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Abstract

This paper presents a novel photovoltaic-Trombe wall (PV-TW). Based on the actual measured weather data in Hefei, a detailed

simulation model for PV-TW is presented. The simulation results show that as the coverage ratio increases, the electrical yield and the

total efficiency of PV-TW increases, but the indoor temperature and the thermal efficiency of PV-TW decreases. The maximum indoor

air temperature difference, corresponding to the lowest and the highest coverage ratio, can reach to 6.8 1C above. In addition, as the

coverage ratio increases, the electrical efficiency of photovoltaic cell decreases, but the influence of coverage ratio on electrical efficiency

is slight, less than 0.5%.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Trombe wall, as an effective passive solar building facade
system, is a south-facing concrete or masonry wall
blackened and covered on the exterior by glazing. The
massive wall serves to collect and storage solar energy. The
stored energy is transferred to the inside building for winter
heating or facilitates room air movement for summer
cooling. Its applications are simple and economical, and
are suitable for locations at a wide range of latitudes. In the
last decade, photovoltaic (PV) cell has been under active
technological developments [1]. Its market growth has been
at an exponential rate. Nevertheless, presently a commercial
PV cell still converts not more than 15% of the incoming
solar energy to electrical energy. The remaining portion is
either reflected or absorbed as heat energy. Without an
effective means of dissipating this absorbed energy, the heat
accumulation will cause substantial elevation of the working
temperature of the PV cells. This progressively reduces the
cell electrical efficiency and lowers the electricity yield even
e front matter r 2008 Elsevier Ltd. All rights reserved.
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at a higher level of available solar radiation. Integrating PV
panels into a building facade represents a significant step
forward in the application of his relatively new technology.
Such a facade serves not only as a renewable source of
electricity, but also as a source of heat for building heating
and cooling. Various authors have modeled the ventilated
PV facade by evaluation of energy inputs and outputs
through radiation, convection, conduction and electrical
yield, [2,3]. Much thermal analysis based on steady state
energy balance and more complex simulation programs
using computational fluid dynamic (CFD) approach have
been developed [4–7]. Based on dynamic general finite
element thermal model and TRNSYS program, a complete
thermal building model incorporating a ventilated PV
facade and solar air collectors has been assembled [8].
However, the combination of PV cells and Trombe wall has
not been researched recently.
In this paper, a novel photovoltaic-Trombe wall (PV-TW)

is proposed. Based on the actual measured weather data in
Hefei, a detailed simulation model for PV-TW is presented.
With the simulation program, the electrical performance of
PV cells and the thermal performance of PV-TW in different
coverage ratio have been investigated.
thermal and electrical performance of photovoltaic-Trombe wall. Renew
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Nomenclature

Aglass, Apv area of PV-glazing and photovoltaic cells,
respectively (m2)

Cin, Cout loss coefficients at top vent and bottom vent,
respectively

Cf friction factor along the air duct
Cp, Cw, Cg specific heat capacity of air, wall and glass,

respectively (J/kgK)
d air duct hydraulic diameter
D, Dw depth of air duct, the thickness of the massive

wall (m)
E electrical yield of photovoltaic cells (kWh)
g gravitational acceleration, g ¼ 9.80665 (m/s2)
G total solar radiation (W/m2)
hco, hci convection heat transfer coefficients on the

outside surface and inside surface of PV-glazing
(W/m2K)

hro, hri radiation heat transfer coefficients on out side
surface and inside surface of PV-glazing (W/
m2K)

hwo, hwi convection heat transfer coefficients on the
outside surface and the inside surface of
massive wall, respectively (W/m2K)

hrwo radiation heat transfer coefficient on the out-
side surface of massive wall (W/m2K)

hnrwo radiation heat transfer coefficient on the out-
side surface of normal wall (W/m2K)

hnwi convection heat transfer coefficient on the
inside surface of normal wall (W/m2K)

L height of PV-TW (m)
Lroom depth of room (m)
_m ventilated mass flow (kg/s)

Qk heat transmitted to the interior of room
through the massive wall of PV-TW (kWh)

Qc thermal-circulation heat gain of PV-TW (kWh)
RTrombe ratio between the area of PV-Trombe wall and

the southern wall
Tp, Te, Ta temperatures of PV-glazing, ambient, the air

in the duct, respectively (1C)
Two, Twi temperatures of outside and inside surface of

massive wall (1C)
Tnwo, Tnwi temperatures of outside and inside surface

of normal wall (1C)
Tout, Tin temperatures of top vent and bottom vent (1C)
Tr indoor temperature (1C)
Va velocity of the air flow in the duct (m/s)
w width of PV-TW (m)
X calculation height (m)

Greek symbols

a, anwall, awall absorptivity of the PV-glazing, the
normal wall, massive wall, respectively

t transmittance of glass
d thickness of the glass
Z0 electrical efficiency of photovoltaic cells at

standard conditions
Ze electrical efficiency of photovoltaic cells
Ze,sys electrical efficiency of PV-TW
Zth thermal efficiency of PV-TW
Zpower normal fuel electric plant efficiency
Ztotal total efficiency of PV-TW
r, rg, rw density of the air, glass, wall, respectively (kg/

m3)
x1, x2, x3 emissivity factors
la, lg, lw thermal conductivity of air, glass, wall,

respectively (W/mK)
s Stefan–Boltzman constant, 5.67� 10�8W/

m2K4
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2. Theoretical analysis

The PV-TW is the original Trombe wall with PV-glazing,
which distributed with small square PV cells showed in
Fig. 1(a). The coverage ratio of PV-glazing is defined as

� ¼
Apv

Aglass
, (1)

where the Apv is the area of PV cells, Aglass is the area of
PV-glazing.

2.1. The energy balance of PV-glazing

As the PV cell is flimsy and be well affixed to the back of
glass, so the distribution of temperature in horizontal
direction can be assumed uniform. But because the
different absorptivity of elements with and without PV
cells, the temperatures of elements with and without PV
Please cite this article as: Jiang B, et al. The influence of PV coverage ratio on
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cells are quite different, hence the temperature distribution
of PV-glazing can be considered as two-dimensional, in
vertical direction and horizontal direction. This is quite
different from the Refs. [9–13] which the temperature
distribution of glazing is considered as one-dimensional, in
vertical direction. For the convenience of calculation,
the temperature of every small square PV cell can
be considered uniform. As can be seen in Fig. 1(a), the
PV-glazing is subdivided into a grid of m� n control
volumes, along the boundary of PV cell. As the PV cell is
flimsy, the heat capacity is neglectable. The energy balance
of PV-glazing is as follows:

rgcg
qTp

qt
¼

q
qx

lg
qTp

qx

� �
þ

q
qz

lg
qTp

qz

� �
þ b, (2)

where b ¼ ðSc þ SpTpÞ=d.
thermal and electrical performance of photovoltaic-Trombe wall. Renew
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Fig. 1. Schematic diagram of: (a) PV-glazing and (b) PV-TW.
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�

P

E

The element with PV cells

Sc ¼ ½atþ ð1� tÞ�G � E þ hcoTe þ x1hroT e

þ hciTa þ x2hriTwo, (3)

SP ¼ �ðhco þ x1hro þ hci þ x2hriÞ. (4)
�
 The element without PV cells

Sc ¼ Gð1� tÞ þ hcoTe þ x1hroT e þ hciTa þ x2hriTwo,

(5)

Sp ¼ �ðhco þ x1hro þ hci þ x2hriÞ, (6)

where rg, cg, lg, d are the density of glass, heat capacity
of glass, thermal conductivity of glass and thickness of
the glass, respectively; a is the absorptivity of PV cell; t
is the transmittance of PV cell; G is the total solar
radiation captured by PV-glazing; Tp, Te, Ta and Two

are the temperatures of PV-glazing, ambient air, the air
in the duct and the outside surface of massive wall,
respectively; hco, hci are the convection heat transfer
coefficients on the outside surface of PV-glazing and
inside surface of PV-glazing; x1, x2 are the emissivity
factors.

E is the electric power output generated by the PV-
glazing [14]

E ¼ GZ0½1� 0:0045ðTp � 298:15Þ�, (7)

where Z0 is the electrical efficiency at standard conditions,
14%.
2.2. Heat transfer coefficient and emissivity factor

2.2.1. Convection heat transfer coefficient

The average convection heat transfer coefficient due to
the wind on the outside surface of PV-glazing is as follows
[15]:

hco ¼ 5:7þ 3:8V . (8)
lease cite this article as: Jiang B, et al. The influence of PV coverage ratio on
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The convection heat transfer coefficient on the inside
surface of PV-glazing is calculated from

hci ¼
Nuxla

X
, (9)

where V is average wind velocity over the PV-glazing, la is
the thermal conductivity of air, Nux is the local Nusselt
number, X is calculation height.
According to the Ref. [13],

Nux ¼ 0:12ðGrx � PrÞ
1=3, (10)

Grx ¼ gbðTp � TaÞX
3=v2, (11)

Pr ¼ v=aa, (12)

aa ¼ la=rCp, (13)

where r is the density of air, Cp is the specific heat capacity
of air, n is the kinematic viscosity of air, aa is the thermal
diffusivity of air.

2.2.2. Radiation heat transfer coefficient

The radiation heat transfer coefficient on outside surface
of PV-glazing can be written as

hro ¼ sðT2
p þ T2

eÞðTp þ TeÞ. (14)

The radiation heat transfer coefficient on inside surface
of PV-glazing can be written as

hri ¼ sðT2
p þ T2

woÞðTp þ TwoÞ, (15)

where s is the Stefan–Boltzman constant, 5.67� 10�8

W/m2K4.

2.2.3. The emissivity factors on the both sides of PV-glazing

The emissivity factors x1, x2 are calculated from

1

x1
¼

1

�o
þ

1

�e
� 1, (16)

1

x2
¼

1

�i
þ

1

�wo
� 1, (17)
thermal and electrical performance of photovoltaic-Trombe wall. Renew
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where ei, eo, ewo, ee are the emissivities of inside surface of
PV-glazing, outside surface of PV-glazing, outside surface
of massive wall and environment, respectively.
2.3. The energy balance of air in the air duct

The air temperature in the air duct varies along the
vertical direction, can be determined from an energy
balance on a differential unit of air in the air duct
perpendicular to the flow direction. The energy balance is
as follows:

rDCp
dTa

dt
¼ hciðTp � TaÞ þ hwoðTwo � TaÞ

� rVaDCp
dTa

dX
, (18)

where D is the depth of the air duct, w is the width of PV-
TW, Cp is the specific heat capacity of air, r is the density
of air, Two is the temperature of the outside surface of
massive wall, Va is the velocity of the air flow in the duct.

The air velocity Va can be calculated from

Va ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:5� gbðTout � T inÞL

Cf
L

d
þ

CinA2

A2
in

þ
CoutA

2

A2
out

vuuuut , (19)

b ¼
1

T
¼

T in þ Tout

2

� ��1
¼

2

T in þ Tout
, (20)

where L is the height of PV-TW, d is the air duct hydraulic
diameter, i.e. d ¼ 2(w+D), A is section area of air duct
in the height direction, Aout, Ain are the area of top
vent and bottom vent, Tout, Tin are temperatures of
top vent and bottom vent, respectively, Cf, Cout, Cin are
the friction factors along the air duct, loss coefficient at the
top vent, loss coefficient at bottom vent, respectively,
Cf ¼ 0:3� 1:368� G0:084

rx , Cout ¼ 0.3, Cin ¼ 0.25.
Lr
oo
mWroom

PV-Trom be wall

Normal wall

Fig. 2. Schematic diagram of the environmental chamber.
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2.4. Heat transfer across the massive wall

As showed in Fig. 2, the southern face of the
environmental chamber is composed of the PV-TW and
normal wall. It is assumed that the heat transfer is one-
dimensional.
For PV-TW, the unsteady heat conduction equation is

qT

qt
¼

lw
rwCw

q2T

q2Y
, (21)

�lw
qT

qY

� �
y¼0

¼ hwoðTwo � TaÞ þ x3hrwoðTwo � TpÞ

þ Gawalltð1� �Þ,

� lw
qT

qY

� �
y¼Dw

¼ hwiðTwi � T rÞ,

Tt¼0 ¼ T j0ðY Þ,

where rw is the density of the massive wall, Cw is the
specific heat capacity of the massive wall, lw is the thermal
conductivity of the massive wall, awall is the absorptivity on
the outside surface of massive wall, T r is the mean indoor
temperature, hwo, hrwo are the convection heat transfer
coefficient and radiation heat transfer coefficient on the
outside surface of massive wall, respectively, hrwo is the
same as hri, hwi is the convection heat transfer coefficient on
the inside surface of massive wall, the emissivity factor x3 is
the same as x2.
For the normal wall, the unsteady conduction equation

is as follows:

qT

qt
¼

lw
rwCw

q2T

q2Y
, (22)

�lw
qT

qY

� �
y¼0

¼ hnwoðTnwo � T eÞ

þ x1hnrwoðTnwo � TeÞ þ Ganwall,

�lw
qT

qY

� �
y¼Dw

¼ hnwiðTnwi � T rÞ,

where Tnwo, Tnwi are the temperatures of outside and inside
surface of normal wall, hnwo, hnrwo are convection heat
transfer coefficient and radiation heat transfer coefficient
on the outside surface of normal wall, hnwi is the convection
heat transfer coefficient on the inside surface of normal
wall, anwall is the absorptivity of normal wall.
2.5. The heat transfer process of the air in the room

Comparing with other three normal walls (eastern wall,
western wall and northern wall), the heat transfer process
of southern wall is more important in the present study,
thereby the heat transfer process of southern wall is only
thermal and electrical performance of photovoltaic-Trombe wall. Renew
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considered. The heat transfer equation is as follows:

rCpLroom
dT r

dt
¼ RTrombe � hwiðTwi � T rÞ þ ð1� RTrombeÞ

� hnwiðTnwi � T rÞ �
_mCp

wroom

dT r

dX
, (23)

where wroom, Lroom are the width and depth of the room, _m
is the mass flow entrance into the room from the top vent,
RTrombe is the ratio between the area of PV-Trombe wall
and the southern wall.

3. The numerical study

In order to predict the improvement of PV-TW on the
indoor thermal environment and electrical performance of
PV cells, a simulation program is written in FORTRAN by
authors. Based on the actual measured weather data in
Hefei, from January 1 to 3, 2005 (in winter), the electrical
performance of PV cells, temperature distribution and heat
gain through PV-TW are discussed. The following para-
meters were employed in the simulation:

The structure parameters of PV-TW: The width of
PV-TW, w ¼ 0.84m; the height of PV-TW, L ¼ 2.66m; the
depth of air duct, D ¼ 0.13m; the area of vent,
A ¼ 0.04m2; the width of the room, wroom ¼ 3.00m; the
height of room, L ¼ 2.66m; and the depth of room,
Lroom ¼ 3.00m.

The parameters of air: The density of air, r ¼ 1.18kg/m3;
the specific heat capacity of air, Cp ¼ 1000 J/kgK; the
thermal conductivity of air, la ¼ 0.026W/mK; the kine-
matic viscosity of air, v ¼ 1.58� 10�5m2/s.

The parameters of PV-glazing: The density of the glass,
rg ¼ 2515 kg/m3; the specific heat capacity of the
glass, Cg ¼ 810 J/kgK; the thermal conductivity of the
glass, lg ¼ 1.4W/mK; the thickness of the glass, d ¼ 3mm;
the transmittance of glass, t ¼ 0.9; the absorptivity of the
PV-glazing, a ¼ 0.9; the emissivity of the PV-glazing is 0.9.

The parameters of the normal wall: The thickness of the
normal wall, Dw ¼ 240mm; the density of the normal wall,
rw ¼ 1800 kg/m3; the specific heat capacity of the normal
wall, Cw ¼ 840 J/kgK; the thermal conductivity of the
normal wall, lw ¼ 0.814W/mK; the absorptivity of the
normal wall, anwall ¼ 0.72; the emissivity of the normal wall
is 0.9.

The parameters of the massive wall in the PV-TW: The
absorptivity of the massive wall in the PV-TW, awall ¼ 0.9
and the top vent and the bottom vent were opened at 10:00,
and were closed at 16:00. The interval is 5 s. The calculation
was started at 1:00.

3.1. The temperature difference between the elements with

and without PV cells

For the different absorptivity between the elements with
and without PV cells, the temperatures of these two
elements are quite different. Hence the temperatures of the
elements with and without PV cells were calculated
Please cite this article as: Jiang B, et al. The influence of PV coverage ratio on
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separately. Fig. 3 is the temperature difference between
the elements with and without PV cells, in different
coverage ratio. When the coverage ratio is of low value,
the maximum temperature difference between the elements
with and without PV cells can reach to 8.5 1C above. As the
coverage ratio increases, the temperature difference
decreases.

3.2. The electrical efficiency of PV cells

The temperature of PV cell plays an important role in the
electrical efficiency. The electrical efficiency of PV cell,
which is the function of the temperature of PV cell, is given
by [14]

Ze ¼ Z0½1� 0:0045ðTp � 298:15Þ�. (24)

As can be seen from the Eq. (24), as the temperature of PV
cell increases, the electrical efficiency reduces. In the
present study, when the coverage ratio increases, the solar
radiation transmitted to the air duct decreases, thereby the
air flow driven by the air thermo-circulation becomes
even slow, and the heat taken away by the air thermo-
circulation reduces, as a result, the temperature of PV cell
increases and the electrical efficiency reduces. Fig. 4 is
the temperature of PV cell in different coverage ratio, and
Fig. 5 is the electrical efficiency in different coverage ratio.
Because the weather data employed in the simulation
program is in winter, (from January 1 to 3) as a result, the
temperature of PV cell is lower than 25 1C, so from the
Eq. (24) one can see that the electrical efficiency is higher
than Z0, which is showed in Fig. 5. Fig. 5 has already
showed that, after the vent was closed at 16:00 pm, the
thermal-circulation in the duct is cut down, thereby the
temperature of PV cell increases which makes the electrical
efficiency decrease. Meanwhile, it also can be seen that
in winter the influence of coverage ratio on electrical
efficiency is slight, less than 0.5%.
thermal and electrical performance of photovoltaic-Trombe wall. Renew
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3.3. The air temperature in the air duct

Fig. 6 is the air temperature in the air duct. One can see
that as the coverage ratio increases, the air temperature in
the air duct decreases. The reason is that when the coverage
ratio increases, the solar radiation transmitted to the air
duct decreases, so the heat gain which the air in the duct
gets from the blackened surface of the massive wall and the
inside surface of PV-glazing reduces. The fluctuations of
the temperature at 10:00 am and 16:00 pm (can be seen
clearly in Fig. 7) in the day time are because the opening
and the closing of the vents.

3.4. The indoor air temperature

Fig. 8 shows the indoor air temperature in different
coverage ratio. One can see that as the coverage ratio
increases, the air temperature decreases. Because the air in
Please cite this article as: Jiang B, et al. The influence of PV coverage ratio on

Energy (2008), doi:10.1016/j.renene.2008.02.001
the duct and the room is continuous, so the reason for
the phenomena is same as that in the duct. The unnecessary
details will not be given here. The maximum temperature
difference, corresponding to the lowest and the highest
coverage ratio, can reach to 6.8 1C above. Therefore, in
order to get a comfortable thermal environment, an
appropriate coverage ratio should be chosen.

3.5. The electrical yield and the heat gain through PV-TW

It is known to all that the larger area of the PV cells is, the
more electricity will be yielded, which is showed in Fig. 9.
Part of the solar radiation captured by the PV-glazing is
converted into electricity, and the rest is converted into
thermal energy which is taken away by the air in the duct.
The solar radiation captured by the massive wall of PV-TW
is transmitted to the interior of the room simultaneously by
the process of radiation, convection and thermo-circulation.
thermal and electrical performance of photovoltaic-Trombe wall. Renew
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However, as the coverage ratio increases, the solar radiation
captured by the massive wall becomes even less. Therefore,
the heat transmitted to the interior of the room by the
massive wall reduces. This becomes the worst when
the coverage ratio reaches to 0.87. The contribution of the
massive wall to the interior of room becomes heat loss,
instead of heat gain. It can be seen clearly in Fig. 9. The
thermal heat gain through PV-TW is calculated from

Qth ¼ Qc þQk, (25)

where Qc is the thermal-circulation heat gain of PV-TW, Qk

is the heat transmitted to the interior of room through the
massive wall of PV-TW.

3.6. The efficiency of the PV-TW

Compare with the thermal energy, the electricity is of
high quality. Therefore, when the total efficiency of PV-
Please cite this article as: Jiang B, et al. The influence of PV coverage ratio on
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TW is discussed, it is not the simple totaling of thermal
energy and electrical energy. In Ref. [16], a total efficiency
Ztotal, defined as follow, was given to evaluate the
performance of PV/T system.

Ztotal ¼ Zth þ Ze=Zpower, (26)

Zth ¼
Qc þQk

Qs

. (27)

We modified the total efficiency Ztotal as follows:

Ztotal ¼ Zth þ Ze;sys=Zpower, (28)

Ze;sys ¼
E

G
, (29)

where Qs is the solar radiation captured by the PV-glazing,
Ztotal is the total efficiency of PV-TW system, Zth is the
thermal efficiency of PV-TW system, Ze is the electrical
efficiency of PV cells, Ze,sys is the electrical efficiency of
PV-TW system, Zpower is the normal fuel electric plant
efficiency, Zpower ¼ 0.38. As showed in Fig. 10, when the
coverage ratio increases, the total efficiency of PV-TW
increases and thermal efficiency of PV-TW decreases.

4. Conclusion

In this paper, a novel PV-TW is proposed. Based on the
actual measured weather data in Hefei, a detailed simula-
tion model for PV-TW is presented. The analysis of
simulation results show that:
�

the
The electrical efficiency of PV cells decreases when the
coverage ratio increases. But in winter, the ambient
temperature is quite low, hence the influence of coverage
ratio on electrical efficiency is slight, less than 0.5%.

�
 As the coverage ratio increases, the electrical yield of

PV-glazing increases, the air temperature in the air duct
and the indoor temperature decrease. The maximum
rmal and electrical performance of photovoltaic-Trombe wall. Renew
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indoor air temperature difference, corresponding to the
lowest and the highest coverage ratio, can reach to
6.8 1C above. Therefore, in order to obtain a good
adjustment of the indoor temperature, an appropriate
coverage ratio should be chosen.

�
 As the coverage ratio increases, the total efficiency of

PV-TW increases, but the thermal efficiency and the
thermal heat gain through PV-TW decreases. So it is not
the case that the larger area of PV cells brings the better
thermal benefit.
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