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a b s t r a c t

In Cameroon, these last centuries, an increase in energy demand for cooling and heating in buildings has
been witnessed all over the world. Solutions must be proposed by researchers and specialists of
buildings to remedy this situation. In this study, a literature review on the thermal insulation
applications to external walls of buildings was presented, and a case was investigated in a tropical
wet and hot climate. The economic model including the cost of insulation material and the present value
of energy consumption and the cost over a lifetime of 22 years of the building, were used to find the
optimum insulation thickness, energy saving, and payback period, for buildings in Cameroon. Materials
that extruded polystyrene were chosen and used for two typical wall structures (Concrete block (HCB)
and compressed stabilized earth block wall (CSEB)). The yearly cooling transmission loads, according to
wall orientations and percentage of radiation blocked were calculated using the explicit finite-difference
method under steady periodic conditions. As a result, it was found that the lowest value of optimum
insulation thickness (0.09 m) and energy savings (79.80%) were obtained for the south-oriented wall,
while the payback period (4.73years) was the highest on the same face compared to all wall orientations.
Insulation optimum thickness was higher in the HCB wall (0.0983 m) than in CSEB wall (0.0958 m),
however, the payback period was the weakest for the HCB wall compared to the other wall type.

& 2015 Elsevier Ltd. All rights reserved.

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1193
2. Generality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1193

2.1. Optimization of insulation thickness: a review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1193
2.2. Thermal insulation: a review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1195
2.3. Economic analysis: a review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1195

3. Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1196
3.1. Analyzed cities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1196
3.2. Mathematical formulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1196
3.3. Method of solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1197
3.4. Hourly exterior conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1197
3.5. Optimum insulation thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1197

3.5.1. Yearly cooling load calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1197
3.5.2. Economic analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1198

4. Results and discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1199

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/rser

Renewable and Sustainable Energy Reviews

http://dx.doi.org/10.1016/j.rser.2015.05.066
1364-0321/& 2015 Elsevier Ltd. All rights reserved.

n Corresponding author.
E-mail address: kameni.modeste@yahoo.fr (M.K. Nematchoua).

Renewable and Sustainable Energy Reviews 50 (2015) 1192–1202

www.sciencedirect.com/science/journal/13640321
www.elsevier.com/locate/rser
http://dx.doi.org/10.1016/j.rser.2015.05.066
http://dx.doi.org/10.1016/j.rser.2015.05.066
http://dx.doi.org/10.1016/j.rser.2015.05.066
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rser.2015.05.066&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rser.2015.05.066&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rser.2015.05.066&domain=pdf
mailto:kameni.modeste@yahoo.fr
http://dx.doi.org/10.1016/j.rser.2015.05.066


5. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1200
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1201
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1201

1. Introduction

A comfortable environment is necessary not only for health, but
also for the productivity of the building's occupants [1,2]. Previous
studies have showed that man spends a great part of his time inside
buildings, to work, live or sleep [3,4]. Many countries use a
combination of policy instruments to improve the energy efficiency
in buildings, but all too frequently these policies are not aligned and
fail to mutually reinforce each other. For example, in many countries,
the energy requirements for buildings eligible for subsidies are not
aligned, even in terms of the metrics used, with the energy require-
ments demanded by the building codes in force [5]. Higher energy
prices (including energy taxes) increase the profitability of energy
efficiency investments. However, studies in several countries have
shown that the consumer response in the buildings sector, to higher
energy prices, is relatively inelastic in the short term, that is, it is less
than one — a 1% increase in household energy prices would lead to a
decrease in the energy demand of between 0.1% and 0.4% [5]. One of
the most efficient methods to reduce the transmission rate of heat
and energy consumption to cool and heat buildings is the use of
appropriated thermal insulation in the building envelope [6]. Archi-
tectural and physical properties of buildings, such as thermal mass,
structural material, and its shape, are the most important parameters
that influence the space-cooling load. During the last few decades,
utilization of insulation materials has increased significantly, due,
among other factors, to the ever-increasing values of insulation
thickness imposed by national regulations [7]. An optimum thickness
of insulation offers minimum total cost, including the cost of
insulation and energy consumption on the life of the building [6].
The air-conditioning system (ACS) is responsible for a significant part
of the total energy consumption in a building [8]. The capacity of ACS
is determined according to the total cooling load of a building [8]. In
Africa, energy consumption in modern and traditional buildings has
increased considerably in recent years. A recent study on behavior by
Kameni et al. [9] has proof that modern habitats in Cameroon are
uncomfortable compared to traditional buildings, resulting in a great
quantity of energy being consumed, for example, cooling energy in
modern buildings. Many solutions can be suggested to improve
energy consumption in these residences. Climate change has become
the main preoccupation of the world, and attention has been drawn
toward cooling energy [10]. More recently, the European Parliament
has recommended that norm EN 832 (very similar to ISO 9164) be
used for the calculation of the heating load, and that it be extended to
that of the cooling load in buildings as well [10]. Nowadays, in
Cameroonian cities, new buildings are seen more frequently, while
the existing buildings are subject to major renovation. This directive
demands consideration of the cost-optimal balance between the
investment and the saved energy cost during the lifespan of a
building. Several attractive studies on the thermal insulation have
been carried out in different regions of world. But, however, these
studies no really explained the necessity to use nowadays the
insulation then of the building's conception, to reduce energy
consumption. One of own characters of this work, compare to others
study of same kind, was to select the local material cheaper, like a
good thermal insulation.

The aim of the present study is to determine the optimum
insulation thickness for an external concrete block wall and a
compressed stabilized earth block wall, in hot tropical climate
(Cameroon). Optimization was based on an economic model, in

which the lifecycle cost analysis was conducted using one type of
insulation material. The yearly cooling transmission loads, accord-
ing to wall orientations, were calculated using the explicit finite-
difference method under steady periodic conditions. In addition,
the thermal performance of the walls, under optimal conditions,
was also investigated.

2. Generality

2.1. Optimization of insulation thickness: a review

The performance of an insulated construction depends mainly
on the thickness and the properties of the used insulation material
[12]. However, this performance is subjected to various uncertain-
ties related, for instance, to the manufacturing process of the
material and to the different workmanship errors that affect the
thermal resistance of the insulated construction [11]. In 2008, it
has been shown that more than 50% of the consumed total energy
in the building has been dedicated to heating and cooling [21].
This percentage is going to rise in the coming years, as the global
population continues to increase [21]. Nowadays, many regula-
tions are present, which prescribe values for the insulation
thickness. However, there are no scientific articles that verify
these values. Also, various heating systems may have different
mechanisms of heat transfer, and therefore, the impact of insula-
tion cannot be uniform [13]. Aïssani et al. [11] developed a new
formulation of the global cost for the design of an insulation
system, considering the additional costs related to user and
environment. The proposed cost formulation allowed provision
of a better estimation of the payback period. Three configurations
were considered, with different insulation schemes in order to
show the impact of uncertainties and indirect costs on the
insulation performance. Farshid Bonakdar et al. [14] showed that
the sustainability scenario could offer, approximately, 100%
increase in the optimum thickness of extra insulation compared
to the Business As Usual scenario (BAU). However, the implication
of different lifespans of 40, 50 or 60 years, on the optimum
measure appeared to be either negligible or very small, depending
on the chosen scenario. Özden Ağra et al. [15] proved that when
optimum insulation thickness was used, the energy consumption
and the emission of carbon dioxide (CO2) decreased. In addition,
Ucar and Balo [16] calculated the optimum insulation thickness of
the external wall, energy cost savings over a lifetime of 10 years,
and payback periods for four different wall types in Elazığ. It was
found that when optimum insulation thickness was used, the
amount of fuel consumption and the emissions of CO2, sulfur
dioxide (SO2), nitrogen oxides (NOx), and carbon monoxide (CO)
decreased, depending on the wall type. On the other hand, Naouel
Daouas [6] made a life-cycle cost analysis of a building having a
lifetime of 30 years, and the results showed that the south
orientation was most economical with an optimum insulation
thickness of 10.1 cm, 71.33% of energy savings, and a payback
period of 3.29 years. It was noted that not only did wall orientation
have a small effect on optimum insulation thickness, but a more
significant effect on energy saving, which reached a maximum
value of 23.78 TND/m2 in the case of an east facing wall. It also
proved [6] that the economic parameters, such as, insulation cost,
energy cost, inflation and discount rates, and lifetime of the
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building, had a noticeable effect on optimum insulation and
energy savings. Fig. 1 shows a noticeable effect of wall orientation
on the inside surface heat flux. In summer, one can note the
highest peak for the west-facing wall, which receives an abun-
dance of solar radiation in the early afternoon, when the sun is low
in the horizon. In winter, the peak is the highest for the north-
facing wall, which receives no direct solar radiation [6]. Subhash
et al. [17] calculated the optimum insulation thickness and pay-
back period for the different types of walls (brick, light weight
concrete, and stone), as result, the optimum insulation thickness
varied between 0.154 m and 0.1703 m and the payback period
varied between 1.17 and 1.53 years, depending on the insulation
material, external wall material, and climatic condition in India. In
literature, an example of the optimum insulation thickness and
payback period for various wall structures is given, which is shown
in Table 1 [17]. Optimum insulation thickness varies between
0.154 m and 0.1703 m for glass wool, depending on the type of
wall construction material [17]. Bojic and Loveday [18] used
deterministic input variables to find the thermal performance of
different arrangements, types, and thicknesses of insulation mate-
rials in buildings. Moghimi et al. [19] analyzed the energy
performance of a hospital in the equatorial regions. The hospital
was working 24 h per day, seven days a week, and 365 days a year.
The result of optimum thickness of insulation and net saving

shows that by increasing the lifetime period, the optimum thick-
ness of insulation grows. This means that the age of the insulation
has a direct relation with the thickness of the insulation. The
annual energy cost over the life.

Time is evaluated as follows [20]:

CTE ¼ CE:E:
gþ1ð Þn�1

g
:ðgþ1Þ ð1Þ

where CE is the energy cost in RM/kWh, E is total annual energy
consumption in kWh, and g is the inflation ratio in percentage, n is
the number of year.

The total insulation cost and net energy cost saving are defined
as [19]

Cins ¼ Ci:Af :Xins ð2Þ

NS¼ CTEUN�CTEinsð Þ�Cins ð3Þ
where Cins is the total cost of the insulation, Ci is the cost of
insulation in RM per m3, Af is the total insulated area in the
external walls in m2, Xins is the insulation thickness, and NS is the
net energy cost saving in RM. CTEins is the annual energy cost and
insulation over the life time. The optimum economic is the value
that provides the minimum total life-cycle cost, as illustrated in
Fig. 2 [21].

Overview, the thickness is a function of the following: the
building type, function, shape, orientation, construction materials,
climatic conditions, insulation material and cost, energy type and
cost, and the type and efficiency of air-conditioning system
[22–25]. Hasan [26] used the life-cycle cost analysis to determine
optimum insulation thicknesses. The results showed that a 10-year
lifetime savings up to 21 $/m2 of wall area was possible from rock
wool and polystyrene insulation. He determined payback periods
of 1–1.7 years for rock wool and 1.3–2.3 years for polystyrene
insulation, depending on the type of wall structure. Others authors
also used the degree-hours method and meteorological data to
give the prediction of the optimum thickness of insulation [27–31].
Another interesting study done is the one by Zhou and Zhao [56]
who analyzed the energy-saving effect of different building
envelops. The results obtained in every region were compared
with each other in the different climatic regions of China. They
used energy simulation with the economic analysis to evaluate the
optimum expanded polystyrene (EPS) insulation thickness in
buildings. Ozel and Pihtili [32] have assessed the optimum loca-
tion and distribution of insulation in a wall. An analysis was made
of 12 different wall configurations, with different configurations
of insulation layers. The optimum location of insulation for the
configurations analyzed was obtained from taking into

Fig. 2. Optimum insulation thickness [21].

Fig. 1. Effect of wall orientation on the hourly variation of the inside surface heat flux
density in cold and hot seasons for two wall structures: (a) 2.5 cm plasterþ15 cm
brickþ2.5 cm plaster. (b) 2.5 cm plasterþ40 cm stoneþ2.5 cm plaster [6].

Table 1
Optimum insulation thickness for various walls structures [17].

Wall type Resistance
(m2k/W)

Optimum insulation
thickness (m) for Glass wool
(GW)

Payback period (years)
for Glass wool (GW)

Brick 0.586 0.162 1.293
Light
weight
concrete

0.802 0.154 1.530

Stone 0.373 0.170 1.173
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consideration the time lag and decrement factor for various wall
orientations. The results showed that the best thermal perfor-
mance was obtained in the case where one of the three equal
pieces of insulation layers was placed in the external surface of
wall. By using the heating degree days (HDDs) and cooling degree
days (CDDs), the annual Heating and cooling transmission loads
could be estimated [21]. The variation in these loads and the
decreasing ratio of the total annual transmission load with the
insulation thickness are shown in Fig. 3. Cenk Onan [33] has
investigated the existing building stock in Turkey depending on
parameters such as height and area. A model building has been
created covering all of these buildings. Fuel emission reduction of
the combustion systemwas calculated for the insulation applied to
this model building. The results showed that the optimum insula-
tion thicknesses varied between 3.21 and 7.12 cm, the energy
savings varied between 9.23 US$/m2 and 43.95 US$/m2, and the
payback periods varied between 1 and 8.8 years, depending on the
regions. In addition, when the optimum insulation thickness was
applied in the model building, the total energy savings for the
country were calculated to be 41.7 billion US$. Also total CO2

emissions for the country were calculated to be 57.2 billion kg CO2

per year after insulation. Some works concerning thermal insula-
tion are given above.

2.2. Thermal insulation: a review

The power of the insulation materials is mainly determined by
its thermal conductivity, which is dependent on the density,
porosity, moisture content, and also the mean temperature differ-
ence of the material [57]. Thermal insulators play a big role in
preventing losses of heat. For all materials, thermal conductivity
varied with operating temperature. A larger temperature gradient
results in higher thermal conductivity [58–59]. Polyurethane and
polystyrene had the lowest rate of change in thermal conductivity
while polyethylene and wood wool had much greater rates of
change [21]. Energy conservation has become major task to satisfy
the energy need of world. Different methods are tried for con-
servation of energy [54]. One of the most important factors to be
considered in the design of energy-efficient buildings is the
thickness of the insulation to be applied to the building. Thermal
insulation is known as the most effective way of building energy
conservation for cooling and heating [34]. By reducing the rate of
heat transfer, it can be installed on the external side [11]. Thermal
insulation plays a critical role in determining the amount of
insulation material required in walls. Many search have been
carried out concerning thermal insulation, meanwhile, their
results obtained varied function of study's place and insulation

materials selected [60–63]. A study carried out by Eben Saleh [35]
showed that the utilization of thermal insulation allowed for
significant improvement on the overall thermal performance of
the buildings. Budaiwi et al. [59] studied some thermal character-
istics of insulation materials(rock wool, polyethylene, etc.). Opti-
mum thickness obtained during this study varied slightly
according to insulation material. In using different insulation
materials, Mahlia et al. [64] have succeeded to find relationship
between optimum thickness and thermal conductivity. Moreover,
Homoud [65] showed the basic principles of thermal insulation
and their performance. This study has also been significant in
locating thermal insulation within the outer side of the building
envelope. Internal insulation requires approximately 50% less
investment cost than the external insulation, thus resulting in a
lower payback period [36]. The optimum insulation thickness
depends mainly on the cost of insulation material, cost of energy,
yearly heating and cooling transmission loads, efficiency of the
heating system, and coefficient of performance of the cooling
equipment, building lifetime and inflation and interest rates.

2.3. Economic analysis: a review

The use of insulation on the external surfaces of the wall of a
building needs additional investment. Overall, several financial
methods are used to optimize the thermal insulation thickness of
external walls. The most commonly used method is the Life Cycle
Cost Analysis [37–39], which calculates the cost of a system or a
component over its entire lifetime (LT). The amount of net energy
savings via insulation over a lifetime is evaluated in its present
value using the Present Worth Factor (PWF), which depends on
the inflation rate ir and the discount rate dr, as follows [11]:

PWF¼
1þ ir
dr � ir

� �
¼ 1� 1þ ir

1þdr

� �LT� �
for iradr

LT
1þdr

for ir ¼ dr

8><
>: ð4Þ

LT could be assumed to be 10 years [40,41], 20 years [42,43], and so
on.

The payback period is also another financial analysis model,
which is the time required to recover the initial capital investment
with the savings attributed to that investment [11].

Several studies used the P1�P2 method to calculate the net
energy savings [25,41,42,44,45]. P1 is the life cycle energy related
to the market discount rate d (for the value of money), the
inflation rate i (for the energy cost), and the economic analysis
period. The value of P1 can be calculated as follows [46]:

P1 ¼
XLT
j ¼ 1

ð1þ iÞj�1

ð1þdÞj
¼

1
ðd� iÞ 1� 1þ i

1þd

� �LT� �
if iad

LT
1þ i if i¼ d

8><
>: ð5Þ

P2 is the ratio of the life cycle expenditures incurred because of the
additional capital investment to the initial investment, which can
be defined as [21]

P2 ¼Dþ 1�Dð ÞP1þMsP1�
Rv

ð1þdÞLT
ð6Þ

where D is the ratio of the down payment to the initial investment,
Ms is the ratio of the miscellaneous costs of the first year
(maintenance, insurance, and other incidental costs) to the initial
investment, and Rv is the ratio of the resale value at the end of the
economic period to the initial investment.

Fig. 3. The variation of annual heating and cooling transmission loads with
insulation thickness [21].
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3. Methodology

3.1. Analyzed cities

The choice of Douala as the main investigation field city has not
been made randomly. Douala is the Economic capital of Cameroon,
the main business center and one of the largest cities in the
country. The city is located along the Atlantic Ocean, between
41030N and 91420E. With an area of nearly 210 km², the climate of
Douala is equatorial. It is characterized by temperatures between
18 1C and 34 1C with a mean around of 26 1C. A heavy precipita-
tion, especially during the rainy season, from June to October. The
air is almost constantly saturated. The relative humidity varied
from 49% to 100%, with a mean around of 62%. The mean partial
vapor pressure was between 2064 and 2609 Pa.Therefore, there is
a ‘relatively’ dry season from October to May.

3.2. Mathematical formulation

Fig. 4 shows the concrete and earth blocks analyzed in
this study.

To optimize the thickness of the insulation in the walls in
modern homes, composite walls are considered (Fig. 5).

The outside face of the wall is subjected to variations in
temperature To (t) and solar radiation I(t). The inside face of wall
comes in contact with the indoor air maintained at a fixed

temperature of Ti to have better thermal comfort. Each layer, j, of
the composite wall, is therefore, the seat of a unidirectional
transfer of heat in the supposed case was defined as [47]

ρjcj
∂Tj

∂t
¼ λj

∂2T j

∂x2
ð7Þ

where j refers to the serial number of the layer (j¼1,…, M for a
wall of M layer); x and t are the spatial and temporal coordinates,
respectively, Tj is the temperature at the point of the coordinate x
in layer coordinate j and ρj, cj, and λj are the density, specific heat,
and thermal conductivity of the material of layer j, respectively.
The resolution of Eq. (7) requires the determination of the
boundary conditions and the initial condition. Thus, at the initial
moment, we assume that all points of the wall have the same
temperature (25 1C). The outside face conditions and indoor
condition are given by following expressions:

�λ1
∂T
∂x

� �
x1 ¼ 0

¼ ho To�T1ð ÞþαI ð8Þ

�λM
∂T
∂x

� �
x ¼ L

¼ hi TN�T ið Þ ð9Þ

where α is the absorption coefficient and he and hi are the thermal
exchange coefficients on the outside and inside faces, respectively.
Their values (he ¼ 22 W m�2 K�1 and hi ¼ 9W m�2 K�1) have
been obtained from a previous study [48]. I is the radiation of

Fig. 5. Typical wall structures (a) hollow concrete block wall, (b) CSEB wall and proposed wall structures (c) insulated hollow concrete block wall, and (d) insulated
CSEB wall.

Fig. 4. Concrete block wall (a) and compressed stabilized earth block wall (b).
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the short wavelength received by the outdoor face wall (vertical),
and is evaluated as follows [48]:

I ¼ IdRbþ1
2 ρyIhþ1

2Dh ð10Þ

where Id, Dh and Ih are the direct radiation, diffuse radiation and
global radiation on a horizontal surface, respectively, and ρy is the
albedo of the area, assumed to be equal to 0.2. The parameter Rb is
given for a vertical surface by [48]

Rb ¼
cos δ sin ϕ cos ωþ cos δ sin γ sin ω� sin δ cos ϕ cos γ

cos ϕ cos δ cos ωþ sin ϕ sin δ
ð11Þ

where δ, ω, γ, and ϕ are the solar declination, hourly angle, surface
of the azimuth, and solar elevation, respectively. γ is equal to 0 for
an inclined surface facing south, 90 for a surface turned toward the
east, 90 for a surface turned toward the west, and 180 for a north
surface.

The third term of Eq. (10) designating the diffuse radiance on a
vertical surface was obtained from a model developed in [49]. This
model uses the simplifying hypothesis of a distribution isotrope of
diffuse radiation that is independent of the zénithal and azimuthal
angles. The thermophysical properties of the materials used are
given in Table 2.

3.3. Method of solution

To solve the above-mentioned problem, a thermal model of an
area consisting of a wall was constructed from the component
library of Ham-tools, developed in the environment of MATLAB–
Simulink simulation. The Ham-tools have been developed jointly
by Chalmers University of Technology (Sweden) and the University
of Technology in Denmark (Copenhagen, Denmark), and has been
solved numerically using the Finite-Difference Method and a
scheme of explicit temporal resolution (Eq. (7)).

For a stitch of thickness di inside the materials, the thermal
balance at node i mesh center

Discrediting Eq. 7, we obtained

Tnþ1
i �Tn

i

Δt
¼ 1
ρicidi

Tn
i�1�Tn

i

Ri�1þRi
þTn

iþ1�Tn
i

Riþ1þRi

� �
ð12Þ

where i denotes the number of nodes and n indicates the time
step. The resistances are defined as [48]

Ri ¼
di
2λi

ð13Þ

where λi is the thermal conductivity of the node material i. As the
studied wall is composite, a node is placed at every interface
between the two materials of different nature. The complete
modeling of the heat transfer to the node of contact is given in
[50].

The thermal balances are given by

Tnþ1
1 �Tn

1

Δt
¼ 1
ρicidout

Tn
2�Tn

1

R2þR1
þho To�T1ð ÞþαI

� �
ð14Þ

Tnþ1
N �Tn

N

Δt
¼ 1
ρicidin

Tn
N�1�Tn

N

RN�1þRN
þhi Ti�TNð Þ

� �
ð15Þ

The numeric solution gives the temporal evolution of the tem-
perature to every internal node of the wall and on the internal and
external face of the wall. The density of the heat flux transmitted
to the zone is obtained as follows [49]:

qc tð Þ ¼
hi Ti�TN tð Þð Þ if Ti4TN

0 if TirTN

(
ð16Þ

The maximum step size of the time adopted in our model is an
hour and the hourly exterior conditions are considered.

3.4. Hourly exterior conditions

The monthly averages of the minimum and daily maxima of
temperature of every month for a relatively long period (1983–
2005) were first calculated from the archives of the Department of
Meteorology (Directorate of National Meteorology). These values
were used to estimate the middle hourly values of temperature of
every month from the model of cosine as follows [51]:

Tt ¼ Tmax�Tmin

2
cos

πðt�aÞ
12

� �
þTmaxþTmin

2
ð17Þ

where Tt is the temperature at time tðhÞ starting from midnight (in
the range of 1–24); Tmax and Tmin are the minimum and maximum
daily temperatures, respectively, and a is the hour of the day at
which the temperature is maximum. In the present study, the
parameter a was considered as 14, as reported by Safeeq et al.
[51,52].

The daily averages of the diffuse and global radiances on a
horizontal surface, for every month, were obtained by dividing the
number of days in the month considered, by the monthly averages
of one relatively long period (1985–2005), which was obtained
from [53]. The hourly averages of the diffuse and global radiances
were obtained from the model of decomposition of Basunia et al.
[54], considering the fifteenth day of the month as the represen-
tative day. Fig. 6, shows the monthly diurnal averages of tempera-
tures and solar radiation levels in Douala. The outdoor
temperature varied from 22.5 1C to 33.5 1C with a standard
deviation (SD) of 0.66. A peak was obtained in February at around
1 p.m. The outdoor climate was the most favorable in August, with
an average temperature of 25.4 1C. From March, a light reduction
in the air temperature was observed until the month of November,
when the temperature appeared to increase. The global radiation
was higher than 800 W/m2 from January to February and lower
than 600 W/m2 from May to October. Direct normal radiation was
600 W/m2 in January, while the diffuse radiation was around
300 W/m2 for all the months, except in December where the
value was very slow (Fig. 6). These different elements that were
studied testified the unequal variation in the energies used for the
cooling of the buildings in this region.

3.5. Optimum insulation thickness

The insulated wall reduces the yearly transmission load, which
is the main input parameter of any optimum insulation
thickness model.

3.5.1. Yearly cooling load calculation
The cooling period in the climatic zones under the field spread

throughout the year or nearly the yearly quantity of energy Qc

received by the indoor wall, was determined by integrating the
values obtained for one year as the function qcðtÞ given by Eq. (7).
Yearly transmission loads was calculated based on the heat
transfer model [6]. Fig. 7 shows the variation in the yearly cooling
load with insulation thickness, in Douala, through the extruded
polystyrene. The cooling transmission load is higher in the

Table 2
Material properties.

Materials ρ (kg=m3) c (J/kg/K) λ ðW=m=KÞ

Expanded polystyrene 10 1400 0.03–0.06
Cement plaster 2000–2300 1050 0.80–0.95
Hollow concrete block 1100–1400 880 0.60–0.70
CSEB wall 1700–1950 1000 0.880–0.890
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concrete block wall (Fig. 7a) than in the stabilized earth block wall
(Fig. 7b). In this figure, it is seen that as the insulation thickness
increases, the transmission loads decrease. However, this decrease
is more rapid at smaller values of insulation thickness. The thermal
gains through the East and West faces were practically equal and
higher than those of the south and north faces. The thermal gains
through the south face were slower, similar to the north face,
because the zones of survey were in the northern hemisphere,
where the north- and south-oriented walls received less solar
energy than the walls of other orientations. Nevertheless, irre-
spective of the orientation of the wall, the yearly thermal gains
decreased with the thickness of the insulator. The lowest cooling
load was provided by the north-facing wall. Based on these results,
it is recommended to insulate the east- and west-facing walls, to

decrease the cooling energy in the buildings. These results are
similar to those found in literature [48,49,51,52] under different
climatic conditions in the northern hemisphere.

3.5.2. Economic analysis
The installation of the insulator contributes to the reduction in

the air-conditioning load and thus reduction in the electricity
invoice. This reduction is especially important when the thickness
of the insulator is large. However, to install an insulator, an initial
investment is required, which increases with the thickness of the
insulator. It is important to determine the insulator thickness that
minimizes this total amount (Ct), which is equal to the sum of the
present cost of the energy consumed during the time of existence
of the building and the insulation cost [47].

Ct ¼ CenrPWFþCi ¼ CenrPWFþCinsLins ð18Þ

where Cenr ($=m2 year) is the yearly cost of the electric energy
consumed bound to the thermal gains through one square meter
of wall; PWF is the ‘present worth factor’; Cið$=m3Þ is the cost of
one cubic meter of insulator, and LiðmÞ is the insulation thickness.
C(enr) depends on the yearly thermal gains through the unit wall
surface (Qc), the price of an energy kilowatt-hour (Cel) and the
coefficient of performance of the air-conditioning unit, as given by

Cenr ¼ Q c Cel

COP
ð19Þ

PWF is a function of the interest rates and inflation, and is
expressed as [48]

PWF¼
Xn
u ¼ 1

1þ i
1þd

� �u

¼ 1þ i
d� i

1� 1þ i
1þd

� �n� �
si iad ð20Þ

PWF¼ n
1þ i

if i¼ g ð21Þ

where n is the yearly lifecycle of the building, i is the currency
inflation rate, and d is the interest rate. The payback period is
calculated by solving the following expression:

Ci

As
¼ PWF ð22Þ

where Ci=AS is the simple payback period that does not take the
interest rate into account and AS is the amount of the annual
savings obtained by insulation.

Fig. 7. Cooling transmission load versus insulation thickness for: (a) concrete block
wall and (b) compressed stabilized earth block wall.

Fig. 6. Monthly diurnal averages of temperatures and solar radiation levels in Douala.
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The energy savings ($/m2) obtained during the lifetime of the
insulation material can be calculated as follows:

ES¼ Cto�Ctins ð23Þ

where Cto and Ctins are the total cost of cooling without and with
insulation, respectively. The energy saving can be expressed as a
percent by the following equation:

ES
Cto

100¼ 1�Ctins

Cto

� �
100 ð24Þ

The results obtained from the above-mentioned method can be
compared with those of the degree-day method. In fact, the
degree-day method has been used by several authors to estimate
the optimal insulation thickness. In this method, the yearly
transmission load per unit

of wall area is estimated (in J=m2) by the following expression [48]:

Q c ¼ 86400:U:CDD ð25Þ

where CDD is the annual cooling degree-day (in 1C days). The value for
the climate of Douala is 361. These values are calculated from the
meteorological data (from the Directorate of National Meteorology) for
a long period (20 years).

annual cooling degree-day can be obtained by the summation
of the positive difference between the mean daily temperature
and the fixed indoor base temperature (25 1C) over the whole year.
The mean daily temperature can be calculated by adding the
maximum and minimum temperatures for the day, and then
dividing it by two.

The overall heat transfer coefficient of the wall can be
expressed as follows [48]:

U ¼ 1
RoþRinsþRwþRi

ð26Þ

where Ro and Ri represent the heat resistance due to convective
transfer on the outside and inside surfaces of the wall, respec-
tively, and Rins and Rw represent the heat resistance of the
insulation layer and rest of the wall, respectively.

The total cost (cost of energy and insulation) is given by [6]

Ct ¼
0:024CDD

COP
1

Rtþ Lins
λins

 !
CelPWFþCinsLins ð27Þ

where Lins and λins are the thickness and thermal conductivity of
the insulating material, respectively.

Rt ¼ RoþRwþRi ð28Þ

The optimal insulation Lop is the thickness of the insulation layer
that corresponds to that, minimizing the total cost [49].

Lop ¼ 0:024
CDDλinsCelPWF

CinsCOP

� �1=2

�λinsRt ð29Þ

The parameters used in the calculation of the optimum insulating
thickness are given in Table 3.

4. Results and discussion

The optimum insulation thickness is calculated by considering
the sequential reduction in the cost of the consumed energy.
However, the purchase and installation of the insulation layer,
increase the initial cost of construction. Therefore, an economic
analysis was performed in the present study to estimate the
optimum insulation thickness, which minimizes the total cost,
including the insulation and energy consumption costs. Fig. 8 shows

Table 3
The parameters used in the calculations [13,14].

Parameters Values

Electricity for cooling
Cost ($/kWh) 0.1583
COP 2.5
Expanded polystyrene cost ($/m3) 164.32
Inflation rate, I (%) 2.9
Interest rate, d (%) 5
Life time, n 30

Fig. 8. Variations in insulation cost, electricity consumption cost, and total cost,
with the insulation thickness applied on the: (a) concrete block wall and
(b) compressed stabilized earth block wall.

Table 4
Optimum insulation thickness, annual energy savings, and payback period: effect of wall orientation and wall structure.

Wall type HCB CSEB

Orientation North South East/West North South East/west
Optimum insulation thickness (m) 0.1000 0.0925 0.1025 0.0975 0.0900 0.1000
Annual energy saving (%) 82.13 80.91 82.52 81.08 79.80 81.45
Payback period (years) 4.20 4.44 4.19 4.48 4.73 4.48
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the insulation cost, energy cost, and total cost versus insulation
thickness for different wall orientations. When the energy cost
decreases with the increasing insulation thickness, the insulation
cost increases linearly with insulation thickness. This can be
explained by the fact that when the insulator transverse measure-
ments are stationary, the cost is proportional to its thickness. These
results have been in previous search proved by Mehmet [8], Dragan
and Milorad [13]. The variations in the costs of electric energy
according to the insulator thickness have the pace of those of
thermal gains. Indeed, in the adopted economic model, these
quantities are proportional. The total cost is the sum of the
insulation and energy costs. The total cost function of the insulator
thickness has a minimum value. The insulator thickness corre-
sponding to this value constitutes the optimal thickness sought. The
most economical cases with respect to the minimum total cost are
the South and North orientations, followed by the East and West
orientations, and this result is in conformity with those presented in
literature by [6,47,48]. Nevertheless, the minimum total cost can
vary according to the type of climate associated with the studied
region. In the two types of walls (Figs. 8a and b), the total cost and
energy cost consumed for cooling are very slow for the North and

South orientations. These results are in agreement with those
reported by Naouel Daouas [6].

Table 4 shows the insulator optimal thickness, the payback
period on investment and energy savings according to the differ-
ent orientations of the walls and climate of the city examined.

For the HCB, the optimum insulation thickness is 0.100 m for
North orientation. It corresponds to an annual energy saving of
82.13% for 4.20 years, as payback period. However, for the same
wall, the insulation optimum thickness is 0.102 m for the East/
West orientation. It corresponds to an annual energy saving of
82.52% for 4.19 years, as payback period. On the other hand, with
the CSEB, the insulation optimum thickness is 0.097 m for the
North orientation. It corresponds to an annual energy saving of
81.08% for 4.48 years, as payback period. However, the optimum
insulation thickness is 0.10 m for the East/West orientation, for an
annual energy saving of 81.45%. An analysis of these results shows
that optimum insulation thickness is higher in the HCB wall than
in the CSEB wall, however, the payback period is the weakest for
the HCB wall compared to the other wall type. In this study, the
optimum insulation thickness is greater, 34.88% and 25.23% for
South and East wall orientation, respectively, compared to the
results obtained by Ozel [48]. In contrast, these results are in good
agreement with those obtained by references [27,42,45,55]. Fig. 9
shows the variation in energy savings versus insulation thickness
for all wall orientations. The energy savings were maximum for an
insulator thickness equal to its optimal value. Beyond this value, an
increase in the insulator thickness resulted in a decrease in energy
savings. It can be noted from these figures that the lowest value of
energy savings was obtained for the South orientation wall, while
the highest energy savings were obtained for the East/West walls.
These findings are similar to those obtained in [6,47]. In both types
of walls (HCB and CSEB), the energy saved is greater on the East/
West faces. A comparative study of different saved energies shows
that the stabilized compressed earth block wall saves less than the
concrete block wall (Table 5).

5. Conclusion

This study presented a literature review on the thermal
insulation applications to external walls of buildings and an
investigation case in the tropical wet and hot climate. In view of
the high demand for moderate energy observed in recent years in
modern buildings, many studies suggested solutions to reduce the
annual energy consumption required to heat and/or cool buildings.
Reducing the energy consumption in buildings is important
because of limited energy resources and environmental concerns.
A model was built using the MATLAB/Simulink, with the help of
the International Building Physics Toolbox (IBPT) library, to deter-
mine a numerical solution of transient heat transfer through
multilayer walls, submitted to the average outdoor temperature
and solar radiation specific to the Douala climate. With this
method, the inside surface heat flux of two common uninsulated
walls (HCB and CSEB) was predicted. The results presented for the

Fig. 9. Annual energy saving versus insulation thickness for: (a) HCB wall and
(b) CSEB wall.

Table 5
Comparative study of parameters obtained and those in the literature.

Paper Economic method Place Opt. insulation thickness (m) Insulation material

Mahlia et al. [42] P1�P2 Malaysia 0.040–0.100 Fiberglass–urethane
Bolatturk [45] P1�P2 Turkey 0.032–0.038 Extruded polystyrene board
Yu et al. [25] P1�P2 China 0.053–0.236 polyurethane, perlite, foamed
Dombayci et al. [37] LCC Turkey 0.032–0.138 Expanded polystyrene
Daouas et al. [47] LCC Tunisia Around of 0.057 Expanded polystyrene
This study LCC Cameroon 0.092–0.102 Extruded polystyrene
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representative day of the hottest month of the considered climate
showed a significant effect of wall orientation on the thermal
performance of the two walls. The model built using MATLAB/
Simulink was extended to determine the yearly cooling transmis-
sion load of the insulated wall. Similar to other studies, it was
found that the energy cost decreases with increasing insulation
thickness and the insulation cost increases linearly with insulation
thickness. The optimum thickness varies depending on the mate-
rial used and its association with the outdoor climate. The taking
account of the results by the designer of the building is funda-
mental for the energetic efficiency of the building. The current
results and conclusions, and in particular the relative performance
of polystyrene, are dependent on the specific values of the
parameters used in the thermal and economic analysis.
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