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ABSTRACT 
___________________________________________________________________________________ 

Inexhaustible energy from the sun is available in adequate quantities and it can make a 

significant contribution to the economic and social development of rural and remote areas 

where conventional sources of energy are not easily accessible. It has the potential of 

substituting the current and future global energy demands without inflicting any 

environmental impacts. Currently, scientific communities are making sincere efforts to 

overcome the limitations of solar energy collection, storage and utilization for various 

applications. In last decades, some solar thermal systems, such as solar water heaters, and 

solar distillation systems have advanced remarkably in terms of energy efficiency, 

reliability, cost-effectiveness, and social acceptance. There is enormous scope to improve 

their efficiency if these systems are analyzed thermodynamically from the exergy point of 

view. 

 The  present thesis is an outcome of the energy and exergy analyses of solar 

collector with separate storage for water heating, shallow solar pond water heater, built-

in-storage solar water heater, salt-gradient solar pond, passive solar still, and active solar 

distillation systems integrated with solar ponds in the Indian climatic conditions. 

Thermodynamic modeling of all these solar collection/storage thermal systems for water 

heating and distillation have been presented based on both the first law and second law of 

thermodynamics. An attempt has been made to explore the exact site and quantity of 

exergy destruction or irreversibility in the process of solar thermal energy transfer in 

these systems. Exergy efficiencies of each subsystems or components have been predicted 

theoretically in addition to the conventional energy analysis with the aim to revive the 

solar thermal technologies for water heating and distillation based on exergy analysis. 

A typical small capacity direct natural circulation solar water heating (SWH) system 

comprises of a flat plate solar collector (FPSC) with separate water storage tank (WST) is 
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studied thermodynamically. The daily energy and exergy efficiency of the FPSC, WST 

and SWH system are found to be about 39% and 4.36%, 67% and 38.55%, and 27% and 

1.01% respectively. The rate of exergy destruction in the FPSC is observed to be much 

higher than that of the WST.    

 Shallow solar pond (SSP) water heater and built-in-storage (BIS) solar water heaters 

have been analyzed and compared through energy and exergy analyses. The thermal 

performance of the BIS solar water heater is found to be better than SSP water heater. 

The highest temperature attained by water in BIS solar water heater is about 5 °C more 

than that of SSP water heater. Daily average energy and exergy efficiency of the BIS 

solar water heater and SSP water heater are evaluated as 57% and 1.9%, and 49% and 

1.3%, respectively.  

The capacity of long-term thermal energy storage which can supply sufficient heat for 

low grade thermal applications during the entire year is a major attractive feature of salt-

gradient solar ponds. Results of the energy and exergy analyses of a salt-gradient solar 

pond (SGSP) show that the highest amount of useful thermal energy, i.e. 24260 MJ and 

28119 MJ is available at 80°C and 85°C from heat storage zone of the solar ponds in the 

month of May at the New Delhi and Bhavnagar (India), respectively. Exergy destructions 

(monthly) are found to be 6 MJ/m2 to 11.4 MJ/m2 in the upper convective zones, 2.5 

MJ/m2 to 4.8 MJ/m2 in the non-convective zones, and 3.1 MJ/m2 to 6.2 MJ/m2 in the heat 

storage zones of the SGSP. The annual overall energy and exergy efficiency of the solar 

ponds are about 6.46% and 0.9% in New Delhi; and 7.09% and 1.07% in Bhavnagar, 

respectively. 

A comprehensive thermodynamic model for energy and exergy analyses of a passive 

solar distillation system is presented. Temperatures of basin-liner, saline water mass, and 

inner and outer glass cover are estimated theoretically with the help of computer program 
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using a set of typical design and operating parameters of the single effect-single slope 

horizontal passive solar still. It has been found that the passive solar still can produce 4.17 

litres/m2 of freshwater daily. Energy and exergy efficiency of the passive solar still are 

estimated to be 30.42% and 4.93%, respectively. Average rate of exergy destruction or 

irreversibility in each component i.e. basin-liner, saline water mass and glass cover has 

been evaluated as 280 W/m2, 136 W/m2 and 56 W/m2, respectively corresponding to the 

daily average solar exergy input of 580 W/m2 on a typical day. Their corresponding 

exergy efficiencies are found to be 3.91%, 17.67% and 42.36%. The basin-liner is 

identified as the component around which there is highest possibility of improvement.  

Energy and exergy analyses of a proposed active solar distillation system integrated with 

solar pond have been carried out. Results of the analysis confirm the technical feasibility 

of the system. With the integration of solar pond in the active solar still, the daily 

productivity, energy and exergy efficiency increases to about 9.5 litres/m2, 46% and 

14.81%, respectively. The further improvement in the performance of the same system is 

observed if the thermal energy is supplied continuously (24 hrs) to the solar still in 

addition to incident solar radiation.  

In this thesis, absorbing surfaces of solar water heating systems and solar distillation 

systems have been identified as the site of largest exergy destructions. In case of salt-

gradient solar pond, largest exergy destruction takes place in the upper convective zone 

where 44% to 45% incident solar energy is absorbed and converted into unutilized heat 

lost to the environment. Finally, it can be concluded that the largest exergy destructions 

takes place in the components of solar collection/storage thermal systems where solar 

energy is converted into thermal energy, i.e. absorbing surface of the system. This is one 

of the main causes of lower energy efficiency and exergy efficiency of the solar thermal 

systems as compared to other thermal systems. 
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ℎ𝑡,𝑤−𝑔 Total heat transfer coefficient between saline water and glass cover (W/m2 K) 

Ĥ𝑡(𝑥) Monthly average total solar radiation available at depth x below top surface of 

solar pond (MJ /m2) 

ℎ𝑤  Convective heat transfer coefficient between basin-liner and water (W/m2 K) 

𝐾𝑎 Thermal conductivity of the adhesive (W/m-K) in FPSC 

𝐾𝑔 Thermal conductivity of glass cover (W/m K) 

𝐾𝑖 Thermal conductivity of insulating material (W/m K) 

𝐾𝑝 Thermal conductivity of the absorber plate (W/m-K) 

𝐾𝑤 Thermal conductivity of  water (W/m K) 

𝐿 Thickness of (UCZ + NCZ + HSZ) from top surface of the solar pond (m) 

�̇� Mass flow rate of water (kg/s) 

𝑚 Mass (kg) 

𝑚𝑤𝑜 Hourly distillate output from the passive solar still (kg/m2 h) 

𝑀𝑤 Mass of water in the solar still/collector/storage tank (kg) 

𝑃𝑔𝑖 Partial vapour pressure at inner glass cover surface  of solar still (N/m2) 

𝑃𝑤 Partial vapour pressure at saline water surface of solar still (N/m2) 

𝑃𝑟 Prandtl number 

𝑞𝑏 Rate of heat loss from basin-liner to ambient in solar still (W/m2) 

𝑞𝑐,𝑏−𝑤 Rate of convective heat transfer from basin-liner to saline water (W/m2) 

𝑞𝑐,𝑔−𝑎 Rate of convective  heat transfer from  glass cover to the atmosphere (W/m2) 
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𝑞𝑐,𝑤−𝑔 Rate of convective heat transfer from saline water to glass cover (W/m2) 

𝑞𝑒,𝑤−𝑔 Rate of evaporative heat transfer from saline water to glass cover (W/m2) 

𝑞𝑟,𝑔−𝑎 Rate of radiative heat transfer from  glass cover  to the atmosphere (W/m2) 

𝑞𝑟,𝑤−𝑔 Rate of radiative heat transfer from saline water to glass cover (W/m2) 

𝑞𝑢 Rate of external thermal energy input to active solar still from solar pond  (W/m2) 

𝑄 Rate of heat transfer (W) 

𝑄𝐿 Overall rate of heat loss from the FPSC to the environment (W) 

𝑄𝐿𝑜𝑎𝑑 Monthly average heat extraction from HSZ of the solar pond (MJ) 

𝑄𝑠,𝑊𝑆𝑇 Rate of heat storage or accumulation in water storage tank (WST) (W) 

𝑄𝑢 Rate of useful heat gain by water from the FPSC (W) 

𝑆 Amount of incident solar radiation absorbed per unit area of the absorber plate 

(W/m2) 

𝑇𝑈𝐶𝑍/𝑁𝐶𝑍/𝐻𝑆𝑍 Monthly mean temperature of layers/zones of solar pond (K) 

𝑇𝑊𝑆𝑇 Uniform temperature (K) of  the water storage tank 

𝑇𝑎 Ambient temperature (K) 

𝑇𝑏 Temperature of basin-liner (K) 

𝑇𝑐𝑖 Inlet temperature of water to the collector (K) 

𝑇𝑐𝑜 Outlet temperature of water from the collector  to water storage tank (K) 

𝑇𝑔𝑖 Inner surface temperature of the glass cover (K) 

𝑇𝑔𝑜 Outer surface temperature of the glass cover (K) 

𝑇𝑜 Reference temperature of the environment or atmosphere (K) 

𝑇𝑝 Average temperature (K) of the absorber plate 

𝑇𝑠 Temperature of the sun’s surface taken as 6000 K 
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𝑇𝑠𝑘𝑦 Sky temperature (K) 

𝑇𝑤 Water temperature (K) 

𝑈𝐿 Overall heat transfer coefficient (W/m2 K) 

(𝑈𝐴)𝑊𝑆𝑇 The product of the overall heat transfer coefficient and surface area of ( WST)  

𝑈𝑏 Overall bottom heat loss coefficient from the solar still (W/m2 K) 

𝑈𝑡 Overall top heat loss coefficient from the solar still (W/m2 K) 

𝑉 Velocity of the wind (m/s) 

𝑉𝑤 Volume of water in WST (m3) 

𝑉𝑊𝑆𝑇 Volume of the material of the WST (m3) 

𝑊𝑚𝑎𝑥 Maximum possible work (J) 

𝑋𝑔 Thickness of glass cover (m) 

𝑋𝑖 Thickness of insulation (m) 

𝑋𝑝 Thickness of the absorber plate (m) 

𝑋𝑤 Saline water depth in the basin (m) 

𝑥1 Thickness of UCZ  from top surface (x = 0) of the solar pond (m) 

𝑥2 Thickness of (UCZ + NCZ) from top surface of the solar pond (m) 

Greek Letters 

𝛼𝑏/𝑝 Absorptivity  of basin-liner/absorbing plate 

𝛼𝑔 Absorptivity of glass cover 

𝛼𝑤 Absorptivity of  water   

𝛿𝑎 Average thickness of the adhesive 

휀𝑔  Emissivity of glass 

𝜂𝑒 Energy efficiency or first law efficiency 
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𝜂𝑒𝑥 Exergy efficiency or the second law efficiency 

𝜂𝑜 Optical efficiency of the FPSC 

𝜃 Glass cover tilt angle from horizontal (in degrees) 

ρ Density (kg/m3) 

𝜎 Stefan Boltzmann constant 

𝜏𝑎 The solar radiation transmissivity based on absorption in a solar pond at various 

depths and wavelengths 

𝜏𝑔 Transmittance of the glass cover 

𝜏𝑟 The solar radiation transmissivity based on reflection-refraction at the air-water 

interface of solar pond 

𝜏𝑤 Transmittance of the water 

𝛹𝑠 Petela’s  expression for  calculation of the solar exergy  

∆𝑡 Time interval  

Abbreviations  

BIS Built-In-Storage 

FPSC Flat-Plate Solar Collector 

ICS Integrated Collector/Storage 

SGSP Salt-Gradient Solar Pond 

SSP Shallow Solar Pond 

SWH Solar Water Heater 

TIM Transparent Insulation Material 

WST Water Storage Tank 
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