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Abstract

The building sector accounts for around 40-50 % of the energy consumed in developing countries and
contribute over 30 % of CO2 emissions. In Cameroon, the electricity access is less than 5 % in rural areas
against 50 % in urban areas. All sectors combined the Cameroonian final energy consumption amounts to
approximately 5235 kilo-tonnes of oil equivalent (Ktoe) and 73 % of this energy are assigned for residential
use. This energy can be considerably reduced with the development of low energy buildings using Building
Integrated Photovoltaic (BIPV), since it has been proven an effective solution to achieve significant energy
savings and conservation. However, photovoltaic (PV) panels produce a substantial amount of heat, while
generating power. Consequently, BIPV’s concept, where the photovoltaic (PV) panel is integrated on the
building envelops has significant influence on the amount of heat transfer through the building fabrics, and
could affect the indoor air temperatures and the comfort of the occupants, since, it changes the thermal
resistance of the building envelops. In this paper, the effect of the BIPV on the indoor air temperatures and
humidity (IATH) of a multiple storey buildings under the tropical climatic conditions of Yaoundé, Cameroon
has been modelled and analysed. Two cases of BIPV made of 290 m2 area of PV have been considered, i) roof
integrated and ii) façade integrated. In addition, building orientation, roof pitch and the building materials are
also been explored and optimised to provide the best combination. It has been observed that for both cases,
BIPV increases the building’s indoor air temperature by about 4 °C, when compare to a building of the same size
without PV integrated.

Keywords: Building Integrated Photovoltaic (BIPV); Passive design; Heat transfer; Energy conservation; Thermal
comfort; Solar energy
Introduction
Whatever the building to build or manage, solutions to
control energy consumption must be sought. This is true
in the world for all types of buildings, industrial, com-
mercial or residential. Before designing or improving a
building, it is essential to study its energy needs and en-
ergy sources available, and then look for the best ad-
equacy of management systems, distribution networks
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Energy demand
The power industry emissions were 10.9 giga-tonnes
of carbon dioxide equivalents (GtCO2e) per year in
2005, i.e. 24 % of global Greenhouse Gas (GHG)
emissions, and this is expected to increase to 18.7
GtCO2e per year in 2030 (Jelle et al. 2012). The
world population is estimated at 8.2 billion people
for an energy consumption of15.3 billion-tone oil
equivalent (toe) in 2030 (International Energy Agency
(IEA) 2012). There is a statistically relation between
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population and economic growth, energy use, and
CO2 emissions (Mohd Shahidan et al. 2013). The
population growth increase energy use. An important
part of this energy is use in the building sector, that
represent about 40-50 % of the energy consumed in
developing countries and will be responsible nearly
4300 toe of CO2 emissions for these country in 2030
(International Energy Agency (IEA) 2012). In Cameroon,
the energy demand still remains unsatisfied and the
access to modern energy is very low, in the national
average range of 15 % for electricity and 18 % for
domestic gas. In addition, the electricity access is less
than 5 % in rural areas against 50 % in urban areas.
All sectors combined, the Cameroonian final energy
consumption amounts to approximately 5235 Ktoe in
2006 (SIE-Cam; AES-Sonel; CSPH, Nkutchet, 04).

Tropical building low energy
Energy is used for the building comfort that means
cooling in tropical region. The construction of low
energy buildings is an effective solution that achieves
significant energy savings. Low-energy buildings use
passive techniques, such as optimal solar gain, and
advanced active systems, such as mechanical ventila-
tion with heat recovery, to create comfortable in-
ternal environments that have low energy demand.
Renewable heating systems including biomass boilers,
active solar water heating and ground source heat
pumps can be used to supply heating and hot water
needs with reduced gas emissions. Solar photovoltaic
can be used to provide electricity. Solar energy sys-
tems can play an important role in reducing building
energy consumption (Hestnes 1999) in tropical re-
gion because of it abundance.

The building integrated photovoltaic
Building integrated photovoltaic (BIPV): The concept
where the photovoltaic element assumes the function
of power generation and the role of the covering
component element has significant influence on the
heat transfer through the building envelope. Kimura
(Kimura 1994), Taleb and Pitts (Taleb & Pitts 2009),
and (Zhai et al. 2008) have illustrated various methods
of installing the PV modules into a building for a con-
cept of green building. In modern buildings, windows
play an important role in energy performance with
respect to heating/cooling loads and artificial lighting
requirements. The relationship between window design
and building energy performance has been extensively
researched (Stegou-Sagia et al. 2007; Iqbal &
Al-Homoud 2007; Lee & Selkowitz 2006; Wong et al.
2005; Bodart & De Herde 2002; Zain-ahmed et al. 2002;
Mehlika et al. 2000; Al-Homoud 1997). Ciampi et al.
(Ciampi et al. 2003) show that carefully designed
ventilated facades, walls and roofs can reduce consider-
ably the summer thermal loads.
The advantage of integrated photovoltaic over non-

integrated systems is the reduction of construction
costs of building materials. These advantages make
BIPV one of the fastest growing segments of the
photovoltaic industry (Park et al. 2010). For BIPV
systems to achieve multifunctional roles, various fac-
tors must be taken into account, such as the photo-
voltaic module temperature, shading, installation
angle and orientation, effect integration on building
thermal comfort (Peng et al. 2011). Infield et al. (Infield
et al. 2004) applied a steady state analysis model in a
ventilated PV facade in order to evaluate an overall
heat loss coefficient and thermal gain factor and sug-
gested that the temperature of the PV module can
be reduced by flowing air between the PV module
and the double glass wall. Similar studies were
carried out by (Tripanagnostopoulos et al. 2002),
(Zondag et al. 2002), (Prakash 1994) and (Chow
et al. 2003) by flowing air and water below the PV
module to increase the electrical efficiency of the PV
module. (Tiwari et al. 2006) have evaluated the per-
formance of the photovoltaic (PV) module integrated
with air duct for composite climate of India. Analyt-
ical expression for overall energy efficiency (electrical
and thermal) has been derived. It is observed that
there is a fair agreement between theoretical and ex-
perimental observations and concluded that an over-
all energy efficiency of photovoltaic thermal (PVT)
system is significantly increased by utilization of
thermal energy in PV module. (Agrawal & Tiwari 2010)
optimized the opaque type BIPVT system for cold cli-
matic conditions. The system fitted on the roof top of
Srinagar over an effective area of 65 m2 produces annu-
ally the electrical and thermal exergy of 16209 kWh
and 1531 kWh. (Vats & Tiwari 2012) evaluate a build-
ing integrated semitransparent photovoltaic thermal
(BISPVT) system and found for an effective area of
5.44 m2 overall annual thermal energy gain is 2497 kWh
and electrical gain is 810 kWh. (Ekoe et al. 2015)
proposed a thermal modelling of a semi-transparent
PV module with fins at the back surface. It is ob-
served that the system exhibits higher thermal and
electrical efficiencies than the conventional BISPVT
systems, the maximum value of cell temperature can
decreased from 62.68 °C to 53.75 °C and heat ex-
tracted by air in a year from the fin surface is
amounts 55.4 kWh/year. The results of basic studies
on irradiance and energy output of photovoltaic systems
have been reported by some researchers (Rahman et al.
1988; Celik 2003; Smiley 2001) while there have been
other studies on the temperature and generation per-
formance of photovoltaic modules (Mattei et al. 2006;



Fig. 1 BIPV integration on roof top (a) and on façade (b)
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Carr & Pryor 2004; Chenni et al. 2007) integrated in
building.
Building indoor air condition
The humidity is among the indoor environmental
factors that could affect thermal comfort in a build-
ing. Accurate prediction of indoor conditions, specif-
ically indoor temperature and relative humidity, are
important for the following four reasons: 1) To bet-
ter assess the hygrothermal performance of building
envelope components (Tsongas et al. 1996; Tariku
et al. 2009) and reduce the likelihood of building en-
velope failure. High indoor humidity can result in
Table 1 Buildings materials properties

e U

Roof Aluminum sheet 0.001 7.143

Plywood 0.004 3.371

Wall Cast concrete/Concrete block/
Cast concrete

0.015 + 0.17 + 0.015 0.833

Cast concrete/breeze bloc/
Cast concrete

0.015 + 0.17 + 0.015 2.450

Cast concrete/brickwork/
cast concrete

0.015 + 0.17 + 0.015 2.507

Cast concrete/Ashlar stone/
Cast concrete

0.015 + 0.17 + 0.015 3.643

Woods 0.2 0.626

Rammed earth, (adobe) 0.2 3.065

Openings Wooden door 0.03 2.393

Glass Window 0.01 3.571
excess moisture accumulation in the structures and
deterioration of components due to mold/decay or
corrosion. 2) To maintain the critical relative humid-
ity range, which is specific to the building’s operation
(Trechsel 2001; Rode 2003). The relation between
relative humidity of air and indoor air temperature
was developed by Djamila in the Malaysia climate
environment for indoor temperature range of 27 °C
to 35 °C (Djamila et al. 2014). Hartwig summarizes
the findings concerning indoor relative humidity, and
specifications, which are partly derived from stan-
dards or guidelines for the hygrothermal design of
building components Hartwig et al.
When solar photovoltaic system is integrated in

building, indoor air temperature and humidity (IATH)
are changed due to the modification of thermal resist-
ance of building envelope. There are not many research
focused on that ways. In this paper, the effect of the
BIPV on the indoor air temperatures and humidity
(IATH) of a multiple storey buildings under the tropical
climatic conditions of Yaoundé, Cameroon has been
modelled and analysed. Two cases of BIPV made of
290 m2 area of PV have been considered, i) roof inte-
grated and ii) façade integrated. In addition, building
orientation, roof pitch and the building materials are
Table 2 Design parameters of BIPV facade integration

e U

On wall PV module 0.01 3.571

Concrete block 0.015 4.774

Glass/insulation 0.004 3.226
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1 : PV module
2 : Concrete block
3 : Glass / insulation
4 : PV module
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Fig. 2 Building integrated photovoltaic system (a) at facade and (b) at roof

Fig. 3 Average solar radiation and ambient temperature
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also been explored and optimised to provide the best
combination.

Problem identification
The building in Yaoundé, Cameroon situated at 3°852' N,
10°83' E is under consideration. The size of the
building is 26.65 m × 22.6 m with an average height
of 15.3 m. The building is insulated by the layer of
sand and cement. The roof top cover an effective
area of (375.8 × 02) m2 and an effective area on fa-
çade are respectively 348.15 m2 on the top side and
behind, 396.15 m2 on the right and the left side.
Photovoltaic system is integrated on the roof or at
facade. Figure 1 shows the pictorial view of building
and the BIPV system. The choice of roof inclination
and building orientation are derived from overall
building air temperature calculation.

Thermal analysis
Thermal resistance
The heat flow through a building construction depends
on the temperature difference across it, the conductivity
of the materials used and the thickness of the materials.
The temperature difference is an external factor. The
thickness and the conductivity are properties of the ma-
terial. These parameters form the thermal resistance of
the construction, given as:

R ¼ e
k S

ð1Þ

The total resistance of an element includes all of
the resistances of the individual materials that make
it up as well as both the internal and external air-
film resistance. According to the material used, theirs
dimensions and theirs thermal properties, each part
of building envelop will have its own overall heat
transfer coefficient.

Relative humidity
Relative humidity indoors has a very important role in
respect of indoor air quality, thermal comfort, occu-
pant health, material emissions and energy consump-
tion. A too low relative humidity indoors may cause
respiratory illnesses and asthma. However, also too
high relative humidity has negative effects such as
mould and moisture problems, dust mites and it might
also cause respiratory illnesses (Airaksinen 2013). The
following formula gives the Relative Humidity (Morel &
Gnansounou 2009):

RH ¼ 100 %
Pv

Pws Tdð Þ ¼ 100 %
Pws Tdð Þ

Pws Tindoorð Þ ð2Þ



Fig. 4 Building indoor air temperatures without BIPV installed
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Where Td the dew point temperature of vapor water is
given as:

Td ¼
237:3 ln

Pv

610:5

� �

17:27− ln
Pv

610:5

� � if Pv≥610:5Pa

Td ¼
273 ln

Pv

610:5

� �

22:5− ln
Pv

610:5

� � if Pv≤610:5Pa

ð3Þ

The water vapour saturation pressure to sufficient ac-
curacy between 0 °C and 373 °C is given as (Wagner &
Pruß 2002):

ln
Pws

Pc

� �
¼ Tc

T

C1 1−
T
Tc

� �
þ C2 1−

T
Tc

� �1:5

þ C3 1−
T
Tc

� �3

þC4 1−
T
Tc

� �3:5

þ C5 1−
T
Tc

� �4

þ C6 1−
T
Tc

� �7:5

2
6664

3
7775

ð4Þ
Fig. 5 Indoor air relative humidity (a) and its comparison with temperature
Methodologies
For the evaluation of the influence of the changes in the
thermal resistance of the building envelope on the
temperature of the internal air of the building, the fol-
lowing steps are considered:

� The physical model of the building has no internal
heat source and no activity is considered

� Daylight and natural ventilation are only considered
� The building physical model has no HVAC system
� The properties of air is constant with temperature

The average temperature of the building and its differ-
ent floors are determined for the building without BIPV
integration.

BIPV on facade
The BIPV system is integrated on facade, and the aver-
age hourly temperature variation of the building is de-
termined, as well as different floors of the building.
This is made for different rotations of 90° to the front
side corresponding to the North, East, South and West
orientation. For the orientation corresponding to the
maximum and minimum temperature obtained, the
type of main walls of the building material is modified
by those embedded in the customs of local buildings
in Cameroon.

BIPV on the roof top
BIPV system is integrated in the roof, and the average
hourly temperature variation of the building is deter-
mined, as well as the different floors of the building.
This is made for different rotations of 90° to the front
side corresponding to the North, East, South and West
orientation. For the orientation corresponding to the
maximum and minimum temperatures, calculations are
also performed for an inclination of the roof from 5° to
(b)
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40°, then the nature of the main roof material is
changed.
The relative humidity is obtained with the help of

Eq. (2, 3, 4).
The simulation is performed with the Designbuilder

software that integrates the powerful calculation tool
energyplus.

Input parameter for building model
Weather data
In order to obtain the dynamic behaviour of the sys-
tem, as well as estimating the internal building air
Fig. 6 Hourly temperature variation of indoor air of the main floor building
building orientation
temperature for hot season of the year, we used global
and diffuse solar radiation data of a representative day
over Yaoundé region for the year 2012 obtained from
the Energy and Environmental Technologies Labora-
tory of the Department of Physics at the University of
Yaoundé I; we also used climatic data issued by the At-
mospheric Physics Laboratory.

Thermal properties of building materials
Table 1 summarises the properties of building mate-
rials. The overall heat transfer coefficient U calculated
with energyplus convection algorithm take account
(a), floor 1 to 4 (b) – (e) and roof (f) for BIPV facade integration with
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the convective heat transfer coefficient of internal and
external surface (2.152, 19.87) W/m2K and the radia-
tive heat transfer coefficient of internal and external
surface (5.54, 5.13) W/m2K.
BIPV system
The values of the design parameters of BIPV facade inte-
gration are given in Table 2 and Fig. 2 shows the pictor-
ial view of building integrated photovoltaic system.
Result and discussion
The variations of global and diffuse solar radiation
data of Yaoundé for the year 2012 obtained from the
Environmental Energy Technologies Laboratory (EETL) at
the University of Yaoundé I and the average temperature
are shown in Fig. 3.
The main floor building (RDC), floor 1 to 4, roof

and average building hourly temperature are shown
in Fig. 4.
It is observed that the air temperature inside the building

increases with the floor level. The indoor air temperature of
the main floor building and floor 1 to 3 is substantially
equal to the outside air temperature. However, from the
fourth floor, indoor air temperature of the building is higher
than the outside temperature, from 9:00 am to 11:00 pm
with a maximum temperature difference of 3 °C à
06:00 pm.
It is observed from the Fig. 5 that the relative hu-

midity of indoor air of buildings varied between
70.89 % and 85.45 %. The indoor relative humidity
decrease when the temperature of air inside the
building increases. A temperature difference of 2 °C
corresponds to a relative humidity difference of 1 %.
The variation of hourly air temperature of the main
floor building, floor 1 to 4 and roof for facade bipv
integration are presented in Fig. 6.
Fig. 7 Hourly temperature variation of indoor air of floor 3 for different typ
Nord orientation (b)
The integration of PV modules in the structure of the
building envelope modified the indoor air temperature
of the building, with a maximum temperature difference
of 3.15 °C observed at 12:00 am. It is also observed that
this integration has a negligible effect on the indoor air
temperature of the roof.
The level of natural ventilation in a building depends

on the direction and the speed of the wind, the orien-
tation of the construction and its opening. Natural
ventilation also influence the temperature of the in-
door air of the building by renewing the indoor air
with an almost constant and regular flow rate. This
attenuation is maximal when the openings create a
horizontal flow of air.
The maximum temperatures differences induced by

this type of integration are observed on the floor 3
when the BIPV area is oriented East side, while the
minimum temperatures are obtained with BIPV is
North orientated. Figure 7 shows the hourly tem-
perature of floor 3 for different types of the principal
wall materials.
By a combination of the orientation with the type of

the principal wall material, temperature difference can
be up to 4 °C obtained with the wood as the main ma-
terial of the wall.
The variation of hourly temperatures of the main

floor building, floor 1 to 4 and roof for BIPV roof
integration with building orientation are presented in
Fig. 8.
The integration of photovoltaic modules on the roof

of the building modified the indoor air temperature of
the roof and the floor on which it is based, namely
the 4th floor, with a maximum temperature difference
of 2.7 °C at 12:00 am. The temperature is maximum
when the PV system is oriented south, while the west
orientation provides minimum temperatures for roof
integration.
e of the principal wall material for bipv East orientation (a) and bipv



Fig. 8 Hourly temperature variation of indoor air of the main floor of building (a), floor 1 to 4 (b) – (e) and roof (f) for BIPV roof integration with
building orientation
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Figure 9 shows the hourly variation of the internal
temperature on the floor 4 with roof inclination of 5° to
40° for the southern and western orientation.
A comparison between the two types of BIPV integra-

tion is made through Fig. 10 which shows the variation
of the average hourly indoor air temperature of the
building.
It is observed that the BIPV roof integration is more

advantageous than the BIPV façade integration:

– It offers more exploitable area
– It has an influence on the indoor air temperature of
the building more than that induced by the BIPV
façade integration when the roof temperature is
included.

Conclusions
The influence of a building integrated photovoltaic system
(BIPV) on room air temperature in tropical region has
been analysed. The comparison of room air temperature
derived from roof integration and façade integration is
made for the same area in residential buildings, orientation



Fig. 9 hourly temperature variation of indoor air of building floor 4 with roof inclination for south (a) and west (b) orientation
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of buildings, roof inclination and building materials are
also explored. It has been observed that:

� BIPV increases the building indoor air temperature
� The indoor relative humidity decrease when the

temperature of air inside the building increases. A
temperature difference of 2 °C corresponds to a
relative humidity difference of 1 %.

� The temperature difference of indoor air
temperature of building with BIPV and without can
reach to 4° by combining orientation of building and
the building material envelope

� The effect of roof integration on the indoor air
temperature and humidity (IATH) of the building is
more than that induced by the Bipv façade
integration.

The principal parameter of BIPV is building orienta-
tion, the increase of building indoor air temperature due
to BIPV façade integration can be considerably reduced
by the openings if they create a horizontal flow of air.
Fig. 10 Average hourly indoor air temperature of the building for BIPV fac
Nomenclature
e Thickness (m)
RH Relative Humidity (%)
k Thermal conductivity (W/m.K)
P Pressure, (hPa)
R Thermal resistivity (K/W)
S Area (m2)
T Temperature (K)
U Overall heat transfer coefficient (W/m2K)
Greek symbols
φ Inclination of roof (rad)
Subscripts
BIPV Building Integrated Photovoltaic System
C Critical, constant
d Direct, Dew point
IATH Indoor Air Temperature and Humidity
HVAC Heating, ventilating and air Conditioning
g Global
RDC main floor of building, ground floor
v vapor Water
ws Water vapour saturation
ade (a) and roof (b) integration
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Appendix A: Equation (4) constant
C1 = −7.85951783
C2 = 1.84408259
C3 = −11.7866497
C4 = 22.6807411
C5 = −15.9618719
C6 = 1.80122502
Pc = 220640 hPa
Tc = 647.096 K
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