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tiles, sheet metal aluminum and corrugated iron and a false ceiling in plywood. These
performances are based on the determination of the temperature profiles of the external and
internal roofs and the temperatures of the air inside the roofs. The outside temperatures
observed from 11 p.m. for the clay tile roof, the corrugated iron roof and the aluminum
roof are 62.5°C, 77.5°C and 87.5°C respectively. In this analysis, we find with a constant
solar flux of 1000 W/m?, that the clay tile roof is much more efficient than the other two
roofs for a humid tropical climate typical of Guinea. The difference between the maximum
temperature values of the outer and inner wall of the clay tile roof, which is the least
conductive among the three materials, is 10°C. The influence of the variation of the solar
flux and the thickness of the roof was studied and this analysis allowed us to know the
degree of performance of the clay tile.

1. Introduction

The world population reached 7.442 billion in 2016 [1]. It is associated with overall growth in
the industry, agriculture, transport and infrastructure sectors. Among all, the industrial and residential
construction sectors contribute significantly to the rise in energy demands [2]. Although figures vary
from country to country, the building sector, which includes residential, commercial and public
buildings, is responsible for approximately 30-40% of total energy demand. Energy-intensive items in
the building sector remain air conditioning, heating, ventilation and lighting. It should also be noted
that on a global scale, approximately 40% of the total energy of buildings is consumed for space heating
or cooling applications in the residential and commercial sectors [3]. Additionally, the demand for
space cooling applications is increasing due to an increase in atmospheric temperature associated with
carbon emissions and global warming. Room air conditioners are mainly used around the world as an
air cooling device. Yet, an increase in the sale of air conditioning equipment has led to serious
environmental problems associated with ozone layer depletion and global climate [4-5]. The search for
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thermal comfort in the world has led to an increase in the demand for energy in buildings [6]. The roof
is one of the most critical components of the building envelope, and it achieves maximum heat gain in
summer, and it covered nearly 20-25% of the overall urban areas [7]. In this regard, cool roofs are
considered as one of the sustainable solutions to maintain thermal comfort in buildings. The results
obtained from the literature review indicate that the application of a cool roof reduces energy
consumption in buildings and is a useful tool for mitigating the urban heat island effect (UHI). The
urban heat island effect (UHI) represents an important environmental problem during the process of
urban development. The expansion of urban areas has led to a reduction in the rate of green coverage
and has further exacerbated the UHI effect. Rising ambient temperatures deteriorate the indoor thermal
environment and increase the cooling energy consumption of buildings [7]. One of the mitigation
measures is to increase the cover of urban vegetation and buildings [7, 8]. The average energy-saving
effect of the roof is expressed between 15% to 35.7% in different climatic zones (Temperate, Tropical,
Composite, Hot and Hot-Humid) according to the results of the literature survey [9]. Furthermore, the
average roof surface temperature reduction is possible from 1.4°C to up to 4.7°C with roof cooling tech
The building sector ranks today among the three major energy consumers in the world with the

transport sector and that of industry [10-13]. The share of energy consumption in the building sector
amounts to 40% of the world's energy [14-18] and 50% of this annual consumption is generally caused
by heating, ventilation and cooling systems. air conditioning [ 19]. It is one of the most energy-intensive
and greenhouse gas-emitting sectors in the world [20, 21]. Reducing energy consumption in the
building sector requires a good design of its envelope. The thermal performance of a building can be
improved by acting either on its physical form and its orientation, or on the composition of the materials
of its envelope (walls and roof, etc.) or on the solar protections [22] or even on the improvement of its
thermal inertia. In other words, some researchers define the building sector as the biggest energy
consumer in the world which absorbs about a third of the world's energy consumption and responsible
for 6% of the total CO2 emissions in the world. (IPCC 2014) and 36% in industrialized countries [23].
The main use of energy in a building is for heating, ventilation and air conditioning (HVAC), lighting
and water heating system which depends on the location of the building [24]. According to the
International Energy Agency (IEA), approximately 50% of global energy consumption by 2030 will
be consumed by the building sector [25]. About half of the energy used in residential buildings is used
for air conditioning applications. Thus, reducing the energy used for heating and cooling can reduce
the total energy used and greenhouse gas emissions. The construction materials used in the building
envelope strongly affect the building's heat gain or loss. The heat capacity of building materials has an
important effect on the storage and release of external heat [26-33].

Cooling is one of the major concerns in building tropical homes. This problem is exacerbated by heat
gain from the roof, which constitutes 70% of the total heat gain. Passive cooling technique is among
the innovative practices and technologies that provide buildings with comfortable conditions by natural
means. Reflective and radiative processes are the methods used to decrease heat gain by facilitating the
removal of excess heat from inside a building to maintain a comfortable environment. Since the
potential of these techniques varies from region to region, their application in the tropics should be
considered [34]. The climate of tropical countries is always hot and humid throughout the year. Hot
and humid climatic conditions can cause thermal discomfort to people and pose a potential threat to
human health. Prolonged exposure to such working conditions can lead to fatigue and, therefore, reduce
levels of concentration and productivity of workers. During the day, most of the heat from solar
radiation is transferred into the building through the roof [35]. This causes the attic to act as a thermal
buffer volume before heat is transferred to the ceiling and then radiated to the space below and thus
affecting the thermal comfort of the occupants. In order to achieve a comfortable indoor environment
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in tropical climates, the use of air conditioning is predominant, which then leads to the growth of
national energy consumption. Based on research by Perez-Lombard et al., space cooling for residential
and commercial buildings accounts for approximately 20% to 40% of total energy consumption in
developed countries [36]. It is with this in mind that an innovative building design that can provide a
solution to thermal discomfort and yet energy efficient is desired. According to the ASHRAE 55 (2010)
standard, it is recommended that the indoor temperature and humidity of a building be maintained at
23 oC and 50% respectively to achieve an acceptable thermal comfort for the occupants [37-39]. It is
within the framework of the improvement of the thermal comfort in the dwellings in the Republic of
Guinea, that we are interested in the comparative study of the thermal performances between three
models of inclined roofs for a typical climate of Guinea.

2. Materials and method
2.1 Materials

2.1.1 Presentation of the study area

Guinea is a country in West Africa, it is bordered to the north by Senegal, to the northeast by Mali,
to the northwest by Guinea Bissau, to the west by the Atlantic Ocean, to the south by Sierra Leone and
Liberia, to the east by Cote d'Ivoire and part of Mali (Figure 1). It has an area of 245,857 km? [40]. The
climate is divided into two zones: tropical and subequatorial. The four regions have their own
meteorological peculiarities due to the diversity of the relief.
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Figure (1) Climate map of the Republic of Guinea [41]

2.1.2 Tools

The tools we used for this research are climatic data for a typical day in April with a global solar flux
of 1000 W/m? and a minimum temperature of 27°C. These data served as input data to perform our
various calculations in the program and allow us to analyze the thermal behavior of our roof model.
The programming language is Fortran and the Origin software to plot the curves.

2.2 Method

2.2.1 Description of the roof model

The bioclimatic roof model studied is of the flat solar collector type, the cover of which is made of
three different materials (aluminum sheets, red tiles and corrugated galvanized steel sheets) with a

rectangular false ceiling in wood wool. The roofis likened to a flat wall of rectangular section, inclined
at an angle of 30° with respect to the horizontal and the vertical walls of the roof in stabilized earth
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bricks in which air circulates by convection figure (2). The thermo-physical properties of the materials
constituting the roof and the false ceiling, assumed to be constant, are reported in Table 1.

.Tam
Tonsy ()
M I

TrpL1

Figure (2) Diagram of the roof model

Table (1): Thermophysical properties of the materials constituting the habitat [42-46]

Materials Density(kg/m®) Heat capacity Cp Thermal conductivity K
J/kg/K) (W.m.K™)
red tiles 1800 878 1,8
Aluminum 2707 896 204
corrugated sheets 7800 480 50
Plywood 2720 600 0,14

2.2.2 Mathematical formulation of the model
2.2.2.1 Simplifying assumptions

The methodology adopted for the description of the thermal behavior of our roof model is based on
nodal analysis [47-50]. The detailed study of the heat transmission phenomena involved in the
operation of the roof Figure (2) leads us to make a certain number of hypotheses, the main ones of
which are:

1. Heat transfers are unidirectional;

2. The thermal inertia of the air is negligible;

3. The materials are assimilated to gray bodies;

4. The thermo-physical properties of materials are constant;

5. The celestial vault behaves like a black body.

2.2.2.2 Basic equations

The establishment of the transfer equations is based on the analogy between heat and electric transfers.
In general, the instantaneous variation of energy within a component of the habitat is equal to the
algebraic sum of the flux densities exchanged within this component [51-52]. It is written:

MC, oT

2 —_— = . , .
X DFSA,+;Z¢W (1)

Oxij: Density of solar flux exchanged by the transfer mode x (Conduction, Convection and radiation)
between media (i) and (j), (W.m™); S: area of the wall (m?); DFSAI: solar flux density absorbed by
component (i) of the roof (W.m2).
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DFSA, = a.xp 2)

ai: Thermal absorption coefficient of the material (i); ¢i: Density of solar flux captured by the surface
of the medium (i) (W.m2). By introducing a heat exchange coefficient 4jj and linearizing the transfers,
we can write:

¢y = hy(T; = T) 3)
Thus, equation (1) is written:
C . n
%X%:DFSA’ +> > h (T, -T) (4)
i=1

Applying equation (3) to the various media in our system gives:

Outer wall of the roof

M, C oT K
J X — = atex X q)lex + = (T;/ - Y;ex) + hctex (]—;mb - Tlvex) + hrvc,tex (T\:c - 7—;6,\7) + hrsol Jtex (T;ol - Ttvex) (5)
S ot E,
Roof air zone
M.C P oT. 1
ar — Ly, % airt _ h o T o T ) 6
S at ; ci,pi ( pi alrt) ( )
Internal wall of the roof
MPi CE o7, Pi KPi \
X = (TPe_TPi)+hci(7-;zirt_TPi)+Zhri—>pi(];_TPi) (7)
S o E, =)

i

2.2.2. Numerical methodology

The systems of algebraic equations obtained by establishing the energy balances on the various
components of the roof model are of the form [53-55]:

Cx % =—K.T(t)+ BD(1) (8)

3. Results and Discussion

Figure (3) shows the temperature variation curves of the outer wall of the roof for the three
comparison materials, namely: aluminum sheet, corrugated sheet and clay tile. In this figure, we see
that the aluminum roof and the corrugated iron roof heat up more than the clay roof with a considerable
temperature difference which is observed from 11 p.m., which corresponds to the maximum
temperature. The temperatures observed at this time for the clay tile roof, the corrugated iron roof and
the aluminum roof are 62.5°C, 77.5°C and 87.5°C respectively. Based on this analysis, we can say that
the roof absorbs heat more than the other two materials (corrugated iron roof and aluminum roof). This
is explained by the fact that the thermo-physical characteristics of these materials are not the same
(emissivities). The minimum values are observed at 1 a.m., this is due to the effect of the phenomenon
of natural convection between the roofs and the celestial vault and between the radiation with the
ground and the sky. Figure (4) illustrates the graphical representation of the internal wall temperature
profiles for clay tile, corrugated sheet and aluminum sheet roofs. Based on the comparative analysis
between the exterior and interior roofs, we find that the temperature difference is very significant
between the walls. In this figure, we see that the values are almost confused at 1 a.m. because of the
aforementioned effects in the interpretation of figure (4). The difference between the maximum
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temperature values of the exterior and interior wall of the tiled roof clay which is the least conductive
of the three materials is 10°C.
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Figure (3) Temperature profiles of the outer roof of the three roof models
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Figure (4) Temperature profiles of the internal wall of the roof made up of the three materials

Figure (5) shows the indoor air temperature profiles of roofs made of the three materials chosen for
the comparison of thermal performance, namely: corrugated sheet metal, aluminum sheet metal and
clay tile. We find that the indoor air of the aluminum roof increases considerably compared to the other
two roofs (corrugated iron roof and clay roof). This is explained by the fact that the radiation between
the interior walls and between the interiors and the air by convection influence the quality of the air
inside the roof. This increase in the temperature of the air inside the roof is also due to the fact that the
air is confined in the roof and there is no air renewal. From the analyzes of the different curves, we
find that the clay tile roof performs much better than the two other roofs made up of aluminum sheet
and corrugated sheet respectively. In this term, we choose the clay roof to carry out the study of the
influence of certain parameters on the temperatures of the roof.

A) Influence of the variation of the solar flux on the temperatures of the clay roof
Figure (6) represents the influence of the variation of the solar flux on the temperatures of the
outer roof of the clay tile. In this figure, we see that the greater the solar flux, the more the temperature
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on the outer wall of the roof increases. This is due to the fact that the roof is the component of the
habitat most exposed to solar flux. From the analyzes of these curves, we find that there is a temperature
difference of 2.5°C between the different profiles.

—=— |ndoor air temperature corrugated sheet
60 - —e— Indoor air temperature clay sheet
—4a— [ndoor air temperature aluminum sheet
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Figure (5) Indoor air temperature profiles of the roof composed of the three materials
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Figure (6) Influence of the variation in solar flux on the temperature of the outer roof

Figure (7) represents the influence of the variation of the solar flux on the internal wall of the roof.
At this level, the solar flux does not directly reach the internal wall of the roof. Its effect arrives on this
wall by conduction of the heat received from the outside to the inside. In this figure we see that the
greater the solar flux on the outer roof, the more the effect is felt on the inner wall of the roof with a
somewhat slow temperature progression due to the low thermal conductivity of the material chosen
which is the clay tile and a very large part is reflected by radiation because of its high emissivity. For
a solar flux of 800 W/m?, the temperature difference between the outer and inner roof is around 1°C.
Figure (8) represents the influence of the variation of the solar flux on the temperature of the air inside
the roof. In this compartment, the solar fluxes do not intervene directly inside the roof, but they emit
effects by conduction between the exterior and interior walls of the roof, by radiation between the
various internal walls and by convection between the walls. and the air inside the roof.

Camara et al., J. Mater. Environ. Sci., 2022, 13(7), pp. 791-803 797



—=— Internal wall temperature (flux=1000 W/m?)
65 —e—Internal wall temperature (flux=900 W/m?)
—a— Internal wall temperature (flux=800 W/m?)

@
=]
1

o0 000000
e ad
P

o ®

o
a
1

A AA

Temperature (°C)
3
1

N
a
1

40 T T T
0 5 10 15 20 25

Time (h)

Figure (7) Influence of the variation of the solar flux on the temperature of the interior wall of the roof
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Figure (8) Influence of the variation in solar flux on the temperature of the air inside the roof
B) Influence of thickness variation on clay roof temperatures

Figure (9) illustrates the graphical representation of the profiles of the influence of the thickness
variation on the air temperature inside the roof. In this figure, we see that the temperature difference is
not so great between the different profiles depending on the thicknesses. This is due to the fact that
heat travels less from the outside to the inside due to the low thermal conductivity of the material.
Figure (10) represents the influence of the variation in thickness on the temperature of the outer wall
of the roof. In this figure, we see that the difference between the different profiles is considerable
between 1 a.m. and 3 a.m. and from 4 a.m. until midnight, the temperature profiles depending on the
thicknesses are almost identical. This is explained by the fact that it is the heat received on the external
wall of the roof which is considered and not the heat which penetrates by conduction into the material.
In addition to this, the reflectance of the material which is its emissivity is very important. Figure (11)
represents the influence of the variation in thickness on the temperature of the internal wall of the roof.
In this figure, we see the difference between the different temperature profiles as a function of the
thicknesses. For a thickness of lmm and 20mm, the maximum and minimum values of these two
thicknesses are respectively 58°C and 56.5°C and 45.5°C and 39.5°C. This demonstrates that the
greater of the thickness, the lower of the heat received on the internal wall.
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Figure (9) Influence of the variation in thickness on the temperature of the air inside the roof
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Figure (11) Influence of the variation in thickness on the temperature of the internal wall of the roof
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Conclusion

We have presented a numerical modeling of heat transfers within the component of our habitat which
is the roof for a humid tropical climate (Guinea). This allowed us to make a comparative study between
three different materials constituting the roof in Guinea, namely: aluminum sheet, corrugated sheet and
clay tile. According to the analyzes of the thermal performance of these materials, the choice fell on
the clay tile roof which is more efficient than the other two for the Guinean climate. Then, the influence
of the variation of certain parameters (solar flux and the thickness of the tile) was implemented to know
the effectiveness of the material. During this study, we understood that the greater the solar flux, the
more the outer roof heats up, but on the other hand the internal wall of the roof heats up more slowly
because of the low thermal conductivity of the clay. Compared to the variation in thickness, for a
thickness of 1 mm and 20 mm, the maximum and minimum values of these two thicknesses are
respectively 58°C and 56.5°C and 45.5°C and 39 .5°C. This demonstrates that the greater the thickness,
the lower the heat received on the internal wall.
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