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o aiming to determine the optimal thickness for the roof
building. of a traditional residential building in the semi-arid
climate. The study evaluated the effectiveness of an
insulation material composed of 60% cardboard and
40% straw, with varying thicknesses.

TRNSYS software was used to simulate the thermal behavior of the building. The study’s
results reveal that the optimal thickness is 4 cm, providing the best thermal performance by
reducing maximum indoor temperatures by 2.67°C during the hottest months, leading to a
37.93% reduction in annual cooling energy demand. Furthermore, the 4 cm panels represent the
best compromise between thermal performance, resource efficiency, and economic feasibility. In
conclusion, this study provides valuable insights for the design of more energy-efficient buildings
through optimized thermal insulation. Future research should explore additional factors
influencing building performance, such as the long-term durability of materials in different
climates, as well as the impact of building occupancy and orientation. Although this study has
certain limitations in its analysis of specific parameters and alternatives, it makes a significant

contribution to understanding the performance of buildings with ecological insulation.
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1. INTRODUCTION

In recent years, humanity has faced two major challenges: the energy crisis and environmental
issues [1]. Currently, the building sector is the largest energy consumer, accounting for over 36% of
total global energy consumption [2] and responsible for more than 30% of global carbon dioxide
(CO2) emissions [3,4]. The building envelope consists of the elements that provide thermal
separation between the interior and exterior. The thermal performance of this envelope is crucial,
as over 60% of heatloss occurs through walls and roofs [5], the latter is the most exposed to climatic
conditions [6]. It plays a fundamental role in regulating the internal temperature, significantly
contributing to the thermal load from outside [7]. In hot climates, the roof can account for up
to 50% of a building’s total thermal load. Therefore, improving the thermal characteristics of
the roof can notably reduce the energy consumption required for cooling buildings [8]. On the
other hand, inadequate insulation can lead to significant energy loss, increasing the demand for
heating or cooling, and consequently, energy consumption. In this regard, the use of insulating
materials in the building envelope helps reduce energy losses throughout the year by optimizing
the efficiency of heating and cooling systems [9][10].

In this context, experimental research conducted by Alvardo and his collaborators on laboratory
prototypes revealed that a hybrid system combining an insulating material and a reflector installed
on the roof reduced thermal conduction by 65% to 88% compared to a control prototype [11].
A study conducted in Japan showed that installing lawns on roofs reduced the maximum air
temperature by 3 to 4°C during the summer season [12]. Charai et al. [13] examined the thermal
efficiency of hemp-gypsum biocomposites and their role in reducing the energy consumption
of a model building adapted to semi-arid climates, whether cold or hot, based on the climatic
conditions of the cities of Oujda and Marrakech. The study was carried out using the EnergyPlus
software. The findings of this research reveal that roof insulation with a 5 cm thick hemp-gypsum
board reduces overall energy demand (heating and cooling) by 4.7% in Oujda and 5.4% in
Marrakech. Additionally, a simulation study conducted with Transys indicates that using 8 cm
of hemp wool for roof insulation can achieve significant energy savings, with reductions of up
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to 36.7% for cooling and 35.2% for heating [14]. These studies clearly demonstrate that building
envelope insulation contributes to substantial energy savings, with a particular focus, in most
cases, on reducing heat gains at the roof level.

Despite the variety of existing studies, the effect of roofing insulation using a mixture of cardboard
and straw has not yet been explored. Therefore, this work aims to provide a comprehensive
understanding of the impact of an insulation composed of 60% cardboard and 40% straw, applied
in various thicknesses ranging from 4 to 12 cm, on the energy performance of a typical residential
building. Additionally, a detailed parametric study is presented, analyzing the influence of this
insulation on the building’s energy efliciency through simulations conducted using TRNSYS
software. The primary objective is to determine the optimal thickness of the insulation suited
to the semi-arid climate conditions of the city of Beni Mellal and assess its effect on indoor
temperature as well as energy demand for cooling.

2. METHODOLOGY

The approach adopted in this study consists of analyzing the energy efficiency and thermal
comfort of a traditional house located in the city of Beni Mellal. The first step aimed to identify
the deficiencies of the house to formulate recommendations for reducing energy consumption
and improving indoor environmental quality through passive strategies. The methodology
then involves conducting simulations for an ecological insulation with varying thicknesses to
assess the performance of the insulation material. These simulations were conducted using
Trnsys software, a reliable tool for modeling the thermal behavior of buildings. To determine the
optimal thickness, the simulation results were analyzed for each thickness to examine their effect
on the internal surface temperature of the roof. We then evaluated the impact of this optimal
thickness on indoor thermal comfort and on reducing energy consumption for cooling. To clarify
the methodology, a flowchart was presented in Figure 1, illustrating the research process. This
approach allowed for the determination of the most effective insulation thickness, applicable to
the design and construction of energy-efficient buildings in semi-arid regions.
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Figure 1. Organisation chart of the work.

2.1. Simulating building energy transfer: mathematical and physical models

The aim of our study, carried out using TRNSYS simulation software, is to assess the energy
efficiency of a building. The model simulates the building structure in the SketchUp environment

Solar Energy and Sustainable Development, Special Issue (MSMS2E), October, 2024. 80



Mohammed Benfars et. al.

and uses the TRNSYS type 56 module (TRNBUILD) to detail the structure as a function of
building materials (thicknesses, thermophysical properties), air infiltration levels, occupancy
planning, lighting, and other parameters.

The three modes of heat transfer in the building are as follows:

a- Conductive heat transfer:

The walls of the building are modelled using the conductive transfer function method (based
on the approach of Stephenson and Mitalas), which allows the transfer of heat by conduction
through the various surfaces of the building to be represented.

G, =D, @ Tl = " BT =" d'qL, (1)
RED IR M DN M AN (2)

Where ¢, and g represent the heat fluxes exiting and entering the wall, respectively. The
temperatures of the external and internal surfaces of the wall are denoted as Ty and T;; (see
Figure 2). The equations (1) and (2) describe time series of heat fluxes and surface temperatures,
where the exponent k denotes the time step k=0 corresponds to the current hour, and k=0 to the
previous hour). The coeflicients a,b,c, and d define these time series.

b- Convection heat transfer:

The equations for the heat flows exchanged by convection near the inner and outer surfaces of
the wall are as follows:

qc,s,o = houtside (T;z,s o T:v,o) (3)

qc,s,[ = hinside (]-l' - ]-;‘l) (4)
hinsize and houssiae represent the convective heat transfer coeflicients for the interior and exterior
surfaces, respectively. Ti,9 and T, on the other hand, denote the ambient air temperatures
outside and inside the thermal zone, respectively.

c- Radiative Heat Transfer:
The formula for the heat flux exchanged through radiation is:

qr,s,o = ‘C"s,o(T:,‘o _T;‘;ky) (5)

where :

o : the Stefan-Boltzmann constant.

&0 : the long-wave emissivity of the outer wall surface.

Ty : the fictitious temperature of the sky with respect to the longwave radiation exchange.
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Figure 2. Heat fluxes and temperatures near the wall.
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2.2. Building and Materials Description

The studied building is a single-family, one-story construction with a total area of 74 m” and
an interior height of 3 meters. It is organized into four distinct thermal zones: two bedrooms,
a living room, and a bathroom, as detailed in Figure 3 which gives an overview of the building,
highlighting its architectural and functional specifics. The thermophysical properties of the

construction materials, including their thermal conductivity, density, and specific heat capacity,
are detailed in Table. 1.
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Figure 3. Layout of the building modelled for this study.

Figure 3. Layout of the building modelled for this study.

. Thermal conductivi Specific Heat capaci Densi
Materials (W/m K) v Uhg) v (kg/m?;
Concrete [15] 1.7 880 2240
Cement mortar[16] 0.93 1050 1800
Concrete masonry [17] 1.1 1000 2076
insulation panel [18] 0.080 1626.4 281.1

2.3. Climatic conditions

The city of Beni Mellal (latitude: 32.367°, longitude: -6.4°, altitude: 472 m) is located in a region
characterized by a Mediterranean climate heavily influenced by semi-arid conditions. This climate
is marked by high temperatures during the dry season, which extends from May to October.
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Figure 4. Outdoor air temperature of Beni Mellal city.
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During this period, daytime temperatures frequently range between 38 and 40 °C, with warm
nights as well, as shown in Figure 4. For this research, climate data was generated using version
8 of Meteonorm, ensuring accuracy in the climatic conditions specific to this region for thermal
simulations.

3. RESULTS AND DISCUSSIONS

3.1. Effect of Insulation on Roof Surface Temperatures

Figure 5. shows the variation in temperatures on the exterior and interior surfaces of the roof,
with and without insulation, over a 24-hour period during the hottest month. The results reveal
that the maximum temperature of the upper surface of the roof reaches 57.19°C regardless of the
configuration type, due to the homogeneous concrete composition. However, data from Figure 5.
and Table. 2. clearly demonstrate the significant impact of insulation panel thickness on several
critical thermal parameters, such as the soffit temperature, time lag, and decrement factor.
Without insulation, the maximum soffit temperature of the roof is 43.45°C, leading to thermal
discomfortfor occupantsdue to harmfulinfrared radiation. Thermal insulation panels significantly
reduce this temperature: 35.53°C for a 4 cm thickness, 33.73°C for 8 cm, and 32.79°C for 12 cm,
thus improving the thermal insulation properties.
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Figure 5. Top and bottom surface temperatures of the slab without insulation, and with 4 cm, 8 cm, and 12 cm
thick insulation over a period of 24 hours during the hottest month, July.

Table.2. Decrement factors of the evaluated models.

Type of roof Roof top maximum Roof soffit maximum Time lag Decrement
temperature (°C) temperature (°C) (hours) factor
Roof without insulation 57.19 43.45 4 0.46
Roof with 4cm insulation 57.19 35.53 7 0.20
Roof with 8cm insulation 57.19 33.73 9 0.14
Roof with 12cm insulation 57.19 32.79 11 0.11

Insulation panels also improve the time lag. For a non-insulated roof, the thermal lag is 4 hours,
whereas it increases to 7, 9, and 11 hours for 4 cm, 8 cm, and 12 cm thick panels, respectively. In
contrast, similar results were obtained in another study, where a 25 mm thick bamboo insulation
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layer provided a 3-hour delay [19]. This suggests that the insulation investigated in this study has
greater potential to effectively modulate thermal variations.

The decrement factor, which quantifies the reduction in thermal amplitude, shows a similar
trend. It is 0.46 for the non-insulated roof, compared to 0.20, 0.14, and 0.11 for 4 cm, 8 cm, and
12 cm thick panels, respectively. This improvement indicates that the panel thickness contributes
to the increased ability of the roof to attenuate thermal fluctuations.

However, the difference in thermal performance between 8 cm and 12 cm thick panels is
relatively small. Indeed, the temperature difference is only 0.94°C and the decrement factor
shows a minimal difference of 0.03. Increasing the thickness to 12 cm results in higher material
consumption, which may compromise economic feasibility. On the other hand, although 8 cm
panels are twice as thick as 4 cm panels, the comparison between them reveals only a 1.8°C
difference in soffit temperature and a variation of 0.06 in decrement factors. These differences are
also minor; therefore, 4 cm panels represent the best balance between thermal performance and
resource efficiency.

3.2. Effect of Insulation on Indoor air Temperature

Figure 6. Shows the variations in air temperature over the three months of the hot season, from
June to August. The results reveal that for an uninsulated roof, the indoor temperature ranges
from 25.12 °C to 36.80 °C. In contrast, the addition of 4 cm thermal insulation panels reduces this
range to 24.79 °C - 34.13 °C. This reduction of 2.67 °C in maximum temperatures is particularly
significant in terms of thermal performance, as it reduces the need for air conditioning systems,
thereby decreasing energy consumption and operational costs.

The effectiveness of the insulation panels is also highlighted by the comparative analysis of the
reduction in indoor temperature relative to the outside temperature. Without insulation, the
indoor temperature is 11.68 °C lower than the outside temperature. However, with the integration
of the panels, this difference increases to 13.94 °C, marking an improvement of 2.26 °C. This
improvement underscores the contribution of the insulation panels to enhancing the thermal
comfort of indoor spaces.

|l
TV g

Figure 6. Indoor air temperature of the slab without insulation and with 4 cm insulation during the hot period
from June to August.
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Furthermore, the analysis of thermal fluctuations reveals a notable improvement in thermal
stability. For the uninsulated roof, the amplitude of indoor temperature fluctuation ranges between
2.69 °C and 5.07 °C, indicating a significant thermal response to external climatic variations that
could compromise indoor comfort. In contrast, with the insulation panels, this fluctuation range
is reduced to between 1.24 °C and 2.72 °C, indicating increased thermal stability. This reduction
in thermal fluctuation demonstrates the panels’ ability to better manage temperature variations,
contributing to a more stable indoor environment. In conclusion, the integration of 4 cm thermal
insulation panels under roof significantly enhances the thermal performance of the envelope.
The results highlight not only an effective reduction in indoor temperatures but also a decrease
in thermal fluctuations.

3.3. Effect of Insulation on Cooling Energy Loads

Figure 7. shows the annual and monthly cooling loads. A detailed analysis of the monthly results
from the thermal simulation reveals that the integration of 4 cm thick heat insulation panels
significantly reduces energy requirements for air conditioning, especially during the hottest
months. In June, energy demand decreased by 40.8%, while in July and August, it reached
reductions of 33.9% and 31.5% respectively. These results highlight the exceptional efficiency
of insulation panels during periods of high temperature. Over an annual period, the data show
that the air conditioning energy demand for an uninsulated roof is 103.44 kWh/m? per year.
In contrast, applying the insulation panels reduces this demand to 64.2 kWh/m? per year,
representing an overall decrease of 37.93%. In comparison, a similar study using hemp insulation
with a thickness of 8 cm showed a 36.7% reduction in cooling load [20]. Although the materials
and thicknesses differ, our study demonstrates that the application of ecological panels results in
a slightly higher energy savings, especially with a thickness of 4 cm, offering greater flexibility
and efficiency in reducing energy consumption. These results suggest that our approach is not
only comparable but potentially more advantageous in terms of energy efficiency, while using a
bio-based material that could also provide benefits in terms of sustainability and environmental
impact.

w
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1/l Roof with 4 cm insulation

N
(3]
1

N
o
]

-
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Figure 7. Monthly cooling for the slab without and slab with 4cm thick insulation.
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4. CONCLUSION

In summary, this study examined the effectiveness of an eco-friendly thermal insulation material
composed of 60% cardboard and 40% straw, with varying thicknesses, for traditional buildings in
semi-arid climates, specifically in the city of Beni Mellal, Morocco. The objective was to investigate
the impact of this insulation on indoor thermal comfort, energy efficiency, and the reduction of
greenhouse gas emissions.

The simulation results obtained using TRNSYS software highlight the importance of this
insulation in enhancing indoor comfort and reducing cooling energy consumption in hot regions.
An optimal thickness of 4 cm was identified, which reduced maximum indoor temperatures by
2.67°C while maintaining thermal comfort, demonstrating the effectiveness of insulation even
at minimal thickness. The energy impact is also significant, with a 37.93% reduction in annual
cooling demand.

For future research, it is recommended to focus on the long-term performance and durability
of cardboard and straw thermal insulation panels in various climatic contexts. It would also
be relevant to explore additional bio-based or innovative materials that could further enhance
thermal efficiency and durability of the panels. Such investigations will provide valuable insights
for the development of more effective insulation solutions tailored to the specific requirements of
buildings in semi-arid climates like that of Beni Mellal.
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