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Abstract 7 

This study elaborates the theoretical and experimental analysis for the effectiveness of 8 

different photovoltaic thermal (PVT) configurations along with their building implications. 9 

An experiment was performed on especially designed four identical prototype test cells 10 

emphasise the building integration photovoltaic thermal (BiPVT) systems. A comparative 11 

analysis of four different possible PVT configurations integrated on identical test cells 12 

namely; Case 1: Glass-to-glass PV with duct integrated on a test cell, Case 2: Glass-to -glass 13 

PV without duct integrated on a test cell, Case 3: Glass to tedlar PV with duct integrated on a 14 

test cell and Case 4: Glass to tedlar PV without duct integrated on a test cell was carried out. 15 

Analytical model of the electrical and thermal performance for different cases was developed 16 

and experimentally validated in outdoor conditions. On the basis of the correlation coefficient 17 

(r) and root mean square percent deviation (e), a fair agreement between theoretically 18 

calculated and experimentally observed values is achieved. The glass to glass PV module 19 

gives better both electrical and thermal performance with hourly average ηm 12.65% and 20 

12.70% for case 1 and 2 respectively. Similarly, the hourly average ηith was observed 32.77% 21 

and 25.44% for case 1 and 2 respectively. Further, thermal load levelling with varying 22 

packing factor, mass flow rate of air through the PV integrated duct, absorptivity 23 

(degradation effect) and transmittivity (dusting effect) are also discussed. 24 

 25 

Keywords: Semi-transparent photovoltaic modules; Opaque photovoltaic modules; Electrical Efficiency; 26 

Photovoltaic-thermal (PVT) system; Thermal modelling; Thermal load levelling; Test cell. 27 

 28 

1. Introduction 29 

Photovoltaic thermal (PVT) collector comprises of an interesting solar technology to be 30 

integrated in a building, since they generate both electricity and heat from a single 31 

implemented component [1]. On an average, photovoltaic (PV) system converts about 20% of  32 
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incident irradiance in to electrical yields, while 80% remains unutilized and is turned into 36 

heat [2, 3]. Thus, the utilization of untapped energy and enhancing the energy yields per unit 37 

area is an important aspect of hybrid PVT systems [4]. Moreover, the optional conversion 38 

allows us to optimize electrical or thermal energy depending upon load requirements. [5]. 39 

Kern and Russel introduced the concept of PVT using air and water as a working fluid [6]. 40 

Since last four decades, a significant amount of research in PVT technology has been done, 41 

several publications focusing advanced innovative systems and products are available in 42 

literature [5]. In mid-70s, several authors such as Wolf [7] and Florschuetz [8] conducted 43 

research on solar hybrid system, and developed theoretical models with experimental studies 44 

to configure the efficiency and electrical yields. During 1980s, several research groups 45 

focused on the development of flat plate collector (PVT). Like Mbewe et al. [9] and Handy et 46 

al., [10] a few authors designed concentrated hybrid collectors (CPVT). Furthering 47 

development of this technology, various experimental and theoretical models of PVT cooled 48 

with air or water were analyzed. Similarly, Sopian et al. [11] experimentally evaluated PVT 49 

with air for single and double pass. In comparative analysis of PVT cooled with air and 50 

water, Prakash [12] observed that the panels cooled with water achieve higher efficiency as 51 

compared to those cooled with air. A transient model developed by Bergene and Løvvik [13] 52 

concluded that PVT with water can achieve overall efficiencies in between 60% to 80%. In 53 

the last decade, several authors have published advanced designs of hybrid panels or 54 

collectors, proposed different theoretical models with experimental evaluation, compared 55 

several solar hybrid typologies including combi-panel, and proposed new models with 56 

advances improvements [14-18]. Recently, researchers have implemented the advanced PVT 57 

with more complicated integration, like heat pumps [19] and refrigerating machines [20] etc. 58 

Further, the new CPVT concept was explored by as Li et al. [21], Al-Alili et al. [22] or 59 

Buonomano et al. [23], studying both their effectiveness as well as direct application of 60 

cooling and heating systems. In comparative analysis of PVT and CPVT coupled with 61 

adsorption and absorption devices designed by Del Amo et al. [24] observed that thermal 62 

efficiency of PVT with water significantly drops at high temperature demand (e.g. absorption 63 

devices). They proposed an advanced design of PVT with water to achieve higher thermal 64 

efficiency in high temperature load demands.  65 

As discussed, hybrid PVT collectors/panels can attain better overall efficiency since they 66 

have capability to convert a large amount of incident solar irradiance in usable energy form. 67 

For low temperature applications, the overall efficiency can be reached up to 60% to 80% 68 
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[13]. However, as operating temperature increases, significant reduction is observed in 69 

electrical and thermal performance of PVT system [25]. As from the fact that in uncovered 70 

PVT collector, the falling rate of thermal efficiency with increasing operating temperature is 71 

higher than conventional thermal collectors. This is due to the reduction in convection losses 72 

in presence of glass cover for thermal collectors. Earlier studies considered both covered and 73 

uncovered collectors to assess the appropriateness of glass cover on a thermosyphon based 74 

PVT water heating system [26]. In addition, the coproduction of electrical and thermal 75 

energy simultaneously by same panels induces the fields of its energy and exergy analysis 76 

considering the Second Law of Thermodynamics [27]. The monthly performance of 77 

photovoltaic was increased from to 2.8% to 7.7% with the thermal efficiency of about 49% 78 

by using an unglazed PVT configuration [28]. Introduction of metallic bond collector and 79 

water as a working fluid with single glazing increases PV electrical efficiency by 2% at a 80 

mass flow rate, 0.01kg/s [29]. So far, several researchers confronted this problem and 81 

developed models or equations to calculate the exergy efficiency of PVT panel [30,31]. 82 

Further, the effort to improve thermal efficiencies in PVT collectors is an important factor 83 

for the advancement of this hybrid technology [32]. Therefore, the advancement can be 84 

performed by using an additional layer over PV that assists to reduce heat losses through 85 

front surface of the panel. When compared with air, water based PVT systems show higher 86 

heat exchange efficiency since water has high heat capacity and density. These systems are 87 

desirable for local conditions having high solar irradiance level and ambient temperature. In 88 

an extensive review, Chow [5] mentioned the various experimental outdoor studies, which 89 

suggested that thermal performance of water based PVT system can be equivalent to a 90 

conventional thermal collector, with additional electrical yield generation. However, water 91 

based PVT systems have limited implication due to heavy weight, cost and ducting required 92 

for liquid coolant. On the other hand, air based PVT systems have more practical 93 

applications such as large roof and façade especially for cold climatic conditions. Their 94 

installation procedures are less complicated, lighter, easy to install with low maintenance, 95 

and no requirement of anti-freezing additives [33, 34]. 96 

In 2008, Fung and Yung [35] presented a one dimensional thermal model of semi transparent 97 

photovoltaic modules used in façade as building integrated photovoltaic thermal (BiPVT) 98 

system. Anderson et al. [36] investigated the performance of a building integrated 99 

photovoltaic thermal (BiPVT) solar collector.  They suggested that design parameters such as 100 

fin efficiency, thermal conductivity of solar cell and its supporting structure, laminating 101 
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material placed a significant influence on the overall efficiency of BiPVT system.  In study of 102 

air based BiPVT system, Kim and Kim [37] concluded that BiPVT systems assist in 103 

maintaining high electrical efficiency compared to the adverse effect observed in BiPV 104 

systems without ventilation. In the earlier study by Yin et al. [38] for energy efficiency of a 105 

building, novel design of BiPVT system used solar roofing over the traditional asphalt 106 

shingle roof with photovoltaic system offering significant advantages. 107 

In order to enhance the heat transfer between ducting air and PV module, multiple inlets 108 

BiPVT system was designed and analyzed by Yand and Athienitis [39]. BiPVT system can 109 

either be semi-transparent or opaque type. With daylighting application, semi transparent 110 

type BiPVT can be integrated over the walls, roofs, and glazing of the building. On contrary, 111 

both semi transparent and opaque type BiPVT system can be implemented on the wall and 112 

roofs without considering daylighting conception [40].  Vats et al. [30] developed a 113 

comparative model, for Building integrated opaque photovoltaic thermal (BiOPVT) system 114 

and Building integrated semi transparent photovoltaic thermal (BiSPVT) system used as roof 115 

and façade, giving analytical expression of room air temperature and observed that semi 116 

transparent photovoltaic modules is more suitable than opaque [40].  117 

In earlier studies, important point to consider was that the most of the previously developed 118 

models have not experimentally validated and none of the authors have developed analytical 119 

model for electrical and thermal efficiency of different PVT configuration along with 120 

mathematical expressions of room air temperature in a single study. In order to understand 121 

the efficacy of different PVT configuration in implication for building, four prototype 122 

identical insulated test cells have been designed over which different PVT configuration were 123 

integrated for their comparative performance evaluations. No air exchange from ambient to 124 

inside to test cells took place, and available thermal energy inside test cell attributes to heat 125 

transfer through PVT configuration to comprehend its heat transfer capacity. In this study, 126 

analytical model for electrical efficiency, module operating temperature, and room air 127 

temperature for four potential cases namely; Case 1: Glass-to-glass PV with duct integrated 128 

on a test cell, Case 2: Glass-to -glass PV without duct integrated on a test cell, Case 3: Glass 129 

to tedlar PV with duct integrated on a test cell, and Case 4: Glass to tedlar PV without duct 130 

integrated on a test cell have been developed and experimentally validated in New Delhi 131 

weather condition.  132 
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The proposed numerical model includes the finding of analytical expressions of electrical 133 

efficiency and room air temperature for different PVT configurations in terms of the 134 

dependability of its components. Once the numerical expression is attained, one can observe 135 

the reliability of the system for any implication by substituting the parametric values and 136 

local climatic condition into the expression. This study was conducted to facilitate the 137 

implication of PVT technology at distributed level such as space heating, electricity 138 

production, clothing industries, increasing biogas production, sun bathing, and greenhouse 139 

usage, etc. 140 

2. Experimental setup & working principle 141 

The experimental setup consists of two types of mono-crystalline photovoltaic modules 142 

namely glass-to-glass and glass-to-tedlar with arrangement of with and without duct 143 

integrated on prototype completely insulated identical test cells. The photographic view of all 144 

the four above configurations of glass to glass PV module and glass to tedlar PV module with 145 

and without duct are shown in Fig. 1. The schematic view of different configurations of glass 146 

to glass PV module of with and without a duct integrated on the test cells (Case 1 and 2) are 147 

shown in Fig.2 (a) & (b). Similarly, the arrangement of glass to tedlar PV module with and 148 

without a duct configuration integrated on test cells  (Case 3 and 4) are shown in Fig. 2 (c) & 149 

(d). The physical experiment and prototypes reflect building integration of PVT systems. For 150 

ducted cases, a DC of 12V is used to operate in forced mode, which is run by PV module 151 

directly. Both types of PV modules are manufactured by Central Electronics Ltd. (CEL), 152 

Sahibabad, Ghaziabad (UP). The main characteristic values of glass to glass PV and glass to 153 

tedlar PV modules; electrical efficiency under Standard Test condition STC (Solar intensity, 154 

1000W/m2, module temperature, 25oC) and their temperature coefficient of electrical 155 

efficiency as well as other parameters such as packing factor, length, width, used to execute 156 

the experiment are tabulated in Table 1. The other considered parameters used during the 157 

study were same as taken by Vats et al. [30] and Dubey et al. [41]. The blackened aluminium 158 

duct is embodied in ducted cases; Case 1 and 3 having cross section 0.68m x 1m x 0.04m and 159 

0.66 x 0.8 m x 0.04 m respectively. For this experiment, four prototype insulated identical 160 

test cell were fabricated and their design parameters used in the experimentation are tabulated 161 

in Table 2. These prototype test cells were made up of wood board of thickness 0.05m and 162 

completely sealed with insulating tape so that no air exchange or infiltration from ambient to 163 

inside of test cell takes place. To maintain complete insulation, polystyrene sheet of thickness 164 

0.12m was homogeneously diffused inside test cells. In PVT with duct configuration, a DC 165 
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fan is used to carry away thermal energy available on back surface by blowing heated air 166 

from module to inside of test cell, this process continuously goes on without taking external 167 

air. During the experiment, inside air of test cell is continuously heating up over again and 168 

again and DC fan in force convection mode operation helps to maintain a stream line flow 169 

inside duct. The DC fan consumes small amount of electricity and load current, IL and load 170 

Voltage, VL measured at regular interval of 60 mins. All the four PVT system configurations 171 

are placed on the roof- top of a building situated at IIT Delhi Campus in New Delhi 172 

(28°36′50″N 77°12′32″E).  The photovoltaic parameters such as short-circuit current, Isc, open 173 

circuit voltage, Voc and maximum power, Pm and module electrical efficiency, ambient 174 

temperature, Ta and solar intensity, I(t) were measured continuously with an interval of 60 175 

mins. Since observing variation in test cell inside temperature, Tr per minute or 15min 176 

interval was very difficult due to minimal change in temperature therefore hourly observation 177 

have been carried out to give the substantial base for thermal analysis. In PVT configuration, 178 

PV modules were mounted on the prototype identical test cells in such a way that tilted angle 179 

of modules is equal to latitude of location facing towards south as shown in photographic 180 

view of experimental setup Fig. 1. Calibrated T-type thermocouple (least count: 0.1) with 181 

digital 10 channel temperature indicator (resolution: 0.1oC) and infrared thermometer (-50oC 182 

to 1000oC; least count: 0.1) were used to measure inside test cell temperature, Tr, modules 183 

operating temperature, Tc, ducted plate temperature, Tp fluid (air) temperature at both ends of 184 

the duct for ducted case, Tfi/Tfo. And, for ambient temperature, mercury thermometer (0-185 

120oC; least count: 0.2oC) was employed whereas for wind speed and DC fan speed, digital 186 

anemometer (Lutron, 0.2-30m/s; least count: 0.1m/s) were used. Calibrated digital 187 

solarimeter (CEL; 0-1200W/m2; least count: 1W) was used to measure incident solar 188 

irradiance that has similar spectral response as used photovoltaic modules. Before using 189 

thermocouples, all thermocouples were in thermal equilibrium and calibrated with constant 190 

bath method (NUMAN D 100). An AC/DC clamp meter/multi-meter (Fluke 87 V multi-191 

meters; least count: 0.2% for current & 0.06% for voltage) was used to measure short circuit 192 

current, Isc, open circuit voltage, Voc, load current, IL, and load voltage, VL at five different 193 

point of varying loads 0-5KΩ connected with modules to determine fill factor, FF. Total 194 

uncertainty generated due to the used measuring instruments are tabulated in Table 3 [42]. 195 

 196 

3. Thermal modelling and analysis of PV modules 197 
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In all cases of PVT configurations, used prototype test cells were completely insulated and no 198 

air exchange or infiltrations from ambient to inside of test cells took place. In order to write 199 

the energy balance equation of photovoltaic modules, the following assumptions have been 200 

made and viewed as an ordered approximation of this study: 201 

• The experiment was executed when the system is in quasi-steady state. 202 

• The flow of air through the duct is considered stream line. 203 

• Highly insulating material homogeneously configured inside test cells. 204 

• Thermal loss due to ventilation/infiltration from the test cell is negligible. 205 

Case 1: Glass to glass PV module with duct  206 

For solar cells of PV module [1] 207 

( ) ( ), ,( )c c g c a c a c f c f c g c oI t bdx U T T U T T bdx I bdxα β τ η τ β = − + − +          (1) 208 

Available Overall heat Heat transfer Electrical 

solar energy rate loss from top cell  rate from cell energy 

on solar cell surface to ambient to working fluid production rat

     
     = + +     
           e

 
 
 
  

 209 

Where , , ,Gc p c a c fU U U= + and m c g cη η τ β= , the values for design parameters as well as 210 

expression for different configuration are available in Table 1 and appendix respectively. 211 

,,

, , , ,1

( )
1c f c c gc a m

c a f
G c p G c p G c p eff

U I tU
T T T

U U U

α β τ η
α τ

       
= + + −             

      
              (1a) 212 

The temperature dependent electrical efficiency of a PV module [1], 213 

( )1
m m o o c o

T Tη η β= − − 
  

Where,( ) 0c oT T− ≥                 (2) 214 

The operating temperature of cell using the temperature dependent electrical efficiency for 215 

PV module after substituting Eq. (2), the eq.(1) becomes, 216 

( ) { }, ,

, , ,

,

( ) 1 ( )

( )
1

c a a c f f c c g m o
o o

G c p G c p G c p

c

m o o

G c p

U T U T
I t T I t

U U U
T

I t

U

α β τ η β

η β

+    
+ − +      
   =
 

−  
 

                 (3a) 217 
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 218 

The value of denominator term ( ),( )mo o G c pI t Uη β has almost negligible value whatever 219 

the solar irradiance range 0-1000W/m2. Thus, 
,

( )
1 1mo o

G c p

I t

U

η β 
− ≅  

 
 220 

( ), ,

, ,

(1 )
( )

c a a c f f c c g m o o o
c

G c p G c p

U T U T T
T I t

U U

α β τ η β+  − + = +  
  

                      (3) 221 

For blackened absorber plate 222 

( ) ( ) ( ) ( ),1p c g f p f p a p rI t bdx h T T U T T bdxα β τ   − = − + −   
                              (4) 223 

Solar energy rate
Heat transfer Overall heat 

available on 
rate from blackened loss from plate 

blackened surface due 
plate to working fluid to test cell 

non packing area 

 
    
     = +    
        

 

 224 

From Eq. (4), the expression for plate temperature is given as, 225 

( )2 ,

,

e ff f f p a r
p

p a f

I t h T U T
T

U h

α τ + +
=

+
                                                 (4a) 226 

For air flowing through the duct 227 

( ) ( ),
f

a a f p f c f c r

dT
m C dx h T T U T T bdx

dx
 = − + − 

&                                         (5)           228 

Rate of heat
Mass flow Overall heat

transfer from 
rate of flowing transfer from cell 

blackened plate to 
fluid to test cell

flowing fluid 

 
    
    = +    
       

 

 229 

After substituting the eq. (3c) and (4a) in the eq. (5), the solution of first order differential 230 

equation with boundary condition, at Tf│x = 0, Tf =Tfi and at Tf│x = L, Tf =Tfo. 231 

( ) ( ) , ,
0

,

1 exp expTt r t a L G L GG
f x L f x

L G a a a a

I t U T UT bU L bU L
T T

U m C m C

ατ
= =

  + +    
= − − + −     

         & &
              (5a)  232 

The average air temperature over the air duct length below PV module is given as, 233 
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( ) ( )
, ,

, ,,0

1 exp 1 exp
1

1

L G L G
L

Tt r t a a a a aG
f f fi

L G L GL G

a a a a

bU L bU L

I t U T U T m C m C
T T dx T

bU L bU LL U
m C m C

ατ
    

− − − −     + +     = = − +       
  

∫
& &

& &

              (5b) 234 

For test cell integrating ducted glass to glass PVT module 235 

( ) ( )( )r
a a fo r r a t r a

dT
m C T T M C UA T T

dt
 − = + − 
 

&                                                          (6) 236 

After substituting the value offT from eq.(5b), the solution of first order differential equation 237 

with boundary condition, at Tr│t = 0, Tr =Tri and at Tr│t =t, Tr =Tr is given as, 238 

( )
(1 )a t a t

r r i

f t
T e T e

a
− −= − +                                        (7) 239 

Where, ,1
( ) 1 exp L Gt

t
r a t Tt a a

bU LU
a UA

M C U U m C

      = + − −     +        &

, 240 

( ) ( ) ,1
(t) 1 exp ( )t a L GG

a a t a
r a t Tt a a

I t U T bU L
f m C UA T

M C U U m C

ατ    +   = − − +      +       
&

&

 241 

If Tfi = Tr and Tf =
fT , then from Eqs. (2), (3c) and (5b), the expression for temperature 242 

dependent electrical efficiency is given as, 243 

( ) ( )

( ) ( )

1 , 1 1 1

, , ,

1

1

( )

1 exp 1 exp
1

eff c a a p p Tt r p t aG

c a c f L G

m mo o

o o

p r o

o o

I t U T h I t h U T h U T

U U U

X X
h T T

X X

η η β

ατ ατ

= −

      + + +
+       +        

  − − − −     − + −         

        (8) 244 

where, ,L G
o

a a

b U L
X

m C
=

&
 245 

The hourly rate of useful thermal energy available at test cell after incorporated ducted glass 246 

to glass PVT module can be represented as [29, 30], 247 

.
r

r au

dT
Q M C

d t
 =  
 

                                          (9) 248 

Case 2: Glass to glass PV module without duct. 249 
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For solar cells of PV module [1] 250 

( ) ( ) ( ) ( ),c c g c a c a b c r c g cI t bdx U T T U T T bdx I t bdxα β τ η τ β = − + − +                   251 

(10) 252 

Available solar Overall heat Overall heat Electrical 

energy rate  loss from solar cell top loss from solar cell en

on PV module surface to ambient back side to test cell  

     
     = + +     
          

ergy production 

rate

 
 
 
  

 253 

Where, m c g cη η τ β= . From Eq. (2), substituting the expression for temperature 254 

dependent electrical efficiency, after consider the approximation methods the expression for 255 

solar cell temperature become 256 

( ) ,

,

( (1 ))c c g m o o o b r c a a
c

c a b

T I t U T U T
T

U U

α β τ η β− + + +
=

+
                       (10a) 257 

For test cell integrating with glass to glass PV module 258 

( )( ) (1 ) ( ) ( )r
r a t r a g c m b c r m

dT
M C UA T T I t A U T T A

dt
τ β=+ − − + −                  (11) 259 

After substituting the value of Tc from eq.(10a), the solution of first order differential 260 

equation with boundary condition, at Tr│t = 0, Tr =Tri and at Tr│t =t, Tr =Tr is given as, 261 

( t )
(1 )a t a t

r r i

f
T e T e

a
− −= − +                             (12) 262 

Where, 1 ,( ) t b c a m

r a

U A h U A
a

M C

+ 
=  
 

, 1
,

b
b

c a b

U
h

U U
=

+
 263 

{ } ( ) { }3 1 1 1 ,( )
( ) eff eff b m t b c a m a

r a

h I t A UA h U A T
f t

M C

ατ ατ
=
 + + +
 
  

,  264 

The temperature dependent electrical efficiency of glass to glass PV module from Eq. (2), 265 

using Eqs. (12) and (10a) is given as,   266 
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( )1 ,

,

1
eff b r c a a

m m o o o

c a b

I t U T U T
T

U U
η η β

α τ
= −

   + +
−  +   

                                           (13) 267 

The hourly rate of useful thermal energy available in test cell installing glass to glass PV 268 

module can be represented as [29, 30], 269 

.
r

r au

dT
Q M C

dt
 =  
 

                                                   (14) 270 

Case 3: Glass to tedlar PV module with duct  271 

 272 

For solar cells of PV module [1] 273 

( ) ( ) ( ) ( ) ( ),1c c T c c a c a T c p g c cI t bdx U T T U T T bdx I t bdxα β α β τ η β  + − = − + − +   
          (15) 274 

Solar energy Overall heat Overall heat  Electrical

 rate available loss from solar cell transfer from solar cell  e

on PV module top surface to ambient back surface to tedlar

     
     = + +     
          

nergy 

production rate

 
 
 
  

 275 

Where, m c g cη η τ β= . After substituting Eq. (15) and using the approximation methods in 276 

Eq. (2), 277 

( ){ } ( ),

,

1 (1 )c a a T p g c c T c mo o o

c
c a T

U T U T T I t
T

U U

τ α β α β η β + + + − − + =
+

                                    (15a) 278 

For the back surface of the tedlar 279 

( ) ( )T c p T p fU T T bdx h T T bdx− = −                                         (16) 280 

Overall heat transfer from Rate of heat transfer

solar cell back surface to tedlar from tedlar to working fluid

   
=   

   
 281 

After substituting Eq. (15a), the tedlar back surface temperature of PV module is given as, 282 

 
( ){ } ( )1 1 (1 )p g c c T c m o o o Tt a T f

p
Tt T

h T I t U T h T
T

U h

τ α β α β η β + − − + + + =
+

            (16a) 283 

For the air flowing below the tedlar 284 
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( )( )f
a a bb f r T p f

dT
m C dx U T T bdx h T T bdx

dx
+ − = −&                                                          (17) 285 

M ass flow Overall heat transfer Rate of heat transfer

rate of working from working fluid to from tedlar back surface 

fluid ambient to working fluid

     
     + =     
          

 286 

After substituting the eqs.(15a) and (16a) in the eq. (17), the solution of first order differential 287 

equation with boundary condition, at Tf│x = 0, Tf =Tfi and at Tf│x = L, Tf =Tfo. 288 

( )2 1 , , ,
0

,

1 exp expp p eff t f a bb r L T L T
f x L f x

L T a a a a

h h I t U T U T bU L bU L
T T

U m C m C

ατ
= =

  + +    
= − − + −     

         & &
        (17a)289 

  290 

The average air temperature over the air duct length below PV module is given as, 291 

( )
, ,

2 1 ,

, ,,0

1 exp 1 exp
1

1

L T L T
L

p p eff t f a bb r a a a a
f f r

L T L TL T

a a a a

bU L bU L

h h I t U T U T m C m C
T T dx T

bU L bU LL U
m C m C

ατ
    

− − − −     + +     = = − +     
  

∫
& &

& &

          (17b)           292 

For test cell integrating ducted glass to tedlar PVT module 293 

( )( )r
a a fo r r a t r a

dT
m C T T M C UA T T

dt
  − = + −    

&                                                     (18) 294 

After substituting the value of fT from eq.(17b), the solution of first order differential 295 

equation with boundary condition, at Tr│t = 0, Tr =Tri and at Tr│t =t, Tr =Tr is given as, 296 

( )
(1 )a t a t

r r i

f t
T e T e

a
− −= − +                                  (18a) 297 

Where, , ,

,

1
( ) 1 ex pt f L T

t
r a L T a a

U b U L
a U A

M C U m C

      = + − −             &
 298 

( )2 1 , ,

,

1
( ) 1 exp ( )p p eff t f a L T

a a t a
r a L T a a

h h I t U T bU L
f t m C UA T

M C U m C

ατ   +    = − − +    
       

&
&

 299 
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If Tfi = Tr and Tf = fT , then from Eqs. (2), (15a) and (17b), the expression for temperature 300 

dependent electrical efficiency is given as, 301 

( ) ( )

( ) ( )

( )

, 1 1 1 1

,

2 1 ,

,

1

( )

1 exp
1

1 exp

c a a eff p p eff p Tt a p T

o

c a T Tt T Tt T

p p eff t f a bb r o

m mo o

L T o

o

r

o

U T I t h h I t h U T h h
T

U U U h U h

h h I t U T U T X

U X

X
T

X

η η β

ατ ατ

ατ
= −

+ +  
+ − +  + + +  

    + + − −   −         
   − −    +         








      (19)                 302 

Where, LG T
o

a a

bU L
X

m C
−=

&
 303 

The hourly rate of useful thermal energy obtained for a test cell after integrating glass to 304 

tedlar PVT module is given as [29, 30], 305 

.
r

r au

dT
Q M C

dt
 =  
 

                                    (20) 306 

Case 4: Glass to tedlar PV module without duct 307 

For solar cells of PV module [1] 308 

( ) ( ) ( ) ( ) ( ),1g c c T c c a c a b c r g c cI t bdx U T T U T T bdx I t bdxτ α β α β τ ηα β  + − = − + − +             (21) 309 

Solar energy Overall heat Overall heat Elec

falling rate available loss from solar cell top loss from solar cell back 

on PV module surface to ambient surface to test cell 

     
     = + +     
          

trical

energy 

production rate

 
 
 
  

 310 

Where, m c g cη η τ β= . After substituting the Eq. (2), using expression for temperature 311 

dependent electrical efficiency in Eq. (21), using the approximation methods then expression 312 

for solar cell temperature is 313 

( ) ( ) ,

,

1 1 ( )

( )
g c c T c mo o o c a a b r

c
c a b

T I t U T U T
T

U U

τ α β α β η β + − − + + + =
+

                     (21a)  314 

For test cell integrating glass to tedlar PV module 315 
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( ) ( )( )r
b c r m r a t r a

dT
U T T A M C U A T T

dt
 − = + − 
 

                                                (22) 316 

After substituting the value of, Tc from eq.(21a), the solution of first order differential 317 

equation with boundary condition, at Tr│t = 0, Tr =Tri and at Tr│t =t, Tr =Tr is given as, 318 

(t)
(1 )at a t

r r i

f
T e T e

a
− −= − +                                                 (22a) 319 

Where, 1( ) (1 )t b p m

r a

UA U h A
a

M C

+ − 
=  
 

, 1
,( )

b
b

t c a b

U
h

U U
=

+
, 320 

{ }1 1 ,( ) ( )
( ) eff m b b c a m t a

r a

I t A h h U A UA T
f t

M C

ατ
=
 + +
 
  

 321 

The temperature dependent electrical efficiency Eqs (2) and (21a), 322 

,

,

1
( )

( )
eff c a a b r

m mo o o

c a b

I t U T U T
T

U U
η η β

ατ
= −

  + +
−  +  

                         (23) 323 

The rate of useful thermal energy obtained for a test cell after integrating glass to tedlar PV 324 

module is given as [29, 30], 325 

.
r

r au

dT
Q M C

dt
 =  
 

                                    (24) 326 

For experimentally observation, electrical efficiency of PV can be calculated by the following 327 

expression [1], 328 

m m

. . . . .

(t).A (t).A
sc oc L L m m L L

m

I V FF I V I V I V

I I
η − −= =                             (25) 329 

Here, IL and VL are load current and voltage for a DC fan incorporated in ducted PV 330 

configuration of Case 1 and 3. FF is fill factor or power factor that defines the sharpness of I-331 

V curve knee.  332 

The instantaneous thermal efficiency, ηith have been calculated by using the following 333 

expression,  334 
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.

m(t).A
u

ith

Q

I
η =                                    (26) 335 

Thermal load levelling (TLL) 336 

As the PVT systems are integrated over the room, their temperature fluctuate according to the 337 

fluctuation observed in ambient condition (solar intensity I(t), ambient temperature, Ta). 338 

Likewise temperature inside the test cell was varied with solar intensity, I(t) and ambient 339 

temperature, Ta that are time dependent [1, 30]. Therefore, the thermal load levelling is 340 

necessary to reduce the fluctuation inside the test cell 341 

( )
( )

,m ax ,m in

, m ax ,m in

r r

r r

T T
T L L

T T
=

−
+

                                              (27) 342 

In order to attain thermal stability inside prototype test cell during day time, TLL should be 343 

minimum that will help in achieving less fluctuation [1, 42]. For various applications such as 344 

space heating, thermal comfort, constant sun bath, biogas production and greenhouse crops 345 

cultivation/drying stable temperature is required that is the basic utility to observe TLL for 346 

different PVT configurations. 347 

The experimentally observed results are equated with the theoretical results using thermal 348 

modelling are evaluated by considering two parameters; correlation coefficient, r and root 349 

mean square deviation, e measured by using following expression [1], 350 

Correlation coefficient  
( )( )

( ) ( )2 22 2

i i i i

i i i i

N X Y X Y
r

N X X N Y Y

−
=

− −

∑ ∑ ∑

∑ ∑ ∑ ∑
                   (28) 351 

r > 0  indicates a positive linear relationship.  352 

r < 0  indicates a negative linear relationship.  353 

r = 0 implies no linear relationship between two variables. 354 

Root mean square percent deviation 
2

( )ie
e

N
= ∑                                  (29) 355 

where 10 0i i
i

i

X Y
e

X

 −
= × 
 

, Yi (experimental values of variables), and Xi (theoretical 356 

values of variables). 357 

 358 

4. Results & discussion 359 
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The hourly observed incident solar intensity, I(t) on the PV modules and ambient 360 

temperature, Ta on Jan 02, 2016  are shown in Fig. 3. The experiment was executed on a clear 361 

day when the ratio of daily diffuse to daily global irradiance is less than or equal to 0.25. The 362 

solar irradiance attains maximum value of 906 W/m2 in between 12:00 to 13:00 and has 363 

maximum ambient temperature between 14:00 to 15:00 that reached up to 23.7oC. For 364 

theoretical analysis, experimentally observed incident solar irradiance, I(t) and ambient 365 

temperature, Ta were used to calculated module operating temperature, Tc, by using equation 366 

(3), (10a), (15a) and (21a) for the cases 1, 2, 3 and 4 respectively. The experimental 367 

validation by data correlation and theoretical calculation for measuring required parameters 368 

was carried out by computational algorithm based on MATLAB software is shown in Fig. 4. 369 

This study illustrates the benefits of Building integrated photovoltaic-thermal (BiPVT) 370 

system, and helps in the selection of the configuration suitable for a specific requirement 371 

based on the climatic condition and load demand for space heating. 372 

The photovoltaic parameters for all the cases have been measured at regular intervals of time 373 

as tabulated in Table 4. The Isc values for the cases 1 and 2 do not show much variance with 374 

installation of duct whereas even without duct, the case 2 has higher value as compared with 375 

the case 1. These trends of Isc for both cases are independent of weather conditions. However, 376 

cases 3 and 4 do not follow these trends, here, installation of a duct enhances the performance 377 

of glass-to-tedlar PV module and likewise the case 3 has higher Isc as compared to the case 4 378 

since lower operating temperature, Tc enhance PV module voltage, Voc and cell current, Isc. 379 

Moreover, an increase in Isc was observed with operating temperature reduction due to 380 

marginal increase of photo-generation rate along with reduction in the band gap energy. The 381 

temperature rise enhances the dark current that induces negative effect on cell voltage due to 382 

rapid growth in reverse saturation current [1]. In glass to tedlar PV module, open-circuit 383 

voltage, Voc shows significant influence in case 3 than case 4 due to the substantial decrease 384 

in module operating temperature, Tc. Since duct any how helps in reducing the module 385 

temperature whereas on the contrary glass to glass PV modules have not exhibited similar 386 

trends [29, 34-38]. Here, case 2 provided higher Voc as compared to the case 1 due to the 387 

absence of heated duct plate as encountered in case 1 and continuous heating of pre heated 388 

inside air of test cell. Though, this phenomenon was not observed in non integrated 389 

application of glass to glass PVT system where input air of duct was ambient air as defined 390 

by Dubey et al. [43]. 391 
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Fig. 5 compares the experimentally observed electrical efficiencies at regular intervals of 392 

time for all the cases by using Eq. (25). Glass to glass PV module achieves higher efficiency 393 

as compared to glass-to-tedlar PV module for both with and without duct cases as observed in 394 

several previous studies [14, 29, 30, 34].  Daily average electrical efficiency for different 395 

cases has been found to be 12.65%, 12.7%, 11.9%, and 11.6% for Case 1, 2, 3 and 4 396 

respectively. For cases 1 and 2, the electrical efficiencies almost remained the same.  The 397 

substantial variations in electrical efficiencies were observed in cases 3 and 4. The 398 

comparison of experimentally measured and theoretically calculated electrical efficiency as 399 

well as measured PV module operating temperature, Tc for all the cases are shown in Figs. 6 400 

(a), (b), (c) and (d). The theoretical electrical efficiency of case 1 and case 2 were calculated 401 

by using Eqs. (8) and (13) respectively. Eqs. (19) and (23) were used to obtain theoretical 402 

electrical efficiency of case 3 and case 4 respectively. The variations in the pattern of 403 

experimentally measured values were first increases with time and later decreases with time 404 

as observed through theoretical calculated values. The variation in the pattern of PV module 405 

electrical efficiency can be understood by module operating temperature fluctuation, as 406 

temperature reaches up to maximum value their corresponding electrical efficiency approach 407 

to minimum value. Even with the incorporation of duct over both types of PV module, 408 

phenomenon remains the same. Dubey et al. [43] and Chow [29] also observed the similar 409 

kind of phenomenon, as operating temperature decreases, electrical efficiency increases and 410 

vice versa. To equate theoretically calculated with experimentally observed results, Eqs. (28) 411 

and (29) were used to calculate correlation coefficient (r) and root mean square percent 412 

deviation (e) as depicted in Figs. 6. The values of correlation coefficient (r) and root mean 413 

square percent deviation (e) are varying from 0.867 to 0.911 and 2.51 to 3.42 respectively. 414 

The experimentally measured values show close agreement with theoretically calculated 415 

results. The maximum daily hourly average PV module operating temperature, Tc was 416 

attained by case 4 with value 46oC followed by 41.7oC of case 3 and their corresponding 417 

daily electrical averages were about 11.65% and 11.95% respectively. For cases 1 and 2, 418 

daily average operating temperatures, Tc were 36.7oC and 35.6oC respectively. Their 419 

corresponding electrical efficiency, ηm does not show as much variation as measured in cases 420 

3 and 4 on the contrary case 2 has marginally higher efficiency than case 1. Although, these 421 

results are in dissent with observation recorded by Dubey at al. [43] and Chow [29] since 422 

preheated inside air of test cells was regularly used to cool the PV modules instead of 423 

ambient air. Therefore, regular enclosure of preheated test cell air behind glass to glass PV 424 
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module increases the operating temperature, though glass to tedlar PV module does not show 425 

such phenomenon. Thus, glass to glass PV modules are more sensitive towards test cell room 426 

temperature as compared to glass to tedlar PV modules.   427 

Fig. 7 shows the experimentally observed and theoretically calculated values of test cell room 428 

air temperature for different cases, which indicates that inside air temperature of test cell, Tr 429 

of case 1 attains higher temperature 28.3oC followed by case 2, case 3 and case 4 with values 430 

27.4oC, 27oC and 25oC respectively. Further, for both with and without duct case, glass to 431 

glass PV modules achieved higher inside air temperature as compared with glass to tedlar.  432 

This finding agrees with the results reported earlier by Guiavarch and Peuportier [44]. It 433 

happens due to two reasons, firstly, reduction in heat losses from inside of test cell to outside 434 

due to the presence of glazing in glass to glass cases. Secondly, the direct heat gain through 435 

non packing area of glass to glass along with low thermal conductivity of tedlar [29, 30]. 436 

Moreover, installation of a duct on test cell any how increases, Tr than without duct case for 437 

both PV modules. The variation pattern of test cell inside air temperature, Tr follows the same 438 

exponential expression as observed from the theoretical analysis of PVT integrated test cell 439 

for all the cases. For theoretical calculation, eqs (7), (12), (18a) and (22a) were used and 440 

compared with experimentally observed results on the bases of correlation coefficients (r) 441 

and root mean square deviation (e). Their values vary from 0.871 to 0.921 and 2.82 to 3.44 442 

respectively. This indicates that a fair agreement has been accomplished between 443 

experimentally observed and theoretically calculated Tr values for all the cases. For case 1 444 

and 3, the ducted plate and fluid air temperature are shown in Fig 8. Since the solar irradiance 445 

is directly transmitted through the non-packing area of case 1, their blackened ducted plate 446 

gets direct solar irradiance as well as conduction through solar cell whereas in case 3  only 447 

conduction via tedlar play dominant role. The daily average duct plate and fluid air 448 

temperatures (average over the duct) of case 1 were about 45oC and 27oC respectively. For 449 

case 3, daily average duct plate and average fluid (air) temperatures over the duct (daily) 450 

were 37.2oC and 19oC respectively.  451 

The comparisons of instantaneous thermal efficiency for different cases in outdoor conditions 452 

are depicted in Fig. 9. Generally, a PV module is used to generate electrical energy, but, by 453 

using a proper arrangement, PV can also be used for space heating [29, 30]. For cases 1 and 454 

3, integrated duct behind the PV module operates on a force convection mode that helps 455 

increase the test cell inside air temperature by regular air circulation through duct. For cases 2 456 

and 4, direct transmission of solar irradiance through non packing area of PV module and 457 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

19 

 

conduction through solar cell increases room air temperature [29, 30, 44]. Eq. (26) is used to 458 

calculate instantaneous thermal efficiency for all the cases. Instantaneous thermal efficiency, 459 

that was calculated hourly as thermal energy Mr.Ca.(Tr-Ta) stored by increasing test cell room 460 

air temperature with respect to available solar irradiance. Case 1 has maximum instantaneous 461 

thermal efficiency with daily average value of 32.77% followed by case 3 with 32.37%. Case 462 

2 shows higher thermal efficiency over cases 4 with daily average values of 25.40% and 463 

14.05%, respectively. These results agree with several experimental and theoretical studies 464 

carried out by authors such as Chow [5, 29], Chow et al. [26], Tyagi et al. [34], Fung and 465 

Yang [35], Anderson et al. [36] and Yin at al. [38]. The hourly calculated thermal energy 466 

generated during experimentation for all the four cases are given in Table 3. The useful 467 

thermal energy available for space heating in a day for all the cases is depicted in Fig. 10. 468 

Case 1 has maximum solar heat gain with an hourly average about 0.32kWhr/hr as it has 469 

higher instantaneous thermal efficiency followed by case 2 with value 0.24kWhr/hr.  470 

Thermal load levelling (TLL) with packing factor for all cases is shown in fig. 11. TLL is 471 

inversely associated with the thermal comfort. As the level of thermal comfort increases, the 472 

value of TLL decreases and vice versa. When the value of TLL approaches zero this signifies 473 

an ideal case and there will be no fluctuation in temperature. In present case, as packing 474 

factor of PV modules increase, thermal stability decreases. For uniform space heating or 475 

various applications that require space heating, TLL should be low. Case 1 again attains 476 

maximum TLL results for higher performance of heat gain but its hourly variation reflects 477 

non uniformity. Though, this phenomenon can be overcome by air diffusion through the 478 

ambient environment keeping the packing factor low to enhance the performance of PVT 479 

system for all cases. This observation is in agreement with the previous studies by Tiwari et 480 

al. [42], Vats et al. [45] and Taffesse et al. [46]. In various applications such as space heating, 481 

greenhouse base biogas production, clothing industries and drying industries that requires 482 

uniform heating, TLL should be kept low [42, 45].  Fig. 12 shows the variation of thermal 483 

load levelling (TLL) with mass flow rate of air through duct integrated below the 484 

photovoltaic modules for cases 1 and 3. For both cases, as mass flow rate increases their 485 

thermal stability decreases with high value of TLL. Though, slope of TLL is more at low 486 

mass flow rate and as mass flow increases the slope curve decreases. Rajoria et al. [40] and 487 

Tiwari et al. [45] have also observed same phenomenon of increasing mass flow rate with 488 

decreasing thermal stability of the system. The hourly variation of thermal load levelling 489 

(TLL) with absorptivity and tranmittivity for all the cases are shown in figs. 13 and 14 490 
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respectively.  The absorptivity reflects the degradation effect whereas, the transmittivity 491 

reflects dusting effect on photovoltaic modules [45, 46]. As absorptivity of PVT 492 

configuration increases the TLL value decreases, therefore for thermal stability higher 493 

absorptivity is preferred. Due to the aging of photovoltaic, degradation (absorptivity reduces) 494 

takes place due to decolouration and defects in PV modules, which results in the reduction of 495 

thermal stability or TLL values. Fig. 13 clearly indicates that with increasing tranmittivity of 496 

the photovoltaic glass reduces TLL resulting thermal instability increases. Therefore, regular 497 

cleaning of PVT modules makes it more thermally stable for better performance [45].   498 

It can be inferred from the above studies that glass to glass PV module has high capacity of 499 

heat dissipation even without duct, its efficiency increases. The integration of duct helps 500 

increase thermal efficiency for both types of PV modules and the unique combination of glass 501 

to glass PV with duct (Case 1) not only improves module electrical efficiency but also play 502 

an unparalleled role in space heating for cold climatic condition. Thus case 1 increases the 503 

room air temperature about 5oC in pursued by case 2 with about 4oC change with respect to 504 

ambient temperature.  505 

 506 

5. Conclusion 507 

In this study, the performance of four different PVT configurations integrated on prototype 508 

test cells were investigated to comprehend the efficacy of building integrated PVT (BiPVT) 509 

systems. An analytical model for electrical efficiencies, room air temperature of test cells and 510 

thermal efficiencies is developed, and experimentally validated in outdoor condition on the 511 

basis of correlation coefficient (r) and root means square deviation (e) and found to be in 512 

range r = 0.867-0.915, e = 2.51-3.42, and r = 0.871-0.921 e = 2.82-3.44, respectively. The 513 

installation of duct (Case 3) helps in reducing the operating temperature, Tc with hourly 514 

average 4.5oC for glass to tedlar PV module (Case 4). Whereas, for glass to glass PV module 515 

(Case 1), its operating temperature, Tc increases with an hourly average 1.07oC than without 516 

duct (Case 2) due to the entrapment of preheated air inside duct enclosure. As compared to 517 

without duct (Case 4), glass to tedlar PV module with duct (Case 3) has higher electrical 518 

efficiency with an average 0.28% while on the contrary in glass to glass PV module without 519 

duct (Case 2) have higher electrical efficiency than with duct (Case 1) with an average 520 

0.05%. The glass-to-glass PV modules as compared with glass-to-tedlar PV module have 521 

higher electrical efficiency with an average of 0.72% and 1.05% for with and without duct 522 

cases. Electrical energy are found to be 0.583kWh, 0.584kWh, 0.505kWh and 0.488kWh for 523 
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case 1, case 2, case 3 and case 4, respectively for a typical day of January. Similarly, their 524 

corresponding thermal energy are 3.74kWh, 2.90kWh, 2.78kWh and 1.06kWh for case 1, 525 

case 2, case 3 and case 4, respectively. In ducted case, case 1 has the maximum room air 526 

temperature and maximum daily useful solar heat gain is higher by 1.3oC and 0.13kWh as 527 

compared with case 3, whereas, in non-ducted case, case 2 is higher by 2.4oC and 0.25kWh 528 

as compared to the case 4. Thermal stability decrease with increase of packing factor and air 529 

mass flow rate through the PV integrated duct along with at low mass flow rate. Moreover, 530 

degradation (decrements in absorptivity) and dusting effects (decrements in transmittivity) of 531 

photovoltaic module creates detrimental impact on the thermal stability of different PVT 532 

configuration.  533 

Based on the developed model and its experimental validation, the analytical model can be a 534 

very useful tool for the designer, architect to predisign the optimal system according to the 535 

load demands. Design of case 1 is efficient if these kinds of systems are installed as roof of 536 

building or integrated with building envelop, this will simultaneously fulfil the electrical and 537 

thermal needs. The design of case 2 is beneficial in terms of electric production as compared 538 

to uncontrolled heating, though; daylighting is the additional benefit in this case. The 539 

proposed model should also be validated for different kind of PV technology available in the 540 

market. To attain a thermal comfort or achieve desired temperature inside test cell or building 541 

integrated PVT system, mass flow rate of air inside duct should be optimized as per the need. 542 

An overall exergy analysis should be carried out considering daylighting parameters for both 543 

glass to glass and glass to tedlar PV module as well as possible feasible usage of transparent 544 

duct. 545 

 546 

Appendix 547 

In modelling equations, we used following relations for defining the design parameters, 548 

which are shown in Table 1 [1, 30, 40-43]. 549 

(i) Case 1: Glass-to-glass PV module with duct 550 

( ) 1 1 2 2p e f f p e f fG
h hα τ α τ α τ= +  551 

Here, ( )1 2(1 ) 1eff c c g mo o o eff p c gT andατ α β τ η β ατ α β τ= − + = −  552 

hp1 and hp2 is the penalty factors due to glass cover of PV module, and corresponding ho and 553 

hf values taken from Tiwari et al. [1], which are defined as, 554 

,
1 2

, , ,

c f f
p p

c a c f p a f

U h
h and h

U U U h
= =

+ +
 555 
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 556 

(ii)  Case 2: Glass-to-glass PV module without duct  557 

In this analysis, ho and hi taken from Tiwari et al. [1] 558 

1 (1 )eff c c g mo o oTατ α β τ η β= − + , 559 

( )3 1eff g cα τ τ β= −  560 

1

,

1

1
, 5.7 3.8 , 1 /

1
, 2.8 3 , 0 /

g
c a o

g o

g
b i

g i

L
U h V V m s

K h

L
U h v v m s

K h

−

−

 
= + = + = 
  

 
= + = + = 
  

 561 

(iii)  Case 3: Glass-to-tedlar PV module with duct 562 

( ){ }1 (1 )e f f g c c T c m o o oTα τ τ α β α β η β = + − − +   563 

hp1 and hp2 is the penalty factors due to glass cover and tedlar of PV module, which are 564 

defined as, 1 2
, ,

T T
p p

c a T c a T

U h
h and h

U U U h
= =

+ +
, used ho and hT values taken from Tiwari et 565 

al. [1] 566 
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 567 

(iv) Case 4: Glass-to-tedlar PV module without duct 568 

In this analysis used ho and hi values taken from Tiwari et al. [1] 569 

( ) ( )1 1e ff g c c T c m o o oTα τ τ α β α β η β = + − − +   570 

1

,
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 688 

Nomenclature 

Am area of the PV module (m2) U c,f an overall heat transfer coefficient 
from solar cell to flowing air through 
glass cover/tedlar (W/m2 oC) 

As area of inside wall surface (m2) VL load voltage (V) 
b width of PV module (m) Voc open circuit voltage (V) 
Ca specific heat of air (J/kgK) V,v air velocity (m/sec) 
DC direct current Vmax maximum voltage (V) 
h heat transfer coefficient (W/m2 oC) Voc open circuit voltage (V) 
ho heat transfer coefficient between a surface and 

ambient of account on convection and radiation 
(W/m2 oC) 

Subscripts 

hk heat transfer coefficient through the glass cover of 
a solar cell (W/m2 oC) 

a ambient 

hr radiative heat transfer coefficient ((W/m2 oC)) c solar cell/module 
hp1 penalty factor due to presence of  solar cell eff effective 
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material, tedlar and EVA, dimensionless 
hp2 penalty factor due to presence of interface between 

tedlar and working fluid through absorber plate, 
dimensionless 

f working Fluid (air) 

I (t) incident solar intensity (W/m2) fi inlet fluid 
IL load current (A) fo outgoing fluid 
Imax maximum current in the module (A) g,G glass 
Isc short circuit current in the module (A) G-G glass to Glass 
K thermal conductivity (W/m K) ith instantaneous thermal 
L length of PV module (m) p blackened Plate 

m&  mass flow rate (kg/sec) r room (test cell inside) 
M mass (kg) T tedlar 

uQ&  rate of useful energy transfer (W) th thermal 
t time (s)   
T   average temperature (0C or K)   
T temperature (0C or K) Greek letters 
UL overall heat transfer coefficient from solar cell to 

ambient through top and back surface of insulation 
(W/m2 oC) 

α  absorptivity 

(UA)T overall heat transfer coefficient from inside of test 
cell to ambient air temperature, (W/m2 oC) 

(ατ)eff product of effective absorptivity and 
transmittivity 

Ub an overall back loss coefficient from flowing 
air/plate to ambient (W/m2 oC) 

cβ  packing factor 

Up,a an overall heat transfer coefficient from blackend 
plate to ambient through bottom  surface (W/m2 
oC) 

oβ  temperature dependent correction 
coefficient 

UL an overall heat transfer coefficient for glass to 
glass and glass to tedlar modules (W/m2 oC) 

τ  transmittivity 

Ut overall top loss coefficient of unglazed module 
(W/m2 oC) 

η  efficiency 

UTt overall top loss coefficient of plate to ambient 
(W/m2 oC) 

mη  electrical efficiency of PV module 

Uc,a an overall heat transfer coefficient from solar cell 
to ambient through glass cover (W/m2 oC) 

moη  efficiency at standard test condition ( 
I(t) = 1000W/m2 and Ta = 25oC) 
(dimensionless) 

 689 

 690 
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 694 

Fig. 1. Photograph of the experimental set up at the roof-top of IIT Delhi, New Delhi.   695 

 696 

 697 

Fig. 2. Schematic view of four different possible configurations; (a) Case 1, (b) Case 2, (c) 698 

Case 3 and (d) Case 4. 699 
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 700 

Fig. 3. The hourly variation of solar intensity, I(t) and ambient temperature, Ta on the Jan 02, 701 

2016. 702 
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 703 

Fig. 4. Flow chart of the methodology followed in the performance analysis of different PVT 704 

configuration. 705 
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 706 

Fig. 5. The comparison of hourly observed electrical efficiency, ηm for different cases, and 707 

ambient temperature, Ta. 708 

 709 

(a) 710 

 711 

0

5

10

15

20

25

10

10.5

11

11.5

12

12.5

13

13.5

14

07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00

A
m

bi
en

t 
T

em
pe

ra
tu

re
, o

C

E
le

ct
ric

al
 E

ffi
ci

en
cy

, %

Time, hours

Case 1 Case 3 Case 2 Case 4 Ta (Jan 2, 2016)

0

10

20

30

40

50

60

10

10.5

11

11.5

12

12.5

13

13.5

14

07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00

T
em

pe
ra

tu
re

, o
C

E
le

ct
ric

al
 E

ffi
ci

en
cy

, %

Time, hours

Theo.

Exp.

Tc

e=2.51
r=0.911



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

32 
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(b) 713 
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(c) 715 
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 717 

(d) 718 

Fig. 6. The hourly variation of theoretical calculated and experimentally observed electrical 719 

efficiency, ηm and module temperature, Tc for different cases; (a) Case 1, (b) Case 2, (c) Case 720 

3, and (d) Case 4. 721 

 722 

 723 

Fig. 7. The hourly variation of theoretical calculated and experimentally Test cell room air 724 

temperature, Tr for different cases; (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4. 725 
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 726 

 727 

Fig. 8. The hourly variation of ducted blacken surface temperature and fluid temperature 728 

(average over the length of duct) for both Cases 1 and 3. 729 

 730 

Fig. 9. Comparative hourly variation of hourly measured instantaneous thermal efficiency, 731 

ηith of different case.   732 
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 733 

Fig. 10. Comparison of cumulative useful thermal gain obtained from different cases. 734 

 735 

 736 

 737 

 738 

Fig. 11. Comparative hourly variation of thermal load levelling with packing factor for 739 

different cases. 740 
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 742 

Fig. 12. Comparative hourly variation of thermal load levelling with mass flow rate of air 743 

through duct for different cases. 744 

 745 

 746 

Fig. 13. Comparative hourly variation of thermal load levelling with absorptivity (effect of 747 

degradation on PV modules) for different cases. 748 
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 750 

Fig. 14. Comparative hourly variation of thermal load levelling with transmittivity (effect of 751 

dusting on PV modules) for different cases. 752 
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Table 1  773 

Design parameters and characteristic values of both glass to tedlar and glass to glass PV 774 

modules used during the experiment 775 

Parameter 

(Symbol) Unit Glass/tedlar PV Glass/glass PV 

b  m 0.66 0.69 m 

L  m 0.8 1 

ma  kg/s 0.0058 0.0058 

Ca  J/kg K 1005.00 1005.00 

αc fraction 0.90 0.90 

αp fraction 0.80 0.80 

βo K-1 0.0045 0.0045 

ατ fraction 0.50 _ 

βc fraction 0.83 0.65 

ηmo fraction 0.13 0.135 

τg fraction 0.95 0.95 

Kg  W/mK 1.1 1.1 

Lg  m 0.003 0.003 

KT  W/mK 0.033 _ 

LT m 0.0005 _ 

Pmp Watt 75 75 

Vmp Volt 17.5 17.7 

Imp Ampere 4.14 4.2 

Voc Volt 21 21.4 

Isc Ampere 4.4 4.6 

 776 

 777 

Table 2 778 

Parameters of Test cell used in experimentation 779 

Parameters Units Values 

Inside wall surface (As) m2 1.46 

Inside volume of test cell m3 0.56 

Thickness of wood (lw) m 0.03 

Mass of air inside test cell (Mr) kg 0.686 

Thickness of insulation (li) m 0.15 

Thermal conductivity of wood (kw) W/mK 0.09 

Thermal conductivity of insulation (ki) W/mK 0.022 

 780 
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 781 

 782 

 783 

Table 3 784 

Uncertainty in measured after using measuring instruments can be defined as follows [42] 785 

Uncertainty Parameters Calculation 

Temperature (UT,total) 

(combination of digital thermometer,  mercury 

thermometer, T-type thermocouples, digital temperature 

indicator, junction point and  temperature error in reading) 

UT,total =[(Udig.)
2 + (Umer.)

2 + (Uthermoc.)
2 + 

(Udigi-indi.)
2 (Ujunc.)

2 +(Uread.)
2]1/2 

=[0.12+0.22+0.12+0.12+0.12+0.12]1/2=0.30 

Air velocity measurement (UA,total ) 

(combination of anemometer and reading inhomogenety) 

UA,total=[(UAnem.)
2 +(Uread.)

2]1/2 

= [(0.1)2 +(0.1)2]1/2= 0.14 

Solar intensity measurement (US,total ) 

(combination of digital Solarimeter and reading 

inhomogenity) 

US,total=[(Usolar.)
2 +(Uread.)

2]1/2 =[(1)2 +(1)2]1/2 

=1.4 

Total uncertainty in experimental observation (UO,total)  

 

UO,total=[ (UT,total)
2+ (UA,total)

2+ (US,total)
2]1/2 

= [ (0.3)2+ (0.14)2+ (1.4)2]1/2= ± 1.43% 

 786 
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Table 4  
Hourly variation of Isc, Voc, FF and ηm, of four PV configurations; (a) glass to glass PV modules with and without duct (Case 1/2), (b) glass to 
tedlar PV modules with and without duct (Case 3/4) have also been given. 

Time Isc (A) Voc (V) FF ηm (%) T r (oC) Pm (W) Thermal Energy (W) 

(hr) 
With 
duct 

Without 
duct 

With 
duct 

Without 
duct 

With 
duct 

Without 
duct 

With 
duct 

Without 
duct 

With 
duct 

Without 
duct 

With 
duct 

Without 
duct With duct 

Without 
duct 

07:00 2.00 2.18 20.78 20.82 0.57 0.52 13.3 13.36 8.2 8.1 23.61 23.62 66.69 40.71 
08:00 3.00 3.16 20.60 20.72 0.57 0.54 13.2 13.25 9.5 9.4 35.43 35.44 99.03 63.31 
09:00 3.72 3.74 19.61 19.71 0.68 0.67 13.08 13.15 11.9 11.7 49.61 49.6 141.95 92.87 
10:00 3.98 4.00 19.50 19.69 0.73 0.72 12.72 12.8 15.6 15.3 56.71 56.63 169.76 110.85 
11:00 4.38 4.40 19.10 19.38 0.82 0.80 12.19 12.28 19.3 18.9 68.75 68.59 214.34 140.93 
12:00 4.46 4.47 18.60 18.87 0.86 0.84 11.95 12.03 23.3 22.8 71.19 70.94 230.66 150.60 
13:00 4.40 4.42 18.70 18.77 0.84 0.83 11.96 12.03 24.7 24.1 69.4 69.18 226.72 147.26 
14:00 4.31 4.32 19.03 19.07 0.81 0.80 11.97 12.04 27 26.2 66.47 66.25 221.08 142.21 
15:00 4.12 4.13 19.40 19.37 0.76 0.76 12.12 12.18 28.3 27.4 60.64 60.45 203.88 129.42 
16:00 3.55 3.57 19.83 19.85 0.64 0.64 12.66 12.7 27.1 26.1 45.14 45.06 152.89 93.81 
17:00 2.00 2.67 20.12 20.17 0.63 0.47 13.22 13.2 24.7 23.6 25.2 25.2 91.73 51.58 
18:00 1.40 1.47 9.6 9.40 0.93 0.66 13.49 13.49 21.6 20.5 12.56 9.04 52.68 19.28 

(a) 
 

Time  Isc (A) Voc (V) FF ηm (%) T r (oC) Pm (W) Thermal Energy (W) 

(hr) With 
duct 

Without 
duct 

With 
duct 

Without 
duct 

With 
duct 

Without 
duct 

With 
duct 

Without 
duct 

With 
duct 

Without 
duct 

With 
duct 

Without 
duct 

With duct Without 
duct 

07:00 1.80 1.79 19.28 19.10 0.60 0.61 12.8 12.7 8.1 8 20.89 20.74 50.33 17.01 
08:00 2.54 2.49 19.00 18.51 0.64 0.67 12.78 12.51 9.4 9.1 31.14 30.76 72.51 25.38 
09:00 3.47 3.36 18.76 18.36 0.66 0.69 12.32 12.07 11.7 11.2 43.21 42.35 102.41 36.94 
10:00 3.69 3.56 18.25 17.73 0.73 0.76 11.93 11.62 15.2 14.6 49.12 47.86 123.07 45.76 
11:00 4.15 3.91 17.82 17.22 0.80 0.84 11.34 10.94 18.8 17.8 58.93 56.87 154.83 58.48 
12:00 4.21 4.05 17.35 16.77 0.83 0.86 11.08 10.65 22.5 21.3 60.81 58.45 167.90 64.62 
13:00 4.16 4.01 17.42 16.78 0.82 0.85 11.1 10.69 23.8 22.3 59.37 57.16 165.90 64.22 
14:00 4.01 3.87 17.92 17.35 0.79 0.82 11.13 10.74 25.9 24.1 56.99 54.96 163.40 63.96 
15:00 3.81 3.69 18.62 18.28 0.74 0.75 11.32 10.96 27 25 52.24 50.61 152.54 60.34 
16:00 3.27 3.20 19.26 18.87 0.63 0.64 11.94 11.7 25.8 23.5 39.38 38.6 117.71 47.10 
17:00 1.67 1.56 18.51 18.22 0.72 0.78 12.6 12.4 23.3 20.9 22.29 22.11 75.36 30.69 
18:00 1.36 1.12 18.30 18.15 0.45 0.40 13 12.89 20.2 17.7 11.19 8.06 47.36 17.11 

(b) 
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Highlights: 

• Potential of different photovoltaic-thermal configuration for space heating is explored. 

• Thermal model for different photovoltaic-thermal configurations integrated on prototype 

test cells is developed. 

• Test cells based experiments are performed for different photovoltaic-thermal 

configuration in outdoor environment. 

• Thermal load levelling with varying packing factor, mass flow rate of air through 

integrated duct, absorptivity (degradation effect) and transmittivity (dusting effect) have 

been carried out.  

• Thermal model helps to choose the photovoltaic-thermal configuration options in 

building application according to local climatic condition. 


