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Abstract
Urbanization has resulted in increased population density and scarcity of space, leading to the loss of
greenery in urban areas, while also increasing the density of buildings and urban spaces. As an important
development direction of urban greening, three-dimensional greening plays an important role in the
ecological economy and landscape development of the city, especially for the improvement of the
ecological environment of high-density cities. Focusing on the research progress of high-density urban
space greening, this paper summarizes the application mode, technical points and plant con�guration of
three-dimensional greening in high-density urban space, and provides a scienti�c basis and relevant
prospects for the sustainable development of high-density urban three-dimensional greening.

Introduction
"High density" is a comparative adjective(Yikai, 2016). Cities with a population density of more than
15,000 people/km2 can be regarded as high-density cities(Perez, Coma, Barreneche, de Gracia,
Urrestarazu, Bures and Cabeza, 2016). By the end of 2020, China's urbanization rate has reached 63.89%,
an increase of 14.21 percentage points from 49.68% in 2010 (National Bureau of Statistics, 2020). In
order to improve the quality of the living environment and increase the green space, extending from
ground greening to three-dimensional space is an inevitable choice for high-density cities to improve the
quality of the ecological environment.

Three-dimensional greening plays a central role in urban greening, and its bene�ts include noise
reduction(Perez, Coma, Barreneche, de Gracia, Urrestarazu, Bures and Cabeza, 2016)., air quality
improvement(Radic, Dodig and Auer, 2019)., Increase urban biodiversity(Radic, Dodig and Auer, 2019).,
improve the microclimate(Daemei, Azmoodeh, Zamani and Khotbehsara, 2018).and the impact of
building energy consumption, etc. Scienti�c documents at different historical stages have different
de�nitions for three-dimensional greening. Based on the classi�cation of terms used in the literature,
three-dimensional greening is divided into two categories: generalized vertical greening system and
generalized roof greening. According to the comprehensive analysis of the literature, some scholars
further subdivide the vertical greening system into terms such as green facade and living wall (Table 1).

Methods
Identi�cation

The identi�cation phase establishes reproducible search parameters based on eligibility criteria, through
a systematic review of the scienti�c literature, using the following keywords and phrases: "three-
dimensional greening", "vertical greening", "green roofs", "high-density urban spaces", "High Density",
"Urban Green Space" and "Vertical Greening System".

Check
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Among the relevant literature searched, from the 4494 articles obtained by the keyword search of “three-
dimensional greening or vertical greening”, and the 727 articles obtained by the keyword search of “high-
density city and green space”, the following types of articles were screened out. Articles: Treatment of
urban green spaces with three-dimensional greening elements; studies on high-density urban greening;
research unrelated to three-dimensional greening patterns; The procedure isolated 69 highly relevant
articles for this review.

Classi�cation

Most of the researches involve the classi�cation of urban space's three-dimensional greening system and
the study of thermal performance of urban space. To show the latest research content, it was decided to
select only the classi�cation and related technical research that mainly emphasizes three-dimensional
greening, no earlier than 2016, and a total of 43 recent studies were selected for more detailed analysis
(Table 2).

Results

Application of three-dimensional greening in high-density
urban space
(1) Commonly used three-dimensional greening forms

To improve the urban ecological environment, various new forms and new technologies of three-
dimensional greening have been widely recognized and applied.(Lin, and Yu, 2020).(Table 3), It has
become an important way to improve the high-density urban space environment.

Typical design mode of high-density urban three-
dimensional greening
According to relevant information, statistics are made on the famous three-dimensional greening projects
that have been built in some high-density cities. Among them, cities with more three-dimensional greening
projects in high-density cities include Singapore, Hong Kong, Macau and other places in China.(Zhezhen,
2016).(Table 4).

According to the relevant data and statistical tables, the characteristics of the three-dimensional greening
arrangement commonly used in high-density cities can be obtained:

Full-coverage green roofs are rarely used on the roofs of super high-rise buildings, especially dense
green roofs(Besir and Cuce, 2018)., Sometimes solar photovoltaic panels are used instead of green
roofs on the top roofs of super high-rise buildings to improve solar energy utilization.
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There are many ways of vertical greening on the wall, including direct climbing, direct green wall,
indirect green wall, etc.(Coma, Perez, de Gracia, Bures, Urrestarazu and Cabeza, 2017). Among them,
the modular vertical green walls are generally used in low-rise buildings, while the plants in high-rise
buildings are mainly climbing plants with strong wind resistance.

Technical application of three-dimensional greening

Technical points of vertical wall greening
(1) Application of modular three-dimensional greening in wall facade

Modularity generally consists of single modules, structural systems and irrigation systems(Peiqiang, Mei
and Jiayi, 2017). It is �xed on a wooden frame or a stainless steel frame by lap joints. Speci�cally, it can
be cultivated in the early stage according to the plant species and plant form in the module, and
maintained for several months after installation. It has a long life and is suitable for large-scale di�cult
wall greening. In the modular medium, except for the planting holes of the medium, the rest of the
medium is wrapped by the base tape, which will not cause soil erosion(Fig. 3)(Xue, 2019).

(2) Application of paving type three-dimensional greening in wall facade

It is a planting system that attaches the watering system and the wall planting bag to the waterproof
membrane to form a wall, and can stabilize the planting system on the wall.(Guodong, 2015). The �xed
place should use a unique waterproof fastening method, which is mainly composed of non-woven fabric,
waterproof layer and automatic irrigation system(Fig. 4)(Qin, Henglin and Ye, 2016).

(3) Application of �ower-style three-dimensional greening in building facades

The wall uses various building materials as the supporting structure, and then the �ower pots with plants
are �xed on the supporting structure to achieve a three-dimensional greening form of a �ower
arrangement. The advantages of this technology are that it is easy to install, disassemble and quickly
build, and can quickly replace plants. It is often irrigated in the form of drip irrigation, and the plants
selected for the �ower arrangement are mainly �owers, which are mostly used for outdoor temporary
construction of festival celebrations or gathering places, and the landscape viewing effect can be
achieved in a short time(Fig. 5)(Huang, Lu, Wong and Poh, 2019).

(4) Application of planting through three-dimensional greening in building facades

The planting trough system usually includes a wall, steel frame, drip irrigation system, plant �ower
trough, etc. The wall is laid with a steel frame, an automatic drip irrigation system is arranged, and plants
are �nally discharged. The two methods that are used more now are the combination of horizontal strips
or small planting troughs. Relatively speaking, the latter has stronger expressive ability and can be
combined at will to form a variety of landscape effects. It can also be combined with the sun's movement
trajectory and sunlight to meet the sunlight needs of plants(Fig. 6)(Xue, 2019).
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Key points of roof greening technology
Load: Green roofs are widely used in countries with �at roofs and high-rise buildings. The weight of the
planting substrate and plants will affect the load-bearing capacity of the roof structure(Cristiano, Deidda
and Viola, 2021). There are higher requirements for the load capacity of the building structure. According
to the "Technical Regulations for Planting Roof Engineering" (JGJ155-2013), the load of simple planting
roof should not be less than 1.0kN/m2, and the load of garden-type planting roof should not be less than
3.0kN/m2(Huasheng, 2013). The plant load should include the initial plant load and the variable load that
increases during the plant growth period. The initial plant load should meet the requirements in Table
5(Huasheng, 2013).

Key Plant Con�guration Modes

There are many forms of three-dimensional greening. In the selection of plant materials, the ecological
adaptability and garden artistry of plants should be considered �rst, and local characteristics should be
formed by using local plant resources.

(1) The traditional climbing greening form is mainly used in wall greening. It has strong adaptability and
rapid growth. Among them, Brocade and Parthenocissus quinquefolia are especially suitable for shady
growth plants. Commonly used plants are Hedera Helix, Campsis, Lablab purpureus,Ipomoea nil,
etc(Table 6)(Meiping, 2009).  

(2) Modular greening uses arti�cial light soil when �lling the planting matrix, and the thickness of the
matrix selected according to the type of plants is also different. For example, the thickness of herbs
needs to be 20-30cm(Suqin, 2019). Plant varieties need to choose cold-resistant, drought-resistant,
shallow-rooted plants, and can choose types such as ground cover, perennial �owers, moss, and
succulent. Because the planting container of the greening module is small, the plants generally choose
the herb species with small volume and simple management and maintenance(Qin Jun and Yonghong,
2018).Plants such as Sedum lineare, Sedum sarmentosum, Sedum aizoon, etc(Table 7) (Qin, Henglin and
Ye, 2016).  

(3) The plants commonly used in the paving greening system are herbs with strong adaptability and easy
maintenance and management. For example, it is easy to cultivate ferns such as Sedum lineare, Sedum
sarmentosum, Ophiopogon japonicus, Asparagus cochinchinensis, Dichondra repens, Lolium perenne,
Zoysia tenuifolia, or Nephrolepis biserrata so on(Qin, Henglin and Ye, 2016).The biggest advantage of the
paved three-dimensional greening system is not only simple construction, good greening effect, but also
easy maintenance and management. In addition to wall greening, it is also commonly used for urban
slope greening (Table 8).  

(4) The planting trough greening system is more common, and the variety of plants to choose from is
more abundant, which needs to be replaced according to the season to ensure a good ornamental effect
throughout the year.(Viecco, Jorquera, Sharma, Bustamante, Fernando and Vera, 2021). The optional
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plants are Hedera helix, Epipremnum aureum, Tradescantia zebrina, Ipomoea, Petunia, Jasminum mesnyi,
Climbing Roses, etc(Table 9)(Qin, Henglin and Ye, 2016).  

(5)Roof afforest more commonly used plants have Bidens alba, Tulbaghia violacea, Alopecurus aequalis,
Arachis hypogaea, Momordica charantia, Butter�y bush and Kalanchoe blossfeldiana, etc(Table 10),
Green roofs combined with agriculture to grow edible species(Hachoumi, Pucher, De Vito-Francesco,
Prenner, Ertl, Langergraber, Fuerhacker and Allabashi, 2021)., which can reduce carbon footprint and
increase the function of urban green infrastructure(Grullon-Penkova, Zimmerman and Gonzalez, 2020).  

Discussion
In analyzing thermal performance, Sha�que et al. show that green roofs play an important role in making
cities sustainable and adaptable to climate change(Sha�que, Kim and Ra�q, 2018). Coma et al. found
that green walls (58.9%) and double green facades (33.8%) have high energy saving potential during
cooling seasons(Coma, Perez, de Gracia, Bures, Urrestarazu and Cabeza, 2017). Medl et al. believe that
the three-dimensional greening system of buildings can improve people's thermal comfort, thereby
reducing the thermal stress of green walls(Medl, Stangl and Florineth, 2017).

In terms of energy saving, Peng et al. used comprehensive simulations of ENVI-met and EnergyPlus to
evaluate the cooling effect of block-scale façade greening in different urban forms(Peng, Jiang, Yang,
Wang, He and Chen, 2020). Seyam conducts a systematic analysis of the impact of greening systems on
building energy use(Seyam, 2019). Indicates that greening systems should be more studied in actual
buildings, residents in different activities, to fully assess the impact of greening systems(Seyam, 2019).
Suzaini Mohamed Zaid et al. reviewed Vertical Greening Systems (VGS) in the tropics, their bene�ts, their
carbon sequestration potential and their calculation methods, as well as their potential for urban heat
islands (UHI) and climate change mitigation(Zaid, Perisamy, Hussein, Myeda and Zainon, 2018).

Through the analysis of 37 emerging areas of three-dimensional greening systems and 6 sources
focusing on high-density urban space. It is found that the thermal performance of three-dimensional
greening in high-density urban spaces and the energy saving of buildings have received extensive
attention, while the research on the overall performance of plants in three-dimensional greening systems
is scattered and incomplete.

Conclusion
To achieve sustainable development of urban greening in the limited space of high-density cities, the
re�ned construction and management of three-dimensional greening is an important development
direction. By analyzing the greening patterns, distribution forms, technology applications and three-
dimensional greening patterns of typical urban spaces in high-density urban spaces, it further provides
some ideas for future methods and supplementary research. At present, most of the review studies focus
on the comparison of building energy-saving bene�ts of three-dimensional greening systems for
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residential buildings (or similar) in urban areas, while the energy-saving and mitigation of urban thermal
bene�ts of important different plant types in three-dimensional greening have not been studied. widely
observed. Therefore, it is necessary to scienti�cally evaluate the overall bene�ts of plants in the three-
dimensional greening system and the utilization of the remaining space in urban areas.
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Table 1
Summary of three-dimensional greening research

Author(s) Using
terminology

Area of
research

Speci�c
classi�cation

Main research Result

Cekic,
Sandra et
al.

Vertical
Greening
System

(VGS)

Wall Green
Facade
Subsystem
and Living
Wall
Subsystem

Introduce the
basic features,
classi�cation
principles and
bene�ts of
vertical
greening
systems

A VGS classi�cation
principle based on the
analysis of vegetation
mechanism and the
combination of
substructures is
proposed(Cekic, Trkulja
and Dosenovic, 2020).

Yan
Lizhen et
al.

Three-
dimensional
greening

Wall,
Roof
Greening,
Shelf,
Slope

Wall
greening,
balcony
greening,
scaffolding
greening,
slope
greening and
roof
greening, etc.

Application of
three-
dimensional
greening in
sponge
reconstruction
and
construction in
Yuxi City

List implementation
methods and plant
selections(Yan, Xiao,
Hou and Wang, 2019).

Mina
Radic et
al.

Vertical
Greening
System
(VGS)

Wall Green
Facades and
Living Walls

Review existing
VGS building
types and their
associated
bene�ts

13 types of VGS
structures, 4 types of
green facades, 9 types
of living walls and 10
bene�ts
identi�ed(Radic, Dodig
and Auer, 2019).

Medl,
Alexandra
et al.

Vertical
Greening
System

Wall Green facade
and green
wall

Provides state-
of-the-art
systems in the
�eld of vertical
greening
systems and
identi�es
signi�cant
gaps in
research.

Lack of complementary
research focusing on
vertical greening
systems(Medl, Stangl
and Florineth, 2017).
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Table 2
The distribution proportion of each topic in the literature

Related topic Proportion

Classi�cation and importance of three-dimensional greening system 23%

Thermal performance and cooling effect of urban space 28%

High-density urban green space 14%

Three-dimensional greening technology and system components 14%

Characteristics of different plant species 9%

Other 12%
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Table 4
Typical design patterns of three-dimensional greening in high-density cities

Project name Green
location

Geographical
location

Green
distribution

Plant type Advantage

Gardens by
the Bay

Structure Singapore 18 tree-like
structures
with a height
of 25 ~ 50m
and rockery
waterfalls.

Climbers,
Epiphytes,
and Ferns

Use energy-saving
technologies
A wide variety of
plants increase the
greening rate of
Singapore city.
(Huaqing, 2017).

Shatin
Sewage
Treatment
Works

Roof Hongkong Extensive
renovation of
the roof and
concrete �oor

Ground
cover
plants

Alleviate air and
appearance issues
Reserve
maintenance
channels for
employees to
use(Xiliang, 2015).

Fukuoka
ACROS Roof
Garden

Roof Japan Recessed
architectural
roof design

Shrubs,
Herbs Dense plants

provide a lot of
food and habitat
for birds and
insects.
Thermal insulation
performance saves
a lot of energy for
the
building(Mabon,
Kondo, Kanekiyo,
Hayabuchi and
Yamaguchi, 2019).

"Vertical
Forest" in
Milan

Balcony Milan Planted in
"tree pond"
modules of
different
speci�cations
with a height
of 110cm
and a height
of 60cm on
the balcony.
The total area
is 20000m2.

Trees,
shrubs,
ground
herbs,
vines

Has a strong
ecological function
Addressing the
current state of air
pollution in
Milan(Zhezhen,
2016).
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Project name Green
location

Geographical
location

Green
distribution

Plant type Advantage

Quanxintiandi
Phase I and
Phase II

High
altitude

Hongkong Open-air
garden plaza
and "upright
garden"

Trees,
Shrubs,
Climbers

Add vitality to the
old town
Facilitate
communication in
the
community(Xiliang,
2015).

Table 5
Reference table of initial planting load

Project Arbor (with soil
ball)

Big bush Small
shrub

Ground cover
plants

Plant height(m)or
area(m2)

H = 2.0 ~ 2.5 H = 1.5 ~ 
2.0

H = 1.0 ~ 
1.5

S = 1( )

Plant load

(kN/strain )

0.8 ~ 1.2 0.6 ~ 0.8 0.3 ~ 0.6 0.15 ~ 0.3

Planting load

(kg/m2)

250–300 150–250 100–150 50–100

Structure: The roof greening design is composed of several parts from top to bottom (Fig. 7) :
Vegetation (landscape material), Growth substrate(matrix)(He, Yu, Dong and Ye, 2016)., Filter,
Drainage material (moisturizing)(Vijayaraghavan, 2016)., root barrier (Vijayaraghavan, 2016).,
waterproof �lm(!!! INVALID CITATION !!! (Pearlmutter, Pucher, Calheiros, Hoffmann, Aicher, Pinho,
Stracqualursi, Korolova, Pobric, Galvao, Tokuc, Bas, Theochari, Milosevic, Giancola, Bertino, Castellar,
Flaszynska, Onur, Mateo, Andreucci, Milousi, Fonseca, Di Lonardo, Gezik, Pitha and Nehls, 2021).).,
insulation and structural layer(Coma, Perez, Sole, Castell and Cabeza, 2016).

Figures
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Figure 1

This image is not available with this version.

Figure 2

This image is not available with this version.
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Figure 3

Modular structure
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Figure 4

Paved structure
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Figure 5

The fancy structure and the real picture
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Figure 6

Planting trough and real picture

Figure 7

roof greening structure
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