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ABSTRACT

The use of natural-based exterior thermal insulation systems constitutes a significant chal-
lenge for achieving energy efficiency of construction. The purpose of this article is to propose 
new exterior thermal insulation solutions based on natural materials such as wood wool, cel-
lulose wadding, expanded cork, hemp fiber, and sheep’s wool, in order to minimize energy 
consumption, address durability concerns, maintain thermal comfort, and promote the use 
of natural materials in thermal insulation system designs. The methodology followed consists 
of presenting a comparative numerical study of different exterior insulation techniques (ETI) 
using a dynamic thermal simulator for desert regions. The study evaluated ETI systems for 
vertical walls attached to a concrete block wall, including one EPS system with coating (wet 
process) and six systems with cladding (dry process). The results show that applying exterior 
insulation to walls using the two cladding systems based on hemp fiber and sheep wool result-
ed in a total reduction in building energy consumption of 42.21% and 42.81%, respectively. 
These results confirm the effectiveness of natural materials in improving the energy perfor-
mance of buildings, particularly the system based on sheep wool.
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INTRODUCTION 

In the context of constructions, natural convection [1] 
is an important process for air circulation inside a build-
ing, occurring when hot air rises and creates a low-pres-
sure area near the ceiling, which leads to the suction of 
fresh air through building openings such as windows and 
doors. This natural air movement can help regulate the 

temperature and air quality inside a building without rely-
ing on heating or air conditioning systems. It should be 
noted that natural convection can also be influenced by the 
topology of the building, the position of windows, orien-
tation, solar exposure, and the type of thermal insulation. 
This requires a well-designed building to make the most 
of natural convection. As a result, it should be considered 
as part of a comprehensive design strategy that takes into 
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account all aspects of ventilation and air conditioning to 
ensure good indoor air quality, reduced energy costs, and 
optimal building performance. Researchers are therefore 
attracted to studying natural convection in all possible 
aspects, and we find some applications in which the latter 
is, such as: solar collector, heat exchanger, cooling of elec-
tronic devices, heating, ventilation and air conditioning 
(HVAC) systems [2-4].

In fact, the type of thermal insulation used on exterior 
walls can have a significant impact on air circulation inside 
a building (natural convection). However, poor thermal 
insulation can increase the heating load required to main-
tain a comfortable temperature inside the building. On the 
other hand, good thermal insulation of exterior walls can 
contribute to reducing drafts and improving natural con-
vection in a building, as well as reducing energy costs and 
improving occupant comfort and overall energy efficiency 
of the building [5].

However, the use of energy in the building has contin-
ued to increase in recent years due to the rising demand 
of energy used for the heating and the air conditioning or 
still various human activities [6]. According to statistics 
from the International Energy Agency (IEA), buildings 
are responsible for 32% of total final energy consumption 
and represent more than 40% of primary energy consump-
tion in most IEA countries [7]. Based on different authors 
[8, 9 and 10], the improvement of the thermal behavior of 
buildings depends on the parameters of optimization of the 
thermal quality of envelope as: the external insulation of 
vertical or horizontal walls, glazing orientation, the shading 
system, the use of building materials with high thermal and 
increasing the thickness of external walls or insulation.

The current construction practices in Algeria (collec-
tive habitats, individual, offices ... etc.), do not sufficiently 
consider the importance of thermal insulation of the build-
ing envelope to minimize excessive energy consumption 
required to maintain thermal comfort inside these build-
ings (poor thermal behavior), especially during the sum-
mer period that can last up to five months in the Saharan 
regions [11]. Therefore, improving the energy performance 
of residential buildings is crucial, given the rising cost of 
energy consumption. However, there is an increasing focus 
on promoting solutions and techniques for optimizing 
the building envelope, such as external thermal insulation 
(ETI) of vertical walls, to achieve significant energy sav-
ings [8]. ETI is an effective solution that can provide bet-
ter thermal comfort regardless of the climatic conditions, 
while minimizing energy consumption, maintaining user 
comfort, and preserving habitable space.

There are currently three main techniques for applying 
(ETI) to walls: under coating, under cladding, and under 
veneer or siding. Various solutions or variants have been 
proposed allow for making a relevant choice ensuring reli-
able hygrothermal behavior and reducing durability issues. 
However, a question arises: what are the effects of introduc-
ing natural materials in ETI on the thermal behavior and 

energy consumption of local buildings? In order to answer 
this question, the main objective of this article is to study 
the improvement of thermal behavior and potential energy 
savings in local buildings by proposing ETI techniques for 
a vertical concrete block wall. To achieve this, we used dif-
ferent ETI techniques: a system with expanded polystyrene 
(EPS) under coating and six systems with natural materials 
under cladding, to achieve better energy and economic per-
formance in the construction sector.”

METHODOLOGY

The method followed involved examining a residential 
building using several External Thermal Insulation (ETI) 
systems for the vertical walls based on natural materials 
such as wood wool, cellulose wadding, expanded cork, 
hemp fiber, sheep’s wool, and a single synthetic material: 
expanded polystyrene. Knowing that the numerical simu-
lation was conducted using a dynamic thermal simulator 
called “TRNSYS.” This simulator comprises several pro-
grams: the TRNSYS Simulation Studio, the simulation 
engine (TRNDll.dll) and its executable (TRNExe.exe), the 
building input data visual interface (TRNBuild.exe), and 
the Editor used to create stand-alone redistributable pro-
grams known as TRNSED applications (TRNEdit.exe) [12].

The thermal behavior of the building under study was 
simulated using a transient modeling method called TYPE 
56 with a time step of 1 hour. The building model in TYPE 56 
is a non-geometric balance model that includes one air node 
per zone representing the thermal capacity of the zone’s air 
volume and other closely connected capacities, such as fur-
niture. Therefore, in addition to the zone volume, the node 
capacity is also considered as a separate input.

TRNBuild was used to enter the necessary information 
for simulating the building, including the description of the 
envelope (materials, layer thicknesses, and thermophysical 
parameters), windows, heating/cooling systems, ventila-
tion, infiltration, gains and occupancy rate...etc.

Knowing that the assumptions adopted for the numeri-
cal simulation are:
• The initial temperature and humidity are set at 20°C 

and 50% respectively;
• Internal generation is null (unoccupied building);
• The effect of thermal bridges and shading is not 

considered;
• The heating and cooling needs of the building are deter-

mined based on a set point temperature of 20°C for 
heating and 26°C for cooling.
The determination of the ideal thermal conditions 

for the environment of the present study was carried out 
according to the ISO 7730 standard [13]. For this, we used 
a comfort temperature of 20°C to 25°C in winter and 23°C 
to 26°C in summer. Thus, the set point temperatures in our 
residential building were chosen as 20°C for heating and 
26°C for cooling according to the ASHRAE society [14].

The heat balance at each node of the network is shown 
in Figure 1 [15].
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It can be expressed as follows:

 Q
. 
i = Q

. 
inf,i + Q

. 
vent,i + Q

. 
cplg,i + Q

. 
surf,i (1) 

Q
. 

i is the global energy flow for node i,
Q
. 

inf,i is the energy flow from air infiltration from outside 
to node i, given by:

 Q
. 

inf,i = V
.
inf,i × r × cp × (Tout - Tin) (2) 

Where V
.
inf,i, ρ, Cp, Tout and Tin are the air flow enter-

ing zone i through the opening, density of air, specific heat 

capacity of air, air temperature outside the zone and air 
temperature inside the zone respectively.

Q
. 

vent,i is the energy flux induced by the ventilation of the 
room or rooms comprising node i via HVAC systems, given by:

 Q
. 

vent,i = V
.
vent,i × r × cp × (Tvent,i - Tin) (3)

Where V
.
vent,i and Tvent,i are the airflow entering zone i 

through mechanical ventilation and temperature of the air 
entering zone i through mechanical ventilation respectively.

Q
. 

cplg,i corresponds to the energy flows due to the air 
transfers of zone i or the boundary condition, given by:

 Q
. 

cplg,i = V
.
i × r × cp × (Tzone,i - Tin) (4)

Where V
.
i and Tzone,i are the volume of comfort zone i 

and temperature of comfort zone i respectively.
Q
. 

surf,i is the net energy flow from each surface delimiting 
node i towards it.

The terms Q
. 
inf,i Q

. 
vent,i Q

. 
cplg,i correspond to the energy losses 

by ventilation and infiltration, applied to the study area.

Figure 1. Heat balance on the zone air node – TRNSYS

Figure 2. Architectural plans of the reference building. Author source (a): Plan view, (b): 3D view.

Table 1. Thermo-physical characteristics of materials used in ETI systems for vertical walls

 Thermo-physical characteristics (conductivity, specific heat and density)

Materials λ (W/m. k) Cp (J/kg. k) D (kg/m3)
Glue mortar [17] 0,900 1000 1600
Expanded polystyrene [18] 0,038 1404 35
Polyurethane coating [18] 0,40 1404 1650
Wire mesh [18] 52 468 7780
Wood wool [19] 0,042 1700 140
Timber frame [18] 0,15 1512 550
Air space [20] 0,025 1008 1,23
Wood cladding [18] 0,07 1512 250
cellulose wadding [19] 0,042 1900 70
Expanded cork [18] 0,044 1512 150
Rain-screen (Sd = 0,1) [19] 2,300 2300 130
Hemp fiber [17] 0,040 1550 45
Sheep wool [21] 0,035 1000 13
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Finally, the term Q
. 

surf,i regroups the heat transfers 
through the walls.

The description of the reference building is presented in 
Figure 2. It is to be noted that the present built is located in 
the city of Bechar which is situated 1150 km southwest of the 
capital Algiers with an altitude of 773 m above sea level [16]. 
This building has a surface area of 80 m² and a volume of 240 

m3. The description of its envelope and the thermo-physical 
characteristics of the building materials are given in Table 2. 
It is worth noting that the insulation materials used are listed 
in Table 1 and the various representations of the ETI systems 
are illustrated in Figures 3 to 10.

In the context of this numerical study, it should be noted 
that we have taken into account the factors related to the 

Table 2. Description of building materials for the reference building envelope, (from interior to exterior)

Envelope Description e (mm) λ (W/m. k) Cp (J/kg. k) D (kg/m3) Ep (cm) U- value (W/m².k)
Internal plaster 
coating [18]

20 0,35 936 1000

External walls Hollow concrete 
block [18]

150 1,10 1080 1300 19 2,986

Exterior cement 
coating [18]

20 1,4 1080 2200

Adjacent walls Plaster coating [18] 20 0,35 936 1000
14 2,030Hollow brick [18] 100 0,48 936 900

Plaster coating [18] 20 0,35 936 1000
Tiling [18] 20 2,1 936 2200
Cement mortar [18] 20 1,4 1080 2200 35 2,594

Low floor in 
contact with the 
ground

Sand and gravel [18] 50 1,2 792 1800

Heavy concrete [18] 250 1,75 1080 2500
Cement mortar [18] 10 1,4 1080 2200
Cement coating [18] 20 1,4 1080 2200
Hollow slab block 
[18]

160 1,10 1080 1300

Roof Heavy concrete [18] 40 1,75 1080 2500 31 2,392
Sand and gravel [18] 50 1,2 792 1800
Cement mortar [18] 20 1,4 1080 2200
Tiling [18] 20 2,1 936 2200

 Exterior 
carpentry

Thermal transmission coefficient U-value (W/m².k) Solar factor g-value %

Single glazed 
wooden window

5,8 0,855

Wooden entrance 
door

1,8 0,589

Figure 3. Reference wall (uninsulated). Author source Ep = 
19 cm, U = 2.647 W/m². K.

Figure 4. Wall insulated with expanded polystyrene. Au-
thor source Ep = 30.50 cm, U = 0.398 W/m². K.
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Figure 5. Wall insulated by wood wool. Author source
Ep = 30,10 cm, U = 0,310 W/m². K.

Figure 6. Wall insulated by cellulose wadding. Author source
Ep = 31,10 cm, U = 0,288 W/m². K.

Figure 7. Wall insulated with expanded cork. Author source
Ep = 32,10 cm, U = 0,278 W/m². K.

Figure 8. Wall insulated by (cellulose wadding + wood 
wool). Author source
Ep = 34,10 cm, U = 0,249 W/m². K.
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exposure of the materials used to risks of fire and insect 
reproduction, as shown by sheep’s wool of biological origin. 
Furthermore, this insulation (sheep’s wool) was applied as 
a semi-rigid board, rather than in bulk, which also reduces 
the risk of fire. On the other hand, for the natural insula-
tions used (cellulose wadding and sheep wool) have been 
protected against several hazards, including fire, insects, 
and mold, by using borax salt, a simple mineral substance 
extracted from certain borax-rich rocks, also it acts as a nat-
ural fungicide and insecticide, thus protecting against mold 
and insects. Additionally, it has fire-retardant properties 
[22], making it an excellent choice for fire protection.

RESULTS AND DISCUSSION 

This last section is devoted to presenting the results 
obtained by the various procedures described above. It is 
important to note that during the processing of numerical 
results, depending on the scenario studied and the type of 
material used (synthetic or natural), a comparison will fre-
quently be made with the reference state, which includes 
all thermo-physical characteristics (thermal conductivity, 
thermal capacity and density), at ambient temperature. This 
knowledge is essential for determining the variation of the 
property studied with respect to the measurement tempera-
ture. To achieve this, throughout all presentations of the 
results obtained, the relative ratio and percentage deviation 

of the property studied will be calculated to determine the 
rate of dephasing recorded at a given temperature relative 
to the reference temperature. To accomplish this, we first 
present the evolution curves of the exterior and interior 
temperatures over time during the two respective winter 
and summer periods. These correspond to the coldest and 
hottest day of the year 2022 (January 7th and July 22nd), as 
shown in Figures 11(a) and 11(b). From these representa-
tions, we can clearly observe that there is a problem with 
comfort and a significant thermal loss.

The curves of the variation of the indoor temperature 
as a function of time for the different scenarios followed, 
during the two daily periods, “winter” and “summer” (24 
hours), are shown in Figures 12(a) and 12(b) respectively. 
From these figures, we mainly notice that the indoor tem-
perature, for all types of tested scenarios, varies over time 
and according to the studied period. For the two tested 
periods, the indoor temperature for the different scenarios 
is clearly higher than that recorded at the reference tem-
perature, with a maximum dephasing reaching values lower 
than 3.10°C. We observe that natural-based systems show 
better results for both studied periods (winter and sum-
mer). Therefore, the effect of natural-based systems is more 
effective than the synthetic-based system (expanded poly-
styrene) with a thermal lag of 0.19°C.

In contrast, the evolution of the thermal resistance of 
different insulation according to their thickness is shown 

Figure 9. Wall insulated by hemp fiber. Author source
Ep = 34,10 cm, U = 0,231 W/m². K.

Figure 10. Wall insulated by sheep wool. Author source
Ep = 35,10 cm, U = 0,194 W/m². K.
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Figure 11. Evolution of the outdoor and indoor temperature as a function of time in the northern zone "living room". 
(a): Winter period, (b): Summer period.

Figure 12. Evolution of the indoor temperature as a function of time for the different scenarios of the northern zone "living 
room". (a): Winter period, (b): Summer period.
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in Figure 13. We can observe essentially that the increase in 
thermal resistance is mainly correlated with an increase in 
thickness for each type of insulation. 

According to various authors [23-25], the thicker the 
thermal insulation, the lower the heat transfer through it, 
and therefore the higher the thermal resistance because R 

     

     

     

Figure13. Evolution of the thermal resistance of insulators according to their thickness. (a): Expanded polystyrene, 
(b): Wood wool, (c): Cellulose wadding (d): Expanded cork, (e): Hemp fiber, (f): Sheep wool.
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= 1/U (m². k/W). On the other hand, the thermal conduc-
tivity does not depend on the thickness of the insulation, 
which rather affects its thermal resistance [25]. Based 
on Lakatos & al’s research., the thermal conductivity of 
expanded materials was found to be dependent on thick-
ness [23]. They proved that the thermal conductivity does 
not depend on the thickness of the samples, Unlike the 
values of thermal resistance, which increase compared to 
the data calculated from the measurement. Another study 
conducted on sheep wool [26] indicated that thermal 
resistance increases with the increase in sample thickness 
from 40 to 80 mm at different average temperatures. In 
our study, we can conclude that the minimum resistance 
was recorded by wood wool R=1.90 m². k/W with a thick-
ness of 8 cm, and the maximum thermal resistance was 
recorded for sheep wool R=3.43 m². k/W with a thickness 
of 12 cm, which clearly shows a dependent relationship 
between thermal resistance and thickness for this type of 
insulation.

In order to better analyze the results obtained, we 
have grouped together the variation in thermal conduc-
tivity as a function of density for the different categories 
of insulation tested and presented them in Figure 14. 
From these histograms, we can observe a proportional 
relationship between the thermal conductivity of the 
insulations studied and their densities. Specifically, we 
observed an inverse relationship for “expanded polysty-
rene” and a direct relationship for the following insula-
tions: “sheep’s wool, hemp fiber, cellulose wadding, wood 
wool, and expanded cork.”

The use of expanded polystyrene resulted in an increase 
in density and a lower thermal conductivity value. This 
phenomenon can be explained by the reduced volume of 
air within the material, which reduces heat transfer by 
convection and subsequently lowers the thermal conduc-
tivity values. Similar results have been reported by various 
authors [27,28], who have attributed this correlation to the 
structure of the insulating material and the testing meth-
odology employed. However, for natural-based thermal 

Figure 14. Evolution of the thermal conductivity of insulators as a function of their density.

Table 3. Annual heating and cooling requirements of the reference building and the Eco index for each improvement scenario

Wall insulation systems (ETI)

Under 
coating by:

Under cladding by :

Scenario type Reference 
building

Expanded 
polystyrene

Wood 
wool

Cellulose 
wadding

Expanded 
cork

Cellulose 
wadding + 
Wood wool

Hemp 
fiber

Sheep 
wool

Heating [kWh] 8040 4074 3923 3889 3869 3821 3794 3733
Cooling [kWh] 8621 6019 5920 5897 5885 5851 5835 5796
Total (Heat+Cool) [kWh] 16661 10093 9843 9786 9754 9672 9629 9529
Total (Heat+Cool) [kWh/m².year] 208,26 126,16 123,04 122,33 121,93 120,90 120,36 119,11
Ieco [kWh/m². Year] - 82,10 85,22 85,93 86,33 87,36 87,90 89,15
Reduction % - 39,42 40,92 41,26 41,45 41,95 42,21 42,81
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insulation systems, higher density values correspond to 
higher thermal conductivity values. This trend has also 
been observed in several studies [29-33] that utilized nat-
ural fibers such as hemp, sheep’s wool, bamboo, rice straw, 
and jute fiber.

It should be noted that this finding of proportionality 
between thermal conductivity and density for natural-based 
insulating materials can also be derived inversely. This was 
highlighted in the study conducted by Kosinski et al. [34], 
which focused on thermal insulation materials like hemp 
fibers. The study found an inverse proportionality between 
thermal conductivity and density. Specifically, the variation 
showed that there is an optimal density point at which ther-
mal conductivity is minimized.

The values of the annual heating and cooling require-
ments of the reference building in addition to the Eco Index 
for each improvement scenario are summarized in Table 3 

and illustrated in Figure 15. It is to be noted that the Eco 
index represents the difference between the heating and 
cooling needs of the reference building and the scenario 
tested.

Based on the achieved percentage of energy savings 
(for heating and cooling), it is necessary to conduct an 
economic comparison to confirm the economic viability 
of the presented insulation materials mentioned above. In 
this regard, we provide an economic comparison in Table 4 
and Figure 16, considering the overall cost of each insula-
tion material and the applied ETI technique. These results 
clearly demonstrate the positive impact of utilizing such 
insulation materials in enhancing the energy performance 
of the analyzed building, in order to better analyze the 
results obtained for the various thermal insulation materi-
als tested.

Table 4. Cost of each insulation material and the ETI technique applied

Technique Under coating Under cladding

Insulation materials Expanded 
polystyrene 
(80 mm)

Wood wool 
(80 mm)

Cellulose 
wadding 
(90 mm)

Expanded 
cork 
(100 mm)

Cellulose 
wadding 
(60 mm) + 
Wood wool 
(50 mm)

Hemp fiber 
(120 mm)

Sheep wool 
(120 mm)

Overall cost of insulating 
materials [DZD/m²]

1120,50 2100 2454 3930 2949 2304 2772

Overall cost for each ETI 
technique [DZD/m²]

3473,30 4194,33 4548,33 6024,33 5289,27 4221,87 4866,33

Figure 15. Annual energy requirements in kWh/m². Year and eco index for each improvement scenario.
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CONCLUSION 

In this paper, we have proposed external thermal insu-
lation techniques for vertical walls of local buildings in hot 
and arid areas. We present a system using under coating 
(wet process) with expanded polystyrene (EPS) and six 
systems under cladding (dry process) using insulating 
materials of natural origin, in order to improve the energy 
performance, comfort and possible energy savings in res-
idential buildings in Bechar. To accomplish this, we con-
ducted a numerical simulation using TRNSYS software 
which yielded the following syntheses:
• The ETI techniques for vertical walls, presents a very 

important reduction in energy consumption (improved 
thermal behavior of envelope);

• Natural based materials offer better thermal insulation 
efficiency than synthetic materials, provided that the 
thickness of the insulator is taken into account;

• The most effective ETI technique among those pro-
posed in terms of energy savings is the ETI system using 
sheep wool cladding, which reduces energy consump-
tion by 42.81% with an average investment cost around 
4866,33 DZD/m² from the economical view.
The reasons why the system of insulation under clad-

ding based on sheep’s wool outperforms all the other pro-
posed systems, can be explained as follows:
• The thickness and nature of the thermal insulator and 

the overall composition of the insulation system. In 
particular, a 12cm-thick panel of sheep wool was used, 
making it the thickest insulation material studied and 
improving the efficiency of the system 

• Sheep’s wool has good physical and thermal properties 
compared to the other insulation materials studied, par-
ticularly its thermal conductivity coefficient (λ = 0.035 
W/m. k), which is the lowest among all the materials 

proposed (expanded polystyrene, wood wool, cellulose 
wadding, expanded cork and hemp fiber).
It should also be noted that the system of insulation 

under cladding is characterized by the presence of an addi-
tional insulating layer represented by air, which is a good 
insulator due to its low coefficient of thermal conductivity 
(λ = 0.025 W/m. k), contrary to the system under coating. 
In the case of the system under cladding based on sheep 
wool the thickness of the air layer was increased by 1 cm 
compared to other insulation systems under cladding, 
which allowed the system in its total composition to have 
a heat transmission coefficient lower than that of other sys-
tems (U = 0.194 W/m². k) and therefore, it was selected as 
the best system of thermal insulation and energy saving. 

However, the findings from the different systems stud-
ied paved the way for several future research directions:
• Developing a thermal insulation system for the roof 

based on natural materials and studying its hygrother-
mal and energetic behavior;

• Studying the coupling of external thermal insulation of 
the vertical walls and the roof with the aim of passing 
from a high energy performance building (from 91 to 
151 kWh/m². Year) to an economical building (< 50 
kWh/m². Year);

• Comparing the thermo-physical properties of sheep 
wool with the properties of mineral wool and glass 
wool, which are widely used as natural thermal insula-
tors of inorganic origin.

NOMENCLATURE 

IEA International Energy Agency
EPS  Expended Polystyrene
ETI  External Thermal Insulation
OSB Oriented Standard Boards
TRNSYS Transient System Simulation program

Figure 16. Ultimate cost of insulation materials and the various ETI techniques used.
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ISO International Organization for Standardization
ASHRAE American Society of Heating, Refrigerating 

and Air-Conditioning Engineers
HVAC Heating, ventilation and air conditioning 

systems
DZD Algerian dinar
e thickness of material, mm
R  thermal resistance, m². k/W
Cp  specific heat capacity, J/kg. k
D  density of the material, kg/m3

Tout  outdoor temperature, °C
Tin  indoor temperature, °C
Tzone,i  temperature of comfort zone i, °C
Tvent,i  temperature of the air entering zone i through 

mechanical ventilation, °C
V
.
inf,i  air flow entering zone i through the opening, 

m³/s
V
.
vent,i  airflow entering zone i through mechanical 

ventilation, m³/s
V
.
i  volume of comfort zone i, m³

Ep total wall thickness, cm
U  thermal transmission coefficient, W/m². k
g solar factor, %
Ieco  economic index, Wh/m². year

Greek symbols
λ  thermal conductivity, W/m. k 
r  density of air, kg/m³

ACKNOWLEDGEMENTS 

The authors wish to thank the Directorate General 
for Scientific Research and Technological Development 
(D.G.R.S.D.T., Algeria) for the financial support of this 
work. Thanks to the professors and the student members of 
LMS (Laboratoire Mécanique des Structures).

AUTHORSHIP CONTRIBUTIONS

Authors equally contributed to this work.

DATA AVAILABILITY STATEMENT

The authors confirm that the data that supports the 
findings of this study are available within the article. Raw 
data that support the finding of this study are available from 
the corresponding author, upon reasonable request.

CONFLICT OF INTEREST

The author declared no potential conflicts of interest 
with respect to the research, authorship, and/or publication 
of this article.

ETHICS

There are no ethical issues with the publication of this 
manuscript.

REFERENCES

 [1] Hejri S, Malekshah EH. Cooling of an electronic 
processor based on numerical analysis on natural 
convection and entropy production over a dissipat-
ing fin equipped with copper oxide/water nanofluid 
with Koo-Kleinstreuer-Li model. Therm Sci Eng 
Prog 2021;23:100916. [CrossRef]

 [2] Hejri S, Kamali D, Malekshah EH. An experimen-
tal/numerical hydrothermal-Second law analysis of 
a finned/tubular heat exchanger using Bhatnagar-
Gross-Krook Lattice Boltzmann (BGKLBM) 
and rheological-thermal behavior of Fe2O3-
water. Int J Numer Methods Heat Fluid Flow 
2020;31:2308−2329. [CrossRef]

 [3] Shariatifard A, Kamali D, Hejri S, Malekshah EH. 
Smoothed/profile lattice Boltzmann method for 
hydrothermal analysis of a corrugated parabol-
ic-trough solar collector filled with nanofluid pre-
dicted by Koo-Kleinstreuer-Li model. Int J Numer 
Methods Heat Fluid Flow 2022;32:1421−1439. 
[CrossRef]

 [4] Malekshah EH, Hussein AK, Kolsi L. Convective 
flow over heat dissipating fins for application of 
electronic package cooling using curved boundary 
scheme lattice Boltzmann method. Int J Numer 
Methods Heat Fluid Flow 2023;33:1184−1202. 
[CrossRef]

 [5] Gullbrekken L, Grynning S, Gaarder JE. Thermal 
performance of insulated constructions-experimen-
tal studies. Buildings 2019;9. [CrossRef]

 [6] Wahlström MH, Harsman B. Residential energy 
consumption and conservation. Energy Buildings 
2015;102:58−66. [CrossRef]

 [7] Benoudjafer Ib, Ghomari F, Mokhtari A. Etude com-
parative relative à l'efficacité énergétique de deux 
appartements situés à Béchar. Revue des Energies 
Renouvelables 2012;15:1−12. [CrossRef]

 [8] Benoudjafer Ib, Zemmouri N, Benoudjafer I. Étude 
De L'Amelioration De La Performance Energétique 
De Bâtiments Résidentiels À Climat Sec Et Chaud. 
Courrier du Savoir 2018;26:245−258.

 [9] Ben Amor R, Gueddich N. Amélioration de la per-
formance énergétique des Bâtiments résidentiels 
en Tunisie entre le choix et l'exigence. Recherche 
Avancée en Science et Technologie 2020;7:1−11.

[10] Mansour SS. Evaluating the thermal performance 
of the external walls in the residential houses 
at the dry and hot areas. Arch Arts Magazine 
2019;4:309−321.

[11] Necib H, Belakroum R, Belakroum K. Amélioration 
de l'isolation thermique des habitats dans les régions 
chaudes et arides. Applied Energetics and Pollution, 
Third International Conference of Energy, Materials. 
ICEMAEP2016, October30-31, 2016 Constantine, 
Algeria. 2016:964−971.

https://doi.org/10.1016/j.tsep.2021.100916
https://doi.org/10.1108/HFF-08-2020-0497
https://doi.org/10.1108/HFF-01-2021-0071
https://doi.org/10.1108/HFF-07-2022-0423
https://doi.org/10.3390/buildings9020049
https://doi.org/10.1016/j.enbuild.2015.05.008
https://doi.org/10.54966/jreen.v15i1.296


J Ther Eng, Vol. 10, No. 2, pp. 308−320, March, 2024320

[12] TRNSYS. Version 16. Getting Started-a tran-
sient system simulation program user's manual. 
Solar Energy Laboratory, University of Wisconsin, 
Madison, U.S.A. 2006.

[13] International Organization for Standardization 
(ISO). Ergonomics of the thermal environment 
- Analytical determination and interpretation of 
thermal comfort using calculation of the Predicted 
Mean Vote (PMV) and the Predicted Percentage of 
Dissatisfied (PPD) indices and local thermal com-
fort criteria. ISO 7730. Geneva: ISO. 1994.

[14] American Society of Heating, Refrigerating and 
Air-Conditioning Engineers. ASHRAE Handbook: 
Refrigeration. Atlanta: American Society of Heating, 
Refrigerating and Air-Conditioning Engineers. 
2017.

[15] TRNSYS. Version 16. Multi-zone-Building-a tran-
sient system simulation program user's manual. 
Solar Energy Laboratory, University of Wisconsin, 
Madison, U.S.A. 2006.

[16] Wikipedia [online]. Available from: https://
Fr.wikipedia.org/wiki/Bechar.

[17] Trachte S, De Herde A. Elaboration d'un outil d'aide 
à la conception de maisons à très basse consomma-
tion d'énergie: choix des matériaux - écobilan de 
parois annexes 1. Louvain la neuve. 2010.

[18] Ministère de l'Habitat. Réglementation thermique 
des bâtiments d'habitation: règles de calcul des 
déperditions calorifiques DTR C 3-2. Doc. Tech. 
Règlementaire, Ministère de l'habitat, Algérie. 1997.

[19] Bilan THERMIQUE Economie d'énergie [online]. 
Available at: http://www.bilan-thermique-28.fr/
coef_thermiques-1.html.

[20] 2-fascicule matériaux [online]. Available at: http://
www.rt-batiment.fr/IMG/pdf/2-fascicule_materi-
aux.pdf.

[21] L. E. Reseau and E. Info. Guide des materiaux iso-
lants. France. pp. 1−32.

[22] Hakki IU, Deveci I, Baysal E, Turkoglu T, Toker H, 
Peker H. Thermal analysis of oriental beech wood 
treated with some borates as fire retardants. Maderas 
Cienc Y Tecnol 2016;18:293-304.

[23] Lakatos Á, Kalmár F. Investigation of thickness 
and density dependence of thermal conductivity of 
expanded polystyrene insulation materials. Mater 
Struct 2013;46:1101−1105. [CrossRef]

[24] Sahu DK, Sen PK, Sahu G, Sharma R, Bohidar S. A 
review on thermal insulation and its optimum thick-
ness to reduce heat loss. Int J Innov Res Sci Technol 
2015;2:1−11.

[25] Asdrubali F, D'Alessandro F, Schiavoni S. A review 
of unconventional sustainable building insulation 
materials. Sustain Mater Technol 2015;4:1−17. 
[CrossRef]

[26] Zach J, Korjenic A, Petranek V, Hroudova J, Bednar 
T. Performance evaluation and research of alter-
native thermal insulations based on sheep wool. 
Energy Buildings 2012;49:246−253. [CrossRef]

[27] Asdrubali F, Bianchi F, Cotana F, D'Alessandro F, 
Pertosa M, Pisello AL, Schiavoni S. Experimental 
thermo-acoustic characterization of innovative 
common reed bio-based panels for building enve-
lope. Building Environ 2016;102:217−229. [CrossRef]

[28] Ye Z, Wells CM, Carrington CG, Hewitt NJ. Thermal 
conductivity of wool and wool-hemp insulation. Int 
J Energy Res 2006;30:37−49. [CrossRef]

[29] Istoan R, Tamas-Gavrea DR, Manea DL. Experimental 
investigations on the performances of composite 
building materials based on industrial crops and vol-
canic rocks. Crystals 2020;10:1−21. [CrossRef]

[30] Hegyi A, Bulacu C, Szilagyi H, Lazarescu AV, Meita 
V, Vzureanu P, et al. Improving indoor air quality by 
using sheep wool thermal insulation. Mater (Basel) 
2021;14:1−14. [CrossRef]

[31] Nguyen DM, Grillet AC, Diep TMH, Bui QB, 
Woloszyn M. Influence of thermo-pressing condi-
tions on insulation materials from bamboo fibers 
and proteins based bone glue. Indust Crops Products 
2018;111:834−845. [CrossRef]

[32] Wei K, Lv C, Chen M, Zhou X, Dai Z, Shen D. 
Development and performance evaluation of a new 
thermal insulation material from rice straw using 
high frequency hot-pressing. Energy Buildings 
2015;87:116−122. [CrossRef]

[33] Zakriya GM, Ramakrishnan G. Insulation and 
mechanical properties of jute and hollow conjugated 
polyester reinforced nonwoven composite. Energy 
Buildings 2018;158:1544−1552. [CrossRef]

[34] Kosinski P, Brzyski P, Szewczyk A, Motacki 
W. Thermal properties of raw hemp fiber as a 
loose-fill insulation material. J Natural Fibers 
2018;15:717−730. [CrossRef]

https://doi.org/10.1617/s11527-012-9956-5
https://doi.org/10.1016/j.susmat.2015.05.002
https://doi.org/10.1016/j.enbuild.2012.02.014
https://doi.org/10.1016/j.buildenv.2016.03.022
https://doi.org/10.1002/er.1123
https://doi.org/10.3390/cryst10020102
https://doi.org/10.3390/ma14092443
https://doi.org/10.1016/j.indcrop.2017.12.009
https://doi.org/10.1016/j.enbuild.2014.11.026
https://doi.org/10.1016/j.enbuild.2017.11.010
https://doi.org/10.1080/15440478.2017.1361371

