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Abstract: It is crucial to consider structural design issues in Trombe wall (T-wall) buildings to
promote more suitable indoor climates and thermal comfort standards. Therefore, the present study
examined the impact of two different T-wall designs and six different roof types on the energy and
operational efficiency of a building located in a low-temperature and high-humidity winter climate.
Ansys-CFX 15.0 software was employed to simulate the thermal and fluid dynamics behavior of
the T-wall system, and flow, thermal comfort, energy, and exergy analyses were conducted. Three-
dimensional simulation results and the pertinent literature data showed a good level of agreement,
and the accuracy of the model was ensured. Outcomes revealed an average air velocity variation of
0.186 m/s and maximum average indoor air temperature variation of 3.3 ◦C between the six roof
geometries. The highest air speed (0.988 m/s) was recorded for the gambrel roof while the lowest
one (0.802 m/s) was recorded for the typical flat roof. The shed roof right with a rounded T-wall was
more comfortable for standing and sitting activity than the others for the two T-wall shapes, and, at
Y = 0.6 m and Y = 1.1 m, the average predicted percentages of dissatisfied (PPD) values were 31 and
28%, respectively. Furthermore, it was determined in the study that solar radiation intensity and
T-wall and roof geometries had a significant effect on energy and exergy efficiency, and high energy
and exergy efficiencies were achieved at higher solar intensity values. The best energy and exergy
efficiencies were obtained for the butterfly and shed roof configurations. This study can serve as a
reference for the thermal environment design of buildings with T-walls.

Keywords: buildings; computational fluid dynamics; heating performance; roof configuration;
thermal comfort; Trombe wall

1. Introduction

Researchers are increasingly showing interest in solar energy applications because
of their enormous benefits for sustainable development, including energy conservation,
cost reduction, and environmental protection [1,2]. Trombe walls (T-walls), first used
in France in 1967, are one of the passive solar energy applications that provide energy
savings in the air conditioning of buildings [3,4]. Therefore, various concepts, methods,
and experimental systems have been developed, with many studies being conducted on
the T-wall by researchers in recent years [5–7].

Most existing photovoltaic (PV) T-wall systems have low efficiency and inadequate
for space heating [8,9]. Wang et al. [10] recently proposed a novel microchannel heat
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pipe–PV T-wall system, in which a heat pipe and a T-wall were used to cool the PV unit to
lower the operating temperature and improve the overall efficiency and thermal comfort.
Guo et al. [11] conducted a comparative experiment between T-wall buildings and glass
façade buildings. Simulations were performed to analyze buildings’ indoor thermal climate
with different air duct thicknesses. Outcomes revealed that T-wall buildings outperform
glass facades and are particularly suitable for regions with high solar intensity and high
temperature differences between diurnal and nocturnal periods. Askari and Jahangir [12]
proposed the addition of phase-change materials (PCMs) to the T-wall to augment its
efficiency. Two layers of PCMs with different phase transition temperatures were used in
the building’s exterior wall. The results demonstrated the potential of nearly 40% annual
energy savings. Baïri et al. [13] experimentally investigated the relationship between
the active cavity of a T-wall-type assembly operating in the heating mode and natural
convection heat transfer. The authors proposed correlations to calculate the mean Nusselt
number of natural convections for a conventional T-wall. The raising of the cavity’s
aspect ratio from 0.1 to 0.2 resulted in a 13% increase in heat transmission in the active
cavity. Ma et al. [14] explored the effect of three different ventilated T-walls on the energy
consumption in a room. The heating efficiency and energy savings of a double-ventilated
room with and without a T-wall were compared in the study. In the case of using a double-
ventilated room with a T-wall, it was determined that the heating efficiency was 32.6%
better and that energy savings of 52.6 kWh/m2 were achieved. Zhang et al. [15] used the
simulation technique and field measurements to assess a conventional T-wall in a structure.
The study considered four primary impact factors: storage wall material, thickness, glazing
angle, and cavity spacing. It was discovered that the proper glazing’s inclination angle
and wall-to-T-wall ratio were the most crucial elements. The desired residential building’s
glazing inclination that worked best for the local climate was 10◦. Wu et al. [16] suggested
a modified form of channel entry and exit to improve T-wall performance. The effects of
channel width, height, and different solar irradiation intensities of the T-wall on thermal
performance and air purification performance were studied. The results in this paper
demonstrated that, for traditional duct entrance and exit methods, the thermal efficacy
was less influenced by the duct’s height and decreased with increasing width; where solar
radiation was larger than 400 W/m2, the trend downward displayed minor oscillations.

The dynamically coupled water flow channel model of the water-louvered T-wall
system was constructed with experimental validation as Hu et al. [17] proposed a novel
T-wall using louvers as shade. The absorber plate should be used at higher temperatures to
reduce overall exergy destruction and boost exergy efficiency since the exergy destruction
associated with its absorption is the highest. The simulated results suggested that the
planned T-wall system’s monthly mean thermal efficiency varied from 20 to 60% during
the heating season and from 30 to 50% during the non-heating season. The thermal
performance of two different T-wall types was examined by Duan et al. [18]. Type-I had
an absorbent panel adhered to the heat storage wall, and Type-II had an absorbent panel
sandwiched between the glass cover and the heat storage wall. The authors assessed exergy
efficiencies for various air duct depths, insolation intensities, and glass cover emissivities,
and revealed that the largest exergy destruction was due to absorption of the absorber plate.
In a study carried out to develop the T-wall [19], direct current (DC) fans were placed in the
upper ventilation holes for stable air circulation. The authors noted that the highest heat
load savings were achieved when the T-wall occupied approximately 3% of the floor area.
Furthermore, optimization factors for the composite T-wall resulted in approximately 52.3%
energy savings compared with before optimization. In a study conducted by Singh and
O’Brien [20], the potential of a water-immersed T-wall design to be used as a heat storage
medium was examined. The rate of energy reaching the colored acrylic sheet-supported
T-wall prototype and stored in water was increased from 60.3% to 83.2% as a result of the
5 h experiment. Therefore, it was suggested that the heated water stored in the T-wall could
be used as preheating water in buildings during the cold season.
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To predict system behaviors and to understand the physics of buildings, the utilization
of the computational fluid dynamics (CFD) method is very useful before the construction of
buildings in locations where massive urbanization is envisaged [21–23]. Fidaros et al. [24]
developed a two-dimensional CFD model to examine 10 different geometric configurations
of a T-wall cross-section. In the study, the airflow rate, air mass, velocity distributions,
and indoor air temperature of the room were studied. A small gap width of 5 cm was
suggested when high air exit temperatures were required. A 5 cm gap width provided a
7 and 11% air temperature increase compared with 7.6 and 10 cm gap widths, respectively.
On the other hand, a storage wall with a thickness of 30 cm ensured a 73% increase in the
air mass flow rate compared with a thickness of 15 cm. Corasaniti et al. [25] simulated
three configurations of a modified T-wall and performed energy and exergy analyses. The
comparison between the three configurations demonstrated that the guided flow offered
higher thermal efficiency. A two-dimensional numerical model of the thermal performance
of the T-wall and air purification were both established in the study by Wu et al. [26].
According to the authors, thermal efficiency was augmented as sun radiation and outside
temperature increased. However, the thermal efficiency initially rose and then fell when
the channel wideness increased. The maximum thermal efficiency was 52.98% for the level
of air purification when the width was 0.04 m.

Some researchers had investigated the effects of roof geometry on the building enve-
lope through energy, economy, and environment analysis [27–29]. In the study by Vaish-
nani et al. [30], the predicted mean vote (PMV) model was used to evaluate the positions of
the openings and the roof slopes, and to determine the comfort zones. The paper’s findings
showed that the ventilation rate and air distribution pattern were improved at the right roof
pitch angles, which had a significant impact on comfort levels. The PMV values decreased
as the roof inclination angle was raised, and the ventilation rate of the roof with a 30◦

inclination angle increased by about 16%. It was also determined that a modest roof pitch
was advantageous during the monsoon season. To depict the climatic conditions of the
Middle East, Moustafa et al. [31] suggested and thermally tested 14 roof examples between
single domes, double domes, and vaults in five distinct arch bases in three different cities
(Cairo, Riyadh, and Istanbul). According to the Cairo and Riyadh seasonal conditions, the
pointed double dome roof was an effective one, whereas the cases of all roof geometries had
convergent results for Istanbul’s climatic conditions. Sady et al. [32] explored the influence
of various T-wall designs on the energy consumption. The thicker storage wall with a
trapezoidal structure and three-sided glass was found to be the optimal design, providing
the highest decrease (1637 kWh) in heating load in January, corresponding to 8% higher
energy savings compared with those when using a conventional T-wall structure. Using
effective roof structure design, Huberman et al. [33] evaluated the energy saving potential
of buildings throughout their entire cycle. The study compared the energy demand of
reinforced concrete constructions based on traditional flat slabs with those with alternative
curved spans using a simulation-based optimization methodology. The results exhibited
the potential of non-flat roof structural shapes to reduce energy consumption throughout
the life cycle with more than 40% energy savings in the embodied energy and over 25%
energy savings accumulated during the life cycle.

Sornek et al. [34] provided a comprehensive review of experimental and numerical
studies on different T-wall solutions, including integration with solar chimneys, classic
T-walls, T-walls with phase change materials, and photovoltaic T-walls. Shi et al. [35]
explored the impact of roof geometry and opening positions on the internal cross-ventilation
efficiency of buildings, an aspect crucial for natural ventilation. The research examined
three opening configurations (top–top, top–bottom, and bottom–top) and varying slope
angles for gable roofs using CFD. The simulations, validated against experimental data,
revealed that the highest air exchange efficiency of 48.1% is achieved with the top–bottom
opening configuration and a gable roof slope angle of 45◦.

Many of the studies analyzed demonstrate that utilizing T-walls for thermal storage
contributes to achieving energy efficiency goals, reduces greenhouse gas emissions, and
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enhances living standards. However, there is a need for more detailed feasibility studies
including integration with different roof shapes. There are many works, experiments,
and models that have investigated how different aspects of roof design and T-wall con-
figurations influence a building’s ability to efficiently capture and utilize solar heat for
heating purposes.

By reviewing this research, one can understand optimal roof orientations and angles
to maximize solar exposure while minimizing heat loss, as well as effective T-wall designs
for absorbing, storing, and distributing solar heat in buildings. Furthermore, this review
provides a basis for evaluating and potentially improving current architectural design
practices aimed at improving the thermal performance and energy efficiency of buildings.
Previous research has primarily focused on understanding the thermal performance of
buildings with different roof geometries without an integrated T-wall and others have
studied the performance of the T-wall without integrating different roof shapes consis-
tently. However, most of these studies have concentrated on quantitatively assessing and
examining only a flat roof shape for heating or cooling alone, without combining it with
other shapes of roof geometry. To promote natural ventilation, retain heat, and make T-wall
structures more suitable for indoor climates, thermal comfort standards, and occupant
circumstances, it is crucial to take structural design considerations into account. The aim of
this research, from a scientific point of view, is to study the effectiveness of Trombe walls in
the use of solar energy for residential heating, especially during winter seasons, through a
comprehensive analysis of heat transfer and air flow dynamics as well as an analysis of
thermal comfort. Additionally, the study aims to validate numerical models to optimize
the design parameters of T-walls for improved thermal comfort inside the building that
complies with ASHRAE standards. From the perspective of practical technologies for
building design and installation, this research aims to provide valuable insights into the
design and implementation of T-wall and roof forms as an alternative energy solution for
heating buildings. By examining various geometric parameters and using computational
fluid dynamics simulations, the study aims to provide practical recommendations for opti-
mizing the design of T-walls to improve thermal comfort in residential spaces. These results
can potentially inform architects, engineers, and builders in the effective integration of
T-walls into building design, thereby contributing to more sustainable and energy-efficient
construction practices.

2. Materials and Method

In this study, the effects of six roof configurations and two T-wall geometries on
flow, thermal comfort, energy, and exergy efficiency were evaluated via CFD analysis.
Simulations were performed under the weather conditions of Sousse, Tunisia, in January.
The city of Sousse (35◦49′34′′ N and 10◦38′24′′ E) is located 143 km south of Tunisia and at
an altitude of 25 m. The urban climate is characterized by continuous solar radiation that is
strong in sunlight and solitude throughout the year. In the summer, the relative humidity is
around 67% and the air temperature under the shade is around 43 ◦C. In addition, during
the daytime in winter, the outside air temperature of ten ranges between 10 ◦C and 20 ◦C,
and in the event of insufficient or irregular rain, it might fall to less than 1 ◦C at night. For
other required values, sample values given in studies in the literature were used [36–39].

2.1. Mathematical Model, Geometric Configurations, and CFD Setup

The continuity, energy, and momentum equations used in the simulation analyses are
each given below [36]:

∂ρ

∂t
+

∂

∂xI

(
ρuj
)
= 0 (1)

ρ
∂u
∂t

+ ρ(u.∇)u = ∇
[
−pl + (µ + µT)

(
∇u + (∇u)T

)
− 2

3

(
(µ + µT)(∇.u)l − 2

3
ρkl
)]

+ F (2)
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∂ρ

∂t
(ρCaT) +

∂

∂xj

(
ρujCaT

)
− ∂

∂xj

(
λ

∂T
∂xj

)
= sT (3)

The equations for the turbulence kinetic energy (k) and dissipation rate (ε) are as
follows [37]:

∂

∂t
(ρk) +

∂

∂I
(ρkUi)I

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Gk + Gb − ρε − YM + Sk (4)

∂

∂t
(ρε) +

∂

∂xi
I =

∂

∂xI

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
(Gk + C3εGb)− C2ερ

ε2

k
+ Sε (5)

The turbulent viscosity (vt) is calculated as follows:

vt = Cµ
k2

ε
(6)

The flow is classified as laminar if the Rayleigh (Ra) value is less than 108 and turbulent
if the Ra value is larger than 109. The transitional region lies between Ra values of 108 and
109. Ra is given as follows:

Ra =
g·β·∆T·L3

ν·α (7)

In this study, ANSYS-CFX (15.0) software, a commercial CFD tool, was employed
to simulate the thermal and fluid dynamic behavior of the T-wall system. This software
utilizes the finite volume discretization approach to solve the governing equations in
the computational domain [38,39]. Figures 1 and 2 display the six configurations of roof
geometry and the two configurations of T-wall geometry. One of the T-walls was a flat wall,
and the other was a wall with rounded corners. Roof geometries were considered to be
conventional (A and G), gable (B and H), butterfly (C and I), gambrel (D and J), or shed (E,
F, K, and L) roofs.
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Previous studies [40–42] have demonstrated that T-walls with a flat wall and others
with rounded corners always improve thermal efficiency and the total efficiency. For
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this reason, these two different T-wall designs (flat and rounded), and Gable, butterfly,
candelabra, and shed roof designs were chosen to be examined in this article due to their
important functions. In the study, it is considered that the T-wall was located on the south
side of a simple room. The room had height × length × width dimensions of 3 × 4 × 4 m3.
Furthermore, the thickness of T-wall and air gap was 0.3 m, and the height of the T-wall
was 2.4 m. This solar system received the maximum energy when oriented towards the
south and was inclined at an angle almost equal to the latitude of the place (Sousse).

2.2. Boundary Conditions and Mesh Independence

Table 1 summarizes the specified boundary conditions. Several studies conducted ear-
lier by different authors provide support for the building of the T-wall under consideration,
particularly with regard to the thickness of the air layer [36,43,44].

Table 1. Boundary conditions.

Element Temperature (◦C) Wall Type Heat Transfer Coefficient (W/m2K)

Roof 45 Non-transparent 250
Front wall 45 Non-transparent 250
Floor 30 Non-transparent -
Glazing 45 Transparent -
T-wall - Non-transparent 800
Other walls Insulated Non-transparent -

In this study, a structured mesh based on a rectangular grid was used, and grid
independence was tested utilizing four cases of meshes with mesh numbers of 62,908,
112,356, 132,804, and 164,388 (Figure 3). Simulations were applied on a structured, refined
mesh in the channel, contiguous to the wall.
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The grid independence study was performed to validate the numerical stability of the
simulation. In this case, the initial heat transfer coefficient in the wall and the T-wall were
250 and 800 W/m2K. Four structured meshes were adopted with the refined meshes in and
near the wall region. The numerical results for these four meshes are shown in Figure 4.
From the figure, it is clearly seen that mesh #3 (i.e., the one with 132,804 mesh number) was
sufficiently precise for the present model. Increasing the number of cells beyond mesh #3
(i.e., the one with 132,804 mesh number) did not have a significant impact on the results.
Moreover, increasing the number of cells prolonged the analysis time. Therefore, mesh #3
was considered in all the computations.
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2.3. Energy and Exergy Model

Energy and exergy analyses were carried out to assess the T-wall’s thermal perfor-
mance. Equation (8) can be used to determine the convective heat exchanged in the air
duct [18]:

q =
.

mc f

(
Tf o − Tf i

)
(8)

The thermal efficiency of each configuration is determined as follows:

η =

.
mCp(Toutlet − Tinlet)

Ap Irad
(9)

where Ap is the area of the absorber wall. Furthermore, the exergy balance equation is
expressed as follows [18]:

.
EXrad + ∑

.
EXin. f − ∑

.
EXout. f − ∑

.
EXloss − ∑

.
EXd = 0 (10)

where
.
EXd is the exergy of solar radiation.

.
EXrad = Ag Irad.

[
1 − 4

3
.
Ta

Ts
+

1
3

.
(

1 − Ta

Ts

)]
(11)

Here, Ag is the area of glazing.
.
EXin.f,

.
EXout.f,

.
EXloss and

.
EXd are the exergies of inlet

fluid, outlet fluid, lost exergy, and total destroyed exergy due to irreversibility, respectively.
.
EXgain is calculated via the exergy balance in the control volume [18]:

.
EXgain =

.
EXout. f −

.
EXin. f =

.
mCp

(
Tout − Tin − Taln

Tout

Tin

)
−

.
m
ρ

∆p
Ta

Tm
(12)
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where Ta and Ts are the ambient and sun temperature. The exergy efficiency is described
by the ratio between the extracted exergy and the solar radiation exergy (Equation (13)):

ηex =

.
Exgain

.
Exrad

(13)

2.4. Thermal Comfort Model (PMV-PPD)

To investigate thermal comfort, we employed Fanger’s thermal comfort methodology
outlined in ASHRAE Standard 55:2017 [45], which was then integrated into the compu-
tational fluid dynamics (CFD) simulations for the analyzed scenarios. This approach
allows for the estimation of both the percentage of dissatisfied individuals (PPD) and the
predicted mean vote (PMV), considering factors such as ambient temperature resulting
from convective and radiant heating, relative humidity, air velocity, metabolic rate, and
clothing [46,47].

The region where the PPD was below 10% and the PMV is between −0.5 and 0.5
indicated that the environment was acceptable in terms of thermal comfort (Figure 5).
The discomfort level of the environment increased as it moved away from these limit
values. In the acceptable ranges of PPD and PMV, three types of comfort zones are given in
Table 2 [48,49].

Buildings 2024, 14, 1297 10 of 28 
 

2.4. Thermal Comfort Model (PMV-PPD) 
To investigate thermal comfort, we employed Fanger’s thermal comfort methodology 

outlined in ASHRAE Standard 55:2017 [45], which was then integrated into the computa-
tional fluid dynamics (CFD) simulations for the analyzed scenarios. This approach allows 
for the estimation of both the percentage of dissatisfied individuals (PPD) and the pre-
dicted mean vote (PMV), considering factors such as ambient temperature resulting from 
convective and radiant heating, relative humidity, air velocity, metabolic rate, and cloth-
ing [46,47]. 

The region where the PPD was below 10% and the PMV is between −0.5 and 0.5 in-
dicated that the environment was acceptable in terms of thermal comfort (Figure 5). The 
discomfort level of the environment increased as it moved away from these limit values. 
In the acceptable ranges of PPD and PMV, three types of comfort zones are given in Table 
2 [48,49]. 

Table 2. PMV-based PPD [49]. 

Comfort Zone PPD PMV 
1 <6 −0.2 < PMV < 0.2 
2 <10 −0.5 < PMV < 0.5 
3 <15 −0.7 < PMV < 0.7 

 
Figure 5. Relationship between PMV and PPD [48,49]. 

3. Results and Discussion 
The roof configurations were analyzed in terms of flow field, thermal comfort, and 

energy and exergy performance, each of which is discussed below in a subsection. 

3.1. Validation of Modeling 
The numerical results from CFD were compared with the experimental findings from 

the study by Duan et al. [18] published in the literature to validate the mathematical 
model. Under identical circumstances, a traditional T-wall was used in both tests. Figure 
6 displays a comparison of the T-walls’ energy efficacy for various insolation intensities. 
The results were evaluated using the relative error (RE) as follows: 

0

10

20

30

40

50

60

70

80

90

100

−3 −2 −1 0 1 2 3

PP
D

(%
)

PMV

Figure 5. Relationship between PMV and PPD [48,49].

Table 2. PMV-based PPD [49].

Comfort Zone PPD PMV

1 <6 −0.2 < PMV < 0.2
2 <10 −0.5 < PMV < 0.5
3 <15 −0.7 < PMV < 0.7

3. Results and Discussion

The roof configurations were analyzed in terms of flow field, thermal comfort, and
energy and exergy performance, each of which is discussed below in a subsection.

3.1. Validation of Modeling

The numerical results from CFD were compared with the experimental findings from
the study by Duan et al. [18] published in the literature to validate the mathematical model.
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Under identical circumstances, a traditional T-wall was used in both tests. Figure 6 displays
a comparison of the T-walls’ energy efficacy for various insolation intensities. The results
were evaluated using the relative error (RE) as follows:

RE =

∣∣∣∣Xexp − XCFD

Xexp

∣∣∣∣× 100 (14)
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The model’s output and the results that have been published show a good degree of
agreement. The maximum relative error was 7.29%.

3.2. Flow Analyses

Figures 7 and 8 show the distribution of velocity fields at the Z = 2 m location of
the room and the T-wall combinations considered. The heated air in the collector moved
towards the air gap with the effect of buoyancy. The results confirm that the geometry of
the roof and T-wall have a direct significant effect on the velocity fields inside the building.
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Velocity vector maps clearly demonstrate the locations of recirculation zones as well as
high and low velocities. Initially, in every case examined, the solar energy passes through
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the glass cover and is then absorbed by the T-wall. Hence, some of this energy is transferred
to the wall through conduction and the remainder is transferred to the air in the channel by
convection. Air is displaced from the bottom of the channel to the top under the influence
of the chimney, and this result is in line with previous studies [43]. On the other hand, large
recirculation inside the room is observed covering and ventilating the biggest part of the
room. It is observed that the air reaching the right wall loses its energy toward the outside
of this same wall. As a result, the air is transferred to the lower part of the room and then
moves to the bottom of the channel where it was previously further heated by the absorbent
wall. This finding is in a good agreement with the flow predicted by Fidaros et al. [24].
A temperature gradient is formed between the locations as a result of this air movement.
Furthermore, a tiny vortex is seen to form right at the corner. Near the gap exit, reverse
flow patterns are prominent. The airflow is found to have significant turbulence close to
the ground and roof. Moreover, flow separation is seen in the channel’s corner between the
entrance and the air gap. Then, the air flows to the glass under the influence of inertia. The
highest velocity is observed in the middle of the elevation since the flow speed increases
as there is heat transfer from the air to the central part of the room, which tends to reduce
the differences in velocity and temperature across the duct. The maximum air velocities
for roof and T-wall configurations are given in Table 3 according to the results obtained
from the velocity contours. It was determined that there was not much of a difference
between the maximum air velocities of configurations. Air velocities in Cases D and F were
comparatively higher than in Cases A, B, C, and E. Moreover, the region affected by the
reverse flow for Cases C and F was relatively smaller than that for the other cases. The
maximum velocities generated in the building equipped with a rounded T-wall were higher
compared with those of the flat T-wall, as well as in the middle region of the domain where
the mean air velocity did not exceed 0.25 m/s for all cases. From these results, it can be
seen that, for the various cases considered, the location of the maximum and the minimum
values of the magnitude velocity are the same for the different considered cases, and the
air velocity of the T-wall increases as the temperature difference between the heat storage
wall and the glass wall increases. The wind speed is relatively high when the intensity of
solar radiation is strong, such as in summer. On the contrary, the wind speed is relatively
slow in winter due to weak sun intensity. Therefore, the T-wall could be used to ventilate
buildings with relatively high air flow, and it could be used for building heating in winter
through relatively slow airflow heated by sunlight.

Table 3. The maximum velocities for the considered roof and T-wall configurations.

Geometry Roof Velocity (m/s)
Plat T-Wall Rounded T-Wall

Classic flat roof (A and G) 0.800 0.813
Gable roof (B and H) 0.819 0.861

Butterfly roof (C and I) 0.826 0.863
Gambrel roof (D and J) 0.841 0.989
Left shed roof (E and K) 0.744 0.891

Right shed roof (F and L) 0.842 0.899

The distributions of the air temperature in the room in the section located at Z = 2 m
are shown in Figures 9 and 10 for the different roof and T-wall geometries. Typically, the
temperature of the air changed vertically from floor to ceiling, and it was lower on than
floor than on the ceiling. The minimum temperature was located at the top right corners of
the room for all cases. Furthermore, the high temperatures near the wall were noticeable.
The maximum indoor air temperature in the case of a flat T-wall was higher than that
in the case of a rounded T-wall (Table 4). Significant changes in temperature across the
components of the T-wall were the transmission of solar energy since temperature changes
were the fundamental driving force for the T-wall mechanism. These results indicated
that the temperature distribution was similar for the different configurations of the airgap
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considered. For all situations, the determined average temperature for the room’s center
was 39.4 ◦C. Because of the difference in density, cold air spreads out at the ground level.
The average indoor air temperature dropped by 6.1 ◦C as a result of this chilly airflow.
Since the air temperature difference between a horizontal plane at Y = 0.2 m and the ground
was 7 ◦C in this instance, a phenomenon of overheating in the room was noticed.

Buildings 2024, 14, 1297 14 of 28 
 

  
Case K Case L 

Figure 8. Velocity streamlines for roof configurations and rounded T-wall. 

The distributions of the air temperature in the room in the section located at Z = 2 m 
are shown in Figures 9 and 10 for the different roof and T-wall geometries. Typically, the 
temperature of the air changed vertically from floor to ceiling, and it was lower on than 
floor than on the ceiling. The minimum temperature was located at the top right corners 
of the room for all cases. Furthermore, the high temperatures near the wall were noticea-
ble. The maximum indoor air temperature in the case of a flat T-wall was higher than that 
in the case of a rounded T-wall (Table 4). Significant changes in temperature across the 
components of the T-wall were the transmission of solar energy since temperature 
changes were the fundamental driving force for the T-wall mechanism. These results in-
dicated that the temperature distribution was similar for the different configurations of 
the airgap considered. For all situations, the determined average temperature for the 
room’s center was 39.4 °C. Because of the difference in density, cold air spreads out at the 
ground level. The average indoor air temperature dropped by 6.1 °C as a result of this 
chilly airflow. Since the air temperature difference between a horizontal plane at Y = 0.2 
m and the ground was 7 °C in this instance, a phenomenon of overheating in the room 
was noticed. 

  
Case A Case B 

Buildings 2024, 14, 1297 15 of 28 
 

 
 

Case C Case D 

  

Case E Case F 

Figure 9. Contours of the indoor air temperature for the roof configurations with flat T-wall. 

  
Case G Case H 

Figure 9. Contours of the indoor air temperature for the roof configurations with flat T-wall.



Buildings 2024, 14, 1297 14 of 25

Buildings 2024, 14, 1297 15 of 28 
 

 
 

Case C Case D 

  

Case E Case F 

Figure 9. Contours of the indoor air temperature for the roof configurations with flat T-wall. 

  
Case G Case H 

Buildings 2024, 14, 1297 16 of 28 
 

  
Case I Case J 

  
Case K Case L 

Figure 10. Contours of the indoor air temperature for the roof configurations with a rounded T-
wall. 

Table 4. The maximum temperature for roof and T-wall configurations. 

Geometry Roof Temperature (K) 
Plat T-Wall Rounded T-Wall 

Classic flat roof (A and G) 306.3 304.6 
Gable roof (B and H) 305.1 303.8 

Butterfly roof (C and I) 304.6 303.4 
Gambrel roof (D and J), 304.9 303.76 
Left shed roof (E and K) 305.2 304.2 

Right shed roof (F and L) 304.3 303.03 

3.3. Thermal Comfort Analysis 
Investigating the effects of roof geometry and T-wall shape on occupant thermal 

comfort could provide valuable information to the planner for accomplishing more 
energy-efficient designs and heat buildings. To map indoor thermal comfort, several 
influencing parameters must be predicted, including air velocity, temperature, and PMV-
PPD indexes. According to ASHRAE Standard 55:2017 [45], when the vertical air 
temperature difference between 1.7 and 1.0 m above the floor exceeds 3 °C, it is a 
significant contributor to increased thermal dissatisfaction. In this section, using the 
Fanger comfort model, the PMV and PPD results of the analysis were interpreted and 
analyzed at three occupant locations, at the ankles (Y = 0.1 m), torso (Y = 0.6 m), and head 
(Y = 1.1 m). These three levels are commonly used to assess thermal comfort in buildings 

Figure 10. Contours of the indoor air temperature for the roof configurations with a rounded T-wall.

Table 4. The maximum temperature for roof and T-wall configurations.

Geometry Roof Temperature (K)
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3.3. Thermal Comfort Analysis

Investigating the effects of roof geometry and T-wall shape on occupant thermal
comfort could provide valuable information to the planner for accomplishing more energy-
efficient designs and heat buildings. To map indoor thermal comfort, several influencing
parameters must be predicted, including air velocity, temperature, and PMV-PPD indexes.
According to ASHRAE Standard 55:2017 [45], when the vertical air temperature difference
between 1.7 and 1.0 m above the floor exceeds 3 ◦C, it is a significant contributor to increased
thermal dissatisfaction. In this section, using the Fanger comfort model, the PMV and
PPD results of the analysis were interpreted and analyzed at three occupant locations, at
the ankles (Y = 0.1 m), torso (Y = 0.6 m), and head (Y = 1.1 m). These three levels are
commonly used to assess thermal comfort in buildings and provide useful information for
effective building design. In this study, the numerical results of all cases were presented
and compared in terms of PMV and PPD.

The PMV distribution contours of the six cases (A, B, C, D, E, and F) of the room
equipped with a flat T-wall at the height Y = 0.1 m, Y = 0.6 m, and Y = 1.1 m are shown in
Figure 11. The figure indicates that the PMV values of the simulation room for all cases
were mainly concentrated from −3 to 3. Similar distributions were observed in the study
by Irshad et al. [50], where they stated that the PMV was between 0 and 1 and the PPV
was around 15% for the building equipped with a T-wall. The authors determined that
these thermal comfort index values were within the range of the recommended ASHRAE
Standard 55:2017 [45]. Better thermal comfort was obtained at the Y = 1.1 m level compared
with the other two levels where the PMV ranged between 0.5 and 1.5. There was a decrease
in thermal comfort inside the room at Y = 0.1 m. At this level, the PMV value was between
−2 and −1. This was caused by the low temperature occurring due to natural convec-
tion in the region close to the ground. The PMV contours demonstrated nearly similar
comfort conditions for the six cases at plane Y = 1.1 m. A cool thermal sensation region
(PMV = −3 to −0.5) was found at the Y = 0.1 m level. The cold region was more pronounced
for Cases C and F.

The results in Figure 12 demonstrate that the PPD could vary from 5 to 97% depending
on the calculated PMV. These comfort values depended on where the resident was located
in the building. The PPD should not exceed 20% at each of the occupied points in the room
to reach comfort conditions. The PPD contours were almost identical for the six cases at the
Y = 1.1 m plane. In this level, the PPD value was between 10 and 45%. Some cold thermal
areas disappeared near the T-wall for Cases C and F.

The maximum and minimum average PPD values were, respectively, 61.34 (Case C)
and 41.91 (Case D) for Y = 0.1 m (Figure 13). Similar results and observations were found
by the authors of [43], in which the optimal design included a 1.7 m height, 0.3 m wall
thickness, and 0.22 m channel depth. In the study [43], it was suggested that throughout
the entirety of winter, the suggested T-wall maintained thermal comfort levels at 43.88%,
significantly surpassing the 9.4% figure indicated by the psychometric chart established
according to ASHRAE Standards. For Y = 0.6 m, Case C had an average PPD value of
31.21 and this case was identified as the most comfortable case in comparison with other
cases. Furthermore, Case C had an average PMV of −0.39 and an average PPD value of
27.55% for Y = 1.1 m. Thus, a flat T-wall and a butterfly roof can be preferable for good
thermal performance.

Figure 14 shows the PMV contours on the vertical profiles (Y = 0.1 m, Y = 0.6 m, and
Y = 1.1 m) for the six cases of the room equipped with a rounded T-wall. At first glance, it
is clearly seen that PMV values are negative and positive in six cases and at three levels, as
the geometric form of the T-wall and roof formed a warm environment in some places and
a cool environment in others. Moreover, the PMV values on the upper level of the room are
larger than those on the lower area due to the rising of warm air via natural convection. The
PMV values in the center of the plane approach zero, and the degree of thermal comfort
increases as the height elevates. The PMV values near the wall region are the largest due to
this being the region of the heat source.
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Figure 15 shows the PPD contours for the six cases of the room equipped with a
rounded T-wall. The highest degree of thermal satisfaction was registered for all the cases
for Y = 1.1 m. Furthermore, at Y = 0.6 m, higher thermal satisfaction was obtained in Cases
H, I, and L, compared with the others. For Y = 0.1 m, the PPD was spread over a wide area
and was mostly higher than 60%. This situation revealed that this plan did not meet the
thermal comfort conditions, and that Case L had the best thermal satisfaction value. The
results indicated that the thermal comfort levels at Y = 0.6 m and Y = 1.1 m were acceptable
for the six cases studied.

Significant differences in thermal comfort indices were observed for the considered
cases at different altitudes (Figure 16). At the Y = 0.1 m level, the PPD values were 52.25,
46.12, 68.41, 39.73, 44.03, and 55.18% for G, H, I, J, K, and L, respectively. A dissimilar trend
was observed: 50.31, 33.80, 34.39, 36.29, 36.04, and 33.87% were the average PPD values of
the six cases, G, H, I, J, K, and L, for the Y = 0.6 m level, respectively. These values were
lower than those among the data at the Y = 0.6 m level. Finally, at the Y = 1.1 m level, the
average PPD in case G, H, I, J, K, and L were 37.24, 29.59, 28.51, 36.38, 29.98, and 28.10%.
It was determined that Case L was more comfortable than the other conditions at higher
levels from the ground.
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3.4. Energy and Exergy Analyses

The energy and exergy efficiency characteristics associated with the building were
also explored to determine the impact of various geometric configurations of the T-wall
and roof on the room. Simulations in steady state were run for solar radiation intensities of
300, 700, and 1000 W/m2 to examine the energy and exergy analyses of all geometries.

The energy efficiency of the two types of T-wall and roof layouts for various irradiation
intensities is shown in Figure 17. All configurations have a gradual rise in energy efficiency
when the radiation intensity is increased. Maximum energy efficiency is found to be more
than 20% for the flat T-wall and lower than 20% for the rounded T-wall. Among the other
combinations, Cases G and F have the highest value, while Cases J and E have the lowest
energy efficiencies.
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(Figure 17b), the exergy efficiency changed between 0.12 W/m2 (Case J, I = 300 W/m2) and
1.34 W/m2 (Case G, I = 700 W/m2).
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The energy efficiency of the six different roofs and two different T-wall configurations
were relatively high; however, the exergy efficiencies were very low. For the three radiation
fluxes, it was observed that the higher energy efficiency was in the case of a flat T-wall
(Case F) and was 22% higher than the lowest energy efficiency (Case E). These findings are
in line with results from Zhou et al. [51]. On the other hand, for the case of the rounded
T-wall, the most efficient situation (Case G) was 27% higher than the least efficient situation
(Case J). The maximum difference reached 2% between the rounded T-wall and flat T-wall
at I = 700 W/m2. The flat T-wall was more efficient than the rounded T-wall. This situation
was caused by the geometric design of the absorber T-wall, which helped to maintain
the duct’s homogeneous temperature and boosted energy effectiveness. The findings
showed that solar radiation intensity, and especially the T-wall and roof geometries, had a
significant impact on energy and exergy efficiency.
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4. Conclusions

In this study, a three-dimensional CFD model that is able to adequately exhibit the
transparent cover behavior at different radiation wavelengths was developed for the simu-
lation of the two Trombe walls and six roof geometries. The effect of different configurations
on the air flow and temperature distributions as well as comfort indexes (PMV and PPD)
was evaluated. Moreover, the impacts of geometric configurations and solar radiation inten-
sity on energy and exergy efficiencies were also examined in the study. The investigation
made it possible to identify the ideal roof and absorbent T-wall configurations. The main
conclusions are as follows:

(a) Flow separation was induced at the corner between the entry and the channel air gap,
where the airflow was characterized by severe turbulence close to the floor and roof.

(b) The maximum air velocities in the room reached 0.842 m/s in Case F for the rounded
T-wall and 0.989 m/s in Case J for the flat T-wall. This difference was very small. This
air velocities were higher than the limit value (0.25 m/s) determined according to
ASHRAE Standard 55:2017 [45].

(c) The T-wall successfully lowered the indoor temperature by an average of 6.1 ◦C. The
air temperature differential between the ground and a horizontal plane was held
constant in this instance at 0.2 m.

(d) Solar radiation intensity and the T-wall and roof geometries had a significant impact
on energy and exergy efficiency. At a solar intensity of 700 W/m2, Cases G and F had
energy efficiencies of 25%, whereas the exergy efficiencies of two T-wall geometries
ranged between 1.5 and 2.5%.

(e) At higher solar intensity values, high energy and exergy efficiencies were attained.
(f) The effect of the six different roof geometries on the thermal comfort indices was most

profound in the PPD contour distributions in the vicinity of the occupant.
(g) Cases C and L were more comfortable for the standing and sitting activities. The

butterfly and shed roofs were best for the two geometries of the T-wall in terms of
thermal comfort.

(h) The findings showed that the proposed flat T-wall (2.4 m in height, with a massive wall
thickness of 0.30 m, and an air gap of 0.3 m) could provide good thermal performance
when integrated with a butterfly roof.

(i) The findings observed in the study revealed that the T-wall should be investigated
for different-sized rooms with different window-to-wall ratios in future works. Fur-
thermore, studies should be carried out to form more efficient designs by evaluating
the effects on energy and exergy efficiencies of the geometries to be selected in a way
different from the T-wall configurations discussed.

In the future, research in this area could further advance our understanding of T-
walls. Some prospects for the development of research include smart building technologies
where incorporating smart sensors, controls, and automation systems could optimize the
operation of T-walls based on real-time environmental conditions, as well as the integration
of the T-wall with building energy systems such as passive cooling techniques, active solar
technologies, and energy storage solutions.
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Abbreviations

Nomenclature and Abbreviations
.
EX Exergy of solar radiation (kW)
ca Water specific heat (J/kg◦C)
CFD Computational fluid dynamics
DC Direct current
fcl Clothing area factor
Icl Clothing insulation (clo or m2K/W)
M Metabolic rate (met or W/m2)
Pa Partial water vapor pressure (Pa)
PCM Phase change material
PMW Predict mean vote
PPD Predicted percentage of dissatisfied (%)
PV Photovoltaic
Ra Rayleigh number
RE Relative error (%)
T Temperature (◦C)
t Time (s)
tcl Surface temperature of clothing (◦C)
tr Mean radiant temperature (◦C)
T-wall Trombe wall
V Volume (m3)
var Relative air speed (m/s)
W Effective mechanical power (W/m2)
w Wind speed (m/s)
Subscripts
a Ambient air
b Buoyancy
c Convection
d Destroyed
f Fluid
i,j Cartesian coordinates index
in Inlet
out Outlet
s Sun
t Turbulent
Greek symbols
λ Thermal conductivity (W/mK)
µ Dynamic viscosity (kg/ms)
Ap Area of the absorber wall, (m2)
g Gravitational acceleration (m/s2)
L Characteristic length (m)
u Velocity in the x-direction (m/s)
α Thermal diffusivity (m2/s)
ε Dissipation rate
η Thermal efficiency (%)
ν Kinematic viscosity (m2/s)
ρ Density (kg/m3)
σ Stefan–Boltzman constant (W/m2K4)
δij Cartesian coordinates index
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