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ABSTRACT 

 

 

 

 It is a well-known fact that, at present, one of the foremost challenges in front of the 

entire world is to obtain fresh water from the natural resources of water to meet the increasing 

demand for freshwater for domestic as well as industrial use. The scarcity score of water is 

ranked high (R > 0.422) among all the Middle Eastern countries, China, Pakistan, South Africa, 

etc. including India. To explore the potable water, the population in these areas have to travel 

long, especially during summer. It is expected that by 2050, worldwide potable water demand 

may increase more than twice including higher energy use (20-50%) than at present ~ 350 

EJ/year. India is a tropical country with about 16% of the combined population of the world, 

having only 4% of pure water availability with scarcity already apparent in many regions, 

leading to challenges for the survival of Biota. This may exaggerate further with expected 

population growth to 1.6 billion at the end of 2050. 

 The water available from rivers, lakes, and underground reservoirs contain a large 

number of micro-organisms which may cause health hazard to human beings. However, the 

available water, after distillation, may be used for domestic and industrial use. The 

conventional methods for distillation exist, they are energy-intensive techniques and require 

fast depleting sources of energy. In such circumstances, solar energy, which is the oldest form 

of energy available to mankind and is abundant in nature, provides the best alternative to obtain 

fresh water by the use of solar still. 

 The rate of distillate obtained from solar stills mainly depends on the operating 

temperature and shape and material of condensing cover. It is to be noted that the primary aim 

of most of the research work done in the field of solar distillation is to increase the yield of the 

distiller unit, which can be attained by maximizing the temperature difference between water 
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and the condensing cover. Hence the design parameters should be employed efficiently to attain 

the above-mentioned aim. Intensity and temperature are interrelated to each other. Higher 

intensity leads to high temperature inside the solar still and hence results in the higher 

temperature of water in it. It is essential that the solar radiations falling on solar still should 

contribute towards the enhancement of temperature of the water, especially during winter 

months. Temperature is the most critical climatic factor during winter. 

The aim of most of the research work carried out in the field of solar distillation is to 

increase the yield. This can be achieved either by increasing the water temperature or by 

increasing the difference between water and glass cover temperature or by both. The higher 

water temperature can be obtained by feeding the additional thermal energy to the basin water 

after pre-heating it externally in the collector. Therefore, a new approach has been employed 

by designing a modified geometry, coupling double slope solar still with ETC in force mode. 

The force mode operation has various merits associated with it compared to the natural mode 

of operation. As per the literature survey, the performance investigation of ETC integrated 

double slope solar still has not been carried out. The objective of the present work is to develop 

a thermal model for the proposed geometry of solar still and carry out the numerical simulation 

to optimize the flow rate and water depth for the number of tubes connected in parallel. The 

effect of the diffused reflector has also been considered. Further, the performance of the system 

has been investigated for the water temperature attainable below the boiling point at an 

optimum flow rate. The effect of water depth in the basin on the output such as yield, energy 

efficiency, and exergy efficiency has also been investigated. Finally, the annual performance 

of the present design of solar still has been estimated and compared with the other designs 

reported in the open literature. The performance of the proposed model of solar still is found 

superior compared to other designs in terms of output per m2 of surface area. At optimal flow 

rate, system yields 6.644 kg using 10 tubes at 0.005 m water depth. 
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Chapter-I 
 

General Introduction 

 

 

 

 

 

 

1.1     Introduction 

Water iis ithe imost iabundant iand iimportant isubstance iin inature. It iis ithe iprincipal icomponent iof 

ilife, ihealth, iand isanitation. More ithan itwo-thirds iof ithe iearth’s isurface iis icovered iwith iwater. A 

imajor ifraction iof ithe iavailable iwater iis ieither ipresent ias iseawater ior iicebergs iin ithe iPolar 

iregions. More ithan i97 i% iof ithe iearth’s iwater iis isalty; irest iaround i2.6% iis ifreshwater. Less ithan 

i1% iof ifreshwater iis iwithin ihuman ireach. The iavailability iof ipotable iwater ito imeet ihuman ineeds 

iis ilimited iworldwide iand iits iscarcity iseems imost iprevalent, iparticularly iin ithe ibelt iof iarid 

iregions. Scarcity iscores iof iwater iare iranked ihigh i(R i> i0.422) iamong iall ithe iMiddle iEastern 

icountries, iChina, iPakistan, iSouth iAfrica, ietc. iincluding iIndia [1]. To iexplore ithe ipotable iwater, 

ithe ipopulation iin ithese iareas ihave ito itravel ilong, iespecially iduring isummer. The ireports iof 

iWHO i(2017), imention ithat iabout i2.1 ibillion ihumans iworldwide ihave ian iinadequacy iof isafe 

iwater iand iremote iarid iregions iare ihighly iwater-stressed iand ifacing iscarcity. Richey et al. [2] 

reported ithat iglobally iout iof i37 ilarge iaquifers, i21 ipossesses ithe iscarcity iof iwater iand iwill 

iworsen isoon iwith ian iincrease iin ipopulation. Worldwide, iabout i80 icountries ihave ia iscarcity iof 

ipure iwater, iespecially iin ithe ibelt iof ithe isouthern iMediterranean [3]. However, iless ienergy-

intensive iplants iutilize irenewable ienergy isources ito iprovide ipotable iwater ifor iwater-stressed 
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iareas i(MENA) iand iPacific iAsia. It iis iexpected ithat iby i2050, iworldwide ipotable iwater idemand 

imay iincrease imore ithan itwice iincluding ihigher ienergy iuse i(20%-50%) ithan iat ipresent i~ i350 

iEJ/year [4]. India iis ia itropical icountry iwith iabout i16% iof ithe icombined ipopulation iof ithe 

iworld, ihaving ionly i4% iof ipure iwater iavailability iwith iscarcity ialready iapparent iin imany 

iregions, ileading ito ichallenges ifor ithe isurvival iof iBiota. This imay iexaggerate ifurther iwith 

iexpected ipopulation igrowth ito i1.6 ibillion iat ithe iend iof i2050. Inter-dependence iof ipotable iwater 

iand ienergy inecessitates ia irequirement iof iself-sustainable itechnology ito imeet ithe ineed. The iuse 

iof isolar ienergy iis ian ialternative, iself-sustainable isource ito idistillate ithe ibrackish/saline iwater ito 

imeet ithe irequirement iin ian ieco-friendly imanner iof ismall icommunities ilocated iremotely 

i(requirement iis iless ithan i200 im3/day), iusing ia idevice icalled isolar istill [5]. The iuse iof isolar istill 

ito ipurify iwater ifor ithe idistant icommunities, iin iparticular, ican ibe ia isolution ito ireduce iwater 

istress. 

As ithe iavailable ifreshwater iis ifixed ion iearth iand iits idemand iis iincreasing iday iby iday idue 

ito ithe iincreasing ipopulation, ihence ithere iis ian iessential iand iearnest ineed ito iget ifresh iwater ifrom 

ithe isaline/brackish iwater ipresent ion ior iinside ithe iearth. This iprocess iof igetting ifresh iwater ifrom 

isaline/brackish iwater ican ibe idone ieasily iand ieconomically iby isolar idistillation. 

According ito iWorld iHealth iOrganization i(WHO), ithe ipermissible ilimit iof isalinity iin 

iwater iis i500 ippm iand ifor ispecial icases iup ito i1000 ippm iwhile imost iof ithe iwater iavailable ion 

iearth ihas ithe isalinity ilevel iup ito i10,000 ippm iwhereas iseawater inormally ihas ia isalinity iin ithe 

irange iof i35,000-45,000 ippm iin ithe iform iof itotal idissolved isalts. 

Excess ibrackishness icauses ithe iproblem iof itaste, istomach iproblems, iand ilaxative ieffects. 

One iof ithe icontrol imeasures iincludes ithe isupply iof iwater iwith itotal idissolved isolids iwithin 

ipermissible ilimits iof i500 ippm ior iless. This iis iaccomplished iby iseveral idesalination imethods 

ilike ireverse iosmosis, ielectrodialysis, ivapor icompression, imultistage iflash idistillation, iand isolar 

idistillation, iwhich iare iused ifor ipurification iof iwater, ias ishown iin Table 1.1. 
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Table 1.1. Various desalination processes [6] 

S. No Phase-change/ Thermal processes Single-phase/ Membrane processes 

1. Multi-stage flash (MSF) Reverse osmosis (RO) 

• RO without energy recovery 

• RO with energy recovery (ER-RO) 

2. Multiple effect boiling (MEB) Electrodialysis (ED) 

3. Vapour compression (VC)  

4. Freezing  

5. Humidification/dehumidification  

6. Solar stills 

• Conventional stills 

• Special solar stills 

• Cascaded type solar stills 

• Wick-type solar stills 

• Multiple-wick-type stills 

 

Among ithese, ithe isolar istills ican ibe iused ias ia idesalination iplant ifor isuch iremote 

isettlements iwhere ibriny iwater iis ithe ionly itype iof imoisture iavailable, ipower iis iscarce iand 

idemand iis iless ithan i200 im3/day. On ithe iother ihand, ithe isetting iof iwater ipipelines ifor isuch iareas 

iis iuneconomical iand idelivery iby itruck iis iunreliable iand iexpensive. iSince iother idesalination 

iplants iare iuneconomical ifor ilow-capacity ifreshwater idemand, iunder ithese isituations, isolar 

istills iare iviewed ias ia imeans ito iattain iself-reliance iand iensure ia iregular isupply iof iwater. 

 The iWorld iBank iadopted ia ipolicy iof iwater iprivatization iand ifull-cost iwater ipricing. iThis 

ipolicy iis icausing igreat idistress iin imany ithird iworld icountries, iwhich ifear ithat itheir icitizens iwill 

inot ibe iable ito iafford ifor-profit iwater. The iblue iplanet iproject iis ian iinternational ieffort ibegun iby 
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ithe iCanadian iCouncil ito iprotect ithe iworld's ifresh iwater ifrom ithe igrowing ithreats iof itrade iand 

iprivatization. iDuring iMarch i16-22, i2000, iactivists ifrom iCanada iand imore ithan ia idozen iother 

icountries imet iin iHague ito ioppose ithe itrade iand iprivatization iagenda iof ithe isecond iworld iwater 

iforum iand ito ikick istart ian iinternational inetwork ito iprotect iwater ias ia icommon iresource iand ia 

ibasic ihuman iright. iThis inecessitated ithe idifferent iapproaches iin iterms iof ieconomic iand 

itechnological iefforts ito icope iup iwith ithis iproblem. 

 

Fig. 1.1. Allocation of the world’s water resources [7] 

 The iallocation iof ithe iworld’s iwater iis ishown iin iFig. i1.1. iMore ithan i97%, ior iabout i1338 

imillion ikm3, iof ithe iworld’s iwater iis iseawater. iEighty ipercent iof ithe iremaining iwater iis ibound 

iup ias isnow iin ipermanent iglaciers ior ias ipermafrost. iHence, ionly i0.5% iof ithe iworld’s iwater iis 

ireadily iavailable ias ilow-salinity igroundwater ior iin irivers ior ilakes ifor idirect iuse iby ihumans [7]. 

 Some iregions iof ithe iworld iare iblessed iwith ian iabundance iof ifreshwater. iThis iincludes 

iareas iwith irelatively ilow ipopulations iand ieasy iaccess ito isurface iwaters, isuch ias inorthern 

iRussia, iScandinavia, icentral iand isouthern icoastal iregions iof iSouth iAmerica, iand inorthern 

iNorth iAmerica i[8]. iMore ipopulated iareas iand iareas iwith irepaid iindustrialization iare 

iexperiencing imore iwater istress, iparticularly iwhen ilocated iin iarid iregions. 
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  Fig. 1.2. Global water stress in 1995 and predicted for 2025 [9]  

 Fig. i1.2 icompares ithe iglobal iwater istress iin i1995 iwith ithat ipredicted ifor i2025. iThe iareas 

iof ithe iworld ithat iare inot irich iin iwater iresources iand ithat ialso iexperience iun-stable iand irapid 

ipopulation igrowth iand iindustrialization iwill isee iwater istress isignificantly iincrease iin ithe 

ifuture. iAs imany ias i2.8 ibillion ipeople iwill iface iwater istress ior iscarcity iissues iby i2025; iby i2050, 

ithat inumber icould ireach i4 ibillion ipeople. iWater istressed iareas iwill iinclude ithe isouth-central 

iUnited iStates, iEastern iEurope, iand iAsia, iwhile iwater iscarcity iwill ibe iexperienced iin ithe 

iSouthwestern iUnited iStates; iNorthern, iSouthern, iand iEastern iAfrica; ithe iMiddle iEast; iand 

imost iof iAsia [9]. 
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 In i2015, idata ireceived iby ithe iNational iAeronautics iand iSpace iAdministration i(NASA)’s 

isatellite irevealed ithat iout iof i37 iworld's ilarge iaquifers, i21 iare ifacing iseverely iwater-stressed i[2]. 

With iincreasing ipopulation iand iincreased idemand ifrom iindustry iand iagriculture, iresearchers 

iindicate ithat icalamity iof ipure idrinkable iwater iwill ibecome iworsen isoon. As iper ithe ireports iof 

iWHO iand iUNICEF i[10], iabout i0.844 ibillion ihumans iin ithe iworld ihave ian iinadequacy iof 

ifundamental idrinking iwater iservice iand i2.1 ibillion ihumans ihave ian iinadequacy iof isafely 

imanaged iwater. 

 

Fig. 1.3. Annual baseline water stress [11] 

 Fig. i1.3 ishows ithe iWater iStress iIndex i2019 ithat iestimates icurrent iwater istress iby 

icomparing iwater iuse ito ithe iavailable, irenewable isupply ifor iregions iaround ithe iworld. Baseline 

iwater istress iestimates ithe iratio iof ioverall iwater iwithdrawals ito iavailable irenewable iwater 

isupplies. Water iwithdrawals iinclude idomestic, iindustrial, iirrigation, iand ilivestock 

iconsumptive iuse. Available irenewable iwater isupplies iinclude isurface iand igroundwater 

isupplies iand iconsiders ithe iimpact iof iupstream iconsumptive iwater iusers i[11]. 
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 Therefore, ithe iworldwide ichallenge iin ithe icurrent iera iis ithe ishortfall iof isafe, idrinking 

iwater. iSolar idesalination imay ibe ithe ieconomic iand ieffective itechnique ifor iconverting ithe 

ibrackish iwater iinto ipure idrinkable iwater. 

1.1.1     Water Pollution 

Human iinfectious idiseases iare iamong ithe imost iserious ieffects iof iwater ipollution, 

iespecially iin ideveloping icountries, iwhere isanitation imay ibe iinadequate ior inon-existent. 

Waterborne idiseases ioccur iwhen iparasites ior iother idisease-causing imicroorganisms iare 

itransmitted ivia icontaminated iwater, iparticularly iwater icontaminated iby ipathogens ioriginating 

ifrom iexcreta. These iinclude ityphoid, iintestinal iparasites, iand imost iof ithe ienteric iand idiarrheal 

idiseases icaused iby ibacteria, iparasites, iand iviruses. iAmong ithe imost iserious iparasitic idiseases 

iare iamoebiasis, igiardiasis, iascariasis, iand ihookworm. iSome iimportant iissues iarising idue ito 

iwater ipollution iare ilisted ibelow i[12]: 

• 5 imillion ipeople idie ievery iyear idue ito iwater-related idisease iand iout iof ithis i84% iare 

ichildren iin iage igroup i0 i- i14. 

• Diarrhea iis ithe imain icause iof i43% iof iwater-related ideaths. 

• In ithe ideveloping iworld, i98% iof ideaths iare iwater-related. i 

• Poor ipeople iliving iin ithe islums ioften ipay i5-10 itimes imore iper ilitre iof iwater ithan 

iwealthy ipeople iliving iin ithe isame icity. 

• About i13.2 igallons iof iwater iper iperson iis irequired idaily ifor isanitation, ibathing, iand 

icooking ineeds, ias iwell ias ifor iassuring isurvival. 

1.1.2     Salinity of Water 

The iquality iof igroundwater ihas ichanged ito ian iextent ithat ithe iuse iof isuch iwater icould ibe 

ihazardous. iAn iincrease iin ioverall isalinity iof ithe igroundwater iand/or ipresence iof ihigh 
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iconcentrations iof ifluoride, iiron, initrate, iarsenic, itotal ihardness, iand ifew itoxic imetal iions ihave 

ibeen inoticed iin ilarge iareas iin iseveral istates iof iIndia. 

Specific iwater iquality iproblems iinclude isalinity i(Total idissolved isolids i(TDS)), ihardness 

ivalue i(CaCO3), iiron, izinc, imanganese, ifluorides, iheavy imetals, ipH ivalue, ibacterial 

icontamination, iand ipesticide/herbicide iresidues, ietc. According ito iWHO iguidelines i[13] i ifor 

idrinking iwater iquality, ithe iwater iwith ia iTDS ilevel iless ithan i500 ippm iis igenerally iconsidered 

isafe ifor idrinking iand iabove i1000 ippm iit ibecomes isignificantly iobjectionable ito iconsume. In 

iIndia, ithe iwater isalinity iconsumption iby ipeople ireaches ito i1500 ippm. Most iof ithe iwater 

iavailable ion iearth ias iunderground iwater ihas ithe isalinity ilevel iup ito i10,000 ippm. Seawater 

inormally ihas ia isalinity iin ithe irange iof i35,000-45,000 ippm iin ithe iform iof itotal idissolved isalts. 

India ihas iabout i53,000 ihabitations iwith isalinity igreater ithan i1500 img/litre, imost ibeing iin 

iremote iand iarid iareas iwith isaline iwater. Salinity ivaries islightly ifrom iplace ito iplace iaround ithe 

iworld iand ivaries isomewhat iwith ithe iseasons i(affected iby itemperature iand iprecipitation). iThe 

iwater iof isalinity ibetween ifreshwater iand iseawater iis icalled ibrackish. 

1.2     Solar Distillation: A State of Art 

The iidea iof isaline iwater ievaporation iby iusing ithermal ienergy iand iits isubsequent 

icondensation ifor ifreshwater iproduction iwas iempirically iapplied iseveral icenturies iago ito 

isimulate ithe iatmospheric iair ihumidification iand idehumidification iduring ithe ihydrologic icycle 

[14].  

Many ioptions i(conventional iand inon-conventional) iare iavailable ito idistillate ithe 

ibrackish/saline iwater. Among iall ithe inon-conventional imethods ithe imost iprominent imethod iis 

ithe i‘solar idistillation’ iand iis ithe ioldest imethod ito iget ithe ipotable i/distilled iwater iby iutilizing ithe 

isolar ienergy iwhich iis ian iabundantly iavailable inatural iresource iin ithe iworld. Solar idistillation iof 

ibrackish iwater iis ian ioption ito iobtain ifresh iwater ifor idrinking, imedicinal iuse, ibattery icharging, 
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ischool, ilaboratories, ietc. ias iit ineeds isimple itechnology iand ilow imaintenance iand iit ican ibe iused 

ianywhere iwith ia ilesser inumber iof iproblems. 

 Solar iStill iis ia iperfect iwater idistiller idesigned iespecially ifor iremote iareas ior iduring 

ipower ioutages. Solar istills imimic ithe inatural iprocess iwhen ithe iwater ievaporates, iit iremoves 

ionly ipure iwater iand ileaves iall icontaminated ibehind. Solar iStill iwas icertified ifor iarsenic 

iremoval iby ithe iNational iSanitation iFoundation i(NSF). To iuse ithis ifree ienergy imore iefficiently, 

ivarious isolar idistillation imethods ihave ibeen istudied isince ithe ipast ito idesalinate iimpure iwater. 

Swedish iengineer iCarlos iWilson iin i1872 i(worked itill i1910) iin iLas iSalinas, iChile ibuilt ia iplant 

iof i64 ibasins i(4,459 im2) iof icapacity i20,000 iliters i/day. iBased ion ithe imethod iof ienergy ifeed, 

isolar idistillation iis ibroadly iclassified ias ipassive idistillation iand iactive idistillation iwith ivarious 

idesigns ireported i[15-18]. 

1.3     Requirements for Solar Distillation 

 As ilong ias ithe idistiller iis ikept iclean iand iworking iproperly, ithe ihigh iquality iof itreated 

iwater iwill ibe ivery iconsistent iregardless iof ithe iincoming iwater iquality. iThe ivarious ifavorable 

iconditions ifor isolar idistillation iare i[19]; 

• Availability iof isalty/ ibrackish iwater iif iother isources iare ifully iexploited. 

• Total i3 im3/ iday ior iless iwater irequirement. 

• Availability iof isolar ienergy. 

• Rainfall ibelow i0.5m/year. 

• High iwater itransportation icosts. 

• Competing itechnologies ithat irequire iexpensive iand/or iunreliable isupply iof 

conventional ifuel. 

1.4     Advantages and Disadvantages of Solar Distillation 

 The imajor iadvantages iand idisadvantages iof isolar idistillation iare ias ifollows [20]: 
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1.4.1     Advantages of Solar Distillation 

• Solar idistillation iis ia isimple itechnology, ieco-friendliness, ithe irequirement iof iless 

skilled iworkers, ilow imaintenance iand ilow ienergy ineeds. 

• It iproduces ipotable iwater. 

• No iprime imovers iare irequired ito irun ithe iunit. 

• Solar idistillation ialso iremoves ipathogens ipresent iin ithe iwater. 

• Solar istills, ioperating ion isea ior ibrackish iwater, ican iensure isupplies iof ipotable 

water. 

• It ican iencourage icottage iindustries, ianimal ihusbandry, ior ihydroponics ifor ifood 

production iin iareas iwhere isuch iactivities iare inow ilimited idue ito iinadequate  

supplies iof ipotable iwater. 

• Solar idistillation iwill ipermit isettlement iin isparsely i- ipopulated ilocations, ithus 

relieving ipopulation ipressures iin iurban iareas. 

• Operating icost iis inearly izero iand iit iis icompact iand ilightweight. 

• Approximately i90% ifeed iwater irecovery. 

• Investment iis ilow. 

1.4.2     Disadvantages of Solar Distillation 

 The imain idisadvantages iof isolar idistillation iare ias ifollows: 

• In isolar idistillation, ia ilarge isurface iarea iis irequired ifor ithe icollection iof isolar 

ienergy. 

• Distillate ioutput imainly idepends ion iclimatic iconditions. 

• Difficult ito itransport imainly idue ito ihandling iof ithe iglass icover. 

• Low idaily idistillate iyield iper im2
 iof ithe ibasin iarea. i(3 i– i4 iliter iday-1m-2). i 

• Routine imaintenance iis irequired. 
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1.5     Factors Influencing the Performance of Solar Distillation 

The ieffects iof idesign iand iclimatic iparameters ion isolar istill iperformance iare igiven ibelow: 

1.5.1     Effects of Design Parameters 

 The idesign iparameters iof ithe isolar istill iaffect ithe iperformance iof isolar isill iin ithe 

ifollowing iways: 

(a) High iwater itemperature. 

Following idesign iparameters iaffect ithe itemperature iof iwater iin ithe isolar istill ibasin: 

• Integration iof icollectors iwith ithe isolar istill ibasin 

• High iabsorptivity iof ibasin iliner iand icollector iplate 

• Reducing ithermal ilosses ito iambient iusing igood iinsulating imaterials 

• High iambient itemperature 

• Low iwater idepth 

(b) Large itemperature idifference ibetween ievaporative iand icondensing isurfaces. 

The ilarge itemperature idifference ibetween ithe ievaporative iand icondensing isurfaces ican 

ibe iobtained ias: 

• Less iabsorptivity iof ithe iglass icover 

• Rapid iremoval iof iheat ifrom ithe iouter iglass icover iby iblowing iof ithe iwind ior iby iother 

means 

(c) Low ivapour ileakage. 

• The ibasin iof ithe idistillation isystem iis imade iwatertight ito iavoid iwater ileakage 

1.5.2     Effects of Climatic Parameters 

The iclimatic iparameters iaffect ithe iperformance iof isolar istill iin ithe ifollowing iways: 
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• The ihigher iconvective iheat iloss ifrom ithe iglass isurface ican ibe iachieved iwith ithe 

ihigher iwind ivelocity iand ihence ihigher iwill ibe itemperature idifference ibetween ithe 

ievaporative iand icondensing isurface. 

• The ioutput iof isolar istill iincreases iwith ithe iincrease iin ithe iintensity iof isolar iradiation. 

1.6     Classification of Solar Distillation Systems 

 Depending iupon ithe imode iof ioperation, isolar istill ican ibe iclassified ias ishown iin iFig. i1.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.4. Classification of solar distillation systems 

1.6.1     Passive Solar Still 

 In ithis icase, ithe iwater iin ithe ibasin iof ithe isolar istill iis iheated idirectly iby isolar iradiation. 

iVarious iresearchers ihave icarried iout istudy ion ithe ipassive isolar istill i[21-24]. Most iof ithe 
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iresearchers ireported ithat ipassive isolar istill iis ia islow iprocess iof iwater ievaporation iand idaily 

itotal iyield iis iabout i2.25 ikg/m2
 iday iduring isummer. iThe ioperating irange iof itemperature ifor ia 

iclear iday iand imaximum isolar iradiation iis iin ithe irange iof i20ºC i- i50ºC. iA idouble islope ipassive 

isolar istill iis ishown iin iFig. i1.5. 

 

Fig. 1.5. Double slope passive solar still at I.I.T Delhi 

1.6.2     Active Solar Still 

 The itemperature iof ithe ibasin iwater igoverns ithe ievaporation irate iin ithe isolar istill. iThe 

itemperature iof ithe ibasin iwater iin ithe isolar istill ican ibe iheated iboth idirectly iby isolar iradiation ias 

iwell ias iindirectly i(i.e. ifeeding ihot iwater, iavailable ifrom isolar icollector ior iindustries ior ipower 

iplant, ietc.), iand isuch isystem iis iknown ias iactive isolar istill. iDouble islope isolar istill iin iactive 

imode iis idepicted iin iFig. i1.6. iThe iactive isolar idistillation iis imainly iclassified ias ifollows: 

(i) High-temperature idistillation: iHot iwater iwill ibe ifed iinto ithe ibasin ifrom ia isolar 

icollector/concentrator. iThe ioperating irange iof itemperature iis iin ithe irange iof i50ºC i- 

i100ºC iand igenerally ireferred ito ias ihigh ioperating idistillation. 
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(ii) Nocturnal iproduction: iWater iof ithe isolar istill iis iheated iduring ithe isunshine ihours iand 

imost iof ithe ienergy iis istored iin ithe iwater imass. iThis istored ienergy iis ithen iutilized ifor 

idistillation iduring ioff isunshine ihours. 

 

Fig. 1.6. Double slope active solar still [25]  

 Various iresearchers ihave icarried iout istudy ion isolar idistillation isystems iwith ia iflat iplate 

icollector/concentrator i[26-31] iand iusing iwaste ithermal ienergy ifrom iany ichemical/industrial 

iplant i[32]. iTiwari iet ial. i[33] ideveloped ithe ithermal imodel ifor iactive isolar istill icoupled iwith 

idifferent itypes iof isolar icollectors iand ivalidated ithe itheoretical ivalues iwith iexperimental ivalues 

ifor i0.05 im iwater idepth. iThe istudy ireported ithat isolar istill iintegrated iwith ievacuated itube 

icollector igives ia imaximum iyield iof i4.24 ikg/m2day, iamong iall iother itypes iof isolar istill. 

1.7     Heat Transfer in Solar Still 

 There iare itwo itypes iof iheat itransfer iin isolar idistillation isystems ias idetailed iin iFig. 1.7. 
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1.7.1     Internal Heat Transfer 

 The iinternal iheat itransfer iwithin ithe isolar istill ifrom ithe iwater isurface ito ithe iinner isurface 

iof ithe icondensing icover iconsists iof iradiation i(�̇�𝑟𝑤), iconvection i(�̇�𝑐𝑤) iand ievaporation i(�̇�𝑒𝑤). 

iThe iinternal iheat itransfer imainly igoverns ithe itransport iphenomena iof iwater ivapour iformed 

iabove ithe iwater isurface. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.7. Types of heat transfer in the solar still 
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All iheat itransfer ioccurs isimultaneously, ithe ievaporative iheat itransfer idepends iupon ithe 

iconvective iheat itransfer ibut ithese itwo iare iindependent iof iradiative iheat itransfer. iVarious 

imodes iof iheat itransfer iand ienergy ilosses iin idouble islope isolar istill iare ishown iin iFig. i1.8. 

 

Fig. 1.8. Heat transfer and energy losses in double slope solar still 

The rate of heat transfer by different modes within the solar still is expressed as [19, 34]: 

1.7.1.1     Radiative Heat Transfer 

The iradiative iheat itransfer ibetween ithe iwater isurface iand iinner isurface iof ithe iglass icover 

iis iobtained ias: 

𝑞𝑟𝑤 = ∈𝑒𝑓𝑓 𝜎[(𝑇𝑤 + 273)4 − (𝑇𝑔 + 273)4]                                                            (1.1) 

𝑞𝑟𝑤 =  ℎ𝑟𝑤(𝑇𝑤 − 𝑇𝑔)                                                                                                          (1.2) 

ℎ𝑟𝑤 = ∈𝑒𝑓𝑓 𝜎[(𝑇𝑤 + 273)2 + (𝑇𝑔 + 273)2][𝑇𝑤 + 𝑇𝑔 + 546]                                           (1.3) 
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Where, ℎ𝑟𝑤 is the radiative heat transfer coefficient from the water surface to the glass cover 

and 

1

1 1
1

eff

w g


 

−
 

= + − 
  

 

1.7.1.2     Convective Heat Transfer 

Heat itransfer ioccurs iacross ihumid iair iin ithe idistillation iunit iby ifree iconvection, iwhich iis 

icaused iby ithe ieffect iof ibuoyancy, idue ito ithe idensity ivariation iin ithe ihumid ifluid. iThis ioccurs 

idue ito ithe itemperature igradient iin ithe ifluid. 

 The general equation of convective heat transfer from the water surface to glass cover of 

the solar still is given as: 

𝑞𝑐𝑤 =  ℎ𝑐𝑤(𝑇𝑤 − 𝑇𝑔)                                                                                                            (1.4) 

The convective heat transfer coefficient (hcw), depends on the following parameters: 

• Operating range of temperature 

• The geometry of condensing cover 

• Physical properties of the fluid within operating temperature 

This iconvective iheat itransfer iis icalculated iby iusing inon-dimensional inumbers. iThe 

irelation iof inon-dimensional iNusselt inumber icarry iconvective iheat itransfer icoefficient iis igiven 

ias: 

( )Pr
ncw v

v

h L
Nu C Gr

K


= =                                                                                                                                (1.5) 

or,    ( )Pr
nv

cw

v

K
h C Gr

L
=   

where, Gr and Pr are the Grashoff and Prandtl numbers, respectively, and C and n are unknown 

constants. The Gr and Pr are given by the following expressions: 

3 2

2

vgL T Buyoancy force
Gr

Viscous force

 




= =  
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and,  Pr
p

v

C Momentum Diffusivity

K Thermal Diffusivity


= =  

1.7.1.3     Evaporative Heat Transfer 

The evaporative transfer coefficient (hew) can be written in terms of the convective heat 

transfer coefficient as: 

1ew w

cw p a T

h ML

h C M P
=                                                                                                                                                          (1.6) 

Using Lewis relation (1922, 1933) i.e. the ratio of heat transfer coefficient to mass 

transfer coefficient is equal to the specific heat per unit volume at a constant pressure of the 

mixture and is given as: 

                                                                (1.7) 

where hD is the convective mass transfer coefficient (m/s) from the water surface and is given 

as: 

𝑚

𝑎
=  ℎ𝐷(𝜌𝑤 − 𝜌𝑎) 

where m is the mass transfer rate (kg/h). Using the perfect gas equation (PV=RT', V=M/ρ) for 

water vapor and solving the Eq. (1.6) and Eq. (1.7) we will get 

                                                                                                                        (1.8) 

After substituting the values of Mw, ρa, Cp, R, L, Pt (Pt=Pa) and T (at 50oC) in the Eq. (1.8), we 

get 

316.273 10
ew cw

h h−=                                                                                    

The rate of evaporative heat transfer is expressed as: 

�̇�𝑒𝑤 = ℎ𝑒𝑤(𝑇𝑤 − 𝑇𝑐𝑖)                                                                                                                                               (1.9) 

1cw

D a p

h

h C
=

1ew w

cw a p T

h ML

h C RT P
=  
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1.7.1.4     Total Internal Heat Transfer 

Total upward internal heat transfer coefficient (
1w

h ) can be written as: 

1w rw cw ew
h h h h= + +                                                                                                                     (1.10) 

The total internal energy (�̇�1𝑤) transfers from water surface to inner glass cover and can be 

expressed by adding the Eq (1.2), Eq (1.3) and (1.4) as: 

�̇�1𝑤 = ℎ1𝑤(𝑇𝑤 − 𝑇𝑐𝑖)                                                                                                            (1.11) 

1.7.2     External Heat Transfer 

 The external heat transfer occurs outside the solar still by conduction, convection, and 

radiation which are independent of each other. This occurs from the side, bottom, and top 

surface of the glass cover to the environment. However, the side loss coefficient is generally 

neglected. 

1.7.2.1     Top Heat Loss from Glass Cover 

 The external heat transfer from glass cover to the environment takes place by means of 

convection and radiation. To get the more realistic value of the external radiative heat transfer 

coefficient (
rcs

h ), the sink temperature is considered as the sky temperature (
sky

T ) rather than 

taking the ambient temperature (
a

T ) [35]. The sky temperature is expressed as [36]; 

( )
1.5

0.0552
sky a

T T=                                                                                                                                         (1.12) 

where, both the temperatures
sky

T  and 
a

T  are in Kelvin. 

Based on sky temperature, the external radiative (
rcs

h ) and convective (
ccs

h ) heat transfer 

coefficient may be written as: 

( )

( ) ( )

4 4( 273.15) ( 273.15)
co a

rcs g g

co sky co sky

T T R
h

T T T T
  

+ − + 
= +

− −
                                               (1.13a) 
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where,  ( )4 4( 273.15) ( 273.15)
a sky

R T T = + − +  

Rate of external radiative heat transfer is given as: 

�̇�𝑟𝑐𝑠 = ℎ𝑟𝑐𝑠(𝑇𝑐𝑜 − 𝑇𝑠𝑘𝑦)                                                                                                   (1.13b) 

The convective heat transfer coefficient from the exterior surface of the glass cover can be 

expressed as: 

( )

( )
co a

ccs w

co sky

T T
h h

T T

−
=

−
                                                             (1.14a) 

where, 
w

h is the wind convective heat transfer coefficient, which depends upon the wind speed. 

Several correlations are available in the literature [37] and generally, 
w

h  is determined from 

an expression in the form expressed as [37] : 

w
h = n

aa bV+                                                

where,  a = 2.8, b = 3, and n = 1 for aV < 5m/s  and,   a = 0, b = 6.15, and n =0.8 for aV > 5m/s. 

The rate of external convective heat transfer from the outer surface of glass cover to ambient 

is given as: 

�̇�𝑐𝑐𝑠 = ℎ𝑐𝑐𝑠(𝑇𝑐𝑜 − 𝑇𝑠𝑘𝑦)                                                                                                                                 (1.14b) 

The total external heat transfer coefficient (
2c

h ) between glass cover and sky can be written as: 

( )

( )2

w co a

c rcs ccs rcs

co sky

h T T
h h h h

T T

−
= + = +

−
                                                                                    (1.15a) 

The higher variation in the value of 
2c

h  (includes radiative and convective) occurs with 

the variation of glass and ambient temperature. Some researchers proposed the simple 

correlation to predict the external heat transfer coefficient as [19]; 

2
2.8 3.0  and   5.7 3.8

w a c a
h V h V= + = +  

 



 

21 
 

Total heat transfer from glass cover to ambient is expressed as: 

�̇�2𝑐 = ℎ2𝑐(𝑇𝑐𝑜 − 𝑇𝑎)                                                                                                                                              (1.15b)         

 1.7.2.2     Bottom Heat Loss 

 The loss of heat from the bottom to the environment can be written as: 

�̇�𝑏𝑎 = ℎ𝑏𝑎(𝑇𝑏 − 𝑇𝑎)                                                                                                                       (1.16) 

where,  

1
1b

ba
b cb rb

L
h

K h h

−
 

= + 
+  

  

1.7.2.3     Side Heat Loss 

 The loss of heat from the side (�̇�𝑠𝑎) is insignificant as compared to bottom loss because 

of less quantity of water in the basin. However, it can be written as: 

�̇�𝑠𝑎 = �̇�𝑏𝑎 (
𝐴𝑠𝑠

𝐴𝑏
)                                                                                                                             (1.17) 

where  ssA is the surface area in contact with basin water 

1.8     Global Status of Solar Distillation 

Most of the distillation systems have been abandoned due to a very slow production rate. 

However, research in the area of solar distillation is limited in the following academic 

organizations namely IIT Delhi (INDIA); Central Arid Zone Research Institute, Jodhpur 

(INDIA); Sardar Patel Renewable Energy Research Institute, Anand (INDIA); Ciudad 

Universitaria, Coyoacán (MEXICO); The University of the Ryukyus, Nagoya University and 

Chuo University (JAPAN); Ben-Gurion University of the Negev, Be'er Sheva (ISRAEL); 

Technische Universitat Bergakademie Freiberg (GERMANY); Alexandria University 

(EGYPT); Jordan University of Science and Technology, Irbid (JORDAN); University of 

Ouargla (ALGERIA); Xian Jiao Tong University (CHINA) and University of Foggia (ITALY). 
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In iIndia, ithe ifirst ilargest isolar idistillation iplant iwas iinstalled iby iCentral iSalt iand iMarine 

iChemical iResearch iInstitute i(CSMCRI), iBhavnagar ito isupply idrinking iwater iin iAwania 

ivillage i(then inon-electrified) iand iChhachi ilighthouse iin i1978. iThe iwell iwaters iin ithe iarea iwere 

ifound ito ibe isaline iwith itotal idissolved isolids iexceeding i3000 ippm i(and iabove i5000 ippm iduring 

isummer) iand ifluoride iconcentration iabout i6 ito i8 ippm i[38]. 

 

Fig. 1.9. Solar desalination plant at village Awania, Gujarat [38] 

1.9     Thesis Outline 

The remainder of this thesis is organized as follows: 

Chapter 2:  Includes an in-depth literature review designed to provide a summary of the 

base of knowledge already available involving the issues of interest. It presents 

the research works of previous investigators on solar distillation. 
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Chapter 3:  Thermal modeling and optimization of double slope solar still augmented with 

ETC under forced mode are carried out. The output results are also discussed 

at the optimal flow rate with water depth. 

Chapter 4:  Exhaustive energetic and exergetic assessment of the proposed system is 

carried out in this chapter along with irreversibility. The effect of water depth 

and sessional effect outcome in terms of energy and exergy efficiency are also 

reported. 

Chapter 5:  Finally, conclusions on the performance and recommendations are made for 

the present design of solar still. 
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Chapter-II 
 

Literature Survey 

 

 

 

 

 

 
 

 

2.1     Introduction 

The ichapter igives ian iin-depth iliterature ireview ion ivarious idevelopments iand iresearches 

ithat ihappened iin ithe ifield iof isolar idistillation iever isince ithe ifirst iknown iuse iof ia isolar istill, ito 

idate. 

2.2     Literature Survey 

The igreen-house ieffect ihad ibeen ifirst idiscovered iby ithe iEgyptians. iThe iuse iof isolar 

ienergy ihad ibegun ion i214-212 iBC iby iArchimedes iwho imade iheat irays ito idefend ithe iharbor iof 

iSyracuse iagainst ithe iRoman ifleet. iFirst isolar iengine iby iusing iglass ilenses, isupporting iframe, 

iand ian iairtight imetal ivessel icontaining iwater iand iair ihad ibeen imade iby iSalomon ide iCaux, ia 

iFrench iengineer, iand iarchitect, iin ithe iyear i1615. iThis iarrangement iproduced ia ismall iwater 

ifountain iwhen ithe iair iwas iheated iup iduring ioperation. iIn ithe iyear i1774, iJoseph iPriestly, ian 

iEnglish iChemist, ihad idiscovered ioxygen igas ithrough ian iExperiment iin iwhich isunlight iwas 

ifocused ion imercuric ioxide i(HgO) iinside ia iglass itube. iThe ifirst iknown iuse iof isolar istills idates 

iback ito i1551 iwhen iit iwas iused iby iArab ialchemists. iOther iscientists iand inaturalists iused istills 

iover ithe icoming icenturies iincluding i[39-41]. 
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It is also believed that Sailors were the first people to duplicate the natural water cycle as 

shown in Fig. 2.1. They boiled seawater in a vessel using a wood fire and condensed it. They 

condensed the vapour in a sponge. The water squeezed out of the sponge (virtually salt-free) 

tasted unbeknownst. Sailors such as Sir Richard Hawkins reported that their men generated 

freshwater for the purpose of drinking from seawater during voyage using this technique. A 

primitive yet simple approach of desalination. However, the research and technological 

advancements in the distillation facilities paced upon the verge of the nineteenth century. 

 

Fig. 2.1. Ancient representation of drinking water extraction from the sea 

Mauchot i[41] iin ihis ireview, ihad iwritten: i“One iuses iglass ivessels ifor ithe isolar idistillation 

ioperation. iAccording ito ithe iArab ialchemists, ipolished iDamascus iconcave imirrors ishould ibe 

iused ifor isolar idistillation”. iThe igreat iFrench ichemist iused ia ilarge iglass ilens, imounted ion 

isupporting istructures ito iconcentrate isolar ienergy ion idistillation iflasks ifilled iwith icontent ito ibe 
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idistilled i[40]. iThe iuse iof isilver ior ialuminum-coated iglass ireflectors ito iconcentrate isolar ienergy 

ifor idistillation ipurposes ihad ialso ibeen idescribed i[41]. 

 Nebbia iand iMenozzi i[42] ihad imentioned ithe iwork iof iDella iPorta i(1589) iin ia ireview iof 

ithe iwater idesalination ifield. iAbout ihis idesigned isolar istill, ihe isaid: i“Insert igreen ileaves iinto 

iwide iearthen ipots ifull iof iwater, iso ithat ithe ivapours imay ithicken imore iquickly iinto iwater. iTurn 

iall ithis iapparatus, iwhen iit ihas ibeen ifully iprepared, ito ithe imost iintense iheat iof ithe isun’s irays, 

ifor iimmediately, ithey idissolve iinto ivapours iand iwill ifall idrop iby idrop i(i.e. ithe idistillate iwhich 

icontains ithe iessence iof ithe igreen ileaves, ietc.) iinto ithe ivessel iwhich ihas ibeen iplaced 

iunderneath. iIn ithe ievening iafter isunset, iremove ithem iand ifill iwith inew iherbs. iKnotgrass, ialso 

icommonly icalled i“sparrow’s itongue”, iwhen iit ihas ibeen icut iup iand idistilled iis ivery igood ifor 

iinflammation iof ithe ieyes iand iother iaffictions. iA iliquid iproduced iby iground-pine iwhich iwill iend 

iall iconvulsions iif ithe isick iman iwashes ihis ilimbs iwith iit, iand ithere iare iother iexamples itoo 

inumerous ito imention”. iThe isolar istill iused iby iDella iPorta ihas ibeen iillustrated iin Fig. i2.2 iand 

iFig. i2.3. 

 

Fig. 2.2. Solar distillation apparatus used by Della Porta [42] 
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Fig. 2.3. Detailed schematic of solar still [39] 

In i1870, ithe ifirst iAmerican ipatent ion isolar idistillation iwas igranted ito iWheeler iand iEvans. 

iA ifamous iplant ibuilt iby iSwedish iengineer iCarlos iWilson iin i1872 iin iLas iSalinas, iChile. iIt 

iconsisted iof i64 iwater ibasins i(4,459 im2) ito isupply iwater i(20,000 iliters i/day) ito iminers iworking 

iin imining ioperations. iIt iworked iuntil i1910, idue ito ithe iproblem iof iaccumulation iof isalts iin ithe 

ibasin ithat ineeded iregular icleaning i[22]. iThe idesign iof iconventional ibasin itype isolar istill 

iformed ia ibase ifor ithe imajority iof isolar istills ithat iare ibeing ibuilt isince ithat itime. iAfter i1878, 

iworks ion isolar ienergy islowed idown ibecause iof ithe iavailability iof ilow-cost iconventional ifuels. 

Different designs of solar stills namely metallic reflector to concentrate solar rays used 

by Kush in 1920 [43],  Cylindrical and parabolic reflectors [44] and spherical stills [45] were 

studied and reported. About 200,000 of spherical stills have been used during the world war-II 

to supply water in arid / desert areas, just after the war to supply fresh/potable water. During 
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ithe i1950s, iinterest iin isolar idistillation iwas irevived ito idevelop ilarge icentralized idistillation 

iplants. iHowever, iafter iabout i10 iyears, iresearchers iaround ithe iworld iconcluded ithat ilarge isolar 

idistillation iplants iwere itoo iexpensive ito icompete iwith ifuel-fired iones. iTherefore, iresearch 

ishifted ito ismaller isolar idistillation iplants. iBetween, i1960-1970, i38 isolar idistillation iplants 

iwere ibuilt iin i14 icountries, iwith icapacities iranging ifrom ia ifew ihundred ito iaround i30,000 iliters 

iof iwater iper iday. iThereafter imany ipieces iof iresearch ion idesign, ifabrication imethods iand 

iperformance ievaluation, ietc. iof isolar idistillation isystems ihave ibeen icarried iout iby ivarious 

iscientists ithroughout ithe iworld. 

The imajority iof ihigh icapacity isolar istill iplants iin iIndia iwere iinstalled iby iCentral iSalt i& 

iMarine iChemicals iResearch iInstitute i(CSMCRI), iBhavnagar. iGomkale i[46] i istudied iin idetail 

ithe isolar idistillation isystems ias iper ithe iIndian iscenario. iThe ipilot iplant iconstructed iat 

iBhavnagar iin i1965 iwas ithe ifirst ilarge icapacity iplant iin iIndia iwith ia ipermanent iconstruction iof 

ibasin iarea i350 im2
 iwith idistillate iproduction iof i1000 iliter iper iday. iIn i1977/78 ia ifew iplants iwere 

ialso iinstalled ifor icommunity iuse. iThe isolar istills iconstructed iin i1968 iat iNavinar iLighthouse ifor 

iuse iby ia ismall iisolated igroup iof ithose istaying iat ithe ilighthouse. iIn i1983, ibasin itype isolar istill iof 

iarea i7500 im2
 iwas iconstructed iin iLakshadweep ito idistillate ithe iseawater iof iproductivity i2000 

iliter iper iday. i 

Twenty iyears i(1952 i– i1973) iwork ion isolar idistillation iwas ireviewed iat ithe iUniversity iof 

iCalifornia i[5]. iTalbert iet ial. i[47] igave ian iexcellent ihistorical ireview iof isolar idistillation. 

iDelyannis iand iDelyannis i[48] ireviewed ithe iwork iof imajor isolar idistillation iplants iaround ithe 

iworld. iThis ireview ialso iincluded ithe iwork iof i[49-51]. iGomkale i[46] istudied iin idetail ithe isolar 

idistillation isystems ias iper ithe iIndian iscenario. iVarious iinvestigations ihave ialso ibeen icarried 

iout ito istudy ithe iimpact iof ivarious itechniques iand ihow ithey iaffect ithe iyield ie.g. ifactors 

iinfluencing ithe iperformance, ieffect iof iorientation iof iglass icover i[52], ithe ieffect iof idyes i[53], 

iuse iof icondenser iand iwater ifilm icooling i[54]. 
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The ivarious idesigns iof iPassive isolar istills ihave ibeen iproposed iand iresearch iwork icarried 

iout i[55-58] iand ifor iActive isolar istill i[59-60] iand ion iwick itype isolar istill i[61]. 

Garg and Mann [62], reported that productivity increases with an increase in solar 

radiation and ambient temperature, however, the efficiency of active solar still is more than 

passive, because of the higher operating temperature range. Tiwari and Madhuri [63] found 

that the dependence of yield on water depth is a strong function of the initial temperature of 

the brine in the basin of the still. Tripathi and Tiwari [64] reported the effect of water depths 

on the heat and mass transfer coefficients and found that the convective heat transfer coefficient 

between water and inner condensing cover depends significantly on the water depth.  

Bouker and Harmim [65] carried out the effect of climatic conditions on the performance 

of solar still for the climatic conditions of Algeria and reported that the daily productivity in 

summer for simple double basin solar still varies from 4.01 to 4.34 l/m2/d as compared with 

8.07 to 8.07 l/m2/d for a coupled double basin still in clear days. Al-Hinai et al. [66]  reported 

that with the rise in ambient temperature from 23ºC to 33ºC, the daily yield increases by 8.2%. 

Tanaka and Nakatake [67], carried out the study of the effect of various factors on the 

productivity of multiple – effect diffusion type solar still coupled with flat plate reflector.  

It is found from the literature review that more work has been carried out during the clear 

sky days on active and passive solar still performance. Rai and Tiwari [26] have developed a 

thermal model of active solar still by using Dunkle’s relation [68]. EI-Sebaii [69] carried out 

the effect of wind speed and other parameters on the different designs of active and passive 

solar stills. Badran [70] carried out an experimental study of the enhancement parameters on 

single slope solar still and found that the performance of solar still is increased by 51 percent 

by combined asphalt basin liner and sprinkler. Kabbi and Nafila [71] studied the impact of 

temperature difference on solar still global efficiency and found that with greenhouse effect it 

improves solar still global efficiency and it can also be improved by attaching mirror, reflector 
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and concentrator to increase the intensity of solar radiation to solar distillation system and 

observed 20 l/d per unit area of reflector. Various aspects of passive and active solar stills have 

also been reported [19]. 

 Kudish et al. [72] designed and tested a solar desalination system suitable for desalination 

of seawater; consisting of a solar collector coupled to an evaporation/condensation chamber 

made of non-corrosive polymeric materials (polymers). The carrier of thermal energy 

associated with the PV module may be either air or water. Once thermal energy withdrawal is 

integrated with the photovoltaic (PV) module, it is referred to as a hybrid PV/T system. The 

work on the PVT system has been reported by various researchers [73-75].  

The low productivity was the main issue of passive solar stills, thus to enhance the 

productivity, various methods i.e. multi-stage solar still [76], use of nanofluids [77], integrated 

solar still with ETC, parabolic concentrator, FPC had been used for considerable improvement. 

Among them, FPC is becoming popular because of its less maintenance and ease of operation. 

The enhancement of annual performance using hybrid (PV/T) solar still was investigated and 

observed an increase in productivity by 350% compared to a passive one, using 4m2 size of 

series-connected PVT-FPC [78]. Dwivedi and Tiwari [25] carried out work under the natural 

mode on FPC integrated double slope solar still and estimated the yield about 51% higher than 

the uncoupled solar still. Higher yield (51%–148 %) than passive solar still was obtained using 

PVT, FPC, and hot air methods [79]. Feilizadeh et al. [80] reported that the optimal ratio 

between width and length as 0.4 for the maximum yield from a single slope distiller. Singh and 

Tiwari [81] carried out theoretical performance evaluation of series integrated PVT-CPC solar 

still and found the optimal rate of flow as 0.04 kg/s using 7 collectors to achieve outlet water 

collector temperature below boiling point. 

Utilizing the evacuated tubes collectors in the solar distillation leads to the refinement in 

the performance of the system. Morrison et al. [82] reported better performance using an ETC 
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than FPC for high-temperature operation. Glembin et al. [83] reported a decrease in efficiency 

by 10% when the hourly rate of flow decreases (78 to 31 kg/m2) using 60 parallel vacuum 

tubes. Dev and Tiwari [84] investigated daily yield as 3.328 with an overall energy efficiency 

of 30.1% during summer when a single slope distiller was charged from the ETC water heater. 

In the scenario of natural ETC water heater, Sato et al. [85] reported that the natural operation 

of ETC dis-favors the extraction of energy due to the intermixing of fluid, which takes place 

within the tube as hot and cold-water currents travel in opposite directions. Singh et al. [86] 

investigated the performance of single slope solar still augmented with ETC under natural flow 

in summer using 10 parallel tubes. They analytically predicted an increase in yield to 3.8 

kg/day, while corresponding exergy efficiency as 2.5%. Sampathkumar et al. [87] 

experimented with an ETC integrated single slope solar still under natural mode using 15 tubes 

and found 219% higher production than obtained under the passive arrangement. Further, 

Kumar et al. [88] extended the work of previous researchers using the forced mode in ETC 

augmented single slope solar distiller and reported output as 3.9 kg/m2/day while thermal 

efficiency as 33.8%. Panchal and Awasthi [89] found an increase in yield by 140%, using ETC 

integrated solar still under natural mode. Yari et al. [90] experimentally validated the results 

presented for ETC integrated single slope solar still and reported that placing semi-transparent 

photovoltaic modules on the solar still and coupling the basin with ETC size of 10 tubes, under 

natural mode yields maximum 2.3 kg.m-2day-1 at 0.07 m water depth, which increases to 4.76 

kg.m-2day-1 using 30 tubes. Patel et al. [91] studied stepped type solar still charged using ETC 

water heater and reported improvement in yield ~ 24% during summer than uncoupled solar 

still.  

 Operation of ETC in forced mode has advantages over natural circulation mode namely: 

a) better heat extraction from the tube. 

b) no internal recirculation. 



32 

 

c) no stagnation in the reservoir. 

d) the non-circulation area at the bottom of the tube avoided. 

e) controlled water flow rate. 

 Recently, Jowzi et al. [92] have used a modified evacuated tube system with the 

attachment of an additional tube between the water tank and bottom of ETC tube to remove 

stagnation and found an enhancement in performance. 

2.3     Research gap 

 From the literature survey, it is noted that investigations on ETC augmented single slope 

solar still have been reported. However, in the field of high-temperature distillation, no work 

has been reported for the double slope solar still augmented with Evacuated tube collectors 

(ETC) with ‘N’ parallel tubes under the forced mode. 

2.4     Objective of the Present study 

The objective of the present work is to extend the work further using double slope solar 

still under forced mode (a modified geometry). Hence, the performance of double slope solar 

still integrated with ETC under forced mode has been estimated analytically for the first time. 

The objectives of this research work are: 

• To present a comprehensive mathematical model and carry out the performance 

evaluation of the system. 

• To optimize the mass flow rate through the collector for optimal performance. 

• Sizing of the number of tubes in terms of water depth for water temperature and yield, 

energy efficiency and exergy efficiency. 

• To study the effect of the diffused reflector on the performance. 

• To carry out the energetic and exergetic analysis. 
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Chapter-III 
 

Thermal Modelling and Optimization of the System 

 

 

 

 

 

 
 

 

3.1     Introduction 

In ithis iChapter, ia ithermal imodel iis ideveloped ifor iETC iintegrated idouble islope isolar istill 

iunder iforced imode. iThe iinternal iheat itransfer icoefficients iobtained iby iusing ithe iDunkle imodel 

i[68] iare iused ialong iwith iother idesign iand iclimatic iparameters. iThe iresults iare ivalidated iwith 

ipreviously ipublished iresults iwith isome ichanges iin idesign iconditions. iThe ipredicted iresults iare 

iobtained ifor iwater itemperature, iinner iglass itemperature, iand ifinally idistillate iyield iusing ithe 

iproposed imodel ifor idifferent iwater idepths. iThe iresults iare iobtained iafter ideveloping ia 

icomputer iprogram ifor ithe iproposed imodel iin iMATLAB. 

The ithermal imodel ito isimulate ithe irate iof iproduction iof ifreshwater ifrom iseawater ias ia 

ifunction iof idifferent imeteorological iparameters iand ispecifications iof ithe isolar istills iwere 

ideveloped iby ivarious iresearchers. iTiwari iand iTiwari i[93] icarried iout ithe iindoor isimulation ito 

istudy ithe ieffect iof icondensing icover islope i(15o, i30o, i45o) ion iinternal iheat iand imass itransfer iin 

ithe ipassive idistillation iunit iand ireported ihigher iyield iwith iincrease iin iwater itemperature ifor i30o
 

icover iinclination. iBesides, ithere iis ia isignificant ireduction iin ithe ievaporative iheat itransfer 

icoefficient iwith ian iincrease iof iinclination. iThe iresearchers i[60, i94, i95] ialso ideveloped ithe 

ithermal imodels ibased ion ithe ienergy ibalance iequations iof ipassive iand iactive isolar istill iwith 
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idifferent iconcepts, iin idifferent ioperating imodes iand ivalidated ithe itheoretical iresults iwith ithe 

iexperiments. 

Operation iof iETC iin iforce imode ihas iadvantages iover inatural icirculation imode, inamely 

i(a) ibetter iheat iextraction ifrom ithe itube i(b) iinternal irecirculation iavoided i(c) istagnation iin 

ireservoir iavoided i(d) ithe inon-circulation iarea iat ithe ibottom iof ithe itube iavoided iand i(e) 

icontrolled iflow irate. iKumar iet ial. i[88] iexecuted ia itheoretical ianalysis iof iETC iincorporated 

isingle islope isolar idistiller iunder iforced imanner iand ireported imaximum idaily iyield iand 

iefficiency ias i3.9 ikgm-2
 iand i33.8%, irespectively iin isummer. iPanchal iand iAwasthi i[89] ifound ian 

iincrease iin iyield iby i140%, iusing iETC iintegrated isolar istill iunder inatural imode. iYari iet ial. i[90] i 

iexperimentally ivalidated ithe iresults ipresented ifor iETC iintegrated isingle islope isolar istill iand 

ireported ithat iplacing isemi-transparent iphotovoltaic imodules ion ithe isolar istill iand icoupling ithe 

ibasin iwith iETC isize iof i10 itubes, iunder inatural imode iyields imaximum i2.3 ikg.m-2day-1
 iat i0.07 

im iwater idepth, iwhich iincreases ito i4.76 ikg.m-2day-1
 iusing i30 itubes. iPatel iet ial. i[91] istudied 

istepped itype isolar istill icharged iusing iETC iwater iheater iand ireported iimprovement iin iyield i~ 

i24% iduring isummer ithan iuncoupled isolar istill. iTheoretical iperformance ievaluation iof isingle 

iand idouble islope isolar istill icoupled iwith iN inumbers iof iPVT-CPC iin iseries iwas icarried iout iand 

ioptimum iperformance iat ian ioptimal iflow irate iof i0.04 ikg/s iwas ireported, iusing iseven icollectors 

iat ioutlet iwater icollector itemperature ibelow iboiling ipoint i[81]. iRecently, iJowzi iet ial. i[92] ihave 

iused ia imodified ievacuated itube isystem iwith ithe iattachment iof ian iadditional itube ibetween ithe 

iwater itank iand ibottom iof iETC itube ito iremove istagnation iand ifound ian ienhancement iin ithe 

iperformance. 
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3.2     System description 

An iETC icoupled isolar idistiller iwith idouble islope iunder iforced imode iwith ibasin isize iof i2 

im2
 iis iillustrated iin iFig. 3.1. iThe ibasin iis icomposed iof ifibre ireinforced iplastic i(FRP), ioriented E-

W idirection i(latitude i28o35´ iN iand ilongitude i77o28´E). 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1. Schematic of double slope solar still augmented with ETC under forced mode 

On ithe itop, ia itransparent icondensing icover i(made iof iglass) iof i0.004 im ithickness iand i0.76 

iWm-1K-1
 ithermal iconductivity iis ifixed iat i15o

 iinclination ifrom ihorizontal iwith iproper isealing. 

iEvacuated itubular icollector icomposed iof iseveral iparallel itubes iof i1.4 im ilength iand i0.07 im 

icenter ispacing iis iinclined iat i45o
 ifrom ihorizontal, isouth ioriented, iand ifixed iat ithe ibottom iof ithe 
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ibasin. iA ivalve iis ialso iprovided ito iregulate ithe iflow irate. iTo iavoid ireverse iflow iduring ithe inight, 

iETC imay ibe icut ioff ifrom isolar istill iby iproviding ia iregulating ivalve iin ithe ipipeline iafter ithe 

ipump, iwhich ialso iregulates iflow irate ias iper irequirement iduring ithe iday. iThe iradiations iare 

itransmitted ithrough iglass icover iafter ireflection iand iabsorption iof isome ipart iand ireach ito ibasin 

iwater. iOut iof itransmitted iradiations, isome iare ireflected iwhile isome ipercentile iis iabsorbed iby 

ithe iwater iand iremaining ireaches ito ithe ibasin iliner. iBasin iwater igets iheated iand iwater ivapor 

icondenses iunderneath ithe iglass isurface, iflows idown iin ia itrough ifabricated iat ithe ilower iend, iand 

ifinally itaken iin ia ijar ikept ioutside iusing ia ipipe. iThe iflow irate ican ibe ifitted iafter ithe ipump. 

The idesign ispecifications iof ithe icomplete isystem iare igiven iin iTable i3.1. iExhaustive 

iperformance iof ithe icomplete isystem ihas ibeen icarried iout iusing iexperimental iclimatic idata 

irecorded iand igiven iin iTable 3.2 ifor ia itypical iday. iThe iinitial iwater itemperature iof isolar istill, 

iETC ihas ibeen itaken ias i23.1oC ialong iwith i23oC iinitial iglass itemperature iand imeasured ivalues 

iof iambient itemperature i(23oC). 

Table 3.1. Parameters iof iETC icoupled idouble islope isolar istill idistillation isystem 

Parameters Value Parameters Value 

basin iarea 

glass iarea 

thickness iof ibasin 

outer idia. iof itube 

tube iinner idia. 

center idistance 

between itubes 

 

pump isize 

 

 

2 im2 

1.14 im2 

0.005 im 

0.047m 

0.044m 

0.07m 

 

12 iV/ i24W 

conductivity iof iglass 

glass ithickness 

conductivity iof ibasin 

tubes iNo. 

water iper itube 

length iof itube 

surface iarea iof itube 

connecting ipipe 

 

0.78 iWm-1K-1 

0.004 im 

0.351 iWm-1K-1 

10 

2.25 ikg 

1.4m 

0.21m2 

1/2” iGI 
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Table 3.2. Measured iparameters ifor i4th
 iOctober i2010 i[96] 

Time IsE(t) i 

(Wm-2) 

 

IsW(t) 

i(Wm-2) 

Ic(t) 

i(Wm-2) 

Ta i i 

 i i i(oC) 

 

7am 0 0 0 23 Initial iwater itemperature iof isolar 

istill iand iETC i= i23.1oC 

Initial iglass itemperature i= i23oC 

8 300 180 280 25 

9 500 300 480 28 

10 540 420 600 30 

11 600 520 660 31  

12 680 660 720 32  

13 600 620 680 33  

14 460 560 600 34  

15 300 470 460 33  

16 180 300 280 32  

17 120 200 180 31  

18 0 0 0 29  

19 0 0 0 27  

20 0 0 0 26  

21 0 0 0 26  

22 0 0 0 25  

23 0 0 0 25  

24 0 0 0 25  

1 0 0 0 24  

2 0 0 0 24  

3 0 0 0 23  

4 0 0 0 23  

5 0 0 0 22  

6am 0 0 0 22  

 

3.3     Thermal ianalysis 

To ievaluate ithe itemperatures, iyield, iand iperformance iparameters, ithe ithermal iequations 

iare ideveloped iwith ithe ihelp iof irelations igiven iin the iAppendix. iThese iequations iare ithen isolved 

iwith ithe ihereunder iassumptions: 

(a) i no ivapour ileakage ifrom ithe isystem. 
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(b) i negligible iheat istorage iby icondensing iand ibasin imaterial. 

(c) i thermophysical iproperties iare itemperature idependent. 

(d) i temperature idrop iin ithe iconnecting ipipe iis i2o
 iC. i 

(e) i heat itransfer icoefficients i(h.t.c) iare ievaluated ibased ion iinitial iwater iand icondensing 

cover itemperatures. 

(f) i basin iwater imass iat ia iconstant ilevel. 

(g) i the isystem iis iin ia iquasi-steady icondition iduring isunshine. 

(h) i heat iloss ithrough ithe ifrictional iresistance iis ineglected. 

(i) i bending ieffects iin ithe itubes/pipe iare ineglected. 

Energy ibalance iequations iat idifferent ilocales iof ithe isystem iare igiven ihereunder: 

3.3.1     Water imass iin ievacuated itubes 

Following iBudihardjo iet ial. i[97], iinstantaneous iefficiency iis icalculated ias; 

ƞ𝑖𝑐 = ƞ𝑜 𝑖
−

𝑎,(𝑇𝑐𝑤−𝑇𝑎)

𝐼𝑐 𝑖
(𝑡)

                                                                                                             (3.1) 

Useful iheat igain ifrom icollector itubes ican ibe iobtained ias; 

𝑞 =̇ 𝐼𝑐(𝑡)𝑇ƞ𝑖𝑐 𝑖
 

or  

𝑞 =̇ 𝐼𝑐(𝑡) 𝑖𝑁𝑐  𝑖[0.5𝐴𝑡 + (𝐶𝐷 − 𝑑𝑡)𝛾𝜌𝑟 . 𝐿𝑡]ƞ𝑖𝑐 𝑖𝑖
                                               (3.2)  

Energy iibalance iiin iiETC iitubes iiusing iithis iiuseful iiheat iiis iiexpressed iias ii[88]; 

𝑞 =̇ [𝐼𝑐  𝑖(𝑡)𝑇  𝑖
ƞ𝑜 − 𝛼′𝐴𝑡𝑁𝑐(𝑇𝑐𝑤 − 𝑇𝑎)] = 𝑀𝑐𝑤𝑐𝑤

𝑑𝑇𝑐𝑤

𝑑𝑡
+ �̇�𝑐𝑤(𝑇𝑐𝑤 − 𝑇𝑠𝑤)   i i i i i i i i i I  (3.3) 

Using ieqn. i(3) iwe iget: 

𝑑𝑇𝑐𝑤

𝑑𝑡
+ 𝑎1. 𝑖 𝑖𝑇𝑐𝑤 + 𝑏1  𝑖. 𝑇𝑠𝑤 = 𝑔1(𝑡)       i i i i i i i i  i i i i i i i i i I  (3.4) 

where,  

𝑎1 =
(𝑈𝑡)

𝑀𝑐𝑤  𝑖. 𝐶𝑤
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𝑏1 = −
�̇�

𝑀𝑐𝑤
 

𝑔1(𝑡) =
𝐼𝑐(𝑡)𝑇  𝑖ƞ𝑜 + 𝛼′𝑇𝑎  𝑖𝐴𝑡  𝑖𝑁𝑐

𝑀𝑐𝑤. 𝑐𝑤
 

𝑈𝑡 = �̇�. 𝑐𝑤 + 𝛼′
 𝑖𝐴𝑡  𝑖

𝑁𝑐,𝐼𝑐(𝑡)𝑇 = 𝐼𝑐(𝑡) 𝑖𝑁𝑐  𝑖[0.5𝐴𝑡 + (𝐶𝐷 − 𝑑𝑡)𝛾𝜌𝑟 . 𝐿𝑡] 

3.3.2     Energy iibalance iion iieast iicondensing iicover 

(i) Inner iside iof icover 

𝛼𝑔𝐼𝐸(𝑡)𝐴𝑔𝐸 + ℎ1𝑤,𝐸(𝑇𝑠𝑤 − 𝑇𝑔𝑖,𝐸)𝐴𝑏−ℎ𝑟,𝐸𝑊(𝑇𝑔𝑖,𝐸 − 𝑇𝑔𝑖,𝑊)𝐴𝑔𝐸 = ℎ𝑘𝑔(𝑇𝑔𝑖,𝐸 − 𝑇𝑔𝑜,𝐸)𝐴𝑔𝐸  i i i i i i i i i i i i i i i 

i i i i i i i i i i i( i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i                      i(3.5) 

(ii) Outer iiside iiof iicover 

ℎ𝑘𝑔(𝑇𝑔𝑖,𝐸 − 𝑇𝑔𝑜,𝐸) 𝐴𝑔𝐸 = ℎ1𝑔,𝐸 (𝑇𝑔𝑜,𝐸 − 𝑇𝑎) 𝐴𝑔𝐸    i i i i i i i i ii i i i i i i i i i i i i i i i i i i i(3.6) 

3.3.3 i i i i iEnergy ibalance ion iwest icondensing icover 

(i)  Inner iside iof icover 

𝛼𝑔 𝑖
𝐼𝑤(𝑡)𝐴𝑔𝑊 + ℎ1𝑤,𝑊(𝑇𝑠𝑤 − 𝑇𝑔𝑖,𝑊)𝐴𝑏 − ℎ𝑟,𝑊𝐸(𝑇𝑔𝑖,𝑊 − 𝑇𝑔𝑖,𝐸)𝐴𝑔𝑊 = ℎ𝑘𝑔(𝑇𝑔𝑖,𝑊 −

𝑇𝑔𝑜,𝑊)𝐴𝑔𝑊 𝑖
 i i i i i i         i i i i i i i i i i i i i i i i i i i i i                                   I  (3.7) 

(ii) Outer iside iof icover 

ℎ𝑘𝑔 𝑖
(𝑇𝑔𝑖,𝑊 − 𝑇𝑔𝑜,𝑊)𝐴𝑔𝑊 = ℎ1𝑔,𝑊(𝑇𝑔𝑜,𝑊 − 𝑇𝑎)𝐴𝑔𝑊  i i                                                   (3.8)    

3.3.4     Basin iiLiner 

𝛼𝑏  𝑖(𝐼𝐸(𝑡)𝐴𝑔𝐸 + 𝐼𝑊(𝑡)𝐴𝑔𝑊) = 2 𝑖𝐴𝑏  𝑖ℎ𝑏𝑤(𝑇𝑏 − 𝑇𝑠𝑤) + 2𝐴𝑏ℎ𝑏𝑎(𝑇𝑏 − 𝑇𝑎) 

or 

𝑇𝑏 =
𝛼𝑏  𝑖(𝐼𝐸(𝑡)𝐴𝑔𝐸+𝐼𝑊(𝑡)𝐴𝑔𝑊)+2𝐴𝑏(ℎ𝑏𝑤𝑇𝑠𝑤+ℎ𝑏𝑎𝑇𝑎) 𝑖

2𝐴𝑏(ℎ𝑏𝑤+ℎ𝑏𝑎)
                                                                     (3.9) 
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3.3.5 i i i i iBasin iwater imass 

Rearranging ithe ienergy iinflow iand ioutflow iat iwater imass iusing ienergy ibalance, ithe 

iinstantaneous itemperature iof iwater iin isolar istill i(Tsw) itogether iwith icollector iwater itemperature 

i(Tcw) ican ibe iexpressed ias i[98]; 

𝑞𝑢𝑐̇ +  𝑖𝑖𝛼𝑤(𝐼𝐸(𝑡)𝐴𝑔𝐸 + 𝐼𝑊(𝑡)𝐴𝑔𝑊) + 2 𝑖 𝑖ℎ𝑏𝑤𝐴𝑏(𝑇𝑏 − 𝑇𝑠𝑤) = 𝑀𝑠𝑤  𝑖
𝑐𝑤

𝑑𝑇𝑠𝑤

𝑑𝑡
+ ℎ1𝑤,𝐸𝐴𝑏(𝑇𝑠𝑤 −

𝑇𝑔𝑖,𝐸) + ℎ1𝑤,𝑊 𝑖
𝐴𝑏(𝑇𝑠𝑤 − 𝑇𝑔𝑖,𝑊) i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i I                                                 (3.10) 

where  

𝑞𝑢𝑐̇ = �̇� 𝑖𝑐𝑤(𝑇𝑐𝑤 − 𝑇𝑐𝑤𝑖)                                                                                                      (3.11) 

With ithe iabove ieqns. i(3.5 ito i3.8), iwe iget ithe ifollowing; 

𝑇𝑔𝑖,𝐸 =
𝛼𝑔 𝑖

𝐼𝐸(𝑡)𝐴𝑔𝐸 + ℎ1𝑤,𝐸𝑇𝑠𝑤𝐴𝑏+ℎ𝑟,𝐸𝑊𝑇𝑔𝑖,𝑊 𝑖
𝐴 𝑖𝑔𝐸 + 𝑈1𝑇𝑎𝐴𝑔𝐸

ℎ1𝑤,𝐸  𝑖𝐴𝑏 + ℎ𝑟,𝐸𝑊 𝑖
𝐴𝑔𝐸 + 𝑈1 𝑖

𝐴𝑔𝐸
 

or 

𝑇𝑔𝑖,𝐸 =
𝑅1+ℎ1𝑤,𝐸 𝑖

𝑇𝑠𝑤 𝑖
𝐴𝑏+ℎ𝑟,𝐸𝑊𝑇𝑔𝑖,𝑊 𝑖

𝐴𝑔𝐸

𝑈3
                                                                                                (3.12) 

where 

𝑈1 =
ℎ𝑘𝑔ℎ1𝑔,𝐸

ℎ𝑘𝑔 +ℎ1𝑔,𝐸
  

𝑈3 𝑖
= ℎ1𝑤,𝐸  𝑖𝐴𝑏 + 𝑈1  𝑖𝐴𝑔𝐸 + ℎ𝑟,𝐸𝑊  𝑖𝐴𝑔𝐸   

𝑅1 = (𝛼𝑔𝐼𝐸(𝑡) + 𝑈1𝑇𝑎)𝐴𝑔𝐸  

𝑇𝑔𝑖,𝑊 =
𝛼𝑔 𝑖𝑖

𝐼𝑊(𝑡)𝐴𝑔𝑊 𝑖𝑖
+ 𝑖𝑖𝑈1𝑇𝑎𝐴𝑔𝑊  𝑖𝑖+ 𝑖𝑖ℎ1𝑤,𝑊𝑇𝑠𝑤𝐴𝑏 𝑖𝑖

+ 𝑖𝑖ℎ𝑟,𝑊𝐸𝑇𝑔𝑖,𝑊𝐴𝑔𝑊

ℎ1𝑤,𝑊𝐴𝑏+ℎ𝑟,𝑊𝐸𝐴𝑔𝑊+𝑈2𝐴𝑔𝑊
  

or 

𝑇𝑔𝑖,𝑊 =
𝑅2+ 𝑖ℎ1𝑤,𝑊𝑇𝑠𝑤𝐴𝑏  𝑖+ℎ𝑟,𝑊𝐸𝑇𝑔𝑖,𝐸𝐴𝑔𝑊

𝑈4
                                                                                         (3.13) 

where 

𝑈2 =
ℎ𝑘𝑔 𝑖

ℎ1𝑔,𝑊

ℎ𝑘𝑔 𝑖
+ ℎ1𝑔,𝑊

 

𝑈4 = ℎ1𝑤,𝑊𝐴𝑏 +  𝑖ℎ𝑟,𝐸𝑊𝐴𝑔𝑊 +  𝑖𝑈2𝐴𝑔𝑊  
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𝑅2 = (𝛼𝑔 𝑖
𝐼𝑊(𝑡) +  𝑖𝑈2𝑇𝑎) 𝑖𝐴𝑔𝑊 

From iEqns, i(3.12) iand i(3.13); 

𝑇𝑔𝑖,𝑊 =
𝑇𝑔𝑖,𝐸𝑈3 − 𝑅1 − ℎ1𝑤,𝐸𝑇𝑠𝑤 𝑖𝑖

𝐴𝑏

ℎ𝑟,𝐸𝑊 𝑖𝑖
𝐴𝑔𝐸

=
𝑅2 + ℎ1𝑤,𝑊𝑇𝑠𝑤  𝑖𝐴𝑏+ℎ𝑟,𝑊𝐸𝑇𝑔𝑖,𝐸  𝑖𝑖𝐴𝑔𝑊

𝑈4
 

or 

𝑇𝑔𝑖,𝐸𝑈3𝑈4 − 𝑅1𝑈4 − ℎ1𝑤,𝐸𝑇𝑠𝑤𝐴𝑏𝑈4

= 𝑅2ℎ𝑟,𝐸𝑊𝐴𝑔𝐸 + ℎ1𝑤,𝑊𝑇𝑠𝑤𝐴𝑏ℎ𝑟,𝐸𝑊𝐴𝑔𝐸 + ℎ𝑟,𝑊𝐸𝑇𝑔𝑖,𝐸𝐴𝑔𝑊ℎ𝑟,𝐸𝑊𝐴𝑔𝐸 

or 

𝑇𝑔𝑖,𝑖𝐸 =
𝐴1  𝑖+ 𝑖𝐴2 𝑖

𝑇𝑠𝑤

𝑈
                               (3.14) 

and    𝑇𝑔𝑜,𝐸 =
ℎ𝑘𝑔 𝑖

𝑇𝑔𝑖,𝐸 𝑖
+ℎ1𝑔,𝐸 𝑖

𝑇𝑎

ℎ𝑘𝑔+ℎ1𝑔,𝐸
                                                                                            (3.15)    

Similarly, for west side condensing cover; 

𝑇𝑔𝑖,𝑖𝑊 =
𝐵1  𝑖+ 𝑖𝐵2𝑇𝑠𝑤

𝑈
                                                                                                                (3.16) 

and     i𝑇𝑔𝑜,𝑊 =
ℎ

𝑘𝑔 𝑖
𝑇𝑔𝑖,𝑊 𝑖 𝑖

+ 𝑖ℎ1𝑔,𝑊𝑇𝑎

ℎ
𝑘𝑔

 𝑖+ 𝑖ℎ1𝑔,𝑊
                                                                                           (3.17) 

where 

𝐴1 = 𝑅1𝑈4 + 𝑅2ℎ𝑟,𝐸𝑊  𝑖𝐴𝑔𝐸  i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i𝐴2 = ℎ1𝑤,𝐸𝑈4𝐴𝑏 + ℎ1𝑤,𝑊𝐴𝑏ℎ𝑟,𝐸𝑊𝐴𝑔𝑊  i i i i i i i i i i i i i i i i 

𝐵1 = 𝑅2𝑈3 + 𝑅1ℎ𝑟,𝑊𝐸  𝑖𝐴𝑔𝐸  i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i𝐵2 = ℎ1𝑤,𝑖𝑊𝑈3𝐴𝑏 + ℎ1𝑤,𝐸𝐴𝑏ℎ𝑟,𝑊𝐸𝐴𝑔𝑊  i i i 

𝑈 = 𝑈3𝑈4 𝑖
− ℎ𝑟,𝐸𝑊ℎ𝑟,𝑖𝑊𝐸  𝑖

𝐴𝑔𝐸𝐴𝑔𝑊  i i i 

From ieqn. i(3.10); 

�̇�𝑐𝑤(𝑇𝑐𝑤 − 𝑇𝑠𝑤) +  𝑖𝛼𝑤  𝑖(𝐼𝐸(𝑡)𝐴𝑔𝐸 + 𝐼𝑊(𝑡)𝐴𝑔𝑊) + 2ℎ𝑏𝑤𝐴𝑏(𝑇𝑏 − 𝑇𝑠𝑤) = 𝑀𝑠𝑤𝑐𝑤
𝑑𝑇𝑠𝑤

𝑑𝑡
+

ℎ1𝑤,𝐸  𝑖𝐴𝑏(𝑇𝑠𝑤 − 𝑇𝑔𝑖,𝐸) + ℎ1𝑤,𝑊𝐴𝑏(𝑇𝑠𝑤 − 𝑇𝑔𝑖,𝑊)  

or 
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𝑑𝑇𝑠𝑤

𝑑𝑡
−

�̇�𝑐𝑤𝑇𝑐𝑤

𝑀𝑠𝑤𝑐𝑤
+

(�̇�𝑐𝑤+2ℎ𝑏𝑤𝐴𝑏+ℎ1𝑤,𝐸𝐴𝑏+ℎ1𝑤,𝑊𝐴𝑏)

𝑀𝑠𝑤𝑐𝑤
𝑇𝑠𝑤 =

𝛼𝑤(𝐼𝐸(𝑡)𝐴𝑔𝐸+𝐼𝑊(𝑡)𝐴𝑔𝑊)

𝑀𝑠𝑤𝑐𝑤
+

𝛼𝑏ℎ𝑏𝑤(𝐼𝐸(𝑡)𝐴𝑔𝐸+𝐼𝑊(𝑡)𝐴𝑔𝑊)

(ℎ𝑏𝑤+ℎ𝑏𝑎)𝑀𝑠𝑤𝑐𝑤
 +

2𝐴𝑏ℎ𝑏𝑤
2

(ℎ𝑏𝑤+ℎ𝑏𝑎)𝑀𝑠𝑤𝑐𝑤
𝑇𝑠𝑤 +

2𝐴𝑏ℎ𝑏𝑤ℎ𝑏𝑎𝑇𝑎

(ℎ𝑏𝑤+ℎ𝑏𝑎)𝑀𝑠𝑤𝑐𝑤
+

(ℎ1𝑤,𝐸𝐴1+ℎ1𝑤,𝑊𝐵1)𝐴𝑏

𝑈𝑀𝑠𝑤𝑐𝑤
+

(ℎ1𝑤,𝐸𝐴2+ℎ1𝑤,𝑊𝐵2)𝐴𝑏

𝑈𝑀𝑠𝑤𝑐𝑤
𝑇𝑠𝑤  

or 

𝑑𝑇𝑠𝑤

𝑑𝑡
−

�̇�𝑇𝑐𝑤

𝑀𝑠𝑤
+

1

𝑀𝑠𝑤𝑐𝑤
[�̇�𝑐𝑤 +

2ℎ𝑏𝑤ℎ𝑏𝑎𝐴𝑏

(ℎ𝑏𝑤+ℎ𝑏𝑎)
+ ℎ1𝑤,𝐸𝐴𝑏(

𝑈−𝐴2

𝑈
) + ℎ1𝑤,𝑊𝐴𝑏(

𝑈−𝐵2

𝑈
)] 𝑇𝑠𝑤 =

1

𝑀𝑠𝑤𝑐𝑤
{[(𝛼𝑤 +

𝛼𝑏ℎ𝑏𝑤

ℎ𝑏𝑤+ℎ𝑏𝑎
)(𝐼𝐸(𝑡)𝐴𝑔𝐸 + 𝐼𝑊(𝑡)𝐴𝑔𝑊)] +

2𝐴𝑏ℎ𝑏𝑤ℎ𝑏𝑎𝑇𝑎

(ℎ𝑏𝑤+ℎ𝑏𝑎)
+

(ℎ1𝑤,𝐸𝐴1+ℎ1𝑤,𝑊𝐵1)𝐴𝑏

𝑈
}  

𝑑𝑇𝑠𝑤

𝑑𝑡
+ 𝑎2. 𝑇𝑐𝑤 + 𝑏2. 𝑇𝑠𝑤 = 𝑔2(𝑡)                                                                                 (3.18) 

where   

𝑎2 = −
�̇�

𝑀𝑠𝑤
 

𝑏2 =
�̇�.𝑐𝑤+𝑈𝐿𝑒𝑓𝑓

𝑀𝑠𝑤𝑐𝑤
   

𝑔2(𝑡) =
(𝛼𝜏)𝑒𝑓𝑓2𝐼𝑠𝑒𝑓𝑓 + 𝑈𝐿𝑇𝑎 + ℎ1𝑤𝑒𝑓𝑓

𝑀𝑠𝑤𝑐𝑤
 

𝑈𝐿 =
2ℎ𝑏𝑤ℎ𝑏𝑎𝐴𝑏

(ℎ𝑏𝑤+ℎ𝑏𝑎)
𝑈𝐿𝑒𝑓𝑓 = 𝑈𝐿 + ℎ1𝑤,𝐸𝐴𝑏(

𝑈−𝐴2

𝑈
) + ℎ1𝑤,𝑊𝐴𝑏(

𝑈−𝐵2

𝑈
)  

(𝛼𝜏)𝑒𝑓𝑓2 = (𝛼𝑤 +
𝛼𝑏ℎ𝑏𝑤

ℎ𝑏𝑤+ℎ𝑏𝑎
) 

𝐼𝑠,𝑒𝑓𝑓 = (𝐼𝐸(𝑡)𝐴𝑔𝐸 + 𝐼𝑊(𝑡)𝐴𝑔𝑊) 

ℎ1𝑤,𝑒𝑓𝑓 =
(ℎ1𝑤,𝐸𝐴1 + ℎ1𝑤,𝑊𝐵1)𝐴𝑏

𝑈
 

The irelations ito ievaluate ivarious iheat itransfer icoefficient, ithe iproperties iare igiven iin 

iAppendix. 

Solving ieqns. i(3.4) iand i(3.18). iAfter imultiplying iEqn. i(3.18) iby i𝛾 iand iadding iwith ieqn. 

i(3.8), iand isolving iafter imultiplying iect
 ione igets; 

𝑑

𝑑𝑡
(𝑇𝑐𝑤 + 𝛾𝑇𝑠𝑤) 𝑖𝑒𝑐𝑡 = {𝑔1(𝑡) + 𝛾𝑔2(𝑡)} 𝑖𝑒𝑐𝑡                                                                             (3.19) 



43 

 

Further iconsidering i(𝑎1 + 𝛾𝑎2) = 𝑐; i i(𝑏1 + 𝛾𝑏2) = 𝛾𝑐 iand iresolving ithe iabove iequation 

ione iget; 

𝑎2𝛾2 +  𝑖(𝑎1 − 𝑏2)𝛾 − 𝑏1 = 0 i                                                                                            
(3.20) 

One can get 𝛾 =
−(𝑎1−𝑏2)±√(𝑎1−𝑏2)2+4𝑎2.𝑏1)

2𝑎2
 

This igives ius itwo iroots ii.e. i𝛾+
 i iand i𝛾−corresponding ivalues iof i i𝑐+

 iand i𝑐−

 

Further, iwith ithe ihereunder iassumptions; 

(a) The itime iinterval iis ivery ismall. 

(b) 𝑇𝑐𝑤𝑖  iand i𝑇𝑠𝑤𝑖  iare ithe itemperatures iat it i= i0. 

(c) No iflow iof iwater ithrough iETC iduring ioff-sunshine ihours. 

On isolving ithe iequation i(3.19) iwe iget; 

(𝑇𝑐𝑤 + 𝛾+
 𝑖𝑇𝑠𝑤) =

{𝑔1(𝑡)+𝛾+𝑔2(𝑡)}

𝑐+  𝑖(1 − 𝑒−𝑐+𝑡) +  𝑖(𝑇𝑐𝑤𝑖 + 𝛾+𝑇𝑠𝑤𝑖) 𝑖𝑒−𝑐+𝑡

                            (3.21a) 

(𝑇𝑐𝑤 +  𝑖𝛾−𝑇𝑠𝑤) =
{𝑔1(𝑡) 𝑖+ 𝑖𝛾−𝑔2(𝑡)}

𝑐−
(1 − 𝑒−𝑐−𝑡) + (𝑇𝑐𝑤𝑖 + 𝛾−𝑇𝑠𝑤𝑖) 𝑖𝑒−𝑐−𝑡

                            (3.21b) 

Solving eqn. (3.21), we get following 

𝑇𝑠𝑤 =
1

(𝛾+−𝛾−)
[𝑔

 𝑖𝑖1(𝑡) {
(1−𝑒−𝑐+𝑡)

𝑐+ −
(1−𝑒−𝑐−𝑡)

𝑐− } + 𝑔
 𝑖𝑖2(𝑡) {

𝛾+(1−𝑒−𝑐+𝑡)

𝑐+ −
𝛾−(1−𝑒−𝑐−𝑡)

𝑐− }  ii +

𝑇𝑐𝑤𝑖  𝑖𝑖(𝑒−𝑐+𝑡 − 𝑒−𝑐−𝑡) + 𝑇𝑠𝑤𝑖  𝑖𝑖(𝛾+𝑒−𝑐+𝑡 − 𝛾−𝑒−𝑐−𝑡)] 𝑖𝑖 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i                               (3.22)               

and 

𝑇𝑐𝑤 =
1

(𝛾+−𝛾−)
[𝑔1(𝑡) {

𝛾+(1−𝑒−𝑐−𝑡)

𝑐−
−

𝛾−(1−𝑒−𝑐+𝑡)

𝑐+
}  𝑖 + 𝛾+𝛾−𝑔2(𝑡) {

(1−𝑒−𝑐−𝑡)

𝑐−
−

 𝑖 𝑖 𝑖 𝑖

(1−𝑒−𝑐+𝑡)

𝑐+ } + 𝑖𝑇𝑐𝑤𝑖(𝛾+𝑒−𝑐−𝑡 − 𝛾−𝑒−𝑐+𝑡) 𝑖 𝑖 + 𝛾+𝛾−𝑇𝑠𝑤𝑖(𝑒−𝑐−𝑡 − 𝑒−𝑐+𝑡)]                        (3.23)                                                                             

Hourly idistillate iyield iand iefficiency imay ibe iobtained ias i[25]; 

𝑚𝑒𝑤,𝑖 𝑖 𝑖𝐸 =
ℎ𝑒𝑤,𝐸  𝑖(𝑇𝑠𝑤−𝑇𝑔𝑖,𝐸) 𝑖× 𝑖3600

𝐿
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𝑚𝑒𝑤,𝑊 =
ℎ𝑒𝑤,𝑊(𝑇𝑠𝑤 − 𝑇𝑔𝑖,𝑊) × 3600

𝐿
 

Total hourly yield =𝑚𝑒𝑤,𝑇 = 𝑚𝑒𝑤,𝐸 + 𝑚𝑒𝑤,𝑊                                                                     (3.24) 

3.4 i i i i iPerformance iparameters 

3.4.1     Daily iyield 

Daily iyield ican ibe iattained ias; 

𝜂𝑑𝑎𝑖𝑙𝑦,𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
∑ 𝑚𝑒𝑤 𝑖.𝑖

𝐿24
1

∑ (𝐼𝑐(𝑡).𝐴𝑎  𝑖+ 𝑖𝐼𝑠(𝑡) 𝑖𝐴𝑔)24
1  𝑖× 𝑖3600

× 100                                                                     (3.25) 

3.4.2     Energy iefficiency 

𝜂𝑖,𝑖𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
𝑚𝑒𝑤,𝑇 𝑖.𝑖

𝐿

(𝐼𝑐(𝑡). 𝑖𝐴𝑡.𝑖 𝑖𝑁𝑐+ 𝑖𝐼𝐸(𝑡)𝐴𝑔𝐸  𝑖+ 𝑖𝐼𝑊(𝑡)𝐴𝑔𝑊)3600
× 100                                                            (3.26)

 

3.4.3     Exergy iefficiency 

Exergetic iefficiency i(%) ifor ithe isystem ican ibe iput idown ias i[99]; 

𝜀 = 1.072 𝑖𝜂𝑖,𝑖𝑜𝑣𝑒𝑟𝑎𝑙𝑙 ×  𝑖 {1 − (
𝑇𝑎+273

𝑇𝑠𝑤+273
)}                                                                                 (3.27) 

3.5     Methodology 

The iexperimental idata iof iGhaziabad, iIndia i(NCR iDelhi) ion ia itypical iday ihas ibeen iused. 

iThe imeasured iradiations ion iboth ithe icondensing icover iof isolar istill ioriented iE-W, ion icollector 

isurface iinclined iat i45o
 ito idue isouth iand iambient itemperature ireported ihave ibeen iconsidered ifor 

ifurther iassessment iof ithe iintegrated isystem iin iforced imode. 

The iinitial iwater itemperature iof isolar istill, iETC ihas ibeen itaken ias i23.1oC ialong iwith 

i23oC iinitial iglass itemperature iand imeasured ivalues iof iambient itemperature i(23oC). iIn 

iorder ito ievaluate ithe itemperatures iat ivarious ipoints, iyield, ienergy iefficiency, ietc., iequations igiven 

iin isections i3 iand i4 iare iexecuted iusing iMATLAB iprogram iand iusing idesign iparameters 

iwith ithe ihelp iof ithermophysical iproperties iappended iin iAppendix. iTemperatures iof iwater, 
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iglass icovers, ibasin iobtained iat ithe iverge iof ian ihour ibecome ientry itemperature iin ithe inext 

iround iof icalculation. iThe ipiping iloss iof i2oC ihas ibeen iconsidered iat ithe iinlet iof iETC. 

3.6 i i i i iResults iand iDiscussion i 

In ithis isection, ithe iresults iof inumerical isimulations iare ishown iin iFigs. i3.2 i- i3.8 ito 

ioptimize ithe iflow irate iand iwater idepth ifor iwater itemperature i~ i98.5 ifrom ithe iend iof ia icollector 

iusing i10 i- i40 iparallel itubes. iThe iperformance iof ithe isystem iwith iwater idepth iat ian ioptimal iflow 

irate iusing iclimatic idata iof ia itypical imonth iis ipresented iin iFigs. i3.9 i- i3.14. 

3.6.1     Validation iof ithe ithermal imodel 

There iis ino iwork ireported iin ithe iopen iliterature iof iETC iintegrated idouble islope isolar 

istills. iTherefore, ito ivalidate ithe ipresent imodel, ieqns. i3.1 ito i3.4 iare iexecuted iwith ia 

icombination iof iequations iof isingle islope isolar istill ireported iby iKumar iet ial. i[88] ito iobtain ithe 

ifinal ieqns. i3.22 iand i3.23 iof iwater iand iglass itemperature. iThe iproposed ithermal imodel iis iused 

ito iconclude ithe ihourly iwater, iglass itemperature iand ithe iyield iusing ithe iproposed imodel iwith 

imodification ias iapplied ito ithe iETC iintegrated isingle islope isolar istill iaugmented iunder iforced 

imode. iThe iresults iso iobtained iusing ithe iproposed imodel iare icorrelated iwith ithose ireported iby 

iKumar iet ial. i[88] ifor ithe itypical iday ifor ithe isame iclimatic iconditions, iusing i10 itubes, i0.03m 

idepth, iand i0.001kg/s iflow irate. iThe ipredicted iresults iare ishown iin iFig. i3.2 iand ifound iin igood 

iagreement. iThe iproposed imodel ipredicts imarginally ihigher iwater iand iglass icover itemperature 

iwith ia i~ i5% iincrease iin iyield ithan ipredicted iby iKumar iet ial. i[88], idue ito ithe iaccounting iof 

ireflected iradiations iin ithe iterm i𝐼𝑐(𝑡)𝑇  𝑖used iin ieqn. i(3.2). iFrom ithe ivalidation, iit ican ibe 

iconcluded ithat ithe imodel ideveloped ifor iETC iintegrated idouble islope isolar istill iunder iforced 

iway iusing ieqns. i(3.1 i- i3.23) ican ibe isuccessfully iapplied ito iinvestigate ithe iperformance iof ithe 

ipresent igeometry. 
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Fig. 3.2. Validation iiof iithermal iimodel iiat ii0.03 iim iibasin iiwater iidepth, ii0.001 iikg/s iiflow iirate 

iand ii10 iivacuum iitubes 

3.6.2     Flow irate ioptimization 

The ioptimal iflow irate iaffects ithe ioutlet itemperature iand ioutput iattainments iof ithe isystem. 

iThe idissimilar ioutlet itemperature iof iwater iat ithe iend iof iETC itube, iwith ithe ichange iof iflow irate 

iand idepth iof ibasin iwater, iis ishown iin iFig. i3.3. iHigher ithe idepth, ithe ihigher ithe iquantity iof imass 

iin ithe ibasin. iIt iis inoticed ithat ias ithe iflow irate idecreases, ioutlet itemperature ifrom itube iincreases 

iand ihits imaximum iat i13:00 ihrs. iVariation iof itemperature iattainable ifor iflow irate irange i~ i0.05 i- 

i0.07 ikg/s iremains ialmost ithe isame. iThis iis idue ito ia itrivial ichange iin ithe iheat iremoval ifactor 

ibeyond ithis irange. i iIt iis ialso iobserved ithat iwith ian iincrease iin ibasin iwater idepth ito i0.015 im i(30 

ikg iwater imass), ihourly itemperatures iattainable iare ilower ithan iobtained iat ia ilower iwater idepth 

iof i0.005 im i(10 ikg iwater imass) itill i15:00 ihrs iand ireciprocal ithereafter iat ilow isunshine ihours. 

iDuring ilow isunshine, ithe iflow irate ieffect iis inegligible, ias ilow isolar ienergy iis iaccessible ifor 

iabsorption iby ithe iwater i(flowing iin ithe itube). 
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Fig. 3.3. iEffect iof imass iflow irate iand ibasin iwater idepth ion icollector ioutlet itemperature 

The icombined ieffect iof ivariation iof ithe inumber iof iETC itubes i(10 i- i30), iwater idepth 

i(0.005 i- i0.025 im) iand iflow irate i(0.01 i- i0.09 ikg/s) ion ithe imaximum itemperature iattainable 

iat ithe icollector ioutlet i(Tcw) iis ifurther ievaluated iand ishown iin iFig. i3.4. iIt iis ifound ithat ieach 

icombination iproduces ia idifferent ioutlet iwater itemperature. iThe itemperature i~ i98.5oC iis 

iobserved iwith ia icombination iof i10 itubes, i0.005 im idepth, iand irate iof iflow ibetween i~ i0.06 i-

0.07 ikgs-1. iHowever, iwith i20 iand i30 itubes, ia ihigher itemperature i(> i100oC) iis iobserved 

iirrespective iof ithe iflow irate ithrough ithe ipump. iThis iis idue ito ia idecreased irate iof iflow/tube 

iwith ian iincrement iin ithe inumber iof iparallel itubes, iwhich iincreases ithe ioutlet iwater 

itemperature. iThis ireveals ithat icombination iwith ia ihigher inumber iof iETC itubes iattracts ia 

ihigher idepth iof iwater iin ithe ibasin iso ithat ithe ifinal itemperature iof ibasin iwater iremains 

ibelow ithe iboiling ipoint. iTherefore, ithe isystem iis ifurther isimulated ifor iwater idepth iwith 
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iETC iconsisting iof i20/30 itubes ito iobtain itypical iwater idepth ibetween i0.005 i- i0.025 im. 

 

Fig. 3.4. Effect iof inumber iof itubes, iwater idepth iand iflow irate ion ithe imaximum iwater 

temperature iin ithe icollector i(Tcw) 

The ieffect iof iETC isize iand irate iof iflow ion idaily iyield, ioverall ienergy, iand iexergy 

iefficiency iis idepicted iin iFig. i3.5 i- i3.6. iIt iis inoticed ithat ias ithe itubes inumber iincreases, idaily 

iyield iincreases iwith ia idecrement iin iefficiencies, ihowever, ithe ipercentage 

iincrease/decrease ifurther idepends ion ithe irate iof iflow ithrough ithe ipump. 
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Fig. 3.5. iEffect iof iETC isize iand iflow irate ion ithe idaily iyield iwith iwater idepth 

 

Fig. 3.6a. Effect iof iETC isize iand iflow irate ion ithe ienergy iefficiency iwith idepth iof iwater 
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Fig. 3.6b. Effect iof iETC isize iand iflow irate ion ithe iexergy iefficiency iwith idepth iof iwater 

To ioptimize ithe isystem ifor ithe inumber iof itubes, imass iflow irate, iand iwater idepth ifor 

iuse iin ithe ihigh-temperature iapplication i(~ i90.0 i- i99.0oC), ithe ienergy ibalance iequations iare 

ifurther isimulated iwith ithe ivariation iof ithe inumber iof itubes i(10 i- i30), iflow irate i(0.01 i- i0.24 

ikgs-1) iand idepths. iThe ivariation iof iresults iobtained iis idepicted iin iFig. i3.7 i- i3.8. iIt iis 

iobserved ithat ito iachieve imaximum itemperature i(≈ i98.5oC) iusing i10, i20 iand i30 itubes, ithe 

iminimum idepth iof ibasin iwater ishall ibe imaintained ias i0.005m i(10 ikg), i0.010m i(20 ikg), iand 

i0.0125m i(25 ikg), irespectively. iThe idaily iyield iand iefficiency iincrease iexponentially iwith 

ithe ifaster irate iwith ian iincrease iin iflow irate i(0.001 ito i0.005 ikg/s/tube) iand ithen ireaches ito 

ithe imaximum ivalue ifor i~ i0.006 i- i0.007 ikg/s/tube iand ithen istart idecreasing iwith iincrease iin 

iflow irate. iNo iappreciable ichange iin iresults iare iobserved ibetween i~ i0.006 i- i0.007 ikg/s/tube 

iflow irate. iAt ismaller iflow irates, iheat iloss iincreases idue ito ihigher itemperature, ihowever, iit 

ireduces ithe iamount iof itotal ienergy iabsorbed. iYield iand iefficiency iincrease idue ito ian iincrease 

iin iheat iremoval iand icollector iefficiency ifactors ias iflow irate iincreases i[100]. iThe idecrease iin 

1

1.5

2

2.5

3

3.5

4

4.5

5

0.01 0.03 0.05 0.07 0.09

D
ai

ly
 e

x
er

g
y
 e

ff
ic

ie
n
cy

 (
%

)

Mass flow rate (kg/s)

10 tubes, 0.025 m depth

20 tubes, 0.025 m depth

30 tubes, 0.025 m depth

10 tubes ,0.015 m depth

20 tubes, 0.015 m depth

30 tubes, 0.015 m depth

10 tubes, 0.005 m depth

20 tubes, 0.005 m depth

30 tubes, 0.005 m depth



51 

 

iyield iand iefficiency iwith ian iincrease iin iflow irate i> i0.007 ikg/s/tube iis idue ito iunstable icollector 

ioutlet itemperatures icausing ian iincrease iin iheat iloss iat ia ihigher iflow irate. iIt ireveals ithat itotal 

iflow irate ithrough ithe ipump ifor ioptimal iperformance iwith iETC isize iof iNc itubes imay ibe 

imaintained ias i0.006× 𝑁𝑐  ikg/s iand ifound iin ithe irange ireported i[101].

 

Fig. 3.7. Variation iof idaily iyield iand imaximum ioutlet iwater itemperature iwith imass iflow irate 

and idepth iof iwater 

Maximum iyields iof i6.644 ikg, i6.618 ikg iand i7.082 ikg iwhile imaximum ienergy i 

iefficiencies i~ i33.8%, i25.4% i, i20.9% iand i iexergy iefficiencies i~ i4.9%, i3.6% iand i2.99% iare 

ifound iat i0.06 ikgs-1
 i(0.006 ikg/s/tube), i0.12 ikgs-1

 i(0.006 ikg/s/tube) iand i0.018 ikgs-1
 i(0.006 

ikg/s/tube) iflow irate iusing i10, i20 iand i30 iETC itubes irespectively. iIt iis ifound ithat iat ithe 

ioptimal iflow irate, irespective iyields iare i~ i2.64% iand i~ i6.62% ihigher iusing iETC isize iof i20 
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iand i30 itubes icompared ito iETC iwith i10 itubes. iHowever, irespective ienergy iand iexergy 

iefficiencies idecrease isignificantly iby i~ i24.6% iand i~ i38.6%. 

Fig. 3.8. Variation iof ienergy iand iexergy iefficiencies iwith imass iflow irate iand idepth iof iwater 

3.6.3 i i i i iPerformance iat ioptimum iflow 

Changes iin itemperatures i(hourly) iof iwater iin ithe ibasin, icollector, iglass icover, 

iambient, isolar iradiation ion ia itypical iday iat ian ioptimal iflow irate i(~ i0.006 ikg/s/tube) iusing 

i10 itubes ifor igiven iwater idepth i(0.005 im) iare idepicted iin iFig. i3.9. iThe itemperature iof ibasin 

iwater iis ifound i2 i- i3oC ilower ithan ithe icollector ioutlet itemperature idue ito imixing iwith ibasin 

iwater. 
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Fig. 3.9. Hourly ivariation iof iwater iand iglass icover itemperature iat ioptimal iflow irate iusing i10 

tubes 

Further, ithe ivariation iof ihourly iyield iand iheat itransfer icoefficients iis ishown iin iFig. 

i3.10 ifor ia itypical iday iat ioptimal iconditions. i iIt iis iobserved ithat imaximum iyield iis iobtained 

iat iaround i13:00 ihrs., iand imaximum ievaporative iheat itransfer icoefficient iat i14:00 ihrs 

iwhereas imaximum iradiation ioccurs iat i12:00 ihrs. iThis iis idue ito ithe idependence iof iyield ion 

ithe ievaporative iheat itransfer icoefficient i(hew), ithe idifference iin iTsw-Tgi ias iwell ias ion ithe 

itime ilag ibetween ievaporation iand icondensation. iThe iconvective i(hcw) iand iradiative i(hrw) 

ih.t.c. icontributes ito ilosses iand ifound imuch ilower ithan ievaporative ivalues ias ianticipated. 
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Fig. 3.10. Hourly ivariation iof iyield iand iheat itransfer icoefficients iat ioptimal iflow irate iusing i10 

tubes 

3.6.4 i i i i iEffect iof iwater idepth iat ioptimum iflow 

 

Variation iof ihourly iyield iat ian ioptimal iflow irate iwith iwater idepth iusing i10 itubes iis 

ianalyzed iand idepicted iin iFig. i3.11. iThe ihourly iyield ialso idepends ion ithe iaccessibility iof 

isolar iradiation iand ithe icomparative itotal ipercentage ioutput iat isunshine ihours iis ifound ito 

ibe ihigher iwhen ithe iquantity iof ibasin iwater imass iis ikept ilower. iThe iincreased ibasin imass 

iattributes ito imore isensible istorage iduring ithe iday, iwhich idecreases ithe itemperature iof 

ibasin iwater ireducing ithe idifference ibetween iwater i(Tsw) iand iglass icover i(Tgi). iDuring ioff 

isunshine ihours, ithe ireverse iphenomena iis idue ito iincreased ithermal ienergy istorage 

iassociated iwith ian iincrease iin ibasin ithermal imass, iwhich ileads ito ia ihigher idifference 

ibetween iTsw iand iTgi. iThe ipercentage idecrease iin iday itime iyield iis ievaluated iin ithe irange 

iof i~ i95.0 i- i67.0%, iwhile ioff isunshine iyield iincreases iin ithe irange iof i~ i5.0% i- i33.0% iwith 

ian iincrease iin ibasin iwater idepth ifrom i0.005m i(10 ikg) ito i0.030m i(60 ikg). iIt ican ibe inoticed 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0

20

40

60

80

100

120

140

160

7
am

8 9
1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

2
1

2
2

2
3

2
4 1 2 3 4 5 6

7
am

Y
ie

ld
 (

k
g
/h

r)

H
ea

t 
tr

an
sf

er
 c

o
ef

fs
. 

(W
/m

2
K

)

Time of the day

hcw,E hrw,E

hew,E h1w,E

hcw,W hrw,W

hew,W h1w,W

Yield

Nc= 10, depth= 0.005m,

flow = 0.006kg/s/tube



55 

 

ithat iwith ifurther iincrease iin iwater idepth, i0.05m ionward i(100 ikg ibasin iwater imass), ithe 

icumulative ioutput iduring iday itime idecreases ithan iobtained iduring ioff isunshine ihours 

iirrespective iof ithe inumber iof iETC itube iintegration ias ishown iin iFig. i3.12. iThis iis ibecause 

iof iincreased ithermal istorage iof iwater iwith iincreasing idepth iin ithe ibasin, iwhich iis iused 

iduring inight itime iyield. 

 

Fig. 3.11. iHourly ivariation iof iyield iwith idepth iof iwater iat ioptimal iflow irate iusing i10 itubes 

 

Fig. 3.12. Variation iof iyield iwith idepth iof iwater iat iflow irate iof i0.006 ikg/s/tube 
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Effect iof ivariable ibasin iwater idepth i~ i0.005 i- i0.030m i(i.e. i10.0 i- i60.0 ikg iwater) ion ithe 

idaily iperformance iof isolar idistiller iincorporated iwith iETC i(10 itubes) imaintaining ithe ioptimal 

iflow irate iof i0.006 ikg/s/tube iis ishown iin iFig. i3.13. iThe idecrease iin idaily iyield iis iin ithe irange 

iof i~ i6.644 i- i4.753 ikg, iwith ian iincrease iin ithe iwater idepth. 

 

Fig. 3.13. Hourly ivariation iof iyield iwith idepth iof iwater iat ioptimal iflow irate iusing i10 itubes 
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i~4.9%. iIt iis ifound ithat iusing ithe ireflector iwith i80% iinterception iof ithe ireflected iradiation 

i(90%), idaily iyield, ienergy, iand iexergy iefficiencies iare ienhanced i(~15.0%, i15.0%, iand i24% 

irespectively) iin icomparison ito ithe isystem iwithout ia ireflector. 

 
Fig. 3.14. Effect iof idiffuse ireflector ion iperformance iat ioptimal iflow irate iusing i10 itubes 

 

 

3.7 i i i i iConclusions 
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than ithat iof ithe iETC iwith i10 itubes ifor iwater itemperature i~ i98.5oC iattainable iat ithe 

collector. iHowever, irespective ienergy iand iexergy iefficiencies idecrease 

significantly iby i~ i24.6% iand i~ i38.6%. iThough ithe iincrease iin ithe inumber iof itubes 

yields imore, ifor ithe imarginal igain, ithe ihigher iinvestment iis idis-favorable. 

(iii) With ian iincrement iin ithe idepth iof iwater, iday itime iyield idecreases, iand inight itime iyield 

increases. iAt ian ioptimal iflow irate, ia idecrease iin idaily iyield iis iin ithe irange iof i~ i6.644 i- 

4.753 ikg, idecrement iin ienergy iand iexergy iefficiencies iis ifound ito ibe iin ithe irange iof 

33.74 i- i24.1% iand i~ i4.9% i- i2.4% irespectively, iwith ian iincrease iin iwater idepth ifrom 

0.005 i- i0.030 im. 

(iv) The iuse iof ia idiffused ireflector ienhances iperformance. iComparative idaily iyield, 

energy, iand iexergy iefficiencies iare ienhanced iby i~ i15.0%, i15.0%, iand i24%, 

respectively iwith ithe iuse iof ireflector iwith i90% ireflectivity iand itubes iwith i80% 

interception. 

 

 

In ithe isubsequent ichapter iIV, iexhaustive ienergetic iand iexergetic iperformance ievaluation 

iof ithe iETC iintegrated idouble islope isolar istill iis icarried iout. 
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Chapter-IV 
 

Energetic and Exergetic Performance 

 

 

 

 

 

 
 

 

4.1     Introduction 

In ithis ichapter, ian iEnergy iand iExergy ianalysis iof iETC iintegrated isolar istill iunder iforced 

imode ihas ibeen icarried iout. iThe igeneral iapproach ifor icomparing ithe iperformance iof idifferent 

idesigns iof isolar istills iin idifferent iclimatic iconditions iis ibased ion ienergy iefficiency, iand iin iuse 

isince ithe ipast. iThe ienergy ianalysis iis igoverned iby ithe ifirst ilaw iof ithermodynamics iand 

iprovides ithe iknowledge iof iinterexchange iwithout iits iuse iin idifferent isections iof ithe isystem. 

iCooper i[102] ipresented ithat ithe iefficiency iof iideal isolar istill iof iabout i60 ipercent iis ithe iupper 

ilimit. iExperimental iwork iwith ihigh-efficiency isolar istill ihas ishown ithat iin ipractical 

iinstallations iit iis ihighly iunlikely ithat iefficiencies imuch igreater ithan i50 ipercent iwould ibe 

iattained. iMalick iet ial. i[34] ireported ithe imaximum ienergy iefficiency iof iconventional isolar istill 

iis i30%, iwhich ifurther idepends ion iclimatic iconditions. 

Rosen i[103] ipresented ithat ithe iresults iof ienergy ianalysis ican iindicate ithe imain 

iinefficiency iwithin ithe iwrong iside iof ithe isystem ibecause iof ivarious ilimitations. iExergy iis ia 

istrong iinstrument ito iidentify ithe icauses, ilocations, iand imagnitude iof ithe isystem iinefficiencies. 

iBesides, iit iprovides ia iprecision imeasurement iof ihow ithe isolar istill iapproaches ithe iideal. iThe 

iexergy ianalysis ibased ion ithe iquality iof ienergy iof ithe ithermal isystem ienables ius ito iidentify ithe 
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isources iof iirreversibility iand iinefficiencies ito ireduce ithe ilosses, iachieve ithe imaximum iresource 

iutilization iand icapital isavings. iThe iexergy-based iperformance ianalysis iof ia isystem iovercomes 

ithe ilimitations iof ian ienergy-based ianalysis. 

In irecent iyears, imany iengineers i/researchers ihave irecognized ithe iuse iof iexergy ianalysis 

iin ithermal idesign ias ia ipowerful itool ifor ithe ievaluation iof ithe ithermodynamic isystems. 

iExergetic ianalysis iusually ipredicts ithe ithermodynamic iperformance iof ian ienergy isystem iand 

iprovides ia iclearer iview iof ienergy ilosses iin ithe isystem iby iproviding ia iqualitative iand 

iquantitative istudy iof idifferent ilosses. iSeveral ikinds iof ilosses i(exergy idestruction, ilost iwork, 

ifriction, iirreversible iheat) ioccur idue ito iirreversibility. iExergy iis igenerally inot iconserved ias 

ienergy, iit igets idestroyed iin ithe isystem. iThe iexergy iefficiency iof ithe isystem iis ia itrue imeasure iof 

iits iactual iperformance isince iit iapproaches ithe iideal iand iidentifies ithe iarea iof iimprovement iin 

ithe isystem. iThe iexergy itransfer ican ibe iassociated iwith imass, iwith iwork iinteraction, iand iwith 

iheat iinteraction, ihowever iin isolar ienergy; ithe iexergy itransfer itakes iplace iwith ithe imass iflow 

iand iheat iinteraction. 

Dincer i[104] ihighlighted ithe iimportance iof ithe iexergy ias: 

• It iis ia iprimary itool iin ibest iaddressing ithe iimpact iof ienergy iresource iutilization ion ithe 

environment. 

• It iis ian ieffective imethod iof iusing ithe iconservation iof imass iand iconservation iof ienergy 

principles itogether iwith ithe isecond ilaw iof ithermodynamics ifor ithe idesign iand ianalysis 

of ienergy isystems. 

• It iis ia isuitable itechnique ifor ifurthering ithe igoal iof imore iefficient ienergy iresource iuse, 

for iexergy ienables ius ito ilocate iand idetermine ithe iwaste iand ilosses iin ithe isystem. 

• It iis ian iefficient itechnique irevealing iwhether ior inot iand iby ihow imuch iit iis ipossible ito 

design imore iefficient ienergy isystems iby ireducing ithe iinefficiencies iin iexisting isystems. 

• It iis ia ikey icomponent iin iobtaining isustainable idevelopment. 
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Generally, iwhen ithe iperformance iof iany isystem iis idiscussed, iit irevolves iaround ithe 

ienergy iconsumption iviewpoint. iHowever, ienergy iis iconserved, ifollows ithe ifirst ilaw iof 

ithermodynamics iand iits iconversion idoes inot iaffect ithe iquantity iof ienergy. iDuring iconversions, 

ithe iquality iof ienergy igets idegraded, iand ithis idegradation iof iquality iis iaccounted ifor ias iexergy. 

iExergy iis ibased ion ithe iquality iand iamount iof ithe imaximum iwork ipotential iavailable iin ienergy 

iconcerning ito isurrounding ienvironmental iconditions iand ifollows ithermodynamically ithe 

isecond ilaw. iThere iare ivery ilimited istudies ion ithe iexergetic ievaluation iof isolar idesalination 

isystems iin ithe iliterature. iFujisawa iand iTani i[105] icarried iout ithe iannual iexergy-based 

ievaluation iof iPV/T ihybrid icollector iand ipredicted ihigher ioutput ithan iobtained ifrom ian 

iindividual iPV imodule ior iliquid iflat iplate icollector. iLourdes iand iCarlos i[106] icarried iout ithe 

iexergy ianalysis iof ia isolar imulti-effect idistillation isystem i(SOL-14 iplant) ilocated iin ithe 

iAlmeria isolar iresearch icenter iin isoutheastern iSpain. iSow iet ial. i[107] ireported ithe ienergetic iand 

iexergetic ianalysis iof ia itriple ieffect idistiller idriven iby isolar ienergy. iThis iwork iquantifies ithe 

ipower iconsumption iper iunit imass iof ipure iwater. iHe iobtained iexergetic iefficiencies ibetween 

i19% i- i26% ifor ithe itriple ieffect isystem, i17% i- i20% ifor ia idouble ieffect isystem, iand iless ithan i4% 

ifor ia isingle ieffect isystem. iHepbasli i[108] icarried iout ia ikey ireview ion iexergetic ianalysis iand 

iassessment iof irenewable ienergy iresources ifor ia isustainable ifuture ifor isolar icollectors, isolar 

icooker, isolar idrying, isolar idesalination, isolar ithermal ipower iplants, iand ihybrid iPV ithermal 

isolar icollector. iTorchia–Núñeza iet ial. i[109] ianalyzed ithe itheoretical iexergetic iperformance ifor 

ia ilow idepth ibasin isolar istill iand ifound iexergy iefficiencies iof ithe iliner, iwater, iand isolar istill ias 

i12.9%, i6.0%, iand i5.0%, irespectively. iFurther, iKumar iand iTiwari i[99] ideveloped ian ianalytical 

imodel iand iinvestigated ia idecrease iin iexergy iefficiency iby i36.7% iwith ia idecrease iin ibasin iliner 

iabsorptivity i(0.9-0.6). iSingh iet ial. i[96] ireported ithe iannual ienergy iefficiency ias i17.4% ifrom ia 

iPV/T iintegrated idouble islope istill iwhile iexergy iefficiency ias i2.3%. iThe idaily ienergy iand 

iexergy iefficiencies ion ia itypical iday iof isummer iare ifound ito ibe i33.8%, iand i2.6% irespectively, 
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whereas i27.1% iand i1.93% iduring iwinter ifor iETC iintegrated isingle islope isolar istill iunder iforced 

imode i[88]. iRanjan iet ial. i[110] icarried iout ian iexergy iand ienergy ievaluation ion ia isingle islope. iIt 

iwas ispotted ithat ithe iexergy iefficiency iis ismaller ithan ithe ienergy iefficiency. iThey ifound ithat ithe 

iexergy idestruction irate iin ithe istill icomponents iis idependent ion ithe irate iof iincident iinsolation 

iwith ievaluated ivalues iequal ito i9.7, i62.5, iand i386 iW/m2
 ifor ithe iglazing, ithe iwater, iand ithe 

ibottom itrough, irespectively. iDeniz i[111] ireported ithat iFPC icoupled isingle islope isolar istill 

iattained imaximum iexergy iefficiency ias i2.76%. iRecently, iHedayati iet ial. i[102] icarried iout ithe 

iexergy-based iassessment iof ia idouble-slope isolar istill iincorporated iwith ibase iPCM iand icoupled 

iwith ia iPV-T icollector. iThey ireported ian iincrease iin iyield iby i10.6% iand ithe iexergy iefficiency 

iby i27.0% i(summer) iand i2.0% i(winter), irespectively, iwith ian ienhancement iof iflow irate i(range 

i0.001-0.01 ikg/s). 

In ithis iChapter, ithe ienergetic iand iexergetic ianalysis iof ithe isystem icarried iout. iThe 

ianalysis iis ibased ion iexperimental iclimatic idata iobserved iround ithe iyear i2010 ion ithe irespective 

isurface iof isolar istill iand icollector. iNumerical isimulation iis iexecuted ito iestimate ienergy, 

iexergy, ifractional iexergy, iand iirreversibility iusing iresource istrategies iat ithe ioptimum iflow 

icondition. 

4.2     Systematic ianalysis 

Energy iand iexergy iconversion iof iany isystem idetermine iits ieffective iutilization iduring iits 

ilifespan. iTo icheck ithe iperformance, ithe ifollowing iparameters iare ievaluated. iThe iinstant ienergy 

iand iexergy iefficiencies iof ian iintegrated ientity ican ibe iwritten ias ihereunder. 

4.2.1     Energy efficiency 

The ienergy iefficiency iof ithe isolar istill iis ithe iratio iof ienergy irecovered ifrom ithe iyield ito 

ithe ioriginal ienergy iinput ifrom ithe iSun. iThe ienergy iefficiency iis ieither ibased ion ithe ioverall 

isystem itogether ior iusing isolar istill ialone, iaccounting itotal ienergy ifed ito ithe idistiller. iTherefore, 
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ithe ioverall ienergy iefficiency iof ithe isystem iand isolar istill ialone ican ibe iexpressed iby ifollowing 

ieqns. i4.1 iand i4.2, irespectively. 

𝜂𝑖,𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
𝑚𝑒𝑤,𝑇 𝑖.𝑖

𝐿

(𝐼𝑐  𝑖(𝑡) 𝑖.𝐴𝑐.+ 𝑖𝐼𝐸(𝑡)𝐴𝑔𝐸  𝑖+ 𝑖𝐼𝑊(𝑡)𝐴𝑔𝑊) 𝑖 𝑖3600
× 100

 

i

 

i

 

i

 

i

 

i

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i  i i i i i i i i i i(4.1) i i 

i i i i i 

𝜂𝑖,𝑠𝑜𝑙𝑎𝑟 𝑖𝑠𝑡𝑖𝑙𝑙 =
𝑚𝑒𝑤 𝑖.𝑖

𝐿

(�̇�𝑢𝑐  𝑖+ 𝑖𝐼𝑠(𝑡) 𝑖𝐴𝑔) 𝑖×3600
 𝑖 × 100 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i  i i i i i i i i i i(4.2) 

Where i𝑞̇

𝑢𝑐 = 𝑚 𝑖
̇ 𝑐𝑤(𝑇𝑐𝑤𝑜 𝑖 −  𝑖𝑇𝑐𝑤𝑖) 

4.2.2     Exergetic analysis 

According ito ithe isecond ilaw iof ithermodynamics, iheat ican’t ibe icompletely iconverted ito 

iwork icyclically iand isome ipart iof iheat isupplied iby ithe isystem iis inecessarily irejected ito ithe isink. 

iThe imaximum ipart iof iinput ienergy ithat ican ibe iconverted ito iwork iis icalled ithe iavailable ienergy 

iand ienergy irejected ito ithe isurrounding iis icalled iunavailable ienergy. iTherefore, 

Heat isupplied i(energy) i= iAvailable ienergy i(exergy) i+ iunavailable ienergy i(anergy) i 

Following ithe iexergy imatrix ipresented iby ivarious iresearchers i[109-110], ithe ianalytical 

iexpressions ifor ithe iexergy iassociated iwith idifferent ielements iof ithe iintegrated ientity iare ias 

iunder; 

The iexergy iefficiency ican ibe ievaluated iby iemploying ithe igeneral irule ihereunder; 

𝜂𝐸𝑋 =
𝐸𝑥𝑒𝑟𝑔𝑦 𝑜𝑢𝑡 𝑖𝑓𝑟𝑜𝑚 𝑖𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡

𝐸𝑥𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡 𝑖𝑡𝑜  𝑖𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡
= 1 −

𝐸𝑥𝑑𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛̇  iin ithe icomponent

𝐸𝑥𝑒𝑟𝑔𝑦 𝑖𝑖𝑛𝑝𝑢𝑡 𝑖𝑡𝑜  𝑖𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡
                                  (4.3a)   

1
evap dest

EX

in in

E x E x

E x E x



• •

• •
= = −                               (4.3b)   

The iexergy iefficiency iof ithe ioverall isystem iand isolar istill ialone ican ibe iwritten ias: 

𝜂𝑖,𝐸𝑋,𝑖𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
ℎ𝑒𝑤 𝑖

(𝑇𝑤−𝑇𝑔) 𝑖𝐴𝑏  𝑖× 𝑖[1−(
𝑇𝑎
𝑇𝑤

)]

[0.933𝐼𝑐 𝑖
(t) 𝑖𝐴𝑐  𝑖+ 𝑖0.933𝐼𝑠 𝑖

(t)(𝐴𝑔𝐸 𝑖 𝑖
+𝐴𝑔𝑊)]+𝑊𝑝

× 100                                               (4.4) 

𝜂𝑖𝐸𝑋,𝑠𝑜𝑙𝑎𝑟 𝑖𝑠𝑡𝑖𝑙𝑙 =
ℎ𝑒𝑤(𝑇𝑤−𝑇𝑔)𝐴𝑏  𝑖× 𝑖[1−(

𝑇𝑎
𝑇𝑤

)]

[�̇�𝑥𝑐,𝐸𝑇𝐶+0.933𝐼𝑠 𝑖
(t)(𝐴𝑔𝐸 𝑖 𝑖

+𝐴𝑔𝑊)]+𝑊𝑝
× 100                                                     (4.5)                                     
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Daily ienergy/exergy iefficiency ican ibe iobtained iby itaking icumulative ivalues iof iparameters 

iexpressed iin ieqns. i(4.1-4.5). 

Patela i[112] ipresented ian iexpression ito ievaluate ithe iexergy iof ithe isun’s iradiation i𝐼𝑠 𝑖
(t) 

iconcerning ithe ienvironment ias igiven iunder: 

𝐸𝑥𝑆𝑢𝑛
̇ = (1 −

4

3
× (

𝑇𝑎

𝑇𝑠
) +

1

3
× (

𝑇𝑎

𝑇𝑠
)

4
) 𝐼𝑠 𝑖

(t) ≈ 0.933𝐼𝑠 𝑖
(t)                                                       (4.6) 

Total isolar iexergy iinput i 𝑖(𝐸𝑥̇ 𝑖𝑛,𝑆) i ion ithe isurface iof iintegrated isolar istill ican ibe iexpressed ias: 

𝐸�̇�𝑖𝑛,𝑆 = 0.933[𝐼𝑠 𝑖
(t) 𝑖(𝐴𝑔𝐸 + 𝐴𝑔𝑊) +  𝑖𝐼𝑐(𝑡)𝐴𝑐] i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i I                 i I (4.7) 

i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

Exergy itransfer ibetween ithe isource i(𝑇𝑠𝑤) iand ithe isink i(Ta) itemperature, ican ibe iexpressed ias: 

𝐸�̇� = 𝑞  𝑖̇  i (1 −
𝑇𝑎

𝑇𝑠𝑤
) i i i i                                                                                                               (4.8) 

4.2.3     Irreversibility 
 

Actual iwork idone iin ia iprocess iis ialways iless ithan iidealized iwork iavailable iin ia ireversible 

iprocess. iThe idifference ibetween ithe itwo iis icalled iirreversibility. iIn igeneral, ithe iirreversibility 

ican ibe iwritten iin ithe iprocess/components ias iunder i[110]; 

Irreversibility i(𝐼)̇ i= iInput iexergy i- ioutput iexergy- iaccumulated iexergy 

in out dest
E x E x E x
• • •

− =    

With ian iincrease iin ithe idifference iin itemperature i(𝑇𝑠𝑤  i– iTa) ifor ia ilocal/global 

ienvironment, ithe iexergy ioutput iwill ibe ihigher. iExergy itransfer ibetween ithe ivarious ielements iof 

ithe iintegrated iunit iis ipictorially ishown iin iFig. i4.1. 
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Fig. 4.1. Pictorial irepresentation iof iexergy itransfer iin ivarious icomponents 

4.2.4 i i i i iExergy ianalysis iin ithe ivarious icomponents 

4.2.4.1 i i i i iBasin iliner 

The iinput ienergy/exergy iis ithe itotal iof isolar ienergy/exergy ion ithe isurface iof ia isolar istill, 

ithe iETC, iand iused iby ithe ipump. iA icomponent iof ibasin iexergy i(𝛼𝑏  𝑖

′ �̇�𝑥𝑠𝑢𝑛) 𝑖is iused ito iraise ithe 

iwater itemperature i(�̇�𝑥𝑏𝑤), 𝑖some iis ilost ito iambient i(�̇�𝑥𝑏𝑎) 𝑖and iremaining idestroyed i(𝐼�̇�): 

   (a) Exergy iabsorbed iby iliner i= i𝛼𝑏  𝑖

′ �̇�𝑥𝑠𝑢𝑛  i i                                                                       (4.9a)    

   (b) Exergy itransfer ifrom iliner ito ithe iambient iis: 

         �̇�𝑥𝑏𝑎 = ℎ𝑏𝑎  𝑖(𝑇𝑏 − 𝑇𝑎) 𝑖𝐴𝑏  𝑖 (1 −
𝑇𝑎

𝑇𝑏
)                                                                          (4.9b)       

   (c)  Exergy transfer from liner to the basin water is only during sunshine hours and can be 

expressed as: 

        �̇�𝑥𝑏𝑤 = ℎ𝑏𝑤  𝑖
(𝑇𝑏 − 𝑇𝑠𝑤) 𝑖𝐴𝑏  𝑖 (1 −

𝑇𝑎

𝑇𝑏
)                                                                   (4.9c) 
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   (d) Irreversibility iin ithe ibasin iliner ican ibe iwritten ias: 

         𝐼�̇� = 𝛼𝑏 𝑖 𝑖

′ 𝐸𝑥𝑠𝑢𝑛
̇ −  𝑖(𝐸𝑥𝑏𝑤

̇
 𝑖 +  𝑖𝐸𝑥𝑏𝑎

̇ )                                                                       (4.9d)                                                              

4.2.4.2     Basin iwater 

 

 i i i(a) iSolar iexergy ifed ito iwater imass i= i𝛼𝑤  𝑖

′ �̇�𝑥𝑠𝑢𝑛  i+�̇�𝑥𝑏𝑤  i+ 𝑖𝐸̇ 𝑥𝑐,𝑖𝐸𝑡𝑐 i i i i i i i i i i i i i i i i i i i i i i i i I                i i i i i i ii(4.10a) 

i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

 i i i(b) iTotal iiinterior iiexergy iitransfer iifrom iiwater ii- iiglass iicover ii(𝐸�̇�1𝑤𝑔) iican iibe iigiven iias: i 

 i i i i i i i𝐸�̇�1𝑤𝑔 = 𝐸  𝑖𝑥̇ 𝑒𝑤𝑔 + 𝐸  𝑖𝑥̇ 𝑐𝑤𝑔 + 𝐸  𝑖𝑥̇ 𝑟𝑤𝑔  i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i I               (4.10b)                                        

where 

𝐸  𝑖𝑥̇ 𝑒𝑤𝑔 = ℎ𝑒𝑤(𝑇𝑠𝑤 − 𝑇𝑔𝑖) 𝑖𝐴𝑏  𝑖 (1 −
𝑇𝑎

𝑇𝑠𝑤
) = 𝑚�̇�𝐿 (1 −

𝑇𝑎

𝑇𝑠𝑤
), 

𝐸�̇�𝑐𝑤𝑔 = ℎ𝑐𝑤  𝑖(𝑇𝑠𝑤 − 𝑇𝑔𝑖) 𝑖𝐴𝑏 (1 −
𝑇𝑎

𝑇𝑠𝑤
),  

and  

      𝐸�̇�𝑟𝑤𝑔 = ℎ𝑟𝑤(𝑇𝑠𝑤 − 𝑇𝑔𝑖)𝐴𝑏 (1 −
4

3
× (

𝑇𝑎

𝑇𝑠𝑤
) +

1

3
× (

𝑇𝑎

𝑇𝑠𝑤
)

4
) 

where i𝐸�̇�𝑒𝑤𝑔, i𝐸�̇�𝑐𝑤𝑔  𝑖𝑎𝑛𝑑  𝑖𝐸�̇�𝑟𝑤𝑔  iare ithe icomponents iof iassociated iexergy idue ito ithe irespective 

mode iof ienergy itransfer ifrom iwater ito ithe iinterior iglass icover. 

 i i i(c) iExergy iaccumulated i(day itime) iin ithe ibasin iwater ican ibe iwritten ias: 

      �̇�𝑥𝑎𝑐𝑚 =  𝑖𝑀𝑤  𝑖𝑐𝑤 [(𝑇𝑠𝑤 − 𝑇𝑠𝑤,𝑖) − 𝑇𝑎  𝑖𝐿𝑛
𝑇𝑠𝑤

𝑇𝑠𝑤,𝑖
]                                                            (4.10c)    

The itotal iaccumulated iexergy iof ithe iday iis iutilized ifor inight idistillation. 

 i i i(d) iExergy iassociated iwith irecirculated iwater iat ithe ioutlet iof isolar istill. 

      �̇�  𝑖𝑥𝑜𝑠𝑝 = 𝑚 𝑖 𝑖̇ 𝐶𝑤  𝑖 𝑖
[(𝑇𝑠𝑤  𝑖

− 𝑇𝑎) − 𝑇𝑎  𝑖𝐿𝑛
𝑇𝑠𝑤

𝑇𝑎
]                                                                (4.10d)   

   (e) Irreversibility irate iin ibasin iwater iduring iday: 

      𝐼�̇� = (𝛼𝑤  𝑖

′ 𝐸  𝑖𝑥𝑠𝑢𝑛
̇ +  𝑖 𝑖�̇�𝑥𝑏𝑤 𝑖

̇ +𝐸𝑥𝑜𝐸𝑇𝐶
̇ ) − (𝐸𝑥𝑎𝑐𝑚

̇ +  𝑖𝐸�̇�1𝑤𝑔 𝑖 𝑖
+ �̇�𝑥𝑜𝑠𝑝)                     (4.10e)     
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4.2.4.3 i i i i iGlass icover 

The iglass icover ihelps iin ithe icondensation iand irejecting iheat ito ithe iambient. iThere iis ia 

imarginal ivariation iof iglass icover itemperature ion iboth isides i(East iand iWest). iTherefore, ian 

iaverage iof iboth isurfaces ihas ibeen iaccounted iwhile idoing ithe iexergetic iestimation. 

   (a) exergy iabsorbed i= i𝛼𝑔 𝑖

′ �̇�𝑥𝑠𝑢𝑛 + 𝐸�̇�1𝑤𝑔                                                                    (4.11a) 

   (b) external iexergy itransfer iassociated ican ibe ievaluated ias: 

 i i i i i i i i𝐸�̇�1𝑔𝑎 = ℎ1𝑔𝑎  𝑖(𝑇𝑔 − 𝑇𝑎) 𝑖𝐴𝑔 (1 −
𝑇𝑎

𝑇𝑔
) i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i  i i i i                             i I  (4.11b) i 

i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

 i i i i i i i iℎ1𝑔𝑎 = 5.7 + 3.8 𝑖𝑖 𝑖𝑉𝑎 

   (c) Irreversibility irate iin iglass icover iduring ithe iday ican ibe iestimated ias: 

        𝐼�̇� = 𝛼𝑔 𝑖

′
 𝑖𝐸  𝑖𝑥𝑠𝑢𝑛

̇ + 𝐸  𝑖𝑥̇ 1𝑤𝑔 − 𝐸  𝑖𝑥̇ 1𝑔𝑎                                                                         (4.11c) 

4.2.4.4     Collector 

Following iJafarkazemi i[113], iexergy iassociated iwith iETC iis ihereunder: 

   (a) Exergy iinput ito iETC ican ibe iexpressed ias: 

      �̇�𝑥𝑖𝐸𝑇𝐶 = 0.933𝐼𝑐 (t) 𝐴𝑐  +  �̇�𝑥𝑜𝑠𝑝                                                                              (4.12a) 

   (b) Exergy ifeed ifrom icollector ito ibasin iwater 𝑖�̇�𝑥𝑜,𝑖𝐸𝑇𝐶  ican ibe iwritten ias: 

      �̇�𝑥𝑜,𝑖𝐸𝑇𝐶 = 𝑚 𝑖̇  𝑖𝐶𝑤  𝑖
[(𝑇𝑠𝑤 𝑖

− 𝑇𝑎) − 𝑇𝑎𝐿𝑛
𝑇𝑠𝑤

𝑇𝑎
] i                                                                 (4.12b)   

   (c) Exergy igain iby iwater iduring icirculating ithrough iETC itubes ican ibe icalculated ias: 

      �̇�𝑥𝑐,𝐸𝑇𝐶 = 𝑚 𝑖̇ 𝐶𝑤  𝑖
[(𝑇𝑐𝑤𝑜 𝑖

− 𝑇𝑐𝑤𝑖) − 𝑇𝑎𝐿𝑛
𝑇𝑐𝑤𝑜

𝑇𝑐𝑤𝑖
]                                                (4.12c)   

   (d) Irreversibility irate iin iETC ican ibe iexpressed ias: 

       𝐼�̇�𝑇𝐶 = 𝐸  𝑖̇ 𝑥𝑖𝐸𝑇𝐶  i- i𝐸̇
 𝑖𝑥𝑐,𝐸𝑇𝐶                                                                                             (4.12d)  
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4.3     Results and discussion 

The isystem iis isimulated iat ian ioptimal iflow irate, iusing i10 itubes iand ibasin iwater idepth 

ias i0.005m. iEquation i(4.10b) iis iused ito iestimate ithe iexergy ifluxes iassociated iwith iinternal 

ienergy itransfer. iThe imodes iof iinternal iexergy iflux iare ievaluated iduring idiurnal iand ishown iin 

iFig. i4.2. iThe irespective iexergy iflux ishows ithe idependency ion itemperature idifference iand 

ifound ias i~ i50.6, i~ i2.1, iand i~ i4.3 iW/m2, irespectively. iFrom ithe ioutputs, iit's iclear ithat iwater 

itemperature ihas ia inotable ieffect ion ithe iincrease iof ithe ievaporative iexergy iand ithat ithe 

itemperature idifference i(Tsw-Tgi) iaffected ithe ivalues iand itheir itrend. iThe itrends iare ifound iin 

iaccordance iwith ireported iby i iRanjan iet ial. i[110]. 

 

Fig. 4.2. Variation iof iinternal iexergy ifluxes iin idifferent imodes 

Exergy ifractions iinfluence ithe iyield iand ithe ichange iof ithree imodes i(i.e. ievaporation, 

iconvection, iand iradiation) iof iinternal ifractions iwith iwater itemperature iis ishown iin iFig. i4.3. 

iThe ievaporative iexergy ifraction iaffects ithe iyield, iwhereas iconvective iand iradiative ifractions 

iplay ia inegligible iimpact ion iproductivity. iWith ian ienhancement iin iwater itemperature, 

ievaporative ifraction iexergy iincreases iin ithe irange iof i0.2 i- i0.9, iwhereas iconvective iand 
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iradiative ifraction idecreases isignificantly. iWhen ithe ibasin iwater itemperature iis iat ia ipeak, ithe 

ievaporative iexergy ifraction iexhibits ihigher ivalue, iwhereas iconvective iand iradiative ifractions 

iexhibit ithe ilowest ivalue. iWith ia idecrease iin itemperature iof ithe iwater, ithe iradiative iand 

iconvective iflux iincreases, iwhile ievaporative iflux idecreases, iwith ireduced iavailable iexergy. 

iThe ihigher ithe ievaporative iexergy ifraction, ithe ihigher iwill ibe ithe idistillate iyield iand ihence 

iexergy iefficiency iwill iincrease. 

 

Fig. 4.3. Variation iof ifractional iexergy itransfer iin idifferent imodes iwithin isolar istill 

Figure i4.4 ishows ithe ichange iof iinstant iexergy iassociated iand iexergy iefficiency iof ithe 

ivarious icomponents iof ithe isystem iderived iusing iequations ireferred iin isection i4.2. iIt iis iobserved 

ithat iexergy itransportation ifrom iliner ito ithe iwater iis inegative iafter i14:00 ihrs. iThis iis idue ito 

icomparatively ilower iliner itemperature ithan ibasin iwater iand ithe iassociated iexergy itransfer ifrom 

iwater ito ithe ibasin iat ilow isunshine ihours ibecause iof ihigh-temperature iwater ifeed ifrom ithe 

icollector iend. iThe irange iof iinstant iexergy iefficiency iof ithe icollector iduring iday itime iis inoticed 

ias i0.0% i- i45.0%. iWhereas, ioverall iinstant iexergy iefficiency iof isolar istill iaccounting iuseful 

iexergy ioutput iin ithe iform iof idistillate iis iestimated iin ithe irange iof i0.0% i- i8.4%. i 
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Fig. 4.4. Variation iof i(a) iinstant iexergy itransfer iand i(b) iexergy iefficiency iof ivarious 

components 

The ieffect iof iwater idepth ion iinstant ioverall ienergy iand iexergy iefficiencies iduring iday 

itime iis idepicted iin iFig. i4.5 iand iobserved ithat ithe iefficiencies iare ia ifunction iof iwater idepth, 

isince ia idecrease iin iwater itemperature ileads ito ia idecrease iin itemperature idifference i(Tsw i– iTgi) 

iwith ian ienhancement iof idepth, iresultantly idecreasing ithe ievaporative ifractional iexergy itransfer 
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iand iincrease iin iirreversibility. iIt iis ifurther inoticed ithat iexergy iefficiency iis ilower ithan ienergy 

iefficiency iand iboth idecrease iwith ian ienhancement iof iwater idepth idue ito ihigher iirreversibility 

iassociated iwith ienhancement iof ithermal istorage. iA idecrease iin irespective idaily iefficiencies 

i(energy/exergy) iis ifound iin ithe irange iof i33.8 i- i25.2% iand i4.9 i- i2.7%, iwith ian ienhancement iof 

iwater idepth i(0.005 i- i0.025 im) idue ito ihigher ithermal iinertia ieffect iwith istorage iwater. 

 

Fig. 4.5. Effect iof iwater idepth ion ioverall iinstant ienergy iand iexergy iefficiencies 

The ioverall ienergy/exergy iefficiency iis iobserved inearly izero ibetween i7 i– i9 iam ito 

idecrease ilow iyield iand ilow iwater itemperature iin ithe imorning ihours. iAs ican ibe iseen ifrom ithe 

ifigure ithat ithe idecrease iof ienergy iand iexergy iefficiency iduring ilow isunshine ihours iis ithe 

ifunction iof iwater idepth ipossibly idue ito ia idecrease iin iwater itemperature iwhile icirculating 

ithrough ithe iETC icollector iin ithe ievening ihours, iwhich iincreases ithe ivalue iof iterm i(
a w

T T ). 

The ieffect iof iwater idepth ion iexergy iefficiency iassociated iwith iindividual icomponents iof 

ithe iintegrated isystem iis ishown iin iFig. i4.6. iThere iis ian iinsignificant iincrease iin iwater iexergy 

iefficiency iwith ian iincrease iin iwater idepth, idue ito ia itotal iincrease iin ithe iconvective iand 
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iradiative ifractional iexergy icompared ito ithe idecrease iin ievaporative ifraction ias iwell ias ireduced 

iexergy iinput idue ito idecrease iin iwater itemperature. iThe idaily iexergy iefficiency iof ithe iliner, 

iwater imass, iglass icover, icollector, ioverall isystem, iand isolar istill ialone iare ifound ias i~ i8.12, i~ 

i30.1, i~ i41, i~ i18, i4.9, iand i~ i7.1%, irespectively iat i0.005m iwater idepth iat ioptimal iconditions. iIt 

ihas ibeen iobserved ithat iwhen ithe iexergy iinput irate iis ihigher ithan iirreversibility, iboth 

iirreversibility iand iexergy iefficiency iincrease. 

 

Fig. 4.6. Daily iexergy iefficiency iof ivarious ielements iwith iwater idepth 

Effect iof ivariable ibasin iwater idepth i~ i0.005 i- i0.030m i(i.e. i10.0 i- i60.0 ikg iwater) ion ithe 

idaily iperformance iof isolar idistiller iincorporated iwith iETC i(10 itubes) imaintaining ithe ioptimal 

iflow irate iof i0.006 ikg/s/tube iis ishown iin iFig. i4.7. iThe idecrease iin idaily iyield iis iin ithe irange iof 

i~ i6.644 i- i4.753 ikg. iThe idecrement iin ioverall ienergy iand iexergy iefficiencies iof ithe isystem 

iranged iwithin i33.74 i- i24.1%, iand i~ i4.9-2.4% irespectively, iwith ian iincrease iin ithe iwater 

idepth. 
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Fig. 4.7. Hourly ivariation iof iyield iwith idepth iof iwater iat ioptimal iflow irate iusing i10 itubes 

The iextent iof ithe iirreversibility iof ithe ivarious idevices iof ithe isolar istill iat ia itypical iflow 

irate iis idepicted iin iFig. i4.8. iThe ilargest isequential irates iof iirreversibility iduring ithe iday itime iare 

ithose iof ithe iliner i(𝐼�̇�), iwater i(𝐼�̇�), 𝑖and iglass icover 𝑖(𝐼̇

𝑔). iIt iis ifurther inoticed ithat iwith ithe 

iincrease iin iradiation iintensity, iirreversibility iincreases idue ito ia ilow idifference iin itemperature 

ibetween ithe ientities iand ienvironment. iThe ihighest iirreversibility irates iare ifound ias i~ i412, i~ 

i302, iand i~ i98 iW iat iliner, iwater, iand iglass icover, irespectively. iHigher iirreversibility iat ithe iliner 

iis idue ito ia ilow iheat itransfer irate ifrom iliner ito iwater ias iwell ias ito ithe isurrounding. iThe 

iirreversibility iof ibasin iliner ican ibe ireduced iby iusing ia iliner imade iup iof imaterial, itending ian 

iinstant irise iin ithe itemperature ito ia ihigher idegree. iFurther, iimprovement iby idesigning ia iglass 

icover iof inearly izero iheat icapacity, ithe iirreversibility iof iwater imass ican ibe ireduced idue ito ian 

iincrease iin iinter iexergy itransfer, ibut ithese iaspects iare ia imatter iof ifurther iinvestigations. 

0

10

20

30

40

0.005 0.01 0.015 0.02 0.025 0.03

E
n
er

g
y
 a

n
d
 e

x
er

g
y
 e

ff
ic

ie
n
cy

 (
%

)

Water depth in basin (m)

Energy efficiency(%)

Exergy efficiency (%)

Nc=10, flow rate =0.006kg/s/tube



74 

 

 
Fig. 4.8. Effect iof iwater idepth ion ithe iirreversibility iof ivarious icomponents iof isolar istill 

Fig. i4.9. idepicts ithe iperformance iof ithe ipresent idesign iof iintegrated isolar istill icompared 

ito iother igeometries iof iactive idouble islope isolar istills ireported iunder isimilar iclimatic iconditions 

ito icheck ithe iperformance iviability iof ithe isystem iat iwater idepth i~ i0.025 im i(50 ikg ibasin iwater 

imass). iIt iis inoticed ithat ithough ithe itotal idaily iyield iobtained ifrom ithe ipresent idesign iis ilower 

ithan ireported, isystem ienergy iand iexergy iefficiencies iare isignificantly ihigher. iThe ihigher iyield 

iin iother idesigns iis idue ito ithe ilarge icollection iarea iof iFPC iused. iTherefore, ithe icomparative 

ianalysis ibased ion iper iunit icollection isurface iarea iof isolar ienergy iis ievaluated iand ifound ithat 

ipresent idesign iyields i~ i1.66 ikgm-2
 idistillate iwith ienergy iand iexergy iefficiencies ias i~ i24.1 i% 

iand i~ i2.8%, irespectively, isubstantially ihigher ithan iother iconfigurations. iThis iis idue ito ithe 

iintegration iof ihigh-performance iETC icollectors iwith isolar istill. iThe iresults ireveal ithat ithe iuse 

iof ithe ipresent igeometry iof isolar istill iis iviable ito iuse ifor idistillate iproduction iwith ia ismaller 

isurface iarea. 
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Fig. 4.9. Comparative iyield, ienergy, iand iexergy iefficiency iof isome idesigns iof idouble islope 

active isolar istill ifor i~ i0.025 im ibasin iwater idepth i(~ i50 ikg imass) 

 Evaluation iof iannual ioutput iis iestimated iand ivariation iof imonthly iyield, ienergy, iand 

iexergy iefficiency ion ia itypical iday iof ieach imonth iobtained iusing ithe iclimatic idata ifor ithe iyear 

i2010 iare idepicted iin iFig. i4.10. iThe iannual iyield i~ i1627 ikg iin ia iyear iis iestimated iwith iannual 

ienergy iand iexergy iefficiency ias i~ i29.5% iand i~ i4.2% irespectively iwhen ithe isystem ioperates iat 

i0.005m iwater idepth iat ioptimal iflow irate iwith i10 itubes icoupled iwith ithe icollector. 
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Fig. 4.10. Monthly iyield, ienergy iand iexergy iefficiencies ifrom ithe isolar istill ifor itypical 

parameters 

4.4     Conclusions 

Based ion ithe iaforementioned iperformance ievaluation, ithe iconclusions idrawn ifor ithe 

imodified igeometry iof isolar idistiller iare ihereunder. 

(i) The ioptimal irate iof iflow iis i0.006 ikg/s/tube, iirrespective iof ithe inumber iof ivacuum itubes 

connected iwith iETC. iAt ioptimal iflow irate isystem iyields i~ i6.644 ikg/day iwith ioverall 

energy iand iexergy iefficiencies ias i~ i33.8 iand i~ i4.9%, irespectively. iWith ian iincrease iin ithe 

number iof itubes, iyield iincreases ibut ithe ienergy iand iexergy iefficiencies idrop isignificantly. i 

(ii) Daily ienergy iand iexergy iefficiencies iare inoticed ito idecrease iin ithe irange iof i33.8% i- i25.2% 

and i4.9% i- i2.7%, irespectively, iwith ian iincrease iin iwater idepth ifrom i0.005 ito i0.025m. 

Evaporative iexergy iflux iis ifound ias i~50.6 iW/m2
 iand idominates iover ithe iconvective i(~ 2.1 

W/m2) iand iradiative i(~ 4.3 iW/m2) ifluxes. 
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(iii) With ian iincrement iin ithe idepth iof iwater, ienergy iand iexergy iefficiencies iare ifound ito ibe iin 

the irange iof i33.74 i- i24.1% iand i~ i4.9% i- i2.4% irespectively, iwith ian iincrease iin iwater idepth 

from i0.005-0.030 im. 

(iv) Comparative ianalysis ibased ion iper iunit icollection isurface iarea iof isolar ienergy iis ievaluated 

and ifound ithat ipresent idesign iyields i~ i1.66 ikg/m2
 idistillate iwith ienergetic iand iexergetic 

efficiencies ias i~ i24.1 i% iand i~ i2.8%, irespectively iwhich iis isubstantially ihigher ithan ithe 

other idesigns. 

 

 

The next Chapter V presents the overall conclusions drawn from the present work and 

suitable recommendations, suggestions for future work. 
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Chapter-V 
 

Conclusions and Recommendations 

 

 

 

 

 

 
 

 

5.1     Conclusions 

Based on the present study and findings, the following conclusions are made: 

(i) The ioptimal iflow irate iranges i~ i0.006-0.007 ikg/s/tube ifor ithe ioptimal iperformance 

irrespective iof iparallel itubes iintegrated iwith ithe isystem. iDaily iyield, ienergetic, iand 

exergetic iefficiencies iobtained iare i~ i6.644 ikg, i~ i33.74%, iand i~ i4.9% irespectively iat 

water idepth i0.005m, iusing i10 itubes iat ian ioptimal iflow irate. 

(ii) Higher iyield iis iobtained iwith ian iincrement iin ithe inumber iof itubes. iIt iis ifound ithat iat 

the ioptimal iflow irate, ithe isystem iwith i20 iand i30 itubes iyield ihigher i(2.64% iand 

6.62%) ithan ithe iETC isize iof i10 itubes. iHowever, irespective ienergy iand iexergy 

efficiencies idecrease isignificantly iby i~ i24.6% iand i~ i38.6%. 

(iii) Though ithe iincrease iin ithe inumber iof itubes iyields imore, ifor ithe imarginal igain, ithe 

higher iinvestment iis idis-favorable. 

(iv) At ian ioptimal iflow irate, ia idecrease iin idaily iyield iis iin ithe irange iof i~ i6.644 i- i4.753 ikg, 

decrement iin ienergy iand iexergy iefficiencies iis ifound ito ibe iin ithe irange iof i33.74 

24.1% iand i~ i4.9%-2.4% irespectively, iwith ian iincrease iin iwater idepth ifrom i0.005 i-

0.030 im. 
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(v) The iuse iof ia idiffused ireflector ienhances iperformance. iComparative idaily iyield, 

energy, iand iexergy iefficiencies iare ienhanced iby i~ i15.0%, i15.0%, iand i24%, 

respectively iwith ithe iuse iof ireflector iwith i90% ireflectivity iand itubes iwith i80% 

interception. 

(vi) Comparative ianalysis ibased ion iper iunit icollection isurface iarea iof isolar ienergy iis 

evaluated iand iit iis ifound ithat ipresent idesign iyields i~ i1.66 ikg/m2
 idistillate iwith 

energetic iand iexergetic iefficiencies ias i~ i24.1% iand i~ i2.8%, irespectively 

substantially ihigher ithan iother idesigns. 

(vii) The iannual iproductivity iof iyield, ienergy iand iexergy iare iestimated ias i~ i1627 ikg, 

~1131 ikWh, iand i~ i152 ikWh, irespectively. 

5.2 i i i i iRecommendations 

The istudy icarried iout iin ithis idissertation ican ibe iextended iand ifuture iinvestigators ican 

iexplore iother iaspects, iwhich iinclude: 

(i) The iexperimental istudy ion ithe iETC iintegrated iDouble islope isolar istill ican ibe icarried 

out ito iknow ithe ideviation ifrom ithe inumerical iwork. 

(ii) Performance ievaluation iof ithe isystem ican ibe icarried iout iusing idifferent idesigns iof 

ETC itubes. 

(iii) A istudy ican ibe icarried iout iwith ian iincrease iin iETC itubes iand iusing ia iheat iexchanger 

with ia ifluid iof ihigh iboiling ipoint. 
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APPENDIX 

 

Thermophysical iproperties ican ibe iestimated ias i[86]; 

𝑐𝑤 = 4226 − 3.224𝑇 + 0.057𝑇2 − 0.0002656𝑇3                                                              (A-1) 

𝐿 = 2.506 × 106 − 3.639 × 103𝑇 + 0.2678𝑇2 − 8.103 × 10−3𝑇3 − 2.079 × 10−5 𝑇4    (A-2) 

𝑝𝑔𝑖 = exp (25.317 −
5144

𝑇𝑔𝑖+273
)                                                                                                (A-3) 

𝑝𝑠𝑤 = exp (25.317 −
5144

𝑇𝑠𝑤+273
)                                                                                               (A-4) 

Internal h.t.c. can be estimated as [68]; 

ℎ𝑐𝑤 = 0.884 [(𝑇𝑠𝑤 − 𝑇𝑔𝑖) +
(𝑃𝑠𝑤−𝑃𝑔𝑖)(𝑇𝑠𝑤+273)

268.9×103−𝑃𝑠𝑤
]

1

3
                                                                     (A-5) 

ℎ𝑒𝑤 = 0.016273 × ℎ𝑐𝑤 ×
(𝑃𝑠𝑤−𝑃𝑔𝑖)

(𝑇𝑠𝑤−𝑇𝑔𝑖)
                                                                                                (A-6) 

ℎ𝑟𝑤 = 𝜀𝑒𝑓𝑓. 𝜎 [(𝑇𝑠𝑤 + 273)2 + (𝑇𝑔𝑖 + 273)
2

] [𝑇𝑠𝑤 + 𝑇𝑔𝑖 + 546]                                        (A-7) 

ℎ1𝑤,𝐸 = ℎ𝑐𝑤,𝐸 + ℎ𝑒𝑤,𝐸 + ℎ𝑟𝑤,𝐸  , ℎ𝑏𝑎 = [𝐿𝑏/𝐾𝑏 + 1/2.8]−1 , kg g gh k l=  and b b bh k l=
                      

𝜀𝑒𝑓𝑓 = [
1

𝜀𝑔
+

1

𝜀𝑤
− 1]

−1

 

The ioverall iexternal ih.t.c ifrom ithe itop iglass isurface, ithe ibottom iof ithe ibasin ior iother isuch isurfaces 

ican ibe iexpressed ias i[117]; 

ℎ1𝑔𝐸 = ℎ1𝑔𝑊 = 5.7 + 3.8𝑉𝑎                                                                                                  (A-8)                                                                                                                                 

and iradiative ih.t.c. ibetween ieast iand iwest isurfaces ican ibe iexpressed ias; 

ℎ𝑟,𝐸𝑊 = 0.34𝜎 [(𝑇𝑔𝑖,𝐸 + 273)
2

+ (𝑇𝑔𝑖,𝑊 + 273)
2

] [𝑇𝑔𝑖,𝐸 + 𝑇𝑔𝑖,𝑊 + 256] 
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