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ABSTRACT

This study comparatively evaluates the thermal performance of a grapevine pergola and a shade net as conditioning strategies for intermediate
outdoor spaces in a temperate climate. An in situ experiment was conducted in Parral, Chile, using environmental measurements collected
over a 14-day summer period as part of an exploratory approach. Air temperature, relative humidity, wind speed, and globe temperature were
recorded, and mean radiant temperature and the Universal Thermal Climate Index (UTCI) were calculated for the period between 11 am and 4
pm. The results indicate the grapevine pergola performed better, with a lower UTCI and mean radiant temperature values than those recorded
under the shade net. The greatest difference between the two conditions was observed for the second parameter, with daily variations ranging
from 2.6 to 4.3 °C. It is concluded that the grapevine pergola constitutes a more effective passive strategy for improving outdoor thermal
comfort.

Keywords
overheating, grapevine pergola, outdoor thermal comfort, transitional spaces

RESUMEN

Este estudio evalla comparativamente el comportamiento térmico de un parrén y una malla de sombreo como estrategias de
acondicionamiento de espacios exteriores intermedios en clima templado. Se desarrollé un experimento in situ en la ciudad de Parral, Chile,
mediante mediciones ambientales durante 14 dias de verano, con un enfoque exploratorio. A partir del registro de temperatura del aire,
humedad relativa, velocidad del viento y temperatura de globo, se calcularon la temperatura radiante media y el indice UTCI entre las 11:00
y las 16:00 h. Los resultados evidencian un mejor desempeno del parrén, con valores menores de UTCl y de temperatura radiante media
que los de la malla. La mayor diferencia entre ambas condiciones se observé en este ultimo pardmetro, con variaciones diarias de 2,6 a 4,3
°C. Se concluye que el parrén constituye una estrategia pasiva mas efectiva para mejorar el confort térmico exterior.

Palabras clave
sobrecalentamiento, parrén, confort térmico exterior, espacios intermedios

RESUMO

Este estudo avalia comparativamente o comportamento térmico de um pergolado com parreira e de uma tela de sombreamento como
estratégias de condicionamento de espacos exteriores intermediarios em clima temperado. Desenvolveu-se um experimento in situ na cidade
de Parral, Chile, com medi¢des ambientais ao longo de 14 dias de verdo, adotando-se uma abordagem exploratdria. A partir do registro da
temperatura do ar, da umidade relativa, da velocidade do vento e da temperatura de globo, calcularam-se a temperatura radiante média e o
indice UTCl entre 11h e 16h. Os resultados evidenciam um melhor desempenho do pergolado com parreira, com valores mais baixos de UTCI
e de temperatura radiante média em comparacao a tela. A maior diferenga entre as duas condigdes foi observada neste Gltimo parémetro, com
variagdes didrias de 2,6 a 4,3 °C. Conclui-se que o pergolado com parreira constitui uma estratégia passiva mais eficaz para melhorar o conforto
térmico exterior.

Palavras-chave
Superaquecimento, pergolado com parreira, conforto térmico exterior, espagos intermediarios
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Figure 1. Two examples of grapevine pergolas and their deciduous behavior. Source: Prepared by the authors.

INTRODUCTION

The environmental conditioning of outdoor spaces
is a growing challenge amid climate change
and the intensification of the urban heat island
(Intergovernmental Panel on Climate Change [IPCC],
2023). In cities and regions with temperate climates,
rising temperatures and increased solar radiation
have worsened thermal comfort in outdoor spaces,
affecting their inhabitability and everyday use (Liu et
al., 2025; Wang et al., 2023). In this scenario, passive
climate mitigation strategies, particularly those based
on vegetation, have become relevant as sustainable
alternatives to energy-intensive technological
solutions (Gherri, 2023).

In this sense, the literature has extensively addressed
the role of green infrastructure across different scales,
from urban trees to plant-based construction systems
(Bowler et al., 2010). On the latter, it has been shown
that the incorporation of vegetation in enclosures can
significantly reduce the mean radiant temperature in
outdoor environments (Perini & Magliocco, 2014) and
the surface temperature of walls exposed to direct
solar radiation, depending on variables such as leaf
density and vegetation cover (Nasr et al., 2024).

For cooling outdoor spaces, in addition to
incorporating vegetation on walls, facades, or roofs,
there are vegetative shades, built with horizontal
structures that control solar radiation using climbing
species, typically seen on pergolas. In these cases,
vegetation acts as an effective climate mediator
through two main mechanisms: reducing incident
solar radiation via shading and evaporative cooling
associated with evapotranspiration (Salonen et al.,
2022; Wu et al., 2024). These processes reduce both
surface and air temperatures, improving thermal
comfort in outdoor spaces and mitigating the urban
heat island effect.

Recent evidence agrees that the shade generated
by vegetation tends to offer a better thermal
performance than artificial devices, both in reducing
temperature and improving outdoor thermal comfort

(Kusaka, Asano & Kimura, 2022). In contrast, there
is less systematization of knowledge regarding
traditional devices that, in local contexts, have
fulfilled similar roles in environmental conditioning.
In this context, the grapevine pergola—a vegetation-
based structure associated with grape cultivation—
is a characteristic element of vernacular architecture
in temperate climates, particularly in Mediterranean
regions and Chile’s central valley. The grapevine
pergola can provide habitable intermediate spaces
by generating shade and favorable microclimates.
Its use has been documented in rural and domestic
practices in the country, where it is part of everyday
life (Aravena Alvarado, 2015).

From an environmental perspective, its trait as
a deciduous species (Figure 1) enables efficient
seasonal adaptation, providing shade in summer
and allowing solar radiation to enter in winter, as in
other deciduous species (Zhang et al., 2022). From
the physical point of view, the grapevine pergola
acts as a thermal regulation system that combines
shading and evapotranspiration. Despite its
presence in both rural and urban environments, the
grapevine pergola has been progressively replaced
by solutions with rapid, economical implementation,
such as high-density polyethylene shading meshes.
These provide immediate control of solar radiation
and generate cooling effects that enhance thermal
comfort (Lopez-Cabeza et al., 2022; Zhao et al.,
2024).

This replacement of an ancestral solution by an
artificial element is not solely a matter of technical
criteria, but also part of broader standardization
dynamics driven by public policies and the market,
which tend to displace vernacular strategies. Similar
phenomena have been documented in other
contexts, where the incorporation of industrialized
solutions has contributed to the homogenization of
vernacular built environments (Arias Tapiero, Ortega
& Vasconcelos, 2025). Consequently, a progressive
loss of the relevance of identity is observed in the
configuration of outdoor spaces, particularly in rural
areas (Figure 2).
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Figure 2. People in front of a grapevine pergola and mesh shading system. Source: Prepared by the Authors.

Although there is a consolidated body of research on
the role of vegetation as a climate mediator, recent
research on the thermal performance of vegetation
has mainly concentrated on contemporary systems,
such as walls (Jim, 2015; Zheng et al., 2025), facades
(Maclvor & Margolis, 2015) and green roofs (From
Christ et al., 2025), so a specific gap is identified in the
study of plant shaders as environmental conditioning
devices. In this context, this study aims to analyze
the effect of the grapevine pergola on the thermal
behavior of outdoor spaces, as a representative
case of vegetative shading, and compare it with
a contemporary solution based on shading mesh,
to evaluate its effects on micro-meteorological
conditions and its potential as an environmental
conditioning strategy.

METHODOLOGY
STUDY SITE

The study was conducted in the city of Parral,
located in Chile’s central valley (36°08' S, 71°49" W),
an area characterized by a temperate climate with
Mediterranean influence (Csb), according to the
Képpen-Geiger classification. This climate has hot,

dry summers with high solar radiation and large daily
temperature ranges, and colder, wetter winters.

These conditions allow evaluating the performance
of shading strategies in scenarios representative of
everyday life in south-central Chile, particularly in
contexts with high summer sun exposure. According
to the historical records of the nearest weather station,
average maximum air temperatures during the warm
months reach 28.1 °C in December, 30.6 °C in January,
30.0°Cin February, and 26.5 °C in March. Specifically for
this last month, in which the measurements were made,
the absolute maximum temperatures recorded range
from 31.4 °C to 34.3 °C (Servicios Climéticos, 2026).

EXPERIMENTAL DESIGN

The design adopts an exploratory experimental
approach, based on in situ measurements, to analyze the
thermal behavior of a pre-existing plant shading system
(grapevine pergola) compared with a localized surface
covered with high-density polyethylene shading mesh
(mesh). The study was conducted in a single intervened
space, in which a limited mesh surface (1.0 x 1.2 m) was
introduced, allowing localized micro-meteorological
variations within the same environment. This approach
considers operational constraints specific to the case
study and is proposed as an exploratory strategy to
identify initial comparative trends (Figure 3).



160

Comparative thermal evaluation of a vegetative shading structure and a synthetic shade net in Parral, Chile

Nelson Arias-Jiménez, Rodrigo Figueroa-San-Martin, Diego Cardenas-Merino
Revista Habitat Sustentable Vol. 16, N°. 1. ISSN 0719 - 0700 / Pags. 156 - 169
https://doi.org/10.22320/07190700.2026.16.01.10

1. Parén i

Medicién in situ
Sensor DELTA OHM
HD32.3

Figure 3. Layout of shading strategies studied. Source: Prepared by the Authors.

Measurements were taken at specific positions
under both conditions to capture variations in
thermal behavior on a micro-meteorological scale.
In particular, the globe temperature was recorded
beneath the mesh, approximately 75 c¢cm from the
shading surface and 1.55 m above ground level,
representative of the exposure height of the human
body in a standing position (Zhao et al., 2024). Data
loggers and sensors were used, positioned at the
center of the shading systems studied, 2 meters
apart.

The measurement campaign was conducted over
a continuous 14-day period during the summer
season. This duration allows for the recording of
daily thermal cycles and reduces the influence
of specific meteorological events, improving
the representativeness of the data, in line with
methodological recommendations for environmental
field studies (Arias-Jimenez et al., 2026; Guerrero-
Blond et al., 2017; Umishio et al., 2024).

The measurements were taken by sensors installed in
the study space, with a 10-minute recording interval
during each 24-hour period. In similar research,
the analysis time window has been restricted to
capture the critical peaks of thermal stress and avoid
distortions caused by low solar altitude (Elgheznawy
& Eltarabily, 2021; Lee et al., 2018; Zhao et al., 2024).
In accordance with this criterion, a sunlight study
was run using a georeferenced digital replica of the
experimental site in Archicad to identify the period

=]

"
s
080——#

2,30

1,50

11:00 h 16:00 h

Figure 4. Period of incident solar radiation on the sensor.
Source: Prepared by the Authors.

of greatest solar exposure over the analyzed area.
Based on this procedure, the interval from 11 am
to 4 pm was defined as the study window (Figure
4). This made it possible to evaluate the shading
performance under consistent sunlight conditions
and concentrate the analysis on the hours of greatest
thermal demand. In this way, the sensors recorded
the variables of the outdoor thermal environment
necessary for thermal evaluation of the space in the
shade (Table 1 and Table 2).
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Variable Unit

ta Air temperature (°C)
tq Globe temperature (°C)
v, Wind speed (m/s)
RH Relative humidity (%)

Table 1. Measured meteorological variables. Source: Pre

pared by the Authors.

Component / Probe Type of Sensor Operating Range Accuracy / Tolerance Resolution
Class
Base Unit (HD32,3) Processor with SICRAM T:-5t0 50 °C +1 digit at 20 °C N/A
inputs RH: 0 to 90%
Globe thermometer Pt100 (@ = 50 mm / 150 -10 to 100 °C Class 1/3 DIN 0.1°C
mm)
Combined Pt100 (T) T: -40 to 80 °C T: Class 1/3 DIN T:0.1 °C
Thermohygrometer Capacitive (RH) RH: 0 to 100% RH: £1,5% (0-90%) / RH: 0.1%
+2% (90-100%) at 15-35
°C
Omnidirectional Hot wire (NTC 10 kQ) v:0.1to 5 m/s +0.2 m/s (0.1 to 1 m/s) 0.01 m/s
Anemometer T: 0 to 80 °C +0.3 m/s (1 to 5 m/s)

Table 2. Technical specifications and operating ranges of the DELTA OHM HD32,3 microclimatic monitoring system.

Source: Prepared by the Authors.

To evaluate the outdoor thermal conditions, two
complementary indicators were established. The
mean radiant temperature (T) was used as a physical
variable to characterize the radiative load of the
environment on the human body, accounting for
solar, reflected, and long-wave radiation emitted
by surrounding surfaces. In outdoor spaces, this
variable is especially relevant for analyzing the
physical-radiative performance of shading systems
and their influence on the thermal perception of the
environment (Lépez-Cabeza et al., 2022; Mihalakakou
& Romeos, 2026). The Universal Thermal Climate Index
[UTCI] (COST European Cooperation in Scientific
and Technical Research, 2026) was also used as a
biometeorological index of external thermal stress,
which expresses an equivalent temperature derived
from a thermophysiological model that integrates
air temperature, relative humidity, wind speed, and
thermalradiationtorepresentthe human physiological
response to the environment (Btazejczyk et al., 2013;
Brode et al., 2012). Its use is relevant to comparative
studies of outdoor comfort under sunny, built-shade,
and vegetative-shading conditions (Watanabe et al.,
2014). Thus, the t allowed comparing the radiative
performance of the shading system, while the UTCI
allowed evaluating its effects on thermal comfort
conditions at the pedestrian scale.

CALCULATION OF MEAN RADIANT TEMPERATURE

The mean radiant temperature (T) is calculated by
the sensor from the measured parameters: globe
temperature (T ), air temperature (t), and wind speed
(v); the following formulas were used, as established in
the standard I1ISO 7226:2025.

When the air speed is less than 0.2 m/s, (Equation 1).

174

1/4
] x(t,~1,)| —273

(Equation 1)

t,=|(r,+273) +

& D

4

0.25><108[ :

When the air speed is greater than or equal to 0.2
m/s, (Equation 2).

1/4
1.1x10% xv’°
—(tg—tn) -273

t.=|(e,+273) + o

(Equation 2)

Where D = diameter of the globe thermometer;
E, = 0.95, the presumed emissivity of the globe
thermometer; t, = globe temperature; t, = air
temperature; and v, = air speed.
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Measurement Convection regime Average combined Minimum uncertainty Maximum uncertainty
condition (ISO 7726) uncertainty (_) [°C] (u_..)[°C] (u_. )I°C]
t mesh Natural * 0.155 + 0.077 +0.179
:
Forced + 0.747 +0.105 +2.215
t grapevine pergola Natural = 0.146 +0.082 +0.167
Forced *0.516 +0.105 +1.198

Table 3. Comparative analysis of the uncertainty of the calculation of tr. Source: Prepared by the Authors

CALCULATION OF THE UTCI INDEX

The UTCI index, defined as a multivariate function of
air temperature, mean radiant temperature, air velocity,
and water vapor pressure, is defined by (Equation 3):

UTCI:J-[ta v, P) (Equation 3)

Where t_is the air temperature, t is the mean radiant
temperature, v, is the air speed, and P is the water vapor
pressure (hPa). The values of t and RH were obtained
directly by the Delta OHM HD32.3 sensor, while P was
calculated by means of (Equation 4):

HR (17,27 X tg)
P= (100) x0,6108 xexp | 5373
(Equation 4)

Where P is expressed in hectopascals, (Equation 5):

P
hP = — (Equation 5)

100

As far as the v, is concerned, although the classic
formulation of the UTCI uses the wind speed referred
to 10 m high (Brode et al., 2012), in this study, the
speed measured in situ at 1.55 m above ground level
was used, since the evaluation was carried out on a
pedestrian scale under the shading systems. Recent
studies indicate that the standard wind treatment
may not adequately represent the airflow in the urban
pedestrian layer and that the meteorological variables
used in its calculation should originate from that same
scale of human exposure (Read et al., 2025). The
UTCI values were calculated using a computational
implementation available on the UTCI-COST Action
730 web platform, based on the formulation proposed
by Bréde et al. (2012).

DATA VALIDATION AND ANALYSIS
The quantification of the combined uncertainty margin

for t and the UTCl was performed in accordance
with international guidelines (Bureau International

des Poids et Mesures [BIPM], 2008). The standard
uncertainties of each input variable were determined
from the maximum allowable errors specified in
the manufacturer’s technical datasheets (Table 2),
assuming a rectangular probability distribution.

Because the equations of t from the norm ISO
7726:2025 and the UTCI polynomial are complex
and non-linear formulas, the error propagation was
solved as a coupled system. This approach links the
UTCI directly to the instrument's primary readings,
avoiding duplication of variance when evaluating the
intermediate variables. The sensitivity coefficients
for each parameter were numerically approximated,
point by point, for the 478 observations in the
database using the central finite-difference method.
Finally, the total combined uncertainty was obtained
by the quadrature total of the weighted individual
errors.

Regarding the measurements, since they were carried
out in the same environment and under simultaneous
conditions, the data were analyzed as paired time
series, which allows direct comparison of the values
recorded at each instant. Firstly, a descriptive analysis
of the measured variables was conducted, considering
the average and maximum values and their hourly
evolution within the study period (11 am to 4 pm), to
identify thermal behavior patterns under high solar
radiation exposure. Secondly, variations between
paired measurements over time were evaluated using
paired comparisons, which allow the identification
of systematic variations associated with vegetation-
based and artificial shading. Finally, differences
between the tr values recorded and the UTCI index
values were analyzed, due to their relevance in the
characterization of outdoor thermal comfort.

MARGIN OF UNCERTAINTY

Based on the metrological analysis of coupled
propagation (BIPM, 2008) applied to the 478
observations of each measurement condition, the
final standard combined uncertainty (uc) [°C] for
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Measurement
condition

Average combined

uncertainty (c) [°C]

UTCI mesh +0,115

Minimum uncertainty
(uc max) [°C]

+ 0,284
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Maximum uncertainty
(ucmax ) [°C]

Final expanded
uncertainty (U)
95% Confidence [°C]

+0,412 + 0,230

UTCI grapevine +=0,137

pergola

+ (0,089

+0,076 +0,274

Table 4. Comparative analysis of the uncertainty in UTCI calculations. Source: Prepared by the Authors.

the results of t and of the UTCI can be reviewed in
Table 3 and Table 4. The analysis of the margin of
error shows that the accuracy of t depends on the
chosen method. The natural convection model (calm
air) is highly stable, with an average error of £0.150
°C, while the forced convection model (with wind)
raises the average error to between +0.516 °C and
*0.747 °C due to the wind sensor. The latter method
becomes unstable in absolute calm (less than 0.1
m/s), the point error being triggered at +2.215 °C.
Despite this, the UTCI maintains an average error
of less than £0.137 °C and a definitive total error
of less than £0.274 °C (with 95% confidence). This
stability occurs because the system compensates for
errors internally: the direct cooling of the wind on
the human body is opposed by the indirect effect on
the globe thermometer, which balances the sensor’s
deviations in the final result. This supports the
instrumental relevance and the calculation procedure
for the comparative analysis developed within the
study’s exploratory scope.

RESULTS AND DISCUSSION
INITIAL METEOROLOGICAL DATA

During the monitoring period (March 01-14, 2024),
the meteorological conditions recorded between
11 am and 4 pm show relatively stable behavior,
with limited variation between days and consistent
differences between the two measurement conditions
(Table 5). The t under the mesh has daily average
values ranging from 22.6 °C to 28.3 °C, while under
the grapevine pergola, it varies from 21.1 °C to 26.5
°C. On all recorded days, the air temperature under
the grapevine pergola is lower than that under the
mesh, with differences ranging from approximately
1.3 °C to 2.0 °C. The differences between the two
conditions were consistently maintained throughout
the period, with higher values in the mesh condition.

Regarding the RH, the values recorded under the
shading mesh are between 31.2% and 46.8%, while
under the grapevine pergola, they range between

A
o
o
P
[
o

pergola
pergola
pergola

grapevine
grapevine
grapevine

o

=
>
o
o
(o]
-
)

01- 1282304 0,3 |323
03-
2024

N
o
o
N
~
~
o
w
w
o
w

02- |265]283| 04 |31,2| 250 26,1 0,4 34,8
03-
2024

03- [245]267| 03 |337| 229 24,2 0,3 37,8
03-
2024

04- | 262|284 0,2 |350]| 24,5 25,8 0,2 38,8
03-
2024

05- |283|303| 0,3 |350]| 26,5 27,6 0,3 39,1
03-
2024

06- | 268|289 0,2 428 | 253 26,5 0,2 47,2
03-
2024

07- |23,6|253| 03 383 223 23,3 0,3 41,4
03-
2024

08- [24,1]258| 03 |389| 229 23,8 0,3 42,0
03-
2024

09- [253]27,1| 03 |353| 23,8 24,9 0,3 39,5
03-
2024

10- | 22,6 1242 | 0,2 | 46,8 | 21,1 22,1 0,2 51,1
03-
2024

11- 1257127,5] 03 |37,3| 241 25,1 0,3 41,2
03-
2024

12- 126,2(27,7| 03 |40,5| 24,7 25,6 0,3 44,0
03-
2024

13- [ 2411260 0,3 |41,6| 22,2 23,4 0,3 46,8
03-
2024

14- 1250266 | 04 |36,2| 232 24,3 0,4 40,7
03-
2024

Table 5. Average day values for each variable recorded.
Source: Prepared by the Authors.
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Figure 5. tr throughout the analyzed measurement period. Source: Prepared by the Authors.

Difference Mesh -

Grapevine Pergola

Grapevine Pergola

01-03-2024 34.0 29.8 4.2
02-03-2024 32.3 28.1 4.2
03-03-2024 30.2 26.1 4.1
04-03-2024 31.2 27.9 3.3
05-03-2024 33.6 29.3 4.3
06-03-2024 32.0 28.3 3.7
07-03-2024 28.0 25.1 2.9
08-03-2024 28.6 25.3 3.3
09-03-2024 30.4 26.7 3.7
10-03-2024 26.6 23.4 3.1
11-03-2024 30.6 26.9 3.8
12-03-2024 30.0 27.4 2.6
13-03-2024 29.4 25.5 3.9
14-03-2024 29.7 26.2 3.5

Table 6. Daily average tr (°C) values of the analyzed schedule. Source: Prepared by the Authors.

34.8% and 51.1%. In all cases, relative humidity is
higher under the grapevine pergola, with differences
ranging from approximately 3% to 5%. v_ presents low
and practically constant values in both conditions,
between 0.2 and 0.4 m/s, with no appreciable
differences between the measurement points due to
the proximity of the sensors in both cases.

On the other hand, the t, ranges from 24.2 °C to
30.4 °C under the shading mesh and from 22.1 °C to
27.7 °C under the grapevine pergola. The differences
between the two conditions were consistently
maintained throughout the period, with higher values
under the mesh. Overall, the recorded meteorological
conditions indicate higher temperatures and lower
RH under the shading mesh, whereas the grapevine
pergola shows lower temperatures and higher RH,
with similar wind speeds in both configurations.

AVERAGE RADIANT TEMPERATURE BEHAVIOR

During the analysis period, t_has constant differences
between the two evaluated conditions. The maximum
temperature was reached on 01-03-2024 at 2:10 pm,
with 41.3 °C under the mesh, while the space under
the grapevine pergola was 33 °C, a difference of 8.3
°C. Meanwhile, the maximum temperature under the
grapevine pergola was recorded one hour later, at
3:10 pm, at 36.2 °C, while the mesh recorded 40.8
°C, a difference of 4.6 °C (Figure 5). On the other
hand, the maximum average daily value under the
mesh reaches 34 °C, while under the grapevine
pergola it is 29.8 °C, resulting in a difference of 4.2
°C, both observed on 01-03-2024. Consistently lower
values are presented under the grapevine pergola
throughout the period (Table 6).
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Measurement time Mesh Grapevine Pergola Difference Mesh - Grapevine Pergola
11:00:00 18.0 19.0 -1.0
11:30:00 20.2 21.8 -1.6
12:00:00 27.8 235 4.3
12:30:00 30.1 25.3 4.8
13:00:00 31.3 26.6 4.7
13:30:00 335 27.8 5.7
14:00:00 33.8 29.1 4.7
14:30:00 34.7 29.8 4.9
15:00:00 343 30.3 4.0
15:30:00 34.6 30.7 3.9
16:00:00 33.8 29.8 3.9

Table 7. tr (°C) values every 30 minutes on an average day. Source: Prepared by the Authors.
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Figure 6. Behavior of tr on an average day. Source: Prepared by the authors.
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Figure 7. UTCI index over the analyzed measurement period. Source: Prepared by the authors.

The analysis of the average day (Table 7 and Figure 6)
reveals clear time dependence. In the early morning
intervals (11 am - 11:30 am), the t under the mesh is
slightly lower than that recorded under the grapevine
pergola (up to 1.7 °C). From 12 pm, this relationship
is reversed in a sustained way: the t under the mesh
consistently exceeds that of the grapevine pergola,
with differences that scale to reach values between 4
and 5.9 °C between 1 pm and 3 pm, coinciding with the
highest incidence of direct solar radiation. From 3:20

pm to 4 pm, the gap narrows, dropping to a difference
between 3.9 and 3.1 °C.

UTCI INDEX BEHAVIOR

During the analysis period, the UTCI presents constant
differences between the two evaluated conditions.
The maximum temperature was reached on 01-03-
2024, with 34.2 °C under the mesh at 3:10 pm, while
the space under the grapevine pergola was at 30.3 °C,

165



Comparative thermal evaluation of a vegetative shading structure and a synthetic shade net in Parral, Chile
Nelson Arias-Jiménez, Rodrigo Figueroa-San-Martin, Diego Cardenas-Merino

Revista Habitat Sustentable Vol. 16, N°. 1. ISSN 0719 - 0700 / Pags. 156 - 169
https://doi.org/10.22320/07190700.2026.16.01.10

Day Mesh Grapevine Pergola Difference Mesh - Grapevine Pergola
01-03-2024 28,7 26,5 2,2
02-03-2024 26,8 25,0 1,9
03-03-2024 25,0 231 1,9
04-03-2024 26,7 24,6 2,1
05-03-2024 28,8 26,6 2,2
06-03-2024 27,7 25,8 1,9
07-03-2024 24,0 22,5 1,5
08-03-2024 24,6 23,0 1,6
09-03-2024 25,7 23,9 1,8
10-03-2024 23,3 21,7 1,7
11-03-2024 26,2 24,2 2,0
12-03-2024 26,7 24,9 1,8
13-03-2024 25,0 22,9 2,1
14-03-2024 25,4 23,4 1,9

Table 8. Average UTCI (°C) values of the analyzed daily times. Source: Prepared by the Authors.

Grapevine Pergola Difference Mesh - Grapevine Pergola
11:00:00 18,1 18,4 -0,4
11:30:00 19,6 20,1 -0,5
12:00:00 23,1 21,5 1,7
12:30:00 25,0 22,8 2,2
13:00:00 26,1 23,8 2,3
13:30:00 27,4 24,8 2,6
14:00:00 28,3 25,7 2,6
14:30:00 29,1 26,3 2,7
15:00:00 29,4 26,8 2,6
15:30:00 29,4 27,1 2,4
16:00:00 28,7 26,9 1,9

Table 9. UTCI (°C) every 30 minutes on an average day. Source: Prepared by the Authors.
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Figure 8. UTCI behavior on an average day. Source: Prepared by the Authors.
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a difference of 3.9 °C. Meanwhile, the maximum
reached under the grapevine pergola was recorded
30 minutes later, at 3:40 pm, at 30.5 °C, while the
mesh recorded 32.8 °C, a 2.3 °C difference (Figure
7). On the other hand, the average value under the
shading mesh is 26.0 °C, while under the shade is
24.1 °C. The average difference between the two
conditions is 1.9 °C, with lower values consistently
recorded under the grapevine pergola throughout
the analyzed period.

In terms of maximum average daily values, the UTCI
reaches 28.8 °C under the mesh and 26.6 °C under
the grapevine pergola. The maximum observed
difference between the two conditions is about 2.2
°C, observed on 05-03-2024 (Table 8).

The analysis of the average day (Table 9 and
Figure 8) reveals a clear time dependence. In the
first intervals of the morning (11:00 — 11:30 am),
the UTCI under the mesh is slightly lower than that
recorded under the grapevine pergola, by values
between 0.4 and 0.5 °C. From 11:40 am onward,
this relationship is reversed in a sustained way: the
UTCI under the mesh consistently exceeds that of
the grapevine pergola, with differences of over
2°C in 67.74% of the average records, reaching a
maximum of 2.9 °C at 13:50. The gap begins to
decrease from 15:50, which makes a difference of
1.9 °C.

The hourly behavior of the UTCl shows an increasing
trend between 11:00 am and 3:30 pm, followed by
stabilization or a slight decrease toward 4:00 pm
in both conditions. The differences between the
grapevine pergola and the mesh are maintained
throughout the hourly interval, with a relatively
constant separation between the curves. The
greatest differences are observed in the central
section of the analyzed period, coinciding with the
hours when the t recorded higher values, between
12:30 and 2:30 pm.

Depending on the UTCI index ranges, the values
recorded under the shading mesh are mostly in
the thermal stress range due to heat during the
study period, reaching strong thermal stress in
some cases. On the other hand, the values under
the grapevine pergola are distributed between
the categories “thermal stress due to heat” and
“without thermal stress”, with a higher frequency
of values in the latter (Figure 9).

The data collected are consistent with those
indicated by Watanable et al. (2014), Kusaka et
al. (2022), and Chafer et al. (2020), who agree on
the high efficiency of horizontal vegetation-based
covers to mitigate thermal stress on a human
scale by controlling the radiative environment
and evaporative cooling, which reinforces the
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Figure 9. UTCI thermal stress frequencies. Source:
Prepared by the Authors.

potential of the grapevine pergola as a passive
thermal conditioning and climate adaptation strategy
for intermediate spaces and backyards in temperate
climates.

CONCLUSION

The results of this study show that the grapevine
pergola creates an outdoor space that is thermally
more favorable than the artificial shading mesh.
During the analyzed period, the grapevine pergola
systematically recorded lower t (reductions of
between 1.3°C and 2.0°C) and higher RH levels
(between 3% and 5% more) compared to the mesh.
In terms of thermal comfort, the grapevine pergola
maintained an average UTCI of 24.1 °C, compared
to 26.0 °C for the mesh, representing an average
reduction of 1.9 °C and maximum daily differences
of up to 2.2 °C. These differences were interpreted in
light of the uncertainty analysis incorporated into the
study, which allowed for contextualizing the margins
of error associated with instrumental measurements
and the calculation of derived indicators such as the
mean radiant temperature and the UTCI.

The decrease in the t is identified as the determining
factor in improving comfort. Under the grapevine
pergola, the t was consistently lower, with average
daily differences between 2.6 °C and 4.3 °C relative
to the mesh, reaching up to 5.9 °C during the hours
of greatest radiative load. These findings suggest
that not all shades offer the same performance: while
the mesh acts as an inert system limited to solar
obstruction, the grapevine pergola functions as an
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active thermal regulator that combines shading with
bioclimatic processes such as evapotranspiration and
lower surface temperatures.

These results reinforce the potential of the grapevine
pergola as a passive thermal-conditioning and
climate-adaptation strategy for intermediate spaces
and backyards in temperate climates. However, its
implementation faces practical limitations such as
growing time, the need for structural support, and the
dependence on foliage density. Also, given the study’s
exploratory experimental approach, a methodological
limitation is the proximity of the measurement points,
which could lead to slight moisture transfer from the
grapevine pergola to the mesh area. In addition, the
mesh condition may have been partially influenced
by the vegetation of the immediate environment.
Therefore, the results should be understood as localized
evidence for two nearby shading conditions, avoiding
generalizations not supported by the experimental
design.

As future lines of research, it is suggested to analyze the
impact of these shaders on adjacent indoor enclosures
and to evaluate how plant species variability influences
the magnitude of cooling, in order to optimize their
use as a tool for urban resilience at a domestic scale.
Also, it should be considered that the measurements
were made in March; future studies should evaluate
warmer summer periods, during which the observed
differences could be more pronounced, especially in
the UTCI. It is also recommended to consider more
physically independent shading scenarios, equivalent
shading surfaces, and greater separation between
measurement points to strengthen comparability
between vegetation-based and inert setups.

CONTRIBUTION OF AUTHORS

CRediT

Conceptualization, N.A.; Data curation, R.F.; Formal
analysis, N.A.; Acquisition of financing, N.A.; Research,
N.A., R.F., DC; Methodology, N.A., R.F, DC; Project
management, N.A.; Resources, N.A., R.F.; Software.
R.F.; Supervision, N.A.; Validation, N.A., R.F;
Visualization, R.F., D.C.; Writing - original draft, N.A.,
R.F., D.C.; Writing - revision and editing, N.A., D.C.

ACKNOWLEDGMENTS

This research was conducted within the framework of

the Research Group on Environmental Comfort and
Energy Poverty (CO-PE) of the University of Bio-Bio
(G12310945 code).

BIBLIOGRAPHIC REFERENCES

Aravena Alvarado, R. (Ed.). (2015). Patrimonio vitivinicola:
aproximaciones a la cultura del vino en Chile. Ediciones
Biblioteca Nacional. https://centropatrimonio.uc.cl/
wp-content/uploads/2023/01/Patrimonio-vitivinicola-
aproximaciones-a-la-cultura-del-vino-en-Chile-1.pdf

Arias-Jiménez, N., Trebilcock-Kelly, M., Figueroa-SanMartin,
R., & Gonzalez-Céceres, A. (2026). Experimental evaluation of
the impact of roofing materials and natural ventilation on attic
overheating in a temperate Chilean climate. Building Research
& Information, 54(5), 573-587. https://doi.org/10.1080/09613
218.2025.2607633

Arias Tapiero, J. C., Ortega, J., & Vasconcelos, G. (2025).
A methodology for analysing the impact of contemporary
transformation processes in vernacular built environments. Built
Heritage, 9(1), 51. https://doi.org/10.1186/s43238-025-00220-0

Btazejczyk, K., Jendritzky, G., Bréde, P., Fiala, D., Havenith, G.,
Epstein, Y., Psikuta, A., & Kampmann, B. (2013). An introduction
to the Universal Thermal Climate Index (UTCI). Geographia
Polonica, 86(1), 5-10. https://doi.org/10.7163/GPol.2013.1

Bowler, D. E., Buyung-Ali, L., Knight, T. M., & Pullin, A. S. (2010).
Urban greening to cool towns and cities: A systematic review of
the empirical evidence. Landscape and Urban Planning, 97(3),
147-155. https://doi.org/10.1016/j.landurbplan.2010.05.006

Brode, P, Fiala, D., Btazejczyk, K., Holmér, I., Jendritzky, G.,
Kampmann, B., Tinz, B., & Havenith, G. (2012). Deriving the
operational procedure for the Universal Thermal Climate Index
(UTCI). International Journal of Biometeorology, 56(3), 481-
494. https://doi.org/10.1007/s00484-011-0454-1

Bureau International des Poids et Mesures [BIPM]. (2008).
Evaluation of Measurement Data - Guide to the Expression of
Uncertainty in Measurement. JCGM 100. https://www.bipm.
org/documents/20126/2071204/JCGM_100_2008_E.pdf

Chafer, M., Pisello, A. L., Piselli, C., & Cabeza, L. F. (2020).
Greenery System for Cooling Down Outdoor Spaces: Results
of an Experimental Study. Sustainability, 12(15), 5888. https://
doi.org/10.3390/su12155888

COST European Cooperation in Scientific and Technical
Research. (20 de abril de 2026) COST Action 730 on UTCI.
UTCI. https://www.utci.org/utci_calc.php

De Cristo, E., Evangelisti, L., Barbaro, L., De Lieto Vollaro, R.,
& Asdrubali, F. (2025). A Systematic Review of Green Roofs'’
Thermal and Energy Performance in the Mediterranean Region.
Energies, 18(10), 2517. https://doi.org/10.3390/en18102517

Servicios Climaticos (20 de marzo de 2026) Temperatura
Histérica Mensual de la Estacidon. Direccién General de
Aeronautica  Civil.  https://climatologia.meteochile.gob.cl/
application/historico/temperaturaHistoricaMes/360047/3

Elgheznawy, D., & Eltarabily, S. (2021). The impact of sun
sail-shading strategy on the thermal comfort in school
courtyards. Building and Environment, 202, 108046. https://
doi.org/10.1016/j.buildenv.2021.108046



Comparative thermal evaluation of a vegetative shading structure and a synthetic shade net in Parral, Chile

Gherri, B. (2023). The Role of Urban Vegetation in Counteracting
Overheating in Different Urban Textures. Land, 12(12), 2100.
https://doi.org/10.3390/land 12122100

Guerrero-Rubio, J., Sendra, J. J., Fernandez-Agiera, J., &
Oteiza, |. (2017). Modelos predictivos del consumo energético
de climatizacion asociado a soluciones de fachadas en Madrid
a partir de la monitorizaciéon en médulos de ensayo. Informes
de La Construccion, 69(548), e225. https://doi.org/10.3989/
id.54794

Intergovernmental Panel on Climate Change [IPCC]. (2023).
Technical Summary. In Climate Change 2021 — The Physical
Science Basis: Working Group | Contribution to the Sixth
Assessment Report of the Intergovernmental Panel on Climate
Change (pp. 35-144). frontmatter, Cambridge: Cambridge
University Press. https://doi.org/10.1017/9781009157896.002

Jim, C. Y. (2015). Thermal performance of climber greenwalls:
Effects of solar irradiance and orientation. Applied Energy, 154,
631-643. https://doi.org/10.1016/j.apenergy.2015.05.077

Kusaka, H., Asano, Y., & Kimura, R. (2022). Wisteria trellises and
tents as tools for improved thermal comfort and heat stress
mitigation: Meteorological, physiological, and psychological
analyses considering the relaxation effect of greenery.
Meteorological ~ Applications, 29(1), e2046. https://doi.
org/10.1002/met.2046

Lee, H., Park, S., & Mayer, H. (2025). Approach for the vertical
wind speed profile implemented in the UTCl basics blocks UTCI
applications at the urban pedestrian level. International Journal
of Biometeorology, 69(3), 567-580. https://doi.org/10.1007/
s00484-024-02835-x

Lee, I, Voogt, J. A., & Gillespie, T. J. (2018). Analysis and
Comparison of Shading Strategies to Increase Human Thermal
Comfort in Urban Areas. Atmosphere, 9(3), 91. https://doi.
org/10.3390/atmos9030091

Liu, T., Wang, Y., Zhang, L., Xu, N., & Tang, F. (2025). Outdoor
Thermal Comfort Research and Its Implications for Landscape
Architecture: A Systematic Review. Sustainability, 17(5), 2330.
https://doi.org/10.3390/su17052330

Lépez-Cabeza, V. P, Diz-Mellado, E., Rivera-Gémez, C. A,
& Galan-Marin, C. (2022). Shade and Thermal Comfort in
Courtyards: Experimental versus Simulation Results. Buildings,
12(11), 1961. https://doi.org/10.3390/buildings 12111961

Maclvor, J. S., & Margolis, L. (2015). Cooling of a south-
facing wall using a double-skin green fagade in a temperate
climate. ISHS Acta Horticulturae, 1085, 185-194. https://doi.
org/10.17660/ActaHortic.2015.1085.30

Mihalakakou, G., & Romeos, A.(2026). Mean radiant temperature
in outdoor urban environments: From radiative physics to
data-driven and hybrid modelling frameworks. Building
and Environment, 297, 114595. https://doi.org/10.1016/j.
buildenv.2026.114595

Nasr, Y., El Zakhem, H., Hamami, A. E. A., El Bachawati, M.,
& Belarbi, R. (2024). Comprehensive Assessment of the Impact
of Green Roofs and Walls on Building Energy Performance:
A Scientific Review. Energies, 17(20), 5160. https://doi.
org/10.3390/en17205160

Nelson Arias-Jiménez, Rodrigo Figueroa-San-Martin, Diego Cardenas-Merino
Revista Habitat Sustentable Vol. 16, N°. 1. ISSN 0719 - 0700 / Pags. 156 - 169
https://doi.org/10.22320/07190700.2026.16.01.10

Perini, K., & Magliocco, A. (2014). Effects of vegetation,
urban density, building height, and atmospheric conditions
on local temperatures and thermal comfort. Urban Forestry &
Urban Greening, 13(3), 495-506. https://doi.org/10.1016/j.
ufug.2014.03.003

Salonen, T., Hollands, J., Sesto, E., & Korjenic, A. (2022).
Thermal Effects of Vertical Greening in Summer: An Investigation
on Evapotranspiration and Shading of Facade Greening in
Vienna. Buildings, 12(10), 1705. https://doi.org/10.3390/
buildings12101705

Umishio, W., lkaga, T., Fujino, Y., Ando, S., Kubo, T., Nakajima,
Y., Kagi, N., Hoshi, T., Suzuki, M., Kario, K., Yoshimura, T.,
Yoshino, H., & Murakami, S. (2024). Spatial and temporal indoor
temperature differences at home and perceived coldness
in winter: A cross-sectional analysis of the nationwide Smart

Wellness Housing survey in Japan. Environment International,
186, 108630. https://doi.org/10.1016/j.envint.2024.108630

Wang, Y., Zhao, N., Yin, X., Wu, C., Chen, M., Jiao, Y., & Yue,
T. (2023). Global future population exposure to heatwaves.
Environment  International, 178,  108049. https://doi.
org/10.1016/j.envint.2023.108049

Watanabe, S., Nagano, K., Ishii, J., & Horikoshi, T. (2014).
Evaluation of outdoor thermal comfort in sunlight, building
shade, and pergola shade during summer in a humid subtropical
region. Building and Environment, 82, 556-565. https://doi.
org/10.1016/j.buildenv.2014.10.002

Wu, Z., Shi, Y., Ren, L., & Hang, J. (2024). Scaled outdoor
experiments to assess impacts of tree evapotranspiration
and shading on microclimates and energy fluxes in 2D street
canyons. Sustainable Cities and Society, 108, 105486. https://
doi.org/10.1016/].scs.2024.105486

Zhang, Y., Yang, Y., Zhang, L., Zhao, C., Yan, J., Liu, M., & Zhao,
L. (2022). Seasonal variation in leaf area index and its impact
on the shading effects of vertical green facades in subtropical
areas. Building and Environment, 225, 109629. https://doi.
org/10.1016/j.buildenv.2022.109629

Zhao, Y., Zhao, K., Zhang, X., Zhang, Y., & Du, Z. (2024).
Assessment of combined passive cooling strategies for
improving outdoor thermal comfort in a school courtyard.
Building and  Environment, 252, 111247. https://doi.
org/10.1016/j.buildenv.2024.111247

Zheng, X., Wang, W., Chen, J., Chen, Q., Luo, S., Wang, H., Hu,
W., & Pan, L. (2025). Influence of vertical greenery systems with
different greenery coverage ratios on microclimate improvement
in street canyons by scaled outdoor experiments. Building and
Environment, 267(Part B), 112158. https://doi.org/10.1016/j.
buildenv.2024.112158

169



