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®Dublin Energy Lab, Dublin Institute of TechnolodyIT), Dublin 7, Ireland.

Abstract
This study elaborates the theoretical and expetahegnalysis for the effectiveness of

different photovoltaic thermal (PVT) configuratioatong with their building implications.
An experiment was performed on especially desigioent identical prototype test cells
emphasise the building integration photovoltaicrrired (BiPVT) systems. A comparative
analysis of four different possible PVT configuosis integrated on identical test cells
namely; Case 1: Glass-to-glass PV with duct integran a test cell, Case 2: Glass-to -glass
PV without duct integrated on a test cell, Cas&lass to tedlar PV with duct integrated on a
test cell and Case 4: Glass to tedlar PV withowt thiegrated on a test cell was carried out.
Analytical model of the electrical and thermal peniance for different cases was developed
and experimentally validated in outdoor conditioBs. the basis of the correlation coefficient
(n and root mean square percent deviation (e)aia dgreement between theoretically
calculated and experimentally observed values lsesed. The glass to glass PV module
gives better both electrical and thermal perforneanith hourly average, 12.65% and
12.70% for case 1 and 2 respectively. Similarlg, hlourly average;, was observed 32.77%
and 25.44% for case 1 and 2 respectively. Furtthermal load levelling with varying
packing factor, mass flow rate of air through th¥ khtegrated duct, absorptivity

(degradation effect) and transmittivity (dustinfeef) are also discussed.

Keywords: Semi-transparent photovoltaic modules;agde photovoltaic modules; Electrical Efficiency;

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

1. Introduction
Photovoltaic thermal (PVT) collector comprises of iateresting solar technology to be
integrated in a building, since they generate belbctricity and heat from a single

implemented component [1]. On an average, photanmo{PV) system converts about 20% of
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incident irradiance in to electrical yields, whB®% remains unutilized and is turned into
heat [2, 3]. Thus, the utilization of untapped gyesind enhancing the energy yields per unit
area is an important aspect of hybrid PVT syste#hsNloreover, the optional conversion
allows us to optimize electrical or thermal enedgpending upon load requirements. [5].
Kern and Russel introduced the concept of PVT usin@nd water as a working fluid [6].
Since last four decades, a significant amount séaech in PVT technology has been done,
several publications focusing advanced innovatiystesns and products are available in
literature [5]. In mid-70s, several authors suchWaslf [7] and Florschuetz [8] conducted
research on solar hybrid system, and developeddtiea models with experimental studies
to configure the efficiency and electrical yield3uring 1980s, several research groups
focused on the development of flat plate colleCRT). Like Mbewe et al. [9] and Handy et
al.,, [10] a few authors designed concentrated dylrollectors (CPVT). Furthering
development of this technology, various experimeaa theoretical models of PVT cooled
with air or water were analyzed. Similarly, Sop&tral. [11] experimentally evaluated PVT
with air for single and double pass. In comparatwalysis of PVT cooled with air and
water, Prakash [12] observed that the panels cositdwater achieve higher efficiency as
compared to those cooled with air. A transient nhoéeeloped by Bergene and Lavvik [13]
concluded that PVT with water can achieve ovefffitiencies in between 60% to 80%. In
the last decade, several authors have publishednadd designs of hybrid panels or
collectors, proposed different theoretical modelghvexperimental evaluation, compared
several solar hybrid typologies including combi+planand proposed new models with
advances improvements [14-18]. Recently, reseasdi@re implemented the advanced PVT
with more complicated integration, like heat puni®] and refrigerating machines [20] etc.
Further, the new CPVT concept was explored by astlLal. [21], Al-Alili et al. [22] or
Buonomano et al. [23], studying both their effeetiess as well as direct application of
cooling and heating systems. In comparative aralg$i PVT and CPVT coupled with
adsorption and absorption devices designed by Deb &t al. [24] observed that thermal
efficiency of PVT with water significantly drops ligh temperature demand (e.g. absorption
devices). They proposed an advanced design of PMT water to achieve higher thermal
efficiency in high temperature load demands.

As discussed, hybrid PVT collectors/panels caniratb@tter overall efficiency since they
have capability to convert a large amount of ingtdsolar irradiance in usable energy form.

For low temperature applications, the overall &ficy can be reached up to 60% to 80%
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69 [13]. However, as operating temperature increasggjificant reduction is observed in
70  electrical and thermal performance of PVT systefB].[As from the fact that in uncovered
71 PVT collector, the falling rate of thermal effic@nwith increasing operating temperature is
72 higher than conventional thermal collectors. Thiglue to the reduction in convection losses
73 in presence of glass cover for thermal collectBeslier studies considered both covered and
74  uncovered collectors to assess the appropriateriegass cover on a thermosyphon based
75 PVT water heating system [26]. In addition, the rogjuction of electrical and thermal
76  energy simultaneously by same panels induces #hdsfof its energy and exergy analysis
77  considering the Second Law of Thermodynamics [ZIf}e monthly performance of
78  photovoltaic was increased from to 2.8% to 7.7%lite thermal efficiency of about 49%
79 by using an unglazed PVT configuration [28]. Intnotlon of metallic bond collector and
80  water as a working fluid with single glazing incsea PV electrical efficiency by 2% at a
81 mass flow rate, 0.01kg/s [29]. So far, several agd®eers confronted this problem and
82  developed models or equations to calculate theggxefficiency of PVT panel [30,31].
83 Further, the effort to improve thermal efficienciesPVT collectors is an important factor
84  for the advancement of this hybrid technology [3Pherefore, the advancement can be
85 performed by using an additional layer over PV thsgists to reduce heat losses through
86  front surface of the panel. When compared with\aater based PVT systems show higher
87 heat exchange efficiency since water has high teadcity and density. These systems are
88 desirable for local conditions having high solaadiance level and ambient temperature. In
89  an extensive review, Chow [5] mentioned the variexperimental outdoor studies, which
90  suggested that thermal performance of water baséd $ystem can be equivalent to a
91 conventional thermal collector, with additional attecal yield generation. However, water
92 based PVT systems have limited implication duegaviy weight, cost and ducting required
93  for liquid coolant. On the other hand, air basedTP%ystems have more practical
94  applications such as large roof and facade esped@ cold climatic conditions. Their
95 installation procedures are less complicated, éightasy to install with low maintenance,
96 and no requirement of anti-freezing additives [38,

97 In 2008, Fung and Yung [35] presented a one dino@asithermal model of semi transparent
98 photovoltaic modules used in facade as buildinggrdted photovoltaic thermal (BiPVT)
99 system. Anderson et al. [36] investigated the perémce of a building integrated
100 photovoltaic thermal (BiPVT) solar collector. Theyggested that design parameters such as

101 fin efficiency, thermal conductivity of solar cedind its supporting structure, laminating
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102  material placed a significant influence on the allezfficiency of BiPVT system. In study of
103 air based BIPVT system, Kim and Kim [37] concludd#tht BIPVT systems assist in
104 maintaining high electrical efficiency compared ttee adverse effect observed in BiPV
105  systems without ventilation. In the earlier stugy¥in et al. [38] for energy efficiency of a
106  building, novel design of BiPVT system used solaofing over the traditional asphalt

107  shingle roof with photovoltaic system offering siggant advantages.

108 In order to enhance the heat transfer between mpyetir and PV module, multiple inlets
109 BIPVT system was designed and analyzed by YandAdhinitis [39]. BIPVT system can
110 either be semi-transparent or opaque type. WitHiglaing application, semi transparent
111 type BiPVT can be integrated over the walls, roafg] glazing of the building. On contrary,
112 both semi transparent and opaque type BiPVT sys@mbe implemented on the wall and
113 roofs without considering daylighting conception0J4 Vats et al. [30] developed a
114  comparative model, for Building integrated opagbetpvoltaic thermal (BiOPVT) system
115 and Building integrated semi transparent photoioltzermal (BiSPVT) system used as roof
116 and facade, giving analytical expression of roomtamperature and observed that semi

117  transparent photovoltaic modules is more suitaide bpaque [40].

118 In earlier studies, important point to consider waat the most of the previously developed
119 models have not experimentally validated and ndrtbeauthors have developed analytical
120 model for electrical and thermal efficiency of éifént PVT configuration along with
121 mathematical expressions of room air temperaturg sngle study. In order to understand
122  the efficacy of different PVT configuration in im@htion for building, four prototype
123 identical insulated test cells have been desigwved which different PVT configuration were
124  integrated for their comparative performance ev#na. No air exchange from ambient to
125 inside to test cells took place, and availablerttarenergy inside test cell attributes to heat
126  transfer through PVT configuration to comprehersdheat transfer capacity. In this study,
127 analytical model for electrical efficiency, modutgerating temperature, and room air
128 temperature for four potential cases namely; Casgldss-to-glass PV with duct integrated
129  on atest cell, Case 2: Glass-to -glass PV witklot integrated on a test cell, Case 3: Glass
130 to tedlar PV with duct integrated on a test celld £ase 4: Glass to tedlar PV without duct
131 integrated on a test cell have been developed &pdrienentally validated in New Delhi

132  weather condition.
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The proposed numerical model includes the findih@malytical expressions of electrical
efficiency and room air temperature for differen?¥ TP configurations in terms of the
dependability of its components. Once the numeegaression is attained, one can observe
the reliability of the system for any implicatiory Isubstituting the parametric values and
local climatic condition into the expression. Thegudy was conducted to facilitate the
implication of PVT technology at distributed levelch as space heating, electricity
production, clothing industries, increasing biogmeduction, sun bathing, and greenhouse

usage, etc.

2. Experimental setup & working principle

The experimental setup consists of two types of eroystalline photovoltaic modules
namely glass-to-glass and glass-to-tedlar with ngeeent of with and without duct
integrated on prototype completely insulated ideitiest cells. The photographic view of all
the four above configurations of glass to glassn®ddule and glass to tedlar PV module with
and without duct are shown in Fig. 1. The schemaéw of different configurations of glass
to glass PV module of with and without a duct imggd on the test cells (Case 1 and 2) are
shown in Fig.2 (a) & (b). Similarly, the arrangerei glass to tedlar PV module with and
without a duct configuration integrated on testcdlCase 3 and 4) are shown in Fig. 2 (¢) &
(d). The physical experiment and prototypes refteckding integration of PVT systems. For
ducted cases, a DC of 12V is used to operate metbmode, which is run by PV module
directly. Both types of PV modules are manufactubgdCentral Electronics Ltd. (CEL),
Sahibabad, Ghaziabad (UP). The main charactevighiees of glass to glass PV and glass to
tedlar PV modules; electrical efficiency under Sl Test condition STC (Solar intensity,
1000W/nf, module temperature, %5) and their temperature coefficient of electrical
efficiency as well as other parameters such asipadhctor, length, width, used to execute
the experiment are tabulated in Table 1. The otleasidered parameters used during the
study were same as taken by Vats et al. [30] araeRet al. [41]. The blackened aluminium
duct is embodied in ducted cases; Case 1 and 8daxoss section 0.68m x 1m x 0.04m and
0.66 x 0.8 m x 0.04 m respectively. For this expent, four prototype insulated identical
test cell were fabricated and their design pararsetged in the experimentation are tabulated
in Table 2. These prototype test cells were madefupood board of thickness 0.05m and
completely sealed with insulating tape so thatin@echange or infiltration from ambient to
inside of test cell takes place. To maintain cornapiesulation, polystyrene sheet of thickness

0.12m was homogeneously diffused inside test cI®VT with duct configuration, a DC
5
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fan is used to carry away thermal energy availameback surface by blowing heated air
from module to inside of test cell, this procesatowously goes on without taking external
air. During the experiment, inside air of test dslicontinuously heating up over again and
again and DC fan in force convection mode operatielps to maintain a stream line flow
inside duct. The DC fan consumes small amount edtetity and load current, andload
Voltage, V. measured at regular interval of 60 mins. All tbarfPVT system configurations
are placed on the roof- top of a building situatdlIT Delhi Campus in New Delhi

(28°36'50”N 77°12'32"E). The photovoltaic parameters such as short-¢ioturent,ls, open

circuit voltage, Vo and maximum power, ,2,and module electrical efficiency, ambient
temperature, Fand solar intensity, I(fjvere measured continuously with an interval of 60
mins. Since observing variation in test cell insigenperature, Tper minute or 15min
interval was very difficult due to minimal changetemperature therefore hourly observation
have been carried out to give the substantial frastermal analysis. In PVT configuration,
PV modules were mounted on the prototype identestlcells in such a way that tilted angle
of modules is equal to latitude of location facitogvards south as shown in photographic
view of experimental setup Fig. 1. Calibrated Teygpermocouple (least count: 0.1) with
digital 10 channel temperature indicator (resohutid.’C) and infrared thermometer (<&D

to 1000C; least count: 0.1) were used to measure insistectd temperature, ,;Tmodules
operating temperature ., Tducted plate temperature, fluid (air) temperature at both ends of
the duct for ducted case;i/Ts. And, for ambient temperature, mercury thermomé@er
120°C; least count: 0°%Z) was employed whereas for wind speed and DC gaed; digital
anemometer (Lutron, 0.2-30m/s; least count: 0.1nmi&re used. Calibrated digital
solarimeter (CEL; 0-1200W/m least count: 1W) was used to measure inciderarsol
irradiance that has similar spectral response asl photovoltaic modules. Before using
thermocouples, all thermocouples were in thermailiégium and calibrated with constant
bath method (NUMAN D 100). An AC/DC clamp meter/tmmheter (Fluke 87 V multi-
meters; least count: 0.2% for current & 0.06% foltage) was used to measure short circuit
current, I, open circuit voltage, ¥, load current, ), and load voltage, \Vat five different
point of varying loads 0-58 connected with modules to determine fill factoF,. Hotal

uncertainty generated due to the used measuritgimnents are tabulated in Table 3 [42].

3. Thermal modelling and analysis of PV modules
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In all cases of PVT configurations, used prototigst cells were completely insulated and no
air exchange or infiltrations from ambient to iresiof test cells took place. In order to write
the energy balance equation of photovoltaic modules following assumptions have been
made and viewed as an ordered approximation osthidy:

» The experiment was executed when the system igansi<teady state.
» The flow of air through the duct is considered atndine.
» Highly insulating material homogeneously configuneside test cells.

» Thermal loss due to ventilation/infiltration frommet test cell is negligible.
Case 1: Glassto glass PV module with duct

For solar cellsof PV module[1]

a B, (Obdx=[U,, (T, ~T,)+U, (T, ~T,) |bdx-+7,7, 8,1 bdx (1)
Available Overall heat Heat transfer Electrical

solar energy rate =| lossfrom top cell + rate from cell+| energy

on solar cell surface to ambient to workirfiluid production rag

WhereU,,  =U_, +U_ andy, =7.7,4., the values for design parameters as well as

expression for different configuration are avaiéaisl Table 1 and appendix respectively.

U U a . p.r |(t
Tc - c,a Ta + c,f Tf + cﬂc [s} ( ) 1_ I7m J (la)
UGc,p UGc,p UGc,p aTeff,l

The temperature dependent electrical efficiencyg BV module [1],

= n [ p (o ) Wnerer. < 7Ly s .

The operating temperature of cell using the tempezadependent electrical efficiency for
PV module after substituting Eq. (2), the eq.(19drees,

R LN

UGc,p Gc,p Gce,p

- [1_%0;?0' (t)J
)

(3a)

Ge,p
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The value of denominator terr(’qmo,ﬁ’ol (t)/UGC,p) has almost negligible value whatever

the solar irradiance range 0-1000V6’/Fﬁhus,(1— MJ 01

Gep

p o Uealat Vi) | [aeBty = et AT ©)
U Gec,p U Ge,p
For blackened absorber plate
[a, (1= B.)7,1 (t) Jbdx = h (T, =T )+U, (T, -T,)]|bdx (4)
Solarenergy rate
i Heat transfer Overall heat
available on
=| rate from blackened |+| loss from plat
blackened surfacedu ) ,
) plate to working fluid to test cell
non packing area
From Eq. (4), the expression for plate temperatiggven as,
P ATaal (00T U T, o
U, .+ h,
For air flowing through the duct
. dT,
M,C, dx:[hf (T,-T)+u., (TC—T,)]bdx (5)
Rate of heat
Mass flow Overall heat
) transfer from
rate of flowing | = +| transfer from cel
. blackened plate t
fluid ) ] to test cell
flowing fluid

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

equation with boundary condition, at|%=o, Ts =Ts and at T| x=1, Tr =Tro.

[(t)+U. T +UT
Tf\x:L :|:(ar)G ( )+ T r+ . a:”:l_exr{_u_JL’GLJ} +Tf\xzo eX;E_u.JL’GLJ (5&)
UL.G rr}a\Ca nllCa

The average air temperature over the air duct kebgkow PV module is given as,
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1- ex;{—bL_JLgLJ = ex;E—bL_JL’CGLJ
. MC )| 1 mC,

=_1 i — (O'T)G | (t) +UTtTr +UtTa (5b)
Ti _de dx{ T bU oL f bU, oL
mC, mC,
For test cell integrating ducted glassto glass PVT module
m,C,(T,-T,)=M,C, ( dthr j +(UA), (T, -T.) (6)

After substituting the value ®ffrom eq.(5b), the solution of first order differettequation

with boundary condition, at{i=o, T =Ty and at T| (=, T, =T, is given as,

_I_r — fa(.t) (1_ e_at)'l'Trie_at (7)

Wherea=1{(UA)l+( U, J{l—exp{—W)H.
Ml'Ca UI+UTI maCa

f(t) = v 1C [maca[(ar)a I_Et3+UtTaJ{1— exp[— brLfJ] LCGLJ} + UA)Tal

a—a

If Ts = T, and Tr =T, , then from Egs. (2), (3c) and (5b), the express@mntemperature

dependent electrical efficiency is given as,

(areffll (t) +Uc,aTaj+ {( hpl(ar)e I (t)+ hP1UTtTf + hplu tTa jj|

l ﬂ Uc,a +Uc,f LJL,G (8)
,7m :,7m0 - o
[1lexp(><)} hT {WM}T
X, P X, |
bU, K .L
where, X, = —2—
maCa

The hourly rate of useful thermal energy availail¢est cell after incorporated ducted glass

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

Q, =, 4r] ©)

dt

Case 2: Glassto glass PV module without duct.



250 For solar cellsof PV module[1]

251 a B.1,l (t)bdx=[U_, (T, -T,)+U, (T, -T,)]bdx+n.1, Bl (t)bdx

252 (10)
Available solar Overall heat Overall heat Electrical

253 energy rate =| lossfrom solar cell tgp- loss fromsodl | +| erergy production
on PV module surface to ambient back side to tdbt ¢ce| rate

254  Where, 7, = ﬂch,BC. From Eg. (2), substituting the expression for terapure

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

256  solar cell temperature become

_ (@ BTy =M@+ BT (1) +U,T, +U T,

257 T, (10a)
U c,a + U b

258  For test cell integrating with glassto glass PV module

259 M,C, e+ (UA), (T, -T,)=7,@- AN A, +U, (T, ~T)A, 1)

260  After substituting the value of ;:Tfrom eq.(10a), the solution of first order diffatial
261  equation with boundary condition, at|[T-o, T; =T; and at T| =, T, =T, is given as,

f(t _ _
262 T, = ;)(1-eat)+Trie h (12)

263 Where,a = {(U A) U LA, } , hy = Y

M C Uc,a+Ub

264 f(1) = {{‘”m +aT,h} | (t)l\;*mg{(UA)t +hU_A}T, } |

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

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

10
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ar,, | (t)+U,T +U T
— 1- eff 1 b r ca a _T (13)
I7m ,7m0|: ﬂo{ UC'a +Ub 0}}

The hourly rate of useful thermal energy availabldest cell installing glass to glass PV

module can be represented as [29, 30],

L dT,
Qu - I\/Irca( dt j (14)

Case 3: Glassto tedlar PV module with duct

For solar cellsof PV module[1]

[a.B.+a; (1- )] (t)bdx =[U, (T, ~T,)+U (T, ~T,) |bdx+7 ., B (t)bdx (15)
Solarenergy Overall heat Overall heat Electrical
rate available| =| lossfrom solar cell |+ transfer fronascell |+| eergy
on PV module top surface to ambiept back surfadedtar production rat

Where, 7, = 1.7, [, . After substituting Eq. (15) and using the approxiora methods in

Eq. (2),

U T, +U T, + [rg {a.B.+a; (1= B.)} ~1, @+ BT, )] I (t)

- 15a

¢ Uc,a +UT ( )
For the back surface of the tedlar
U, (T, -T,)bdx = h, (T, =T, )bdx (16)

{Overall heat transfer from } :

Rate of heat transfer
solar cell back surface to tedlar d

frondler to working flui

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

Tp = hpl[rg {acﬂc + aT (1_ ﬁc )}L:”m-: f‘]1+ ﬁOTO )} | (t) - UTtTa : hTTf (168.)

For the air flowing below the tedlar

11



dT
285 maCad—dex+Ubb (T, =T,)bdx = hy (T, =T, ) bolx (17)

Mass flow Overall heat transfer Rate of heat tramsf
286 rate of working |+| from working fluid to| =| frm tedlar back surfac
fluid ambient to working fluid

287  After substituting the eqgs.(15a) and (16a) in the(27), the solution of first order differential
288 equation with boundary condition, at|[T-o, Tr =Ty and at T| x =1, Tt =Tro.

argl(t)+U, T, +U, T bU, ;L bu L
289 T, = el (1) +U, T, +UisT l-exg ———= | [+T, , exp——== (172)
U me, me,

290

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

L L
15 [hohar,! (1) +U, T, +U,T kex[{_b:{g ] i ex{)—b:ég ]
292 _?:7 T dx= 2! p1 Lt t,f 'a o 'r 1- A +Tr a (17b)
f L'([f l: U ; bUL,TL bUL,TL
mC, mC,

293 For test cell integrating ducted glassto tedlar PVT module

. dT,
294 MC,[T,-T,|=M rca( "

j +(UA), (T, -T,) (18)

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

296  equation with boundary condition, at|T: o TIr =T, and at T| t=t, Ir =T IS given as,

f(t \ Ca
297 T, = ;)a—e YT e (183)

U bU - L
208 Where,a = — - (UA), +| —T|J1-expl - —1—
M, C, U, ; m,C,

1 hoh.argl (t)+U, T, bU, ,L
f t — . C p2" 'p1™ © eff t,f 'a 1_ _ LT A T
299 (t) VI {ma a{ UL H ex;{ me. J}Jf UA) a:|

r—a a

12
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315

If Ts = T, and Tr =T, , then from Egs. (2), (15a) and (17b), the expoes$or temperature

dependent electrical efficiency is given as,

UcvaTa +areﬁ| (t) + hplhplareﬁl (t)+ hplUTtTa -T + hplhT
Uc,a+UT UTt+hT ° (UTt+hT)
h.har |(t)+U T +U_ T 1-exp(-X (19)
”m :,7m0 1_ﬂ0 p2" pl eff ( ) t,f "a bb "r 1_ Xp( o)
UL,T Xo
XO
bU L
Where, X, = —ST1—
maCa

The hourly rate of useful thermal energy obtainedd test cell after integrating glass to
tedlar PVT module is given as [29, 30],

Q, =[] (20)
Case 4: Glass to tedlar PV module without duct

For solar cellsof PV module[1]

r,[a.B +a: (1-B.)]1 (t)bdx =[U, (T, ~T,) +U, (T, =T, ) |bdx+ 7,77a, 3.1 (t) bax (21)

Hieal
Ids=m solar cell back| +| energy
surface to test cell production rat

Overall heat Overall heat
lossfrom solar cell tap

surface to ambient

Solar energy
falling rate available| =
on PV module

Where, 17, =n.7,B.. After substituting the Eq. (2), using expressiom femperature

dependent electrical efficiency in Eq. (21), usihg approximation methods then expression

for solar cell temperature is

1o Dol @Bt ar (12 Be) <o (L ATo) |1 )+ U T, +U,T,

¢ (U c,a +U b) (21a)

For test cell integrating glass to tedlar PV module
13



316

317
318

319

320

321

322

323

324
325

326

327
328

329

330
331
332
333
334

dT,

U, (T.-T.)A, = M,Ca( o

c

j+ UA), (T, -T.) J22

After substituting the value of, .- Tifrom eq.(21a), the solution of first order diffatial

eqguation with boundary condition, at|T: o TIr =T, and at T| t=t, Ir =T IS given as,

T = ﬂ(l— e )+T,e™ ™ 02
a

M,C, +U,)

tc,a

Where, , - {(UA)I +U, (1- h,ﬂ)An]hbl . (uu—b

ar, (A, +{hU_ A +(UA)}T,
Fv)= M C_

The temperature dependent electrical efficiency yand (21a),

_ 1 ,8 areff I (t) + U c,aTa + U bTr - T (23)
,7m_,7mo 0 (Ucva+Ub) 0

The rate of useful thermal energy obtained forsa ¢ell after integrating glass to tedlar PV

module is given as [29, 30],

L dT,
Qu =M rca( dt j (24)

For experimentally observation, electrical effiaggrof PV can be calculated by the following
expression [1],
| Voo FE =1V _ 1aVu =1LV, (25)

— ~sc*Voc
”m -

1(1).A 1(t).A

Here, | and  are load current and voltage for a DC fan incoapedt in ducted PV
configuration of Case 1 and 3. FF is fill factorpmwer factor that defines the sharpness of I-
V curve knee.

The instantaneous thermal efficienayy, have been calculated by using the following

expression,
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| (t).uA _ (26)

it =
Thermal load levelling (TLL)

As the PVT systems are integrated over the rooeir, tamperature fluctuate according to the
fluctuation observed in ambient condition (solatemsity I(t), ambient temperatureg)T
Likewise temperature inside the test cell was damgth solar intensity, I(t) and ambient
temperature, Jthat are time dependent [1, 30]. Therefore, thentlal load levelling is

necessary to reduce the fluctuation inside thectdbt

(Tr max - Tr min)
TLL = : : (27)
(Tr,max + Tr ,min)

In order to attain thermal stability inside progogytest cell during day time, TLL should be

minimum that will help in achieving less fluctuati¢l, 42]. For various applications such as
space heating, thermal comfort, constant sun lmtigas production and greenhouse crops
cultivation/drying stable temperature is requirbdttis the basic utility to observe TLL for

different PVT configurations.

The experimentally observed results are equateld thié theoretical results using thermal
modelling are evaluated by considering two pararsgteorrelation coefficient; and root

mean square deviatioameasured by using following expression [1],

N XY - (2 X) ()

Correlation coefficient I = - > (28)
INE X =(Ex ) YN -(Y)
r >0 indicates a positive linear relationship.
r <0 indicates a negative linear relationship.
r = 0 implies no linear relationship between twoiatales.
2
Root mean square percent deviation e = Z(—ei) (29)

N

X, -,

where e, :[ }xloo, Y; (experimental values of variables), aXd (theoretical

values of variables).

4. Results & discussion
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The hourly observed incident solar intensity, Ih the PV modules and ambient
temperature, Jon Jan 02, 2016 are shown in Fig. 3. The experinvas executed on a clear
day when the ratio of daily diffuse to daily glolahdiance is less than or equal to 0.25. The
solar irradiance attains maximum value of 906 Wimbetween 12:00 to 13:00 and has
maximum ambient temperature between 14:00 to 1%@® reached up to 23Q. For
theoretical analysis, experimentally observed iectdsolar irradiance, I(t) and ambient
temperature, Jwere used to calculated module operating tempealy by using equation
(3), (10a), (15a) and (21a) for the cases 1, 2n@ 4 respectively. The experimental
validation by data correlation and theoretical gktion for measuring required parameters
was carried out by computational algorithm based&TLAB software is shown in Fig. 4.
This study illustrates the benefits of Building dgtated photovoltaic-thermal (BiPVT)
system, and helps in the selection of the configumasuitable for a specific requirement
based on the climatic condition and load demandpace heating.

The photovoltaic parameters for all the cases h&@esm measured at regular intervals of time
as tabulated in Table 4. Thg Values for the cases 1 and 2 do not show muchnagiwith
installation of duct whereas even without duct, ¢hee 2 has higher value as compared with
the case 1. These trends gffor both cases are independent of weather conditidowever,
cases 3 and 4 do not follow these trends, her@lliason of a duct enhances the performance
of glass-to-tedlar PV module and likewise the ca$as higherst as compared to the case 4
since lower operating temperature, énhance PV module voltageg\and cell current,gd,
Moreover,an increase insd was observed with operating temperature reductioa to
marginal increase of photo-generation rate alorty vaduction in the band gap energy. The
temperature rise enhances the dark current that@sdnegative effect on cell voltage due to
rapid growth in reverse saturation current [1].glass to tedlar PV module, open-circuit
voltage, \c shows significant influence in case 3 than cadeelto the substantial decrease
in module operating temperatureg. Since duct any how helps in reducing the module
temperature whereas on the contrary glass to gl&smodules have not exhibited similar
trends [29, 34-38]. Here, case 2 provided highgyra$é compared to the case 1 due to the
absence of heated duct plate as encountered inlcasd continuous heating of pre heated
inside air of test cell. Though, this phenomenons wet observed in non integrated
application of glass to glass PVT system wheretignuof duct was ambient air as defined
by Dubey et al. [43].
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Fig. 5 compares the experimentally observed etadtefficiencies at regular intervals of
time for all the cases by using Eg. (25). Glasgléss PV module achieves higher efficiency
as compared to glass-to-tedlar PV module for bath and without duct cases as observed in
several previous studies [14, 29, 30, 34]. Dairgrage electrical efficiency for different
cases has been found to be 12.65%, 12.7%, 11.9¢61416% for Case 1, 2, 3 and 4
respectively. For cases 1 and 2, the electricatieffcies almost remained the same. The
substantial variations in electrical efficiencieserev observed in cases 3 and 4. The
comparison of experimentally measured and the@dticalculated electrical efficiency as
well as measured PV module operating temperatyrigriall the cases are shown in Figs. 6
(@), (b), (c) and (d). The theoretical electricfliceency of case 1 and case 2 were calculated
by using Eqgs. (8) and (13) respectively. Eqs. @®J (23) were used to obtain theoretical
electrical efficiency of case 3 and case 4 respelgti The variations in the pattern of
experimentally measured values were first increagttstime and later decreases with time
as observed through theoretical calculated vallies.variation in the pattern of PV module
electrical efficiency can be understood by moduperating temperature fluctuation, as
temperature reaches up to maximum value their gporeding electrical efficiency approach
to minimum value. Even with the incorporation ofctiwver both types of PV module,
phenomenon remains the same. Dubey et al. [43]CGimv [29] also observed the similar
kind of phenomenon, as operating temperature deese&lectrical efficiency increases and
vice versa. To equate theoretically calculated witperimentally observed results, Eqgs. (28)
and (29) were used to calculate correlation caefiic() and root mean square percent
deviation €) as depicted in Figs. 6. The values of correlatioefficient ¢) and root mean
square percent deviatior) (are varying from 0.867 to 0.911 and 2.51 to Je&spectively.
The experimentally measured values show close amgnee with theoretically calculated
results. The maximum daily hourly average PV modoperating temperature,; Wwas
attained by case 4 with value °@followed by 41.7C of case 3 and their corresponding
daily electrical averages were about 11.65% an@5P4.respectively. For cases 1 and 2,
daily average operating temperatures, Were 36.7C and 35.8C respectively. Their
corresponding electrical efficiencyy, does not show as much variation as measured @s cas
3 and 4 on the contrary case 2 has marginally higfieiency than case 1. Although, these
results are in dissent with observation recordedbpey at al. [43] and Chow [29] since
preheated inside air of test cells was regularlgduto cool the PV modules instead of

ambient air. Therefore, regular enclosure of pridtegest cell air behind glass to glass PV
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module increases the operating temperature, thglagis to tedlar PV module does not show
such phenomenon. Thus, glass to glass PV modwdanare sensitive towards test cell room
temperature as compared to glass to tedlar PV rasdul

Fig. 7 shows the experimentally observed and thieaily calculated values of test cell room
air temperature for different cases, which indisatet inside air temperature of test cejl, T
of case 1 attains higher temperature 28.®llowed by case 2, case 3 and case 4 with values
27.4C, 2PC and 25C respectively. Further, for both with and withalutct case, glass to
glass PV modules achieved higher inside air tentperaas compared with glass to tedlar.
This finding agrees with the results reported earby Guiavarch and Peuportier [44]. It
happens due to two reasons, firstly, reductioneat thosses from inside of test cell to outside
due to the presence of glazing in glass to glasescéSecondly, the direct heat gain through
non packing area of glass to glass along with lbarrhal conductivity of tedlar [29, 30].
Moreover, installation of a duct on test cell amwhincreases, [Tthan without duct case for
both PV modules. The variation pattern of test itelide air temperature, Tollows the same
exponential expression as observed from the thealetnalysis of PVT integrated test cell
for all the cases. For theoretical calculation, égs (12), (18a) and (22a) were used and
compared with experimentally observed results @ liases of correlation coefficienty (
and root mean square deviatia). (Their values vary from 0.871 to 0.921 and 28344
respectively. This indicates that a fair agreeméuas been accomplished between
experimentally observed and theoretically calculafevalues for all the cases. For case 1
and 3, the ducted plate and fluid air temperatugeshown in Fig 8. Since the solar irradiance
is directly transmitted through the non-packingaaoé case 1, their blackened ducted plate
gets direct solar irradiance as well as condudiimaugh solar cell whereas in case 3 only
conduction via tedlar play dominant role. The dadlyerage duct plate and fluid air
temperatures (average over the duct) of case 1 almat 45C and 27C respectively. For
case 3, daily average duct plate and average (airjl temperatures over the duct (daily)
were 37.2C and 18C respectively.

The comparisons of instantaneous thermal efficidacyifferent cases in outdoor conditions
are depicted in Fig. 9. Generally, a PV modulessduto generate electrical energy, but, by
using a proper arrangement, PV can also be usexpémre heating [29, 30]. For cases 1 and
3, integrated duct behind the PV module operates dorce convection mode that helps
increase the test cell inside air temperature guleg air circulation through duct. For cases 2

and 4, direct transmission of solar irradiance ulgfronon packing area of PV module and
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conduction through solar cell increases room anpterature [29, 30, 44]. Eq. (26) is used to
calculate instantaneous thermal efficiency fortladl cases. Instantaneous thermal efficiency,
that was calculated hourly as thermal endvyC, (T,-T,) stored by increasing test cell room
air temperature with respect to available soladiance. Case 1 has maximum instantaneous
thermal efficiency with daily average value of 324 followed by case 3 with 32.37%. Case
2 shows higher thermal efficiency over cases 4 wliily average values of 25.40% and
14.05%, respectively. These results agree withrabexperimental and theoretical studies
carried out by authors such as Chow [5, 29], Choal.g[26], Tyagi et al. [34], Fung and
Yang [35], Anderson et al. [36] and Yin at al. [38he hourly calculated thermal energy
generated during experimentation for all the foases are given in Table 3. The useful
thermal energy available for space heating in afdayll the cases is depicted in Fig. 10.
Case 1 has maximum solar heat gain with an howtyage about 0.32kWhr/hr as it has
higher instantaneous thermal efficiency followedchge 2 with value 0.24kWhr/hr.

Thermal load levelling (TLL) with packing factorrf@ll cases is shown in fig. 11. TLL is
inversely associated with the thermal comfort. A level of thermal comfort increases, the
value of TLL decreases and vice versa. When theeval TLL approaches zero this signifies
an ideal case and there will be no fluctuationeamperature. In present case, as packing
factor of PV modules increase, thermal stabilitgrdases. For uniform space heating or
various applications that require space heatind, $hould be low. Case 1 again attains
maximum TLL results for higher performance of hgatn but its hourly variation reflects
non uniformity. Though, this phenomenon can be cwae by air diffusion through the
ambient environment keeping the packing factor towenhance the performance of PVT
system for all cases. This observation is in agexgmith the previous studies by Tiwari et
al. [42], Vats et al. [45] and Taffesse et al. [468]various applications such as space heating,
greenhouse base biogas production, clothing ineéssand drying industries that requires
uniform heating, TLL should be kept low [42, 45Fig. 12 shows the variation of thermal
load levelling (TLL) with mass flow rate of air thwgh duct integrated below the
photovoltaic modules for cases 1 and 3. For boegaas mass flow rate increases their
thermal stability decreases with high value of TOlhough, slope of TLL is more at low
mass flow rate and as mass flow increases the slape decreases. Rajoria et al. [40] and
Tiwari et al. [45] have also observed same phenome increasing mass flow rate with
decreasing thermal stability of the system. Therlgouariation of thermal load levelling

(TLL) with absorptivity and tranmittivity for allite cases are shown in figs. 13 and 14
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respectively. The absorptivity reflects the degtamh effect whereas, the transmittivity
reflects dusting effect on photovoltaic modules ,[46]. As absorptivity of PVT
configuration increases the TLL value decreasesretbre for thermal stability higher
absorptivity is preferred. Due to the aging of mivoltaic, degradation (absorptivity reduces)
takes place due to decolouration and defects imB%ules, which results in the reduction of
thermal stability or TLL values. Fig. 13 clearlydioates that with increasing tranmittivity of
the photovoltaic glass reduces TLL resulting thénmstability increases. Therefore, regular
cleaning of PVT modules makes it more thermallpletdor better performance [45].

It can be inferred from the above studies thatgytasglass PV module has high capacity of
heat dissipation even without duct, its efficieringreases. The integration of duct helps
increase thermal efficiency for both types of PVdules and the unique combination of glass
to glass PV with duct (Case 1) not only improvesdaie electrical efficiency but also play
an unparalleled role in space heating for cold atimcondition. Thus case 1 increases the
room air temperature aboutGin pursued by case 2 with aboi€C4change with respect to

ambient temperature.

5. Conclusion

In this study, the performance of four different P¥onfigurations integrated on prototype
test cells were investigated to comprehend thead¥i of building integrated PVT (BiPVT)
systems. An analytical model for electrical effrisees, room air temperature of test cells and
thermal efficiencies is developed, and experimgntadlidated in outdoor condition on the
basis of correlation coefficient)(and root means square deviati@h #énd found to be in
ranger = 0.867-0.915¢ = 2.51-3.42, and = 0.871-0.921e = 2.82-3.44, respectively. The
installation of duct (Case 3) helps in reducing tperating temperature,. With hourly
average 4% for glass to tedlar PV module (Case 4). Whertesgylass to glass PV module
(Case 1), its operating temperaturgjiicreases with an hourly average £@7han without
duct (Case 2) due to the entrapment of preheateidsadle duct enclosure. As compared to
without duct (Case 4), glass to tedlar PV modulthwduct (Case 3) has higher electrical
efficiency with an average 0.28% while on the camntiin glass to glass PV module without
duct (Case 2) have higher electrical efficiencynth@th duct (Case 1) with an average
0.05%. The glass-to-glass PV modules as compar#d glass-to-tedlar PV module have
higher electrical efficiency with an average of 2% and 1.05% for with and without duct
cases. Electrical energy are found to be 0.583kWG84kWh, 0.505kWh and 0.488kWh for
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case 1, case 2, case 3 and case 4, respectivedytymical day of January. Similarly, their
corresponding thermal energy are 3.74kWh, 2.90k®/h8kWh and 1.06kWh for case 1,
case 2, case 3 and case 4, respectively. In duetsg] case 1 has the maximum room air
temperature and maximum daily useful solar heat gahigher by 1.% and 0.13kWh as
compared with case 3, whereas, in non-ducted case, 2 is higher by 2@ and 0.25kWh
as compared to the case 4. Thermal stability deeredth increase of packing factor and air
mass flow rate through the PV integrated duct alitg at low mass flow rate. Moreover,
degradation (decrements in absorptivity) and dgstiffects (decrements in transmittivity) of
photovoltaic module creates detrimental impact lo@ thermal stability of different PVT
configuration.

Based on the developed model and its experimeatalation, the analytical model can be a
very useful tool for the designer, architect todw&n the optimal system according to the
load demands. Design of case 1 is efficient if ¢hieeds of systems are installed as roof of
building or integrated with building envelop, thigll simultaneously fulfil the electrical and
thermal needs. The design of case 2 is benefitisdrms of electric production as compared
to uncontrolled heating, though; daylighting is thdditional benefit in this case. The
proposed model should also be validated for diffekénd of PV technology available in the
market. To attain a thermal comfort or achieve réelsiemperature inside test cell or building
integrated PVT system, mass flow rate of air insldet should be optimized as per the need.
An overall exergy analysis should be carried outsadering daylighting parameters for both
glass to glass and glass to tedlar PV module dsasglossible feasible usage of transparent
duct.

Appendix

In modelling equations, we used following relaticios defining the design parameters,
which are shown in Table 1 [1, 30, 40-43].

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

(a r )G =hjar,+h,ar .,
Here'areﬁl = acﬁcrg _”m0(1+ ﬂoTo)and areffz = ap (1_ ﬂc)rg

hp: andhp,is the penalty factors due to glass cover of PV uledand corresponding and
hs values taken from Tiwatri et al. [1], which areidefl as,
hf

h., = YUer dh_ =
mTU_ U, e T +h;

c,a c,f p.a
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L 1|
U, =l—2+= ,h,=57+38 ,V=In &k
Ke N
1
h

L
Ucf{—g+ ,h, =h=28+3y=2nk
Kg |
U _ Uc,f mJc,a U _ Up,a |:ﬂ]f U _U +U
t_Uc,f +Uc,a1 Tt _Up,a"'hf P MLG TVt Tt

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

In this analysis, hand htaken from Tiwari et al. [1]
areﬁ‘l = acﬂcrg _/7mo (1+ ﬂoTo) ’

aTeffS = Tg (1_180)

L, 1T
Ua = (0| =57+38/ V=1

c,a Kg
-1
L1 _ _
U=|-2+=| h=28+Iy=0nk
K, h

(i) Case 3: Glass-to-tedlar PV module with duct
areff = [Tg {acﬁc + aT (1_ ﬂc)} _I7mo(1+ ﬁoTo ):I

hp1 andhy, is the penalty factors due to glass cover and tedlBV module, which are

, U L
defined ash,, =————and h , = L used Band K values taken from Tiwari et
Uc,a+UT Uc,a-*-hT
al. [1]
-1
L 1
U,=|-%+=| ,h=57+38 ,V=1Ink
* | K, h
L 1]
U,=|-—T+—=—] ,h, =28+3Fv=2m /s
alars
U,, U
Up = —=2—T =Uah UL,T=Ut,f+UTt

Tt ’ Ul [ ’
UgtUr 7 Ugthy
(iv)  Case4: Glass-to-tedlar PV module without duct

In this analysis used,fand hvalues taken from Tiwari et al. [1]
areff = Tg [acﬂc + aT (1_ ﬂc)_”mo (1+ IBOTO )]

L 1]
Mz[ﬂ} ,h =57+3.8/ V=&

Ky h

-1
Ub:i+i ,h=28+3v=0n/s
Ki h
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Nomenclature
An area of the PV module @n U ¢ an overall heat transfer coefficient
from solar cell to flowing air through|
glass cover/tedlar (W/MC)
As area of inside wall surface (m2) \A load voltage (V)
b width of PV module (m) Vee open circuit voltage (V)
Ca specific heat of air (J/kgK) Vv air velocity (m/sec)
DC direct current Vmex  mMaximum voltage (V)
h heat transfer coefficient (W/moC) Voe open circuit voltage (V)
h, heat transfer coefficient between a surface and Subscripts
ambient of account on convection and radiation
(W/m? oC)
hy heat transfer coefficient through the glass co¥er ca ambient
a solar cell (W/rhoC)
h, radiative heat transfer coefficient (W/m2 oC)) ¢ solar cell/module
N1 penalty factor due to presence of solar cell eff effective
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689

690

691

692

693

1 (t)

U
Ut

U

material, tedlar and EVA, dimensionless

penalty factor due to presence of interface betweén
tedlar and working fluid through absorber plate,
dimensionless

incident solar intensity (W/f fi inlet fluid

load current (A) fo outgoing fluid
maximum current in the module (A) 0,G glass

short circuit current in the module (A) G-G glassto Glass
thermal conductivity (W/m K) ith instantaneous thermal
length of PV module (m) p blackened Plate
mass flow rate (kg/sec) r room (test cell inside)
mass (kg) T tedlar

rate of useful energy transfer (W) th thermal

time (s)

average temperaturéQ or K)

temperature’C or K) Greek letters

overall heat transfer coefficient from solar cellt « absorptivity

ambient through top and back surface of insulation
(W/m’*°C)

overall heat transfer coefficient from inside dftte (a7)e

cell to ambient air temperature, (W/AT)

an overall back loss coefficient from flowing B.
air/plate to ambient (W/ffC)

an overall heat transfer coefficient from blackend g
plate to ambient through bottom surface (W/m

OC)

an overall heat transfer coefficient for glassto r
glass and glass to tedlar modules (W)

overall top loss coefficient of unglazed module 7
(W/nv °C)

overall top loss coefficient of plate to ambient 7,
(W/m? °C)

an overall heat transfer coefficient from solat cel 7.,
to ambient through glass cover (W/g)

working Fluid (air)

product of effective absorptivity and
transmittivity
packing factor

temperature dependent correction
coefficient

transmittivity
efficiency
electrical efficiency of PV module

efficiency at standard test condition
I(t) = 1000W/m2 and Ta = 26)
(dimensionless)

27



694

695 Fig. 1. Photograph of the experimental set upatdiof-top of IIT Delhi, New Delhi.
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Duct Direct
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—Fan  Class “age . \ Glass
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“ Insulated Test cell
Test cell
d
697 ( )

698  Fig. 2. Schematic view of four different possiblenfigurations; (a) Case 1, (b) Case 2, (c)
699 Case 3 and (d) Case 4.
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703

704
705

Ambient observation:

Incident solar rradiance: I(t) (W/m2)
Ambient temperature: Ta (°C or K)

Wind speed: V, v (km/sec)

A

i

Operating temperature: T, (°C or K
Room air temperature: T, (°C or K)
Short circuit current: I, (A)

Open circuit voltage: V, (V)

Load voltage and load current, I, Vi

Experimental observation: For different cases

Y

Calculating electrical efficiency by Eq. (25)
Calculating thermal efficiency by Eq. (26)

v

Theoretical calculation: For different cases,
calculate T, by using Egs.(3), (10a), (15a) and
(21a)for different cases,

calculate T, by using Eqs. (7), (12), (18a) and
(22a)

Y

Calculating electrical efficiency by Eqs. (8)
(13).(19)and (23)
Calculating thermal efficiency by Eq. (26)

Y

K

Experimental Validation: using
Correlation coefficient (1) by Eq. (28)
Root mean square percent deviation (e) by
Eq.(29)

——

configuration.

Fig. 4. Flow chart of the methodology followed hetperformance analysis of different PVT

N

Thermal Load Levelling (TLL): using
Eq. (27) with varying packing factor (),
mass tlow rate of air (m, ), absorptvity (o)

and transmuttrvity (1)
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Table 1

Design parameters and characteristic values of gja#s to tedlar and glass to glass PV

modules used during the experiment

Parameter
(Symbol) Unit Glasg/tedlar PV Glass/glass PV
b m 0.66 0.69m
L m 0.8 1
m, ka/s 0.0058 0.0058
C, Jikg K 1005.00 1005.00
Oc fraction 0.90 0.90
ap fraction 0.80 0.80
So K-1 0.0045 0.0045
o, fraction 0.50 _
Be fraction 0.83 0.65
Mo fraction 0.13 0.135
Ty fraction 0.95 0.95
Kq W/mK 11 11
Lg m 0.003 0.003
Kr W/mK 0.033 _
Lt m 0.0005 _
Prp Wiatt 75 75
Vinp Volt 17.5 17.7
lmp Ampere 4.14 4.2
Voc Volt 21 214
le Ampere 4.4 4.6
Table 2
Parameters of Test cell used in experimentation
Parameters Units Values
Inside wall surface (Ag) n 1.46
Inside volume of test cell m® 0.56
Thickness of wood (l,) m 0.03
Mass of air inside test cell (M) kg 0.686
Thickness of insulation (1;) m 0.15
Thermal conductivity of wood (k) W/mK 0.09
Thermal conductivity of insulation (k;) W/mK 0.022
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Table 3

Uncertainty in measured after using measuringunsénts can be defined as follows [42]
Uncertainty Parameters Calculation

Temperature (Hiota) Ut ot =[(Udig)” + (Umer)” + (Unermoc)” +
(combination of digital thermometer, mercuryUsigiingi)” (Ujune)? +(Uread)’]™

thermometer, T-type thermocouples, digital tempegat =[0.1%+0.2+0.1%+0.1%+0.1%+0.1%"*=0.30
indicator, junction point and temperature erroraading)

Air velocity measurement ({ota ) U tota=[(Uanem)” +(Uread) 1"
(combination of anemometer and reading inhomogégnety = [(0.1F +(0.1f]*%= 0.14

Solar intensity measurementdlda) Us tota[(Usolar)” #(Ureaa) 1" =[(1)° +(1)]"?
(combination of digital Solarimeter and readingl.4

inhomogenity)

Total uncertainty in experimental observation, () Uo el (Ut to1a)”+ (Ua tota)+ (Us o) 1
= [ (0.3f+ (0.14%+ (1.47]*%= + 1.43%
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Table 4

Hourly variation of {, Vo FF andnm, of four PV configurations; (a) glass to glass R@dules with and without duct (Case 1/2), (b) glass
tedlar PV modules with and without duct (Case B&\e also been given.

Time Isc(A) Voc(V) FF Mm (%) T.(°C) P (W) Thermal Energy (W)
(hn) With Without With Without With Without With Without With Without With Without With duct Without
duct duct duct duct duct duct duct duct duct duct duct duct duct
07:00 2.00 2.18 20.78 20.82 0.57 0.52 13. 13.36 2 8. 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 5 9. 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 1316 191 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 .6 15 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 1228 931 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 1208 332 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 1208 472 24.1 69.4 69.18 226.72 147.26
14:00 431 4.32 19.03 19.07 0.81 0.80 11.97 12.04 7 2 26.2 66.47 66.25 221.08 142.21
15:00 412 413 19.40 19.37 0.76 0.76 12.12 12.18 8.32 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 .1 27 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 .7 24 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|16 205 12.56 9.04 52.68 19.28
(@)
Time lsc(A) Vo (V) FF Nm (%) T, (°C) P (W) Thermal Energy (W)
(hr) With Without With Without With Without With Without With Without With Without With duct Without
duct duct duct duct duct duct duct duct duct duct duct duct 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 12.51L 4 9 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 1207 171 11.2 43.21 42.35 102.41 36.94
10:00 3.69 3.56 18.25 17.73 0.73 0.76 11.93 116 521 14.6 49.12 47.86 123.07 45.76
11:00 415 3.91 17.82 17.22 0.80 0.84 11.34 1094 8.81 17.8 58.93 56.87 154.83 58.48
12:00 421 4.05 17.35 16.77 0.83 0.86 11.08 106 252 21.3 60.81 58.45 167.90 64.62
13:00 416 4.01 17.42 16.78 0.82 0.85 11.1 10.69 .8 23 22.3 59.37 57.16 165.90 64.22
14:00 4.01 3.87 17.92 17.35 0.79 0.82 11.113 10.74 592 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 7 2 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 .8 25 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 12.4 323 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.
Therma model for different photovoltaic-thermal configurations integrated on prototype
test cellsis devel oped.

Test cells based experiments are performed for different photovoltaic-thermal
configuration in outdoor environment.

Therma 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.

Therma model helps to choose the photovoltaic-thermal configuration options in

building application according to local climatic condition.



