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Abstract: This research aims to implement green walls as thermal insulators on the east and west
facades of the adjacent areas of the School of Biological Sciences at Ricardo Palma University. The
growth of urban cities causes an increase in CO, emissions and the loss of agricultural land. The
methodology applied involves evaluating the thermal behavior, analyzing the local climate, and
assessing plant species for implementation. As a result, the successful implementation of green walls
on the east and west facades was achieved, which has proven to effectively reduce wall heating,
decrease the temperature rise in nearby spaces, and minimize reliance on artificial ventilation systems.
This has led to energy and cost savings, decreased CO, emissions, and increased oxygen production.
By implementing green walls on the east facade, there has been an increase of 60.73% in comfort
hours, while on the west facade, there has been an increase of 64.28% in comfort hours. In addition, a
total of 977.50 kg of CO, has been absorbed, resulting in 722.50 kg of purified air. In conclusion, green
walls have proven to be a viable solution to the problems faced in urban cities, helping to mitigate
the internal temperature of indoor spaces.

Keywords: green walls; thermal calculation; thermal insulator; carbon dioxide

1. Introduction

Environmental pollution not only adversely affects people’s quality of life, but it
also poses health risks [1]. Moreover, it directly impacts the planet itself, leading to
alarming events such as climate change due to the accumulation of greenhouse gases [2]
and the extinction of biological species [3]. In order to address the negative effects of human
economic activity, multiple scientific studies have explored the use of plants. These research
efforts have revealed multiple possibilities and positive aspects of plant implementation.
Notably, plants can function as temperature regulators [4], resulting in reduced surface and
outdoor air temperatures around buildings [5]. This contributes to energy optimization,
lowering indoor energy consumption [6,7]. In addition, plants offer functional benefits by
controlling heat gains [8]. Furthermore, plants help to reduce noise levels as they absorb
sound [9], and they also play a significant role in stormwater management [10].

In 2000, Peru only accounted for 0.4% of global greenhouse gas emissions (GHG) [11].
However, by 2018, Peru’s emissions had increased significantly, reaching up to 218.70 mil-
lion tons of carbon dioxide [12] (Figure 1).
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Figure 1. National GHG Record by Sectors in Peru [13].

Green walls in urban areas represent valuable points for biodiversity, contributing
to species conservation, acting as urban wildlife corridors, and aiming for sustainability
through a careful selection of materials and structures [14]. Green walls can improve the
thermal conditions of buildings [15]. To achieve this, investigations into suitable species
and efficient water management have been conducted. These green areas play various
roles, creating health, psychosocial, recreational, aesthetic, and environmental impacts [16].
Thanks to the benefits they bring to people’s physical and emotional well-being, the World
Health Organization considers green walls to be essential [17]. In fact, they contribute
to making places more habitable, including university campuses, thus improving their
environmental quality. Designing buildings” walls with vegetative covers has proven to
have a beneficial effect on thermal stability [18], helping to save energy and combat climate
change [19]. Furthermore, these soil-plant ecosystems contain microbes, insects, birds,
etc., which contribute to urban biodiversity and ecological balance [20]. However, these
living structures have also raised concerns about long-term damage to buildings, increased
humidity, the release of allergens, and the presence of unwanted insects or reptiles [21].

Public and private universities, as education and training institutions for future pro-
fessionals, are suitable spaces for promoting and raising awareness about environmental
education and, consequently, caring for the environment [22,23]. The School of Biology
at Ricardo Palma University was selected for this research, after having appropriately
assessed its spatial conditions, as well as the issues it faces in summer, which significantly
affect thermal comfort, causing lessons to be uncomfortable for both professors and stu-
dents [24,25]. The implementation of green walls on both facades of the School of Biological
Sciences was carried out from February 2022 to March 2023. Specifically, the east facade
implementation began in February 2022 and was completed in August 2022. On the other
hand, the implementation of the west facade started in November 2022 and was completed
in March 2023.

The urban context of university campuses allows for the implementation of architec-
tural structures such as classrooms, laboratories, libraries, administrative offices, cafeterias,
restaurants, sports areas, maintenance zones, open areas for circulation, student gathering
spaces, and parking lots. However, this causes a reduction in green areas due to the priority
given to building square footage [26,27]. As a consequence of not having a proper green
area management plan, other types of surfaces such as cement, asphalt, and concrete are
more common than green spaces [28]. This leads to various issues, such as excessively
heated areas (such as parking lots, walkways, roofs, etc.) causing campus overheating and
a lack of oxygen-generating resources [29].

The Ecological University Project-URP involves a proposal on green areas manage-
ment, which includes the implementation of green walls for the School of Biological
Sciences’ east and west facades. This aims to reduce heating on the facades, thus improving
thermal comfort in adjacent spaces. Likewise, it expects to capture CO; and produce
oxygen through the vegetal coverings [30,31].

This proposal consists of dividing the walls of the four-story classroom blocks into
three sections, each designed with a different type of green wall. The lower part will feature
a climbing plant growing from a planter built at the base of the wall, with soil for cultivation.
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This section will have a technified drip irrigation system. The middle of the green wall will
be made of an aluminum frame and geotextiles. It will feature water-efficient, sun-resistant
vegetation in various colors. One of the blocks will show the letters “URP” and “BIO” as an
informative panel. This section will also have an automated and technified hose irrigation
system. At the top of the wall, trailing plants will be planted to grow downwards, until
they reach the limit of the middle design. All three green wall systems will efficiently use
water with technified drip irrigation. They will also provide thermal insulation for nearby
environments and improve thermal comfort inside those spaces [32]. Furthermore, green
walls will not only carry aesthetic advantages, but they will also provide the following
benefits:

Reduce adjacent walls” heating.

Minimize temperature increase in adjacent areas.

Decrease the need for electric or mechanical ventilation equipment.
Generate energy- and cost savings.

Reduce CO, emissions.

Therefore, the objective of this research is to conduct a thermal calculation to imple-
ment green walls as thermal insulators on the east and west facades of the adjacent areas
in the School of Biological Sciences at the Ricardo Palma University. This research aims
to propose a paradigm shift and establish bioclimatic architecture as the basis for energy
efficiency.

2. Literature Review
2.1. Sustainability

Sustainability is defined as the ability to meet current needs without jeopardizing the
capacity of future generations to meet their own needs [33]. This entails the responsible use
and management of resources, the preservation of ecological balance, and the promotion of
social equity and economic development that can endure in the long term [34,35].

2.2. Green Wall

Green walls are often referred to as ‘living walls’, ‘bio-walls’, or ‘vertical gardens’.
They incorporate vegetation, cultivation material, irrigation, and drainage into a single
system. Some benefits of green walls include providing an attractive design and adding
insulation to the building by shading the wall’s surface. They create a cooler microclimate,
improve local air quality, and allow the cultivation of plants in areas that would not
normally support vegetation [36].

2.3. Thermal Comfort

Thermal comfort refers to the feelings of well-being and comfort in an indoor envi-
ronment, characterized by the absence of thermal irritation or discomfort. This involves
experiencing acceptable climatic conditions, where neither excessive heat nor cold is per-
ceived [37-39].

2.4. Bioclimatic Architecture

Bioclimatic architecture involves designing buildings that adapt to the local climate
using passive strategies [40,41], with the aim of achieving a favorable indoor environmental
quality and minimizing energy consumption [42,43]. There are two approaches to biocli-
matic architecture: analytical bioclimatic design and symptomatic bioclimatic design. The
first approach is based on analyzing the local climate, identifying the bioclimatic potential,
and determining appropriate bioclimatic measures [44].

2.5. Thermal Insulator

A material or a combination of materials that, when used appropriately, have the
capacity to decrease the rate of heat transfer via conduction, convection, and radiation is
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known as a thermal insulator. The delay effect in the heat flow thanks to high thermal
resistance results in reduced heat transfer to or from the building [45-47].

3. Materials and Methods
3.1. Research Site

This research took place in Peru, in the Lima region, Lima province, specifically in
the district of Santiago de Surco. Its geographical coordinates are 12°8'47" south latitude,
77°0'24" west longitude, with an altitude of 107 m above sea level. Santiago de Surco is
located in the southwest area of metropolitan Lima and covers an area of 52 km?. It should
be noted that there are territorial disputes between Santiago de Surco and the districts of

Chorrillos and San Juan de Miraflores (Figure 2).
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Figure 2. (a) Map of the Americas; (b) map of Peru; (c) map of the Lima region; (d) map of the

Surco district.

3.2. Climatic Analysis

The climate of Santiago de Surco is temperate. The qualitative vulnerability analysis
conducted in May 2020 showed that the Surco district is primarily vulnerable to climate
hazards.

Figure 3 shows the temperature diagram, where the warm season spans three months,
from 3 January to 5 April, and the average daily maximum temperature exceeds 25 °C.
The hottest month is February, with an average maximum temperature of 27 °C and a
minimum of 20 °C. On the other hand, the coldest month is August, with an average
minimum temperature of 15 °C and a maximum of 19 °C.

calurosos irescos

Ene Fel ar Abr Vay 1 Ago Set

Figure 3. Temperature diagram of Santiago de Surco district [48].
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Figure 4 shows the solar radiation diagram, with its highest solar incidence period
lasting 2.9 months approximately, from 7 September to 5 December, with an average daily
incident shortwave energy per m? exceeding 7.0 KWh. The brightest month is October,
with an average of 7.2 KWh (Figure 3).

obscuro resplandeciente
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2.0 kWh
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——

Ene Feb Mar Abr vay. Jun. Jul. Ago Set. Oct. Now. Dic

Figure 4. Solar energy diagram of Santiago de Surco district [48].

Figure 5 shows that the frequency of days with precipitation does not vary significantly
according to the season. This frequency ranges from 0% to 1%, with an average value of
0%. Among the days with precipitation, a distinction is made between those that have
only snow or a combination of different types of precipitation. The month with the most
rainy days in Lima is October, with an average of 0.4 days. Based on this categorization,
the most common type of precipitation throughout the year is rain alone, with a maximum
probability of 1% on 25 January. Figure 6 shows that the average hourly wind speed in
Lima has slight seasonal variations throughout the day. The windiest time of the year spans
7.2 months, from 10 May to 16 December, with average wind speeds exceeding 13.6 km per
hour. The windiest month in Lima is September, with an average wind speed of 15.3 km
per hour. On the other hand, the least windy period of the year lasts for 4.8 months, from
15 December to 10 May. The least windy month in Lima is February, with an average wind
speed of 11.8 km per hour.

100 % 100 %

25 ene. 23 mar. 29 may. 2 oct. Tene. 105
1% 1% 0% 1% 1%
0 i e, - ke _—l-—-"'_——\——___..:
Ene. Feb. Mar. Abr. May. Jun Ju.  Ago. Set. Oct. Nov. Dic

Figure 5. Rainfall diagram of Santiago de Surco district [48].
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Figure 6. Wind speed diagram of Santiago de Surco district [48].
3.3. Santiago de Surco District’s Comfort Chart

According to the climate of Santiago de Surco, the Givoni diagram shows the following

design strategies for indoor spaces (Figure 7):

e  Permanent natural ventilation with shading;
e Internal heat gains.

GIOVINI DIAGRAM

3
4 Evaportative cooling

6 Natural Night ventilation

8 Passive solar systems
g Active solar systems
100 Humidification

11 Forced ventilation
12 Artificial heating

Figure 7. Psychrometric chart for Santiago de Surco district. Note: adapted from EM 110 Standard.

Thermal and lighting comfort.

3.4. Implementation Location

Implementation will take place at the School of Biology of the Ricardo Palma Univer-
sity, which is located at a latitude of —12.13, a longitude of —76.97, and an elevation of

113 m above sea level (Figure 8).

3.5. Project Overview
3.5.1. Green Walls and Vertical Gardens

The walls of the classroom blocks will be divided into three or four sections according
to the building’s height, for which designs of three types of green wall are proposed. The
middle part (with a height of one-third or two-quarters compared to the building’s height)
will be a green wall based on planters with a vegetation design of colors, having low water
consumption and resistance to solar radiation. On the east facade, letters corresponding to

each URP and BIO school will be installed.
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The wall will be waterproofed using a 1 mm HDPE geomembrane. Then, metal omega
profiles will be installed every 35 cm vertically to the axis to give room to the eco-friendly
geotextile, onto which the selected plants will be placed. The entire border will be framed
with straight aluminum tube profiles.

The lower section will feature a climbing plant that adheres to the wall, which will
be planted in a planter on the ground. Soil will be added to the planter, and the plant will
be seeded, with the seeds growing attached to the wall. The upper section (with a height
of one-third or two-quarters compared to the building’s height) will have climbing plants
growing downwards until they reach the boundary of the middle design.

(@ ()

Figure 8. (a) Map of Santiago de Surco district in Lima, Peru; (b) location of the School of Biological
Sciences in the Ricardo Palma University campus.

3.5.2. Stairs Area

The stairs area will have a system of steel cables forming rhombuses with a width
between 0.70 and 0.75 cm and a height between 1.5 and 1.8 m. These rhombuses will allow
the growth of climbing plants in a moderately dense manner, extending from the base to
the top level of the staircase (up to the height of the concrete railings). At the top, a roof
will be installed over the staircase, featuring a lightweight covering that will originate from
the beam connecting the blocks and extend to two posts placed at the landing of the last
staircase. Additionally, there will be two additional supports on the plate to enhance the
rigidity of the covering.

3.5.3. Concrete Planters

Concrete planters will be made with a width of 70 cm and a height of 60 cm, using
European-format concrete blocks measuring 50 x 19 x 9 cm. They will be finished with a
plastering process, sealed with CPP sealer, and coated with satin white paint.

3.5.4. Sanitary Installations

The plants on the green wall will be watered using a drip irrigation system, as will the
plants in the planters on the first level. Similarly, the plants in the planters located on the
roof will be watered through a drip irrigation system, all of which will be managed by an
automated control mechanism.

3.5.5. Electrical Installations

The green wall will be illuminated using 2 spotlights fixed to the wall. Climbing plants
will be illuminated by placing light fixtures every 0.8 m to 1 m within the concrete planters.
The letters installed on the green wall will have their own lighting. The lighting system
will incorporate an automated control mechanism.
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3.5.6. Planting of the Selected Plants

The plants will be chosen based on characteristics such as easy maintenance, solar
radiation resistance, growth suitable for this design, and aesthetics. Some of the chosen
plants include Rhoeo vertical, Money Plant, Baby’s Tears, Bridal Veil, Portulaca, Honey-
suckle, Creeping Fig, Minka, Boston Ferns, and Variegated Rhoeo. All of these will be
planted in carefully selected garden soil, along with moss, substrates, and prepared soil.

Figure 9 shows the implementation of green walls on the east and west facades of the
School of Biology building block, as these facades are more exposed to the sun. Additionally,
the use of climbing plants on the edge of the staircase, which faces east, will use modular
green wall systems with a drip irrigation system. The water usage is based on technified
irrigation, where each system (climber, vine, and green wall) has its own drip irrigation
system that operates at specific times of the day according to an electronic schedule. This
approach ensures a rational use of water resources, making it an excellent technological and
design solution for 45 plants per square meter. The west facade will have two green wall
modules with dimensions of 7.20 m x 7.90 m and 5.10 m x 10.50 m, while the east facade
will have two green wall modules with dimensions of 4.80 m x 7.60 m (see Figure 10a,b).

MORRO SOLAR STREET

+14.40
-,

Concrete [—H:70cm
i‘ Flariur ;
= | ——— |

EAST FACADE
0@l ROOF PLAN

BIOLOGICAL
SCIENCES
FACULTY

WEST
FACADE FIRST LEVEL
LOCATION MAP EAST FACADE

Figure 9. Faculty of Biological Sciences architectural plan.
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Figure 10. (a) Green wall on west facade; (b) green wall on east facade.

A design has been proposed for the east and west facades, which divides the four-story
walls of the pavilion into three sections, considering the implementation of three types
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of green walls. The lower part will have climbing plants that start from the bottom and
adhere to the wall. The central part will be a green wall composed of textile bags and soil,
designed with vegetation that has low water consumption and is resistant to solar radiation.
The upper part will consist of vines that, guided by supports, will grow downwards
towards the central design limit. The same design was applied to the west facade. The
facades that are to be implemented will receive significant annual solar exposure, leading
to an increase in the temperature of the walls and subsequently heating up the interior
spaces. The advantage of using green walls is not only aesthetic; it helps to reduce wall
heating, lowers the internal temperature of adjacent environments, decreases the need for
artificial ventilation, resulting in energy and cost savings, and reduces CO, emissions while
producing oxygen. A thermal analysis can provide quantitative data on the current state
without green walls and the thermal improvements achieved through the implementation
of green walls (Figures 11-13).

Figure 12. (a) Rhodeo; (b) Portalucam; (c) Bridal Veil; (d) Baby’s Tears.
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¥ |
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Figure 13. Climbing plants in the Faculty of Biological Sciences stairs.

West Facade

Measurements:
e Leftwall: 790 m x 7.20 m—a total of 56.88 m?;
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e Right wall: 10.50 m x 5.10 m—a total of 53.55 m?.
Total quantity of plants:

Left wall: 2528 alternating plants of Rhoeo, Money Plant, Bridal Veil, Baby’s Tears;
Right wall: 2380 plants;
Grand total: 4908 Plants.

East facade

Measurements:

Left wall: 490 m x 7.85 m—a total of 38.50 m?;
Right wall: 490 m x 7.85 m—a total of 38.50 m?.
Left wall: 1718 plants;

Right wall: 1718 plants;

Grand total: 3436 plants.

This article presents a modular system of geomembrane and vertical gardening that
facilitates the growth of vegetation on vertical surfaces both outdoors and indoors. This
system is composed of a metal anchoring and support structure, a waterproofing layer,
a textile mat for planting, and an automatic drip irrigation system. Finally, vegetation is
added to the system to complete it. System benefits (Figures 14-17):

e  Help to maintain a cool temperature inside homes during the summer and conserve
heat during winter;

Capture CO,, a greenhouse gas;

Filter volatile organic compounds, such as benzene and formaldehyde;

Absorb dust from the environment;

Contribute to reducing noise pollution.

Figure 15. (a) East facade of the School of Biological Sciences in July 2022, during intervention.
(b) East facade of the School of Biological Sciences in August 2022, during planting. (c) East facade of
the School of Biological Sciences in October 2022, showing the completed wall. (d) East facade of the
School of Biological Sciences in March 2023, showing the growth of climbing plants.
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(d)

Figure 16. (a) West facade of the School of Biological Sciences in November 2022: the beginning
of the construction works on the facade. (b) West facade of the School of Biological Sciences in
December 2022: placement of metal posts for supporting the green wall. (c) West facade of the School
of Biological Sciences in January 2023: installation of the geomembrane and textile mesh for later
planting. (d) West facade of the School of Biological Sciences in January 2023: installation of the
geomembrane and textile mesh for later planting.

(©)

Figure 17. (a) West facade of the School of Biological Sciences in March 2023: works in the final stage.
(b) West facade of the School of Biological Sciences in May 2023: completed implementation. (c) West
facade of the School of Biological Sciences in May 2023: completed implementation and functioning
of the installed lighting.

4. Results

Two simulations were conducted to analyze the thermal behavior of the exterior
walls where the green walls were installed, as well as the adjacent interior areas to these
walls. The radiation received by the exterior walls was obtained through simulation using
Autodesk Revit 2021 software. For the thermal balance study, the behavior simulation was
performed using Archicad21 software (Figures 18 and 19).

4.1. Calculation of the Comfort Zone

The Thermal Neutrality (ITn) model, also known as thermopreference, has been used to
calculate the comfort zone, and is based on a generic formula proposed by Auliciems & de
Dear. This formula relates the sensation of comfort to the outdoor dry bulb temperature,
as follows:

Tn=17.6 + (Tprom x 0.31)

In which:
Tn = Thermal Neutrality Temperature (thermopreference);
Tprom = Average outdoor dry bulb temperature.
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Applying the formula to find the thermal neutrality temperature at the Santiago de
Surco station, we can find: [The value of Tn would be provided here based on the specific
formula and data inputs].

Tprom = 20.56 °C;

Tn = 17.6 + (20.56 x 0.31).

In which:
Tn=239°C

Applying the amplitude of the comfort zone with a range of oscillation less than 13 °C:
+/—2.50 °C, the following result is produced:

Tmin comfort: 21.40 °C;

Tmax comfort: 26.40 °C.

(b)
Figure 18. (a) East facade of the School of Biological Sciences without intervention in January 2022.
(b) Proposed intervention for the east facade of the School of Biological Sciences.

(a) (b)
Figure 19. (a) West facade of the School of Biological Sciences without intervention in January 2022.
(b) Proposed intervention for the west facade of the School of Biological Sciences.

4.2. Implementation of the Archicad Software on EcoDesigner Star

To determine the thermal calculation due to the implementation of green walls and
vertical gardens, the Archicad software with EcoDesigner was employed. EcoDesigner is
an energy analysis tool. Building Information Modeling (BIM) is the holistic process of
creating and managing information about a built asset. A BIM model can be used across all
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building-related disciplines (construction, architecture, structures, electrical and plumbing
installations). It can also be used for a Building Energy Model (BEM) to obtain energy
efficiency data, as in the case of this study. To use it, parametric information must be
preconfiguresd in the BIM model. The BEM can be employed as an interactive tool to
achieve feedback between a project and the building’s energy efficiency.

4.3. The Radiation Received by the Walls of the East and West Facades
4.3.1. Radiation Received by the East Facade Walls

Without the green walls, the east facade of the School of Biological Sciences received
a total annual solar radiation of 138,152 kWh on its walls. With the green walls, the
total annual solar radiation received on the east facade was reduced to 36,172 kWh. This
represents a 74% reduction in direct radiation captured through the green walls. In the
results obtained from the analysis conducted during key solstices and equinoxes on the
east facade, the following was observed (Table 1) (Figure 20).

Table 1. Solar radiation received on the east facade walls of the School of Biological Sciences,
expressed in kWh, as follows.

Date W/o Green Walls With Green Walls Reduction Percentage
21 March 415 109 74%
21 June 270 79 71%
21 December 412 119 71%

Figure 20. Comparison of results obtained for the east facade of the School of Biological Sciences.
(a) Annual solar radiation received on the east facade without green walls. (b) Annual solar radiation
received on the east facade with green walls.

4.3.2. Radiation Received by the West Facade Walls

Without the green walls, the west facade of the School of Biological Sciences received
a total annual solar radiation of 125,229 kWh on its walls. With the green walls, the total
annual solar radiation received on the west facade was reduced to 37,420 kWh. This
represents a 70% reduction in direct radiation captured through the green walls. In the
results obtained from the analysis conducted during key solstices and equinoxes on the
west facade, the following was observed (refer to Table 2, Figure 21).
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Table 2. Solar radiation received on the west facade walls of the School of Biological Sciences,
expressed in kWh, as follows.

Date W/o Green Walls With Green Walls Reduction Percentage
21 March 277 102 63%
21 June 319 87 73%
21 December 414 124 70%

i | I"'/.. S 'H"."m‘ el |
],..— i "'*-\____._ = » / 5 L | i b
| l/_._- i »‘_ g |

=1

(a) (b)

Figure 21. Comparison of results obtained on the west facade of the Faculty of Biological. (a) Result
of annual radiation obtained on the west facade of the Faculty of Biological Sciences without green
walls. (b) Result of annual radiation obtained on the west facade of the Faculty of Biological Sciences
with green walls.

4.4. Thermal Balance of the Green Walls” Adjacent Areas

The incorporation of the U-values (transmittance values) is taken into consideration
for the calculation of the thermal balance in the following way:

Ugreen wall = 0.91 w/m2k;

Uclimbing wall = 1.59 w/ m2k;

Uvine wall = 2.01 w/m?Zk;

In which:

U: Thermal Transmittance Coefficient.

Ugreen wall: Thermal Transmittance Coefficient for wall section containing green wall.

Uclimbing wall: Thermal Transmittance Coefficient for wall section containing climb-
ing plants.

Uvine wall: Thermal Transmittance Coefficient for wall section containing vines.

For the district of Santiago de Surco, located in Lima Metropolitan Area, the comfort
zone is in the temperature range between 21.4 °C as a minimum and 26.4 °C as a maximum.
This range falls within the pink-colored zone in the graphs below:

4.4.1. Thermal Balance on the East Facade
First Floor

e 21 March

During the fall equinox, the areas adjacent to the east facade of the School of Biological
Sciences, without the green walls, have an average temperature of 28.84 °C. However, after
installing the green walls, the average temperature decreases to 24.33 °C, resulting in an
average temperature reduction of 4.51 °C. Furthermore, it is evident that without green
walls, the adjacent areas experience comfort for 5 h daily. In contrast, with the green walls,
this comfort period extends to 24 h daily, representing a 380% increase in the percentage
of time spent in a comfortable state. These results demonstrate that the implementation
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of green walls on the east facade has a significant impact on improving thermal comfort,
as it reduces the average temperature and provides a more consistent and comfortable
environment throughout the day (Figure 22).

001a Thermal Block - First Level East - March 21 _' ) 0022  Thermal Block - First Level East - March 21
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Figure 22. Comparison of results in thermal balance: (a) thermal balance result in adjacent areas
of the east facade without green walls on the first floor on 21 March. (b) Thermal balance result in
adjacent areas of the east facade with green walls on the first floor on 21 March.

e 21 ]June

During the winter solstice, the areas adjacent to the east facade of the School of
Biological Sciences, without the green walls, have an average temperature of 23.97 °C.
However, after installing the green walls, the average temperature reduces to 23.36 °C,
resulting in an average temperature reduction of 0.61 °C. Furthermore, it is evident that
without the green walls, the adjacent areas experience comfort for 22 h daily. In contrast,
with the green walls, this comfort period remains consistent at 24 h daily, representing a
9.09% increase in the percentage of time spent in a comfortable state. These results show
that the implementation of green walls on the east facade has a positive impact on thermal
comfort during the winter solstice, as it provides a slight reduction in average temperature
and ensures a higher percentage of time spent in a comfortable state throughout the day
(Figure 23).
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Figure 23. Comparison of results in thermal balance: (a) thermal balance result in adjacent areas
of the east facade without green walls on the first floor on 21 June. (b) Thermal balance result in
adjacent areas of the east facade with green walls on the first floor on 21 June.

e 21 December

During the summer solstice, the areas adjacent to the east facade of the School of
Biological Sciences, without the green walls, have an average temperature of 26.90 °C.
However, after installing the green walls, the average temperature reduces to 23.37 °C,
resulting in an average temperature reduction of 3.53 °C. Furthermore, it is evident that
without the green walls, the adjacent areas experience comfort for 11 h daily. In contrast,
with the green walls, this comfort period increases to 22 h daily, representing a 100.00%
increase in the percentage of time spent in a comfortable state. These results demonstrate
that the implementation of green walls on the east facade has a significant positive impact
on thermal comfort during the summer solstice, as it provides a considerable reduction
in average temperature and a substantial increase in the percentage of time spent in a
comfortable state throughout the day (Figures 24 and 25).
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Figure 24. Comparison of results in thermal balance: (a) thermal balance result in adjacent areas of
the east facade without green walls on the first floor on 21 December. (b) Thermal balance result in
adjacent areas of the east facade with green walls on the first floor on 21 December.
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Figure 25. Building Energy Model simplified—thermal zones analysis and the identification of the
thermal block of the first floor towards the east side of the building for analysis.

Second Floor
e 21 March

During the fall equinox, the areas adjacent to the east facade of the School of Biological
Sciences, without the green walls, have an average temperature of 28.12 °C. However, after
installing the green walls, the average temperature reduces to 24.33 °C, resulting in an
average temperature reduction of 3.79 °C. Furthermore, it is evident that without the green
walls, the adjacent areas experience comfort for 16 h daily. In contrast, with the green walls,
this comfort period extends to 24 h daily, representing a 50.00% increase in the percentage
of time spent in a comfortable state. These results demonstrate that the implementation
of green walls on the east facade has a significant impact on improving thermal comfort
during the fall equinox. It provides a considerable reduction in average temperature and
allows for a more extended period of time spent in a comfortable state throughout the day
(Figure 26).
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Figure 26. Comparison of results in thermal balance: (a) thermal balance result in adjacent areas of
the east facade without green walls on the second floor on 21 March. (b) Thermal balance result in
adjacent areas of the east facade with green walls on the second floor on 21 March.
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e 21 ]June

During the winter solstice, the areas adjacent to the east facade of the School of
Biological Sciences, without the green walls, have an average temperature of 23.32 °C.
However, after installing the green walls, the average temperature slightly reduces to
23.25 °C, resulting in an average temperature reduction of 0.07 °C. Furthermore, it is
evident that without the green walls, the adjacent areas experience comfort for 24 h daily. In
contrast, with the green walls, this comfort period remains the same at 24 h daily, indicating
a 0.00% change in the percentage of time spent in a comfortable state. These results
show that the implementation of green walls on the east facade has a minor impact on
thermal comfort during the winter solstice. While there is a slight reduction in the average
temperature, the comfort level remains consistent, with no significant improvement in the
percentage of time spent in a comfortable state throughout the day (Figure 27).

0022 Thermal Block - Szcond Level East - June 21
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Figure 27. Comparison of results in thermal balance: (a) thermal balance result in adjacent areas of
the east facade without green walls on the second floor on 21 June. (b) Thermal balance result in
adjacent areas of the east facade with green walls on the second floor on 21 June.

e 21 December

During the summer solstice, the areas adjacent to the east facade of the School of
Biological Sciences have an average temperature of 26.27 °C without green walls. However,
after installing the green walls, the average temperature decreases to 23.08 °C, resulting
in an average temperature reduction of 3.19 °C. Additionally, it is evident that without
the green walls, the adjacent areas experience comfort for 14 h daily, whereas with the
green walls, this comfort period increases to 23 h daily, representing a 64.28% increase in
the percentage of time spent in a comfortable state. The implementation of green walls on
the east facade has a significant impact on improving thermal comfort during the summer
solstice, providing a substantial reduction in average temperature and an extended period
of time spent in a comfortable state throughout the day (Figures 28 and 29).

s Thermal Block - Second Level Fast - December 31
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Figure 28. Comparison of results in thermal balance: (a) thermal balance result in adjacent areas of

the east facade without green walls on the second floor on 21 December. (b) Thermal balance result
in adjacent areas of the east facade with green walls on the second floor on 21 December.
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Figure 29. Building Energy Model simplified—thermal zones analysis and the identification of the
thermal block of the second floor towards the east side of the building for analysis.

Third Floor
e 21 March

During the fall equinox, the areas adjacent to the east facade of the School of Biological
Sciences, without the green walls, have an average temperature of 28.52 °C. However,
after installing the green walls, the average temperature reduces to 24.41 °C, resulting in
an average temperature reduction of 4.11 °C. Furthermore, it is evident that without the
green walls, the adjacent areas experience comfort for 10 h daily. In contrast, with the
green walls, this comfort period increases to 24 h daily, representing a 140.00% increase
in the percentage of time spent in a comfortable state. These results demonstrate that the
implementation of green walls on the east facade has a significant impact on improving
thermal comfort during the fall equinox. It provides a considerable reduction in average
temperature and allows for a more extended period of time spent in a comfortable state
throughout the day (Figure 30).
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Figure 30. Comparison of results in thermal balance: (a) thermal balance result in adjacent areas of
the east facade without green walls on the third floor on 21 March. (b) Thermal balance result in
adjacent areas of the east facade with green walls on the third floor on 21 March.

e 21 ]June

During the winter solstice, the areas adjacent to the east facade of the School of
Biological Sciences, without the green walls, have an average temperature of 23.87 °C.
However, after installing the green walls, the average temperature remains the same at
23.87 °C, resulting in no reduction in the average temperature. Furthermore, it is evident
that without the green walls, the adjacent areas experience comfort for 20 h daily. In
contrast, with the green walls, this comfort period increases to 22 h daily, representing a
10.00% increase in the percentage of time spent in a comfortable state. These results indicate
that the implementation of green walls on the east facade has a limited impact on thermal
comfort during the winter solstice, as the average temperature remains unchanged, but it
slightly extends the duration of comfort throughout the day (Figure 31).
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Figure 31. Comparison of results in thermal balance: (a) thermal balance result in adjacent areas
of the east facade without green walls on the third floor on 21 June. (b) Thermal balance result in
adjacent areas of the east facade with green walls on the third floor on 21 June.

e 21 December

During the summer solstice, the areas adjacent to the east facade of the School of
Biological Sciences, without the green walls, have an average temperature of 26.73 °C.
However, after installing the green walls, the average temperature reduces to 23.21 °C,
resulting in an average temperature reduction of 3.52 °C. Furthermore, it is evident that
without the green walls, the adjacent areas experience comfort for 12 h daily. In contrast,
with the green walls, this comfort period increases to 22 h daily, representing an 83.33%
increase in the percentage of time spent in a comfortable state. These results demonstrate
that the implementation of green walls on the east facade significantly improves thermal
comfort during the summer solstice, as it leads to a notable reduction in average tempera-
ture and a more extended period of time spent in a comfortable state throughout the day
(Figures 32 and 33).

3

(a) (b)
Figure 32. Comparison of results in thermal balance: (a) thermal balance result in adjacent areas of
the east facade without green walls on the third floor on 21 December. (b) Thermal balance result in
adjacent areas of the east facade with green walls on the third floor on 21 December.
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Figure 33. Building Energy Model simplified—thermal zones analysis and the identification of the
thermal block of the third floor towards the east side of the building for analysis.
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Fourth Floor
e 21 March

During the autumn equinox, the areas adjacent to the east facade of the School of
Biological Sciences, without the green walls, have an average temperature of 28.59 °C.
However, after installing the green walls, the average temperature reduces to 24.37 °C,
resulting in an average temperature reduction of 4.22 °C. Furthermore, it is evident that
without the green walls, the adjacent areas experience comfort for 10 h daily. In contrast,
with the green walls, this comfort period extends to 24 h daily, representing a 140.00%
increase in the percentage of time spent in a comfortable state. These results indicate
that the implementation of green walls on the east facade significantly improves thermal
comfort during the autumn equinox, as it leads to a considerable reduction in average
temperature and a more extended period of time spent in a comfortable state throughout
the day (Figure 34).

— — —_—
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(a) (b)
Figure 34. Comparison of results in thermal balance: (a) thermal balance result in adjacent areas of

the east facade without green walls on the fourth floor on 21 March. (b) Thermal balance result in
adjacent areas of the east facade with green walls on the fourth floor on 21 March.

e 21 June

The adjacent areas to the east facade of the School of Biological Sciences without green
walls on the winter solstice have an average temperature of 24.12 °C, while with green
walls, the average temperature is 23.81 °C, resulting in a reduction of 0.31 °C in average
temperature. Additionally, it is evident that without green walls, comfort is achieved for
20 h daily, whereas with green walls, this figures increases to 24 h daily, representing a
20.00% increment in comfort level (Figure 35).
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Figure 35. Comparative results in thermal balance: (a) thermal balance result in adjacent areas to the
east facade without green walls on the fourth floor on 21 June; (b) thermal balance result in adjacent
areas to the east facade with green walls on the fourth floor on 21 June.

e 21 December

The adjacent areas to the east facade of the School of Biological Sciences without green
walls on the summer solstice have an average temperature of 26.72 °C, while with green
walls, the average temperature is reduced to 23.22 °C, resulting in a temperature reduction
of 3.50 °C. Additionally, it is evident that without green walls, comfort is achieved for 12 h
daily, whereas with green walls, comfort is extended to 22 h daily, representing a 83.33%
increase in comfort state (Figures 36-39).
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Figure 36. Comparative results in thermal balance: (a) thermal balance result in adjacent areas of the
east facade without green walls on the fourth floor on 21 December; (b) thermal balance result in
adjacent areas of the east facade with green walls on the fourth floor on 21 December.
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Figure 37. Building Energy Model simplified—thermal zones analysis and the identification of the
thermal block of the fourth floor towards the east side of the building for analysis.
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Figure 38. Building Energy Model simplified—thermal zones analysis and the identification of the
thermal block towards the west side of the building for analysis.
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Figure 39. Building Energy Model simplified—thermal zones analysis and the identification of the
thermal block of the second and third floor towards the east side of the building for analysis.

4.4.2. Thermal Balance on the West Facade
First Floor

e 21 March

The areas adjacent to the west facade of the School of Biological Sciences, without
green walls, experience an average temperature of 29.12 °C during the autumn equinox.
After installing green walls, the average temperature decreased to 24.40 °C, resulting in a
temperature reduction of 4.72 °C. Furthermore, it is evident that without the green walls,
the comfort level is maintained for 4 h per day, whereas with the green walls, this increases
to 24 h per day, representing a 500.00% increase in comfort hours (Figure 40).
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Figure 40. (a) Result of the thermal balance in adjacent spaces to the west facade without green walls

on the first floor on 21 March; (b) result of the thermal balance in adjacent spaces to the west facade
with green walls on the first floor on 21 March.

e 21 June

The areas adjacent to the west facade of the School of Biological Sciences, without
green walls, experience an average temperature of 24.32 °C during the winter solstice. After
installing green walls, the average temperature slightly increased to 24.42 °C, resulting in a
temperature increment of 0.10 °C. Furthermore, it is evident that without the green walls,
the comfort level is achieved for 20 h per day, and with the green walls this figures remains
the same, at 20 h per day, representing a 0.00% increase in comfort hours (Figure 41).

e 21 December

The areas adjacent to the west facade of the School of Biological Sciences, without
green walls, experience an average temperature of 27.67 °C during the summer sol-
stice. After installing green walls, the average temperature decreases to 23.68 °C, re-
sulting in a temperature reduction of 3.99 °C. Furthermore, it is evident that without the
green walls, the comfort level is achieved for 7 h per day, whereas with the green walls
this figures increases to 24 h per day, representing a 242.85% increase in comfort hours
(Figures 42 and 43).
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Figure 41. Comparison of thermal balance results: (a) result of the thermal balance in adjacent spaces
to the west facade without green walls on the first floor on 21 June; (b) result of the thermal balance
in adjacent spaces to the west facade with green walls on the first floor on 21 June.
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Figure 42. On 21 December, a comparison of thermal balance results in adjacent spaces to the west
facade of the School of Biological Sciences shows the following: (a) without green walls, the average
temperature is 27.67 °C during the summer solstice. (b) After installing green walls, the average
temperature decreases to 23.68 °C, resulting in a temperature reduction of 3.99 °C. Moreover, without
green walls, the comfort level is achieved for 7 h per day, while with green walls, this figures increases
to 24 h per day, representing a 242.85% increase in comfort hours.
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Figure 43. Building Energy Model simplified—thermal zones analysis and the identification of the
thermal block of the first floor towards the west side of the building for analysis.

Second Floor
e 21 March

The areas adjacent to the west facade of the School of Biological Sciences, without
green walls, experience an average temperature of 28.42 °C during the autumn equinox.
After installing green walls, the average temperature decreases to 24.22 °C, resulting in a
temperature reduction of 4.20 °C. Furthermore, it is evident that without the green walls,
the comfort level is maintained for 6 h per day, whereas with the green walls, this figures
increases to 24 h per day, representing a 300.00% increase in comfort hours (Figure 44).
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Figure 44. A comparison of thermal balance results on 21 March in adjacent spaces to the west facade
of the School of Biological Sciences shows the following: (a) without green walls on the second floor,
the average temperature is 29.12 °C. (b) After installing green walls on the second floor, the average
temperature decreases to 24.40 °C, resulting in a temperature reduction of 4.72 °C. Additionally,
without green walls, the comfort level is achieved for 4 h per day, while with green walls, this figures
increases to 24 h per day, representing a 500.00% increase in comfort hours.

e 21 ]June

The areas adjacent to the west facade of the School of Biological Sciences, without
green walls, experience an average temperature of 23.76 °C during the winter solstice.
After installing green walls, the average temperature decreases to 23.38 °C, resulting in
a temperature reduction of 0.38 °C. Moreover, without green walls, the comfort level is
achieved for 24 h per day, and with green walls, this figures remains the same at 24 h per
day, representing a 0.00% increase in comfort hours (Figure 45).

002 Thermal Block - Second Level West - June 24 " 002 Thermal Biock - Second Lavel Weat - June 24

7z r4
h_'_'__""---___--""f ___——_-"__“\. Z = ____""-———_—-“'_f_‘__‘-___\- 7
e e : — e ———
(a) (b)

Figure 45. A comparison of thermal balance results on 21 June in adjacent spaces to the west facade
of the School of Biological Sciences shows the following: (a) without green walls on the second floor,
the average temperature is 27.67 °C. (b) After installing green walls on the second floor, the average
temperature decreases to 23.68 °C, resulting in a temperature reduction of 3.99 °C. Additionally,
without green walls, the comfort level is achieved for 7 h per day, while with green walls, this figures
increases to 24 h per day, representing a 242.85% increase in comfort hours.

e 21 December

The areas adjacent to the west facade of the School of Biological Sciences, without
green walls, experience an average temperature of 26.94 °C during the summer solstice.
After installing green walls, the average temperature decreases to 23.07 °C, resulting in
a temperature reduction of 3.87 °C. Moreover, without green walls, the comfort level is
achieved for 9 h per day, while with green walls, this figures increases to 22 h per day,
representing a 144.44% increase in comfort hours (Figures 46 and 47).
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Figure 46. Comparison of results in thermal balance: (a) result of the thermal balance in areas
adjoining the west facade without green walls on the second floor on 21 December; (b) result of

the thermal balance in areas adjoining the west facade with green walls on the second floor on
21 December.
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Figure 47. Building Energy Model simplified—thermal zones analysis and the identification of the
thermal block of the second floor towards the west side of the building for analysis.

Third Floor
e 21 March

The areas adjacent to the west facade of the School of Biological Sciences, without
green walls, experience an average temperature of 28.70 °C during the autumn equinox.
After installing green walls, the average temperature decreases to 24.39 °C, resulting in
a temperature reduction of 4.31 °C. Moreover, without green walls, the comfort level is
achieved for 5 h per day, whereas with green walls, this figures increases to 24 h per day,
representing a 380% increase in comfort hours (Figure 48).
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Figure 48. Comparison of results in thermal balance: (a) result of the thermal balance in areas

adjoining the west facade without green walls on the third floor on 21 March; (b) result of the thermal
balance in areas adjoining the west facade with green walls on the third floor on 21 March.

e 21 ]June

The areas adjacent to the west facade of the School of Biological Sciences, without
green walls, experience an average temperature of 23.54 °C during the winter solstice.
After installing green walls, the average temperature increases to 23.66 °C, resulting in a
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temperature increment of 0.12 °C. Additionally, without green walls, the comfort level is
achieved for 24 h per day, and with green walls, this figures remains the same at 24 h per
day, representing a 0.00% increase in comfort hours (Figure 49).
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Figure 49. Comparison of results in thermal balance: (a) result of the thermal balance in areas
adjoining the west facade without green walls on the third floor on 21 June; (b) result of the thermal
balance in areas adjoining the west facade with green walls on the third floor on 21 June.

e 21 December

The areas adjacent to the west facade of the School of Biological Sciences, without
green walls, experience an average temperature of 27.02 °C during the summer solstice.
After installing green walls, the average temperature decreases to 23.59 °C, resulting in
a temperature reduction of 3.43 °C. Additionally, without green walls, the comfort level
is achieved for 8 h per day, while with green walls, this figures increases to 24 h per day,
representing a 200.00% increase in comfort hours (Figures 50 and 51).
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Figure 50. Comparison of results in thermal balance: (a) result of the thermal balance in areas
adjoining the west facade without green walls on the third floor on 21 December; (b) result of the
thermal balance in areas adjoining the west facade with green walls on the third floor on 21 December.
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Figure 51. Building Energy Model simplified—thermal zones analysis and the identification of the
thermal block of the third floor towards the west side of the building for analysis.
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Fourth Floor
e 21 March

The areas adjacent to the west facade of the School of Biological Sciences, without
green walls, experience an average temperature of 28.59 °C during the autumn equinox.
After installing green walls, the average temperature decreases to 24.43 °C, resulting in
a temperature reduction of 4.16 °C. Moreover, without green walls, the comfort level is
achieved for 5 h per day, whereas with green walls, this figures increases to 24 h per day,
representing a 380.00% increase in comfort hours (Figure 52).

004 Thermal Biock - Fourth Level West - March 21 : 004 Thamel Block - Fourth Lovei West - March 24

4 ; . [ 2 e
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Figure 52. Comparison of thermal balance results: (a) thermal balance result in adjacent spaces to
the west facade without green walls on the fourth floor on 21 March; (b) thermal balance result in
adjacent spaces to the west facade with green walls on the fourth floor on 21 March.

e 21 ]June

The areas adjacent to the west facade of the School of Biological Sciences, without
green walls, experience an average temperature of 24.26 °C during the winter solstice.
After installing green walls, the average temperature decreases to 23.63 °C, resulting in
a temperature reduction of 0.63 °C. Moreover, without green walls, the comfort level is
achieved for 20 h per day, while with green walls, this figures remains the same at 24 h per
day, representing a 20.00% increase in comfort hours (Figure 53).

4 Thermal Filock - Fourth Level West - June 24 04 Thermal Block - Fourth Level West - Juns 24
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Figure 53. Comparison of thermal balance results: (a) thermal balance result in adjacent spaces to the
west facade without green walls on the fourth floor on 21 June; (b) thermal balance result in adjacent
spaces to the west facade with green walls on the fourth floor on 21 June.

e 21 December

The areas adjacent to the west facade of the School of Biological Sciences, without
green walls, experience an average temperature of 27.42 °C during the summer solstice.
After installing green walls, the average temperature decreases to 23.32 °C, resulting in
a temperature reduction of 4.10 °C. Moreover, without green walls, the comfort level is
achieved for 8 h per day, while with green walls, this figures increases to 23 h per day,
representing a 187.50% increase in comfort hours (Figures 54 and 55).
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Figure 54. Comparison of thermal balance results: (a) thermal balance result in adjacent spaces to the

west facade without green walls on the fourth floor on 21 December; (b) thermal balance result in
adjacent spaces to the west facade with green walls on the fourth floor on 21 December.
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Figure 55. Simplified energy model of a building: the thermal transmittance of openings and the
thermal transmittance of the green walls of the building are identified.

From the conducted thermal balance study, it is evident that there is a percentage
increase in the number of hours during which the spaces are comfortable on both the east
and west facades. This observation is presented in the following table (Figures 56-60).

— —
i |
ra
wimK |
. .
24 26 28 & a [ |
| 202 Wimk
244 |
|noooss %
[seasosn v |
QoA » | T
Temperatursc]
Cancel < Pravious Place as Draw Close 4 .
[ cancet | i'ﬂ

Figure 56. Thermal simulation of the green wall (temperature). Archicad EcoDesigner STAR—energy
model review.
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Figure 57. Thermal simulation of the green wall (energy flux). Archicad EcoDesigner STAR—energy
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Figure 58. Simplified energy model of a building, which includes thermal zones and identifies the
thermal block on the first and fourth floors on the west side of the building.
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Figure 59. Thermal simulation of the climbing wall (temperature). Archicad EcoDesigner STAR—energy
model review.
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Figure 60. Thermal simulation of the climbing wall (energy flux). Archicad EcoDesigner STAR—energy
model review.

In the thermal simulation of the green walls and climbing plant wall, a temperature
reduction is observed, resulting in an interior environment that achieves a state of comfort.
There is a temperature variation of 26 °C on the exterior and 20 °C on the interior of the
building. Additionally, a variation in energy flux is observed, ranging from 0.00 W/ m2K to
22.40 W/m?K (Tables 3 and 4).

Table 3. Number of hours in a state of comfort on the east facade of the School of Biological Sciences.

Floor Time W/o Green Walls (h) With Green Walls (h) Increase (%)
21 March 5 24 380
1 21 June 22 24 9.09
21 December 11 22 100
21 March 16 24 50
2 21 June 24 24 0
21 December 14 23 64.28
21 March 10 24 140
3 21 June 20 22 10
21 December 12 22 83.35
21 March 10 24 140
4 21 June 20 24 20
21 December 12 22 83.33
Total 219 352 60.73
Table 4. Number of hours in a state of comfort on the west facade of the School of Biological Sciences.
Floor Time W/o Green Walls (h) With Green Walls (h) Increase (%)
21 March 4 24 500
1 21 June 20 20 0
21 December 7 24 242.85
21 March 6 24 300
2 21 June 24 24 0
21 December 9 22 144.44
21 March 5 24 380
3 21 June 24 24 0
21 December 8 24 200
21 March 5 24 380
4 21 June 20 24 20
21 December 8 23 187.50
Total 210 345 64.28
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4.5. Absorption of CO, and Production of Fresh Air by Increasing Green Areas

The increase in green areas resulting from the implementation of green walls on the
Facade of Biological Sciences provides consistent results in the absorption of CO; and
production of clean air. These results were determined using conversion factors provided
by the World Health Organization (WHO), where

a=23kg - b for a year,

In which:
a = Annually absorbed CO; (kg for a year);
b = Green area studied, expressed in square meters.

c¢=17kg - b for a year, (1)

In which:

¢ = Annually produced fresh air (kg. year);

b = Green area analyzed, expressed in square meters.

Hence, when calculating the results using these factors, the following was obtained
(Tables 5-7):

Table 5. Absorbed CO, and produced fresh air, annually, on the east facade of the School of Biologi-
cal Sciences.

Floor Green Wall (m?) Absorbed CO, (kg)  Produced Fresh Air (kg)
1 73.38 168.77 124.75
; 85.30 196.19 145.01
4 53.82 123.79 91.49

Total 212.50 488.75 361.25

Table 6. Absorbed CO, and produced fresh air, annually, on the west facade of the School of
Biological Sciences.

Floor Green Wall (m?) Absorbed CO, (kg)  Produced Fresh Air (kg)
1 73.38 168.77 124.75
g 85.30 196.19 145.01
4 53.82 123.79 91.49

Total 212.50 488.75 361.25

Table 7. Absorbed CO, and produced fresh air, annually, on the east and west facades of the School
of Biological Sciences.

Floor Green Wall (m?) Absorbed CO, (kg)  Produced Fresh Air (kg)
1 146.76 337.54 249.50
g 170.60 392.38 290.02
4 107.64 247.58 182.98

Total 425.00 977.50 722.50

5. Discussion

Based on the conducted research, it has been conclusively demonstrated that the
incorporation of green walls on both facades has a positive impact regardless of the winter
and summer seasons. In winter, it helps reduce the heating demand by decreasing the heat
transfer coefficient. On the other hand, during summer, it achieves a reduction in surface
temperatures inside the building.
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Furthermore, the installation of green walls and vertical gardens helps prevent signif-
icant temperature fluctuations and high maximum temperatures on the exterior surface
of the building. This results in a reduction in the stress on construction materials due to
temperature changes. It also partially reduces the cooling of the facade during summer
nights, leading to higher surface temperatures during nighttime.

However, it is essential to mention that during the transitional period between sea-
sons, the implementation of green walls has a less significant effect. This is because the
temperature difference between the interior and exterior is low compared to the summer
and winter months, and the heat flux density is not as affected at that time.

The green walls implemented in this research are part of a plan for the Ecological
University Project at the Ricardo Palma University located in Santiago de Surco, Lima,
Peru. The overall proposal includes the implementation of sunshades to avoid the use
of air conditioning equipment entirely, as the adjacent spaces achieve thermal comfort
throughout the year due to the implementation of green walls. This, together with green
walls, aims to ensure proper comfort (Table 8).

Table 8. Percentage of reduction on the west facades in the schools of Biology, Architecture, and

Engineering.
Date W/o Green Walls  With Green Walls Reduction
Percentage
School of 21 March 277 102 63%
Biolo 21 June 319 87 73%
&Y 21 December 414 124 70%
21 March 277 - 0%
ASCII_:-OOI of 21 June 319 - 0%
rchitecture 21 December 414 - 0%
21 March 277 - 0%
Eic?r?:;r?i 21 June 319 - 0%
& & 21 December 414 - 0%

When comparing the data on the reduction in comfort in the other two buildings, it
can be seen that the effect is significantly higher than in the other two faculties. This is
due to the implementation of low-water-consuming plants and climbing species. To use
climbing plants in a specific way, parameters and reference values must be defined; for
example, planning tools are needed to compare climbing plants easily and estimate their
effects [34].

Undoubtedly, the vertical garden plays a fundamental role in reducing the temperature
of the structures, maintaining an average difference of approximately 4 °C compared to
brick. It acts as a natural thermal insulator, protecting the construction material from
radiation. This thermal difference is more evident during the afternoon, where variations
of up to 7 °C can be reached between the temperature recorded on the brick and the
temperature in the vertical garden. During the dry season, the importance of the vertical
garden intensifies even more, as temperature differences of up to 2 °C are observed for the
same hour but in different seasons. This is due to the vertical garden reflecting a greater
amount of radiation in those specific months [49].Green wall systems, as key technologies
in ecological construction, offer a variety of benefits to urban spaces [50].

Furthermore, the research is part of a comprehensive proposal that includes innovative
devices such as photovoltaic systems and solar protectors for different climatic conditions,
which amplifies the benefits of green technologies [51,52].

The novelty of this work lies in the implementation of a green wall system and a
vertical garden using a drip irrigation system and five plant species. Both systems have
allowed for an increase in the comfort standard in the spaces adjacent to the east and west
facades. Plants such as Aptenia cordifolia or Rocio and Soleirolii soleirolia, species resistant
to high temperatures, were used, which can effectively reduce pollutants. Additionally,
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the physical characteristics of these two plants naturally enable them to further reduce
contaminants.

6. Conclusions

As part of the Eco-Friendly University Project at URP, green walls were implemented
in the School of Biological Sciences. These green walls were installed on the east and
west facades of the building, with the purpose of controlling incident solar radiation and
improving the thermal conditions of the spaces near the treated facades.

For the east and west facades, the proposed design divided the building walls into
four floors and three sections, each with a different type of green wall. At the bottom,
climbers were planted, which grow from the base and adhere to the wall. The middle
section features green walls constructed with textile bags and soil, designed with vegetation
that requires low water consumption and is resistant to solar radiation. At the top, climbers
were placed, guided properly to grow downwards until reaching the boundary of the
middle area design.

The design was carried out similarly for the west facade. The selected facades for
intervention receive high solar incidence throughout the year, which increases the wall’s
temperature and consequently heats the interior spaces. Green walls not only proved to
offer aesthetic advantages, but they also reduced wall heating, decreasing the temperature
increase in adjacent spaces and reducing the use of artificial ventilation systems, achieving
energy and economic savings, decreasing CO, emissions, and producing oxygen. Through
thermal analysis, quantitative data have been obtained for both the state without green
walls and the thermal improvements achieved with their implementation.
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