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Abstract

The intensification of thermal stress in cities due to urbanization and climate change under-
scores the urgent need to improve outdoor habitability. This study analyses the influence of
three opaque façade technologies—traditional, lightweight and external thermal insulation
composite systems—combined with two albedo levels (0.30 and 0.80), on summer outdoor
conditions in Mendoza (Argentina), Madrid (Spain) and Campinas (Brazil). Using a cali-
brated microclimatic model with ENVI-met v5.6 software, a digital replica of a 10-storey
urban canyon was simulated to generate 18 scenarios, assessing the effect of façade thermal
mass and reflectivity on the urban microclimate. The results show that (i) scenarios that
mainly affect air temperature (AT) are those that modify the thermal mass of the façade
technologies. For example, traditional technology with a low albedo reduce maximum
AT by up to 1.2 ◦C in Campinas, 0.89 ◦C in Mendoza, and 0.81 ◦C in Madrid compared to
light technology with the same albedo level. (ii) Mean radiant temperature (MRT) increases
significantly in scenarios involving lightweight façade by 4.53 ◦C in Madrid, 4.46 ◦C in
Mendoza, and 3.39 ◦C in Campinas. Conversely, increasing façade albedo further amplifies
MRT due to multiple reflections in urban canyons with increases of 6.50 ◦C in Campinas,
6.09 ◦C in Mendoza, and 5.33 ◦C in Madrid. The impact is more pronounced with traditional
façades. (iii) Traditional façades and low-albedo ETIC systems experience the fewest hours
of very high thermal stress (UTCI > 38 ◦C), whereas lightweight façades increase exposure
to extreme heat. Overall, air temperature is primarily determined by façade thermal mass,
mean radiant temperature by surface reflectivity, and thermal comfort by the combined
effect of both. These findings confirm that high reflectivity can be counterproductive in
dense urban canyons, emphasizing the importance of climate- and morphology-sensitive
façade strategies for urban resilience.

Keywords: ENVI-met simulation; urban microclimate; façade thermal mass; albedo; mean
radiant temperature; outdoor thermal comfort (UTCI)

1. Introduction
Urban agglomerations are undergoing significant transformations, marked by rapid

urbanization, densification, and spatial expansion, alongside demographic shifts such as
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population aging and increased exposure to thermal stress driven by global warming [1].
These trends are evident in both developed and developing regions and pose considerable
challenges for the future of the cities. The combined effect of heightened heat exposure
and growing vulnerability—particularly among sensitive population groups—are likely
to intensify thermal stress in the coming decades [2]. Urban populations growth has
intensified land demand and accelerated the intensification of urban land use. These
processes, often associated with greater impervious surface coverage and reduced soil
permeability, contribute to elevated surface temperatures and exacerbate urban overheating
and the urban heat island (UHI) effect [3]. The need to mitigate these impacts is reinforced
by their direct consequences on human health, including higher heat-related mortality
among vulnerable populations and in lower-income neighborhoods [4].

The interaction between urbanization—which amplifies the UHI effect—and climate
change—which increases the frequency and intensity of heat waves—has been highlighted
in numerous studies [5]. This interaction underscores the urgent need for targeted miti-
gation and adaptation strategies to improve urban environmental quality and resilience.
This imperative has been recognized in both the European Union and the Southern Cone of
Latin America, where urban areas are increasingly investing in evidence-based approaches
to enhance thermal comfort and overall livability in public spaces [6].

Building more livable cities requires identifying thermal discomfort zones and estab-
lishing a quantitative basis for assessing the effectiveness of different mitigation strategies.
In this regard, it is essential to evaluate and quantify pedestrian thermal comfort using
thermal stress indices that integrate key environmental variables such as solar radiation, air
temperature, wind speed, and humidity. These indices must also account for the specific
characteristics of the urban fabric—including surface materials, vegetation density, building
geometry, and shading elements—which directly affect the physiological responses of the
human body. Among these indices, the mean radiant temperature (MRT) is a key microcli-
matic parameter for assessing outdoor thermal comfort [7]. Technically, MRT represents
the uniform temperature of an imaginary enclosure in which a person would exchange the
same amount of radiant heat as in the actual environment. Unlike air temperature alone,
MRT accounts for the combined effect of shortwave and longwave radiation emitted and
reflected by surrounding surfaces, thereby providing the equivalent temperature perceived
by the human body after comprehensively considering all radiation influences [8]. MRT in
urban environments depends on the thermal and radiative properties of exterior finishing
materials, urban geometry [9,10], and vegetation cover [11]. Proper management of these
factors is therefore essential to designing more comfortable and climate-resilient urban
environments [12].

The Universal Thermal Climate Index (UTCI) is another widely used and robust tool
for analyzing and managing outdoor thermal comfort. UTCI integrates air temperature,
humidity, wind speed, and mean radiant temperature to comprehensively represent human
thermal stress. Based on UTCI values, a thermal sensation scale is defined, categorizing
different levels of stress from extreme cold to extreme heat [13].

In the urban environments, the main influence on MRT balance comes from longwave
thermal radiation re-emitted by building surfaces-particularly façades and other vertical
elements- toward the surrounding environment. The use of high-emissivity materials
increases re-emitted thermal energy, thereby reducing surface temperatures. However, this
re-emitted energy plays a critical role in raising ambient temperatures at the pedestrian
level, intensifying thermal stress and reinforcing the UHI effect in densely built areas [14].

The albedo of urban surfaces also plays a significant role in shaping urban thermal
comfort by determining the amount of reflected solar radiation [15]. High albedo materials
reduce heat absorption by keeping surfaces cooler and lowering the emitted long-wave
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radiation [16]. For instance, studies by Alchapar et al. [17] in Latin American cities showed
that every 10% increase in pavements and roofs albedo reduces air temperature by 0.5 ◦C
in Mendoza, Argentina, and by 0.9 ◦C in Campinas, Brazil. However, when applied to
façades, high albedo materials can lead to overheating within deep street canyons due
to the increased mutual reflections between buildings. This process, referred to as the
“Inter-Building Effect–IBE” by Pisello et al. ([18,19]), traps solar radiation at street level and
increases the radiant load experienced by pedestrians. Consequently, while the use of high
albedo urban materials is effective in lowering surface temperatures, its ability to reduce
MRT and thermal stress is limited in dense, high-rise urban contexts.

Although the vertical surfaces of tall buildings can significantly alter urban radiation
dynamics through absorption and re-emission and multiple reflections of solar energy,
existing research often overlooks the impact of façade configurations on mean radiant
temperature (MRT), surface heat flux, and the pedestrian-level radiative environment.
While façades have been widely studied in relation to energy performance, passive solar
control, and photovoltaic integration, their role in shaping the microclimatic balance
and outdoor thermal comfort remains underexplored. In recent work, Kim et al. [13]
analyzed the effects of variations in the emissivity and reflectivity of urban road and
concrete pavements on the UTCI. However, the properties of building materials and
green spaces were held constant, citing their limited feasibility for modification in real-
world applications. Similarly, a review by Köker et al. [20] highlights the challenges for
estimating the solar energy potential of urban façades through simulation compared to
horizontal urban surfaces. Potential sources of error in façade modeling include shading
from surrounding buildings and architectural elements such as overhangs and balconies,
diffuse and reflected irradiance from the ground and adjacent structures, and variations
in sky view factors due to complex urban morphologies. To address this research gap, a
comparative study on the influence of different façade technologies in multi-story buildings
on the urban microclimate and pedestrian thermal comfort across diverse climatic zones is
of significant importance.

Among the innovative façade technologies, lightweight (dry) and modular systems
are increasingly implemented in residential buildings worldwide. Over the past decade,
lightweight construction has shown steady growth, driven by advantages such as faster
construction timelines, greater design flexibility, and cost reductions resulting from shorter
project durations. The global dry construction market is projected to reach USD 231.4 billion
by 2028, with a compound annual growth rate (CAGR) of 5.7% between 2023 and 2028 [21].
This expansion is also evident in Latin America, particularly in Argentina, Chile, Mexico,
and Colombia, where the region is expected to represent 14% of the global dry construction
market by 2028 [22]. Lightweight construction technologies are promoted as more efficient
and sustainable alternatives to traditional systems, primarily because of their high thermal
resistance provided by materials such as polystyrene or polyurethane. However, these
dry systems are characterized by low thermal inertia, which increases energy demand for
heating and cooling [9,10]. This change in the energy balance of lightweight/dry envelopes
alters the rate and manner in which building envelopes absorb and release energy to the
external environment (e.g., street canyons). Several studies have reviewed the trends and
challenges of dry construction technologies, consistently identifying low thermal inertia
as a critical issue to be addressed in order to ensure both thermal comfort and energy
efficiency in buildings [23].

Another well-established façade technology for multi-story buildings is the External
Thermal Insulation Composite System (ETICS). This system provides a comprehensive
solution for the thermal insulation of buildings and is applicable to both new constructions
and retrofitting of existing structures. ETICS are characterized by a compact, waterproof,
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and breathable “sandwich” layer that adheres directly to the building façade. The fun-
damental principle of the system is the application of insulating material to the exterior
façade surfaces, thereby enhancing the thermal performance of the building envelope while
protecting it from external climatic conditions [24]. In terms of thermal inertia, ETICS
display an intermediate behavior between lightweight and traditional technologies. While
the external insulation layer substantially improves thermal resistance, it also reduces the
capacity of the wall to store and release heat. Consequently, ETICS perform better than
lightweight systems in moderating temperature fluctuations but fall short of the buffering
capacity provided by traditional massive envelopes.

The primary objective of this study is to identify the most effective combinations
of radiative and thermal properties for optimizing air temperature in opaque façades in
optimizing outdoor air temperature (AT), mean radiant temperature (MRT), and urban
thermal comfort,-assessed using the Universal Thermal Climate Index (UTCI)—during the
summer months in three cities: Mendoza, Madrid, and Campinas. The analysis is based
on a theoretical model developed with ENVI-met V.5.6. and considers three construction
technologies with different thermal mass properties—lightweight or dry (L), traditional (T)
and the ETIC system (S)—each evaluated in relation to two levels of albedo (0.3 and 0.8).

2. Methodology
2.1. Study Cities as Case Studies

This study focuses on the cities of Mendoza (Argentina), Madrid (Spain), and Camp-
inas (Brazil) to examine how climatic and geographic variability across temperate and
subtropical latitudes influences the performance of façades constructed with different
building technologies. Figure 1 shows the geographical location of the three cities, while
Table 1 summarizes their main characteristics [25,26].

 
Figure 1. Location of the studied cities—Mendoza (Argentina), Madrid (Spain) and Campinas (Brazil)
according to the Köppen climate classification [27].

Although Mendoza, Madrid, and Campinas all experience warm summers, their
Köppen climate classifications [27] reveal fundamental differences in seasonal temperature
and precipitation patterns. Mendoza (BWk) has a cold desert steppe climate, characterized
by very low annual precipitation, warm summers, and distinctly cold winters. In contrast,
Madrid (Csa) features a typical Mediterranean climate with hot, dry summers, mild and
humid winters, and precipitation concentrated mainly in the transitional seasons. Campinas



Urban Sci. 2025, 9, 428 5 of 20

(Cwa) presents a warm temperate climate with dry winters and hot summers; precipitation
is concentrated in the warm season, while winters are milder and drier, without the cold
conditions typical of steppe or desert climates. The three cities were selected to evaluate the
impact of the façade technologies under diverse climatic conditions. The inclusion of desert
steppe, Mediterranean, and warm temperate climates enables a comprehensive assessment
of the façade performance across contrasting scenarios.

Table 1. Geographic and Climatic Conditions of the Evaluated Cities.

Characteristics Mendoza, Argentina Madrid, Spain Campinas, Brazil

Location 32.86◦ S; 68.86◦ W
750 m a.s.l.

40.42◦ N; −3.70◦ E
680 m a.s.l.

22.53◦ S, 47.04◦ W
680 m a.s.l.

Population 2,043,540 hab. 3,460,491 hab. 1,139,047 hab.

Climate according to Köppen
classification [27].

Desert with cold steppe,
BWk

Typical Mediterranean,
Csa

Warm temperate with dry
winters and hot summers,
Cwa

Maximum daily horizontal
global radiation 1117 W/m2 1011 W/m2 1020 W/m2

Mean wind speed (height: 10 m) 2.18 m/s (south) 2.61 m/s (south) 2.2 m/s (southeast)
Annual mean temperature 16.79 ◦C 14.72 ◦C 22.5 ◦C
Average minimum temperatures −5 ◦C −7.6 ◦C 12.4 ◦C
Average maximum temperatures 39 ◦C 40.4 ◦C 32.5 ◦C
Annual average relative humidity 60.32% 52.16% 69.0%
Annual average
accumulated precipitation 220 mm 435 mm 1510 mm

2.2. Study Area and Theoretical Model

For this study, a single area was selected: a peripheral social neighborhood in Mendoza
(32◦54′48′′ S, 68◦50′46′′ W), whose urban typology is representative of the three cities
analyzed. The area features a regular urban layout with homogeneous building types.
Residential buildings are typically one- or two-story single-family homes, forming a low-
density urban fabric with rectangular blocks and street widths ranging from 16 to 20 m.
The built-up area covers approximately 80% of the neighborhood, while urban vegetation
accounts for 13%. The average building height is 3.2 m, resulting in a height-to-width
(H/W) ratio between 0.15 and 0.19.

Regarding construction technology, the roofs are lightweight, with a wooden structure,
ceramic tile covering, and expanded polystyrene insulation (U-value: 0.625 W/m2K). The
walls are traditionally constructed without thermal insulation, consisting of solid brick
plastered on both sides (U-value: 1.07 W/m2K). The vehicular pavements are asphalt.

The microclimate of the study area was simulated using ENVI-met v5.6, a robust
and widely used tool in urban microclimate research and thermal comfort assessment.
ENVI-met integrates wind dynamics, temperature and humidity profiles, vegetation, and
radiative exchanges at high spatial resolution [28–32]. It allows for detailed estimation
of Mean Radiant Temperature (MRT), a key variable in biometeorological indices such
as the Predicted Mean Vote (PMV), Physiologically Equivalent Temperature (PET), and
the Universal Thermal Climate Index (UTCI) [31]. ENVI-met has incorporated in version
5 advanced models for calculating MRT, notably the Indexed View Sphere (IVS) and
Advanced Canopy Radiation Transfer (ACRT) modules. These modules account for short-
and long-wave radiation fluxes using a six-directional measurement technique, improving
upon the older Average View Factors (AVF) method that simplified secondary radiation
exchanges [31,33]. Recent studies confirm the potential of these models, especially when
applied with site-specific inputs and calibrated parameters such as surface albedo and



Urban Sci. 2025, 9, 428 6 of 20

cloud cover, highlighting the importance of empirical calibration for reliable simulations in
complex urban morphologies [34]. Therefore, while ENVI-met enables robust analyses of
thermal comfort and urban heat mitigation strategies, its application requires careful local
calibration and validation with field measurements to ensure reliable results [31,33,34].

The model was comprehensively digitized to reflect the actual characteristics of the
study area, including urban morphology, surface materials, and vegetation, all documented
through field surveys. Surface materials were represented using the ENVI-met v5.6.1
standard database, with site-specific adjustments to the albedo of horizontal and vertical
external surfaces. Vegetation was parameterized using the software’s standard library,
complemented by locally collected data. The microclimatic model was constructed as a
100 (x) × 80 (y) × 30 (z) grid with a resolution of 3.0 m (dx) × 3.0 m (dy) × 5.0 m (dz),
covering a reference surface of 300 × 240 m.

To ensure simulation accuracy, a day with stable atmospheric conditions—free of
precipitation and with minimal cloud cover—was selected to minimize external variability.
Model calibration was conducted by comparing measured and simulated air temperatures
recorded by a sensor installed within a central urban canyon. Although mean radiant
temperature (MRT) was not directly validated through field measurements, it is considered
representative, as the model incorporated critical input parameters such as albedo, material
properties, and cloud cover, which are widely recognized as essential for accurate MRT
estimation [31,34]. Microclimatic variables were collected at fixed station points (P1) in
the central area of the study site (Figure 2) at pedestrian height (1.5 m). The measurement
equipment used was a HOBO® H08-003-02 (Bourne, MA, USA, EE. UU.), with temperature
accuracy of ±0.7 ◦C (from +21 ◦C) and humidity accuracy of ±5% (from +5 ◦C to +50 ◦C).
Equipment was installed inside a radiation shield following WMO guidelines [35]. Figure 2
shows both the morphological configuration of the study area and the modeled section in
ENVI-met. For calibration, the receptor was positioned at the exact location of the climate
data logger (P1).

 

 

(a) (b) 

Figure 2. Study area and P1 (data acquisition point/receptor), (a) aerial photographs, (b) study
area digitalized with ENVI-met model (black volumes: buildings and green volumes: urban trees).
Font: adapted from ENVI-met and Google Earth Pro.

The input climatic parameters correspond to the periods of highest solar radiation
availability. Specifically, the analysis focused on 8 February for Mendoza, 23 August for
Madrid, and 6 February for Campinas in 2024. These dates were selected as they represent
typical summer climatic conditions for each respective location (Table 2).
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Table 2. Input Data for the ENVI-met v.5.6 Model.

Parameters Mendoza
(February)

Madrid
(August)

Campinas
(February)

Average air temperature; ◦C 30.7 29.8 25.9
Maximum air temperature; ◦C 40.1 38.8 31.4
Minimum air temperature; ◦C 22.9 23.0 20.2

Thermal amplitude; ◦C 17.2 15.8 11.2
Average relative humidity; % 29.0 32.3 79.0
Average wind speed; m/seg 5.0 3.6 1.7

Maximum global solar radiation; W/m2 1017 1011 941

Model Calibration

To ensure model stability, the ENVI-met simulation was run for two consecutive days
(48 h). The results presented in Figure 3 correspond to the second day, when the model had
reached steady-state conditions.
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Figure 3. Calibration curves for air temperature and relative humidity of the ENVI-met model
compared to fixed point. both at point P1.

Figure 4 presents a scatter plot comparing predicted and measured air temperature
and relative humidity, along with the associated statistical metrics for the study area. The
results indicate that the ENVI-met model performs well in estimating air temperature
(Ta) and provides an acceptable fit for relative humidity (RH). For air temperature, the
coefficient of determination was R2 = 0.91, indicating a strong correlation with observed
data. Errors were relatively low (RMSE = 1.46 ◦C, MAE = 1.20 ◦C), with a negative bias
(MBE = −0.80 ◦C), reflecting a slight systematic underestimation. For relative humidity, the
fit was somewhat lower (R2 = 0.84), with RMSE = 3.04% and MAE = 2.00%, and a positive
bias (MBE = 0.61%), indicating a minor overestimation. Overall, these results suggest that
the model adequately reproduces the microclimatic conditions of the study area.

2.3. Assessment of Different Scesnarios

Once the model was calibrated and confirmed to reliably reproduce local climatic
conditions, a new scenario was introduced. In this modified area, a simplified model was
constructed with a typical building height of 30 m (≈10 stories) and no vegetation, allowing
the isolation of the construction variable and maximizing façade exposure relative to the
total envelope area. This configuration resulted in a sky view factor of 31% (Figure 5).

To evaluate the impact of different façade technologies on urban microclimatic per-
formance in Mendoza, Madrid, and Campinas, 18 scenarios were analyzed. The variables
considered were construction technology (traditional, lightweight, and ETIC system) and
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albedo level (0.3 and 0.8), applied across the three cities: Mendoza (BWk climate), Madrid
(Csa climate), and Campinas (Cwa climate). The nomenclature (ID) of the scenarios is de-
tailed in Table 3, while the construction specifications for each façade scenario are presented
in Table 4.

Figure 4. Scatter plot between predicted value (ENVI-met model) and measured value, both at point
P1. Statistical calibration metrics: coefficient of determination (R2); mean bias error (MBE); root mean
square error (RMSE); mean absolute error (MAE).

Figure 5. Study area in the ENVI-met v.5.6 model space with analysis scenario.

Table 3. Proposed scenarios for each of the three cities studied.

City ID
Technology

Lightweight
(L)

Traditional
(T)

ETIC System
(S)

Mendoza
Low Albedo Men_L0.3 Men_T0.3 Men_S0.3
High Albedo Men_L0.8 Men_T0.8 Men_S0.8

Madrid
Low Albedo Mad_L0.3 Mad_T0.3 Mad_S0.3
High Albedo Mad_L0.8 Mad_T0.8 Mad_S0.8

Campinas
Low Albedo Cam_L0.3 Cam_T0.3 Cam_S0.3
High Albedo Cam_L0.8 Cam_T0.8 Cam_S0.8

Table 4 outlines the construction solutions for the façades, according to their radiative
properties and thermal mass characteristics.

To evaluate the microclimatic impact of the thermal and radiative properties of dif-
ferent façade technologies within the study area, a comparative analysis was conducted
across the climatic contexts of Mendoza, Madrid, and Campinas. Initially, the thermal
performance of each technology was assessed individually in terms of thermal capacity
(see Section 3.1). The thermal capacity of a material is a physical property that indicates
the amount of thermal energy required to raise the temperature of a given quantity of that
material by one degree Celsius (or Kelvin). In other words, it is a measure of a material’s
ability to store heat. This concept is closely related to the thermal inertia of materials, which
requires more complex calculation models that consider the geometry of each component
and boundary conditions, as the ENVI-met model does. The total thermal capacity per m2
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(Ctotal) of each studied technology is determined by the sum of the heat capacities per m2 of
its individual layers (Ci), according to the following formula:

Table 4. Thermal and radiative properties according to construction technology.

Traditional Technology (T)—Thickness: 0.18 m
Properties Stucco ext. Solid Brick Stucco Int.
* Thickness (e); meters 0.02 0.14 0.02
* Specific Heat (c); J/kgK 669 650 669
* Thermal Conductivity; W/mK 0.09 0.44 0.09
* Density (ρ); Kg/m3 1920 1500 1920
Albedo 0.30/0.80 0.30/0.80
* Emissivity 0.90 0.90 0.90
Thermal Transmittance of the Component 1.07 W/m2K
Lightweight Technology (L)—Thickness: 0.12 m

Properties Cementitious board
ext. Isolant EPS Cementitious board int.

* Thickness (e); meters 0.015 0.09 0.015
* Specific Heat (c); J/kgK 840 1500 840
* Thermal Conductivity; W/mK 0.2 0.07 0.2
* Density (ρ); Kg/m3 620 400 620
Albedo 0.3/0.8 0.3/0.8
* Emissivity 0.94 0.94
Thermal Transmittance of the Component 0.623 W/m2K
Exterior Thermal Insulation System (S)—Thickness: 0.21 m

Properties Cementitious board
ext. Isolant EPS Solid Brick int.

* Thickness (e); meters 0.015 0.05 0.14
* Specific Heat (c); J/kgK 840 1500 650
* Thermal Conductivity; W/mK 0.2 0.07 0.44
* Density (ρ); Kg/m3 620 400 1500
Albedo 0.3/0.8 0.3/0.8
* Emissivity 0.94 0.9
Thermal Transmittance of the Component 0.782 W/m2K

* Default values. ENVI-met v.5.6 material library.

Ci = mi· ci (1)

where

Ci = heat capacity per m2 of layer i (J/m2·K);
mi = ρi · ei = mass per m2 of the layer (kg/m2);
ρi = density of the layer (kg/m3);
ei = thickness of the layer (m);
ci = specific heat of the layer (J/kg·K).

Then, the total heat capacity per m2 of technologies, Ctotal (J/m2·K), is obtained by
summing all layers:

Ctotal =
n

∑
i=1

Ci =
n

∑
i=1

(ρ i·ei·ci) (2)
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This formula allows to calculate the total thermal mass of a composite wall per square
meter, and find the most effective combinations of radiative and thermal mass properties.
Secondly, various radiative and thermal properties façade configurations were simulated
using ENVI-met software, and their influence on the urban environment was quantified
through the parameters of mean radiant temperature (MRT) and outdoor air temperature
(AT), as defined previously (see Section 3.2). Finally, to further understand the implications
of façade technology selection, a thermal comfort analysis was conducted using the Univer-
sal Thermal Climate Index (UTCI) in the study cities (see Section 3.2.2. The objective of this
analysis was to investigate how the different climatic characteristics (BWk for Mendoza,
Csa for sMadrid, and Cwa for Campinas) interact with the thermal and radiative properties
of façades and affect the perception of thermal stress, particularly under extreme heat
conditions. The UTCI thermal stress categories considered in the analysis were interpreted
as follows:

• Moderate heat stress: (26–32 ◦C);
• Strong heat stress: (32–38 ◦C);
• Very strong heat stress: (38–46 ◦C).

3. Results
3.1. Thermal Capacity of the Analyzed Technologies (Ctotal)

Thermal inertia is the ability of a material to store and release heat. A material with
high thermal inertia absorbs heat during the day and releases it slowly at night, helping to
stabilize indoor temperatures. It is directly related to the total thermal capacity of the wall
(Ctotal) that is the physical quantity used to quantify the effect of thermal inertia. Therefore,
a wall with a higher Ctotal has greater thermal inertia and is more effective at damping
temperature fluctuations.

Table 5 describes the distinctive thermal behavior of the three analyzed construction
technologies, evaluated through their heat capacity per unit area (Ctotal). The traditional
system (T) has a Ctotal of 187,840 J/(m2·K), which means that raising the temperature of
1 m2 of a traditional wall (18 cm thick) by 1 K requires approximately 187,879 J of thermal
energy. These values demonstrate that traditional façade technology achieves the highest
thermal inertia, making it ideal for damping daytime temperature fluctuations due to the
high mass and density of its layers.

In contrast, the lightweight system (L) exhibits the lowest heat capacity, with a Ctotal

of 69,624 J/(m2·K), resulting in low thermal inertia. This technology prioritizes thermal
insulation through the incorporation of a thick layer of expanded polystyrene (EPS), making
it highly efficient at reducing heat transfer.

Finally, the External Thermal Insulation Composite System (S) achieves an optimal
balance, combining significant thermal inertia (Ctotal = 174,312 J/(m2·K)) due to its internal
brick mass with superior insulation provided by an external EPS layer. This design allows
the interior mass to regulate temperature while the insulation minimizes heat losses or
gains, optimizing both comfort and energy efficiency.

The bar chart in Figure 6 describes the total thermal capacity per m2 of each component
by technology as calculated by Equation (1).
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Table 5. Heat capacity per m2 of technologies (Ctotal); J/m2·K, according to construction technology.

Technology Layer e; m ρ; kg/m3 c; J/kg·K Ci; J/m2·K

Traditional (T)
Exterior Stucco 0.02 1920 669 25,670
Solid Brick 0.14 1500 650 136,500
Interior Stucco 0.02 1920 669 25,670

Ctotal 0.18 187,840

Lightweight (L)

Exterior
Cementitious Board 0.015 620 840 7812

EPS Insulation 0.09 400 1500 54,000
Interior
Cementitious Board 0.015 620 840 7812

Ctotal 0.12 69,624

Exterior Thermal Insulation
Systems (S)

Exterior
Cementitious Board 0.015 620 840 7812

EPS Insulation 0.05 400 1500 30,000
Interior Solid Brick 0.14 1500 650 136,500

Ctotal 0.21 174,312
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Figure 6. Heat capacity per m2 of technologies (Ctotal); J/m2·K.

3.2. Impact of Façade Technologies on Urban Environment

Table 6 presents the outdoor air temperature (AT) and mean radiant temperature
(MRT) data for Mendoza, Madrid, and Campinas, considering different façade technologies
(lightweight—L, traditional—T, and ETIC system—S) and albedo levels (0.3 and 0.8). The
columns showing the maximum values of each variable (AT and MRT) are color-coded
according to their range of behavior to facilitate analysis and highlight observable patterns.

Table 6 shows that the extreme values in the maximum AT column occur when the
construction technology is varied (L0.3 vs. T0.3) across the three cities. In contrast, MRT is
primarily influenced by surface albedo, with high-albedo façades producing higher MRT
values than low-albedo ones (L0.3, T0.3, S0.3 vs. L0.8, T0.8, S0.8).

Figures 7 and 8 illustrate the urban microclimatic behavior in terms of air temperature
and mean radiant temperature within the street canyon for the three study cities, across all
18 façade scenarios. Table 3 provides a detailed explanation of the nomenclature codes for
each scenario.
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Table 6. Air temperature (AT) and mean radiant temperature (MRT) at 1.5 m height for the analyzed
scenarios in the three cities.

Scenarios
AT; ◦C MRT; ◦C

Average Maximum Minimum Average Maximum Minimum

Mendoza

Men_L0.3 30.9 37.57 23.89 34.14 69.33 20.33
Men_T0.3 30.46 36.68 23.92 32.15 64.87 20.15
Men_S0.3 30.58 36.99 23.89 32.81 66.29 20.28
Men_L0.8 30.57 37 23.87 35.32 72.18 20.2
Men_T0.8 30.41 36.57 23.93 34.69 70.96 20.21
Men_S0.8 30.53 36.89 23.89 35.18 71.97 20.28

Madrid

Mad_L0.3 30.06 37.22 24.01 33.15 69.51 20.9
Mad_T0.3 29.72 36.41 24.02 31.65 64.98 20.31
Mad_S0.3 29.83 36.71 23.99 32.15 67.05 20.45
Mad_L0.8 29.85 36.77 23.99 34.51 72.76 20.26
Mad_T0.8 29.72 36.41 24.03 34.02 70.31 20.33
Mad_S0.8 29.83 36.71 23.99 34.38 72.61 20.45

Campinas

Cam_L0.3 26.76 32.43 21.35 31.99 65.72 18.22
Cam_T0.3 26.38 31.23 21.48 30.12 62.33 18.36
Cam_S0.3 26.48 31.7 21.37 30.98 62.87 18.28
Cam_L0.8 26.42 31.51 21.38 33.21 69.34 18.29
Cam_T0.8 26.29 31.12 21.49 32.38 68.83 18.38
Cam_S0.8 26.38 31.49 21.37 33.06 69.18 18.28

Color scale:

minimun value maximun value

 

Figure 7. Air temperature at pedestrian level at 1.50 m for lightweight (L), traditional (T) technologies
and Exterior Thermal Insulation System (S), according to albedo (0.3 and 0.8) for the cities of Mendoza
(Men), Madrid (Mad) and Campinas (Cam).
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Figure 8. Mean radiant temperature at pedestrian level at 1.50 m for lightweight (L), traditional (T)
technologies and Exterior Thermal Insulation System (S), according to albedo (0.3 and 0.8) for the
cities of Mendoza (Men), Madrid (Mad) and Campinas (Cam).

3.2.1. Air Temperature (AT) and Mean Radiant Temperatures (MRT)

When evaluating the thermal behavior of the analyzed scenarios, it was observed that
the MRT variable was highly sensitive to the three façade technologies (L, T, and S) and to
both albedo levels (0.3 and 0.8) in façade technologies, compared to air temperature (AT).
Next, consistent patterns were observed across cities:

- Air temperature (AT) in relation to technologies modification: traditional façades with
low albedo (0.3) systematically presented the lowest maximum AT values, confirming
the buffering effect of higher thermal inertia. In Campinas, for example, the maxi-
mum AT with traditional façades was 31.23 ◦C, while lightweight façades reached
32.43 ◦C—an increase of 1.2 ◦C. Similar, but smaller, differences were recorded in Men-
doza (0.89 ◦C) and Madrid (0.81 ◦C) (T0.3 vs. L0.3). Lightweight façades, characterized
by low thermal mass due to insulating materials such as polystyrene, responded more
rapidly to diurnal variations. This accelerated heat release resulted in higher AT peaks
and more pronounced daily fluctuations.

- Air Temperature (AT) in relation to albedo modification: regarding the impact of the
radiative properties of façades, a lower influence on urban air temperatures was ob-
served, compared to the effect of façade materials. Across the studied cities, increasing
the albedo from 0.3 to 0.8 most significantly affected lightweight technologies. The
greatest reductions in maximum AT occurred in Campinas, with decreases of 0.92 ◦C;
in Mendoza and Madrid, average differences reached approximately 0.5 ◦C (L0.3 vs.
L0.8) (Table 6 and Figure 7).

- Mean Radiant Temperature (MRT) in relation to technologies modification: lightweight
façades with low albedo generate significantly higher MRT than other technologies,
particularly in high-radiation contexts. The maximum differences between lightweight
and traditional technologies reached 4.46 ◦C in Mendoza, 4.53 ◦C in Madrid and
3.39 ◦C in Campinas (L0.3 vs. T0.3). The increase is particularly pronounced in
Mendoza and Madrid, cities characterized by high solar radiation and heliophany
during the summer months (exceeding 1000 W/m2). (Table 6 and Figure 8).

- Mean Radiant Temperature (MRT) in relation to albedo modification: high-albedo
façades (0.8) amplified MRT due to multiple reflections within the deep canyon, a
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phenomenon of radiative “trapping.” Their interaction with solar altitude reinforced
the effect of canyon geometry. Deep urban canyons in all study areas promoted
higher maximum and average MRT values across the three cities, mainly due to
inter-building radiation reflections (inter-building effect, [19]). Campinas was par-
ticularly affected because of its geographical position near the equator, where the
sun strikes almost perpendicularly on horizontal surfaces, intensifying radiative load.
Specifically, in Campinas, increasing façade albedo to 0.8 raised MRT by 6.50 ◦C for
traditional technology (from 62.33 ◦C to 68.83 ◦C) and by 3.62 ◦C for lightweight tech-
nology (from 65.72 ◦C to 68.83 ◦C). In Mendoza, the maximum MRT difference was
6.09 ◦C for traditional façades (from 64.87 ◦C to 70.96 ◦C) and 2.85 ◦C for lightweight
façades (from 69.33 ◦C to 72.18 ◦C). A similar trend was found in Madrid, with in-
creases of 5.33 ◦C (from 64.98 ◦C to 70.31 ◦C) for traditional façades and 3.25 ◦C (from
69.51 ◦C to 72.76 ◦C) for lightweight façades (T0.8 vs. T0.3 and L0.8 vs. L0.3) (Table 6
and Figure 8).

Table 7 presents thermal maps of mean radiant temperature (MRT) distribution cap-
tured at the time of their maximum values (15:00 solar time) on the study days for each
city. In these maps, black areas represent building footprints, while the color scale indi-
cates MRT distribution and intensity, ranging from low temperatures (blue/green) to high
temperatures (red/yellow).

Table 7. Distribution of mean radiant temperature for 18 analyzed scenarios at 15:00.

Mendoza–Argentina Madrid–Spain Campinas–Brazil

Men_T0.3

 

Mad_T0.3

 

Camp_T0.3

 

Men_T0.8

 

Mad_T0.8

 

Camp_T0.3

 

Men_L0.3

 

Mad_L0.3

 

Camp_L0.3

 

Men_L0.8

 

Mad_L0.8

 

Camp_L0.8

 



Urban Sci. 2025, 9, 428 15 of 20

Table 7. Cont.

Mendoza–Argentina Madrid–Spain Campinas–Brazil

Men_S0.3

 

Mad_S0.3 Camp_S0.3

 

Men_S0.8

 

Mad_S0.8 Camp_S0.8

The orientation and extent of the shadow cones vary according to each city’s latitude
relative to the Equator. In Mendoza, shadows are compact and cast southward due to
the high solar altitude angle (approximately 74◦ in February). Conversely, in Madrid, the
shadow cones are much larger and oriented northward, owing to its northern latitude
and lower solar altitude (61◦ in August). Finally, in Campinas, its proximity to the Equa-
tor results in shadows primarily cast westward, with a high solar altitude angle (84◦ in
February). These spatial and temporal shading patterns, combined with façade reflectivity
and thermal inertia, determine the net radiative load at pedestrian level and explain the
observed variations in MRT and outdoor thermal comfort across cities (Table 7).

3.2.2. Thermal Comfort According to UTCI Index

Figure 9 illustrates the daily distribution of the Universal Thermal Climate Index
(UTCI) for the different façade technologies across the three cities. Figure 10 presents
the percentage of hours experiencing very strong heat stress for each technology and
albedo level.

 

Figure 9. Universal thermal climate index at 1.50 m for lightweight (L), traditional (T) technologies
and Exterior Thermal Insulation System (S), according to albedo (0.3 and 0.8) for the cities of Mendoza
(Men), Madrid (Mad) and Campinas (Cam).
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Figure 10. Daily percentage of hours within the very strong heat stress category (above 38 ◦C)
according to the Universal Thermal Climate Index (UTCI) in the three cities studied (Mendoza,
Madrid, Campinas), differentiated by façade scenarios: lightweight (L), traditional (T), and ETIC
system (S), and by albedo levels: 0.3 and 0.8. Dotted box: It is highlighting the most effective
technologies for the three analyzed climates.

This analysis aims to identify the combinations of façade technology and surface
reflectance that are most effective in reducing heat stress. In Mendoza, the scenarios
Men_T0.3 and Men_S0.3 (highlighted in Figure 10) exhibit the lowest percentage of hours
under very strong heat stress, making them the most effective solutions for this climate. In
Madrid, the most favorable configurations are Mad_T0.3, Mad_S0.3, and Mad_T0.8, which
also show the lowest proportion of time under heat stress. In Campinas, the most efficient
scenarios are Camp_L0.3 and Camp_L0.8, recording the fewest hours of very strong heat
stress. This indicates that in warm-humid climates such as Campinas, thermal insulation
is more critical than thermal mass, as the primary challenge is to limit sensible heat gains
and prevent daytime overheating. In this context, lightweight systems with 9 cm of EPS
insulation (Ci = 54,000 J/(m2·K)) are adequate (Table 5).

By contrast, cities like Mendoza and Madrid, which experience large daily tem-
perature ranges (>9 ◦C, see Table 3), benefit more from technologies with higher ther-
mal mass. Both traditional façades (T, Ctotal = 187,840 J/(m2·K)) and ETIC systems (S,
Ctotal = 174,312 J/(m2·K)) perform better. The higher heat capacity allows these systems to
absorb incoming solar radiation during the day and release it gradually at night, dampen-
ing the thermal cycle within the urban canyon and reducing UTCI peaks. This buffering
effect is particularly important in arid climates such as Mendoza, where intense solar
radiation and low cloud cover amplify thermal contrasts.

Surface reflectance (albedo) plays a key role in high-thermal-mass technologies, while
its effect is less pronounced in lightweight systems. Due to the rapid thermal response
of low-mass façades, the influence of reflectance is short-lived and does not accumulate,
limiting its impact on UTCI compared to massive constructions.

Specifically, in Mendoza, the percentage of time under very strong heat stress exceeds
21% for Men_L0.3, Men_L0.8, Men_T0.8, and Men_S0.8, with UTCI peaking at 44.98 ◦C.
In Madrid, this percentage reaches 12.5% for Mad_L0.3, Mad_L0.8, and Mad_S0.8, with a
maximum UTCI of 42.22 ◦C. In Campinas, time under very strong heat stress increases to
12.5% for Cam_L0.3, Cam_S0.3, Cam_L0.8, and Cam_S0.8, with maximum UTCI values of
40.94 ◦C (Figure 10).

4. Discussion
This study confirms that façade material properties—particularly thermal mass and

albedo—are decisive in shaping microclimates within deep urban canyons. Traditional and
ETIC systems, both with higher heat capacity, consistently buffered air temperature peaks
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and reduced UTCI exposure, especially in climatic locations with large diurnal ranges
such as Mendoza. These findings are consistent with previous evidence on the benefits of
thermal inertia for moderating microclimatic extremes ([36,37]), and reinforce its relevance
as a passive cooling strategy in dense urban environment.

Lightweight façades, in contrast, showed limited capacity to regulate thermal condi-
tions, producing higher MRT and longer periods of strong heat stress. This outcome echoes
recent studies on the drawbacks of low-mass materials in outdoor comfort [13], highlighting
the need to complement such systems with additional strategies. One promising approach
is the integration of phase-change materials (PCMs), which have been shown to enhance
the latent storage capacity of lightweight constructions [37].

The influence of façade reflectivity was even more critical. Increasing albedo from
0.3 to 0.8 systematically amplified MRT by more than 6 ◦C in deep canyons, despite neg-
ligible effects on air temperature. This pattern corroborates the “inter-building effect”
described in ([18,19]) and recent reviews questioning the universal benefits of reflective
materials [38,39]. While high-albedo surfaces are often promoted as urban cooling solu-
tions [40], the results here demonstrate that, under specific morphologies, they can exacer-
bate pedestrian radiant stress. Alternative innovations, such as retro-reflective materials
designed to redirect solar gains away from pedestrian zones may offer more effective solu-
tions [41]. Evidence from previous studies ([39–42]) suggests that multi-strategy approaches
outperform isolated interventions in mitigating urban heat and improving outdoor comfort.
Overall, these findings emphasize that façade strategies cannot be generalized. Instead,
they must be tailored to climate and morphology, integrating recent material innovations
to mitigate unintended consequences and improve outdoor thermal comfort.

5. Conclusions
The results of this study confirm that the thermal performance of opaque façades in

deep urban canyons is strongly determined by their thermal capacity and surface reflectivity.
Traditional façades, with the highest heat storage capacity (Ctotal = 187,840 J/(m2·K)), con-
sistently achieved the lowest maximum air temperatures and MRT values across the three
cities. In Campinas, for instance, maximum AT decreased by 1.2 ◦C compared to lightweight
façades (31.23 ◦C vs. 32.43 ◦C), while MRT differences reached 3.39 ◦C (62.33 ◦C vs.
65.72 ◦C). Similar patterns were observed in Mendoza (∆AT = 0.89 ◦C; ∆MRT = 4.46 ◦C)
and Madrid (∆AT = 0.81 ◦C; ∆MRT = 4.53 ◦C).

The ETIC system (Ctotal = 174,312 J/(m2·K)) showed intermediate but robust behavior,
balancing the buffering effect of thermal mass with the insulating performance of EPS. By
contrast, lightweight façades (Ctotal = 69,624 J/(m2·K)) systematically recorded the highest
MRT and UTCI peaks, particularly in high-radiation climates such as Mendoza and Madrid,
confirming their vulnerability due to low thermal inertia.

Albedo played a secondary role in AT modulation but had a decisive impact on
MRT. Increasing surface reflectivity from 0.3 to 0.8 raised maximum MRT by up to
6.50 ◦C in Campinas (T0.3 = 62.33 ◦C vs. T0.8 = 68.83 ◦C), 6.09 ◦C in Mendoza
(64.87 ◦C vs. 70.96 ◦C), and 5.33 ◦C in Madrid (64.98 ◦C vs. 70.31 ◦C). These increases,
driven by multiple reflections and the inter-building effect, intensified radiant heat loads at
pedestrian level, demonstrating that highly reflective façades can worsen thermal stress in
tall, dense canyons.

Thermal comfort analysis further confirmed these trends. In arid and continental
climates with large diurnal temperature ranges (Mendoza, Madrid), traditional and ETIC
façades with low albedo minimized exposure to very strong heat stress (>38 ◦C), while
lightweight façades prolonged it. In Campinas, a warm-humid climate, insulation proved
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more relevant, making lightweight façades comparatively effective in reducing sensible
heat gains.

Overall, the study demonstrates that façade strategies cannot be generalized. Thermal
mass is the primary determinant of AT, surface albedo governs MRT, and UTCI outcomes
result from the combined influence of both. High reflectivity, often considered a universal
cooling solution, may instead exacerbate thermal discomfort in dense urban morphologies.
Climate- and morphology-sensitive façade design—favoring systems with higher thermal
inertia and carefully selected albedo—represents a more reliable pathway to enhancing
outdoor habitability and urban resilience.
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