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A B S T R A C T  
 

Photovoltaic energy has the potential to become one of the major energy sources used in the households in the 
tropical region of Africa, where the solar radiation intensity is abundant and almost constant over the year. 
Solar photovoltaic systems present many advantages when they are integrated in the building structure 
envelope and have a significant influence on the indoor air temperature of dwelling buildings due to the 
thermal resistance modification. In this paper, a simplified model of the photovoltaic system integrated on the 
roof of a residential building according to the building construction customs and materials has been designed 
and modeled. The heat transfer is studied in several situations: with and without a Building Integrated 
Photovoltaic (BIPV) system and for a building with and without false ceiling. The BIPV system installed over 
an effective area of 35 m2 increases the building indoor air temperature of approximately 5 °C which is 
corrected by the heat insulation optimization of the false ceiling made up with building local materials. The 
final indoor air temperature obtained is in good agreement with the ASHRAE standards and can, therefore, be 
applied to tropical regions. 
 

https://doi.org/10.30501/jree.2021.259138.1166 

1. INTRODUCTION1 

Tropical countries are situated between latitude +15 °C and    
-15 °C and are extended to the warm and humid zones of 
Central Africa, Central America, southern Asia, and northern 
South America; temperatures range between 24 and 33 °C and 
the humidity may be frequently between 60 and 100 %. The 
tropical climate is expanded on to three different continents: 
Oceania, Asia, and Africa. Hence, the energy consumption of 
a building in a tropical climate of each of these continents is 
not automatically identical, but is closely related to the 
geographical location of the country. In Australia, air 
conditioning (space heating and/or cooling) is the main source 
of energy consumption (35 %) followed by residential 
appliances (24 %), water heating (23 %), and lighting (7 %) 
[1]. As Australia is located in the tropical region of Oceania 
where in the south regions of Australia, the winter is mild and 
the summer hot and the temperatures oscillate between 10 and 
21 °C. Hence, the comfort resumes to increase the indoor air 
temperature. An opposite perception of the thermal comfort 
exits in Malaysia and other East Asia countries, where the 
comfort resumes to lower the indoor air temperature. 
Concerning the country of Cameroon, to meet the needs of an 
increasing energy demand remains a mission accomplished to 
a lesser extent; despite setting up new energy sources such as 
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power gas stations and steam-generating stations, the cover of 
the national territory in electric power still remains low 
enough, about less than 50 % and 10 % in urban and rural 
areas, respectively. This is due to the great distance between 
the production and consumption sites, hence inducing a 
significant energy loss during its transport representing almost 
30 % of the electric power produced [2]. From the analysis 
made on tropical countries, a focus can be made on the two 
following problems: 1) Reducing the energy consumption of 
the residential building used for space cooling; 2) Reducing 
the dependence of traditional (non-renewable) energy sources. 
A common solution to these two problems can be found: the 
use of renewable energy. 
 
1.1. Photovoltaic systems 
Renewable energies refer to energy sources that are renewed 
quickly enough to be considered as inexhaustible on the 
human scale. There are many types of renewable energies: 
solar energy, wind energy, biomass energy, hydraulic energy, 
etc. As their use has a negligible impact on our environment, 
the conception of a sustainable development passes through an 
increasing implementation of renewable energy sources. 
Among the renewable energy sources, solar energy has the 
capacity to become one of the major energy sources in tropical 
climates. Solar energy should therefore constitute the real 
source of electrical production and thermal energy in all 
sectors, particularly the residential sector because of its on-site 
production. Indeed, Chen et al. [3] claimed that from incident 
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solar radiation, measured in the city of Brazl, in the period of 
2007 to 2012, they obtained an average power generation of 
11.0 kWh/day and efficiency of the modules in the order of 
12.6 %. 
   In the past, it was common to lay PV panels on the roof of 
the already designed building; this concept is called Building 
Applied Photovoltaic (BAPV) [4]. This solution was not very 
adequate as it was necessary to spend both for the roof and PV 
panels; in addition to that, the increasing temperature of the 
PV panels leads to a reduction in their efficiency [5]. All that 
contributed to the elaboration of the BIPV concept, i.e., the 
solar photovoltaic system was integrated in the structure of the 
building envelope. PV panels, therefore, replace a part of the 
materials used in the construction of the building roof [6]. It is 
also possible to integrate photovoltaic to the walls. This 
concept enables to make savings on building materials and 
space integration. To maintain the PV panels’ temperature to a 
value enabling their optimal functioning, the idea of the 
hybrid PV/T solar collector was put forward. Chow et al. [7] 
proposed an aluminum-alloy flat-box type PVT collector 
using water as the coolant fluid and the fin efficiency 
approached unity, leading to the thermal efficiency of 57.4 %. 
Ekoe et al. [8] proposed as solution the setting-up of fins on 
the back sheet of the photovoltaic module of the Building 
Integrated Semitransparent PhotoVoltaic Thermal system 
(BISPVT) system; the heat extracted from the air circulating 
in the rectangular duct at the back sheet of the PV module can 
be used to warm the building indoor air temperature. An 
annual production of 76.66 kWh of thermal energy at an 
overall thermal efficiency rate of 56.07 % is obtained with a 
system area of 36 m2. They thus arrived to the same 
conclusions as Maturi et al. [9] who got the same results 
experimentally. The so-extracted energy can be used in 
electric power production and also, the thermal energy can be 
used to warm the building indoor air temperature and to 
produce hot domestic water. The so-used sensor is called a 
PhotoVoltaic Thermal (PV/T) sensor. This concept developed 
by the authors of [10-12] has shown its effectiveness. Even 
though energy production through PV systems is important, 
the indoor air quality of the building is another aspect that 
should be considered carefully. 
 
1.2. The effect of PV on thermal comfort of a building 

The results obtained from various researches show that proper 
ventilation and the absence of airtight devices, installed to 
reduce energy consumption, favor the indoor/outdoor air 
exchange and thus contribute to the enhancement of Indoor 
Air Quality. Several studies have been carried out to quantify 
the impact of a solar photovoltaic system on the building 
indoor air temperature and humidity (Iath). Benradouane et al. 
[13] designed and adapted a thermo-solar house on the site of 
Tlemcen, Algeria which allows a significant storage of the 
heat coming from solar rays in order to do cancel the use of 
auxiliary energy sources. They found that South, East, and 
West orientations facilitated obtaining good results. Obeng et 
al. [14] conducted a study in the rural households of Ghana as 
they depended mainly on kerosene lanterns for lighting after 
sunset. They compared households with and without solar PV 
in off-grid rural Ghana and came to two major conclusions: 
firstly, the proportion of household members being affected 
by indoor smoke from kerosene lanterns could be reduced by 
50 % thanks to the use of solar PV lighting. Secondly, solar 
PV lighting can probably reduce the proportion of household 

members who get blackened nostrils from soot associated with 
kerosene lanterns by approximately a third. These conclusions 
reflect the reality as during their operation, PV panels produce 
no air pollution, hazardous waste, or noise. 
   In order to analyze the comfort aspect (thermal and lighting 
aspects) of PV modules and PV systems for vertical 
integration, Lopez et al. [15] presented a work dealing with 
the specific design of the test facility and the methodology 
employed for BIPV reproducing the internal conditions of a 
real building. The temperatures they obtained during the 
conducted experiments never went above the interval 23 °C 
and 27 °C as specified by the "European Adaptive Standard", 
EN 15251:2007-08, but were sometimes below the minimum 
specified value. Green buildings not only provide an improved 
worker productivity and work quality as a result of a more 
comfortable office environment, but also an improved public 
health resulting from reduced indoor air pollution. Wen I-Jyh 
et al. [16] conducted a study where they designed a ventilated 
BIPV with a double roof structure in order to introduce indoor 
ventilation and also provide itself with environmental control. 
From the results obtained, they concluded that both ventilated 
BIPV designs proposed in this study can provide appropriate 
indoor thermal environments. 
   Two other research works deserve to be mentioned. The first 
one is the study done by Dominguez et al. [17] who quantified 
the indirect benefits of a photovoltaic roof for the insulation of 
the cement roof of the Powell Structural systems Laboratory 
(PoSL) at the University of San Diego, California. The heat 
flux modeling of theirs has shown a significant reduction in 
daytime roof heat flux under the PV array, while at night, the 
conditions reversed. They have thus obtained a 5.9 kWhm-2 
(or 38 %) reduction in annual cooling load. The second one 
comes from Ekoe et al. [18] who studied the influence of the 
integration of solar systems in the envelope structure of the 
building on the indoor air temperatures and humidity of a 
building under the tropical climatic conditions of Yaoundé, 
Cameroon. They have found that BIPV increases the 
building’s indoor air temperature by 4°C, when compared to a 
building of the same size without PV integrated. They have 
also shown that a judicious choice of the building materials 
and the orientation of the building allow minimizing that 
temperature difference. Among these two options, the choice 
of the building materials is the solution accessible to 
everyone. 
 
1.3. False ceiling in tropical regions 

Various techniques can be used to improve the thermal 
comfort of a building, namely the HVAC system, energy 
production, and the elements of the building’s envelope. The 
appropriate use of such techniques depends on the typology of 
the building, the construction habits, and climatic conditions 
of the area. The studies on the rational use of energy in 
buildings located in tropical regions have been focused on the 
reduction of energy consumption in buildings through the 
optimum utilization of the thermal insulation of the envelope. 
In the case of Cameroon, the main source of energy 
consumption is air conditioning followed by lighting. 
Therefore, the thermal comfort resumes to the lowering of the 
indoor air temperature. This can be efficiently achieved by 
increasing the thermal inertia of the building through the use 
of a false ceiling. 
   In the Cameroonian context, the false ceiling is a solid and 
horizontal surface that closes up a living room parallel to the 
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floor. It is made up of local materials, especially wood. The 
false ceiling is used for decoration of the building and the 
hiding of electric cables. It can also be used for the installation 
of ceiling fans; people are used to employ ceiling light in 
order to obtain a better lighting than when the lamps are fixed 
on the wall. The space between the false ceiling and the roof 
is referred to as the dead space. The air contained in the dead 
space greatly influences the indoor comfort. Indeed, a great 
part of the heat gained by the building is done through the 
elements of the roof. Normally, almost all the heat is 
transferred to the building, resulting in indoor thermal 
discomfort. Hence, the use of the false ceiling increases the 
thermal inertial of the building, reduces the thermal heat 
transferred in the leaving space, and produces more 
comfortable conditions for the occupants of the building. As 
wood is among the local building materials, its use as false 
ceiling is the ideal solution to obtain comfortable indoor air 
conditions. 
   The authors [19] established a transient 1-D model to study 
the role of such a ceiling in the reduction of the ambient 
indoor air temperature. The use of false ceiling only without 
reflector sheet reduced the heat gain introduced to space for a 
whole day by 66.8 %, while the use of a false ceiling with 
reflector sheet increased the reduction percentage of heat 
gained from the concrete roof to be 81.6 % during the same 
period. However, the building that they have studied did not 
have PV panels, the roof was made up of concrete and the 
temperature of the building was controlled. 
   Basically, the roof of the building can be described as the 
upper part of the envelope which protects the building against 
the climatic elements that could be harmful to the inhabitants 
of the building. The climatic elements include sun light, rain, 
birds excrement, etc. The materials used in the roof 
construction vary from one geographical area to another. In 
the tropical sub-Saharan African climate and specifically in 
urban zones, the roofs are mainly made up of Aluminum due 
to its reflecting properties. The Aluminum sheets are fixed 
with wooden slats to prevent them from getting carried away 
by wind. This construction style is reproduced in almost all 
the buildings in urban areas. Concerning buildings with many 
floors, such roof is used to cover the last floor of the building. 
However, due to the conducting properties of Aluminum, a 
great part of the heat absorbed by the roof is transferred to the 
floor of the building. To reduce the quantity of heat 
transferred to the floor of the building, the simple roof, i.e., 
the roof made only of steel, can be completed by the addition 
of the false ceiling in order to provide pleasant indoor 
conditions to the occupants of the building. In this paper, the 
simple roof refers to a roof made up of only Aluminum, while 
the term roof indicates the unit made up of the Aluminum, the 
dead space, and the false ceiling. 
   Our study comes after all those studies and focuses on two 
important aspects: the presence or not of false ceiling and PV 
panels on the roof of the building, and their influence on the 
indoor air temperature and humidity. Modeling of the roof 
heat flow through the different elements of the envelope of the 
building has been done for a tropical climate of Cameroon in 
order to characterize the comfort conditions inside the 
building according to those aspects. 
 
2. PROBLEM IDENTIFICATION 

In Cameroon, the energy used for building lighting represents 
almost 20 % of the energy consumption in the residential 

sector and almost 25 % in offices and commercial buildings. 
The electric power produced by the BIPV system could be 
used for the lighting of the building, the corridor, and the 
outside light; however, this paper does not focus on the 
electric power which can be produced by the BIPV system. 
The building under consideration is situated in Yaoundé at 
4.051N, 9.768E, and a site altitude of 103 m. The size of the 
building is 15 m × 11 m with an average height of 6.5 m. The 
roof is south oriented. The building is insulated by a layer of 
sand, cement, and paint. The Photovoltaic system is integrated 
at the roof top covering an effective area of 450 m2. The BIPV 
system is made of polycrystalline PV modules. The BIPV 
system, area of 35 m2, and made up of 20 PV modules and 
peak power of 4 kWh is oriented in opposite direction with the 
wind in order to optimize the natural convection. Moreover, 
the space left between the false ceiling and the roof (dead 
space) also takes part in the temperature lowering of the 
ambient air of the building. Thus, the height of the false 
ceiling can be chosen as 0.75 m with a thickness of 4 mm, 
depending on the other dimensions of the building. 
 
3. MODELLING OF ROOF PV 

As envisaged in the summary and the introduction, several 
cases will be studied, as shown in Figure 1: 

1. The building does not have a false ceiling nor PV panels 
(A); 

2. The building has a false ceiling, but lacks PV panels (B); 
3. The building has a false ceiling and a Semitransparent 

Photovoltaic system is integrated as the roof top (C). 

   The following assumptions have been made in order to write 
the energy balance equations: 

a. A one-dimensional heat conduction is considered in the 
present study; 

b. The system under consideration is in quasi-steady state; 
c. The incident solar radiation is uniform on both sides of 

the roof; 
d. The building is considered as one piece without internal 

heat source; 
e. Air properties are constant with time and temperature. 

 

 
Figure 1. Pictorial view of the different cases studied, A) without 

BIPV system and false ceiling; B) false ceiling, without BIPV 
system; C) with BIPV system and ceiling false ceiling 

 
 

 
Figure 2. Pictorial view of studied BIPV module 
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3.1. Simple roof 

Figure 1A shows a pictorial view of the building in the 
absence of the false ceiling and the BIPV system. Following 
Figure 1A, the energy balance for each component of the 
thermal system is: 

Roof 

On the outer surface of the roof, the equation expressing the 
energy balance is: 

( ) ( )s r r r r 0 r a sT -T R =A α I(t)+h A T -T                                                 (1) 

   By replacing each term by its expression, we have obtained 
the expression of temperature on the outer surface of the roof: 

( ){ } [ ]s r r r r 0 r 0 r rT = T +R A α I t +h A 1+h A R                                     (2) 

   On the inner surface of the roof, the equation expressing the 
energy balance is: 

( ) ( )s r r i,roof r r inT -T R =h A T -T                                                        (3) 

   By replacing each term by its expression, we have obtained 
the expression of temperature on the inner surface of the roof: 

r s in i,roof r r i,roof r rT = T +T h A R 1+h A R                                           (4) 

   The expression of the heat flux getting in the building 
through the roof is given by: 

( ) ( ) ( ) ( )1 a in 0 al al i,roofφ = T -T 1 h + e k + 1 h 
                                   (5) 

Ambient air of the building 

The energy balance equation for the ambient air in the 
building is given by: 

( ) 11 0in
r air a in i,roof r r in

0 12

K +AUdTm C = T -T + A (T -T )
dt -0.33N V+K

h
 
 
  




                   (6) 

   Upon solving Eq. (6) and applying the initial condition 
( )in in, initialT t=0 =T , the building air temperature is obtained as 

follows: 

( ) ( ) ( )in in1 in1 in in1 in1 in1initialT = F G + T - F G exp -G t 
                      (7) 

 
3.2. Roof with false ceiling 

Figure 1B shows a pictorial view of the building having a 
false ceiling in the absence of a BIPV system. The major 
difference between Case 3.1 and Case 3.2 is the reduction of 
heat transferred to the leaving space due to the presence of the 
false ceiling to the building. Following Figure 1B, the energy 
balance for each component of the thermal system is as 
follows: 

Roof 

i. On the outer surface of the roof, by applying the first 
principle of thermodynamics, the equation of the energy 
balance is the same as that in Case 3.1. 

ii. On the inner surface of the roof, by applying the first 
principle of thermodynamics and replacing each term by 
its expression, we have obtained the expression of 
temperature on the inner surface of the roof: 

( ) ( )r s av i,av r r i,av r rT = T +T h A R 1+h A R                                            (8) 

False ceiling air temperature 

The energy balance equation for the ambient air in the false 
ceiling is given by:  

( ) ( )
•

av
r air a av 21 av in 22 i,av r r av

dTm C = T -T K - T -T K +h A (T -T )
dt

          (9) 

   By integrating Eq. (9) and applying the initial condition 
( )av avinitialT t=0 =T , the false ceiling air temperature is obtained 

as follows: 

( ) ( ) ( )av av1 av1 av av1 av1 av1initialT = F G + T - F G exp -G t 
                 (10) 

   The expression of the heat flux getting in the building 
through the roof is given by: 

( ) ( )
( ) ( ) ( )
( ) ( )

0 al al i,av
2 a in

cpl cpl i,in

1 h + e k + 1 h
φ =US ΔT = T -T

+ e k + 1 h

 
 
 
  

               (11) 

Ambient air of the building 

The energy balance equation for the air in the building is 
given by: 

in
r air wall floor openings

air,replenishement false_ceiling

dTm c = q +q +q
dt

-q +q


                  (12) 

   By replacing each term by its expression and applying the 
initial condition ( )in ininitialT t=0 =T , the building ambient air 
temperature is obtained as follows: 

( ) ( ) ( )in in2 in2 in in2 in2 in2initialT = F G + T - F G exp -G t 
                   (13) 

 
3.3. PV roof with false ceiling 

Figure 1C shows a pictorial view of the building having a 
false ceiling and a BIPV system, while Figure 2 shows a 
pictorial view of the PV collector. The major difference 
between Case 3.3 and case 3.2 is the roof heat flux which will 
differ, due to the addition of the PV modules to the roof of the 
building. Following Figure 1C, the energy balance for each 
component of the thermal system is as follows: 

PV module 

At the glass cover of the photovoltaic module, by applying the 
first principle of thermodynamics, the equation of the energy 
balance is: 

( ) ( ) ( )g g g g r c g 0 r g a-τ I(t)+α I(t)+ k e A T -T -h A T -T 0  =                (14) 

   By replacing each term by its expression, we have obtained 
the expression of temperature at the Glass cover of the 
photovoltaic module: 
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( )
( ) ( ) ( )

-1
g g

g g g 0
g g c 0 a

I(t) α -τ
T = e k + 1 h

+ k e T +h T

 
   

  
 

                         (15) 

   At the Solar cell of the photovoltaic module, by applying the 
first principle of thermodynamics, the equation of the energy 
balance is as follows: 

( ) ( )( )

( ) ( ) ( )

g c c g T c g c c c bs bs c bs
-1

g g 0 c a

τ α β I(t) + τ α 1-β I(t) - τ α β η I(t) - k e T -T

- e k + 1 h T -T 0  = 

  (16) 

   By replacing each term by its expression, we have obtained 
the expression of temperature at the Solar cell of the 
photovoltaic module: 

( )
-1 -1

g bs
a bs eff

g 0 bs
c -1 -1

g bs

g 0 bs

e e1+ T + T + τα I(t)
k h k

T =
e e1+ +
k h k

              
              

                         (17) 

   At the Back sheet of the PV module, by applying the first 
principle of thermodynamics, the equation of the energy 
balance is: 

( ) ( )c avcbs bs ibsav bsh T -T +h T -T 0=                                     (18) 

   By replacing each term by its expression, we have obtained 
the expression of temperature at the Back sheet of the PV 
module: 

( ) ( )c avbs cbs ibsav cbs ibsavT = h T +h T h +h                                   (19) 

False ceiling air temperature 

The energy balance equation for the air in the air gap is given 
by: 

av
r air wall,roof c-i air,interior

air,replenishement

dTm c = q + q - q
dt

- q                    (20) 

   By proceeding similarly as in Case 4.2, the building air 
temperature is obtained as: 

( ) ( ) ( )av av3 av3 av av3 av3 av3initialT = F G + T - F G exp -G t 
              (21) 

   To compute the expression of the heat flux getting in the 
building through the roof, Figure 3 illustrates the thermal 
resistance of the insulation. Following Figure 3, the roof heat 
flux is obtained by : 

( ) ( )
( ) ( ){ }ext

av in

3 a in total

total conv roof BIPV

conv cpl conv

φ = US ΔT = T -T R

R = R + 1 1 R + 1 R

+ R + R + R

                             (22) 

Ambient air of the building 

The energy balance equation for the air in the building is 
given by: 

 
in

r air wall floor openings

air,replenishement false_ceiling

dTm c = q + q + q
dt - q + q


                  (23) 

   By replacing each term by its expression and applying the 
initial condition ( )in ininitialT t=0 =T , the building ambient air 
temperature is obtained as follows: 

( ) ( ) ( )in in2 in2 in in2 in2 in2initialT = F G + T - F G exp -G t 
                   (24) 

 

 
Figure 3. Thermal resistance 

 
4. OPERATING PARAMETERS 

In order to obtain the dynamic behavior of the three thermal 
systems and determine the ambient air temperature of the 
building, we used hourly global and diffuse solar radiation 
data over the town of Yaoundé, Cameroon for the year 2016 
obtained from the Energy and Environmental Technologies 
Laboratory of the Department of Physics at the University of 
Yaoundé I. In addition, the hourly ambient temperature 
variation from the climatic data issued by the Atmospheric 
Physics Laboratory was used. 
   The total solar radiation over inclined roof is obtained using 
Eq. (25) [20]: 

g d b d alb g
1 1I(t)= I (t)-I (t) R + (1+cosθ)I (t)+ (1-cosθ)ρ I (t)
2 2

              (1) 

1. The equation of the energy balance on the outer surface 
of the roof is used to obtain the outer roof temperature. 
The latter is introduced in the equation of the energy 
balance on the inner surface of the roof in order to have 
the expression of the inner roof temperature as a function 
of the temperature of the ambient air of the building. 

2. The so-obtained expression is introduced in the equation 
(differential) of the energy balance of the room to have 
an analytical expression of the indoor air temperature of 
the building. 

3. A system of equation is therefore obtained and solved 
numerically with MATLAB R2016b software. 

4. The same procedure is repeated for the two other thermal 
systems, as shown below. 

5. The whole procedure is illustrated in Figure 4, including 
the computation of the roof heat flux. 

   Design specification and operating parameters of the 
building are presented in Table 1. These have been used as 
input parameters for energy analysis. 
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Figure 4. Flow chart of the modeling of the thermal system 

 
 

Table 1. Design parameters of a building and semitransparent PV 
module 

Parameters Values 
b 6.3 m 
d 4.5 m 

PV roof area 28.35 m2  
Cf 0.38 
Cair 1005 J kg-1 K-1 
αC 0.9 
αT 0.5 
βC 0.83 
τg 0.9 
ηC 0.12 

 
5. RESULTS AND DISCUSSION 

Figure 5 illustrates the variations of average solar radiation 
and ambient temperature of Yaoundé for the year 2018. 

 

 
Figure 5. Average solar radiation and ambient temperature 

 
   The peak irradiation on the horizontal surface is 994.13 
W/m2 and the peak solar radiation obtained with a tilt angle of 
20° South is 992.62 W/m2. The solar radiation is maximal 
when the tilt angle is close from the latitude of the location 
under investigation. However, taking into account the building 
habits in the tropical climate of Cameroon, a tilt angle of 4° is 
rarely used for the installation of the roof. This is to avoid the 
labor cost and work required for cleaning the roof and the 
photovoltaic system of the horizontal roof. Hence, the solar 
radiation obtained with a tilt angle of 20° South is used in the 
rest of this work. 

Figure 6 shows the average hourly variations of the average 
indoor temperature in the case of the roof only. The maximum 
average indoor air temperature is 30 °C around 12.00 A.M., 
which is 2 °C higher than the maximum average ambient 
temperature. This fact can be explained by the weak thermal 
resistance in the case of a simple roof; the roof is made only 
of steel; this favors a great heat absorption of heat which will 
be transferred to the living space. 

 

 
Figure 6. Average indoor air temperature of the building with a 

simple roof 
 
   The introduction of the false ceiling leads to a significant 
reduction in the room air temperature illustrated in Figure 7; 
the average maximum value of the indoor air temperature 
declines to 27.13 °C. The new indoor air temperature is almost 
3 °C less than the case of simple roof. This significant 
temperature reduction is due to the addition of the false ceiling 
to the roof of the building, as this addition will increase the 
thermal resistance of the roof. 

 

 
Figure 7. Average indoor air temperature of the building with Simple 

roof and false ceiling (FC) 
 
   The integration of the BIPV system on the roof top of the 
building, even though beneficial to the building because of the 
production of electric and thermal power, has the 
inconvenience of increasing the indoor air temperature of the 
building, as shown in Figure 8. The average air temperature of 
33 °C is obtained. The difference in temperature caused by the 
introduction of the BIPV in the envelope of the building can 
be estimated to about 5 °C. Such a temperature may cause 
uncomfortable conditions for the occupants of the building. 
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Figure 8. Average indoor air temperature of the building with roof, 

false ceiling, and the BIPV system 
 
To overcome this inconvenience, a wooden layer can be 
placed just at the back sheet of the PV module, or the 
thickness of the false ceiling can be increased. The issue of 
placing a wooden layer just at the back sheet of the PV 
module is shown in Figure 9 (a). The average indoor air 
temperature rise due to the BIPV integration on the roof of the 
building has been completely reduced when the thickness of 
the wooden layer is equal to half that of the false ceiling and 
to an optimal value of 27.1 °C when the thickness of the 
wooden layer is equal to twice that of the false ceiling, as 
shown in Figure 9 (b). These results show that a great part of 
the heat gained by a building is distributed through the 
envelope of the building and especially the roof, hence 
succeeding in the reduction of heat transfer through the roof 
leads to the significant reduction of the heat exchanges 
between a building and its surroundings, and the consequence 
is a comfortable temperature of the indoor air of the building. 
   The results shown in Figure 9 enable us to assert that an 
increase in the thickness of the wooden layer just at the back 
sheet of the PV module leads to a greater reduction in the 
average indoor air temperature of the building. This assertion 
can be explained by the thermal inertia of building materials 
which plays a significant role in thermal comfort of the 
buildings. It is the case of materials as the wood which has 
weak thermal inertia and is adapted to the climatic zones 
where one wants to improve the thermal comfort of the 
interior section of the room. The increase of the wooden layer 
will certainly cause an increase in the weight of the 
framework, the latter being expected to firmly support the 
insulation. Hence, it is essential to correctly dimensionalize 
the wooden layer, taking into account the rest of the roof and 
the other elements of the building; this dimensioning will 
permit to obtain an acceptable weight of the whole 
framework. The use of an insulation layer placed under the 
roof can therefore be considered as an interesting solution to 
lower the indoor air temperature, thereby increasing the 
thermal comfort of the room in tropical climates. The 
insulating material is not necessarily the same and the choice 
of the material may vary from one location to another, but the 
final aim remains the same. The authors [21] recommend 
using 50 mm of fibreglass and foil aluminium to respectively 
reduce the ceiling temperature by about 3 °C and 2 °C in the 
tropical climate of Malaysia. However, in Cameroon, the use 
of wood as an insulating material is very common, hence 
favoring its use in the BIPV system. 

The maximum average indoor air temperature of the room 
obtained with the addition of the wooden layer under the back 
sheet of the PV module is 27.1 °C, depending on the thickness 
of the wooden layer. The ideal interval of temperature is 23 to 
26 °C in summer, and 20 to 23.5°C in winter, as 
recommended by the ASHRAE standards. The temperatures 
obtained from the modelling done in this work are slightly 
higher than those recommended by the ASHRAE, but these 
temperatures can be considered as comfortable in a tropical 
climate of Cameroon, where the subjects accommodate easily 
to such a temperature as they live in a hot climatic area, and 
they have adapted their bodies to temperatures greater than   
27 °C without the use of an air-condition system, even though 
27 °C is considered as hot by the international standards; 
hence, the important results obtained from our modelling can 
be applied to the case of Cameroon for the production of 
electric power using solar radiation. 

 

 
 

 
Figure 9. Average indoor temperature of the building with simple 

roof, false ceiling and the BIPV system when a) the thickness of the 
wooden layer is equal to half that of the false ceiling; b) the thickness 

of the wooden layer is equal to double that of the false ceiling 
 
   Figure 10 (a) shows that the indoor air temperature could be 
affected by an increase in the size of the BIPV surface 
replacing the roof of the building, while Figure 10 (b) focuses 
on the influence on indoor air temperature with an increase in 
the speed of the wind in the air in the space between roof and 
false ceiling in which case the space is not closed. As it can be 
expected, the temperature will rise if the number of PV panels 
increases. A quasi-regular increase is observed. The limit will 
be reached when the whole roof is replaced by PV panels. 
However, as the present study is done in the tropical climate, 
such a rise is not too much useful, as the produced heat cannot 
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be used for the heating of the indoor space. Hence, a 
compromise should be found between the number of PV 
panels to be installed and the maximum value of the indoor 
temperature which must not be exceeded. In Figure 10 (b), the 
speed of the air between roof and false ceiling has, been 
doubled, resulting in a significant reduction in the maximum 
temperature of indoor temperature. The maximum indoor 
temperature reached in the present case is 25.63 °C, a value 
almost 2 °C less than the one obtained in the previous case. 
Such result is logic, as an increase in the speed of the air 
between the roof and the false ceiling will create a fast 
removal of the heat stocked on the back sheet of PV panels, 
hence preventing heat from entering in the indoor air space. 
Therefore, increasing in the speed of the air between the roof 
and the false ceiling can greatly contribute to the reduction of 
the indoor air temperature caused by an increase in the size of 
the BIPV system, thereby improving the thermal comfort of 
the occupants of the building. 

 

 
 
 

 
Figure 10. Average indoor temperature of the building with roof, 
false ceiling and the BIPV system when (a) the size of the BIPV 
system is increased; (b) the speed of the air in the dead space is 

doubled 
 
   Figure 11 illustrates the roof heat flux of the building for the 
different cases studied in the modelling. It can be observed 
that the highest values of heat flux are obtained when the 
BIPV system is added to the roof and the false ceiling, 
followed the case of the simple roof. The use of the wooden 
layer just under the PV modules greatly reduces the roof heat 
flux, hence showing the positive effects on the indoor comfort 
conditions of the wooden layer placed just under the PV 
panels. Another observation that can be made from Figure 11 
is that the roof heat flux is maximal during the period 
comprised between 10 a.m. and 4 P.M.; this observation can 
be explained by the fact that the highest values of 
temperatures are obtained during the noon and the afternoon, 

and the accumulated effect of the irradiation absorbed since 
the morning will have the overall effect of lowering the 
thermal resistance of the envelope elements. The results 
obtained clearly show that the maximum heat transfer in a 
residential building is done through the roof of the building. 
The roof heat flux in case of the simple roof is maximum at 
noon, as it reaches 250 W/m2, a value almost 8 times greater 
than the heat flux density through the walls (29 W/m2 in 
Yaoundé, 38 W/m2 in Garoua from the authors of [22]). This 
value declines to 155.77 W/m2, thanks to the use of the false 
ceiling. Introducing PV panels to the roof increases the roof 
heat flux, with a maximum value of 300 W/m2, but an 
appropriate use of the false ceiling brings back the heat flux to 
a value of 169 W/m2 and to 132 W/m2 with the increase of the 
wooden layer placed just under the PV module. Therefore, 
reducing indoor temperature can lead to a reduction in the roof 
heat flux, hence the improvement of the thermal comfort of 
the occupants of the building. These results are in accordance 
with previous studies [23] and show all the benefits of an 
appropriate use of local building materials to increase the 
indoor comfort of buildings. 

 

 
Figure 11. Heat transfer through the roof to the leaving space in the 

five (05) cases studied 
 
   The heat transfer model for the indoor air temperature of the 
building is simplistic, as the results of this modelling were 
obtained by considering the entire building as a unique piece 
without internal heat source. The different temperatures of 
each room of the building have not been studied, whereas 
such a study could have improved the degree of precision of 
the modelling. Taking into account the heat generated by the 
occupants and the devices of the building would certainly lead 
to an increase in the temperature of the indoor air of the 
building. In addition, the heat loss due to ventilation 
(mechanical or natural) of the building is not sufficiently 
taken into account in the model. Another factor to consider is 
that the heat transfer through radiation should be more 
considered in the elaboration of the modelling, as radiation 
occupies an important place in the heat exchanges between the 
building and its environment, especially those taking place 
through the roof of the building. Also, means must be 
implemented to reduce the temperature of the PV cells, e.g., 
adding fins at the back of the PV module, or increasing the 
natural ventilation around the PV module. This ventilation 
may be done by creating small adjustable openings around 
building envelope just under the ceiling or making an open 
roof-ceiling system. 
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6. CONCLUSIONS 

We presented three distinct but related concepts: first, the 
irradiation on a tilted surface; second, the lowering of the 
indoor temperature variation; last, the reduction of the roof 
heat transfer. The thermal analysis of each of the three 
systems, the first one consisting of a building without a false 
ceiling and a BIPV system, the second one consisting of a 
building with a false ceiling in the absence of a BIPV system, 
and the third one consisting of a building with a false ceiling 
and a BIPV system on which a wooden layer is later added 
just under the back sheet of the PV module was conducted. 
This study allowed us to demonstrate that: 

1. Taking into account the building customs of Cameroon, 
a tilt angle of 20°S, can be adopted as the tilt angle of the 
solar roof of our modeling. 

2. The building with a roof only had a high room air 
temperature, approximately 30 °C. The roof heat flux in 
case of the roof only reaches a maximum of 250 W/m2, 
but the use of a false ceiling lowers the density flux to 
169 W/m2. 

3. The introduction of the false ceiling lowers the indoor 
temperature by about 2.5 °C. 

4. The association between the false ceiling and a BIPV 
system makes the room air temperature rise to 
approximately 32.5 °C. 

5. The addition of a wooden layer just under the back sheet 
of the PV module brings back the room air temperature 
to 27.71 °C, when the thickness of the wooden layer is 
equal to twice that of the false ceiling. 

6. The increased area of the BIPV system yields an increase 
in the indoor air temperature; the latter increase can be 
reduced by increasing the speed of air located in the dead 
space. 

7. The addition of the PV brings back the roof heat flux to 
the rise, about 300 W/m2, but this value can be greatly 
reduced by the appropriate use of the false ceiling and 
the natural ventilation (134 W/m2). 

8. The reduction of the indoor temperature and the roof 
heat flux increase the thermal comfort of the occupants 
of the building. 

9. As the wood is considered to be among the building 
local materials, we recommend its use for the 
optimization of thermal insulation between the roof 
system and the floor supporting that roof. 

   The practice of optimizing the building envelope through 
the thermal insulation of this envelope should be required 
either in the construction of new buildings or the renovations 
of already existing buildings in Cameroon. The use of a well-
planned false ceiling makes the solar roof more attractive in a 
tropical region of Africa. 
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NOMENCLATURE 

A Area (m2) 
b Height of the BISPVT system (m) 
C Specific heat (J/kg K) 
Cf The conversion factor of the thermal power plant 
d Width of the BISPVT system (m) 
dx Elemental length (m) 
dt Elemental time (s) 
e Thickness (m) 
h Heat transfer coefficient (W/m2K) 
k Thermal conductivity (W/mK) 
L Length (m) 
ṁ Mass flow rate (kg/s) 
R Thermal resistance (K/W) 
T Temperature (K) 
t Time (s) 
I(t) Incident solar radiation (W/m2) 
U Overall heat transfer coefficient (W/m2K) 
(UA)t Overall heat transfer coefficient from room to ambient air (W/K) 
V Volume (m2), Velocity (m/s) 
Greek letters 
α Absorptivity 
β Packing factor, Volume expansion Coefficient 
θ Inclination of roof (rad) 
τ Transmissivity 
η Efficiency 
(ατ)eff Product of effective absorptivity and transmittivity 
ρalb Albedo 
ϑ Viscosity 
φ Heat flux (W/m2) 
Subscripts 
a Ambient 
al Aluminum 
av Air in the gap 
bs Back sheet of PV 
c PV cell 
door Door 
Fc False ceiling 
g Glass cover of PV 
i Inner surface 
in Indoor air of the building 
n Number 
o Outer surface 
r Roof 
s Roof exterior surface 
T Tedlar 
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