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Abstract 

The objective of this capstone is blueprinting an efficient, cost-effective, and 

environmentally friendly mobile solar seawater desalination system that would provide fresh water 

to the Moroccan Southwest coastal regions. This project will compare between a PV-Powered 

Reverse Osmosis membrane system and a CSP-Powered Thermal desalination system. The major 

goals to be achieved are a minimum energy consumption and a maximum decrease in the CAPEX 

and the levelized costs of water and energy since the system will be designed for remote villages 

with limited resources.  

The design of the two mobile desalination systems was performed using a Computer Aided 

Design (CAD) drawer. A theoretical study of the membrane system was carried out and compared 

to numerical simulations using the Dow Chemical Company’s ROSA9. On the other hand, a 

complete hypothetical study of each part of the thermal system, particularly the parabolic trough 

and the heat exchanger, was investigated. Then, a 2D simulation of the parabolic trough receiver, 

mainly Steady-State Thermal and Computational Fluid Dynamics (CFD), was executed using 

ANSYS. Finally, a financial cost analysis of the membrane system’s parts, solar energy and 

desalination, was achieved using NREL’s System Advisory Model (SAM) and Excel.  

The membrane study resulted in a low-energy consumption mobile system that obeys to 

all the constraints to guarantee the safest operation for the membranes with a reasonable cost for 

such systems. The thermal study resulted in a time-feasible desalination system using iterative 

evaporation which still needs further investigation so as to compare the two systems. 

Keywords: mobile system, solar seawater desalination, cost-effective, PV-Powered Reverse 

Osmosis, CSP-Powered Thermal desalination, ROSA9, ANSYS 
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1. Introduction 

1.1 Overview and Motivation 

Water is one of the central elements in nature that are fundamental for the balance of the 

ecosystems and the continuity of life. Human behaviors besides many environmental disorders, 

chiefly the so-called “greenhouse effect”, contribute to climate change which effects are strongly 

recognizable today. As a matter of fact, temperature has been increasing over time and sea level 

continues to rise which causes precipitations to lessen and droughts to occur. Likewise, global 

warming not only causes melting glaciers but also more intense heat waves which engenders water 

paucity [1]. Statistics claim that fresh water represents only 3% of the world’s water reserves while 

the remaining 97% is all seawater. [2] In fact, the available potable water does not supply the 

minimum drinking water needs of 20 liters/day as indicated by the World Health Organization 

(WHO). [2]  

Physical water scarcity represents one of the main issues that semi-arid areas are suffering 

from; note well the MENA region that has been desalinating seawater using its petroleum reserves. 

Furthermore, the process of desalination consumes a lot of energy whereas fossil fuels themselves 

are consuming and polluting water. The environmental impacts and the depletion risks of 

conventional energy sources had led to the adoption of renewable desalination especially solar 

energy since both solar resource and saline water are abundant in coastal semi-arid regions. Today, 

desalinated water represents 0.6% of water supply with the MENA region covering 38% of the 

worldwide installed capacity [3]. Southwest Morocco, particularly, is experiencing very little 

rainfall during the year which makes its rural communities suffer from water shortages. Indeed, 

there is a water-energy nexus that consists of the interdependence between the two contemporary 

issues - water and energy - which scarcity has been suffered from worldwide. People around the 
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world are actually striving towards decreasing water and energy footprint and preserving the globe 

from the impacts of climate change.  

Actually, Morocco is on its way towards total independency on imported conventional 

energy sources thanks to the renewable energies related projects that are being implemented. With 

the support of national and international ventures, the country has established two ongoing 

promising plans for both solar and wind energy most of which are very competitive worldwide 

[4]. Contrarily to the renewables sector, efforts in the water sector are not as intense and diverse. 

Though the rural population represents around 43% of the total Moroccan population, hard work 

has been devoted especially to making water accessible to them rather than guaranteeing hygiene 

and sanitation [5]. Since 1972, National Drinking Water Office (ONEP) has been making efforts 

to promote water sufficiency and conservation. Those efforts start from the organization of 

awareness campaigns to the construction of desalination and water treatment plants [6]. Two 

medium-capacity desalination plants are constructed in Laayoune and Boujdour by ONEP that has 

sat the goal of targeting coastal zones if ever mobile renewable sources of energy are found to be 

available in either of Tan-Tan, Agadir, Sidi Ifni, and Essaouira. Some of these plants are already 

operating while others are under construction [6]. However, desalination is not very popular or 

largely used to get potable water as in other countries such as Saudi Arabia. Therefore, additional 

R&D and projects need to be carried out to increase Morocco’s energy reliance and water scarcity.  

The previously stated reasons emphasize on the importance of the emerging solar 

desalination technologies that would help convert the finite seawater source to fresh potable water 

with an inexhaustible and environmentally friendly source of energy. The main motivation behind 

this project is to integrate the marginalized communities in the renewable energies revolution while 

providing them with the basic needs that they do not, or barely do, have access to. The promotion 
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of renewable energies in the South of Morocco and the use of engineering to solve water scarcity 

problems is what some startups and organizations in Agadir and Sidi Ifni are working towards. 

This project represents a small contribution to the water and renewable energy related research 

projects that are being investigated in Morocco and internationally. Moreover, solar desalination 

has been the center of interest of many scholars and engineering companies around the world and 

climate change denotes a controversial problematic that concerns all the creatures around the globe 

and towards which serious action needs to be taken. 

1.2 Location Strategy 

For it represents a semi-arid region with high solar irradiance and a strategic coastal 

location, Souss Massa Darâa was chosen for this project. As a matter of fact, it is not a very well-

developed region where rural communities live in quite unfavorable conditions and suffer from 

water scarcity. Agricultural activities are also very common in the area which emphasizes on water 

needs for irrigation besides drinking and household purposes. Thus, a great opportunity is 

obtainable for a small-scale project. 

In terms of market analysis, an indirect concurrent would be the large-scale desalination 

plant to be constructed in Agadir. It will be solar-powered from Noor Power Station and it is 

expected to be the largest in the world with a capacity of 275 000 m3/day [7]. This project that is 

initiated by Spanish Abengoa and ONEE would definitely lower the needs in terms of irrigation; 

yet, the rural communities might still not have access to water with a low cubic meter cost. 

The remote areas that the project targets are the ones located in the southwest Moroccan 

coast from Imsouane to Sidi Ifni. In order to design a first prototype, we had to choose one specific 

location and get its solar data and location specifications. To do so, we used Copernicus 

Atmosphere Monitoring Service (CAMS) that generates solar information depending on specific 



13 
 

time units. We also used the Modern-Era Retrospective analysis for Research and Applications 

(MERRA2) by NASA that provides temperature, humidity, and pressure data in specific time 

units.  

Table 1, Figure 1, and Figure 2 summarize the location specifications, the DNI in the nearby 

regions, and the rural areas targeted, respectively. 

Table 1: Location Specifications 

Commune Mirleft 

Region Souss Massa Darâa 

Country Morocco 

Water Type Oceanic (Atlantic Ocean) 

Latitude 29,58 °N 

Longitude -10.035 °E 

Altitude (m) 60 

Feed water Temperature (°C) 21 

Ambient Temperature (°C) 21 

Relative Humidity 62.7% 

Seawater Salinity (ppm or mg/l) 35 000 

Atmospheric Pressure (bar) 0.985 

Design Point DNI (kWh/m²/day) 6.177 



14 
 

Figure 1 : Direct Normal Irradiation in Souss Massa Darâa Region 

 

Figure 2 : Rural Locations Targeted by the Project 
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1.3 STEEPLE Analysis 

Our project has many implications besides its technical characteristics. Indeed, a STEEPLE 

Analysis was necessary to study its feasibility and to determine its direct and indirect impacts on 

7 fields that are interrelated. This analysis was basically conducted to determine the internal 

strengths and weakness as well as the external opportunities and threats of the project. The later 

influences technology, society, economy, environment, law, politics, and ethics. 

S for Socio-cultural 

This project aims to provide a mobile desalination facility for remote rural areas that suffer 

from low resources, physical water shortages, and sometimes are not connected to the grid. It 

would positively contribute to the empowerment of women in the Moroccan Southwest who cross 

long distances lifting heavy water weights instead of doing other activities that would benefit their 

communities. Likewise, it could help reduce infectious waterborne diseases such as Diarrhea, 

Dysentery, and Typhoid [8]. Moreover, this project will raise awareness among the rural 

communities about renewable energies and environmental conservation. 

T for Technological 

Technically, this project is about the conception of a small-scale desalination system that 

operates using energy from the sun. It would operate with the optimal minimum energy and 

provide dispatch ability and renewable water to the user. So far, membrane reverse osmosis and 

thermal desalination using parabolic trough represent the most competitive technologies that have 

been chosen worldwide for small-scale desalination. One of the main goals of this project is to 

contribute to the current research in renewable energies and environment. 
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E for Economic 

Economically, the main objective of this project is to deliver a cost-effective desalinator to 

decrease the intensity of economic water scarcity. Meanwhile, it will be affordable by the target 

clients who will mainly be people with low economic resources. Moreover, the problematic of 

levelized costs of water, electricity, heat, and storage will be investigated in our design. 

E for Environmental 

There are many environmental implications of this project. Besides diminishing physical 

water scarcity in Southwestern Morocco, it will make use of the abundant solar resource in the 

region as well as the seawater in the coast. The resulting brine from this mobile desalinator will be 

managed in a way that is not hurtful to the marine population. Since it operates using renewable 

solar energy, it would decrease CO2 emissions and thus reduce energy and water footprint. 

P for Political 

This project would, even slightly, contribute to the Moroccan action plan in the field of 

renewable energies and water desalination. Actually, Morocco has established many projects to 

reduce its dependency on imported fossil fuel energy and water. For example, the Noor Power 

Station project in Ouarzazate has been a success such that it represents one of the world’s largest 

solar plants. The later will provide energy to supply the future world’s largest desalination plant 

that will be established in Agadir by Spanish Abengoa and ONEP. 

L for Legal 

Working in a project related to energy and environment joins COP 22’s achievements and 

references in terms of green energy projects and environmental conservation. This idea also aligns 
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with the Moroccan 13-09 law about adopting and diversifying energy management projects to 

make access to renewables easier by encouraging people to produce their own energy [9].  

E for Ethical 

As engineers, it is our responsibility to be ethical towards society and environment when 

applying what we have learned. Our mobile solar desalination facility would reduce the damages 

caused to the ozone due to air pollution caused by desalination using fossil fuels. This project 

follows up the state of the art achievements regarding small-scale solar desalination. It also 

contributes to the national and international action plan vis-à-vis energy and environment. 

Figure 1 summarizes the STEEPLE Analysis elements in this project  
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Figure 3 : STEEPLE Analysis 
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2. Literature Review 

2.1 Solar Technologies 

2.1.1 Photovoltaics: Technologies and Performances 

Photovoltaic solar cells (PV) produce direct electricity from light photons. They contain an 

n-junction and a p-junction and use a semiconductor such as Silicon (Si). The energy from the sun 

creates a movement of electrons and holes and thus induces an electrical current. They have been 

preferred over other solar technologies for to their “flexibility, low O&M cost, and ease of 

implementation in both on-grid and off-grid applications” [10]. There are three generations of 

photovoltaic solar cells: 

 First-Generation PV: Crystalline Silicon Cells 

Crystalline silicon is the most commonly used material in the PV industry, and wafer-based 

c-Si PV cells and modules dominate the current market thanks to their high efficiencies. However, 

the cost of manufacturing materials is relatively high [11]. They are the most mature generation of 

PV and have the greatest market share. Crystalline Silicon Cells are classified into three main 

types: Monocrystalline (Mono c-Si), Polycrystalline (Poly c-Si), and EFG ribbon silicon and 

silicon sheet-defined film growth (EFG ribbon-sheet c-Si) [11]. 

 Second-Generation PV: Thin-film Solar Cells 

The add-in in this type of photovoltaics is absorbing the same amount of sunlight as the 

first-generation solar cells, but with less semiconducting material. Though the materials and 

manufacturing costs are lower in the second-generation of PV, they showed significant decreases 

in efficiency. Still, they have a modest market share. Three types of thin-film solar cells have been 
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commercially developed: Amorphous silicon (a-Si and a-Si/µc-Si), Cadmium Telluride (Cd-Te), 

and Copper-Indium-Selenide (CIS) and CopperIndium-Gallium-Diselenide (CIGS) [11]. 

 Third-Generation PV 

Some of the third-generation photovoltaic solar cells have begun their way to 

commercialization. We basically distinguish four types: Concentrating PV (CPV), Dye-sensitized 

solar cells (DSSC), Organic solar cells, and Novel and emerging solar cell concepts [12]. They 

have the potential of having the highest efficiencies like CPV which costs are still investigated 

upon. Other third-generation PV is still at the R&D stage; for example, DSSC offer low 

efficiencies but with low costs [11]. Perovskite Solar Cells (PSC) offer very high efficiencies with 

low costs; yet, they are very sensitive to moisture and thermal instabilities. 

2.1.2 Concentrated Solar Power: Technologies and Performances 

 Parabolic Trough (PT) 

Parabolic Troughs constitute the biggest share (more than 90%) of the installed CSP 

technology worldwide [13]. The principle of this technology consists of concentrating the solar 

power on an evacuated tubular receiver in order to boil water by conduction from a heat transfer 

fluid (synthetic oil, molten salts, water, etc.) inside the tube and generate steam that runs steam 

turbines so as to generate electricity. Mirrors and receivers track the sun’s path along a single axis 

(usually East to West). An array of mirrors can be up to 100 meters long with a curved aperture of 

5-6 meters [13]. In a parabolic trough power plant, DNI is reflected by a mirror, concentrated into 

a receiver and converted into thermal energy. The latter is converted into pressure energy of vapor 

which is converted into kinetic energy. Finally, kinetic energy is converted into electrical energy 

[14]. 
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The cross section geometry of parabolic through collector is a symmetrical parabola. The 

material used in parabolic troughs is silver coated glass mirrors that are known to be durable and 

to have a good reflectivity [14]. Concerning the bearing structure, it is usually made of metals such 

as steel or aluminum. Robustness is the most important characteristic since it has to maintain the 

mirror in a good position for concentrating solar power. It also has to be wind resistant [14]. 

 Fresnel Reflector (FR) 

Fresnel Reflectors are similar to parabolic troughs, but use a series of ground-based, flat or 

slightly curved mirrors to concentrate the sunlight onto a fixed receiver located several meters 

above the mirror field. Each line of mirrors is equipped with a single axis tracking system to 

concentrate the sunlight onto the fixed receiver where flowing water is converted into saturated 

steam [13]. The main advantages of FR over PT are the lower cost of ground-based mirrors and 

solar collectors (including structural supports and assembly) [13]. 

 Solar Tower (ST) 

Solar Towers consist of a field of mirrors called heliostats that surround a tower that tracks 

the movement of the sun individually over two axes and concentrate the solar irradiation onto a 

single receiver. The latter is mounted on top of a central tower where the solar heat drives a 

thermodynamic cycle and generates electricity [13]. Solar Towers have higher thermal energy 

storage capacity and lower storage costs since they operate at very high temperatures and thus have 

higher efficiencies. 
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 Solar Dish (SD) 

Solar Dishes consist of a parabolic dish-shaped concentrator that reflects sunlight into a 

receiver placed at the focal point of the dish. The receiver may be a Stirling engine or a micro-

turbine. Solar Dishes require two-axis sun tracking systems and offer very high concentration 

factors and operating temperatures [13]. 

Figure 4 shows the four different parabolic trough technologies 

 

 Figure 4 : CSP Technologies [6].  

In a nutshell, parabolic trough has proven a great maturity in terms of performance over 

other technologies such that is the widely used one in concentrated solar power. Figure 5 shows 

the domination of PT (56.4%) in the total installed, under construction, and planned CSP capacity 

and table 2 compares CSP technologies’ performances. 
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Figure 5 : Total Installed, Under Construction, and Planned CSP Capacity [14] 

 

Table 2 : Performances of CSP Technologies [13]. 

 

 

2.2  Desalination Technologies 

2.2.1 Membrane Desalination 

The first design that will be performed in this project is a membrane-based one using 

Reverse Osmosis (RO). RO is the most popular membrane desalination technology thanks to its 

low energy consumption compared to thermal technologies since it only requires electrical energy 

as an input. It is also preferred among other membrane technologies such as Electrodialysis, 
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Nanofiltration, Membrane Distillation etc. since some of the later are not commercially advanced 

[15]. Likewise, RO systems have developed lately since it adopted single-stage desalination as 

well as the energy recovery alternative [15]. The sustainable improvement and the standardization 

of RO membranes, especially the spiral wound membrane modules, resulted in their cost 

reductions and competitiveness in the market [15]. According to the International Desalination 

Association (IDA), reverse osmosis covers around 60% of the installed desalination capacity 

worldwide [16]. 

 

Figure 6 : Total Installed Capacity of Desalination Technologies [16]. 

 

The process of Reverse Osmosis consists of four main steps: pre-treatment, 

pressurization, membrane desalination, and post-treatment. An initial step usually called 

intake, in which water is extracted from its initial source, is considered in large-scale RO plants 

and will be omitted since water can be manually supplied to small-scale systems. The objective of 

the pre-treatment is to remove total suspended solids from seawater while post-treatment is done 

so as to adjust the pH of water after it is desalinated and to eliminate some gases. Finally, the 

concentrate which is in the form of brine is either discharged or recycled. Serious research is 
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conducted by marine partisans to find ways to get rid of the brine without discharging it back to 

seawater or any other water source.  

 Pre-treatment 

This step is critical and extremely important since it removes the TSS (Total Suspended 

Solids) or any other kind of contaminants (colloidal matter, organic matter, or even 

microorganisms) from feed water that might cause fouling to the membranes [17].  

 Fouling, Scaling, and Corrosion 

RO membranes are very sensitive to heavy suspensions or even small suspensions in the 

long-term due to the fine size of their pores which eventually causes fouling with time [17]. Pre-

treatment only maximizes the time it would take fouling or clogging to happen and thus minimizes 

maintenance and replacement costs. “Fouling typically occurs in the front end of an RO system 

and results in a higher pressure drop across the RO system and a lower permeate flow” [17]. 

Usually membranes need to be replaced after an average time of 5 years since scaling might also 

cause the deterioration of the membrane and the decrease in their efficiency (salt passage and yield 

permeate flow) [17] Scaling is the formation of layers of some very concentrated compounds called 

scales (i.e. CaCO3 or CaSO4) with time which requires their replacement [17]. Moreover, some 

gases that cause corrosion in channels can be removed during pre-treatment by using additives or 

adjusting some chemical properties [18]. 

Pre-treatment is done either using chemical or mechanical filtration conventional and low-

pressure methods. Microfiltration and Ultrafiltration are other effective methods used when the 

goal is to remove bacteria and colloidal matter [17]. The principle of these methods in pushing 

seawater at very low pressures towards the membranes leaving behind large contaminants [18]. 



27 
 

Multi-media filters (MMF) which is effective when the Silt Density Index (SDI), which is a 

measure of the amount of suspensions present in feed water that can cause fouling, is more than 3 

[17]. Other conventional methods have proven a great effectiveness in pre-treatment such as 

coagulation by grouping small particles together before the desalination by neutralizing the 

electrical changes on their surfaces [19]. For feed water with low SDI sand filtration or cartridge 

filtration are both efficient and sufficient. 

 Pressurization 

In this step, an electrically-driven high pressure pump is usually used in order to pressurize 

the feed water and to provide an operating pressure (feed pressure) that is at least twice the osmotic 

pressure. Feed water quality is critical in RO systems (temperature, salinity, and turbidity) such 

that low feed quality requires more energy for providing the optimal feed pressure [15]. When the 

backpressure increases in the RO system, then mechanical damage could happen to the membrane 

[17]. In other words, reverse flow might happen if the pressure of the permeate flow becomes 

greater than the applied feed pressure [20]. This issue can be overcome by “using variable 

frequency engines to start the high pressure pumps or by installing check valve(s) and/or pressure 

relief valves” [17]. As a matter of fact, high pressure pumps can be replaced by pressure amplifiers 

in small-scale systems.  

 Membrane Desalination 

This step is where the actual Reverse Osmosis process happens. RO is the opposite of the 

naturally occurring osmosis that defines the osmotic pressure. It uses a semi-permeable membrane 

through which H2O molecules are forced to move from the region of higher salt concentration to 

the region of lower salt concentration leaving dissolved salts and other contaminants behind. This 
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process uses a high pressure pump that is powered with electrical energy which is provided either 

from fossil fuels or from other renewable sources.  

   

Figure 7 : The Principles of Osmosis (left) and Reverse Osmosis (right) [17] 

 Post-treatment 

After reverse osmosis desalination, permeate water usually lacks hardness and alkalinity 

which might cause corrosion in water pipes [18]. Consequently, metals might be found in the yield 

fresh water. To adjust alkalinity some chemicals are added to water such as calcium hydroxide 

[18].Moreover, some toxic gases are removed in post-treatment. However, post-treatment is not 

mandatory for small systems; only calcite filter cartridges are sufficient for pH adjustment to 

prevent corrosion.  

 Single-stage Reverse Osmosis 

There are two types of passes for a reverse osmosis system; a single-pass and a double-

pass. In a single-stage reverse osmosis system, the feed flow goes through the semi-permeable 

membrane only once during the process after which it gives permeate (fresh water) and concentrate 
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(resulting brine). In a double-stage reverse osmosis process, the concentrate flow of the first stage 

represents the new feed for the second stage. Then, permeates from all the stages give the total 

permeate of the system. Each time the number of passes or stages is increased, the ratio of the fresh 

water to feed water (system recovery) is increased as well [17]. 

 

 

Figure 8 : Single and Double Pass RO [17] 

 PVRO for small-scale desalination 

The combination of reverse osmosis with photovoltaic solar panels has been proven to be 

suitable for small-scale desalination since both PV and RO are scalable and modular which reduces 

costs thanks to economies of scale [15]. Moreover, those systems usually results in lower levelized 

costs of water and electricity. PVRO are also preferred since they offer water and electricity grid 
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independency for remote rural areas. However, their CAPEX is still extremely high (inverters and 

regulators R&R) which makes them promising for small-scale mostly due to the small stress of 

competitiveness and concurrence from other technologies [21]. Similarly, the fact that most of the 

existing systems require large battery banks further increases the investment costs [21]. A great 

deal of researchers and startups have achieved very efficient and cost-effective small PVRO 

systems while others are working on making these technologies less expensive in terms of initial 

investments.  

 

Figure 9 : PVRO System Schematic [15]. 

 

2.2.2 Thermal Desalination 

Parabolic trough has been proven as the best candidate for thermal desalination [22]. The 

concept of thermal desalination using parabolic trough collectors consists of tracking the sun and 

concentrating its radiation into a receiver to generate mid to high temperature steam. Basically, 

those systems rely either on single or multiple evaporation followed by condensation such as solar 

stills, multiple effect humidification, etc. [15]. Since CSP can generate electricity using turbines, 

it can also be coupled with RO desalination systems [22]. In addition, thermal distillation is another 

popular type of thermal desalination which relies on heating saline water until water vapor is 
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generated. The vapor meets a cooler surface where it condenses and yields to a less saline water 

[18]. For large-scale desalination, three popular technologies are distinguished; mainly Multi-

Effect Distillation (MED), Multi-Stage Flash (MSF), and Vapor Compression (VC) which require 

either thermal or electrical energy [10]. 

From the state of art of portable thermal desalination, one very popular example is 

Desolenator. This English start-up was awarded the 15th place of The Top 70 Start-ups 

Contributing to the 7th Sustainable Development Goal in 2017 [23]. Desolenator is an affordable 

environmentally friendly small water boiling desalination unit that operates using PV and storage 

[24]. Another innovative technology called the Solar Waterhouse works with the principle of 

evaporating seawater brine using “microlens arrays on glass panels” [25]. This technology 

achieves up to 100% recovery of feed water [25]. 

3. Design, Study, and Simulation of the Membrane System 

3.1 Working Principle  

Seawater that is supplied to the system will be filtered to remove suspended solids that 

could damage to the membranes. Electrical power from the PV panel will supply the high pressure 

pump to produce a feed pressure that is greater than the osmotic pressure so the process of reverse 

osmosis happens. The concentrate of the first membrane will be the feed of the second one while 

the concentrate of the second one will be the feed of the third one, and so on. Permeate of each 

membrane will be collected separately to give the total permeate by the end of the process while 

the total concentrate leaves the system in the form of a very concentrated brine. 
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Figure 10 : Membrane System Design 

3.2 Methodology 

Our design will be performed using The Dow Chemical Company’s (Reverse Osmosis 

System Analysis) ROSA9 which optimally designs reverse osmosis systems. The goal is to get a 

yield permeate of 80 L/day using the optimal minimum number of membranes and pressure vessels 

and the least energy consumption. The recovery is usually 40% - 45% for seawater RO with a 

salinity of 35 000 ppm. For this recovery, we will need to put 6 membranes in series in each 

pressure vessel according to industrial empirical parameters settled from experience. The flux 

range to avoid fouling of the membranes will define the number of pressure vessels to be used.  

 SW30 Membranes 

FILMTECH’s SW30 membranes that are less than 4’’ in diameter are ideal from small-

scale desalination; particularly for systems that produce around 2300 L/h or less. Those 

membranes allow high flow rates and operate in very low feed pressures which reduces the overall 

operating energy of the system, the investment costs of the RO elements and the electrical energy 
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[26]. SW30-2540 are 2.5’’ membranes used in systems aimed to satisfy contemporary water needs 

such as boat use or remote areas desalination [27]. 

In fact, our system is very small since it only produces 0.08 m3/day; thus, using the later 

membranes will not be optimal. There are actually smaller SW30 FILMTECH membranes suited 

for systems like ours; in particular SW30-2521 and even smaller SW30-2514. Those membranes 

have very high salt rejection when operating under the convenient conditions. Nevertheless, they 

have small active areas and yield to small recoveries. A small recovery should not be a problem in 

mobile systems to which feed is provided manually by the user.  

Table 3 : SW30 Membranes Specifications [26] 

 

The barrier to simulating a system using those membranes in ROSA9 is that they do not 

actually exist in ROSA9’s element library. People before us faced such an issue which made it 

possible to run a ROSA9 simulation for SW30-2521 and SW30-2514 using the area ratios [28]. 

First of all, the design is achieved normally using a membrane of the same category that is available 

in ROSA9. Then, the permeate flow used in ROSA9 is multiplied by the ratio between the active 

areas of the two membranes which gives the equivalent permeate flow of the system. Finally, 

multiplying the later permeate flow by the number of operation hours per day gives the yield. 
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Table 4 : Design Specifications and Membranes Equivalency 

 

We found using the surface area ratio that the membrane SW30-2514 guarantees our 

objective permeate flow of 80L/day by achieving 85.7 L/day. Therefore, the values of flux, feed 

pressure, and power that we will get using a simulation with SW30-2540 in ROSA9 will be the 

same ones used in the actual design with SW30-2514 to result in 86 L/day instead of 80 L/day. 

Before starting the design of a reverse osmosis system using ROSA9, we had to set the 

objectives or the constraints under which our system needs to operate. First of all, the flux should 

be neither more nor less than the range of 5-14 lmh or L/m².hr (based on pilot data) in order to 

guarantee the safest operation for the membranes and to avoid their deterioration. Likewise, the 

standard design guidelines of SW30-2540 FILMTECH element state that the maximum feed 

pressure should be 69 bar [29].  

Design Specifications

Operating hours/day 5

Daily permeate (L/day) 80

Daily permeate (m3/day) 0.08

Hourly permeate (m3/h) 0.016

SW30-2540

Active surface area (m²) 2.8

Permeate flow used for ROSA (m3/h) 0.08

SW30-2521

Active surface area (m²) 1.2

surface ratio 0.43

Permeate flow for ROSA (m3/h) 0.007

Equivalent for real system with SW2521 (m3/h) 0.034

Actual daily production (L/day) 171.4

SW30-2514

Active surface area (m²) 0.6

surface ratio 0.21

Permeate flow for ROSA (m3/h) 0.003

Equivalent for real system with SW2514 (m3/h) 0.017

Actual daily production (L/day) 85.7
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Table 5 : FILMTEC Design Guidelines for Small-scale Applications [29] 

 

3.3 Theoretical Study  

 Calculation of the total surface area needed for 80 L /day flow 

𝑓𝑙𝑢𝑥 (𝑙𝑚ℎ) =
𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑓𝑙𝑜𝑤 (𝑙/ℎ)

𝑡𝑜𝑡𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑚2)
 

𝑇𝑜𝑡𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑚2) =
𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑓𝑙𝑜𝑤 (𝑙/ℎ)

𝑓𝑙𝑢𝑥 (𝑙𝑚ℎ)
 

𝑇𝑜𝑡𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 =
80

7.69
 

𝑇𝑜𝑡𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 = 10.40 𝑚² 

 Determination of the number of elements and needed pressure vessels  

According to FILMTECH SW30-2540 standard specifications put by the Dow Chemical 

Company, the active area is 2.7 m².  

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 =
𝑇𝑜𝑡𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎

𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑎𝑐𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎
 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 =
10.40

2.7
 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 = 3.85 
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This calculation shows that we need around 4 membranes to get an 80 L/day permeate while 

avoiding fouling. 

 Number of Pressure Vessels 

Since the number of serial elements per pressure vessel can go to 6 for single-stage 

SWRO even for smaller recoveries, then we will only need one pressure vessel. 

Table 6 : Number of Stages in a Seawater Desalination System [29] 

 

 

 % Recovery  

The recovery rate is one of the two major parameters that control RO desalination. It 

indicates how much fresh water results from the feed water [10]. It is usually 45% for seawater; 

yet, a 20% recovery rate is good for a small system that operates using SW30-2514 membranes. 

% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑓𝑙𝑜𝑤 

𝐹𝑒𝑒𝑑 𝑓𝑙𝑜𝑤
∗ 100 

% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
80 

400
∗ 100 

% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 20 % 

 Rejection Rate  

The second parameter that measures the efficiency of the membranes is salt rejection rate. 

The higher the salt the rejection, the more efficient is the system. The feed TDS we entered to 

ROSA’s library is exactly 34 931.1 mg/l and from simulation results we get the permeate TDS 

which is 761.94 mg/l. 
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% 𝑆𝑎𝑙𝑡 𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 =
𝐹𝑒𝑒𝑑 𝑇𝐷𝑆 − 𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑇𝐷𝑆

𝐹𝑒𝑒𝑑 𝑇𝐷𝑆
∗ 100 

% 𝑆𝑎𝑙𝑡 𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 =
34931.1 − 761.94

34931.1
∗ 100 

% 𝑆𝑎𝑙𝑡 𝑅𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 = 97.81 % 

 Concentration Factor 

This factor gives an idea about the concentration of TDS and TSS in the concentrate, the 

higher the recovery rate, the higher the concentration factor. 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 =
1

1 − % 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦
 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 =
1

1 − 0.2
 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 = 1.25 

Now, using ROSA9 we can optimize the system by minimizing the specific energy 

consumption while obeying to the constraints we have; the permeate flow, the recovery, the flux 

as a function of number of elements and pressure vessels, and the feed pressure. ROSA9 design 

simulations can give us the recovery of each membrane, the system’s operating pressure, and the 

specific energy. 

 Simulation Using ROSA9 

For small-scale applications, a single-stage RO system is suitable for seawater desalination. 

As a matter of fact, reverse osmosis is a process that largely depends on salinity of the feed. 

Therefore, we entered the location standard seawater composition of 35 000 ppm or mg/l Total 

Dissolved Solids (TDS) into ROSA9’s library so we can get more accurate results. The feed water 
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temperature is 21°C which is the temperature of seawater in the region chosen for study whereas 

the water type is RO permeate with SDI < 1. For the flow configuration, we are using a plug flow 

in which the feed volume flows at once in the system [29]. 

3.4 Numerical Results 

Since it is not easy to do the whole design theoretically due to the complexity of Reverse 

Osmosis equations specifically and membrane engineering in general. Therefore, some of the first 

theoretical calculations we performed match the simulation results such as the number of elements 

and pressure vessels as well as the total active surface area of the membranes.  

The feed pressure in our design is very low (around 34 bar) which drastically decreases the 

specific energy to desalinate a cubic meter of water: 5.86 kWh/m3. Multiplying the specific energy 

by our permeate flow of 0.08 m3/h gives the power needed for operation: 0.4688 kW. Results also 

include the recovery, feed flow, permeate flow, TDS, and feed pressure for each of the four 

membranes. As shown in the figure below, the membranes do not necessarily need to have the 

same recovery though they are similar and implemented in series. 

Pass streams showing the concentration of each ion in the feed, permeate, and concentrate 

are also generated. The software also calculates the scaling elements concentrations in the feed, 

permeate, and concentrate as well as the pH in order to carefully simulate the adequate flux to 

avoid fouling and clogging. Consequently, it gives advice about the kind of post-treatments 

required or antiscalants that need to be added to the yield fresh water. 
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Figure 11 : System Simulation Results 

 

 

Figure 12 : Simulation Results for Each Membrane 

 
Figure 13 : Ions Concentrations in Feed, Permeate, and Concentrate 



40 
 

 

Figure 14 : Scaling Simulations 

 

 

Figure 15 : System Design and Solubility Warnings  

3.5 Cost analysis 

3.5.1 Solar CAPEX  

Using the National Renewable Energy Laboratory (NREL) software called System Advisory 

Model (SAM), we were able to retrieve some technical data about the photovoltaic solar system 
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to be used in this project by entering the location of the project and the power it is expected to 

generate.  

 Module Area: 1.631 m² 

 Number of Cells: 96 

 Material: Mono-c-Si 

 

Figure 16 : Technical Specifications of the Project’s Solar Part [30] 

In the cost analysis, we used our own methodology [10] in computing the capital and 

operational expenditures, the Levelized Cost of Electricity (LCOE), and the Levelized Water Cost 

(LWC). The following table shows the economic parameters of the project. The latest updated 

discount rate in 2017 by the National Bank of Morocco is 2.25% [31]. The depreciation rate for 

assets similar to metal frame constructions is 10% and the project will be depreciated over the first 

10 years in our case [32]. The project costs will be computed in USD ($) and converted to 

Moroccan Dirhams (MAD) afterwards. 
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Table 7 : Project’s Economic Specifications [30] 

Economic Life (years) 25 

Discount Rate 2.25% 

Depreciation Rate 10% 

O&M Escalation Rate 3% 

PV Cost per Capacity ($/Wdc) 1.42 

Inverter Cost per Capacity ($/Wdc) 0.1 

PV O&M Cost per Capacity ($/kW/yr) 15 

Annual System’s Degradation 0.5 % 

Salvage Value 0 

 

The Solar CAPEX includes the investment in the solar project as well as the replacement 

costs (R&R) of the inverters each 10 years with a cost of $0.1/W [30]. According to SAM, the cost 

per capacity for a single owner PV project with the technical specifications mentioned above is 

$1.42/Wdc [30]. 

 PV Initial Investment 

𝑃𝑉 𝐶𝐴𝑃𝐸𝑋 = $1.42/𝑊 ∗ 0.47𝑘𝑊 ∗ 1000 

𝑃𝑉 𝐶𝐴𝑃𝐸𝑋 = $ 667.4 

 Inverters R&R 

𝑅&𝑅 = 2 ∗ 0.47 𝑘𝑊 ∗ 1000 ∗ $0.1/𝑊 

𝑅&𝑅 = $94 
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 Total Solar CAPEX 

𝑆𝑜𝑙𝑎𝑟 𝐶𝐴𝑃𝐸𝑋 = 667 + 94 = $761 

3.5.2 Desalination CAPEX 

 Initial Investment 

Table 8 : Desalination Initial Investment 

4 Membranes ($200 each) $800 

1 Pressure Vessel $450 

Pressure Amplifier $1000 

Sand Filter $100 

Calcite Filter $30 

2 Valves ($10 each) $20 

CAPEX ($) $2400 

 

 Membranes R&R 

In our system, only membranes require replacement every 5 years; therefore, we will 

replace them 4 times over the project’s economic life of 25 years. 

𝑅&𝑅 = 200 ∗ 4 ∗ 4 = $3200 

 Total Desalination CAPEX 

𝑆𝑜𝑙𝑎𝑟 𝐶𝐴𝑃𝐸𝑋 = 2400 + 3200 = $5600 
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3.5.3 Levelized Costs of Electricity and Water 

 

We computed the levelized cost of electricity using the project’s amortization using Eq. (1) 

and got a LCOE of $0.051/kWh which is a low cost for small-scale systems because usually the 

lower the energy production, the higher is the LCOE even though PVRO has proven cost-

effectiveness in larger capacities desalination plants [10]. (See Appendix D) 

 

                                                           (1) 

 

For the levelized water cost, we used our methodology in [10] as well (mainly using Eq. 

(2)) for both the volume flow rates; the actual 0.0857 m3/day with SW30-2514 membranes and 

0.08 m3/h used for SW30-2540 in ROSA9 in order to compare our LWC with theirs. (See 

Appendix C) 

        (2) 



45 
 

 For permeate 0.08m3/h, we got a LWC of 1.21 $/m3 using our methodology and ROSA9’s 

cost analysis gave a LWC of 1.24 $/m3 which confirms our own cost analysis methodology 

in [10]. 

 For permeate 0.0857 m3/day, on the other hand, we got a LWC of $4.5/m3 using our 

methodology (since we cannot do it using ROSA9 to compare) which is very high. The 

reason behind it is that the project’s annual investment (the nominator of LWC formula) is 

way higher than the annual yield permeate (the denominator). Actually, this cost should 

not be a problem since the families using this system would produce their own water and 

will not have to pay for it. All what they need to pay for is a total CAPEX of: 

𝑇𝑜𝑡𝑎𝑙 𝐶𝐴𝑃𝐸𝑋 = 𝑆𝑜𝑙𝑎𝑟 𝐶𝐴𝑃𝐸𝑋 + 𝐷𝑒𝑠𝑎𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝐶𝐴𝑃𝐸𝑋 

𝑇𝑜𝑡𝑎𝑙 𝐶𝐴𝑃𝐸𝑋 = 761 + 5600 = $6361    Equivalent to   59 868,65 𝑀𝐴𝐷 

 

4. Design, Study, and Simulation of the Thermal System 

4.1 Working Principle 

Thermal desalination in our design will be performed using evaporation of seawater in a 

heat exchanger followed by condensation. Heat will be transferred to feed water from a heat 

transfer fluid that flows in a loop process from the parabolic trough CSP collector to the heat 

exchanger, and then pumped back to the collector. 
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Figure 17 : Thermal System Design  

 

4.2 Parabolic Trough Collector Components  
 

4.2.1 Design of the Parabola 

 

The design of the parabolic mirror is a significant aspect of the parabolic trough collector. 

It represents the surface that reflects the direct normal irradiation to concentrate it onto the focal 

point where the receiver is located. Therefore, an optimal design of the parabolic mirror is very 

important to get the right sun tracking.  
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Figure 18 : Geometric Representation of the Reflection of Rays at the Parabolic Mirror [14] 

We have the equation of the cross sectional parabola:              𝑦 =
𝑥²

4𝑓
 

 Geometrical Parameters of a Parabolic Trough 

 

Figure 19 : Geometrical Parameters of a Parabolic Trough [14] 

The length of the parabola is independent on other geometrical parameters [14] while the 

aperture width affects the concentration ratio which designs the ratio of the area of the parabola 
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to the area of the receiver [33]. In order for the parabolic trough to resist wind and rain and to 

reduce maintenance costs, it is recommended for the trough length to be less than double of the 

aperture width:               𝑎 < 𝑙 < 2 ∗ 𝑎     

Where f is the focal length which represents the distance between the focal point and the vertex 

of the parabola. The shape of the parabola is, therefore, dependent on this parameter. The rim 

angle represents the angle between the line of the focal length and the optical line. It determines 

the geometry of the parabola; for example, two parabolic troughs with the same rim angle are 

geometrically similar [14]. The rim angle is a very important factor such that it affects the 

concentration ratio and the irradiance. Most importantly, it should be neither too small nor too 

large [14]. A small rim angle would lead to a narrow mirror which would minimize the irradiance 

reflected into the receiver. On the other hand, a very large rim angle would lead to a large reflection 

which would decrease the concentration ratio [14]. Taking a fixed aperture width, increasing the 

rim angle causes a decrease in the focal length as the following figure shows: 

 

Figure 20 : Relationship between the rim angle and the focal length [14]  
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The rim angle is expressed in terms of the ratio of aperture width to the focal length: 

 

Solving for the ratio
𝑎

𝑓
 in the second order equation, we get the formula from which we can directly 

calculate the focal length: 

 

According to [14], the optimal rim angle for real parabolic troughs is around ѱ = 80°. Taking the 

aperture width to be 1.125 m as shown in the following table, we get a focal length f = 0.3352 m. 

Thus the coordinates of out focal point are FP (0, 0.3352). 

Table 9 : Specifications of the System’s Parabolic Trough 

Trough Length  l= 1.5 m 

Aperture Width  a= 1.125 m 

Collector Height h= 1 m 

Focal Length f= 0.3352 m 

Rim Angle Ѱ= 80° 

 

             The previous parameters were taken from literature review; Tzivanidis et al. [34] and Jafari 

Mosleh et al. [35] who took an aperture width to length ratio of 3:4. Since the length of the 

parabolic trough is independent on the other parameters, we chose a length of 1.5 and got the 

aperture width by applying the ratio 3:4. For the collector height, we took it to be 1m in order to 

make cleaning of the mirror easy. Using these parameters, we can calculate both the surface area 
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of the mirror which is useful for material selection and the aperture area which we use to get the 

energy seized from the sun. 

The aperture area is calculated using the formula:        

𝐴 = 𝑎. 𝑙 

𝐴 = 1.125 ∗ 1.5 

𝐴 = 1.6875 𝑚² 

According to [8], the mirror area is calculated as follows: 

 

𝐴 = (
1.125

2
∗ √1 +

1.1252

16∗0.33522 + 2 ∗ 0.3352 ∗ ln(
1.125

4∗0.3352
+ √1 +

1.1252

16∗0.33522 ))*1.5 

𝐴 = 1.8685 𝑚² 

 Concentration Ratio Calculation 

The concentration ratio is defined as the ratio of the collector aperture area to the receiver aperture 

area. Here we will take the receiver aperture area as the area of a cylinder:   

 

 

=  
1.125

0.042 ∗ 𝜋
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=  8.526 𝑚² 

 Energy Rate from the Sun 

At first, we chose to start from the parabolic trough dimensioning in order to get the total energy 

rate resulting from solar irradiance. The aperture area as previously calculated is: Aa= 1.6875 m²  

The DNI over 5 sun peak hours a day in W/m² is: 

𝐷𝑁𝐼 = 6.177 𝑘𝑊ℎ/𝑚²/𝑑𝑎𝑦 

𝐷𝑁𝐼 =  
6.177 ∗ 103

5ℎ
 

𝐷𝑁𝐼 = 1235.4 𝑊/𝑚² 

Using the DNI in the chosen region and accounting for an 80% efficiency in our parabolic trough 

mirror, the power from the sun can be calculated using the following equation: 

𝐴𝑎 =
�̇�

𝐷𝑁𝐼 ∗ 𝜂
 

�̇� = 𝐴𝑎 ∗ 𝐷𝑁𝐼 ∗ 𝜂 

�̇� = 1.6875 ∗ 1235.4 ∗ 0.8 

�̇� = 1667.8 𝑊 

4.2.2 Receiver 

The receiver or the heat pipe through which the HTF will be flowing will have a thickness 

of 2 mm and will be bounded by a glass tube of the same thickness. Around 10 mm of vacuum 
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will separate the actual receiver tube from the glass one. The dimensions were approximated 

according to [34] who used a 0.02 m inner receiver diameter tube with a 1 m length. On the other 

hand, the experimental desalination study using a heat pipe flow [34] used a receiver diameter of 

0.047 m with a tube length of 1.8 m. The diameter we chose for this design aligns with the standard 

pipe dimensions that are commercialized.  

The material that we chose for the inner tube in the receiver is copper due to its extremely 

high thermal conductivity k= 386 W/m.K and effectiveness in minimizing heat losses [36]. The 

receiver will be black anodized or black-coated in order to maximize its absorption and to 

minimize heat losses that are related to emitted radiations and to air convection. Moreover, the 

tube will be evacuated and thus covered by a 2 mm transparent glass cover that will enclose the 

receiver in vacuum so as to minimize heat losses and moisture degradation. 

 

Figure 21 : Receiver Layers 
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Figure 22 : Receiver Ring 

 

Table 10 : Dimensions of the Receiver 

Inner receiver diameter Dir = 0.040 m 

Outer receiver diameter Dor = 0.042 m 

Inner glass diameter Dig = 0.052 m 

Outer glass diameter Dog = 0.054 m 

Tube length l= 1.5 m 

 

4.2.3 Heat Transfer Fluid  

Heat Transfer Fluid is used as a medium to transport heat collected from the sun in the form 

of thermal energy to the power block. In the receiver, sun rays are absorbed by the glass tube which 

transmit heat to the metallic tube by radiation. The tube walls then transfer heat to the HTF by 

convection. The selection of a convenient HTF is very significant in this study if we want to lower 

energy consumption and investment costs. It depends on many factors including the operating 
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climate, the temperature needed, the thermal energy storage, etc. [37]. Generally, the following 

requirements define an optimal HTF [14]: 

 It should be in the liquid state 

 It must have a low boiling point and a high freezing point in a cold climate and vice versa 

for a desert climate [38] 

 A low viscosity implies a small pumping energy consumption   

 In order to increase the efficiency of the power block, the HTF must have a sufficiently 

high maximum evaporation temperature while keeping a thermal stability to avoid cracking 

due to very high temperatures 

 The fluid must have a high specific heat capacity and a high heat conductivity 

 Cost-effectiveness; meaning low investment and operating costs 

 Environmentally friendly; for example, low inflammability and low explosiveness 

 

 Some types of HTF 

Synthetic Thermal Oil has a low freezing temperature such that it stays in the liquid phase at 

12°C. It has a very high specific heat and it reaches a relatively high evaporation temperature 

Tmax= 400 °C. However, thermal oil is expensive and goes through aging processes which adds 

replacement costs [14]. 

Molten Salts allow a higher efficiency of the Rankine Cycle by reaching an evaporation 

temperature of Tmax= 450°C-550°C. Therefore, storage size can be reduced when Molten Salts 

are used as a storage medium. Likewise, they are cheaper, non-toxic, and non-inflammable. 

However, they have very low freezing points (120°C- 220°C) [14]. 
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Synthetic Thermal Oil and Molten Salts are two types of HTF have been used since a long time 

chiefly as storage mediums since they can reach high maximal temperatures [14].  

Water is first of all non-toxic and non-expensive compared to other HTFs. It is easy to 

pump due to its low viscosity and it has a high specific heat capacity. However, water shows the 

drawback of low boiling point and high freezing point. Plus, its pH always needs to be maintained 

neutral to avoid corrosiveness. To avoid the latter, water is mixed with glycol (Ethylene and 

Propylene Glycol) which act as anti-freezers when maintained in the appropriate concentrations. 

However, anti-freezers degrade with time and need to be changed every 3 to 5 years [38]. 

In our case, water is the optimal heat transfer fluid since it is cheaper and even adding anti-

freezers would not be much expensive. In fact, adding anti-freezers to our system would save us 

time and energy though it will not be operating overnight. However, we should be careful because 

adding too much chemicals might increase the viscosity of water and thus require more energy for 

pumping. Since our system will be designed for arid and semi-arid regions, the high freezing point 

should not be a problem. The low boiling point issue can be overcome by insulating the HTF tube. 

Properties of water as a HTF at Ti  = 21°C = 294 K 

Table 11 : HTF Properties 

Specific Heat Capacity (kJ/K.kg) cp = 4.181 kJ/K.kg 

Density (kg/m3) ᵨ = 997.99 kg/m3 

Dynamic Viscosity (N.s/m²) µ= 0.0010016 (N.s/m²) 

 

 Inner Area of the Receiver 

𝐴 = 𝜋 ∗ 𝐷 ∗ 𝐿 
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𝐴 = 𝜋 ∗ 0.04 ∗ 1.5 

𝐴 = 0.1885 𝑚² 

 Volume of the receiver 

𝑉 =
𝜋𝐷²𝐿

4
 

𝑉 =
𝜋 ∗ 0.0402 ∗ 1.5

4
 

𝑉 = 1.885 ∗ 10−3 𝑚3  

 Mass of the HTF 

𝑚 = 𝜌 ∗ 𝑉 

𝑚 = 997.99 ∗ 1.885 ∗ 10−3 

𝑚 = 1.8812 𝑘𝑔  

 Velocity of HTF 

Accordingly to the way we chose the dimensions of the receiver, we took a mass flow rate 

similar to the once used by [34] since this system has many variables that need to be determined 

(�̇�=0.02 kg/s). Thus, we were able to find the inlet velocity and mass flow rate of HTF in the tube 

receiver. From the equation of mass flow rate dependency on velocity, we retrieved the latter: 

�̇� = 𝜌 ∗ 𝑉 ∗ 𝐴 

𝑉 =
�̇�

𝜌 ∗ 𝐴
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𝑉 =
0.02

997.99 ∗ 0.1885
 

𝑉 = 1.063 ∗ 10−4  𝑚/𝑠 

4.3 Heat Transfer Analysis 

In a parabolic trough receiver, heat is transferred to the heat transfer fluid in three forms; 

first from sun to the surface through Radiation, then through the material thickness of the tube 

using conduction, and from the inner surface of the tube to the fluid through convection. 

4.3.1 Thermal Circuit 

By analogy, a thermal circuit is similar to an electric circuit in which we investigate on 

temperature difference instead of voltage difference. The temperature in the 1-D thermal circuit 

model is changing only from one direction. As a representation of thermal losses, each layer of the 

receiver will be replaced by a resistance called thermal resistance. [39] 

In the thermal circuit scheme below, heat in lost from the sun by radiation and a very small 

portion of heat is lost by convection in ambient air. The temperature at the surface of the glass 

mirror decreases due to conduction through the glazing. Again, heat is lost in vacuum by radiation 

since the glazing is transparent and by convection which is almost neglected in vacuum. Again, 

heat is lost between the tube’s outer and inner surfaces by conduction through the thickness of the 

material. 

 Conductive Thermal Resistance 

 

k: thermal conductivity of the conduction mean 
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L: thickness of the mean layer 

 

 Convective Thermal Resistance 

 

H: convective heat transfer coefficient 

A: convective heat transfer area 

 

To calculate the total resistance, we add up the sums of the resistances in series and in 

parallel using the same concept in electrical circuits. Using the total resistance, we can calculate 

the heat flow through the circuit. 

                                   

 Heat Flow through the circuit 

 

Tin: the initial temperature of the thermal circuit 

Tf: the final temperature of the thermal circuit 
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Figure 23 : Thermal Circuit of the Receiver 

 

 

Figure 24 : Half-cut of the Vaulted Receiver Layers 

 

4.3.2 Radiation 

Radiative heat transfer can be described as the internal motion of molecules of a body due 

to electromagnetic waves. It is the only heat transfer mean that takes place without a heat transfer 

medium; just through vacuum. Electromagnetic waves travelling at the speed of light are emitted 

by any surface with temperature above 0 °C. Radiant heat transfer occurs when the emitted 

radiation strikes another body and is absorbed [39]. Theoretically, the Black Body is considered 

as the perfect emitter and absorber since it absorbs all incident electromagnetic waves 

independently of direction and length; it has an emissivity of 1.0 [40]. The amount of radiation 
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energy emitted from a body depends on its material, the temperature of its surface, and its 

conditions [40]. 

According to Stefan-Boltzmann’s Law, the amount of energy emitted by a body is:  

𝑄𝑟𝑎𝑑̇ = 𝜀 ∗ 𝜎 ∗ 𝐴 ∗ 𝑇4 

𝑄𝑟𝑎𝑑̇  is radiation heat transfer 

T is the temperature of the body’s surface 

A is the area of the body 

σ is the Stefan-Boltzmann constant 𝜎 = 5.669 ∗ 10−8 𝑊/𝑚². 𝐾4  

 

 The material that is used in the tube receiver is copper which will be black anodized in 

order to minimize heat losses. The emissivity of black anodized copper is 𝜀 = 0.88 

 Assuming that the same DNI that the parabola receives is reflected on the receiver: 

�̇� =
𝑄𝑟𝑎𝑑̇

𝐴
= 1235.4 𝑊/𝑚² 

Then the temperature at the surface of the receiver is: 

𝑇𝑠 = √
�̇�

𝜀 ∗ 𝜎

4

 

𝑇𝑠 = √
1235.4

0.88 ∗ 5.669 ∗ 10−8

4

 

𝑇𝑠 = 396.69 𝐾 = 123.67 °𝐶 
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4.3.3 Conduction 

Conduction is the transfer of heat through a solid material or a stationary fluid. Metals are 

perceived to have a very high thermal conductivity because they contain electrons that collide in 

the hot side of the metal and thus transfer heat to the cooler side until equilibrium is reached [39]. 

In our receiver, there will be conduction in the vacuum cover made of glass and in the actual tube 

that is made of copper. The rate of heat transfer by conduction is:  

𝑞 = −𝑘 ∗ 𝐴 ∗
∆𝑇

∆𝑥
 

k: thermal conductivity of the material 

A: cross-sectional area of conduction 

∆𝑇: Temperature difference between the inner and outer surfaces 

∆𝑥: Distance between the two surfaces 

 

4.3.4 Convection 

Convection is the transfer of heat by the movement of the heat transfer fluid. As a matter 

of fact, the motion of fluid particles plays a significant role in the transfer of heat; therefore, 

knowing the average velocity in the pipe is important. The measure of the degree to which a fluid 

is effective in transferring heat by convection is called Convective Heat Transfer Coefficient. 

In our case, we have an internal forced convection. For simplicity, we chose to have a fully 

developed laminar flow in a tube receiver with a circular cross sectional area. As for large pressure 

differences between the inner and outer surfaces of the tubes, they can be resisted thanks to the use 

of a circular pipe [40]. 

The rate of heat transfer from a surface by convection is given by Newton’s Law of Cooling: 

�̇� = ℎ ∗ 𝐴 ∗ (𝑇𝑠 − 𝑇𝑚) 
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h: convective heat transfer coefficient (W/m².K) 

A: heat transfer area 

Ts: temperature of the surface 

Tm: mean fluid temperature 

 

4.4 Fluid Dynamics Analysis 

The figure below shows the development of velocity profile of the HTF undergoing a fully 

developed laminar flow in a pipe. The fluid enters the pipe with an initial velocity that decreases 

at the walls until it reaches zero due to the no-slip condition of a viscous fluid that becomes stuck 

to the surface of the stationary solid. On the other hand, the velocity in the centerline of the circular 

pipe increases until it reaches its maximum. In the case of an incompressible flow in a constant 

circular cross section, we work with the constant Vavg disregarding small errors. In the entrance 

region, the flow is two-dimensional since velocity varies in 2D. After the flow fully develops, the 

velocity varies only in one-dimension (1D flow) [41]. 

 

 

Figure 25 : Fully Developed Laminar Flow 
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 Reynold’s Number 

𝑅𝑒 =
𝜌 ∗ 𝑉𝑎𝑣𝑔 ∗ 𝐷

𝜇
 

In a fully developed laminar flow, the average velocity is half the maximum velocity in the 

centerline. From our CFD simulation using ANSYS, we could find the maximum velocity at the 

centerline of the tube as well as the average velocity:  

𝑉𝑚𝑎𝑥 =  1.251 ∗ 10−4 m/s  

  𝑉𝑎𝑣𝑔 =
𝑉𝑚𝑎𝑥

2
= 6.255 ∗ 10−5𝑚/𝑠 

The Reynold’s Number Equation becomes: 

𝑅𝑒 =
997.99 ∗ 6.255 ∗ 10−5 ∗ 0.04

0.0010016
 

𝑅𝑒 = 2.493 

As a matter of fact, the flow is laminar when Re < 2300 which our case; Re= 2.493 

 Calculation of hcopper 

 Nusselt Number:  

In a laminar flow and for or a circular cross sectional area with a constant surface heat flux, 

the Nusselt number is: 

𝑁𝑢 =
ℎ𝐷

𝑘
= 4.36 

 Given the thermal conductivity of pure copper: k= 386 W/m.K and the inner diameter of 

the tube Din= 0.04 m    
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 The convective heat transfer coefficient:  

ℎ =
𝑘 ∗ 𝑁𝑢

𝐷
 

ℎ =
386 ∗ 4.36

0.04
 

ℎ = 42 074 𝑊/𝑚². 𝐾 

 Hydrodynamic Entry Length Calculation 

 

𝐿 ℎ = 0.05 ∗ 2.493 ∗ 0.04 

𝐿ℎ = 4.98 ∗ 10−3𝑚 

 Pressure Drop Calculation 

A drop in the initial pressure occurs due to the viscosity of the HTF; this drop also called 

Pressure Loss is the main reason of energy loss in the pipe. 

∆𝑃 = 𝑃1 − 𝑃2 

∆𝑃 =
32 ∗ 𝜇 ∗ 𝐿 ∗ 𝑉𝑎𝑣𝑔

𝐷²
 

∆𝑃 =
32 ∗ 0.0010016 ∗ 1.5 ∗ 6.255 ∗ 10−5

0.04²
 

 

∆𝑃 = 1.879 ∗ 10−3𝑃𝑎  
 

The pressure loss in the receiver is very small which means that most of the pressure drop 

will come from the head loss in the heat exchanger. The heat exchanger pressure drop will be 

calculated later in the heat exchanger section. 
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4.5 Numerical Simulation Using ANSYS 

                                                             

4.5.1 Steady-State Thermal Analysis 

In this first simulation, the goal was to find the temperature in the inner surface of the copper 

tube after conduction. The boundary conditions were the initial temperature of the HTF which is 

Tin=21 °C= 294 K besides the temperature at the surface Ts= 123.7 °C = 396.7 K from radiation. 

Two other properties of the material were entered; particularly the thermal conductivity of pure 

copper k= 386 W/m.K and the heat transfer coefficient that we computed previously hcopper= 42 

074 W/m².K. Concerning the geometry, we chose to perform a 2D analysis for simplicity and 

accuracy of the results; so the simulated geometry was half the annulus of the copper tube. The 2D 

analysis allowed us to have a nice meshing with a skewness of  3.096 ∗  10−3 << 1.  
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Figure 26 : Receiver Half-Annulus Meshing using ANSYS 
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The simulation gave the temperature in the inner surface T= 113.8 °C which was assumed 

to be equal, by conduction, to the temperature of the fluid in direct contact with that surface. The 

temperature did not decrease much by conduction due the high conductivity of pure copper. 

 

 

Figure 27 : Temperature Change Results due to Conduction 
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4.5.2 Computational Fluid Dynamics Analysis 

In Fluent Flow, we performed a 2D analysis of the tube’s long rectangular face view. The 

outer diameter of the receiver’s annulus is Dor= 0.042 m with 1 mm thickness of the copper material 

and the inner diameter is Din= 0.04 m. To give a representation of the fluid flow along the 1.5 m 

length of the receiver, we drew half of the inner diameter Lhalf=0.020 m where the HTF actually 

flows and used the centerline symmetry in order to get the lower similar half with a total length of 

L=Din=0.04 m. The face meshing was fine in this part since the geometry is rectangular while the 

boundary conditions were the inlet velocity 𝑉 = 1.063 ∗ 10−4 𝑚/𝑠 as well as the temperature of 

the inner surface found in the Steady-State Thermal analysis. 

 

Figure 28 : Receiver 2D Meshing Using ANSYS 

 Velocity Profile 

Obviously, the flow is a fully developed laminar due to the small inlet velocity. The no-

slip condition is visible also in the simulation results such that the velocity is zero near the walls. 
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Plus, the flow in 2D in the entrence region before it quickly turns to 1D in the fully developed 

region. The entry length is too small as we found theoretically and the fully developed region is 

reached in the velocity profile due to the fact that the inlet velocity is too small. The maximum 

velocity at the centerline as well as the average velocity are also found using this simulation and 

used in the fluid dynamics theroretical study above. 

 

 

Figure 29 : Velocity Profile 

 

4.6 Heat Exchanger 

In this design, we will use a counter-flow double-pipe heat exchanger [40] as shown in the 

following figure: 
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Figure 30. Counter-flow Heat Exchanger 

 Heat Exchanger Design Equation 

�̇� = 𝑈 ∗ 𝐴 ∗ ∆𝑇𝑙𝑚 

�̇�= heat transfer rate in the heat exchanger 

U: overall heat transfer coefficient 

∆𝑇lm= log mean temperature difference of the two fluids in the inlets and outlets  

A: heat transfer area 

 

Accounting for an 80% heat exchanger efficiency, we can find the exit temperature of the 

HTF from the equation of heat transfer rate supplied by the HTF to seawater: 

�̇� = �̇�𝐻𝑇𝐹 ∗ 𝑐𝑝 ∗ 𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡  

 

𝑇𝑜𝑢𝑡 = 113.83 −
1.6678 ∗ 0.8

0.02 ∗ 4.181
 

 

𝑇𝑜𝑢𝑡 = 97.9 ° 𝐶 

The log mean temperature  

THin: The temperature of the HTF at the inlet of the heat exchanger 113.83 °C  

THout: The temperature of the HTF at the outlet of the heat exchanger 97.9 °C 

TCin: Initial seawater temperature 21°C 

TCout: Boiling Temperature of seawater 100.5195 °C 
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Since salinity dependency is also present in thermal systems, the boiling temperature of 

seawater would be greater than the one of pure water due to the presence of dissolved salts. For 

seawater with a salinity of 35 000 ppm, the boiling temperature increases by 0.5195 °C [42]. 

 

 

∆𝑇𝑙𝑚 =
(113.83 − 100.5195) − (97.9 − 21)

ln(
113.83 − 100.5195

97.9 − 21 )
 

∆𝑇𝑙𝑚 = 36.25  

 Heat Transfer Area   

To be able to design the heat exchanger, we need to compute the heat transfer are in order to 

have an idea about the length of the tube inside it. Noting that the overall heat transfer coefficient 

between water and brine is a minimum of 600 W/m².K [43]. 

The heat transfer rate equation becomes: 

𝐴 =
�̇� ∗ 𝜂

𝑈 ∗ ∆𝑇𝑙𝑚

 

𝐴 =
1667.8 ∗ 0.8

600 ∗ 36.25
 

𝐴 = 0.0613 𝑚² 
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Length of the tube merged in the heat exchanger: 

𝐴 = 𝜋 ∗ 𝐷 ∗ 𝐿 

𝐿 =
𝐴

𝜋 ∗ 𝐷
 

𝐿 =
0.0613

𝜋 ∗ 0.04
 

𝐿 = 0.48 𝑚 

Around 200 L/day of seawater at 21°C will be supplied to the heat exchanger and expected 

to yield to 80L/day. Heat will be transferred from the HTF to the receiver made from copper and 

then to seawater by conduction and convection. Seawater will evaporate after its temperature 

increases above the boiling point and will go to the condenser. The resulting concentrated brine 

will be extracted from the heat exchanger later at night. 

Properties of Seawater at Tin = 21°C = 294 K 

Table 12 : Seawater Properties 

Density (kg/m3) 𝜌 = 1025 kg/m3 

Specific Heat (kJ/kg.K) cp = 4.007 kJ/K.kg 

Dynamic Viscosity (N.s/m²) µ= 0.00105 N.s/m² 

 

The mass of 80L of seawater that we be desalinated per day: 

𝑚 = 𝜌 ∗ 𝑉 

𝑚 = 1025 ∗ 0.08  

𝑚 = 82 𝑘𝑔 
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Now, we will calculate the time needed to get 80L/day using constant �̇�= 1.6678 kW: 

∆𝑡 =
𝑄

�̇�
 

∆𝑡 =
𝑚 ∗ 𝑐𝑝 ∗ (𝑇𝑓 − 𝑇𝑖)

�̇� ∗ 𝜂 ∗ 3600
 

∆𝑡 =
82 ∗ 4.007 ∗ (100.5195 − 21)

1.6678 ∗ 0.8 ∗ 3600
 

∆𝑡 = 5.44 ℎ 

It would take more than 5 hours to desalinate 80L/day using 1.6678 kW we get from the 

DNI in the region of Mirleft and the parabola we previously designed. In this case scenario, we 

are accounting for 5 sun peak hours to collect solar energy for this process; meaning we are not 

using Thermal Energy Storage. An alternative would be decreasing the yield of 80 L/day to 40 

L/day for a family of 2 to 4 people for example. The time needed to desalinate 40 L/day using 

constant �̇�= 1.6678 kW would be around 3 hours which is more feasible per day. 

∆𝑡 =
𝜌 ∗ 𝑉 ∗ 𝑐𝑝 ∗ (𝑇𝑓 − 𝑇𝑖)

�̇� ∗ 𝜂 ∗ 3600
 

∆𝑡 =
1025 ∗ 0.04 ∗ 4.007 ∗ (100.5195 − 21)

1.6678 ∗ 0.8 ∗ 3600
 

∆𝑡 = 2.72 ℎ 

 Pressure drop in the heat exchanger tube  

∆𝑃 = 𝜌 ∗ 𝑔 ∗ 𝐿 

∆𝑃 = 997.99 ∗ 9.81 ∗ 1 
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∆𝑃 = 9790.3 𝑃𝑎 

The pressure drop occurs mainly in the heat exchanger tube since the receiver pipe pressure losses 

are negligible.  

4.7 Pump  

A pump will be needed in order to push back the hot HTF that leaves the heat exchanger 

to the parabolic trough receiver. This device would need electrical power to operate which could 

be supplied from a small PV panel. There are two main types of pumps: 

 Centrifugal Pumps or Dynamic Pumps which are meant to increase pressure and 

accelerate the pumped fluid by increasing its velocity [44]. 

 Positive Displacement Pumps which consist of fixed volume cavities that force the fluid 

mechanically out of the pump [45]. 

 

 Calculation of the Needed Electric Power 

In order to know how much electrical energy is needed during the day for this process, we 

need to calculate the required power to overcome the pressure loss in the receiver. The pumping 

power depends on the HTF velocity that should be maintained [41]. 

�̇� = �̇� ∗ ∆𝑃 

�̇� =
�̇�

𝜌
∗ ∆𝑃 

�̇� =
0.02

997.99
∗ 9790.3 

�̇� = 0.2 𝑊 
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By multiplying the pumping power by the time it takes to evaporate the seawater mass 

m=82 kg, we get the electrical energy that will be provided from photovoltaic solar panels. 

𝐸 = �̇� ∗ ∆𝑡 

𝐸 = 0.2 ∗ 5.44 

𝐸 = 1.08 𝑊ℎ 

The pumping power and electrical energy requirement are small due to the low pressure 

drop in the heat exchanger tube and the negligible power losses in the receiver’s pipe. Increasing 

the heat exchanger tube are would increase the pressure drop in the latter. This would not only 

give a more reasonable pumping power requirement, but also decrease the time needed for 

desalination and thus make the system more efficient. 

4.8 Bearing Structure 

The supporting structure of our parabolic trough in particular and our system in general is 

significant since it affects the investment cost. Likewise, a strong bearing structure would help 

resist unfavorable weather conditions such as rain or wind besides providing optimal sun tracking 

if the mirror is stable and well oriented [33].Using cantilever arms or beams as in large-scale 

parabolic trough plants would not only increase the costs of our system but also constrain its 

mobility. The bearing structure of our system would use the least possible material needed for 

optimal sun tracking and external forces resistance. The structure will basically be integrated into 

the whole thermal desalination system in the form of a rectangular box.  

Another important aspect of the bearing structure is the material to be used, its thermal 

expansion, and its mechanical resistance. For example, stiffness is very important because any 

deviation in the shape causes losses in optical efficiency [14]. Since we do not want our material 



76 
 

to distort; expand or contract when heated or cooled, we have to choose a material with a low 

coefficient of thermal expansion. The linear thermal expansion is expressed using the following 

formula: 

∆𝐿 = 𝐿 0 ∗ 𝛼 ∗ ∆𝑇 

 ∆𝐿: Change in length (m) 

 L0: Initial length (m)  

 𝛼: Linear expansion coefficient (K-1) 

 ∆𝑇: Change in temperature (K) 

In the context of our design, a stable lightweight construction is highly recommended for 

a small-scale desalinator. Since the coefficient of thermal expansion describes the fractional 

change of length per change in temperature, a material with a smaller 𝛼 should be selected. Besides 

its light weight and low cost, wood shows less thermal expansion (3*10-6) compared to steel 

(11.75*10-6) or aluminum (22.5*10-6) [46].  
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5. Conclusion 

The goal of this project was to design and simulate two mobile solar seawater desalination 

systems and compare between their energy requirements and costs.  

The PVRO system resulted in a low specific energy requirements using small SW30-2514 

membranes to result in 85.7 L/day which is more than the previously desired capacity of 80L/day. 

The theoretical computations are matching the simulation results using ROSA9. The total 

investment of the system would be around 60 000 MAD including reinvestment over 25 years 

which can be further mitigated by reducing pre-treatment and post-treatment costs. Though the 

LCOE and LWC seem high due to the small yield, the users should not worry about these since 

they would be producing their own potable water from the sea using electricity from the sun. 

In the CSP-powered thermal desalination system, ANSYS simulations were used as a 

support to the theoretical study. In fact, there were many variables in the system; some of them 

were determined from literature review or similar problems while others were either calculated or 

estimated. The overall time needed to give a yield of 80 L/day of fresh water using our thermal 

design was around 5 hours a day. The values of pumping power and electrical energy requirement 

are extremely small due to the low pressure drop in the receiver. In this process, HTF flows through 

the system in iterated loops where values of temperature and pressure change at each time and that 

is basically the working principle of large-scale systems such as MED or MSF. However, the 

overall time needed to give a yield of 80 L/day of fresh water using our design was around 5 hours 

a day which is sufficient for 5 operating sun peak hours. More permeate could be reached either 

by working on sun tracking and efficiency optimization or by increasing the parabola dimensions 

in which case the system would not be mobile anymore. Contrarily, decreasing the yield resulted 

in less desalination time in the heat exchanger which made the energy we have sufficient. 
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6. Future Work 

This project is the continuation of a published work in the Journal of Materials and 

Environmental Sciences (JMES), done in the context of my R&D internship with Alto Solution 

and entitled: “Cost-Effective Solar Seawater Desalination in San Diego Bay Area CA, USA”.  

This capstone was intended to be a comparative study of two designs and performances, a 

membrane and a thermal one, for the same desalination capacity to find the economically feasible 

one for remote areas in Southwestern Morocco.  

 The membrane system design is complete. However, PV array sizing and technical details 

should be further investigated so as to come up with the exact solar project costs and 

performances. 

 In the thermal system and since the process of evaporation is iterative, a numerical study 

should be carried for tracking the changes in the initial temperatures of the HTF during the 

desalination time. Plus, Thermal Analysis and CFD will be performed using ANSYS to 

confirm the theoretical results for the heat exchanger. The condensing part of the system 

should also be tackled theoretically and empirically. Once the thermal system is complete 

and an optimal power requirement is found out for the pump, a small PV study will be 

performed so as to do a cost analysis for the thermal system and thus compare the two 

systems. 

 Brine management techniques will be carried out in order to avoid discharging concentrate 

back into seawater though the brine volumes might seem small compared to the sea. 

Moreover, pre-treatment Filtration methods for removing heavy suspensions to avoid pipe 

damaging should also be investigated to guarantee good operation of the system. Also, 

continuous cleaning of the heat exchanger should be taken into consideration. 
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Appendices 

Appendix A: ROSA9 Simulations 
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Appendix B – RO System Design Overview 
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Appendix C – SW30-2540 Cost Analysis using ROSA9 
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Appendix D – LCOE Calculator 
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Appendix E – LWC Calculators 
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Appendix F – CFD Pressure and Temperature Simulations 
 

 

 

 

 

 

 


