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Passive optimization of indoor thermal comfort by integrating bio-based materials into the envelope of a classroom : Evidence from an experiment in Bukina Fasoin a Sahelian climate 





.     
.
              . 
                     
	.
..


.



ABSTRACT

	In the Sahel region, which is characterized by extreme temperatures and energy insecurity, improving thermal comfort in school buildings is a major challenge. This study evaluates the effectiveness of a bio-based construction solution integrated into the envelope of a typical school building in Burkina Faso. This solution is a bio-based eco-material made from plant aggregates (rice husks) and plant fibers (kapok) used as a false ceiling and wall coating. A dual approach was adopted: experimental measurements in situ during the hot season and dynamic thermal modeling using Python. The results show a reduction in maximum indoor temperature of up to 8°C, a thermal phase shift of approximately 5 hours, and a decrease of more than 57% in the intensity of thermal discomfort (>32°C) when the eco-material is used in combination with a false ceiling and wall coating. In addition, the theoretical cooling energy demand is reduced by 30%, highlighting the energy benefits of these materials in terms of energy efficiency. These performances, combined with the accessibility of local resources and ease of implementation, position these solutions as credible alternatives for the design of bioclimatic schools adapted to the Sahelian climate. The study also highlights limitations related to hygrothermal sustainability and calls for further work to assess the impact perceived by users and reproducibility on a large scale.
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1. INTRODUCTION

Energy management in the building sector is now central to strategies for climate resilience and reducing greenhouse gas (GHG) emissions (International Labour Organization, 2019). In the Sahelian regions, the building sector accounts for a significant proportion of energy consumption due to designs that are unsuited to local climatic conditions constraints (ADEME et al., 2021; Magniont, 2010; Dejeant et al., 2021). The thermal envelope (roof, walls, joinery, and flooring) is the main vector for unwanted heat transfer: the roof contributes to approximately 25-30% of heat gain, walls to 25%, windows to 10-15%, and floors to 7-10% (ADEME, 2022; Umurigirwa-Vasseur, 2014). The thermal comfort of students in classrooms in these areas is a crucial issue: high temperatures combined with often inadequate natural ventilation can affect health, and cognitive performance and overall comfort. In addition, active equipment (air conditioning, controlled mechanical ventilation) is rarely viable in rural and peri-urban contexts in the Sahel due to high investment and operating costs. In Burkina Faso, most school buildings are constructed from cement blocks and covered with metal roofs without insulation or effective ventilation systems. This configuration leads to extreme overheating during the hot season, when indoor temperatures can exceed 35°C, compromising students' concentration (Bar-Or, 1983). What happens in winter when temperature plumets down to below zero degree?  In addition, children's high body surface area to mass ratio and less efficient sweating reduce their ability to dissipate heat, increasing their thermal vulnerability (Compaoré, 2018). A meta-analysis conducted in a temperate climate identified an indoor neutral temperature of around 22°C as favorable for cognitive performance (Déoux, 2019). Studies In conducted in tropical countries such asclimates, studies conducted in Nigeria, India, and Malaysia have observed significantly higher neutral temperatures (28.2-29.1°C) – this is not clear? Are you referring to the comfort zone? in naturally ventilated premises (Peuportier et al., 2023). The literature focuses mainly on the energy efficiency of residential and commercial buildings (Kaboré, 2020; Cycle Terre, 2020), while schools -are health facilities and other recreation facilities such as community halls studied? in hot and dry tropical climates remain understudied. In light of these shortcomings, passive or active? solutions based on bio-based materials with low environmental impact—such as stabilized raw earth plasters or plant fiber panels—offer significant potential for improving thermal comfort thanks to their thermal inertia and hygrometric properties (Ouédraogo et al., 2023; Steyn et al., 2025; Gbadeyan et al., 2023; Compaore et al., 2022). Numerous recent studies highlight the growing interest in bio-based materials (plant fibers, agricultural waste, mycelium, improved raw earth -or clay?, etc.) in the African context, both for their thermal and environmental potential and their socio-economic benefits (O. Ouedraogo et al., 2025; A. L. S.-N. Ouedraogo et al., 2024; Kiki et al., 2025; Mushtaha et al., 2021). In Cameroon, Ganou Koungang et al. year of publication? evaluated a system based on compressed clay or silt? earth blocks incorporating bio-based aggregates (coconut- shell or coir or what? and Canarium). By comparing this construction to a cinder block building, they demonstrated a 96% gain in comfort compared to 44% of what..? and an energy reduction of approximately 100 kWh/year, as well as a lower carbon footprint (Ganou Koungang et al., 2023). Gbadeyana et al—year?. in South Africa used bagasse ash from sugar cane, palm trees, and rice husks to partially replace cement—cement is hardening material is ash also? , resulting in a reduction in density (-25%) and an increase in strength (up to +65%) – how? for bricks, concrete, and paving stones (Gbadeyan et al., 2023). In Burkina Faso, Sandwidi et al. conducted a hygrothermal test on a prototype house built from earth mixed with Hibiscus cannabinus fibers, demonstrating a reduction in indoor temperature variations and improved thermal inertia (Sandwidi et al., 2023). In addition, a study in this country models bio-based (straw, hemp, reed) and recycled materials for the insulation of office buildings, advocating their adoption in simple, circular –meaning of word? improvements. Our research focuses on evaluating two bio-based solutions integrated into the envelope of schools in the Sudano-Sahelian climate: a plaster-stabilized rice husk wall coating and a false ceiling made of plant-based panels. To this end, we conducted an in situ experimental campaign on a pilot school building and performed dynamic simulations using a Python-transcribed numerical code to quantify the impact of these two systems on thermal and energy performance. 
This article is divided into four main sections. The first section introduces the context and research questions issues addressed in the study. The second section presents details of the pilot site and the experimental methodology used followed by a description of , then describes the modeling carried out in Python and the various simulation scenarios considered. The third section analyzes compares the experimental and numerical results obtained, offering a critical analysis, concrete implications, and practical recommendations. Finally, the fourth section concludes the study by summarizing the main contributions and opening up future perspectives.

2. material and methods

2.1 Study site and climatic characteristics

Ouahigouya (13.58°N, -2.42°E; altitude ≈ 335 m) city is located in the Sahelian region of northern Burkina Faso. Theis city has a semi-arid climate, marked by a prolonged dry season (November to May) and a short but intense wet season (June to September). The average annual temperature is around 29.5°C. Monthly extremes range from 17.7°C in January to 40.8°C in April. Temperature in winter/rainy months?? Annual rainfall is around 735 mm, concentrated mainly in July, August, and September. Annual sunshine exceeds 3,100 hours with average radiation of 5.4 to 6.7 kWh/m²/day. The city experiences significant daily temperature variations of over 15°C, which is favorable for passive thermal adaptation strategies. The following graph (Fig. 1) shows the main monthly average climate indicators for the period 1991-2020.
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Fig.1. Climatic Factors and Variation over the Year in Location climate classification of Ouahigouya City in the Sahelian climate 

These data highlight the extreme nature of the Sahelian climate in Ouahigouya, particularly in terms of temperature and sunshine hours. The intense values y justify the importance of an appropriate method to provide bioclimatic approach for studying thermal comfort in this area.

2.2 Description of the typical school building

2.2.1 Building geometry
The reference school building, representative of most primary schools in Burkina Faso, is parallelepiped in shape. It measures approximately 31 m long, 9 m wide, and 4 m high, with a floor area of 288 m² and an interior volume of approximately 1000 m³. The building rests directly on the ground (earthwork) and is generally located in an open environment, with no vegetation or obstacles nearby. It is correctly oriented along a north-south axis, with the main facades facing north and south (Fig. 2). It consists of three classrooms, an office, a storage room, and a hall (Fig. 3). Each room, designed to accommodate 65 students, is 7 m wide by 9 m long, with an average ceiling height of 3.5 m, a surface area of 63 m², and a volume of 221 m³. The openings include a 1.20 m × 2.20 m door and five 1.20 m × 1.20 m windows. 
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Fig. 2. Photo of a school building (Bourbo A School in Ouahigouya)
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Fig. 3. Floor plan of a typical school building

2.2.2 Composition of the building envelope
The building envelope consists of cement block walls, a reinforced concrete floor, a pre-coated metal sheet roof, and metal louvered doors and windows. The building has no glazing whatsoever. The thermophysical properties of the materials used are summarized in Table 1, based on our experimental tests and the literature.

Table 1.	Thermophysical properties of the various materials used in the standard solar building

	Materials
	e (m)
	λ (W.m-1.K-1)
	ρ (kg.m3)
	cp (J.kg-1.K-1)

	Walls (cement blocks)
	0,200
	1,1
	930
	840

	Coating (cement)
	0,015
	1,4
	892
	1672

	Roof (sheet metal)
	0,0005
	50
	7800
	480

	Floor (concrete screed)
	0,100
	2
	2450
	920

	Openings (iron shutters)
	0,001
	45
	7824
	1090



e: thickness, λ: thermal conductivity, ρ: density, cp: specific heat
A brief discussion on how the material used in building construction contributes to heat management is in order. Then say it is for these reasons that the study of methods leading to efficient heat management in school buildings is needed. 
 
2.3 Description of bio-based materials

The solution implemented is based on a bio-based agro-composite eco-material made from kapok wool and rice husk granules, with plaster-clay or cement? used as a mineral binder. This choice was motivated by the local availability of raw materials and their advantageous thermo-hygrometric properties, particularly in terms of insulation and moisture regulation. This material was incorporated into the building envelope on two levels: as insulating false ceiling panels and as a thin layer of thermoregulatory interior wall coating.

· Insulating false ceiling
The false ceiling consists of 2 cm thick agro-composite panels, with standard dimensions of 120 × 80 × 2 cm, suspended 50 cm below the metal roof to form a continuous air gap. This configuration offers several thermal and technical advantages:
· reduction of direct solar gain, thanks to the combined insulating effect of the material and the air gap;
· attenuation of radiative exchanges, made possible by the low emissivity of the panels and the intermediate air barrier;
· easier installation, thanks to an interlocking system that does not require specialized tools, reducing technical constraints on site.

· Thermoregulatory wall coating
An interior wall coating based on the same agro-composite was applied to the vertical walls in a uniform 2 cm layer. This coating aims to reinforce the thermal inertia of the walls, while ensuring hygrothermal continuity conducive to interior comfort.

· Stabilized compressed earth blocks (BTC)
In addition, and in order to compare the performance of local materials with that of the reference Portland cement, stabilized compressed earth blocks were manufactured and tested. These blocks, measuring 20 × 22 × 11 cm, were stabilized using 1% rice husk ash and 4% Portland cement, with a view to making use of local resources while improving mechanical strength.

All of the thermophysical and mechanical characteristics of these bio-based and geo-based materials were tested in a series of laboratory experiments, the results of which are summarized in Table 2 below.

Table 2.	Thermophysical and mechanical properties of bio-based and geo-based materials

	Matériau
	ρ (kg.m3)
	λ (W.m-1.K-1)
	cp (J.kg-1.K-1)
	Rc (MPa)

	Agro-composite false ceiling
	936  4
	0,135  0,010
	723  10
	3,6  0,4

	Stabilized BTC (walls)
	1839  5
	0,720  0,068
	1994  45
	6,8  0,4

	Agro-composite coating
	650  4
	0,110  0,010
	1400  44
	1,1  0,4



Rc: Mechanical resistance to compression

2.4 Experimental measurements

A series of measurements was taken before and after the bio-based solution was implemented, during the hot season. The parameters measured included the ambient temperature and relative humidity of the indoor and outdoor air, as well as the temperature of surfaces (walls, ceiling)—inner, outer? , using calibrated sensors. The data was recorded every 10 minutes. The equipment used was:
· MSR145 S sensors for ambient temperature and relative humidity.
· WBGT meter 87786 Logger, incorporating: a black globe thermometer (average radiant temperature), an anemometer (air velocity according to EN 13779), and an air thermometer, a hygrometer. The WBGT meter is positioned 1.5 m above the floor to simulate the position of a seated student (Fig. 4).
· Two Graphtec GL240 recorders, each equipped with 10 type J thermocouples (range: - 100°C to + 100°C, accuracy ± 0.5°C) to measure the internal and external temperatures of the walls.
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Fig. 4. Measuring instruments: (a) Measurement of the temperature of the wall facades, (b) Roof temperature measurement (internal face), and (c) WBGT-meter
What is a, b and c?
2.5 Dynamic thermal modeling

A digital temperature? model of the building was developed using Python and validated by comparison with in situ measurements. Five configurations were simulated: reference (no intervention), plaster only, false ceiling only, combination of plaster + ceiling and combination of plaster + ceiling + stabilized BTC.
The thermophysical properties of the materials were integrated into what? based on experimental data. The climatic conditions were taken from a TMY – explain? file adapted to the site. The simulation covers a representative period of three months (March to May) with hourly intervals. It is based on a nodal approach, assuming:
· materials with constant thermophysical properties,
· homogeneous temperatures of the walls and indoor air,
· walls treated as gray bodies,
· the sky as a black body.
Heat balances are established for each surface (wall, roof, floor) interacting with the exterior or interior, as well as for the interior air volume. The system of equations (equations 3 to 13) is then discretized using the implicit finite difference method and formulated in matrix form for numerical resolution.

a) Heat balance of a surface of the envelope in contact with the external environment
The heat balance of the external facades of the walls (east, west, north, south) and the roof is given by equation 1:
                                               (1)
Where  are respectively : temperatures of the external wall and roof (°C), wall heat capacity (J/K), convective heat flow with the outside air (W), radiative heat flow with the sky (W), radiative heat flow with the ground (W), conductive heat flow between the inner and outer walls (W), absorptivity for an external wall, and global solar radiation (W/m²).

b) Temperature in the walls (roof, wall, floor)
One-dimensional conduction model:
    explain parameters in the model                                                                                (2)
c) Heat balance of a surface of the envelope in contact with indoor air
The heat balance of the interior surfaces of the walls (east, west, north, south), roof, ceiling, and floor is given by equation 3:
                                                             (3)
Where  are respectively : temperatures of the internal wall (°C), wall heat capacity (J/K), conductive heat flow between the inner and outer walls (W), convective heat flow with the inside air (W) and radiative heat flow with all walls (W).

d) Thermal convective balance of the indoor air node
             (4)
Where  are respectively : temperatures of air (°C), air heat capacity (J/K), convection coefficient with the inner wall (W/m.K), wall surface (m²), wall temperature (°C), air exchange rate (vol/h) and internal heat gains (W).

e) Indoor air humidity balance
In the building's humidity model, we take into account moisture transfers related to vapor diffusion and condensation on wall surfaces, exchanges through air renewal with the outside, and moisture production due to occupants. Moisture production is 0.18 kg/h for an average person (Compaoré, 2018). The relative humidity balance for the air zone is given by equation 5.
     (5)
                                                                                                                (6)
                                                                 (7)
                                                                     (8)
 
With , , ,  representing the moisture content of the indoor air, the moisture content of the outdoor air, and the rate of indoor moisture production. ,  are the vapor pressure of the air near the wall and that of the indoor air. ,  represent the mass transfer coefficient of water vapor and the convective heat transfer coefficient with the wall (p).

2.6 Analysis and criteria--??

The indicators analyzed are:
· average and maximum indoor temperature during occupancy hours (7:00 a.m.to 5:00 p.m.); need to consider its variation too
· number of hours exceeding the thermal comfort threshold (32°C); thermal comfort was defined as 220 C before. What it is different?
· theoretical energy requirement for cooling (kWh/day);
· basic statistical analysis (averages, standard deviations) of time series;
· critical discussion of the hygrothermal durability of materials and limitations of the model.

2.6.1. Comfort range (restraint) in natural ventilation:
20°C ≤ Indoor temperature ≤ 32°C, 
Wind speed ≤ 0.2 m/s 
40% ≤ Relative humidity of indoor air ≤ 60%

2.6.2. Adaptive comfort temperature
In accordance with standard NF EN 15251, the adaptive indoor comfort temperature () is linked to the 7-day rolling average outdoor temperature () according to the following relationships:
[bookmark: _Ref155089486]                                                                                                                             (9)
                                                (10)
 : Optimal indoor comfort temperature [°C]
 : Daily rolling average outdoor temperature over 7 days [°C]
 to : Average daily temperatures for days J-1 to J-7 [°C]

2.6.3. Degrees of discomfort (DH)
DH is defined as the sum of the hourly differences between the indoor air temperature and the maximum comfort temperature during periods of occupancy. 
                                     (11)
According to RE2020:
· If DH < 350°C.h, comfortable building;
· 350 ≤ DI < 600°C.h, borderline comfort;
· 600 ≤ DI < 1250°C.h, cooling system recommended;
· DI > 1250°C.h, uncomfortable building.

3. results and discussion

3.1. Main sources of thermal discomfort

Thermograms obtained on the roof (Fig. 5a) and windows (Fig. 5b) reveal surface temperatures exceeding 55°C during hot periods. The walls, particularly the roof and exposed walls, thus contribute significantly to the rise in indoor temperature.
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Fig. 5. Thermograms of a school building on March 23, 2023, at 11:20 a.m.: (a) Roof, (b) Windows

The internal temperatures of the walls (Fig. 6a) regularly exceed 40°C during the day, while the indoor air (Fig. 6b) varies between 25°C and 43°C. This confirms the critical role of the building envelope in heat transfer.
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Fig. 6. Temperature profiles inside the school building: (a) Temperatures of interior walls, and (b) Indoor air temperature

3.2 Impact of bio-based materials on indoor temperature

Experimental measurements show a significant reduction in maximum indoor temperature, up to 4°C when the two bio-based solutions are combined. Thermal modeling confirms these results, with a notable drop in temperatures during peak heat periods (2 p.m. to 5 p.m.). The coating acts as a thermal buffer, dampening fluctuations, while the false ceiling limits direct radiation.
· The installation of a false ceiling made of rice husk-based panels results in a thermal phase shift of 5 hours and a reduction of 7°C compared to the uninsulated building (Fig. 7). The maximum indoor temperature thus drops from 44°C to 37°C. Over the school year, this improvement reduces the duration of discomfort from 77% to 54% and its intensity from 5416°C.h to 2563°C.h (Fig. 8a).
· The addition of interior insulation coating in addition to the false ceiling (2 cm each) provides additional thermal damping of 7.5°C (Figure 8b). Increasing the thickness of the coating from 1 to 8 cm improves damping, albeit marginally (0.2°C per cm on average) (Fig. 8c).
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Fig. 7. Impact of roof insulation with a false ceiling and wall insulation with plaster on indoor temperature: (a) throughout the year, and (b) during the hottest day of tear.














Fig. 8: Thermal phase shift for the hottest day

3.3 Improved thermal comfort thanks to bio-based materials

The number of hours of discomfort (temperature > 32°C) is substantially reduced, from 9 hours to 3.2 hours per day on average. This reduction is particularly noticeable in the afternoon, a critical period for occupants.

The discomfort rate calculated according to EN 15251 standard falls from 71% (uninsulated building) to 32% (optimized building), a reduction of 39% (Figure 9a).
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Fig. 9. Adaptive comfort diagram for a typical school building: (a) Unimproved building, and (b) Improved building

The annual intensity of discomfort falls from 9600°C.h to 2481°C.h (Fig. 10), and its duration from 78% to 48% (Fig. 11). In the hot season, despite a slight increase in duration (2%), the intensity is reduced by 57%, demonstrating the thermal inertia effect of bio-based materials.
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Figure 10. Intensity of discomfort in the upgraded school building: (a) Hot season and school year, and (b) By month

The results obtained highlight the effectiveness of bio-based materials in improving the hygrothermal comfort of school buildings in the Sahelian climate. The false ceiling and rice husk-based plaster work in synergy to reduce thermal amplitude and delay temperature peaks. However, the application of European standards such as EN 15251, RE2020, or the adaptive models of Brager or Givoni poses certain limitations in the Sahelian context. For example, the EN 15251 standard is based on maximum outdoor temperatures of 32°C, whereas local peaks frequently exceed 40°C. Similarly, the comfort thresholds set by RE2020 (26-28°C) do not take into account the acclimatization of occupants in naturally ventilated buildings. An adjustment to 31°C, as proposed in this study, therefore appears more realistic and consistent with field observations. These adjustments reinforce the need for thermal regulations adapted to the specificities of the Sahelian climate, particularly for highly exposed school buildings.

3.4 Reduction in cooling requirements

The simulation estimates energy savings of around 53% in cooling requirements, thus validating the energy benefits of the proposed passive—isn’t it active solution? solutions. These gains are significant in a context where air conditioning is often inaccessible and costly too.


While the results are encouraging, the sensitivity of bio-based materials to humidity raises a major question about their long-term durability and performance. The simulations do not yet incorporate dynamic hygrothermal effects or complete seasonal variation. Furthermore, the study does not take into account perceived comfort (PMV/PPD indices) or the socio-economic aspects of large-scale implementation. What are these issues? Is paddy husk freely available in large quantity? No alternative use of paddy husks? Is kapok fibre available in large quantity and no competing uses? 

4. Conclusion

This study demonstrated the effectiveness of bio-based materials in improving thermal comfort in school buildings in the Sahel. The combination of a coating and a false ceiling made of rice husk and kapok panels reduced the maximum indoor temperature by up to 8°C and the hours of thermal discomfort by more than 57%. Dynamic simulations indicate a decrease of approximately 53% in air conditioning demand. The optimized model, combining BTC walls and bio-based elements, has a thermal phase shift of 5 hours, an attenuation of 8°C, and a 74% reduction in the intensity of discomfort and a 30% reduction in its duration. These results confirm the relevance of passive, local, and ecological solutions in the Sahelian context. However, the hygrothermal durability of the materials and the lack of assessment of perceived comfort call for further research. Availability of material and its durability are issues for further research? The development of local standards for thermal comfort in schools also appears to be a priority in order to promote the widespread adoption of these solutions.
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