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Abstract.
Solar Photovoltaic is a key technology option to realize the shift to a decarbonized energy supply and is projected to emerge as an attractive alternate electricity source in the future. The solar PV manufacturing base in India comprises primarily of cell and module manufacturing. Solar PV applications in India have followed a different trend from global practices. While globally, there has been higher focus on grid connected applications, the Indian PV market has predominately focused on off-grid applications. In the Indian context, the power scenario and the nature of energy demand is highly skewed, with huge differences seen between the per capita electricity consumption in the urban and the rural areas. For a high cost resource like PV, the relevance and scope of its applications would, therefore, be vastly different from that of a developed western economy. However, the socio-economic and the geographical features of the country provide ample scope to use new, renewable energy resources like SPV. In several cases, SPV appears to be not only the most relevant option, but also a  viable alternative even at the prevailing price. Now a days, SPV  modules are being manufactured having  the various types of solar cell using different semiconductors such as Single / multi / ribbon crystalline Silicon, Thin film Silicon, a-Si, m-Si, Gallium Arsenide, Cadmium Telluride,  etc. However, Si (mono / multi crystalline) continues to be the most preferred material because it is one of the most thoroughly studied and understood material available in abundance in the purest form which allows commercial manufacturing of large area cells on a large scale. But Solar Photovoltaic cells have an inherent disadvantage of loosing their efficiency with the rise in temperature. Even a stage comes when the conversion efficiency becomes zero. In view of this fact, the study reported in the present paper, was carried out for the development of Integrated Solar Photovoltaic - Thermal System for electrical and thermal use in buildings with objective to enhance the efficiency of photovoltaic conversion by cooling SPV module with water as well as obtain hot water. It was considered that SPV module be attached to a heat exchanger to develop an integrated system The radiations falling on the SPV modules are converted to electrical output by photovoltaic cells while unutilized radiations are absorbed by the heat exchanger and cool the module for enhanced PV conversion efficiency while the heat removed  is utilized for thermal use. The developed Integrated SPV/T system consists of SPV module of 33  Silicon cells in glass to glass moulding with a peak electrical output of 29 Watts generating 15 V at 2.2 V. The module has the circular solar cells area and the rest of the area is transparent. The incident solar radiation which falls on the cells generates electrical power and the rest is allowed to pass through transparent area and is collected by a selectively coated copper receiver which is just below and in close contact of the SPV module. A simple mathematical model has been described in this paper. A typical day observation has been plotted and an improvement of 10 to 15% in electrical output of integrated system is achieved as compared to the output of SPV module without cooling under similar condition.
1. Introduction
Energy is most vital for economic development. There is huge gap between demand and supply of electricity in India (13% at peak demand). Nonrenewable sources like oil, coal, gas etc are fast depleting. According to Ministry of Coal, the coal reserves of India will deplete by next fifty years. There is need to explore alternative source of energy. Atomic energy is one such alternative but which apart from being hazardous is also expensive. Present day answer to the problem is harness solar energy which is available in abundance.  India being the tropical country has more than 300 sunny days with 4-7 kWh/ m2 solar insolation daily (amounting to 5000 PetaWatt hr per year (PWh/year).  If solar energy is harnessed properly, India can become self-reliant in energy. Solar Photovoltais cells can be used to convert solar energy into electrical energy. Tremendous amount of work has been done on Solar Photovoltaics in the past and still in progress. However Photovoltaic cells have an inherent disadvantage of loosing their efficiency with the rise in temperature, Even a stage comes when the conversion efficiency becomes zero. Keeping this in view, development of an autonomous integrated system for electrical and thermal use in buildings has been taken up at CBRI, Roorkee with a view to enhance efficiency of photovoltaic conversion and obtaining hot water supply by circulation of water for cooling the system. The objective was to integrate solar thermal and solar photovoltaic conversion and design an efficient composite panel to deliver thermal / electrical power. Now a days, SPV  modules are being manufactured having  the various types of solar cell using different semiconductors such as Single / multi / ribbon crystalline Silicon, Thin film Silicon, a-Si, m-Si, Gallium Arsenide, Cadmium Telluride,  etc. However, Si (mono / multi crystalline) continues to be the most preferred material because it is one of the most thoroughly studied and understood material available in abundance in the purest form which allows commercial manufacturing of large area cells on a large scale. Commercially available type in India is Single Cryatalline Silicon Cells. Normally the efficiency of silicon cell is 8-10% at 25oC but rise in temperature has an inverse effect and drops to zero at 270oC. The integrated photovoltaic / thermal system has the advantage that the water which is used as coolant for photovoltaic modules becomes hot and can be stored in proper storage tanks for domestic use.  
2. Design and fabrication of prototypes
SPV efficiency goes down with the increment in temperature hence the cooling of the SPV cells is desirable. Conceptually integrated SPV/T panel will be having a SPV module whose bottom surface will either be attached to a suitably designed heat exchanger or would itself form a part of the heat exchanger. So two processes i.e electrical conversion and thermal heat exchange (cooling) are integrated to increase conversion efficiency as well as deliver hot water.
2.1 Design methodology
Autonomous integrated system is one in which two process -electrical and thermal conversion of solar energy are combined without any power source. Electrical part is obtained by Photovoltaic conversion by Solar cells and thermal part is obtained by  remaining solar energy which is not converted to electrical by SPV cells but heat up solar cells. This heat energy is removed by cooling of cells to enhance the cell efficiency. Thermal part also includes the solar insolation falling on the transparent area without solar cell,  of SPV module and transferred to the coolant flowing through the heat exchanger. Thus coolant is heated up and cools the SPV module.  While designing photovoltaic/thermal system the two fragments are to be considered separately and designed accordingly. Both SPV electrical conversion and cooling parts are designed separately as given below.

2.1.1 For Photovoltaic conversion
The cell area is available from the manufacturer and the panel area can be chosen from cell characteristics. The daily AH to be fed to the battery from PV panels is the sum total of

(a) Load requirement

(b) Losses in cables and wires

(c) Losses in instrumentation electronics

(d) Losses due to dust accumulation

(e) Losses due to mismatch of the cells

(f) Possible degradation due to ageing
The basic block schematic is given in figure below

The basic PV conversion schematic diagram is given in Figure 1.
2.1.2 Design Methodology for Thermal System 
The total solar radiation incident on the collector will be sum total of:

(i) Heat transferred to the fluid 
(ii) Heat losses from top, side and bottom.

Since the main aim is to increase the efficiency of SPV system. Thermal aspect is added to extract the solar energy which are not being utilized for SPV conversion. 

2.1.3 Design Methodology of Integrated SPV/T system
One Glass to Glass SPV module with 33 solar cells of 100mm dia, was used for  design and fabrication of integrated SPV/T system. The module has a peak electric output of 29 watts generating 15 volts at 2.2 amperes. The module has circular solar cells accounting for 60% of the panel area and the rest is transparent.  Two types of heat exchanger to be fixed below the SPV module for cooling water circulation were designed for fabricating the integrated SPV/T systems – Water jacket type and conventional pipe-header type. On comparison, the conventional pipe-header type heat exchanger was found better due to ease in fabrication and fixing below lower glass of the module. In jacket type heat exchanger, problem of bulging and bending because of welding and consequent leakage was encountered. So it was decided to design and fabricate pipe – header type heat exchanger. 
3. Mathematical model

The solar energy incident on the SPV/T panel will be sum of energy received by two component system. One component of the energy is received by cell area of the module which is opaque. While the remaining area without cell is transparent. The solar energy incident on the transparent area is not utilized for PV conversion, it is directly transmitted to absorber copper plate of heat exchanger below the bottom glass of the module. The thermal energy absorbed is transferred to the fluid flowing in pipe fixed below the absorber plate of the heat exchanger. This flowing fluid becomes hot and thermal energy except the losses is extracted away from the module delivering hot water. The solar radiations falling on  opaque cells area of the module are partially converted into electrical energy and its thermal component is passed to the fluid by way of conduction through the cells. Thus reducing the solar cell temperature resulting into a better PV conversion efficiency.

Based on the above analogy, the design of the integrated SPV/ Thermal system is done in the following paras

We define the p
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(1)                                                                                                              Where [image: image4.png]
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 are the solar cell area and collector area, respectively. If the solar insolation I is falling on the panel, then the energy absorbed by the solar cells is
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(2)                                                                                                              

Where 
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      = Absorptivity of the solar cells
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      = Transmittance of the glass cover
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         = The solar Insolation
The solar energy converts into two components- electrical ( [image: image16.png]
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) and given by
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(3)    

Thermal component in solar cell area which is conducted to absorber through cell                                                                                                          
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 = conversion efficiency of solar cell  
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 is Solar cell temperature of the order of 270oC where solar cell efficiency is zero
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 is 25 oC where solar cell efficiency is 10%.

The energy received by heat absorber ([image: image36.png]


) through transparent area given by (7)
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    = Absorptivity of  absorber plate
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  = Transmittance of upper glass
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  = Transmittance of lower glass

Useful energy gain through transparent area of the module
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(8)

Useful energy gain through opaque cell area is
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Where,
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Where, [image: image53.png]
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   are the absorber plate and ambient temperatures, respectively.    [image: image57.png]
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 are the conductivities of absorber plate, solar cell , upper and lower glass, respectively plate

Total useful thermal gain absorbed by integrated panel
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Useful gain extracted by the system
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Where 

W   
=
Centre to Centre distance of copper tubes (riser pipes)

D
=
Diameter of the riser pipes
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=
Energy absorbed

[image: image79.png]



=
Number of tubes
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4. Fabrication of integrated SPV/T system

A 3 mm thick copper plate was fixed at the bottom glass plate of the glass to glass module as shown in Figure 2. This copper plate which is selectively coated with Silicon, acts as absorber. Silicon compound was used to make the thermal contact with glass as close as possible for maximum energy absorption. The incident solar radiations, which falls on the cells, generate electrical power and the radiations falling on transparent area are collected by this selectively coated copper absorber plate. The copper plate is connected to a pipe type heat exchanger consisting of 20 mm dia header pipe and 10mm dia riser pipe for heat removal when the water is allowed to flow as the media (Figure 2). 

5. Instrumentation 
Copper Constantan thermocouples were mounted to observe the temperature of water inlet, water outlet upper glass plate, copper surface of the heat exchanger and storage water tank etc. The thermal data is obtained through a multichannel data logger with printer and electrical parameters were also recorded simultaneously with the help of millimeter. The whole assembly is enclosed in wooden tray filled with glass wool to insulate the heat exchanger. The inlet and outlet of the header are connected to insulated m.s. storage tank of inner size 310 mm x 310 mm x 300 mm in such a way that thermo-syphon action may take place. The whole system is mounted in a angle iron frame placed above the ground. 
Another SPV module without heat exchanger (cooling) is also mounted adjacent to the SPV/T system for comparison. It was instrumented for measurement of surface temperature and electrical out put.

6. Data generation
The electrical and thermal parameters were recorded for about two weeks. However due to cloudy sky conditions, the pattern of solar insolation had abrupt changes. The data for SPV/T system and SPV module without cooling are observed simultaneously for comparison.  A typical one day observation is depicted below in Table 1. On the basis of the observations shown in Table 1, the curves plotted for thermal performance and improvement electrical efficiency are shown in Figure 3 to Figure 5. 

7. Conclusion
The various curves for temperature were plotted and compared with the observation taken for a panel without heat exchanger and the efficiencies were computed from the curves it is concluded
(1) The percentile improvement in the efficiency of the hybrid system as compared to the normal PV system is about 10 to 15% 
(2) The temperature of hot water available is of 40 oC.
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Table 1. Observed Data
	Time in

HRS.
	Solar Insol

mW/cm2
	Temperatures in °C
	Elect Power O/P   Watts(EP)
	% IMP

EP

	
	
	T1
	T2
	T3
	T4
	T5
	T6
	With cooling 
	Bare
	

	9.30
	66
	31
	33
	35
	32
	51
	54
	27.70
	24.00
	15.4

	10.00
	68
	30
	35
	40
	33
	54
	57
	26.00
	23.75
	9.4

	10.30
	76
	32
	36
	42
	35
	58
	60
	27.00
	25.00
	8.0

	11.00
	80
	33
	38
	44
	37
	61
	62
	27.00
	25.35
	6.5

	11.30
	82
	35
	41
	44
	40
	60
	64
	26.60
	25.65
	3.7

	12.00
	84
	38
	42
	46
	40
	59
	63
	29.00
	26.60
	9.0

	12.30
	40
	33
	43
	47
	42
	59
	65
	16.20
	15.20
	6.5

	13.00
	84
	40
	44
	47
	42
	58
	63
	28.00
	24.70
	13.3

	14.00
	74
	40
	44
	50
	42
	57
	61
	24.00
	22.80
	5.2

	15.00
	58
	40
	42
	46
	44
	55
	54
	21.50
	19.50
	10.2

	15.30
	43
	44
	44
	47
	41
	50
	53
	16.20
	16.65
	--

	16.00
	30
	38
	42
	46
	42
	48
	52
	11.40
	12.35
	--

	16.30
	22
	40
	41
	45
	43
	44
	48
	9.25
	7.00
	32.1


    T1 -Intlet water temperature, T2 -Outlet water temperature, T3- Storage water temperature, T4 –    

           surface temperature of heat exchanger, T5- surface temperature of SPV module of integrated      

          system,  
   T6 – surface temperature of SPV module without cooling
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Figure 1. SPV Schematic







Figure  2.  Integrated SPV/T System for Glass to Glass module
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Figure 3. Solar Insolation and Thermal Performance
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Figure 4. Solar Insolation and Electrical Output
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Figure 5. Percentage Improvement in Electrical Output 
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