figure 12, the minimum annual average wind speed in Ras Ghareb is 9.8 m/s. The turbine can generate 2.7 MWh at this wind speed, whereas at the maximum annual average wind speed of 15.5 m/s, the turbine can generate its maximum power of 3 MWh. Most of the wind in Ras Ghareb comes from a northwest direction (77%), as shown in the wind rose diagram in Figure 12, and the maximum frequency of occurrence is from the North West sector (330°) [43].




3.3.2. Photovoltaic Solar System


The components of any solar system consist of PV panels or collectors, a charger controller, batteries (if the energy needs to be stored), and an inverter to convert DC into AC. The PV output power is affected by many different factors, such as solar PV cell efficiency, solar radiation, ambient temperature, and wind speed [44]. Hofierka and Kuanuk [44] have suggested a formula for estimating the total annual electricity output for a system:


   E  o u t   =  A e   E e   G  a v g   ,  



(4)




where    E  o u t     is the annual electricity in kWh, Ae is the total surface area of solar cells in square meters,    E e   . is the annual mean power conversion efficiency coefficient for PV technology, and    G  a v g     is the annual total global irradiation (kWh/m2). According to the Solar Atlas of Egypt, the average monthly mean solar energy for the PV system for the Ras Ghareb zone is recorded in Figure 13. The total global irradiation is 2327 kWh/m2 and the average monthly global irradiation over the year is 194 kWh/m2 (8.08 kWh/m2/day). The total area available on the sundeck is 6000 m2. The modern commercial solar cells typically have a 20% peak efficiency. Based on this data, the PV system can produce 2,792,400 kW/year (7650 kW/day). The average number of peak sunlight hours per day is assumed to be 6 hours. Then, the PV system supports the plant power system with 1.275 MW/h for 6 hours per day. According to Jacobson’s database [45], the PV optimal tilt angle for Egypt is 24 degrees. The margin factor (FM) of 20% is considered, due to array spacing, the temperature correction factor, the shadow effect, and the off-peak performance. According to Equation (5),


   E  P V   =  E  o u t   .  F M  ,  



(5)




where the total PV power production is 6.12 MW/day.



Mono-crystalline silicon PV solar panel modules are used in this study. The PV power rating is 200 W per meter square (20% efficiency), and the dimensions are a 1.64 m length, 0.992 m width, and 0.05 m height. Each PV module has a 19 kg weight and is expected to have a life span time between 20 to 25 years [46]. The panel area is 1.63 m2. The PV arrays are mounted on the sundeck of the platform. In Ras Ghareb, a 24° angle generally leads to an increase of 10% in the area, due to free-standing PV from shading [47]. The total number of PV panels is 3300 panels, and the layout of the PV array is shown in Figure 14, where L is the deck width of 87.5 m, W is the panel length of 1.64 m, d is the distance of the array equal to 1.8 m, β is the tilted angle of 24° [48], and Wcosβ equals 1.5 m.




3.3.3. Power Management Plan


The hybrid power system should have a power management plan. The system should include a charger controller or regulator to save the system from overcharging and regulate the power output alone to day hours. Moreover, the PV system also needs deep-cycle batteries to control PV usage during the day and night. The wind turbine can support the power system at an annual average minimum wind speed in Ras Ghareb with 64.8 MW/day, while the PV system can produce 7.65 MW/day. The minimum and maximum wind speed scenarios are shown in Figure 15. In the minimum wind speed scenario, the PV system has a share of 9% of the total power system product, while the wind turbine has a share of 91%. In the maximum wind speed scenario, the PV system has a share of 8% only, while the wind turbine has a share of 92% of total power production.





3.4. Platform Criteria


FDP capacity: In the early design stage, it is important to estimate the overall system weight to select a suitable platform for carrying the system. The total desalination, hull steel, auxiliaries and outfitting equipment, storage, and power system weight was calculated to determine the overall platform size and volume. The total weight of the whole FDP concept was estimated to be 86,708 ton (approximately 84,593 m3 volume of displacement), as shown in Table 6.



Hull Configuration and Dimensions: Based on the design criteria for a floating platform type and configuration, the cylindrical hull barge was selected to meet the Egyptian case condition. The cylindrical barge hull is better than the semisubmersible and spars for technical reasons. Firstly, the tension leg platform (TLP) and Spar configurations do not meet the mobility function for the unit, due to its mooring complexity and large draft, respectively [49,50,51,52]. Moreover, the semisubmersible is less favorable for Egyptian shipyards because of its complex structure [53,54]. In addition, the semisubmersible’s uncertainty in terms of the stability of the structure with a wind turbine in operation and during the towing process was considered a disadvantage [55]. The cylindrical barge has a smaller draught than the other concepts and is, therefore, more versatile in the sense that it can be deployed at a wider range of sites, even at sites with shallow water depth. Because of its shallow draught and stability in the free-floating condition with the turbine installed, this concept is expected to be well-suited for manufacturing at Egyptian shipyards, as well as allowing major repairs and maintenance to be performed off site [56]. Because of its simple mooring system, installation costs of the structure are expected to be small compared to those of other concepts.



To allow the structure to pass through restricted places on the way to the site locations and fit the size of production and lifting facilities, the shallow draft was selected to be a max. of 20 m in a full load condition (Suez Canal and most Egyptian large ports have a 24 m draft). This draft is suitable for most Suez Gulf coastline cities, including shallow areas. Based on the total displacement, maximum allowable draft, and cylindrical hull shape, the hull overall dimensions could be estimated, as shown in Table 7. The deck area is extended over the hull width in order to increase the area available for the PV array.



This novel design is considered to be different in configuration and arrangement when compared with other conventional FDP concepts. The proposed plant is mobile, has a storage capacity, and is completely driven with zero emissions and an off-grid mode. The estimated area required for PV on the deck of a plant is approximately 6000 m2. The layout of the system can be seen in Figure 1.



Arrangement and Storage Tanks: The FPD concept can be considered an offshore marine unit based on its shape and configuration. The platform configuration was inspired by oil and gas industry platforms. The FDP platform can be moored near to the shoreline of any selected coastal city in Egypt. The concept has mobility capability and can be towed between two or more locations if needed. The FDP concept supports the usual desalination equipment, wind turbine, PV panels on the deck, and freshwater storage tanks. The sides of platforms are used as ballast tanks. The inner center tank is used as the seawater intake tank and pre-treatment tank that can store up to 6000 m3 feed water (Intake SWT). There are six freshwater tanks (FWT) inside the platform hull that can store up to 60,000 m3 of desalinated water and six ballast water tanks (BWT), as shown in Figure 16.



The plant has large-volume storage tanks for freshwater. This storage capacity can supply freshwater at the same amount for six days in the case of a cut-off of the energy supply from wind or solar resources, due to weather conditions or any other emergency. There are two options for supplying the shore with freshwater. If the plant is close enough to the shore to extend a floating marine hose, the produced water can continually be conveyed to the shore through the hose; otherwise, the water is desalinated before transferring it to shore, and water is stored inside the platform tanks and then conveyed through an aqua-tanker shuttle service. The proposed platform is designed to carry six 2000 m3/day RO desalination systems and is equipped, as shown in Figure 17.




3.5. Stability Criteria


Natural Frequency: The natural periods of the FDP concept represent an important parameter that defines the dynamic behavior among waves. Around natural frequencies, the motion and load responses are augmented. Hence, the FDP concept should be designed to have natural frequencies outside of the wave spectrum band range. Natural frequency is a function of mass inertia, restoring the coefficient and added mass of the structure, as shown in Equation (6). Table 8 presents the natural periods and frequencies of the proposed FDP concept in heave, roll, and pitch modes. This natural period can be considered acceptable as they are outside of the wave spectrum (less than 0.5 rad/s), as is recommended by the Det Norske Veritas (DNV) standard for floating wind turbines DNV-OS-J103 (2013) [30].


   ω n  =    K  M +  M  a d d       ,  



(6)




where K is the stiffness (K = ρgA), M is the mass, and Madd is the added mass.



Dynamic stability



In this section, the wave-induced motions and internal responses of the FDP concept supported by the wind turbine are investigated. Wave-induced response amplitude operators (RAOs) of motion were calculated at the center of gravity (CoG) of the FDP concept. The presented results were obtained from frequency-domain simulations using DNV-GL Sesam software package, HydroD version 4.9-02. The motion response and hydrodynamic performance at six degrees of freedom were evaluated to ensure that the motion was restricted within the allowable limits for Egyptian environmental loading conditions, and the results are presented in Figure 18.



The motion of the platform is an important concern because it is expected that the platform does not experience large amplitude of motion during operations. The RAOs are dependent on not only the wave frequency, but also the wave direction. In the present case, all wave directions are the same, due to the platform symmetry. Figure 18a–f presents the heave, pitch, roll, surge, sway, and yaw motions of RAOs, respectively. Figure 18a shows that the RAO peak of the heave motion occurs at 0.41 rad/s, verifying the value of the natural frequency of 0.41 rad/s given in Table 7. Figure 18b shows the pitch RAOs of the FDP concept, where the peak of the pitch motion occurs at 0.31 rad/s, verifying the natural pitch frequency in Table 7. All RAO peaks are out of the wave spectrum range of the Ras Ghareb area.



Static Stability



A stability study was performed using the DNV-GL Sesam software package, HydroD version 4.9-02. The maximum thrust force produced by the Vestas V-112 turbine at the rated speed was estimated as the static force acting on the top of the turbine tower. The maximum wind overturning moment was calculated by the product of the maximum thrust and the arm of the moment (from the center of the rotor to the CoG equivalent to 100 m). The total wind overturning moment was calculated as 43.88 MNm, and this value was used in the stability analyses. The maximum thrust load experienced by the V112-3MW turbine at the rated wind speed was equal to 438.8 kN. The heeling moment acting on the FDP concept was plotted with the righting moment arm (GZ), as shown in Figure 19.



The HydroD software stability wizard was used to perform the stability analysis. The analysis was set up for a range of angles from 0 to 180°, assuming that the FDP was in an intact condition, and the maximum wind overturning moment was calculated to be 43.88 MNm. In stability calculations, the wind force was applied at zero degrees. These calculations were performed in HydroD by defining a wet surface and employing a fine mesh with a rectangular element size of 0.1 m. The interception angles between the righting and the wind overturning moment curves were around 3° for all directions, due to shape symmetry. The inclination during the operation was satisfied as it remained smaller than 6° with wind overturning moment.



Stability analyses fulfil the Offshore Standard DNV-OS-J103 (2013) for floating offshore structures, where the area of the righting moment curve is greater than the wind overturning moment curve by more than 130% for all wind directions. Another standard that is met is the stability curve, which is positive for the entire test angle range. The stability results show that the FDP concept supported by a wind turbine has acceptable restoring capacities against the wind load in all wind directions.




3.6. FDP Mobility Concept


The proposed FDP concept was designed to serve different coastal cities in Egypt. According to the power management plan, shown in Figure 15, wind power provides about 91% of the plant’s overall power consumption. Therefore, it is necessary to give priority to choosing a suitable location according to the wind potential in Egypt. Based on the Wind Atlas of Egypt, shown in Figure 5, the best cities which are suitable are located in the Gulf of Suez and Gulf of Aqba areas in Egypt. The average wind speed of between 8 and 12 m/s shows the high potential for the use of wind power sources in these areas. The mobility option of the platform will help Egypt to respond to variable water demands in these areas, without the need to build new land-based conventional desalination plants. FDP can be towed by towing tugs or lifted aboard a barge or ship lifter to transport it to its new location [56].





4. Conclusions


Water scarcity in Egypt is expected to increase, due to the rapidly increasing population and adverse agricultural policies. The desalination of seawater by renewable energy is an alternative solution for overcoming the freshwater shortage, particularly in remote coastal cities, in Egypt. Although Egypt has a high potential for marine renewable energy, this has not yet been explored. Therefore, the feasibility of the FDP concept powered by offshore renewable energy has been evaluated for Egypt as an innovative solution for coastal cities. A design procedure was developed for the FDP concept. A novel FDP concept powered by a hybrid solar–wind system was numerically evaluated using the DNV-GL Sesam software package for static and dynamic conditions, and the WAVE program was used for RO desalination system design and power consumption prediction. Since the system only utilizes offshore renewable solar and wind energies, Ras Ghareb city was selected for the FDP concept, due to its abundant high solar irradiation and high wind density. The results show that the proposed FDP concept is a feasible design that can meet stability criteria and perform efficiently in Egypt’s environmental conditions. Therefore, the proposed FDP concept can contribute to socio-economic aspects of Egypt and pave the way for developing remote areas. Due to its portability, the concept can also be deployed in different locations, depending on the water demand.
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Figure 1. Proposed floating desalination plant (FDP) concept. 
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Figure 2. Design procedure for the FDP concept powered by marine renewable energy. 
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Figure 3. Ras Ghareb city location 
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Figure 4. Wave spectrum of the selected location based on the wind speed. 
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Figure 5. Average wind speed in the Suez Gulf zone from Wind Atlas of Egypt. 
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Figure 6. The schematic of solar radiation from the Atlas of Egypt, 1991. 
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Figure 7. The reverse osmosis (RO) module CAD design. 
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Figure 8. The proposed desalination system. 
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Figure 9. Block diagram of the integrated solar–wind-driven desalination system used in the FDP. 
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Figure 10. Measured mean monthly wind speeds of Ras Ghareb station at 24.5 and 100 m. 
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Figure 11. V112-3MW turbine thrust force, thrust coefficient, and power output. 
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Figure 12. Wind rose diagram for the Ras Ghareb zone at a 24.5 m height. 
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Figure 13. Monthly mean solar energy for the PV system for the Ras Ghareb zone. 
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Figure 14. PV tiled system layout option-based free-standing from shading concept. 
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Figure 15. Minimum and maximum power generated in a hybrid system. 
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Figure 16. Tank arrangement. 
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Figure 17. Desalination system arrangement. 
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Figure 18. The motion response at six degrees of freedom for the FDP concept. (a) Heave RAO; (b) Pitch RAO; (c) Roll RAO; (d) Surge RAO; (e) Sway RAO; (f) Yaw RAO. 
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Figure 19. Righting moment arm (GZ) curve for the FDP concept. 
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Table 1. Design parameters for each unit of the RO module.
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	Parameter
	-Specification





	Feed water specification is Red Sea water with TDS
	45,000 (mg/L)



	Unit capacity
	2000 m3/day SWRO DESALINATION PLANT



	TSS
	<15 ppm



	Operating temperature (°C)
	15–32



	Design temperature (°C)
	25



	Specific energy (kWh/m3)
	5.69 (at T-25 °C)



	Recovery rate
	40%



	Feed water flow rate
	215 (m³/h)



	Number of vessels
	26



	Number of elements
	156



	Membrane module type
	FILMTEC SW30HRLE-440



	Feed pressure
	65 (bar)



	Permeate flow
	85.0 (m³/h)



	Overall footprint (m)
	12.34 length – 7.54 width – 3.11 height



	Average flux
	13.9 (LMH)



	Permeate TDS
	217.0 (mg/L)



	Average NDP
	20.5 (bar)



	Fouling factor
	0.85



	pH
	8.1
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Table 2. Power consumption of each RO module per hour.
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No

	
ITEM

	
Flowrate (m3/h)

	
Head (bar)

	
Efficiency (%)

	
ABSORBED POWER (KW)

	
QTY

	
TOTAL ABSORBED POWER (KW)






	
01

	
Filter feed pumps

	
226

	
5

	
78

	
40

	
6

	
240




	
02

	
high pressure pumps

	
86

	
65.5

	
78

	
200

	
6

	
1200




	
03

	
High pressure booster pumps

	
128

	
3

	
78

	
14

	
6

	
84




	
04

	
cleaning and flushing pumps

	
210

	
4

	
78

	
30

	
2

	
60




	
05

	
Coagulant

	

	

	

	
0.3

	
6

	
1.8




	
06

	
Antiscalant

	

	

	

	
0.3

	
6

	
1.8




	
07

	
Post pH adjustment

	

	

	

	
0.3

	
6

	
1.8




	
08

	
Post chlorination

	

	

	

	
0.3

	
6

	
1.8




	

	

	

	

	

	
Total

	
1591.2











[image: Table] 





Table 3. Power consumption of marine service units per hour.
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No

	
ITEM

	
Flowrate (m3/h)

	
Head (bar)

	
Efficiency (%)

	
ABSORBED POWER (KW)

	
QTY

	
TOTAL ABSORBED POWER (KW)






	
01

	
Ballast tanks pumps

	
1000

	
5

	
78

	
100

	
6

	
600




	
02

	
discharge pumps

	
226

	
10

	
78

	
100

	
6

	
600




	
03

	
Firefighting pumps

	
500

	
70

	
78

	
50

	
2

	
100




	
04

	
super structure service pumps

	
210

	
4

	
78

	
30

	
2

	
60




	
05

	
transportation pumps

	
416

	
5

	
78

	
100

	
1

	
100




	
06

	
Lighting and air condition

	

	

	

	
100

	
1

	
100




	
07

	
control and outfitting

	

	

	

	
100

	
1

	
100




	

	

	

	

	

	
Total

	
1660
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Table 4. V112-3MW turbine specification.
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	Parameter
	-Specification





	Type
	V-112 3.0 MW IEC class II A



	Rotor diameter (m)
	112



	Swept area
	9852 m2



	Nominal output
	3.0 MW



	Wind speed rating (m/s)
	12



	Number of blades
	3



	Tower height (m)
	86
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Table 5. V112-3MW turbine thrust force and thrust coefficient calculation.
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	Wind Speed
	Ct
	T [kN]





	3
	0.916
	51.16867



	4
	0.854
	84.80939



	5
	0.838
	130.032



	6
	0.808
	180.5427



	7
	0.84
	255.4709



	8
	0.833
	330.8957



	9
	0.799
	401.6964



	10
	0.707
	438.8191



	11
	0.543
	407.8038



	12
	0.391
	349.4663



	13
	0.295
	309.4388



	14
	0.232
	282.2345



	15
	0.186
	259.7536



	16
	0.153
	243.107



	17
	0.127
	227.8073



	18
	0.107
	215.1765
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Table 6. Weight estimation for the whole system.
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	Component
	Mass (ton)





	Nacelle
	150



	Blades + hub
	70



	Tower
	190



	RO-unite no.1
	133



	RO-unite no.2
	133



	RO-unite no.3
	133



	RO-unite no.4
	133



	RO-unite no.5
	133



	RO-unite no.6
	133



	Storage capacity (ton)
	60,000



	Assumed structure weight and outfitting, including PV system weight
	25,000










[image: Table] 





Table 7. Main dimensions of the FDP concept.
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	Properties
	Dimension





	Main hull diameter
	70 m



	Deck diameter
	87.5 m



	Column height
	27 m



	Platform full load draft
	20 m



	Platform depth
	32 m
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Table 8. Natural periods and frequencies.






Table 8. Natural periods and frequencies.





	Component
	Period (s)
	Frequency (rad/s)





	Heave
	15.32
	0.41



	Roll
	20.26
	0.31



	Pitch
	20.36
	0.31
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