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Building integrated Performance of Single Slope and 
Multiple Effect Solar Still

Mohd Zaheen Khan, I. Nawaz, 
Department of Mechanical Engineering
Faculty of Engineering & Technology

Jamia Millia Islamia New Delhi-110025
Email : zhnkhan4@gmail.com

A B S T R A C T

In future we will not only consume energy, we will also partly produce our own energy need. Solar energy 

has been proven to be a valid strategy for producing on-site renewable energy. Planning for integrating 

solar energy in buildings involves many players and decision-making. In this article, a process map 

defining which decisions regarding solar energy needs to be discussed in which design stage, is 

presented. With the help of this process map, more informed decisions should facilitate the 

implementation of solar energy in buildings. Our way of thinking about energy and buildings is 

changing; initially buildings were solely considered to be energy-consuming, future buildings will be 

need to consume less energy while producing part of their own energy [1]. One way to produce 

renewable energy on-site is by means of active solar energy. By doing so, buildings will reduce the 

impact on the environment and reduce the dependence on imported energy. Current legislation is already 

directing towards such energy efficient and energy producing buildings, with the European directive for 

the energy performance of buildings [2] as the clearest example. 

Keywords: Solar energy, Solar Still, Solar Desalination, Building integrated Desalination

1.0  INTRODUCTION  

There are a number of processes that can be used to convert brackish water or saline water to fresh 

water. These include reverse osmosis, electro dialysis and distillation. Distillation is one of the simplest 

and widely used processes. More than 90% of the world's water desalination processes use distillation.

In the distillation process water is evaporated, leaving behind the impurities and microbiological 

organisms, thus vapour contains only fresh water molecules. The vapour should be condensed to get the 

fresh drinking water. The energy required for distillation can be provided by electrical energy or 
0thermal energy. Since the vaporization of the water requires low temperature (around 100 c), solar 

radiation energy can easily be used to achieve such low temperatures. The use of solar thermal energy 



Page No 2

for distillation is similar to the rain cycle of the earth. Solar radiation falling on earth causes evaporation 

of water, forming clouds, which then get condensed in the cooler regions and bring backwater to the 

surface. In this way, solar distillation is effective in removing many unwanted impurities as listed 

below.

Salts and minerals: Na, Ca, As, Fl, Fe, Mn, etc.

Bacteria: E. coli, cholera, etc.

Parasites: Giardia, Cryptosporidium, etc.

Heavy metals: Pb, Cd, Hg, etc.

Solar water distillation technology has a long history. Installations were built over 200 years ago, 

although to produce salt water rather than drinking water. Documented use of solar stills began in the 

sixteenth century. An early large scale solar still was built in 1872 to supply a mining community in 

Chile with drinking water. 

Mass production occurred for the first time during the Second World War when 2,00,000 inflatable 

plastic were made to be kept in life crafts for the US Navy. India is blessed with plenty of sunshine. Most 

of the country gets about 300 sunny days, resulting in daily solar radiation of about 4-7 kWh/m2. 

Therefore, solar distillation technology can be implemented effectively. Design and implementation of 

solar distillation apparatus is easy and cost effective. In the application of solar energy, like conversion 

of brackish or saline water into fresh water, intermittent supply of solar radiation should not limit its use, 

as the fresh water is produced as and when solar radiation is available.

2.0 OPERATION OF SOLAR DISTILLATION 

A solar still apparatus is built on the same principle as rainwater cycle consisting of two steps, 

evaporation and condensation. In this way, the basic principles of solar water distillation is simple yet 

effective. The sun's energy heats water to the point of evaporation. As the water evaporates, water 

vapour rises, condensing on the glass surface for collection. This process removes impurities such as 

salts and heavy metals as well as eliminates microbiological organisms. In the end, water is cleaner than 

the purest rainwater. A schematic diagram of solar distill is shown in the Figure 1 on the next page.

A single basin solar still has a top cover made of glass. It has an interior surface made of a waterproof 

membrane. This interior surface uses a blackened material to improve absorption of the sunrays. The 

glass has a property to be transparent tovisible light but opaque to ultraviolet and infrared light. 

Therefore, the glass cover of a solar still allows visible part of solar radiation to pass into the still, which
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is mostly absorbed by the blackened base, resulting in increase in basin temperature. Low temperature 

object radiates in the infrared region. Due to this, the basin radiates energy in the infrared region, which 

is reflected back into the still by the glass cover, thus, trapping the solar energy inside the still (glass 

cover absorbs infrared radiation and reradiates part of it back to the basin).

0
This is similar to a greenhouse effect. Due to this, the water heats up by about 10-20 C, resulting in 

increased rate of evaporation. The moisture content of the air trapped between the water surface and the 

glass cover increases. The heated water vapour evaporates from the basin and condenses on inside of 

the glass cover in the form of small droplets. The condensation at glass cover occurs due to lower 

ambient temperature outside the glass cover.

These drops of water flow into condensate collection channels on the sides, which can be collected 

externally. In this process, the salts and microbes that were in the original water are left behind. 

Condensed water trickles down the inclined glass cover to an interior collection through and out to a 

storage bottle. The long axis of the solar still should be placed along the East-West direction such that 

the glass sloping is facing towards the south.

3.0 COMPONENTS AND SPECIFICATIONS

Various components of solar still and their specifications are summarized in Table 1.3 Refer to the still 

schematic given in above section.

Material                                                                        Purpose

Water basin/ Tank Cement concrete or fiberglass Container of saline water

Insulation Polyurethane Foam, putty, tars To prevent heat losses

Transparent cover Glass or polyethylene To transmit solar energy

System components
Specifications

Figure1: Schematic layout of Single Slope Solar Still
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Absorber Black Butyl rubber, black polyethylene or ink or dye To absorb the heat

Condensate channel Aluminium, galvanized iron To collect droplets of water

Make up water inlet PVC pipe To supply the saline water

Excess make-up water 

outlet
PVC pipe To drain the water

Storage pot Glass, Plastic To store distilled water

4.0 SOLAR STILL DESIGN AND COSTING

4.1 Energy requirement and efficiency

The energy required to evaporate water is the latent heat of vaporization of water. The Latent Heat is the 

heat that is required by a substance to change its phase, from solid to liquid or liquid to gas or vice versa. 

The latent heat of evaporation of water is about 2260 kilojoules per kilogram. This implies that in order 

to produce 1 litre of water through distillation, heat input of 2260 KJ is required. In practice, one has to 

supply much higher amount of heat energy because the efficiency of the still will not be 100%.

Heat could be lost due to conduction, convection and radiation. There are several possible heat loss 

paths in solar still, such as heat could be lost due to vapour leakage, heat loss at the bottom and sidewalls 

of the still through conduction, heat loss due to radiation, heat loss due to convection from the glass 

cover, heat absorbed by the cover, etc. The overall heat loss could be 40 to 60%. Based on this 

information, the efficiency of solar still could vary in the range of 30% to 45%.

4.2 Design of the solar still

Design of the solar still is very simple. One aim of the calculation is to find out how much distilled water 

we will get per day from one square metre area and how much total area is required to fulfill our 

requirement. Following assumptions can be taken into account:

1. Latent heat of water evaporation – 2260 kJ/kg

2. Density of water – 1 kg per litre

3. Efficiency of Solar still – 0.30

4. Average daily solar radiation on a given location – 6 kWh/m2- day

5. Amount of distilled water required per day – 15 litres

Step 1: Useful solar radiation
2Daily available solar radiation = 6 kWh/m -day

Useful solar radiation = Daily solar radiation x solar still efficiency
2                                    = 6 x 0.3 = 1.8 kWh/m - day
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Where,

       A- Total distill area required

Q- Total distilled water required per day
2G- Daily solar radiation in MJ/m - day

E- Efficiency of solar distill in decimal

4.3 Economics of Solar Still

Payback period can be calculated using the calculation for distilled water used in battery maintenance. 

According to the calculations shown in section 1.11 a solar distill with 30% efficiency will produce 
2

about 2.86 litres per day per square metre if the daily solar radiation is 6 kWh/m -day.

Calculation of payback period for solar distill unit

Journal of Solar Energy Science & Research (Volume - 8, Issue - 1, January - April 2024 )
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Daily-distilled water production per unit area

             = 2.86 litre/day

Cost of manufacturing of solar distill for one square metre area

           = Rs 1500/m2

Cost of distilled water in the market

           = Rs 10/litre

Worth of distilled water produced everyday

            = 2.86 x 10 = Rs. 28.6/day

The number of days required to recover the cost of solar distill

Thus, it can be seen that the payback period for solar distill is within 2 to 3 months.

4.4 Maintenance and troubleshooting

Some precautions must be taken for the good performance of solar still. They are as follows:

1. Cleaning the basin and flushing: As water evaporates from the solar still basin, salts and other 

contaminants are left behind. Over time, these salts can build to the point of saturation if the 

still is not properly maintained and flushed on a regular basis. Properly operating a still 

requires about three times as much make up water as the distillate produced each day. If the 

still produced 2 litres of water, then 6 litres of make up water should be added. The additional 4 

litres water leaves the still as excess make up water. The excess make up water flushes the still 

basin through the overflow to prevent salt buildup.

2. Cleaning the glass and condensate channel: The glass cover must be cleaned periodically to 

remove the dust from the cover, which otherwise absorbs some part of the solar radiation 

reducing the efficiency of the solar distill. Care must be taken to avoid the breakage of glass, 

which may lead to vapour leak. Condensate channel also must be cleaned periodically while 

draining out the basin water. Glass can be cleaned with distillate itself or any other available 

cleaning solution. 

4.5 Multiple Effect Solar Still

To improve this low efficiency, multiple effect solar still (MES) have been studied in many groups[6-8]. 

In MES, water evaporates on the first wick condenses on the condensation surface of second plate,
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which has second evaporating wick on its opposite side. Therefore, the latent heat of condensation can 

be reused to evaporate the  water in the second wick. (Fig. 1) By staking multiple layers of the 

condensation-evaporation plate, the heat of condensation can be reused multiple times to increase its 
2efficiency. By stacking 11 layers, Tanaka et al. [6] obtained more than 10 litter per m per day under 

2
sunlight about 20MJ/(m day), which is comparable to higher than 3.5 tons per year. 

Figure: 2 Concept of multiple effect solar still: Saline water dripping through wick(A, Black) evaporates and 

condenses on the condensing plate (B, White), while concentrated brine drains to waste. The latent heat emitted 

during the condensation process heat the next wick for evaporation.

The system cost may include not only the Multi Effect Still itself, but also the installation cost which 

includes land, labour and structure material. This installation cost, especially the land cost, is almost 

linearly proportional to the size of the system. Therefore, if we install many Multi Effect Stills in 

separate bare land, substantial amount of budget would be required. 

We can overcome this problem, by installing Multi Effect Still as part of building component. Since 

Multi Effect Still has panel shape, which can be positioned vertically or diagonally, it can be placed on 

the wall or rooftop. This is similar concept to Building Integrated Photovoltaicin solar power 

generation. Similar to photovoltaic panels in Building Integrated Photovoltaic, Multi Effect Still panels 

may replace concrete or tiles of outdoor structure of buildings, walls or fence facing sunny direction of 

the location. 

Cost of land and installation may not make big matter in this "Building Integrated Desalination", since 

such cost is already required for making the same structure even without Building Integrated 

Desalination. Only the additional cost is required to add water supply and drain line to the structure, 

which might be partially compensated by the saved cost of the building material.

Journal of Solar Energy Science & Research (Volume - 8, Issue - 1, January - April 2024 )
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Figure: 3 Irradiance and temperature inside of black insulating plate

Journal of Solar Energy Science & Research (Volume - 8, Issue - 1, January - April 2024 )

Figure 3 represents the solar irradiation and the temperatures with the system measured at New Delhi, 

on May 29th, 2016. Since each layer is cooled by evaporating water, it takes some time to heat up the 

layers by solar heat. Therefore, there is some right shift of the layer surface temperature graph from the 

solar irradiance graph. Adding proper amount of water is very important to operate the system 

efficiently. Deficient feeding may cause drought of evaporation wick, lowering the efficiency and 

failure of the system. Too much feeding may cause loss of heat so that large portion of water drained out 

even before evaporation occurs. Tanaka et al. [6,8] suggested around 1.6~2 for optimum feeding rate to 

evaporation rate ratio. In other words, the ratio of drain to the condensate should be in the range of 

0.6~1. For proper water feeding, automatic flow controller was initially planned for the MES system. 

However, unfortunately, it was not ready at the time of measurement. Therefore, water was supplied 

under manual control, which was not very successful. Total solar energy on the active area during the 

period was calculated to be 1.38MJ by integrating the irradiation curve (6.31MJ/m2) multiplied by the 

active area (0.219m2). During the period, the MES system produced 283g of fresh water. Therefore, 

performance of 205g/MJ was calculated. In other word, under condition of 20MJ/m2/day, the system 

may produce about 4.1 litters per square meter daily. This is less than half of the expected value (more 

than 10 litter per square meter daily) described in above introduction. However, considering that this is 

a preliminary test, and we used MES with only 6 layers on current measurement instead of 10, there 

would be some room for further improvement. 

5.0 CONCLUSION AND FUTURE WORK 

Concept and advantages of Building Integrated Desalination (BIDS) was proposed. It can be a practical 
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solution to supply fresh water to isolated societies that cannot afford huge costs of Mass-Desalination 

Plant. Low cost multiple effect solar still could be a plausible way to realize BIDS. Some primitive test 

was done for the Multi Effect Still system. Further improvement on performance and cost down would 

be developed and tested soon. Since each water deficient country has its own specific environmental 

condition as well as specific social and economic requirements of water desalination, collaboration 

with researchers in such countries would be helpful to speed up the development Actual field test with 

improved prototypes in such countries should be done in future.
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A B S T R A C T

Solar energy is one of the most available forms of energy on the Earth's surface, besides; it is very promising and 

generous. It is freely available to all nations as kind of renewable energy; solar energy is paid more and more 

attention in the world. Generally the comfort is obtained using fossil fuels, which are damaging our environment. 

Solar air conditioning system helps to minimize fossil fuel energy use.Air conditioning is essential for maintaining 

thermal comfort in indoor environments, particularly for hot and humid climates. In this project a specified space 
° °having size 10.25 x 6.02 x 3 m located at Hamdard Nagar, New Delhi, at latitude 28.58  N, 77.24  E longitude and 

the height above sea level is 216m is selected to maintain thermal comfort. The comfort temperature inside the 
° °room is maintained 25  Cwith relative humidity 60% against maximum outside temperature 43  C. First the heat 

load calculation has been done to determine the required cooling effect. It is found that 5TR capacity air-

conditioner is required to provide comfort cooling. Next solar radiation on SPV has been computed to insure either 

sufficient input radiation is available to run 5TR air-conditioner. To determine the availability of solar energy on 
2SPV Hay, Davies, Klucher and Reindl (HDKR) models is used. On the basis of analysis, it is found that 13.5 MJ/m  

solar energy is available at SPV which is sufficient to run 5TR air-conditioner. On the basis of this available energy 

no of PV panels are calculated. The maximum watt power rating of one panel is taken as 1000Wp. This capacity 

panel is manufactures by . It is found that 18 panel are required to fulfill the cooling requirements. For the Elecssol

backup of power the batteries are selected and numbers of required batteries are calculated. By considering battery 

capacity 200Ah, number of day's autonomy two and DOD 60%, we need 3 batteries to ensure the supply during 

night.

Keywords:  SPV modules, Empirical models, global solar radiation, tilted surface radiation, heat load, package 

air-conditioner, Thermal Comfort.

1.0 INTRODUCTION:

The energy which we use is supplied by burning fossil fuels. These fuels are finite, causing pollution 

and depleting in nature. Therefore there are efforts to use infinite sources such as solar radiation. Solar 

radiation data are a fundamental input for solar energy application such as photovoltaic, solar-thermal 

systems and passive solar design. The data should be reliable and readily available for design, 

optimization and performance evaluation of solar technology for any particular location. Due to lack of

Journal of Solar Energy Science & Research (Volume - 8, Issue - 1, January - April 2024 )
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measured data, it is necessary to estimate the solar radiation using available empirical models based on 

meteorological data. The solar radiation can play vital role to provide cooling during summer seasons. 

It is cost wise more effective method as compare to conventional methods of cooling.

Many studies have been done in the field of thermal comfort using solar energy as input. Zhai et.al. [1] 

had designed solar powered absorption system and optimize the performance of system between two 

absorption chillers. Balghouthi et.al [2] had studied the feasibility of solar powered absorption system 

in Tunisia. Mittal et.al [3] had studied solar absorption system in both heating and cooling in building. 

Al-Alili et.al [4] had used hybrid collector to run hybrid air-conditioner. The comparison of vapour 

compressor system with hybrid system had been also done. Chua et.al [5] had described the energy 

efficient cooling technology, innovative system designs and intelligent air control strategies in their 

research paper. Ronghui et.al [6] had evaluated the feasibility and applicability of liquid desiccant air-

conditioning system. The study consist of a liquid desiccant ventilation system for dehumidification 

and an air handling unit for cooling. A part from solar thermal applications in the fluid of cooling, direct 

application of solar radiation using PV panels had been also discussed by many researchers. Li and 

Wang [7] have designed PV panels to run vapour compression refrigeration and cooling systems. They 

concluded that grid connected PV air-conditioning system is more economical. Farivar et.al [8] had 

analysis that solar irradiance is not monotonic during flight, when PV cells are located on the wings of 

solar powered aircraft. Daut et.al [9] had focused their study in design and construction of direct current 

air conditioning system integrated with PV system, consisting of PV panels, charge, inverter and 

batteries. Nikhil et.al [10] had proposed hybrid AC/DC solar powered home grid model based on load 

characteristic of home appliances working on a 220V, 50Hz system. The main drawback of solar energy 

systems are lack of accurate measured data. It is always not possible to measure data energy where 

because of costly measuring devices and long measuring duration. Therefore various models have been 

developed to determine the solar energy on tilted PV panel surface. In the present study HDKR model 

[11] has been used to determine solar radiation on tilted panels. In this we have tried to establish relation 

between cooling effect and solar radiation input at PV panel. The study shows that sufficient amount of 

solar energy is available to run air-conditioning, excluding various panel losses.

Nomenclatures:

2
H :                 Monthly Average daily extraterrestrial  solar radiation (kWh/m -day)o

2
I ,G :          Solar constant 1.367 kW/mSC SC

N:                   Day of the year
2

H  :                Monthly average daily global solar radiation (kWh/m -day)g
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a, b:                Angstrom constants (for Delhi a = 0.25, b = 0.57)
2

H :                Monthly average daily defused radiation (kWh/m -day)d

2H  :               Total incident solar radiation on tilted surface (kWh/m -day)T

2
H :             Beam radiation on tilted surface (kWh/m -day)T,b

2H :             Defused radiation on tilted surface (kWh/m -day)T,d

2
H :            Ground reflected radiation on tilted surface (kWh/m -day)T,r

2H :               Monthly average daily beam radiation on horizontal surface (kWh/m -day)b

R :               View factor for beam radiationb

R  :               View factor for ground reflected radiationr

HDKR:        Hay and Davies, Klucher Model

IMD:            Indian Metrological Department

F :              View factor for circumsolar diffused radiationc-s

F -h :            View factor for horizon brightening solar diffused radiationc z

E               Energy generated without lossWO

E                  Energy generated after considering lossesgp

E Energy output of Converteroc

E                   Energy fed to the gridG

Greek symbols:

γ :                   Azimuth angle (degree)

β:                    Tilted angle (degree)

ω:                   Hour angle (degree)

ω :                  Sunset hour angle for mean day of month (degree)s

Φ:                   Latitude angle (degree)

θ:                    Angle of incidence (degree)

θ :                  Zenith angle (degree)z

ε:                    Elevation angle (degree)

2.0 SOLAR RADIATIONS MODELS:

The following models are used to compute solar radiation on tilted SPV.

2.1 Liu and Jordan model [12]

In this model, the solar radiation on tilted surface is consider to be composed of three parts such as; 

beam, reflected from ground and diffuse fraction. It was assumed that the diffuse radiation is isotropic 

only; whereas, circumsolar and horizon brightening were taken as zero.Hence, I = I [(1+cosβ)/2)], T,D d

and the overall formula for computing the total radiation on tilted surface is proposed as sum of beam, 

earth reflected and isotropic diffuse radiation. Thus, I is given as follows. T 
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2.2 HDKR Model (2006)

If the beam reflected and all terms of diffuse radiation such as isotropic, circumsolar and horizon 

brightening are added to the solar radiation equation, a new correlation develops called HDKR model 

[11]. It is basically the combination of Hay, Davies, Klucher and Reindl models. The solar energy 

irradiation on tilted surface is then determined as:

The HDKR model is selected for the purpose of study.

3.0 METHODOLOGICAL DATA:

° °
For the purpose of analysis the measured meteorological data, for New Delhi (28.58  N, 77.20  E, 216 

amsl) viz.,  global, diffuse and beam radiation on horizontal surface have been taken from Indian 

Meteorological Department (IMD), Pune that has been completed by Mani [13]

4.0 METHODOLOGY:

° °
For this analysis we have selected a conference hall located, (28.58  N, 77.24  E) ground floor of a multi-

storage building in Hamdard Nagar, New Delhi-110062. These conference rooms North, South and 

East wall are exposed to Sun and the West wall are surrounded by adjacent room. The conference room 

is design for 30 persons to sit at a time, there are twenty LED bulbs, six fans and one 3-D LED TV.

The adopted methodology is as follows:

4.1 Heat Load Calculation

Table 1.0

LOAD (Watts)

2871.136

302.4

2250

3304.8

40

Sensible Heat 60

240

Heat gain due to lighting

Heat gain due to fans

SOURCES

Heat gain from walls, roof, floor, door & 

Solar heat gain through glass

Heat gain from 30 person

Heat gain due to ventilation

Heat gain due to 3D LED TV
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1440

1.065×10508.336  = 11.2 kW

1650

1350

Latent Heat 588

1.06x3588 = 3.8 kW

Heat gain due to fresh air

TOTAL LATENT HEAT GAIN

TOTAL HEAT GAIN 11.2+3.8 = 15 kW

Heat gain due to fresh air

TOTAL SENSIBLE HEAT GAIN

Heat gain from 30 person

Heat gain due to ventilation

Considering Factor of safety 15%, the Grand Total Heat load becomes 5TR.

4.2 Determination of Daily irradiation on tilted surface:

HDKR model is used to determine solar radiation on tilted surface. Table 1.1 indicates the available, 

global, beam, diffuse and extraterrestrial radiation on horizontal surface.

Table No: 1.1:Global, Beam, Diffuse and Extraterrestrial solar radiation at Horizontal Surface 
2

(J/m /day)

4.3 Estimate of Energy:

Table No: 1.3: Energy Consumption in a day

System DC 

(load)
Total Load (kW)

No. of hours in operation per day 

(11:30-16:30) hr

Energy consumed per day 

(kWh)

Air-Conditioner 17 5 hr 17×5 =85
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4.4 Sizing and choice of components.

4.4.1Converter

 DC to DC converter = 95%

High voltage are preferable because high voltage DC means less current and less current means less 

losses in power means thickness of wire decrease, ultimately cost will reduce.

4.4.2Batteries

Estimate of ampere-hour (E) = 89473.68Wh

System Voltage = 480 V =383.77 Ah

No of days autonomy (N) = 2

Depth of discharge (DOD) = 60%= 0.6

Now, total 17894.73 Watt peak of PV modules will be required to supply the required energy.

PV module rating is 1000 Wp.

4.4 PV array Loss:

Table No: 1.4: Energy fed to grid during April to September

°At β= ɸ=28.58
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Table No: 1.5Average Solar radiations falling on SPV without loss (W.O.L) and with loss 
(W.O) during summer season.
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RESULT AND DISCUSSION

First heat load calculation has been done for a specified cooling space. It is found that total sensible heat 

and latent heat is 11.2 kW and 3.8 kW. The total heat load is 15 kW which are shown in Table 1.0.  It is 

found that total required cooling load is equivalent to 5 TR. The maximum design outside temperature 
o o 

is taken as 43 C during summer and the comfort temperature inside the room is taken 25 C with relative 

humidity of 60%. Solar radiation on SPV has been calculated to insure either sufficient solar energy is 

available or not to run the 5TR Air-Conditioning. For the calculation of solar radiation on PV panel we 

have selected HDKR (Hay and Davies, Klucher and Reindl) model [11] to determine the solar radiation 
° 

on tilted PV panel. The tilt angle β is taken as β=ɸ, β= ɸ-15, β= ɸ+15. β= tilted angle= 28.58 (NEW 

DELHI). The ground albedo is considered as 0.2 the extraterrestrial radiation is given in Table 1.1. 
° ° Table 1.2 shows the daily solar radiation at β= ɸ= 28.58 , β= (ɸ-15) = 13.58 (summer), β= (ɸ+15) = 

°
43.58  (winter) in different month of year at tilted surface by HDKR model. The availability of solar 

2 2 2radiation during summer season is 13.5MJ/m  at β= ɸ, 18.18MJ/m  β= (ɸ-15) and 12.42MJ/m  β= 

(ɸ+15) as indicate in Table 1.2. This indicates that available energy is sufficient to run 5TR capacity 

window package type air-conditioner. Energy consumption by air-conditioner is given in Table 1.3. The 

PV arrays are subjected to various losses such as module temperature loss, loss due to dust, mismatch, 

cable loss and solar radiation loss etc. To analysis all the losses we found that it is about 23%. The total 

solar radiation falling on PV panel is given Table 1.4, for different months of year at β=ɸ=, β= (ɸ-15),  

β=(ɸ+15) with and without losses. The Table shows that at β=ɸ every fit to the grid. Excluding these 
2 ° 2 °losses availability total energy at SPV is 12.368MJ/m  at β= ɸ= 28.58 , 14.38MJ/m  β= (ɸ-15) = 13.58  

2 °
and 9.848 MJ/m  β= (ɸ+15) = 43.58 as shown in Table No: 1.5. On the basis of this available energy we 

calculate no of PV panels. It is found that 18 panel are required to fulfill the cooling requirements. The 

maximum watt power rating of one panel is taken as 1000Wp. This capacity panel is manufactures 

byElecssol. For the backup of power the batteries are selected and numbers of required batteries are
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calculated. By considering battery capacity 200Ah, number of day's autonomy two and DOD 60%, we 

need 3 batteries to ensure the supply during night.

CONCLUSION

This work focuses on either available solar radiation is sufficient to run air-conditioner. The design, 

construction and testing to run a high capacity package type system air-conditioner using solar energy 

integrated with photovoltaic (PV) system has been done in this study. In this work we have calculated 

solar radiation on PV Panel by using HDKR model (2006). The availability of solar radiation during 
2

summer season is 13.5 MJ/m . This energy subjected to various losses, these losses are analyzed and 
2found that it is about 23%. Excluding these losses availability total energy at SPV is 12.368 MJ/m . This 

indicates that available energy is sufficient to run 5TR capacity window package type air-conditioner. 

On the basis of this available energy we need 18 PV modules of 1000Wp. To fulfill the requirement of 

input energy during night to air-conditioner, we need 3 batteries 200Ah with DOD 60%.
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A B S T R A C T

In last two decades, Automation and artificial intelligent improves accuracy as well asquality of product 

andreduced processing time due to enormous advancement in the technology of robotics. At present time, 

the most crucial factors in modern world are scarcity of energy resources for global demand. Due to 

environment issues and legislative straining, electrification is a glaring inclination to renovate 

performance and sustainability of transportation system. Solar photovoltaic technology is an important 

research area to convert the solar energy into useful electrical power. Solar robot extracts electrical 

energy stored in the batteries to runs its mechanical, electrical and electronic devices to perform the 

several tasks for industrial as well as commercial work. Robot can operate in a hazardous environment 

for long duration of timewithout human assistant with a highaccuracy.

Index Terms: Solar Electric Vehicle (SEV), Hybrid Vehicle (HV), Autonomous Guided Vehicle (AGV), 

Mars Exploration Rovers (MER), Photovoltaic (PV)

I. INTRODUCTION

Energy crisis are the prime issue in the world at present time as fossils fuel and uranium are the only 

available conventional energy resources while uranium is mostly used for nuclear power production 

and its need greater attention. So the main sources of energy available are fossils fuels like petroleum, 

coal and natural gas. Combustion by-products of fossils fuels contain a number of harmful gasses as 

carbon dioxide and carbon monoxide etc. These gaseous by-products resultdamage of ozone layer in
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earth atmosphere and increment in global warming [1]. Internal combustion engines technology is the 

most widely used technology in existing transportation system while the world population and energy 

consumption increases, vehicles emission are dominating environmental issues such as air, land and 

water pollution [2]. Renewable resources of energy such as biomass production, wind kinetic energy, 

geo-thermal energy and solar cells technology getting more attention due to their non-polluting nature, 

eco-friendly and environment safety meritorious characteristics [3]. 

The automobile industry is undergoing a revolution in designing new electrical platforms for vehicles 

so as to counter the sophistications involved with engine and carbon emission issues. Seeking Electric 

drives not only troubleshoots the pollution issue but introduction of more electric controls imparts 

accuracy and precision in the ways of power & vehicle handling. The automobile industries introduced 

hybrid electrical vehicle to minimize the application of combustion engine by integrating electric drive 

system i.e. electric motor. This technology has a positive environment effect and creating zero pollution 

[4]. Autonomous guided vehicles (AGVs) are the robots which employed intelligent system to transfer 

effectively material and goods from one pick up point to another drop-up destination in ware houses, 

manufacturing system, hospitals etc. In-fact   AGVs areinnovative electrical vehicle producing zero 

emissions at tail point [5].

In case of solar robots, solar energy can be stored in batteries and electric drives are the best means of 

converting this stored energy in batteries into useful mechanical work to drive the vehicle. Robots 

utilizing solar energy photovoltaic technology are the most promising new advancement in robotics and 

automation. These robots are self-generative (i.e. do not require an external power source) and save a 

great deal of energy. But harnessing solar energy in robots has its own disadvantages. Solar power is 

very irregular and very large panels are required to create small quantities of power. In this paper, 

applications of solar robotics system are reviewed.

II. REVIEW OF AGV

Autonomous guided vehicles (AGVs) are an important issue in automotive industry due to their safety, 

comfortability and flexibility.Autonomous guided vehicle which have the ability to self-locate their 

position and find out the feasible path for motion execution on terrain, these vehicle are better referred 

as “self-moving vehicle” or “unmanned guided vehicle”. AGVs are getting more importance in 

industrial as well as in transportation system to enhance the accuracy and quality of manufacturing with 

better time supervision. AGVs play an important role for developing and under developing countries to 

speed up production and accuracy of product in hazardous industrial environment for human workers.
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G. Villagra and D. H. Parez [6] has presented fuzzy and vector pursuit based non-linear control 

techniques for robust path tracking in industrial environment by automated guided vehicles during load 

transfer operation. S. Butdee and A. Suebsomran [7] and A. A. Nayak et al. [8] has discussed image 

processing vision based technique for automated guided vehicles moving from starting point to reach 

its destination while path is not clear or discontinuity in guide line.

Navigation system of an autonomous vehicle is primary aspect as it must be able to sense its position, 

navigate its way toward goal and avoid obstacles it encounters. Y. Abe et al. [9] has presented vision 

based navigation system with variable template matching for autonomous mobile robot to diagnose 

landmark of different size by optimizing evolution strategy methodology. C. Wang et al. [10] presented 

improved vision based navigation system with fuzzy control algorithm for automatically transport 

equipment i.e. AGV which has low cost, easy installation and electromagnetic interference. M. Wiβing 

et al. [11] submitted a hybrid navigation system for meacnum rooted omnidirectional automated guided 

vehicles having a classical guidance system for offline managing process and an online active system 

for clashes rectification in dynamic mode environment situation by employing open transportation 

control system. R. Cucchiara et al. [12] addressed stereo vision based navigation system to develop an 

integrated framework, obstacle detection, ability to impart self-location and efficient monitoring in real 

time for autonomous guided vehicle at indoor as well as outdoor working applications. A. V. Gulalkari 

et al. [13] presented a kinect camera sensor operated object tracking and following system for four 

wheel independent steering automated guided vehicle using kalman filter and stepping control 

technique to calculate the global position and velocity coordinates of moving object. S. Sahoo et al. 

[14], proportional and proportional integral (PI) controllers has been designed and implemented to get 

the desired heading angle during vehicle dynamics for an autonomous ground vehicle (AGV).. M. B. 

Duinkerken and Lodewijks [15] summarized research towards performance improvement of automatic 

transport system for free ranging and positioning capabilities of AGVs by creating promoted routing 

techniques. They designed and developed an embedded vehicular controller with a real time operating 

vision navigation system for a two wheel differential driven AGV to improve its working performance, 

cost and reliability. 

III. REVIEW OF SEV

There is scarcity of natural resources to produce adequate electricity as compare to demand by the 

people and industry in Bangladesh, even no electricity supply for the rural areas. Secondly due to high 

population and large no. of conventional vehicle (auto rickshaw) utilizing fossils fuel, increasing 

pollution and traffic jam problems. Control and Application Research Group of BRAC University  

Dhaka, Bangladesh has implemented and evolved in two project namely solar battery charging station
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and torque sensor based electricity assisted rickshaw to resolve these major energy crisis. Solar battery 

charging station implantation can help solar electrification process in rural region as well as sustain the 

extra load of grid in urbanized areas. The battery charged on the charging stations can be employed to 

power the efficient and environmental friendly transportation system (rickshaw) which maintains the 

advance need while changing the dependency on carbon emission fuels by T. Faraz and A. Azad [16]. N. 

Shaha and M. B. Uddin [17] proposed hybrid energy based electric auto rickshaw is proposed for the 

purpose to find out an efficient model vehicle having enhanced range of driving capacity, fast speed of 

vehicle, enhanced life- time and better travelling competency. Battery bank of electric auto rickshaw is 

charged in two ways first by plug-in charging method and secondly solar photovoltaic technology 

during operation mode of vehicle. Solar energy availibity in the different cities of Bangladesh 

throughout the year is surveyed to support the construction of electrical auto rickshaw prototype.  

Fixed, installation and maintenance cost of electric vehicle is estimated to compare the cost with 

conventional auto rickshaw. ADVISOR software was employed to examine the hybrid electric vehicle 

performance, fuel economy and efficiency.

A.M. Paudel and P. Kreutzmann [18] Globally, fossils fuel based transportation is the key 

transportation, causing unexpected outcomes such as air, noise pollution, changes in climate, 

deficiency in natural visibility, accidental issues and water as well ground sealing problems. These 

factors are responsible to contributing pollution for economical and atmospherically sustainability 

while one third of worldwide energy is consumed by United State in transportation, taking major part in 

CO2 emissions. A hybrid tricycle design for a sustainable need of local commute is presented as an 

alternative means to revamp these factors and reducing energy consumption. Z. Preitl et al. [19] solar 

hybrid vehicle (SHV) is an advancement form of hybrid vehicle mounted photovoltaic solar cells 

technology to utilized renewable energy as an alternate source of energy. A mathematical model has 

been developed for this HSV which consists of internal combustion engine, electric motor, solar panel, 

and management unit for vehicle to make power balance between powers of electric generator, power 

obtained from PV panels, battery nominal power and electric power. Nonlinear and quasi piecewise 

linear mathematical model for generator load torque, motor dynamics, generator behaviour and battery 

model derived by assuming bilinear term as linear parameter varying system. Controllability and 

stability of design control system condition were studied, analysed and simulation performed to 

optimized fuel consumption of HSV.  S. Fang et al. (2015) (k1)[20] presented uninterrupted mechanical 

transmission (UMT) driveline control system for electrical vehicle to improving vehicle dynamics, 

economics and comfort performance of vehicle as government body emphasizing strict restriction on 

usage fossils fuel and their emissions due to increase in atmosphere pollution, global warming and  

scarcity of oil resources. To imparting consolidated shifting between the two gears, an epicyclic gearing
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system, a centrifugal clutch and a brake band has been employed in the presented UMT. Fuzzy Logic 

Control (FLC) having optimal control strategy at decision module layer of the controller has been 

executed in the supervisory strategy of transmission system for targeting accurate shifting processes 

with gearing module system. T. Sarkar et al. [21] presented electrical power system design and 

development of a solar electrical vehicle which utilized the photovoltaic solar panel to extract solar 

energy and converts into useful electrical energy to drive the electrical system. In the presented 

approach, they employed Brushless DC motor for solar electrical vehicle due to better operating 

characteristics such high torque, high efficiency low inertia and need less space compared to DC motor.

IV. REVIEW OF SOLAR ROBOTS

Various robots which utilized the solar power to perform different tasks discussed are summarized as 

below:

Satellite solar power station (SSPS) concept to meet the future energy demand in space based on 

photovoltaic conversion technology is represented by P.E. Glaser [22]. Design and performance 

analysis of mars exploration rovers with solar array to accumulate the excessive dust during mission 

was presented by M. Stella et al. [23]. S.  Lukic et al. [24] presented autonomous solar auto rickshaw 

having electrical actuator to propel the vehicle and batteries charged by renewable solar energy that 

operate in an eco-friendly way to replaced LPG and CNG based conventional auto rickshaw. T. Deor 

and Y.S. Angal [25] presented design and construction of an optimized charging system for Li-Po 

batteries with the aid of tracked solar panels for a VANTER robotic exploration vehicle. F.G. Cordova 

and A.G. Gonzalez [26] proposed an intelligent navigation system for unmanned under water vehicle 

powered by solar renewable energy to measure the physical and chemical parameters of water quality 

inspection on predefined paths for long distances. N. Riaz et al. [27] explained design and fabrication of 

automated personal mobility vehicle (wheel chair) with retractable solar panels to help handicaps.

V. CONCLUSION

Robots are intelligent machines in modern world with various synthesis of technology to alleviate the 

human endeavour and provide optimized output for the task assigned to them. Autonomous guided 

vehicles are the mobile robots that automatically transport desired equipment/part to enhance 

automation in logistic system. Electrical energy powered vehicles are getting more attention in place of 

conventional fuel based transportation system to solve environment issues such as pollution and global 

warming. One of the most reliable renewable energy resources is solar energy which is abundant in 

nature. In this paper, combing these two concepts various solar powered robots are discussed and 

reviewed.
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A B S T R A C T

Prediction of coastal waves using the state of the art wind wave models requires reliable input wind 

parameters. Global wind databases, such as NCEP/NCAR reanalysis winds, ERA-INTERIM winds, 

CFSR winds, etc., and mostly used in the wind-wave models as input, neither resolves the local winds nor 

the extreme winds during storms; also these wind data sets do not resolve the wind variations close to the 

coast. Therefore, the wind wave models often fail to capture the effect of local winds during normal 

conditions. Few studies exist on the influence of winds on waves in nearshore regions on the west coast of 

India, however these studies did not consider the measured local winds collocated with wave 

measurements. The influence of local winds, obtained from collocated measurements of winds and waves 

at two different locations on the west coast of India is studied in this paper. The contribution of local 

winds in generation of seas is studied through a state of the art numerical spectral wind wave model. The 

spectral wind wave model is forced with measured local winds, global wind induced waves along the 

boundaries and a combination of measured local winds and global wind induced waves along the 

boundaries. The model results were compared with measurements of seas and swells and the 

contribution of local winds on wind seas is evaluated from the model results.

Keywords: Spectral wind wave model; swells; seas; local winds; NCEP/NCAR reanalysis winds; 

ERA-Interim winds; NCEP-CFSR winds

1. INTRODUCTION

The knowledge of wave condition is vital for all marine related activities such as offshore and coastal 

structures. Wind blowing over the sea surface is the direct cause of surface wind wave generation and 

therefore, the quality of wind forcing used to drive a wave model is critical. Cavaleri et al. (1994) 

showed the direct dependency of significant wave height on wind speed through an empirical 

relationfor a fully developed sea. Sanil Kumar et al. (2000) studied that the wave height and wave
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period predictions by a wave model is dependent on the precision of the wind field used as input. They 

also concluded that the error in the wave hindcast or forecast increases with decreasing frequency in 

wind speed. Feng et al. 2006 studied the impact of input wind forcing on the wave model.  There are 

different sources of wind data with varying grid resolution, e.g., NCEP/NCAR reanalysis winds have a 

grid resolution of 2.5° (Kalnay et al,1996), ERA interim winds have a grid resolution of 0.125° (Dee et 

al. 2011), NCEP-CFSR winds have a grid resolution of 0.205° (Saha et al. 2006), etc. But these global 

winds do not provide reliable winds close to the coast and therefore the wind wave models using these 

winds fail to capture the effect of local winds.  Earlier studies on waves in shallow waters along the 

Indian coast are mostly focused on (a) characteristics of measured waves (e.g., Aboobacker et. al., 2011, 

2013; Dora and Sanil Kumar, 2015; Sanil Kumar et. al, 2014) and (b) numerical modelling of waves 

with various wind inputs and their comparison with measured or satellite derived waves (e.g., 

Vethamony et. al., 2006, 2011).  Vethamony et al., (2006) used NCMRWF winds to simulate waves in 

the North Indian Ocean and the modelled wave parameters match reasonable match with 

measurements. Vethamony et al., 2011 pointed out that fine resolution winds are necessary to model the 

waves accurately, and understand the effect of land-sea breeze on wind-sea generation in the coastal 

regions. Glejin et al. (2013) studied the influence of winds (from ERA interim wind database) on waves 

in nearshore regions on the west coast of India through inverse wave age using land based coastal winds 

for wind seas and NCEP winds for swell systems. As the central theme of this study is to estimate the 

contribution of local winds on the coastal waves through wind wave modelling, wave model was forced 

separately with (a) local winds (b) global wind induced waves along the boundaries and (c) local winds 

combined with global wind induced waves along the boundaries. Thus far, to the knowledge of the 

authors, there haven't been any studies in the Indian coastal waters, related to waves and collocated 

measured winds. This work therefore would be a first to study and report the contribution and influence 

of measured local winds on the wind waves measured in coastal waters of India.

2. METHODOLOGY

Two locations on the central west coast of India, viz., off Mumbai and off Vengurla are considered in this 

study (Fig. 1), wherein collocated wave and wind data measurements at 10m water depth are available. 

These locations have similar offshore wave climate conditions and are subjected to similar climatic 

conditions with the southwest monsoon having dominant wave and wind climate compared to other 

periods. Post-monsoon wave measurements in coastal waters off Mumbai were measured using 

InterOcean® DWS4 directional wave and current measuring instrument, whereas, off Vengurla, a 

Datawell® directional wave rider buoy was used. Both these instruments provide time series of spectral 

wave parameters as well as time series of surface elevations from which the statistical wave parameters
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can be derived. The main spectral wave parameter used in this study is the significant wave height (Hs). 

A weather station capable of measuring wind speed, wind direction, air temperature, humidity, etc was 

installed 10 m above sea on a vessel within 20 m radius of the wave measuring device. This measured 

wind speed and direction was considered uniform over the local region and was used to force the wave 

model to simulate local wind induced waves.

Figure 1 Location map

The measured waves contain both the swell and sea components. The sea component in the overall 

waves is due to the influence of local winds. The measured waves are analysed and the seas and swells 

components are separated through the 1-D separation method described by Portilla et al., (2009).  The 

separation method algorithm calculates the ratio (γ) between the peak energy of a wave system and the 

energy of a PM spectrum at the same frequency. If γ is above a threshold value of 1, the system is 

considered to represent wind seas, else it is taken to be swell and a cut off frequency (fc) is estimated. 

Swell parameters are computed by integrating frequencies ranging from 0.025 Hz to fc and wind sea 

parameters are computed by integrating frequencies ranging from fc to 0.58 Hz. The separated sea and 

swell components as well as the overall wave heights are compared with the numerical wave model
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forced with global wind data and local winds to ascertain by how much the inclusion of local winds 

would influence the numerical model results.

The MIKE by DHI spectral wind wave model (DHI, 2012), a state-of-the-art numerical tool for 

prediction of wave climate in offshore and coastal areas, was employed in this study. It includes a new 

third generation spectral wind-wave generation formulation model based on unstructured meshes. The 

MIKE-SW model includes two different formulations viz., Directional decoupled parametric 

formulation and fully spectral formulation, to simulate the growth, decay and transformation of wind-

generated waves. In this study the fully spectral formulation has been used. The fully spectral 

formulation is based on the wave action conservation equation, where the directional-frequency wave 

action spectrum is the dependent variable. MIKE 21 SW includes the following major physical 

phenomena: (i) wave growth by action of wind, (ii) non-linear wave-wave interaction (iii) dissipation 

due to (a) white-capping (b) bottom friction (c) depth-induced wave breaking (iv) refraction & shoaling 

due to depth variations (v) wave-current interaction (vi) effect of time-varying water depth and flooding 

and drying. The discretization of the governing equation in geographical and spectral space is 

performed using cell-centered finite volume method similar to the hydrodynamic model. In the 

geographical domain, an unstructured mesh technique is used. The time integration is performed using 

a fractional step approach where a multi-sequence explicit method is applied for the propagation of 

wave action.

The input parameters used in wave model in the present study are the local winds measured off Mumbai 

and off Vengurla as well as three different sets of global winds. The global winds obtained are used to 

generate the long distant waves (swells) and the local winds are used to generate the local wind waves 

(seas). Three different global wind field data are used for the swell component; the first global wind field 

data used in the study is ERA-Interim winds available as 6-hourly mean zonal and meridional surface 

wind components, at a spatial square grid resolution of 0.125°. The second wind field used is the mean 

hourly CFSR winds from NCEP/NCAR with a spatial square grid resolution of 0.205°. And the third 

wind field data used is the NCEP/NCAR re-analysis wind data available as 6-hourly mean zonal and 

meridional surface wind components with a spatial square grid resolution of 2.5°.  In order to obtain 

swell component and sea components from the wave model, three different input conditions were 

employed. Firstly, waves were simulated with global winds forced on a larger model domain 

comprising of the Indian Ocean and the waves obtained were considered as swell component of the over 

waves. These swells were extracted along the boundaries of the local domains (Fig. 2) and used to force 

the wave models for the local domain, thereby obtaining swell components in the local domain. 

Secondly, local winds measured collocated with wave measurements were used to force the local

Journal of Solar Energy Science & Research (Volume - 8, Issue - 1, January - April 2024 )



Page No 31

domain models to obtain the sea component of the waves and thirdly both the local winds and swell 

components were forced along the boundaries, to obtain the overall simulated waves. Only the 

significant wave height derived from the wave model is used in this study.

Two local model domains as shown in Fig.2 are set up for two regions viz. off Mumbai and off Vengurla. 

A flexible mesh was generated using DHI tools and the bathymetry was taken from the NHO charts. The 

boundaries of these models are forced with the global wind data based induced waves extracted from a 

larger model domain comprising of the southern and northern Indian Ocean (not shown here due to lack 

of space), to obtain the swells. While these model domains are forced with the measured local winds to 

obtain seas. From the model results, significant wave heights are extracted at the measurement location 

and compared with the sea and swell components respectively for each of the model scenarios. The 

statistics of the comparisons are obtained and the influence of local winds on the overall waves is 

obtained in terms of the improvements in accuracy of the wave model predictions.

3. RESULTS AND DISCUSSION

The measured waves off Mumbai and Vengurla along with the numerical model results for various 

scenarios are shown in Figs 3 to 6.  The comparisons of measured significant waves (Hs) with the 

modeled Hs off Mumbai for ERA-interim, CFSR and NCEP wind data inputs with and without addition 

of local winds are shown in Fig. 3.  The comparison of the sea component of the measured waves with 

the local wind induced waves is shown in Fig. 4.  Similarly for Vengurla, comparison of measured 

significant waves (Hs) with the modeled Hs off Mumbai for ERA-interim, CFSR and NCEP wind data
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inputs with and without addition of local winds are shown in Fig. 5 and the comparison of the sea 

component of the measured waves off Vengurla with the local wind induced waves is shown in Fig. 6.  

The statistical estimates of scatter index and correlation coefficient for Mumbai and Vengurla data are 

shown in Table 1.

It is observed that simulated waves obtained using CFSR or ERA-interim or NCEP wind in the Mumbai 

model domain do not capture the overall waves on their own. The ERA winds were observed to result in 

lower wave heights compared to CFSR or NCEP inputs for Mumbai case (Fig. 3a). Inclusion of local 

winds along with ERA slightly improved the resemblance of some of the measured wave features; 

however, these are not comparable with measurements. The CFSR wind induced waves were observed 

to provide the trend of the measured waves but not the variations observed in the measured wave heights 

(Fig. 3b). Inclusion of local wind along with the CFSR wind waves did not improve the simulated wave 

heights; moreover, inclusion of local winds along with the CFSR induced seems to have suppressed the 

swells. A better representation of the measured waves were observed from the NCEP wind induced 

waves wherein the wave height range is comparable to that of the measured wave heights (Fig. 3c). 

Inclusion of local winds onto the NCEP wind induced waves has shown considerable improvement in 

the overall wave generation for the Mumbai region.  Comparison of measured sea wave component 

with the local wind induced waves (Fig. 4) for Mumbai region showed that not all the sea wave 

components are possible to be captured only from the local measured winds. However, majority of the 

sea wave components generated within the measurement region can be captured by including the 

collocated measured local winds off Mumbai.

Similar to the case as observed for Mumbai, the simulated waves off Vengurla obtained using CFSR or 

ERA-interim or NCEP wind in the model domain do not capture the overall waves on their own. All the 

three global wind induced waves were observed to result in lower wave heights for the period of 

simulation (Fig. 5). Even the inclusion of local winds along with the global wind induced waves did not 

improve the modeled wave features, except for the CFSR wind case (Fig. 5b). The local winds inclusion 

in the model produced increased waves at almost diurnal frequency that would be due to land-sea 

breeze prevalent in the region. Comparison of measured sea wave component with the modeled local 

wind induced waves (Fig. 6) for Vengurla region showed that majority of the sea wave components are 

possible to be captured by including the local measured winds. However, some of the sea wave 

components are still unable to be captured by including the collocated measured local winds off 

Vengurla.

Journal of Solar Energy Science & Research (Volume - 8, Issue - 1, January - April 2024 )



Page No 33

Table 1 Scatter index and correlation of wave height comparisons for Mumbai and Vengurla

Mumbai Vengurla Mumbai Vengurla

ERA 0.6 0.6 0.15 0.35

ERA+LW 0.52 0.6 0.26 0.41

CFSR 0.43 0.43 0.18 0.19

CFSR+LW 0.81 0.41 0.25 0.28

NCEP 0.39 0.29 0.16 0.0023

NCEP+LW 0.35 0.84 0.27 0.12

Scatter Index Correlation

[LW - local winds; ERA - ERA interim winds; NCEP - NCEP/NCAR reanalysis winds; CFSR - CFSR winds]

From the statistical analysis of the comparison between the measured and modeled waves, the scatter 

index and the correlation coefficients are considered here for discussion. For Mumbai data, the NCEP 

with local winds has shown the least scatter index whereas for Vengurla data, the NCEP data showed the 

least. Though the correlation between the measured and modeled waves is poor, the increase in 

correlation coefficient when the local winds are added is conspicuous in all cases.

Figure 3 Comparison of measured Hs with modeled Hs off Mumbai (a) for ERA winds (b) for CFSR winds and (c) for 
NCEP winds

Figure 4 Comparison of measured seas Hs with modeled Hs with local winds
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Figure 5 Comparison of measured Hs with modeled Hs off Vengurla (a) for ERA winds (b) for CFSR winds 
and (c) for NCEP winds 

Figure 6 Comparison of measured seas Hs off Vengurla with modeled Hs with local winds

The influence of local winds on post-monsoon waves measured off Mumbai and Vengurla is the focus 

of this paper. This is carried out by establishing the significance of local winds in predicting the overall 

waves in the region utilizing three different global wind data sets used for wave prediction. Firstly, the 

analysis of measured waves showed that the seas generated by local winds were of the order of 0.1 to 

0.4 m for Mumbai and 0.1 to 0.5m for Vengurla, whereas the overall wave heights were of the order of 

0.2 to 0.8m for Vengurla and 0.2 to 0.5m for Mumbai. From the above information, it can be said that 

local wind induced waves are of significant magnitude during post-monsoon period. 

The modeled Hs with different global wind induced waves clearly showed that on their own these global wind 

data sets are not sufficient to estimate the local wind induced waves in the nearshore waters. And it is also seen 

that inclusion of local winds along with the global wind input significantly improves the comparison with 

measured waves than the comparison with only global induced waves. Among the different sets of global winds 

induced waves CFSR winds along with local measured shows better comparison for Vengurla waves and the
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than NCEP/NCAR winds combined with local winds provided better wave prediction for Mumbai 

region. It is also observed that the local measured winds (point observations) on their own are 

insufficient to completely decipher the local waves or seas, and therefore coastal wind observations 

over the region are essential to improve the predictability of overall waves including the seas.

4. CONCLUSIONS 

The influence of local winds on the wave characteristics is studied through comparison of measured 

waves and waves obtained from numerical wave modeling in the nearshore regions of Mumbai and 

Vengurla. Three different global wind data sets viz., NCEP/NCAR reanalysis, CFSR and ERA-interim, 

were used to obtain the waves in the study regions and were found to underestimate the overall 

measured waves. It is observed that inclusion of winds measured collocated with wave measurements 

improve the wave modeling results, however, one point measurements of winds are found to be 

inadequate. Nevertheless, the importance of local winds is made clear by the improved correlation 

coefficient between modeled and measured waves. The local measured winds (point observations) on 

their own are insufficient to completely decipher the local waves or seas, and therefore coastal wind 

observations over the region are essential to improve the predictability of overall waves including the 

seas.
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A B S T R A C T

Aerosols play an important role in cloud formation and subsequent precipitation. In the long run from 

climatological point of view, the gradually increase aerosol content leads to a change in earth 

atmosphere, heat balance and radiation balance leading to global warming and subsequent climate 

change. In the present study the spatial and temporal variations in aerosol particles over India were 

described. Here we are using moderate resolution imaging spectro radiometer (MODIS) data retrieved 

from the Terra satellite. High mean Aerosol Optical Depth (AOD) values are observed in almost in all 

regions during all the seasons. The spatial gradient of AOD shows an increase from southern part of 

Indian sub-continent to Northern part up to the Himalayas. The high AOD values are noticed during the 

winter and post monsoon seasons for the stations Delhi, Gandhi Nagar and Pune when compared to the 

other stations. This can be attributed the fact that they are urban, Industrial and coastal station. The 

correlation between AOD and Cloud fraction was found to be higher than that are coastal stations 

compared to continental. The correlation between AOD and CF was greater than 0.7 Gandhi Nagar, 0.5 

in Visakhapatnam, 0.4 Jaipur and Pune and where as in Delhi, Anantapur, Ranchi and Trivandrum, it is 

(0.3, 0.3, 0.3 and 0.2) respectively. In this article we obseaverved that the AOD, Water vapor and cloud 

fraction shown negative correlation for all the five stations over the south India and observed positive 

correlation in North India for the remaining five stations.

Key Words: MODIS, aerosol optical depth, water vapor, cloud fraction and correlation coefficient.

I. INTRODUCTION

Atmospheric aerosols influence the earth's weather and climatic system in many ways, both directly 

and indirectly, although the magnitude of this influence remains uncertain even 

today(IPCC,2007).They have a direct effect through their ability to scatter and absorb solar radiation, 
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and an indirect effect through their fundamental role in cloud microphysics. They change the size and 

density of cloud droplets thereby modifying the cloud albedo, the cloud lifetime, and the 

precipitation(Twomey et al.,1984; Coakley et al;  1987; Kaufman and Fraser,1997;a,b; Ramanathan et 

al., 2001). Most publications to date show that increasing cloud condensation Nuclei (CCN) 

concentrations lead to higher cloud drop concentrations, to smaller effective radii and to longer-lived 

clouds (Albrecht, 1989; Ramanathan et al., 2001).

Furthermore, since smaller cloud droplets are less efficient in producing precipitation than larger ones, 

an enhanced aerosol population will lead to a longer cloud life (Rosenfeld, 1999, 2000). This 

phenomenon results in a lower rate of surface evaporation , a more stable and drier atmosphere, and 

consequently a reduction in cloud formation (Hansen et  al.,  1997).Clouds  and water  vapor play a 

changing  role in  radiative forcing, alternatively warming and cooling the earth. Heavy cloud covers 

during the shields the surface from incoming solar energy thereby cooling the earth.At night, clouds 

trap outgoing radiation  thereby warming the Earth.

A great number of studies were conducted on the possible modification of cloud properties via the 

interaction with atmospheric aerosol particles, as this may lead to important changes of the Earth's 

climate. Biomass burning aerosols have been shown to affect clouds through both microphysical and 

radiative mechanisms (Kaufman and Koren, 2006;  Koren  et  al.,2008;  Rosenfeld et  al.,  2008).  

Biomass burning,  from both deforestation and annual agricultural burning, is the largest 

anthropogenic source of such particles in the Southern Hemisphere; Biomass burning aerosols are 

hygroscopic and can serve as cloud condensation nuclei (Feingold et al; 2001; Andreae et al., 2004; Ten 

Hoeve et al., 2010). More recently, satellite analyses have revealed a persistent correlation between 

cloud fraction and aerosol optical depth  in  regions influenced by marine aerosol, smoke, dust and 

industrial air pollution (Loeb and Manalo-Smith, 2005; Kaufman et al., 2005).

This research focussed on two main objectives. The first was to investigate the seasonal, temporal and  

spatial variations of MODIS aerosol optical depth(AOD) over various major cities in southern India. 

The second objective was to analyze the relationships between AOD and various cloud parameters 

using correlation maps and time series plots, in order to understand the impact of aerosols (AOD) on 

cloud microphysics. The seasonal, spatial, and temporal variations in AOD and an investigation into the 

impacts of aerosols on cloud parameters are discussed in the present paper.
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II. DATA AND METHODOLOGY

The MODIS sensor is on board of the polar orbiting NASA- EOS Terra and Aqua space crafts. Terra 

crosses the equator south ward about 10:30 local solar time (LST), where as Aqua north about 

13:30(LST). MODIS views the earth in 36 channels from 0.41µm to 14 µm at a variety of spatial 

resolutions (250m, 500m and 1000m). Among the hundreds of products derived from MODIS- 

measured radiance is a suit of aerosols products (Levy et al.,2007) and another set of cloud products 

(king et al., 2003 and platnick et al.,2003), including aerosol optical depth (AOD), cloud top pressure 

and cloud fraction. Often the AOD is used as a proxy for the cloud condensation nucleus (CCN) 

concentration. The reliability of this proxy depends on the uniformity of the aerosol size, composition, 

vertical distribution, but may in many cases be used as a first approximation. AOD is provided as a 

10km product and the cloud products are provided at 5x5, 1km resolution. To study the interaction 

between aerosol and clouds from satellite observations, information on both is needed, for the same 

time and location. However aerosol cannot be retrieved beneath clouds under cloudy condition by most 

satellite sensors, and cannot be retrieved above clouds by MODIS.

To solve such a problem the characteristic spatial scale of the aerosol field is assumed to be larger than 

that of a cloud so that it is sufficient to measure aerosols in the vicinity of the clouds. Often the retrieved 

resolution is decrease so the grid square size a much larger area compared to the retrieval resolution that 

leads to increase in the likelihood of information on clouds from the cloudy part and on aerosol from the 

cloud free part within the large grid square. The MODIS data are available at different processing 

levels, level 1.0(geolocated radiance and brightness temperature), level 2.0 (retrieved geophysical data 

products) and level 3.0 (gridded points) (king et al., 2003). MODIS uses infrared bands to determine the 

physical properties of cloud in relation to cloud top temperature and temperature, and visible and near 

infrared bands to determine optical and microphysical cloud properties (Jin and Shepherd, 2008; 

Remer et al., 2005; Levy et al., 2007).

For water vapor the retrieval for the near infrared is adopted. The selected 10 major cities in the study 
0 0 0 0

area are located in India (Fig:1) Thiruvananthapuram (8.85 N,77.26 E),Banglore(13.49 N,77.95 E), 
0 0 0 0 0 0Anantapur (15.22 N,78.42 E), Pun e(19.39 N, 75.16 E), Visakhapatnam (18.53 N,83.47 E), Delhi 

0 0 0 0 0 0 0 0(28.88N ,77.33 E), Ranchi (23.71 N,85.89 E), Jaipur (27.86 N,76.28 E), Kolkata (22.62 N,88.40 E), 
0 0

Gandhi Nagar (23.42 N,73.03 E) are the study areas shown in figure 1.

The above selected regions cover urban, coastal and rural environments. This study provides an 

opportunity to understand seasonal, temporal and spatial variations of MODIS aerosol optical depths
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and cloud properties. We retrieved AOD and cloud parameter data for the period between 2004 to 2014 

from the MODIS Terra satellite.

In the present study, we focused on the aod at wave length of 550nm over land, as this is close to the peak 

of the solar spectrum and is therefore associated with major radiative effects.

Study Area Map

Fig: 1 Geographical regions used in this mapSpatial Distribution of Annual means AOD, Cloud 
Fraction and Water vapor for the period 2004-2014 

Fig: 2                                                                                         Fig: 3
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Seasonal studies of AOD for different seasons in India 
Fig:5(a)                                                               Fig:5(b)
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III. RESULTS AND DISCUSSIONS

Spatial distribution of annual mean aerosol optical depth:

The spatial distribution of annual mean aod at wave length of 550nm has been plotted for the period 

from 2004 to 2014 (Fig: 2). The fig: 2 shows that aerosols had marked impact on 10 cities in India 

namely Thiruvananthapuram, Banglore, Anantapur ,Pune, Visakhapatnam, Delhi, Ranchi, Jaipur, 

Kolkata, Gandhi Nagar. The spatial gradient of aod shows an increase from southern part of Indian sub-

continent to northern part up to the Himalayas (Prasad et. al 2004). High aod values (> 0.4) are found 

over areas with intensive anthropogenic activity like the industrial region. The cloud fraction increases 

from western parts to eastern part (>0.3), where as the water vapor is maximum over land when 

compare to Himalayas.

SEASONAL VARIATIONS IN AOD:

Seasonal variations in aod were analyzed for the 10 selected cities and plotted in Fig: 5(a), (b), (c) and 

(d) respectively. The mean aod and standard deviation at 550nm were calculated for the above 

mentioned cities during the period 2004 to 2014. High mean aod values were observed in almost all 

regions during the summer season. High mean AOD values were observed during the summer season 

for the regions Jaipur and Delhi where as the low values are observed for the stations of Visakhapatnam, 

Kolkata and Anantapur. High AOD values were noticed during monsoon season of the stations Gandhi 

Nagar, Pune and Jaipur. The AOD  values generally increase from lower latitude to higher latitude. 

AOD is found to be increasing rapidly in summer season that may cause adverse effect to the 

agricultural crop and also to the human health. Increased aerosol loading may likely affect the rainfall 

which is responsible for the observed drought conditions over the Indian sub-continent. The high AOD
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values are noticed during the winter and post monsoon seasons for the stations Delhi, Gandhi Nagar and 

Pune when compared to the other stations. This can be attributed the fact that they are urban, Industrial 

and coastal station. Trivandrum, Anantapur have been noticed that low AOD values when compared to 

other cities in all seasons.

RELATIONSHIP BETWEEN AOD AND WATER VAPOR:

The changes in column water vapor in relation to aerosols are examined and this investigation gives an 

insight to understand the aerosol impact and the speed of the hydrological cycle (Myhre et al., 2007). 

The MODIS retrieval provides results for column water vapor in the clear sky and above cloud 

separately we used the above clouds data obtained from Terra for water vapor for the period between 

2004 to 2014. The spatial correlation between AOD and water vapor shown in figure 6(a) reveals that 

AOD and water vapor have a stronger positive correlation at higher latitudes than at lower latitudes. The 

highest positive correlation (correlation coefficient 0.4,0.25, 0.1 and0.1) were found for Delhi, Jaipur, 

Gandhi Nagar and Pune, where as lower level of correlation was found for Anantapur and Banglore (-

0.2). The time series plot for AOD and Water vapor also shows that these two parameters are increasing 

and decreasing simultaneously.

Relationship between AOD and Cloud Fraction: The satellite data show a strong correlation 

between total cloud fraction and AOD (Quass.et.al.,2009) Fig:6(b) shows the spatial correlation 

between AOD and cloud fraction for varies regions, MODIS shows an increase in the cloud 

fraction(CF) are cloud cover with increasing AOD in all areas. MODIS provides CF data for day time 

and night time, either separately; the combined data has been used for the present study. Correlation 

coefficience for AOD and cloud Fraction were also calculated for these 11 years. The correlation 

between AOD and Cloud fraction was found to be higher than that are coastal stations compared to 

continental. The correlation between AOD and CF was greater than 0.7 Gandhi Nagar, 0.5 in 

Visakhapatnam, 0.4 Jaipur and Pune and where as in Delhi, Anantapur, Ranchi and Trivandrum, it is 

(0.3, 0.3, 0.3 and 0.2) respectively. It is also important to mention between marked increase in the 

correlation between AOD with CF in those regions dominated by bio mass and dust aerosols, indicate in 

that meteorological factors influencing the relationship. Time series plots for spatial average of AOD 

and CF shows that CF increased with AOD at all location except for Kolkata (2004, 2008 and 2012) the 

values are in inverse condition. It shows in figure 7(d).
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IV. SUMMARY AND CONCLUSIONS

The role of aerosols in modifying clouds and precipitation has been one of the most intriguing questions 

in cloud physics and to the study of climate change. Using MODIS satellite data, the spatial and 

temporal (seasonal) variability of aerosol has been investigated in order to develop an understanding of 

the impact of aerosols and cloud parameters. The spatial gradient of AOD shows an increase from 

southern part of Indian sub-continent to Northern part up to the Himalayas. High mean AOD values 

were observed during the summer season for the regions Jaipur and Delhi where as the low values are 

observed for the stations of Visakhapatnam, Kolkata and Anantapur. High AOD values were noticed 

during monsoon season of the stations Gandhi Nagar, Pune and Jaipur. The correlation between cloud 

fraction and AOD was found to be higher at coastal stations compared to continental. Cloud fraction 

was found to increase together with AOD in those regions dominated by biomass and dust aerosols, 

where as in regions dominated by marine and pollution aerosols there was good correlation between 

AOD and Cloud fraction. AOD, Water vapor and cloud fraction shown negative correlation for all the 

five stations over the south India and observed positive correlation in North India for the remaining five 

stations.
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