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KURZFASSUNG 

Trotz das Wissen von globale Trinkwasserverfügbarkeit, fast die Hälfte der Welt hat die 

Wasserknappheit besonders die Mittelmeer und Nordafrikanische Länder. Das Hauptziel 

dieser Masterarbeit ist eine Machbarkeitsanalyse der „Multiple Effect Distillation“ 

(MED), die thermische Meerwasserentsalzungstechnolgie.   

 

Die Arbeit beschreibt eine Fallstudie eines Simulation für eine Entsalzugsanlage eines 

Hotelstandortes in Nord Zypern. Die Studie verfügt über Anlagendesign und 

Leistungsdaten, damit erreicht man niedrigen spezifischen thermischen und elektrischen 

Bedarf. Ein detailliertes mathematisches Modell wurde für die Entsalzungsanlage 

entwickelt, die auf den Stoff- und Energiebilanzen für jede Stufe in der MED -  

Entsalzungsanlage aufbaut. Ein verbessertes Modell für diese Entsalzungstechnologie 

wäre eine zusätzliche Einheit eines Thermo - Dampf – Kompressor. Mit dem verbesserten 

Modell wurde der GOR Werte verdoppelt und der spezifische thermische Wärmebedarf 

auf die Hälfte seines Wertes gesenkt.  

 

Mittels einer Meerwasservorwärmungstechnologie, könnte diese Entsalzungsanlage 

ganzejährige betrieben werden. Damit kann die Soletemperatur auf 43 bis 48 °C 

abgehoben werden. Das Modell wird mit der Simulationssoftware DEEP bewertet. 

Mittelmeerländer haben ein großes Potenzial für erneuerbare Energien besonders in der 

Solarthermie. Mitteltemperaturkollektoren wie z.B. Parabolrinnenkollektoren erreichen 

die Temperatur von 180 °C und wären eine Lösung für Dampfversorgung dieser 

Entsalzungsanlage. Der Ersatz fossilen Brennstoffe durch solarthermische Energie ist 

eine saubere und nachhaltige Lösung und ein idealer Maßstab für die zukünftigen 

erneuerbaren Entsalzungsanlagen.



Abstract                                Advanced Solar Desalination for Tourism Industry in Cyprus 

IV  

 

ABSTRACT 

Despite the fact that global water is apparently abundant, almost half of the world faces 

the water scarcity especially in the Mediterranean and North African regions. The main 

purpose of this work is the assessment of Multiple Effect Distillation, a thermal                             

desalination technique in water stressed countries in the Mediterranean region. 

 

The thesis describes a case study for desalination plant solution of capacity 900 m3/d for 

a hotel location in Cyprus. The study features plant design and performance data ensuring 

low specific electrical and thermal energy consumption. A detailed mathematical model 

is developed for the 8 - effect desalination plant which is based on the mass and energy 

balances for the streams flowing through each stage of the MED unit. The performance 

of the desalination can be predicted. An improved model for the desalination technology 

can be suggested by installing an additional unit called as thermo – vapour compressor. 

The Gained Output Ratio (GOR) and specific thermal energy consumption values of 13.6 

and 40.1 kWhth/m
3 respectively are obtained from the improved model.   

 

The plant can be operated throughput the year by implementing an innovative technique 

of sea water preheating. This helps in achieving the required brine feed temperature of 

about 43 – 48 °C. The improved plant model is assessed by a simulation software, DEEP. 

The Mediterranean region has huge potential in renewable energy especially in solar               

thermal energy. A medium temperature parabolic trough collector operating at 180 °C 

will be used to supply the steam for desalination plant. With the fossil fuels powering 

most of the desalination plants, the use of solar thermal energy can be a clean and              

sustainable option and an ideal benchmark for the future renewable desalination plants.  

 

Key Words: 

Tourism Industry, Cyprus, MED - Desalination, Thermo - Vapour Compressor, Seawater 

Preheating, Parabolic Trough Collectors
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1 INTRODUCTION 

An issue of water scarcity is getting acute in the European (EU) countries especially in 

the Mediterranean regions with a burden of increasing population, affluence and the 

change in lifestyles. Water stress can be observed either due to the excess demand of 

water during a certain period or the poor quality of its use. The Water Stress Index (WSI) 

is one of the main indicators to quantify the water stress in in any region or country.  

 

In 2003, OECD classified the water stress severity into three distinct groups namely           

moderate, medium high and high as shown in table 1. 

Table 1: Classification of Water Stress Indices 

Stress Index Type Stress Index Value (in %) 

Moderate 10- 20 % 

Medium –High 20 – 40 % 

High > 40 % 

Amongst the EU countries, eastern Mediterranean regions like Cyprus ranks high in terms 

of percentage of water stress with a value of about 65 %. Figure 1 shows the water stress 

index value for different countries in Europe. 

 

              Figure 1: Water Stress Index in Europe [1] 
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Additionally, the World Resource Institute (WRI) suggests that Cyprus has one of the 

highest with a baseline water stress score of 5.00. The main reason is the rapidly                 

expanding tourism industry in Cyprus [2]. 

1.1 WATER CONSUMPTION IN THE TOURISM INDUSTRY 

 

Figure 2: Share of Tourism on Domestic Water Use [3] 

On an average, the global daily water consumption for a tourist is 222 l/d. Cyprus is the 

world’s second largest water consumer in terms of the tourism industry. The Guest to 

Hosts Ratio is 1:1, which in other cases should ideally not exceed 1:6. As seen in the 

figure 2, Cyprus ranks second amongst the countries with respect to the water                              

consumption for international tourism due to its long coastlines and pleasant weather.  

The sector-wise consumption of water for Cyprus can be seen in figure 3.    
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Figure 3: Sector-wise Water Demand in Cyprus [4] 

The international tourism is responsible for 17.4 % of the domestic water in Cyprus which 

corresponds to about 4.8 % of the total national water usage. Various tourist activities 

like golf and skiing add to the water use. The coastal locations generally dominate in 

terms of the water consumption. The consumption of water by golf courses varies                   

considerably, depending on soils, climate and golf course size. In Cyprus a golf courses 

require 10,000 to 15,000 cubic meters per hectare per year [5]. Due to the recent approvals 

for large gardens and landscaping activities, the water demand is expected to rise in the 

near future. 

Different data sources suggest the value for the per capita tourist water consumption in             

Cyprus. According to Gössling Report (2011), the per capita water consumption by                

tourists in Cyprus is about 0.400 m3/d (400 litres/d) [6]. This would be the best estimate 

for the per capita water consumption value of the tourists in Cyprus.  
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2 MARKET ANALYSIS OF CYPRUS 

Cyprus is a small island nation located in the east Mediterranean region and third most 

populous country in the Mediterranean. Previously it was controlled by the British         

Empire and was granted independence in 1960. The Cyprus is partitioned into two parts, 

the area controlled by the Cypriot Government covers 59 % of the total area, whereas the 

Northern Cyprus controlled by the Turkish Authority covers an area of 37 %. The             

remaining area passing through Nicosia is UN Buffer zone.  

                                                      

Figure 4: Cyprus - Political Map 

Cyprus experiences a subtropical Mediterranean climate. The rainfall occurs usually     

during the winter, whereas the summers in Cyprus are mostly dry. The average daily 

temperatures in the range of 7 to 35 °C. Most of the months in the year (generally May – 

October) have maximum ambient temperatures greater than 25 °C.   

                    

Figure 5. Average Daily Ambient Temperatures (Source: METEONORM 7.1) 
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2.1 ECONOMY OF CYPRUS 

The economy of Cyprus is mainly dependent on agriculture. Tourism, trade and the public 

sectors also play an important role in the economy. The tourism industry contributes about 

6 % of its GDP.  

2.1.1 TOURISM INDUSTRY IN CYPRUS 

Cyprus is one of the popular destinations in summer for the tourists across the globe. 

Cyprus is divided into two separate parts namely Northern Cyprus (Turkish Occupied) 

and Republic of Cyprus (Greek Occupied). However the statistical data with respect to 

tourism, industry and other sectors is represented as a single country “Cyprus (CY)” in 

the EU as well as worldwide.  

Tourism industry is one of the largest economic sectors in Cyprus. Cyprus ranks as the 

40th most popular tourist destination in the world. Considering the current political         

scenario in Turkey, the total number of tourists are expected to increase in Cyprus. About 

80% of the tourist arrivals in Cyprus are from the European countries. British tourists 

remain the most traditional tourists in Cyprus. Due to a strong legislation against casino 

business in the gulf countries, Cyprus is a popular destination with its casino resorts. The 

golf courses are also a major tourist attraction in Cyprus. Most of these golf courses are 

located in Paphos. The Northern Cypriot Government is also planning to build new golf 

courses in Famagusta.  

Some of the popular destinations in Cyprus are: 

− Ayia Napa 

− Larnaca 

− Limassol 

− Paphos  

− Nicosia 

− Famagusta 

− Kyrenia 
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2.1.2 TOURIST OCCUPANCY IN CYPRIOT HOTELS 

According to the 2015 CYSTAT data for tourism, Cyprus had an annual arrival of 2.6 

million tourists [7]. The period between July and September has the maximum inflow of 

the tourists. According to the 2015 EUROSTAT data, figure 6 shows the percentage of 

occupancy for the tourists in month of September [8] 

              

Figure 6: Net Bed Occupancy by Tourists in the Hotels in EU, September, 2015 [8] 

All the hotels irrespective of their locations (either in the Republic of Cyprus or Northern 

Cyprus) are clubbed together for data analysis in the EU 28 as Cyprus (CY). Therefore 

the net bed occupancy levels can be applicable to all the resorts and hotels lying in both 

the regions. Knoema data in figure 7 provides an exact value of the monthly bed                 

occupancy level of the tourists. Cyprus has the maximum demand in terms of bed               

occupancy mainly due to its casinos, golf courses and water sports.  

 

Figure 7: Monthly Net Bed Occupancy by Tourists in Cyprus (Source: Knoema) [9] 

25%
29%

37% 40%

65%

79%
87% 90%

81%

68%

39%

26%

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Monthly Occupancy Rate



Advanced Solar Desalination for Tourism Industry in Cyprus 

- 7 - 

2.2 NEED FOR DESALINATION IN CYPRUS                                       

Due to the gradual decrease in rainfall over a period of time, the ground water has been 

over exploited in Cyprus. These existing conditions have a constant saline water intrusion 

along with quality deterioration in coastal aquifers and depletion of inland aquifers. Sea 

water intrusion in the aquifers has lowered the quality of fresh water in various areas near          

Limassol and Larnaca. 

Cyprus has certain problems with respect to water stress. One major problem in Cyprus 

is that of over-pumping of water through illegal boreholes which is a common activity 

practised in several countries in the Mediterranean region. This activity has a serious     

effect on the quality of groundwater. With regards to this issue Helmer (1997) stated that 

in Cyprus, due to the numerous illegal boreholes and uncontrolled water withdrawals, salt 

water intrusion has become a serious problem. The underground water in certain areas 

such as Larnaca are so salty that this water is not suitable to irrigate the salt - tolerant 

crops. Although the use of illegal bore holes is widely used by the agricultural sector, 

they are also used by several other industries such as the tourism industry. Such extraction 

is forcing water authorities in several islands to find out the possible alternative solutions 

for the production of fresh water such as desalination [10]. 

Owing to these concerns regarding the water scarcity and the tourist occupancy level 

along with a 648 km long coastline, sea water desalination is one of the prospective          

solutions in Cyprus.  
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3 DESALINATION 

The desalination process consists of production of distilled water from salt water sources 

such as sea water or brackish water. As desalination is an endothermic process, it requires 

a considerable amount of energy [11]. Figure 8 shows the basic principle on which any 

desalination technology works. 

                                                                                           

Figure 8: Basic Principle of Desalination Technology 

Desalination has been developed in the 4th Century itself. Potable water was produced by 

boiling the sea water and absorbing the steam by sponge. Since then, sea water                    

desalination technology has become quite popular. There has been a phenomenal increase 

in use of this technology since last six decades. The total global installed desalination 

capacity was 67 million m3/d in 2012. The latest estimation by June, 2015 indicates 18426 

plants with a worldwide cumulative capacity of about 86.8 million m3/d. Figure 9 shows 

the desalination technologies by different feed water categories.  

 

Figure 9: Available Worldwide Desalination Capacity based on Feed Water Sources [12] 
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About 150 counties worldwide have installed desalination plants. The gulf countries share 

majority of these installations. Figure 10 shows the country - wise share of the installed 

desalination plant capacity. 

                                                                              

Figure 10: Country - wise Installed Desalination Plant Capacity [13]                                                                  

3.1 CLASSIFICATION OF DESALINATION TECHNOLOGIES 

The general classification of desalination technologies is according to three criteria:  

− Product extracted from sea water 

− Type of separation process  

− Type of energy used 

 

Figure 11: Classification of Desalination Technologies [14]                         
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3.1.1 MEMBRANE DESALINATION 

Membranes or filters play an important role in separating the salts from the saline water. 

Technologies like Electro dialysis (ED) and Reverse Osmosis (RO) use this principle for 

the production of fresh water. Although this desalination technology was used to obtain 

fresh water from brackish water, various techniques have also been developed for             

distillation of seawater. Identifying the need to remove contaminants that affect the long-

term filter operation, several filtration techniques like micro – filtration, nano – filtration 

and ultra - filtration have been developed.  

 

3.1.2 THERMAL DESALINATION 

Thermal distillation process involves heating the saline water to produce water vapour. 

This vapour in turn is condensed to obtain distilled water. Multistage Flash Distillation 

(MSF) was one of the widely used desalination technique. However due to the increasing 

problems of scaling and corrosion, a new technology Multiple Effect Distillation (MED) 

was developed. Other technologies existing in low capacities are Vapour Compression 

(VC) methods. The global share of the technologies can be seen in figure 12.  

                                                                                         

Figure 12: Available Worldwide Desalination Capacity based on Technologies [12] 

Nevertheless, RO technology continues to lead the pack in terms of global desalination 

installed capacity. In spite of its domination, the thermal distillation technologies such as 

MED, MSF and VC distillation are rapidly expanding and are anticipated to play an       

important role in the future. 
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3.2 COMPARISON OF PERFORMANCE OF DESALINATION TECHNOLOGIES 

Depending on the energy source, the desalination technologies have their process              

efficiency characterized on the basis of either specific thermal or specific electrical energy          

consumption (or both). Due to the lower performance characteristics of MSF and MVC 

technologies, MED and RO type technologies are used as reference calculations as shown 

in table 2.  

Table 2: Comparison of Performance of Desalination Technologies [15] 

Parameters Technology 

MED RO 

State of art Commercial Commercial 

Sp. Thermal Consumption (kJ/kg) 145 – 390 ---- 

Sp. Electricity Consumption (kJ/kg) 1.5 -2.5 2.5 – 7 

Investment Costs ($/m3) 900 – 1700 900 – 1500 

Recovery Ratio (%) 23 – 33 % 20 – 50 % 

Maximum Brine Temperature (°C) 55-70 45 

Reliability Very high Moderate 

Maintenance Frequency per year 1-2 Several times 

Pre Treatment Simple Demanding 

Product Quality (in ppm) < 10 200-500 

The RO plants have certain limitations: 

− The sea water requires a lengthy pre-treatment process before entering the membrane.   

− The water quality obtained has a Total Dissolved Solids (TDS) level up to 500 parts 

per million (ppm) which requires a demanding post – treatment process. 

− The requirement of higher amount of electrical power for the pumps.  

On the contrary, the MED Plant produces fresh water with a TDS level up to 10 ppm. The 

MED Plants are more reliable, easy to maintain and do not require an extensive                         

pre-treatment or post-treatment.  
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3.2.1 ADVANTAGES OF MED DESALINATION PROCESS 

There are certain merits associated with the use of MED Plants namely: 

 Lower electricity consumption 

 Possibility of powering by waste heat from the power plants 

 High quality distillate (TDS level ~10 ppm) 

 Less complicated pre – and post –  treatment  

3.2.2 LIMITATIONS 

In comparison to the membrane technologies, MED technology requires an additional 

source of energy demand in the form of heat energy.  

3.3 EXISTING DESALINATION PLANTS IN CYPRUS  

Since 1960, the Government of Cyprus has emphasized on production of good quality 

water. The average annual rainfall has significantly decreased. From the year 1991-2010, 

the average annual rainfall decrease by 15 % compared to the rainfall from 1961-1990. 

These conditions have forced Cypriot Government to implement alternative fresh water 

production techniques like sea water desalination technology [16]. 

As per 2015, Cyprus has installed seven main desalination plants with a total capacity of 

about 2.72 million m3 per day. Other than Garyllis, the only major brackish water              

desalination plant, all other desalination plants have sea water as its primary source. All 

the desalination plants use RO technology for production of fresh water.  The desalination 

plants are either of the Build, Own, Operate and Transfer (BOOT) or Build, Operate and 

Transfer (BOT) type.  

The first desalination plant was installed in the year 1997 at Dhekelia. Over the years 

desalination plants were installed at various location like Limassol, Larnaca and Paphos.  

Majority of these desalination plants lie in the Republic of Cyprus. The water supply in 

the Northern Cypriot regions takes place through various pipelines from the Republic of      

Cyprus and Turkey. 

Figure 13 shows the major desalination plants installed in Cyprus. 
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Figure 13: Desalination Plant Locations in Cyprus                       

Most of the desalination plants are located in the southern part of Cyprus. Table 3            

provides the data of these existing desalination plants.  

Table 3: Desalination Plants in Cyprus [16] 

Location Type Yr. of Establishment Capacity (m3/d) 

Dhekelia Permanent 1997 60000 

Larnaca Permanent 2001 60000 

Moni Mobile 2008 20000 

Garyllis Permanent 2009 10000 

Paphos Mobile 2010 30000 

EAC (Vasilikos) Permanent 2011 50000 

Limassol Permanent 2012 40000 

 

Currently several desalination plants installed in Cyprus use RO technology. Therefore 

MED Desalination solution can be an appropriate technology for its performance               

assessment in the water stressed regions like Cyprus. Due to the concentration of the     

desalination plants mostly in the Republic of Cyprus, a water stressed location in the 

Northern Cypriot region is selected for the case study.   



Advanced Solar Desalination for Tourism Industry in Cyprus 

- 14 - 

3.4 CASE STUDY: MED DESALINATION TECHNOLOGY 

The tourism industry can be considered as a typical application for the assessment of 

desalination plant performance. A case study is carried out for implementation of such 

MED desalination plant technology for a five star hotel, Kaya Artemis Resort and Casino 

located in Bafra, Northern Cyprus.  

Figure 14: Kaya Artemis Resort and Casino 

Located in the district of Famagusta, Kaya Artemis Resort and Casino is a five star resort 

spread over an area of 165,000 m2. The hotel and casino covers a space of about 65000 

m2 with a total capacity of 2500 beds. It has several lavish restaurants and swimming 

pools with one of them heated by using a conventional heater during winter period. It also 

has several amenities like fitness, spa, water sports, and entertainment. However the main 

attraction is its casino. As casinos are not allowed in the resorts in the middle – east, the 

Kaya Artemis Resort and Casino is an important location. Therefore the occupancy level 

of the tourists is rather high.  

3.4.1 EXISTING FACILITIES 

The Kaya Artemis Resort and Casino has an existing Certuss boiler for the generation of 

steam in various applications such as laundries and space heating. It also has two machine 

rooms with chillers for supplying the necessary cooling demand for its hotel and casino.  

 



Advanced Solar Desalination for Tourism Industry in Cyprus 

- 15 - 

               

Figure 15: Existing Facilities in Kaya Artemis Resort         

3.4.1.1 SPECIFICATIONS OF THE SERVICES 

3.4.1.1.1 CHILLERS 

− Machine Room 1: Compression Chillers (2 units)   

Capacity: 864 kW and 462 kW 

− Machine Room 2: Compression Chillers (2 units) 

Capacity: 1050 kW and 1050 kW 

3.4.1.1.2 BOILER: CERTUSS STEAM BOILER  

− Capacity: 2000 kg/hr 
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4 MED DESALINATION 

MED Desalination is a thermal desalination process which consumes heat and                

electricity for the production of distilled water. MED Desalination is one of the improved 

desalination techniques replacing the traditional thermal desalination technologies like 

MSF. The steam cycle (Rankine Cycle) enables lesser power losses compared to MSF. 

The MED Desalination uses inexpensive materials, but has excellent scaling control and 

operates at a top brine temperature of 70 °C.  In principle, MED plants can be configured 

for high temperature or low temperature operation.  

Figure 16: Multiple Effect Desalination [17] 

In the MED technology, the feed water is sprayed or distributed onto the surface of the 

evaporator surface in a thin film so as to enable its evaporation as shown in figure 16. The 

evaporation of the feed water takes place in different chambers (effects), hence the name 

Multiple Effect Distillation. Some of the studies refer to MED desalination as Multiple 

Effect Evaporation (MEE). The inlet feed water from saline sources such as seas or lakes 

is heated by the steam from the boiler or the power cycle. It produces the water vapour 

which heats the feed water in the succeeding effect. The pressure in each effect (chamber) 

is less than the preceding effect .The process continues up to the given no. of effects. 

Vapour produced in the last effect is condensed in a condenser.  

 

Condenser helps in ejecting the excess heat energy from the plant. Additionally it uses 

this ejected energy for heating the incoming sea water. This can help in achieving an                  

adequate temperature for injecting the feed water into each evaporator effect.   
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Figure 17 shows the basic layout of the MED plant. It includes n effects and n-1 flash 

distiller boxes. The effects are numbered from 1 to n. The vapour moves from left to right 

(considering the direction of flow).  

 

Figure 17: MED Desalination Layout 

The inlet sea water always moves in the direction perpendicular to flow of steam in the 

evaporator effects. Steam is introduced into the tube in the first effect, whereas, the feed 

water is sprayed on the shell side. The brine spray forms a thin falling film on the             

succeeding rows within the evaporator. As a result the brine temperature increases beyond 

its saturation temperature and evaporates to form a vapour in the effect. This vapour is 

used to heat the 2nd effect, which later condenses on the tube side after giving away its 

latent heat of vaporization. Each effect produces the vapour which in turn heats the feed 

water in the succeeding effect. This process continues till n effects. Each effect has an 

evaporator, brine spray nozzles, brine pool and space for the vapour. Condenser is located 

at the end of last evaporator effect.  

 

The maximum vapour temperature in the first effect are also called as Top Brine                       

Temperature (TBT).  The temperature and pressure decreases gradually in each effect due 

to the boiling point elevation (BPE), non-equilibrium allowance and frictional losses in 

the demister and condensation. Therefore the amount of vapour formed in each effect is 

less than the amount formed in the previous effect.  

The main considerations for the desalination plant is the design of evaporator, demister 

and condenser and the selection of brine feed configuration.  



Advanced Solar Desalination for Tourism Industry in Cyprus 

- 18 - 

4.1 EVAPORATOR 

Thermal desalination involves generation of fresh water vapour from the sea water or 

brackish water. The incoming steam from the succeeding effect condenses on one side of 

the evaporator, whereas distilled vapour is produced on the other side. Evaporator and 

condenser are the most important components in the MED desalination plant. Several 

configurations are carefully studied in order to select the appropriate configuration of tube 

bundles and design of the evaporator.  

 

The tube bundles should not be exposed to the brine. This can avoid the problems related 

to scaling and corrosion. Thus the capacity of heat exchanger surface with anti-scaling 

materials can be reduced. MED plants have several available configurations for the heat 

exchanger like vertical tube falling film, vertical tube climbing film, horizontal tube      

falling film and plate heat exchanger [18]. 

 

                              

Figure 18: Two Effect Submerged Tube Evaporator [18] 

Submerged tube evaporators are used generally for household purposes. Earlier they were 

also used in certain industrial desalination plants. However due to rapid fouling and      

scaling of the outside surface of the tubes, they are no longer used. It also requires a 

lengthy and expensive procedures for cleaning the tube bundles.   
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Figure 19 shows the plate type evaporators. The steam condenses on one side of the plate 

whereas the water evaporates on the other sides. The plates are manufactured using         

materials such as metal, plastic or polymers. These evaporators have high heat transfer 

coefficient, smaller space requirements and lower fouling resistances. Yet these                          

evaporators are only available on an experimental scale.  

                                                                                         

Figure 19: Plate Type Heat Exchanger [18] 

The drawbacks of fouling and difficulty in cleaning the tube bundles is minimised by 

using falling film configuration. There are two types of configurations available namely 

vertical and horizontal falling film evaporators. 

                                                                                             

Figure 20: Vertical Film Evaporator [18] 

Due to the difficultly in maintaining the film formation, dry patches may occur giving 

rise to scaling and uneven tube expansion. Thus the horizontal falling film configuration 

as shown in figure 21 is the most preferred technology.  
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Figure 21: Horizontal Film Evaporator [18] 

The horizontal film evaporators have the following characteristics: 

− High wetting rates 

− High heat transfer coefficients  

− Better monitoring of scaling or fouling.  

− Efficient water distribution over the heat exchanger surfaces  

The horizontal falling film configuration is used in most of the MED and MSF plants due 

to their characteristics to handle seawater scaling.  

4.2 DEMISTER 

The demister is a component installed in each evaporator effect which helps to avoid the 

brine droplets mixing with the generated vapour or the distillate. Several types of designs 

for demisters are available such as mesh type, vane pack or other structures. Mesh type is 

one of the commonly used demister designs.  

                                                                                       

Figure 22: Wire Mesh Demister [19] 
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As shown in the figure 22, the mesh demister consists of several layers bound together in 

order to retain liquid droplets entrained by the water vapour. Demisters are placed                    

horizontally such that the collected entrained vapour droplets on the wire mesh merge 

into larger droplets. Wire mesh demisters are capable of producing distillate with a                     

salinity as low as 0 – 5 ppm. Performance of demister depends on various factors such as 

vapour velocity, wire diameter, thickness of the mat and the construction materials.  

4.3 CONDENSER AND FLASH DISTILLER 

Last stage in the desalination plant is the condenser. It is mainly used for releasing the 

heat of vapour produced in the last evaporation effect. Condenser utilises this energy and 

heats the inlet sea water up to an adequate brine feed temperature. The distillate from each 

effect might possess a fraction of vapour which can damage the piping and the pump 

during its circulation. Therefore the distillate is allowed to pass through a separator which 

helps to obtain pure liquid distillate. The vapour formed in flash distiller is used as a steam 

input for the removal of non – condensable gases formed in the evaporator effects.  

 

Other than these important components, it is important to remove the non – condensable 

gases from the system. The vents are provided for each evaporator and condenser effects 

for better purging and removal of non-condensable gases. Lesser effective removal of                

non-condensable gases causes more losses of heat inside the desalination plant. The vent 

for last effect (condenser) is connected to the vacuum producing equipment to compress 

the non-condensable gases. Usually a steam jet ejector is used to operate the gas separator 

which finally ejects these gases into the atmosphere. 

4.4 BRINE FEED CONFIGURATION 

The configuration for feeding in the sea water for desalination needs to be designed in 

such a way that it would be less complicated and energy extensive. This allows better 

vaporisation of brine and performance. Depending on the direction of the brine feed flow 

with respect to the vapour flow different configuration of brine feed are available namely 

Conventional, Backward and Parallel [20]. 
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4.4.1 FORWARD BRINE FEED CONFIGURATION 

The brine feed is directly fed into the first effect. After the vapour formation, remaining 

brine is circulated in the succeeding effect. The circulation continues until the last effect, 

where the leftover brine is discharged into the environment. The forward feed                             

configuration as shown in figure 23, is not used on an industrial scale in the desalination 

plants. However the sugar and textile industries use this technology.   

 

Figure 23: Forward Brine Feed Configuration [20] 

4.4.2 BACKWARD BRINE FEED CONFIGURATION  

 

Figure 24: Backward Brine Feed Configuration [20] 

As shown in figure 24, in the backward feed configuration, the sea water first enters in 

the last effect which has lowest temperature and pressure. Due to the increase in pressure 

and temperature across the effects, brine pumping units are required between each effect. 

Thus this configuration requires higher pumping power and maintenance cost. In              

addition, the brine with higher concentration has higher temperature, which implies that 

the temperature concentration profile is beyond the soluble limits of Calcium Sulphate 

(CaSO4).  
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4.4.3 PARALLEL BRINE FEED CONFIGURATION   

Figure 25: Parallel Brine Feed Configuration [20] 

Unlike the conventional brine feed configuration, the parallel brine feed configuration as 

shown in figure 25 distributes the brine feed in such a way that brine from each effect is 

collected individually and then discharged together into the environment. Better value of 

overall heat transfer coefficient is achieved due to an equal distribution of brine feed in 

each effect.   

The parallel feed configuration possesses certain benefits: 

− Simpler piping design 

− Reduction in pressure drops for the pipes due to reduced no. of bends  

− Lower pump power requirement for brine circulation  

− Effective heating of brine in each effect due to reduced feed flow.  

The selection amongst the three configurations also depends on the variation in the salt                     

solubility. Salt solubility is a function of the top brine temperature and the maximum 

brine concentration. Higher brine temperature or salinity values leads to scale formation. 

Thus the pumping energy demand is higher and heat transfer efficiency will be reduced, 

thereby yielding a lower product flow. 

 

Figure 26 and 27 shows the salt solubility for various brine feed configurations. 
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Figure 26: CaSO4 Solubility for Forward/Backward Feed Configuration [20] 

                                                                       

Figure 27: CaSO4 Solubility for Parallel Feed Configuration [20] 

From the figure 26, for the forward and backward feed configurations, the highest                 

concentration brine is subjected to highest temperature. Thus the concentration profile 

crosses the solubility limit for CaSO4. This makes the makes the backward brine feed 

configuration inappropriate. The parallel feed configuration has several advantages             

compared to forward feed as mentioned in its benefits. For reducing the frequency of 

chemical cleaning, the operational temperature of the brine is limited to 70 °C.             

Therefore considering the solubility limits of CaSO4 and the merits, the parallel 

brine feed configuration is chosen for the desalination plant.  
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4.5 SELECTION OF DESALINATION PLANT CAPACITY 

The two main parameters to be estimated for the selection of the desalination plant            

capacity are per capita water consumption by the tourists and net bed occupancy.  

 

− Per Capita Water Consumption for Tourists (𝑾𝒄𝒂𝒑𝒊𝒕𝒂) 

As per section 1, the daily per capita water consumption by the tourists in Cyprus is 0.400 

m3 (400 litres).  

 

− Net Bed Occupancy Rate (𝑶. 𝑹𝒏𝒆𝒕) 

As per the occupancy rates in Figure 7 in the topic Tourist Occupancy in Cypriot Hotels, 

the month of August has the highest bed occupancy level of 90 %. This value is used for 

calculation of the plant capacity.   

4.5.1 CALCULATION OF DESALINATION CAPACITY 

The Desalination plant capacity is calculated using following steps: 

Step 1: The maximum bed capacity of the hotel. 

Step 2: The maximum net bed occupancy rate (As per the Occupancy Level in Figure 7). 

Final Step: Total Desalination Plant Capacity  

For the given bed capacity 𝐵max, the desalination plant capacity can be calculated as: 

𝑃𝑙𝑎𝑛𝑡𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝑂. 𝑅𝑛𝑒𝑡 ∗ 𝐵max ∗ 𝑊𝑐𝑎𝑝𝑖𝑡𝑎                                                         [4.1] 

For the given values the water consumption comes out to be 900 m3 /d. 
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4.6 SENSITIVITY ANALYSIS OF THE PLANT CAPACITY 

Desalination plant capacity depends on two main factors namely, per capita water                 

consumption, and the net bed occupancy by the tourists. The change in any of these                 

parameters affects the capacity of the desalination plant.  

The per capita water demand is high during the summer seasons for water sports, showers 

and restaurants. The tourist occupancy level is not significantly changed.  However the 

trends show an increase of about 1.5 % in the peak occupancy level each year.  Due to 

the introduction of grey water techniques, the demand can be reduced in near future. For 

an existing demand, the per capita consumption of water is assumed as 0.4 m3/d.    

Therefore the selection of capacity value of 900 m3/d is justified. 

4.7 SELECTION OF NO. OF EFFECTS FOR MED PLANT  

An iterative method is used to find out the appropriate no. of effects for the MED Plant. 

The latent heat at the top brine temperature is calculated. This indicates that the latent 

heat of vaporisation is used for the first effect for calculation of quantity of steam. The             

calculations have been carried for several effects from 7 to 10. An average pressure drop 

of 0.03 bar and a temperature drop of 2.5 °C is considered between each effects.  

Table 4 shows the distillate flow in the first effect, required steam flow rate for heating 

the feed water in the first effect and estimated brine rejection temperature. 

Table 4: Selection of No. of Effects 

No. of 

effects 

Distillate 

Flow (kg/s) 

Estimated 

Brine Rejection 

Temp. (°C) 

Steam 

required 

(kg/s) 

Gained Output 

Ratio (GOR) 

7 1.35 51 1.49 12.8 

8 1.19 50 1.30 13.5 

9 1.05 49 1.18 14.2 

10 0.94 48 1.05 15.7 
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Following factors are considered for the final selection of no. of effects: 

− Specific Heat Consumption (kWhth/m
3) 

− Total heat exchanger surface area for desalination plant 

− Estimated brine rejection temperature 

− Gained Output Ratio (GOR) value 

The selection of the no. of effects mainly depends on the percentage savings made in the 

specific heat consumption. Figure 28 shows the correlation of the specific heat                 

consumption and the no. of stages (considering condenser along with the evaporator          

effects) for the MED desalination plant.  

Figure 28: Specific Heat Consumption of MED Desalination Plant [21] 

From figure 28 it is clear that the higher no. of effects have lower specific heat                             

consumption. Along with the significant energy savings and higher GOR value, the                        

investment costs are also a major constraint. Increasing the no. of stages also increases 

the investment costs. The investment costs are linearly proportional to the no. of stages, 

whereas, the specific energy consumption has a hyperbolic co-relation with respect to the 

no. of stages.  
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Figure 29: Specific Thermal Energy and Investment Cost per year v/s No. of Stages [21] 

Therefore the no. of effects are selected considering the energy savings, investment costs 

as well as other specific requirements. In this case of a proposed plant for the Cypriot 

resort, sea water preheating is also a necessary aspect to be considered for selection of 

no. of effects which will be discussed later in section 8.1. For the plant, the brine rejection 

temperature after the 8th effect is reduced to such an extent that it is difficult to use the 

overall brine rejection temperature for preheating the inlet sea water.  

Considering the required heat exchanger area, the estimated brine temperature and the 

amount of steam required, the MED desalination plant design with 8 evaporator effects 

and a condenser is the most suitable one.  
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4.8 PRE AND POST – TREATMENT 

For implementing a desalination technology, two main aspects must be included namely 

pre-treatment of inlet sea water and post-treatment of distilled water as shown in figure 

30. This ensures that the fresh water meets the required standard for its final use. 

                     

Figure 30: Pre- and Post- Treatment for Thermal Desalination Plants [21] 

4.8.1 PRE- TREATMENT  

Pre-treatment of the inlet sea water is important as it removes the major impurities from 

the desalination plant. This helps in increasing the life of the plant components. The      

thermal desalination plants require lesser pre-treatment due to its robustness compared to 

membrane type desalination plants. [18]  

Pre-treatment for MED desalination has following stages: 

− Grid filtration and settling of suspended solids: It ensures reduction in the                     

concentration of suspended solids in the brine feed to the permissible values. 

− Disinfection: The disinfectants like hypochlorite, chlorine etc. are added to reduce 

the formation of algae and avoid biofouling in the cold parts such as feed ducts, filters. 

− De-aeration: De-aeration helps in two ways, firstly by reducing the quantity of CO2, 

which can cause scaling and secondly by reducing in non- condensable gases which 

can reduce the performance of the evaporators. 

− Addition of anti-scaling agents: It uses polymeric or dimeric acids or chelating 

agents to avoid the formation of calcium salts.  

− Addition of Antifoaming agents: Polyglycols are typically added to avoid the         

formation of foam during the evaporation process.  
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4.8.1.1 LIMITING FACTORS FOR OPERATION 

Scaling is more severe in the MED desalination plants due to evaporation on the external 

surface of the evaporator tubes and crystallisation of salts on all the possible surfaces 

(heat exchanger, nozzles, demisters and pipelines). Appropriate measures need to be 

taken against scaling based on dependency of solubility and chemical equilibrium of the 

salts. Figure 31 shows the limiting factors for the plant operation. 

 

                         

Figure 31: Limiting Factors for Operation of MED Desalination Plants [21] 

Following measures need to be undertaken for avoiding the crystallization of salts: 

− Decomposition of bicarbonates to carbonates 

− Avoiding formation of calcium carbonate. 

− Avoiding formation of magnesium hydroxide 

Other than scaling and fouling, two main problems arise in the MED desalination plants: 

− Impact of  foaming on distillate quality  

− Impact of inert gases on heat exchanger surfaces.  

4.8.1.2 CHEMICALS USED FOR PRE-TREATMENT                                                                                                         

Chemicals are added mainly to avoid scaling and corrosion of the surfaces. The effect of 

fouling is not so significant compared to RO technology.  
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The following chemicals are used in the thermal desalination plants for pre-treatment: 

− Chlorine : Killing microorganisms / disinfection 

− Anti-scaling agents : Prevention of hardness 

− Antifoaming agents : Prevention of formation of foam 

− Acids: Reduction of pH value for releasing CO2 

− Alkalis: Increasing the pH value to avoid corrosion 

Figure 32 shows the basic pre - treatment process for a MED desalination plant. 

                                                

Figure 32: Pre – Treatment Process in MED Desalination Plants [21] 

4.8.2   POST TREATMENT 

Once the distilled water is produced from the plant, its suitability is checked for domestic, 

industrial or drinking purposes. The requirements of post treatment methods depends 

upon the type of technology adopted for desalination and final product delivered. The 

thermal desalination methods usually produce water with TDS level of 10 – 20 ppm.  

The distillate formed from the MED Desalination contains following impurities: 

− Sodium, potassium, magnesium and calcium salts. 

− Minute quantities of metals like copper, iron, chromium and traces of pesticides  

− Microorganisms 

The reason for contamination of the distillate by heavy metals is not only due to the sea 

water but also due to the plant components such as pumps, condensers, evaporators and 

pipes. Modern plants have a copper concentration of about 0.01 – 0.1 ppm in the distillate. 
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Table 5 shows the typical composition of the distillate produced by MED desalination 

technology.  

Table 5: Typical Composition of Dissolved Solids in Distillate for MED/MSF Plants [21] 

Substances Concentration [mg/L] or [ppm] 

Sodium 7.1 

Potassium 1.9 

Calcium 0.4 

Magnesium 0.0 

Chlorine 11.0 

Sulphate 0.0 

Nitrate 0.0 

Alkalinity 0.7 

Silica 0.0 

Carbon dioxide 0.5 

Total TDS Level 19.2 

4.8.2.1 POTABILISATION OF WATER 

The distillate obtained from the MED desalination plants can be directly used in the          

industry. However for the production of drinking water, the use of certain chemicals        

processes is necessary. The following chemicals are required for the production of      

drinking water from the distilled water.  

− Alkalinisation: The main motive of the process is to produce non-corrosive water. 

The main product obtained is calcium bi-carbonate (Ca (HCO3)2). Calcium Hydroxide 

(Ca(OH)2) and CO2 are the most commonly used chemicals for alkalinisation.  

− Remineralisation: The distillate with low dissolved salts needs to be remineralised.      

Remineralisation is carried out by addition of chlorinated sea water.     

− Adjustment of pH value: The water from alkalinisation and remineralisation has a 

low pH value. Therefore Caustic Soda is added for adjusting its pH level to 8.   
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− Addition of phosphate/silicate: The first three steps are yet not self-sufficient for the 

corrosion protection. Addition of phosphate or silicates helps in developing a             

protective film.  

− Addition of fluorine: Fluorine is added in the form of sodium fluoride. A                  

concentration of 0.5 – 1.5 ppm is beneficial in preventing tooth decay, particularly for 

infants. However, higher concentration can have a negative effect on the body.  

− Aeration: Due to the high operation temperatures during desalination, the oxygen                     

content in the distillate is quite low. Addition of air improves the taste of water and 

provides an additional corrosion protection.  

− Disinfection: Even though a perfect quality of water is delivered during the processes, 

the storage and distribution of water can cause contamination. Water is disinfected 

before its final use. Chlorine gas or sodium hypochlorite is added. The chlorine         

concentration in water must be maintained between 1 – 2 ppm.  

Minute quantities of sea water (about 0.5 %) are added to adjust the final pH value of the 

product water. The Typical process chain for the potabalisation of water can be seen in 

figure 33. 

Figure 33: Process Chain for Post – Treatment [21] 

The TDS content for the final product water must lie between minimum acceptable values 

of 500 ppm to maximum allowable limit of 1500 ppm as prescribed by the World Health 

Organisation (WHO). The pH value also needs to be within the permissible limits. 
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5 MED DESALINATION PLANT CALCULATIONS 

The developed mathematical model includes the following considerations [20] : 

− Constant and equal heat transfer areas which is a standard practice for thermal            

desalination system designs 

− Heat transfer equations for modelling the heat transfer area in each evaporator as the 

sum of area for brine heating and area of evaporation 

− Model variations in thermodynamic losses such as (BPE, temperature and pressure 

drops in demisters, flashing boxes and condensation process) 

− Variable physical properties of water 

− Effects of presence of non-condensable gases on the heat transfer coefficients in    

evaporators and condenser.   

The energy and mass balance equations for condenser can be included and its solution is 

made after the iteration of evaporation effects 

The following additional assumption are to be made: 

− An average heat transfer area for all the effects is considered after final calculations.  

− Calculation of specific heat capacity value  

The specific heat capacity is calculated for the inlet sea water and brine.  

 

> Sea water (𝑪𝒑𝒔𝒘) 

The specific heat capacity of the brine is the function of the top brine temperature and 

salinity of the brine. Specific heat capacity 𝐶𝑝𝑠𝑤 depends on the end salinity of the brine 

𝑋𝐹and the brine temperature𝑇𝑠𝑤 [22]. 

 

𝐶𝑝𝑠𝑤 = (𝐴 + 𝐵𝑇𝑠𝑤 + 𝐶𝑇𝑠𝑤
2 + 𝐷𝑇𝑠𝑤

3). (10−3)                                                        [5.1] 
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> Brine (𝑪𝒑𝑩) 

Similar to the inlet sea water, the specific heat capacity of the brine is also a function of 

the top brine temperature and salinity of the brine. Specific heat capacity 𝐶𝑝𝐵 depends 

on the end salinity of the brine 𝑋𝑏and the brine temperature 𝑇𝐵 [22]. 

𝐶𝑝𝐵 = (𝐴 + 𝐵𝑇𝐵 + 𝐶𝑇𝐵
2 + 𝐷𝑇𝐵

3). (10−3)                                                              [5.2] 

(Note: For the detailed calculations of the specific heat capacity, please refer to the 

Appendix)  

Taking into consideration the above mentioned assumptions, a mathematical model is 

developed using the mass and energy balance. Three equations are possible for each   

evaporator effect. The equations for sea water are modelled as a binary mixture of fresh 

water and salt. Therefore 4n equations are used for obtaining the profiles of the flow rates 

and temperatures across the effects.    

The following list of unknown values can be seen in table 6. 

Table 6: List of Known and Unknown Parameters 

Parameters No. of Unknowns 

Brine Flow Rates (B1, B2… BN) n unknowns 

Brine Concentration (X1, X2… XN) 1 unknown ( Almost constant for all effects) 

Distillate flow rate (D1, D2... DN) n unknowns 

Effect Temperature (T1, T2... TN) n-1 unknowns 

Feed Flow Rates (F1, F2... FN) n-1 unknown 

Steam Rate (MS) 1 unknown 

Total no. of unknowns 4 n 
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5.1 CONDITIONS OF OPERATION 

To proceed with the development of the mathematical model, the inlet sea water and the 

rejected brine conditions are to be fixed. Salinity value of the inlet sea water and brine 

plays an important role for every calculation in the mathematical model. 

5.1.1 INLET SEA WATER SALINITY 

Average salinity of the sea water is about 35000 ppm. This value varies according to the 

selected location. Table 7 provides the salinity values for different locations. 

Table 7: Salinity of Sea Water at Different Locations [23] 

Sea Water Source Location Salinity (ppm) 

Eastern Mediterranean Cyprus, Turkey 38000 

Arabian Gulf Kuwait 45000 

Red Sea Jeddah 41000 

For the Kaya Artemis resort location, the inlet sea water salinity is considered to be 

38000 ppm.  

5.1.2 BRINE REJECTION SALINITY 

As per El-Dessouky’s mathematical model, the end salinity of the discharged brine is 

given by: 

𝑋𝐵 = 0.9(457628.5 − 11304.11𝑇𝐵 + 107.5781𝑇𝐵
2 − 0.360747𝑇𝐵

3)                 [5.3] 

where 𝑇𝐵 is temperature of the brine  

The expected brine salinity is about 62500 ppm. In general, the brine salinity value should 

not exceed 70000 ppm due to certain environmental reasons [24]. 

Two main concepts are considered before development of the mathematical model for the 

plants namely the concentration factor and recovery ratio.  
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5.1.3 CONCENTRATION FACTOR  

Concentration factor is ratio of the salinity of the end effect of brine to the salinity of the 

inlet sea water.  

𝐶𝐹 =  
𝑋𝐵𝑁

𝑋𝐹
            [5.4] 

where 𝑋𝐵𝑁 is salinity of the end effect brine and 𝑋𝐹 is the salinity of the inlet sea water  

For the inlet sea water with salinity of 38000 ppm and end salinity of 62500 ppm, the 

concentration factor is 1.64.  

5.1.4 RECOVERY RATIO  

Recovery ratio is the amount of distillate obtained from the given mass of inlet sea water. 

Ideally it is calculated by the formula 5.5. 

𝜑 =
𝐶𝐹−1

𝐶𝐹
                                                                                                       [5.5] 

However, due to the evaporator losses and actual distillate obtained, the recover ratio is 

represented as: 

𝜑 =
𝑀𝐷

𝑀𝐹
                                                                                                       [5.6] 

where 𝑀𝐷 is the mass of the distillate and 𝑀𝐹 is the mass of inlet sea water. 

 

5.2 DEVELOPMENT OF MATHEMATICAL MODEL 

The mathematical model is mainly developed in order to calculate the mass flows in the 

each of the evaporator effects. This ultimately helps in calculation of the performance 

values for the desalination plant.  
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Figure 34: Total Mass Balance of MED Desalination Plant 

The mass flow rate of the brine feed is calculated from the total mass balance equation. 

The overall material and salt balance equations can be written to determine the overall 

brine flow rate leaving desalination plant𝑀𝐵 and feed flow rate𝑀𝐹 using total theoretical 

distillate flow 𝑀𝐷. The equation [5.6] represents this mass balance equation.  

𝑀𝐹 = 𝑀𝐷 +𝑀𝐵             [5.7] 

The correlation of the mass flow rates of feed water and brine in terms of salinity is given 

by the formula: 

𝑀𝐹 . 𝑋𝐹 = 𝑀𝐵. 𝑋𝐵𝑁             [5.8] 

Considering the desalination plant capacity of 900 m3/d, total distillate in terms of kg/s is 

available. The individual distillate rate in any effect 𝑖 is calculated as: 

𝐷𝑖 =  
𝑀𝐷

𝑁
             [5.9] 

This distillate rate is assumed for the calculation of the required heating steam in the first 

effect. This helps in calculating the requirement of total feed flow of the plant along with 

its total expected brine flow. The distillate flow rates for remaining effects are calculated 

using the equations developed in the mathematical model.   

5.2.1 MATHEMATICAL MODEL FLOW DIAGRAM 

The mathematical model for the MED parallel flow system is developed containing the 

mass and energy balance equations as well as the heat transfer equations for each                       

evaporator effect and the condenser. These equations ultimately yield the performance 

values for the plant. Figure 35 shows the flow diagram for a MED desalination plant.  
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Figure 35: Flow diagram of MED Desalination Plant             
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5.2.2 LATENT HEAT OF VAPOURISATION 

Considering the no. of effects and the brine temperature at each effect, the latent heat of 

vaporisation can be found out by the formula: 

𝜆𝑣 = 2499.57 − 2.204864𝑋𝑇𝑣 − 2.304𝑋0.001𝑋𝑇𝑣
2                                       [5.10] 

The latent heat of vaporisation depends only on the vapourisation temperature. It is         

important in order to calculate the distillate flows in each evaporator effect.  

5.3 CALCULATION OF DISTILLATE FLOW RATE 

For the first evaporator effect, the heat is directly added from the steam generator. This 

energy is used for heating the feed water in the first effect. The energy equation for the 

first effect is calculated assuming the amount of heating steam in the first effect. This is 

obtained by the correlation between the total rated distillate in kg/s and no. of effects.  

Thus the total heating steam required for the first effect is calculated by the formula: 

𝑀𝑠. 𝜆𝑠 = 𝐷1𝜆1 +𝐹1𝐶𝑝(𝑇𝐵𝑇 −𝑇𝑓)                                                                   [5.11] 

where 𝜆𝑠 and 𝜆1 are the latent heat of vapourisation for heating steam and distillate            

respectively, 𝑇𝐵𝑇 is the top brine temperature and 𝑇𝑓 is the brine feed temperature. 

For the parallel brine feed configuration, the brine is equally distributed in each effect. 

Unlike the conventional brine feed configuration (forward feed), the mass and energy         

balance equations are different for the individual evaporator effects. 

The total feed water in the first effect is expressed as: 

𝐹1 =𝐷1 + 𝐵1                                                                                                         [5.12] 

where 𝐷1 is the amount of distillate in the first effect and 𝐵1 is the corresponding ejected 

brine from the effect.  

The generalised formula for any evaporator effect can be written as: 

𝐹𝑖 =𝐷𝑖 + 𝐵𝑖                                                                                                          [5.13] 
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(Note: The end salinity of the brine is expected to be about 62500 ppm. Due to the 

parallel brine feed configuration, the brine is equally distributed. Therefore the salinity 

of the brine from each effect is approximately the same.) 

The vapour from the preceding effect is used to heat the brine feed in the succeeding 

effect. For the second evaporator effect the energy balance equation is represented as:  

𝐷1. 𝜆1 =𝐹2𝐶𝑝(𝑇2 −𝑇𝐹) +𝐷2𝜆2                                                                        [5.14]                                                      

where 𝑑′1 is the amount of flash distillate formed with a latent heat𝜆′1 

In generalised form, the energy balance equation for the effects 2 to n is represented by 

the formula: 

𝐷𝑖−1. 𝜆𝑖−1 +𝑑
′
𝑖−1. 𝜆

′
𝑖−1 = 𝐹𝑖𝐶𝑝(𝑇𝑖 −𝑇𝐹) +𝐷𝑖 𝜆𝑖                                           [5.15] 

The first term corresponds to the heat added by the vapour formed in the previous effect. 

This formula applied for effects 2 to n. The second term on the left hand side only applies 

for the effects from 3 to n. It corresponds to the addition of heat from the condensing 

vapour generated in the flash distillation boxes. The parallel feed system has almost the 

same brine feed temperature in each effect. Thus in each evaporator the brine feed          

temperature is increased up to the brine boiling temperature. Last term represents the 

amount of heat required for conversion of the brine liquid into the vapour form.  

The distillate formed in each evaporator effect can be combined together and supplied for 

the post - treatment of these plants. There is a difference between the total theoretical and 

the calculated distillate value. This is due to the losses in demister, boiling point elevation 

and other unaccounted heat losses (i.e. losses due to the formation of non – condensable 

gases).  

The total distillate 𝑀𝐷 formed in the desalination plant is an addition of the distillate 

formed in each evaporator effect 𝐷𝑖. Equation 5.16 represents the total mass flow of the 

distillate. 

𝑀𝐷 = 𝐷1 +𝐷2 +𝐷3 +⋯……𝐷𝑁                                                                        [5.16] 
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5.4 CALCULATION OF HEAT TRANSFER AREAS 

The main heat transfer areas for calculation are evaporators and condenser.  

5.4.1 SELECTION OF HEAT TRANSFER COEFFICIENT 

The overall heat transfer coefficient is considered to have a value of 2.5 kW/m2K for the 

evaporator vessel. Considering the temperature losses and the losses in demister, the   

overall heat transfer coefficient is considered to be 0.98 times that of the preceding effect 

so as to obtain an approximate temperature difference of 2.5 °C in each effect [21]. The 

constant progress in finding corrosion resistant and better heat transfer materials, are also 

influential in keeping this coefficient value almost constant. On the other hand, the overall 

heat transfer coefficient for the condenser area 𝑈𝐶 is considered to be 1.75 kW/m2K [20]. 

5.4.2 EVAPORATOR AREA 

For the parallel feed layout, the brine in each effect has almost the same value of salinity. 

The heat transfer areas in effects 1 to n must be calculated to check the basic assumption 

of the model, i.e. equal heat transfer areas.  

The heat transfer area in the first effect is given by 

𝐴1 =
𝐷1𝜆𝑣1

𝑈1(𝑇𝑠−𝑇1)
                                                                                           [5.17] 

𝐴2 =
𝐷2𝜆𝑣2

𝑈2(𝑇1−𝑇2)
                                                                                         [5.18] 

For effects 3 to n the equation continues to be represented as: 

𝐴𝑖 =
𝐷𝑖𝜆𝑣𝑖

𝑈𝑖(𝑇𝑖−1−𝑇𝑖)
                                                                                        [5.19] 

The first evaporator effect has a higher heat exchanger area due to the direct use of steam 

from the power plant for heating. The vapour formed in each effect reduces gradually. 

Therefore for the purpose of standardisation of the selected heat transfer area, an average 

area are considered for the effects 2 to n. 
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5.4.3 CONDENSER AREA 

The distillate from the last evaporator effect obtained from the vapour state loses its latent 

heat of vapourisation such that the inlet sea water is heated to an adequate temperature 

for its entry into the evaporator effects. However there exists a temperature difference 

between the condensation temperature of the distillate and the temperature up to which 

the sea water can be heated. The energy balance equation for the condenser is given as: 

(𝑑′𝑁 +𝐷𝑁)𝜆𝑁 = (𝑀𝐹 +𝑀𝑐𝑤)𝐶𝑝𝑆𝑊 (𝑇𝐹 −𝑇𝑐𝑤)                                                     [5.20] 

It considers the vapour obtained from the last effect 𝐷𝑛 as well as the flashed vapour from 

the distiller 𝑑′𝑁.  

The Logarithmic Mean Temperature Difference (LMTD) is an important parameter for 

the calculation of the condenser area. Lower the value of LMTD, higher is the                                  

requirement of the heat exchanger surface area. This in turn increases the capital costs for 

the plant. For the brine feed temperature 𝑇𝐹 , inlet sea water temperature 𝑇𝑆𝑊 and end 

effect temperature of inlet sea water temperature 𝑇𝑁, the LMTD is represented by the 

formula: 

(𝐿𝑀𝑇𝐷)𝑐 =
𝑇𝐹−𝑇𝑆𝑊

ln(
𝑇𝑁−𝑇𝑐𝑤
𝑇𝑁−𝑇𝐹

)
                                                                                          [5.21] 

The area of the condenser is calculated as: 

𝐴𝑐 =
(𝑀𝐹+𝑀𝑐𝑤)𝐶𝑝𝑠𝑤(𝑇𝐹−𝑇𝑐𝑤)

𝑈𝑐(𝐿𝑀𝑇𝐷)𝑐
                                                                                   [5.22] 

For the operational temperature in the condenser, a difference exists between the               

minimum temperature of the heating fluid (steam) and maximum temperature up to which 

cooling fluid (inlet sea feed water) is heated. This is termed as approach point. The value 

is also influential in calculating the condenser area. For a lower approach point value, 

better heat transfer is possible at an expense of higher heat exchanger area. General           

approach point value for condensers used in desalination is 5 °C. For achieving better 

performance values and increasing the overall operation temperature range for               

evaporators, the value between 2.5 – 3 °C is considered.  
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Figure 36 shows temperature distribution for the water vapour and inlet sea water inside 

the condenser. 

                  

Figure 36: Temperature Distribution in Condenser 
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5.5 TEMPERATURE DISTRIBUTION IN MED PLANTS 

A typical temperature profile of the MED desalination plant can be seen in figure 37. 

 

Figure 37: Idealized Temperature Profile of MED Desalination Plant [21] 



Advanced Solar Desalination for Tourism Industry in Cyprus 

- 46 - 

The vapour temperature for the brine in each effect is represented by formula 5.19. 

𝑇𝑣𝑖 =𝑇𝑖 − 𝐵𝑃𝐸𝑖                                                                                                    [5.23] 

where 𝐵𝑃𝐸 is the boiling point elevation  

The boiling point elevation (BPE) at a given pressure is the increase in the boiling                

temperature due to the effect of dissolved solids. BPE depends on vapourisation                    

temperature and the salinity of the brine (𝑋𝐵) [22]. 

The value of BPE is obtained by the following empirical formula: 

𝐵𝑃𝐸 = (𝐴 + 𝐵𝑋𝐵 + 𝐶𝑋𝐵
2)                                                                                   [5.24] 

Due to the BPE and pressure losses involved in the demister ∆𝑇𝑝, friction in the                   

transmission line ∆𝑇𝑡 and losses in the condenser  ∆𝑇𝑐, the condensation temperature of 

the brine for any effect 𝑖is always lower than its boiling temperature [20].  

𝑇𝑐𝑖 =𝑇𝑖 −𝐵𝑃𝐸𝑖 −∆𝑇𝑝 −∆𝑇𝑡 −∆𝑇𝑐                                                                    [5.25] 

The amount of vapour in the distillate flashing boxes is calculated by the formula 5.22. 

𝑑′𝑖 =𝐷𝑖−1𝐶𝑝
(𝑇𝑐𝑖−1−𝑇𝑖

′′
)

𝜆𝑖
                                                                                         [5.26] 

where 𝑇𝑖
′′ is the temperature to which vapour cools down as it enters the flash chamber. 

The flashing vapour temperature is a function of vapourisation temperature and the         

non – equilibrium allowance 𝑁𝐸𝐴. 

𝑁𝐸𝐴 for each effect is calculated as:  

(𝑁𝐸𝐴)𝑖 = 0.33
(𝑇𝑐𝑖−1−𝑇𝑣𝑖)

𝜆𝑖
                                                                                     [5.27] 

The temperature of the flashing vapour is finally calculated as: 

𝑇𝑖
′′ =𝑇𝑣𝑖 +(𝑁𝐸𝐴)𝑖                                                                                                 [5.28] 
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Table 8 shows the values for BPE, NEA and other temperature for each effect. 

Table 8: Temperatures for MED Desalination Plant 

Evaporator 

Stage (N) 

Vapourisation 

Temp. 𝑻𝒗 (°C) 

Condensation 

Temp. 𝑻𝒄 (°C) 

Boiling Point 

Elevation 

(𝑩𝑷𝑬) (°C) 

Flashing 

Vap. Temp. 

(𝑻𝒄
′′) (°C) 

Non – eqm 

Allowance 

(𝑵𝑬𝑨) 

1 70.0 69.1 0.44 ---- ---- 

2 67.5 67.6 0.44 67.5002 0.000224 

3 65.0 65.2 0.44 65.0002 0.000296 

4 62.5 62.6 0.44 62.5003 0.000345 

5 60.0 60.1 0.44 60.0003 0.000363 

6 57.5 57.2 0.44 57.5003 0.000355 

7 55.0 54.1 0.44 55.0003 0.000306 

8 52.5 50.2 0.44 53.5002 0.000205 

Using the values of 𝑁𝐸𝐴 and flashing vapour temperature 𝑇𝑐
′′, the flashed vapour can be 

calculated as shown in table 9. 

Table 9: Flashed Vapour Calculations 

Evaporator 

Stage (N) 

Vapourisation 

Temp. 𝑻𝒗 (°C) 

Flashing Va-

pour. Temp. 

(𝑻𝒄
′′) (°C) 

Non – eqm 

Allowance 

(𝑵𝑬𝑨) 

Flashed  

Vapour 

(kg/s) 

1 70.0 ---- ---- ---- 

2 67.5 67.5002 0.000224 0.00367 

3 65.0 65.0002 0.000296 0.00440 

4 62.5 62.5003 0.000345 0.00512 

5 60.0 60.0003 0.000363 0.00537 

6 57.5 57.5003 0.000355 0.00524 

7 55.0 55.0003 0.000306 0.00450 

8 52.5 53.5002 0.000205 0.00301 

Total Flashed Vapour (kg/s) 0.0313 
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For the designed desalination plant, the average temperature drop of 2.5 °C is considered. 

Figure 38 shows the temperature distribution for each stage in the desalination plant. The 

approach point (temperature drop) for the condenser is also considered as 2.5 °C. This is 

represented as 9th effect in the temperature distribution diagram. The top brine                  

temperature 𝑇𝐵𝑇 is available in the 1st effect whereas, 𝑇𝑁 is vapour temperature in the 

last effect. A temperature drop of 2.5 °C and pressure drop of 0.03 bar is assumed for 

each effect.  

 

 

Figure 38: Temperature of Effects at each Desalination Stage 
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6 MED PLANT CALCULATIONS 

The mathematical model developed helps in the calculation of the mass flow rates for 

brine, feed water and distillate for all the individual evaporator effects. The plant              

calculations can be carried out for all four modes of operation. As the major operational 

period of the desalination plant is during the summer, the plant calculations mentioned 

are for the summer mode (inlet sea water temperatures ≥ 25 °C). Implementing the     

mathematical model for the given conditions, the following values are expected. Table 

10 shows the calculations for a simple MED Desalination plant. 

Table 10: Calculation for Parallel Flow Simple MED Desalination Plant 

Stage (N) Entry level 

Temperature 

(°C) 

Vapour 

Formed 

(kg/s) 

Distillate 

Formed 

(kg/s) 

Feed Flow 

Rate per 

Effect 

(kg/s) 

Brine Flow  

Rate per Ef-

fect (kg/s) 

Heat 

Transfer 

Area (m2) 

1 70.0 1.159 1.156 3.32 2.16 497.8 

2 67.5 1.045 1.041 3.32 2.28 429.1 

3 65.0 1.043 1.038 3.32 2.28 429.3 

4 62.5 1.040 1.035 3.32 2.28 429.3 

5 60.0 1.037 1.033 3.32 2.28 429.3 

6 57.5 1.034 1.030 3.32 2.29 429.2 

7 55.0 1.031 1.028 3.32 2.29 428.8 

8 52.5 1.027 0.999 3.32 2.29 428.3 

Condenser 50.0 
 

   106.7 

Total Flow Rates 8.42 8.36 26.57 18.16 3607.8 

 

Compared to the rated distillate output of 900 m3/d (10.42 kg/s), maximum distillate of 

8.36 kg/s is possible from the simple MED desalination plant. 
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6.1 IMPROVEMENT IN EFFICIENCY 

The performance of the plant can be improved by installing an additional component 

called as thermo – vapour compressor (TVC).  

6.1.1 THERMO - VAPOUR COMPRESSOR  

Unlike the simple MED process, which extracts all the steam from the steam generator, 

the part of the entrained vapour from the MED plant can be extracted in a unit and mixed 

with the steam from the power plant. This vapour is compressed at a certain pressure level 

and supplied as a heating steam to the desalination plant.  The thermo-vapour compressor 

helps to compress this entrained vapour by combining the motive steam and the entrained 

vapour in a chamber as shown in figure 39. 

 

Figure 39: Unit Diagram with Different Steams 

The thermo – vapour compressor resembles a venturimeter. In the converging, the kinetic 

energy of the motive steam is increased to such an extent that its speed becomes                  

supersonic near its contraction point. The pressure drops to the lower values and allows 

the suction of entrained vapour. After its contraction, the mixing of motive steam and             

entrained vapour takes place. In the diverging section velocity of the mixture is reduced, 

while the pressure increases. The compressed steam depends on the ejector geometry and 

pressure of the motive steam.  

The Thermo-vapour compressor can be differentiated both thermodynamically and         

hydrodynamically into three distinct zones namely: 

− Nozzle 

− Mixing Chamber 

− Diffuser 
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The Bernoulli’s equation can be applied for the TVC  

𝑝 + 
𝜌

2
 𝑣2 + 𝜌. 𝑔. 𝑧 = 𝑐𝑜𝑛𝑠𝑡.                                                             [6.1] 

                                                                                  

Figure 40: Diffuser Section [21] 

The vapour from the demister is usually split into two parts. The first part condenses 

outside the tubes of condenser and the steam ejector entrains the second part. Figure 41 

shows the velocity and the pressure profiles at different points within the ejector.  

                                

Figure 41: Profile of Velocity and Pressure for a Thermo-vapour Compressor [20] 

The velocity at the nozzle outlet is supersonic whereas the velocity at the diffuser is                  

reduced by the shock wave. 
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The available energy in terms of enthalpy and entropy is expressed by the enthalpy – 

entropy (Mollier) diagram as shown in figure 42 [20]. 

                                                   

Figure 42: Temperature Enthalpy Diagram for Thermo-vapour Compressor [20] 

In order to calculate the mass flow rates of the streams in the thermo - vapour compressor, 

the model makes use of the field data from various sources. The main factor required for 

the design of the thermo-compressor is the entrainment ratio. It is the function of            

properties of the motive steam from the power plant and the entrained vapour from the 

desalination effects. It can be calculated using following correlation.  

𝑅𝑎 = 0.296
(𝑃𝑠)1.19

(𝑃𝑒𝑣)1.04
(
𝑃𝑚
𝑃𝑒𝑣

)
0.015

(
𝑃𝐶𝐹

𝑇𝐶𝐹
)                                                            [6.2] 

where 𝑃𝑚,𝑃𝑠 𝑃𝑒𝑣 are the pressures of the motive steam, compressed vapour and entrained 

vapour respectively. 𝑃𝐶𝐹 is the motive steam pressure correction factor and 𝑇𝐶𝐹 is the 

entrained vapour temperature correction factor (For the detailed calculations refer to the 

Appendix).  

El-Dessouky has certain recommendations for the reliable and stable operation of the   

thermo- vapour compressor [25]. These recommendations are as follows: 

 𝑅𝑎 ≤ 4 

 10°𝐶 ≤ 𝑇𝑒𝑣 ≤ 500°𝐶 

 100𝑘𝑃𝑎(1𝑏𝑎𝑟) ≤ 𝑃𝑚 ≤ 3500𝑘𝑃𝑎(35𝑏𝑎𝑟) 

 1.81 ≤ 𝐶𝑟 ≤ 6 
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where compression ratio 𝐶𝑟 is defined as pressure ratio of discharge stream leaving the 

ejector to the vapour stream entrained in the ejector.   

The motive steam is supplied from the steam generator has pressure and temperature of 

3 bar and 135 °C respectively. The entrained vapour at 0.08 bar is supplied to the               

thermo – vapour compressor. The entrainment ratio for the plant is 1.14. The mixing of 

the two streams yield a compressed vapour of 0.23 bar for the TVC plant.  
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7 COMPARISON OF PERFORMANCE 

The performance of the thermal desalination plant is assessed in terms of the following 

factors. 

7.1 GAINED OUTPUT RATIO  

The energy efficiency of a plant is assessed in terms of a factor called as Gained Output 

Ratio (GOR). GOR is defined as the ratio of the fresh water produced to the heating steam.  

𝐺𝑂𝑅 =
𝐹𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝐻𝑒𝑎𝑡𝑖𝑛𝑔𝑆𝑡𝑒𝑎𝑚
=

�̇�𝐷

�̇�𝑆
                                                                [7.1] 

GOR is therefore a relationship between the two mass flows namely distillate and heating 

steam from the steam generator. As it is ratio, the GOR has no unit.  

The inlet sea water temperature affects the GOR value. This is due to the reason of the 

available brine feed temperature. Secondly, the value of required heating varies for         

different thermal desalination technologies. For the MSF and simple MED desalination 

plants, the heating steam is that supplied directly from steam generator. On the other hand, 

the steam for the MED-TVC process is mixture of the motive steam from the generator 

and entrained vapour from the desalination plant. This increases the GOR value. 

7.2 SPECIFIC ELECTRICITY CONSUMPTION  

The desalination plant has various fluids such as sea water, brine, distillate and the          

condensate. They need to be circulated through the plant as per the requirements. Thus 

the desalination plants consumes electrical energy for circulation of these fluids.  

𝑆𝑝. 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 =
𝑇𝑜𝑡𝑎𝑙𝐷𝑎𝑖𝑙𝑦𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙𝐸𝑛𝑒𝑟𝑔𝑦𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛(𝑘𝑊ℎ𝑒)

𝑇𝑜𝑡𝑎𝑙𝐷𝑎𝑖𝑙𝑦𝐷𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛(𝑖𝑛𝑚3)
 

                                                 = 
𝑃𝑒𝑙𝑋𝑁𝑜.𝑜𝑓𝐻𝑜𝑢𝑟𝑠𝑜𝑓𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝑉𝐷
                      [7.2] 
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7.3 SPECIFIC THERMAL CONSUMPTION  

Unlike membrane desalination technologies, the thermal desalination plants require an 

additional energy input in the form of steam for heating the feed water. This value is 

dependent on the amount of steam supplied from the steam generator.  

𝑆𝑝. 𝑇ℎ𝑒𝑟𝑚𝑎𝑙𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛  =
𝑇𝑜𝑡𝑎𝑙𝐷𝑎𝑖𝑙𝑦𝐻𝑒𝑎𝑡𝐸𝑛𝑒𝑟𝑔𝑦𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛(𝑘𝑊ℎ𝑡ℎ)

𝑇𝑜𝑡𝑎𝑙𝐷𝑎𝑖𝑙𝑦𝐷𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛(𝑖𝑛𝑚3)
 

                                                = 
�̇�𝑠(ℎ𝑠𝑡𝑒𝑎𝑚−ℎ𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑒)𝑋𝐻𝑟𝑠𝑜𝑓𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝑉𝐷
        [7.3] 

7.4 COMPARISON OF PERFORMANCE OF MED AND MED – TVC PLANTS 

In general, the MED Plant has twice the specific energy demand compared to the          

MED – TVC technology. The GOR value in case of simple MED Plant is less than the 

no of effects. However, this value is higher than the no. of effects in case of MED – TVC 

technology.  

             

Figure 43: Performance Analysis of MED and MED - TVC Plants 

The simple MED Plant technology has a low GOR value of 6.4 with a high specific heat 

consumption value of about 80 kWhth /m
3. In comparison, the MED – TVC plants have 

certain improvements. The part of steam is utilised from the desalination plant and mixes 

it effectively with the medium pressure steam supplied from the solar PTC plant. This 

reduces the field capacity of solar plant. The calculations related to specific electricity 

and thermal consumption for each operational mode can be seen in the appendix. 
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8 OPERATIONAL CHARACTERISTICS 

From the various studies concerning the simulation of the desalination plants, the design 

sea water temperature for the MED Desalination is 25 °C for the Mediterranean region, 

whereas the design sea water temperature for the plants in the gulf countries like Saudi 

Arabia is 35 °C. 

However during the off peak periods like January to May and October to December, the 

sea water temperatures are below 25 °C. Therefore the plant requires a minimum inlet 

temperature so that it can obtain an adequate brine feed temperature. Figure 44 shows 

average monthly sea water temperatures for the hotel location in Cyprus. 

Figure 44: Sea Water Temperatures for Bafra [26] 

The sea water temperatures for Bafra, Northern Cyprus vary from 17-29 °C. Thus the 

MED desalination plant needs to be operated at different modes according to their sea 
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The months with the similar sea water temperature values are clubbed together in a single 

group. In this way we have four main groups as shows in table 12. 

Table 12: Operational Modes of MED Plant 

Modes of 

Operation 

Winter Mode Summer Mode 

Jan – Mar 

Mode 1 

Apr and Dec 

Mode 2 

May and Nov 

Mode 3 

Jun – Oct 

Mode 4 

Temperature 17 °C 18.5 °C 21 °C > 25 °C 

During the periods from November – May, the sea water temperatures are so low that the 

designed brine feed temperatures are impossible to be achieved. To ensure a year round 

operation of the plant, the sea water needs to be preheated to an adequate temperature. 

An innovative technology is proposed for preheating the inlet sea water.  

8.1 INLET SEA WATER PREHEATING 

As a parallel feed layout is suggested for the MED-TVC Plant, the overall brine exit    

temperatures are almost the same for each evaporator effect. The expected brine exit    

temperature is about 43 – 48 °C. This brine is let into the environment. As per the data in 

section 8, the brine discharge temperature is usually 15 – 20 °C higher than the inlet sea 

water temperatures.  

The brine discharged at such a high temperature can be harmful to the environment and 

disturb the aquatic ecosystem. Additionally the brine discharged directly into the               

environment has a certain amount of heat loss. For the total mass of the blowdown brine 

𝑀𝐵 and brine blowdown 𝑇𝐵 and ambient sea water temperature 𝑇𝑜𝑢𝑡, the estimated heat 

loss is about 1 MWth.  

The heat loss is represented by the formula 8.1. 

𝑄𝑙𝑜𝑠𝑠 =𝑀𝐵. 𝐶𝑝𝐵 (𝑇𝐵 −𝑇𝑜𝑢𝑡)                                                                                     [8.1] 
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The heat loss is also quantified in terms of percentage  

𝜂𝑞 =
𝐻𝑒𝑎𝑡𝐿𝑜𝑠𝑠𝑓𝑟𝑜𝑚𝑏𝑟𝑖𝑛𝑒

𝑀𝑠.𝜆𝑠
                                                                                      [8.2] 

where 𝑀𝑠 is the mass of steam used for heating the first effect with a latent heat of             

vapourisation of 𝜆𝑠 [24]. 

A percentage heat loss of 78 % is involved. This heat which is otherwise directly let into 

the environment can be utilised. MVC technology already uses the technology, where the 

rejected brine is used for preheating the inlet sea feed water. Usually it combines the heat 

from both distillate as well as brine discharge so as to preheat the inlet sea water at an 

adequate temperature. Figure 45 shows the method of preheating the incoming sea water 

using the distillate and rejected brine.   

                                   

Figure 45: Sea Water Preheating using Brine Rejection in MVC [18] 

Usually the MED – TVC plants are located for sea water locations in Gulf countries or 

equatorial regions have sea water temperatures between 25 – 35 °C throughout the year. 

Therefore the sea water preheating is not used in these MED – TVC plants. However for 

the Mediterranean regions with sea water temperatures in the range of 17 – 27 °C. Thus 

the rejected brine can be used for preheating.   
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The proposed technology for preheating for inlet sea water can be seen in the figure 46. 

The inlet sea water is first heated to an adequate temperature which can be equivalent to 

the sea water temperature during the summer period (June – October). 

             

Figure 46: Sea Water Preheating using Rejected Brine 

However as per the given operational modes of the desalination plant, the quantity of sea 

water can be altered as per the selected mode of operation to ensure an appropriate brine 

feed temperatures and performance. To ensure better overall preheated sea water and 

brine feed temperatures, the mixer/splitter is used for entering/removing the extra sea feed 

water.   

The plant operated at the different inlet sea water temperatures yields variable brine feed 

temperatures. However the plant is designed at sea water temperature of 25 °C. Therefore 

this mode would be expected to yield the best performance values, followed by mode 3, 

mode 2, whereas the mode 1 will yield lowest performance values.  



Advanced Solar Desalination for Tourism Industry in Cyprus 

- 60 - 

8.1.1 DESIGN OF SEA WATER PREHEATER 

As the values of heat exchanger area are different for each mode of operation, the area 

which has the maximum value is selected.  

Area of the preheater is given by the formula 8.3. 

𝐴𝐵 =
𝑄𝐻𝑒𝑎𝑡𝑒𝑟

𝑈𝐵(𝐿𝑀𝑇𝐷)𝐻𝑒𝑎𝑡𝑒𝑟
                                                                                                  [8.3] 

The logarithmic mean temperature difference (LMTD) is the most important factors taken 

into consideration for the selection of the type of heat exchanger.  

(𝐿𝑀𝑇𝐷)𝑝ℎ =
(𝑇𝑏𝑟𝑖𝑛𝑒𝑏𝑙𝑜𝑤𝑑𝑜𝑤𝑛−𝑇𝑝𝑟𝑒ℎ𝑒𝑎𝑡𝑒𝑟𝑒𝑥𝑖𝑡)−(𝑇𝑎𝑡𝑚𝑟𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛−𝑇𝑠𝑒𝑎𝑎𝑚𝑏𝑖𝑒𝑛𝑡)

ln(
𝑇𝑏𝑟𝑖𝑛𝑒𝑏𝑙𝑜𝑤𝑑𝑜𝑤𝑛−𝑇𝑝𝑟𝑒ℎ𝑒𝑎𝑡𝑒𝑟𝑒𝑥𝑖𝑡
𝑇𝑎𝑡𝑚𝑟𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛−𝑇𝑠𝑒𝑎𝑎𝑚𝑏𝑖𝑒𝑛𝑡

)

                [8.4] 

8.1.2 SELECTION OF HEAT EXCHANGER 

Reasons for selection of the heat exchanger are: 

− LMTD  

− Entropy 

− Overall heat transfer coefficient 

 

Figure 47: Temperature Distribution for Counter-flow Heat Exchanger  

31.8

25

48

38

0

10

20

30

40

50

60

Entry Exit

Te
m

p
er

at
u

re
 (

in
 °

C
)

Inlet Sea Water Exit Brine



Advanced Solar Desalination for Tourism Industry in Cyprus 

- 61 - 

            

Figure 48: Temperature Distribution for Parallel-flow Heat Exchanger 

In case of parallel flow heat exchangers, the temperature of the inlet sea water cannot 

exceed the brine outlet temperature. Therefore the heat transfer is restricted by the exit 

temperature of the preheated sea water.  On the other hand, the inlet sea water can reach 

the temperature higher than the brine outlet temperature. Therefore the counter flow heat 

exchangers are considered as a better option for sea water preheating.  
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9 SIMULATION OF DESALINATION PLANT 

In 1998, the International Atomic Energy Agency (IAEA) developed a software package 

called as Desalination Economic Evaluation Program (DEEP). The program is effective 

in simulating various desalination technologies such as RO, MSF, MED and MED – 

TVC. Several sources of energy such as nuclear and fossil fuels like coal are used. After 

providing the necessary inputs, Visual Basic Application programs with calculation                

models simulates and provides the user with the necessary performance values. 

9.1 SELECTION OF SEA WATER OPERATION TEMPERATURE 

The desalination plants are generally designed for the sea water temperatures of 25 °C for 

the temperate regions such as Mediterranean, whereas the design sea water temperature 

is 35 °C for the gulf regions. As per section 8, even though four modes of plant operation 

are suggested, the summer mode with sea water temperature ≥ 25 °C is operated for the 

major time in a year. Therefore the desalination plant is simulated for summer mode (sea 

water temperature ~ 25 °C). The cooling water (inlet sea water supplied to condenser) 

also has the same temperature. Due to an addition of a sea water preheater, the preheated 

sea water temperature (31.8 °C) is considered as an inlet sea water temperature for the 

simulation.  

9.2 INPUT VALUES FOR DESALINATION PLANT 

For the start point of simulation, the input values for various parameters such as capacity 

of desalination plant and feed water salinity are required. The power plant type can be 

selected which either delivers heat and electricity or only heat in case of “Heat Only 

Plant”. The desalination technology also needs to be selected. For the MED desalination 

technology, a thermo - vapour compressor can be selected as an additional component. 

For the concerned project work, the software is only used for technical evaluation.        

Therefore the financial values can be kept as default.  

Figure 49 shows the input module for the plant simulation. 
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Figure 49: Input Module for Desalination 

9.3 OUTPUT MODULES 

The “Calculate” button on the input module provides the output module with several       

results. The output module has various steps. Some of these important steps are: 

− Flow Diagram 

− Expert Mode Analysis 

− Sensitivity analysis 

− Scenario Manager 

9.3.1 FLOW DIAGRAM 

The flow diagram is a simple representation of fundamental components in a desalination 

plant. After providing the necessary input values, it displays a steam cycle and the basic                    

performance values for a desalination plant. In case of membrane desalination                        

technologies, the plant provides information about energy supplied from the steam cycle, 

the electrical power supplied from the turbine and plant performance characteristics. 
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On the other hand for the thermal desalination plants, the performance characteristics 

such as GOR, top brine temperature are displayed. Figure 50 is a basic schematic for the 

flow diagram of the simulated desalination plant. 

                                     

Figure 50: Typical Flow Diagram for a Thermal Desalination Plant 

The flow diagram also provides information such as heat input per kWh of energy or cost 

of distillate ($/m3). According to the technical evaluation, the source used for powering 

the boiler does not influence the simulation results in terms of performance of the plant. 

The main factor influencing would be the quality of steam delivered from the steam cycle. 

The parameters related to steam cycle and desalination can be altered in the diagram.  

9.3.1.1 STEAM CYCLE PARAMETERS 

Several types of power plant such as turbine or heat only can be selected as per                        

requirement. Since the suggested plant for the Cypriot location only requires heat from 

the power plant whereas, the electricity is supplied from the grid. In case of selection of 

heat only plant, the flow diagram shows that electricity is supplied from the grid. The 

steam parameters for operation of the desalination plant can be entered by the user. Figure 

51 shows the provision where the user can enter the main steam temperature. As per the 

section 12.1, the expected temperature of the steam is 135 °C. 

 

Figure 51: Steam Parameter for Distillation Plants 
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9.3.1.2 DESALINATION PLANT PARAMETERS 

Several parameters for the desalination plant can be altered in the flow diagram. 

9.3.1.2.1 CONDENSER DESIGN PARAMETERS 

According to the mathematical model for the MED parallel brine feed configuration, the 

temperature of the last stage vapour and inlet sea water are already provided for the         

desalination plant. The difference between the brine feed temperature and vapour           

temperature is called as the approach point (𝑡𝑎𝑝𝑝). As mentioned before in the MED 

parallel feed layout calculation section, the approach point of 2.5 °C is considered for the            

condenser. This implies that a higher heat exchanger surface area is required. However, 

the main advantage of having a lower pinch point is that an adequate value of brine feed 

temperature can be reached. The difference between the inlet sea water temperature and 

an approach temperature for the brine feed is the operating range of the condenser. For a 

desired brine feed temperature of about 48 °C and a preheated sea water temperature of 

31.8 °C, the temperature range for the condenser is 16.2 °C. This is the condenser range. 

As the program sets default values, these values for condenser approach as well as          

condenser range need to be altered by the user. 

                                                      

Figure 52:  Operational Parameters for Condenser 

9.3.1.2.2 THERMAL DESALINATION PARAMETERS 

As per the requirement of the user, the flow diagram also enables to set the parameters 

for the thermal desalination plants. The main values are average temperature drop                   
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between the stages, condenser approach temperature, concentration factor of the brine 

etc.   

                                                   

Figure 53: Technical Parameters of Desalination Plant 

While choosing the distillation technology, simple MED desalination technology is             

selected as a default option. An option of thermo–vapour compression can also be                

selected as an additional facility. It is one of the new techniques implemented in current 

MED desalination plant which improves the performance of the plant.  

After clicking on the TVC option, the entrained vapour ratio is required as an input. A 

default value of 1 is used for the TVC unit. For the MED desalination plants, the top brine 

temperature is always limited to 70 °C so as to avoid excessive scaling and corrosion 

using inexpensive materials. The specific heat capacity is automatically calculated          

depending on the brine temperatures.  
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In case of use of fluids other than water, an intermediate loop is required which converts 

the energy from the fluid to steam and is then entered into the first evaporator effect. 

Provisions are also available for selecting a backup boiler which operates in case of 

maintenance or shutdown of the power plant. As the project mainly consists of technical 

performance of the desalination plant, the water transport parameters are not considered. 

9.3.2        EXPERT MODE CALCULATIONS 

The expert mode calculations consist of parameters and values related to technical as well 

as economic feasibility. It is a simple excel sheet built on the basis of VBA codes and 

provides information about the performance values of the project in detail.  

The flow diagram provides an overall schematic of the desalination plant with the             

fundamental performance values. However, some of these parameters such as no. of          

effects might not have the same values as per design requirements. The expert mode         

option in the output module enables the user to change the required parameters. The plant 

performance values in the flow diagram module are available with a decimal precision of 

zero. The exact values can be seen in the expert mode along with the decimal precision. 

After altering these values, schematic with changed performance values can be observed. 

For the concerned project, the figure 54 shows the schematic with performance values of 

a desalination plant for 11 effects. This value of the total no. of effects is changed from 

11 to 8 in the expert mode to assess the performance for both simple MED and MED – 

TVC desalination plants. 

9.3.2.1 FLOW DIAGRAM SCHEMATICS 

The calculations are executed for both MED as well as MED –TVC technology.  

As per figure 54, the following schematic is shown for the simple MED desalination after 

making the suitable changes in the expert mode calculations.  
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Figure 54: DEEP Simulation – Flow Diagram Simple MED Desalination 

After suggesting the improvement in the plant performance by using an additional TVC 

unit, the changed schematic can be seen in figure 55.  
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Figure 55: DEEP Simulation – Flow Diagram MED – TVC Desalination 

Figure 55 concludes that the GOR value with MED-TVC technology is higher than the 

simple MED desalination technology. As seen in the table 13, the calculations estimated 

by the mathematical model are compared with the simulations results.   
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Table 13: Comparison of Calculated and Simulated Results 

Parameters Calculated Simulated Error % 

Gained Output Ratio 

(kg distillate/kg steam) 

13.564 13.696 0.9 % 

Specific Sea Water      

Consumption 

(kg sea water/kg distillate) 

2.54 2.56 0.8 % 

 

9.4 SIMULATION RESULTS 

The simulation results from the flow diagram for the MED and MED – TVC plants are 

almost similar with a minimal error of 0.8 %. Comparison of the results can be seen in 

figure 56. 

             

Figure 56: Comparison of Calculated and Simulated GOR Values 
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10 FINAL DESIGN 

Several input parameters were fixed for the 900 m3/d desalination plant at the given hotel 

location in Cyprus. The rated distillate output is an important value used in developing 

the mathematical model and selecting of the no. of effects. After the selection of the                

appropriate no. of effects for the desalination plant, the values with respect to its             

concentration ratio, expected pressure and temperature drop at each stage can be fixed for 

the further plant calculations. Table 14 shows certain input parameters considered for the 

desalination plant design. 

Table 14: Input Parameters for MED- TVC Desalination Plant  

Parameter Value Unit 

Defined Desalination Capacity 900 m3/d 

Rated Distillate Output 10.42 kg/s 

No. of Stages 8 Effects + 1 Condenser 

Feed Water Salinity 38000 ppm 

Rejected Brine Salinity 62500 ppm 

Temperature Drop per Effect (∆𝑇) 2.5 °C 

Pressure Drop per Effect (∆𝑝) 0.03 bar 

Brine Feed Temperature 48 °C 

Concentration Ratio 1.64 ---- 

Recovery Ratio  0.29 ---- 

 

The developed mathematical model helps in the calculating the mass and the energy flows 

through each evaporator effects. An additional TVC unit in the desalination plant reduces 

the required steam from the power plant. The mathematical model also calculates the 

required entrained vapour from the desalination plant as well as the motive steam. The 

mass flows and the temperatures in each effects will decide the required heat exchanger 
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area for each evaporator effect, condenser and the inlet sea water preheater. Table 15 

shows the design values for the desalination plant. 

Table 15 : Design Values of the Desalination Plant 

Parameter Value Unit 

Total Distillate Produced 9.53 kg/s 

Mass of Entrained Vapour 0.61 kg/s 

Required Mass of Motive Steam 0.69 kg/s 

Motive Mass Pressure 3 bar 

Motive Mass Temperature 135 °C 

First Effect Evaporator Area 578 m2 

Average Evaporator Area 513 m2 

Condenser Area 98 m2 

Sea Water Preheater Area 36 m2 

The performance of the desalination plant can be assessed from the values as shown in 

table 16.                                                                                                 

Table 16: Performance Values for MED- TVC Desalination Plant 

Parameter Value Unit 

Rated Gained Output Ratio 13.564 ---- 

Specific Thermal Consumption 40.1 kWhth/m
3 

Specific Electrical Consumption 1.6 kWhel/m
3 

Specific Cooling Water Ratio 2.54 ---- 

10.1 FINAL LAYOUT 

The proposed MED – TVC desalination plant consists of parallel brine feed layout with 

an addition of thermo – vapour compressor and innovative solution of inlet sea water              

preheating. Overall layout of the desalination plant can be seen in figure 57.  
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Figure 57: MED – TVC Layout for Kaya Artemis Resort and Casino Location 
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10.2 SELECTION OF MATERIALS 

Capital costs of the sea water desalination plants are strongly influenced by the selection 

of materials. A sea water desalination plant can be constructed by using inexpensive          

materials (for e.g. carbon steels instead of stainless steel or titanium) or even increasing 

the temperature difference between each effect. But such savings for the capital costs are 

counterbalanced by the higher operating costs due to their lower performance values.               

Additionally, the energy requirements are higher in case of decision to use cheaper          

materials. From the long term perspective, the plant life is also reduced due to use of 

cheaper materials. Therefore it is advisable to select the materials with a better                

quantitative as well as qualitative value. 

Table 17: Operating Conditions for MED Desalination Plants [27] 

Description Requirement 

Temperature ~ 70 °C 

Oxygen content Up to 600 ppb in high – temperature 

stages 

Chloramine and 

bromoamine  presence 

Possible because de-aeration takes 

place in the first stage and due to the 

ejecto – compression 

Acid Cleaning Frequent 

Before the selection of the materials for the desalination plant components, it is important 

to discuss the problem of corrosion. 

10.2.1 CORROSION 

Corrosion is the destructive attack of metal by chemical or electrochemical reaction with 

its environment. Deterioration by physical causes is termed as erosion, galling or wear. 

In some cases, chemical attack accompanies physical deterioration which is described as 

corrosion – erosion or corrosion – wear [28]. Water is a major contributor for corrosion. 

The thermal plants often face a problem of corrosion due to the evaporation of sea feed 

water inside the evaporator. It degrades the life of the components and also affects its 

structural strength.  
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10.2.2 MATERIALS FOR DESALINATION PLANT COMPONENTS 

For the sea water desalination plants installed in the 1960’s, carbon steel was a popular 

material for the evaporator shell as it was inexpensive material. Even though its tendency 

of corrosion was known, the design was made in such a way that plant can sustain up to 

desired lifetime. Over a period of time, stainless steel have replaced carbon steel for          

almost all the components. 

The materials are selected with respect to following aspects: 

− Mechanical Strength  

− Thermal and Chemical Properties 

− Specific Price and Availability 

− Machinability and Weldability 

As to date, no material is available which can fulfil all these needs. However, the material 

satisfying the major requirements is selected. Most common materials used in sea water 

desalination are: 

− Carbon steel 

− Cast Iron 

− Stainless Steel 

− Cu Alloys (CuNi-, CuZn-)  

− Al Alloys 

− Titanium 

Table 18: Typical Material Selection for MED Desalination Plants [21] 

 

 

 

 

Component Typical Material Selected 

Exchanger Tubes Titanium ASTM B338 Gr.2 : first 3 rows 

Al Brass : remaining rows 

Tube Plates Stainless Steel AISI 316 L 

Shell Stainless Steel AISI 316 L 

Flash distiller Stainless Steel 
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Most common material for all the components in the desalination plants is stainless steel 

316 L. However, 254 SMO is also a recommended material to be used for evaporator 

shell [29].The material for the tube sheets is selected such that the feed water falling on 

the tubes does not cause corrosion. Titanium is preferred as the material for first few 

tubes, whereas the remaining tubes are made of Aluminium Brass so as to reduce the high         

material costs.  

10.2.3 PUMP MATERIALS 

Pumps are required in the MED desalination plants for the circulation of inlet sea water, 

rejected brine, distillate and steam condensate. Other than corrosion, the phenomenon of 

cavitation is always critical in selecting the materials for the pumps. Due to the rapid 

changes in pressure, cavities are formed which possess low vapour pressure. Fine vapour 

bubbles formed during the condensation collapse and the liquid rushes into these cavities 

at high velocities. This generates a shock wave which can damage the structural strength 

and reduce the plant life. By providing an additional hydrostatic pressure head, the                  

probability of cavitation can be reduced. 

The typical materials selected for the pump can been seen in table 19. 

Table 19: Typical Material Selection for Pumps [21] 

Component Material 

Casing Ni – resistant D – 2W 

Riser Stainless Steel 316 L, CF8M 

Impeller CF3M 

Shaft Stainless Steel 316 L 

10.2.4 PIPING 

Stainless steel is usually preferred for piping design of the inlet sea water, distillate,               

condensate and the vents for ejection. Brine contains certain corrosive materials.         

Therefore, CuNi 90/10 or alloy carbon steels are used for the piping of blowdown brine.  
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11 ENERGY SOURCE FOR DESALINATION PLANT 

In consideration with the current water demand in Cyprus, the government needs to           

install more desalination plants. As the desalination plants are energy intensive, special 

attention must be given so that a green or energy efficient source of energy can be used 

to power the desalination plants. The new energy policies of the Cypriot government   

suggests that the desalination plants must be operated either with waste heat from the 

power plant or a renewable energy source.  

Several renewable energy resources can be used for powering the desalination plant. The 

selected technology is of thermal desalination type. Thus the source should be capable of 

delivering both steam as well as electricity. Various sources such as nuclear, biomass and 

solar energy can be used.  

     

     Figure 58: Compatible Desalination Technologies with Renewable Energy Technologies 

Solar energy is one of the popular and most common renewable energy source for         

powering the desalination plant. Depending on the type of desalination i.e. either          

membrane or thermal desalination, the corresponding energy input is required from the 

solar plant. The Solar PV plant is capable to supply the electricity, whereas steam as well 

as electricity can be supplied from the solar thermal plant. The thermal desalination        

technologies like MED and MSF can be most compatible technologies with the solar 
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thermal collectors. Considering the huge solar potential possessed by Cyprus, the solar 

thermal energy is a suitable option for powering the MED desalination plant.   

11.1 CURRENT STUDIES IN CYPRUS 

A pilot plant is currently proposed for a location in Cyprus for combined production of 

electricity as well as fresh water. The basic requirements for the design of such plant is 

an off-grid, fully sun powered with storage option. Due to constraints with respect to the 

place close to the coast, a hilly terrain is preferred for the installation of solar field. The 

solution as per figure 59 has three main components namely, the solar field (heliostat), 

steam extraction turbine for production of electricity and MED desalination plant for     

production of fresh water. Molten salt technology will be used for storage of excess solar 

energy in the tanks. The RO plant is also added for further examination of the results.  

 

Figure 59: Pilot plant CSP –DSW [16] 
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11.2 SOLAR POTENTIAL OF CYPRUS 

Mediterranean Solar Plant (MSP) aims to increase the installed capacity based on             

renewable energy sources by 20 GW. Similar initiative called “DESERTEC” aims at         

installing high capacity Concentrated Solar Power(CSP) Plants in Sahara desert and 

providing the electricity from the these plants to many regions in North Africa and Europe 

by means of high voltage direct current (HVDC). The MSP has a significant role to play 

concerning the expanding tourism industry in the Mediterranean islands [16].  

Though several other renewable energy resources are available, solar energy is expected 

to be dominant resource in countries like Cyprus. CSP-DSW studies by the Cyprus           

Institute suggests that appropriate policies must be implemented to capture its solar                

potential. For a choice between CSP and PV, the CSP technology is prospective. The 

main reasons are its proven supply for stored energy due the intermittency of solar             

irradiation. It has a potential for continuous operation (24 hrs) of the plant using thermal 

energy storage techniques. 

According to the sources, Cyprus has highest solar heating per capita with 611 W. It has 

a target of 7% of electricity by 2020 with solar power from both PV and CSP will be one 

of the top ones in the EU markets. 

 

Figure 60: Solar DNI Potential of Mediterranean Region [30] 
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Figure 61: Solar DNI Potential of Cyprus (Source: DLR) 

11.2.1 SOLAR POTENTIAL OF BAFRA 

As the CSP technologies concentrate the sunlight onto the receiver, the direct beam            

irradiance is a relevant component than the diffused component. Thus the Direct Normal 

Irradiation (DNI) potential is assessed for the selected location [30]. 

 

Global irradiation is typically referred to as Global Horizontal Irradiation (GHI).  It is 

important to clarify which plane is the reference when measuring irradiation. After             

considering the reference plane for the measurement of irradiation, the DNI and GHI 

value are calculated. For the clear sky and location away from the equator, the DNI value 

can be greater than (or equal to) GHI. As the DNI is always in the plane that is normal to 

the incoming irradiation its value can be greater than GHI during certain periods (i.e. 

morning or afternoon). 

 

Three main data sources were used for assessment of the solar DNI potential.  

− Meteonorm software 

− RET Screen (NASA) 

− Solar GIS software 
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11.2.1.1 METEONORM SOFTWARE 

Meteonorm calculates the hourly solar irradiation values for a particular location. The 

time span taken into consideration for the irradiation data was from 1990-2010,                

representing a 20 year average DNI Value. 

11.2.1.2 SOLAR GIS 

Solar GIS gives a full map of solar irradiation data values with different colour coding 

for each levels. The average annual solar irradiation for Bafra would be 1,818 kWh/m2. 

However the monthly irradiation values can also be obtained for a given location.  

11.2.1.3 RET SCREEN 

RET Screen has solar irradiation data for more than 4000 locations across the globe. 

However it not as capable as Meteonorm or Solar GIS to yield the exact DNI value for 

any location.  

The Global Horizontal Irradiation is an addition of the Direct Normal Irradiation and the 

Diffused Irradiation. It can be represented by formula: 

 

𝐺𝐻𝐼 = 𝐷𝑁𝐼 ∗ cos(𝜃) + 𝐷𝐻𝐼           [11.1] 

 

where 𝜃 is the solar zenith angle 

 

For a location away from the equator, the DNI value can be greater than the GHI value 

during a clear day (no clouds or haze). As the cosine component of DNI is added to the 

diffuse irradiation to obtain the total GHI value, the Mediterranean regions like Cyprus, 

Turkey and Malta have the higher annual DNI values than their respective annual GHI.  
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11.2.2 SELECTION OF THE DATA SOURCE 

As the fresh water demand is fluctuating for each month, the monthly water demand is 

considered. Therefore, the monthly DNI values are enough for the calculations. The           

irradiation values for all the mentioned sources are compared. Table 20 shows the         

comparison of annual solar DNI values for the three different sources. 

Table 20: Comparison of Sources for Annual Solar DNI Values 

Data Source Annual Solar DNI Value Deviation 

Meteonorm 1785 (1919) future data -2 % 

Solar GIS 1818 0% 

RET Screen 1850 + 3 % 

 

The data generated from RET Screen shows the highest deviation. The reason behind 

might be a year with an exceptional high irradiation and therefore is not representative 

for any simulations. RET Screen provides a daily irradiation data for total span of 1 year, 

while Meteonorm provides lower DNI value. Solar GIS provides maps with bands of 

solar DNI values. Due to the requirement of the monthly data for the desalination plant, 

Solar GIS gives the best possible data.  

11.2.2.1 SOLAR IRRADIATION DATA 

Solar GIS data year 2015 can be incorporated for further calculations. 

 

Figure 62: Monthly Solar DNI Values (Source: SOLARGIS) 
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Cyprus has a low annual precipitation. This states that Cyprus has higher no. of sunshine 

hours throughout the year. The average daily sunshine duration will decide the solar      

multiple necessary in case of 24 hour operation of the solar plant with thermal energy 

storage. 

  

 

Figure 63: Average Daily Sunshine Duration (Source: METEONORM 7.1) 
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12 SELECTION OF SOLAR TECHNOLOGY 

For the industrial applications, the operational temperatures of the steam and hot water 

usually ranges from 30 – 150 °C. For such projects, the selection of appropriate solar 

thermal technology is also important. 

One of the technology is CSP. This technology practically makes use of the incident DNI 

only. The area on which the solar radiation is incident is termed as the aperture area 𝐴𝑝. 

This incident irradiation from the aperture is reflected onto an absorber or receiver          

surface. The area of this surface is termed as aperture area 𝐴𝑎𝑏𝑠. The correlation between 

the area of aperture and absorber is represented in terms of factor called concentration 

ratio 𝐶. 

Concentration ratio is defined as the ratio of area of the aperture to the area of the                          

absorber/receiver tube.  

𝐶 =
𝐴𝑝
𝐴𝑎𝑏𝑠

                                                                                                                     [12.1] 

The maximum possible concentration ratio for a collector is 𝐶𝑚𝑎𝑥 ≈ 5000 − 6000.  

However, the optical losses on the collector exist due to the following reasons:  

− Incomplete reflection of the mirror 

− Superficial fault in the mirror 

− Upper flat orientation error of the concentrator  

− Positioning error of the absorbers  

− Reflection of the absorbers 

The concentration geometry is different for line focussing collectors and point focussing 

collectors [31]. The best possible geometry is using parabola with focal point as seen in 

the figure 64. 
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Figure 64: Geometry of Parabola for Concentration of Solar Irradiation 

The CSP collectors are classified according to the type of focussing the irradiation into 

two main categories: 

− Line Type Focussing Collectors : Parabolic Trough Collectors (PTC) , Linear              

Fresnel Reflectors (LFR) 

− Point Type Focussing Collectors : Solar Power Tower (SPT) , Stirling Dish or            

Parabolic Dish Collector (PDC) 

12.1 COMPARISON OF TECHNOLOGIES 

As per the requirements for the desalination plants, the solar thermal collector is required 

which can supply the motive steam at following conditions as shown in table 21. 

Table 21: Specifications of the Required Motive Steam 

Steam Superheated steam 

Expected Pressure 3 bar 

Expected Temperature 135 °C  

It is necessary to find a suitable collector which can be used for the desalination and can 

be capable to supply the steam of such quality. At the same time, it is necessary to assess 

the inlet and outlet temperatures of the collector so that they are optimal for powering the 

desalination plant. Figure 65 shows the temperature range for different types of solar   

thermal collectors.  
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Figure 65: Operational Features of Solar Thermal Collectors [32] 

The line focussing technologies like PTC’s or LFR’s are most appropriate for the medium 

temperature applications. Thus the selection mainly lies between the PTC’s and LFR’s.  

The LFR’s have certain limitations in comparison to the PTC’s: 

− LFR’s consume more ground area than the PTC’s even though they have high rate of 

utilisation ground area for the modules. 

− LFR’s have higher focal distance which makes them bulky. 

− Due to huge size of LFR’s, it is not aesthetic to install them on the rooftops. 

− The energy storage methods are available on a small scale for the LFR technology. 

− PTC’s have been used for various benchmark thermal desalination plants,               

therefore it is more mature technology than LFR’s.  

For the purpose of desalination, the primary input given from the solar collector is               

electricity, steam or both. Considering the access for electricity in the desired location for 

installation and the requirement to operate the plant for 24 hours a day, the parabolic 

trough collector is preferred as the input source only for steam. The electrical energy is 

to be directly supplied from the grid.   



Advanced Solar Desalination for Tourism Industry in Cyprus 

- 87 - 

12.2 PARABOLIC TROUGH COLLECTORS  

PTC’s resemble a parabola which concentrates the incident solar radiation on a cylindrical 

shaped absorber. The structure of the PTC is flexible in such a way that the absorber and 

the aperture are positioned in the same line. The absorber consists of a receiver tube 

whose inner and outer surfaces are evacuated so as to reduce the convection losses.  

The overall efficiency of the collector is dependent on the amount of useful energy and 

the energy incident on the aperture area. The efficiency of the collector is calculated as 

the product of optical efficiency, incidence angle modifier and thermal efficiency.  

The useful energy is due to the temperature difference between the entry and the exit 

temperature in the heat exchanger.   

12.2.1 PERFORMANCE OF THE PARABOLIC TROUGH COLLECTORS 

There are three important parameters for the geometrical design of the PTC namely         

geometrical concentration ratio, acceptance angle and rim angle. Figure 66 shows the 

geometrical design of the PTC.  

 

 

Figure 66: Geometrical Design of PTC [33] 
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12.2.1.1 GEOMETRICAL CONCENTRATION RATIO 

It is the ratio of aperture area to absorber area for a collector. The concentration ratio 

values range from 50 - 80. However the higher temperature of the fluid will increase the 

concentration ratio of the PTC plant. 

12.2.1.2 ACCEPTANCE ANGLE 

Acceptance angle is the maximum angle that can be formed between two rays in the plane 

such that they intercept each other after the reflection from the PTC. Wider the acceptance 

angle, lesser the required precision of the trackers. Minimum acceptance angle is 32’. 

12.2.1.3 RIM ANGLE 

Rim angle ∅ is directly related to the concentrator arc length. Its value can be calculated 

from equation 12.2 as a function of parabolic focal distance 𝑓 and aperture width 𝑙𝑎[33]. 

𝑙𝑎

4𝑓
= tan

∅

2
                                                                                                                [12.2] 

 

12.2.2 LOSSES IN THE PARABOLIC TROUGH COLLECTORS 

When the DNI falls on the PTC’s, a significant amount of energy from the incoming solar 

irradiation is lost due to certain responsible factors. The total loss is split into three main 

types namely: 

− Optical Losses 

− Cosine (Incidence Angle Modifier) Losses 

− Thermal Losses 
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12.2.2.1 OPTICAL LOSSES 

Figure 67 shows the optical parameters responsible in the PTC’s.  

                                                    

Figure 67: Optical Parameters of Solar Parabolic Trough Collectors [33] 

The optical efficiency of the PTC’s depend on the following parameters: 

12.2.2.1.1 REFLECTIVITY (𝝆) 

Since the reflectivity 𝜌 of the PTC mirror is always less than 1, a fraction of the incident 

solar irradiation is reflected onto the absorber tube. Generally clean silver covered mirrors 

with a reflectivity coefficient of 0.93 are used. The reflectivity coefficient depends on the 

accumulation of dirt and continuously degrades due the accumulation of dust. When this 

coefficient reaches the value of 0.88 - 0.90, the collectors are again washed. The locations 

close to the desert areas require frequent cleaning due to high dust. 

12.2.2.1.2 TRANSMISSIVITY (𝝉) 

An absorber tube is covered by an outer glass to be to increase the amount of energy 

absorbed and reduce the thermal losses. A fraction of this reflected radiation from the 

mirror is unable to pass through the glass cover. Thus the transmissivity measures the 

actual amount of radiation passing through the tube compared to the total radiation            

incident on it. The cermet coatings has a transmissivity value of 0.95. However, the        

typical value for transmissivity is 𝜏 = 0.93. 
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12.2.2.1.3 ABSORPTIVITY (𝜶) 

Absorptivity signifies the amount of the energy absorbed by the steel pipe compared to 

the total radiation reaching the steel pipe. However, the typical value for absorptivity is 

0.95. Absorptivity is represented by the symbol 𝛼. For the materials like nickel or          

chromium, this value is a bit lower.  

12.2.2.1.4 INTERCEPT FACTOR (𝜸) 

A fraction of the radiation cannot reach the absorber tube due to the certain geometric        

imperfections. Errors can reflect some rays in the wrong direction such that absorber tube 

cannot intercept them. The bellows at the connecting ends of the collector can block the 

incoming solar irradiation. The percentage of reflected solar radiation blocked by the       

bellows is quantified in terms of active length factor with a typical value of 0.96 – 0.97. 

Intercept factor is product of both active length factor and geometrical intercept factor. 

12.2.2.1.5 OPTICAL EFFICIENCY 

The multiplication of these four factor, yields the peak optical efficiency at an incidence 

angle of 0°. 

𝜂𝑜𝑝𝑡@𝜙=0° = 𝜌. 𝜏. 𝛼. 𝛾                                                                                        [12.3] 

 

12.2.2.2 IAM LOSSES [𝒌(𝜽)] 

IAM losses are also called as cosine losses. Performance of the collector is always with 

respect to the solar irradiance which is normal to the aperture area. The incidence angle 

of the PTC is never zero.  It is always inclined at some other angle to avoid shading losses. 

This change in incidence angle to reduce the normal irradiance on the aperture surface is 

accounted for the cosine losses. Tracking the PTC’s will help to reduce these losses.        

Incidence angle modifier helps to achieve the same performance of the collector. Tests 

for IAM on Soliterm PTC 1800 were carried out by DLR [34]. One of these results were 

represented in a polynomial function of 𝜃 (where 𝜃 is radians) as shown in equation 12.4. 
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𝐾(𝜃) = cos(𝜃) − 𝑖𝐴𝑀1
.𝜃 + 𝑖𝐴𝑀2

.𝜃2                                                                      [12.4] 

(Calculations for the IAM values can be seen in Appendix) 

                                  

Figure 68: Incidence Angle Modifier for Different Angles of Incidence 

12.2.2.3 THERMAL LOSSES 

As an absorber tube is enclosed inside a glass tube with a vacuum around it, the heat           

transfer for the incident radiation takes place by three phenomena namely, conduction, 

convection and radiation. Heat transfer takes place indirectly on the glass tube and heats 

the absorber surface by convection and radiation. The part of this energy escapes in the 

atmosphere in the form of radiation or convection. The convection takes place from wind 

surrounding the glass surface. Thus higher wind speeds usually increase the    probability 

of more thermal heat lost.   

Thermal Efficiency of PTC is calculated as: 

𝜂𝑡ℎ𝑒𝑟𝑚 =
𝑄𝑘
̇

𝐺𝑏𝐴𝐴𝑝𝜂𝑜𝑘(𝜃)
                                                                                          [12.5] 

12.2.3 COLLECTOR EFFICIENCY 

From the specified losses, the collector efficiency is calculated as: 

𝜂𝑘 =𝜂𝑜𝐾(𝜃) − 𝑎1. 
∆𝑇

�̇�𝑏,𝑛
 −𝑎2. 

(∆𝑇)2

�̇�𝑏,𝑛
                                                                       [12.6] 
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Figure 69 shows the different losses occurring in the solar PTC. 

 

Figure 69: Losses in the Parabolic Trough Collector [35] 

12.2.4 COLLECTOR FIELD EFFICIENCY 

Several PTC’s are combined together to form a solar field. The efficiency of the solar 

field is lesser than the individual collector efficiency. The collector field efficiency is 

the function of individual collector efficiency 𝜂𝐾 and field factor 𝑓𝐾𝐹. 

𝜂𝐾𝐹 = 
�̇�𝐾𝐹𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝐺𝑏,𝑛𝐴𝑝𝐾𝐹
 =𝑓𝐾𝐹𝜂𝐾                                                                                 [12.6] 

 

12.2.5 CAPACITY FACTOR  

The capacity factor for the solar field is the ratio of the total energy produced per year to 

rated capacity of the field.  

𝐶𝐹 = 
�̇�𝐾𝐹𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝐺𝑏,𝑛.𝑎.𝐴𝑃
                                                                                      [12.7] 
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12.2.6 REQUIREMENT OF STEAM  

Table 22: Specifications of the Required Steam 

Steam Quality Superheated steam 

Expected Pressure 3 bar 

Expected Temperature 135 °C 

For the requirement of quality of steam as shown in table 22, a PTC with an outlet          

temperature of 180 °C is sufficient. SOLITERM PTC 1800 is an ideal collector for such 

application. It is widely used for production of chilled water and process steam in several 

hotels, hospitals and industries. Steam production of required output quality makes it 

compatible to be used for powering the desalination plant.  

Table 23 shows the specification of the SOLITERM PTC.  

Table 23: Specifications of SOLITERM PTC 1800 

Model Soliterm PTC 1800 ---- 

Application Rooftop / Ground Mounted ---- 

Module Length 5000 mm 

Module Width 1800 mm 

Aperture Area 9 m2 

Concentration Factor 43 ---- 

Thermal Power Capacity 4.5 kWth 

Weight 130 kg 

Working Temperature 100 – 250 °C 

Medium Water / Thermal Oil ---- 

Tracking Single Axis, 0.2 ° Precision ---- 

 

 

Figure 70: SOLITERM PTC 1800 (Source: Soliterm GmbH)                                                                                    
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12.2.7 STEAM GENERATION PROCESS 

Two loops exist for a solar PTC plant namely, thermal oil loop and the steam generation 

loop. The steam generation loop works on the principle of Rankine cycle. The processes 

in the steam generation loop cannot work realistically on the basis of Carnot cycle as no 

isothermal heat exchange is possible. Therefore the Rankine cycle is an ideal process for 

modelling and calculation of the steam generation plant. Figure 71 represents the 

fundamental components in the Rankine cycle and its representtaion on the temperature 

versus entropy (T-s) diagram. 

Figure 71: Left: Clausius – Rankine Cycle, Right: T – s Diagram 

From figure 71 four main stages exists for an ideal Rankine cycle: 

1 – 2: Isentropic expansion in the steam turbine                                                                                              

2 – 3: Isobaric condensation of the working fluid in the condenser                                                            

3 – 4: Isentropic compression of the fluid in the pump                                                                                 

4 – 1: Isobaric evaporation and superheating of the fluid in the boiler 

The fluid is evaporated in the boiler and superheated up to certain temperature. This         

superheated steam is later supplied to the turbine/steam process. An isentropic expansion 

of the fluid within the turbine/steam process enables to obtain the mechanical work. The 

steam is later condensed to form a condensate.  The mechanical work need not mean the 

generation of power. In case of generation of steam, the turbine is replaced by the required 

process such as process steam.  
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In case of direct application of the steam, the condenser is not required as an outlet from 

the steam process itself is a condensate. The pump continuously circulates this condensate 

(feed water) at the required input pressure. The thermal efficiency of the turbine is given 

by equation 12.8 as: 

𝜂𝑡ℎ
𝑟𝑒𝑣 = 1 −

𝑞𝑜𝑢𝑡̇
𝑟𝑒𝑣

𝑞𝑖𝑛̇
𝑟𝑒𝑣  =  1 −  

𝑇3

𝑇𝑚
                                                                   [12.8] 

where 𝑇𝑚 = 
∫ 𝑇.𝑑𝑠
1

4

𝑠1−𝑠4
 =

ℎ1−ℎ4

𝑠1−𝑠4
                   

12.2.8 T-S DIAGRAM FOR SOLAR PTC PLANTS 

A difference exists between the outlet and inlet temperatures of the thermal oil from the 

solar field and water /superheated steam in the steam cycle. Figure 72 shows a typical 

temperature – entropy (T-s) diagram for a solar PTC plant using thermal oil and water.   

                              

Figure 72:  Temperature Entropy Diagram for Solar PTC Plant 

Two factors which mainly affect the steam production and temperature profiles of the 

both thermal oil and water are approach point and pinch point.  
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The approach point is the difference between the temperature of the saturated steam and 

the water entering the evaporator. The pinch point on the other hand is the difference 

between the temperature of the oil leaving the evaporator and temperature of the saturated 

steam.  Based on sizing of the evaporator area, the pinch point and the approach point can 

be selected.  

The temperatures for the economiser, evaporator and super heater are suggested in                      

relation with the required heat exchanger area and mass of oil circulating through the 

solar field. The figure 73 shows the temperature distribution for the oil and the steam 

cycle in the solar PTC plant.  

 

                                                                                 

Figure 73: Temperature Distribution for the Steam Generation 
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13 SOLAR PLANT CALCULATIONS 

The average daily water demand for each month can be calculated using the occupancy 

level of the tourists and the per capita water consumption.  As per the occupancy rate of 

the tourists, the period from June – September has a peak water demand. The average 

daily water consumption for each month can be observed in the figure 74.  

                

Figure 74: Daily Water Demand for Kaya Artemis Resort and Casino 

After estimating the thermal specific energy consumption of the desalination plant for 

different temperature modes, the average daily energy demand (in MWh) can be                

estimated. The specific energy consumption for the plant is available for each mode. It          

fluctuates between 40.1 – 40.4 kWhth/m
3. Figure 75 shows the average daily energy        

demand.  It is the energy demand (in MWh) for operating the desalination plant.  

 

Figure 75: Daily Thermal Energy Demand for Desalination Plant       
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This daily energy demand fluctuates as per the fresh water demand depending on the 

occupancy level of the tourists. At times, the surplus energy is obtained, whereas an         

excess energy is required during the peak period.  As the monthly solar DNI values are 

available for the calculation, the average daily energy demand is converted to the monthly 

energy demand. After the calculation of monthly energy demand, the total number of 

collectors required can be determined by the normal distribution of the energy demand. 

                                           

Figure 76: Normal Distribution (68 – 95 – 99.7 Rule) 

The calculation for the collectors are ultimately considered on a yearly energy demand 

and supply. It is always represented by the 3 σ rule on the normal distribution curve as 

shown in figure 76. This implies that an expected fraction of the population must lie 

within the range of 99.64 %. In this case, the range symbolises annual energy demand, 

whereas, the fraction to be inside the range is the annual amount of energy supplied by 

the collectors. The desalination plant requires an annual energy demand of about 8141 

MWh. The total amount of energy to be supplied from the collector field will be: 

𝐸𝑠𝑜𝑙𝑎𝑟𝑓𝑖𝑒𝑙𝑑 = 𝐸𝑑𝑒𝑚𝑎𝑛𝑑 𝑋99.64%                                                                           [13.1] 

About 8111 MWh energy is to be supplied from the solar field. Considering the collectors 

with a thermal capacity of 4.5 kW, aperture area of 9 m2 and collector field efficiency of 

60%, approximately 826 Solar PTC’s will be required for the operation of the desalination 

plant. Figure 77 shows the monthly energy demand and monthly available energy           

production from the PTC Plant.   
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Figure 77: Monthly Energy Demand and Production (in MWh) 

13.1 SOLAR MULTIPLE 

Solar multiple (𝑆𝑀) is defined as the ratio between the thermal power produce by the 

solar field at the design DNI value and the thermal power required by the power block at 

nominal conditions [36]. 

In this case due to the absence of turbine, the design heat output to the desalination plant 

is considered. Thus the total energy output for the solar field is an addition of the energy 

supplied to the desalination (𝐸𝑑𝑒𝑠𝑎𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝑝𝑙𝑎𝑛𝑡)and the thermal energy storage (𝐸𝑇𝐸𝑆). 

Thus the solar multiple can be represented by the equation 13.2. 

(𝑆𝑀) = 
𝐸𝑑𝑒𝑠𝑎𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝑝𝑙𝑎𝑛𝑡+𝐸𝑇𝐸𝑆

𝐸𝑑𝑒𝑠𝑎𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝑝𝑙𝑎𝑛𝑡
                                                                      [13.2] 

The solar multiple provides adequate hours of thermal storage for the plant, thereby                     

improving the dispatch ability and the capacity factor of the plant. For a total installation 

capacity of 3718 kW and the collector field efficiency of 60%, the thermal energy output 

for the desalination plant is 2507 kW, whereas the TES systems takes about 1212 kW 

from the solar field at rated conditions. The solar multiple for the solar PTC field is 1.5. 

Depending on the required monthly demand, either energy surplus / deficit is observed. 

Figure 78 exactly shows the surplus/deficit of monthly energy.  
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Figure 78:  Monthly Energy Surplus/Deficit (in MWh) 

From the figure 78, it is visible that from January – June, excess energy is stored. On the 

other hand, the peak summer period from July – October has an energy deficit. In general, 

the summer period (June – October) usually stores the surplus energy and utilises the 

same during the rest of the year. This trend for the Cypriot location is different than the 

usual demand – supply model where surplus energy is produced in summer and provided 

for deficit in winter. 

13.2 THERMAL ENERGY STORAGE 

Thermal Energy Storage (TES) can be defined as the temporary storage of thermal energy 

at high or low temperatures [37]. TES plays an important role in the storing this surplus 

energy and using the same during peak demands. The surplus energy is supplied during 

the requirement of excess energy.  

The thermal energy storage is used for two reasons: 

− Supply of the required amount of energy during the unavailability of solar irradiation. 

This avoids the simultaneous supply from the TES system and the solar field during       

the sunlight hours. 

− Cloud cover fluctuates the outlet temperature of the oil. Thus TES system provides 

that thermal cushion which can avoid the feedback of disturbances at the outlet.  
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There are three main TES technologies: 

− Sensible heat storage 

− Latent heat storage 

− Chemical storage 

Table 24: Comparison of Thermal Energy Storage Technologies [38] 

 

13.2.1 SENSIBLE HEAT STORAGE 

The energy is stored in the tank by utilising the change of temperature between a liquid 

or solid medium. The energy stored is the function of the temperature change and is                    

expressed in the equation 13.3. 

𝐸 = 𝑚∫ 𝐶𝑃. 𝑑𝑇
𝑇2

𝑇1
                                                                                                      [13.3] 

The media like hot water, organic liquids and molten salts are the common examples of 

sensible heat storage. Sensible heat storage is the most exploited and commercially            

available technology for storage of surplus energy. 

 

 

Parameters TES System 

Sensible Heat Storage Latent Heat Storage Chemical Storage 

Capacity (kWh/t) 10-50 50-150 120-250 

Power (MW) 0.001 – 10 0.001-1 0.1-1 

Efficiency (%) 50 – 90 75 – 90 75 – 100 

Storage Type Daily / monthly Hourly/monthly Hourly/daily 

Medium Molten salt, hot water, 

thermal oil 

Hydroxides, 

carbonates 

CaO/H2O,  

CH4/ H2O, 

 LiBr/ H2O 

Cost (€/m3) 0.1 – 10 10 – 50 8 – 100 
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13.2.2 LATENT HEAT STORAGE 

The energy is stored by heating the material to change its phase. Usually the material is 

melted. The change of state for the material is an isothermal process. However in order 

to reach the temperature points, the temperature of the material is raised. The latent heat 

depends on the mass and the latent heat of fusion (𝜆). Phase change materials (PCM’s) 

are common examples of latent heat storage.  

Latent energy stored by the PCM’s is given by the formula: 

𝐸 = 𝑚. 𝜆                                                                                                                     [13.4] 

 

13.2.3 CHEMICAL ENERGY (BOND ENERGY) STORAGE 

Energy is either during the formation or dissociation of chemical bonds. The energy 

stored in terms of the products by producing a chemical reaction. Absorption and                      

adsorption are examples of chemical energy storage 

Considering the level of development, cost, and operation parameters, sensible heat            

storage methods is chosen. The surplus energy from the solar field is directly stored in 

large storage tanks. The energy is stored in the form of fluids such as water, molten salt 

etc. The choice of thermal energy storage depends on various factors like availability of 

land and the required capacity of the storage (in m3). Hot water storage systems are        

suitable for PTC’s in various industrial applications operating in the temperature range of 

100 °C. For the operation of the desalination plant with steam conditions of 3 bar 135 °C, 

thermal oil or molten salts are more appropriate storage media.  

Depending on the medium of storage, two types of systems exist namely: 

− Single Medium Storage 

− Dual Medium Storage 
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Figure 79: Classification of Thermal Storage as per the Medium [39] 

13.2.3.1 SINGLE MEDIUM STORAGE 

It consists of the same fluid circulating through the collectors. Therminol VP-1 is the most 

common fluid used. For the low capacity storage systems single medium storage                  

technology can be installed. Oil is supplied by the collectors by a three way valve. The 

density of the oil is changes with respect to the oil temperature. Due to a lower density, 

the hot oil is always at the top of the tank whereas the cold oil settles at the bottom due to 

a higher density. 

The single medium storage technology uses either a single tank or two tanks for storing 

the energy. 

13.2.3.1.1 TES SYSTEM WITH SINGLE STORAGE TANK   

During the requirement of stored energy, hot oil from the tank enters from the top and 

supplies the required heat to the process. The return oil is relatively cooler and settles at 

the bottom of the tank. This cold oil is then sent to the collectors during the periods of 

irradiation and returns to the top of the tank. When all the oil in the tank is hot, the storage 

tank is fully charged.  
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Figure 80: TES System using Single Medium Storage [39] 

13.2.3.2 TES SYSTEM WITH TWO THERMAL OIL TANKS 

After delivering the energy to the process, the return oil is stored in another tank called 

as cold tank. This oil is then passed through the collectors during periods of irradiation.           

Thermal oil needs to be pressurized above the vapour pressure so as to avoid its                      

conversion to gas. Generally, inert gases like argon or nitrogen can be used to maintain 

the pressure of the thermal oil in the tank. Inert gases also avoid the risk of explosion in 

the storage tank. 

 

Figure 81: TES System using Two Tanks [39] 
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13.2.3.3 TES SYSTEM USING MOLTEN SALT TECHNOLOGY 

An auxiliary device is required for the condensation and evacuation off gas and volatile           

compounds produced by the oil cracking. For the inlet temperature of 390 °C and outlet 

temperature of 290 °C, molten salt is a proven technology. It consists of two tanks namely 

hot and cold. Molten salts are eutectic mixtures of sodium and potassium nitrates. Molten 

salts have a melting point of about 120 to 550 °C. Thus the lowest temperature is always 

greater than the melting point. In this case, a heat exchanger is needed to transfer energy 

from the oil in the solar field. This solution proves to be a cost effective option for large 

commercial solar power plants.   

                                      

Figure 82: TES System using Molten Salt Technology [39] 

13.2.4 COMPARISON OF TECHNOLOGY 

As per the studies conducted during the NREL workshop, the characteristics of the                   

nitrate salts and thermal oil were compared on basis of several parameters as shown in 

table 25 [40]. 

Table 25: Comparison of Storage Media for TES System 

 Storage Medium 

 Thermal Oil Molten Salt 

Sp. Heat Capacity (kJ/kgK) 2.4 1.55 

Cost (€/kg) 3.96 0.4 -0.9 

Temperature Ranges (°C) 13 – 400 120 – 550 
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13.2.5 SELECTION OF STORAGE MEDIUM 

Molten salt has certain benefits such as lower cost, higher density and better storage            

capabilities. The inorganic nitrate salt mixtures are preferred storage media as they offer 

a very favourable combination of higher density (1880 kg/m3), medium specific heat             

capacity (1.55 kJ/kgK) and lower chemical reactivity (very low) and vapour pressure 

(<0.01 Pa) values.  

Three prominent molten salts are used in the TES systems are: 

1. HITEC : NaNO2, NaNO3 and KNO3 

2. HITEC XL : Ca(NO3)2, NaNO3 and KNO3 

3. Binary salt mixture of NaNO3 and KNO3 

13.2.5.1 DESIGN OF THE STORAGE TANK 

As the nitrate salts have low pressure and higher density, the vertical field erected tanks 

can be used. These large tanks are similar to that of thermal oil storage tanks. The tanks 

are generally fabricated from carbon steel and use self-supporting roofs. Roofs and walls 

are generally insulated with mineral wool batts and calcium silicate blocks respectively. 

The foundation consists of several layers namely concrete slab, thermal foundation,     

foam-glass insulation, insulating fire bricks, thin steel plate liner and sand. [41] 

13.2.5.2 HEAT EXCHANGER FOR THE LOOPS 

The solar PTC plant operates in two loops for the thermal energy storage. The thermal oil 

flows through the PTC field which transfers the part of its energy to the molten salt       

flowing through another loops. This energy is stored in storage tanks and used whenever 

required. The heat exchangers with a small approach temperature of 3-10 °C are used for 

the energy transfer and minimise the performance losses in the Rankine Cycle.  

As the vapour pressure of the thermal oil is about 6 bar at the collector field outlet           

temperature of 180 °C. Thus the heat exchanger must have the capacity to handle a          

differential pressure between the thermal oil and molten salt of about 10 bar. The most 

suitable heat exchanger used would be of shell and tube heat exchanger type. The thermal 

oil flows through the tubes, whereas the molten salt is placed on the shell side. 
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13.3 THERMAL ENERGY STORAGE CALCULATIONS 

The cumulative energy can be calculated from the available monthly energy surplus or 

deficit. The maximum value of the cumulative energy available decides the overall           

dimensions of the TES tank. Using the available cumulative energy, the amount of energy 

available in the tank can be estimated as shown in figure 83. 

     

Figure 83: Tank level in TES System 

The temperatures for the storage entry and exit are 170 °C and 120 °C respectively. After 

determining the capacity, the volume of the storage tank can be determined. Since thermal 

oil transfers the heat to the molten salt, the properties of the molten salt (specific heat 

capacity and density) are used for the calculation. Neglecting the rarely occurring peak 

loads and ensuring optimum storage utilization, the total expected volume for the storage 

tank is about 13600 m3. 

13.3.1 DESIGN OF STORAGE TANK 

As the two storage tank (hot and cold tank) is used, the storage volume for each of the 

tank is approximately 6800 m3. The height of the tank should preferable not exceed 5 m 

considering the aesthetics, area available for the tank installation as well as its influence 

on the collector shading in case of its installation closer to the collector field.  

 

The diameter of the tank is calculated from the available volume and selected tank height 

as shown in equation 13.5.  
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𝐷𝑡𝑎𝑛𝑘 = √
𝑉𝑡𝑎𝑛𝑘.4

𝐻𝑡𝑎𝑛𝑘.𝜋
                                                                                       [13.5] 

Thus the tank diameter of 42 m is selected for the tank height of 5 m.  

                                                                                   

Figure 84: Thermal Energy Storage Tank Design 

(Note: For the solar field and thermal energy calculation please refer the Appendix) 

13.4 FINAL RESULTS 

From the achieved results for the solar field capacity and the thermal energy storage         

demand, three main energy sources are used for the energy supply of the required demand 

of 8141 MWh. 90% of the total energy demand is supplied directly from the solar field. 

The surplus energy stored in TES tanks will be supplied during the periods of low sun 

and intermittency. This accounts for 6% of the total energy demand. The back - up system, 

which is the steam generator available at the exiting hotel location, can be used during 

the unavailability of energy from both solar field as well as TES tank. It covers the rest 

of the energy demand (about 2% of the total demand). Figure 85 shows the distribution 

of these sources for meeting the required energy demand.  

 

Figure 85: Distribution of Sources of Energy Demand 

(Note: The Calculations of Distribution of the Sources of Demand can be seen in the Appendix) 
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14 SUMMARY 

The mathematical model developed in the desalination plant calculates the performance 

values. The simple MED desalination plant provides a GOR value of 6.4 with a specific 

thermal consumption of 79.6 kWth/m
3. Installation of additional unit called as thermo – 

vapour compressor (TVC) reduces the specific thermal energy consumption of the plant 

to 40.1 kWth/m
3 and increases the Gained Output Ratio value of the plant up to 13.6. This 

helps in reducing the power plant capacity and saving substantial investment costs. The                  

desalination plant uses innovative techniques such as parallel brine feed configuration 

and horizontal film evaporators for improving the plant performance. 

However, the main highlight of the desalination plant is to make use of the heat energy 

of the rejected brine for preheating the incoming feed water preheating. Although the 

technology is already being used in in Mechanical Vapour Compression plants, the      

technique is novel in the MED – TVC desalination plant. The sea water preheating             

technology enables the operation of the desalination plant throughout the year.                      

In addition, the reduced brine rejection temperature has a lesser impact on the aquatic life. 

By combining the disposal methods such as solar ponds with the desalination plants, an 

effective backup system can be developed to assist the desalination plant operation during 

its cold start.  

The calculated results are matched with the effective desalination software such as         

Desalination Economic Evaluation Program DEEP. The calculated and simulated results 

have a low deviation of about 0.9 – 1 %, which proves that the mathematical model          

developed for the desalination plant provides the sufficient results. For the proposed plant, 

a total heat exchanger area of 4308 m2 is required taking into consideration the evaporator 

stages, condenser and the sea water preheater.  

The selected location in Cyprus also has huge potential in renewable energy especially 

solar energy. For the regions like Cyprus, the solar thermal energy finds the best                   

compatibility with the thermal desalination plants in comparison with the solar PV. The 

availability of thermal energy storage technologies for storing the storing the surplus       

energy adds to the value of the plant and reduces its dependency on the fossil fuel plants. 
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The main positive aspects are effective utilisation of the local renewable energy resources 

and reduction in greenhouse gas emissions. With the plans to expand the facilities for the 

hotel industry, security of water supply is of utmost importance in water stressed nations 

like Cyprus. The desalination plants for the hotels in the Cypriot locations can be an ideal 

benchmark for assessing the performance of the thermal desalination plants not only for 

Cyprus but also for several locations across the globe.  

Considering the merits of both thermal as well as membrane desalination technologies, a 

desalination system consisting of combination of both MED and RO has been a popular 

area of interest for research. Solar PTC plant is capable of producing multiple output such 

as steam and chiller water. The desalination plant can be integrated with this system to           

improve the overall efficiency of the plants. Such system will be unique and will make 

the solution more economical in terms of plant size and investment costs and provide            

prospective returns. 
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18 APPENDIX 

18.1 SPECIFIC PLANT VALUES CALCULATIONS: 

18.1.1 SEA WATER: 

 

18.1.2 BRINE 

As brine is form of sea water, same formula for specific heat capacity calculation of brine 
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18.2 BOILING POINT ELEVATION: 

 

 

18.3 ENTRAINMENT RATIO (𝑹𝒂) 
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18.4 INCIDENCE ANGLE MODIFIER (IAM) CALCULATIONS  

IAM 𝑘(𝜃)is experimentally calculated through a quadratic equation using two factors 

𝑖𝐴𝑀1
, 𝑖𝐴𝑀2

 . Thus the IAM can calculated for several incident angles. Depending on the 

position. [1] 
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18.5 SIMULATION OF MED –TVC AT SUMMER MODE USING DEEP SOFTWARE 
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18.6 PREHEATING MODE CALCULATIONS 

The calculations for the preheater in each operational modes can be seen in the following 

tables. 

18.6.1 OPERATION MODE 1: JANUARY  - MARCH 

 

18.6.2 OPERATION MODE 2: APRIL AND DECEMBER 
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18.6.3 OPERATION MODE 3: MAY AND NOVEMBER 

 

18.6.4 OPERATION MODE 4: JUNE – OCTOBER 
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18.7 SOLAR IRRADIATION DATA 

 

18.7.1 CALCULATIONS OF SOLAR FIELD 
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18.7.2 MONTHLY ENERGY DEMAND AND PRODUCTION 

 

18.7.3 ENERGY SURPLUS/ DEFICIT AND CUMULATIVE ENERGY  
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18.7.4 SOLAR MULTIPLE (𝑺𝑴) 

 

 

18.7.5 DESIGN OF THERMAL STORAGE TANK 

 

 

18.7.6 PARTICULARS OF ENERGY SUPPLY  

 


