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Abstract: Vertical greenery not only helps to cool the surfaces of buildings but, more importantly, it
can also mitigate the Urban Heat Island effect. The growth of vertical greenery is highly dependent on
ongoing maintenance, such as irrigation. Wind-driven rain serves as a natural source of irrigation for
vertical greenery. Wind-driven rain simulation was conducted on a typical high-density and high-rise
case in Hong Kong to first classify the wind-driven rain harvesting potential on the façade with very
high, high, moderate, low, and very low levels. Then, Scenario 1 (very high potential), Scenario 2
(very high + high potential), and Scenario 3 (very high + high + moderate potential) regarding vertical
greenery in locations with three levels of wind-driven rain harvesting potential were simulated in
ENVI-met to assess its Urban Heat Island mitigation effect. The maximum temperature reduction on
the street occurs between 12 p.m. and 3 p.m., indicating the greatest mitigation of the Urban Heat
Island effect. Scenario 1, Scenario 2, and Scenario 3 achieve a maximum temperature reduction of
0.76 ◦C, 0.88 ◦C, and 1.06 ◦C, respectively, during this time period.

Keywords: façade-integrated vertical greenery; climate-resilient; high-density cities; Urban Heat
Island effect; Global Boiling; climate change; sponge city; architectural design

1. Introduction
1.1. Background

Climate change has resulted in more extreme weather that affects all countries all over
the world [1]. Large cities with high populations are more vulnerable to uncertainty and
destructive weather such as frequent heavy rainfalls, extreme heatwaves, etc. [2].

Hong Kong (22◦16′50′′ N, 114◦10′20′′ E) has a monsoon-influenced subtropical climate.
In addition to increasing threats from heat waves, heavy rainfall brought by tropical
cyclones have become more frequent in recent years, which has caused the most significant
economic loss in Hong Kong [3]. The statistical data showed a significant 5% increase in the
rate of the annual number of heavy rain days [4]. This past September, Super Typhoon Saola
cast phenomenal rainstorms in Hong Kong and led to more than 16 h of Black Rainstorm
Warnings (triggered when precipitation that exceeds 70 mm in an hour is expected), the
longest record since 1992 [5]. Urban flash floods are associated with heavy rainstorms.
Therefore, it is essential to enhance the cities’ rainwater management capacity to tackle the
increasingly frequent and extreme precipitation [6,7].

With the ‘hottest month on record’ of July 2023 serving as an alert that ‘the era of global
warming has ended’, we are now entering the era of ‘Global Boiling’ [8]. High-density
cities suffer more due to record-breaking hot weather. Typically, urban areas with a higher
density of buildings tend to have poorer ventilation conditions and experience a more
pronounced Urban Heat Island (UHI) effect [9,10]. Studies in some high-density urban
regions show that up to 5 ◦C UHI intensity can be detected [11], which creates threats to
both citizens’ health and well-being (such as extreme heat-related mortality) [12,13]. In
the summer of 2022, nearly 62,000 people died from record-breaking heat in Europe [14].

Buildings 2023, 13, 2865. https://doi.org/10.3390/buildings13112865 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings13112865
https://doi.org/10.3390/buildings13112865
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-8271-0801
https://doi.org/10.3390/buildings13112865
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings13112865?type=check_update&version=1


Buildings 2023, 13, 2865 2 of 19

In August 2023, Hong Kong experienced a recorded average temperature of 29.7 ◦C, the
highest on record in almost the last one and a half centuries [15]. Heat waves in the summer
are not occasional events: in the past 30 years, there was a dramatic increase in observed
very hot days (daily maximum air temperature ≥ 33 ◦C) and very hot nights (minimum air
temperature ≥ 28 ◦C) in Hong Kong, while most of the very hot days happened during
July, August, and September every year [16] (Figure 1). The increasing number of very
hot days also led to higher cooling energy consumption of buildings [17]. Studies showed
that, in the urban context of Hong Kong, a 1 ◦C increase in ambient temperature would
result in an increase in electricity consumption of 9.2% in the domestic sector, 3.0% in the
commercial sector, and 2.4% in the industrial sector [18]. Mass-scale solutions to mitigate
overheating in cities are urgently needed.
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Figure 1. The number of very hot days observed at the Hong Kong Observatory since 1884, excluding
1940–1946. From the Hong Kong Observatory.

Urban greenery can also provide a stormwater buffer for the cities [19]. An analysis of
over 2000 green roof cases across 21 countries showed that the average runoff retention
(RR) rate was 62% (62% of the rainfall was retained) [20]. Greenery can absorb and purify a
certain amount of precipitation on heavy rainy days and then release the water gradually
to reduce urban flash floods, providing the cities with a “sponge” capacity for rainwater
management [21]. Researchers from TU/e conducted a module-scale study to investigate
the VGS’s rainwater buffer capacity using experimental tests of two types of living wall
modules for two months, and the results showed that up to 33% of the rainfall reaching
a horizontal plane could be retained with the same area of a living wall [22] (Figure 2).
To further analyze precipitation on façades, the wind-driven rain effect (WDR), which
means the conjunction of rain and wind [23,24], needs to be considered because it is a
main contributing source of falling precipitation on façades, causing threats to buildings’
hygrothermal performance and durability [25,26].

On the other hand, urban greenery such as rooftop greenery and vertical greenery
systems (VGSs) can be an effective method to mitigate the UHI effect [11,27]. In high-
density urban regions where roof areas are limited, the urban cooling potential of VGSs
should be exploited to maximize their contribution. A literature review study showed that,
in all the climate zones studied, the implementation of green walls could lead to a reduction
in building energy demand for heating and cooling by approximately 16.5% and 51%,
respectively. Additionally, they can help mitigate the UHI effect by up to approximately
5 ◦C (while in high-density urban contexts, the cooling effects could be up to 8 ◦C) [28].
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1.2. Literature Review
1.2.1. Review of Vertical Greenery Studies

A great number of studies have proved the benefits of greenery in urban environ-
ments [29–32]. Vertical greenery’s shading effects, insulation capacity, and evaporation
process can regulate temperature, radiation, airflow, humidity, etc., thus changing the
heat loss of building façades and mitigating thermal comfort, UHI, and the microclimate.
For instance, D.H.S. Duarte et al. [33] assessed the effects of cooling and outdoor thermal
comfort of greenery in an urban environment to counterbalance urban warming effects
resulting from an increase in built density in a subtropical climate. Four scenarios: (1) base
case: only towers, (2) towers and central parts, (3) towers and pocket parks, and (4) towers
and street trees, were simulated using ENVI-met after validation using field measurements.
Based on the air temperature, mean radiant temperature, and surface temperature data, the
Physiological Equivalent Temperature (PET) and Temperature of Equivalent Perception
(TEP) were calculated to assess outdoor thermal comfort. Similar to Moren M. et al.’s
conclusions [34], their study proved that air temperature differences in scenario (4) became
more significant up to 0.6 ◦C during extremely warm summers compared with scenario (1).
The finest thermal comfort was found in scenario (2) due to decreasing radiant temperature.
Morakinyo T. et al. [35] conducted an ENVI-met simulation to investigate the impact of ver-
tical greenery on air cooling and thermal comfort in parametric neighborhood models with
different densities. Both the ideal parametric model (regular building form, no podium) and
realistic Hong Kong building form (building block with podium) with different greenery
façade ratios or orientations yielded eleven scenarios with parameters including urban
density, the greened façade ratio (GFR), and greened façade orientation. Their conclusions
indicated that 30–50% of the façades in the high-density urban setting of Hong Kong must
be greened to potentially cause a ~1 ◦C reduction. In addition, they found that the same
could help improve daytime pedestrian thermal comfort by at least one thermal class, a
higher greened façade ratio would be required to obtain similar thermal benefits in low-
and medium-density urban settings, and benefits at pedestrians’ height could be enhanced
when vertical greenery facilities are placed at the podium rather than at the tower height.
The layout size of building blocks ranged from 20 × 40 m2 to 20 × 80 m2 and 80 × 80 m2,
the street widths were 10, 15, 20, and 30 m, and the building block height was 60 m, which
represented the realistic average building height in the selected area case. They concluded
that 30–50% of façades in the high-density urban setting of Hong Kong must be greened to
potentially cause a ~1 ◦C reduction, and the same could help improve daytime pedestrian
thermal comfort by at least one thermal class. A higher greened façade ratio would be
required to obtain similar thermal benefits in low- and medium-density urban settings, and
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the benefits at pedestrian height could be enhanced when vertical greenery facilities are
placed at the podium rather than at the tower height. In contrast with parametric scenario
studies, more papers selected an urban morphology case or used a green wall module to
study the performance of vertical greenery [36–38]. Tan C. et al.’s [36] research quantified
the effect of MRT on outdoor thermal comfort from two green walls and indicated that
the MRT was decreased significantly with vertical greenery both during the day and at
night. Rupasinghe H. et al. [37] developed a series of vertical greenery systems (VGSs) to
achieve maximum benefits on thermal performance in tropical Sri Lanka, which proved
that living walls achieve better thermal performance with a record maximum temperature
reduction of 10.16 ◦C, 3.31 ◦C, and 2.11 ◦C in the external wall surface, internal wall surface,
and internal air temperature, respectively. As indicated above, research on actual site cases
and green wall installations is often conducted using field measurements, while simulation
methods are used for parametric studies more generally.

Previous studies also focused on the interacting mechanisms between VGS and FIPV.
Specifically, Moren M., et al. [34] analyzed the influences of the ‘Multifunctional System:
Building Greening and Photovoltaic’ (MFS) on the building façade temperature and further
studied how the green buffer space impacts the temperature of PVs [34,39]. An east façade
of wood material was divided into four parts, with the characteristics of function as a
reference, including equipped with horizontal PV and greening, equipped with vertical
PV and greening, and equipped with PV only, respectively. The façade temperature was
measured yearly, monthly, daily, and hourly and analyzed to obtain a comprehensive
overview of the system’s performance under different weather conditions throughout
the year. The above studies demonstrated that the façade temperature can benefit from
MFS all year round, with average reductions from 21.4 ◦C to 30 ◦C for the maximum
temperatures observed in the summer and habitations of heat loss on the façade up to 3 ◦C
on average. In addition, the green buffer space reduced the PV operating temperature
in the range of 1 ◦C–4 ◦C, and the benefits were the tendency to become higher under
higher outdoor temperatures. Compared with the research of Moren M. et al. [34], other
studies focused on façade renovation regarding FIPV and the vertical greening system.
Wu Z. et al. [40] proposed the integration of a new solar photovoltaic collector with vertical
green balconies in old high-rise buildings considering façade reconstruction concepts
mainly focused on the water heating application for the purpose of rebuilding an old
high-rise building. The reconstruction strategy considered the PVs’ integration in the
vertical green balconies where existing façades were replaced with PV façades, and the
heat collector was combined with the building shading, which served as shade and a heat
collector simultaneously. As for vertical greening, the balcony space was created to manage
green plants. A CFD simulation using PHOENICS software was conducted to analyze
annual energy-saving potential, thermal efficiency, and wind load, which would increase
safety stress on surrounding skyscrapers. The study by Wu Z. et al. [40] indicated that PV
collectors integrated with vertical green balconies are feasible. The simulation results of the
design scheme showed that the integrated system offers benefits for ecology, e.g., purifying
indoor air, regulating temperature and humidity indoors, inhaling carbon dioxide, and
exhaling oxygen. Similar to Wu Z. et al. [40], Fluent was applied by Paskert et al. [41] to
study airflow in a façade greening system equipped with photovoltaic modules. The system
was horizontally distributed, with those farthest from the façade being the transparent
PV modules followed by the plants and substrate containers, and the closet being the
ventilation air gap. Then, based on the simulation results for the influence of surroundings
with different roughness on airflow through the system, the air velocity of the greened and
bare façade, the average air velocities and air change rates from the different simulated
models, and the velocity within the façade greening modules were analyzed. The analyzed
results indicated that the velocity of the greening system was lower than that of the bare
façade. The study by Paskert et al. [41] inserted user-defined functions in the Fluent tool
to simulate airflow around vertical greening and PVs, which is regarded as a creative
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method, but heat transfer was not simulated, which is more important for vertical greening
performance than airflow in general.

1.2.2. Review of Wind-Driven Rain

Until now, the existing research on WDR in building science has primarily focused
on two aspects. One aspect involves quantifying WDR loads, while the other examines
how buildings respond to these loads [25]. The research on WDR loads and their impact on
building design typically relies on field measurements, semi-empirical estimations, and
CFD simulation, with the latter being the dominant method [42,43]. Previous studies inves-
tigating building response to WDR loads have mainly concentrated on the effects of WDR
impingement on building façades [44,45]. Several researchers have aimed to understand
how WDR interacts with building components, such as façades, roofs, windows, and other
exposed surfaces [24,46,47]. The goal is to assess the potential risks and consequences
of WDR, including water infiltration, moisture damage, corrosion, and degradation of
building materials [48,49]. Some studies of WDR involve analyzing its characteristics, such
as droplet size, velocity, and trajectory, as well as the influence of wind speed, direction,
and rain intensity. Researchers often use experimental techniques, numerical simulations,
and field measurements to investigate WDR behavior and its effects on building perfor-
mance [50–52]. The above literature indicates that the research on WDR aims to inform
building design, construction practices, and the development of protective strategies or
mitigation measures to enhance the durability and resilience of buildings against WDR.
By understanding WDR patterns and their interaction with buildings, researchers seek to
improve the overall performance and longevity of structures in various climatic conditions.

Furthermore, WDR also has an impact on UHI through greenery in urban spaces.
Derome et al.’s [53] research indicated that the application of greening, e.g., green roofs,
green façade, and urban gardens, on the surface of a building/urban district can potentially
mitigate the UHI phenomenon and improve UMC because vegetation, e.g., grass, small
plants, and trees, significantly influence the absorption, transport, and storage capacity
of heat and moisture in the built environment. Well-built greening space is capable of
promoting a heat decrease due to transpiration and evaporation [54]. However, numerical
studies of UHI often simplify the sources of moisture and the coupling of moisture and
heat transport occurring at the urban vegetation surface [53]. The impact of moisture
transport within surfaces on the complex behavior of UHI is yet to be fully understood.
WDR intensity must be considered as it is an important boundary condition in studies on
the water cycle in the built environment, which can be a parameter of UHI, particularly
when studying the cooling effect due to evaporation in the built environment.

1.3. Research Objectives

As indicated by the above literature, little has been studied regarding the application
of VGSs at the urban district scale, synthesizing the climate-resilient potentials for both
rainwater management and UHI mitigation. Therefore, this study explores this research
gap, develops basic design strategies for VGSs in high-density built environments based
on the WDR harvesting potential, and aims to assess the mitigation effect of VGSs with
different coverage ratios on UHI. This study can provide references for architects and urban
planners in planning a VGS at the urban district level in the early design stage.

Specifically, Part 1 introduces the research background and literature review regarding
VGSs and WDR. Part 2 clarifies materials and methods mainly concerning the simulation of
WDR and UHI. Part 3 analyzes the simulation data, while Part 4 summarizes this study and
discusses future research directions as well as compares it with existing research. Finally,
Part 5 draws some conclusions based on the simulation data and discussion.

2. Materials and Methods

The research objectives of this study include: (1) identifying the suitable façade loca-
tions for VGS application in existing high-density contexts of Hong Kong based on WDR
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harvesting potential and (2) assessing the mitigation effect of VGSs with different coverage
ratios on UHI in high-density, high-rise urban contexts.

This research combines quantitative analysis and qualitative study, a series of compu-
tational simulations, field investigation, and expert workshops. To provide a more realistic
investigation scenario, the city of Hong Kong was taken as a case study. A 250 m by 250 m
urban region in the Kowloon East district was selected as the analysis site.

To begin with, the urban morphology data were derived from the Hong Kong Lands
Department [55] and open-source OpenStreetMap, and a 3D urban district model was
generated in Grasshopper 7.13 software for further analysis. Two professional simulation
software programs were applied: Ansys Fluent 2021R2 [56], for the wind-driven rain simu-
lation, and ENVI-met V5.51 [57], for the VGS’ UHI effect mitigation performance analysis.

Then, an interdisciplinary mini-design workshop was conducted after inviting ar-
chitects, green building engineers, and landscape architects with expertise in greenery to
join. Two architects, one urban designer, two landscape architects, and two green building
engineers participated in this mini-design workshop lasting around 4 h. Three design
proposals with different VGS coverage ratios were co-developed during this workshop
(consisting of simulation data analysis, design brainstorming, and proposal development)
for the next step in the analysis. In the low-coverage Scenario 1, only façade areas with
very high WDR harvesting amounts were integrated with a VGS, while Scenario 2, with a
moderate-coverage ratio, had a VGS on façade areas with moderate WDR harvesting areas.
In Scenario 3, with a high coverage ratio, a VGS was applied to façade areas with large
WDR harvesting areas.

In the last step, another workshop was conducted, and the potential challenges and
corresponding strategies of applying VGSs in high-density urban contexts were discussed,
with the synthesis of the simulation results.

2.1. Case Study of Urban Morphology

The parametric investigation was conducted using the Kowloon East district in Hong
Kong as a case study, representing a typical urban morphology. This case has a high
density and high plot ratio, which is characterized by a high average building height
(Figure 3). In this case, the height of the tallest building is 92 m, and the buildings exhibit
an irregular clustering arrangement. The reason for selecting this case is not only because it
features high-density high-rise buildings, but also because the irregular urban morphology
it presents brings about complex wind patterns and wind-driven rain distributions, which
closely resemble real-world conditions.
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2.2. Wind-Driven Rain Simulation
2.2.1. Governing Equations of the Wind Phase

Before rain simulation, a 3D steady-state RANS method combined with a turbulence
model of realizable k-ε was applied to capture the wind flow field in the commercial compu-
tational fluid dynamic (CFD) software Ansys Fluent 2021R2 [58]. In terms of incompressible
flow, the equation governing the variables k and ε in a realizable k-ε turbulence model can
be formulated as follows [59]:

∂(ρk)
∂t

+
∂(ρkui)

∂xi
=

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Pk + Pb − ρε−YM + Sk (1)

∂(ρε)

∂t
+

∂(ρεui)

∂xi
=

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ ρC1Sε− ρC2

ε2

k +
√

vε
+ C1ε

ε

k
C3ε + Sε (2)

where ui represents the Cartesian components of the fluid velocity, ρ denotes the fluid den-
sity, k represents the turbulent kinetic energy, ε represents the turbulent energy dissipation
rate, µ is the viscosity, and µt represents the turbulent viscosity. The term C1 is determined
as the maximum value between 0.43 and η/(η + 5), where η is defined as Sk/ε. Pk and Pb
represent the generation of turbulence kinetic energy due to average velocity gradients
and buoyancy, respectively. The turbulent Prandtl numbers for k and ε are denoted as
σk (σk = 1.0) and σε (σε = 1.2) respectively. Additionally, the constants C1ε (C1ε = 1.44) and
C2 (C2 = 1.9) are included in the equation.

For wind simulation, the inlet boundary condition is specified using a Logarithmic
Law profile, which can be expressed by the following equations:

U(z) = U10·Kr · ln(
z
zo
) (3)

where z represents the height coordinate, zo is the roughness length, and U10 denotes the
wind velocity at a height of 10 m.

The values of zo and Kr are defined based on the terrain roughness category (in this paper,
category B was considered). Related items and values can be found in Richards’ paper [60].

2.2.2. Governing Equations of the Rain Phase

After the wind simulation, the Discrete Phase Model (DPM) coupled with the Eulerian
Wall Film (EWF) model was used to simulate raindrop trajectories and film thickness. In the
DPM, the trajectories of raindrops were calculated using the Lagrangian particle tracking
method (LPT) in Lagrangian coordinates, which can be expressed by the following equation
of raindrop motion:

(
ρw − ρ

ρw
)→

g
+

3µ

ρwd2
CdReR

4
(→

U
−

d→
r

dt2 ) =
d2 →

r

dt2 (4)

where ρw represents the density of the raindrops, ρ denotes the density of the air, g stands
for the gravitational acceleration, d represents the diameter of a raindrop, µ symbolizes
the dynamic viscosity of air, Cd represents the drag coefficient of a raindrop,→

U
represents

the mean velocity vector,→
r

signifies the position vector of the raindrop in the xyz-space, t
denotes the time coordinate, and ReR corresponds to the relative Reynolds number, which
can be expressed as:

ReR =
ρd
µ

∥∥∥∥∥→U −d→
r

dt

∥∥∥∥∥ (5)
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During the simulation of raindrop trajectories using DPM, the EWF model was coupled
with it to calculate rain films on the building façades. The conservation of mass in EWF is [61]:

∂hρ f

∂t
+∇s·

(
ρ f h→

Vf

)
=

.
ms (6)

where h represents the film height, ∇s denotes the surface gradient operator,→
Vf

represents

the mean film velocity,
.

ms represents the mass source per unit of wall surface, and ρ f
corresponds to the film density. The conservation of film momentum can be expressed
as follows:

∂h→
V f

∂t
+∇s

(
h→

Vf
→
Vf

)
= −h∇sPL

ρ f
+ h→

gτ
+

3
2ρ f
→
Tf s

_
3Vf

h
→
Vf

+

.
q

ρ f
(7)

where PL represents the water film pressure,→
gτ

represents the gravity component normal

to the surface,→
Tf s

represents the viscous shear force at the water–air interface, and
.
q denotes

the momentum source term associated with raindrop interaction. The PL can be calculated
using Equations (8)–(10), where Pgas represents the gas pressure, ρ denotes the air density,
→
n

represents the normal vector,→
g

represents the gravity vector, and σ corresponds to the

surface tension.
PL = Pgas + Pz + Pσ (8)

Pz = −ρh

(
→
n
· →

g

)
(9)

Pσ = −σ ∇s·∇sh (10)

Discrete raindrops hitting a face on the façade boundary are absorbed into the film;
therefore, their mass and momentum are integrated to the source terms in Equations (6)
and (7).

The mass source term can be expressed as follows:

.
ms =

.
mp (11)

where
.

mp represents the flow rate of the particle stream impinging on the fac. The momen-
tum source term can be expressed as follows:

.→
qs
=

.
mp·(→

VP
− →

Vf
) (12)

where→
VP

is the velocity of the particle stream and→
Vf

is the film velocity.

2.2.3. Computational Domain and Boundary Conditions

In order to meet the criteria for the limits of distance to the domain, i.e., 5H to the sides
and inlet, 6H to the top, and 15H to the outlet [62], the dimensions of the computational
domain were set as 2190 m × 1170 m × 600 m, where H = 92 m is the height of the highest
building (Figure 4).
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In fact, the computational domain size was intentionally chosen to be larger than
what would be necessary for the calculation. This ensured that the raindrops injected from
an elevated position against the wind flow were not influenced by the presence of the
building. As a result, the blockage ratio was determined to be 2.1%, which is lower than
the recommended value of 3% based on previous research [62].

To calculate the boundary conditions of wind, U10 was defined as 5 m/s with an east
direction, which represents the average wind speed and direction in the Kowloon East
district. In the computational domain, wall conditions were applied to all boundaries
except for the inlet and outlet. For pressure–velocity coupling, the coupled algorithm
was utilized. The pressure interpolation was performed using a second-order scheme,
and second-order discretization schemes were used for both the convection terms and the
viscous terms of the governing equations.

Rainfall intensities (Rh) of 64, 100, and 200 mm/h which represent the different degrees
of extreme rain events, were selected to determine the raindrop diameter using simulation.
A raindrop diameter of 2.5 mm, which represents the highest density probability of 64 and
100 mm/h, while a higher of 200 mm/h was selected (Figure 5) according to Best et al.’s
research concerning the probability density of raindrop size [63]. The initial horizontal
velocity of a raindrop was equal to the wind velocity, while the initial vertical velocity was
calculated from Blocken et al.’s measurements [64]. The raindrops were released at a height
of 500 m to allow sufficient time for them to attain their steady terminal velocities before
entering the airflow field, which was perturbed by the presence of the target buildings. The
injection type was group, and each group had 10,000 streams. The groups were located on
the top surface of the computational domain, with a spacing of 10 m between each group
until the entire top surface was filled.

2.3. Simulation of the Impact of VGS on UHI
2.3.1. ENVI-Met Theory

Based on the Ansys Fluent simulation results, the urban façade areas were categorized
into 5 levels of wind-driven rain occurrence potentials: very high, high, moderate, low, and
very low. Vertical greenery was implemented at locations where there was a very high,
high, and moderate likelihood of occurrence potential on the façades, and then the impact
of vertical greenery on the UHI effect was simulated using ENVI-met V5.5.1 [65]. ENVI-met
is a CFD model that utilizes the Reynolds-Averaged Navier–Stokes (RANS) equations
integrated with the standard k-ε turbulence model [66]. The outstanding advantage of
ENVI-met is that plants are living organisms that actively interact with their surround-
ing environment through energy absorption and evapotranspiration processes. Façade
greenery can be appended on the grid of the external façade to provide shading from
direct sunlight, and plants can effectively cool the surface of walls, decrease the emission
of longwave radiation, and change the overall thermal environment [67]. Note that the
reduced temperature (delta T = Tbare f acade − Tgreen f acade) in street canyon was applied as
the evaluation index for the mitigation effect of a VGS on UHI.
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2.3.2. ENVI-Met Simulation Setup

The 3D model with façade greenery was constructed in the “ENVI-met space” module,
and the domain size was 430 m × 430 m × 290 m with grids in the x-axis, y-axis, z-axis
directions of 3 m, 3 m, and 3 m, respectively. The façade greenery was set as “only greenery”,
which was not considered a substance. Materials for the façade, roof, and pavement were
set as glass bricks, a concrete wall, and a dark concrete pavement, respectively. The hourly
temperature and relative humidity for July 1st of a Typical Meteorological Year (TMY) were
used as boundary conditions for the “Simple Force” methodology. On this particular day,
the minimum temperature recorded was 27 ◦C, and the maximum temperature reached
32 ◦C. The relative humidity ranged from 71% to 94%, while wind velocity was 2 m/s, in
order to minimize the impact of heat convection. The simulation was conducted assuming
a cloud-free sky condition to represent a sunny summer day for a duration of 24 h, from
6:00 to 5:59. Temperature data of 2 receptors located in different positions of the case for
6:00 to 5:59 were used in order to calculate compare temperature difference (Table 1). Ivy
plants, i.e., Hedera helix, were selected as the façade greenery, which has been known to
have a cooling effect on a surrounding area, making them a popular choice for landscaping
and façade greening purposes [68].

Table 1. Parameter settings in ENVI-met.

Category Set Detail

Methodology Simple forcing
Maximum temperature 32 ◦C
Minimum temperature 27 ◦C

Maximum humidity 94%
Minimum humidity 71%

Wind speed 2 m/s
Wind direction 90 ◦C at inflow

Grid size 1 m
Grid amount of x-axis 430
Grid amount of y-axis 430
Grid amount of z-axis 290

Greenery type Green + sandy loam substrate
Façade material Glass bricks
Roof material Concrete wall

Pavement material Concrete pavement dark
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Table 1. Cont.

Category Set Detail

Leaf area index 1.5
Leaf angle distribution 0.5
Emissivity of substrate 0.95

Albedo of substrate 0.3
Water coefficient of substate for plant 0.5
Air gap between substrate and wall 0.01 m

Greenery species Hedera helix

The UHI mitigation effects of three different design proposals were simulated and
analyzed by comparing the temperature of receptors and street canyon using temperature
data and temperature color (Figure 6). The original urban morphology model without a
VGS was also simulated to provide a reference.
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3. Results
3.1. Wind-Driven Rain Simulation Results

The most potential distribution of WDR occurs on the roof, as there is no obstruction
on the roof. In terms of building façades, the windward façade is heavily affected by WDR
compared with other façades, and the façade near the roof is most subject to WDR. The
trajectory of raindrops visually reflects the areas on the façade that are prone to being
wetted by WDR (Figure 7). In addition to the roof, the lower part of the building façade
is another area prone to water accumulation. Implementing VGS in this area has two
advantages: firstly, it reduces maintenance costs, and secondly, the collected rainwater
can be used as natural irrigation for the green plants, thus sustaining their growth. The
areas with the highest amount of WDR are primarily located at the bottom of the façade
and near the roof. Additionally, building façades without obstructions on the periphery
receive more WDR. The façades on the interior, due to the shielding effect of adjacent
buildings, experience a significant decrease in the distribution area and thickness of the
rain film caused by WDR. Based on the distribution of rain film thickness caused by WDR
on building façades, this study categorizes the occurrence potential of WDR into five levels,
i.e., very high, high, moderate, low, and very low. The proportions of each level on the
façade were also calculated to provide a more accurate assessment of the distribution of
WDR on the façades.
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Figure 7. Wind-driven rain distribution on building façades.

As indicated by the color blocks, the areas on the façade where WDR occurs can be
visually matched with a VGS. Three proposals can be extracted accordingly: a VGS is
only implemented in areas with very high (Scenario 1), very high and high (Scenario 2),
and very high, high, and moderate (Scenario 3) WDR-harvesting potential (Figure 8). The
average coverage ratios of Scenarios 1, 2, and 3 are 17%, 21%, and 22%, respectively. For
each building façade in the case study, VGSs were conducted following the same approach.
The simulation results of the well-handled model in ENVI-met can be found in Section 3.2.
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3.2. UHI Mitigation Simulation Result
3.2.1. Pedestrian Temperature Distribution

The data from both measurement points indicate that within a 24-h period, the highest
temperature occurs at 1 p.m., with values of 32.57 ◦C and 32.81 ◦C, respectively, and the
temperatures at 12 p.m. and 2 p.m. are slightly lower than at 1 p.m. During the night
and early morning, the temperature reaches its lowest point, around 27 ◦C. However,
vertical greening has minimal cooling effect during the night, which could be due to the
fact that green plants are unable to undergo the process of evapotranspiration during the
evening hours. Despite the same VGS design, the cooling effect at receptor 1 is better
than at receptor 2. This difference may be attributed to variations in urban morphology
and building forms. Further, compared with the bare scenario, the application of the VGS
leads to a noticeable reduction in temperature differences at the pedestrian height level.
However, as the VGS coverage ratio increases, the temperature differences become less
significant. This indicates that placing greenery in the lower parts of the façades is more
beneficial for mitigating the UHI effect at pedestrian height. There are several reasons why
temperature differences may not be significant despite an increase in the greenery coverage
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ratio: As the VGS coverage ratio increases, the cooling effect provided by the greenery
reaches a saturation state, which means the cooling effect does not significantly change. In
addition, changes in temperature differences may be influenced by other factors such as
building morphology [69], the surrounding environment [70], and climate conditions [71].
These factors can mask the impact of an increased greenery coverage ratio on temperature
differences. The cooling effect of plants becomes significant starting at 7 a.m. in the morning,
while from 3 p.m. onward, the temperature difference gradually decreases, and during
the night, the temperature difference is minimal. The maximum temperature difference is
reached between 12 p.m. and 2 p.m. during the day (Figure 9).
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3.2.2. Pedestrian Temperature Reduction with a VGS

It can be observed from Figure 10 that at receptor 1, vertical greening achieves relatively
ideal cooling effects on the UHI between 9 a.m. and 2 a.m. At receptor 2, the cooling effect is
relatively ideal during the period from 10 a.m. to 1 p.m. The best cooling effect at receptor 1
is observed at 11 a.m., with temperature reductions of 0.76 ◦C, 0.88 ◦C, and 1.06 ◦C for
Scenario 1, Scenario 2, and Scenario 3, respectively. At receptor 2, Scenario 3 achieves the
best cooling effect at 11 a.m., with a temperature decrease of 0.87 ◦C. Scenario 1 shows the
best cooling effect at 12 p.m., with a temperature difference of 0.78 ◦C, while Scenario 2
achieves the best cooling effect at 12 p.m., with a temperature decrease of 0.71 ◦C. As the
VGS coverage ratio increases, there is a significant increase in temperature difference at
receptor 1, indicating a notable improvement in alleviating the UHI effect. However, the
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temperature difference at receptor 2 remains relatively unchanged. This could be due to
the orientation of the façades near receptor 2, which face west or north. The cooling effect
of vegetation in these directions may naturally be less significant compared with the south
and east directions. In addition to the façade orientation, there are other potential factors
that could contribute to the minor temperature difference at receptor 2: If the façades at
receptor 2 are directly exposed to sunlight, it can increase surface temperatures and reduce
the cooling effect of vertical greening. In addition, the direction and speed of winds can
influence the temperature at receptor 2. Higher wind speeds may diminish the cooling
effect provided by the VGS. And the urban morphology can also impact the temperature
difference at receptor 2. High-density buildings can contribute to a more intensive UHI
effect, resulting in a relatively smaller cooling effect from a VGS.
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4. Discussion

The aim of this study is to explore the mitigation effect of façade-integrated vertical
greenery on the UHI phenomenon in the high-density city of Hong Kong, particularly
on high-rise building façades with the consideration of WDR. Considering the natural
irrigation provided by WDR, which enhances plant transpiration and evaporation, and
its potential to alleviate the UHI effect, the VGS was strategically placed in areas with
higher WDR levels. Based on the distribution of WDR on the building façades, three VGS
design schemes were proposed: (1) Vertical greenery is only implemented at positions
with a very high WDR amount on the façades; (2) vertical greenery is implemented at
very high and high positions on the façades; and (3) vertical greenery is implemented
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at very high, high, and moderate positions on the façades. In ENVI-met, simulations
were conducted to analyze the microclimate effects of the three VGS design schemes
compared to the original case study model without any greenery. Existing studies have
focused on either the mitigating effects of vertical greenery on UHI or the impact of WDR
on buildings [72,73] without studying the combination of both factors. This study first
integrated WDR with a VGS, i.e., determined the location of a VGS based on the façade’s
WDR-harvesting potential, which is the novelty of this research. The results indicate
that the presence of vertical greenery can reduce temperatures within street canyons to a
certain extent, and the cooling effect becomes more pronounced as the coverage ratio of
the VGS increases. WDR has a significant impact on the UHI of cities, primarily through
the processes of evaporation and transpiration of vegetation and water storage in the
plant substrate. The façade-integrated vertical greenery design method based on WDR
distribution proposed in this study, along with the assessment method for its mitigation
effect on the UHI phenomenon, can provide a foundation for the design of vertical greenery.
This method offers valuable guidance for incorporating WDR patterns into the planning and
implementation of vertical greenery projects, thus contributing to the overall effectiveness
and success of UHI mitigation strategies.

The limitations of this study include the following points: (1) Due to limitations
imposed by ENVI-met software, the configuration of the VGS could not be fully aligned
with the simulated results of WDR. It only provided a rough reference to the simulation
results of WDR. (2) As the main objective of this study was to explore the mitigating effects
of VGS on UHI under certain urban morphologies, details such as window-to-wall ratios
and other architectural façade elements were not taken into account. (3) Due to limitations
of the simulation software, the impact of rainfall on temperature and humidity was not
considered. Considering these impacts would enable a more accurate simulation of the
effects of VGSs on UHI.

Although a large number of researchers have emphasized the cooling effect of VGSs
on UHI or the WDR’s impact on building façades [72,73], no study has integrated WDR,
VGSs, and UHI, which involves determining the VGS’s location on a façade based on WDR-
harvesting potential for its irrigation benefit and then assessing the mitigation effect of the
VGS on UHI. In terms of receptor 1 in this study, a VGS could result in temperature-reduced
ranges from 0 ◦C to 0.76 ◦C, 0 ◦C to 0.88 ◦C, and 0.07 ◦C to 1.06 ◦C for Scenario 1 (17% cover-
age ratio), Scenario 2 (21% coverage ratio), and Scenario 3 (22% coverage ratio), respectively.
However, the results presented in this study show a higher temperature decrease compared
with the findings of another simulation study conducted by Peng [74], in which a maximum
cooling intensity of 0.96 ◦C was observed in a high-rise, high-density site. Furthermore,
another simulation study [75] conducted in a similar climate in Singapore showed that a
100% green façade coverage of buildings in an estate resulted in a maximum temperature
reduction of 1 ◦C. These variations can be attributed to differences in model physics, model
configuration, thermal properties of building materials, and the representation of plants in
their models compared with the ones used in our study. In addition, as the VGS coverage
ratio increases, i.e., as the elevation of VGS increases, the cooling effect on UHI becomes
less significant. This indicates that the vegetation located near the pedestrian level at the
bottom of the façade has the greatest cooling effect on the street. This finding is consistent
with early research conducted by Peng et al. [74] and Morakinyo et al. [35].

Indeed, research on WDR, VGSs, and the UHI effect is still in its early stages, and there
are many fields that can be further explored in future studies. For example, integrating the
solar energy harvest potential into the holistic design of VGS design and planning in urban
contexts. The focus includes: (1) determining the optimal positions for FIPV panels and
a VGS to maximize solar energy utilization and provide suitable growing conditions for
plants and (2) the VGS should be able to withstand the weight of plants and WDR loads,
while the FIPV should match the materials, structure, and color aesthetic of the building
envelope. Combining building-integrated photovoltaics (BIPV) with VGSs can be a win–
win solution since the evaporation effects of VGSs could enhance the PV performance by
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cooling the system’s operation temperature [76]. Integrating water resources is another
emphasis for the future because it can help alleviate the urban drainage burden caused
by extreme typhoons and heavy rainfall. In the VGS design, considering the collection
and utilization of WDR for plant irrigation can reduce reliance on the urban water supply
system and increase the sustainability of the system. Calculating the impact of integrated
VGS and FIPV systems on urban microclimates, building energy consumption, and carbon
emissions is also an important field of future research. Specifically, the effects of VGS and PV
integrated systems on urban microclimate parameters such as temperature, humidity, and
wind patterns and quantifying the extent to which the systems can mitigate the UHI effect
and improve urban microclimate. It is also important to assess the energy performance of
buildings with integrated VGS and PV systems; analyze their impact on building energy
consumption, including reductions in cooling and heating loads; evaluate the potential for
energy generation using photovoltaic panels; and calculate the carbon emission reductions
achieved with integrated systems. Finally, we should consider the lifecycle assessment
of materials used in vertical greenery and photovoltaic systems, as well as the carbon
sequestration potential of plants, and assess the overall carbon footprint of the integrated
systems and compare it with conventional building systems. It is also worth noting that
not all vertical green technological solutions are applicable to high-rise buildings due to
wind and structural considerations, sunlight and shading, maintenance and accessibility,
and space constraints.

5. Conclusions

This study proposes three VGS design schemes based on the WDR quantity and
distribution on building façades. The mitigation effects of these three schemes on the UHI
phenomenon were compared, and the following conclusions were drawn:

(a) In high-density, high-rise building clusters, the WDR amounts are highest on the
façades near the roof and at the bottom of the façades without obstructions on the
periphery. It gradually decreases from the ends of the façades toward the middle.
This distribution pattern is likely influenced by wind patterns and the blocking effect
of neighboring buildings.

(b) The maximum temperature difference on the street occurs between 12 PM and 3 PM,
indicating the greatest mitigation of the UHI effect. Scenario 1, Scenario 2, and
Scenario 3 achieve maximum temperature differences of 0.76 ◦C, 0.88 ◦C, and 1.06 ◦C,
respectively, during this time period.

(c) VGSs can indeed mitigate the UHI effect in high-density urban contexts with high-
rise buildings. Furthermore, there is a general trend of improved mitigation as the
VGS coverage ratio increases. However, it is important to note that the extent of
UHI mitigation is the result of multiple factors working together, and it does not
necessarily exhibit a linear relationship with the coverage ratio of a VGS.

The proposed VGS design method for high-density, high-rise building façades based
on WDR position and its evaluation method for mitigating the UHI effect provides a
theoretical basis for utilizing WDR at an urban scale and mitigating the Urban Heat Island
effect. However, when it comes to actual design implementation, it is necessary to consider
the comprehensive effect of multiple factors and seek a trade-off.
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