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Abstract

Humanity during its existence seriously harms the world around it. One of the negative consequences of
thoughtless human activity is the global warming. There are many physical reasons for this, one of them is
uncontrolled emissions of harmful gases into the atmosphere, which entail a greenhouse effect. It is investigated
that a large contribution to the heat emissions into the atmosphere is made by construction activity. In this article,
we propose to use green walls as an effective solution to increase the energy efficiency of buildings by reducing
heat emissions from them, which, accordingly, will improve the quality of the atmosphere. We analyzed different
green wall systems, their characteristics and we have measured the internal and external temperatures. The result
of the experiment showed that the best thermal performance was observed in the green wall module with sandy
substrate with vegetation. The use of this system allows to reduce temperature by several degrees, depending on
the type of vegetation. The green wall module demonstrated the highest thermal performance. This system can
lower temperatures by several degrees, depending on the plant species used. For optimal thermal effectiveness, the
substrate should retain enough moisture to support healthy plant growth, but not so much that it leads to
consistently high thermal conductivity from oversaturation. Green walls are environmental elements of urban
infrastructure that help inhabited cities reduce, in particular, the effects of their warming due to the climate change.
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1 Introduction

Global warming is one of the most troubling problems of humanity. Climate change affects
everyone on the planet and can completely change our habitat. For example, a rise in the average
annual temperature leads to glacier melting and a rise in global sea levels and flooding of the
lower territories. This also disrupts natural ecosystems, causing shifts in rainfall and snowfall
patterns, temperature extremes, heat islands occurring and more frequent severe events like
hurricanes, floods, and droughts and natural hazards occurrence. Scientists report that during
the last decades, the planet's average temperature was 1.5 °C higher than the average recorded
in the 19th century, when global temperature monitoring began. This marked the first time in
modern history that the one-degree increase threshold was surpassed. Increasing temperature
and earth warming happens when carbon dioxide (CO:) and other airborne pollutants
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accumulate in the atmosphere, absorbing sunlight and heat that would normally reflect off our
planet surface and escape into space. People are responsible for the emission of large amounts
of greenhouse gases due to their activity: the burning of carbonaceous fossil fuels (i.e., oil, gas,
coal, etc.), industrial processes, and the deforestation of forests, which are the natural absorbers
of carbon dioxide from the atmosphere. Also a large amount of heat comes from buildings.
Buildings and their construction together account for 36 percent of global energy use and 39
percent of energy-related carbon dioxide emissions annually, according to the United Nations
Environment Program [1]. Energy is consumed during the following activities:

manufacturing of building materials - "embedded" energy;

the transportation of materials from manufacturing sites to construction locations involves
what's known as "grey" energys;

the building process itself consumes what is referred to as "induced" energy;

the energy used during the building’s life for daily functions is called "operational" energy;
e) the energy involved in the building's demolition and the recycling of its components, when
applicable.

Research indicates that more than 80% of greenhouse gas emissions occur during the
operational phase, driven by energy demands for heating, ventilation, air conditioning, water
heating, lighting, and the use of electronic devices for entertainment and communication [2,3,4].
In contrast, only about 10 to 20% of energy use is attributed to the production and transport of
materials, construction, maintenance, and demolition activities. Without large-scale
intervention, carbon emissions from buildings are projected to double by 2050 [5]. As the
majority of these emissions stem from energy consumption, the most immediate and
straightforward strategy to reduce them is through energy-efficient building design.

Emissions can be reduced by an effective energy consuption design. One of the brightest and
most effective solutions is green building, namely the use of green walls in construction to
increase the energy efficiency of buildings, which will subsequently reduce heat emissions.
There are many methods of increasing energy efficiency of buildings. The main purpose of this
study is to evaluate the reduction of heat loss at the buildings with green walls.

To reach this goal, the following tasks were planned:

- explore different green wall systems;

- identify how they reduce heat loss;

- develop data of heat reduction of different systems;

- compare results of heat reduction of different systems;

- identify the most effective green wall system;

- make the conclusions about evaluated green wall systems.

2 Methods

In this article we have evaluated the energy efficiency of using green walls in building
construction. The article presents data on various systems of greening walls and used methods
of comparative analysis, as well as measurements of average internal temperatures of the
models. For making sense of this issue, we have analyzed the main systems of green walls and
the components' impact on reducing heat loss. There are three main types of green wall systems:
modular, hydroponic and container systems (Figure 1).
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Figure 1: The structures of the three types living wall systems

Modular systems use panels filled with growing material that supports plant growth. This
material supplies nutrients, and water is provided through irrigation systems placed at different
heights on the wall. These systems usually come with plants already growing and can be
installed on both indoor and outdoor surfaces, like in Figure 2.

Figure 2: Modular systems at Simferopol airport (author: Elisaveta Luzay, 2021)
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Hydroponic systems are quite thin even in multiple layers. The type of plants on the mat should
be limited because the thin mat cannot support too high plants. There is a waterproof membrane
between the mat and the building surface for the high moisture within the mat. The nutrients
are provided through the irrigation system which water cycle circulation from top to bottom.
Container systems grow plants in pots or containers, with the plants climbing up trellises. Drip
irrigation lines are typically used to manage watering and feeding [6].

The fundamental principles behind green systems that help regulate temperatures are consistent
for both indoor and outdoor environments. Green wall systems contribute to lowering both
interior and exterior temperatures, support energy efficiency, and help reduce the urban heat
island effect through several key mechanisms.

One such mechanism is humidity regulation: in dry conditions, plants enhance evaporation,
while in humid environments, water vapor condenses on the cooler leaf surfaces. Through the
process of evapotranspiration, a significant portion of solar radiation is transformed into latent
heat, resulting in a temperature drop around the building—this is known as “evaporative
cooling.” The effectiveness of this cooling process depends on the plant species used and the
surrounding climate.

The amount of solar radiation reaching the exterior wall surface decreases exponentially as the
density of foliage increases. This density is commonly measured using the Leaf Area Index
(LAI), which represents the ratio of total leaf surface area to a given unit area of facade or
ground. LAIT also reflects additional plant characteristics, including leaf size, the thickness of
the plant layer, and overall vegetation density.

The amount of solar radiation transmitted to the exterior wall surface decreases exponentially
with foliage density, which is typically expressed with leaf area index (LAI) [7,8]. According
to Grabowiecki et al. (2017) [9] plant layers with dense foliage—indicated by high leaf area
indices—and leaves oriented parallel to the wall, which corresponds to high attenuation
coefficients, are generally the most effective at lowering fagade surface temperatures and
reducing heat transfer through the building envelope. The most important heat-related
properties of the soil are its reflectivity (albedo), its ability to store heat (thermal capacity) and
how easily heat moves through it (thermal conductivity).

The "albedo" coefficient is the reflection power of a surface, and varies depending on the basic
color of the soil, the roughness of the surface and the inclination of the incident radiation in
relation to the surface. The drier, brighter and softer the soil surface, the higher the albedo and
the lower the surface temperature, while dark soils absorb more heat than soft, light-colored
soils and therefore heat up faster. Thus, the more a surface reflects radiation energy, the less it
heats up and the greater its albedo [10].

Thermal capacity is defined as the amount of heat that a body needs to receive or give in order
for its temperature to vary by one unit. In summary, green wall materials naturally have more
mass and, as a result, they need more thermal energy for the temperature to vary, and this factor
varies mainly depending on the density of the solid phase of the substrate, the apparent density
and soil moisture [10].

The thermal conductivity represents the amount of heat transferred through a unitary area of the
conducting body in unit time under a unitary temperature gradient, it depends particularly on
the soil moisture content, porosity and the thermal conductivity of the solid fraction [10].

The green layer creates shading effect, reducing how much solar radiation the bare wall absorbs.
Using plants for shading lowers the temperature difference between the inside and outside
surfaces of buildings. This means less heat passes through the walls, less air leaks inside, and
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the building uses less energy overall [11]. Hoyano (1988) studied the shading effect of Ivy cover
on a concrete building in Tokyo, with the existence of plants, the external surface temperature
of the west facing wall was reduced by 18% and the indoor air temperature by 7°C [12].

The design of green walls can be varied depending on the substrate, the type and position of the
plant and drainage system devices. Each of these components can influence the thermal
potential of walls. The objective of this article is to identify how the components of the systems
impact on their effectiveness, as well as identify possible relations between different substrates
of models, substrate temperature and internal temperature of structures. We have studied 4
models of green walls:

M1 - Model of green wall module with sandy substrate without vegetation;

M2 - Model of green wall module with sandy substrate with vegetation;

M3 - Model of green wall module with organic matter substrate without vegetation;
M4 - Model of green wall module with substrate of organic matter with vegetation.

Statistical analysis was conducted for each hour of the day, totaling 24 analyses, with 30
repetitions (days) and 4 treatments per analysis. The difference in texture among the substrates
is crucial to understand how each type of soil affects the thermal performance of green walls,
given that they have distinct physical and chemical properties. The modules used measured 1m
by 1m, varied in configuration, and featured different vegetation systems. To monitor both
internal and surface temperatures of the prototypes, capacitive and digital sensors (AM2302
DHT-22 and DS18B20) were utilized, all connected to an Arduino Mega microcontroller.

3 Results and discussion

In order to be able to clearly analyze which models actually have significantly different thermal
performance, we have analyzed the data, presented in the Table 1 below, which contains the
results of the statistical analysis of the average temperatures that are displayed according to
each hour of the day.

Table 1: Average internal temperature of the models throughout the day.

Hour M1l | M2 | M3 | M4
00:00 - 01:00 10 10 20 10
01:00 - 02:00 10 10 20 10
02:00 - 03:00 10 10 20 9
03:00 - 04:00 9 9 9 9
04:00 - 05:00 9 9 9 9
05:00 - 06:00 9 9 9 9
06:00 - 07:00 9 9 9 9
07:00 - 08:00 10 10 10 10
08:00 - 09:00 11 11 11 11
09:00 - 10:00 13 12 12 12
10:00 - 11:00 15 14 14 14
11:00 - 12:00 18 17 18 18
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12:00 - 01:00 16 16 16 16
01:00 - 02:00 17 17 17 17
02:00 - 03:00 18 17 18 18
03:00 - 04:00 18 17 18 18
04:00 - 05:00 18 17 18 18
05:00 - 06:00 17 16 17 17
06:00 - 07:00 16 15 16 15
07:00 - 08:00 14 14 14 14
08:00 - 09:00 13 13 13 13
09:00 - 10:00 12 12 12 12
10:00 - 11:00 11 11 11 11
11:00 - 00:00 11 11 11 11
Daily average | 13.1 | 12.8 | 143 | 12.9

(M1 - Model of green wall module with sandy substrate without vegetation, M2 - Model of green wall module
with sandy substrate with vegetation, M3 - Model of green wall module with organic matter substrate without
vegetation, M4 - Model of green wall module with substrate of organic matter with vegetation).

The prototype vegetation on the sandy substrate (M2) proved suitable for reducing external
temperatures, retaining heat in the prototype during the coldest times of the day. This is
explained by the phenomenon of thermal inertia, where it takes time to exchange thermal energy
between the indoor and outdoor environment, which explains that heat absorbed during the day
is released during the night. Table 1 shows that the substrate with vegetation (M2) tends to have
lower temperatures compared to the one without vegetation (M1). This can be explained by
benefits of vegetation layer, which helps lower the temperature through evaporation, adds mass
to increase termal inertia, reduces termal conductivity due to the air between the plants, provides
shading, and ultimately reduce direct sunlight on the surface, leading to a higher albedo [13].
During periods of higher temperature, the prototype organic matter substrate with vegetation
(M4) had higher internal temperature than the prototype sandy substrate with vegetation (M2),
with significantly lower water retention capacity. It is because of the naturally lower apparent
density of the organic matter substrate (0.29 g/cm?®) compared to the sandy substrate (1.47
g/cm?), which contributes to the initially lower thermal inertia of the system. The main reason,
however, lies in connection with another physical property - thermal conductivity. Since water
entering the soil pores tends to occupy the space previously filled by air, which is a more
efficient insulator than water, the average thermal conductivity of soil tends to increase,
overriding the benefits gained by thermal inertia. As an example, Sailor, Hutchinson, and
Bokovoy (2008) [14] found that for saturated soils the thermal capacity and thermal
conductivity increase by 40% and 100%, respectively, compared to dry soil. They suggest that
soil with high water - holding capacity is not ideal for thermal insulation because, as moisture
content increases, thermal conductivity rises 2.5 times faster than thermal inertia. This makes
sandy soil, with its high porosity and low water retention, better for thermal performance.
Because higher water relation is not ideal for thermal insulation, the M4 prototype — made of
organic matter and vegetation is expected to perform as well as or better than the others, since
it retains the least water. But it wasn’t, because of the very low apparent density of this substrate
(0.29 g/cm’), which consequently contributes to the lowest heat capacity among the substrates
used.
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4 Conclusion

The application of green walls is primarily attributed to their ability to influence heat transfer
between a building’s interior and exterior environments. Key external factors that affect heat
transfer through a building’s facade include solar and thermal radiation from the atmosphere
and ground, air temperature, and relative humidity. This results in reduced heat transfer through
the facade, leading to decreased energy consumption for heating and cooling. Research on
energy-efficient technologies and green building practices is being conducted by scientists
worldwide [15-33].

In general, the plant layer serves as an additional thermal insulation barrier and enhances the
thermal performance of a building facade by:

Shading the exterior wall from incoming solar radiation.

Cooling the temperature of the air adjacent to the exterior wall.

Enhancing the thermal insulation value of the exterior wall, especially when the vegetated
facade includes a layer of planting medium (such as soil or inorganic media) placed along the
facade.

It was involved by this experiment that are models with different substrate can effect on thermal
properties of the wall in decreasing order: the sandy vegetation substrate (M2); organic matter
substrate with vegetation (M4); sandy substrate while not vegetation (M1); organic matter
substrate without vegetation (M3).

Relating to physical characteristics, thermal conduction seems to be a more relevant issue than
meter thermal capability (thermal inertia). Finally, as for the substrate to provide ideal thermal
performance, it should retain just enough water to support plant growth, but not so much that it
stays saturated and increases heat conduction.
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