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Abstract

Among nature-based solutions, Vertical Greenery Systems (VGS) are widely recognized as
effective solutions for improving the environmental performance of buildings and urban
areas. Although their benefits have been extensively studied and demonstrated, their large-
scale implementation remains limited. This paper explores the hypothesis that the main
barriers to the widespread adoption of VGS—and especially Green Facades (GF)—are not
related to their environmental performance but rather to their lack of industrialization and
to purely technological and construction-related aspects concerning support and anchoring
systems. Following an in-depth review of the scientific literature published since 2006, the
study found that most publications focus primarily on the environmental performance
of green roofs, while the structural and technological aspects, as well as the potential for
adaptation to existing buildings, remain largely unexplored areas. This is also reflected in
construction practice, highlighting how most existing solutions are based on specific, case-
by-case design approaches, limiting replicability and large-scale implementation, especially
in existing buildings. The paper identifies the concept of construction adaptability as a
potential direction for innovative research aimed at developing industrialized systems that
are replicable and adaptable even to existing buildings, thereby promoting the large-scale
use of GF.

Keywords: vertical greenery system; green facade; construction adaptability; modular
design; building retrofit

1. Introduction

Rapid population growth has played a key role in the rise in urbanization, leading to an
increasing concentration of the population in urban areas and a gradual increase in building
density. Cities are home to more than half of the world’s population, a figure expected to
rise to 70% by 2050 [1], placing pressure on natural resources, the urban environment, and
quality of life.

The continued expansion of impervious surfaces and the reduction in available green
spaces have significantly contributed to the intensification of phenomena associated with
urbanization, with negative effects on environmental quality, urban comfort, and the health
of residents [2]. In this context, the integration of vegetation into the built environment has
been increasingly recognized as an effective strategy for mitigating the urban heat island
effect, improving the sustainability of cities, and promoting healthier and more resilient
urban environments [3].
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The integration of green systems into buildings can occur on both roofs and fagades.
Although green roofs have been extensively studied and recognized for their positive effects
on the energy and environmental performance of buildings, vegetated vertical surfaces
offer particularly interesting application potential, especially in high-density urban contexts
where horizontal space is limited.

The use of vegetation in buildings is not a recent development. Since ancient times,
various civilizations have experimented with ways to integrate architecture and nature
to improve environmental comfort and enhance the aesthetic appeal of built spaces. The
Hanging Gardens of Babylon are one of the most famous historical examples of the use of
vegetation in building structures, while during the Roman era it was common practice to
place trees and plants on terraces, courtyards, and rooftops to provide shade and mitigate
the effects of high summer temperatures. However, it was not until the 20th century that
these practices began to evolve into technologically advanced systems designed according
to scientific criteria.

A major turning point was the patent for the “Vegetation-Bearing Architectonic Struc-
ture and System,” developed by Stanley Hart White in 1938 and considered the first modern
vertical greenery system [4]. Subsequently, research and technological innovation fostered
the evolution of increasingly sophisticated solutions, culminating in the 1980s with the
development of the “Mur Vegetal” by French botanist Patrick Blanc. This system introduced
an innovative approach based on growing plants on vertical surfaces using artificial sup-
ports and integrated irrigation systems, paving the way for the contemporary proliferation
of green walls and vegetated facades.

Since the 2000s, interest in Vertical Greenery Systems (VGS) has grown significantly,
both in the world of research and in professional practice. The ability to use the vertical
surfaces of buildings as a support for vegetation has made it possible to overcome one of the
main limitations of high-density urban areas: the scarcity of space available for new green
infrastructure. In this context, VGS represent a particularly effective solution since they
allow for an increase in vegetation without taking up additional space from the established
urban fabric [5].

1.1. Features and Performance of VGS

VGS encompasses a diverse range of design solutions that differ in construction char-
acteristics, vegetation growth patterns, irrigation systems, and maintenance requirements.
Among the most common types, based on the growth pattern of the vegetation layer and
the support system, two categories stand out: Green Facades (GF) and Living Walls (LW).

GF are established using climbing or trailing plants. The plants can grow directly on
the building’s surface (direct greenery system) or use support elements such as metal grids,
nets, modular trellises, cables, or ropes (indirect greenery system).

LW are constructed using prefabricated modular panels—often pre-planted—that are
attached directly to the building’s masonry or to a vertical support structure. These panels
contain the substrate and the technological systems necessary for supporting and fostering
the growth of plant species [6].

Table 1 lists the main distinguishing characteristics of GF and LW.

In recent years, new configurations have also emerged, including advanced modular
systems, integrated bio facades, and multifunctional solutions capable of combining en-
vironmental, energy, and architectural performance, which are described in detail in the
following paragraphs.
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Table 1. Classification of VGS.
Vegetation Vegetation .
VGS Type Crop Type Modularit Industrialization
P Support Development Placement PP Y ‘
GF Climbing on the G d-
direct None exterior surface ;;);1;11 Traditional No No
system of the building
GF Grids, nets, Cfl;?ﬁl;llngr? ' On the ground Only for support
indirect trellises, cables, & . 5 . Traditional Almost always y pp
svstem or ropes support or in containers elements
Y elements
. . Contained in
Frame or Primarily on refabricated
LW cell-based textile panels often Hydroponics Yes Yes
substructure substrates P !

pre-vegetated

The growing popularity of VGS is closely linked to the many benefits these systems
can provide. Scientific literature has extensively documented the role of vegetation as a
passive tool for controlling the microclimatic conditions of buildings. Various studies have
shown that shading provided by vegetation can reduce the direct exposure of building
surfaces to solar radiation, limiting overheating of the building envelope and helping to
reduce energy consumption associated with cooling interior spaces [5,7-10], as well as
contributing to the mitigation of the urban heat island effect [11,12]. In addition to energy-
related benefits, the presence of vegetation in buildings has been linked to improvements in
users’ health and psychophysical well-being [13,14], the removal of air pollutants [15-17],
and improved air quality [18], as well as the conservation of urban biodiversity and the
creation of favorable habitats for local flora and fauna [19]. Furthermore, in many urban
contexts, green facades are considered tools for urban regeneration, capable of enhancing
the appearance of buildings and increasing their economic value [20].

Finally, green facades are generally closer to users and public spaces, contributing
significantly to improving the microclimate as perceived at pedestrian level [21].

1.2. Manufacturing Processes and Their Limitations

Despite the large amount of literature demonstrating the environmental benefits of
VGS, their widespread adoption remains limited compared to their potential. This suggests
that the current barriers are no longer primarily related to environmental performance, but
rather to technological integration, constructability, and industrialization.

The main challenges include high initial installation costs, the need for specialized
maintenance, water management, the durability of components, and uncertainty regarding
long-term performance. Further obstacles stem from the lack of widespread technical
knowledge among designers, construction companies, and public administrations, as well
as the absence of standardized tools for evaluating the most appropriate solution among
the various available options.

One of the most debated aspects in the literature concerns the classification of VGS.
Unlike other green infrastructures, such as green roofs, for which there are well-established
and widely accepted classification criteria, VGS are described using a variety of terms
and definitions that vary depending on the geographical, disciplinary, and commercial
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context. Terms such as “green facade,” “living wall,” “vegetated wall,” “vertical garden,”
“green wall,” and “bio facade” are frequently used interchangeably, even though they often

refer to systems characterized by different construction principles and performances. This
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terminological heterogeneity makes it difficult to compare scientific studies and limits the
transferability of results to design practice [22].

Although numerous literature reviews on vertical green systems have been published
in recent years, most studies focus on specific aspects, such as thermal performance, energy
efficiency, plant species selection, water management, or environmental impacts. Less
common, however, are analyses that take an integrated approach to the evolution of VGS,
the different construction types, and, above all, the technological aspects related to support
structures and methods of integration with the building envelope. This fragmentation
highlights the need for a critical synthesis of the available knowledge that, in addition to
comparing the various configurations of vertical greenery systems, would help identify the
main gaps still present in the research.

In particular, a preliminary analysis of the literature reveals that the design of support
substructures and anchoring systems is still predominantly based on solutions developed
ad hoc for the specific characteristics of individual buildings. While this approach allows
for a high degree of customization, it limits the standardization of systems and reduces
their replicability, representing one of the main obstacles to the widespread adoption of GF
as an intervention strategy for existing buildings.

1.3. Structure of the Study and Research Questions

Based on these considerations, this study proposes a shift in perspective regarding the
analysis of VGS in general and GF in particular.

Through a critical review of the scientific literature in the field and a comparative
analysis of recently developed commercial systems and research prototypes, this paper
aims to identify the barriers to the widespread adoption of GF, shifting the focus beyond
performance-related aspects to encompass construction and implementation processes,
thereby addressing a potential gap in the literature. More specific criteria, including trans-
ferability, reusability, and adaptability to different buildings, are introduced to assess how
explicitly constructability and adaptability have been addressed in previous studies. Fur-
thermore, the development of modular and industrializable systems for building renovation
is examined.

Specifically, the study addresses the following research questions:

RQ1. What are the main barriers limiting the widespread adoption of GF, despite their
well-documented benefits?

RQ2. How many studies have examined the implementation aspects of VGS, rather
than focusing exclusively on their performance?

RQ3. To what extent are the vegetation support systems used in VGS designed to be
transferable, reusable, and adaptable to different buildings and construction contexts?

RQ4. Have any studies addressed the issue of constructability and adaptability with a
view to promoting the wider adoption of VGS?

RQ5. How can scientific research on constructability and adaptability contribute to
the development of modular, industrialised systems that are more compatible with the
requirements of retrofitting the existing building stock?

2. Methods

For this study, a comprehensive review of the literature on VGS was conducted, with
the aim of critically examining the available evidence, evaluating its methodological and
technological contributions, and synthesizing the results in order to provide an up-to-date
overview of the state of the art.

The literature search was conducted by consulting major scientific databases, including
Web of Science, Scopus, ScienceDirect, and Google Scholar. Search strategies were developed
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using combinations of keywords and Boolean operators (AND, OR) to maximize the
sensitivity and specificity of the search. To ensure the broadest possible coverage of the
relevant literature, synonyms and terminological variants referring to the same concepts
were included.

The data collection for systematic classification covered publications from January 2006
to February 2026. The choice of this time frame does not imply that 2006 marks the beginning
of studies on VGS, nor does it exclude the relevance of earlier contributions. On the contrary,
the definition of the theoretical and epistemological framework also took into account
earlier literature, including studies dating back to the 1970s as well as the first documented
research and application efforts in Berlin during the 1980s [23-26]. These contributions
were considered part of the historical and scientific background necessary to understand
the evolution of the systems and their related design and construction approaches. The time
frame adopted for the classification was therefore defined to focus the analysis on the most
recent developments, while limiting the scope of the bibliographic corpus and enabling a
systematic and comparable examination of the contributions. In accordance with the specific
objective of the study, attention is therefore directed toward contributions that document
the evolution of technical solutions and design and construction processes, including in
relation to the prospects for standardization, industrialization, and the development of
contemporary building systems. Studies published before 2006 were used to provide context
for the historical and conceptual evolution of the field, but were not included in the corpus
subjected to systematic classification.

In the first screening phase, the following keywords were used: “Vertical Greenery

”

System,” “Living walls,” and “Green fagades.” This initial search identified a total of
4329 records.

The second phase involved applying additional combinations of keywords related to
the performance and technological aspects of VGS, including terms such as “Vertical green
structures”; “Market classification”; “Green infrastructures”; “Life Cycle Assessment”;
“Energy performance”; “Thermal performance”; “Urban heat island”; “Biodiversity”; “Air
quality”; “Sustainability”; “Building envelope”; and “Climate adaptation,” reducing the
number of results to 626 articles.

Subsequently, in the third phase, duplicate records were removed, and articles not
written in English, non-peer-reviewed contributions, and opinion pieces were excluded. At
the end of this process, 531 articles were selected.

The fourth phase involved screening the article titles to verify their relevance to the
objectives of this review. Studies that did not address VGS at the building scale or those
dealing exclusively with other types of green infrastructure, such as green roofs, urban
parks, landscaping projects, or vegetation systems not integrated with the building envelope,
were excluded. This phase resulted in the exclusion of 185 articles, leaving 346 potentially
relevant articles.

In the fifth phase, an in-depth evaluation was conducted of the abstracts and full texts of
the 346 selected articles. Only studies concerning VGS intended to improve the technology
of building envelopes were included, with particular reference to original and distinct
classifications of the systems, design and construction characteristics, the development of
new prototypes and advanced technological solutions, the improvement of indoor comfort,
economic and maintenance aspects, and methods for applying VGS to buildings and the
urban context.

The following studies were excluded:

(i) Articles that reiterated established classification systems or adopted previously pro-
posed taxonomies without introducing novel analytical criteria or methodological
contributions;
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(ii) Studies focusing exclusively on indoor greenery systems, vertical farming, vertical
greenhouses, or agricultural applications not integrated into the building envelope;

(iii) Works addressing solely agronomic or botanical aspects without examining the per-
formance of these systems or their integration into the building envelope.

At the end of the selection process, 125 articles were included, as listed in the
Appendix A (Table A1). The process of identifying, screening, assessing eligibility, and
including studies was summarized in a flowchart (Figure 1).

Web of Science, Scopus, ScienceDirect and Google Scholar.
Years: “2006-2026"

[ Key words: “Vertical greenering system”, “Living walls”,
| “Green fagades”
[ 4329 records J
Must include keywords: “Vertical green structures”;
“Market classification”; “Green infrastructures”; “Life
Cycle Assessment’, “Energy performance”, "Thermal
performance” “Urban heat island", "Biodiversity", “Air
quality", "Sustainability”", "Building envelope", "Climate
{ 626 records } adaptation".
Exclude duplicate, non-English language,
non-peer-reviewed articles, conference papers and
opinion articles
{ 531 records }
[ Exclude title not related J
{ 346 records ]
{ Exclude paper not related }

{ 125 records }

Figure 1. Article selection process for the review.

The selected articles were subjected to thematic analysis and categorized according to
the predominant broad areas of investigation (Table 2), including system type, technologi-
cal configuration, environmental benefits, maintenance aspects, and classification criteria.
Since several publications take a multidisciplinary approach by addressing multiple topics
simultaneously, individual studies have been assigned to more than one category. The re-
sults were subsequently synthesized and discussed to identify emerging trends, knowledge
gaps, and prospects for the sector’s development, providing useful insights for answering
the research questions formulated earlier.

Table 2. Number of papers for each topic.

Topi Number of Number of Papers by System Type
opic
P Papers VGS (GF + LW) GF LW
Thermal Benefits 89 39 29 21
Classification Criteria 23 22 0 1
Technological 35 18 3 14
Configuration
Vegetation 37 15 10 12
Maintenance 30 23 2 5
LCA 8 4 0 4
Environmental Benefits 34 18 4 12
Modularity and
Industrialization 7 3 1 3
Support and Fastening 1 5 3 4
Systems
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The distribution of articles across various topics reveals limited attention to the con-
struction and industrialization aspects of VGS. In particular, only a very small number of
papers address topics related to the study of support substructures, fastening and anchor-
ing devices, modularity, and the industrial production of system components. It should
therefore be noted that, to date, research has focused primarily on performance, neglecting
the issue of the industrialization of the final product.

To address the research questions listed above, the objective of this paper is to identify
the main obstacles to the large-scale adoption of GF, despite the widely recognized benefits
associated with their use. The study is based on an analysis of the scientific literature
in the field to determine how many studies focus on the construction aspects of green
roof systems in general and green roofs in particular, compared to those that evaluate
only their performance. Furthermore, again based on the literature review, the study aims
to determine to what extent vegetation support systems are designed to be adaptable to
different buildings and construction contexts, and how many studies have addressed the
issue of construction adaptability.

3. Critical Analysis of VGS

An analysis of the state-of-the-art highlights how the evolution of VGS has been charac-
terized by differing development dynamics depending on the type of system. Although GF
and LW are generally grouped together in scientific literature as the two main categories of
VGS, they exhibit different technological development dynamics that have distinctly shaped
both the evolution of commercial solutions and research activities.

This distinction is a key prerequisite for understanding the current challenges facing
the sector. A comparative analysis of the two types allows us to examine not only the
differences in technological configurations and performance but also the varying degrees
of development of construction solutions and design strategies aimed at their applica-
tion. In particular, for GF systems, it is essential to assess whether and to what extent
technological evolution has facilitated the development of support systems adaptable to
different building conditions and whether these aspects have been adequately investigated
in scientific literature.

From this perspective, the critical analysis aims to correlate the evolution of the systems,
the level of detail in their respective construction solutions, and their potential for large-scale
application, highlighting unresolved issues and knowledge gaps that may limit the transition
from experimental solutions—or those specifically designed for individual contexts—to
systems that are more replicable and adaptable.

In the case of LW, the increased technological complexity of the system favored an inte-
grated design approach. In fact, the construction of a LW requires the coordinated design of
the supporting structure, the vegetated modules, the growing medium, the irrigation and
drainage systems, and the selection of plant species. These components constitute a single
technological system, designed and developed as a unified whole, in which overall perfor-
mance depends on the mutual integration of all elements. This complexity has led to the
emergence of numerous design variations and a much broader commercial offering. Conse-
quently, scientific research and commercial production have followed a largely convergent
evolutionary path, focused on the development of complete, high-performance systems.

A different situation characterizes GF, however. In this case, the system can be bro-
ken down into relatively independent subsystems -vegetation, plant support elements,
load-bearing substructure, anchoring devices, and fastening components- which can be
developed, produced, and selected separately. While this configuration ensures greater
flexibility in application, it also leads to fragmentation in both commercial production and
scientific research.

https://doi.org/10.3390/buildings16214339


https://doi.org/10.3390/buildings16214339

Buildings 2026, 16, 4339

8 of 49

The manufacturing sector offers a growing number of commercial systems and com-
ponents but does not provide methodological tools to guide their use and integration into
the building envelope.

Research proposes experimental systems that are increasingly advanced in terms of
technology and performance; however, these are primarily developed for specific applica-
tions and rarely consider the building configurations already on the market or how these
can be adapted to different buildings. This misalignment represents an obstacle to the
widespread adoption of GF as a systematic solution for the retrofitting of existing buildings.

Since GF are a technologically simpler, more economical solution with lower mainte-
nance requirements, further exploring their performance and application potential repre-
sents a possible research direction toward more accessible and sustainable greenery solutions.

In light of these considerations, this section critically analyzes the two main lines of
development that have emerged from the literature: on the one hand, the GF systems
currently available on the market; on the other, the most recent developments in scientific
research, with the aim of highlighting their strengths, limitations, and potential areas
of convergence.

3.1. GF on the Market

Although the market currently offers a wide variety of products, studies systemat-
ically examine support substructures, fastening systems, anchoring devices, component
modularity, and methods of adaptation to different building contexts are rare.

One of the few studies addressing this topic is the work by Ogut et al. (2022) [27],
which presents a systematic review of the VGS market with the goal of developing a
taxonomy of available products and identifying their main evolutionary trends. The authors
highlight how the rapid expansion of the market necessitates comparative analyses capable
of evaluating not only the technological characteristics of the systems but also economic,
maintenance, and environmental aspects, in order to support designers and operators in
selecting the most appropriate solutions.

The study is based on an analysis of 142 products marketed by 58 international manu-
facturers and shows that the market is currently heavily skewed toward LW, which accounts
for approximately 83% of the systems surveyed, compared to 17% for GF.

The taxonomy proposed by the authors classifies VGS according to their main
components—support structure, vegetation, substrate, drainage, and irrigation—highlighting
that, in the case of green facades (GF), the configuration of the load-bearing substruc-
ture is the defining element of the entire system. Specifically, the choice of constituent
material—coated stainless steel, galvanized steel, aluminum, or plastic—determines the
system’s weight, profile thickness, durability, and cost, thereby influencing both the aesthetic
and functional properties of GF [28].

An analysis of commercial products shows that indirect GF can be broadly categorized
into two main construction configurations: systems based on modular trusses and systems
consisting of tensioned cables or ropes. The former involves lightweight lattice structures,
generally made of aluminum or steel, combined with modular nets or panels designed to
support the vegetation. The latter, on the other hand, use systems of metal cables, wires,
or nets anchored to the building’ r facade using specific fastening and spacing devices.
Although these configurations have different geometric and material characteristics, they
share the same construction principle, based on the use of a substructure anchored to the
building that supports the vegetation and transfers loads to the building envelope.

The examples analyzed by Ogut et al. are divided into:
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1.  Modular trellis systems, such as Gsky Basic Wall, are characterized using fiberglass
containers to which a standard-sized mesh is attached. The planters can be mounted
on the structure or on a built-out sub-structure using light brackets.

2. Cable/rope systems, which include:

e  Two-dimensional solutions consisting of vertical cables, horizontal cables, rods,
and grids, and three-dimensional solutions consisting of panels with fixed
length, width, and depth, known as the Greenscreen trellis system produced
by Greenscreen;

e  Products such as Green Trellis and Webnet by Jakob Rope Systems, which use
stainless steel cables suitable for use on building facades up to 150 m high and
applicable both on the exterior and interior of buildings.

In addition to systems developed specifically for GF, design practice frequently relies
on components derived from other industries and subsequently adapted to the needs of
vertical greening.

Among the most widely used solutions are:

e  The GRIPPLE® system, which uses polymer strands tensioned by self-adjusting
clamps originally developed for agricultural applications and subsequently
adapted to support vegetation on building facades;

e  Seilsysteme systems employ orthogonal grids of stainless-steel cables secured
using tensioning devices and metal spacers;

e  The TENAX® system consists of prefabricated plastic grids anchored to the facade
using anchors and brackets.

Despite differences in technology and materials, these solutions share similar construc-
tion principles, based on the use of simple, lightweight, and easily assembled components.

A comprehensive analysis of the systems currently on the market leads to a particularly
interesting observation. The variety of available solutions might suggest a high level of
standardization in GF systems; however, a more in-depth analysis reveals a different reality.
In fact, it is not the standardization of components that represents the main challenge,
but rather that of the system as a whole. Cables, nets, grids, tensioning devices, brackets,
and anchoring systems are now widely industrialized components available in numerous
technological configurations. What continues to require specific design, however, is their
integration into a structural configuration consistent with the geometric, dimensional, and
technological characteristics of the individual building. Design therefore retains a significant
element of artisanal customization that limits the replicability of solutions and represents
one of the main factors hindering the wider adoption of GF in the redevelopment of existing
building stock.

3.2. Evolution of Research

In parallel with the development of the commercial systems market, scientific research
has followed a different evolutionary path, focusing primarily on improving the environ-
mental performance associated with the integration of vegetation into buildings, with
particular attention to the effects on the urban microclimate, the thermal performance of
the building envelope, air quality, and occupant comfort. As knowledge regarding these
benefits has gradually solidified, scientific attention has progressively shifted toward the
development of more technologically advanced solutions capable of integrating functions
beyond the simple greening of surfaces.

This evolution has led to the emergence of increasingly complex systems, characterized
by the use of new materials, prefabricated components, control devices, and integrated
management strategies [29]. In Nanjing, China, a new method was proposed to assess
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the direct cooling benefits of green facades based on infrared thermal data and three-
dimensional point clouds [30]. Another study presented a prototype of a solar-powered
fertigation system designed to automate the recirculation of drainage water within the
system using recycled materials [31]. As part of another research project, a modular LW
system was designed that utilizes recycled materials known as Geogreen—derived from
mining waste (geopolymers)—and locally available materials, such as expanded cork panels,
along with climate-appropriate plants [32].

However, a review of the literature shows that this development has primarily occurred
through the evolution of systems designed on a case-by-case basis for individual buildings,
rather than through a review of the technological solutions available on the market and
their adaptation to different building contexts [29]. Most of the prototypes identified fall
into the LW category.

The modular cork panel system developed by Cortés et al. (2021) is a significant
example of this trend, as it proposes a rethinking of the construction process through the
introduction of materials with reduced environmental impact and the optimization of the
system’s life cycle [33]. The authors described the design process of a new modular LW
system made of insulation cork boards (ICBs) (Figure 2). This process was carried out by
considering the main environmental critical issues identified in a comparative life cycle as-
sessment (LCA) conducted for the production phase of five different modular wall systems.
To reduce these impacts, the new system replaces commonly used plastic components with
ICB modules, a natural material derived from cork byproducts, characterized by good water
retention and drainage capabilities. Additionally, ICB modular blocks were developed
so that they could be fastened directly to the bearing wall by means of a waterproofing
adhesive mortar, replacing the most used metal fasteners while also ensuring a continuous
layer with thermal and acoustic insulation properties, as well as a protective function.

(@) (b) ()

Figure 2. (a) Schematic representation of the new ICB module for LW. (b) Illustration of a modular
LW built with the new ICB modules. (c) Illustration of a person climbing the LW, simulating the
loads generated by doing so. (d) Illustration of a ladder propped against the LW, representing a
maintenance operation [33].

The prevalence of studies on LW in the literature can be attributed to their technological
configuration itself; as previously noted, they require the development of vegetated modules,
artificial substrates, irrigation systems, and dedicated structural components. GF, on the
other hand, are generally based on simpler and relatively well-established construction
principles, such as mesh, cables, and metal support structures, and for this reason have
been less frequently the subject of technological experimentation. This situation appears
paradoxical when one considers that GF are precisely the most widespread systems and
potentially the most suitable for extensive applications in the existing building stock.
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Among the most recent developments in the field of GF, the Adaptive Photo-
voltaic Green Facade (APVGF), proposed by Li et al. (2025), represents a significant
contribution [34].

The system consists of an innovative multifunctional vegetated envelope that combines
an adjustable photovoltaic awning system with a green facade. The goal of the proposal is to
combine the environmental benefits associated with vertical greenery with renewable energy
production, through movable photovoltaic components capable of adapting their orientation
to operating conditions. As shown in Figure 3, plants grow between the photovoltaic shades
and the exterior wall, providing dual solar shading to prevent excessive solar radiation from
entering the interior and to reduce heat buildup in the rooms during the cooling season.
Furthermore, plant transpiration cools both the photovoltaic shades and the adjacent wall.
The layer of vegetation gives the building a pleasant and aesthetically pleasing landscape
effect, while the plants’ leaves provide favorable diffused light and a beautiful view for the
interior spaces. The photovoltaic awnings not only allow climbing plants to grow but also
effectively protect both the building and the plants from extreme temperatures, cold winds,
hail, and other adverse weather conditions. Furthermore, the self-adjusting photovoltaic
shades can adjust their angle based on the angle of incidence of solar radiation, maximizing
the use of solar energy while always maintaining a perpendicular position relative to the
incident radiation beam. This system is also capable of flexibly adjusting the angle to meet
the needs of natural lighting and views.
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Figure 3. Structure and solar energy utilization of the APVGF [34].

The examples provided summarize a recurring trend that emerged in numerous stud-
ies analyzed as part of this research. Despite the technological and construction differences
that characterize the identified prototypes, the vertical greenery systems examined share
the same design approach: they are generally developed for specific building configurations,
often involving new construction or unique application cases. In this context, the issue of
standardizing construction solutions and adapting substructures to the different charac-
teristics of buildings -geometric, dimensional, morphological, and technological- remains
largely marginal. Consequently, the recently developed prototypes can be interpreted as
examples of performance-based innovation rather than examples of construction-based
innovation: they improve the system’s performance but do not substantially alter the de-
sign paradigm, which continues to be based on defining specific solutions for individual
application contexts.

The “artisanal” approach adopted thus far for the design of facade greening projects
represents a critical issue that appears particularly relevant in the case of retrofitting projects
for existing buildings, as the structural configurations of GF systems are defined based on
the specific characteristics of the building, through design processes that involve adapting
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grids, cables, or frames to the geometric conditions of the facade. Although this approach
allows for an effective response to the needs of each individual project, maintaining a
significant artisanal component in the design process limits the replicability of the solutions,
hindering the large-scale adoption of GF.

It is noteworthy that this tendency to develop tailor-made solutions for individual
projects is also evident in high-profile projects and design significance, such as those carried
out by architect Stefano Boeri on the ALER public housing units in Monza or in a public
housing neighborhood in Prato [35]. In the first case, a climbing greenery system was
integrated into the building facades, supported by metal cables anchored to the ground,
with vegetation planted directly in the areas adjacent to the building to promote growth
and reduce maintenance. In the second case, the redevelopment of an office building
and a public housing complex involves introducing trees and plants onto the facades and
roofs of the existing buildings, selecting native plant species with a high capacity for CO,
sequestration and absorption of atmospheric pollutants [36]. Although implemented on
existing buildings, these projects are highly context-specific and developed on a case-by-case
basis, rather than as systems that are easily transferable and adaptable to other similar
situations. In view of these considerations, there is a need to direct research toward the
concept of structural adaptability. This can be defined as a system’s ability to adapt to
different structural, volumetric, and morphological characteristics of buildings through the
reconfiguration of standardized components, without requiring a complete redesign of the
substructures.

The concept of design adaptability presupposes the simultaneous presence of specific
requirements such as:

e  System modularity;

e Standardized components;
e  Dimensional flexibility;

e Configurable joints;

e  Dry assembly;

e  Retrofit compatibility.

Among the few studies that explicitly address the issue of structural adaptability is the
“Vertical Greening Frame for Existing Buildings” (VGF4EB). This is a modular, versatile
VGS support system adaptable to existing buildings, developed by the authors as part of
research on the integration of vertical greenery into the building envelope [37].

It was designed to facilitate the application of green facades to existing buildings
and consists of a modular, configurable construction system—classified as an indirect
continuous-cable system—made of tubular steel profiles assembled using dry-assembly
threaded joints (Figure 4). The innovative aspect of the project does not lie in technological
innovation, but rather in the construction logic adopted, which is based on the combi-
nation of a limited number of standardized components capable of generating different
configurations through flexible assembly processes.

By combining the various components, it is possible to cover surfaces of various sizes,
vary the distance of the green wall from the existing facade, and adapt the vegetated screen
to the presence of balconies or overhangs. This approach moves beyond the traditional
logic of ad hoc design for individual buildings and introduces a development method more
consistent with the principles of industrialization.
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Figure 4. VGF4EB elementary module. All system components are shown divided into invariant and
combinable elements [37].

The design of building systems based on the concept of construction adaptability does
not necessarily entail the standardization of the final result.

Traditionally, standardization has been associated with the repetition of identical
solutions, while customization required the design of specific components.

Building systems designed according to the concept of construction adaptability could
effectively help demonstrate that design flexibility—and thus also the uniqueness of the final
product—can be achieved through different combinations of standardized components.

From this perspective, adaptability is not an alternative to industrialization, but rather
one of its key prerequisites.

The ability to generate different configurations from a limited number of prefabricated
elements makes it possible to combine:

Industrial production;
Application flexibility;
Design simplification;
Cost reduction;

Greater replicability of solutions.

The concept of construction adaptability should therefore not be interpreted exclusively
as a technical characteristic of the system, but as a design principle capable of overcoming
the misconception that standardization and originality must necessarily be mutually exclu-
sive. Research and development of industrialized construction systems characterized by
high versatility and adaptability could represent a valuable contribution to promoting the
widespread adoption and replicability of GF, even in existing buildings.

4. Conclusions

The analysis of the literature and case studies examined in this review highlights how
the growing adoption of VGS has been accompanied by significant advances in the assess-
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ment of the environmental, energy, and functional performance of these systems. However,
there also appears to be limited attention paid to the technological and construction aspects
aimed at integrating GF into the building envelope, particularly with regard to support
substructures and strategies for adapting to different application contexts. Design practice
has focused primarily on refining individual systems and defining specific, case-by-case
solutions. This approach constitutes a limitation that hinders the large-scale adoption of
these solutions, especially at a time when the energy and environmental retrofitting of the
existing building stock is one of the main tools for ecological transition and adaptation to
climate change.

This paper proposes a conceptual shift from performance-oriented research to
feasibility-oriented research.

In this context, construction adaptability emerges as one of the keys, yet still largely
unexplored, areas of development for the future evolution of GF. The ability to design
systems based on industrialized, modular, and reconfigurable components would make, in
fact, possible to overcome the traditional dichotomy between production standardization
and design customization, thereby promoting greater applicability of these solutions to
retrofit processes, the renovation of existing buildings, and environmental mitigation. From
this perspective, adaptability is not merely a technical characteristic of the system, but
a design principle capable of supporting its replicability, flexibility of application, and
potential for industrialization.

Future research should therefore focus on the development of support systems and
anchoring devices characterized by high versatility and design flexibility, capable of accom-
modating the volumetric, morphological, and structural variability that characterizes the
existing building stock. At the same time, it seems appropriate to expand the investigation
to include the materials used in the construction of support structures, promoting the
adoption of solutions with a reduced environmental footprint.

In this context, particular attention could be given to the use of natural, recyclable, and
environmentally friendly materials, both for elements designed to support vegetation and
for load-bearing substructures. Possible future research directions include the use of natural
fibers, such as jute, as a substitute for traditional metal or plastic cables or trellises to support
vegetation, as well as the use of materials such as wood, bamboo, or recyclable bioplastics
for the load-bearing substructure. It represents possible avenues for development aimed at
increasing the environmental sustainability of GF without compromising their technical
and structural performance.

The integration of construction adaptability, modularity, and material sustainability
therefore appears to be a particularly promising prospect for the future evolution of GF, con-
tributing to the development of systems that are more compatible with the needs of building
stock revitalization and with sustainable development goals in the construction sector.
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Abbreviations

The following abbreviations are used in this manuscript:

VGS Vertical Greenery Systems
GF Green Facades

W Living Walls

LCA Life Cycle Assessment
ICB Insulation Cork Boards

APVGF  Adaptive Photovoltaic Green Facade
VGF4EB  Vertical Greening Frame for Existing Buildings
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AnE - A full-scale bionic
111“ :Feln Experimental fagade prototype Outdoor measurements showed
St de :n a https:// Green fagade; comparison of an combining comparable microclimatic
l\‘/?ic{oc]i- Tomaz im}(’"' Y/ adaptive fagade; artificial bionic fagade photovoltaic cells and performance between bionic and
matic Layer Suklje, ][] I‘[)l: ) bionic leaf; PV incorporating capillary evaporative green fagades. Evaporative
13 ofa Binl:‘\/ic Saso 2013 IS Lé;”z— 65 cooling; photovoltaic cells and materials, evaluated X cooling lowered photovoltaic X X X X
Facade Medved, v evaporative evaporative matrices through microclimatic cell temperatures by up to
Ins f[e b Ciril Arkar cooling; PV cell with a natural green temperature, 20.8 °C, increasing estimated
Vzrtical Yy temperature fagade under outdoor humidity, wind and daily electricity generation
G summer conditions. photovoltaic cooling by 6.6%.
reenery measurements.
Badrulza- One-month field
Experimental monitoring dataset In Petaling Jaya, Malaysia,
Impact of man Jaafar, assessment of green comparing vegetated corridors recorded
Vertical Ismail https:/ o
G iy | . fagade and living wall cable-supported green average temperatures around
reenery Said, doi.org, Vertical greenery N § o . o
S | N effects on temperature, fagades and modular 29.3-30.0 °C, versus 30.8 °C for
ystem on Mohd 10.1016/j. system; cooling > ’ o moct @ o
14 . 2013 humidity and airflow living walls across X the control. Modular systems X X
Internal Nadzri sbspro. effect; temperature; 3 . . .
. ! Ny across five-storey different floor levels, generally improved cooling,
Building Md Reba, 2013.11 air velocity buildi idors i . hile facad £ .
Corridors in Mohd 059 uilding corridors in measuring while fagade configurations
. i : Petaling Jaya, temperature, relative influenced humidity and
the Tropic Hisyam . I . .
. Selangor, Malaysia. humidity and air airflow.
Rasidi 7 velocity.
Literature review A.,;(::;\}:\:sz‘f,e
. . comparing Fhermal experimental and . " .
Vertical Gabriel mechanisms, simulation findings The review identifies substantial
Greenery Pérez, I Vertical Greenery energy-saving : : 8s summer cooling potential for
3 ’ o https:/ e organized by VGS NP .
Systems Julia N System; Green performance and S VGS but insufficient evidence on
doi.org, : . N . typology and climatic -
(VGS) for Coma, wall; Green Fagade; climatic influences of " winter and annual performance.
15 . 2014 10.1016/j. . conditions, X C . X X X X X
energy Ingrid rser2014 Passive system; green facades and highliehting ener. It highlights the importance of
saving in Martorell, 0_,'0_R Energy savings; living walls, & gf & 8y climate, plant species,
buildings: A Luisa F. 2 Building considering petiozin;ange,l orientation and substrate
review Cabeza vegetation, orientation, | methodo ogica properties.
. N limitations and future
foliage density and research
construction systems. req:isre;ncen ts.
L.lfe cycle An environmental
A compre- environmental accounting model
hensive assessment of a combinin: glife eycle For the simulated
lifecycle . Carbon Footprint; hypothetical 98 m2 8 cycle Mediterranean case, expected
X R-M. https: H carbon footprint, . .
evaluation Pulselli, F. 1 EMergy living wall on a Tuati cooling savings were
f vertical wee e Evaluation; global ~ south-facing building emergy evaluation approximately 282 kWh/year, or
16 ° Saladini, E 2014 org/10.2 A and cost-benefit X H N 4 X X X X X
greenery Neri. S. 5/SCL warming; Living fagade under balance to assess the 15%. Environmental costs could
systems Baslial’m’ni 4'08 62 Walls; Mediterranean long-term be compensated by benefits
based on - sustainability climatic conditions, tai gb'l' ¢ within approximately 25 years
systemic evaluating energy sus a_mgl_l 1W owan under favourable assumptions.
indicators savings, carbon proposed iving wa

fi ion.
footprint and emergy. configuration
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Annie M. Critical review of A methodological
I—II\ n:ft N ! green fagade thermal framework defining The review identified
Quantifyin Niuholea" performance research, essential inade e:te X en'm enhl
thu‘ thcr);nagl: g G. * Green wall; examining microclimatic re] ]iecq'xio: einlzf)n';i ‘etcr:t
< erfor- Willi1£n% https://doi Vcrﬁc; rc:ni,n ; experimental and measurements, m:f:su;cmm:\ti anc{ t’omrl
rr?ance of Joh;\ P‘ ’ or; }'/ ié)’ 101 Climbir% Llang ’ modelling limitations, experimental justified mndelliﬁ assgm li};m
7 reen Rayner, Lu 2014 6 é’ucol‘env Climate%l’f’an e/ climbing plant requirements and X ! i’lant hysiolo; ga;';d fapade - X X X X
P 8 yner, o) & 8 physiology, future research antpaysiology 6
acades: A Aye, Do- 2013.12.021 adaptation; Green . O R e design effects were insufficiently
" A N microclimatic priorities for assessing N . . N
critical minique infrastructure N investigated, preventing reliable
i Hes, measurements and green facade eneralization of thermal
review Steph ! I design factors performance and & f
L?}') _Tn : influencing building vegetation-building periormance.
tvesiey cooling. energy interactions.
Technical guidance on
vertical greenery A CTBUH technical
Green Walls integration in guide documenting 18 . .
in High-Rise Ant high-rise buildings, international projects ’I}‘Jhe‘l%mdelfioigmen;s le}e Isle
Buildings: V\[/\ 03}' combining and providing design itk app 1c; Al;nst.(} \/e‘; ica
An output P ood, ISBN: international building considerations, greenetry a? X e‘; Hies " e?I%“
18 of the ayam 2014 . case studies with technological X opportunities and constraints X X X X X X X X
Bahrami, 9781864705935 N N . . involving facade integration,
CTBUH Sus- Daniel considerations of typologies, practical structural loads, irrigation, plant
tainability Saz;ariek design, structural recommendations and S :fxr‘:/iialoin:ilmcrinc“ ;: da
Working support, vegetation, a synthesis of research N enelr efficienc ¢
Group maintenance, climatic on green wall energy 8y ¢ ¥
conditions and energy efficiency.
performance.
.R,e view and A construction-based
classification of green X
) 2 taxonomy of direct . . .
wall construction g The review identifies major
. and indirect green . X X
. . Green wall systems, comparing technological differences in
Green wall Maria H facades and . N
) 5 https://doi systems; Green technological . construction, assembly, material
systems: A Manso, org/10.101 facades; Livin, composition, continuous or selection and maintenance,
19 review of Jodo 2015 &/ 1% “ g 8 'P 4 modular living walls, X S N X X X X X X
. 6/j.rser.2014 walls; supporting elements, X . providing a structured basis for
their charac- Castro- - if . . . with comparative _ o .
- .07.203 Classification; growing media, o comparing green wall systems
teristics Gomes o I descriptions of : L
Composition vegetation, irrigation, technological systems and their sustainability
maintenance and 0108 yste characteristics.
s and implementation
environmental .
. . requirements.
considerations.
Experimental A five-day field
An Experi- Badrulza- comparison of the monitoring dataset
P temperature and comparing modular ) )
mental man Jaafar, 3 s In Petaling Jaya, Malaysia, the
X relative humidity green facade and
Study on Ismail ; modular green fagade recorded
Bioclimati Said https://doi effects of two vertical cable-supported y temperat £
Designof  Mohd org/10.100 greenery vegetation 298 °C, compared with 30.0°C
20 Ve tg 1 Nadzri 2015 q}lg, 1;1“ _ configurations configurations with an X f i} bi i P ted b .t' X X
Grer ‘:car M daRZIbl /5 4 4/}97; %7 installed along an unvegetated control, or :\3 28 Zuo}épfo Ir Th Veg’:; 1Ion
cenery cha e office corridor in evaluating corridor and 5o - for the contra,
Systems in Mohd Petali icrocli h h demonstrating modest cooling
the Tropical Hisham etaling Jaya, microclimate throug] benefits.
Climate Rasidi Selangor, Malaysia, temperature and

under tropical climatic
conditions.

relative humidity
measurements.
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A novel ) The GREEN S
vertical Vertical greenery Development and o
P modular living wall
greenery V. Serra, L. modular system; multidisciplinary ototype Research in Turin, Ttal
module Bianco, E. Green wall; Green assessment of a new . 3 yp_ ’ ’ Y,
: . e o incorporating developed and tested an
system for Candelari, https:// fagade; Living wall modular living wall . . . .
N | . engineered planting integrated modular living wall,
building doi.org/ system; Energy using recycled and b N =R
: . . " R oxes, recycled demonstrating the feasibility of
envelopes: Giordano, 10.1016/j. performance; natural materials, N L s
21 2017 s materials, X combining thermal, acoustic, X X X X X X X X X
The results E. Montac- enbuild. Environmental examining thermal, : :
L X ) . : root-support layers botanical and mechanical
and chini, S. 2017.04. performance; LCA; acoustic, mechanical, . N
. 3 . and fagade performance considerations
outcomes of Tedesco, F. 046 Acoustic botanical and . X H . -
PN . connections, validated with environmentally informed
a multidisci- Larcher, A. performance; LAL; environmental N .
s e . e : . through laboratory material selection.
plinary Schiavi Vegetation species; performance in Turin,
i Y tests and long-term
research Building envelope Piedmont, Italy. o
. outdoor monitoring.
project
Towards a
Ny . . A conceptual
comprehen- Systematic review of L
o . classification
sive green green infrastructure framework organizin:
infrastruc- . classification & 8 The review identifies four major
Urban greening; 5 urban green B -
ture Carlos https: 2 approaches, analysing . X green infrastructure categories
. classification : infrastructure into tree : B
typology: A Bartesaghi //doi. «oh . 85 studies from 15 and recommends integrating
. schemes; N canopy, green open N
systematic Koc, Paul org/10.1 . countries and N 4 N functional, structural and spatial
22 N 2017 o typologies; L 3 spaces, green roofs X - . X X
review of Osmond, 007/s112 . . examining functional, . criteria, concluding that no
o systematic review; R and vertical greenery . e O
classifica- Alan 52-016-0 : structural and spatial X universal classification can
. - ecosystem services; - . s systems using N :
tion Peters 578-5 N attributes, including N satisfy every planning and
spatial scales . functional,
approaches, vertical greenery as morphological and research context.
methods one infrastructure L
configurational
and category. s
. criteria.
typologies
Energy per- Assessment of green A calibrated
formance wall energy DesignBuilder energy
analysis of a . performance across model comparing bare In Daejeon, South Korea,
N Energy efficiency; oy N N .
dormitory L . N 2 building orientations and ivy-covered complete green wall coverage
43 Sinchita https: Vertical vegetation; X
building and seasonal leaf area fagades across four reduced heating energy
Poddar, //doi. Green wall; Leaf ) o . ) . B
based on Dongyoon ore/10.1 area index: index variations orientations and consumption by approximately
23 different 8Y' 2017 Ot ’ through simulations seasonal leaf area X 60% and cooling demand by X X X X
: . Park, 007/s120 Seasonal : : : o0 : N
orientations : o . . of a university index values, 17%. North-facing vegetation
Seongju 53-016-9 variations; Heating . B s : e i : :
and . N dormitory in Daejeon, identifying maximized heating savings,
Chang 487-y and cooling energy N B . R X
seasonal 7 sumption South Korea, configurations that while east-facing vegetation
variations of consumptior evaluating annual optimize heating and optimized cooling performance.
leaf area heating and cooling cooling energy
index energy consumption. savings.
TESVE simulations
Simulation Hazril Simulation-based comparing vegetated
of Vertical Shazn evaluation of edible and unshaded
Greenery erney Vertical Greenery climbing-plant vertical residential units, In Penang, Malaysia,
; Basher, ’ R . . : . . :
System in Sabarinah System; greenery for reducing including short-term simulations predicted indoor
Reducing Sh Multi-storey indoor temperatures temperature temperature reductions of
24 Energy . 2017 Building; and cooling energy predictions, annual X 0.47 °C for low-rise and 1.53 °C X X
A Ahmad, . : . : N : :
Cooling Temperature demand in low-rise cooling energy for high-rise units, with annual
Abdul H S > X X o
Loads for Malek Reduction; Energy and high-rise calculations and cooling energy savings of 7.6%
High Rise Abdul Cooling Load residential units under estimated electricity and 18.27%, respectively.
Residential Rahaman Penang, Malaysia, cost savings for
Building climatic conditions. different building
heights.
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Thermal
absesl;:;:::t Experimental A prefabricated 40 cm
of a novel Lorenza assessment of a newly 550 om vegetated In Turin, Italy, the modular
rertical Bi https: Vertical greenery developed modular 1 syst 8 ith system reduced winter
vertica V. {an:.o, ; il” modular system; living wall using pane syls ;[ff] ;\t]l equivalent thermal
gree;elr Y asen na o i\ 1( 01 Green wall; Green different substrates b : ectyc ea-te tored transmittance by approximately
25 . Tomfl f?‘_ st F jri?' 2017 5057’ <1 2’0 fagade; Living wall; and two plant species, sfur i ]r::s,rn)\m:}l‘ olre ¢ X 40% and summer exterior X X X X X
5‘}’5\ e] " N of : Lea rih:f R"&-Oi 6-9 Energy monitoring seasonal ‘;repaain dgxwf] rf’1ceea surface temperatures by up to
12:1 -:crm Marco ! : 472_1 performance; LAL; thermal performance tem ‘rafu;:] h‘cat 23 °C, but did not significantly
rnm%itnrin Pe;ino Vegetation species in an outdoor test cell fluxE:an 4 tl;c’rmal reduce inward summer heat
oring in Turin, Piedmont, o gains.
campaign in Ttal transmittance.
an outdoor Y
test cell
e poal Development and Energy Plusntegrated
:fl{‘:‘ ‘er @ Vertical Greenery validation of a VGeS gl);n ‘?;tio:?n:decl Simulations predicted
ssvi’;\ 8Y KW.D. https:// Systems (VGS); mathematical model vali d: od against maximum exterior facade
ti\rou gh Kaiar;i C hnp(’"‘ L EnergyPlus; integrating foliage and ex eril;\gntalgstu&iee temperature reductions of 26 °C
verﬁc%il Da- : f() l‘() 1(5/ Integrated model; substrate heat gom W u.h.n:\ and ” and approximately 3% annual
26 eenor ety 2017 1" Thermal balances into Hone Kone, enablin X cooling energy savings in warm X X
o p A sy performance; EnergyPlus to assess e climates. Winter insulation
E{J o Lun Che UU’7 . Building energy vertical greenery F ¢ . f:l effects increased heating
E smgl un Show - simulation; Energy effects on building en:i[.?:ra uresc,im oorl demand, reducing seasonal
.nerglyt. us savings thermal behavior and cohn :.mns a‘;\ anll.wa benefits.
simulation energy consumption. eating and cooling
program demand.
. EnergyPlus
Selection of ‘Theore‘ncal ar‘\d simulations testing
suitable simulation-based leaf area index and
lant Kalani C. https:/ investigation of plant lant height Hong Kong simulations showed
P f Da- 4 “F ;r 7’ Vertical greenery selection criteria and .- }: & bined annual cooling savings
species for hanayake, 1 0‘1 S 1 é‘", systems; plant vegetation traits vana 'ltc]inlf/ tcon? 11n © increasing from 0.4% to 1.8% as
27 ef?_ergyt Cheuk 2017 o o )I' species; plant influencing vertical . IWlt' © a‘ndlcla. . X leaf area index increased from 1 X X X
chicien Lun Chow, SgyPro: characteriscs; greenery energy selection guidelines to 5. Plant height had
Vertical 2017.12. addressing leaf
Greener Guo Long 185 energy saving performance, using a morphology, climate substantially less influence on
S Ztcmsy Hou ; hypothetical high-rise sﬁitabil%{ / an d‘ € energy performance.
(y\\/GS)‘ office building in ‘maind teni;nce
Hong Kong, China. requirements
Cooling - Field investigation of An integrated thermal
effect of Haiwei Ny . infrared and terrestrial
direct green Yin, the relationship laser scannin,
& . Cooling effect; between climbing & - :
fagades Fanhua . . N methodology In Nanjing, China, vegetated
during hot K https:// Direct green vegetation structure enerati ixelscal facade surface: 556 °C
uring ho ong, ! R generating pixel-scale facade surfaces were 2.
X doi.org/ facade; Plant and fagade cooling I .
summer Ariane . L N vegetation indicators cooler on average, with a
y 10.1016/j. characteristics; during hot summer N :
28 days: An ob- Middel, 2017 . - and surface X maximum mean reduction of X X X
. buildenv. Thermal infrared days at Nanjing o .
servational Iryna o017 . T > temperature maps, 4.67 °C. Vegetation coverage
2017.02. images; University in Nanjing, A N
study in Dronova, Three-dimensional S _ supported by strongly influenced cooling,
Nanii Hail 020 ree-dimensiona Jiangsu Province, tatistical lati ticularly duri idd
anjing, ailong . R A statistical correlations particularly during midday.
X 2 i point cloud China, using infrared N .
China using Xu, Philip with weather variables
TIR and James thermography and 3D and canopy
point clouds. Nl
3DPC data characteristics.

https://doi.org/10.3390/buildings16214339


https://doi.org/10.1007/s12053-016-9473-4
https://doi.org/10.1007/s12053-016-9473-4
https://doi.org/10.1007/s12053-016-9473-4
https://doi.org/10.1007/s12053-016-9473-4
https://doi.org/10.1007/s12053-016-9473-4
https://doi.org/10.1007/s12053-016-9473-4
https://doi.org/10.1016/j.enbuild.2016.12.002
https://doi.org/10.1016/j.enbuild.2016.12.002
https://doi.org/10.1016/j.enbuild.2016.12.002
https://doi.org/10.1016/j.enbuild.2016.12.002
https://doi.org/10.1016/j.enbuild.2016.12.002
https://doi.org/10.1016/j.enbuild.2016.12.002
https://doi.org/10.1016/j.egypro.2017.12.185
https://doi.org/10.1016/j.egypro.2017.12.185
https://doi.org/10.1016/j.egypro.2017.12.185
https://doi.org/10.1016/j.egypro.2017.12.185
https://doi.org/10.1016/j.egypro.2017.12.185
https://doi.org/10.1016/j.egypro.2017.12.185
https://doi.org/10.1016/j.buildenv.2017.02.020
https://doi.org/10.1016/j.buildenv.2017.02.020
https://doi.org/10.1016/j.buildenv.2017.02.020
https://doi.org/10.1016/j.buildenv.2017.02.020
https://doi.org/10.1016/j.buildenv.2017.02.020
https://doi.org/10.1016/j.buildenv.2017.02.020
https://doi.org/10.3390/buildings16214339

Buildings 2026, 16, 4339

23 of 49

Table A1. Cont.

Analysis Type System Type Topics
De-
ThEAO- Exp. in sign/Con- Tech.
. reti- Ther- . Mod-
N Title Authors Years DOI Keywords Subject of the Study Output of the Study Real- ceptual- Results 7 Clas- Con- Vege- Main- Env. Sup-
cal/Soft- : B mal o ular-
World iza- Q 7] sifica- figu- ta- te- LCA Bene- . port/An-
ware . . > Bene- . . ) ity & :
N Condi- tion/Cre- N tion ra- tion nance fits choring
Simu- N . fits . Ind.
lation tions ation of tion
VGS
Green
facade for Experimental A field-tested
energy assessment of leaf area methodology for
buldings hupsy/ Vet greenery L messurement Near Liida,Spain, Boston vy
85 . ps// systems (VGS); cooling-energy A nt with LAI values of 3.5-4
The Gabriel Pérez, doi.org/ savings in vertical combined with . o
. . . Green facades; . achieved up to 34% summer
influence of Julia Coma, 10.1016/j. N N greenery systems, comparative . N
29 2017 Energy savings; X i X energy savings. East- and X X X
leaf area Salvador Sol, apenergy. Buildings; Leaf focusing on fagade monitoring of west-facing greener
index and Luisa F. Cabeza 2016.11. Angs; orientation under vegetated and ¥ g greenery
area index (LAI); . contributed substantially to
facade 055 Mediterranean reference test cells to
. N Shadow effect X - Ry . overall performance.
orientation continental conditions quantify shading
on the near Lleida, Catalonia, effectiveness and
shadow Spain. energy consumption.
effect
Building Four community-
community- Participatory design developed prototypes
drn{cn Oluwafeyikemi , Vertical greening and dcvclopmc"\t of using HDPE, l?amboo In Lagos, Nigeria, prototypes
vertical https:/ affordable vertical and prefabricated . .
s o systems : 5 o reduced indoor air temperature
greening . - doi.org, X greening prototypes timber, accompanied o X
systems for Akinwolemiwa, 10.1016/, profotypes; to improve indoor by thermal by an average of 2.3 °C, achieved
30 Y’ Clarice Bleilde 2018 - /1 Community driven 4 Y th X thermal comfort for 90-100% of X X X X X X
people . buildenv i A thermal comfort and monitoring, plant . X N
T Souza, Luigi M. design in Nigeria; h ; N monitored time and supported
iving on : 2018.01. X provide edible and growth observations, R
De Luca, Julie Thermal comfort in L . N approximately 16 annual crop
less than £1 o 022 . medicinal plants in economic assessment
Gwilliam low income houses harvests.
aday: A Agege, Lagos State, and a product
case study Nigeria. development
in Nigeria roadmap.
Systematic review of A bibliometric and
research trends in thematic research
Vertical https:// Green facade; outdoor vertical classification Of 166 reviewed studies, 76
greenery Rosmina A. m]}(’“' L Lihvhin ‘v%/all'l greenery systems, documenting VGS examined thermal performance.
systems: A Bustami, L) 1615 . Passivegcoolir; § classifying 166 study types, dominant Multidisciplinary publications
31 systematic Martin Belusko, 2018 buil 1cn/\l. S s{émaﬁc revieg\lN- publications by research subjects, X increased from 25% in 2011 to X X X
review of James Ward, 20 l;& 0 \}/Ierlical reenervl research methods and methodological over 60% in 2017, while cost and
research Simon Beecham o ey 13 thematic areas to approaches and maintenance emerged as major
trends Y identify disciplinary emerging implementation barriers.
developments and multidisciplinary
knowledge gaps. trends.
Vertical
Greenery
System as
the Pa.SS|\'€ EXP?T'mental Comparative field
Design comparison of green
o measurements of
Strategy for - fagade and living wall
Lo Ratih vegetated and bare T
Mitigating Py . - thermal performance X In Semarang, Indonesia, living
Widiastuti, https:// . walls, documenting :
Urban Heat o through field walls reduced average exterior
1 . Chely N. doi.org/ Building envelope; hourly surface e
sland in : measurements of and interior surface
Bramiana, 10.1088/ green facade; temperature and o
32 Tropical 2018 - : surface temperatures, N X temperatures by 3.17 °C and X X
N Bangun LR.H, 1755-131 green wall; vertical . nearby microclimatic o .
Area: A . surrounding air i 5.38 °C, respectively. Green
Bintang N. 5/213/1 greenery system conditions for a . .
Compara- N temperature and S fagades achieved reductions of
s ) Prabowo, Mirza 012037 s N climbing-plant facade o o
tive Field . humidity, using 4.4°Cand29°C.
Ramandhika 1 prototype and an
Measure- separate building - ¥
y s existing geotextile
ment configurations in living wall
Between Semarang, Indonesia. s .
Green
Facade and
Green Wall
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VGS
Mohd
Khairul . 3
Azhar Mat Expenmental. A 30-day f‘el_d In Serdang, Malaysia,
P X comparison of foliage experiment using -
ercentage Sulaiman, httos:// . Anemopaegma chamberlaynii
https: coverage, growth three trellis-supported N o :
Coverage of Mohd h , N . achieved 86.5% average foliage
- X doi.org, patterns and botanical green facade .
Tropical Fairuz 10.1088/ characteristics of three mock-ups and digital coverage, outperforming
33 Climbing Shahidan, 2018 - eristies of . P 8 X Antigonon leptopus (79.6%) X X
: 1757-899 tropical climbing image segmentation to . R . o
Plants of Maslina X H X and Quisqualis indica (69.4%).
: X/401/1 species on small-scale quantify foliage AR
Green Jamil, o Growth rate and climbing
012025 indirect green facade coverage and assess R y
Facade Mohd X . patterns proved more influential
. prototypes in Serdang, plant species .
Fauzi Sel Malaysi itabilit than leaf size.
Mohd elangor, Malaysia. suitability.
Zain
Shading
Effect and
Heat Experimental
Reflection investigation of green Six-day onsite
Performance fagade shading and temperature and In Guangzhou, China, green
of Green https:/ surface temperature humidity monitoring fagades reduced average shaded
Fagade in . doi.org, reductions on east- combined with air temperatures by 0.6-0.7 °C
. H. Lin, Y. : N . . . N
Hot Humid . 10.1088, and south-facing thermal imaging and on sunny days, with maximum
34 . Xiao, F. 2018 . . . X : o X X
Climate Musso 1755-131 elevations of a foliage coverage reductions of 3.2-3.8 °C, and
Area: Mea- 55 5/146/1/ high-rise residential analysis of three lowered fagade surface
surements 012006 building in existing temperatures by approximately
of a Guangzhou, climbing-plant green 3-4°C.
Residential Guangdong Province, facades.
Project in China.
Guangzhou,
China
Experimental One-year @omlored
assessment of fagade comparison of
Orientation Vertical greenery o . vegetated and bare In Hong Kong, China,
, orientation and X
effect on https:// systems; Wall test rooms across four north-facing greenery reduced
. weather effects on . N :
thermal and doi.org/ orientation; orientations, ambient temperatures by up to
ener; er- Lan Pan, 10.1016/j Thermal surface temperatures, S lemented b 10.1 °C, while west-facin
35 8Y P Shen Wei, 2018 %0 ambient cooling, supplemented by X - while west-facing X X
formance of LM. Ch enbuild. performance; indoor t ¢ steady-state systems achieved 6.1 °C wall
vertical M- 2018.07. Indoor and indoor temperatures calculations cooling. Estimated cooling load
o and energy L A o,
greenery 024 outdoor cooling; P ¢ estimating reductions ranged from 12% to
X performance of e o
systems Cooling load o . building-envelope 42%.
modular living walls <
in Hong Kong, China cooling load
d ) reductions.
Two-year . P
. Field monitoring of
experimental :
. three south-facing
comparison of two . .
. : . i experimental walls, In Bari, Italy, vegetated walls
Green . https:/ Urban agriculture; evergreen climbing . o X
P Giuliano ) measuring surface were up to 9.0 °C cooler during
acades to 1 doi.org, Green walls; plant fagades and an N d ditions and
controlwall YO leana 10.1016/j Air-conditioning; uncovered masonry temperatures, warm daytime conditions an
36 Blanco, 2018 § . —— o radiation, wind and X up to 3.5 °C warmer on cold X X X
surface X buildenv. Energy savings; wall, examining 5 By : L
Evelia . y humidity, with nights, confirming seasonal
temperature . 2017.12. Microclimate; seasonal surface . N )
R o Schettini . statistical evaluation thermal benefits of both
in buildings 002 Urban heat island temperatures and o X
of seasonal thermal climbing species.

weather effects in
Valenzano, Bari,
Apulia, Italy.

performance for two
climbing species.
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lation tions ation of tion )
VGS
Potential of Margareth
Particle Viecco,
Matter Dry Sergio particulate matter Controlled Species-specific
Deposition Vera, (PM); air experimental particulate deposition
on Green Héctor pollutants; green comparison of nine measurements In Santiago, Chile, deposition
Roofs and Jorquera, https: roofs; living walls; plant species used in obtained through ranged from 0.09 to
Living Walls Waldo Bus- ) dm}or. . air quality; green roofs and living controlled pollutant 132 g /em? /h for PM2.5 and
37 Vegetation tamante, 2018 e j; . sustainable urban walls, assessing exposure, leaf X hela: 5 . X X
for Jorge 0072431 ' development; particulate matter washing, filtration and 0.48 to 4.7 pg/em® /h for PM10;
Mitigating Gironas, e vegetation species; deposition and gravimetric analysis, Sedum species show.fed high
Urban At- Cynna- PM2.5; PM10; wax; leaf-wax retention for identifying vegetation capture potential.
mospheric mon dry deposition; semiarid conditions in suitable for PM10 and
Pollution in Dobbs, PM capture Santiago, Chile. PM2.5 capture.
Semiarid Eduardo
Climates Leiva
Effects of a Exper.i mental Field measurements
Vertical evaluation of the ing ind d
criiea thermal performance comparing Indoor an In Hanoi, Vietnam, the green
Green Phan Anh and cooling energy outdoor temperatures, facade reduced indoor
Fagade on Nguyen, demand of a sol.a r Iadl‘?t,l on. and temperatures by approximately
the Thermal Regina https: Green fagade; air-conditioning . I
e Bougainvillea-covered s 1°C and air-conditioning energy
38 Performance Bokel, 2019 doi.org thermal reen facade electricity X consumption by up tg 35% X X
and Cooling Andy van 10.7480/jfde. performance; &' . consumption across ption By up
K " : compared with an ; compared with an unshaded
Demand: A den 019.2.3819 cooling demand lumini hadi different fagade facade, d trating slichtl
Case Study Dobbel- a u;nnjlum s da ng configurations in two b atgta © ﬁmons ;a Ing S18 thy
of a Tube steen n -he\dlcg ;1111 danin a rooms of an existing etter clo()“;il:ﬁ, P:: -t})‘rx;]ia:ce an
House in unstadec facade in a residential building aluminium shading.
Vietnam residential tube house during summer.
in Hanoi, Vietnam. 8 )
Experimental .
comparsoner - Comparate iy
Experimen- thermal performance Glatist:jcar correiatiom
P tal Georgios among direct and : ui;ntif in externai In Ningbo, China, felt-layer
comparison Kokogian— indirect green facades, q wal}; sugrface living walls achieved the
S en o To https:/ /doi. felt-layer and oot greatest cooling, reducing daily
green ! org/10.101 planter-box living P X average surface temperatures by
39 facades with Darkwa, 2019 : 1d 1l d reductions, diurnal X o d peak X X X
tdoor test Sofia 6/j-enbuild. wa's, and an fluctuations, and 1.9-4.8 °C and pea
o . 2018.12.038 unvegetated reference . R temperatures by 7.1-13.4 °C,
cells during Badeka, wall using outdoor relationships with followed by planter-box systems
ahot humid Yilin Li test cells \%nder hot, meteorological and clii’ngi.n ve, elaﬁzn
season humid stmmer conditions for four 8 Veg :
conditions in Ningbo, \rcm‘ca] grc?ncry
China. systems.
Evaluation of Alggmpara;i\'?
Green mathematical models ZZr]lv:St(i)\l;‘eoh::{( In Valenzano, Italy, forced
Fabiana infrastructure; describing convective transfer equations convection dominated heat
Convective https: / heat transfer between ! que exchanges between vegetation
h Con- o Energy balance; N against experimental X . .
eat transfer vertino doi.org Modelling: vegetation and measurements, and air. The Morrison-Barfield
40 in green Giuli ’ 2019 10.1016/j. c ti & external air in green identifying the § " X equation and adapted Deardorff X X
facade iuiano biosystemseng. onvective facades, using energy jeentiying e mos model provided the closest
Vox, Evelia P o coefficient; Green . suitable mathematical N
system Schettini 019.10.006 layes; Passive balance calculations approaches for agreement with measurements,

system

and experimental data
collected in Valenzano,
Ttaly.

modelling heat
exchanges in green
fagade systems.

supporting more accurate green

fagade energy modelling.
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VGS
. Experimental A statistically
Rosmina : A . . )
A investigation of native designed field In Adelaide, South Australia
Statistically . plant growth, survival, experiment using 144 ! R !
. 7 Bustami, . € 76% of plants remained healthy,
Rigorous . L, substrate composition, modular planting : . . -
Chris https: L o ) with Goodenia varia achieving
Approach to N , Living wall; irrigation regimes, trays and 36 treatment o . .
E . - Brien, doi.org, tical d di binati 100% survival. Plant species,
41 xperimen James 2019 10.3390/ vertical greenery | and cascading combinations, X substrate and vertical X X X X
tal Design of RN system; carry-over interactions between evaluating plant o
. Ward, urbansci3 X . . positioning affected growth,
Vertical X effect; native plants vertically arranged growth, survival, s N
. Simon 030071 X RN while irrigation frequency
Living Walls plants in a modular irrigation, substrates, SO
Beecham, i . showed limited influence on
for Green Rob living wall over nine and carry-over effects ival
Buildings R olyn months in Adelaide, through mixed-model survivak.
awiings South Australia. statistical analysis.
Case-study-based
Im;erfélgan.on of design D.esl‘gn fOr(Dle) In Singapore, 12 case studies
ce t . 2 i
, ) Design quality; defects affecting guidelines addressing identified seven critical VGS
Design for Michael Y. httos:// ‘ : N . : defects, particularly
o https: green facade; high-rise vertical maintenance . R e
maintain- L. Chew, c . . P maintenance inaccessibility,
1 . doi.org/ high-rise; living greenery systems accessibility, structural
ability of Sheila = . N safety hazards, plant
X . . 10.1080. wall; through site safety, vegetation TSN
42 high-rise Conejos, 2019 o e : : e X deterioration, irrigation and X X X X X X
. e 09613218 maintainability; inspections, selection, irrigation, . .
vertical Fikril . X N drainage failures. Proposed
o .2018.14 quality control; stakeholder drainage, material g o
green Hakim Bin : ) . o ; guidelines integrate preventive
¥ 40716 vertical greenery interviews, and expert durability, and design . . -
facades Azril . . design, construction quality, and
systems; Singapore assessments across 12 requirements for Tong-term maintenance
building case studies high-rise vertical i3 strategies
in Singapore. greenery systems in ; gles.
tropical climates.
Systematic literature
Green review examining
Facades and construction-based A standardized
Living classifications of green classification s s dembifi
Walls—A Mina External vertical fagades and living identifying 13 vertical CI:;:EZ:E’:‘ ]tdu:f;;i 1t::n
Review Radi¢, https: greenery systems; walls, their greenery construction e s moroe s e
Establishing Marta //doi. living walls; green terminology and types, including four Thermal performance had the
43 the Classifi- Brkovi¢ 2019 org/10.3 facades; associated green fagade and nine X stron: esrt’ empirical sUpport X X X X
cation of Dodig, 390/sul classification of environmental, living wall categories, h gest emp lity, T c{)pl .
Construc- Thomas 1174579 VGS construction thermal, social and linked to ten benefits whereas air qua ity, fydro ogy,
: y B N . R social and educational benefits
tion Types Auer types; VGS benefits economic benefits, and their respective ired further investigati
and distinguishing levels of empirical required further vestigation.
Mapping empirical evidence support.
the Benefits from descriptive
findings.
Ratih . A Revit-based
Modeling of Widiastuti, Evaluation of thermal building model
Verti performance of an > .
‘ertical Bangun existing geotextile analyzed in Ecotect, In Semarang, Indonesia,
Greenery LRH., , Building envelope; XISHNg g supported by field vegetated fagade peak surface
https:// living wall through
System As Hana Faza N Ecotect simulation; . measurements temperatures reached 29.13 °C
Passive R.S., Chel dotorg/ surface Ecotect simulations comparing exterior externally and 25.41 °C
44 > D0 2019 1018502 and field temperature paring X ) Y b X X
Design Novia B., Ikss.v3i2 temperature; measurements, and interior surface internally, compared with
Strategy for Bintang Cehna vertical greenery ) o temperatures and 32.30 °C and 30.79 °C for bare
ot 1.5003 comparing vegetated : L
Mitigating Noor system and unvegetated office evaluating the thermal walls, confirming reduced heat
Indoor Prabowo, £ getated of effects of vegetation transfer.
N acade sections in s )
Temperature Mirza Ra- Semarane: Indonesia. on an existing office
mandhika & . building.
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VGS
Comparative A comparative
architectural review of overview of . 3
N X . The reviewed buildings
. vertical greenery prominent high-rise . e .
Vertical Ny N demonstrate diverse approaches
X technologies vertical garden X R R
Gardens in httos: . A . . to integrating extensive
. . https:// integrated into projects, documenting ion, includi lanted
High-Rise Hanna doi.org, selected high-rise structural vegetation, including plante
Buildings— Golasz- 101 08}‘:/ buildines i gM'l fi i balconies, hydroponic living
45 Modern Szolomicka, 2019 o / ul mg‘s. n M Ef“’ con 1gura‘ lons, X walls and climbing fagades. X X X X X
1757-899 Ttaly; Nanjing, China; vegetation
Form of Jerzy C1603/2/ e lia. . Structural support, wind
. X/603/2, Sydney, Australia; arrangements, facade : LR
Green Szolomicki . 3 N resistance, irrigation and
s 022067 Singapore; and Beirut, support systems and . ! R
Building i H R architectural integration emerge
Lebanon, examining architectural strategies . .
Technology N . s B as important design
construction solutions for integrating X .
: . considerations.
and environmental greenery into tall
benefits. buildings.
Observation Comparative
to Building Experimental P
Thermal investigation of experimental )
Characteris- Ratih thermal behavior and measurements and In Semarang, Indonesia, average
tic of Green Widiastuti, https:// Building thermal heat transfer in calculations of fagade wall heat 2ﬂu>< decreased from
Facade Wahyu doi.org/ characteristic; miniature ereen temperatures, heat 4.69 W/m* without vegetation
46 < Caesaren- 2019 10.3390/ green fagade; heat greer fluxes, decrement X t03.88 W/m2 at 50% leaf X X X
Model ; fagade models with 2
dra, buildings9 flow; leaves o o » factors and thermal coverage and 1.61 W/m? at 90%,
Based on Juliana 030075 covered area 0%, 50% and 90% leaf time lags under three s ing i ’
Various Zaini : ere coverage, using field lea% coverage demonstrating \mProved
Leaves measurements in o verag thermal protection.
. conditions in a scaled
Covered Semarang, Indonesia. .
building model.
Area
- A conceptual natural
Investigation of fixati
L N xation system based . e
Vertical Xiuli vertical greenery int ted Preliminary tests in Delft,
I:; ::r Wang, classifications, tree on lrr;:i‘:o“:::z: Netherlands, demonstrated
8 N y Wolfgang https: planting strategies 8 % d b ' increased stiffness and reduced
systems: Gard, //doi. and structural stability supp.o r.e y tree deflections through
from plants Helena org/10.1 in high-rise vertical preliminary self-growing connections. The
47 totrees with B 2020 8/ & vertl mechanical pulling X 8 & - X X X X X X X X
elf- orska, 007/s001 forests, considering tests and desi proposed approach could
r;ivin Bob 07-020-0 Bosco Verticale in recommenda tig: s improve vertical forest stability
in%erconn%c- Ursem, J. 1583-0 Milan, Italy, and a d;rcﬁsin N vc‘ ctat—;on and reduce artificial anchoring
N W. G. van self-growing tree SSINg vege requirements, pending further
tions . . . selection, wind N
de Kuilen connections tested in 3 validation.
resistance and
Delft, Netherlands. o
structural stability.
A constructed indirect
green fagade
Experimental and prototype with
Vertical simulation-based monitored radiation
Indirect Valentina B e:t;cnawsgirlfsﬁ'ee?t/ assessment of an and temperatures, In Punat, Croatia, the green
e https:/ A g indirect green facade’s combined with fagade reduced incident solar
green Lesjak, doi.org, green facade; solar shading effectiveness EnergyPlus diation b 505 W/m?2
facade as an Luka 018 Tadiation; facade 13 nergy’ radiation by up to /o
48 overheatin Paiek, 2020 10.14256 surface and influence on simulations X and fagade temperatures by X X X
ating g /JCE.27 N facade overheating comparing indoor 13.5 °C. Simulated operative
prevention Mitja 97.2019 temperature; d ind ti th 1 fort
measure Kogir 7.2 operative and indoor operative ermal comfor temperatures decreased by up to
temperatures during across facade 6°C.
temperature N . . I
summer in Punat, Krk orientations,
Island, Croatia. vegetation

configurations and
residential wall types.
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VGS
Numerical evaluation A SolidWorks-based
Ratih of indoor air and three-dimensional
S . interior surface building model and
Indoor Widiastuti, F N CFD simulations showed that
Thermal Juliana temperature CFD simulations green fagades reduced indoor
Performance Zaini https:// CFD simulation; distributions in a comparing bare and temperatures Ab approximatel
e Modham 4 doi.org/ building model; building model with vegetated facades, e e o e
49 Ve, eytAa ée d Agun 2020 10.37934 indoor thermal and without a incorporating thermal X temperatures by u ;o 37°C X X
8 gUNg cfdl125 performance; climbing-plant green material properties, PETAtUEs by up 10 5.7 -
‘Wall based Wibowo, 3 . s with simulation-measurement
.8290 vegetated wall fagade, using CFD airflow modelling,
on CFD Wahyu . . X s surface temperature errors of
Simulati c . simulations validated mesh sensitivity 1.0-1.3 °C.
imutation aedsaren against previous analysis and o .
a experimental validation with field
measurements. measurements.
A synthesis of
Literature review and obrmentatand The review identified shading as
. meta-analysis of expermenta a ¢ review Identiied shading as
Kyra Koch, . Climate change; modelling results, a principal wall-cooling
Urban heat https:// X outdoor green fagades : X . y
Tess Cooling; Green o including green wall mechanism, while
stress doi.org/ . and living walls, ; . - .
itigati Ysebaert, 10.1016/i infrastructure; investieati li typologies, shading, evapotranspiration contributes
50 mutigation Siegfried 2020 B ) Green walls; mvestigating cooling evapotranspiration, X to ambient cooling. Performance X X X X X
potential of o ufug.20 mechanisms, ) ! Cormal
. enys, 5o Nature based . insulation and depends on leaf area, irrigation,
green walls: 20.12684 e climate-dependent SN >
. Roeland solutions; Urban . ventilation climate and system
A review 3 performance and their . . . N - .
Samson heat Island otential to miticate mechanisms, with configuration, with substantial
purban heat stre%; ¢ comparative thermal variation across studies.
T performance
indicators.
An expers- Development and Two proposed
mental experimental [t
study of X . . N evaluation of movable X acing In Chongging, China, dishcloth
H s:// ; X , ; ;
vertical Xing https:/ Shading coefficien; vegetated window configurations, gourd shading with 80%
Zheng, doi.org/ Vegetative; Vertical R X simplified - .
greenery Tianch 10.1016/i ine G shading using three X tal model coverage achieved a shading
51 systems for fanchen 2020 e ) greenm.g, reen climbing plant species, experimenta. mocels X coefficient of 0.28, reducing X X X X X
. Dai, jclepro. facade; Energy o and a photovoltaic . :
window Minefan 2020120 savine: Solar examining summer sensor-array method cooling energy consumption by
shading for & ang . SaVINg; 50 & solar transmission, SENSOr-array metho 11.5% and window heat flux by
ener, Tang 708 shading system window heat flux and for measuring shading 64.8%
savi.ng);n cooling consumption coefficients across o
& in Ch & cor C};T vegetated window
summer in Chongging, China. surfaces.
Development of an
Innovative Andreia expanded-cork A proposed modular
Cortés, . modular living wall, cork-based living wall Expanded cork agglomerate
module of N https:// Green walls; . coe ith . . 3
expanded Ant6nio doi.org Modular living supported by system, witl with a density of 140-160 kg/m’
cork Tadeu, 10. 1'01 olj wall; Insulation comparative life cycle environmental emerged as a technically suitable
52 agglomerate Maria Inés 2021 buildenv. cork boards; Life assessrnen.t and compansor? of existing X alternative to conventional X X X X X X X
for ereen Santos, 2020.107 cvele analysis: mechanical alternatives and plastic and metallic living wall
veiical Jorge de - 4 b‘l MZcha;ica]y les;s verification of mechanical, adhesion components, with potential
systems Brito, Joao materials and fagade and durability testing environmental advantages.
sy’ Almeida fastening solutions in for material selection.

Portugal.
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VGS
Assessment
of the
Thermal
Performance
of Vertical Ali Simulation-based
Green Walls Ahmed evaluation of vertical An OTTV-based BIM
Using Salem green wall thermal simulation workflow The simulations found up to
Overall Bahdad, https: Overall thermal performance across linking Autodesk 1.2 °C indoor temperature
Thermal Sharifah /doi. transfer value; six exterior wall Revit, DesignBuilder reduction, 103.3 kWh cooling
53 Transfer Fairuz 2021 org/10.1 Vertical greenery; configurations in a and EnergyPlus to X energy savings (13.63%) and X X X
Value Based Syed 5627 /jd. BIM; Building subtropical residential compare wall thermal 38.82% lower heat gains for the
BIM Fadzil, 2021.23 energy simulations building, integrating properties, indoor best vegetated wall
Simulation Hilary OTTV calculations temperatures, cooling configuration.
Method: Omatule with BIM and loads and heat gains.
Case Study Onubi EnergyPlus.
of
Residential
Buildings in
Sub-Tropics
Comparative
. . assessment of the . .
Simulating th h ri A classification of
and Vertical Greenery ermfo ygrome! fr 1 Vertical Greenery
Comparing Systems (VGS); performance o Systems into three In Brescia, Italy, simulations
. e different Vertical N .
Different Alberto , classification; main categories and showed that heavy green walls
. . https:// : Greenery Systems :
Vertical Arenghi, comparison of h n . seven subcategories, reduced summer surface
Greenery Camilla dot.org/ different types of through dynamic with corresponding temperatures by up to 13 °C and
54 S 2021 10.3390/ N . energy simulations, N X N o X X X X X
ystems Perra, applil VGS; mathematical examining external mathematical models operative temperatures by 9 °C,
Grouped Marco PP modeling and ther- & integrated into while Mur Vegetal achieved the
N ) 14802 . wall surface and . ; .
into Caffi mohygrometric operative EnergyPlus to enable highest winter operative
Categories analysis; P consistent temperature increase of 4 °C.
s . temperatures under e .
Using EnergyPlus comparisons of their
EnergyPlus summer and winter thermal performance
climatic conditions in )
Brescia, Italy.
Eva::ihon Development and Five parametric BIM
Planning Building evalu.atlon ofa greenery objects, a In Vienna, Austria, the fictional
Decision on information BIM-integrated Revit project template case study demonstrated
F. automated planning and a X
‘acade modeling (BIM); . " . automated generation and
Greenin, https fagade greenery; methodology for five Grasshopper-based comparison of fagade greenin
Mad. & Jutta / dp:‘ < b 8! .y’ vertical greenery automated design El’t tive a 4 gl’ s
ade Hollands, [7a i urban green; . configurations, workflow supporting aternatives, Injegrating
55 Easy— Azra 2021 org/10.3 decision support; assessing placement multicriteria X placement criteria, lifecycle costs X X X X X
Integration L 390/sul automated SSeSSINg P g N and visualization. Maintenance
in BIM and Korjenic 3169387 lanning process: suitability, costs and evaluation, cost sts emereed as substantial,
tiz: ofean cvatiuat-‘ior% eicc’n through a fictional visualization and avai?;bilit T ‘m:incd a
Automated wall; 8 residential building preliminary limi{at’;on
Desi; nL : case study in Vienna, vegetation )
Prc;cégss Austria. recommendations.
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The Impact Experimental A ten-month
of Indoor Yimin investigation of indoor comparative
Living Wall e . living wall effects on monitoring study of In Nanjing, China, the living
Shao, Vertical greenery - N
System on L . https: i carbon dioxide, corridors with and wall reduced COp
; K Jiagiang Li, system; indoor . . 2 . o
Air Quality: Zhiwei //doi living wall system: particulate matter, without a 10.6 m concentrations by 12-17% and
56 A Compara- 2021 org/10.3 iving wall system; temperature and modular indoor living X PM2.5 by 8-14%. Average X X
five Zhou, Fan }9‘3 sul indoor air quality; humidity in 1L includi 4 t‘ 4 d onl
ive Zhang, 390/sul carbon dioxide; umidity in two wall, including emperature decreased only
Monitoring 3147884 N comparable office pollutant 0.13 °C, while relative humidity
. Yuanlong particulate matter K i N : o 7
Test in Cui building corridors in concentration increased by 3.1-6.4%.
Building Nanjing, Jiangsu measurements and
Corridors Province, China. statistical analysis.
A A 50-year
comparative Comparative life cycle environmental impact
life cycle Marta . assessment of a comparison using ISO Operational energy accounted
J Life cycle P s P 8y
assessment Chafer, https:// modular living wall, a 14040/44, ReCiPe and for up to 90% of 50-year
between Gabriel doiorg/  assessment (LCA) T4 e skin green lobal warmin environmental impacts. VGS
T8/ Green wall; Green & globa warming pacts.
green walls Pérez, 10.1016/j. fagade and a bare potential indicators, reduced annual burdens by
57 o 2021 facade; s . N X - P X X X X X X
and green Julia enbuild. . reference building, incorporating approximately 1%, with nearly
N Environmental . X 7 » ions i
facades in Coma, 2021.111 . & ReCiPe; using experimental measured operational 50% reductions in summer;
the Mediter- Luisa F. 236 mpacy Setite energy data from energy consumption, manufacturing and maintenance
ranean Cabeza Puigverd de Lleida, materials, particularly affected living walls.
continental Catalonia, Spain. maintenance and
climate end-of-life scenarios.
. Experimental i B
Psychologi- cvgluaﬁon of A v u:t‘ual real,ty )
cal and svchological and cross-over experiment In Seoul, South Korea, th
physiologi- Se- https: Green wall pbych“;i(;ig: ical comparing rooms smaifer ;/ir(:ual r(e)e;\ ;NalT
cal effects of ungkeun ps:/ Biophilia; Virtual physiologic without greenery and I3 .
doi.org, o responses to virtual . 2 2 produced stronger relaxation
agreenwall Yeom, 10.1016/j. reall.t ; Indoor indoor green walls of with 2m? or 8 m responses, whereas the larger
58 oce \Imant@' Hal;gif:ong 2021 buildenv. e;;’r‘;"[‘;‘lecrl‘" different sizes, green walls, . X wall increased stress indicators, X
pants: ! 2021.108 o8 evey involving 27 suppor t?d by anxiety suggesting that more extensive
A cross-over Tachoon 134 Physiological articipants in a questionnaires, reenery does not necessaril;
study in Hong ) response LN Ny heart-rate variability, 8 y does Yy
X controlled laboratory “ 4 improve perceived well-being.
virtual at Yonsei University, electrodermal and
reality Seoul, South Korea. EEG measurements.
Literature review of
vertical greenery An organized
systems examining synthesis of VGS The review identifies shading,
typologies, th
Manoj 7 technologies, insulation and
. N construction . . - -
Vertical Kumar https:// . including green evapotranspiration as principal
G " : Vertical Greenery components, plant o ;
reenery Rajak, doi.org, Systems; VGS: selection fagades and living thermal mechanisms and
59 Systems: a Ravish 2022 1053272 Y . ’ . . walls, their support X highlights the importance of X X X X X X X
) Green maintenance, thermal H . )
comprehen- Kumar, /icrrd.v3 systems, growing vegetation, materials,
X . Infrastructure performance and RN .
sive review Rahul i3.3 . media, irrigation, supporting components and
X environmental . . S R
Biswas vegetation and maintenance in improving VGS

benefits within
sustainable building
design and urban
greening.

reported
energy-saving effects.

performance.
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VGS
. . Comparative building
Ef\ aflfua:{m\f If 1$:1a‘ Simulation of thermal energy simulations of
: i e]f :v:ll Mgham,- Green fagade; performance and green fagades and In Gorgan, Iran, simulations
& e; a mad https:// Thermal energy consumption living walls using indicated reduced wall heat
susta‘inablc Far. doi.org/ performance; in an educational Sedum, transfer and building energy use
60 approach on rokhzad, 2022 10.1016/j Energy saving; Abulldmg using l’.arthe.noclssus X with vertical greenery. Sedum X X X X
reducing Gholam. enbuild. Educational different green wall tricuspidata and performed best among the
energy use reza 2022.112 building; Vertical configurations and Hedera helix, evaluated species, with
in te n%yerate Roshan, 014 greening system plant species in supported by outcomes dependent on system
and hi mid Mahnaz’ (VGS) Gorgan, Golestan measurements from configuration.
Achdasi Province, Iran. an existing vegetated
areas ghdast building.
Alessan-
dro Lo
The Faro, Critical review of A comparative
X Angela green facade and N .
Building o discussion of VGS . X
Moschella, living wall . " The review finds that
Stock Reha- L . typologies, retrofit . _ 3
e Grazia Green walls; technologies for H shading-related cooling benefits
bilitation: ISBN: . . ) L requirements, .
8 Lombardo, Patrimonio retrofit applications, . depend on envelope design,
The Contri- 978-84- . N N technological B .
61 Angelo 2022 costruito; with attention to . X climate and system choice, X X X X X X
bution of X 09-42253- s constraints and . -
. Salemi, Sostenibilita; performance, while anchorage, irrigation and
Vertical 1 : P . recommendations for . N
Greenery Gaetano Riqualificazione construction applying vertical maintenance complicate
Sciuto, compatibility and - retrofitting existing buildings.
Systems B habilitati £ greenery to existing
(VGS) rancesco rehabilitation of building stock.
Nocera, existing buildings. .
Vincenzo
Costanzo
Systematic review of
. 142.C0mmemal A market-based
Vertical . vertical greenery
Vertical green taxonomy and
Green ! products from 58 .
Ozge structures; market comparative product
Structures o . it manufacturers, fo Of 142 products, 24 were green
S gut, https: classification; o database classifying . - .
to Establish . examining fagades and 118 living walls.
. Nerantzia //doi. green facades; ) green fagades and 3 . .
Sustainable " L technological s The review identified substantial
62 - R Julia 2022 org/10.3 living walls; I living walls by X . . X X X X X X X X X
Built Envi- . 3 o classifications, A differences in materials, system
Tzortzi, 390/sul sustainability; . . cultivation methods, B 3
ronment: A . : construction materials, N : complexity, maintenance and
S ) Chiara 41912349 materials; green s materials, supporting h o
ystematic li inf X maintenance, 4 environmental sustainability.
Market Bertolin infrastructures; economic structures, modular
3 sustainable facade - configurations and
Review characteristics and Lo -
) sustainability criteria.
environmental
sustainability.
Assessment of the Mathematical
Fabiana influence of leaf area relationships
Effect of an- ) Green index on solar quanhfy?ng‘ s.olar In Valenzano, solar
vertino, infrastructure; shading, transmissivity, i o
Leaf Area X . N > : transmissivity decreased by 54%
Evelia https: vertical greenery evapotranspiration shading and latent 7 :
Index on 4 ! Y ‘ ; per LAI unit increase. Cooling
Schettini, //doi. system; heat and summer cooling heat as functions of S .
Green g X benefits increased with foliage
63 Tleana 2022 org/10.3 transfer; solar performance of a leaf area index, X : . X X X
Facade s ) X density but became marginal
Blanco, 390/sul transmissivity; south-facing developed using .
Thermal . beyond LAI 6; shading
Carlo 4052966 latent heat; solar evergreen green experimental . s o
Performance PRI . . contributed approximately 63%
: s Bibbiani, shading; cooling fagade through measurements and K
in Buildings . . . . of total cooling.
Giuliano mechanisms measurements and simulations of
Vox simulations in different vegetation

Valenzano, Bari, Italy.

densities.
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Carlo
Alberto
Campiotti, §
Green wall; green Experimental
Lorenzo £ > A three-year
) acade; vertical assessment of thermal 3
Gatti, . experimental dataset
Vertical Alessan- greenery system performance, cooling and adapted green i
G ’ (VGS); building electricity savings and ctor B o Near Rome, Italy, vegetation
Nrfe:\elr¥ asl c mr? i https: acclimatization; associated CO, ::ifo rin o [en n reduced July facade surfafc
atural Tool - Campiott, fdotorg/  energysavingiwall reductionsofa  QUnifying vegetatio temperatures by up to 13 °C.
64 Improvin Consonti 2022 103390 surface detached deciduous e e X Estimated cooling electricity X X
E*:‘er 8 Patioo De horticulturac8  temperature (ST); green facade, using - ducﬁo;e ﬁea " ﬂu; savings reached 2.22 and
. 8y - 060526 heat flux (HF); multiyear RN . 1.94 kWh/mz, avoiding 985 and
Efficiency of Rossi, factor (Kv); ts at the variations, cooling 5.
Buildings Carlo groen actor ()i medsurements a: the electricity savings and 862 g CO /m* in 2019 and 2020.
. Parthenocissus ENEA Casaccia .
Bibbiani, . . N avoided carbon
Rosario quinquefolia (L.) Research Center near emissions.
Muleo Planch Rome, Italy. :
Arianna
Latini
Optimiza-
tion of Simulation-based
Indoor Hazzil assessment of facade IESVE simulations
Thermal Sh;m N orientation and comparing north, In Penang, Malaysia, east-facing
Performance Basthry Vertical Greenery vegetation coverage south, east and west greenery achieved 1.43 °C
Through Ah;na (i https://doi. System; thermal effects on indoor fagade orientations temperature reduction and
5 Orientation Sanusi o0 0re/10.379 performance; temperatures and and 0%, 45% and X 17.1% cooling energy savings. X x
and Vertical Hassan, 34/arfmts.10 orientation; cooling energy 100% vegetation Full west-facing coverage
Greenery Farhana, 0.3.6777 window wall ratio; demand in an coverage, quantifying achieved 1.42 °C reduction and
Percentage Mohd energy saving eighth-floor indoor temperatures 16.9% savings, slightly
Analysis in Razif residential and annual cooling outperforming 45% coverage.
High-Rise azt condominium unit in energy demand.
Residential, Penang, Malaysia.
Malaysia
A Comparative A conceptual .
" Adel Samy assessment of green planter-box living wall The Aswan, Egypt, design
comparative El Men- wall construction proposal featuring proposal envisaged 4765 m2 of
study on Urban sprawl; e :
shawy, . e technologies and 0.75m x 0.60 m x 0.30 vegetated coverage against a
green wall Abdelari https://doi. Carbon footprints; | desion of dul X 5
construction claziz org/10.101 Albedo; Urban conceptual design of a m modular units, 3250 m* site footprint, with
66 Farouk 2022 P, modular living wall irrigation and X expected thermal X X X X X X X X
systems, Mohamed 6/j.cscm.20 greening; Living int tion for the horing detail P 4
case study: onamed, 21.e00808 architecture; Green imtervention for the anchoring cetalss, environmental and visual
South valley Nayera walls AASTMT South Valley supported by improvements not verified
Mahmoud campus in Aswan, technical comparisons through post-installati
campus of . gh post-installation
AASTMT Fathy Aswan Governorate, and architectural monitoring.
Egypt. visualizations.
Effect of
E\r:l:ﬁ:’ﬁzlj‘ Climate-informed A PRISMA-based
on urban systematic review of synthesis of 51 Across reviewed climates, green
heat island T Susca, E. Green wall; Green green facade and publications walls reduced heating demand
d Z. hi ,11‘ https://doi fagade; Living wall; living wall impacts on comprising 647 case by up to 16.5% and cooling
67 b alr‘\j in% l{e_ & 202 08/ 10.101 Vertical greenery; building heating and studies, with statistical X demand by approximately 51%. X X X
b mgf . - © av 6/j.rser.2022 Urban heat island; cooling demand and comparisons by Reported urban cooling reached
e/:\ex}(;gn}; utse-. ssoln ]]:‘ ot,t : 112100 Building energy urban heat island climate, orientation, about 5 °C, with some dense
in‘fzormae; ¢l ratto use mitigation across season, system type urban configurations reaching
systematic different climate zones and urban 8
bl)ilgerature worldwide. configuration.
review
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Iterative development An early-stage
Farly-stage Maricruz of a low-carbon, modular green fagade
ry-stag . cost-effective modular prototype, designed The research identified recycled
design of a Solera . N N . Y
X Climate greenery system using BIM and 3D materials, lightweight
low- Jimenez, https:// . L
embodied Jodo dotorg/ adaptation; Green through product printing, facade-based geometry,
68 carbon and Corteso, 2023 10.1016/j. facade system, bgnchmarkmg, mcorp(.)ratmg r»ec)fcled X water-retentive §ubstmtes aqd X X X X X X X X
Cost-effectiveness; environmental and materials, optimized modular connections as effective
cost- Sanda jobe.2023 . . X
. . Embodied carbon; cost assessments, and substrate, modular strategies for reducing
effective Lenzholzer, 106588 4 3 .
Prototype structural and connections and embodied carbon and cost in a
green facade Ralf N
hydrological evaluated structural prototype.
system Walker R N
prototype testing in and hydrological
the Netherlands. properties.
Assessment
of the
potential of George . :
Modelling of A validated ENVI-met
green wall Thomas, . -
Py R Urban green-wall effects on comparison of existing . .
on modifica- Jobin https:// . X 4 Simulated green walls reduced
. microclimate; seasonal campus campus conditions . X
tion of local Thomas, doi.org/ . N . N ambient air temperature by
: . . Green wall; microclimates using and a hypothetical o i s
urban micro- Gianny 1016/j. p ) 1.3-1.6 °C in winter and
69 . N . 2023 ENVI-met; ENVI-met calibrated green-wall scenario, X o+ : X X X
climate in Mariya ecoleng. P B . 0.4-0.5 °C in summer, with local
N k Thermal comfort; with field estimating seasonal N . A
humid Mathews, 2022.106 o1 > maximum reductions of 1.9 °C
" ¢ . Building measurements at ambient .
tropical Sachin P. 868 . . K . and 0.8 °C.
N simulation Pathanamthitta, air-temperature
climate Alexander, .
. Kerala, India. changes.
using Jan Jose
ENVI-met
model
Experimental A . tal
.. Plants; living wall; investigation of plant n experimenta
Living wall . N assessment of
o cooling effect; temperature, cooling . .
plants are temperature In Geisenheim, Germany,
temperature; effects, and ) .
affected by . . measurement vegetation temperatures varied
microclimate; measurement . ! :
and affect https:/ . . methods using with air temperature, plant
Maren . vertical greenery methods in : N Ny .
temperature: doi.org, . o sensors and infrared species, orientation, and sensor
how to (not) Stollberg, 10.20944 systems; urban textile-based living imaging, comparin; lacement. Cooling effects were
70 Alexander 2023 - green walls with different ing, comparing X P ent. '8 X X X X
measure /preprints2 . . planting variants, localized near living walls,
B von infrastructure; vegetation O
plants’ . 02306.08 X i measurement highlighting measurement
Birgelen climate change compositions, . LD :
temperature 56.v1 - N N distances, wall limitations and the importance
. . adaption; orientations, and . ) y
in an Living e orientations, and of plant selection and
temperature sensor positions : : . H Y :
wall . microclimatic effects experimental configuration.
X sensor; thermal during a three-year ¥ o
experiment R N s . N in textile-based living
imaging trial in Geisenheim, wall systems.
Germany. systems.
Expet;llm e Murilo Experimental A full-scale
Assessment Cruciol- assessment of the continuous living wall
ssessme Barbosa, . thermal influence of a installed on an In Bauru, Sdo Paulo, Brazil, the
of the . Vertical garden; . . - o . o
Maria . continuous living wall existing building, with living wall reduced external
Thermal https: green wall; Y .
Solange on external and field measurements surface temperatures by up to
Influence of S //doi. thermal behavior; . . o .
Gurgel de y . internal fagade surface comparing vegetated 10.6 °C and internal
71 a 2023 org/10.3 shading; thermal . X o X X X X
R Castro temperatures, cavity and bare fagade temperatures by 2.9 °C,
Continuous 390/sul performance; . . .
- Fontes, - air temperature, and sections, surface increased thermal delay, and
Living Wall P 5042985 green o : .
. Maximil- . thermal stability temperature improved cavity temperature
ina R infrastructure . ] . KA
. iano dos during summer in variations, thermal stability.
Subtropical . - X
X . Anjos Bauru, Séo Paulo, delay, and cavity air
Climate in . R e
Brazil Azambuja Brazil. conditions.
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VGS
A conceptual
Critical assessment of Tessellated Double
Vertical existing vertical Green Perforated
Cricnci;\ Peter | greenery technologies Fagade combining Building on comparisons of
Sy‘%temS'gA ;rga : Utban greening; and development of a modular growing existing systems, the proposed
Perspective Fraser R. )’mps: green technologies; conceptual hybrid ) subst.rates, »u.nbullt fagade c?eslgr.\ cou.ld
on Existin Tor /doi. vertical greencry facade system fibre-reinforced improve vegetation diversity,
7 Tochrolo? Do 2023 org/103 pir e addressing structural concrete structural X habitat connectivity, water X X X X X X X X
ies and Criffin, 390/sul fa zde' n;.fn wall: limitations, plant elements, integrated efficiency, maintenance access
Negw Desien Sara] ! 5076014 < liv;.ng wall ! diversity, maintenance water recycling, and passive cooling, but these
Recommei— Wilkinsc’m g accessibility, water maintenance access benefits remain theoretical and
dati management and and interconnected require experimental validation.
aton environmental openings supporting
performance. vegetation and urban
biodiversity.
Experimental A two-year
. experimental
evaluation of summer .
N assessment comparing
. and winter thermal
Green Fabiana performance of a vegetated and bare In Valenzano, Italy, the green
Fagade to Con- https:/ Green south-facing wall temperatures, facade achieved daily energy
Improve vertino, doi.org, Infrastructure; . radiation and . 2.
; 5 ¢ evergreen double-skin ! ‘ savings of 1.70 MJ/m? in
73 Building Tleana 2023 10.1007 Heat Transfer; reen facade convective heat X 5. X X
Energy Blanco, 2 9783-03 Shading; Thermal ~ _ B70 AE0ce exchanges, and daily summer and 0.07 MJ/m? in
Performance Giuliano 1-30329- Barrier; Energy WIZH S ominin energy savings using winter, providing solar shading,
in Summer Vox, Evelia 6_116 saving miéroclimaticg an instrumented evapotranspirative cooling and
and Winter Schettini condlitions and heat prototype with reduced heat losses.
X Rhyncospermum
transfer in Valenzano, A
Italy. jasminoides
: vegetation.
Bibliometric A science mapping
Thermal investigation of analysis of 270
Performance Building ener; scientific research on Scopus-indexed The analysis identified 270
ding 8y green facade thermal publications using 1€ anaty: -
of Green efficiency; energy . publications and three principal
Fagades: Tleana https saving; performance and VOSviewer, research clusters: thermal
< . ps: _saving; urban microclimatic generating N N N
Research Blanco, //doi. bibliometric . o . behavior and energy modeling,
. 5 N . effects published bibliometric networks, .
74 Trends Fabiana 2023 org/10.3 analysis; thermal X urban design and large-scale X X
Analysis Con- 390/sul comfort; urban between 1999 and keyword clusters, effects, and sustainable building
X . 1200 o 2022, identifying publication trends and . .
Using a vertino 5139981 heat island effect; . management, revealing
. § research trends, an overview of . . AN
Science vertical greenery N . increasing multidisciplinary
Mappin, systems thematic clusters, emerging research research activit
A N prpwac%\ Y8 international directions in green s¢ ¥
Ppre collaborations and facade thermal
knowledge gaps. performance.
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tion tions ation of tion )
VGS
A comparative
Qualitative literature overview of
review investigating moss-based fagade The review identifies mosses as
moss biological technologies, promising lightweight,
Moss as a characteristics, bioreceptive concrete water-retentive and
Muit:ifulxc- Valeria httos: bryophytes; green environmental panels, modular living low-maintenance greenery
tional Marsaglia, dmp«bn.'/g envelopes; moss; functions and walls and materials. Existing prototypes
75 Material for Guido 2023 1015074 nature-.based l.echT\ols)glca.l ) experlmenlal X den.\onstrat.e opportunities for X X x X X X
. Brusa, solutions; applications in living architectural bioreceptive construction,
Technologi- . /tpj.2023 . Adi scnt «
Ingrid technological walls and building applications, modular fagade systems,
cal Greenery . .08.01.3 X : . i . S
Syst Paoletti greenery envelopes, including identifying material pollutant filtration and
ystems bioreceptive materials, properties, cultivation bioelectricity generation,
biofiltration and requirements and although further validation is
bioelectricity technological needed.
generation. development
opportunities.
Evaluating Simulation-based A DesignBuilder and
) ‘the comparison of three Er\crgy[ﬁlus In New Cairo, Egypt, simulated
efficiency of Ayah . vertical greenery simulation .
o https: Energy ) . . planter-box greenery achieved
a living wall Mohamed , . . configurations for comparison of a .
/doi. consumption; . . the lowest energy demand
facade as a Ramad- ore/10.1 Livine ereen wall: reducing cooling four-storey residential mone the investizated
76 sustainable han, 2023 &/ g green wall demand and building, evaluating X among the fnvestigate X X X
186/s441 Saving energy; . N 2 configurations, with reported
energy- Ayman . . improving thermal conventional facades e R
R 47-023-0 Thermal comfort; . . . P energy savings reaching
saving Hassaan - A comfort in a against direct, indirect : o) N
> 0259-9 Hot; Arid climate . By Ading i approximately 75% relative to
alternative Mahmoud residential building in and planter-box the reference case.
in hot arid Al Rehab City, New greenery .
regions Cairo, Egypt. configurations.
Improving Integrative literature A comparative The review identifies potential
g H o assessment of three N .
Indoor Envi- review examining R . contributions of vertical
. green building rating :
ronmental httos:/ how indoor and systems, mappin: greenery to indoor
Quality— . psi// Green Building; outdoor vertical 4 > Mapping environmental quality criteria,
s Aini doi.org/ ) potential vertical N : :
Measuring - 4 Green Wall; greenery retrofits can particularly air quality, thermal
: Jasmin 10.6007/ . o B : greenery - .
77 the Potential . 2023 o Sustainable Cities; improve indoor o X comfort, acoustics and visual X X X
¥ Ghazalli, IJARBSS/ N contributions to X .
Contribu- . R Environmental environmental quality . : : comfort, while noting that
. Cris Brack v13-i7/1 X N ¥ indoor air quality, e
tion of 7965 Quality; Retrofit and contribute to thermal comfort, several certification
Vertical ; LEED, Green Star and . o requirements still need
N acoustics, visual X X
Greenery Malaysian GBI ality and mechanical or managerial
Systems certification criteria. quaityand interventions.
certification credits.
Experimental
m\fesngatlon Of An installed indoor In Canberra, Australia,
emotional, cognitive -
X pocket-based living respondents reported
Responses https: and behavioural : o
- https:// s wall assessed through predominantly positive
to Viewing s Human Response; responses to an indoor N . : " s
Aini doi.org/ ) o onsite and online restorative experiences, with
an Indoor . Restorativeness; living wall at the . . N L
X Jasmin 10.6007/ N 5 . Short-Version Revised onsite viewing generally
78 Vertical . 2023 o Vertical Greenery Australian National . X N . N
c Ghazalli, IJARBSS/ X 7 o Restoration Scale producing higher scores than
reenery Cris Brack 371 System; Indoor; University in Crveve d b h hic viewing. Findings
S N ris Bracl v13-i - . surveys, supported by photographic viewing. Findings
ystem: A 95 Retrofitting Canberra, Australian 3 . . X
Case Stud: 7951 Capital Territ pedestrian traffic suggest psychological benefits,
ase Study apitat ferritory, observations before although further validation is
Australia, comparing . X y
K and after installation. required.
onsite and

photographic viewing.
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VGS
Ayodele
Samuel
Adegoke, Job
Taiwo A questionnaire
Property Gbadegesin, Survey-based data%et ;;f 121 valid
managers’ Timothy Fuzzy synthetic assessment of res énees analysed In Lagos, Nigeria, propert
awareness Oluwafemi https:// evaluation; green property managers’ th‘rEu h d’escri yt‘ive mar\§ ;rs s}%owe’dpli rrl\:i fo dy
of the Ayodele, doiorg/  facade; green wall; awareness of St e e vortieal
potential Samson 10.1080/ property environmental, social N 22y y X
79 ) 2023 . . ) synthetic evaluation to X greenery benefits (2.60/5), with X
benefits of Efuwape 15623599 managers; and economic benefits determi . tal al and
vertical Agbato, Joseph .2022.20 sustainability; associated with © fermxnel environmental, socia an ¢
greenery Bamidele 95196 vertical greenery vertical greenery protessiona eeonomic aviareness scores
systems on Oyedele, systems systems in Lagos, awareness level.s 2.65, 2.58 and 2.53, respectively.
buildings Tu-no}hy Tunde Lagos State, Nigeria. across 16 potenﬁ?la\l
Oladokun, greenery benefits.
Emmanuel
Onyinyechukwu
Ebede
Survey findings from
i:ur?'jy-lziasned ¢ 19 local government
vestigatio IO . authorities and 20 stralian s . .
Living Walls https community values, Jiving wall owners Australian survey respondents
in The City: R. A. Bustami, /7d “' G owner motivations d associated living walls with
é‘ e City: R. Rawlings, S. 7.-./7 p ; 03 inf {eent . and perceived benefits 33 managers, 1 strong aesthetic and social value,
80 ommunity Beecham, J. 2023 OTEMC Inirastructure; and costs of living addressing socia. X indicating positive acceptance of X
Values and 0880/ijie. living wall; urban R X acceptance, aesthetics, N :
Ward, D. Y. S. 5 = o walls, involving local . vertical greenery. The available
Expecta- 2023.15. heat island implementation X
: Mah government N excerpt does not provide
tions 06.009 . expectations and R AL
authorities and erceived detailed quantitative findings.
building owners and o ]::tunitiee and
managers in Australia. PP\b o
arriers.
Optimisa- Experimental
tion of Vertical greening evaluation of indoor A 90-day Internet of
Building system (VGS); and outdoor vertical Things monitoring
Green Per- Yue Yang, Kai building green greenery effects on dataset comparing In Changzhou, China, indoor
formances Hu Yibiagc; Liu https: performance; thermal comfort, four indoor locations, temperatures decreased by up to
Using Z’h_h ! /doi. real-time indoor air quality and supplemented by 0.7 °C, PM10 by 20.7% and
81 Vertical W ! I? aﬁg 2023 org/10.3 monitoring; electricity energy-consumption X formaldehyde by 33.3%. Annual X X X
Greening Da :g, Pali_ m:‘g 390/sul thermal consumption in an comparisons and electricity consumption was
Systems: A Lov §(,me J;}?i 5054494 environment; operational documentation of approximately 25% below
Case Study s Ang indoor air quality; green-certified external and internal comparable buildings.
in energy building in planted wall
Changzhou, conservation Changzhou, Jiangsu installations.
China Province, China.
A
Economic comparison DesignBuilder-based
of direct green energy and In Colombo, Sri Lanka,
Economical L, o] 3 fagades, indirect green cost-benefit model simulated cooling savings
sustainabil- ]acz.a]:lz;)% Ix;}i?" J C:;:’fe:fﬁt fagades and living evaluating three reached 12.93%, 15.36% and
ity of KyG N l_)[/’ L) 1615 . Des B‘u{ld:r Net walls using simulated vertical greenery 26.76% for direct fagades,
82 vertical Wee‘ra‘sir‘\ }.\e 2023 enbml(/ll. - rge];ent Val\;e- cooling savings and types through net X indirect facades and living walls. X X X
greeneries GY.Ja asig h’e 20231 H’ Ilrjlternal rate o’f local installation and present value, internal Direct facades were
in tropical RU Tl T ot maintenance costs for  rate of return, payback economically viable, whereas
climate o - a Colombo, Western period and living walls showed negative net

Province, Sri Lanka,
office building.

benefit—cost ratios
under three economic
scenarios.

present values.
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A comprehensive
. classification and
Comparative decisi ki
investigation of VGS ecision-making
Sustainable Mitra classification framework derived The framework integrates
Design of Manouchehri, h . ey from 15 original VGS previously fragmented VGS
H " ttps: Vertical greenery approaches and o . e 2 N
Vertical Joaquin i . all: desi e classification studies, classifications and provides
Greenery Santiago f/goL system; green wall; esign criteria to incorporating structured technological and
83 ) 2024 org/10.3 green facade; establish a . X . P X X X X X X
Systems: A Lépez, S/ - N " construction design criteria to support
390/sul living wall; comprehensive . N ¥
Comprehen- Mercedes o : technology, informed system selection
! Ny 6083249 decision making framework for e X N .
sive Valiente ) . installation, across varying project
selecting appropriate . ”
Framework Lépez vegetation, conditions.
green fagades and
livi m performance and
iving walls. .
maintenance
considerations.
. : A comparative
A Systematic review of sidence synthesis of
Systematic Vertical Greenery the economic viability evicence syntaesis o .
N . o lifecycle costs, net The review found that energy
Review of https:// System; Living of green fagades and .
X Irfan o R present values, savings and property-related
Economic ) doi.org/ Walls; Green living walls, analysing B ) :
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assessment of the Comparative
Assessing Luci relationship between illuminance and In Surabaya, Indonesia, denser
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Various Fattahi, . . . . urban blocks with 48 o S
92 . 2024 org/10.3 microclimate; microclimates across 3 . o X 1.35°Cand up t0 2.25°C, X X X
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Valeria Development of
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The effect of An OTTV-based
reener Comparative comparative
sgst ems (i/n Building Energy evaluation of vertical assessment
)I/)u:l din RAA. Munsif httos: Performance; greenery effects on quantifying The analysis in Sri Lanka found
& s ps:/ High-rise high-rise building differences in building average OTTV values of
energy per- Harshini doi.org, PN 5
% formance: Mallawaarachchi, 2025 10.31705 Buildings; Overall envelope performance envelope thermal x 3.681 W/m?2 without VGS and X X
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Controlled A virtual reality
b investigation of experiment involving
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facade ) https:// Urban; UNSDG 11; to simulated green participants, five participants viewing virtual
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97 virtual X 2025 space; emotion; X ; " X X N . X
b Sara Irina agile- & virtual immersive virtual emotional ratings and relaxation than participants
urban elm r Fabrikant giss-6-34 experlme?t/vvlr ua reality and electrodermal activity viewing conventional fagades,
ror;]men son -2025 reality physiological measurements supporting potential emotional
unt\.an measurements at the comparing vegetated benefits of urban greenery.
emotion University of Zurich, and non-vegetated
Zurich, Switzerland. facades.
X Empirical survey of A statistical
Benefits and architects, landscape assessment of 390
ertical https: Built environment; architects, urban professional In Delhi, India, respondents
vertica /] dp: Climate change planners and VGS questionnaires using recognized environmental and
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of different planted
wall configurations
and wooden shading
systems.

corridor air temperatures by
approximately 0.9 °C, compared
with 0.2 °C for Chlorophytum
comosum; wooden shading
sometimes performed better.
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