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Abstract: Urbanization exacerbates climate change impacts, making it crucial to develop innovative
strategies for adaptation and mitigation. In this context, the “smartness” concept must be seen as the
technical capability to forecast and adapt to changing conditions while maintaining livability and
safety. This paper investigates the use of Vertical Green Structures (VGSs) as a mitigation strategy.
Through a critical review of technology-driven applications, this research identifies key motivations
and challenges in VGSs’ technological integration and implementation, governance frameworks,
and community engagement. Methodologically, it employs a critical case analysis and categorizes
the technologies based on multicriteria; it also explores the potential to implement smart green
infrastructure (GI) in cities and the GI urban governance that was developed in previous decades
to adopt these systems at an urban scale and increase the community’s awareness of them. The
findings reveal diverse motivations driving technology and VGS integration, ranging from economic
incentives to environmental sustainability. Additionally, this contribution explores possible future
directions for VGSs and highlights three scenarios derived after the multidimensional impacts of
climate change with their pros and cons in future cities. Multidisciplinary collaboration emerges as
a crucial factor in optimizing technology implementations in VGSs and fostering a transition from
nature-based solutions to technology-based solutions in urban sustainability initiatives.

Keywords: Vertical Green Structure; smart green infrastructure; climate change mitigation; roadmap;
future forecast; technology

1. Introduction
1.1. Vertical Green Structures as Green Infrastructure

In recent years, there has been growing awareness of the need for city transformations
to make them greener and more sustainable because of the impact of climate change
and the related risk of natural hazards. Ecological and ecosystem concepts have been
developed to address these concerns with a wide spread of green infrastructure (GI) in
built environments [1]. A GI is defined as a natural and semi-natural structure that is
strategically combined in networks, and it is characterized by its multi-functionality in
regulating, provisioning, and supporting ecosystem services (ESs) [2,3]. On the other hand,
nature-based solutions (NbS) are based on a multi-dimensional perspective on GIs and
their ESs [4] and have emerged over time as an operationalization of ES approaches within
spatial planning policies and practices [5]. In other words, the types of Gls are examples of
NbS implementations regardless of their scales and sizes.

Vertical Green Structures (VGSs) are vertical surfaces covered with vegetation [6]. They
are architectural elements, including green fagades and living walls, designed to incorporate
vegetation into vertical surfaces such as on the walls or facades of buildings. The initial
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implementation of these structures, thanks to novel materials, construction methods, as
well as technological developments, has become more technologically advanced; similarly,
the variety of VGS products has increased from traditional fagades with climbing plants
to more high-tech systems like living walls with a greater number of components and
possible species to cultivate [6]. Despite the current challenges in the installation of some
VGS typologies linked to the maintenance needs or the little long-term knowledge on
VGS effects, their implementation is suggested as a NbS [7]. Furthermore, a VGS is a
potential element of a GI network in a built environment, which may provide several
ecosystem services, e.g., among ES regulations, they can help in the improvement of energy
efficiency in buildings [8], the alleviation of sick building syndrome [9], the mitigation of
the urban heat island effect (UHI) [10], the improvement of air quality [11], the drainage
of water run-off [12], the retention of stormwater [13], noise reduction [14], attracting
pollinators [15], and biodiversity [16]. The benefits of provisioning ESs include improving
food production [17] and the growth of medicinal herbs [18], and the benefits of cultural Ess
include improved aesthetical value [19] and mental and physical health [20]. In addition to
these ESs, new efforts are present to investigate a VGS’s impact on increasing the potential
of solar energy in the case of photovoltaic panels being combined with vertical green
surfaces, such as in green roofs [21].

Considering the abovementioned benefits, VGSs can play a significant role in the
framework of sustainable, inclusive, and resilient urban transformation through making
cities greener. These systems correspond to the Sustainable Development Goals (SDGs) [22],
primarily goals 3 (good health and well-being), 11 (sustainable cities and communities),
and 12 (climate action). In rapidly developing urban areas where land availability is scarce,
traditional horizontal green parks are not feasible options. This underscores the critical
role of VGSs in maximizing green spaces within densely built environments. Using VGSs
serves as the primary solution for increasing the amount of green surfaces and reinforcing
the GI network on a larger scale.

1.2. Technology Integration with Green Infrastructures

Following the final developments, VGS implementation can be extended to a smart
green infrastructure (SGI) in the concept of smart cities. Many new smart technologies
have started to be combined with existing or new green infrastructures with the scope of
improving their maintenance (e.g., automating irrigation), performance, and capabilities
through sensing, controls, communications, and computing (e.g., requiring internet connec-
tion, electricity, and energy) [23]. In this context, a SGI can be defined as the combination of
green and nature-based elements that help to solve urban and environmental challenges
with smart technology and Information Technology (IT) [24].

Wireless Sensor Network (WSN)-based applications in agriculture are one of the
earliest significant examples of SGI. WSNs can be used to predict crop health and production
quality over time, predict irrigation schedules through monitoring the soil moisture, and
check weather conditions [25]. Currently, these aspects are extremely important, as due
to increasing water scarcity, irrigation has to be optimized. In addition to WSN-based
applications, collected data have started to be managed by using the Internet of Things (IoT)
and machine learning (ML) algorithms to achieve optimum water source utilization [26].
These technologies and learning capabilities can not only be integrated in VGSs for farming
applications, but also for optimizing and predicting monitoring and irrigation needs in
general VGSs applications.

Robotics is another technology that has started to be implemented in VGSs recently,
especially for the maintenance of VGSs in tall fagades. Over the past decade, robots have
been used to clean the fagades of skyscrapers [27] with different climbing mechanisms
to reduce manual labor. There are various climbing mechanisms, e.g., cable, wire or rail,
drone propeller, wheels and chains, hooks and sliding frames, arms and legs (telescopic
or passive walking), or propeller stabilization systems [28,29]. When robotic technologies
are implemented in VGSs, the movement, sensors, and control system must be analyzed
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by considering the functions of the tools, for example, monitoring, plant cropping and
watering, or VG structural support maintenance, where panels move to create a flexible
and aesthetic visual impact.

Another rapidly growing subject is biomimetics, where solutions are obtained by
emulating strategies, mechanisms, and principles found in nature [30]. These biomimetic
designs use environmental sensors linked to a built-in control system to produce the motion
of the structure that is self-activating, humidity-sensitive, and light-sensitive. In the past
few years, there have been recent efforts to use biomimicry as the design principle for
VGSs [31,32].

1.3. The Aim of This Study

This review paper analyzes the technologies utilized in VGS case studies by consider-
ing the motivation behind each smart initiative, and it investigates the potential of VGSs
to become SGIs in urban areas. Similar studies in the literature are limited to farming
applications without discriminating vertical farming technologies. Therefore, thanks to its
comprehensive data analysis, this study contributes to the existing knowledge on this topic,
which was recently introduced.

The analysis was conducted using the collected data deals with novel technology
implementations on VGSs to support sustainable development by emphasizing the benefits,
e.g., climate change mitigation and thermal regulation. After reviewing the technologies
in VGSs, this article aims to forecast the possible future directions of VGS developments.
The advantages and disadvantages of smart VGSs are examined to enhance adaptability in
future sustainable and resilient urban design as they represent a sustainable solution as
a climate change mitigation strategy. As VGSs have been more popular in building and
industry applications to mitigate climate change impacts, improve the microclimate, etc.,
this study mainly aims to target architects, manufacturers, developers, as well as researchers
from different disciplines since it shows the trend of combining smart technologies with
VGS design solutions.

2. Materials and Methods

This study is a mixed methods research study as both qualitative and quantitative
analyses are used with a focus on an inventory of smart technologies integrated with VGSs.
A total of 17 peer-reviewed publications and 9 products/prototypes were analyzed through
a literature review and market review to gain insights into the key factors influencing the
implementation of technologies in VGSs. The literature review followed the Preferred
Reporting Items for Systematic Re-views and Meta-Analysis (PRISMA) guidelines, while
web-based research methods were adopted for the market review. A rigorous selection
process yielded 26 case studies for detailed analysis. These case studies were further ex-
amined, selected, and ordered based on the Technological Readiness Level (TRL), which
was determined using the 5W + 1H (WHAT, WHO, WHERE, WHEN, WHY, HOW) model.
Additionally, case studies were categorized based on VGS implementation types and loca-
tions, providing insights into deployment trends across different contexts. The motivations
driving the implementation of smart technologies in VGSs and the technological tools
employed were analyzed using a bottom-up/reverse analysis approach, with the data
being clustered and visualized to highlight key findings. Furthermore, a roadmap was
developed to identify past trends and future research directions in the field of VGS technol-
ogy integration. The methodological procedure followed in the analysis of the literature
and the market review, in the case study selection, and in the examination of information is
summarized in Figure 1. Each phase is explained in detail in the following subsections.

2.1. Data Source and Case Study Inclusion

The data used in this contribution are obtained from a market and literature review
focused on recent research activities involving VGSs. In total, data from 17 peer-reviewed
publications and 9 products and prototypes available in the market or under production
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and testing were reviewed and analyzed to obtain an in-depth understanding of the key
factors in implementing technologies in VGSs.

|| PRISMA METHOD (literature review) |\ [ 26 cASE pe{ JRLCROERING — ol il € SooTILATION
; t | STUDIES | poooooooommooooooooooooooy y
'|WEB-BASED SEARCH (market review) [ REVIEW [~  TECH.TIMELINE —>{ FORECAST
: : | : FUTURE
! CASE STUDY SELECTION - . .
T e ! LEGAL TIMELINE | DIRECTION

ROADMAP

Figure 1. Methodological procedure followed in this study. Solid frames show the sequential phases,
while dashed frames indicate the simultaneous steps taken during the phases.

For the literature review, the PRISMA guidelines were followed as represented in
Figure 2 (left side). The PRISMA was used as a method to transparently systematize the
search, findings, and exclusions [33]. Although the PRISMA is not commonly associated
with urban planning and design research, its principles have been adapted to improve the
documentation and dissemination of research reviews [34]. A previous review study with
a similar focus and a contribution from a broad perspective identified the results of smart
city development through the PRISMA guidelines [35].

MARKET REVIEW |

LITERATURE REVIEW |

Records identified from: Products identified from:

1< =z
;,% |Scopus (n=2). E previous research
S| |web of Sciences (n = 60). : 3 | (n=142).
| L ) Records removed before screening: L ’
= Duplicate records removed (n = 1). =
= Records removed due to fields (i.e., =
- medical and chemistry (n = 14). - v
o Records screened % Records screened
% =g, Reports excluded due to: % ey Reports excluded due to:
s Broader focus on Gl (n = 7). L Not embedded with technologies
§ Focus on smart green, but not on § {n=133).
" VGS (n=33). 1
Y
a e
% Reports assessed for Reportsincluded from the reference g Products assessed for
| |eligibility (n = 7). lists of included reports (n = 10). G| | eligibility (n=9).
2 2

1 I |

Cases included in total: n=7+10+9=26 |

Figure 2. Review of PRISMA chart (literature review on left side and market review on right side).

For the market review, the web-based research methods already used and explained
in a previous study [6] and reported in Figure 2 (right side) were adopted. The PRISMA
method is based on a search strategy, article selection criteria, data extraction, and data
analysis procedures. Main data sources are the Web of Science and Scopus search engines.
To identify as many eligible papers as possible, search keywords were combined with
synonyms and/or with operators. In the Scopus and Web of Science databases, a wide
variety of search keywords were used (Boolean operator OR); all of them were combined
with the term “technology” using the Boolean operation AND as follows:

‘smart vertical green structure’ OR ‘smart green facade” OR ‘smart green wall” OR
‘smart living wall” OR “smart vegetated wall” OR "smart cultivation wall” AND ‘technology’.

Only papers written in English and with open access were included, limiting the
search (LIMIT-TO(OA, “all”)) AND (LIMIT-TO(LANGUAGE, “English”)). Additionally,
in the screening step, the references of the examined papers that were included manually
allowed us to include 10 additional papers.
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In conclusion, 7 papers were included directly from the literature review by imple-
menting the PRISMA method, 10 were included after reviewing their reference lists, and 9
available products were included after the market review [6], with a total of 26 case studies
being fully analyzed.

2.2. Case Studies Analyzed through the 5W and 1H Model

An analysis of the included reviewed papers and products was conducted following
the 5W + 1H model [36]. Even if this model originates from the discipline of journalism, it
is implemented in other fields like architecture and engineering [37,38] since it provides a
framework to discern the criteria and/or parameters embedded in research works from
different perspectives.

The criteria and parameters detected after the search of information on case studies
with different types of technologies implemented in VGSs and the case studies themselves
become the reply to the question of WHAT. Additionally, the order criterion (Technological
Readiness Level (TRL), explained in Section 2.3) and descriptive properties (given ID
number and brief name) of case studies are reported as a reply to the question of WHAT. If
the case study is a product from the market, the name given by the manufacturer is used
as the brief name, such as C23, C24, and C25. If it is a prototype developed in a research
project, the given prototype is considered as in C6 and C16. If it is a conceptual project, the
project name is reported as in C1 and C2. Those detected in relation to the zone in which the
technologies are implemented in the VGS as well as those related to the geographic areas
of installation respond to the question of WHERE. The findings are explained in Section 3.3.
Criteria and parameters detected after the search on the motivation behind the installation
of technologies in VGSs and the installation modes reply to the questions of WHY and
HOW (Section 2.4). The search for information which may be used to reply to the WHO
question helps in identifying the beneficiaries of the VGSs and/or the stakeholders that
were mostly interested in their installation. The search on this aspect is especially focused
on three classes of beneficiaries, i.e., people, public, and private. Their level of benefit is
ordered hierarchically and given a score of 1, 2, or 3, where the numbers stand for low,
medium, and high interest, respectively. Based on the implementation place, the scoring is
realized. The timeline of the TRL and the development of smart technologies in VGSs are
depicted after having replied to the question of WHEN, i.e., reporting the year of the case
study installation and/or the development time of the prototype.

It is worth mentioning that the information given about the details of technological
tools is limited to the descriptions of the systems provided in open data sources.

2.3. Case Study Ordering and Location

The case studies extracted from the 26 reviewed papers and other company sources
were divided into six main types based on the adopted use of VGSs, i.e., prototype, indoors,
building skin, urban furniture, green infrastructure, and farming. This classification is
the first aspect of the search for information focused on the reply of the WHAT (case
studies) and WHERE questions. The “Infrastructure” classification refers to the VGS case
studies belonging to an infrastructure (i.e., bridge) itself in the built environment. If the
system is installed in outdoor public areas for the community to use (e.g., as a bench), the
implementation is tagged as “urban furniture”.

When a VGS is built indoors to improve the indoor air quality (IAQ), the case study
is classified as “indoor”. The “building skin” classification refers to a VGS realized in an
outdoor environment on a building facade. The “farming” classification refers to a VGS
used as a vertical farming component for food production. Lastly, the implementation is
classified as “prototype” when a VGS is developed through research activities and then
produced in the form of a prototype.

Besides the implementation places, the countries where the VGSs are installed or
developed were reported as well. This is the second aspect of the question of WHERE.
In Section 3.3, VGSs with smart technologies are reported, highlighting the country, the



Sustainability 2024, 16, 4543

6 of 38

implementation location, and the VGS classification—which is visualized with a dedicated
symbol and ID number embedded inside the symbol. In particular, the ID number per
case study is given after having ordered each case study by its TRL. The TRL is an index
that assesses the maturity of the technology [39]. Six different symbols are used to depict
VGSs with smart technologies: filled symbols represent the installations which are mostly
developed in interiors (i.e., indoor, prototype, and farming), while empty symbols represent
outdoor installations (i.e., building skin, urban furniture, and infrastructure).

2.4. Main Motivation and Technological Tools in VGSs

Based on the information detected on the VGS case studies and technology inclusion,
the main motivations behind the implementation of smart technologies in VGSs have been
analyzed in the 26 case studies. The information retrieved for replying to the question of
WHY has allowed us to determine that the motivations were strictly linked to the existing
working stages of VGSs in use, i.e., for energy, optimization, data management, control,
and movement. The process of clustering the information related to the motivation of smart
technologies used in VGSs is based on a bottom-up /reverse analysis approach. It starts by
reporting the motivations as extracted by the 26 case studies in the form of a detailed list,
and then it progresses with the interpretation of the list through a discourse analysis, i.e., a
qualitative analysis method used to draw meaning from language in context. In particular,
the discourse analysis allowed for the identification of the 5 motivation keywords described
above. Finally, it ends with a qualitative cluster analysis of the case studies based on the
identification of the motivation keywords.

The same methodological approach has been used, on the other hand, to analyze
the technological tools used in VGSs (replying to the question of HOW), grouping the
detailed listed information from the 26 papers in 5 main technological tool keywords:
hardware, information and communication technology (ICT), software, robotics, system,
and other/not disclosed (ND). The percentage of distribution of each technological tool for
each motivation is represented with bar charts in Section 3.4.

After the implementation of the 5W + 1H method, which was adopted to extract,
analyze, order, and cluster the information in a manageable database, these data were
elaborated using a heatmap data visualization technique to underline the magnitude (in
case study ID numbers) of the development of smart technologies in VGSs as a color map
in two dimensions. Two different heatmaps are presented with the same information on the
x-axis and z-axis, which are the main motivation for implementing technologies (i.e., energy,
optimization, data management, control, and movement) and the six implementation places
(i.e., prototype, indoors, building skin, urban furniture, green infrastructure, and farming),
respectively. The first heatmap is based on the TRL order of the case studies (y-axis), and
it visualizes the replies to the questions of WHAT, WHY, and WHERE. The second one,
instead, is based on the case study implementation year, ordered chronologically, and it
visualizes the replies to the questions of WHEN, WHY, and WHERE. All of these findings
are reported in Section 3.4.

2.5. Roadmap and Future Forecast

Another type of analysis was also conducted using the information extracted from the
26 case studies to highlight the technological framework that led to the development of
smart technologies in VGSs over the past 22 years (one conceptual project from 1994 was
not included) and to highlight the most likely directions of future research and practice
in this field. This analysis is visualized using the roadmap tool, i.e., “a tool that allows to
visualize the direction of a strategic plan (in such a case a technological plan) or that helps
in highlighting the goals/outcomes over a specific temporal range, and the major steps or
milestones needed to reach them”. In addition, the roadmap tools that were used by the
authors in this paper help depict the possible future directions of research in this field.

In fact, in this study, two distinct roadmaps within a single timeline are deployed
(Figure 8). The first roadmap, visualized through the symbols presented in Figure 3
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and Figure 4, orders the case studies based on their implementation/publication year,
effectively narrating the progression of technological milestones. On the other hand, the
second roadmap encompasses other milestones such as legal implementations, pioneer
iconic examples, and academic events associated with VGSs. The possible interconnections
between these two roadmaps are identified and discussed in Section 3.4.

Based on these findings, scenarios of future smart VGS developments are depicted.
This study uses a combination of a qualitative content analysis [40] and scenario plan-
ning [41] to build three outlines. The scenarios are built by considering the factors of the
5W + 1H models (heatmaps) as well as the PESTEL framework (i.e., political, economic,
socio-cultural, technological, environmental, and legal roadmap) [42,43]. For each scenario,
the best-case study among those reviewed was detected, and a pros and cons analysis was
carried out to examine the positive and negative aspects. The results are reported and
discussed in detail in Section 3.4.

3. Results and Discussion

A total of 26 case studies (17 papers and 9 products) are included in the final analysis
under the framework of the 5W and 1H model. In the following three sub-sections, the find-
ings of two questions are reported in each. In Sections 3.2-3.4, the replies to the WHO and
WHEN; WHAT and WHERE; and WHY and HOW questions are discussed, respectively.

In addressing potential research deficiencies, the most notable limitation pertains to
the relatively limited pool of cases and papers available on the case studies. This limitation
stems primarily from the nascent stage of a VGS and its integration with technologies.
Given the novelty of these advancements, the availability of relevant case studies and
research papers is understandably constrained. Despite making efforts to mitigate this
limitation through comprehensive literature and market reviews, the scope of available
data remains relatively restricted as there might be other aspects that are not mentioned in
the data sources.

3.1. Case Studies Analyzed through 5W and 1H Model

All of the replies to the questions in the 5W and 1H model are reported in a detailed
table provided in the Appendix A.

To search for an answer to the question of WHO, beneficiaries and /or stakeholders of
VGSs are grouped in three classes, i.e., people, public, and private. All of the cases have
benefits towards the three classes, but the level of the benefit may depend on the implemen-
tation mode. For example, people may receive greater benefits from “urban furniture” than
“indoor” implementation for air purification since the access in the second case is limited.
However, private beneficiaries receive more benefits from Indoor implementations since
they might increase the real estate values of their buildings. When sorting the scores from
largest to smallest for “urban furniture” and “indoor”, the following succession pattern is
considered: people > public > private and private > people > public. According to the order
for “Building skin”, the analysis reveals that the level of benefits is the highest for private
applications, followed by people, and finally, the least impact is observed in the public
domain for “indoor” implementations. Notably, the impact on people is limited in the case
of “indoor” implementations since they primarily benefit individuals within an enclosed
environment in contrast to the broader impact of outdoor “Building skin” applications.
Furthermore, the benefits for private applications persist throughout the lifespans of VGSs
in both “indoor” and “building skin” implementations, whereas for people, it is limited to
the times when they are using the space.

For the public, a VGS is always beneficial, especially when its implementation involves
outdoor case studies, since it helps create healthier and resilient urban areas for inhabitants.
In fact, VGS implementation contributes to enhancing the amount of green infrastructure
networks available to ensure equality in each district by considering volume compactness.

During the case study analysis, buildings and /or infrastructure life cycle stages are
considered to search for an answer to the question of WHEN the technologies are used in
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VGSs. In most cases, all of the technologies are used in the “Usage stage” of the VGS. In fact,
there are a few examples of smart VGS technologies that are used in other stages, such as the
“production” and “construction” or “end of life” stages. Despite the popularity of plastic-
based products in the market, recent research has explored the use of more environmentally
friendly materials with lower carbon footprints using different construction technologies.
As an example, computer numerical control (CNC) production is used in C17 to build the
components, which is one of the innovative examples for VGS production [44]. In addition,
in C17, they use plywood as an environmentally friendly material. The second case where
technology is used in the “construction” stage is C15. In this case, a 3D printing technique
is used to materialize plant containers from wood fibers.

A rare case in which technology is used in the “resource production” stage is C6. In
such example, a computational fluid dynamics (CFD) simulation is used to investigate
the effects of the structure shape under the wind flow in the pre-design phase. A second
example is case study C17, where a simulation model is used to automize plant selection.

3.2. Case Study Order and Location

The selected and investigated case studies” TRLs vary from TRL2 (i.e., research to
prove feasibility) to TRL9 (system test), as illustrated in Figure 3. There is only one case
study (C1) which is classified as TRL2, since this Smart Green Bridge [45] was formulated
according to its technological aspects but without any experimental proof implemented for
validation. Most of the case studies are classified as TRL5 (i.e., technology development
from C8 to C15) because the technologies were validated in the relevant environment. Five
case studies have the TRL 9 classification (from C22 to C26) since these systems were both
proven in an operational environment and available to be implemented. These five cases
include two systems classified as Building skin [46,47], two Indoor products [48-51], and
an Urban furniture system [52], i.e., a bench for open public areas.

IHAAG
OO
8 9

HAGOOC

Figure 3. Case studies ordered based on the TRL. This increasing order is used to give ID numbers to
the case studies. The legend reports the types of applications of smart technologies in VGSs.

As Figure 4 shows, the case studies are mainly distributed in Europe (n = 17), while
few case studies are in Asia (n = 4), North America (n = 3), and Australia (n = 2). All
of the studies from North America (C19, C20, and C21) are farming examples [53-55].
The case studies developed in Northern Europe, particularly C11 in Sweden [56], C14 in
Norway [57], and C25 in Finland [51], are all focused on indoor implementation. This
might have occurred due to the harsh climate at these high latitudes.
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Figure 4. The case studies’ locations with countries highlighted in yellow, ID numbers based on
the ordering using the TRL, and the types of smart technologies implemented represented with
full/empty symbols. (The base map is derived from World Map—Simple [58].)

3.3. Main Motivation and Technological Tools in VGSs

A detailed interdisciplinary overview of the implemented smart technologies was
carried out using a transversal approach. From the analysis of the selected papers, five
main motivations for using technologies in VGSs, i.e., energy, optimization, data manage-
ment, movement, and control, were identified. Each motivation has a few sub-categories
(e.g., consumption, production, and storage in the case of energy), as illustrated in Figure 5,
with the tools of the technologies used to achieve the purpose being highlighted according
to a color code (see the legend in Figure 5). This figure represents the findings to the replies
to the questions of WHY and HOW.

The energy cluster refers to the usage of renewable solar energy in a VGS system to
produce (and stored) energy to make the different components work, e.g., the monitoring
sensors or the robotic arms. The devices used to produce energy can be photovoltaic (PV)
panels, as in C1; solar panels, as in C16 and C20; or both panel systems can be used together,
as in C3. Additionally, the VGS in C3 is also reported to be compatible with other renewable
energy production systems such as solar air panels, bio-reactive collectors, cogeneration
solar collectors, and wind turbines [59]. This flexibility makes a VGS a more feasible and
effective component to integrate with an energy production system because it provides the
possibility of adapting the local renewable energy sources. C3 is also a significant example
of how a VGS can be combined with other technological architectural solutions, like glazed
facades and/or photovoltaic panels [59]. The energy can be used in addition to provide
some other operations of VGSs. For example, lighting can be combined in a VGS system
(consumption), and the energy can be used to control the light intensity in the area where
different species require different amounts of light to grow (C5, C13, C20, and C21). Based
on the information reported in the data sources, the tools used in the energy cluster are
mainly hardware (orange color in Figure 5).
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Figure 5. The operational flow of motivation detected in the use of smart technologies in VGSs
(boxes) and the tools used in each sub-motivation/category (color codes in the legend). The bar
charts present the percentage of the tools” usage in the specific sub-motivation/category.

Measurements are the most used motivation in optimization (case studies n = 18).
Based on the conditions one is interested in optimizing in a specific component, there
are different parameters that need to be monitored. For instance, the temperature and
relative humidity of the air and/or of the surface are the most measured parameters. The
wind speed (C26), precipitation (C26), and atmospheric pressure (C6 and C26) are other
environmental parameters that are only measured in few cases. For cases of “farming”,
soil parameters are also measured, i.e., the soil moisture (C13 and C21), soil humidity, and
soil temperature (C21), to achieve high efficiency in irrigation and soil nutrients (C20) and
to check and/or to optimize the amount of nutrients to support plant development. This
method of farming integrated in a VGS is called controlled-environment agriculture (CEA),
where the acidity level and pathogens can be monitored [60] even if no case studies are
reported for these two parameters. Air quality is another condition which is monitored
by measuring the CO; level and fine particulate matters in both indoor (C5, C12, and C25)
and outdoor (C18 and C26) case studies. Then, the water level (C8, C12, and C20), water
flow (C13), and water quality (C12) are also detected for water management; ambient
noise for testing the efficiency of a VGS in decreasing noise pollution (C26); and real-time
images to detect sickness in plants (C7, C9, and C10). On the other hand, the second
aspect of optimization is modeling, which is only used in “prototypes” (C6 and C12) to
simulate an upcoming environmental forecast and to optimize the VGS’s performance.
For measurement, the most used tools are hardware due to the high numbers of sensors
reported to be installed, whereas software is the most used tool in modeling.

Among all of the defined motivations in the data management analysis, software is the
most used tool. It is mainly used to handle real-time data and to filter raw data [55,61,62]
to detect anomalies if any exist [57]. The only tool used in the decision-making step is ICT,
mainly for programming irrigation, as in C23 and C24 [47-49]. Transfer and warehousing
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are other motivations to use a technology in the data management stage for simultaneous
purposes of optimization, control, and movement. Overall, the main tool used to achieve
data management is ICT, followed by software (e.g., MATLAB app, containerization plat-
forms like Docker and Kubernete, and open-source IDEs like Apache Flink) and hardware
(e.g., processor, router, and Wi-Fi module), respectively.

In movement for VGS maintenance purposes, robotics is the technological tool that is
the most used in C7, C9, and C10. Differently, in C9, the robotic technology includes cutting
tools, and it crops the plants when needed [63]. It includes a tool for watering as well, and
this system is feasible for tall facades. In C2 (the Nara tower project in Tokyo designed
by Kenneth Yeang), robotics is used to create aesthetics [9,64]. This case study is one of
the preliminary examples where a VGS was designed to be implemented in skyscrapers.
This conceptual project has shown how tall buildings can become ecology friendly and has
highlighted a few critical architectural issues in skyscraper design related to VGSs: (1) To
provide heat, taller buildings need to optimize their use of solar energy. (2) Outdoor areas
should be sheltered from wind, and building fagades should be designed to respond quickly
to changes in weather conditions. (3) The facades should be responsive to climatic changes
in real time, with changes occurring within minutes rather than across seasons. C3 and C25,
outdoor and indoor installations, respectively, use technology to move air for ventilation.
In outdoor case studies, equipment is used to regulate air flow between the internal side
and external side of the VGS, whereas in the indoor case studies, electrical equipment is
used to return the pure air back into space.

Control is mentioned in 18 case studies, and so is optimization. Control is mainly
achieved using hardware and ICT tools, and it is achieved a few times using software. In
such case studies, alert systems are used for irrigation to water plants through sending
a signal with LED lighting (C15) or to detect irrigation failures and inform the customer
or operators (C24). For automation, artificial intelligence (Al is used through machine
learning in seven case studies in total, mainly for maintenance and watering. In C22, Al
is exceptionally used to automate the processes of seed germination, transfection, and
harvesting. Hardware and ICT are used together for operating purposes through the use
of actuators, such as microcontrollers and supervisory systems. C6 [65] is the only case
study that uses tools for setpoint modification. Particularly, the prototype is combined
with a thermoelectric cooling chip board to reduce the surrounding temperature, thereby
generating condensed water to drop-irrigate plants, and a heat recycle dehumidification
ventilation device is used to dehumidify the inward air, exchange heat, and ventilate
the environment.

Based on the first heatmap (Figure 6), the relationship between TRL, the motivation of
using technology, and the implementation place (color code in the legend, z-axis) can be
read. This heatmap synthesizes the replies to the questions of WHAT, WHY, and WHERE.
First, the case studies which are implemented as building skin, indoor, and farming have
high TRLs (ID > 18 has a TRL > 7), whereas the prototypes have lower TRLs as expected.
It can be said that there is a trend of “building skin” and “indoor” implementations
with higher TRLs in comparison to other implementations. It is reported that there is no
single case study which used technology for all of the detected motivations (see Figure 5).
However, the most completed ones are C1, C6, and C18, with smart technologies used to
cope with four motivations out of five.

Optimization and control are the parts that are more developed with high TRLs,
and they were developed together in parallel. Energy and data management are the less
developed parts. Energy is mostly related to urban furniture because the case studies in
public areas combine VGSs with solar panels. On the other hand, movement is mostly
related to building skin, followed by prototype. Due to recent technological developments,
more research was conducted to reduce manual maintenance through testing prototypes.
Indoor, farming, and urban furniture are implementations of smart technologies VGSs that
have—in the case of movement—only one case study each. Movement can reach up to
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TRLS5 maximum except for one case study (C25). This means movement is the topic that
still needs more research to be approved for an operational environment.
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Figure 6. A heatmap based on the motivation for the use of smart technologies in VGSs (x-axis) and
the TRL order of the selected case studies (the ID numbers are on the y-axis).

The second heatmap (Figure 7), with the same information on the x-axis and z-axis as
that in Figure 6, but with the installation/publication year on the y-axis, shows either novel
technological developments or their use in VGSs. This heatmap represents the replies to the
questions of WHEN, WHY, and WHERE. The early examples of technology used in VGSs
are mainly focused on urban furniture and farming and represent examples up to 2015.
After 2015, the focus shifted towards building skin and prototype for optimization and data
management. Energy, in earlier case studies, was the main purpose of smart technology,
but its focus decreased after 2018.

Indoor case studies started to exist after 2018, when technology was mainly used for
data management and control, since the main purpose of an indoor case study is data
acquisition for an air purification check and the monitoring of the indoor air quality (IAQ).
Based on the IAQ level, several system components’ control are realized. In contrast of the
early case studies of farming, in 2020, a first case of movement mixed with optimization
and control was published. Currently, it seems that the practice of using smart technologies
in VGSs is carried out to provide control, optimization, and movement, respectively, among
the main motivations.

Most completed case studies were carried out in 2015, 2018, and 2020, which are
urban furniture, prototype, and infrastructure, respectively. In the case studies’ installation
periods, optimization (n = 19) is the most studied topic, whereas energy (n = 8) and data
management (n = 8) are the less studied ones. Control (n = 18) is the second most used, and
it is followed by movement (n = 10).
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Figure 7. A heatmap based on the motivation for the use of smart technologies in VGSs (x-axis) and
the year increase in order (y-axis).

3.4. Roadmap and Future Forecast

The final timeline that was created by combining different milestones in VGS research
is presented in Figure 8. Even if VGS systems have appeared in urban areas since ancient
times [66], the very first patent dates to 1938 [67]. Most of the developments occurred after
1980, which is also the year when a VGS was first recognized by public authorities through
the Biotope Area Factor (BAF) [68]. The second most significant legal milestone was an
Italian law [69] that included a VGS as an element to increase and develop public and
private green areas while highlighting the importance of vegetation for the environment.
From a practical point of view, new materials were introduced in the market for producing
VGS components after 1980, i.e., geotextile layers, stainless steel cables, and modularized
structural support systems. The earliest case study (C2) with such new materials appeared
in 1994 in Japan, which was implemented immediately after the first pioneer examples were
built in North America. Then, there was a break with no significant activity from 1994 to
2001. After 2001, research and informing events with exhibitions for education purposes
took place, as well as governmental initiatives to encourage new VGS installations. Based
on the analyzed case studies, it can be said that all of the technological milestones were
realized since 2011 as a continuous development with at least one case study per year
(except in 2016).

Based on the findings depicted by the legislative and technologic milestones in the
roadmaps (Figure 8) and the trends read from the heatmaps (Figures 6 and 7), in this study,
we depict and discuss three different possible future scenarios for the further development
of smart technologies in VGSs, as listed below:

1—the further implementation of technologies in VGSs in countries with a low GDP;

2—the further implementation of technologies in VGSs in countries with a high GDP;

3—the further implementation of technologies to trigger long-term durability and the
economic and practical maintenance of VGSs, especially indoors.
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Figure 8. Two distinct roadmaps within a single timeline, i.e., case studies based on their implemen-
tation/publication year to represent technological milestones with symbols and other milestones
such as legal implementations, pioneer iconic examples, and academic events associated with VGSs.

Numbers represent the case studies.

Following the findings from the reviewed papers and products, the best practices
recognized in the case studies (i.e., C16, C21, and C25) triggered the analysis of the three
scenarios described above (see Figure 9). The best practices were chosen by considering
the most necessary benefit for each scenario. These key benefits are reported as italicized
text in the figure. However, as NbSs provide multi-benefits simultaneously, in all three
scenarios, the ESs are provided in addition to the main key benefits, such as noise reduction,
attracting pollinators, biodiversity (for flora and/or fauna), aesthetical value, and mental
and physical health.
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Figure 9. The three forecasted scenarios for the future of VGSs with pros and cons. The key benefits
are highlighted in the PROS column, indicated by italicized text. In scenario 1, where a VGS is
scaled up to building skin*, certain items are marked with an asterisk to denote their inclusion. Each
scenario is represented with different frame colors. The representative schemes are derived from
www.plantsci.cam.ac.uk, https:/ /www.freepik.com, and https:/ /www.naava.io for each scenario
respectively (last accessed on 10 August 2024).

The first and second scenarios are based on the economic growth of the countries,
as this relates to the potential investment in VGSs within those countries. According to
the trends in GDP per capita (in US dollars) from 1990 to 2024 [70], countries classified
as “advanced economies” have a high GDP with a value of USD 58.26 thousand, while
“emerging market and developing economies” have a low GDP with a value of USD
6.7 thousand. As the biggest challenges in VGS implementations are related to economic
aspects, this fact was determinative to build the future scenarios. This study aligns with the
perspective of categorizing countries by classification into developed (Global North) and
undeveloped (Global South) economies. This classification offers a reflection of the analysis,
providing insights into the varying economic contexts in which VGSs are implemented.

C16 [71] is chosen as the best-case study for the first investigated scenario of the future
direction of research regarding dealing with technology implementation in VGSs installed
in low-GDP countries. In such a case, low-tech and economic solutions must be adopted.
C16 combines VGSs with renewable energy sources, i.e., solar panels. Low-income countries
are mainly located in the tropical/equatorial zone or at a low latitude in a temperate warm
zone, e.g., in Africa [72], where the solar energy potential is high; this prototype that is
implemented in such zone gives an opportunity to benefit from solar energy. In fact, C16 is
initially implemented as a bus stop in open public areas, but it is designed to be scaled up
to a range of self-powered sustainable buildings. Both options are stated as best cases for
this scenario. In its installation as urban furniture in public areas, it helps to improve the
microclimatic condition and mitigate the urban heat island effect (UHI) [10]. Therefore, the
physiologically equivalent temperature (PET) is decreased thanks to the added GI. This
contributes to the comfort level through a shading effect. This prototype can be scaled up
to building skin in low-income countries for short volumes without increasing accessibility
and maintenance costs. This helps to improve indoor conditions since the vegetation will
act as a thermal insulation layer [8] under high temperature conditions. Research with a
case study in Nigeria focused on low-income residences characterized by overcrowding
and overheating in interior spaces [73]. Outdoors, the local climate had a high temperature
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and high humidity levels; hence, overheating indoor was a common problem. This study
showed that the VGS caused a very small reduction in the air temperature outdoors, but
there was a reduction of a maximum of 2.8 °C indoors in comparison to the bare reference
wall. In addition, this study highlighted the importance of the VGS components” material
choice to better control the thermal efficiency performance. This system is also able to
cultivate edible plants and allows for the implementation of “farming”.

In both urban furniture and building skin implementations of this type, a VGS provides
the chance to improve air quality [11], as in these low-income countries, air pollution is
a big threat in urban areas. In addition, the establishment of a VGS can provide new job
opportunities [74], and this is the most important social benefit in such countries. It must be
noted that all of these forecasted benefits can only be achieved with effective urban policy
initiatives and programs in the framework of all green infrastructures adopted in the built
environment where citizens should actively participate. Besides the political incentives, the
drawback to such installation and maintenance of VGSs remains the availability of water.

As reported in Figure 4, the geographical distribution shows that the smart imple-
mentations in VGSs are developed mostly in countries with a high gross domestic product
(GDP). This reveals a dichotomy between low-income and high-income countries, which
may cause social inequality to continue increasing. In poor countries, VGS systems should
be installed in areas where there is water availability, and they should work passively
through low-tech and low-cost systems as much as possible. Instead, using a VGS with
(smart) high technology can be a solution only in few high-income countries, especially in
times of energy poverty, with climate change causing natural hazards. This is due to their
high cost of installation and maintenance, high energy consumption with a high energy
cost rate, and high water demand, which may become scarce or more expensive due to
future expected scenarios of droughts and heat waves.

Although VGSs with smart technologies are novel methods for food production (farm-
ing), expanding food security in an urban context with limited landscape availability [62],
all of these challenges described above currently exist and can make a smart VGS not fully
sustainable within a circular economy framework. Despite a VGS being a component of
vertical farming, it is a solution that needs to be further investigated to find a balance
between its benefit as a mitigation solution (e.g., climate change threatens more and more
arable lands) and its drawbacks. As an example, research in the direction of improving
water recyclability and efficient water use in a VGS via smart technology use can enhance
the development of a new greenhouse that circumvents the natural water cycle [65]. These
cases are almost not feasible in low-income countries (first scenario) as the challenges of
high maintenance cost, a lack of pest control, vandalism, tenure status, and socio-cultural
misgivings about growing vegetables on walls ask—before the implementation of a smart
VGS—for a social change to be implemented through education programs and policies,
as highlighted in a recent study [75]. This scenario is optimal where there are existing
abandoned buildings, such as former industrial facilities in need of refunctioning as a verti-
cal farm on a larger scale. These cases require expertise in architecture and construction
materials and renovation techniques.

C19 [53,62] is selected as the best case for depicting the second scenario since this study
is based in a high-GDP country, it presents a smart VGS with a high TRL, and it covers most
of the solutions implemented to improve maintenance and energy efficiency in comparison
to other farming examples. Despite the positive aspects (e.g., it uses less than one percent
of the land that conventional agriculture uses and it consumes one percent of the amount
of water [76]; it also becomes independent of weather, season, or climate and shortens the
travel distance between the producer and consumer [60]) for increasing food production,
the economic feasibility of this system is still under discussion. Technology integration
with vertical farming makes food production more efficient because the environmental and
soil conditions are fully monitored and controlled thanks to Al This technology integration
increases the production rate [77], optimizes the growth rate, and increases its nutritional
value [78]. These technologies come with additional costs for needed equipment as well,
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such as LEDs (light emitting diode) or HPS (high pressure sodium) lights due to limited
daylight since the system is installed indoors [79]. These requirements hence increase
the energy cost along with watering and waste management systems. The whole cost
not only includes the equipment and/or the system’s cost, but also the high upfront
cost [76]. All of these economic challenges decrease the viability to implement such VGS-
integrated technology in vertical farming in low-income countries. However, in high-
income countries, this system will be economically effective in the long term [80] as it is
a current growing investment topic worldwide. However, due to the possible increased
use of robotic technologies in the future for automation instead of manual labor, as used in
traditional agriculture, it may cause job displacement or unemployment. This highlights
an opposite influence of the level of technology with respect to the first scenario.

Finally, this second scenario may trigger an ethical and ecological debate about modern
agricultural techniques, i.e., the overuse of genetically modified organisms (GMOs) [81].
From this perspective, using VGSs in vertical farms can be an advantage when GMO usage
is not allowed because, thanks to the support of technology, the control of environmental
conditions can improve the yield or growing conditions and times required by vegetables
and fruits [82,83] despite the land consumed, or it may better cope with mitigation and
adaptation solutions to climate change. However, it can also result in a growth of this
ethical threat where GMOs are allowed because the combination of environmental and
genetic modification can increase the variety of food production but cause long-term side
effects that are still not well known [84].

The third and last future direction detected during the literature review combines
smart technology with a VGS to enhance its ability to improve the IAQ [6]. IAQ has attracted
more attention in terms of health, especially after the COVID-19 pandemic, because air
pollution increases infection since the suspended particles of the COVID-19 virus are
carried by polluted air (PM) over a longer time [85]. In the case of IAQ applications,
indoor implementations are more practical to install, control, and maintain for a longer
time. Hence, for the third scenario, C25 was selected as the best practice. This is one
of the investigated “indoor” case studies with a particular focus on improving the IAQ
through working as a fully automated indoor air purifier and humidifier. It is an active
and tried-and-true system whose performance has been tested scientifically [51,86-88] and
practically [50] after its installation in many countries. It takes advantage of the natural
capacities of (1) roots and growing media to absorb polluted air and of (2) roots to purify
polluted air. The process is finalized by returning clean air back to the indoor environment
through fans before the next cycle starts. In this process, sensors are embedded into the
system to measure the parameters, and Al directs the functions of the control automatically.
In the meantime, a remote system simultaneously transmits data and sends notifications
to the user to assess the IAQ levels and eventually improve maintenance when needed. It
has an advantage in irrigation since there is no need to build a plump system; however,
the water tank needs to be filled manually each week. From a social point of view, having
these types of VGSs indoors helps to improve mood, reduce stress levels, and enhance
cognitive capabilities and working performance. It gives many alternatives in dimension
and color. It is also possible to plant one or both sides of the wall and to move or rotate it to
avoid monotone areas and bring dynamism. It can also be used as an interior separator to
divide spaces.

4. Conclusions

This study aimed to forecast the possible future directions of Vertical Green Structure
(VGS) developments by examining the positive and negative aspects of smart VGSs, en-
hancing adaptability in future resilient cities. By analyzing 26 case studies from various
countries, it assessed the technology that is currently utilized in VGSs, exploring the ratio-
nale behind each smart initiative and investigating the potential of VGSs to be transformed
into SGIs in smart cities. While the number of reviewed case studies may appear limited,
it is important to note that Vertical Green Structure (VGS) systems and their technology
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integration are relatively recent developments. As such, the available pool of case studies
is inherently constrained by the novelty of these advancements.

The findings show a diverse technology utilization in VGSs, driven by motivations
of energy-related aspects, optimization, data management, movement, and control mech-
anisms. The implementation modes varied, including prototype, indoor, building skin,
urban furniture, green infrastructure, and farming. Technology is harnessed through hard-
ware components, information and ICT, software programs, robotics, integrated systems,
and other unclassified categories. Consequently, the incorporation of technology into VGSs
yields distinct benefits to public and private entities and people as individuals with varying
levels of benefits.

Based on a qualitative content analysis, this study presents three potential future
scenarios for technology implementation in VGS, i.e., (1) in low-GDP countries, (2) in high-
GDP countries, and (3) for long-term durability and economic and practical maintenance
indoors. Each scenario has distinct pros and cons driven by multifactorial forces. Despite
having differences, VGSs in all scenarios offer many ecosystem services simultaneously,
such as the retention of stormwater [13], noise reduction [14], pollination by attracting
pollinators [15], biodiversity enhancement [16], aesthetical value [19], and the improvement
of mental and physical health [20], regardless of their primary motivation for installation.
In a case where a VGS is scaled up to building skin, it can enhance energy efficiency in
buildings [8] and alleviate sick building syndrome [9]. However, challenges include a
lack of green infrastructure policy in urban design and limited community awareness,
highlighting the need for early policy involvement and community education.

Considering each depicted scenario, despite the current emphasis on VGS irrigation
and maintenance, there is a lack of focus on innovative pre-design approaches. Two
potential avenues include prefabricated panels made from eco-friendly materials and the
use of simulation tools for scenario evaluation. Multidisciplinary collaboration among
stakeholders, including architecture, biology, civil engineering, and data science, is essential
for successful VGS integration. Additional expertise, such as expertise in mechanical and
agricultural engineering, growth management, and cybersecurity, is crucial for addressing
challenges and fostering innovation. The third scenario specifically employs embedded
sensors, Al automation, and remote systems to enhance air quality. While offering social
benefits and design flexibility, challenges include manual water tank filling and limited
plant options.

In conclusion, even if VGSs initially started to be implemented within the framework
of NbSs, the current trends in the market and the growing interest in academia indicate a
shift towards technology-based solutions (TbSs). This shift suggests a broader reliance on
technological advancements and innovations to address sustainability challenges in smart
urban environments. While NbSs emphasize nature-inspired solutions to be in harmony
with natural systems, TbSs place a stronger emphasis on the integration of technology and
data-driven solutions. In the case of GIs, including VGSs, TbSs leverage advancements in
fields such as ICT, automation, data science, and robotics to optimize performance and func-
tionality. The shift from NbSs to TbSs reflects the potential of technological tools to enhance
the efficiency, effectiveness, and scalability of smart sustainability solutions in urban areas.
By integrating smart technologies, e.g., advanced monitoring systems and automation
through AL TbSs offer opportunities for real-time performance optimization, predictive
maintenance, and improved resource (i.e., soil, water, and vegetation) management within
both VGS and GI projects. Since the thermal benefits of VGSs are evident day by day thanks
to the growing amount of research in the literature, technology implementation will help
increase these benefits in the framework of climate change. All three depicted scenarios are
possible strategies to mitigate different challenges that emerged due to climate change.

However, it is important to note that this shift does not negate the value and impor-
tance of NbSs. Both approaches should complement each other, with NbSs providing the
foundation of integrating nature into built environments and with TbSs enhancing and
augmenting these NbSs with technological advancements.
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Abbreviations

To simplify some aspects in the paper, the following abbreviations are utilized:

5W1H what, who, where, when, why, and how;

Al artificial intelligence;

AQ air quality;

C case study;

CFD computational fluid dynamics;

CNC computer numerical control;

ES ecosystem services;

GDP gross domestic product;

GI green infrastructure;

TIAQ indoor air quality;

ICT information and communication technology;
IT information technology;

LED light emitting diode;

ML machine learning;

NbS nature-based solution;

PESTEL  political, economic, social, technological, legal, and environment;
PET physiological equivalent temperature;

PRISMA  Preferred Reporting Items for Systematic Reviews and Meta-Analysis;
PV Photovoltaic;

SDG sustainable development goal;
SGI smart green infrastructure;
Tbs technology-based solution;
TRL technological readiness level;
UHI urban heat island;

VGS vertical green structure;

WSN wireless sensor network.



Sustainability 2024, 16, 4543 20 of 38
Appendix A
Table Al. Case studies analyzed through 5W and 1H model.
WHAT WHO (PPP) WHERE WHEN WHY HOW
TRL No. Reference(s) People Public Private Tves Ir.nple- Location Year M.am.Mo- Motivation in Detail Main Tech- Technology in Detail
mentation tivation nology
E production HW photovoltaic panels
E storage (from PV and HW electrochemicals (en-
release when needed) ergy/battery storage)
operation .
C (not discussed) HW control unit
2 1 Smart Green Bridge [45] 2 3 1 Infrastructure RCZES; 2020 irrigation (to collect
epublic M water from (@) retention tank
road/highway)
o measurement (water HW sensors (soil
content in soil) moisture sensors)
irrigation (to move .
M water to plants) HW electrical pumps
aesthetic (to move on
M external track that R robot arms
spirals the tower in (cherry-picker devices)
2 Tokyo Nara Tower [9,64] 2 1 3 Building Skin Japan 1994 vertical circulation)
aesthetic (to rotate
M plectrum-shaped R robot track system
3 floor plates)
ventilation (to regulate
M air flow between oT ventilation ducts
interior and exterior)
AITF (intelli i i - .
3 (1n’}e;g;tfide;t[15119’r]eractlve 2 1 3 Building Skin Croatia 2014 E production (to HW photo-voltage
heat water) solar panels
E production (to HW thermal solar panels

heat water)
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Table Al. Cont.

WHAT WHO (PPP) WHERE WHEN WHY HOW
TRL No. Reference(s) People Public Private Tves I‘T‘Ple' Location Year M.am.Mo- Motivation in Detail Main Tech- Technology in Detail
mentation tivation nology
production (to
E integrate with HVAC HW solar air panels
system for
heat recovery)
3 AIF (1n’}21é;¢<§;t[gr19’f]eraCtlve > 1 3 Building Skin Croatia 2014 E }E‘i)oﬁggt}l)fwz) S bio-reactive collectors
E production (to S cogeneration
provide power) solar collectors
E ;;ciigzt}l)(z)r:/v(:) AS wind turbines
aesthetic (to rotate motor in each
M cube modules) HW cube module
4  Kinetic Green Canvas [65] 2 1 3 Building Skin dis?t?stse q 2017 o not discussed HW sensors
3
aesthetic (to reflect .
M image on VGS) S algorithm
(@] measurement HW sensors (temperature)
(temperature)
(@] r?;f;fzrl?;;l t HW sensors (humidity)
VFO (Vertical Farm . Republic of measurement
5 Ontology) [89] 2 3 1 Farming Korea 2013 0] (CO, level) HW sensors (CO»)
measurement . .
o (light level) HW sensors (illuminance)
transfer (to send wireless
DM values from sensors ICT

communication protocol
to server)
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Table A1. Cont.
WHAT WHO (PPP) WHERE WHEN WHY HOW
TRL No. Reference(s) People Public Private Tves I‘T‘Ple' Location Year l\/.Iam. Motivation in Detail Main Technology in Detail
mentation Motivation Technology
VFO (Vertical ) . wired communication
5 Farm Ontology) 2 3 1 Farming Republic of 2013 C cogﬂiﬁa;gza(:c?rs) ICT protocol programmable
[89] Korea logic controller (PLC)
production (to convert (solar power
E absorbed light energy into HW P .
: generation device)
electric energy)
setpoint modification (to
reduce surrounding
temperature, thereby thermoelectric cooling
C . HW .
generating condensed chip board
water to
drop-irrigate plants)
operation (to regulate and
C cont.r ol power supply HW solar photovoltaic chip
acting as splitter or
3 GEWA (Green dimmer glass)
Energy Water- irrication (& 1
6 Autonomous 1 2 3 Prototype Taiwan 2018 irrigation (to recycle . .
M condensed water OT recycle pipeline + inlet
Greenhouse fall
System) [65] or rainfall)
operation (to control
structure, thermoelectric Electronic
C . . ICT .
cooling chip board and supervisory system
devices listed above)
setpoint modification (to
C a(?l]ust Ventqaho.n amount, HW ventilation device
air speed, air withdrawal,
and air exhaustion)
measurement (to detect Sensors
(@) temperature HW

and humidity)

(thermo-hygrometer)
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Table A1. Cont.
WHAT WHO (PPP) WHERE WHEN WHY HOW
TRL No. Reference(s) People Public Private Tves I‘T‘Ple' Location Year l\/.Iam. Motivation in Detail Main Technology in Detail
mentation Motivation Technology
o measurement (to detect air HW sensors (barometer)
pressure values)
GEWA (Green setpoint modification (to
Energy Water- e . heat recycle
) dehumidify inward air, S
3 6 Autonomous 1 2 3 Prototype Taiwan 2018 C HW dehumidification
exchange heat, . .
Greenhouse . ventilation device
and ventilate)
System) [65]
(n}odehng) to .51mula.te CFD simulation
O environmental simulations SW .
. (Windperfect DX)
of wind flow
maintenance (to maneuver
M Wallbot’s body) oT actuated ropes
maintenance (to control computer-controlled
M services of Wallbot R er;ar ¢ winches
across VGS)
(measurement) to measure electromechanics
(@) drum position and length HW
(encoder)
of rope
Wallbot . c operation (to control HW . troll
4 7 plicz)gO;}(I)l]x 1 2 3 Prototype Australia 2020 rotational speed of winch) microcontrotier
’ measurement (to track . .
(@) motions of Wallbot body) HW optical tracking camera
O measurement (to build 3D HW sensors (stereo infrared)
map of detected scene)
measurement (to calculate
o NDVI and measure HW multi-spectral
general health of VGS and survey camera
track state of smart winch)
measurement (to indicate sensors (water
5 Smart 2 1 3 Building Skin Qatar 2018 (@) level of water and control HW

Bio-facade [48]

amount of watering)

level indicator)
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Table A1. Cont.
WHAT WHERE WHEN WHY HOW
TRL No. Reference(s) TvGs I‘T‘Ple' Location Year l\/.Iam. Motivation in Detail Main Technology in Detail
mentation Motivation Technology
measurement (to measure
O exterior surface HW sensors
_ Smart Building Skin Qatar 2018 temperature)
Bio-facade [48]
measurement (to measure
O interior surface HW sensors
temperature)
measurement (to check
(@) plants for diseases and R cable robot
give feedback)
automation (to reduce e g .
Green Wall . C manual maintenance) ICT artificial intelligence
9 Robot— Building Skin Germany not dl;’
cusse ;
5 concept 1 [63] M maintenance (to R cutting tool
crop plants)
M irrigation (to water plants) R spraying tool
o measurement' ('to scan HW camera
plant conditions)
maitenance (to move
autonomously on rails and
M undertake all planting, R rail-driven robot
Green Wall ¢ dis- care, and
10  Robot—concept 2 Farming Germany rclzssel:l maintenance work)
[63] automation (to reduce
C manual maintenance ICT artificial intelligence

and watering)
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Table A1. Cont.
WHAT WHO (PPP) WHERE WHEN WHY HOW
TRL No. Reference(s) People Public Private Tves I‘T‘Ple' Location Year l\/.Iam. Motivation in Detail Main Technology in Detail
mentation Motivation Technology
measurement (to
differentiate between
Green Wall various types of plants,
10 Robot— 2 3 1 Farmin German not dis- O remove individual SW image processin:
& Y cussed submodules containing sep 8
concept 2 [63] .
diseased or dead plants
and replace them with
new ones)
data transfer (to transmit
DM sensor data to and receive HW microprocessor
messages from cloud)
operation (executing
C control functions to take HW microprocessor
care of plant wall)
. microcontroller
5 C sensor readings HW (Arduino Uno)
. measurements
Acﬁlge Pﬁmt (@) (temperature and HW sensor (Grove DHT11)
1p  Wartbaseaon 2 1 3 Indoor Sweden 2018 relative humidity)
Cloud and
ToT [56] o measurements HW sensor (SI1145
(luminosity level) light sensor)
O measurements (CO,) HW sensor (MH-Z16)
(@) measurements (PM) HW sensor (Grove dust sensor)
sensor (Grove
© measurements (gas) HW multichannel gas sensor)
. sensor (UNAM
O measurements (ultrasonic) HW 18U6903/S14)
C operation HW actuators
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Table A1. Cont.
WHAT WHO (PPP) WHERE WHEN WHY HOW
TRL No. Reference(s) People Public Private Tves I‘T‘Ple' Location Year l\/.Iam. Motivation in Detail Main Technology in Detail
mentation Motivation Technology
C operation (to. connect gas HW Arduino board
sensor and light sensor)
operation (to connect PM,
C temperature, and HW digital IO
humidity sensor)
DM transfer (to fetch data from HW UART
Active plant CO; sensor)
11 Wélll bzsed o2 1 3 Indoor Sweden 2018 transfer (communication
oud an DM between Arduino Uno ICT SPI bus
IoT [56] and Edison)
DM implementation of local
SW .
C control unit
5 warehousing and decision
DM making (tp er}able remote ICT Cloud
monitoring and
management system)
M 1rr1gat10n. (to OT water tank
accumulate rainwater)
Svst consumption (to filtrate
de giso e'r:é to E rain and gray water to ND not discussed
Y -
12 Cbtain }fotable 1 2 3 Prototype Slovakia 2018 obtain potable water)
water [91] o measurement. (grey HW Sensors
water quality)
o measurement (water HW SEnSors

quality after filtration)
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Table A1. Cont.
WHAT WHO (PPP) WHERE WHEN WHY HOW
TRL No. Reference(s) People Public Private Tves I‘T‘Ple' Location Year l\/.Iam. Motivation in Detail Main Technology in Detail
mentation Motivation Technology
measurement (water
(@) amount caught HW Sensors
by substrate)
System o measurement (filtered HW Sensors
water amount)
developed to
12 obtain potable 1 2 3 Prototype Slovakia 2018 @) measurement (humidity) HW sensors
water [91]
o measurement HW Sensors
(temperature)
O measurement (CO, level) HW sensors
modeling (to know what not .
0 total runoff will be) dicussed not discussed
operation (to interact with
objects and /or wide
5 C variety of switches and HW microcontroller board
sensors, to control motors (Arduino UNO)
and other
physical outputs)
DM analysis (to develop it SW open-source IDE
System for boards)
developed in . .

13 . . 1 2 3 Prototype Spain 2019 automation (to create web .
University of C displays of automating) HW ethernet shield board
Cordoba [61]

transfer (to internet protocol suite
bM connect Arduino) IcT (TCP/IP)*
transfer + warehousing IoT platform
DM (data received ICT service/website
from sensors) (ThingSpeak)
DM analysis (for SW MATLAB App

numerical computation)
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WHAT WHO (PPP) WHERE WHEN WHY HOW
TRL No. Reference(s) People Public Private Tves I‘T‘Ple' Location Year l\/.Iam. Motivation in Detail Main Technology in Detail
mentation Motivation Technology
DM warehousing HW Raspberry Pi processor
decision making (to server configuration
DM program data collection ICT (Linux, Apache, MySQL,
system of VGS) and PHP-LAMP)
measurement (to
o determine moisture in soil HW sensors (FC-28
and generate value based soil moisture)
on level of moisture)
measurement (relative
(@) humidity HW sensors (DHT22)
System and temperature)

13 ;ije\{elop.ed m 1 2 3 Prototype Spain 2019 measurement (light sensors (light dependent
niversity of (@) . . hi HW . LDR
Cordoba [61] intensity reaching to VGS) resistor ( )

measurement (rain drops
o and carry out operations, HW sensors
e.g., switching system off (Y8L3-r8a3i nrasienn)
when it rains)
measurement (to
o determine flow of water in HW sensors (YF-5402
VGS and indicate level of water flow)
water consumption)
C operation (to program HW sensors (YF-5402 flow)
all sensors)
measurement electronics with embedded
Fog-cloud data O (temperature, humidity, HW sensors (single-board
processing and and light) computer (Raspberry Pi))
14 orchestration 1 2 3 Prototype Norway 2021 . .
implemented analysis (to configurate Cloud
in VGS [57] bM and virtualize 1T (Docker + Openstack)
hardware resources)
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Table A1. Cont.
WHAT WHO (PPP) WHERE WHEN WHY HOW
TRL No. Reference(s) People Public Private TVGs I‘T‘Ple' Location Year l\/.Iam. Motivation in Detail Main Technology in Detail
mentation Motivation Technology
deployment (to
DM configurate and virtualize ICT fog (Docker)
hardware resources)
analysis (to package
DM software components and SW Docker
their independencies)
analysis (to automate
DM fog-clod application SW Kubernete
deployment, scale, and
management)
analysis (to support .
DM event-driven and IcT Cloud (Flink)
Fog-cloud data data-flow applications) ICT fog (Flink)
processing and analysis (to handle
5 14  orchestration 1 2 3 Prototype Norway 2021 DM real-time data feeds) ICT Cloud (Kafka)
implemented analysis (to handle
i 7
in VGS [57] DM real-fime data feeds) ICT fog (Kafka + MQTT)
analysis (to read real-time
DM data and filter SW process engine(s)
primitive data)
transfer (to send .
DM processed data) SW process engine(s)
warehousing (locally or
DM push for further process) ICT fog nodes (through Kafka)
transfer + warehousing (to
DM push data for data Sw Apache Flink

analytics and
long-term storage)
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Table A1. Cont.
WHAT WHERE WHEN WHY HOW
TRL No. Reference(s) People Tves I‘T‘Ple' Location Year l\/.Iam. Motivation in Detail Main Technology in Detail
mentation Motivation Technology
Fog-cloud data
processing .and automation (data inference
14 orchestration 1 Prototype Norway 2021 C for automatic decisions ICT artificial intelligence
implemented (e.g., watering))
in VGS [57]
automation (to control SCADA system or
C . ICT
all stations) expert system*
automation (to control
C artificial LED lighting) HW PLC type CPU
automation (to control
5 light to plants, ambient sensors (light intensity
C . HW
Smart light for people and sensors)
night lightin,
15 responsive 3 FUran Romania 2020 § - ghting)
VGS [32] Hrne aesthetic (to open SW not discussed
photomorphic structure)
O measurement (humidity) HW sensors (humidity sensors)
C alert (to send signal to HW LED
water plants)
alert (to respond to service electronics (motor)
C HW
(or number) of people) and actuators
production (to generate
E negative and HW solar panels
P2P (Plant to Urban positive charges)
6 16 Power) Solar 3 Furniture England 2014 duction (o h
Hub [71] production (to harness . .
E solar light and generate OT bioelectrochemical system

electrical current)

(plant-BES)
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Table A1. Cont.
WHAT WHERE WHEN WHY HOW
TRL No. Reference(s) People TVGs I‘T‘Ple' Location Year l\/.Iam. Motivation in Detail Main Technology in Detail
mentation Motivation Technology
Green Urban automation (to automize simulation (Rhinoceros +
7 Structure [44] 3 Furniture Poland 2023 ¢ plant selection) Sw Grasshopper + Ladybug)
operation (to supply
C electronic components in HW photovoltaic system
control and
steering circuit)
DM transfer (to proylde HW LTE router
cloud connection)
7 18  CityTree [92,93] 3 Urban Germany 2015 consumption (to
Furniture E A HW LED lighting
provide light)
measurement
o (temperature and HW sensors (moss
humidity for optimal care control sensors)
of mosses)
O measurement (fine dust) HW sensors
automation (to sense and
19 Podponics 2 Farming USA 2014 C . control growing ICT Linux-based IoT
[53,62] environment and manage autonomous system
growing process)
measurement Sy
(@) (light intensity) HW sensors (lighting)
measurement . .
8 O (soil nutrient) HW sensors (soil nutrients)
Gotham )
20 2 Farming USA 2011 measurement (level
Greens [54,62] (@) of water) HW sensors (water level)
O measurement HW sensors (temperature)
(temperature)
(@) measurement (humidity) HW sensors (humidity)
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Table Al. Cont.
WHAT WHO (PPP) WHERE WHEN WHY HOW
TRL No. Reference(s) People Public Private Tves I‘T‘Ple' Location Year l\/.Iam. Motivation in Detail Main Technology in Detail
mentation Motivation Technology
Gotham . production (to solar photovoltaic
20 Greens [54,62] 2 3 1 Farming USA 2011 E provide electricity) HW renewable energy system
O metasur(.ement HW sensors (YL69)
(soil moisture)
measurement
o (soil humidity) HW SeNSors
measurement
(@] (temperature and HW seréslggl(_I[;IiI;I")ZZ
relative humidity)
City . measurement
8 @) . HW sensors (DS18B20
21 Farmers [55,62] 2 3 1 Farming USA 2011 (soil temperature) ( )
O measurement (luminosity) HW SENsors (AD-018 photo
resistor module)
C operation (not discussed) HW lamp control relay
C operation (not discussed) HW pump control relay
. . Arduino nano
C operation (not discussed) HW shield (Funduino)
Wi-Fi module
DM transfer HW (ESP8266-01)
DM analysis ICT Cloud (Thingspeak)
automation (to automize
C process of ICT artificial intelligence
System seed germination)
developed by s . . -
? 22 Patrick 2 1 3 Building Skin France 2012 C automation (to automlze ICT artificial intelligence
process of transfection)
Blanc [46]
C automation (to automize ICT artificial intelligence

process of harvesting)
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Table A1. Cont.
WHAT WHO (PPP) WHERE WHEN WHY HOW
TRL No. Reference(s) People Public Private Tves I‘T‘Ple' Location Year l\/.Iam. Motivation in Detail Main Technology in Detail
mentation Motivation Technology
System
developed by (@) measurement HW sensors (N153)
2 Patrick 2 1 3 Building Skin France 2012 (temperature)
Blanc [46] O measurement (moisture) HW sensors
VP-MODULO C autﬁﬁ;:ggn(tsoysse (;;gl;am HW not discussed
23 by Verde 2 1 3 Building Skin Italy 2018 . X
Profilo Srl [47] DM dec151f)n' ma_k ing (to ICT not discussed
program irrigation system)
(alert) to detect irrigation
C failures and alert customer HW not discussed
and operators
24  Vicinity [48,49] 2 1 3 Indoor Australia 2018 dc;cision making (;0
| chanse pump and web-based management
DM irrigation timing, adjust ICT latform
9 settings on irrigation, and p
set up alerts)
ventilation (to return pure .
M air back info space) HW electrical fan
irrigation (to move water .
M to plants) HW electrical pump
Nza\slfezne measurement (quality of HW SENSOrs
%5 (Na tzwenﬁon 2 1 3 Indoor Finland 2018 indoor air and plants)
Pty) [50,51] o Ir}easurerr.lent (quality of ICT
indoor air and plants) NAAVA app
operation ICT
M irrigation (to supply water OT water reservoir

for plants)
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WHAT WHO (PPP) WHERE WHEN WHY HOW
TRL No. Reference(s) People Public Private Tves I‘T‘Ple' Location Year l\/.Iam. Motivation in Detail Main Technology in Detail
mentation Motivation Technology
E COITSUIn.ptIOD (’.[0 provide HW integrated LED light
light in public areas)
consumption (to provide .
E free Wi-Fi hotspot) ICT not discussed
E consumptlon. (to provide HW not discussed
free charging spot)
E production (to power S solar energy
irrigation system) (not discussed)
S L O measurement (CO, level) HW sensors
mart Living
9 26 Bench by 3 1 Urk?an RCZQ]C:I‘_ 2022 measurement
Nemec [52] 2 Furniture epublic (@) (temperature and HW sensors
relative humidity)
@) measuljement HW sensors
(atmospheric pressure)
(@) measurement HW sensors
(ambient noise)
(@) measurement HW sensors
(precipitation)
measurement
@) (wind speed) HW sensors

NOTES: E: Energy, M: Movement, C: Control, O: Optimization, DM: Data Management. ICT: Information and Communication Technology, HW: Hardware, SW: Software, R: Robotics, S:

System, OT: Other, ND: Not Discussed.
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