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 11 

Abstract 12 

This paper addresses evaporation under vacuum condition with the aid from solar energy and the 13 

recovered waste heat from the vacuum pump. It is a preliminary attempt to design an innovative 14 

solar-based evaporation system under vacuum. The design details, equipment required, theoretical 15 

background and work methodology are covered in this article. Theoretically, based on the energy 16 

provided by the sun during the day, the production rate of pure water can be around 15 kg/m2/day. 17 

Assumptions were made for the worst case scenario where only 30% of the latent heat of 18 

evaporation is recycled and the ability of the dark droplet to absorb sun energy is around 50%. 19 

Both the waste heat from the pump and the heat collected from the photovoltaic (PV) panels are 20 

proposed to raise the temperature of the inlet water to the system to its boiling point at the selected 21 

reduced pressure.  22 

 23 
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 25 

1. Introduction 26 

Water  and  energy  are  necessary  for  life  on  Earth  and  to sustain  the modern  world.  In  many  27 

parts  of  the  world,  the  control and  exploitation  of  water  and  energy  has  driven  economic  28 

development.  In many other places there are shortages in fresh water and energy supplies. 29 

Drinking water of acceptable quality has become a scarce commodity not to mention unevenly 30 

distributed geographically worldwide [Mohammed, 2011; Hamawand and Lewis, 2016]. The  31 

World  Health  Organization  (WHO) has estimated  that  lack  access  to  drinking  water  may be 32 
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an issue for more than a billion people [WHO, 2016]. The  vast  majority of  these  people  are  33 

from undeveloped countries and/or living  in  rural  areas  where  there is  low  population density.  34 

In  remote  locations  it is very  difficult  and costly to  install  traditional clean  water  solutions  35 

[Qiblawey  &  Banat,  2008].  In many countries where there are shortages of clean and fresh water, 36 

there are many other water resources that have potential to be transformed. Such resources 37 

seawater, ground water, and coal seam gas water [Hamawand et al., 2013]. These kinds of water 38 

require an innovative technique of treatment that uses sustainable and low cost energy to produce 39 

clean water.  40 

Desalination  of  salty water  is  known  to  be  one  of  the  most  sustainable alternative  solutions 41 

to provide fresh water. This  resource can play  a  significant  role  in  socioeconomic development  42 

in  many  developing  countries  such  as  Africa,  Pacific  Asia  and  countries  in the  Middle  East 43 

[El Kharraz et al., 2012].  Desalination  is  a  process  in  which  saline  water  is  separated  into 44 

two  parts:  one  that  has  a  low  concentration  of  dissolved  salts  (fresh  water),  and  the  other  45 

which  has a  much  higher  concentration  of  dissolved  salts  than  the original feed  water  (brine  46 

concentrate)  [Buros,  2000].  Reverse Osmosis (RO) produces brine (70–55% of intake flow) 47 

depending of feed water quality, the brine concentration varies from 50 to 75 g/L and has a much 48 

higher density than seawater [Hamawand et al., 2013]. Desalination of salty water/seawater is 49 

expensive, mostly because of the energy required [Ghaffour et al., 2013]. However, desalination 50 

is a growing field around the world where the needs for drinkable water are crucial [Ayhan and Al 51 

Madani, 2010]. All conventional seawater desalination techniques such as RO, thermal distillation 52 

such as multi stage flash (MSF), electro-dialysis, or their combinations consume a large amount 53 

of energy and they do not recover the salt eventually. These techniques may also cause air pollution 54 

due to the large consumption of energy derived from fossil fuels [Ghaffour et al., 2014]. 55 

Furthermore, the brine remains from these processes are huge and represent another potential 56 

environmental problem [Lattemann, 2010]. There is a potential for using algae to clean the water 57 

after amending it with some chemicals, however this has not been carried out experimentally 58 

[Hamawand et al., 2014]. Therefore, the utilization of renewable energy can be considered as one 59 

of energy sources of seawater desalination [Gude and Nirmalakhandan, 2009;  Bauschlicher and 60 

Wohlk, 1983; Ghaffour et al., 2013]. 61 

A complete separation of salt from salty water is something that cannot be achieved by many of 62 

the conventional methods. One conventional, most efficient and reliable method for complete 63 
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separation is evaporation. Evaporation of water at atmospheric pressure requires large amounts of 64 

energy to raise the water temperature to the boiling point. In addition, at atmospheric pressure the 65 

evaporation rate is slow unless larger heat is supplied. This problem can be overcome by carrying 66 

out the evaporation under reduced pressure where water can be evaporated at temperatures below 67 

its atmospheric pressure boiling point. Water evaporation under reduced pressure is energy 68 

efficient according to the laws of thermodynamics, and can be driven by low-grade thermal energy 69 

sources such as solar energy or process waste heat. While the evaporation under reduced pressure 70 

will accelerate the evaporation rate, one must be concerned with potential freezing problems 71 

[Tatemoto and Miyazawa, 2011]. Heat is required for water droplets to evaporate, heat is provided 72 

from the surrounding. Without supplemental heat there is a risk that the equipment parts get chilled 73 

and the remaining droplets freeze [Kanegsberg and Kanegsberg,  2011].   74 

Valuable information on desalination of seawater using solar energy has been reported, however, 75 

the desalination of sea water using vacuum spray dryer has not been fully elucidated. This study 76 

presents an innovative design for evaporation of water using renewable energy from the sun and 77 

recycles the latent heat of evaporation. Also the waste heat from the pumps and collected heat from 78 

PV panels that provide the pump with electricity are suggested as another source of energy [Thu, 79 

et al. 2013; Gude, 2015].   80 

 81 

2. Theory 82 

Water such as concentrated salty water produced from other desalination processes such as RO 83 

process can be sprayed inside a double walled glass column (evaporation column) exposed to sun 84 

light, Figure 1. The double walled column will retain the heat inside the column and allow a full 85 

exposure to sun light. The column will be operated under reduced pressure to lower the water 86 

boiling point temperature. The generated vapour will condense on the chilled column 87 

(condensation column) attached to the double glassing evaporation column as shown in Figure 1. 88 

This will allow the recovery of the energy (latent heat of evaporation) used to evaporate the water.  89 

After evaporating the water, the salt will end up at the bottom of the double walled column as pure 90 

dry salt.  91 

A dark water soluble dye will be dissolved in the salty water before being introduced to the system 92 

to enhance its absorption of the sun light.  Reflected or absorbed sunlight by an aerosol depends 93 

primarily on the composition and colour of the particles dissolved in it. In general, bright-coloured/ 94 
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translucent particles tend to reflect radiation in all directions and darker aerosols can absorb 95 

significant amounts of light [NASA, 2016]. Dark blue to black surfaces can absorb solar radiation 96 

to an approximate fraction of 0.8 to 0.9 of the incident radiation. In a study by Gary et al. (1976), 97 

they showed that dispersed carbon black dust of size less than 0.1 µm can absorb solar energy as 98 

high as 5124.4 J/g/s (2×1010 cal Ib-1 per 10 h).  99 

The heat required for the evaporation of the water droplets can be supplied/ recovered from the 100 

following sources and sections in the process (Figure 1); sun light, double walled insulated glassing 101 

effect, black colour effect, heat generated by the vacuum pump, heat collected from the PV panels 102 

and latent heat recovered from the generated vapour.  The pump can run on solar energy using 103 

solar PV cells.  104 

 105 

106 

Figure 1: A schematic diagram of the proposed laboratory setting for the crystallization system 107 

under vacuum, double glassing column.  108 

 109 

The evaporation process will be carried out under reduced pressure, in other words, this means 110 

that there will be a very small amount of air in the column. The water droplet will be released very 111 

close to the one of the opposite walls inside the middle column, to be specific it will be released 112 

salt 

 

Solar PV 
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next to the wall which is farther away from the sun light. This will create a smaller laminar sub-113 

layer at that wall and will result in a higher heat transfer coefficient in comparison to the opposite 114 

wall.  The fast falling of the droplet next to the wall will produce vortices (in the evaporated 115 

vapour) and turbulence which lead to reduction of the laminar sub-layer thickness, Figure 2.  116 

Water evaporates at a specific temperature at a specific pressure, in this design there will be three 117 

zones. The first zone is the double wall glassing that faces the sun light, the pressure inside this 118 

end-closed column will be above the atmospheric and the temperature is the highest among the 119 

whole system because it is facing the sun light. The second zone is the middle column, the pressure 120 

is below atmospheric and the temperature is almost as the same as or slightly lower than room 121 

temperature (depending on the number of droplets evaporated). The lower temperature is due to 122 

proximity of the vacuum pump and droplet evaporation. This zone can also be maintained at higher 123 

than the droplet boiling point temperature (under vacuum) if the number of the droplets is 124 

maintained in balance with the energy introduced to the system. The last zone is the vapour 125 

channel, the evaporated water from the droplets in the middle column now transports to the outside 126 

driven by the vacuum pump. The pressure inside this zone is the same as the middle column and 127 

the temperature is the lowest among the whole system. Inside this channel condensation may 128 

happen because the space available is smaller than the middle column and it is closer to the droplet. 129 

The space available inside the middle column is high enough to maintain almost constant 130 

temperature. The front side is exposed to sun light while, the other side of the wall where the 131 

vapour is transport driven by the vacuum pump has lower space which makes the change in 132 

temperature more possible, and furthermore is furthest away from the sun light.      133 
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 134 

Figure 2: A schematic diagram of a small portion of the single column spray evaporator, theory 135 

explanation. 136 

 137 

3. Mathematical model  138 

When a free water surface is in contact with pure vapour, the equilibrium rate of molecule transfer 139 

from vapour phase to the liquid or from the liquid phase to the vapour is given by kinetic theory 140 

of gases. When the system is not at equilibrium, the net rate of evaporation or condensation per 141 

unit droplet surface area is governed by modified Hertz-Kundsen equation [Chen et al. 2000, 142 

Hamawand 2013], first proposed by Alty 1931 [Maa 1967]. Maa [1967], who studied the 143 

evaporation rate of different solvents including water. The study by Maa showed that there is little 144 

or no resistance of molecules crossing the vapour-liquid interface. This means that the evaporation 145 

coefficient is unity and can be represented by the equation (1), below, which estimates the rate of 146 

evaporation from the water droplet;  147 

 148 
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where, 150 

m edP  Is the operation pressure of the evaporation medium (kPa), 

)( dTsatP  Is the saturation vapour pressure of water at droplet surface temperature (kPa),  

wM
 

Is the molecular weight of water (kg/mol), 

gR
 

Is the universal gas constant (J/mol.K), 

Td Is the droplet temperature (K), 

Tmed Is the evaporation medium temperature (K), 

R Is the droplet radius (m), and  

w  Is the water density (kg/m3). 

 151 

Eq. (1) presents the rate of evaporation from the water droplet as a function of its radius (dr/dt), if 152 

condensation happens then the radius of the droplet will increase otherwise it will decrease. In case 153 

the droplet presented at its boiling point temperature, initial condensation, or in other words 154 

increase in the droplet radius can be neglected.  Not clear 155 

The saturation vapour pressure of water at the droplet’s surface can be given using Antoine’s 156 

equation (Eq. (2)) where temperature is in oC and pressure is in kPa; 157 

 158 

)2()17.230/(7.3885387.16)(  dTsat TLnP
p

 159 

Ln refers to the natural logarithm. Using numerical method, finite deference Euler’s method, 160 

equations (1) and (2) can be rewritten as Eqs. (3) and (4), respectively; 161 
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where )1( ir  represents the radius of the droplet after a very small interval of time (Δt) and )(ir163 

represents the initial radius.  164 

)4()17.230/(7.3885387.16
)(

 dTsat
TLnP

d

 165 

 166 
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Eqs. (3) and (4) can be used to predict the time interval required for the entire droplet to evaporate 167 

and the rate the droplet evaporates. The rate of evaporation of the droplet is calculated from the 168 

change in the radius of the droplet. The radius of the water receding front is an indication for the 169 

amount of water evaporated from the droplet’s surface. 170 

These equations assume that the droplet is entering the system at the temperature of evaporation 171 

(depending on the system’s pressure) which means neglecting initial condensation is applicable. 172 

By introducing the waste heat from the vacuum pump, recycled latent heat of evaporation and heat 173 

collected from the PV panels, it is possible to introduce the droplet to the system at its boiling 174 

point. The temperature of the droplet will remain constant at its boiling point due to continuous 175 

evaporation while provided with sufficient heat. Also, the saturation vapour pressure of the water 176 

droplet will be constant based on Eq. (4). Furthermore, the vacuum pump is assumed to be efficient 177 

and is able to keep the pressure inside the system constant.  178 

The evaporation will be dominated by the heat transfer from the medium (mostly vapour) to the 179 

droplet plus that received directly from the sum via radiation. For simplicity, at steady state 180 

conditions, the medium (wrong word?) receive energy from the sun and is transferred to the 181 

droplet, the temperature of the medium is assumed to be constant and slightly above the droplet 182 

temperature due to losing its heat to the droplet via convection. Based on this assumption, the 183 

amount of water evaporated is calculated to maintain these conditions in the system. 184 

 185 

4. Simple scenario 186 

Assume low vacuum pressure of 6.9 Kpa, this means that the droplet needs to enter the system at 187 

38.7 oC to start evaporating instantly (no initial condensation).  188 

The maximum amount of energy received from the sun in ideal circumstances is 1,000 W/m2. 189 

Figure 3 shows the energy received from the sun per square meter on a clear day. The energy varies 190 

between 100-1,000 W/m2 depending on time of day. The data for the actual energy received which 191 

is provided by the sun on a clear day was retrieved from a book by Stine and Geyer, (2001), Figure 192 

3. 193 

 194 
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 195 

Figure 3: An example of irradiance for a mostly clear day on a horizontal surface in Greenbelt, 196 

MD (Thekaekara, 1976): global solar radiation for the day was 27.1 MJ/m2 [Stine and Geyer, 197 

2001]. 198 

In this simple case, the recycled latent heat was not included in the calculation which otherwise 199 

would enhance the system efficiency. The waste heat from the pump has been assumed to provide 200 

heat for the droplet before entering the system to increase its temperature to the boiling point along 201 

with piping system connected to the solar PV panel if required. In this scenario, the system 202 

(medium, surroundings) the temperature is assumed to be constant at 38.7 + 5 oC (this is a 203 

reasonable assumption under clear day and direct contact with the sun light) and the extra 204 

temperature (heat) gained from the sun will be used to evaporate the droplets. For a droplet of 3 205 

mm diameter (0.014 g weight), the model shows that it takes approximately 0.6 s to evaporate 206 

(Figure 4) the droplet. Furthermore, the height of the system required to accommodate the 0.6 s 207 

time required for evaporation the droplets was estimated.  Based on the speed the droplet travels 208 

to reach the base of the system, 3 m height column is required.  209 

 210 
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 211 

Figure 4: Time required for evaporating a water droplet (3, 4 and 5 mm diameter) under reduced 212 
pressure 213 

 214 

The results in figure 4 means that in order to evaporate one droplet every 0.6 seconds, it is required 215 

to raise the temperature of the input water to 38.7 oC and the temperature of the medium (mostly 216 

vapour) where the droplet travel to 38.7+5 oC. It is assumed that the initial temperature of the water 217 

and the medium is 20 oC. The energy required to raise the temperature of the water to 38.7 oC is; 218 

m×Cp×ΔT= 0.00001413 kg × 4.18 kJ/kg.K × (38.7-20) K=1.104 J. As mentioned previously the 219 

calculation is for 1 m2 area exposed to sun light, in case the depth of the evaporation compartment 220 

is 0.3 m then the volume occupied is 0.3 m3. However, the system is under vacuum, continuous 221 

vapour is produced which also gains energy from the sun and the walls of the compartment which 222 

later transfers to the droplet. The specific heat of water vapour at 43.7 oC is 1.871 kJ/kg.K and the 223 

density at standard conditions is 0.804 kg/m3. To raise the temperature of the medium to 38.7+5 224 

oC; m×Cp×ΔT= (0.804×0.3) kg×1.871 kJ/kg.K ×((38.7+5)-20) K = 10.7 J of energy is required. 225 

The total amount of energy required to maintain the system at the condition assumed is 11.8 J for 226 

evaporating one droplet each 0.6 second. The sun provides an average 579 J/s (27.1 MJ/m2/day 227 
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(13 hr)) and the latent heat of evaporation required is 34.25 J (2424 KJ/kg × 0.01413 × 10-3kg) for 228 

each droplet each 0.6 second. Also, in 0.6 second, the water droplet mixed with dark colour is able 229 

to absorb 43.4 J [5124.4 J/g/s (energy absorbed by 1 g black carbon) × 0.01413 g (droplet mass) × 230 

0.6 s]. This gain of energy confirms the possibility of providing the droplet with enough energy to 231 

evaporate even only from the direct irradiation to the droplet. Based on the data above, the mass 232 

of water can be evaporated in this system was calculated.  233 

In case the droplet gets 10.7 J from the medium/recycled latent heat/pump waste heat and/or the 234 

pipes connected to the solar system. And 23.55 J (53% of the 43.4 J) absorbed directly from the 235 

sun, the number of droplets that can be evaporated is around 16.9 droplets (579/34.25) and the 236 

amount evaporated in one day (13 hours) is 11.2 kg/m2/day (16.9 × 0.00001413 kg × 13 h × 3600 237 

s). In case 30% of the latent heat of evaporation has been recycled then 24.15 droplets (579/ 238 

(34.25×0.7)) can be evaporated and total amount of 15.9 kg per day. Figure 5 shows the distribution 239 

of the mass of water that can be evaporated per second during the day from 0600 to 2000. The 240 

maximum mass of water that can be evaporated is around 4 g and 6 g which occurs around 0100 241 

(middle of the day) when the maximum energy received from the sun (1000 W/m2) for both cases, 242 

respectively. 243 

 244 

 245 

Figure 5: Mass of water that can be evaporated per second during different times of the day 246 

without and with 30% of the latent heat recycled. 247 
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In case the temperature of the inlet water to the system rises above 38.7 oC and/or the temperature 248 

of the medium rises above 38.7+5 oC then the time required for evaporation will reduce, see Figure 249 

65. A high temperature condition will not impact the amount of water evaporated because the 250 

received energy from the sun per second is the same as the previous case. It is very important then 251 

to balance the energy received from the sun (plus the recycled latent heat and waste energy) with 252 

the droplet size and the time of evaporation to avoid freezing the system.  253 

 254 

  255 

Figure 6: In the case where the: (a) temperature of the medium increased by 10 oC instead of 5 oC 256 

and droplet temperature at 38.7 oC (b) and where the temperature of the droplet increased by 5 oC 257 

above boiling point and medium temperature is at 38.7 oC.  258 

 259 

5. Methodology, Challenges and feasibility 260 

Methodology 261 

The experimental evaluation will be carried out as following;  262 

 Empty column evaluation: estimate the heat accumulation in a one square meter area 263 

system with time. 264 

 The water can be heated to a variety of temperatures prior to spreading in the spray column, 265 

this will help to indicate the optimum temperature of the water and at the same time help 266 

to evaluate the efficiency of using the waste heat from the vacuum pump. 267 

 The variables that should be considered in regards to the droplet will be: size, colour, 268 

residence time, temperature and salt concentration.    269 

 Measure the temperature inside the system at different heights and widths. 270 
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 Wall temperatures inside and outside of the system, in addition to the outdoor temperature. 271 

 Measure the moisture content of the solid salt produced. 272 

Sensors and equipment 273 

The equipment required for building a lab-scale system includes the following; 274 

 Vacuum pump, the efficiency of vacuum pumps to maintain a constant and consistent 275 

reduce pressure is around …. 276 

 Temperature sensors to monitor the temperature of the water inlet, outlet and the salt 277 

produced. Also the temperature inside the chamber with time. 278 

 Thermal and high speed camera to monitor the temperature of the droplet and its diameter 279 

while traveling through the system. 280 

 A nozzle designed to release a specific amount of droplets only when the reduced pressure 281 

is close to the boiling point of the droplet. 282 

 283 

Challenges 284 

 The nozzle should be very fast in spraying the droplet to avoid evaporation at its tip. This 285 

may block the nozzle either by the remaining salt after evaporation of the water or the 286 

droplet may freeze at its tip. 287 

 Multi droplets system, it will be limited to a specific droplets number per cubic unit of 288 

space, exceeding this limit may lead to exhaustion of the heat in that specific space and 289 

may lead to freezing the entire system. 290 

Feasibility  291 

 For a concentrated salty water of 50 % salt, the ability of water treatment will be doubled. 292 

 For more efficient use of the sun energy the amount of water produced per day may be 293 

doubled. 294 

 Including the recycled latent heat of evaporation, waste heat from the pump and the droplet 295 

colour effect  will all contribute in enhancing the system efficiency.  296 

 297 

Figure 7 below shows a schematic diagram of an industrial scale of the system where multi droplets 298 

are spread. Based on this design, two products can be recovered cold pure water and pure coloured 299 

salt.  300 
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 301 

Figure 7: A schematic diagram for the proposed prototype setting for the evaporation system 302 

under vacuum, large-scale setting. 303 

 304 

6. Other design option 305 

The other design option is a rotating black coloured conveyer where the droplet sprayed over and 306 

travels instead of traveling in the vacuum (mostly vapour). In this case the entire surface will 307 

collect the energy from the sun and will be transferred to the droplet by conduction. The droplet 308 

will travel from one end of the conveyer to the other end where the dry salt can be collected by 309 

scraping (Figure 8).  310 
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 311 

Figure 8: Another design option 312 

 313 

 314 

7. Innovative system for harvesting solar energy 315 

 316 
Another option for the design of the system is a spherical closed environment. This system can be 317 

used to trap the sun light inside the system. In case the system used for evaporation, mirrors 318 

attached to the inside of the spherical shaped system (Figure 8) are capable of reflecting the energy 319 

without losing it for more efficient energy collection and more efficient evaporation.  320 

In case the spherical system is used for collecting heat and electricity, the system should covered 321 

with PV cells, this new shape allows more exposed surface to the sun light with less footprint 322 

occupied. The solar cells are protected against the weather disturbance and make better use of the 323 

light.    324 

Simple calculation of the Spherical Solar Cell system; 325 

The internal surface area for a sphere with Diameter of 1.0 m  326 

222 14.3)5.0(44. mmrAS    327 

Number of small hemisphere with diameter of 0.1 m spread on 1 m diameter of the big entire 328 

sphere (1 m diameter) is (each hemisphere will occupy an area equivalent to an area occupied by 329 

a circle with 0.1 m); 330 

400)05.0(/14.3 222  mmNo     331 



16 
 

Surface area created by a half sphere of 0.1 m diameter 2222 1057.1)05.0(2 mm                      332 

Surface area created by the 400 small half sphere 222 28.61057.1400 mm    333 

A complete closed sphere will: 334 

 Protect the surface of the silicon cells from the weather condition  335 

 Possibility of using a rough surface for more light absorbent, uncovered cells / very low 336 

reflection of light  337 

 Creates 6.3 m2 for each 1 m2 of footprint 338 

 Higher intensity of light inside the globe  339 

 No escape of light entering the sphere 340 

 Easy to control and direct toward the sun light 341 

 Thermal energy production via heat exchanger placed inside the sphere (Figure 8), this 342 

also help to cool the cells. 343 

The system includes placing a large elliptical shaped sun light collector at the top of the sphere 344 

and then focuses it to the inside of the sphere. A light spreader placed in the middle of the sphere 345 

will be required to spread the light inside the sphere space.  346 

 347 

Figure 8: Spherical shape light (energy) trapping system, to the left the entire system, right top is 348 

the fibre optic spreader and the right bottom is the pipes implemented to collect the heat 349 

accumulated in the system. 350 
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 351 

The energy provided by the sun in a clear day (figure 7) is around 27.1 MJ/day/m2. In case 50% 352 

this energy trapped in the spherical system, then the amount of water can be introduced to the 353 

vacuum evaporator at 100 oC can be around 40.5 kg/day or this can be at lower amount but with 354 

higher temperature. This water first will be circulated in the spherical system (Figure 8) to collect 355 

the energy from the sun and it is based on 1 m2 surface area available for collecting the sun energy; 356 

27.1 MJ/day × 50%= m × Cp × ΔT = m kg/day × 4.182 kJ/kg/K × (100 – 20) K= 40.5 kg/day 357 

This spherical collector will eliminate the initial condensation phenomena in the vacuum system 358 

and at the same time provides extra energy to the vacuum system. Also, the solar panel inside the 359 

sphere will provide electricity to drive the vacuum pump. 360 

 361 

8. Conclusions 362 

To conclude, the innovative design presented in this article shows potential of more efficient use 363 

of solar energy when combined with vacuum action and waste heat/latent heat/solar heat recycling. 364 

PV cells can be used to drive the vacuum pump in the system. Around 15 kg/m2/day of pure water 365 

can be produced in addition to by-product salt. Spherical closed system that is capable of trapping 366 

sun light will have a better efficiency than an open design to collect the heat and electricity from 367 

the sun light. In the vacuum system, it is very important to keep balance between the received 368 

energy from the sun, recycled latent heat, waste heat from the pump and the heat collected from 369 

PV panel with the droplet size, number and speed of traveling.   370 
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Appendix 429 

MATLAB program used to generate the data in figure 3 430 

clear all 431 
clc 432 
  433 
%% program to simulate droplet radius 434 
% Universal gas constant 435 
Rg=8.314;% (J/mol.K) 436 
% Water molecular weight 437 
WMWt=18; % kg/mol 438 
% Water density 439 
row=1000; % kg/m3 440 
  441 
%% System conditions 442 
% vacuum pressure, medium pressure 443 
Pm=6900; % pa 444 
% droplet boiling point, droplet temperature 445 
DT=311.7; % K 446 
% Saturation vapour pressure of water at droplet surface temperature  447 
Psat=1000*exp(16.387-(3885.7/((DT-273)+230.17))); % pa 448 
% medium temperature, assumed 5 degree above the boiling point 449 
MT=DT+5; % K 450 
%% droplet radius 451 
for i=1:1:3 452 
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Dr(i)=0.001 + i/2000; 453 
% droplet surface area 454 
Dsa(i)=4*pi*Dr(i)^2; % m2 455 
% Droplet volume 456 
Dv(i)=(4/3)*pi*Dr(i)^3; %m3 457 
% Droplet mass 458 
Dm(i)=Dv(i)*row; % kg 459 
end 460 
%%  461 
% j=0; 462 
% selected delta time 463 
delt(1)=0.001; % m  464 
% Selected droplet radius 465 
r(1)=Dr(1); % m 466 
for j=1:1:600 467 
delt(j+1)=j*delt(1); 468 
%Radius of the droplet as function of time in seconds 469 
r(j+1)=r(j)-(delt(1)/row)*((WMWt/(2*pi*Rg))^0.5)*((Psat/(DT)^0.5)-470 
(Pm/(MT)^0.5)); % m 471 
M(j,:)=[j,delt(j),r(j)]; 472 
if(r(j)<0) 473 
    break; 474 
end 475 
end 476 
  477 
r(1)=Dr(2); % m 478 
for j=1:1:800 479 
delt(j+1)=j*delt(1); 480 
%Radius of the droplet as function of time in seconds 481 
r(j+1)=r(j)-(delt(1)/row)*((WMWt/(2*pi*Rg))^0.5)*((Psat/(DT)^0.5)-482 
(Pm/(MT)^0.5)); % m 483 
N(j,:)=[j,delt(j),r(j)]; 484 
if(r(j)<0) 485 
    break; 486 
end 487 
end 488 
  489 
r(1)=Dr(3); % m 490 
for j=1:1:1000 491 
delt(j+1)=j*delt(1); 492 
%Radius of the droplet as function of time in seconds 493 
r(j+1)=r(j)-(delt(1)/row)*((WMWt/(2*pi*Rg))^0.5)*((Psat/(DT)^0.5)-494 
(Pm/(MT)^0.5)); % m 495 
O(j,:)=[j,delt(j),r(j)]; 496 
if(r(j)<0) 497 
    break; 498 
end 499 
end 500 
  501 
plot(M(:,2),M(:,3),'r--');xlabel('time(sec)'),ylabel('Radius (m)') 502 
hold on 503 
plot(N(:,2),N(:,3),'b:');xlabel('time(sec)'),ylabel('Radius (m)') 504 
hold on 505 
plot(O(:,2),O(:,3),'black');xlabel('time(sec)'),ylabel('Radius (m)') 506 
legend('3 mm droplet','4 mm droplet','5 mm droplet') 507 
hold off 508 
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