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Abstract— Trombe wall is one of the unique features in
passive solar house development, which facilitates heat
storage. A mathematical model of semitransparent
photovoltaic thermal Trombe wall (SPVT-TW) with air
ducts (or vents) has been derived in this paper, for a single
room of 30 m? dimension, for winter season of New Delhi,
India. The model is derived considering the energy balance
equations taking into account the periodic nature of solar
radiation and ambient temperature. Further, the effect of
several parameters namely, thickness of wall, mass flow
rate, packing factor, absorptivity and transmittivity of PV
module on room air temperature and thermal stability
have been examined. The performance of vented SPVT-
TW has been compared with SPVT-TW without vent. The
results illustrate that the thickness of the room should be
0.3 m, with a corresponding thermal load leveling of
0.0038, for vented SPVT-TW, from a thermal stability
point of view. Also, the room air temperature of 45 °C can
be reached in case of vented SPVT-TW, which is higher
than SPVT-TW without vent.

Keywords— Periodic modeling, heating the room, Trombe
wall, Photovoltaic thermal (PVT)

I INTRODUCTION

Passive solar heating can be utilized for maintaining a
pleasant temperature within a building without the use of
conventional energy sources. There are a wide range of studies
and investigations pertaining to Trombe wall for different
seasons and climatic conditions. Smolec and Thomas (1991)
calculated the temperature distribution in Trombe wall
theoretically, using PASOLE model and compared the results
with experimental data. Mansour et. al.(1991) studied the
convective laminar heat transfer between the Trombe wall’s
channel surfaces and developed a mathematical model for
temperature profiles, pressure defects and velocity using new
approximate methods. Photovoltaic Trombe wall is not only
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used for thermal heating, but also for thermal cooling of
buildings. Gan (1998) studied the cooling of building in
summer condition using Trombe wall. They used
computational fluid dynamics with renormalization group k-€
turbulence model to predict the flow rate and buoyant flow.
Further, they investigated the effects of various parameters
such as wall height, wall insulation, wall and glazing
separation and glazing type. Finally, it was concluded that the
inner surface of a Trombe wall should be insulated to allow
for cooling as well as to prevent overheating of air due to heat
radiation from inner portion of the wall. Furthermore, the
design parameters of photovoltaic module affect thermal
utilization as well as electrical efficiency. Jie et al. (2007)
have studied a model of PV glass panel and of Photovoltaic
Trombe wall (PV-TW). The electrical performance and
temperature distribution of PV-TW was obtained. They
concluded that the temperature difference between the
components in the presence and absence of PV glass panel
reaches the highest value of 10.6 °C and the electrical
efficiency increases by 10%. Jiang et. al. (2008) have
discussed the effects of photovoltaic coverage ratio. As the
coverage ratio increases, the electrical energy output and total
efficiency of PV-TW increases, however the thermal
efficiency and interior temperature decreases. Koyunbaba and
Yilmaz (2012) examined different arrangements of single
glass, double glass and a Si-semitransparent PV module
integrated with Trombe wall in Izmir, Turkey. For transient
analysis, a two-dimensional model using computational fluid
dynamics (CFD) was developed. They compared the results of
simulation with the experimental results and concluded them
to be in a good agreement. Rabani et. al (2015) evaluated the
energy generated and heating comfort for Yazd city (Iran)
desert climate considering winter operation. They
implemented a new design of Trombe wall to gather solar
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radiation from three different directions (South, East and
West), so that the absorbing surface of the wall is subjected to
the solar radiation throughout daytime. The temperature of the
room was kept within 15 °C to 30 °C and stored hourly energy
attained a maximum value of 5800 kJ/h. Irshad et. al. (2015)
assessed a single room building’s performance with PV-TW
using TRNSYS software. Also, they discussed the effect of air
velocity for three types of glazing namely, single glazing,
double glazing and double glazing with Argon gas. Taffesse
et. al. (2016) performed periodic modeling of SPVT-TW
without air ducts. Also, they studied the role of parameters
such as absorptivity, packing factor and thickness, and
evaluated thermal load leveling, hourly room air temperature
and decrement factor for the climatic condition of New Delhi,
India. The optimum thickness of the wall was computed to be
0.3m to 0.4 m, based on theoretical calculations. The aim of
this research work is to modify the SPVT-TW proposed by
Taffesse et. al. (2016) by incorporating air ducts/vents. A
periodic model of vented SPVT-TW has been developed and
the results obtained from vented SPVT-TW are compared with
SPVT-TW without vent (Taffesse et. al., 2016).

Il. DESCRIPTION OF SPVT-TW WITH AIR DUCT

Trombe wall is a passive solar heating system and is used for
space heating applications. Its performance depends on the
materials used, the orientation with respect to the sun and the
vents’ design. In this case, a semitransparent PV module is
integrated with a south oriented Trombe wall in a room of
dimension 30 m? An air duct is present between the PV
module and Trombe wall with a fan, as shown in Fig. 1. In
case of a non-vented arrangement (Taffesse et. al., 2016), the
heat from solar radiation is transmitted into the room through
indirect gain only. This vented arrangement will provide heat
into the room in two ways namely, direct gain and indirect
gain. Direct gain, through the circulation of hot air with the
help of fan, provides heat at the top, whereas indirect gain,
through the heat energy propagated across the Trombe wall by
conduction, heats the room. Thus, the room is heated and the
thermal comfort is improved. Further, the electrical efficiency
of the integrated PV module will increase as a result of air
circulation through ventilation.
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Fig. 1. Schematic diagram of SPVT-TW with air duct/vent.
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Fig. 2. Cross sectional view of air flow through the duct/vent.

.  MATHEMATICAL MODELING OF SPVT-TW WITH

AIR DUCT (VENT)

The following assumptions have been made in deriving the
mathematical model of SPVT-TW with vent:
e  One-dimensional heat flow is considered.
e Thermal losses through sidewalls and roof are
negligible.
e Physical and thermal properties of air are constant,
for operating temperature range.
e Flow is laminar and incompressible.
e The system is under periodic condition.
¢ No ventilation has been considered.
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Fig.3. Thermal circuit diagram of SPVT-TW with air
duct/vent

Based on these assumptions, the energy balance equations
considering an elemental area,‘bdy’ (Fig. 2), for each
component of SPVT-TW with air duct/vent can be written
next. By considering Figs. 2 and 3, the energy balance
equations are:

For semitransparent PV module:

TgacBI(t)Am = Ut(Tc _Ta )Am + Ub(Tc _Tf )Am +ntI(t)Am

or

1,0 B = U (T, = T,) + U, (T, =T, )+n,.BIt)
(1)

where M, = Tgnco [1_B0(Tc _To)]

Substituting 1, from above in Eq. (1), we get

(07) e 1)+ U, T, +U, T, =(U,, —PRI(D)T, (2
Where
(az—)eff :TgacB_TgnooB(1+BoTo)l Utb = Ut + Ub and PFl zrgncoBBo
-1

Lg 1

U =|—+—| ,h,=57+38V, ,V,=0m/s:
Kg h,

and
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v, =0m/s

a !

-1
} ,h, =2.8+3v

For Trombe wall at x=0 (Fig. 1):

oT
Tsabb (1_ B)I(t)Am + hbf (Tf - T‘x:o )Am = [_ kai jAm
X X=0
or
oT
Tsabb(l_ﬁ)l(t)+ hye (T _T|X:0) = [_ K— ]
aX x=0
®)
For Trombe wall at x=L (Fig. 1):
oT
—k— =h(T_ -T) )
OxX x=L
For non-air conditioning room:
Energy balance equation for room air is as follows:
dT, .
MaCa_r:hi(TL(:L _Tr)Ar +QiN (5)

dt
= mfcf (Tf _Tr)

where QiN is the heat gain through the upper vent/duct.
The energy balance equation for flowing fluid (air) in

n,c, ddylf dy=U,(T.-T;)b dy+hbf(l\xzo— ;)b dy
or
rhc—df_—U I —T.)b +h | —-T.)b (6)
fYf d b c f bf -0 f
Yy =

Now, I(t) and T, can be expressed in terms of Fourier series,
due to periodic nature, as:

I(t)=1,+real I e™e™ (7a)
n=1

and,

T, =T, +real) T, e e™ (7b)
n=1

wherel 1, T, T,,,v,,andc,, are Fourier coefficients

and are evaluated for known values of I(t) and T, (Fig. 4).
Furthermore, since T, and I(t) are periodic in nature, T., T, T,
and Ty can be expressed as:
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6
inwt
T, =T, +reald T,e

®)
n=1
6 .
T=Ax+B+real) (C e +D el )™ 9)
n=1
6 .

T, =T, +reald T e™ (10)

n=1

n=6 .
T, =T, +real) T e™ (11)

n=1

Substituting Eqgs. ((7) - (11)) in Egs.( (2) - (6)), we get

(@) [l +reald 1 e e™ ]+ U [T, + reaIZTane"""e'"W‘] +U,[T,

n=1

reaIZT e™]=[U, - PFl, +reaIZI e "™ I[T,

n=1

+ reaIZT e™

(12)
(@z)ye[l, +real e e™ ]+ hy [T, +real) T, e™ -B-real ) (C, +D,)e™]
n=1 n=1 n=1

=-K[A+ realzs:(fﬁncn +6,D,)e™]
i (13)

6 .
—K[A+reald (-$,C.e Pt +p D" )e™]=h[AL+B

6 . 6 .
+real) (C,e +D et )e™ T, —real) T, e™]
n=1 —

(14)
6
C,[realy inwT, e™]=A h[AL+B
n=1
6 6
+realy (C.e™" + D" )e™ — T, —real) T, e™]+m,c,[T,
n=1 n=1
6 ) 6 )
+realy T e™ - T, —real) T, e™]
n=1 n=1
(15)
+ real T.e™]=U, (T, + reaI T T
fo fo
n=1
—real) T e™ )b+ hy B+ reaIZ(Cn +D,)e™ - T, —real) T, ™)
n=1 n=1 n=1
(16)

Next, we consider the Eqgs. (12) - (16) for time-independent
portion and time-dependent portion separately.

Time-independent portion
The time-independent portion of Egs. (12) - (16) are:
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(@) 1, +U T, +U T, =U, T, —

17)

(o) 1, +hye (T, —B) =—KA (18)

~KA=h,[AL+B-T,] 9

0=Ah,[AL+B-T,]+m.C,[T, —T,] 0)
maca&:bub(Tco Tfo)+bhbf(B_Tfo)

dy (21)

Eq. (21) can be solved for Ty, and the average value of flowing

fluid (air) temperature using initial condition Tfo|X:O =T, as
follows:
i L, _ a Wb _ a b
Tfo:1,[Tf0dXzUcho+hbe|:1_[1 ¢ ]:|+Tro[1 ¢ ]
Lo 0 UIT quLo quLo

— uT,+h,B
Tfo = glz[ = ]+ 13Tro (22)

UtT

1_e_qu|-0 1_ e_QULo
Whereglz =1-(———) and g;;3=

u [o] qu LO

Substituting Eq. (22) in Egs. ((17) - (20)), the time-
independent equations are simplified

U,h U,
— 9,,B+(U, -PFI, 7b912)Tco =U 04T, = (@) [, + U, T,
T {
(23)
h. 2
(0t)eq 1, + ot Us0se T + bl B+hy0;5T, -hyB=-KA
Ug U
(24)
“KA=h[AL+B-T,] (25)
0:ArhiLA-I_(Arhi + macahbf912)B+ maCan Tco _(Arhi _macagm +maca)-l-ro
T tT

(26)
Egs. (23) - (26) can be arranged in a matrix form as:
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_ 2
LY T
Uy ) Ua
g,,N -hyUyg
L e Tl
Ug Ug
hL+K h 0 B
Arhil- A;hi + macahbfgﬁ macﬂhbfglz _(Arhi _macagla + maca)
| u Ur i
_A (aT)eff |0+UtTao
B| | (a0l 27)
T, 0
T, 0

e Time-dependent portion

Similarly, a matrix for time-dependent portion can be written

as:
2
UbBbfglz Ubﬂbfglz U, ~PFI - PFllne’iW’ B UG 0y Ug,,
lThzg lThzg ghU T
Kﬁﬁhm*% ’(KBn’hanf%) ’% -hygy
n T e " T
KBne h\ (Kﬁne +hi) 0 |']i

Ah eanL n macahbfglz Ah e”"L + macahnfglz 0 _(AYhI -M.C.0:
. . o . +0,, +M,c, i)

c.] [G,

D,|_|G, 8)

Ten 0

T, 0
where

G,=(ar), 1 e™ +UT,e™ +PFET I e™
G, =—(ar7)l4 Ine_i“’n

(at)eyr = ngabb(l_B)

PR =1BBMNe

(o) =T40.8 — 7PN [1+B, T, ]

Using matrices in Egs. (27) and (28), all the unknown
constants for time-independent portion and time-dependent
portion can be evaluated. Subsequently, T, T,, and T can be
obtained from Egs. (8), (10) and (11), respectively.

Further, T|x:0 and T|X:L can be obtained as follows:

T|, ,=B+reald (C,+D,)e™ (29a)

n=1

T =AL+B+reald (C,e ™" +D,eht)e™ (29b)

n=1

IV. THERMAL LOAD LEVELING (TLL)

Since solar radiation and ambient air temperature are periodic
in nature, the room air temperature will fluctuate. Thermal
load leveling (TLL) is used as a measure to indicate this
fluctuation and is given as:

Trmax - Trmin
TLL=———— (30)

T +T

r max rmin

V. DECREMENT FACTOR (F)

The reduction in amplitude of temperature at the inside surface
compared to the outside surface of the room is expressed by
decrement factor. It is given as (Ozel, 2013):

. (T|X:L)max _(T|X:|_)min

- (T|X:0)max _(T|x:0)mi” (31)
VAR ==t
38
. /0 \ -
= [ -}
3 ot ol
] ) / = '\".. %
A e ‘/ .,-'., \ v \...\,"..,.: "

) o e e e e e gy
. . L) A B} " (L] ) .

Fig. 4. Hourly variation of solar radiation, I(t), and ambient air
temperature, T,.

VI. OVERALL EXERGY

The rate of thermal energy transferred from the Trombe at

T|X:L and thermal energy arriving from upper vent is given

by:
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Qun =N, (T|X=L ~-T.) ,and

Qup = mef (Tfout _Tr)

Therefore, the total rate of thermal energy received by the
room is given by:

ch = Quth + Qup

Further, an exergy of thermal energy can be evaluated as:

MH (35)

(32)

(33)

(34)

Quex = hi

T —T)—(T. +273)In
{( e =T = (T ) ( T, +273

r

: T, +273
=m.c| T, —T —(T, +273)In| 21—~ || (36
Quex f f|: fout r ( a ) { T +273 }} ( )

Electrical exergy, equivalent to electrical energy, can be
written as:

Exel = nm I(t)Am
Finally, overall exergy can be expressed as the sum of exergy
of thermal energy, given by Egs. (35) - (36), and electrical
exergy, (Eq. 37). Overall exergy can be expressed as:

@37)

Exov = Exel + Quex (38)

VII. METHODOLOGY

The following methodology has been considered for analysis
of SPVT-TW with air duct/vent.

e Hourly variation of solar intensity and ambient air
temperature, depicted in Fig, 4, and the design
parameters, specified in Table 1, have been used for
computations.

e Fourier coefficients for Egs. (6) and (7) are
determined. Subsequently, simulation is performed
using MATLAB 2013b software platform.

e Time-independent constants (Teo, A, B, Tro, T1o) (EQ.
(27)) and time-dependent constants (T, Cn, Dy, T,
Ts) (Eq. (29)) are computed using matrix inversion.

e The known constants T,, T, T T|x:o and T|X:L

are computed.

e Using the numerical value of T, PV module’s
temperature and electrical energy are evaluated using
Egs. (1) and (37) respectively.
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e Eqgs. (35)-(36) are used to evaluate the exergmg)f
thermal energy and overall exergy is computed using
Eqg. (38).

VIII. RESULTS AND DISCUSSION

After mathematical modeling of the system, simulation is
developed using MATLAB 2013b software and the effect of
different parameters such as thickness of Trombe wall,
absorptivity, packing factor, and transmittivity of PV module
on room air temperature and thermal comfort of the room is
evaluated.

Fig. 4 shows the hourly variation of solar intensity and
ambient air temperature as measured on January 21%, for New
Delhi, India. Fig. 5a depicts the room air temperature,
temperature distribution at x=0 (outer surface of Trombe wall,
painted black) and temperature distribution at x=L (i.e. inner
surface of Trombe wall) for different thickness of Trombe
wall, for vented SPVT-TW.

It can be seen that the fluctuation in room air temperature
decreases with an increase in thickness of Trombe wall, and it
maintains at around 45 °C. Fig. 5b compares the hourly
variation of room air temperature of vented SPVT-TW with
SPVTW without vent (Taffesse et. al., 2016) for different
Trombe wall thicknesses. It can be seen from Fig. 5b that the
room air temperature for vented SPVT-TW is higher than for
SPVT-TW without vent. Also, the vented SPVT-TW gives
better thermal stability in room, with less thickness of Trombe
wall, than the SPVT-TW without vent. Further, it can be
observed that for higher thickness of Trombe wall, room air

temperature and T|X:L are the same for vented SPVT-TW

(Fig. 5a), as expected.

Fig. 6 demonstrates the comparison between thermal load
leveling for the SPVT-TW with and without vent. The SPVT-
TW with vent achieves better thermal stability or less
fluctuation in room air temperature than the SPVT-TW
without vent (Taffesse et. al., 2016). The vented SPVT-TW
provides better thermal comfort with small thickness of
Trombe wall as compared to the SPVT-TW without vent. The
optimum thickness of Trombe wall, which offers higher
stability of room air temperature for vented and unvented
SPVT-TW, is 0.3 m and 0.4 m respectively.

Fig. 7 illustrates the effect of mass flow rate on cell
temperature (a) and electrical efficiency of PV module (b). It
can be seen that the solar cell temperature increases as the
mass flow rate decreases and hence, the electrical efficiency
decreases as expected. However, the room air temperature will
decrease with a decrease in mass flow rate.
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Fig. 8 illustrates the variation in absorptivity of PV module
with thermal load leveling and decrement factor. As can be
seen, with an increase in absorptivity of PV module, there is
a decrease in thermal load leveling and consequently, a
better thermal stability is achieved inside the room. From
thermal point of view, the optimum value of TLL is
obtained as 0.0037 for absorptivity 0.9.
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Fig. 9. Variation of thermal load leveling and decrement
factor with packing factor of PV module.

Fig. 9 depicts the effect of packing factor of the PV module

on thermal load leveling and decrement factor. As the
packing factor increases, a better thermal load leveling, as
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well as decrement factor, are attained. The optimum value
of TLL is obtained as 0.0038 for a packing factor of 0.9.
Therefore, for a better thermal stability in the room, a higher

packing factor is preferable.
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-
-
-
.
.
.
-

Fhow rete (hgw

Fig. 10. Variation of thermal load leveling and decrement

factor with mass flow rate of air.
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Fig. 11. Variation of thermal load leveling and decrement
factor with transmittivity of PV module.

Fig. 10 illustrates the effect of mass flow rate on the thermal
stability of the room. It can be seen that for a better room air
temperature stability, the mass flow rate should be high.
Hence, by controlling the mass flow rate of air we can
provide a better thermal comfort to the room. By

Decromont Tuctor (N

Dvcremment Tactor (1)
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considering the cost and size of the fan, the optimum value
of mass flow rate should be 0.06 Kg/s, for which TLL is
0.0017.

The effect of transmittivity on thermal stability inside a
room is shown in Fig. 11. As can be seen, an increase in
transmittivity causes the thermal load leveling to increase.
From a thermal comfort point of view, the thermal load
leveling should be as low as possible and this can be
achieved by considering a low value of transmittivity.
Therefore, the optimum value of transmittivity is 0.4, for
which thermal load leveling is 0.000208.

The variation of an exergy of thermal energy, electrical
energy, and an overall exergy are given in Fig. 12. As
shown, the rate of thermal exergy is much lower than
electrical output, as expected. This indicates that the vented
SPVT-TW can provide electrical power in addition to the
thermal needs of a building.
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f I“L()‘_l“l’__‘“l
x 3
A A
) S
-—
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Tl (1) -
Fig. 12. Hourly variation of rate of thermal exergy,

electrical output and an overall exergy.

IX. CONCLUSIONS

e The effect of thickness of Trombe wall on room air
temperature has been analyzed and consequently,
the optimum thickness of Trombe wall for vented
SPVT-TW is obtained to be 0.3 m for comfortable
room air condition.

e The mass flow rate of air has a noteworthy
influence on room temperature as well as thermal
stability within the room. In order to achieve a
better thermal stability in the room, the mass flow
rate should be 0.06 Kg/s and the corresponding
thermal load leveling is 0.0017.

e Vented SPVT-TW can provide more heat energy to
the room and thus, the room air temperature is
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higher for vented SPVT-TW than for SPVT-TW
without vent. (Taffesse et. al., 2016), with the
difference being around 10-12 °C.

The design parameters like packing factor,
transmittivity and absorptivity of PV module have
a significant effect on thermal stability inside the
room. From the analysis, the ideal values of
transmittivity, absorptivity and packing factor are
obtained as 0.4, 0.9 and 0.9 respectively, with the
corresponding thermal load leveling of 0.0038,
0.000208 and 0.0037 respectively.

X.  RECOMMENDATIONS

Experimental validation should be carried out for
the proposed thermal model for different climatic
conditions.

The proposed model could be extended for thermal
cooling for hot climatic conditions.

Table. 1. Various design and specification parameters used

for SPVT-TW with air duct/vent.

Table 2. Nomenclature

Design Parameters

w= 2" (radh™) Ap=20m*
24 M, =147 Kg
w __ (rads™) | ¢ —1005 1y
° " 24*3600 . =1.005 (KIKg™K™)

c=0.84 (KIKg K)
p=1600 (Kgm?)

u, =5.54 (W/m?)
u, =2.8 (W/m?)

1, =09 a, =0.9

L, =0.003m oy, = 0.9

K, =0.6 Wim B=0.9

K =069 (W/mK) B, =0.0045 (K™)
h, =28 (W/m?K) b=0.15m

h, =5.54 (W/m? K) L,=3m

A =30 m? Ne =0.12

N, =0.12 h,; =18 (W/m? K)

Anm
A
Ca
M,

PV module’s area (m?)

area of single room (m?)

specific heat of air (J/Kg °C)
mass of air (Kg)

mass flow rate of air (Kg/s)
gap between the PV module and
Trombe wall (m)

thickness of Trombe wall (m)
height of Trombe wall (m)

solar radiation (W/m?)

thermal conductivity (W/m K)
thickness of glass (m)
thermal conductivity of glass (W/m K)
number of harmonics
outside heat transfer coefficient
(W/m? K)

h; convective and radiative heat
transfer coefficient from internal
surface of Trombe wall to room

(W/m?K)

hys convective heat transfer
coefficient from blackened
surface of Trombe wall to air

inside the duct (W/m?K)

T. ambient temperature (°C)

T. solar cell temperature (°C)

T, room air temperature (°C)

V., speed of air (m/s)

U, overall heat transfer coefficient
from solar cell to ambient
through
glass cover (W/m?K)

U, overall heat transfer coefficient
from solar cell to blackened

surface of Trombe wall through
glass cover (W/m?K)

Greek symbols

o absorptivity of solar cell

apy absorptivity of blackened
surface of Trombe wall.

B packing factor of PV module

B, temperature coefficient (K™)

nm efficiency of PV module

p density of concrete (stone) (Kg/m®)

Ty transmittivity of glass

Neo efficiency of PV cell at standard
test condition
subscripts

m module, t top, rroom, a air
¢ solar cell, g glass, b bottom
bb blackened
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