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Abstract: In the current paper, the thermal and electrical performance of photovoltaic (PV)-
Trombe wall (PV-TW) used in Tibetan residential buildings is investigated, and two performance
influencing factors are analysed. Based on the original model, the PV-TW’s model for residential
buildings is updated, and then a simple design is performed for a given residential building in
Tibet. The results show that the indoor temperature increases linearly, whereas the electrical
efficiency remains almost constant, when the PV-TW’s width increases. In addition, thermal
insulation is found to be quite effective to improve the thermal performance, whereas it decreases
the electrical performance only a little. After choosing a width of 1.70 m, the average indoor
temperatures are 10.2 ◦C and 24.0 ◦C for PV-TW system with and without thermal insulation,
respectively. Besides, the average electrical power can satisfy the requirement of 100W, with an
electrical efficiency of 10–11 per cent.
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1 INTRODUCTION

China has extremely rich solar energy resources, espe-
cially on the Qinghai-Tibetan Plateau. Tibetan plateau
located 4000 m above sea level and has 3000 hours
of sunshine annually, with 816 kJ/cm2 of solar irra-
diation, the highest level in China [1, 2]. Since the
1980s, it has launched a series of projects for wider
use of solar energy in its sparsely populated region.
Up to December 1998, there have been 170 000 m2

solar heating rooms and solar sheep pens in Tibet
alone, 1100 kW installed capacity photovoltaic (PV)
system [3]. However, there still remain 7446 villages
with about 1 800 000 people (two-thirds of the Tibetan
population) living without electricity until 2001 [4],
which greatly restricts the living quality and economic
development in Tibet.

Because of this, the Chinese government pays
much attention to the development and affords large
amount of political and economic supports to Tibet,
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which has provided many advantages for solar energy
utilization. With the advocacy of building integrated
photovoltaic/thermal (BIPV/T), a novel PV-Trombe
wall (PV-TW) has been presented for both electricity
generation and winter heating [5], and the model of
PV-Trombe wall installed in a fenestrated room with
heat storage, which is similar to the model in this
paper, has been validated by experimental results [6].
Hence, due to the PV-TW’s dual function in winter, it
is recommended to be applied in Tibet, where there is
abundant solar energy and least cost problem due to
the government support.

As a pioneer of the PV-TW’s application, a pre-
liminary theoretical design of the PV-TW should be
performed in Tibet. When referring to the design of the
original Trombe wall, a simple analytical model of the
Trombe wall based on its thermal network was con-
sidered, in which all the various parameters affecting
the wall performance can be analysed [7]. Moreover,
there were other methods to study the Trombe wall’s
performance and some typical examples are quoted
below: the theoretical calculation about the tempera-
ture distribution of Trombe wall has been carried out
using a thermal network and then compared with the
experimental data [8, 9]. The air flow in Trombe wall
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has been investigated and it has been deduced that
the air flow is the function of the height of the air
duct [10]. Free convective laminar and turbulent heat
transfer between the channel surfaces of the Trombe
wall have been theoretically investigated, and several
correlations have been developed to enable impor-
tant performance characteristics to be estimated after
comparison with available experimental data [11, 12].
One-dimensional unsteady heat conduction model
was presented and solved to simulate the transient
heat flow through the Trombe wall, and the effect of
the Trombe wall thickness on thermal storage was
investigated [13]; The Trombe wall with massive walls
was modelled by thermal- and mass-transfer equa-
tions to predict its thermal behaviour and the model
was solved by means of finite-difference method and
improved solution procedure [14]; the numerical sim-
ulation for Trombe wall using CFD techniques was
carried out and the effect of the distance between
the wall and glazing, wall height, glazing type, and
wall insulation on the thermal performance of Trombe
wall were investigated [15]. In the case of a composite
Trombe-Michel wall, a simplified design tool for com-
posite Trombe-Michel wall solar collectors has been
developed, and the correlations were derived using
the hourly thermal model PASOPT 2.0 to investigate
its performance under various parameters [16]. As a
step forward, an annual simplified method was devel-
oped and the results were compared with the hourly
and monthly models [17].

The current paper mainly focuses on the numerical
study of PV-TW system for a given single residen-
tial room in Tibet, whose constructive parameters are
assumed according to Chinese criteria. Therefore, a
simulation program is developed, and then the effect
of the most important key factor, i.e. the width of PV-
TW, on its performance is investigated. In addition, the
effect of thermal insulation is also studied, when con-
sidering the special weather condition in Tibet. At last,
the width of PV-TW is decided after the simple design
and the performance of PV-TW system is analysed in
more detail.

2 MODEL FOR SYSTEM DESIGN

The schematic diagram of PV-TW system for winter
heating is shown in Fig. 1. It comprises three layers:
PV glass panel on which some PV cells are affixed,
a blackened wall acting as a thermal absorber, and
an air duct in between. At the bottom and top of the
blackened wall, there are vents for allowing air circula-
tion between air duct and room space. It works as the
original Trombe wall.

When coupling the PV-TW with indoor room, the
system model, which has been given in previous
papers [5, 6], is composed of the two-dimensional

Fig. 1 Schematic diagram of PV-TW system for winter
heating

Fig. 2 The three-dimensional view of the residential
room showing the door and window

PV glass panel model, one-dimensional heat-transfer
models in air duct, southern wall, and room. However,
since doors and windows are usually introduced in
residential rooms, as shown in Fig. 2, the heat-transfer
model in room will be updated and their differences
will be emphasized in the current paper.

2.1 Heat transfer on the PV glass panel

Due to the different absorptivities of the elements with
and without PV cell on the PV glass panel, the heat
transfer on the PV glass panel is considered to be a
two-dimensional problem (X and Z directions). Since
the heat capacity of the flimsy PV cells is neglected, the
energy balance can be obtained as

ρGcG
∂Tp

∂t
= ∂

∂X

(
λG

∂TP

∂X

)
+ ∂

∂Z

(
λG

∂TP

∂Z

)
+ b

δG
(1)
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where b =Sc +SpTp and SP =−(hco +ξ1hro +hci +ξ2hri).

(a) For the elements with PV cell on the glass panel

Sc = αWPV G − E + hcoTe + ξ1hro + hciTa + ξ2hriTwo

(b) For the elements without PV cell on the glass panel

Sc = αNPV G + hcoTe + ξ1hroTe + hciTa + ξ2hriTwo

where αWPV and αNPV are the equivalent absorptivi-
ties of the elements with and without PV cell on the
glass panel, respectively. They can be calculated by
ray-tracing method as [18]

αWPV = αPVτPV + (1 − τPV) + τPV(1 − αPV)(1 − τPV) (2)

αNPV = (1 − τ) + τ(1 − αwall)(1 − τ) (3)

where αPV , τPV , and τ are the absorptivity of PV cells,
the transmissivity of the PV cell’s outside layers, and
the transmissivity of the elements without PV cell
on the glass panel; E is the electrical power rate
generated by PV cells (W/m2)

E = G · τPV · η0 · [1 − 0.0045(Tp − 25)] (4)

where η0 is the electrical efficiency under standard
conditions (1000W/m2, 25 ◦C), for which 14 per cent
is adopted in the current paper.

If the effect of the time-dependent incident angle
θ on the transmissivities is taken into account, a
modified coefficient Kτα is introduced [18]

τ = τ0 · Kτα, τPV = τPV0 · Kτα

Kτα = 1 − 0.1
(

1
cos θ

− 1
)

(5)

where τPV0 and τ0 are the transmissivities when inci-
dent angle is zero, whose values are 0.81 and 0.66,
respectively, if considering the transmissivities of dif-
ferent layers of PV glass panel.

2.2 Heat transfer in the air duct

It is assumed that the air temperature in the air duct
varies along the vertical X -direction only, and then the
heat transfer in the air duct is as given as

ρDcP
dTa

dt
= hci(TP − Ta) + hwo(Two − Ta)

− ρVaDcP
dTa

dX
(6)

Va =
√

0.5 g β̄ · (Tout − Tin) · H
Cf (H /d) + Cin(AS/AV)2 + Cout(AS/AV)2

(7)

2.3 Heat transfer across walls

It is assumed that the heat transfer across the south-
ern wall is one-dimensional, and the unsteady heat
conduction equation is

∂Tw

∂t
= λw

ρwcw

∂2Tw

∂Y 2
(8)

The walls, as the six surfaces of the hexahedron room,
are of different boundary conditions. The southern
wall comprises the PV-TW part and the rest part, which
is regarded as the normal wall part; the northern, east-
ern, western, and roof wall are similar to the normal
part of the southern wall, just of different captured
solar radiation and different materials, so they will
not be enumerated here one by one and only the
southern wall is taken as an example. The boundary
conditions of the southern wall for different parts are
as follows:

(a) For the PV-TW part

−λw

(
∂Tw

∂Y

)
y=0

= hwo(Two − Ta)

+ ξ3hrwo(Two − Tp)

+ GαwallτNPV(1 − ε)

−λw

(
∂Tw

∂Y

)
y=Dw

= hin(Twi − T̄r)

(b) For the normal wall part

−λw

(
∂Tw

∂Y

)
y=0

= hout(Tnwo − Te) + Gαnwall

−λw

(
∂Tw

∂Y

)
y=Dw

= hin(Tnwi − T̄r)

where αwall and αnwall are the absorptivities of the
blackened wall and normal wall, respectively; hout,
and hin are the heat transfer coefficients between
wall and ambient, between wall and indoor environ-
ment, respectively, (W/m2 K); ε is the ratio of PV cell
coverage.

However, the heat transfer through the floor is
much more complicated and it is simplified as
a heat resistance 1/Kf in the calculation and a
value of Kf = 0.47W/m2 K is determined according
to reference [19], so is the heat transfer through
the door.

2.4 Heat transfer in the room with PV-TW

Since the thermosiphon induces the indoor air flow
from the top-down, it has been assumed that the
temperature in the room with PV-TW (PV-TW room)
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varied along the vertical X -direction only in the
former paper [5, 6]. However, as window is introduced,
the solar radiation can strike the indoor floor or
its adjacent walls, so these walls are heated up,
and an air flow from the bottom-up occurs. Con-
sequently, the flow in the PV-TW room becomes a
mixed flow, which is harder to solve. Therefore, the
one-dimensional assumption is no longer competent
for this intricate problem, unless some simplifica-
tions are introduced. Considering that the average
indoor temperature is the focus, the following sim-
plifying assumptions are made and the processes
of calculation are as below, similar to those in
reference [6].

1. The PV-TW room is divided into two zones by
a face normal to the Z coordinate, as shown in
Fig. 2, i.e. the western zone 1 and the eastern
zone 2.

2. It is assumed that the heat transfer in zone 1 is one-
dimensional and there is no heat transfer through
the eastern surface adjacent to zone 2. It is assumed
that the door is assigned to zone 1, and then the air
temperature in zone 1 can be calculated from

ρcPLroom
dTr1

dt
= RTrombe1 · hin(Twi − Tr1)

+ (1 − RTrombe1) · hin(Tnwi − Tr1)

− ṁcP

wroom1
· dTr1

dX
+ Lroom

H

× Kf (Te − Tr1)

+ Lroom

wroom1
· hin(Tnwiw − Tr1) + Lroom

H

× hin(Tnwih − Tr1)

+ (1 − Rdoor) · hin(Tnwin − Tr1)

+ Rdoor · Kd(Te − Tr1) (9)

where Tr1 is the air temperature of zone 1 (◦C), wroom1

the width of zone 1 (m), ṁ the mass flowrate ven-
tilated from the top vent (kg/s), RTrombe1 the ratio
between the area of PV-Trombe wall and the south-
ern wall area of zone 1, i.e. RTrombe1 = w/wroom1, Rdoor

the ratio between the area of the door and the north-
ern wall area of zone 1, i.e. Rdoor = Adoor/(H · wroom1),
Tnwiw, Tnwih, and Tnwin are the temperatures of inside
surfaces of the western, roof, and northern wall,
respectively (◦C), and Kf and Kd are the heat loss
coefficients of the floor and door, respectively, Kd =
4.65W/m2 K [19].

3. The heat transfer in zone 2 is calculated by heat
gain from all surfaces except the western surface
adjacent to zone 1. The heat gain through the win-
dow is calculated by the solar heat gain factor

and U -value as below

ρcPLroom
dTr2

dt
= (1 − Rwindow2) · hin(Tnwi − Tr2)

+ Rwindow2 · Uw(Te − Tr2)

+ Rwindow2 · gw · G + Lroom

H
× Kf (Te − Tr2)

+ Lroom

wroom2
· hin(Tnwie − Tr2)

+ Lroom

H
· hin(Tnwih − Tr2)

+ hin(Tnwin − Tr2) (10)

where Tr2 is the air temperature of zone 2 (◦C), wroom2

the width of zone 2 (m), Rwindow2 the ratio between
the area of window and the southern wall area of
zone 2, i.e. Rwindow2 = Awindow/(H · wroom2), gw the
solar heat gain factor of window, gw = 0.72; Uw the
overall loss coefficient of window, Uw = 3.0W/m2 K;
Tnwie the temperature of inside surfaces of the
eastern wall (◦C).

4. At last, the temperature of the PV-TW room, which
consists of zone 1 and zone 2, can be obtained by
simply mixed, using weighted average method

Tr = (wroom1 · Tr1 + wroom2 · Tr2)

(wroom1 + wroom2)
(11)

3 SIMULATION AND DISCUSSION

In order to study the influences of various factors
on the thermal performance of such systems and to
investigate the feasibility of using PV-TW in Tibet, an
ordinary room is applied for simulation. The dimen-
sions of the simulated room are 6 m (length) × 4 m
(width) × 3 m (height). Otherwise, a window of 1.5 m
(width) × 2 m (height) is setup on the southern wall,
whereas a door of 1 m (width) × 2 m (height) is
installed on the northern wall. According to Chinese
design criteria, the primary materials employed in the
calculation and their thermophysical properties are
listed in Table 1.

The software Medpha (Meteorological Data Pro-
ducer for HVAC Analysis), which is developed by
Tsinghua Manual Environment Engineering Co., Ltd.,
can provide the climate data of 193 regions in China
based on the measured results of the past 30 years. It
was used to generate climate data during winter for
simulation. Hence, a generated 11-day weather data
as shown in Fig. 3, which were considered to be repre-
sentative of the fine weather in Tibet, were employed
in this paper and configured as a data input of the
simulation program.

In the processes of PV-TW system’s design, there
are various parameters which need to be confirmed.
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Table 1 The material properties

Specific Thermal
Density heat conductivity Thickness

Material (kg/m3) (J/kg K) (W/m K) (m) Specification

Air 1.18 1000 0.026 N/A The kinematic viscosity is
1.58 × 10−5 m2/s

Glass panel 2500 840 0.76 0.005 The absorptivity of PV is 0.9
Brick 1800 1050 0.81 0.24 The absorptivity of the

blackened wall and the
normal wall part is 0.9
and 0.75, respectively

Concrete 2515 920 1.74 0.30 The absorptivity of the
concrete’s surface is 0.7

Thermal insulating material 30 1045 0.026 0.10 The absorptivity of the
thermal insulating
material’s surface is 0.64

Fig. 3 The 11-day weather data (11–21 January) in Tibet

At first, the electricity generation of PV-TW system
should be decided. It has been reported that there have
been some 40W photovoltaic electricity-generating
systems in Wuerduo Town in Tibet, for the opera-
tion of two lamps and a monochrome TV set [20].
However, for better life improvement, a 100W photo-
voltaic system is planned in the design. Then, the size
of PV-TW, which consists of its depth, height, width,
and the size of the air vents, needs to be decided.
The effect of the depth of L- and C-shaped channels
on the thermal performance has been researched by
da Silva and Gosselin [21] and a value of 0.18 m is
adopted after the calculation and considering the con-
venience of installation. The height of the PV-TW is
usually equal to the height of the room. The size of
the air vents, which is characterized by the parame-
ter AV /AS, has been studied and an optimum value of
0.5–0.7 has been recommended [22], then a constant
value of 0.6 is adopted in the calculation. Therefore,
the width of PV-TW is the key of the PV-TW design
and will be emphasized in the current paper as shown
below.

3.1 The effect of width on the performance of
original PV-TW system (Case 1)

The performance of PV-TW system, which includes
both the thermal and electrical aspects, can be eval-
uated by the indoor temperature and the electrical
efficiency, respectively. Since the PV-TW starts from
scratch, it is regulated that the performance test
should be carried out after 7 days’ operation. In
addition, the weather data built by Medpha 1.0 con-
sisted of 11 days’ data (11–21 January). Hence, the
latter 4-day average indoor temperature and electri-
cal efficiency, which can be denoted by ‘TR7’ and
‘EFF7’ respectively, is introduced and will be dis-
cussed here. Besides, to distinguish the PV-TW sys-
tem in two cases, subordinate suffixes 1 and 2 are
added for PV-TW system without and with thermal
insulation.

When considering the size of PV cells and the restric-
tion of window, the 4-day average indoor temperature
TR7 is calculated with PV-TW’s width ranging from 1.29
to 2.43 m. The effect of width in this range on TR7 is
shown in Fig. 4. It can be seen that TR7 increases as the
width increases, because more hot air is provided by
PV-TW due to more captured solar energy. The curve
can be deemed to be approximately linear, and then
the linear fit formula is obtained as below

TR7 = 6.855 36 + 1.963 91 · w (1.29 � w � 2.43)

(12)

However, it can be found that even in the case of max-
imum width 2.5 m, the calculated TR7, according to
the above equation is only 11.8 ◦C, still not enough for
the regulated heating temperature 16–18 ◦C. Thereby,
some improvements should be considered.

Furthermore, the effect of the width on the 4-day
average electrical efficiency EFF7 is shown in Fig. 5.
It can be seen that the EFF7 is nearly constant, about
10.26 per cent, since the temperatures of PV cells do
not vary enough to influence it effectively.
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Fig. 4 The effect of width on the 4-day average indoor
temperature in Case 1

Fig. 5 The effect of width on the 4-day average electrical
efficiency in Case 1

3.2 The effect of width on the performance of
insulated PV-TW system (Case 2)

Considering that the diurnal fluctuation of ambi-
ent temperature is distinct, as shown in Fig. 3, it is
necessary to enhance the walls’ insulation, and its
affirmative effect will be discussed in this section. For
PV-TW system’s simulation in this case, a thermal insu-
lating layer of 10 cm, whose thermophysics properties
are also listed in Table 1, is appended on the outside
surfaces on every wall, floor, and door except win-
dow, whereas the insulating layer is also attached to
the outside surface of the blackened wall. In this way,
an insulated PV-TW system is constituted.

It is assumed that there is no contact thermal resis-
tance between the insulating layer and the original
blackened wall, and the equation of the heat conduc-
tion through the insulating layer is similar to equation

Fig. 6 The effect of width on the 4-day average indoor
temperature in Case 2

(8), then the results in Case 2 are obtained. The effect
of width in the range above on TR7 is shown in Fig. 6.
It can be seen that the TR7 still increases as the width
increases, and the curve is also approximately linear.
However, it is evident that the TR7 in the case of insu-
lated PV-TW system has increased by more than 10 ◦C
compared with that of original PV-TW system dis-
cussed above, and has exceeded the regulated heating
temperature. The linear fit formula in this case can also
be obtained as

TR7 = 13.7809 + 5.918 05 · w (1.29 � w � 2.43)

(13)

Furthermore, the effect of the width on EFF7 in this
case is shown in Fig. 7. It can be seen that the EFF7 is
also nearly constant, about 10.19 per cent, a little less
than that of original PV-TW system.

Fig. 7 The effect of width on the 4-day average electrical
efficiency in Case 2
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3.3 The confirmation of width

From the above discussions, it can be found that
the indoor temperature in the case of original PV-
TW system is always less than the regulated heating
temperature, whereas it is opposite in the case of insu-
lated PV-TW system. According to the requirement
of human comfort, a width of 1.70 m is chosen after
our calculation, and the TR7-2 for this chosen width
is about 24.0 ◦C, which is a comfortable temperature.
In addition, the TR7-1 for this chosen width is only
10.2 ◦C.

3.4 The detailed comparison of the original and
insulated PV-TW system for the chosen width

To obtain clearly the effect of thermal insulation on
the performance of PV-TW system along with time, a
detailed comparison of the original and insulated PV-
TW system for the chosen width is carried out in this
section, and the following aspects will be compared:
average temperatures of the elements with and with-
out PV cell on the PV glass panel (denoted by TP-B and
TP-W, respectively), average indoor temperature in the
PV-TW room (TR), electrical power (P), and efficiency
(EFF).

The temperatures of the elements with and with-
out PV cell on the glass panel are shown in Fig. 8. It is
illustrated that the maximum temperature difference
between these two kinds of elements is about 10 ◦C due
to their different absorptivities, so it is more reason-
able than the references to present a two-dimensional
model of PV glass panel when taking the into account
the temperature difference. Furthermore, it is shown
that the PV cells’ temperatures in Case 2 are higher
than those in Case 1 at day time, whereas it is contrary
at night, as a result of the character of the insulating
layer. During daytime, the insulating layer prevents the

Fig. 8 The temperatures on the PV glass panel in
two cases

heat in the air duct transferring into the heat storage
bricks, and leads into the higher temperature in the
air duct and on the blackened wall, then the higher
PV cells’ temperature. When night is falling, the insu-
lating layer holds back the wall’s heat delivery to the
PV glass panel, and results in a lower PV cells’ temper-
ature. However, the temperature difference between
the PV cells’ temperature in the two cases is relatively
so small that the electrical performance, as shown in
Fig. 9, is only decreased a little. The 4-day average elec-
trical power in Cases 1 and 2 are 101.8 and 101.0W,
respectively, when the 4-day average solar radiation
on the vertical plane is 597W/m2. Thus, the designed
100W electrical power can be achieved in fine days.

The indoor temperatures in the two cases are shown
in Fig. 10. It is found that the indoor temperature
in Case 2 is much higher and smoother than that in
Case 1, due to thermal insulation. In addition, both
the two curves do not culminate at noon, but at sev-
eral hours later, as a result of the wall’s heat storage
effect.

Fig. 9 The electrical performances in two cases

Fig. 10 The temperatures in rooms with and without
PV-TW in two cases

JPE364 © IMechE 2007 Proc. IMechE Vol. 221 Part A: J. Power and Energy
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Fig. 11 The relativeness indexes in two cases

A relativeness index (RI), defined as the tempera-
ture difference between average indoor temperature
and ambient, was introduced as tests would have to be
done on different days [23]. However, the cases in this
paper are theoretical researches and the weather data
are the same. In order to express how these two kinds
of PV-TW system improve the indoor temperature, an
RI, defined as the temperature difference between the
average temperature of the room with and without PV-
TW, is introduced in the current paper and denoted by
‘RIR’, similar to the RI. The average temperatures of
the room without PV-TW, denoted by ‘TREF’ (without
PV-TW) in the two cases, are also shown in Fig. 10. The
RIRs in the two cases are shown in Fig. 11, and it is
shown that the RIR in Case 2 is more than 10 ◦C big-
ger than that in Case 1. Hence, it is proved again from
another point of view that the thermal performance of
the insulated PV-TW system is much better.

Generally speaking, when the PV-TW system is
insulated, the thermal performance improves extraor-
dinarily, whereas the electrical performance is almost
the same. Consequently, the insulated PV-TW sys-
tem is recommended to achieve not only electricity,
but also considerably good space heating in Tibet.
However, the PV-TW’s initial investment remains the
ultimate problem, and it is absolutely necessary to be
supported by the Chinese government.

4 CONCLUSION

A simplified mathematical model for PV-TW system
has been updated based on the previous model, in
order to apply PV-TW in Tibetan residential buildings.
After that, a theoretical design of PV-TW system has
been implemented based on the model: at first, the
vital effect of PV-TW’s width on its thermal and electri-
cal performance has been investigated. Then the effect
of thermal insulation has also been studied. At last, the

PV-TW’s width for a given residential room has been
chosen and the performances of PV-TW system with
and without thermal insulation have been compared.
Accordingly, the following results can be summarized
as below.

1. In general, when the PV-TW’s width increases, the
indoor temperature increases linearly, whereas the
electrical performance remains almost constant.

2. The effect of thermal insulation on indoor temper-
ature is especially active due to the weather condi-
tions in Tibet, whereas the electrical performance
has only a little decrease.

3. The average indoor temperatures are 10.2 ◦C and
24.0 ◦C for the chosen width 1.70 m, for PV-TW sys-
tem with and without thermal insulation, respec-
tively. Besides, the average electrical power can
satisfy the requirement of 100W, with an electrical
efficiency of 10–11 per cent.

4. The theoretical design of PV-TW in Tibet provides a
quick prediction of the performance when PV-TW
will be installed on the south facade of a residen-
tial building in Tibet, and the results show that
the application prospect of PV-TW is so attractive
in Tibet.
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APPENDIX

Notation

Adoor,
Awindow

area of door and window, respectively
(m2)

AS cross-sectional area normal to the
height direction of the air duct (m2)

AV area of the winter air vent (m2)
cp, cw, cG specific heat capacity of air, wall and

glass, respectively (J/kg K)

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

Cf fraction factor along the air duct
d air duct hydraulic diameter (m)
D, Dw depth of air duct, the thickness of the

wall (m)
E electric power rate generated by PV

cells (W/m2)
g gravitational acceleration,

g = 9.806 65 (m/s2)
gw solar heat gain factor of window
G total solar radiation on the vertical

plane (W/m2)
hco, hci convection heat-transfer coefficients

on the outside surface and inside sur-
face of PV glass panel (W/m2 K)

hnrwo radiation heat-transfer coefficient on
the outside surface of normal wall
(W/m2 K)

hnwi,
hnwo

convection heat-transfer coefficient
on the inside and outside surface of
normal wall, respectively (W/m2 K)

hout, hin heat-transfer coefficients between
wall and ambient, between wall and
indoor environment (W/m2 K)

hro, hri radiation heat-transfer coefficients on
the outside surface and the inside
surface of PV glass panel (W/m2 K)

hrwo radiation heat-transfer coefficient on
the outside surface of PV-TW (W/m2 K)

hwo, hwi convection heat-transfer coefficients
on the outside surface and the
inside surface of PV-TW, respectively
(W/m2 K)

H height of PV-TW (m)
Kf , Kd heat loss coefficients of the floor and

door (W/m2 K)
Kτα a modified coefficient of transmis-

sivity
Lroom depth of room (m)
ṁ ventilated mass flowrate (kg/s)
Rdoor ratio between the area of door and the

northern wall area of zone 1
RTrombe1 ratio between the area of PV-TW and

the southern wall area of zone 1
Rwindow2 ratio between the area of window and

the southern wall area of zone 2
Tnwo, Tnwi temperatures of outside and inside

surface of normal wall (◦C)
Tnwiw, Tnwie,
Tnwih, Tnwin

temperatures of inside surfaces of the
western, eastern, roof, and northern
wall, respectively (◦C)

Tout, Tin temperatures of top and bottom win-
ter air vent (◦C)

Tp, Te, Ta temperatures of PV glass panel, ambi-
ent, the air in the duct, respectively
(◦C)
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Tr indoor temperature of the PV-TW
room (◦C)

Tr1, Tr2 air temperature of zone 1 and zone
2, respectively (◦C)

Tw temperatures of PV-TW (◦C)
Two, Twi temperatures of outside and inside

surface of the blackened southern
wall (◦C)

Uw overall loss coefficient of window
(W/m2 K)

Va velocity of the air flow in the duct
(m/s)

w width of PV-TW (m)
wroom1,
wroom2

width of zone 1 and zone 2, respec-
tively (m)

αPV , αnwall,
αwall

absorptivity of the PV cells, the
normal wall, the blackened wall,
respectively

αWPV ,
αNPV

equivalent absorptivities of the ele-
ments with and without PV cell on the
glass panel, respectively

β heat expansion coefficient (K−1)
δG thickness of the glass panel (m)
ε ratio of PV cell coverage
η0 electrical efficiency at standard

conditions
θ incident angle
λG, λw thermal conductivity of glass, wall,

respectively (W/m K)
ξ1, ξ2, ξ3 emissivity factors
ρ, ρG, ρw density of the air, glass, wall, respec-

tively (kg/m3)

τPV , τ transmissivity of the PV cells’ outside
layers, the elements without PV cell
on the glass panel, respectively

τPV0, τ0 transmissivities when incident angle
is zero

Proc. IMechE Vol. 221 Part A: J. Power and Energy JPE364 © IMechE 2007




