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Abstract: Modular green wall, or living wall (LW) system, has evolved worldwide over the
past decades as a popular green building feature and a nature-based solution. Differential
climatic conditions across the globe make the standardisation of practices inapplicable to
local scenarios. LW projects with differing goals and preferences like aesthetic (such as
plant healthiness), water-saving, and minimal plant growth require optimal combinations
of plant species to achieve single or multiple goals. This exploratory study aimed to deploy
empirical field LW data to optimise analytical models to support plant species selection
and LW design. Plant growth performance and water demand data of 29 commonly
used plant species in outdoor modular LW systems without irrigation were collected in
subtropical Hong Kong for 3 weeks. The 29 species tested were grouped into five plant
forms: herbaceous perennials (16 spp), succulents (2 spp), ferns (2 spp), shrubs (7 spp),
and trees (2 spp). Plant species-specific plant height, LAI, plant health rating, and water
absorption amount were recorded every 6 days, together with photo records. Total water
demand varied widely among plant species, ranging from 52.5 to 342.5 mL in 3 weeks
(equivalent to 2.5 to 16.3 mL per day). The random forest algorithm proved that the water
demand of the species was a dominant predictor of plant health tendency, among other
parameters. Hierarchical clustering grouped plant species with similar water demand and
health rating tendencies into four groups. The health rating threshold approach identified
the top-performing species that displayed a healthy appearance as a basic prerequisite,
coupled with one or two optional objectives: (1) water-saving and (2) slow-growing. The
comparison among the plant selection scenarios based on projected LW performance (water
demand, plant health, and growth) provided sound evidence for the optimisation of LW
design for sustainability. LW projects with multiple objectives inherited a multitude of
multi-scalar properties; thus, the simulation of LW performance in this study demonstrated
a novel data-driven approach to optimise plant species selection and planting design with
minimal resource input.

Keywords: modular green wall; water demand; plant performance; plant species selection;
data-driven approach
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1. Introduction
Green wall (GW) refers to any vertical surface of a building or ‘wall’ that is covered

in vegetation. Attempts to grow vegetation at elevated levels have been known for a long
time [1]. Creeping or climbing plants have been adopted worldwide to adorn vertical
surfaces such as walls, frames, roofs, or columns and form three-dimensional managed
landscapes [2] in both indoor and outdoor built environments as vertical greenery systems
(VGS) [1,3].

In recent decades, VGS has become a ubiquitous solution in new and retrofitted
buildings as a popular green building element [4,5], necessitating the provision of sufficient
green infrastructure to enhance liveability in cities as a nature-based solution. VGS is
considered an attempt to mitigate urban heat islands [6]. Researchers found that VGS could
help lower the temperature of a VGS-covered façade wall and the building itself [7–11] and
subsequently reduce the energy consumption for air conditioning [12,13]. In several studies
in Hong Kong, simulation runs have found that an equal area of VGS on multiple-storey
buildings could provide a better cooling effect than green roofs [14,15].

Other benefits include noise attenuation of VGS installed close to expressways as a
sound barrier [16] and deposition of fine and ultra-fine dust or particulate matter (PM10
and PM2.5), improving the air quality of cities [17,18]. VGSs were found to reduce the
concentration of volatile organic carbons (VOC) in indoor environments [17,19]. Studies
have found that VGSs provide important habitat, nesting, food, and shelter to birds,
pollinators, and other beneficial insects, especially enhancing urban biodiversity [20–23].

VGS can be broadly categorised into two major groups: (i) green façades (GF) and
(ii) living walls (LW) [24]. GF is characterised by the use of climbing plants, which grow
or ‘climb’ on the surface or façade of a building vertically. Plants may be rooted on walls,
in containers, or from the ground, and some plant species are more suitable to grow on
strong frames, wire, mesh, or trellis systems installed on the building façade for easy
maintenance. On LWs, plants typically grow in small pots of soil or soilless growing
media in modular cells, forming panels, or alternatively, in a dense porous mat- or felt-like
substrate. Irrigation systems with water pumps are often needed in LWs.

In addition to the benefits offered by VGS, researchers have also investigated the
challenges associated with VGS. Chew and Conejos [25] found that withering of plants and
excessive foliage growth were common problems encountered by providers of VGS. It is
crucial to pre-establish and acclimatise the plants prior to planting them in the VGS, as
they will be subject to potentially stressful climate conditions in the VGS [26–28]. Wong
et al. [29] studied barriers to more widespread adoption of VGS by building owners and
developers and opined that a lack of technical information on VGS maintenance and proper
selection of plants to fit local settings are common issues.

In particular, LWs face emerging challenges to find the ‘right’ plant species or even
varieties/cultivars optimised for respective climate regimes, minimisation of irrigation
need for choosing suitable drought tolerant plants [30], and innovative growing medium to
deal with the challenge of hardening and weathering of growing substrate [31]. Confined
pots with limited substrate volume for individual plants constrain water availability. Soil
compaction, entangled or girdling roots, water stress, depletion of soil nutrients, and soil
loss (for LWs deploying loose soil or planting media) may further exacerbate plant health
and subsequently lead to wilting and death. Studies have suggested that growth medium
properties influence plant water uptake [32,33]. Law et al. [31] surveyed over 100 VGSs
in Hong Kong and revealed that plants on indoor soilless LWs performed equally well
on indoor LWs using conventional soil, while plants on outdoor soilless LWs performed
significantly better than those grown on soil LWs. This clearly shows that the growing
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medium of LW significantly affects plant performance in subtropical Hong Kong outdoor
conditions, given that the variance of adopted plant species diversity is rather small.

The success and long-term sustainability of an LW system will therefore hinge on
a multitude of socio-economic and environmental challenges [34,35], e.g., life cycle cost
(initial and disposal cost), maintenance cost, biotic complexity involving plant species
pairing up with LW hardware (irrigation systems, drainage and waterproofing, structural
stability, and material durability) with growing substrate usable for and ideally beyond
justifiable payback time [29]. Due to the variability of climatic conditions worldwide, it is
challenging to establish a common formula for plant selection on VGS that is applicable
globally. Some researchers have pointed out that the lack of a goal in VGS design is
a common pitfall, leading to an undetermined strategy [36]. With differing goals and
strategies, project proponents with preferences and expectations regarding the cooling effect,
visual impact, water demand, and maintenance input should communicate thoroughly with
green wall companies. It is recommended that plant experts and soil scientists be involved
in the VGS project design phase to fill the knowledge gap [36]. However, individual
consultations in every project will substantially increase project costs. The adoption of VGS
plant species in Hong Kong is homogeneous and skewed towards a certain cohort of plant
species with low diversity and evenness indices [31]. A systematic experiment to test the
matching of these widely adopted cohorts of plant species on specific popularly adopted
LW systems will help reduce the design and consultation costs.

The concept of a plant community assists in the planting design of self-sustaining
managed green spaces or landscapes with multiple objectives [36]. When all selected plant
species fulfil a certain specific set of design and environmental requirements (e.g., water
demand, nutrient requirements, etc.), the benefits of preset targets can be maximised.
Human brains are not well versed in a multitude of reiterative analyses; thus, we have to
deploy suitable approaches to perform advanced computation. Mathematical techniques
(e.g., classification and clustering of plant species with similar environmental requirements
and traits) will optimise the plant selection process.

Currently, a variety of machine learning algorithms and AI tools are available for
data analysis, such as the K-nearest neighbour algorithm, Naïve Bayes algorithm, support
vector machines (SVM), and neutral networks [37,38]. These tools are widely used in both
supervised and unsupervised learning models, data classification, and regression tasks. The
random forest algorithm stands out from the pool as it not only performs data classification
and regression but also excels in extracting important factors and facilitating hierarchical
clustering operations. This unique capability allows the identification of crucial factors
from large eco-environmental datasets. The application of random forest and hierarchical
clustering algorithms in eco-environmental data analysis is common in current scientific
research, particularly when complicated experimental data are being handled and are
capable of exploring important factors from multidimensional datasets [38].

No previous research has addressed the interface for deploying empirical plant growth
data and the formulation of a plant selection tool to support multiple project objectives
for LW. This study demonstrated how selected complex, multidimensional LW project
targets could be efficiently evaluated based on scenario simulations to bridge the disparities
between academia and industry pragmatically.

This study aimed to do the following:

1. Understand plant performance, plant growth, and water demand of commonly used
LW plant species under intermittent water supply;

2. Explore useful groups of plant species for fulfilling single or multiple LW project objective(s);
3. Compare species recommendations based on the health rating threshold approach

and hierarchical clustering approach;
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4. Demonstrate how a data-driven approach can optimise plant species selection and
planting design.

2. Materials and Methods
2.1. Research Framework

This study compared two data-driven approaches: (1) health rating threshold ap-
proach and (2) random forest and hierarchical clustering approach for LW plant selection
groupings with two or three objectives (plant health and aesthetics, water-saving, and
slow-growing) under several LW project constraints (e.g., number of species deployed, av-
erage/total water consumption). The study consisted of three main stages: data collection
and processing, species grouping optimisation, and comparison of scenarios (Figure 1).
Data collection consisted of plant species-specific data collected from 29 species grown
on soilless media on modular LWs (refer to Sections 2.4.1 and 2.4.2) and meteorological
data (refer to Section 2.4.3). Data processing involved data checking and computation
of averages based on data collected from replicates. The optimisation of plant selection
(refer to Section 2.5) was performed using a series of data-driven selection approaches
and simulations. Plant selection groups were formulated using hierarchical clustering
and threshold approaches based on multi-objectives. Simulated figures computed by LW
performance functions were used to compare and inform the choice bundles available to
support LW design and decision-making.
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Figure 1. Data-driven approach deployed in this study for optimising plant species selection and
planting design on LW.

2.2. Study Site

Two standalone living walls (LW) with identical panel design were installed in the
Technological and Higher Education Institute of Hong Kong (THEi) Chai Wan campus
in Hong Kong Special Administrative Region of the People’s Republic of China (Hong
Kong, lying between latitude 22◦08′ N and 22◦35′ N, longitude 113◦49′ E and 114◦31′ E,
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with a total land area of 1114.35 m2) [35]. Hong Kong has a subtropical climate with hot
and wet summers and mild and dry winters. The monthly mean temperatures in January
and February recorded at the Hong Kong Observatory between 1991 and 2020 are 16.5
and 17.1 ◦C, respectively. Monthly means of rainfall recorded during the same 30-year
period are 33.2 and 38.9 mm in January and February, respectively [39]. All monitoring
and measurements were carried out in the three-week study period from 24 January to 14
February 2022. While this study did not account for the seasonal hot summer regime in a
subtropical climate, this temperature range is relevant to indoor living walls in temperate
regions, thus increasing the research’s significance.

2.3. Experimental Setup
2.3.1. Living Wall (LW) Panels

The LW setup, growing media, and plants were supplied by an LW company (Plant
Plant Holding Company Limited, Hong Kong SAR, China). The two LW panels were
free-standing and constructed from stainless steel frames and polypropylene modular cells.
They were placed side by side in an open area on the second floor of the campus facing
southeast. Each LW had a width of 1 m and height of 2 m and accommodated 60 pots
(120 pots in total) of plants in moulded soilless planting media (proprietary growing media
‘Pafcal’ by Toyota Suntory Midorie). ‘Pafcal’ is a polyurethane sponge mixed with organic
plant materials. They were moulded to form core and add-on layers for easy transplant
of plants. Each unit of soilless planting media measured approximately 9 × 9 × 7.5 cm
(width × depth × height). According to the product description on the company website,
absorbed moisture can be evenly distributed throughout the substrate unit. Figure 2a shows
the two LW panels without plants, Figure 2b shows the individual soilless planting media
with plants transplanted during acclimatisation, and Figure 2c shows plants installed on
one LW panel.
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planted into moulded soilless planting media; (c) plants installed on living wall panels.

2.3.2. Plant Species

Plant species tested in this study were commonly adopted species in LW projects by
local LW companies. These 29 plant species (including cultivars) shared the following
characteristics: (a) colourful blossoms or foliage with ornamental value and (b) adapt to
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local climate (with or without irrigation) (Table 1). They can be categorised into five plant
forms: (a) herbaceous perennials (16 species/cultivars), (b) succulents (2 cultivars), (c) ferns
(2 species), (d) shrubs (7 species/cultivars), and (e) trees (2 species/cultivars). One plant
was applied in each soilless planting media for a total of 120 individuals. Four replicates
were used for each plant species/cultivar, with the exception of Neoregelia carolinae (NCR),
for which eight replicates were used. Plants individuals in each species were similar in size
to minimise discrepancy.

Table 1. Plant species list including plant code, botanical and common names, plant form, origin,
and family.

Plant Code 1 Botanical Name Common Name Plant Form 2 Plant Origin Family

ADM Asparagus densiflorus ‘Myersii’ Foxtail Fern H Exotic Liliaceae
AN Asplenium nidus Bird-nest Fern F Native Aspleniaceae
CM Calathea makoyana Peacock Plant H Exotic Marantaceae
CE Chamaedorea elegans Parlour Palm H Exotic Arecaceae
CC Chlorophytum comosum Bracket Plant H Exotic Liliaceae
CL Chlorophytum laxum Small-flowered Bracket Plant H Native Liliaceae
CV Codiaeum variegatum Garden Croton Sh Exotic Euphorbiaceae
CH Cuphea hyssopifolia False Heather Sh Exotic Lythraceae
DFC Dracaena fragrans ‘Compacta’ Fragrant Dragon Tree Sh Exotic Agavaceae
DM Dracaena marginata Madagascar Dragon Tree Sh Exotic Agavaceae
DR Dracaena reflexa Song of Jamaica Sh Exotic Agavaceae
EA Epipremnum aureum Ivy-arum H Exotic Araceae
ET Euphorbia tithymaloides Zigzag Plant H Exotic Euphorbiace
FE Ficus elastica India-rubber Tree T Exotic Moraceae
FEM Ficus elastica ‘Melany’ Melany Rubber Plant T Exotic Moraceae
FH Freesia x hybrida Freesias H Exotic Iridaceae
NCR Neoregelia carolinae Blushing Bromeliad H Exotic Bromeliaceae
NCD Nephrolepis cordifolia Fishbone Fern F Exotic Nephrolepidaceae
OJB Ophiopogon jaburan Jaburan Lily-turf H Exotic Liliaceae
OJP Ophiopogon japonicus Blue Grass H Native Liliaceae
PO Peperomia obtusifolia Oval-leaved Peperomia H Exotic Piperaceae
PLL Philodendron ‘Lemon Lime’ Philodendron Lemon Lime H Exotic Araceae
PTC Philodendron tatei ‘Congo’ Congo Philodendron H Exotic Araceae
RE Russelia equisetiformis Coral Plant Sh Exotic Scrophulariaceae
STH Sansevieria trifasciata ‘Hahnii’ Bird’s Nest Snake Plant Su Exotic Agavaceae
STL Sansevieria trifasciata ‘Laurentii’ Mother-in-law’s Tongue Su Exotic Agavaceae

SAV Schefflera arboricola ‘Variegata’ Variegated-leaved Miniature
Umbrella Plant Sh Exotic Araliaceae

TS Tradescantia spathacea Oyster Plant H Exotic Commelinaceae
TZ Tradescantia zebrina Wandering Jew Zebrina H Exotic Commelinaceae

1 Plant codes serve as labels for plant species in subsequent figures/tables. 2 Plant forms: F = fern; H = herbaceous
perennial; Sh = shrub; Su = succulent; T = tree.

2.3.3. Preparation of Plants and Setup

Plants supplied by the LW company were first removed from their containers and
washed in running water to remove any remains of soil particles. Their root balls were then
carefully separated to untangle individual main roots. Afterward, the plants were carefully
planted into each soilless planting media, and the units were then soaked in water for as
long as would be required to completely saturate the planting media. The plants set in
their soilless planting media were then pre-established for a period of about 30 days in a
greenhouse at THEi Chai Wan campus. After this acclimatisation period, 120 individuals
were installed onto the LW according to a randomly generated matrix. The orientation of
all plant individuals was kept unchanged after they were taken out and returned to the LW
for measurement and watering.

2.4. Measurements and Data Collection
2.4.1. Plant Height, LAI, and Health Rating

The height of the plant, LAI, and health rating were measured and recorded every
6 days during the experiment. The vertical height of the plant from the top of the soilless
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planting media upward was recorded using a straight edge. LAI was measured using the
mobile phone application named ‘Easy Leaf Area’ in cm2 as a unit of measurement [40].
This app uses per-pixel colour ratios to distinguish the green colour of the foliage and the
background white colour. Plants were photographed from either side view or bird’s-eye
view depending on the shape and orientation of the foliage. The whole plant, including
foliage, stem, and root, was inspected, and systematic recording of plant health was
conducted using a 0–5 visual appearance Likert scale modified from Rowe [41] and Dvorak
et al. [27]. The plant health ratings were defined with the following descriptions:

• 5 = Excellent. Less than 5% yellowing/wilting of foliage; excellent foliage and
root development;

• 4 = Good. A total of 5–10% yellowing/wilting of foliage; good foliage and root development;
• 3 = Fair. A total of 11–20% yellowing/wilting of foliage; fair foliage and root development;
• 2 = Poor. A total of 21–30% yellowing/wilting of foliage; poor foliage and root development;
• 1 = Very poor. Over 30% yellowing/wilting of foliage; very poor foliage and

root development.
• 0 = Dead plant.

2.4.2. Water Absorption Measurement

All units with the plant were initially saturated by immersing them in water before
installation onto LW. The moisture level of planting media was then monitored in 2- or
3-day intervals with a moisture metre (5TM soil moisture metre with Procheck data logger,
Meter Group, USA). The probe was placed consistently between the inner and middle
layers of Pafcal. If the measurement fell below 0.30 m3 m−3, the soilless planting media
would be re-saturated by immersing it in a water bath. Assuming the evaporation among
all soilless substrates was uniform, the volume of water absorbed by the planting media
was recorded as water demand, previously consumed and transpired by the plant.

2.4.3. Local Weather

Local weather information (air temperature, relative humidity, wind speed, dew point,
heat index, and atmospheric pressure) in the immediate vicinity of the LWs was recorded
every other day using a Kestrel wind and weather metre. The solar radiation index was also
measured at about 12:00 noon using a lux metre. The solar radiation index was recorded at
6 measurement points evenly distributed on the upper, middle, and lower parts of the LW,
and the average index was computed accordingly.

2.5. Data Analysis
2.5.1. Multiple Objectives for Plant Selection on LW Projects

Unlike previous research that often focused on a single aspect of living wall perfor-
mance, this study addresses multiple objectives relevant to real-life living wall projects.

The living wall project objectives investigated in this study are outlined below:

• Aesthetic Objectives: The study focuses on achieving healthy plant growth with
adequate leaf area coverage and foliage density, which are essential prerequisites for
all living wall projects. Although this study does not account for aesthetic requirements
such as naturalistic, tidy, wild, colourful patterns and contrasting foliage textures, it
collects data on plant health ratings to track development trends;

• Minimal Maintenance Objective: This objective considers factors like pruning, plant
replacement, pest and disease control, nutrient balance, water management, and waste
generation. Slow-growing and stable plant traits are preferred for modular living
walls to minimise maintenance. Root development was not included in this study due
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to the short monitoring period. The study tracked plant height differences to measure
plant growth;

• Water-Saving Objective: The study focuses on selecting plant species that match
minimal water requirements and optimising irrigation setups for precise water man-
agement. Data on water absorption amounts is collected under this objective;

• Balancing Multiple Objectives: While choosing plant species to fulfil a single objective
is straightforward, living wall projects with multiple objectives may require opti-
misation when plant species exhibit conflicting traits. Trade-offs among objectives
necessitate making concessions to achieve improvement in one area while compromis-
ing on another.

By addressing these living wall project objectives, this study aims to provide valuable
insights for optimising plant selection and design on living walls to enhance their overall
performance and sustainability.

2.5.2. Principle of Random Forest and Hierarchical Clustering Algorithm

Random forest classification is a machine learning method for developing prediction
models. The random forest algorithm is a supervised learning algorithm that creates an
ensemble of multiple decision trees to reach a singular result or prediction [42,43]. Health
rating was selected as a predictor variable, and the random forest algorithm was used
to identify the deterministic variables from other variables. Identification of predictor
variable and deterministic variable(s) could hint at which should be included in a reduced,
parsimonious model [44].

The random forest model was implemented by using the random forest library in the R
library (randomforest). The random forest algorithm enhances the decision trees by adding
randomness and using alternative bootstrap samples for each tree’s construction [44]. Each
tree classifies features by making optimal splits from randomly chosen subsets of predictors,
utilising out-of-bag (OOB) sampling. Predictions are made by aggregating the outputs of
all trees. The OOB error, generated during training, helps assess variable importance using
metrics like mean decrease accuracy (MDA) and mean decrease Gini (MDG), indicating
significant predictors when their OOB error increases [45–49].

A hierarchical clustering algorithm can provide effective and simple clustering oper-
ations for identifying a range of plant species by plant order according to the important
factors involved. The algorithm calculates the distances between data points and groups
the nearest ones together. This process is repeated until all data points are grouped into
two categories. The result is then represented as a binary tree-like diagram, allowing for
the visualisation of groupings at different levels [50,51]. Through the clustering process,
the plants would be grouped with similar characteristics. These plant species groupings
could indicate species fulfilling LW objectives in varying degrees.

2.5.3. LW Project Scenarios to Estimate LW Performance

To ensure VGS projects are implemented successfully, site factors (e.g., aspect, intensity
of insolation, shadowing, wind, etc.) should be thoroughly considered in the pre-design
stage. Project objective(s) or goals of the VGS project should be laid down clearly as a
product of discussion by project opponents and VGS companies after reviewing limitations
posed by site factors.

Prioritising living wall project objectives is necessary to guide what to be sacrificed
when available (natural, socio-economic) resources are limited. Based on the threshold
approach, top-performing species of individual objectives (health or water-saving or slow-
growing) and top performers for dual and triple objectives could be identified. Plant groups
that performed best based on hierarchical clustering of health performance and water-
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saving data were then compared with top-performer plant species with simulation runs on
Excel software 2019. LW performance was estimated based on 4 plant grouping scenarios
(i.e., Health + water-saver, Health + slow-growing, Health + water-saver + slow-growing,
Hierarchical clustering (Health + water-saver)), and simulated LW performance figures
were calculated.

3. Results
3.1. Local Weather Condition

Ambient temperature, relative humidity (RH), solar radiation index (SRI), and wind
speed measured on site are shown in Table 2. The mean ambient temperature during
the study period dropped from 25.3 ◦C to 16 ◦C in the first 9 days and was maintained
at around 16 ◦C for the remaining 12 days. RH showed moderate variations within the
measured range of 70.2% to 85.4%. Most of the days were overcast, cloudy days, and the
SRI measured at the LW was generally around or under 2000. Wind speed at the LW was
generally very gentle, ranging from 0.1 to 0.6 m s−1, throughout the study period. The
LWs were located adjacent to campus buildings that might act as shelters. When the above
weather data were compared with the water demand, plant health rating, and growth
development, there was no obvious trend or correlation observed.

Table 2. Measured ambient temperature, relative humidity, solar radiation index, and wind speed at
the living wall systems under study.

Date Ambient Temperature (◦C) Relative Humidity (%) Solar Radiation Index (lx) Wind Speed (m/s)

24 January 2022 25.3 70.2 355.83 0.1
27 January 2022 23.4 76.2 601.43 0.3
29 January 2022 20.0 76.3 1540.20 0.4
1 February 2022 19.8 75.7 1333.65 0.2
3 February 2022 16.5 78.4 2478.17 0.6
6 February 2022 16.5 70.8 5244.50 0.3
8 February 2022 16.0 85.4 3264.33 0.3

11 February 2022 16.6 79.5 1669.00 0.2
14 February 2022 16.8 79.6 1836.17 0.3

3.2. Plant Health Rating

All plant species were successfully established in the LW system. Only one plant
species, Cuphea hyssopifolia, showed a low initial health rating of 2 at the beginning of the
experiment due to transplant shock; their vitality improved gradually. No plant had died
during the course of the experiment. About half (51.7%) of all plant species achieved a final
health rating of 4 or higher at the end of the experiment (Figure 3). Eight species, which
maintained the highest mean health rating of 5.0, included four herbaceous perennials (ET,
FH, PO, and PLL), one succulent (STL), one shrub (DM), and two tree (FE and FEM) species.

Out of 16 herbaceous perennial species/cultivars tested, 12 of them (75%) experienced
a decrease in plant health rating, with differences between final and initial ratings ranging
from −20% to −75%. Among seven shrub species/cultivars, five of them (71.4%) had their
health rating decreased (from −15% to −60%). The two succulent cultivars Sansevieria
trifasciata ‘Hahnii’ and ‘Laurentii’ (STH, STL) performed well, maintaining 4.25 and 5.0,
respectively. Two tree species were studied (FE, FEM), all showed no change in health
rating, maintaining a high health rating of 5.0 throughout the experimental period.
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3.3. Plant Height

Figure 3 summarises the differences in the percentage of measured heights of plant
species/cultivars, taking into account the initial plant height. Most species/cultivars
showed modest increases in height of less than 5%, except for CL, TS, and FE, which
exhibited increases in height of 8.2%, 5.1%, and 5.2%, respectively. As plants demonstrating
vigorous or excessive growth in height might be prone to frequent maintenance, this should
be taken into consideration when selecting suitable plant species for LW systems. Some
species/cultivars studied showed a decrease in plant height, e.g., CM, CC, PO, TZ, CV, DFC,
DR, and SAV, suggesting they are relatively more sensitive to water availability (e.g., tem-
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porary water restriction, exposed LW with high evapotranspiration) and their herbaceous
physiology. These species are well adapted to environments with high soil moisture. Many
of their original habitats are forest undergrowth (e.g., Calathea makoyana, Chlorophytum
comosum, Tradescantia zebrina). Their use should therefore be carefully scrutinised on LWs
aiming for water-saving goals; otherwise, timely and adequate irrigation will be needed to
ensure drooping is avoided and their appearance can be maintained.

3.4. Leaf Area Index

When the plant wilts, leaves shrink and turn yellowish, and leaf area indices (LAI)
will decrease. Most species (24 out of 29) recorded negative LAI change in the 3-week
monitoring period, and nearly half of these 24 species (i.e., 11 species) had mild decreases
ranging from −5% to −19.5%. The following species/cultivars showed significant decreases
in LAI with a very wide range of values (Figure 3). Those showing substantial reduction
in LAI (more than 20%) include the following: ferns: AN (−24.9%) and NCD (−21.5%);
herbaceous perennials: ADM (−35.6%), CM (−44.8%), EA (−33.0%), NCR (−37.4%), PLL
(−22.6%), PTC (−21.6%), and TZ (−30.6%); and shrubs: CV (−20.3%), DM (−74.8%), RE
(−53.2%), and SAV (−38.2%). It is important to point out that this LAI should be interpreted
with caution when the species measured have variegated foliage in different colours. The
measured data reflected inconsistency with high variance among measured values of
replicates of the same species and made them unreliable for plant performance assessments.

3.5. Water Absorption

Table 3 presents data on watering days, water absorption volumes, total volume, and
daily mean of water absorption over the study period, showcasing the water absorption
pattern in soilless substrate media. The results indicate that most species absorbed between
100 and 150 mL per watering session, while six species initially absorbed around 50 to
75 mL per session but showed a significant increase in water absorption (100 mL) in
subsequent sessions.

There were no apparent climatic conditions causing intense evaporation throughout
the experiment. The varying water absorption patterns observed could be attributed to
differences in root development among the species. Species with shorter and less extensive
root systems initially absorbed water mainly near the core zone, leaving the outer layer
of the Pafcal substrate relatively moist. As irrigation water was not consistently available,
these species likely extended their roots outward in search of water, resulting in higher
water absorption levels in later measurements. While this hypothesis provides a plausible
explanation, further research is needed to confirm it. Future experiments could optimise
the design by including additional moisture measurements on the outer layer to validate
this proposition.

There were also eight species that had high total water absorption (200–300 mL),
i.e., ferns: AN and NCD; herbaceous perennials: NCR, OJB, and TS; succulents: STH; and
shrubs: DFC and SAV. Eight species/cultivars required watering twice, i.e., ferns: NCD;
herbaceous perennials: NCR, OJB, TS, and TZ; and shrubs: CV, DFC, and SAV. The above
two lists have many species in common. One species required watering three times during
the experimental period, i.e., succulents: STH, although its total water absorption is not the
highest among all species. The species that absorbed the most water is Schefflera arboricola
‘Variegata’, totalling 342.5 mL over 3 weeks. The remaining 20 species/cultivars required
re-watering only once, i.e., ferns: AN; herbaceous perennials: ADM, CM, CE, CC, CL, EA,
ET, FH, OJP, PO, PLL, and PTC; succulents: STL; shrubs: CH, DM, DR, and RE; and trees:
FE and FEM.
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Table 3. Pattern of water absorption by soilless substrate media during the experiment.

Water Absorption on Number of Days (mL) Total Water
Absorption (mL)

Daily
Mean (mL)

Code Botanical Name Day 0 Day3 Day5 Day 8 Day 10 Day 13 Day 15 Day 18 Day 21

Ferns
AN Asplenium nidus 240.0 240.0 11.43

NCD Nephrolepis cordifolia 75.0 172.5 247.5 11.79
Herbaceous Perennials

ADM Asparagus densiflorus ‘Myersii’ 112.5 112.5 5.36
CM Calathea makoyana 180.0 180.0 8.57
CE Chamaedorea elegans 180.0 180.0 8.57
CC Chlorophytum comosum 172.5 172.5 8.21
CL Chlorophytum laxum 175.0 175.0 8.33
EA Epipremnum aureum 110.0 110.0 5.24
ET Euphorbia tithymaloides 153.3 153.3 7.30
FH Freesia x hybrida 142.5 142.5 6.79

NCR Neoregelia carolinae 112.5 145.0 257.5 12.26
OJB Ophiopogon jaburan 147.5 107.5 255.0 12.14
OJP Ophiopogon japonicus 110.0 110.0 5.24
PO Peperomia obtusifolia 150.0 150.0 7.14
PLL Philodendron ‘Lemon Lime’ 157.5 157.5 7.50
PTC Philodendron tatei ‘Congo’ 140.0 140.0 6.67
TS Tradescantia spathacea 127.5 105.0 232.5 11.07
TZ Tradescantia zebrina 75.0 116.3 191.3 9.11

Succulents
STH Sansevieria trifasciata ‘Hahnii’ 55.0 45.0 122.5 222.5 10.60
STL Sansevieria trifasciata ‘Laurentii’ 100.0 100.0 4.76

Shrubs
CV Codiaeum variegatum 67.5 105.0 172.5 8.21
CH Cuphea hyssopifolia 130.0 130.0 6.19
DFC Dracaena fragrans ‘Compacta’ 62.5 162.5 225.0 10.71
DM Dracaena marginata 140.0 140.0 6.67
DR Dracaena reflexa 52.5 52.5 2.50
RE Russelia equisetiformis 145.0 145.0 6.90

SAV Schefflera arboricola ‘Variegata’ 142.5 200.0 342.5 16.31
Trees

FE Ficus elastica 135.0 135.0 6.43
FEM Ficus elastica ‘Melany’ 147.5 147.5 7.02
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Comparing the mean daily irrigation demands of the 29 species/cultivars studied,
the following species showed the highest values exceeding 10.00 mL day−1: ferns: AN
(11.43) and NCD (11.70); herbaceous perennials: NCR (12.26), OJB (12.14) and TS (11.07);
succulents: STH (10.60); shrubs: DFC (10.71) and SAV (16.31). Plants with significantly
lower mean daily water demands below 6.00 mL day−1 include the following: herbaceous
perennials: ADM (5.36), EA (5.24), and OJP (5.24); succulents: STL (4.76); and shrubs:
DR (2.50).

Whether the plant species tend to retain moisture within plant tissue or to have
moisture lost through transpiration could not be accounted and quantified in this study.
Factors affecting the above were complex and possibly related to the amount of plant
biomass, morphological features like waxy leaves, fleshy leaves and stems, root tubers or
nodules, and type of carbon fixation pathway.

3.6. Random Forest Model for Determining Significant Parameters

After optimal value finding [49], the tree split (mtry) is set to 8, and the number of
tree (ntree) sets to 1000 [46,47]. Given the critical condition of plant health in the selection
procedure, the health rating difference was selected as the predictor (label) for comparative
analysis alongside other variables (features), which were plant code, water demand, plant
height difference, and the leaf area index difference. The assessment of important variables
was conducted using the library(vip) [36]. The vip function extracted data from the random
forest model and calculated the variable importance score.

Figure 4 shows that in the current experiment setting, water demand is the most useful
predictor of the health rating of the species as compared with others. Height difference and
plant form type are substantially less significant with health rating, while leaf area index
difference has a negative value. It is crucial to note that this conclusion is applicable to the
29 species in this experiment, and how well it can be applied to other species needs further
investigation. We noted that it was unable to explain observation in all species tested; for
example, Schefflera arboricola ‘Variegata’ performed well (health rating difference: −0.75)
yet had the highest water demand.
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experimental dataset. Four features: water demand (water), plant height change (height), plant code
(p type), and leaf area change (area) with health rating change (h index) as label.

3.7. Hierarchical Clustering

After the important variable was determined, the hierarchical clustering algorithm
was used to cluster the plant species based on the critical variables (health rating difference
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and water demand) involved. The clustering result further assisted us in grouping species
under these two important factors.

The hierarchical clustering was implemented using the clustering function (hclust)
in R with the Euclidean distance setting. It performed the binary clustering at different
levels. The result was shown in the heatmap format using the heatmap function in R
(pheatmap) [52] and displayed four levels for species separation in suitable, moderate, and
unsuitable conditions.

The heatmap (Figure 5) illustrates the outcome of the clustering analysis, with species
having similar water demand and health rating tendency clustered as groups (4 groups
separated by white lines). The algorithm generated four resultant groups: Group 1 with
only one plant (SAV); Group 2 with 12 species (CH, FE, FH, DM, PO, FEM, ET, PLL, DR, STL,
EA, and OJP) exhibited lower water demand and low health index difference, suggesting
their advantages in the green wall. This group of plants was robust, with stable plant
performance and low water demand, among others. Group 3 is the six species with a
slightly higher magnitude of health deterioration; their water demand is comparable to
or slightly higher than Group 2. Groups 3 and 4 both exhibited deteriorating tendencies
of plant health in varying degrees and were more sensitive to intermittent water supply.
Group 4 consists of the 10 species having the highest magnitude of health deterioration
and with the highest water demand. With planting design grouping species in respective
groups, water availability could be adjusted to fulfil the need at a marginal rate to maximise
the water-saving goal. In LW projects, water-saving is not defined as a project goal; plant
species in Groups 3 and 4 could be used based on their aesthetic traits, provided that
reliable automatic irrigation systems are in place.
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3.8. Plant Selection Scenarios Under Different LW Objectives

LW objectives laid down for a project could be single or multiple. They are all interact-
ing with one another. Top-performing species under different objectives were manually
selected to compare with species grouping derived by hierarchical clustering. Figure 6
indicates top performers for health, water-saving, and slow-growing objectives individu-
ally (green) and top performers for dual (pink) and triple (blue) objectives based on the
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threshold approach. Note that all deeper colours indicated top performers, and all lighter
colours indicated marginal performers. Groups based on hierarchical clustering of health
performance and water-saving data are denoted in the right column for easy comparison.
It is obvious that species recommendation based on threshold approach and hierarchical
clustering deviates. Four species in Group 2 are missing if only top performers are con-
sidered. Including marginal performers tended to synchronise both lists. Hierarchical
clustering enabled data-mining in multiple dimensions and the identification of marginal
performers, which will make plant species selection more flexible (not only confined to a
limited number of species). When triple objectives are simultaneously important to an LW
project, the traditional approach only suggested five plant species (highlighted in blue).

3.9. Data-Driven Optimisation with Projected LW Performance Under Different Scenarios

In order to enhance the predictability of the performance and efficiency of LW projects
during the design phase, various scenarios based on specific objectives and corresponding
plant selections were simulated. The projected outcomes are detailed in Table 4. Assuming
the LW project involves 1000 plant pots (with an equal distribution of selected species), the
total water consumption varies significantly across different scenarios.

The scenario focusing on the triple objectives of ‘Health + water-saver + slow-growing’
is projected to have the lowest water consumption per plant (108 mL) compared to the
‘Health + water-saver’ scenario (125 mL per plant) and the ‘Health + slow-growing’ scenario
(163 mL per plant). Interestingly, while the triple-objective scenario does not achieve the
highest projected health rating (4.50) compared to the ‘Health + water-saver’ scenario (4.75),
it suggests that more stringent scenarios may lead to higher average health ratings.

The triple-objective scenario excelled in water consumption and promoting slow
plant growth despite having a lower plant species diversity with only 4–5 species. It was
observed that in LW projects with a greater variety of plant species, plants tend to grow
more rapidly, especially with the inclusion of vibrant species. The double-objective scenario
of ‘Health + water-saver’ contributed to the LW with the highest health rating (4.75) while
offering moderate water savings.

These simulation results underscore the complexity and multi-faceted nature of the
issue, highlighting that linear thinking may not suffice for accurate predictions. A data-
driven approach provides solid numerical evidence for informed decision-making in LW
project design.
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water-saving; top-performing species based on single (green: top performer; light green: marginal
performer) and multiple objectives in traditional approach. # Top 12 performers based on health
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on health rating and slow-growing traits. & Top 5 performers based on health rating, water-saving,
and slow-growing traits. Bold plant code denotes plant species fulfilled all 3 above objectives.
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Table 4. Projected figures of plant growth performance and water consumption in 21 days under different plant selection scenarios.

Water Consumption (mL) Plant Growth Reduction in Plant Height
Plant Selection Scenarios

(Plant Codes)
No. of spp No. of Plant per spp Total Per Plant Average Health Rating No. of Plants Average % of Height No. of spp No. of Plants Average % of Height

Health + water-saver
(Top performers:

FH, STL, CH, DM, DR, FE, FEM )
7 142 121,107 121.10 4.751 858 2.33% 1 142 −0.99%

Health + water-saver
(Top + marginal performers:

FH, STL, CH, DM, DR, FE, FEM

+ EA, ET, PO, PLL )

11 91 128,940 128.94 4.749 818 2.25% 2 182 −2.67%

Health + slow-growing
(Top performers:

SAV, STL, CH, DR, FEM, STH )
6 167 165,866 165.87 4.509 666 0.78% 2 334 −0.97%

Health + slow-growing (Top +
marginal performers:

SAV, STL, CH, DR, FEM, STH +

EA, CM )

8 125 160,625 160.63 4.375 625 0.63% 3 375 −1.44%

Health + water-saver +
slow-growing (Top performers:

STL, CH, DR, FEM )
4 250 107,500 107.5 4.562 750 0.38% 1 250 −0.800%

Health + water-saver +
slow-growing (Top +
marginal performers:

STL, CH, DR, FEM + EA )

5 200 108,000 108.00 4.45 800 0.35% 1 200 −1.00%

Hierarchical clustering (Health +
water-saver: EA, ET, FH, OJP,

PO, PLL,
STL, CH, DM, DR, FE, FEM)

12 83 126,851 126.85 4.586 834 2.02% 2 166 −2.67%

Note: Bold figures denote the plant selection scenarios with the most outstanding LW performance figures in respective aspects: water-saving, health rating, slow-growing. Plant code
shaded in the same colour legend as in Figure 6.
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4. Discussion
4.1. Recommendations on LW Design

Hierarchical clustering based on these three variables will help us to identify similar
cluster groups, and these groups will indicate a combination of species (top performers)
suitable to install on important, eye-catching LW zones. Groups with marginal performers
can be installed in peripheral zones; similarly, marginal performers of slow-growing species
(i.e., moderate growing rate) can be grouped in the same zone in an LW for easy trimming
and replacement. Species groups with similar irrigation needs should be installed in
the same irrigation zones with accurate and standardised amounts of water; this could
tremendously improve water efficiency and reduce the number of moisture sensors to be
installed for a smart irrigation system.

An irrigation system forms a crucial and indispensable part of any LW system. The
complexity (sensors and IoT for smart irrigation hardware and software program setup),
scale, flexibility of setting up irrigation zones (or down to precision irrigation), and flexibil-
ity of adjusting water amount and timing are in a trade-off relationship with the available
project budget. Thus, the adoption of such a data-driven approach could help vertical green
wall companies provide options for less tech-savvy irrigation systems to save on upfront
installation costs and help reduce water bills.

In some regions of the world, the technological know-how of frontline technicians, gar-
deners, and property managers who manage the LW could not keep up with the available
technology of water-saving measures deployed by advanced LW systems. Maintenance of
these irrigation systems in the long term becomes a burden to them; thus, socio-economic
factors should not be neglected.

4.2. Data-Driven Design and Monitoring Process for LW

The proposed model in this study provided two options for the LW performance
simulation run: (1) health rating threshold approach and (2) advanced machine learning
techniques. The health rating threshold approach employs rule-based filtering to identify
suitable plant candidates based on predefined health metrics. In contrast, the random
forest algorithm and hierarchical clustering techniques are utilised to analyse plant data,
predict health and aesthetic outcomes, and group plants with similar characteristics. Model
users would be able to choose their preferred approach and then compare and contrast the
simulated LW performance.

To realise this data-driven approach to industrial implementation requires expertise in
frontend and backend development of application architecture. They should feature an
intuitive user interface and API for processing user requests and managing data alongside
a database for storing plant information. The process of application development is out of
the scope of this paper.

The application should include simulation capabilities for users to evaluate living
wall performance by adjusting parameters and weighting objectives. Rigorous testing
is essential for ensuring model accuracy and user satisfaction. Finally, deploying the
application on appropriate hosting platforms and maintaining an updated database will
enhance usability, facilitating the development of a comprehensive tool for optimising
vertical green wall designs.

It is well discussed that the approaches to optimise LW involves analysing and design-
ing factors in an integrated manner, as factors are intertwined [35]. Experts in the industry
are good at making decisions based on experience while dealing with non-quantifiable
aspects; nevertheless, bias, guesswork, and errors can creep in under work pressure. VGS
companies can enhance organisational performance by leveraging quantifiable empirical
data to inform strategies and create product packages that serve LW objectives for opti-
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mising LW project resource allocation. Data-driven decision-making promotes objectivity,
reduces biases, and fosters a culture of accountability. It enables predictive analytics, im-
proving forecasting accuracy (e.g., water consumption, maintenance cost) [53]. Monitoring
data could further validate the model and provide evidence for fine-tuning.

4.3. Plant Form Determining Morphophysiological Traits of Plant

In terms of morphological traits, most species exhibited only modest increases in
height over the experiment, with only three species exhibiting noticeable growth. Excessive
growth could compromise the stability of plants in LWs. Some plants also reduced slightly
in stature, raising concerns about their long-term viability. Overall, moderate growth forms
are preferable for LWs. The water requirements of the plant taxa differed significantly
as well. Ferns and some perennials and shrubs required the most irrigation, with mean
daily application rates surpassing 10 mL per day. A few perennials, succulents, and shrubs
utilised far less water, under 6 mL daily. This suggests that certain types have inherently
higher water needs in LWs.

The number of species under different plant forms tested in this study varies, with the
majority of them being herbaceous perennials, seconded by shrubs, with only a few species
of succulents, ferns, and trees. Based on this experiment, it is certain to conclude that a
lower percentage of herbaceous perennial species fulfilled single and multiple objectives,
while a higher percentage of shrubs, succulents, and tree species fulfilled them. Herbaceous
perennial species under Group 2 are mostly marginal performers in single and multiple
objectives or simply non-performers. Almost all succulents, shrubs, and tree species are
top performers. A possible explanation could be as follows.

FE, FEM, and SAV have waxy foliage with higher drought tolerance. The waxy cuticle
layer of their foliage tends to protect the plants better from excessive water loss from
evapotranspiration. It is also an advantage when growing in an LW system.

Succulent plants (STH, STL) have thick, fleshly foliage and a waxy cuticle. They tend
to store water in their foliage and have a low rate of water loss, which is an advanta-
geous adaptation to counteract arid or water-stress conditions. These plants have stronger
adaptations to flourish in water-stress conditions.

Ferns performed the worst, with both species attaining low final health ratings and ex-
periencing significant declines from their initial ratings. Among the herbaceous perennials,
about three-quarters showed reduced health over time, with nine attaining final ratings
below 4. While herbaceous perennials tested had contrasting performance, succulents,
and trees, on the other hand, maintained optimal health throughout, demonstrating high
tolerance to water deficits. Shrubs generally performed better than perennial herbaceous
and ferns, with four achieving final ratings of 4 or above.

The above observations aligned with the conclusion drawn by Lausen et al. [54] that
the succulence of leaves, stems, or roots has the greatest impact on a plant’s ability to
survive drought, irrespective of the species’ drought strategy. Thus, it would be meaningful
to invest in horticultural research to cultivate and commercialise succulents, ferns, and
tree species with effective succulence and other suitable traits for LWs. Their adoption and
usage of LW should be based on empirical plant test data on the species level rather than
the generalisation solely depending on their plant form type.

4.4. Suggested Data-Driven Analysis for Optimising Plant Selection

As constrained by resources, this study only focused on the water-saving and plant
growth traits in relation to plant health performance; thus, three relevant objectives were
discussed to demonstrate how a data-driven approach can optimise plant species grouping
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and selection. Other additional variables in relation to plant morphological performance
could be considered to enhance comprehensive analysis:

1. Optimal growing media (optimal combination of indicators like porosity, water holding
capacity, air-filled porosity, cation exchange capacity, and particle size distribution);

2. Drought resistance (maximum days without irrigation until signs of drought appear)

If empirical data (measurable and contributed by specific plant species) of other
environmental objectives are collected and available, the same data analysis procedure
could facilitate plant species selection.

Below are suggested variables specific to plant species for assessing contribution to
environmental objectives:

1. Pollutant removal capability (VOC, fine dust deposition);
2. Plant cooling effect in relation to water stress and optimal irrigation;
3. Carbon sequestration;
4. Contribution to biodiversity (larval and nectar plant, flowering and fruiting timing

and duration, plant architecture as shelter, rainwater and dew harvesting for wildlife,
wildlife species survey utilising and breeding on specific plant).

Some data like surface temperature reduction, indoor thermal comfort, and noise
reduction are usually collected at the VGS level (not at the plant species level); thus,
analysis will be valid for comparing different VGS types or for comparing species functions
on specific VGS types.

4.5. Limitations of the Study

A longer monitoring period ensures data reliability, and the optimal monitoring
period will be up to 8 weeks; year-round monitoring will provide a holistic view of seasonal
climatic variations during intensive insolation and high temperature. Although this study
originally had planned for an 8-week monitoring period, the experiment was terminated
due to the mandatory closure of campus with the onset of the fifth wave of the COVID-19
pandemic in Hong Kong.

It is acknowledged that a three-week data collection period may not be ideal; how-
ever, it is sufficient to meet the objectives of the proposed data-driven approach aimed
at optimising plant species selection and planting design. This adequacy is supported
by the immediate morphological changes that can be observed—such as variations in
plant health performance and height—under conditions of water limitation, which can be
assessed and recorded within weeks. For the above-selected parameters, this monitoring
duration is appropriate; nevertheless, it is recommended that the monitoring period for
other environmental parameters be reevaluated and adjusted as necessary in future studies.

The primary objective of this paper is not to examine seasonal variations in plant
responses. We anticipate that future research will incorporate additional empirical data to
cover the whole year to enhance the model’s comprehensiveness, thereby increasing its
robustness and applicability across a range of environmental conditions.

5. Conclusions
This study investigated plant performance, plant growth, and water demand of

29 plant species/cultivars commonly used in outdoor LW under intermittent water supply
in a subtropical climate. This study aimed to showcase how a data-driven approach with
empirical plant growth data could assist decision-making on plant species selection and
planting design under different goals and strategy-driven preferences in a modular LW
panel system in a subtropical climate.
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Results from this exploratory study provide valuable guidance on matching plant
taxa to the variable and sometimes stressful microclimate within LWs. Further research
expanding the range of species evaluated, monitoring longer-term performance over sea-
sons, and assessing additional factors are recommended. Investigating water-efficient
irrigation strategies based on each plant type’s inherent demand could help maximise
water conservation in LWs. There is also scope to evaluate the influence of modular media
properties on water retention and water availability to roots. Optimising plant selection
and irrigation management hold promise for enhancing the viability and possibilities of
reducing project cost, maintenance input, and water consumption.

In conclusion, this study contributes new knowledge on how empirical data can
support plant species selection and planting design, as well as minimise costs under single
or multiple LW objectives. The findings help inform species selection to support the
long-term, low-input functioning of LWs. Other plant species-specific variables could
be collected and input to create a data-driven optimisation to facilitate other LW goals
like carbon sequestration, improved air quality, and biodiversity enhancement. Robust
plant choices are key to maximising the sustainability benefits and future applications of
LWs worldwide.
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