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a  b  s  t  r  a  c  t

This  study  aims  to  compare  the thermal  performance  of  two  different  types  of  Trombe  wall:  one  with
the  absorber  plate  pasted  on  the thermal  storage  wall  (Type  I) and  one  with  the  absorber  plate  placed
between  the  glass  cover  and  the thermal  storage  wall(Type  II). The  glass  cover  is  double  glazed.  The energy
and exergy  efficiencies  of the  Trombe  walls  are  evaluated  for various  air channel  depths,  solar  radiation
intensities  and  the  emissvities  of  the  glass  cover.  The  energy  and  exergy  efficiencies,  the  airflow  rate
eywords:
rombe wall
nergy efficiency
xergy efficiency
olar radiation

and  air  temperature  rise  in the  air channel  in  the  Trombe  wall  with  the  absorber  plate  placed  between
the  glass  cover  and  the  thermal  storage  wall(Type  II)  are  higher  than  those  in the  Trombe  wall  with
the  absorber  plate  pasted  on the  thermal  storage  wall(Type  I).  In addition,  it is found  that  the particular
exergy  destruction  due  to  absorption  of  the  absorber  plate is the  largest  and  that  a  higher  absorber  plate
temperature  is  preferable  in  decreasing  the total  exergy  destruction  and increasing  exergy  efficiency.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

One of the classical passive solar systems is the Trombe wall.
 Trombe wall, which is also known as a thermal storage wall and
olar heating wall [1,2], reduces a building’s energy consumption by
p to 30% [3] and provides thermal comfort in winter and interme-
iate seasons [4]. A Trombe wall is an important green architectural
eature that aides the ventilation, heating and cooling of buildings.

Many theoretical and experimental studies on the performance
f Trombe walls have been carried out. Khedari et al. investigated
he performance of a modified Trombe wall, named the partially-
lazed modified Trombe wall, which aimed to induce higher natural
entilation and provide daylight for housing [5]. The thermal per-
ormance of two types of solar facade: flat and transpired aluminum
lates were compared and it was found that the transpired design
as able to reduce heat losses [6]. The thermal performance of a

lassical Trombe wall and a composite Trombe–Michel wall was
lso studied [7]. It showed that the composite wall had better
nergy performance than the classical wall in cold and/or cloudy
eather. Ryan et al. reported on test rigs resembling lightweight

assive solar air-heating collectors. The thermal efficiency was
hown to be a function of the heat input and the system height,
ut not of the channel depth [8]. The thermal performance of five

∗ Corresponding author at: Sichuan University, No.24 South Section 1, Yihuan
oad, Chengdu, China.

E-mail address: chengjunjing@126.com (C. Jing).

ttp://dx.doi.org/10.1016/j.enbuild.2016.04.052
378-7788/© 2016 Elsevier B.V. All rights reserved.
different passive solar test-cells (Direct-gain, Trombe-wall, Water-
wall, Sunspace, and Roofpond) was reported [9]. A research project
was conducted to investigate the performance of a coupled novel
triple glass and PCM wall as a solar space heater [10]. The energy
performance comparison of single glass, double glass and a semi-
transparent PV module integrated on the Trombe wall faç ade of a
model test room built in Izmir, Turkey has been carried out [11].
The efficiency of the modified Trombe wall with forced convection
that could be operated in four different modes was  analyzed [12]. A
PV-Trombe wall, installed in a fenestrated room with heat storage,
was investigated to approach the practical application of this type
of solar wall [13].

Most of the studies on Trombe walls were based on the energy
balance equations. However, the energy balance equations alone
do not consider the internal losses, and the energy efficiency is
not an adequate criterion for Trombe walls. Exergy analysis can
reflect the quality change of solar energy transfer process, use and
consumption through Trombe walls. Exergy analysis is more infor-
mative with regard to the optimum operating zone, quantifying
the inefficiencies, their relative magnitudes and locations [14–16].
Exergy is the maximum work potential that can be obtained from a
form of energy [17]. Exergy efficiency is more realistic than energy
efficiency, and exergy analysis should be considered in the eval-
uation and comparison of solar thermal systems [18]. Therefore,

the main consideration in this study will be on the detailed energy
and exergy analysis of two  types of Trombe walls, one of which
has the absorber plate pasted on the thermal storage wall (Type
I) and the other of which has the absorber plate placed between

dx.doi.org/10.1016/j.enbuild.2016.04.052
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2016.04.052&domain=pdf
mailto:chengjunjing@126.com
dx.doi.org/10.1016/j.enbuild.2016.04.052
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he glass cover and the thermal storage wall (Type II). These are for
valuating the performance and optimizing the designed Trombe
alls with the maximum exergy efficiency under given operating

onditions.

. The description of Trombe walls

In Fig. 1, the physical model for the two types of Trombe walls
s divided as follows: the glass cover, the absorber plate, the air
hannel, the thermal storage wall and two openings. Two  openings
re respectively located on the upper and lower part of the thermal
torage wall. In Fig. 1(a), the absorber plate is pasted on the thermal
torage wall (Type I) and there exists an air channel between the
lass cover and the absorber plate. In Fig. 1(b), the absorber plate is
laced between the glass cover and the thermal storage wall (Type

I) with the air channel between the absorber plate and the thermal
torage wall, so there is an air gap between the glass cover and
he absorber plate. The glass cover is double glazed in Fig. 1. Solar
adiation penetrates through the glass cover and is absorbed by the
bsorber plate which results in a temperature rise of the absorber
late. Colder air from indoor enters the air channel through the

ower opening, and is heated by the hot absorber plate and rises and
hen enters indoors through the upper opening. The heat transfer

odes and heat exchange in the system are shown in Fig. 1.

. Energy analysis

While the energy balance equations are derived, some assump-
ions have been made:

1) The systems operate under steady state conditions.
2) The air temperature in air channel changes only in the direction

of the flow.
3) Heat transfer through the glass cover, the absorber plate, and

the thermal storage wall is 1-D and in the direction perpendic-
ular to the air flow.

4) The heat loss of the lateral walls is neglected due to its small
effect.

For the studied Trombe walls shown in Fig. 1, the energy balance
quations are written as below.

The glass cover is double glazed which has four surfaces and
ne air layer. The energy balance equations for the first and second
urfaces of the glass cover are:

hcgaAg(Tg1 − Ta) + hrgsAg(Tg1 − Ta) + �g

ıg
Ag(Tg1 − Tg2)

= ˛gAgI

(1)

hrgg + �fg

ıfg
)Ag(Tg2 − Tg3) + �g

ıg
Ag(Tg2 − Tg1) = 0 (2)

here Tg1, Tg2, Tg3 are respectively the temperatures of the first,
econd and third surfaces of the double glazing shown in Fig. 1
◦C), Ta is the outdoor temperature (◦C), Ag is the area of the dou-
le glazing (m2), I is the solar radiation intensity(W/m2), ˛g is the
bsorptivity of the glass cover, �g , �fg are respectively the thermal
onductivity of the glass and air in the air layer(W/m·K), ıg , ıfg are
espectively the thicknesses of the glass and the air layer(m).

The convection heat transfer coefficient due to wind hcga is given
y W.H. Mcadams as [19]:
cga = 5.7 + 3.8uw

here uw is the wind speed.
ings 126 (2016) 517–523

The radiation heat transfer coefficient hrgs from the outside
surface of the double glazing to the sky referred to the ambient
temperature is obtained from

hrgs = �bεg1(Tg1
4 − Ts

4)
Tg1 − Ta

where �b is Stefan–Boltzmann constant (5.67 × 10−8W/m2·K4), and
εg1 is the emissivity of the first surface of the glass cover.

The sky temperature Ts is given by Duffie and Beckman [20] as

Ts = 0.0552T1.5
a

The radiation heat transfer coefficient hrgg from the third surface
to the second surface of the double glazing can be derived as

hrgg = �(Tg3
2 + Tg2

2)(Tg3 + Tg2)
1

εg3
+ 1

εg2
− 1

where εg2, εg3 are respectively the emissivities of the second and
third surfaces of the double glazing.

The energy balance equations for the third and fourth surfaces
of the double glazing are:

(hrgg + �fg

ıfg
)Ag(Tg3 − Tg2) + �g

ıg
Ag(Tg3 − Tg4) = ˛gAg�gI (3)

(hrpg + �fp

ıfp
)Ap(Tg4 − Tp) + �g

ıg
Ag(Tg4 − Tg3)

+hcgAg(Tg4 − Tf ) = 0

(4)

where Tg4 is the temperature of the fourth surface of the double
glazing, Tp,Tf are respectively the temperatures of the absorber
plate and air in air channel (◦C), Ap is the area of the absorber plate
(m2),�g is the transmissivity of the double glazing, �fp is the ther-
mal  conductivity of air in air layer between the absorer plate and
the glass cover (W/m·K), ıfp is the thickness of the air layer (m).

The radiation heat transfer coefficient hrpg from the absorber
plate to the fourth surface of the double glazing can be obtained
from

hrpg = �(Tp
2 + Tg4

2)(Tp + Tg4)
1
εp

+ 1
εg4

− 1

where εp, εg4 are respectively the emissivities of the fourth surface
of the double glazing and the absorber plate.

The convection heat transfer coefficient hcg between the air in
the air channel and the fourth surface of the double glazing can be
defined as

hcg = Nu�f /ı

where �f is the heat conduction coefficient of air in air channel
(W/m·K), ı is the thickness of the air channel (m). Nu is Nusselt
number.

In Eq. (4), �fp/ıfp = 0 for the first type of Trombe wall shown
in Fig. 1(a); hcg = 0 for the second type of Trombe wall shown in
Fig. 1(b). The heat balance equation for the absorber plate is:

hcpAp(Tp − Tf ) + (hrpg + �fp

ıfp
)Ap(Tp − Tg4) + UpAp(Tp − Tn)

+hrpwAp(Tp − Tw) = ˛p�gApI (5)

where Tw is the temperature of the thermal storage wall (◦C), Tn is
the indoor temperature (◦C).

The radiation heat transfer coefficient hrpw from the absorber

plate to the thermal storage wall can be obtained from

hrpw = �(Tp
2 + Tw

2)(Tp + Tw)
1
εp

+ 1
εw

− 1
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ig. 1. Physical model of Trombe wall. (a)Type I: the absorber plate pasted on the 

he  thermal storage wall.

here εw is the emissivity of the outside surface of the thermal
torage wall.

The heat transfer coefficient Up through the thermal storage wall
s given as

p = 1
ıw
�w

+ ıin
�in

+ 1
hn

here �w , �in are respectively the heat conduction coefficients
f the thermal storage material and thermal insulation material
W/m·K), ıw ,ıin are respectively the thicknesses of the thermal
torage and insulation layers (m), hn is the convection heat trans-
er coefficient between the thermal storage wall and indoor air
W/m2·K).

The convection heat transfer coefficient hcp between the air in
ir channel and the absorber plate may  be defined as

cp = Nu�f /ı

In Eq. (5), �fp/ıfp = 0, hrpw = 0 for the first type of Trombe wall
hown in Fig. 1(a); Up = 0 for the second type of Trombe wall shown
n Fig. 1(b).

The energy balance equation for the air in the air channel is:

hcpAp(Tp − Tf ) + hcgAg(Tg4 − Tf ) + hcwAw(Tw − Tf )

= �f qcp(Tout − Tn) (6)

here �f is the air density(kg/m3), q is the airflow rate (m3/s), cp

s the specific heat of air(J/kg·K), Tout is the outlet air temperature
◦C).

The convection heat transfer coefficient hcw between the air in
ir channel and the thermal storage wall in Fig. 1(b) can be defined
s

cw = Nu�f /ı

In Eq. (6), hcw = 0 for the first type of Trombe wall shown in
ig. 1(a); hcg = 0 for the second type of Trombe wall shown in
ig. 1(b).
The mean air temperature in air channel is calculated [21].

f = �Tout + (1 − �)Tn

here � = 0.74
al storage wall; (b) Type II: the absorber plate placed between the glass cover and

In Fig. 1(b), the heat balance equation for the outside surface of
thermal storage wall is:

hcwAw(Tw − Tf ) + UpAb(Tw − Tn) + hrpwAp(Tw − Tp) = 0 (7)

where Aw is the area of the thermal storage wall (m2).
The airflow rate q can be derived as

q = cdA∗
√

2gH
|Tout − Tn|

Tn
(8)

where cd is the discharge coefficient, cd = 0.57 [22], A∗ is the effective
area of the openings (m2), A∗ =

√
2AtAb/

√
A2

b
+ A2

t , At and Ab are
respectively the areas of the upper opening and the lower opening
(m2), H is the vertical distance of two  openings (m).

The Nusselt number for laminar (6000 < Ra ≤ 2 × 105) and
turbulent (2 × 105 < Ra < 1.1 × 107) natural convection flow is
calculated by using the Eqs. (9) and (10), respectively [23].

Nu = 0.197Ra
1
4 (ı/H)

1
9 (9)

Nu = 0.073Ra
1
3 (ı/H)

1
9 (10)

where Ra = GrPr, Gr = gˇı3�T/	2
f , Pr = �f /�f cp	f ,  ̌ is the coeffi-

cient of thermal expansion (K−1), �T  is the temperature difference
of surfaces (◦C).

The density, thermal conductivity, and kinematic viscosity coef-
ficient of air can be obtained from the equations below [24].

�f = 1.1614 − 0.00353(Tf − 300)

�f = 0.0263 + 0.000074(Tf − 300)

	f = [1.846 + 0.00472(Tf − 300)] × 10−5/�f

cp = 1007 + 0.04(Tf − 300)
The total heat supply from Trombe walls is given below.
For Fig. 1(a):

Qz = �f qcp(Tout − Tn) + UpAp(Tp − Tn) (11)
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For Fig. 1(b):

z = �f qcp(Tout − Tn) + UpAw(Tw − Tn) (12)

The energy efficiency of Trombe wall is defined as

1 = Qz

IAp
(13)

. Exergy analysis

The exergy balance equation for a Trombe wall can be written
s:

xsun + Exin − Exout = Exdest (14)

here Exsun is the solar exergy(W), Exin is the inlet exergy(W), Exout

s the outlet exergy (W), Exdest is the exergy destruction(W).
Solar exergy Exsun can be introduced as [25]:

xsun = IAg(1 − Ta

Tsun
) (15)

Considering that the effective sun temperature Tsun is 3/4 sun
emperature as black body, Tsun = 4500 K [26].

Useful exergy Exu is the amount of increase in exergy level of
he air leaving the lower opening.

xu = Exout − Exin = �f q[cp(Tout − Tn) − Ta(cvLn
Tout

Tn
− R ln

�out

�n
)]

(16)

here �n is the inlet air density (kg/m3), �out is the outlet air density
kg/m3), cv is the constant-volume specific heat of air (J/kg·K), R is
he gas constant (J/kg·K).

Eq. (16) gives the kinetic energy (exergy) transferred by free
onvection to the air channel. The amount of exergy gets trans-
erred into the kinetic energy of the air flow, thereby offsetting
igh-quality electricity (pure exergy) that would power fans.

On the other hand, the total exergy destruction may  be divided
nto the following parts.

For the first type of Trombe wall shown in Fig. 1(a),

Exdest = Exdest,1 + Exdest,2 + Exdest,3 + Exdest,4 + Exdest,5a

+Exdest,6a + Exdest,7a

For the second type of Trombe wall shown in Fig. 1(b),

Exdest = Exdest,1 + Exdest,2 + Exdest,3 + Exdest,4 + Exdest,5b

+Exdest,6b + Exdest,7b + Exdest,8

Ignoring the exergy destruction due to fluid friction, exergy
estruction from the double glazing are due to glass emission and
eat convection, so

Exdest,1 = εg1�bAg(T4
g1 − T4

a )(1 − Ta

Tg1
)

+hcgaAg(Tg1 − Ta)(1 − Ta

Tg1
)

(17)

On the right hand side of Eq. (17), the first term is the exergy
estruction due to glass emission, and the second term is the exergy
estruction due to heat convection.

Exergy destruction due to absorption of the glass cover:

xdest,2 = IAg˛g(
Ta − Ta ) + IAg�g˛g(

Ta − Ta ) (18)

Tg1 Tsun Tg3 Tsun

In the right hand in Eq. (18), the first term is exergy destruction
ue to absorption of the first layer glass, the second term is exergy
estruction due to absorption of the second layer glass.
ings 126 (2016) 517–523

Exergy destruction due to radiation and heat conduction of the
double glazing is:

Exdest,3 = �g

ıg
Ag (Tg2 − Tg1)(

Ta

Tg1
− Ta

Tg2
) + �g

ıg
Ag (Tg4 − Tg3)(

Ta

Tg3
− Ta

Tg4
)

+ �fg

ıfg
Ag (Tg3 − Tg2)(

Ta

Tg2
− Ta

Tg3
) +

�bAg (T4
g3 − T4

g2)

1/εg2 + 1/εg3 − 1
(

Ta

Tg2
− Ta

Tg3
)

(19)

In the right hand side of Eq. (19), the first,second and third terms
are respectively exergy destruction due to heat conduction of the
first layer, second layer glass and air gap, the fourth term is the
exergy destruction due to radiation between the second and third
surfaces of the double glazing.

Exergy destruction due to absorption of the absorber plate is:

Exdest,4 = IAp�g˛s(
Ta

Tp
− Ta

Tsun
) (20)

In Fig. 1(a), exergy destruction due to convection between the air
in channel and the fourth surface of the double glazing, the absorber
plate:

Exdest,5a = Ta[�f qcpLn
Tout

Tn
− Q1

Tg4
− Q2

Tp
] (21)

where Q1 + Q2 = �f qcp(Tout − Tn), Q1 = hcgAg(Tg4 − Tf ),Q2 =
hcpAp(Tp − Tf )

In Fig. 1(b), exergy destruction due to convection between the
air in channel and the absorber plate, the external surface of the
thermal storage wall is:

Exdest,5b = Ta[�f qcpLn
Tout

Tn
− Q1

Tw
− Q2

Tp
] (22)

where Q1 = hcwAw(Tw − Tf ), Q2 = hcpAp(Tp − Tf )
In Fig. 1(a), exergy destruction due to radiation between the

absorber plate and the fourth surface of the double glazing is:

Exdest,6a = �bAp(Tp
4 − Tg4

4)
1
εp

+ 1
εg4

− 1
(

Ta

Tg4
− Ta

Tp
) (23)

In Fig. 1(b), exergy destruction due to radiation and conduction
between the absorber plate and the fourth surface of the double
glazing is:

Exdest,6b = [εp�bAp(Tp
4 − Tg4

4) + �fp

ıfp
Ap(Tp − Tg4)](

Ta

Tg4
− Ta

Tp
) (24)

In Fig. 1(a), exergy destruction due to heat transfer between the
absorber plate and indoor air is:

Exdest,7a = UpAp(Tp − Tn)(
Ta

Tn
− Ta

Tp
) (25)

In Fig. 1(b), exergy destruction due to heat transfer between the
external surface of the thermal storage wall and indoor air is:

Exdest,7b = UpAp(Tw − Tn)(
Ta

Tn
− Ta

Tw
) (26)

In Fig. 1(b), exergy destruction due to radiation between the
absorber plate and the outside surface of the thermal storage wall
is:

Exdest,8 = εp�bAp(T4
p − T4

w)(
Ta

Tw
− Ta

Tp
) (27)

Finally, the exergy efficiency is given as

2 = Exu

Exsun
=

�f qcp(Tout − Tn − TaLn Tout
Tn

)

IAg(1 − Ta
Tsun

)
(28)
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Fig. 3. Variation of exergy efficiency with channel depth and solar intensity for two
types of Trombe walls.
ig. 2. Variation of energy efficiency with channel depth and solar intensity for two
ypes of Trombe walls.

. Results and discussion

As a numerical example, it is assumed that Ta = 278 K, Tn = 287 K.
he glass cover is 3 m height and 3 m wide, which has two
ayer glass 0.006m(�g = 0.65W/m·K) and one layer air 0.012 m in
hickness. The dimensions of the upper and lower openings are
.2 m × 2.0 m.  The thickness of the air channel is 0.1 m,  0.2 m and
.3 m.  The transmissivity and absorptivity of glass are respectively
.85 and 0.05. The absorptivity and emissivity of the absorber
late are respectively 0.95 and 0.85. The thermal storage wall is
ade up of reinforced concrete (�w = 1.547W/m·K) and insulating
aterial(�in = 0.047W/m·K).
The temperatures(Tg1,Tg2,Tg3,Tg4,Tp,Tf,Tw) and airflow rate in

qs. (1)–(8) are solved by an iteration method, and the iteration
rocess continues until the convergence value 10−6. The energy
fficiency, solar exergy, useful exergy, exergy destruction and
xergy efficiency are solved by substituting the obtained temper-
tures into Eqs. (13)–(28). The results are shown in Figs. 2–6 .
umerical results are presented for the effect of different param-
ters on the thermal performance of Trombe walls with natural
onvection flow. The parameters include air channel depth, solar
adiation intensity, emissivity of the glass cover.

.1. The effect of solar radiation intensity

Figs. 2 and 3 show the variation of energy efficiency and exergy
fficiency with solar radiation intensity for the two  types of Trombe
alls. From Fig. 2 and Fig. 3, for the first type of Trombe wall

Type I), with the increase of solar radiation intensity up to a cer-
ain point, the energy and exergy efficiencies increase and reach

aximum values. With further increase in solar radiation inten-
ity, the energy efficiency decreases. The highest energy efficiency
s found at solar radiation intensity of around 600 W/m2. However,
he exergy efficiency reaches its maximum value when the solar
adiation intensity is more than 1000W/m2, which can be deduced
rom Fig. 3.

For the second type of Trombe wall(Type II), the energy effi-
iency decreases with solar radiation intensity and a negative

elationship between energy efficiency and solar radiation inten-
ity was observed, as shown in Fig. 2. From Fig. 3, with the increase
f solar radiation intensity, the exergy efficiency first rises slowly
Fig. 4. Variation of airflow rate and air temperature rise increase with solar intensity
for  two  types of Trombe walls when ı = 0.1m.

and then decreases. It is found that the highest exergy efficiency
exists at a solar radiation intensity of around 900 W/m2.

5.2. The effect of air channel depth

From Fig. 2 and Fig. 3, both the energy efficiency and exergy
efficiency increase slowly with air channel depth for the two types
of Trombe walls for the given solar radiation intensity. With the
increase of air channel depth, the cross-sectional flow area of the
air channel increases, and buoyancy forces overcome the friction
forces and cause the mass flow rate to rise in the air channel.
Hence, the air velocity and consequently heat transfer coefficient
are increased. The heat transfer rate to the air flow and conse-
quently the energy efficiency and the outlet temperature of air
flow will increase because of the better convection heat transfer
between air in the air channel and solid walls. The exergy efficiency

is dependent on the reciprocal effects of the energy efficiency and
outlet air temperature. Hence, the exergy efficiency increases with
the channel depth.
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Table 1
Energy and exergy analysis of Trombe walls (ı = 0.1m).

Trombe Wall I (kW/m2) Exsolar (kW) Exu (kW) Exdest,1 (kW) Exdest,2 (kW) Exdest,3 (kW) Exdest,4 (kW) Exdest,5 (kW) Exdest,6 (kW) Exdest,7 (kW) 
1(%) 
2(%)

Type I 0.1 0.844 0.006 0.000 0.142 0.007 0.597 0.006 0.004 0.001 27.69 0.67
0.2  1.689 0.019 0.007 0.278 0.012 1.127 0.034 0.016 0.002 37.36 1.14
0.4  3.378 0.056 0.056 0.530 0.019 2.045 0.148 0.057 0.004 43.01 1.66
0.6  5.066 0.099 0.148 0.760 0.025 2.831 0.308 0.110 0.005 43.65 1.96
0.8  6.755 0.145 0.290 0.970 0.031 3.518 0.492 0.169 0.006 42.79 2.15
1  8.444 0.192 0.487 1.161 0.038 4.129 0.683 0.233 0.007 41.27 2.27

Type  II 0.1 0.844 0.017 0.004 0.076 0.012 0.669 0.029 0.007 0.002 58.28 1.96
0.2  1.689 0.036 0.024 0.146 0.017 1.255 0.089 0.020 0.003 55.01 2.14
0.4  3.378 0.083 0.090 0.275 0.026 2.246 0.275 0.063 0.005 52.55 2.46
0.6  5.066 0.135 0.210 0.386 0.036
0.8  6.755 0.186 0.422 0.480 0.046
1  8.444 0.232 0.794 0.556 0.056

Fig. 5. Variation of energy efficiency with emissivity for the first type of Trombe
wall when ı = 0.1m.

Fig. 6. Variation of exergy efficiency with emissivity for the first type of Trombe
wall when ı = 0.1m.
 3.040 0.515 0.134 0.006 50.18 2.67
 3.654 0.768 0.242 0.007 47.02 2.75
 4.100 0.984 0.394 0.009 43.26 2.75

5.3. Comparison between two types of Trombe walls

From Fig. 2 and Fig. 3, it is also found that the energy and exergy
efficiencies of the second type of Trombe wall (Type II) are higher
than those of the first type of Trombe wall (Type I) at the same solar
radiation intensity and air channel depth, which are also shown
in Table 1. In addition, Fig. 4 shows variation of the airflow rate
and the air temperature rise in the air channel with solar radiation
intensity for the two types of Trombe walls when ı = 0.1m and the
emissivities of the four surfaces of the double glazing are 0.84. From
Fig. 4, the airflow rate and air temperature rise increase with solar
radiation intensity. At the same solar radiation intensity, both the
airflow rate and air temperature rise in the second type of Trombe
wall (Type II) exceed those in the first type of Trombe wall (Type I).

5.4. The effect of emissivity of the glass cover

Fig. 5 and 6 present both the energy and exergy efficiencies at
various solar intensities and emissivities when ı = 0.1m for the first
type of Trombe wall (Type I). As examples, the emissivities of the
fourth surfaces of the double glazing are set to different values. With
a decrease in emissivity which reduces the radiation heat losses of
Trombe wall, the energy and exergy efficiencies increase greatly.
Moreover, the emissivity of the fourth surface of the double glazing
has a more important effect on the energy and exergy efficiencies
than that of other three surfaces of the double glazing. That is due to
the fact that the radiation heat transfer between the glass cover and
the absorber is predominant. Therefore, a decrease in emissivity of
the fourth surface which results in the reduction of this part of
radiation heat loss is an effective method to increase the energy
and exergy efficiencies.

5.5. Exergy destruction

Although the energy efficiency is relatively high for two types of
Trombe walls, the exergy efficiency is very low. This is because the
exergy destruction is too high in the exergy transfer. From Table 1,
the exergy destruction due to absorption of the absorber plate is the
largest among all types of exergy destruction. The exergy destruc-
tion due to absorption of the glass cover, the exergy destruction due
to convection between air in the air channel and the solid walls(the
glass cover and the absorber plate) also account for the great pro-
portion. Other forms of exergy destruction are lower. Hence, a
reduction in exergy destruction due to absorption of the absorber
plate can cause a remarkable increase in the exergy efficiency. It

can also be seen from Eq. (22), in order to decrease the exergy
destruction due to absorption of the absorber plate and increase
the exergy efficiency, the better way  is to increase the temperature
of the absorber plate.
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. Conclusions

The thermal performances of two types of Trombe walls with
atural convection flow have been studied through mathematical
odel. From the viewpoints of the first and second laws of ther-
odynamics, the effect of various parameters such as air channel

epth, solar radiation intensity and emissivity of the glass cover on
he energy efficiency, exergy efficiency, exergy destruction, the air-
ow rate and the air temperature rise was analyzed. It is concluded
hat the second type of Trombe wall has better thermal perfor-

ance compared to the first type of Trombe wall. In the second
ype of Trombe wall (Type II), the energy and exergy efficiencies
re greater than those in the first type of Trombe wall (Type I)
nder the same operational conditions. This is because the second
ype of Trombe wall is able to reduce the convection and radia-
ion heat losses and thus there are more convection heat flow to
ir in the air channel and higher air temperature rise and airflow
ate. Solar radiation intensity and the emissivity of the glass cover
ave a great effect on the thermal performance of the systems. The
nergy efficiencies of the two types of Trombe walls are relatively
igh, but exergy efficiency is very low. The exergy destruction due
o absorption of the absorber plate is the largest. The increase in
he temperature of the absorber plate is an effective method to
ecrease exergy destruction and increase energy and exergy effi-
iencies.
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