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ABSTRACT 

Feasibility Analysis of a Seabed Filtration Intake System for the Shoaiba 

Reverse Osmosis Plant 

Luis Raúl Luján Rodríguez 

 

The ability to economically desalinate seawater in arid regions of the 

world has become a vital advancement to overcome the problem on 

freshwater availability, quality, and reliability. In contrast with the major capital 

and operational costs for desalination plants represented by conventional 

open ocean intakes, subsurface intakes allow the extraction of high quality 

feed water at minimum costs and reduced environmental impact. A seabed 

filter is a subsurface intake that consists of a submerged slow sand filter, with 

benefits of organic matter removal and pathogens, and low operational cost.  

A site investigation was carried out through the southern coast of the 

Red Sea in Saudi Arabia, from King Abdullah University of Science and 

Technology down to 370 kilometers south of Jeddah. A site adjacent to the 

Shoaiba desalination plant was selected to assess the viability of constructing 

a seabed filter. Grain sieve size analysis, porosity and hydraulic conductivity 

permeameter measurements were performed on the collected sediment 

samples. Based on these results, it was concluded that the characteristics at 

the Shoaiba site allow for the construction of a seabed filtration system. 

A seabed filter design is proposed for the 150,000 m3/d Shoaiba III 

expansion project, a large-scale Reverse Osmosis desalination plant. A filter 

design with a filtration rate of 7 m/d through an area of 6,000 m2 is proposed 
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to meet the demand of one of the ten desalination trains operating at the 

plant. The filter would be located 90 meters offshore where hydraulic 

conductivity of the sediment is high, and mud percentage is minimal. The thin 

native marine sediment layer is insufficient to provide enough water filtration, 

and consequently the proposed solution involves excavating the limestone 

rock and filling it with different layers of non-native sand and gravel of 

increasing grain size.  

An initial assessment of the area around Shoaiba showed similar 

sedimentological conditions that could lead into the application of comparable 

seabed filter design concepts to supply the entire feed water requirement of 

the plant. Considerations for the construction of a seabed filter should include 

technical feasibility and life cycle assessment, i.e. capital costs, operating 

costs and environmental impacts. 
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Chapter 1: Introduction 

Worldwide water problematic 

Potable drinking water is an essential need for human beings and its 

production has become a worldwide concern. As the global population 

continues to grow and develop, the need of potable water is increasing 

whereas the availability of natural resources is far diminishing. Around 97.5% 

of the Earth’s water is located in the seas and oceans, with the remaining 

2.5% being fresh water. Of this small fraction less than 1% is considered as 

total usable freshwater supply for ecosystems and population (UNEP 2008). 

 

Figure 1. Earth’s water and its distribution (UNEP 2008). 

In the period of 1960-2000 global water use was doubled (Global 

Water Partnership 2010), and currently more than 900 million people across 

the world lack access to safe drinking water (The World Bank 2010). By  2025 

the situation will remain as critical, with 1.8 billion people living in regions with 

absolute water scarcity and about two-thirds of the world population under 

water stress conditions (FAO 2008 ).  Water management will be vital for arid 

areas such as the Middle East and Saudi Arabia.  
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Total water demand in the Kingdom of Saudi Arabia totaled 17.446 

billion cubic meters during 2010. Of this demand 82.6% was destined for 

agriculture, 13.1% for the municipal sector and 4.3% for the industrial sector. 

While the demand for water in the municipal sector increased by 7.6% due to 

population and industrial growth, the adoption of advanced irrigation 

techniques resulted in a decreased demand in agriculture by 2.3% (Ministry of 

Water and Electricity 2010). Growth in population and concerns about water 

scarcity and quality has motivated the development of alternative technologies 

to meet the growing water demand. The most important advancement in the 

last 50 years in water treatment has been the ability to economically 

desalinate seawater to produce fresh water, aiming to overcome the 

worldwide problem on freshwater availability, quality, and reliability (Cooley, 

Gleick, and Wolf 2006; Missimer 2009). 

 

Figure 2. Potable water supplied to the Kingdom of Saudi Arabia by various sources during 

2007-2010 (Ministry of Water and Electricity 2010). 
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Seawater desalination 

Seawater desalination is a primary method for the production of new 

fresh water in arid regions such as the Middle East and Saudi Arabia. A 

continuous increase in the popularity and use of desalination processes is 

expected in the upcoming years as global desalination capacity is expected to 

grow from 68.3 million m3/day at the beginning of 2011 to 129.9 million m3/day 

by the end of 2016 (Fig. 3) (Gasson, 2010). Expenditure for the construction 

of new desalination plants is expected to exceed $17 billion by the year 2016, 

from which most of it, $13 billion, will be destined for seawater reverse 

osmosis (RO) (Gasson, 2010). 

 

Figure 3. Historical and predicted growth for the desalination market (GWI 2010a). 

The Middle East is the largest desalination market in the world with 

Saudi Arabia being the worldwide leader in the production of desalinated 

water (Fig. 4). Saudi Arabia obtains 55% of its potable water production from 
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seawater desalination from over 30 operating desalination plants (Water 

Technology, 2011) supplying major urban and industrial centers through a 

network of water pipes that run for more than 4,000 km (McGrath 2010). The 

vital importance of desalination in Saudi Arabia is evident, having 47% of its 

population depending mainly on desalinated water and an extra 35% on both 

desalinated and groundwater sources (Fig. 5) (Ministry of Water and 

Electricity 2010).   

 

Figure 4. Current and projected desalination markets by country (GWI 2010a). 

By 2010, a total of $25 billion dollars (SR 95 billion) has been spent 

over the years in the development of the Saudi Arabia’s desalination 

infrastructure. The development of this infrastructure allows the production of 

more than 1,300 million cubic meters of desalinated water annually (Ministry 

of Water and Electricity 2010). Water desalination plants have been 

operational for more than 80 years in the Kingdom of Saudi Arabia, including 
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the Shoaiba desalination plant, the largest water desalination plant in the 

world in 2011 (Saudi Press Agency 2010).  

 

 

Figure 5. Percentage dependence of the population of Saudi Arabia according to source of 

water supply (Ministry of Water and Electricity 2010). 

Seawater desalination processes separate water into two streams, 

fresh water potable water and a concentrate stream with high salt 

concentration. Energy consumption and the application of several 

technologies are required to drive this process. The most commercially 

important technologies are the Multi-Stage Flash distillation (MSF) and 

Reverse Osmosis (RO) processes (Khawaji, Kutubkhanah, and Wie 2008). 

There has been a gradual increase in RO seawater desalination use due to its 

lower energy use, lower cost and simplicity. According to the International 
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Desalination Association (IDA), the average costs for MSF in 2010 were 

around 1.07 $/m3 and 0.76 $/m3 for RO. The trend seems to continue for the 

upcoming years, as more seawater RO plants are built and production of 

water by MSF plants is kept at a steady level. Expenditure for the construction 

of new desalination plants is expected to exceed $17 billlion by the year 2016, 

from which most of it, $13 billion, will be destined for seawater reverse 

osmosis (RO) (Gasson 2010). 

 

 

Figure 6. Global desalination capacity by technology (GWI 2010b). 

Research Objective: 

The worldwide trend of increased desalination production highlights the 

importance of developing seawater plant intake systems that allow the 

production of desalinated water at minimum costs and with reduced 

environmental impact (Voutchkov 2005).  In view of the major capital cost for 

desalination plants represented by conventional seawater surface intakes, 

alternative designs such as subsurface intakes are being implemented as 
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they are associated with less costs and provide natural filtering of feed water 

before entering to the treatment process (Maliva and Missimer 2010). 

The successful design of subsurface intakes should consider a variety of 

sedimentological and hydrogeological factors. The hydrological characteristics 

of the seafloor sediments must be analyzed in order to estimate production 

rates and determine if the construction of a subsurface intake is feasible. The 

scope of this research includes the following: 

• Field assessment of the south coast of King Abdullah University of 

Science and Technology including the Shoaiba desalination complex, 

the largest in the world.  Sites are to be assessed and one selected 

for further sediment analysis. 

• Hydrological characterization of site selected samples including Grain 

Size Analysis, Porosity and Hydraulic conductivity to determine the 

feasibility of subsurface intakes construction in the region. 

• Preliminary design of subsurface intake gallery and assessment 

based on the hydrological analysis of the selected site. 
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Chapter 2: Literature Review 

Seawater intake systems 

Along the worldwide trend of increased adoption of desalination 

technology to provide drinking water arises the need to select a seawater 

intake system type at minimum cost and environmental impact. The purpose 

of an intake system is to provide adequate and consistent flow and quality of 

feed water to the desalination plant (Voutchkov 2005). The characteristics of 

the feed water determines the performance of the downstream desalination 

process (Pankratz 2004).  

Obtaining feed water of reliable quality represents one of the main 

challenges to overcome for desalination plants. Water entering the 

desalination process should be low in suspended solids and dissolved 

organics concentration, and with stable inorganic chemistry (Maliva and 

Missimer 2010). Intake systems providing this kind of water produce 

additional advantages such as the protection of the downstream equipment, 

improving the process performance and reducing the operating cost of the 

membrane pretreatment equipment (Missimer 2009).  

The importance of an intake system in a desalination plant is often 

underestimated due to the apparent simplicity of its design. Major operational 

problems are commonly found in the intake and pretreatment stages and not 

on the actual desalination treatment process. The construction cost of intake 

systems should be carefully evaluated as it may represent up to 20% of the 

capital cost of the entire desalination facility (Pankratz 2004).   
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The two main types of intakes used in desalination plants are open 

ocean intakes and subsurface intakes (Figure 7). Open ocean intake systems 

collect the water above the seabed, whereas subsurface intakes collect it 

beneath the seabed. The most appropriate location and type of intake can 

only be determined after a thorough site assessment including careful 

environmental evaluation and performance of the plant (Missimer 2009). 

 

Figure 7. Marine intake systems 

Conventional open ocean intake designs 

Large seawater desalination plants have commonly employed open 

ocean intake designs. Its wide spread use originates from its capacity to 

provide large volumes of water at low cost and being independent of coastal 

and ocean floor geology.  These intakes structures are usually made up of a 

vertical concrete or fiberglass pipe riser, and a pipeline submerged below the 

water surface that extends hundreds to several thousands of meters from the 

Marine Intake 
Structures 

Open ocean intakes 

Velocity cap design 

Passive screens 

Subsurface intakes 

Onshore intakes 

Vertical wells 

Radial wells 

Slant wells 

Infiltration galleries 

Offshore intakes 

Horizontal wells 

Seabed filtration 
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shoreline. Most of the largest conventional seawater intakes in the world are 

located in the Arabian Gulf (Bergman 2007). 

The intake should be placed below the wave base and at a depth large 

enough to prevent erosion damage from storms. In most cases an offshore 

intake should be located at a minimum depth of 10 meters below the lowest 

tide level recorded during the year (5 meters is recommended in the Arabian 

Gulf). A common design is the velocity cap type structure made of concrete 

and piping of fiberglass or reinforced concrete. A concrete or fiberglass cap 

provides shade to limit growth of marine organisms. It can be coupled with a 

chlorine injection pipe that helps control biological growth in the intake system 

(Missimer 2009). 

 

Figure 8. Velocity Cap intake structure (Pankratz 2004) 

An additional intake arrangement is a passive screen, utilizing slotted 

screens constructed of trapezoidal-shaped “wedgewire”, an air backwash 



24 

system, and low screen velocity (15 cm/s) to minimize debris and 

impingement of marine organisms. Passive screens have proven ability to 

reduce impingement and entrainment and are best for areas where an 

ambient cross-flow current is present. The screen material can be constructed 

with a nickel-copper alloy, which discourages marine growth (Missimer 2009).  

While the recommended location to get the best water quality and 

reducing pretreatment costs is at ocean floor depths of 30 meters or more, 

this requires expensive long pipelines and may present some water 

temperature and maintenance issues. Water quality benefits have to be 

compared against increased installation costs (Bergman 2007). Most 

desalination plants use intakes nearshore where the water is high in debris, 

solids and organisms, requiring increased pretreatment prior to the membrane 

desalination processes (Li et al. 2011). Conventional intake systems are 

followed with considerable pretreatment processes to protect the membranes 

from physical, biological, and chemical fouling (Missimer 2009). A typical 

fouling typology for marine intakes is shown in Figure 9. The primary 

problems with open ocean intakes are sedimentation and fouling from sessile 

organisms, such as zebra mussels. Growth of marine organisms can be 

controlled by shading the intake or using an oxidant such as chlorine 

(Missimer 2009).  
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Figure 9. Fouling typology (Hellmann, Rosenberger, and Tusel 2002). 

Environmental issues, such as marine life impingement and 

entrainment, occurring in open ocean intakes designs may represent the most 

significant and harmful environmental impact of desalination plants. 

Impingement occurs when marine organisms are trapped against intake 

screens as the water flows through them. Entrainment occurs when small 

organisms pass through the intake screen and into the desalination process. 

The greater volume and higher velocity of the feed water extracted, the higher 

number of marine organisms that will be affected. Low intake velocities may 

provide sufficient opportunity for fish to escape from impingement or 

entrainment. The use of special screens designs fitting fish buckets, porous 

filter fabric and fine mesh screens can increase impingement survival from 

15% to 92% and reduce entrainment by up to 80% (Pankratz 2004). However, 

fish larvae and eggs will be entrained regardless. 
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Intake related issues may ultimately determine the feasibility and 

performance of the desalination plant itself (Pankratz 2004). It is 

recommended that conventional open ocean intakes should be constructed 

only if alternative designs are not feasible. 

Subsurface intakes 

Subsurface intakes are designs where the seawater flows through a 

geologic unit into the intake system and are widely used for small and 

medium-size desalination plants (Li et al. 2011). Subsurface intake designs 

should be considered first for membrane treatment plants as its natural 

filtering produces high quality feed water. Subsurface intakes have the 

advantage of preventing marine organisms from reaching the process train, 

and eliminating the adverse ecological impacts of impingement and 

entrainment.  Examples of this kind of intakes are wells, infiltration galleries, 

or seabed filtration systems (Pankratz 2004).  

The successful design of a subsurface intake should take into account 

the sedimentological and hydrogeological factors of the site. This is of 

extreme importance as production rates are directly dependent on the 

hydraulic conductivity of sea floor sediments and the distance feed water has 

to move through to reach the subsurface gallery (Maliva and Missimer 2010).  

Wells 

The use of wells is one of the most common methods of obtaining 

feed-water for seawater membrane desalination. Wells can utilize sand beach 

to pre-filter water and reduce pretreatment requirements, but many high 

capacity wells occur in limestone or alluvial outwash gravel.  The slow 
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filtration through the sand provides feed water of better quality in terms of 

solids, slit, natural organics, and marine microorganisms compared to open 

ocean intakes. Wells are recommended to be located as close to the coastline 

as possible and they are relatively simple to build, consisting mainly of a non-

metallic casing, a well screen, and a pump (Pankratz 2004).   

 

Figure 10. Vertical Beach Well (SCWD2 Desalination Program 2011) 

Wells are particularly competitive for plants of small capacity, yielding 

up to 4,000 m3/d (Voutchkov 2005). Yet some large desalination plants use 

beach wells such as the Pembroke desalination plant in Malta with a capacity 

of 54,000 m3/day and the Bay of Palma plant in Mallorca, Spain with a 

capacity of 41,700 m3/day, requiring 16 vertical wells to meet the demand of 

prefiltered water (Missimer 2009; Voutchkov 2005). A well field comprising of 

33 wells was established for the 80,200 m3/day in Sur plant in Oman, making 

it the largest desalination plant in the world fed only by wells (David, Pinot, 

and Morrillon 2009).  



28 

Radial (Ranney) collector well 

Radial collector wells are not as commonly used as vertical wells due 

to its higher construction costs (Li et al. 2011). However, a higher rate of feed 

water extraction is possible with collector wells than with most vertical wells. 

The design consists of a caisson that extends vertically with collector screens 

that extend horizontally into the surrounding water (Missimer 2009; Pankratz 

2004). The laterals may follow a perpendicular orientation to the caisson or at 

an angle to intercept rock fractures at a right angle. Design features such as 

the number, length and location of the horizontal laterals should be defined 

according to the hydrogeological analysis (Li et al. 2011).  

 

Figure 11. Ranney collector (SCWD2 Desalination Program 2011). 

Collector wells face different kinds of problems such as corrosion, 

difficult maintenance of the laterals, and possible growth of bacteria within the 

caisson. Maintenance can require up to two weeks, and may require a backup 

or standby well to provide water to the desalination plant during this time 

(Missimer 2009).  
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Horizontal wells 

Horizontal wells employ pipes and screens parallel and beneath the 

seabed following a horizontal plane (Figure 12). Horizontal wells are 

analogous to slow sand filters where water is extracted through the seabed 

area that acts as a natural filter without affecting the marine flora and fauna. 

The water is pumped from the horizontal wells at a station located on the 

beach or at the treatment facility (Missimer 2009).   

 

Figure 12. Horizontal well intake (Peters and Pintó 2008). 

An example of a horizontal well design uses the patented Neodren® 

technology based on horizontal porous filter pipes (Figure 13). These pipes 

are installed in boreholes, previously drilled with the horizontal directional 

drilling (HDD) method below the seabed, extending several hundred meters 

into the ocean. This system is an alternative to open ocean intakes where a 

shallow seabed requires long distance piping into the sea, causing negative 

impact on environment. 
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Figure 13. Neodren
®
 filter technology. 

This system is very effective in the removal of SDI and organics, and if 

compared to classic intake methods the reduction is 90% or more. Thereby 

conventional pre-treatment such as screening, sand filtration and dosage of 

pre-treatment agents are not necessary. Another benefit is extracting feed 

water with more uniform temperature curve throughout the seasons, allowing 

for a more effective and cost efficient pre-treatment process (Thomas Peters 

and Pint      ).  

Slant wells 

Slant wells follow a design very similar to horizontal wells pulling water 

through the seabed, except that they are drilled with screens at an angle to 

the shoreline and use different equipment. Slant wells provide significant 

advantages over conventional open ocean intakes including:  higher yields 

compared to vertical wells (although more expensive to construct), reduced 

environmental impacts of entrainment and impingement, reduction of 

pretreatment costs, and minimized shoreline structures. Slant wells provide 
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constant feed water salinity as there is no intrusion of freshwater aquifers 

(Bell, Ghiu, and Wetterau 2012). 

 

Figure 14. Slant well (Bell, Ghiu, and Wetterau 2012). 

Infiltration galleries  

Beach infiltration galleries are used in locations where the geologic 

conditions of the beach provide insufficient thickness or low permeability to 

support beach well feed water production. This intake type consists of an 

engineered filter with a layer of filtration media over a bed of gravel where a 

screened piping system collects the filtered water. The basal gravel layer 

enhances permeability and prevents fine sand from reaching the infiltration 

screens. A self-cleaning beach gallery is located between the mean high and 

low tide lines to increase the rate of recharge of seawater and take advantage 

of the natural scouring of waves (Fig. 15) (Maliva and Missimer 2010). The 

design of the intake gallery must consider the feed water demand in relation 

to the hydraulic characteristics of the sediment where it is to be built (Missimer 

2009).  
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Figure 15. Self-cleaning gallery design (Maliva and Missimer 2010). 

The use of sheet piling during construction represents one of the main 

disadvantages of this kind of intake systems as it may require extensive 

permitting. This intake type also is not recommended for areas of rocky 

shoreline or high wave activity as erosion may affect the operation of the 

gallery (Missimer 2009; Pankratz 2004). As a general rule, the infiltration rate 

should not exceed 20 m/day in this kind of intake systems to prevent 

entrainment and clogging. Carbonate scaling can also be a problem for 

infiltration galleries constructed in carbonate sediments (Missimer 2009). 

Seabed filtration 

There are certain coastal areas where the hydrologic and water-quality 

characteristics make conventional and modified intakes not feasible. Seabed 

filtration systems are an alternative intake system designed to provide primary 

raw water treatment in difficult areas, where even the design of conventional 

intake systems may not be possible or highly expensive (Missimer 2009).  
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Figure 16. Sea bed system design (Missimer 2009). 

The concept of a seabed filter consists of a submerged slow sand filter 

offshore in the seabed. An area of sand is removed from the sea bottom in 

order to install perforated pipes to feed source water into intake wells located 

on the shore (Fig. 16). Rock and gravel are placed into the excavation and 

covered with the sand previously excavated (Committee on Advancing 

Desalination Technology2008 ). Seabed filtration systems are typically the 

costliest subsurface intake systems, with their construction costs 

approximately 1.2 to 2.3 times more expensive than conventional intake wells 

(Bergman 2007). 

Benefits of seabed filtration include having nearly all seawater as feed 

water and not impacted by freshwater aquifers near the coast, and infiltration 

at the seabed floor prevents entrainment and impingement of marine 
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organisms (Committee on Advancing Desalination Technology2008 ). As 

seawater is filtered through the seabed gallery SDI and other organics with 

fouling potential are reduced and consequently pre-treatment requirements 

are also diminished. Seabed filtration design allows for more benefits such as 

the capacity to yield substantial volumes of water, and working in all 

conditions, including storms (Missimer 2009). Installation of seabed filters 

represents some disadvantages such as elevated construction costs, adverse 

environmental impacts during construction, and may present geochemical 

plugging and cementation in tropical climates such as the Arabian Gulf. 

Cleaning methodologies can be applied if the cementation occurs at shallow 

depths of the seabed filter (Missimer 2009). 

A layered filter provides the best design for the performance of the 

seabed system. First, a trench should be excavated to a depth of 3 to 6 

meters where the collection screen system is installed. Sheet piling might be 

necessary to stabilize the excavation during the construction as shown in 

Figure 18.  Sand should then be positioned in the trench with gravel at the 

bottom of the filter and progressively finer sand to the top. The different layers 

of the filter should be placed carefully, avoiding any leakage of the finer 

material into the screens.  The top layer of 0.5 to 1.5m should be composed of 

medium to fine grained sand.  The filter media should consist of rounded to 

well-rounded quartz sand with a mean diameter ranging from 0.3 to 0.45 mm. 

The thickness of the filter should be determined in relation to the level of 

penetration of suspended matter in the filter and considering the influence of 

storm erosion. Sediment should be trapped in the upper layer, preventing it 
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from reaching deeply into the filter without clogging the system (Missimer 

2009).  

 

Figure 17. Sheet piling during seabed construction (Missimer 2011). 

Design of the filter should be done in relation to the grain size and 

hydraulic conductivity of the sea floor sediments, and expected flow rates. 

The infiltration rate shall be close to that of a slow sand filter, and range from 

1.2 to 4.8 m/day or slightly greater (Missimer 2011). The top 30 centimeters 

may be periodically removed and replaced to keep filter performance.  

Backflushing is not recommended for its potential adverse impacts in the 

immediate environment around the filter (Missimer 2009). 

 

Figure 18. Seabed Filtration Gallery, Fukuoka, Japan with a capacity of 83,270 

m
3
/day (Missimer 2011). 



36 

A large-scale seabed filtration system shown in Figure 18 has been 

constructed in Fukuoka, Japan. Completed in 2005, the Fukuoka system is 

11.5 meters deep and has an area of approximately 29,000 m2 providing a 

daily capacity of 83,270 m3/d (Missimer 2009; Victorian Government). The 

seabed filter has been working successfully for the past seven years with 

water quality measurements from 2005-2011 showing a constant decrease in 

SDI (Fig. 19) (Shimokawa 2012).  

 

Figure 19. SDI of Fukuoka seabed filter (2005-2011) (Shimokawa 2012). 

An additional seabed filtration system is being considered for 

construction in the City of Long Beach, California, and more are likely to be 

constructed in the future. Assessing the feasibility of a seabed filtration 

system should include a variety of factors such as calculating the approximate 

areas of gallery required to meet necessary yield, evaluation of environmental 

impacts, construction costs, and service life (Missimer 2009). As mentioned 

before, seabed filtration is a type of slow sand filtration, and therefore, the 

design concept must follow a similar methodology to that of a slow sand filter. 
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Slow sand filtration 

Slow sand filtration was the first engineered filtration system used in 

drinking water treatment with its successful use dating back to the 19th 

Century. A slow sand filter consists of a basin with underdrain piping and bed 

of fine sand supported by gravel (Fig. 20). Feed water percolates through the 

bed of sand and drains from the bottom.  

 

Figure 20. Slow Sand Filter (Logsdon 2008). 

Slow sand filtration is an efficient method of removing organic matter 

and pathogens. No other single process can match the physical, chemistry 

and biological benefits of water through sand filtration. Most contaminant 

removal occurs in the Schmutzdecke, a thin organic layer in the surface of the 

sand consisting of algae, plankton, protozoa, bacteria and other forms of life. 

It is a highly active part of the sand filter where the microorganisms consume 

the organic matter of the water filtering through. This biological action is 

essential to the removal of microbes and turbidity (Huisman and Wood 1974). 

When a new slow sand filter is installed, the biota and Schmutzdecke will 

require from 2 days to 2 weeks develop depending on water quality and local 
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weather conditions (Parsons and Jefferson 2006). Measurement of turbidity 

and microorganisms in the effluent are good indicators to evaluate filter 

efficacy and Schmutzdecke development (Logsdon 2008). 

Physical filtration also contributes in improving the quality of the water 

as it flows downwards through the sand layers. Particles settle as water 

passes each sand grain to continue to move downwards. Particles and 

microorganisms also become attached to the surface of sand grains due to 

mass attraction or electrical forces (Huisman and Wood 1974). However, the 

biological (bacterial) activity within the filter is a primary process in the 

removal of organics compounds that cannot be understated. 

The majority of slow sand filtration systems have sand with an effective 

grain size varying from 0.15 to 0.45 millimeter with a common value of 0.3. 

The uniformity coefficient varies from 2 to 3, with an average value of 2.5 

(Punmia and Jain 1995). The depth of the sand is usually about 0.8m to 1.2m 

and the support gravel about 0.4m to 0.6m deep (Logsdon 2008).   The finer 

the sand, the better the bacterial removal efficiency will be, but the slower the 

filtration rate of the system has to be. Coarse sand is suitable if water to be 

treated is not highly polluted and the turbidity is low. Filtration rates vary from 

0.1 to 0.3 m/h (Amy G et al. 2006); higher filtration rates may be used for 

waters of higher quality (Chesworth 2008). 

Main advantages of the slow sand filtration process are microorganism 

removal, its low cost of construction, and operational simplicity. Operation 

costs are limited to cleaning the filter bed, which can be accomplished with 

the removal of the top layer by mechanic or manual.  Limitations include its 

extensive land requirements, the need of occasional restoration of the 



39 

Schmutzdecke (compromising filtration effectiveness until reestablishment) 

and the need of expensive structural precautions in cold climates (Gimbel, 

Graham, and Collins 2006). The advantages of biological filtration far 

outweigh the limitations, positioning it as an efficient method of water 

treatment (Huisman and Wood 1974). 
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Chapter 3: Methodology 

Sampling trip 

Multiple field trips were made through the Southern Red Sea Coast 

from King Abdullah University of Science and Technology to the city of Al-

Qunfudah (Fig. 21). This investigation was conducted between the 7th and the 

28th of February and covered a total length of more than 400 km. The exact 

locations were recorded using a GARMIN GPS MAP. 

 

Figure 21. Coastline covered in sampling trip. 

The objectives of this sampling trip include the following: 

 Identifying the possible location sites for the construction of beach 

gallery intake facilities. 

 Studying the sediment characteristics of the coastline and offshore 

areas from the southern coast of King Abdullah University of Science 

and Technology to the city of Al-Qunfudah. 

 Recording geological characteristics, wave activity and tidal activity of 
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the coastline studied. 

Once a site was selected for further investigation, a grid was established 

and samples were collected from each point of the grid (Figure 22). Seafloor 

sediments were extracted with a shovel and stored in labeled plastic bags 

(Fig. 23). Sediment thickness was measured and recorded with the use of a 

metallic rod. The grid used and location will be discussed in the following 

chapter. 

 

Figure 22. Charting the sampling grid at Shoaiba. 

 

  

Figure 23. Sediment sample extraction. 
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Grain size distribution analysis 

Grain size analyses were conducted to determine the relative size 

distribution of the sediments. This analysis is required to use statistical 

methods to characterize the sediment and estimate hydraulic conductivity 

values. The method used 32 sieves and a pan (Figure 24) to define the grain 

size distribution and followed the next steps: 

 

Figure 24. Sieves used for grain size analysis. 

1. Each sample was washed for organic and salt removal using a plastic 

container, taking care not to wash mud content from the sample. Water 

is removed until the mud deposits with the sediment. 

2. Each sample was dried using an oven set at 100 ºC using aluminum 

foil containers. 

3. A representative quantity of 60-70 grams from each sample was 

collected in a glass container from the dried sample.  

4. The bulk sample weight was measured. 

5. Sieves were stacked with the pan at the bottom. The sediment was 

poured into the stack and covered at the top with a metallic disc.  

6. The stack was later placed in a RoTap machine (Fig. 25) where a 
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weight and the RoTap mechanical arm are mounted on top. The 

RoTap was run for 30 minutes for each sieve stack. 

 

Figure 25. RoTap machine. 

7. Captured sediment in the bottom pan was later moved into a new stack 

of finer sieves to be run in the RoTap. The process was repeated until 

all sieves stacks have gone through the RoTap. 

8. Sediment weight in each sieve was determined by first weighing the 

sieve with the retained sediment and later subtracting the sieve weight 

after emptying the sediment onto the glass container (Fig. 26). A 

toothbrush was used to scrape off trapped sediment particles in the 

sieve. Values were recorded in a data table (Fig. 27). 
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Figure 26 Sediment sample after going through the RoTap 

9. The relative percentage of each grain size range was finally 

determined.  
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Figure 27. Grain size analysis table. 
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Porosity determination 

Porosity refers to the total void space per unit of rock or sediment, and 

determines how much water a rock or sediment can hold when saturated. The 

porosity of sediment is dependent on several factors including the grain size 

distribution, the shape of the grains, the packing of grains and the percentage 

of mud.  Porosity values are required to estimate hydraulic conductivity values 

with the use of empirical formulas.  

The value of porosity of each sample was determined following the 

following steps: 

1. A 250 ml graduated cylinder was filled with 100 ml of water.  

2. The cylinder was filled with sediment and compacted alternatively 

to prevent the entrapment of air in the sediment column. Water was 

added first to avoid air becoming trapped (Fig. 28). 

 

Figure 28. Porosity test. 

3. Sediment was added until the column becomes fully saturated with 
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water. 

4. The volume of sand sediment in the column was measured by 

reading the level of milliliters reached. 

5. The volume of water was determined by the amount initially placed 

in the column and subtracting the quantity remaining above the 

sediment within the cylinder column. 

6. Porosity was determined by using the following equation: 

         
                    

                   
  

 

Hydraulic conductivity determination 

Hydraulic conductivity refers to the measure of the ability of water to 

flow through rock or sediment per unit of head. The rate at which a medium 

transmits water is dependent on the characteristics of the pore spaces 

through which the water flows, varying with different types of sediments 

(Kasenow 2002). To determine the hydraulic conductivity of the sediment 

samples, a constant head permeameter shown in Figure 29 was used. 
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Figure 29. Permeameter used for Hydraulic Conductivity determination 

The use of the permeameter requires the assembly of different 

components and its careful use in order to obtain reliable hydraulic 

conductivity values (Fig. 30). First, a porous stone was positioned on the inner 

support ring in the base of the chamber. Using a plastic scoop, the sediment 

sample was poured into the lower chamber. The sediment should be mixed 

with water and tamped to prevent segregation of particle sizes and to remove 

trapped air. Air should be removed prior to the test as the movement of air 

through the sample column can create water flow channels that lead to errors 

in the measurement. This was accomplished by adding water through the 

bottom valve and the top and tampering the sediment as it is placed in the 

chamber.  
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Figure 30. Schematic diagram of Hydraulic Conductivity test. 

As the sediment level approaches the upper part of the bottom 

chamber, a rubber gasket was placed between the chamber sections. The 

upper chamber was positioned in order to continue sample placement, 

making sure downward pressure was being applied to keep both chambers 

tight together. The surface of the sediment column was leveled and the upper 

porous stone positioned on it. A metallic compression spring was placed on 

the porous disc in order to restrict upward sample movement. A sealing 

gasket and chamber cap were later positioned and secured to the base using 

the cap nuts.  
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A plastic funnel was connected to the bottom outlet of the 

permeameter, providing water at a constant head from a high position relative 

to the permeameter. Water level at the funnel ranged from 54.5 cm to 55 cm 

above the top outlet of the permeameter. The bottom outlet valve was then 

opened slowly to allow air to be removed and prevent cracks and flow 

channels to appear in the sediment column. Water coming out of the top 

outlet was directed to a 500ml graduated glass cylinder through a flexible 

tube. The time needed to fill the glass cylinder was measured.  

Measurements should not be recorded until the water flows steadily 

with no significant variations in time. This measurement was repeated 3 to 5 

times with the average used in the hydraulic conductivity formula. Time 

variations may occur due to the progressive removal of trapped air in the 

sediment column or the washing out of mud in samples with large fractions of 

fine material. Mud was washed out of the permeameter more considerably in 

columns of less than 10 centimeters. 

The time measurements were used to determine the hydraulic 

conductivity using the following formula: 

  
   

     
 

Where: 

K = hydraulic conductivity (cm/sec) 

V = water volume (cm3) 

L = length of sediment column (cm) 

A = area of permeameter cylinder = 31.65 cm2 

t = time to fill known volume (sec) 
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h = vertical distance between the funnel overflow level and the 

discharge line (cm) 

The calculated hydraulic measurements obtained using the 

permeameter will be compared to those obtained using the empirical methods 

in the results section.  

Empirical equations 

 Researchers have tried to correlate between hydraulic conductivity 

values and other material properties of soils. Published correlation equations 

were utilized to evaluate the potential usefulness of empirical relationships to 

approximate the values obtained in the hydraulic permeameter test. These 

methods include: 

7. Alyamani 

8. Barr 

9. Breyer 

10. Chapuis 

11. Fair and Hatch 

12. Harleman 

13. Hazen 

14. Hazen (C_h) 

15. Kozeny 

16. Kozeny-Carman 

17. Krumbein 

18. Pavchich 

19. Sauerbrei 

20. Slitcher 

21. Terzaghi 

22. USBR 

23. Zamarin 

24. Zunker

 A program designed at the Water Desalination and Reuse Center 

(WRDC) at KAUST was used to output hydraulic conductivity. Equations 

relate sediment size properties to permeability factors, including such as fluid 
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density, gravitational constant, fluid viscosity and temperature. 

 If numerical methods prove to be effective to approximate permeameter 

measurements, carrying out the time intensive permeameter test may not be 

necessary. The use of the permeameter may have inherent measurement 

errors that can be identified and defined with the grain size distribution 

numerical methods. Information on the equations that provided values most 

approximate to the permeameter follows (Refer to Chapter 4 for results). 

Hazen equation 

Developed in 1892, the Hazen formula is one of the oldest and most 

widely used numerical methods to estimate values for hydraulic conductivity in 

saturated sandy soils. It relates hydraulic conductivity of a sample to its grain 

size distribution, porosity and grain shape. It is more accurate in sands where 

d10 is between 0.1 and 3.0 mm and uniform sands with a coefficient of 

uniformity is less than 2, but it is still applicable to sands with C values less 

than 5 (Carrier 2003).     

  
  

 
      [        ]  

   

K = hydraulic conductivity (m/s) 

 = fluid density (kg/m3) 

g = gravitational constant (9.81 m/s2) 

 = fluid viscosity (Pa/s) 

 = porosity 

d10 = effective grain size diameter for which 10% of the grains by weight are 

finer (mm) 
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Chapuis equation 

 The Chapuis equation is an empirical correlation that is very similar to 

the Hazen Equation as it uses porosity and representative grain size diameter 

to calculate hydraulic conductivity. This formula is most effective on natural 

soils without plasticity. This equation should be used when d10 is between 

0.003 mm and 3 mm and when e is between 0.3 and 0.7 (Chesnaux, 

Baudement, and Hay 2011).  

        (
   

   

     
)

      

 

  
 

   
 

K = hydraulic conductivity (cm/s) 

d10 = effective grain size diameter for which 10% of the grains by weight are 

finer  (mm) 

e = global void ratio  

 =porosity 
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Chapter 4: Results 

This chapter presents the results of the survey carried out through the 

southern coast of the Red Sea. A detailed description of the selected site for 

the analysis of the marine sediment is discussed in this chapter. In addition, 

the results of the different methods used to determine the grain size 

distribution and hydraulic conductivity for the collected samples are included. 

The discussion of these results is included in Chapter 5 and will be used to 

evaluate the feasibility of designing a gallery seabed system at the selected 

site.  

Site description 

Seabed sediment collection through the southern coast of Red Sea in 

Saudi Arabia was carried out from the King Abdullah University of Science 

and Technology (KAUST) to the town of Al-Qunfudah, 370 kilometers south of 

Jeddah. This survey had the objective of identifying and assessing potential 

sites for the construction of seabed filtration galleries. One site north of 

KAUST was also sampled in King Abdullah Economic City during the survey. 

A total 19 sites were identified with seafloor samples collected for 

further laboratory analysis. A record was kept with the sedimentological 

characteristics and geological profile of each site. Most of the visited sites are 

characterized with low-angle slopes and reef flats that limits wave energy 

reaching the shore. The studied coastline features sandy onshore and 

offshore sediment, where it is also common to find an area of muddy 

sediment near the shore. More detailed information about the locations and 

descriptions of the sites is given in Table 1. 
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No Site and Location Slope Sediment Turbidity Vegetation Wave 
height 

Sea floor 
Rippling 

1 QFD1 – Al-
Qunfudah 

19° 6'19.43"N 
41° 5'59.34"E 

 
Low. 
Hide 
tide. 

Black 
muddy 
sand.  

High. 
Dirty 

water. 

None 10-20 Yes 

2 QFD 2 -  Al-
Qunfudah 

19°11'40.63"N 
41° 2'37.18"E 

High Muddy on 
shore 

High None 50 - 

3 MDF1 – Al-
Muzaylif 

19°28'17.82"N 
40°57'33.15"E 

High Muddy. 
Black 

onshore. 

High Seagrass 30 - 

4 MDF2 - Al-
Muzaylif 

19°47'46.63"N 
40°43'32.58"E 

Low Muddy 
sand. 

Medium Seagrass 5-10 - 

5 LTH1 - Al-Lith 
20°24'39.33"N 
39°42'56.43"E 

Low Grainy. 
Muddy 

nearshore. 

Medium Seagrass 30-50 Yes. Reef 
terrace. 

6 LTH2 -  Al-Lith 
20°23'27.72"N 
39°44'2.31"E 

High Sandy High. Seagrass 30-50 Yes 

7 SHB1 - Shoaiba 
20°41'11.39"N 
39°30'51.45"E 

Low Sandy. 
Shells. 

High - - - 

8 SHB2 – Shoaiba 
20°42'25.06"N 
39°29'48.71"E 

Low Sandy. 
Shells. 
Muddy 

nearshore. 

High Seaweed 5-15 - 

9 SHB3 – Shoaiba 
20°43'35.32"N 
39°29'13.58"E 

Low Sandy Low Sea grass 5-15 - 

10 SJD1 -  South of 
Jeddah 

20°55'46.97"N 
39°21'10.25"E 

Flat/ 
Low 

Small rocks Low None 1-2 - 

11 SJD2 – South of 
Jeddah 

20°49'19.64"N 
39°25'42.88"E 

Med. Sandy Low Seagrass.  

15‐20 
 

Yes 

12 SJD3 – South of 
Jeddah 

20°47'22.33"N 
39°25'57.03"E 

Low Muddy 
subsurface. 

Low Seagrass 5-10 Yes 

13 SJD4 – South of 
Jeddah 

20°44'36.80"N 
39°27'29.58"E 

Flat Sandy Medium Seagrass 5‐10 Yes 

14 SJD0 – South of 
Jeddah 

20°55'8.04"N 
39°19'37.21"E 

Very 
high 

Sandy High None 5 Yes 

15 SJD-1 – South of 
Jeddah 

Flat Sandy High Seagrass 5‐10 
 

Yes 
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No Site and Location Slope Sediment Turbidity Vegetation Wave 
height 

Sea floor 
Rippling 

20°57'9.13"N 
39°17'24.49"E 

16 SAWACO 
21° 6'50.71"N 
39°11'16.54"E 

Flat Beach rock  None 5-15 None 

17 NJED1 – North of 
Jeddah 

21°48'35.97"N 
39° 1'15.75"E 

High Living reef. Low Living 
corals. 

100 None 

18 NJED 2 – North of 
Jeddah 

21°49'43.75"N 
39° 0'29.01"E 

- Gravel, 
small rocks, 

sand. 

- - 5 None 

19 KAEC 
22°23'24.22"N 
39° 5'0.36"E 

Low Sandy. 
(White 
sand) 

Low Seagrass in 
some areas 

15-30 Yes 

Table 1. Description of sites investigated. 

Description of study area: 

 A site in the Shoaiba (also referred to as Shuaibah) area (latitude 

20°41'39.07"N, longitude 39°30'21.67"E), 1.5 kilometers northwest of Shoaiba 

Power and Desalination Complex (Fig. 31), was selected for further analysis 

of the hydraulic conditions of the seabed. The site consists of a carbonate 

beach typical of the Red Sea, where a sandy beach is fronted by a coral reef. 

An extensive area of clean sandy marine sediment would potentially make 

possible the operation of a seabed filter.  

A relevant consideration about this site is the closeness to the Shoaiba 

Power Desalination Complex, where multiple desalination and power plants 

make it the biggest producer of desalinated water in the world. The relative 

recent expansion of the complex with a reverse osmosis plant would justify 

the feasibility study of alternative intake systems that would create operational 

savings and decreased environmental impact. 
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Figure 31. Site selected for sediment analysis is situated 1.5 km northwest of the Shoaiba 

Desalination Plant Complex. 

Additional factors that favor the feasibility study of this site include: 

 Sandy marine bottom with sufficient wave energy to clean the seabed 

sediment. 

 While muddy sand sediments are close to the shore, clean sand 

sediments are predominant offshore. 

 Tide range is low with the sea bottom remaining underwater at all 

time. 

 The marine sediment rests over soft limestone that could be easy 

excavated to facilitate the construction of a seabed filter. 

 Site is accessible for sampling and analysis (Fig. 32). 

500m 
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(a)      (b) 

 
Figure 32. Shoreline of Shoaiba site looking northwest (a), and looking southeast (b). 

The distance between the dune crest and shoreline is around 30 

meters (beachwidth). Coastal vegetation is present in the small dune complex 

near the shoreline and litter can be found throughout the coastline (Fig. 33). 

Coast guard surveillance is continuous in the area, with a watch post at the 

back of the site.  

 

Figure 33. Coastal vegetation present in Shoaiba. 

Sediment description 

Shell fragments and carbonate skeletal debris make up the sand in the 

foreshore area. The seafloor is mostly sand composed of coral debris 

carbonate particles with varying characteristics relative to the distance to the 
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shore (Fig. 34). Sediment in first 60 meters of the southern part of the grid is 

characterized by increased mud content and seagrass concentration.  

 

Figure 34. Sand found at the Shoaiba beach shore. 

Carbonate rocks and dead corals are present in the seafloor surface 

more notoriously after 120m offshore (Fig. 35). Living corals and fish are 

present in the vicinity of the 150-meter limit and end of the sampling grid. In 

the northern offshore part of the grid area the abundance of corals made it 

impossible to extract sediments for analysis. Marine vegetation was found 

sparsely through the sampling grid with higher concentrations in the muddy 

areas near the shoreline as mentioned earlier.   

 

Figure 35. Corals and seagrass found at Shoaiba. 
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The marine sediment layer is thin and ranging from 2-5 centimeters on 

average over coral limestone. The present limestone below the sediment 

layer is a Pleistocene aged reef complex typical of the Red Sea shoreline 

(Manaa 2011). Sediment thickness was measured throughout each pointed 

marked by grid. Sediment thickness varies from 2cm to 10 cm.  

The seafloor gains depth gently as it follows a low-grade slope from the 

shore. Water depth is one meter on average for the first 100m, with the depth 

increasing to over two meters after 150 meters offshore. Diurnal tide range at 

Shoaiba varies from 0.25m and 0.6m (neap and spring tide average 

amplitude) (Al-Barakati 2010). Shoaiba is situated in between the south region 

of Saudi Arabia where the maximum seasonal tide is 0.9m (Edwards 1987) 

and Jeddah where seasonal differences caused by south-east winter winds 

effectively raise sea level by an average of 0.8 m (Chiffings 1989). Wave 

action was observed to be low with wave height ranging from 5 cm nearshore 

and 15 cm at 150 meters offshore (Fig. 36). High turbidity of seawater in the 

breaker zone and nearshore is present as the waves stir the sediment floor. 

Sand ripples are formed by wave energy parallel to the shoreline 15m-20m 

offshore with a period length of 5 centimeters (Fig. 37).  
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Figure 36. Wave action at Shoaiba. 

 

Figure 37. Sand ripples in the seabed. 



62 

Sediment sample collection 

 

Figure 38. Air view of the sampling grid with sampling location numbers. 

A sampling area of 400 meters by 150 meters was mapped (Fig. 38). 

From a set origin (latitude 20°41'39.07"N, longitude 39°30'21.67"E), five 

transects perpendicular to the shoreline were charted spaced by 100 meters. 

Samples were extracted every 15 meters in the offshore direction until a 

distance of 150 meters was reached, where the seawater depth and 

abundance of corals complicated the sediment collection. The abundance of 

corals is higher in the right side (northwest) part of the grid, and limited the 

collection of samples after 100 meters offshore. A total of 51 samples were 

obtained from the site. 

50m 
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Figure 39. Shoaiba site sampling grid. 

Table 2 shows of sediment thickness values measured in the sampling 

grid. An additional contour and three-dimensional surface chart connecting 

these values is included in Figure 40. The colors and patterns in these surface 

charts delimitate areas according to their range of values similar to a 

topographic map. Sediment thickness ranging from 0 to 5 cm can be seen to 

dominate the sampling area.  
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200m 100m 0m -100m -200m 

15m 17cm 15m 5cm 12.5m 2cm 15m 10cm 15m 5cm 

30m 7cm 30m 5cm 25m 5cm 30m 8cm 30m 0cm 

45m 5cm 45m 2cm 37.5m 4cm 45m 7cm 45m 3cm 

60m 1cm 60m 6cm 50m 4cm 60m 2cm 60m 4cm 

75m 3cm 75m 2cm 62.5m 3cm 75m 2cm 75m 8cm 

90m 1cm 90m 3cm 75m 3cm 90m 2cm 90m 9cm 

105m 1cm 105m 4cm 87.5m 2cm 105m 2cm 105m 2cm 

120m 5cm 120m 3cm 100m 6cm 120m 2cm 120m 2cm 

135m X 135m 2cm 125m 5cm 135m 2cm 135m 2cm 

150m X 150m X 150m 8cm 150m 5cm 150m 2cm 

Distance offshore | Sediment thickness 

Table 2. Sediment thickness values. 

 

Figure 40. Sediment thickness surface charts. 

Sieve grain size analysis results 

Sieve grain size analysis was done on each of the collected samples 

with the mean grain size calculated. The majority of the samples have a mean 

grain size diameter of 0.25 mm to 0.5 mm, falling under the medium sand 

category according to the Wentworth-Udden scale (Table 3). Figure 41 shows 
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the sediment mean grain size diameter arranged in ascending order and how 

they are categorized in the different sand groups accordingly. Figure 42 

shows how the mean grain size diameter and effective size in seafloor 

sediments gradually increase as they are found farther away from the 

shoreline. Grain diameter values were averaged relative to their offshore 

distance and across the five sampling transects. 

 

Table 3. The Wentworth-Udden scale showing the classifications of sediment grain size 

(Chesworth 2008). 
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Figure 41. Mean Grain Size Diameter (mm) of Shoaiba sediment samples and Wentworth-

Udden sand classification groups. 

 

 

Figure 42. Average mean grain size diameter and effective size as it varies with increasing 

offshore distance. 
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Sediment uniformity 

Seabed sediment uniformity was determined for samples collected. 

Uniformity coefficient for each sample was calculated using the following 

equation: 

   
   

   
 

 

D60 is the grain diameter at 60% of the weight passing through the 

sieves, and D10 is the grain diameter at 10% passing. Figure 43 shows how 

the average of the uniformity coefficient values across transects parallel to the 

shoreline spike in the first third of the grid and then drop after 60m. Average 

values from the second half of the grid vary from 3.5 to 4, being moderately 

higher than the range normally found in slow sand filters of 2 to 3 (Punmia 

and Jain 1995). 

 

Figure 43. Uniformity coefficient of the seafloor at Shoaiba as it varies with offshore distance. 
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Muddy sediments 

 Presence of muddy sediments can reduce the hydraulic conductivity of a 

seabed filter and increase clogging potential. It is of utmost importance to 

identify areas where sediments with high mud percentage are located in order 

to avoid them in the construction of intake galleries. Mud is defined as the 

sediment fraction remaining in the pan during the sieve grain size analysis 

(sieve size <0.0063mm) (Short and Coles 2001).  

 The mud fraction, composed of silt and clay, is determined by dividing 

the weight remaining in the pan over the total weight of the sediment 

analyzed. A contour map with the mud percentage values across the grid 

shows how higher mud concentration is located in the first 45 meters and 

southern part of the grid (Fig. 48 (a)). Sediment in this area reaches up to 

15% mud fraction. The rest of the sediment in the sampling grid contains low 

values of mud in the range of 0-5%. 

Laboratory porosity measurement results 

The porosity values of the sediments collected are presented in Figure 

44 (a).  Porosity measurement range from 0.33 to 0.45, with a general 

average of 0.376. It was noted that porosity values gradually increased with 

distance offshore. Parallel transects values were averaged and plotted in 

Figure 44 (b), which shows this trend. Porosity measurements were used in 

the empirical formulas to estimate hydraulic conductivity values.  
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(a) 

 

(b) 

Figure 44. (a) Porosity values determined for each sample. (b) Average porosity values 

against offshore distance. 

Hydraulic conductivity 

As described in chapter 3, a constant head permeameter was used to 

measure the hydraulic conductivity for each of the samples collected in 

Shoaiba. Figure 45 shows a chart with the values measured. It can be seen 
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how the values of the inshore sediment fluctuate and raise as they move 

offshore. 

 

Figure 45. Measured hydraulic conductivity of analyzed samples. 

In order to understand how hydraulic conductivity varies as the 

sediments are located farther from the shore, they were grouped according to 

their offshore distance. The average of the hydraulic conductivity values of the 

samples along each sampling transect parallel to the shore were determined 

and plotted against offshore distance. It can be observed in Figure 46 (a) that 

hydraulic conductivity increases gradually as the distance from the shoreline 

increases. It was also noted that mud percentages decrease gradually with 

offshore distance in the inverse manner of hydraulic conductivity (Fig. 26 (b)). 
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(a) 

 

(b) 

Figure 46. Average hydraulic conductivity (a) and mud percentage (b) of seafloor sediments 

at Shoaiba against offshore distance. 

Fine grain sizes (with a diameter less than 0.063 mm) have a 

significant effect on hydraulic conductivity values of the marine sediments 
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analyzed. Figure 47 shows how small increments in the percentage of mud 

represent large drops in hydraulic conductivity values of the marine sediment 

analyzed. These values drop more significantly in the first one percent, and 

continue to decrease with a lower and gentle slope in samples with more than 

four percent of mud. 

 

Figure 47. Hydraulic conductivity against percentage of mud in the marine sediment in 

logarithmic scale. 

Figure 48 comprises contour charts prepared for both the hydraulic 

conductivity and mud percentage as they relate to the sampling location. 

These charts connect the calculated values through interpolation to create a 

surface that is useful to identify patterns in the properties of the sea bottom 

that may otherwise be difficult to see. It is clear that higher hydraulic 
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conductivity values and lower mud concentration are situated in the upper half 

of the contour map, from 75 meters to 150 meters offshore distance. 

 

 

(a)      (b) 

Figure 48. Contour charts of mud percentage (a) and hydraulic conductivity (b) of the 

sampling grid. 

Empirical equations analysis 

Different statistical grain size methods were used to estimate the 

hydraulic conductivity values of the analyzed samples. Values obtained with 

the numerical methods were compared with the permeameter to determine 

the level of similarity between the two kinds of measurements. Figure 49 

shows a plot with the different equations used. The numerical methods that 

were extremely inaccurate by orders of magnitude were removed from the 

chart to favor the representation of the rest of the numerical methods. 
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Figure 49.  Empirical equations curves estimating the hydraulic conductivity values of seabed 

sediments at Shoaiba. 

The average error of each of the numerical methods was determined in 

relation to the measured values with the permeameter, with both the Chapuis 

and the Hazen equation standing out as the equations with better 

approximation (Fig. 50). The combined error of all numerical methods charted 

in Figure 50 is 69.93%. The numerical methods with less error are the 

Chapuis equation with 44.90%, and the Hazen Equation with 50.02%. It was 

noted that both equations present a higher error in the analysis of the sand at 

the shoreline. If the onshore transect is ignored and only seabed sediments 

are considered, the error of the Chapuis equation reduces slightly to 42.86% 

and the Hazen equation more considerably to 43.23%. Ignoring the onshore 

sediments in all the equations decreased the average error minimally by 

1.08%. 
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Figure 50. Hydraulic conductivity measured in the permeameter compared to values 

estimated with the Hazen and Chapuin equations. 
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Chapter 5 – Seabed Filter Design 

The assessment on the feasibility of the construction of a seabed filtration 

system in the area of Shoaiba is presented in this chapter. Based on the 

results discussed in Chapter 4, design criteria for the seabed filter will be 

developed including: 

 Location, size, and geometry of seabed filter. 

 Thickness and grain size of each layer. 

 Construction and materials. 

 Piping and pumping design. 

The Shoaiba III expansion project 

The existing Shoaiba Desalination and Power Plant Complex is the 

largest desalination plant in the world. Several stages and phases of power 

and water desalination plants have been constructed which combined 

produce around 406 million cubic meters of desalinated water per year 

(Ministry of Water and Electricity 2010). Most of this production comes from 

MSF plants that use heat for power and water desalination.  

First commissioned in 2007, the Shoaiba III expansion project is a 

Reverse Osmosis desalination plant built in 2009 with a construction cost of 

$234 million dollars and adjacent to Shoaiba phase III, a 880,000 m3/d MSF 

facility. In the same year it was shortlisted as the Desalination Plant of the 

Year by Global Water Intelligence. It was designed to supply water to the 

cities of Makkah, Jeddah, Taif and Baha with an average availability of 96%.  

The Shoaiba III SWRO expansion project has a capacity of 150,000 

m3/d provided by ten reverse osmosis trains, each with a production capacity 
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of 16,800 m3/d. The reverse osmosis proves has a recovery of 41 percent 

with energy consumption of 2.4 kWh for each cubic meter produced (Global 

Water Intelligence 2007).  

 

Figure 51. RO membranes at Shoaiba Desalination Plant (ACWA Power). 

The construction of a seabed filter would produce high quality feed water 

to the plant, reducing costs in the pretreatment stage compared to the use of 

an open ocean water intake.  Benefits of a seabed filter for the Shoaiba RO 

plant would include: 

 Meeting operational levels in SDI ( 4), TOC ( 2), Turbidity ( 0.1) 

required by most RO membrane manufactures (Desormeaux, 

Meyerhofer, and Luckenbach 2009). 

 High removal of bacteria and viruses. 

 High removal of red tide toxins. Removal of 89%-94% have been 

obtained in slow sand filters (Desormeaux, Meyerhofer, and 

Luckenbach 2009). 

 The seabed filter does not require chlorine and coagulant chemical 

addition, saving operational costs and minimizing adverse 

environmental impact. 
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 No impingement and entrainment of marine organisms. 

 Lower energy consumption of the pretreatment process.   

Location and Properties 

Location for the construction of a seabed filter considers an area of 

favorable sediments identified after the sedimentological analysis. The chosen 

area for the filter cell is the one in which the characteristics of the sand 

approximate those of slow sand filter media (Fig. 52). It was observed that 

starting 90 meters offshore hydraulic conductivity is high, mud percentage is 

minimal, and uniformity is highest in the seabed sands. The nearshore part of 

the grid should be avoided as to prevent the seabed filter from becoming 

plugged with mud particles.  Muddy sediments with a percentage higher than 

5% are indicated with red dots in Figure 52. It can be observed that dark 

areas nearshore have high mud content and abundant seagrass. The right 

upper corner of the grid also presents limitations as the seabed is entirely 

covered with corals.  

 

Figure 52.  Seabed filter area in the charted sampling grid at Shoaiba. 

Seabed Filter Area  

Seagrass 
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Filter design 

Seabed filter design incorporates an inclusive analysis of native 

sediment characteristics, conventional slow sand filter design guidelines, feed 

water quality requirements and flexibility of operation of the plant. The 

selected design approach considers one seabed filter serving a single reverse 

osmosis train. If the need to take out a single filter or train out of service 

arises, the rest of the filter cells would be able to keep operating and the plant 

would undergo a smaller impact. Considering the production capacity of each 

desalination train at 16,800 m3/d, and a recovery of 40%, the required feed 

water to be filtered is 42,000 m3/d. To meet this demand a filter design with a 

filtration rate of 7 m/d through an area of 6,000 m2 is proposed.  

Filter dimensions will be 30 meters by 200 meters starting 90 meters 

offshore with the furthest point at 120 meters offshore, and it will be located in 

the left side of the grid. Results indicate that native sediments in this area 

have a small percentage of mud and have characteristics that resemble that 

of slow sand filter media including effective size, uniformity coefficient, and 

high hydraulic conductivity.  

The thin native marine sediment layer is insufficient to provide enough 

filter depth, and consequently non-native sand is proposed for the top layer of 

the filter. The proposed non-native filter media is rounded quartz sand with 

recommended characteristics of slow sand filter media and resembling the 

characteristics of the existing native sand of the area. In the case that storm 

events or wave activity cause any future deposition of nearby native sediment 

over the upper layer, it will not affect the operation of the filter in any 
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significant way as it is sand with high measured hydraulic conductivity (higher 

than 20 m/d) and low mud percentage. 

The infiltration rate is set to be 7 m/d and it was determined by the 

properties of the granular media, filter depth and required feed water yield. 

While the proposed infiltration rate is higher than the average recommended 

value, it has been shown that effluent quality is not significantly affected with 

higher rates in slow sand filters that operate continuously (up to 10.8 m/d) 

(Huisman and Wood 1974).  

Filter layers 

Total depth of the seabed filter is 3 meters, consisting of an upper fine 

sand layer, three intermediate layers and one bottom gravel layer (Fig. 53). 

The grain size diameter of each layer increases moving downward through 

the filter. The proposed filter depth and infiltration rate would provide a 

residence time of over 10 hours. Such time generates a high probability that 

particles attach to the sand or previously held particles as they move down 

through the filter.  

Gradation is an important design principle in granular filtration as it is 

important to have a relatively smooth transition from one layer to the larger 

below. Sudden increases in hydraulic head might occur from abrupt changes 

to a bigger media. Each layer is composed of carefully graded grains, with 

their d10 (effective size) and d90 values within the layer differing by a factor of 

not more than 2. In order to follow this size ratio, subsequent layers are 

recommended to have their effective size restricted to three times that of the 

layer above (Huisman and Wood 1974). The upper layer is designed to have 
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a depth of 1.25 meters of fine sand with a d10 of 0.15mm and a d90 of 0.3mm 

(0.15 mm * 2 = 0.3 mm). These values are in the range of recommended 

values for slow sand filter media (Amy G et al. 2006). The use of fine sand 

represents an economical approach to increase the effectiveness of the part 

of the filter where chemical reactions and mechanical filtration occur (Huisman 

and Wood 1974), and an approach to further increase bacteria and virus 

removal (Jenkins, Tiwari, and Darby 2011). 

 

Figure 53. Seabed filter layering. 
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Removal of debris, inorganic sediments and biologically active 

breakdown organic matter would be expected to occur in the first 40 

centimeters. It is unknown if a schmutzdecke could form on top of the upper 

layer of seabed filters. Below this depth a zone of similar thickness is located 

where the organic residuals would be further oxidized and chemically 

degraded. The remaining thickness provides enough sand wherein some can 

be removed in multiple cleanings where the top 1-2 cm is removed. It might 

take several years of operation before resanding the upper layer is necessary. 

Turbidity breakthrough and/or a significant increase in head loss would be 

indicators that scraping the upper layer or resanding would be necessary.  

An additional coarse sand layer serves as an intermediate layer 

between the sand media and the supporting gravel base media. This layer 

would have a depth of 0.5 meters with a d10 = 0.45mm and a d90 = 0.9mm 

(three times larger than the layer below). Both sand layers meet the design 

criteria of having a total sand depth more than 1000 times its effective size 

(d10) (Twort et al. 2009).  

The uppermost layer of gravel following the sand layer is 

recommended to have a d10 value in the range of four times greater than that 

of the d15 value in the sand layer and less than four times greater than the d85 

of the same sand layer. Following on this recommendation, the d10 for the 

uppermost gravel layer was set to be 2 mm. For the additional coarser gravel 

layers it is recommended to double the grain size from one layer to the next 

one in order to provide long-term stability to the filter (Beverly 2005).  
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The second gravel layer in turn would have a d10 of 4 mm and a d90 of  

8 mm. The first two gravel layers would have a thickness of 0.25 meters. The 

thickness value is designed to be larger that the recommended minimum 

range of 5 to 12 cm to minimize the probability of insufficient layer thickness in 

a relatively large filter cell area (Huisman and Wood 1974).  

At the bottom of the filter the gravel layer and piping system are found. 

Gravel in this layer is designed to have a mean grain size diameter of 12 mm 

and effective size of 8 mm, large enough not to obstruct the slots in the 

infiltration screens and permit uniform drainage into the piping system. No 

grains in the bottom layer should be smaller than 6 mm to prevent the 

obstruction of the 3.2 mm screen slots. The screens are placed at a height of 

30 centimeters up from the base of the filter.   

The importance of proper base layer design is not only to support the 

seabed filter and drain system, but also to permit the free flow of filtered water 

towards the piping without any kind of granular migration. A low permeability 

geofabric layer should be installed at the base and the sides of the excavated 

area in order to prevent the intrusion of fine-grained sediments into the filter. 

Preventing the piping system from becoming chocked by granular material 

from upper layers is of extreme importance as any problem in the base layer 

cannot be inspected, cleaned or repaired without a major disturbance to the 

bed as a whole.  

Filtration media Thickness D10 D90 

Fine Sand 1.25 m 0.15 mm 0.3 mm 

Coarse Sand 0.5 m 0.45 mm 0.9 mm 

Granular Gravel 0.25 m 2 mm 4 mm 
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Pebble Gravel 0.25 m 4 mm 8 mm 

Gravel underdrain 0.5 m 8 mm 
(and no particles 

smaller than 6 mm) 

16 mm 

Table 4. Summary of granular media characteristics. 

Hydraulic head 

The pump suction required for the seabed filter is determined by the 

hydraulic conductivity of the media layers and the total depth of the filter. In 

contrast to a slow sand filter where gravity drives the water filtration, a pump 

generates the required suction head through the seabed filter. This suction 

can deliver a higher yield of filtered water and overcome head loss caused by 

resistance to water flowing through porous media and the clogging of the 

media pores. 

Total head loss through the filter was calculated taking into 

consideration the hydraulic conductivities and thickness of each layer.  The 

projected head loss for the designed filter is 0.66 m, far from exceeding the 

3.5 meters head limit provided by a typical centrifugal pump. As the filter 

operates it is probable that head loss will increase with time as the upper sand 

layer becomes progressively plugged. Pump suction head could be increased 

to maintain the required infiltration rate, and if the 3.5 meters head loss limit is 

approached it might be a signal that the upper layer requires cleaning. It may 

also happen that wave energy and benthic biological activity might contribute 

to the removal of strained particles and organic carbon of the upper layer, 

making the cleaning process unnecessary. 
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Screen and piping system 

The under-drainage system lies on the bottom of the filter and plays an 

important part in the operation of the seabed filter. This system consists of a 

screen and piped system covered with gravel as mentioned earlier. A center-

collecting pipe is arranged along the center of the filter with lateral infiltration 

screens mounted perpendicular along both sides of the pipe (Fig. 54). 

 
Figure 54. Proposed screen and piping system. 

Filtered water is pumped into the system through the lateral infiltration 

screens. Screen laterals with a length of 12 meters are oriented perpendicular 

to the shoreline of the filter and spaced by 20 meters. The larger spacing 

between the drains have a negligible effect in head loss since hydraulic 

resistance of the gravel is very small (Barrett et al. 1991). Slot width in the 

screens is a standard size 3.2 millimeters ( .1 5”) which is the indicated size 

to prevent migration of the gravel media into the drainage (less than half the 

effective size of the bottom layer) (Huisman and Wood 1974). Screen design 

shown in Figure 55 has an open area of 10.5%, approximating the 

recommended design value of 10% (Driscoll 1986). 
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 A careful selection of materials should be made for the under-

drainage system, as the pipe material should be resistant to the corrosion of 

seawater. High-density polyethylene (HDPE) should be used for piping 

system, while polyvinyl chloride (PVC) should be the material used for the 

screens. Steel collection is not recommended due to potential corrosion of the 

piping caused by seawater. 

  

Figure 55. Infiltration screen design. 

The designed diameter of the main collector pipe is 60.96 centimeter 

(24 in). The flow area of the main conveyance pipe is sufficient to carry 

42,000 m3/day of flow at a velocity of 1.67 m/s, approximate to the 

recommended value of 1.5 m/s (Driscoll 1986). Infiltration screen is designed 

to have a nominal pipe size of 10 with a diameter of 25.4 cm (10 in) and 

sufficient screen open area to allow an entrance velocity of 2.3 cm/s. Having 

an entrance velocity less than the recommended limit of 3 cm/sec opens the 

possibility of increasing the filtration rate if required. The piping system is 
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based on the use of standard pipe and screen sizes, which reduces 

maintenance costs and time. Manufacturers are expected to supply further 

technical design and installation criteria for proprietary drainage equipment 

and material. 

Total feed water requirement 

The construction of additional seabed filters could provide the totality of 

the feed water into the Shoaiba RO plant. A detailed study of the geological 

and hydrological conditions should be conducted in the area around Shoaiba 

to investigate the feasibility of constructing additional seabed filters. An initial 

assessment of the zone showed similar sedimentological conditions with 

muddy nearshore zone and cleaner sediments offshore that could lead into 

the application of comparable design concepts. Corals are abundant in the 

area and would have to be identified and avoided such as the right area of the 

analyzed sampling grid. An additional 3.5 km of coastline where the sampling 

grid is located is found at the north of the Shoaiba complex that could be 

analyzed for the construction of additional seabed filters (Fig. 60). 

As the number of independent seabed filters increase, greater 

operational flexibility would be provided. If there were one seabed filter 

serving each of the existing desalination trains, taking out a single filter out of 

service would demand a manageable rate increase on filters still in operation. 

There would be no need of a backup seabed filter to compensate the 

decreased output in any of the filters, as the combined operational flexibility of 

the rest of the filters would be able to provide sufficient feed water to the 

normal operation of the plant. Following the design discussed in this chapter 
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to meet the train capacity of 16,800 m3/d, the operation of only nine filters 

would provide enough water to meet 151,800 m3/d, which is the stated 

capacity of the plant. In other words, constructing one seabed filter per train 

would bring the same production capacity as if there was a backup filter.  

 

Figure 56. Coastline north of Shoaiba Desalination Plant Complex where additional seabed 

filters could be constructed. White arrows mark the sediment area similar to that of the 

sampling grid. 

The proposed infiltration rate of 7 m/day also allows for the possibility 

of increasing it up to a maximum value of 10 m/day, which allows greater 

control in the rate of water being filtered. The proposed design permits to 

reach this level of infiltration rate without surpassing head loss and flow 

velocity limits, or decreasing the filtered water quality significantly. Analyzing 

the effect that high infiltration rates have on operation parameters, plugging 

and water quality, could be validated in the first seabed filter built, leading into 

optimized seabed filter designs. Constructing additional seabed filters with a 

decreased area and higher infiltration rates could be proposed if the initial 

3 km 

500 m 
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filter provides high quality water without the need of constant cleaning of the 

upper layer. 

An additional approach could consider the complimentary use of 

subsurface intakes such as beach wells and high yield angle wells. The 

80,200 m3/d Sur RO plant in Oman is the largest plant in the world 

successfully using beach wells for large scale production of desalinated 

seawater comparable to that of the Shoaiba RO plant (Barrett et al. 1991).  

Extensive and time-consuming site investigation would be necessary first to 

determine the hydrogeological properties of the site such as thickness of the 

carbonate limestone rock and potential yield levels. Feasibility and the most 

suitable type of subsurface intake would be confirmed after geophysical 

investigations are done and comprehensive knowledge obtained on the 

characteristics of the existing subsurface limestone.  

Constructing wells along with seabed filters would provide advantages 

such as reduced footprint with high yields and overall operational flexibility. 

However, the use of wells has not been widespread in the region due to 

complications, such as low yields and the occurrence of hypersaline water. 

Life cycle analysis 

The advantages and limitations of seabed filters should not be 

understood solely on technical and water quality considerations, but also 

include economical and environmental aspects. The decision to construct a 

seabed filter over a conventional open ocean intake system should include 

capital costs, and more importantly, a life cycle analysis inclusive of tangible 
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and intangible operating costs, savings and environmental impact (Dehwah 

2012). 

Capital costs to be considered and contrasted with conventional intake 

systems include initial site investigation, design engineering, construction 

process (shoreline access, excavation, dewatering), construction materials 

(engineered filter layers, piping system), transportation and logistics of 

materials delivery. The excavated soft limestone is a potential usable product 

with economic value that could be sold as road base rock. 

Additional considerations should be projected during the life span of 

the plant. Improved feed-water quality coming from the seabed filter reduces 

pretreatment costs associated with decreased chemical and energy use. 

Replacement amortization of unused pretreatment equipment should be 

considered as well. Maintenance and inspection costs must be included in the 

life cycle analysis of a seabed filter including labor, spare parts, the cleaning 

process and resanding of the filter.  

Operation of conventional open ocean intakes represents additional 

costs not seen in seabed filters such as the cleaning of intake screens, control 

of marine organism growth in the pipeline, disposal of entrained marine 

organisms, the operation of traveling screens and other complex process 

equipment. The potential shutdowns of the RO plant and economical impact 

in case of emergency events such as oil spills or red tides, might be 

prevented by the use of seabed filtration.  

 Environmental impacts of intake systems are difficult to quantify but no 

less important. Construction of seabed filter may have an adverse impact on 

the local ecosystem during the construction of the filter and nearby coral reefs 
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in the area. Positive environmental impacts include less energy consumption 

and carbon emissions of operation, preventing impingement and entrainment 

of marine organisms, reduced chemical use, and no need of backwashing a 

discharge of coagulants such as ferric chloride into the ocean.   
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Conclusions 

 As the worldwide water supply problem continues to develop, 

desalination technology has been progressing to meet the growing water 

demand. Desalination has become a fundamental and costly resource in arid 

regions of the world such as Saudi Arabia, the world’s largest producer of 

desalinated potable water. With the increasing growth of reverse osmosis 

desalination facilities around the world, subsurface intake designs that reduce 

operational costs and energy consumption have continued to develop in 

parallel. Seabed filtration is a subsurface intake design that shares the 

general benefits of slow sand filtration, providing high quality feed water with 

decreased operational cost and environmental impact compared to 

conventional open ocean intakes.  

A total of 19 sites and 370 km of coastline were investigated along 

the southern coast of King Abdullah University of Science and Technology to 

identify sites favorable for seabed filtration based on the hydrogeological 

profile of each location.  A site near Shoaiba (120 km south of Jeddah) was 

selected for further investigation due to positive sedimentological conditions 

and the relevance of having multiple desalination plants adjacent to the site, 

including the largest in the world. The feasibility study centered around the 

construction of a seabed filter for the 150,000 m3/d reverse osmosis 

expansion of this plant, the Shoaiba III RO Expansion Plant.  

Marine sediments were collected to assess the viability of 

constructing a seabed filter at Shoaiba. Grain size distribution, porosity and 

hydraulic conductivity measurements were performed on the collected 

sediment samples. It was found that sediments with favorable hydraulic 
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conductivity and minimal mud percentages were found offshore. Based on the 

field analysis and lab measurements, it was concluded that with the proper 

engineering approach, the characteristics of the Shoaiba site are suitable for 

the construction of a seabed filtration system.  

Proposed location for the seabed is 90m offshore where the mean 

grain size and uniformity of the native sediment are more similar to those of a 

slow sand filter, and where the mud content is minimal. An important 

challenge to overcome is the lack of a natural sufficient thick sediment layer to 

provide the necessary natural filtering of the feed-water. The proposed 

solution involves excavating the limestone rock and filling it with different 

layers of non-native filtration media of increasing grain size. The rock 

excavation would provide long-term stability of the filter.  

A 6,000 m2 filter cell based on an infiltration rate of 7 m/d was 

proposed to serve a single desalination train. The piping system and filter 

depth were carefully designed to provide operational flexibility such as 

variations in the infiltration rate and head loss. Based on the assumption that 

the geological conditions of the surrounding coastline are similar to those of 

the studied sampling grid, the entire feed water requirement of the plant could 

be provided by additional seabed filter cells built in the area. An approach of 

one filter cell per train is proposed as it provides the greatest operational 

flexibility and resilience to adverse events that could affect the operation of a 

number of filter cells (storms, red tide, earthquakes, plugging of the filter, etc.).   

The investigation was limited to the feasibility of seabed filters and 

did not consider the possibility of constructing wells. The required 

hydrogeological investigation for well construction feasibility would require 
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detailed and expensive specialist work. Analysis of well feasibility could 

confirm high yield potential, requiring a minor footprint compared to that of a 

seabed filter. If this was the case, wells could be used as an alternative intake 

system to provide the totality of the feed water required or in conjunction with 

seabed filtration.  

The use of the Hazen and Chapuis equations provided the most 

approximate estimations of hydraulic conductivity compared to the measured 

values in the laboratory. Comparing the error given by empirical methods in 

other sites could represent an indication as to which numerical methods are 

the most accurate for a varying set of sediments in the region. Identifying 

which numerical methods consistently provide accurate estimations of 

favorable sediment characteristics for seabed filtration would save 

considerable time in feasibility analysis.  

A detailed analysis of the operational data from the first large scale 

application of a seabed filter at Fukuoka is recommended. Clarifying the 

process behind the gradual improvement in feed water quality reported 

through the operational life of the plant would provide valuable insight for 

future design of seabed filters. Little is known concerning seabed filter design 

optimization, and the biological activity of a filter in continuous operation. 

Construction of a seabed filtration intake represents significant 

challenges, particularly for large-scale desalination plants. The footprint 

required to provide enough volume of feed-water is considerable, making this 

scale dependent intake system not feasible in certain locations. There is also 

a lack of thorough understanding in how optimized slow sand filter operational 

and design parameters, such as filtration rate and filter depth, apply to seabed 
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filters in practice. Significant opportunities arise for innovative and pioneering 

engineering solutions to meet the challenges of large-scale application of this 

technology. 

When operational savings are projected into a long period of time, 

the construction of seabed filters seems to be economically favorable. No 

detailed life cycle assessments are currently available for existing or 

planned seabed filters. Developing this analysis, inclusive of tangible and 

intangible costs, would complement the technical feasibility analysis prepared 

for the Shoaiba Desalination RO plant and contribute to the widespread 

consideration of alternative subsurface intakes in the region 

Additional field and engineering investigations would be required to 

assess the feasibility of seabed filtration and other subsurface systems along 

the coast of Saudi Arabia. It will not only be technical and economical 

feasibility for RO plants that will contribute to a more extended application in 

the Kingdom, it will also depend if large MSF plants cease to be 

commissioned and are replaced with plants where the benefits of subsurface 

intakes represent a major economic incentive. This scenario could emerge as 

a consequence of growing energy demand and prices, with oil beginning to be 

valued according to it world market price, and not solely on its much inferior 

production price cost. Favorable technological, economical and policy factors 

will all play a role in the future widespread use of seabed filtration. 
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