Experimental validation of a COMSOL Multiphysics model of hygrothermal transfer in a bioclimatic building with a domed roof  

Abstract
The building sector is one of the most energy-intensive and has the most impact on the environment, due to the use of cement for the manufacture of cinder blocks and concrete. Earth-based materials, thanks to their good thermal inertia, combined with a good choice of roof shape, such as domed roofs, are an alternative for reducing energy consumption and improving thermal comfort. To highlight the hygrothermal performance of earthen buildings with domed roofs, numerical modelling and simulation are used. Modeling is a tool that allows to predict physical phenomena in the building and the modeler must ensure the model's ability to predict them accurately before any simulation. The objective of this study is to experimentally validate a numerical model describing the hygrothermal transfers in an earthen building built with a hemispherical dome roof. The numerical model is implemented in the Comsol Multiphysics software. The meteorological data of the site, the air temperature, the relative humidity of the indoor environment and the temperatures of the interior and exterior surfaces of the building walls are measured. The data acquisition system consists of thermocouples, solarimeters and moisture meters, and this data is processed with Excel and Origin Pro software. Comparison of the simulated data and the measured data shows good agreement. The evaluation of the validation indicators shows that the NMBE values are between -5.63% and 0.3%, the CVRMSE between 0.75% and 7.42% and R2 between 76% and 96%. These values meet the limits recommended by ASHRAE Guideline 14 and show that the model can be used to reliably simulate internal and external thermal variations in the building while highlighting the effects of thermal inertia in the building walls. This research thus proposes a validated model that can be used in future parametric studies and for the optimization of the thermal performance of buildings.  
Keywords : Thermal inertia; thermal comfort; hygrothermal performance; modeling; numerical simulation; Comsol Multiphysics. 

Introduction  
Burkina Faso is a Sahelian country characterized by high temperatures (up to 45°C) whose built building models, modeled on Western models, require cooling systems resulting in high energy consumption. Energy consumption in terms of electricity for air conditioning alone represents 30 to 70% of the total consumption of the population [1]. The main reason for this increase in energy consumption is the search for comfort, a priori thermal comfort in indoor housing. 
Taking thermal comfort into account in the design of buildings is important not only for the quality of the interior environments, but also for the quantity of energy to be supplied for the ambient equipment [2]. One of the conditions for achieving thermal comfort in the home is the use of bio-based materials associated with good bioclimatic construction [3].  It is therefore imperative to find construction techniques adapted to the Sahelian context by making the best use of the available local resources. A good combination of bio-based materials, the shape of the envelope and the shape of the roof could help improve indoor thermal comfort. According to a study conducted by [4], thermal comfort can be achieved by a judicious choice of building materials. Earth materials are an alternative to modern materials. [5], [6], [7] have shown in their work that buildings constructed with local materials (adobe, compressed earth block, cut laterite block) have better thermal performance than those built with materials such as cement block. The roof is responsible for 50% of cooling needs in countries with hot climates [8] . Consideration must be given to reducing the cooling needs generated by the roof and improving indoor comfort in countries with hot climates. Bioclimatic buildings with domed roofs are often built in the Middle East and in some North African countries for their ability to limit the spread of heat. Buildings with domed roofs are rarely or even non-existent in the Sahelian zone. These types of buildings have been the subject of several studies in order to highlight their thermal and solar performance. Victor Gomez-Munoz et al. [9] have, in their study, evaluated the thermal performance and the instantaneous effect of self-shading of a hemispherical vaulted roof. The results obtained were compared to the solar flux received by the flat roof of a low-cost modern housing in Mexico. They found that the hemispherical vault receives about 35% less energy than flat roofs, in addition to having other advantages, such as a higher ceiling height and ventilation possibilities. The Sahelian zone is located in a much sunny area and domed roofs could contribute, through their self-shading properties, to reducing the amount of heat absorbed by them. The maximum temperature of the indoor air can then be decreased, as shown by Ahmadreza K. Faghib et al., 2011 [10]. They studied the thermal performance of domed roofs to determine how they can help lower maximum air temperatures inside the building during warm seasons. The results of the study show that the performance of buildings with domed roofs is better than that of buildings with flat roofs. Ali Heidari et al., 2023 [11], used Design Builder software to model the thermal performance of three building models with a domed roof, a flat roof, and a pitched roof, respectively. In their simulation, they compared the thermal performance of the three types of buildings. The results show that buildings with domed roofs are more suitable for controlling indoor air temperature during warm periods compared to buildings with flat roofs and pitched roofs. Kaboré A. et al., 2024 [12] conducted an experimental study of the hygrothermal behavior of a prototype bioclimatic building with a domed roof. Over three climatic seasons in Burkina Faso, they measured the temperature and humidity of the outdoor air and the indoor air of the building, respectively. The results found show that the building with a domed roof allows a better reduction in the temperature of the outside air than buildings built with horizontal or sloping flat roofs. To see the influence of the earthen materials used for the construction of the bioclimatic building on the reduction of variations in the air temperatures of the outdoor environment, KABORE Arouna et al., 2025 [13], in another experimental study, studied the thermal performance of the walls and the domed roof. The results found show that the reduction in the air temperature of the outdoor environment is explained by the good thermal inertia of the walls and roof of the bioclimatic building. In addition to architectural solutions, the thermal performance of a building can be improved by a good control of thermal, water and air exchanges in the building.  
The thermal and hygrometric performance of a building depends largely on the exchange of heat and humidity between its walls and the environment. Modeling these transfers is an essential tool for predicting the thermal behavior of a building and guiding design choices. The modeling will consist of writing the set of relationships (equations) translating the physical phenomena (hygrothermal) for spatial and temporal discretizations. When the building has irregular and complex shapes such as the domed roof, attention must be paid to the method of solving the equations that translate the mathematical models. The most suitable numerical solution method is the finite element method. The Comsol Multiphysics Software [14] is a numerical simulation software based on the finite element method. One of the advantages of Comsol Software is its ability to couple several thermally processed physical phenomena such as the coupled transfer of heat and moisture in building materials, the coupled transfer of heat and mass flow in humid air, etc. Several studies have been carried out using the Comsol Multiphysics software. Recent studies show the ability of Comsol Multiphysics Software to faithfully translate physical interactions in the building [15], [16]. 
This study is part of this approach. It aims to validate a numerical model describing the coupled heat and moisture transfers in a raw earth building with a hemispherical dome roof. The model is compared with experimental measurements taken in situ, in order to evaluate its ability to reproduce variations in temperature and relative humidity inside the building. This validation is a key step before any use of the model in parametric studies or predictive simulations.
Materials and methods
             II.1. Experimental design and measurement protocol
The experimental design used in this study is identical to the one presented in detail in [12] (Kaboré et al., 2024) (Figure 1 and Figure 2). It is a bioclimatic building built following the construction technique of the Nubian vault and from modern construction techniques, using modern materials such as cement, plastic sheeting, paint, etc. Local materials are used for 90% and 10% modern materials. The objective is to ensure the durability of the building's structure. The walls are octagonal in shape and the roof is domed (semi-hemispherical vault).  The walls and domed roof are built with adobe bricks (composed of clay earth and Kenaf fibres). The interior volume of the housing is 20.66 m3, i.e. 6.66 m3 for the interior space of the dome and 14 m3 for the interior space of the walls. Type K and J thermocouples were installed on the interior and exterior walls of the eight (08) walls as well as on some points of the dome for surface temperature measurements. To measure the temperatures of the outdoor and indoor environments, three J-type thermocouples are placed at a minimum height of 1.5 m from the ground. The different thermocouples are connected to a data acquisition module consisting respectively of two Dataloggers, a GL220 Midi-logger Datalogger of the brand "GRAPHEC Corporation", with 10 channels and a Midi-Logger GL840 Datalogger of the brand "GRAPHEC Corporation", with 20 channels.  The humidity of the air in the outdoor and indoor environments is measured using two moisture meters, autonomous and independent of each other, and placed at a minimum height of 1.5 m from the ground. Dataloggers are tuned according to the different types of thermocouple, type K or J. The Dataloggers and moisture meters, set to 5-minute time steps, are launched simultaneously to ensure that the different data are taken at the same time. At the end of the measurement period (from 23/04/2024 to 05/05/2024), the data is retrieved in CSV format with USB sticks, then pre-processed with Excel and finally permanently processed with the Origin Pro software.
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	Figure 1: View from the south side of the building 
	Figure 2: Seen from the north, northwest and northeast sides of the building



The thermophysical properties of adobe bricks (clay earth + Kenaf fibers) used for the construction of the walls and dome roof are measured with a KD2-Pro device. The thermophysical properties resulting from the thermophysical characterization of the two types of clay bricks adjuvated with Kénaf fibers are noted in Table 1.
Table 1: Thermophysical properties of adobe bricks
	
	Thermal conductivity


	Heat capacity


	Density



	Large Adobe
	0,447
	791
	1923,08

	Small Adobe
	0,416
	1169
	2073,58



In addition to the previous bio-based materials, other materials were used for the construction of the bioclimatic building. The materials concerned and their thermophysical properties are detailed in Table 2: 

Table 2: Thermophysical properties of materials used in building construction
	
	Thermal conductivity


	Heat capacity


	Density



	Sand + cement plaster [17]
	0,87
	105
	2200

	Clay plaster [17]
	0,8
	2062,81
	1669,73

	Cement mortar [18]
	1,75
	663
	2100

	Bitumen for waterproofing [19]
	0,5 
	1000
	1700

	Single Glazing [20]
	1,15
	1000
	840

	Tile [21]
	1,15
	700
	1800



             II.2. Numerical methodology: Comsol modeling
          II.2.1. Geometric feature of the building
The housing model presented is a 3D model, of the traditional type inspired by the Nubian vault housing and oriented North-South. The walls of the dwelling are parallelepiped in shape and the roof is domed hemispherical (Figure 3). The indoor air zone is divided into two thermal zones to see the influence of one on the other. The living air area (the one delimited by the walls) is octagonal in shape with a surface area of 34.88 m2 and the air area delimited by the roof is hemispherical in shape with a surface area of 22.93 m2. Between the air zone of the home and that of the dome, there is no ceiling. The doors and windows are parallelepiped in shape and have a surface area of 1.47 m2 and 0.33 m2 respectively. The two windows are placed on the north-east and north-west walls respectively. The walls are 43cm thick and the domed roof is 19cm thick. At the top of the roof (dome), there is a cylindrical chimney to evacuate the heat stored in the dome.
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	Figure 3 : 3D physical model of the building




          II.2.2. Choice of module and coupling used 
The Heat Transfer in Solids module is used for modeling heat transfer in walls, roof, glass walls, and flooring. For the modeling of heat and moisture transfer in the air, we used the humid air heat transfer coupled with the humidity transport module. The consideration of the air flow in the indoor environment is made possible by the laminar air flow module. 
          II.2.3. Assumptions and simplifications
                               II.2.3.1. Simplifying Assumptions of the Heat Transfer Model in Walls, Roof, Door, and Windows
The mathematical equations modelling heat transfer in the home are based on the following assumptions: 
· The thermophysical properties of materials are assumed to be constant;
· The convection is natural and free and the flow is laminar;
· The materials are assimilated to gray bodies;
· The celestial vault is considered a black body.  

                               II.2.3.2. Simplifying Assumptions of the Moisture Transfer Model in the Indoor Air Zone of the Home
The mathematical model to be used for the modelling of water transfers in the volume of indoor air takes into account the following assumptions :
· [bookmark: _Hlk196548698]The diffusion of water vapour in the air,
· The diffusion of water vapor through the walls and roof of the building,  
· [bookmark: _Hlk196549045]The exchange of water vapour between the outside air and the indoor air is considered,
· [bookmark: _Hlk196549083]The exchange of water vapour between the internal walls and the interior environment of the building is considered,
· Condensation of water vapour on the wall and roof surfaces of the building is considered.

                               II.2.3.3. Simplifying Assumptions of Airflow in the Building's Indoor Air Zone
For the modeling of the air flow inside the building, the following simplifying assumptions are used :
· The flow generated is three-dimensional and laminar ;
· Air is incompressible and Newtonian ;
· 
The properties of air are constant, however, the Boussinesq approximation is applied. It states that the density (density of the air) varies linearly with temperature: 








with : the constant value of the air density () ;  and  respectively the reference temperature and the air temperature () ; the coefficient of thermal expansion () and  the intensity of gravity ([image: ]).
· Viscous forces are neglected because of their small effects on air volume
· 
The dynamic viscosity is constant and therefore independent of time t and the coordinates of space () 
[bookmark: _Toc194001257]          II.5.4. Detailed equations of the different phenomena in the building
The simplifying assumptions applied to the basic equations of the different phenomena in the test building allow us to obtain the following detailed equations: 
          II.2.5. Detailed equations of heat transfer in the building envelope
The building envelope consists of the walls (non-transparent solid materials), windows (transparent solid materials), the domed roof (non-transparent solid material) and the low floor (transparent material).
The equation for heat transfer in the walls of the building is given by the relation (1) :

                  (1)











where is the density of the wall;  is the specific heat of the wall () ;  is the temperature of the wall; is the time () ;  is the thermal conductivity of the wall () ; , and z are the cartesian coordinates ().
At the dome (roof) level, the heat transfer equation is given by the equation (2) :

    (2)




where is the density of the dome;  is the specific heat of the dome;  is the temperature of the dome;  is the thermal conductivity of the dome.
At the level of the windows and the door, the heat transfer equation is given by equation (3): 

       (3)




where is the density of the glass;  is the specific heat of the glass;  is the temperature of the glass ;  is the thermal conductivity of the glass.
At the level of the terrace, the heat transfer equation is given by the relation (4):

    (4)




where is the density of the terrace;  is the specific heat of the terrace;  is the temperature of the terrace;  is the thermal conductivity of the terrace.

          II.2.6. Detailed equations of heat transfer in the volume of habitable air
The heat transfer equation in the air zone is given by the following relationship:

                    (5)






where is the density of air;  is the specific heat of air;  is the temperature of the air;  is the thermal conductivity of air; is the air velocity ().
          II.2.7. Detailed equation of the airflow in the habitable air zone
Taking into account the simplifying assumptions, the motion of air is modeled by the following two equations (that of the conservation of momentum and that of the conservation of mass) : 
· Equation of conservation of mass: 

                 (6)





where ,  et are respectively the following air velocities , et z. 
· Equation of conservation of momentum : 
· 
Following () : 

                (7)




where is the air pressure () and is the dynamic viscosity of air ().
· 
Following () :

(8)
· 
Following () :

(9)


with  the intensity of gravity and The expression of gravitational forces. 
          II.2.8. Detailed equation of moisture transfer in the air zone of the building
The detailed equation for the transfer of moisture in the volume of indoor air is given by the following relation: 

                           (10)








where is the molar mass of water vapour () ;  is the relative humidity of water vapour () ;  is the saturation vapour concentration () ;  is the diffusion coefficient of water vapour ().
[bookmark: _Toc194001258]          II.2.9. Initial and boundary conditions
                                 II.2.9.1. Initial conditions
[bookmark: _Toc195231183]The initial conditions are shown in Table 3 : 
Table 3: Initial values entered
	Components
	Initial values

	Wall Temperature
	310,5 K

	Indoor air temperature
	310,5 K

	Roof temperature
	310,5 K

	Terrace Temperature
	310,5 K

	Relative humidity of the internal ambient air
	38%

	Air velocity 
	0 m/s

	Air pressure
	0 Pa



                                 II.2.9.2. Boundary conditions related to heat transfer
The external faces of the building are subject to global solar radiation (diffuse, direct and reflected) [13] (KABORE et al., 2025), convection with the air of the outdoor environment, and long-wavelength radiation from the outside :  We will therefore have : 
· [bookmark: _Hlk130329523]Exterior faces of walls

(11)


















where is the vector for each surface;  is the absorption coefficient of the walls ; , , , , ,, , are the solar fluxes () received respectively by the outer surfaces of the south, north, east, west, northeast, northwest, southeast and southwest walls ; is the coefficient of heat transfer by convection of the exterior surfaces of the walls () ;  is the air temperature of the outdoor environment ;  is the temperature of the exterior surface of a given wall ;  is the emissivity of the external surfaces walls of the building;  is Stephan Boltzmann's constant (.

· Exterior Roof Face (Dome)

   (12)





where  is the absorption coefficient of the dome;  is the solar flux received by the outer surface of the dome; is the coefficient of heat transfer by convection of the outer surface of the dome;  is the temperature of the outer surface of the dome;  is the emissivity of the outer surface of the dome.
· Exterior of the door and windows

      (13)







where  is the absorption coefficient of the glazed glass; , ,, are the solar fluxes received by the exterior surfaces of the glass windows and the glass door respectively; is the coefficient of convective heat transfer of the exterior surfaces of the windows and door ;  is the temperature of the exterior surface of one of the windows or door;  is the emissivity of the outer surface of the glass.
The inner faces of the building envelope are subjected to long-wavelength radiation, convection with the air of the indoor environment :
· Interior faces of walls

(14)




where is the coefficient of convective heat transfer of the interior surfaces of the walls ;  is the air temperature of the indoor environment ;  is the temperature of the interior surface of a given wall ;  is the emissivity of the interior surfaces of the building walls.
· Inner Roof (Dome)

   (15)



where is the coefficient of heat transfer by convection of the interior surface of the dome ;  is the temperature of the inner surface of the dome;  is the emissivity of the inner surface of the dome.
· Interior Faces of Door and Windows

     (16)



where is the coefficient of heat transfer by convection of the interior surfaces of the glass panes.;  is the temperature of the interior surfaces of the windows;  is the emissivity of the interior surfaces of the windows.
· Inside side of the terrace 

  (17)



where is the coefficient of convection heat transfer of the interior surface of the deck;  is the temperature of the interior surface of the terrace ;  is the emissivity of the interior surface of the terrace.
The air zone of the home is subject to convective heat flows with the interior faces of the building walls and to convective heat flow between the outdoor and indoor environments:

   (18)

where is the coefficient of air infiltration in the building.
                                 II.2.9.3. Boundary conditions related to airflow
The air volume of the bioclimatic building is in contact with the air of the outside environment through small openings created in the windows and door. These openings serve as an entry of fresh air into the home. Another opening is created at the top of the dome for the evacuation of stale air. Thus, we have : 
· At the level of the openings on the windows and the door (contact between the inside and the outside air): 

     (19)

where  is the air velocity entering through openings at the windows, door. 
· At the opening at the top of the dome (contact between indoor and outdoor air) : 

    (20)

where is the unit tensor.
                                 II.2.9.4. Boundary conditions related to moisture transfer
The indoor air of the home exchanges moisture with the interior faces of the walls and dome. The bioclimatic building in the test phase is modelled in a vacuum, i.e. the tests are carried out without taking into account the occupants and furniture, linen, etc. Also, the volume of indoor air is subject to the flow of moisture infiltrating through the openings created in the windows and door. 
We then obtain the following boundary condition: 

          (21)
with :
· 

· 

· 
        
· 
    




where , , et   are the respective saturating vapour pressures of the indoor air, the outdoor air, the wall surfaces and the interior surface of the dome.              




Considering, in a similar way, that the diffusion of air in the home is identical to the case of still air, the surface water exchange coefficients  () et (), are calculated by the following relationships :    

                                                                          (22)

                                                                           (23)


with  vapour permeability or water conductivity of the air, and  is the thermal conductivity of air. After calculation, we obtain : 

                                                                (24)

                                                                  (25)




where () and  () are the respective convective exchange coefficients between the indoor air and the interior faces of the walls, and the interior air and the interior face of the domed roof. 

           II.10. Meshing and resolution 
The 3D physical model is meshed using free tetrahedra, as shown in Figure 4. This type of mesh was chosen because tetrahedral elements adapt well to complex geometries and curved surfaces [14], as is the case with the domed roof of the building. This choice makes it possible to faithfully represent the real geometry of the building while ensuring good continuity between the different volumes. The overall geometry consists 110246 volume elements. This number of volume elements is chosen to guarantee a satisfactory compromise between the accuracy of the results and the calculation time.
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[bookmark: _Toc194060590]Figure 4 : Mesh of the 3D physical model



In this part, we define the simulation duration, the time step, the relative tolerance. The chosen solver is the temporal solver with a time step of 5 min and a simulation duration varying from 24 h to 48 h. The relative tolerance obtained after several tests on the mesh is .
Results and discussion 
The experimental data used for validation concern those for the period from April 30 to May 01, 2024, i.e. 48 hours [12]. The validation will concern the temperature data of the interior environments of the house, the dome, the temperatures of the interior and exterior faces of the north-west and west walls, the temperatures of two points located respectively on the inner west side and the outer west side of the dome.
             III.1. Comparison between experimental and numerical results
 Figure 5 shows the variations in the experimental and theoretical temperatures of the building's indoor environments from 30/04/2024 to 01/05/2024. The experimental and theoretical temperatures of the habitat and those of the dome present the same profiles, but we observe slight differences. These differences can be explained by the thermophysical properties of certain building materials which are considered constant, by the correlations used for the calculations of the convective coefficients and the solar flux reaching the vertical walls, and by the consideration of a constant average velocity for the calculation of the heat flux exchanged between the internal and external environments. In addition, the unstable climatic conditions encountered during the experiment may also explain these differences. The residues between the measured and simulated temperature values for the indoor environment of the habitat and that of the dome are in the range ±1°C. 
	

(a)
	

(b)

	[bookmark: _Toc194060606]Figure 5: Variation in experimental and theoretical temperatures of the interior environments of the home



The theoretical and experimental temperatures of the outer and inner faces of the north-west wall are shown in Figure 6. We observe that the simulated and experimental temperatures have the same appearance, however, there is a discrepancy, during the day, between the simulated and measured temperatures of the outer face of the northwest wall. This shift is observed between 6 a.m. and 4 p.m. (April 30) for the simulated and measured temperatures of the exterior face of the northwest wall. The slight discrepancies observed between the measured and calculated temperatures of the interior face of the northwest wall could be explained by the uncertainties related to the measurement of temperatures.  The maximum residues are 6°C for the temperature of the outer face of the northwest wall compared to 0.6°C for that of the inner face of the northwest wall. 

	

(a)
	

(b)

	[bookmark: _Toc194060607]Figure 6 : Hourly variation of the experimental and theoretical temperatures of the interior and exterior surfaces of the northwest wall of the building



Figure 7 shows the experimental and simulated temperature profiles of the exterior and interior faces of the west wall of the bioclimatic building. We note that the curves of the theoretical and measured temperatures have the same appearance. The calculated temperatures are slightly overestimated compared to the measured temperatures. The residues are in the range of -5°C and 2°C for the outer surface and -0.6°C and 0.2°C for the inner surface.  The differences in the calculated and measured temperatures could be explained by the thermophysical properties of the materials, which are considered constant, as well as by uncertainties in the measurement of the different temperatures. 
	

(a)
	

(b)

	[bookmark: _Toc194060608]Figure 7 : Variation of the experimental and theoretical temperatures of the outer and inner surfaces of the west wall



Figure 8 shows the theoretical and experimental temperatures of two points (one internal and one external), located on the west side of the dome (roof). We observe that the curves of the theoretical and measured temperatures evolve in a similar way. The calculation of the residues shows that the residues of the outer and inner points are respectively between -6°C and 2°C, and between -2.1°C and 0.1°C.  The simulated temperatures of the western points of the inner and outer faces of the dome are slightly higher than those measured. The differences observed could be explained by the same reasons as those given for the differences observed for the simulated and measured temperatures of the outer and inner faces of the west and northwest walls.  

	

(a)
	

(b)

	[bookmark: _Toc194060609]Figure 8: Hourly variation of the experimental and theoretical temperatures of the western outer point (r=1.8m; theta=45°; phi=90°) and the western interior point (r=1.55m; theta=45°; phi=90°) 



             III.2. Validation Indicators 
To verify this ability to simulate the different physical phenomena in the bioclimatic building, we analyze three statistical indicators recommended by the ASHRAE 2002 directive, the ASHRAE 2009 directive and the ASHRAE 2014 directive [22]. These are the normalized mean bias error (BNSA), the coefficient of variation of the mean squared error (CVEQM) and the coefficient of determination R2.  The English terms corresponding to the EBMN and CVEQM indicators are NMBE (Normal Mean Bias Error) and CVRMSE (Coefficient Variation Root Mean Squart Error) respectively. The NMBE normalizes the average of errors between simulated values. A low NMBE value means that errors are acceptable. The NMBE does not provide an indication of model variability, so in ASHRAE Guideline 14, it is suggested not to use it alone but to combine it with the CVRME. The CVRMEH is an indicator that measures the variability of errors between measured and simulated data. It gives an indication of the model's ability to predict physical phenomena in the building. To validate a model, ASHRAE Guideline 14 [23] gives the NMBE and SEMSC limits that should not be exceeded (Table 4).
[bookmark: _Toc195231193]Table 4: Validation Criteria [23]
	
	Time criteria
	Monthly criteria

	NMBE (%)
	±10
	±5

	CVRMSE (%)
	30
	15



The coefficient of determination  is an indicator of how close the simulated data are to the regression line of the experimental data. Its value is between 0 and 1. It is a commonly used indicator for model validation and uncertainties in a model are considered acceptable if its value is greater than 0.75 [24]. The expressions for the NMBE, CVRSEM and R2 calculations are given by equations (26), (27) and (28), respectively. 

                              (26)

          (27)

                                        (28)





 represents the temperature measured at rank i, is the temperature calculated by our model at rank i;  represents the average value of the experimental data,  is the number of values considered and  is a natural number between 1 and n. 
The analysis of the statistical indicators (Table 5) shows that the simulated data are slightly overestimated, as evidenced by the negative values of the NMBE indicator. Despite these slight overestimates, all three statistical indicators are within the limits imposed by ASHRAE Guideline 14. R2 values are greater than 75%, NMBE values are less than 10%, and CVRSE values are less than 30%. We can therefore validate our numerical model and say that it can be used to better translate the physical phenomena that interact within the building.  
[bookmark: _Toc195231194]Table 5: Statistical Indicators 
	
	NMBE (%)
	CVRMSE (%)
	R2 (%)

	Tain_habitat
	-1,05
	1,48
	84

	Tain_dome
	-1,25
	1,51
	96

	Tw_NWex
	-1,85
	5
	86

	Tw_NWin
	0,3
	0,75
	93

	Tw_Wex
	-2,18
	3,68
	96

	Tw_Win
	-0,43
	0,78
	92

	Td_Wex
	-5 ,63
	7,42
	95

	Td_Win
	-2,67
	3,27
	76


 
Conclusion 
In this work, it was a question of experimentally validating a numerical model developed with the Comsol Multiphysics software. The comparison of the simulated and measured temperatures of some exterior and interior faces of the building, of the air of the interior volumes of the dwelling and of the dome shows a good agreement between simulated and measured temperatures despite slight overestimates of the temperatures calculated by the model. Analysis of the validation indicators proposed in ASHRAE Guideline 14 shows that NMBE values range from -5.63% to 0.3%, CVRSE from 0.75% to 7.42%, and R2 from 76% to 96%. These values meet the limits proposed in ASHRAE Guideline 14 and show that the model can be used to reliably simulate the building's interior and exterior thermal variations while highlighting the effects of thermal inertia in the building walls. The proposed model could be improved if the following perspectives are considered for future work: 
· Improvement of the geometry of the roof through the creation of openings that will allow good air circulation in the volume of air inside the home,
· Consideration of the coupling of moisture and heat transfer in the earthen walls of the building, 
· Improvement of the airflow model by incorporating more precise boundary conditions for outdoor airflow, as well as the effects of turbulence, to refine natural ventilation predictions. 
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