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Abstract

This study evaluates the impact of a vegetation fagade on the immediate surroundings of a residential building
using numerical simulations. The analysis focuses on key thermal indicators, including Mean Radiant Temperature
(MRT), Physiological Equivalent Temperature (PET), and Universal Thermal Climate Index (UTCI). The results
demonstrate that implementing a vegetation fagade can significantly reduce thermal stress in urban environments,
with temperature reductions of up to 8°C in the affected area. These findings highlight the potential of green
fagades as an effective strategy for mitigating urban heat island effects and improving outdoor thermal comfort.
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1 INTRODUCTION

Urban heat islands (UHI) are areas or zones within cities that exhibit significantly higher temperatures compared
to their surrounding environments [1]. UHIs result from human urbanization, that is, human activities. The term
urbanization describes two closely related phenomena. Firstly, it reflects the absolute and relative proportion of the
population living in densely populated areas, primarily engaged in non-agricultural activities. Secondly, it refers
to the transformation of natural landscapes into environments suitable for human activity. Changes in the
environment caused by human activities—such as the construction of buildings, the conversion of natural surfaces
into paved areas, the removal of vegetation, and modifications to watercourse designs—Ilead to the formation
of a unique microclimate in the affected area. UHI is thus the expression of the temperature difference between
abuilt-up urban area (or part of it) and the surrounding natural (non-urbanized) environment [2]
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Fig. 1 Diagram illustrating the levels of monitoring urban microclimates. Adapted from [2].

In (Fig. 1), a diagram illustrating the possibilities for monitoring urban microclimates and the classification of
Urban Heat Islands (UHI) is presented. According to [2], for monitoring microclimates, urbanized areas are
divided into three vertical levels:

Received 12/03/2025/Accepted/Published 30/09/2025 DOI 10.13164/juniorstav.2025.26138



27t INTERNATIONAL NI R TAV 2025
SCIENTIFIC w JUNIORSTAW 2025
CONFERENCE
ON CIVIL ENGINEERING BUILDING STRUCTURES
e UBL (Urban Boundary Layer): This layer encompasses the built-up area up to the atmospheric height
above the roof level of buildings.

e RSL (Roughness SubLayer): A sublayer representing the roughness of the original surface.

e UCL (Urban Canopy Layer): A sublayer corresponding to the roof levels of the built-up area.
As shown in (Fig. 1), several temperature measurements are compared:

e Air temperature (@, [°C]): Measured at a height far above the rooftops for climate monitoring.

e Air temperature (®,): Measured in the human activity zone (1.3—2 m above ground level).

e Surface temperature (®s): Measured on the surfaces of fagades, roofs, roads, and pedestrian areas [2].
Ground temperature (®,): Measured at the ground level.
Based on the location of temperature monitoring in urbanized areas, UHI can be classified into:

e Canopy-level UHI (CUHI): Monitored near the surfaces of buildings below roof level.

e Boundary-level UHI (BUHI): Monitored at the boundary of the urbanized area, above the building layers.

e  Surface UHI (SUHI): Monitored at the surfaces of urban areas, including terrain, walls, and roofs.
Ground UHI (GUHI): Monitored at the subsurface layers of urban areas.

Most commonly, UHI are monitored in human activity zones (approximately 1.3—2 m above ground level — CUHI)
and at the surfaces of building structures (SUHI). During the summer months, building surfaces experience
significant temperature increases, which are subsequently transferred to the surroundings. According to [50], these
elevated temperatures have a significant impact on the thermal comfort and health of urban residents.

Possibilities of numerical modelling and prediction of urban heat Islands

The first documented observations of the UHI phenomenon date back to the early 19th century in England, with
temperature measurements conducted in London [3]. As scientific disciplines advanced, research on UHI
formation and characterization expanded to large cities worldwide [4], [5], [6]. With the progression of climate
change, UHI occurrences have become more frequent and their effects more pronounced [7], [8].

Efforts to mitigate UHI effects have evolved alongside the growing concern. In already urbanized problematic
areas, mitigation measures include the addition of water features in public spaces, vegetation for shading and
natural cooling, and the implementation of green roofs and walls [9], [10], [2], [11]. For new developments,
considerations focus on environmental sustainability and user comfort in buildings, surrounding areas, and public
zones.

For evaluation and design, numerical methods are employed to simulate the impact of buildings on their
surroundings and quantify key parameters influencing the formation or reduction of UHIs. These methods include
solar radiation analysis for specific locations, wind flow simulations using Computational Fluid Dynamics (CFD)
[79], pedestrian-level thermal comfort assessments, and studies on rainwater utilization.

Over the past 40 years, significant advancements have been made in assessing thermal comfort. Expanding
knowledge and increasing computational power now allow for the detailed analysis of urban areas in terms
of thermal comfort. A wide range of computational models and indices are available to evaluate human thermal
comfort. Tools such as CitySim Pro [12], ENVI-met [13], RayMan [14], Rhinoceros with Ladybug plugins [15],
[16], Autodesk Forma [17], and SimScale [18] are commonly used.

In assessing outdoor thermal comfort, the level of thermal stress experienced by individuals is evaluated. Various
indices have been developed to express thermal comfort, with globally recognized indices suitable for temperate
climates, such as the Physiological Equivalent Temperature (PET) [19], [20], and the Universal Thermal Climate
Index (UTCI) [19], [89]. These indices provide a detailed assessment of heat exchange between the human body
and the surrounding environment, accounting for factors such as air temperature, solar radiation, wind speed, and
relative humidity [19], [20], [21]. Both PET and UTCI are expressed in degrees Celsius (°C).

The UTCI is defined as the equivalent temperature at which the human body achieves the same physiological
response as under actual climatic conditions. This equivalent approach involves comparing all other climatic
conditions to a reference environment with assumed uniform physiological conditions based on the equivalence
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of dynamic physiological responses predicted by the model for both the actual and reference environments [89].
Calculating UTCI requires determining the body’s thermal balance and comparing it to reference conditions, which
include a wind speed measured at 10 m above ground, air temperature equal to mean radiant temperature, and
relative humidity of 50%. UTCI provides a standardized scale for classifying environments and human thermal
stress responses see at figure (Fig. 2).
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Fig. 2 Display of categories of human response to ambient temperature expressed by the UTCI index. Taken
from [21].

PET (Physiological Equivalent Temperature) is defined according to [20] as the physiologically equivalent
temperature at any given location (outdoors or indoors) and corresponds to the air temperature at which the human
body maintains thermal equilibrium in a typical indoor environment. This means that PET corresponds to the air
temperature at which the human core and skin temperatures are the same as under the assessed conditions,
assuming a work metabolism of 80 W (light activity) and a clothing thermal resistance of 0.9 clo.

Assumptions for the indoor reference climate:

* The mean radiant temperature equals the air temperature (On = ).

* Air velocity is set to 0.1 m-s™.

» Water vapor pressure is set to 12 hPa (approximately corresponding to a relative humidity of 50%
at @, =20 °C).
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Fig. 3 Display of categories of human response to ambient temperature expressed by the PET index. Taken from:
[20].
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2 METHODOLOGY

In this chapter, the impact of installing a vegetative facade on a single-family house is analysed using numerical
simulations in two model scenarios. In the first scenario, the model space was assessed without the use
of a vegetative fagade. In the second scenario, the model was supplemented with the vegetative fagade surface.

For the numerical simulation of the influence of the vegetative fagade on the building's surroundings, the Envi-
met software in its student version was selected. The computational model includes boundary conditions for
the atmospheric model, substrate, vegetation, and surfaces of the terrain and buildings. The
document [22] describes the calculation methodology, relationships for individual boundary conditions, and the
transfer of mass and energy.

Model Description

For the numerical simulation, a model was created based on a proposed scenario of a semi-detached house with
a flat roof. One section of the building is considered single-story, while the other is two-story. The semi-detached
house directly adjoins a sidewalk, followed by a strip of greenery and a roadway. The roadway continues with
a green strip and a symmetrically designed sidewalk along its longitudinal axis. Near the semi-detached house,
designated parking areas and green spaces representing a garden were incorporated into the model.

No trees or other tall vegetation exceeding 0.25 m in height were included in the model. The model was designed
to clearly observe and define the impact of the vegetative facade on the building's immediate surroundings using
numerical simulation. Additionally, it represents a section of a typical newly developed area where no landscape
modifications were planned.

The model was created within a computational domain measuring 50 x 50 x 25 m, divided into square grid cells.
The grid cell size was set to 1 mto balance calculation accuracy and computational time, which totalled 25
hours under the given settings. The semi-detached house has a ground plan dimension of 16 x 13 m, with
the single-story and two-story sections each measuring 8 x 13 m. The height of the lower section is 4 m, while
the higher section reaches 7 m.

Surface materials for the building structures and terrain were selected from the software library. The terrain
materials include asphalt for roads, concrete paving for sidewalks, terraces, and parking areas, and clay-sandy
soil for the substrate. The building envelope consists of masonry with an external thermal insulation system.
The flat roof is designed as a single-layer structure with a grey-coloured waterproof membrane.
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Window and door openings, along with their glazing, were omitted due to the computational grid size and
to optimize calculation time. The model space is illustrated in (

.ﬂ

Fig. 4) and (Fig. 5).

.ﬂ
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Fig. 4 Axonometric view of the computational model with modification of areas for traffic routes, pedestrian
areas, greenery and a placed semi-detached house object in the Envi-met software environment. Display of the
model without placed vegetation facade.

ﬂ

Fig. 5 Axonometric view of the computational model with modification of areas for traffic routes, pedestrian
areas, greenery and a placed semi-detached house object in the Envi-met software environment. Display of the
model with placed vegetation fagade.

For the analysis to demonstrate the impact of the vegetative fagade on the surroundings of the building,
a vegetative fagade was applied to the model of the semi-detached house within the height range of 0.5 m above
ground level up to 4 m (the height of the lower section of the building). The vegetative fagade was installed on
the southern exterior wall of both buildings, specifically on the wall directly adjacent to the sidewalk.

Boundary Conditions for the Calculation

The simulation was initiated on August 22, 2023, at 5:00 AM, with a 24-hour simulation period. In the software,
there are two methods for defining boundary climatic conditions for the calculation:

e Simplified input, where the user manually enters individual parameters into the software.
e Comprehensive input, where a file containing hourly recorded climatic data is imported.

For this simulation, the simplified input method was used. The software interface for entering climatic conditions
is shown in (Figure 81). The boundary climatic conditions were set as follows:

Minimum daily air temperature: 6_air, min = 18°C at 6:00 AM
Maximum daily air temperature: 6_air, max = 32°C at 2:00 PM
Minimum relative humidity: ¢_air, min = 43% at 5:00 AM
Maximum relative humidity: ¢_air, max = 92% at 2:00 PM
Wind speed: v=2m-s™!

Wind direction azimuth: 315°

Figure (Fig. 6) shows the input interface for setting the boundary climatic conditions for outdoor environment
calculations.
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Meteorology: Simple Forcing

¥ Set 24-hour cyde of Air Temperature and Humidity

Air Temperature and Humidity
adjust values

* Air Temperature 3
- rel. Humidity Time L8 11
00:00 2325 75.67

01:00 2237 78.93
02:00 |21.50 82.20
03:00 | 20.63 85.47
04:00 (1975  88.73
05:00 |18.88 92.00
06:00 | 18.00 86.56
012 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 07:00 [1975  81.11
Hous 08:00 |2150 7567
09:00 |23.25 70.22

10:00 | 25.00 64.78

Time of Max Air Temperature: |14 ) Min Air Temperature: 18 °C  Max Air Temperature: 32 °C 11:00 (2675 59.33
12:00 2350 53.89
13:00 |30.25 48.44
14:00 32.00 43.00
Time of Min Rel Humidity: 4 i Min relative Humidity: 43 %  Max relative Humidity: 92 % 15:00 (3113 46.27
16:00 | 30.25 49.53

17:00 2938 52.80

o 18:00 2850 56.07
*-Cﬁ] + Update 19:00 |27.63 59.33
= 20:00 (2675  62.60
21:00 |25.88 65.87

Humidity in 2500 m 22:00 |25.00 69.13

Temp ("C)

Create 24-hour cycle by automatic linear interpolation

Time of Min Air Temperature: |6 &

Time of Max Rel Humidity: 5 -

Specific humidity in 2500 m (g/kg): | 3.00 : 23:00 |24.13 72.40
¥ SetBoundary Conditions for Wind and Radiation
Wind and Radiation
Windspeed Low clouds
Constant wind speed in 10 m height at inflow border (m/s): 2.00 : Cloud cover of low clouds (0-8): 1 :
Wind direction Medium clouds
Constant wind direction in 10 m height at inflow border *): 315.00 : Cloud cover of medium clouds (0-8): 0 :
Roughness Length High clouds
Microscale roughness length of surface (m}: 0.010 : Cloud cover of high clouds (0-8): 0 :

Fig. 6 Interface Envi-met software. Specific boundary climatic conditions for calculating outdoor environment
parameters.

Analysis of Vegetation Facade Impact
The impact of the vegetation fagade was assessed by analysing partial results and comparing them. From the
available outputs generated by the software, the following key indicators are presented:
MRT (Mean Radiant Temperature) in a horizontal plane at the occupancy zone level (1.5 m above ground level)

PET (Physiological Equivalent Temperature) at the occupancy zone level (1.5 m above ground level)

UTCI (Universal Thermal Climate Index) at the occupancy zone level (1.5 m above ground level)

3 RESULTS

The results are presented in the form of temperature maps, which are placed in a horizontal plane at a height of
1.5 m above the ground, corresponding to the occupancy zone of the outdoor environment. The analysis results
are interpreted at the times of the highest daily temperature increases, specifically at:

e 12:00 PM
e 3:00PM
e 6:00PM

To illustrate the impact of the vegetative fagade on the thermal behavior of the model, the results are displayed
in three columns:

e Column A — Model without a vegetative fagade
e Column B — Model with a vegetative fagade
e Column C — Absolute temperature difference between both scenarios (C = A — B)

The corresponding results are shown in Figures (Fig. 7 — Fig. 9).
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Fig. 7 Distribution of MRT (Mean Radiant Temperature) of the selected design situation (columns A and B) and
their absolute difference for evaluating the impact of the vegetated facade on the building's surroundings
(column C).
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Fig. 8 Distribution of PET (Physiognomic Equivalent Temperature) of the selected design situation (columns A
and B) and their absolute difference for evaluating the impact of the vegetated facade on the building's
surroundings (column C).

DOI 10.13164/juniorstav.2025.26138



27t INTERNATIONAL
JUNIORSTAV 2025
SCIENTIFIC
CONFERENCE SECTION 01
BUILDING STRUCTURES

ON CIVIL ENGINEERING

C - Absolute temperature
A - Analyzed domain without | B - Analyzed domain with difference between both
vegetation facade vegetation facade scenarios (C = A - B)

12:00 p.m.

15:00 p.m.

18:00 p.m.

< 32.50 °C < -0.37 °C
33.46 °C -0.08 °C
34.42 °C 0.21 °C
35.38 °C 0.50 °C
36.34 °C 0.79 °C
37.29 °C 1.08 °C
38.25 °C 1.37 °C
39.21 °C 1.66 °C
40.17 °C 1.95 °C
>41.13 °C > 2.24 °C

Fig. 9 Distribution of UTCI (Universal Thermal Climate Index) of the selected design situation (columns A and
B) and their absolute difference for evaluating the impact of the vegetated facade on the building's surroundings
(column C).
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4 DISCUSSION

As part of the presented analysis and research, selected perceived temperature indices UTCI and PET were
described. A comparison of numerical analysis results using these indices highlights differences in the impact of
greenery on the perceived temperature within the analysed space.

For future research, in-situ measurements are planned, with a computational domain created to match the observed
conditions. By evaluating and comparing measured and simulated data, it will be possible to validate and correlate
the results.

The conducted analysis utilized basic material datasets available in the Envi-met software library. By comparing
numerical simulation results with real-world measurements, library elements for green fagades can be adjusted or
expanded to improve accuracy.

Currently, more detailed libraries are used in Greenpass certification. However, the library elements employed for
certification calculations are not publicly available.

S CONCLUSION

To assess the impact of the vegetative fagade based on the temperature maps in Figures 82, 83, and 84, Column
Cis the key indicator, as it represents the absolute temperature difference between the scenario without the
vegetative fagade and the one with it.

When evaluating the effect of the vegetative facade on temperature regulation around the building in terms
of Mean Radiant Temperature (MRT), the simulation results (Figure 82) show a decrease in MRT by up to 8°C in
front of the vegetative facade.

When evaluating the location using the Physiological Equivalent Temperature (PET) and Universal Thermal
Climate Index (UTCI), the results indicate that perceived temperature is significantly influenced by environmental
factors such as airflow, humidity, and human activity levels, rather than just Mean Radiant Temperature
(MRT)alone.

When comparing the perceived temperature indices, the PET assessment shows more favourable results,
indicating a greater cooling effect in front of the vegetative fagade compared to the UTCI evaluation.
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