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Abstract: Estimating energy flows that affect temperature increases inside houses is crucial for
optimizing building design and enhancing the comfort of living spaces. In this study, a thermal
model has been developed to estimate the internal temperature of rural houses in Mexico using
aerial thermography. The methodology used in this study considered three stages: (a) generating a
semi-experimental thermal model of heat transfer through roofs for houses with high infiltration,
(b) validating the model using contact thermometers in rural community houses, and (c) integrating
the developed model using aerial thermography and Python 3.11.4 into user-friendly software.
The results demonstrate that the thermal model is effective, as it was tested on two rural house
configurations and achieved an error margin of less than 10% when predicting both maximum
and minimum temperatures compared to actual measurements. The model consistently estimates
the internal house temperatures using aerial thermography by measuring the roof temperatures.
Experimental comparisons of internal temperatures in houses with concrete and asbestos roofs
and the model’s projections showed deviations of less than 3 ◦C. The developed software for this
purpose relies solely on the fundamental thermal properties of the roofing materials, along with the
maximum roof temperature and ambient temperature, making it both efficient and user-friendly for
rural community management systems. Additionally, the model identified areas with comfortable
temperatures within different sections of a rural community, demonstrating its effectiveness when
integrated with aerial thermography. These findings suggest the potential to estimate comfortable
temperature ranges in both rural and urban dwellings, while also encouraging the development of
public policies aimed at improving rural housing.

Keywords: rural housing; aerial thermography; thermal analysis; efficiency

1. Introduction

The efficient use of energy in buildings plays a crucial role in enhancing both energy
efficiency and the thermal comfort of occupants. Buildings account for 15% to 40% of
total energy consumption, with heating, ventilation, and air conditioning (HVAC) systems
representing a substantial share of this usage [1]. Notably, 50% of the energy used for
heating and cooling is sourced from fossil fuels. According to the Energy Information
Agency (EIA), residential energy consumption is broken down into 47% electricity, 45%
natural gas, 4% propane gas, and 4% kerosene [2]. Furthermore, HVAC systems account
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for 40% of the energy consumption in houses and buildings [3]. Implementing bioclimatic
design strategies to reduce reliance on HVAC systems can significantly lower energy usage,
improve habitability [4,5], and promote more sustainable building practices [6].

Improving the energy efficiency of dwellings requires a comprehensive understand-
ing of local climatic conditions, the thermal properties of the building materials, and the
requirements for ventilation and temperature ranges for occupant comfort [7–9]. Various
strategies can be employed, such as enhancing insulation to reduce heat transfer through
the building envelope [10], using low-emissivity windows [11], and improving solar energy
absorption in low-temperature areas [12]. Optimizing dwellings from an energy perspec-
tive requires the development of models that can identify thermal behaviors and predict
effective improvement strategies [13]. Consequently, energy models that accurately capture
the thermal behavior of houses and buildings are essential for guiding energy-efficient
designs and retrofits [14,15].

To understand the progression of thermal models used for estimating internal temper-
atures in dwellings, it is important to consider the development of white-box models. These
models are based on fundamental physical principles, such as the laws of thermodynamics
and heat transfer, to describe a building’s thermal behavior. White-box models require
detailed information about the materials, building geometry, environmental conditions,
and the interactions between different building components [16,17]. Some research [17] has
demonstrated the development of sophisticated models that can accurately predict internal
temperatures and thermal resistances by combining physical principles with system identi-
fication techniques and statistical methods [7]. In addition, some of these models are now
integrated into control systems, utilizing computational fluid dynamics (CFD) simulations
and software-based analysis to improve their accuracy and applicability [18,19]. These
models have proven to be highly effective and reliable in accurately predicting internal
temperatures [20]. However, given the variability of real-world conditions, there has been
a growing need to investigate internal temperature behavior through more analytical and
experimental approaches. This has led to the development of gray-box models, which
rely on precise parameters related to building and climate characteristics [21,22]. Some
gray-box models use heat transfer analysis techniques to characterize the thermal behavior
of both small and large dwellings, often using electrical circuit analogies [23]. Typically,
gray-box models combine experimental data with analytical methods to provide accurate
and predictive results.

Previous studies on gray-box models [24] have contributed significantly to the devel-
opment of thermal analysis and control systems for buildings. For instance, a mathematical
model was developed using a system of concentrated parameters to analyze and control
thermal behavior. This model facilitates the transient analysis of indoor air in response
to fluctuating outdoor temperatures, using Matlab/Simulink software (version R2017a).
Later, research [25] introduced a Matlab-based tool for simulating hygrothermal perfor-
mance and assessing energy efficiency. Other studies [26] have focused on hygrothermal
interactions between indoor air and heat transfer through the building envelope, incorpo-
rating the main sources of moisture into the model. Moreover, a model was developed for
simultaneous control of temperature and humidity [27], resulting in a control strategy that
optimizes tracking error while minimizing control effort. These models require detailed
instrumental analysis to improve the interaction with the building under study and to
propose improvements based on a physical analysis of the infrastructure and the outcomes
of models.

With the advancement of computational techniques, black-box models have emerged,
including those based on artificial neural networks, which use historical data and known
variables to predict internal temperatures [28–30]. More recent developments have en-
hanced accuracy by combining physical simulations with real-time data [31].

White-, gray-, and black-box models have all contributed valuable insights into es-
timating internal temperatures in dwellings. These models span a wide spectrum, from
theoretical analyses based on fundamental principles of thermal physics to empirical studies
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utilizing technical instrumentation and computational analysis, and more recently, sophisti-
cated models driven by artificial intelligence. However, there has been a lack of a systematic
approach to integrating complementary processes, such as external temperature analysis.
In white-box models, external temperatures are typically sourced from databases, recorded
with thermometers in gray-box models, or inferred from computational analyses and spe-
cific databases in black-box models. The integration of these models with thermographic
techniques remains underexplored, despite the potential for non-invasive, straightforward
analysis that offers extensive spectral coverage and comprehensive thermal assessment of
walls, floors, and roofs. It is therefore crucial to highlight recent advancements in the use of
thermography within various thermal prediction models for dwellings.

The use of thermographic techniques to study thermal phenomena in residential build-
ings has been extensively explored [32]. For example, heat transfer coefficients have been
estimated using thermography, a well-established, non-invasive method for temperature
assessment [33,34]. Thermographic techniques have proven effective for this purpose over
several years. In addition, infiltration analyses have been conducted using a combination of
thermography and numerical interpretation methods, further demonstrating the versatility
and precision of these techniques in thermal studies [35]. Analytical prediction models
and numerical analyses have also been performed using finite element simulations and
tomographic analysis [36]. Several studies have also evaluated HVAC-related phenomena
by analyzing thermal patterns of large walls and barriers, along with their construction
elements, using thermographic images [37]. These advancements have demonstrated
the potential of the thermal models based on thermographic analysis for investigating
residential buildings [38,39]. In recent years, the application of thermography to indoor
heat transfer phenomena has diversified significantly. Some researchers have explored
thermal transmittance estimates using electrical–thermal analogies [40]. Additionally, the
thermal performance of buildings under normal operating conditions has been extensively
studied using both airborne and ground-based thermography, supported by specialized
software for analyzing heat loss through walls and windows [41]. Research on window
thermography has led to the development of thermal models capable of estimating internal
temperatures with an accuracy of less than one degree Celsius [42]. Other studies have
focused on heat flow analysis methods to estimate heat transfer coefficients or thermal
conductance of building envelope elements. This includes calculating heat transfer coef-
ficients using thermal imaging cameras and heat flow sensors positioned in small wall
elements [43]. Furthermore, studies have compared thermal resistance measurements
obtained via aerial thermography with different thermal models of buildings to determine
internal temperatures more effectively [44]. However, aerial thermography has primarily
been studied for characterizing walls to estimate internal temperatures in buildings or
multi-level constructions, which may not always be applicable in all sectors. For instance,
in rural areas, houses typically have single-level structures, making ground-based ther-
mography potentially sufficient. Unlike multi-level buildings, aerial thermography is
more suitable in the rural sector for analyzing house roofs and internal temperatures. This
approach is particularly relevant because rural houses are typically single-level structures
without varying heights.

Although these models have been applied to rural dwellings [24], they often pose
challenges when estimating the thermal behavior of marginalized populations’ dwellings
due to their technical complexities. In addition, these models are typically limited to
controlled conditions and their predictions rely on numerous variables that cannot always
be operated as real experimental models. It is also worth noting that there has been
significant development and professional adoption of tools designed to simulate heat, air,
and moisture (HAM) conditions for building analysis [45]. Despite this progress, many
of these HAM tools for building envelope simulations still need users to input detailed
characteristics of the building’s interior [45]. This necessity underscores both the interest in
and the potential for further research in this area, revealing opportunities to enhance the
accuracy and usability of such tools. An area of significant opportunity is the estimation
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of internal temperatures through thermographic analysis of residential roofs, which is
addressed in this study.

In this study, a thermal model based on fundamental physical principles has been
developed. This model estimates the maximum and minimum temperatures inside rural
dwellings in Mexico, based on the external roof temperature, measured through aerial
thermography, as a primary input. This approach enables the preliminary estimation of
areas with comfortable temperature zones within houses by analyzing the roof temperature
to infer internal conditions. The primary aim of this research is to estimate the maximum
and minimum temperatures inside two types of rural houses using a thermal model that
incorporates roof temperature measurements obtained through aerial thermography. From
these measurements, comfortable temperature ranges are estimated [8]. The model is
specifically designed for rural houses, which often experience high levels of infiltration and
lack significant thermal inertia. As such, it is particularly suited for simple rural houses,
where it offers practical and effective solutions. By utilizing aerial thermography, this
methodology eliminates the need for extensive instrumental equipment for individual
cases and highlights a significant advancement in optimizing the measurements of internal
temperatures in houses for rural dwellings. The development of this model facilitates
the construction of a diagnostic system for assessing comfortable temperatures, utilizing
aerial thermography, aimed at enhancing housing analysis in rural areas. This system
intends to aid in formulating housing improvement strategies and the development of
public policies for better housing management. It also optimizes the use of various types
of thermometers, ranging from analog and digital to environmental and contact-based,
enhancing the accuracy and applicability of temperature measurements in rural housing
research.

In summary, the proposed model is a simplified preliminary version that focuses
solely on heat transfer through the roof, excluding factors like thermal inertia and heat
transfer through walls or windows. Its primary aim is temperature prediction for diagnostic
purposes rather than control. Unlike other studies, this model specifically targets small
dwellings to simplify calculations and reduce the need for extensive instrumentation. It
relies solely on external roof temperature measurements, which can be estimated using
aerial thermography—a method not previously reported in the literature. Future research
will aim to incorporate additional effects, such as thermal inertia and heat transfer through
windows and walls.

2. Materials and Methods

This work facilitated the development of a thermal model designed to predict the
internal temperature behavior of typical houses in rural communities in Mexico, employing
aerial thermography. The research focused on a case study in the P’urhépecha Plateau
region of western Mexico. The methodology used consists of three primary stages (Figure 1):
(a) developing a thermal model based on an energy balance approach for predicting the
air volume inside the house, (b) validating the model’s predictions through temperature
estimation via contact thermometers in a semi-experimental setup, and (c) further validating
the model’s accuracy through aerial thermography and the subsequent development of
user-friendly software designed to facilitate practical applications of the model. This
structured approach ensures both the accuracy and usability of the thermal model for
predicting internal temperatures in rural houses. The proposed methodology facilitates
the development of a thermal model for estimating indoor temperatures in rural dwellings
with specific characteristics, focusing on roof temperature. Initially, the model is validated
through contact thermometer measurements on the exterior roof and compared with indoor
temperature readings obtained from ambient thermometers. Subsequently, the model is
analyzed using validated aerial thermography, supplemented by contact thermometers
on the exterior roof and indoor ambient thermometers, with data processed using freely
available software. Given the model’s potential for further enhancement, the methodology



Buildings 2024, 14, 3075 5 of 22

is designed to be cyclical, enabling ongoing refinement and strengthening of the proposal
in future research.
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This proposal presents a gray-box model rooted in fundamental energy balance prin-
ciples and enhanced with experimental data to predict the internal temperature of small,
single-story dwellings based on external roof temperature measurements. Unlike similar
models examined in previous research [39,41,42], which this study aims to complement, this
model uniquely estimates indoor temperatures using external roof temperatures captured
via aerial thermography. The following outlines the steps of the proposed methodology.

2.1. Thermal Model

It is important to initially outline all the considerations assumed for the development
of the proposed thermal model:

• The roof is regarded as the envelope element receiving the highest solar radiation,
leading to higher temperatures compared to other envelope elements. Consequently,
it experiences maximum heat transfer [46,47]. Therefore, the model focuses on energy
flow through the roof to estimate interior house temperatures, aiming for reliable
predictions of indoor temperature. Solar energy absorbed by the roof contributes
significantly to temperature increase, forming the basis of the model.

• The current model does not account for the thermal inertia of the roof, despite its
recognized importance. The model is simplified to estimate roof temperature based on
daily time variations. Future work will include formulations that account for thermal
inertia across different roofing materials.

• The thermal analysis is based on a one-dimensional system, providing the foundation
framework for the model formulation.

• The model is designed for the analysis of rural housing, where high levels of infiltration
are prevalent and challenging to manage. Given this context, thermal inertia is not
considered a critical factor in the current analysis.

The energy balance of a house is modeled using a standard cubic framework, incor-
porating heat transfer through the building envelope, infiltration air flows, and internal
heat sources [48,49]. Figure 2a shows the layout of a dwelling and its main energy flows,
represented as a basic cubic structure to simplify the analysis. The aim of formulating
this simplified model is to determine the internal temperature based on the external roof
temperature of the house. Additionally, a specific instrumental design has been used to
validate the proposed model, as depicted in Figure 2b.
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As shown in Figure 2a, heat enters the dwelling through the roof and walls via
convection and radiation, denoted as Qcr−cv (W). The roof also absorbs a flux of energy
from solar radiation, represented as Qsun (W). Additionally, Qin (W) represents the internal
heat loads, while Qin f (W) accounts for air infiltration between the inside and the outside
of the dwelling. The overall energy balance is then expressed by Equation (1) [49]:

Va Cpρ
dTi
dt

= Qin + Qsun + Qcr−cv − Qin f (1)

where Va is the volume of air (m3), Cp is the specific heat capacity of air (kJ/kgK), and ρ

is the density of air (kg/m3). The term dTi
dt represents the rate of change of the internal

temperature of the dwelling Ti (K) concerning time t. Analyzing the heat flows through the
roof, the absorbed solar radiation is given by the expression αIAt, where α is the absorption
coefficient, I is the intensity of the solar radiation (W/m2), and At is the area of the roof
exposed to the solar radiation (m2). The total heat Qe(W) flowing into the roof is the sum of
the absorbed solar radiation and the heat entering via convection and radiation, as given
by Equation (2):

Qe = Qsun + Qcr−cv = αIAt + he At(Te − Tte) (2)

In this context, he is the combined coefficient of convection and radiation on the
exterior of the roof, Te (K) is the ambient temperature, and Tte (K) is the temperature of the
external roof surface. The heat conduction Qcd through the roof is given by Equation (3):

Qcd =
k At

∆x
(Tte − Tti) (3)

Here, k represents the thermal conductivity of the roof material, ∆x is the thickness of
the roof, and Tti (K) is the internal temperature of the roof. Thus, the convection heat at the
inner surface, Qc−in (W), is expressed by applying Equation (4):

Qc−in = hi At(Tti − Ti) (4)

where hi is the convection coefficient inside the roof (W/m2K), and Ti is the indoor air
temperature [K]. When treated as a one-dimensional problem, the three heat fluxes—the
external heat flux Qe (W), conduction flux Qcd (W), and convection heat flux at the interior
surface Qc−in to the interior air—can be considered equal to a net flux Qnet. Thus, we
denote the net flux as Qnet = Qe = Qcd = Qc−in (W). This approach, as outlined in refer-
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ence [35], is used to calculate the overall transfer coefficient. By solving Equations (2)–(4)
simultaneously for Te − Ti, Equation (5) can be obtained as follows [34,35]:

Te − Ti = −αI
he

+

(
1

he At
+

∆x
kAt

+
1

hi At

)
Qnet (5)

The sum of the variables, denoted in brackets, refers to the total thermal resistance [50–52]
and is measured in (K/W). As shown in Equation (6), this resistance is calculated using
∆x, representing the material thickness (m2), and k, the thermal conductivity of the roofing
material (W/mK):

Rg =
1
At

(
1
he

+
∆x
k

+
1
hi

)
(6)

From Equations (5) and (6), Qnet (W) is derived as a function of the temperature
difference between the exterior and interior environments, accounting for the influence of
solar radiation, as expressed in Equation (7):

Qnet =
α I

Rghe
+

(Te − Ti)

Rg
(7)

By incorporating Qnet into both the internal thermal load and the thermal load due to
infiltration, the total heat flow, QT (W), directed towards the dwelling is obtained, as given
in Equation (8):

QT = Qin+
α I

Rghe
+

(Te − Ti)

Rg
− Qin f (8)

The intensity of direct solar radiation, I (W/m2), on a horizontal surface can be
determined using Equation (9) [53]:

I = GNDsin(β) (9)

β denotes the solar elevation angle (dimensionless), while GND represents the clear
sky direct solar radiation (W/m2), both of which can be found in the literature [53].

One notable aspect of the model is its representation of ambient temperature as an
analytical function that varies over time. Some researchers have used Equation (10) to
model this time-dependent variation in ambient temperature [54–56]:

Te = A + B sin
[

π(t − b1)

b2

]
(10)

In this equation, t denotes the time of day, while the constants A (K) and B (K) are
calculated using Equations (11) and (12) [48]:

A =
(Tmax + Tmin)

2
(11)

B =
(Tmax − Tmin)

2
(12)

where Tmax (K) represents the maximum temperature observed during the day, and Tmin
(K) corresponds to the minimum temperature, following a pattern similar to the previous
scenario. The parameters b1 (hours) and b2 (hours) are given in hours and can be calculated
using Equations (13) and (14) [56]:

b1 =
(hmax + hmin)

2
(13)

b2 =
(hmax − hmin)

2
(14)
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hmin (hours) signifies the time at which the minimum temperature occurs, and hmax
(hours) indicates the time at which the maximum temperature is measured.

Considering the aforementioned approaches, Equation (1) can be reformulated, and
Equation (8) can be replaced explicitly with its variables, resulting in an updated energy
balance, as shown in Equation (15) [48,49,51]:

ρVaCp
dTi
dt

= Qin+
(Te − Ti)

Rg
+

α I
heRg

− Qin f (15)

Rewriting Equation (15) under the assumption of zero infiltration results in Equation (16),
which is useful for estimating the maximum thermal load achievable in airtight spaces.
In rural dwellings, sleeping areas typically have limited interaction with the external
environment, as most daily activities occur in shared spaces like patios and kitchens [57]. In
addition, accurately determining all interactions between the house and its surroundings is
challenging due to variables like the number of windows and doors and the duration they
remain open, which can vary significantly. However, by assuming zero infiltration as an
initial approximation, the maximum range of indoor temperatures can still be analyzed
effectively for this model.

dTi
dt

= b(Te − Ti) + b
α I
he

+ bRgQin (16)

Given that b = 1
ρVaCpRg

, the units of this parameter are s−1, representing the inverse
of time. This parameter can be considered as the relaxation time constant of the thermal
system [58]. On the other hand, the temperature of the exterior roof can be obtained using
Equation (17) [37]:

Tte = Te +
α I
he

(17)

By isolating the parameter Te from Equation (17) and substituting it into Equation (16),
the differential Equation (18) can be obtained as below:

dTi
dt

= b(Tte − Ti) + bRgQin (18)

Considering Qin ≈ 0 for simplicity, Equation (19) is derived to calculate the interior
temperature of the house:

dTi
dt

= b(Tte − Ti) (19)

In this way, the interior temperature is obtained from the temperature of the exterior
roof, resulting in the differential Equation (20), as given in Equation (18):

dTi
dt

+ bTi = bTte = b
{

A + B sin
[

π(t − b1)

b2

]}
(20)

In this context, A and B are constants calculated for the exterior roof temperature, Tte.
Constant A is related to the average temperature on the outer surface of the roof, while B
denotes the amplitude of the temperature variation. The sinusoidal nature of Tte is derived
from Equation (17), where both Te and I demonstrate sinusoidal behavior. This sinusoidal
estimation of Tte as a function of time aligns closely with the experimental observations,
as detailed in the results section. The solution of Equation (18) was obtained using the
integrating factor method, resulting in Equation (21):

Ti =

{
P
[

Bsin
(

π
t − b1

b2

)]
− Q

[
Bcos

(
π

t − b1

b2

)]}
+ T0e−bt + A (21)
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The parameter T0(K) is obtained from the initial environmental conditions. The
constants P (given by Equation (22)) and Q (given by Equation (23)) are derived by solving
Equation (18); these parameters are dimensionless.

P =

(
b b2

π

)2

1 +
(

b b2
π

)2 (22)

Q =
b b2

π

1 +
(

b b2
π

)2 (23)

2.2. Application of the Thermal Model

To validate the thermal model, roof temperatures were measured for 10 houses—5
with concrete roofs and 5 with asbestos roofs. The average dimensions of the analyzed
houses were 4 m in length, 4 m in width, and 3 m in height. Measurements were taken
in the municipalities of San Francisco Pichátaro and San Juan Carapan, both located in
the state of Michoacán, west of Mexico City. An experimental set-up was established to
characterize the temperature both on the roof and inside the house (see Figure 2b). To
estimate the roof temperature, two GAIN EXPRESS contact thermometers with 4 type
K thermocouples (temperature range: −50~200 ◦C; accuracy: 0.1 ◦C) and a Fluke-51-2
Advanced Digital Thermometer were used. Internal temperatures were recorded using
30 thermometers equipped with data loggers and Elitech model RC-5 download software
(temperature range: −30 ◦C to 70 ◦C; accuracy: ±0.5 ◦C). Moreover, the validation of the
model was conducted using aerial thermography with a MAVIC 3T ENTERPRISE drone
equipped with a dual thermal camera (spectral range: 8–14 µm; accuracy: ±2 ◦C/±2%;
measurement range: 0 to 500 ◦C) and DJI Thermal Analysis Tool 3 software.

Thermographic images were captured in five repetitions per quadrant of the dwellings:
covering 2 hectares for groups of dwellings and 0.2 hectares for individual dwellings. For
individual houses, aerial photographs were taken from a height of 10 m, while for groups,
the height was 60 m. The average roof area of the analyzed dwellings was 20 square
meters, and no zoom was applied to any of the aerial images. Emissivity values for aerial
thermography were calibrated using contact thermometers to measure roof temperatures,
ensuring reproducible measurements and standardizing the reference materials for the
roofs. The thermographic images were subsequently analyzed using DJI Thermal Analysis
Tool 3 software to estimate the average roof temperatures for each dwelling. These values
were manually linked to a custom Python-based software (3.11.4), which integrated the
model’s algorithm to estimate the internal temperatures of the analyzed dwellings.

2.3. Description of the Case Study

The validation of the proposed model was conducted through experimentation in
two indigenous communities located on the P’urhépecha Plateau between March and
April, when the average temperature is around 22 ◦C during spring. According to data
from the government of Michoacán, Mexico, this region experiences a predominantly
humid temperate and tropical climate, with summer rainfall averaging approximately
1100 mm3. The region’s average minimum temperature is 6 ◦C, and the average maximum
temperature is 25 ◦C [59]. Situated at an altitude of approximately 1650 m above sea
level, the P’urhépecha Plateau provided an ideal setting for testing the model under real-
world conditions.

The housing in this region is predominantly rural, with many dwellings lacking
basic services such as drainage and piped drinking water. The infrastructure is typically
constructed from materials like brick, adobe, wood, metal, or prefabricated components.
Roofs are commonly made from galvanized sheeting, black cardboard, clay tiles, asbestos
sheets, or concrete. Most houses are single-story and have isolated structures due to the
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gradual construction processes in these communities. It is common to find small, separate
buildings designated for rooms, kitchens, or bathrooms, often connected by prefabricated
materials, known as “corridors”.

This research considers these characteristics to propose a thermal model specifically
designed for dwellings in this context. To improve accuracy in the initial estimates pre-
sented, the model focuses on small, single-story houses, particularly those with concrete
roofs and asbestos sheeting. The experimental analyses were carried out from 1 March to
30 April 2024.

3. Results

The most significant findings of the proposed research are outlined below. First, the
general weather conditions during the days of the experimental tests are presented. Next,
the validation of the proposed model is discussed, comparing it with the experimental
temperature measurements taken on the roofs of the studied houses. Finally, the applica-
tion of the developed methodology is analyzed, which includes temperature measurement
via aerial thermography, internal temperature estimation using custom software incorpo-
rating the model’s algorithm, and an evaluation of its potential application in the rural
housing sector.

3.1. Analysis of Meteorological Conditions for Applying the Model

The experimental validation of the model was conducted in two indigenous com-
munities in Michoacán: Pichátaro and Carapan. The experiments were carried out in
March and April 2024, under conditions of average solar insolation of 5.2 kWh/m2 and
daytime ambient temperatures peaking at 25 ◦C. Each community underwent two weeks
of measurements. Ten houses were analyzed—those with concrete roofs in April and
those with asbestos sheet roofs in March. The ambient temperature was modeled as a
sinusoidal function according to Equation (10). Figure 3 illustrates the variations in ambi-
ent temperature and solar irradiance throughout a typical day during the measurement
period. The graph demonstrates that the modeled ambient temperature closely aligns with
experimental measurements, confirming consistency between the theoretical model and
the observed results.
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Figure 3. Behavior of the meteorological variables recorded experimentally and compared with the
developed model.

During the measurement period, data were collected from a Davis Vantage Pro2
weather station at the Intercultural Indigenous University of Michoacán, located in the
study community. The average recorded conditions included a wind speed of 2.2 m/s,
cloud cover below 30%, and a relative humidity of 30%. These environmental factors
were consistent throughout the measurement days and provided a stable basis for the
experimental analysis.
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3.2. Model Validation

It should be noted that rural dwellings typically lack the extensive building configu-
rations found in urban areas. In rural regions, construction often occurs in stages and on
a relatively small scale. Consequently, the model was developed considering small-scale
constructions, using the cubic geometry as a functional approximation due to the typical
shape of the houses. Verifying the model, as expressed in Equation (19), required the
assessment of the actual conditions of the houses. The constant values of the material
properties were sourced from the relevant literature [48,52] and verified with data from
suppliers in Mexico [60,61]. These values are presented in Table 1.

Table 1. Properties and parameters used in the analysis.

Material/Coefficient Thermal Conductivity
(W/mK)

Absorption
Coefficient Thickness (m)

Concrete 0.6 [52,61] 0.70 [52,61,62] 0.12 m
Asbestos 0.15 [52,61] 0.75 [52,61,62] 0.0005 m

Constant parameters

he = 13 W/m2K [50] Air density = 1.2 kg/m3 [52]
hi = 8 W/m2K [50] Specific heat of air = 1005 J/gK [52]

The parameters of the model in Equation (19), P and Q, were adjusted to improve the
correlation between the model and the experimentally measured indoor temperatures.

Initially, Equation (15) was used to estimate indoor temperatures based on properties
of a concrete slab roof during a typical March day. The values of Rg = 0.0312 C/w and b were
determined to set parameters P and Q in Equation (15). To improve the model’s prediction
accuracy, Rg was gradually adjusted under optimal conditions, reducing the prediction error
to below 10%. Physically, increasing the thermal resistance Rg reduces heat transfer through
the roof, consequently lowering maximum indoor temperatures. Therefore, Rg values
significantly depend on roof characteristics. The most accurate predictions of internal
temperatures for both concrete and asbestos roofs were obtained with Rg = 0.83 K/W.
The model initially failed to predict accurately with the original Rg value, partly due
to the omission of thermal inertia of the roof in the model. To address this, the global
resistance was adjusted as R′g = Rg + R0, where R0 = 0.80 K/W. The roof temperatures,
recorded with the K-type thermocouples, were used to validate the input of the proposed
model and compared against indoor temperature measurements taken with environmental
thermometers. Figure 4 shows the experimentally recorded daytime temperatures for the
roof, Ttex, and indoor temperatures, Tix, as well as the model-generated temperatures for
the exterior of the roof, Tte, and the interior of the dwelling, Ti.

The indoor temperature of a house can vary significantly depending on the size of the
individual rooms and the degree of air infiltration caused by windows and doors being left
open for different durations. To account for these variables, the experiment was continu-
ously conducted throughout March and April 2024. Figure 4a shows the average thermal
behavior of a concrete roof over a typical day in March in a house located in Pichátaro,
Michoacán, while Figure 4b displays the corresponding internal temperature of the same
house. In April, the experiment was repeated on a typical day, revealing the behavior in a
concrete house located in the municipality of Carapan, Michoacán (Figure 4c,d). Figure 4c
shows the exterior roof, while Figure 4d depicts the interior of the house. Concrete struc-
tures exhibit a slower heating process and a correspondingly slow cooling process. On
the other hand, houses with roofs made of asbestos, cardboard, or galvanized sheet metal,
exhibit more irregular thermal behavior. Figure 4e,f illustrate the temperature patterns for
the roof and interior of a house with an asbestos roof, respectively. These materials tend to
have quicker heat absorption and release, leading to more fluctuating temperature patterns
compared to concrete structures.
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Figure 4. Model validation. Temperature variation in concrete-roofed houses: (a) outside during
March, (b) inside during March, (c) outside during April, and (d) inside during April. Temperature
variation in houses with asbestos sheet roofing: (e) outside in March and (f) inside in March. (g) Av-
erage temperature differences between model and experimental data during March and April for
concrete-roofed houses.

Temperature variations in 10 houses, comprising 5 with concrete roofs and 5 with
asbestos sheets, were analyzed and averaged over the testing months to estimate the
maximum and minimum temperature values for both the roof and interior of each house,
as shown in Figure 4g. The model demonstrated an average prediction error of 8%, which
is considered acceptable with a variation of less than 3 ◦C. Figure 5a,b show the analyzed
house models with concrete roofs and asbestos sheets, respectively.
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Figure 5. Models of analyzed houses: (a) with concrete roofs and (b) with asbestos roofs. Ther-
mographic analysis: (c) identification of the distribution of houses, (d) aerial tomography of the
distribution of houses, (e) thermography in houses with concrete roofs and asbestos sheets, and
(f) processing of the thermographic analysis.

On the other hand, within each municipality, there is variation in the housing config-
urations, which vary mainly in the materials used for the roofs (Figure 5c). The thermo-
graphic distribution demonstrating the variety of roof materials is shown in Figure 5d. To
validate the model, it was imperative to precisely estimate the temperatures using aerial
thermography for houses with both concrete and asbestos roofs, as depicted in Figure 5e.
Through image processing techniques, the average temperature distribution within the
houses in the case study can be estimated, thus validating the accuracy of the model, as
shown in Figure 5f.

The proposed approach integrates the temperatures captured by aerial thermography
into the model to predict the indoor temperatures at specific times, on specific days, and
in distinct locations. This method eliminates the need for physical entry into the houses
and facilitates the generation of optimized scenarios for analyzing acceptable temperature
ranges in rural areas, aspects that are being investigated in different parts of the world [39].
In addition, this approach aims to serve as a decision-making tool at a regional level,
particularly in areas where indigenous self-governing systems, guided by customs and
traditions, manage local public administration resources and generate community plans
and strategies [63,64]. To support these local authorities, user-friendly software has been
developed, enabling them to conduct the proposed analysis by using aerial thermography
data from the houses to predict temperatures within different dwellings. The developed
model was also implemented as a computational algorithm using the Python programming
language. The source code for solving the posed problem is provided in the Supplementary
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Material. Running this code results in an executable file in which users input the study
material data through the “main menu”. Upon execution, the program produces a graphical
analysis of the internal temperature behavior of the house, fulfilling the main objective
of the research. The temperature data of the roof were obtained at midday using the DJI
Thermal Analysis Tool 3 software and then were entered into the software to estimate the
internal temperature of the house.

The Python-based software comprises a main menu featuring three buttons: the first is
to access the temperature simulator for the external roof of the house, the second provides
access to the temperature simulator for the internal roof of the house, and the third allows
exiting the program (see Figure 6a). Upon selecting the “exterior roof temperature” button,
a window appears prompting users to input data for the exterior roof, as shown in Figure 6b.
These data correspond to the maximum and minimum temperatures of the roof obtained
from the analysis of the aerial thermography.
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Figure 6. Interface of the developed software: (a) main input, (b) declaration of temperature variables,
(c) definition of material properties, and (d) results graph. (e) Delivery and explanation of the
operation of the software. (f) Integrated diagram of the application of the thermal model.

The “Roof internal temperature” button displays a section divided into two parts,
as depicted in Figure 6c. The first part allows users to input values for the roof material
properties such as thermal conductivity (k), area, maximum roof temperature (T_max roo f ),
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minimum roof temperature (T_min roo f ), and wall thickness (Thickness). The second part
is for entering values related to the initial ambient temperature conditions including the
maximum and minimum ambient temperatures and the initial temperature (T0) of the
material. Additionally, the interface features two buttons: the “Graph” button, which
generates temperature graphs (Figure 6d), and the “Exit” button, which closes the software.
The developed software was delivered to the community authorities of the P’urhépecha
Plateau in western Mexico to assist in managing community housing plans based on aerial
thermography analysis (see Figure 6e). The accessibility of drone technology through
the Intercultural Indigenous University of Michoacán, located in the region where these
indigenous communities reside, supports this initiative. Furthermore, a comprehensive
manual was provided, detailing the methodology for applying the developed model, as
illustrated in Figure 6f.

This software generates a graph depicting the internal roof temperature during sunrise
and sunset. Furthermore, the descriptive graph provides a straightforward and effective
analysis of the numerical estimates, enabling the inference of the internal temperature of a
residential house. This information is particularly useful for studying rural dwellings with
similar characteristics to those considered in this work.

Figure 5d depicts the behavior of the internal roof temperature during the day in
May, represented by a graph showing the average minimum and maximum temperatures
analyzed using the DRON ENTERPRISE 3T.

4. Discussion

The model’s utility extends beyond being a numerical technical proposal; it serves as
a practical tool for designing and managing housing in rural areas, going beyond mere
internal temperature estimation. It can be continuously run with initial variables specific
to the properties of each material, the characteristics of the houses, and specific locations.
It requires two important parameters, namely the minimum and maximum temperature
of the house roof, which can be adjusted to determine the internal temperature on the
required days (see Figure 7a).
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of the comfort temperature range in Pichátaro, (c) application of thermographic analysis for estimating
comfort temperature ranges, and (d) percentage distribution by temperature range of houses.
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Provided that the initial conditions remain constant or similar, the model can be
extended as needed. This ensures that the results are easily interpretable and applicable
in future research. Furthermore, the application of the model is also oriented towards
the initial assessment of comfort temperature ranges in rural communities. For instance,
in the case of the Pichátaro municipality in Michoacán, it becomes feasible to determine
the comfort or neutral temperature ranges conducive to minimizing housing stress [8,65].
This estimation leverages available historical data on average monthly temperatures [66],
such as 21.1 ◦C in April, to project the ideal comfort temperature range for thermally
adequate housing. The Auliciems and Szokolay formula [8,65] was used for this calculation,
employing Equation (24) to calculate the neutral temperature, thus enabling the derivation
of the comfort temperature range in Pichátaro through Equation (25), as illustrated in
Figure 7b.

Tn = 17.6 + 0.31(Tm) (24)

Zn = Tn ± 2.5 ◦C (25)

In this model, Tn represents the neutral temperature, Tm signifies the mean annual
or monthly temperature, and Zn denotes the comfortable temperature zone (◦C). In this
case, aerial thermography was used to map the distribution of houses in a quadrant of
the study community based on roof type (see Figure 7c). An analysis of the temperature
distribution categorized houses into two groups: those with concrete roofs and those with
sheet roofs (comprising asbestos, cardboard, or tiles). By applying the developed model
in this study, the internal temperatures of these houses were estimated, facilitating an
analysis of the comfort temperature range. Consequently, it was found that about 30% of
the houses with concrete roofs in the analyzed quadrant significantly exceeded the comfort
temperature zone, while nearly 70% could potentially achieve comfort temperatures with
minimal insulation modifications, as shown in Figure 7d. This example highlights the broad
applicability of the proposed research, demonstrating its utility in identifying both potential
areas for improvement and the inherent limitations of the current housing structures:

• The thermal model and the software developed are being improved to integrate an
analysis with an error of less than 8%. It is expected that statistical data on infiltration
can be incorporated in a diagnostic manner, considering the habitability patterns of
the inhabitants of rural communities in Mexico. This work is in progress and will be
presented in future research.

• In this study, the functionality of the proposed model was validated on both concrete
and asbestos roofs. It is important to emphasize the significant differences in the
thermal properties of these materials, which influence their performance under differ-
ent climatic conditions. Concrete roofs, with their higher thermal mass, absorb and
store heat during the day and gradually release it at night, helping to stabilize indoor
temperature variations. This makes concrete particularly effective in climates with
large diurnal temperature swings. In contrast, asbestos slabs, while having a lower
thermal mass, provide less insulation and tend to absorb and retain heat, resulting in
higher indoor temperatures in hot climates. Due to their limited ability to regulate
temperature, asbestos roofs can result in increased energy costs for cooling systems,
where available, although air conditioning is rare in rural areas. In addition, the lower
thermal conductivity of concrete provides better insulation against external tempera-
ture changes than asbestos. The proposed thermal model proves versatility, accurately
capturing temperature variations in roofs with rapid temperature changes, such as
those with asbestos sheets, as well as roofs with higher heat accumulation and more
stable temperatures, such as concrete. This adaptability encourages future research to
validate the model with other materials commonly used in rural roofing systems.

• The model currently provides a comprehensive thermal analysis, enabling the exami-
nation of thermal comfort temperature ranges within the house. Although the accuracy
depends on the assessment of maximum and minimum temperature ranges, the results
are sufficiently robust for comparing against the dwelling comfort temperature zones.
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• It is important to note that this research provides only an approximation of com-
fort temperature ranges, referencing historically acceptable ambient temperatures
as outlined by Auliciems and Szokolay [8,65], but it does not specifically assess
thermal comfort. Instead, the study offers a comparative analysis using a partic-
ular frame of reference. Future research will aim to systematically investigate ther-
mal comfort, following specialized standards and procedures to provide a more
comprehensive evaluation.

• Future iterations of the model will be accessible to rural communities through a free
web platform available in indigenous languages. This platform will include a catalogue
of building materials and dimensions for simplified analysis. In addition, an atlas
categorizing houses by material type is under development and will be integrated into
the platform to further support community-driven assessments.

• The ultimate goal of this initiative is to democratize knowledge and provide universal
access to it. The overarching objective is to furnish tools enabling decision making
based on analysis and ongoing dialogue with local authorities and members of rural
communities. The intention is for the proposal to contribute to the development of
housing improvement strategies and management plans at the community level.

The results of the model also revealed some limitations. Given that the type of
dwellings studied exhibits a significant amount of uncontrolled infiltration, it is important
to note that the exchange of air between the exterior and the interior of the house may
diminish the effects of the thermal inertia of both the air volume and the roof [50,67–69].
Additionally, it was found that the shape of the model’s temperature curve is sinusoidal,
similar to the experimentally measured indoor temperature. This alignment between the
predictions and measurements is satisfactory, as the two closely correspond. The results
presented here are not universally applicable and may vary in more robust dwellings
constructed with higher-quality materials and better insulation, as the thermophysical
properties of construction materials and the constantly fluctuating climatic conditions
influence the model’s performance [67,69]. More elaborately constructed houses, with
improved sealing and reduced infiltration, may exhibit different behavior, wherein the
thermal mass of the components has a more significant impact. However, the results
obtained provide valuable information for the analysis of housing in rural areas with tradi-
tional designs, where the proposed model accurately predicts the temperature behavior of
such dwellings, which typically experience high levels of uncontrolled infiltration. This
serves as an initial proposal, validated through experimental data, and opens opportu-
nities for further research into thermal comfort analysis using thermographic models in
rural areas.

After the Python-based software model was delivered to the authorities of the indige-
nous communities where the study was conducted, it is anticipated that these communities
will be able to use it for housing management through their “Public Works Councils” (com-
munity offices responsible for managing infrastructure resources). During the software
handover, an action plan was outlined to guide how this model can contribute to improving
local housing management. Key steps include the following: (a) conducting a thermo-
graphic analysis of the entire community to identify areas and dwellings with unfavorable
temperature conditions throughout the year, such as low temperatures in winter and high
temperatures in summer, while also detecting local heat islands; (b) recommending the
gradual replacement of materials that contribute to poor thermal conditions; (c) developing
local regulations to ensure that building permits prioritize the use of materials that promote
more stable and comfortable temperatures for the community; (d) creating support pro-
grams aligned with local, regional, and state public policies to incentivize the adoption of
materials that improve indoor thermal conditions for families who otherwise lack access to
them; and (e) facilitating multi-sectoral collaboration between the community, academics,
organized civil society, and the state government to implement these recommendations and
ensure their success. By following this action path, the proposal aims to enhance local hous-



Buildings 2024, 14, 3075 18 of 22

ing conditions and contribute to a more comfortable and sustainable living environment
for the communities.

5. Conclusions

The following conclusions are highlighted from this research:

• This research has proposed a thermal model designed to estimate the maximum and
minimum temperature ranges inside rural houses, where infiltration is high, and
thermal inertia is not considered. The model utilizes roof temperature data obtained
through aerial thermography, providing a simple and non-invasive method to analyze
the thermal behavior of rural houses in Mexico. The study aims to demonstrate the
importance of implementing this thermal model in rural communities, as exemplified
by the case study in Pichátaro, Michoacán. This model provides a powerful tool for
analyzing and proposing future strategies to improve the comfort temperature range
in rural dwellings.

• By integrating historical data, aerial thermography, and the developed model, it is
possible to calculate the neutral temperature and the comfort temperature zones. Fur-
thermore, the model facilitates the evaluation of the maximum and minimum internal
temperatures within these zones. The initial findings are valuable for identifying the
proportion of dwellings that could improve their comfort temperature range with
minor modifications, as well as for identifying houses that face habitability challenges
due to high internal temperatures.

• The model has some limitations. To date, it has only been applied to small, single-story
rural dwellings, specifically in two P’urhépecha communities in western Mexico, and
has focused only on houses with concrete and asbestos roofs. As such, there are several
areas for further research. Future studies will aim to perform statistical analysis on
a wider variety of roofs in more communities with different climatic conditions. In
addition, the model will be tested on different roofing materials and extended to
a comprehensive analysis of whole communities. The inclusion of more thermal
parameters, such as thermal inertia and dynamic heat transfer, will further improve
the accuracy of the model and broaden its applicability. These improvements will
strengthen the model’s predictive capabilities and allow it to address a wider range of
housing conditions and materials.

• Moreover, the future availability of the model on a web platform, accessible in in-
digenous languages and accompanied by an atlas of building materials, will facilitate
informed decision making in the formulation of housing management strategies in
rural areas. This initiative emphasizes community participation and collaboration with
local authorities, holding the potential to transform housing management and comfort
in rural communities, thus promoting a sustainable and equitable improvement in the
quality of life for their residents.

It is important to mention that the developed model is specifically designed for rural
housing and may not be suitable for buildings constructed with sophisticated materials,
better thermal insulation, and diverse material configurations. However, it serves as a
valuable alternative for the rural sector. Future research aims to expand the model’s scope
by validating the adjustment constants for different types of housing and materials through
statistical analysis. This expansion will involve incorporating thermal inertia, extending
the model to include other materials used in housing roofs, and generating a more robust
and dynamic analysis. These improvements are expected to decrease the model’s error and
provide more accurate infiltration estimates across various rural housing types.
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Nomenclature

Qcr−cv Heat transfer by radiation and convection [W].
Qsun Solar radiation heat [W].
Qin Internal heat loads [W].
Qin f Heat due to infiltration [W].
Qe External heat flow to the roof [W].
Qcd Heat flow by conduction [W].
Qc−in Internal heat flow [W].
he External heat flow coefficient [W/m2K].
hi Internal heat flow coefficient [W/m2K].
ρ Density of air [kg/m3].
Cp Specific heat of air [J/kgK].
Va Volume of air [m3].
GND Clear sky solar radiation [W/m2].
β Solar elevation angle [dimensionless].
t Time of the day [hours].
Tmax Maximum exterior temperature [K].
Tmin Minimum exterior temperature [K].
b Time constant of relaxation [s−1].
T0 Initial temperature [K].
α Absorption coefficient [dimensionless].
I Intensity of solar radiation [W/m2].
k Thermal conductivity [W/mK].
At Roof area [m2].
∆x Rood thickness [m].
Ti Air interior temperature [K].
Te Ambient temperature [K].
Tte Outside roof temperature [K].
Tti Internal roof temperature [K].
Rg Total thermal resistance [K/W].
Qnet Net flow due to convection–conduction and solar radiation [W].
QT Total heat flow [W].
A Mean exterior temperature constant [K].
B Amplitude of oscillation temperature [K].
b1 Phase constant [hours].
b2 Frequency constant [hours].
hmin Hour of minimum exterior temperature [hours].
hmax Hour of maximum exterior temperature [hours].
P Dimensionless parameter.
Q Dimensionless parameter.
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Tn The neutral temperature [K].
Tm The mean annual or monthly temperature [K].
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