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ARTICLE INFO           ABSTRACT 
 Bioclimatic building, which consumes less energy, appears to be the answer both to 

reduce electricity consumption for air conditioning and lighting and to protect the 
environment. Nowadays, it is essential to develop construction systems based on 
locally available building materials in the design of building walls and roofs. This study 
aims to promote the construction of energy-efficient housing using environmentally 
friendly local materials and provide thermal comfort for occupants.  A comparative 
study of thermal comfort achieved in buildings designed based on the combination of 
various local building materials in the wall and lightweight roof envelopes is carried 
out by numerical investigation.  Energy equations written by the nodal method on the 
walls and roof, discretized by the finite difference method, are solved by the iterative 
Gauss-Seidel method. The indoor air temperatures of the different building types are 
simulated and the thermal responses of the envelopes are analyzed. The results 
presented in terms of thermal comfort in buildings constructed using the proposed 
local materials show that Typha is a naturally insulating material which offers 
excellent protection against the heat in hot or cold periods in the building. The 
introduction of insulation plant fibre reduces significantly to 6°C the temperature 
inside the building. 
 
Keywords: Numerical simulation, construction systems, thermal comfort, 
local building materials 

  
1. INTRODUCTION 

 
Forecasts of the impact of climate change on buildings between 2030 and 2050 predict an increase in the 
frequency and intensity of heat waves (OIF,2015). At the same time, rapid population growth, the 
concentration of urban areas and the ageing of the population will lead to an increase in the number of 
vulnerable people (IFDD,2015). In sub-Saharan Africa, the urbanization rate, around 30% at the start of the 
1990s, could rise to 50% by 2030. Therefore, an urgent need is to adopt a long-term dynamic aimed at 
implementing eco-responsible approaches in the design and refurbishment of buildings to improve their 
energy performance while reducing their carbon footprint as much as possible (Betti et al., 2024; Ullah et al., 
2024). This means taking energy efficiency (Lawson,2005) into account in buildings, but also using eco-
materials, taking into account their grey energy (Jannot, 1994). The constructional qualities of materials are 
decisive selection criteria, as are their cost, lifespan, maintenance requirements, market availability and 
aesthetic appeal (Jannot, 1994). Added to this are the environmental constraints of reducing their ecological 
footprint. The promotion of traditional local materials is an avenue worth exploring (Samah et al., 2022) as 
long as they limit transport needs and promote the local economy since their production process often requires 
low energy requirements through the use of simple techniques (Allouhi et al., 2015) The building sector is now 
one of the world's top three energy consumers, alongside the transport and industrial sectors (Jannot, 1994). 
The building sector consumes 40% of the world's energy (Cheung et al., 2004), and 50% of this annual 
consumption is generally caused by heating, ventilation and air conditioning systems (Cheung et al., 2004). 
This consumption, which is increasing energy costs, and with the negative consequences of greenhouse gas 
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emissions, it has become essential to develop innovative systems to improve energy efficiency, better control 
energy demand and reduce CO2 emissions (Camara et al., 2018). This solution approach is helpful, as it is now 
imperative to use more sustainable local materials, solutions, methods and processes for a better future for the 
planet Earth (Boukli Hacene et al., 2011). A common theme among effective building design strategies is 
improving the thermal mass of the building envelope to store thermal energy during the day and return it to 
the building during the cooler night (Kaboré, 2020). This can reduce peak temperatures and temperature 
fluctuations inside the home (Aek, 2017). Improving indoor temperatures is a major economic and 
environmental challenge for the building industry (Cheung et al., 2004). Hence, the thermal mass conception 
of the building envelope to store thermal energy during the day and return it to the building during the cooler 
night (Jannot, 1994) is promising. For all these reasons, new buildings should be designed to be energy-
efficient, use local materials, be sufficiently resilient to adapt to climate change (Guiavarch Alain, 2003) and 
offer better thermal comfort (Camara et al., 2022). The building design is based primarily on energy-saving 
criteria, combining insulation, solar gain, inertia and thermal comfort (Boukli Hacene et al., 2011). The type of 
building envelope has a profound effect on its thermal behaviour. Dried earth block construction offers good 
thermal performance compared with cement breeze block buildings, with 40 to 60% compared with 10 to 40% 
relative to humidity, and a temperature of 24°C compared with 29°C, respectively (Maamar, 2019). (Dalel, 
2010) carried out a study on the impact of thermal insulation on the interior temperature of a building and 
concluded that the use of insulation allows a significant lowering of the interior temperature with the air space 
and that its location is on the thermal mass side (Medjelakh et al., 2008). (Dalila Benamara et al., 2010) have 
developed a high-performance slab based on locally available and carefully researched materials. A great deal 
of work has focused on the use of plant reinforcements such as bamboo and rattan in concrete (Fezzioui et al., 
2018). All the authors agree that the design equations and procedures for steel-reinforced concrete can be 
safely applied to the design of bamboo-reinforced concrete beams (Gbaguidi et al., 2011). (Kachkouch, S., 2019) 
studied the thermal and energy performance of a prototype classroom building in a rural area in Marrakech, 
Morocco.  The author made a comparison between the building using concrete block walls and the one using 
stabilized rammed earth walls. His results showed that the high inertia of the stabilized rammed earth walls 
made it possible to stabilize the operating temperature throughout the year, resulting in a reduction in annual 
requirements of about 23%. To contribute to the improvement of the energy performance of bioclimatic 
habitats in hot and humid climatic zones, (Camara et al., 2018) studied the thermal behaviour of habitats in 
local and modern materials. They found that for similar types of housing, constructions made of local materials 
(earthen materials) offer a better indoor thermal atmosphere compared to modern constructions (cement 
blocks). (Chahwane et al.,2012) have shown that the thermal inertia of building envelope materials, when taken 
into account from the design stage, is a major asset for storing free intakes during the day and the restitution 
later in hot climates given the importance of the day/night variation in the outside temperature and the 
potential for night-time ventilation. 
The originality of the present work lies in the fact that it develops construction systems based on local building 
materials to improve thermal comfort in buildings, without the need for active air conditioning.   this work 
focuses on the use of plant fibres (reed, Typha and straw) in the design of lightweight roofs on different walls 
to improve thermal comfort and reduce energy consumption. This work aims to contribute to improving 
thermal comfort in the buildings through the judicious choice of local bio-sourced or geo-sourced building 
materials in the development of construction systems, on the one hand, and to reduce the carbon footprint, 
especially operational carbon, which corresponds to all the emissions from all the energy sources used for the 
building's energy needs, on the other hand 

2. METHODOLOGY 
 

2.1 Description of the building model 
The simulated building is a single-zone structure with 16m2 of living space and a height of 3m, built on an earth 
platform with two windows and a wooden door on the south-facing facade. The windows measure 1.2m x 1.4m 
and the door 1.1m x 2.1m. The walls of the building are 3 m high, 15 to 20 cm thick and covered with cement 
plaster 2 cm thick or not, depending on the type. It is assumed that the windows and door remain open between 
6 am and 6 pm, and the rate of air exchange in the building is considered and described by an additional term 
added to the heat balance equation governing heat transfer in the building. In this investigation, six lightweight 
roofs and five envelopes were modelled. First without insulation, then with a thermal insulation system. The 
temperatures of the air inside the building, the four internal walls, the floor, the wooden ceiling and the 
external roof were simulated and compared in terms of thermal comfort. Figure 1 illustrates the descriptive 
diagram of the different modes of heat exchange in the habitable envelope. 
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Figure 1. Descriptive diagram of the different modes of heat exchange in the living building 

envelope 
 

Table 1. Thermo-physical properties of housing materials  
(Fohaguiet al., 2018, Jannot et al., 2012 , Guide des matériaux pour l'isolationthermique 

(free.fr)). 
Materials Material Thermalconductivity K 

(W/m/K) 
Density  𝜌 (Kg/m3) 
 
 

Heat 
capacity 
Cp (J/Kg/K) 
 

Sheet metal 50 7800 450 
Tile 1.73 2243 920 
Straw 0.065 100 2000 
Reed 0.055 -0.09 120 -255 1400 -2000 
Typha 0.03319 360 - 
Banco 0.5 -1.5 1600 -1900 600 -1000 
Stone 1.4 1895 1000 
Wood 0.15 1200 480 
Stabilized earth brick 
(SEB) 

1.1 1500 2000 

Breezeblock 0.833 1000 1000 
slab 1.4 1001 2300 
Terra cotta 1-1.35 1700 -2100  - 
Granite 2.8 2600 1000 
Cement plaster 1.4 2240 840 
Coconut fibre 0.037 -0.047 20 - 60 1500 -1800 
Sheep wool 0.035 -0.045 13 -35 1000 -1800 
Wood wool 0.035 - 0.045 35 - 50 1600 - 2300 

 
2.2 Mathematical formulation 
The methodology adopted for the description of the thermal behaviour of our habitat model is based on the 
nodal analysis used by (Boyer et al., 2001) and (Thomas Nganyaa et al., 2012). The detailed study of the heat 
transmission phenomena involved in the functioning of the habitat (Figure 1)  
 
2.2.1. Basic Energy transfer 
The equations of transfer are based on the analogy between heat and electrical transfers. Generally speaking, 
the instantaneous change in energy within a habitat component equals the algebraic sum of the flux densities 
exchanged within that component. It is written: 
𝑀𝑖𝐶𝑃𝑖

𝜕𝑇𝑖

𝑠  𝜕𝑡
= DFS𝐴𝑖 + ∑ ∑ ℎ𝑥𝑖𝑗𝑥

𝑛
𝑖=1 (𝑇𝑗 − 𝑇𝑖)                        

(1) 
𝜑𝑥𝑖𝑗  is the heat flux density exchanged by the transfer mode x (conduction, convection, and radiation) between 

media (i) and (j) (w.m-2); 
- s is the cross-section of the wall in (m2); 
- DFS𝐴𝑖 ,  the density of solar flux absorbed by the material (i). 
DFS𝐴𝑖= 𝛼𝑖𝜑𝑖  
- 𝛼𝑖is the heat absorption coefficient of the material  
𝜑𝑖 Solar flux density captured by the surface of the medium (i) (w.m-2) By introducing a ℎ𝑥𝑖𝑗  exchange 

coefficient and linearizing the transfers, we can write   
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𝜑𝑥𝑖𝑗= ℎ𝑥𝑖𝑗(𝑇𝑗-𝑇𝑖)                                                                   

(3)  
Thus equation (1) is written: 
𝑀𝑖𝐶𝑃𝑖

𝜕𝑇𝑖

𝑠  𝜕𝑡
= 𝛼𝑖𝜑𝑖   + ∑ ∑ ℎ𝑥𝑖𝑗𝑥

𝑛
𝑖=1 (𝑇𝐽 − 𝑇𝑖)                                                                                                

(4) 
Equation (4) is applied to the various walls and roofs of the systems studied.  
  
2.22 Equations Simplifying assumptions 
The heat transfer model adopted in the building is a 1D transient model which represents the main heat 
transfers on the different walls of the building. The heat transfer equations are written at the level of each 
construction system considered. Each wall is subdivided into two identical isothermal nodes. The notion of 
perfect contact is taken into account for adjacent elements. The energy transfer equations for the walls or roofs 
of the house are written using the analogue electrical diagram. Each roof or wall envelope is associated with 
two nodes for which heat balances are performed. The equations obtained are then discretized in the direction 
transverse to the heat transfer fluid flow using the implicit finite difference method. 
Heat transfer is unidirectional, the thermal inertia of the air is negligible, the materials are assimilated to grey 
bodies, the air renewal rate is variable within the building enclosure; the heat transfer fluid is assumed to be a 
perfect and incompressible gas, the thermo-physical properties of the materials are assumed to be constant 
and independent of temperature, the ambient temperature and sunshine are instantaneous functions on all 
the surfaces of the walls and roofs. 
 
2.3 Energy transfer equations 
The transfer equations are based on the analogy between thermal and electrical transfers. Generally speaking, 
the instantaneous variation in energy within a housing component equals the algebraic sum of the flux 
densities exchanged within this component. 
Energy transfer equations at rooftop  
The exterior wall of the rooftop 
𝑀𝑡𝑒𝑥𝐶𝑃𝑡𝑒𝑥

𝑆

𝜕𝑇𝑡𝑒𝑥

𝜕𝑡
= 𝛼𝑡𝑒𝑥𝜑𝑡𝑒𝑥 +

𝐾𝑡𝑒𝑥

𝐸𝑝𝑡𝑒𝑥

(𝑇𝑡𝑖 − 𝑇𝑡𝑒𝑥) + ℎ𝑐𝑒𝑥
(𝑇𝑎𝑖𝑟 − 𝑇𝑡𝑒𝑥) + ℎ𝑟𝑣𝑐,𝑡𝑒𝑥

(𝑇𝑣𝑐 − 𝑇𝑡𝑒𝑥) + ℎ𝑟𝑠𝑜𝑙,𝑡𝑒𝑥
(𝑇𝑠𝑜𝑙 − 𝑇𝑡𝑒𝑥)        (5) 

The internal wall of the roofto 
𝑀𝑡𝑖𝐶𝑃𝑡𝑖

𝑆

𝜕𝑇𝑡𝑖

𝜕𝑡
=

𝐾𝑡𝑖

𝐸𝑝𝑡𝑖

(𝑇𝑡𝑒𝑥 − 𝑇𝑡𝑖) + ℎ𝑐1
(𝑇𝑎𝑖𝑟 − 𝑇𝑡𝑖) + ℎ𝑟𝑡𝑖,𝑝𝑛𝑖

𝐹𝑡𝑖,𝑝𝑛𝑖(𝑇𝑝𝑛𝑖 − 𝑇𝑡𝑖) + ℎ𝑟𝑡𝑖,𝑝𝑠𝑖
𝐹𝑡𝑖,𝑝𝑠𝑖(𝑇𝑝𝑠𝑖 − 𝑇𝑡𝑖) +

ℎ𝑟𝑡𝑖,𝑝𝑒𝑖
𝐹𝑡𝑖,𝑝𝑒𝑖(𝑇𝑝𝑒𝑖 − 𝑇𝑡𝑖) + ℎ𝑟𝑡𝑖,𝑝𝑤𝑖

𝐹𝑡𝑖,𝑝𝑤𝑖(𝑇𝑝𝑤𝑖𝑇𝑡𝑖)                                                                                                                   (6) 

                                                                                                                                                                                                                  
Governing equations at the building level 
Establishing a heat balance at each node associated with the transfers in the habitat model leads to the 
following transfer equations.   
The north External wall of the building                                                                                                                                                                                                      
𝑀𝑝𝑛ℎ𝐶𝑝𝑝𝑛ℎ

𝑆

𝜕𝑇𝑝𝑛𝑒

𝜕𝑡
= 𝛼𝑝𝑛𝑒𝜑𝑝𝑛𝑒 +

𝐾𝑝𝑛ℎ

𝐸𝑝𝑛ℎ
(𝑇𝑝𝑛𝑖 − 𝑇𝑝𝑛𝑒) + ℎ𝑐𝑒𝑥

(𝑇𝑎𝑖𝑟 − 𝑇𝑝𝑛𝑒) + ℎ𝑟𝑣𝑐,𝑝𝑛𝑒(𝑇𝑣𝑐 − 𝑇𝑝𝑛𝑒) + ℎ𝑟𝑠𝑜𝑙,𝑝𝑛𝑒
(𝑇𝑠𝑜𝑙 −

𝑇𝑝𝑛𝑒) (7)                                                                                                                                                                          

               
The north internal wall of the building 
𝑀𝑝𝑛ℎ𝐶𝑝𝑝𝑛ℎ

𝑆

𝜕𝑇𝑝𝑛𝑖

𝜕𝑡
=  

𝐾𝑝𝑛ℎ

𝐸𝑝𝑛ℎ
(𝑇𝑝𝑛𝑒 − 𝑇𝑝𝑛𝑖) + ℎ𝑐𝑝𝑛𝑖

(𝑇𝑎𝑖𝑟ℎ − 𝑇𝑝𝑛𝑖) + ℎ𝑟𝑝𝑛𝑖,𝑝𝑖𝑝𝑙
𝐹𝑝𝑛𝑖,𝑝𝑖𝑝𝑙(𝑇𝑝𝑖𝑝𝑙 − 𝑇𝑝𝑛𝑖) + ℎ𝑟𝑝𝑛𝑖,𝑝𝑠𝑖

𝐹𝑝𝑛𝑖,𝑝𝑠𝑖(𝑇𝑝𝑠𝑖 −

𝑇𝑝𝑛𝑖) + ℎ𝑟𝑝𝑛𝑖,𝑝𝑒𝑖
𝐹𝑝𝑛𝑖,𝑝𝑒𝑖(𝑇𝑝𝑒𝑖 − 𝑇𝑝𝑛𝑖) + ℎ𝑟𝑝𝑛𝑖,𝑝𝑤𝑖

𝐹𝑝𝑛𝑖,𝑝𝑤𝑖(𝑇𝑝𝑤𝑖 − 𝑇𝑝𝑛𝑖)                                                                                                                                                                                                             

(8) 
Indoor air in the building 
𝑀𝑎𝑖𝑟𝐶𝑝𝑎𝑖𝑟

𝑆

𝜕𝑇𝑎𝑖𝑟ℎ

𝜕𝑡
= ℎ𝑐𝑝𝑛𝑖

(𝑇𝑝𝑛𝑖 − 𝑇𝑎𝑖𝑟ℎ) + ℎ𝑐𝑝𝑠𝑖
(𝑇𝑝𝑠𝑖 − 𝑇𝑎𝑖𝑟ℎ) + ℎ𝑐𝑝𝑒𝑖

(𝑇𝑝𝑒𝑖 − 𝑇𝑎𝑖𝑟ℎ) + ℎ𝑐𝑝𝑤𝑖
(𝑇𝑝𝑤𝑖 − 𝑇𝑎𝑖𝑟ℎ) + ℎ𝑐𝑡𝑖

(𝑇𝑡𝑖 −

𝑇𝑎𝑖𝑟ℎ) + CQ (𝑇𝑎𝑚𝑏 − 𝑇𝑎𝑖𝑟ℎ)                                                                                                                                                  (9) 
 
The internal wall of the building floor 
 
𝑀𝑝𝑝𝑙𝐶𝑝𝑝𝑝𝑙

𝑆

𝜕𝑇𝑝𝑖𝑝𝑙

𝜕𝑡
=  

𝐾𝑝𝑝𝑙

𝐸𝑝𝑝𝑙
(𝑇𝑠𝑝𝑙 − 𝑇𝑝𝑖𝑝𝑙) + ℎ𝑐𝑝𝑝𝑙

(𝑇𝑎𝑖𝑟ℎ − 𝑇𝑝𝑖𝑝𝑙) + ℎ𝑟𝑝𝑖𝑝𝑙,𝑝𝑠𝑖
𝐹𝑝𝑖𝑝𝑙,𝑝𝑠𝑖(𝑇𝑝𝑠𝑖 − 𝑇𝑝𝑖𝑝𝑙) + ℎ𝑟𝑝𝑖𝑝𝑙,𝑝𝑒𝑖

𝐹𝑝𝑖𝑝𝑙,𝑝𝑒𝑖(𝑇𝑝𝑒𝑖 −

𝑇𝑝𝑖𝑝𝑙) + ℎ𝑟𝑝𝑖𝑝𝑙,𝑝𝑤𝑖
𝐹𝑝𝑖𝑝𝑙,𝑝𝑤𝑖(𝑇𝑝𝑤𝑖 − 𝑇𝑝𝑖𝑝𝑙) + ℎ𝑟𝑝𝑖𝑝𝑙𝑖,𝑝𝑛𝑖

𝐹𝑝𝑖𝑝𝑙,𝑝𝑛𝑖(𝑇𝑝𝑛𝑖 − 𝑇𝑝𝑖𝑝𝑙) ) + ℎ𝑟𝑝𝑖𝑝𝑙𝑖,𝑡𝑖
𝐹𝑝𝑖𝑝𝑙,𝑡𝑖(𝑇𝑡𝑖 −

𝑇𝑝𝑖𝑝𝑙)                 (10) 

The south external wall of the habitat 
𝑀𝑝𝑠ℎ𝐶𝑝𝑝𝑠ℎ

𝑆

𝜕𝑇𝑝𝑠𝑒

𝜕𝑡
= 𝛼𝑝𝑠𝑒𝜑𝑝𝑠𝑒 +

𝐾𝑝𝑠ℎ

𝐸𝑝𝑠ℎ
(𝑇𝑝𝑠𝑖 − 𝑇𝑝𝑠𝑒) + ℎ𝑐𝑒𝑥

(𝑇𝑎𝑖𝑟 − 𝑇𝑝𝑠𝑒) + ℎ𝑟𝑣𝑐,𝑝𝑛𝑒(𝑇𝑣𝑐 − 𝑇𝑝𝑠𝑒) + ℎ𝑟𝑠𝑜𝑙,𝑝𝑠𝑒
(𝑇𝑠𝑜𝑙 −

𝑇𝑝𝑠𝑒)   (11) 
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The south internal wall of the building 
𝑀𝑝𝑠ℎ𝐶𝑝𝑝𝑠ℎ

𝑆

𝜕𝑇𝑝𝑠𝑖

𝜕𝑡
=  

𝐾𝑝𝑠ℎ

𝐸𝑝𝑠ℎ
(𝑇𝑝𝑠𝑒 − 𝑇𝑝𝑠𝑖) + ℎ𝑐𝑝𝑠𝑖

(𝑇𝑎𝑖𝑟ℎ − 𝑇𝑝𝑠𝑖) + ℎ𝑟𝑝𝑠𝑖,𝑝𝑛𝑖
𝐹𝑝𝑠𝑖,𝑝𝑛𝑖(𝑇𝑝𝑛𝑖 − 𝑇𝑝𝑠𝑖) + ℎ𝑟𝑝𝑠𝑖,𝑝𝑒𝑖

𝐹𝑝𝑠𝑖,𝑝𝑒𝑖(𝑇𝑝𝑒𝑖 −

𝑇𝑝𝑠𝑖) + ℎ𝑟𝑝𝑠𝑖,𝑝𝑤𝑖
𝐹𝑝𝑠𝑖,𝑝𝑤𝑖(𝑇𝑝𝑤𝑖 − 𝑇𝑝𝑠𝑖) + ℎ𝑟𝑝𝑠𝑖,𝑝𝑖𝑝𝑙

𝐹𝑝𝑠𝑖,𝑝𝑖𝑝𝑙(𝑇𝑝𝑖𝑝𝑙 − 𝑇𝑝𝑠𝑖)                                                                                 (12) 

The east external wall of the building 
𝑀𝑝𝑒ℎ𝐶𝑝𝑝𝑒ℎ

𝑆

𝜕𝑇𝑝𝑒𝑒

𝜕𝑡
= 𝛼𝑝𝑒ℎ𝜑𝑝𝑒ℎ +

𝐾𝑝𝑒ℎ

𝐸𝑝𝑒ℎ
(𝑇𝑝𝑒𝑖 − 𝑇𝑝𝑒𝑒) + ℎ𝑐𝑒𝑥

(𝑇𝑎𝑖𝑟 − 𝑇𝑝𝑒𝑒) + ℎ𝑟𝑣𝑐,𝑝𝑛𝑒(𝑇𝑣𝑐 − 𝑇𝑝𝑛𝑒) + ℎ𝑟𝑠𝑜𝑙,𝑝𝑛𝑒
(𝑇𝑠𝑜𝑙 −

𝑇𝑝𝑒𝑒) (13) 

  The east internal wall of the building 
𝑀𝑝𝑒ℎ𝐶𝑝𝑝𝑒ℎ

𝑆

𝜕𝑇𝑝𝑒𝑖

𝜕𝑡
=

𝐾𝑝𝑒ℎ

𝐸𝑝𝑒ℎ
(𝑇𝑝𝑒𝑒 − 𝑇𝑝𝑒𝑖) + ℎ𝑐𝑝𝑒𝑖

(𝑇𝑎𝑖𝑟 − 𝑇𝑝𝑒𝑖) + ℎ𝑟𝑝𝑒𝑖,𝑝𝑛𝑖
𝐹𝑝𝑒𝑖,𝑝𝑛𝑖(𝑇𝑝𝑛𝑖 − 𝑇𝑝𝑒𝑖) + ℎ𝑟𝑝𝑒𝑖,𝑝𝑤𝑖

𝐹𝑝𝑒𝑖,𝑝𝑤𝑖(𝑇𝑝𝑤𝑖 −

𝑇𝑝𝑒𝑖) + ℎ𝑟𝑝𝑒𝑖,𝑝𝑠𝑖
𝐹𝑝𝑒𝑖,𝑝𝑠𝑖(𝑇𝑝𝑠𝑖 − 𝑇𝑝𝑒𝑖) + ℎ𝑟𝑝𝑒𝑖,𝑝𝑖𝑝𝑙

𝐹𝑝𝑒𝑖,𝑝𝑖𝑝𝑙(𝑇𝑝𝑖𝑝𝑙 −

𝑇𝑝𝑒𝑖)                                                                                                       (14) 

The west external wall of the building 
𝑀𝑝𝑤ℎ𝐶𝑝𝑝𝑤ℎ

𝑆

𝜕𝑇𝑝𝑤𝑒

𝜕𝑡
= 𝛼𝑝𝑒𝑤𝜑𝑝𝑒𝑤 +

𝐾𝑝𝑤ℎ

𝐸𝑝𝑤ℎ

(𝑇𝑝𝑤𝑖 − 𝑇𝑝𝑤𝑒) + ℎ𝑐𝑒𝑥
(𝑇𝑎𝑖𝑟 − 𝑇𝑝𝑤𝑒) + ℎ𝑟𝑣𝑐,𝑝𝑤𝑒(𝑇𝑣𝑐 − 𝑇𝑝𝑤𝑒) +                              

  ℎ𝑟𝑠𝑜𝑙,𝑝𝑤𝑒
(𝑇𝑠𝑜𝑙 − 𝑇𝑝𝑤𝑒)                                                                     

(15) 
The west internal wall of the building 
𝑀𝑝𝑤ℎ𝐶𝑝𝑝𝑤ℎ

𝑆

𝜕𝑇𝑝𝑤𝑖

𝜕𝑡
=

𝐾𝑝𝑤ℎ

𝐸𝑝𝑤ℎ
(𝑇𝑝𝑤𝑒 − 𝑇𝑝𝑤𝑖) + ℎ𝑐𝑝𝑤𝑖

(𝑇𝑎𝑖𝑟ℎ − 𝑇𝑝𝑤𝑖) + ℎ𝑟𝑝𝑤𝑖,𝑝𝑛𝑖
𝐹𝑝𝑤𝑖,𝑝𝑛𝑖(𝑇𝑝𝑛𝑖 − 𝑇𝑝𝑤𝑖) +

ℎ𝑟𝑝𝑤𝑖,𝑝𝑒𝑖
𝐹𝑝𝑤𝑖,𝑝𝑒𝑖(𝑇𝑝𝑒𝑖 − 𝑇𝑝𝑤𝑖) + ℎ𝑟𝑝𝑤𝑖,𝑝𝑠𝑖

𝐹𝑝𝑤𝑖,𝑝𝑠𝑖(𝑇𝑝𝑠𝑖 − 𝑇𝑝𝑤𝑖) + ℎ𝑟𝑝𝑤𝑖,𝑝𝑖𝑝𝑙
𝐹𝑝𝑤𝑖,𝑝𝑖𝑝𝑙(𝑇𝑝𝑖𝑝𝑙 − 𝑇𝑝𝑤𝑖)                                

(16)  
          
2.4. Numerical study 
The systems of algebraicequationsobtained by establishing the energy balances on the different components 
of the habitat model are of the form(Boyer et al., 2001, Dalel,M., 2010) 

C
𝑑 𝑇(𝑡)

𝑑𝑡
= − K. T(t)  +  B. G(t)         

 (17) 
With T(t): the state vector of the temperatures at the different time-dependent nodes t, C: the column vector 
of the heat capacities at the different nodes, K: the square matrix composed of the thermal conductances, B: 
the matrix coefficient for the different nodes, G(t): the column vector representing the inputs to the system.  
Equations (5 to 16) are discretized by an implicit finite difference method; This method is based on a Taylor 
series expansion that transforms partial differential equations into a system of algebraic equations that 
requires iterative computation to solve. The system is solved by the iterative method of Gauss-Seidel. 
At the initial time t0, the different temperatures of all wall walls and roofs are assumed to be equal to the 
ambient temperature. At the time t0+Δt, a new value of the temperatures of the system components is 
calculated. The solution of the system of algebraic equations (5 to 16) leads to new temperature values that are 
compared to the arbitrary value initially chosen. If the difference between these two consecutive temperatures 
is greater than the desired accuracy, the calculated temperature values override the arbitrary value and the 
procedure described above is repeated until convergence is achieved. Convergence is achieved when the 

following criterion is met:
𝑇𝑡+Δt−𝑇𝑡

𝑇𝑡+Δt  ≤  10−5 

 
2.5 Material and Methodology 
The tools we use for this research are the Lomé climatic data for a typical day in March with a global irradiance 
of 700W/m2, the maximum and minimum values of the ambient temperature being 33°C and 26°C 
respectively. These data enable us to find the hourly variations in ambient temperature and solar flux by 
considering a sinusoidal variation (Figure 1).  
The programming language is Fortran 95 and the Origin software is used to draw the curves. Figure 2 shows 
the evolution of global solar radiation on a horizontal plane (RGH) and the ambient temperature (Tamb) for a 
typical day in March (16th March 2022), the hottest day of the year. We have therefore chosen the climatic 
data for this typical day as the input data for our program, as it enables us to analyze the thermal behaviour of 
the home under Lomé extreme climatic conditions. 
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Figure 2. Overall sunshine and ambient temperature on a typical day in March (16th March 

2022) 
 

3.RESULTS AND DISCUSSION 
 

3.1 model validation 
We have chosen to validate by literature data on our model based on a numerical study of the thermal comfort 
of a similar bioclimatic building carried out by (Camara et al., 2018). Figure 2 shows the evolution of the 
temperature profile of the external (Ttext) and internal (Ttint) walls of the roof of a bioclimatic building. The 
roof is considered to be a flat wall with a rectangular cross-section and an angle of inclination of 30° to the 
horizontal, made up of sheets of 8 mm thick aluminium sheeting and vertical walls of stabilized earth bricks 
(SEB) in which air circulates by convection. Figure 2 shows that the curves obtained by the present work in 
terms of external and internal rooftop temperatures are quantitatively and qualitatively consistent with those 
obtained by (Camara et al., 2022) in similar conditions. 
 

 
Figure 3. Model validation 

 
3.2 Temperature distribution in lightweight roof buildings 
3.2.1 Building with Banco Walls 
 

 
Figure 4. Variation in indoor air temperature as a  function of lightweight roofs on a banco 

wall building 
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Figure 4 shows the evolution, over time, of the temperature of the air inside the building (Tairh) made of banco 
with five different roofs (sheet metal, tile, straw, reed and Typha). For these construction systems, sheet metal 
and roof tiles provided maximum temperatures of 32.4°C and 31.2°C respectively at 2 pm, while plant fibres 
such as straw, reed and Typha provided a thermal environment of 29.85, 29.80 and 29.60°C respectively at 3 
pm; these temperatures are acceptable in terms of thermal comfort for a dry, humid tropical zone in sub-
Saharan Africa. Earth construction systems with lightweight plant-fibre roofs always offer better thermal 
comfort than modern materials. These results are to be expected and are consistent with (Kemajou et al., 2012). 
Figures (5 to 6) show respectively the evolution of the temperature profiles of the lower surface of the wooden 
ceiling (Tplf) and the floor (Tpl) for five different plant fibre roofing systems (sheet metal, tile, straw, reed and 
Typha) on a banco wall building. It can be seen that plant fibre roofs offer comfortable temperatures compared 
with conventional sheet metal and tile roofs. There is a difference in temperature around 6°C between sheet 
metal and Typha. This can be explained by the thermo-physical properties of these plant fibres, which are 
practically regarded as thermal insulators. Typha roofs are also highly effective at regulating the temperature 
inside the building. Typha is a naturally insulating material that offers excellent protection against the heat in 
summer and the cold in winter. On the other hand, roofs made of sheet metal, tiles tend to absorb heat and 
retain it, which can make the inside of the building very hot during hot periods. They also tend to be less 
insulating than straw or typha roofs. The temperature distribution at the floor level of the building with a 
conventional roof (sheet metal and tiles) is slightly higher than that of the straw, reed or Typha roofs. It can be 
seen that temperatures are lower at floor level than for the other components of the habitat (difference of 
0.75°C between sheet metal and Typha). 
 

 
Figure 5. Variation in ceiling temperature as a function of lightweight roofs on a banco wall 

building 
 

 
Figure 6. Variation in floor temperature as a function of lightweight roofs on a banco wall 

building 
 

Figures 7 (a - d) show respectively the evolution of the temperature profiles of the interior walls for five 
different plant fibre roofing systems (sheet metal, tile, straw, reed and Typha) on a banco wall building.  The 
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south and north interior walls show the lowest temperatures (26.2 to 27.5°C and 24.6 to 25.8°C respectively), 
Figure 7 (a - b), while those of the east and west interior walls are relatively high (27 to 28.5°C and 28 to 29°C 
respectively), Figure 7(c- d). This can be explained by the fact that the east and west walls are the most exposed 
to incident solar radiation, while the north and south walls receive relatively little solar radiation. 
 

 

 
(a) (b) 

 
 

(c) (d) 
Figure 7. Variation in internal wall temperature as a function of lightweight roofs on a banco 

wall building: a) East interior; b) West interior; c) North interior; d) South interior. 
 

3.2.2 Stone Wall Building 
Figure 8 shows the evolution of the indoor air temperature of the stone habitat (Tairh) covered with five 
different roofing systems (tin, tile, straw, reed and Typha). 
For these systems, sheet metal and tiles give maximum temperatures of 32.7°C and 31.4°C respectively at 3 
p.m., while straw fibre, reed and Typha roofs give temperatures of 31, 31 and 30°C respectively at 3 p.m. Stone 
buildings covered with plant fibres have a better thermal environment than buildings made of cement blocks 
topped with metal sheeting in the dry, humid tropics of sub-Saharan Africa (Mba, 2011) 
 

 
Figure 8. Variation in indoor air temperature as a function of light roofs on a stone wall 

building 
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3.2.3   Wooden Wall Building 
 

 
Figure 9. Variation in indoor air temperature as a function of lightweight roofing on a timber 

building. 
 
Figure 9 shows the change in indoor air temperature in a wooden dwelling (Tairh) with five different roofing 
systems (tin, tile, straw, reed and Typha). For these systems, sheet metal and tile roofs gave maximum 
temperatures of 33°C and 31.8°C respectively at 3 pm, while straw fibre, reed and Typha roofs gave 
temperatures of 30.9, 30.8 and 30.4°C respectively at 3 pm. Building systems made of wood topped with plant 
fibres have a better thermal environment than those made of modern materials in the dry and humid tropics 
of sub-Saharan Africa (Kemajou et al., 2012). 
 
3.2.4   Building with stabilized earth brick (SEB) walls 
Figure 10 shows the evolution of the temperature of the air inside the building (Tairh) in SEB capped with five 
different roofs (sheet metal, tile, straw, reed and Typha). For these systems, sheet metal and tile roofs gave 
maximum temperatures of 33°C and 32.5°C respectively at 3 pm, while straw fibre, reed and Typha roofs gave 
temperatures of 31.2, 30.1 and 30°C respectively at 3 pm. Buildings made of stabilized earth brick and raw 
earth covered with plant fibres have a better thermal performance than those made of breeze blocks covered 
with sheet metal in the dry and humid tropical zones of sub-Saharan Africa (Kemajou et al., 2012). One can 
conclude that Typha is a naturally insulating material that offers excellent protection against the heat in the 
hot or cold period in the building. 
 

 
Figure 10. Variation in the temperature of the air inside the building as a function of 

lightweight roofs on a SEB wall building 
 

Figure 11 shows the change in indoor air temperature in the habitat (Tairh) in a cement block wall topped with 
four different roofs (sheet metal, tile, straw and Typha). For these systems, the sheet metal and tile roofs gave 
maximum temperatures of 37°C and 36.5°C respectively at 3 pm, while the straw fibre and Typha roofs gave 
maximum temperatures of 33°C and 33.5°C respectively at 3 pm. Sheet metal and breeze-block walls allow a 
large proportion of the heat to spread inside the home, creating conditions of thermal discomfort. 
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Figure 11. Variation in indoor air temperature as a function of lightweight roofs on a cement 

block wall building 
 

3.3   Improving thermal comfort by designing the walls of buildings with lightweight roofs 
3.3.1   Wall of different materials 
 

 
Figure 12. Variation of the indoor air temperature of the habitat as a function of different 

walls under a lightweight roof (tin roof) 
 

Figure 12 shows the evolution of the indoor air temperature in the habitat (Tairh) with four different walls 
(chipboard wall, cement wall with rice husks, cement wall with bar soil and cement wall with roast tree fibres). 
The maximum temperatures observed were 34°C and 31°C at 3 pm for the chipboard and cement with bar soil 
walls respectively. The lowest temperatures recorded were 30.1°C and 30.2°C at 3 pm. respectively for the walls 
made of cement with roast wood fibre and cement + rice husks. The air temperature in the building depends 
on the main construction materials. The relatively low temperatures noted for walls made of cement + rice 
husks and cement with bar soil can be explained by the fact that these composites have a fairly low conductivity 
coefficient and a high thermal heat capacity. The same is true for cement withbar soil walls compared with 
chipboard walls. These results are consistent with the results of studies carried out by several authors and 
reported in the literature (Gbaguidi et al., 2011, Godonou et al., 2022). Figure 13 shows the evolution of the 
indoor air temperature profile of the tin-roofed habitat (Tairh) with four different walls (breeze-block wall, 
breeze-block wall with 2 cm cement render insulation, double-skin breeze-block terra cotta wall and double-
skin breeze-block granite wall). The maximum temperatures observed were 37°C and 36°C at 3 pm for the 
breeze-block walls and the breeze-block wall with cement rendering insulation respectively. The lowest 
temperatures recorded were 31.8°C and 32.5°C at 3 pm for the double-skin granite breeze-block and double-
skin clay breeze-block walls respectively. The temperature of the air in the home depends on the main 
construction materials, but also on the inertia of the walls. The relatively low temperatures noted for walls 
made of cement with rice husks and cement with bar soil can be explained by the fact that these composite 
walls have a fairly low conductivity coefficient and a high specific heat capacity.  The thermal inertia of the 
walls of double-skinned buildings is higher than that of single-wall housing, which slows the transfer of heat 
from the outside to the inside of the building and consequently reduces thermal discomfort inside the building. 
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Figure 13. Variation in indoor air temperature of zinc sheet roofing habitat as a function of 
different building walls 

 
3.3.2   Insulation of external walls 
Figure 14 shows the evolution over time of the indoor air temperature of the cement breeze-block (PRG) walls 
covered with tiles for five different insulation cases (PRG, coconut fibre, sheep's wool, straw bales and wood 
wool). For these five cases, there is a difference of 6°C between the insulated and non-insulated systems 
(temperatures drop from 37°C to 30°C). The introduction of insulation significantly reduces the temperature 
inside the building. 
 

 
Figure 14. Variation in indoor air temperature in a cement block wall building covered with a 

sheet metal roof as a function of the building's walls 
 

4. CONCLUSION 
 

This paper presents the main results of a study based on the use of local building materials to improve thermal 
comfort in buildings constructed using these local materials. The aim was to predict indoor air and building 
wall temperatures by simulating the latter in a sub-Saharan climate zone. Emphasis was placed on the 
importance of insulation in lowering indoor temperatures in conventional housing. Lightweight roofs made of 
straw, Typha, reed, sheet metal and tiles, as well as walls made of banco, SEB, wood, stone and breeze-block, 
with and without insulation, were studied. The results of the simulations show, on the one hand, the 
considerable impact of using local materials in building construction on reducing interior and wall 
temperatures by up to 15%, and on the other hand the positive influence of insulation on reducing heat flow 
and therefore temperatures by up to 17%. One can conclude that: 

• Stone buildings covered with plant fibres have better thermal comfort than buildings made of cement blocks 
topped with metal sheeting in the dry, humid tropics of sub-Saharan Africa; 

• earth construction systems with lightweight plant-fibre roofs always offer better thermal comfort than 
modern materials; 
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• The temperature of the air in the room depends on the main construction materials, but also on the inertia 
of the walls; 

• building systems made of wood topped with plant fibres have better thermal comfort than those made of 
modern materials in the dry and humid tropics. 

These results open up several avenues for future research, in particular the massive physical and mechanical 
characterization of local building materials for large-scale use. 
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Nomenclature 

 
 

h_rsol:  
 

 Wall-to-soil radiation transfer coefficient (W.m-2. K-1) 

h_rvc:  
 

 Wall-to-Earth Radiation Transfer Coefficient (W.m-2. K-1) 
 

K:  
 

Thermal conductivity (W.m-1. K-1) 
 

h_cex:   Transfer coefficient by convection from the outside wall (W.m-2. K-1) 
 

hr_(i→pi):  Radiation transfer coefficient between other walls (W.m-2. K-1) 
 

α_tex:  
 

 Absorption coefficient of the external covering (constant) 
 

φ_tex:   Heat flux density at the external wall (W.m-2) 
 

h_rsol:   
 

 Wall-to-soil radiation transfer coefficient (W.m-2. K-1) 
 

h_rvc:  
 

 Wall to celestial crust radiation transfer coefficient (W.m-2. K-1) 
 

K:  Thermal conductivity (W.m-1. K-1) 
 

h_cex:  
 

Transfer coefficient by convection from the outside wall (W.m-2. K-1) 
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hr_(i→pi):  Radiation transfer coefficient between other walls (W.m-2. K-1) 
 

α_tex:  
 

 Absorption coefficient of the external covering (constant) 
 

φ_tex:  
 

Heat flux density at the external wall (W.m-2) 
 

ϕ_ra: 
 

  Exchange flux per air change (J.h-1) 
 

T_tex:   External roof temperature (k) 
 

T_int:  
 

   Internal roof Temperature (k) 
 

T_pni:  
 

 Temperature of the internal north wall (k) 
 

T_pne:  
 

 Temperature of external north wall (k) 
 

T_psi: 
 

Temperature of the internal south wall (k) 
 

T_pse:  
 

 Temperature of the external south wall (k) 
 

T_pwi:  
 

Temperature of the internal west wall (k) 
 

T_pwe:  
 

Temperature of the external West wall (k) 
 

T_pei: 
 

 Temperature of the internal east wall (k) 
 

T_pee:  
 

Temperature of the external east wall (k) 
 

T_airh:  
 

 Indoor air temperature (k) 
 

T_plf: 
 

 Wood ceiling temperature (k) 
 

T_pl:  
 

 Floor temperature (k) 
 

Q:  
 

Air flow rate (m3 /h) 
 

C: 
 

 Heat density of the air (C =1225 m3/K) 
 

t:  
 

 Time (s) 
 

T(t):  
 

The state vector of time-dependent temperatures at the various nodes  
 

C:  
 

Acolumn vector of thermal capacities at the various nodes 
 

B:  
 

Matrix coefficient for the different nodes 
 

G(t): Column vector representing system inputs 
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