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Abstract: The benefits of greening systems on buildings have been frequently examined using
experimental methods. However, few studies have adopted dynamic monitoring of real operational
buildings to quantify the effects of greening systems on multiple building green performance indexes,
such as thermal comfort, indoor air quality, and energy consumption. In this study, a type of
multi-in-one indoor environmental quality monitoring device was adopted for vertical greening
systems in a green-certified building in Changzhou, China, with real-time data collection through
an Internet of Things platform. Measurements of the indoor thermal environment and air quality
were recorded from four testing points during a 90 day period from spring to summer in 2021. For
comparison, the testing points were divided into group A (office zone) and group B (exhibition zone).
Our results demonstrated that, in the presence of a vertical greening system, the seasonal average
indoor temperatures decreased by up to 0.7 ◦C. The green facade outperformed the ordinary exterior
wall, optimising both indoor thermal comfort and thermal inertia. Furthermore, judicious indoor
greening designs significantly reduced the indoor air-pollutant concentrations, such as particulate
matter, carbon dioxide, and organic pollutants. The median values for particulate matter 10 and
formaldehyde concentration decreased by 20.7% and 33.3%, respectively, thus improving the indoor
air quality. Lastly, the annual electricity consumption of the building with vertical greening systems
was about 25% lower than that of similar buildings, underlining the potential contribution of vertical
greening systems to building energy conservation. Such findings collectively demonstrate that
greening systems offer quantifiable benefits for building parameters such as thermal properties,
indoor air quality, and energy conservation.

Keywords: vertical greening system (VGS); building green performance; real-time monitoring;
thermal environment; indoor air quality; energy conservation

1. Introduction

Augmenting the greenery of buildings has been demonstrated to critically mitigate
the adverse effects of global warming and rapid urban densification [1], such as the urban
heat island effect [2], diminished water availability [3], and deteriorating air pollution [4].
Infrastructural overcoats employing greening systems not only reduce the damage caused
by concrete buildings to the ecological environment but also restore damaged ecological
spaces [5]. However, as urban expansion and development continue unabated, the scale
of urban greenery has become increasingly subject to space constraints. While traditional
greening systems principally include on-site green squares and courtyards, a relatively
novel strategy in recent decades is vertical greening systems (VGSs), which hold promising
potential considering their convenience and spatial compactness [6].

VGSs comprise three categories: green walls (GWs), green facades (GFs), and living
wall systems (LWSs). Apart from diversifying architectural landscapes, the benefits of VGSs
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are threefold: they improve indoor thermal comfort, promote air purification and removal
of pollutants, and enable energy savings for the cooling and heating of buildings [1].

1.1. Improving Indoor Thermal Comfort

Notably, VGSs provide passive indoor and outdoor cooling without occupying valu-
able urban land space, thus mitigating thermal environmental deterioration in contem-
porary urbanised settings. The cooling and heating performances of VGSs for buildings
have been widely reported in previous studies [7] via different methods (empirical and
simulated) [8]. In one study, VGSs were experimentally found to improve indoor thermal
environments and lessen the use of air conditioning in summer [9]. In another study on the
effects of different plants on cooling air internally and externally, VGSs were experimentally
shown to reduce air temperatures by at least 1.0 ◦C in summer as compared to bare build-
ings [10]. Such empirical findings have been corroborated by simulation-based research: a
virtual EnergyPlus model based on thermal-balance principles found that simulated VGSs
lowered external surface temperatures of building walls in summer [11].

More specifically, some studies have increasingly focused on unconditioned buildings
with greenery for summer periods. Investigations of a vegetation layer in a continental
Mediterranean climate during summer found that the layer decreased the indoor dry bulb
temperature by 4.0 ◦C on average [12]. Another study compared the thermal environments
of chambers with and without an LWS, reporting that the indoor dry bulb temperature of
the chamber with the LWS decreased by 1.1 ◦C during summer [13]. Additionally, evidence
has demonstrated that indoor dry bulb temperatures in an unconditioned building could
be diminished by 0.6 to 1.2 ◦C using VGSs [7].

The impacts of VGSs on indoor thermal environments vary critically with seasons [14].
However, to the best of our knowledge, few studies have hitherto investigated such impacts
during transition seasons.

1.2. Promoting Air Purification and Removal of Pollutants

More than 80% of humans’ time is spent indoors [1], and indoor air is at least twice as
polluted as outdoor air, with consequent health risks from long-term exposure to indoor
air pollution [1]. These findings have thus led to demands for improvements in indoor
air quality (IAQ). Against this background, experimental results have demonstrated the
utility of indoor greening in reducing indoor CO2 concentrations, mould spores, and
particulate matter [15]. Research on pollutant reduction using VGSs can be divided into
three categories: theoretical, experimental, and model-based. Theoretical and experimental
studies examine the physical factors that govern the capture of pollutants by plants, such
as the built environment, plant morphology, and leaf area index. Findings from such
studies can then be employed to validate any proposed modelling of plant-mediated
pollutant reduction.

In this context, some theoretical and experimental findings from the literature have
suggested that plants with trichome leaves are effective particulate-matter filters [16]. Fur-
thermore, most particulate pollutants removed by plants have larger sizes [17]. A minority
of particulate pollutants have small sizes [18]. Ysebaert et al. [19] simulated the mechanism
underlying particulate-matter deposition and the influence of vegetation characteristics
on this process, suggesting the potential of VGSs for the removal of particulate matters.
Feng [20] established a VGS model for indoor air purification to quantify the total capture
of NO2, SO2, O3, and PM10. The authors adopted the experimental results for an average
green roof as their validation data [21]. An overview of the different modelling techniques
has been put forward in [22]. In general terms, it is necessary to develop more models
that quantify VGS-mediated air-pollution reductions in terms of both particulate-matter
uptake and adsorption of gaseous pollutants from atmospheric air. However, it should
be recognised that few experiments have been conducted on indoor pollutants, since it is
unclear whether the scale of greening critically governs the air-cleaning potential per unit
area [23].
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1.3. Enabling Energy Savings in the Cooling and Heating of Buildings

VGSs not only improve thermal comfort but also reduce energy consumption arising
from refrigeration [24–28]. In some studies, VGSs were modelled as a single thermal
resistance added to a building envelope [29]; upon calculation of the thermal resistance
from the thermal conductivity and the thickness of each component (including the plants),
the VGSs were found to enable energy savings of 26.9% [30]. In another study, the VGS
registered energy savings of 58.9% in buildings [8]. Further experimental evidence has also
been reported for summers. A Hong Kong-based study on potential energy savings for
cooling over the summer reported total savings of 134 kWh, which represented annual
savings of 15.8% [31]. Notably, researchers in another study adopted their own experimental
set-up to determine energy savings with VGSs, demonstrating substantial energy reductions
in summer months [32].

A literature review [1] found that less attention has been paid to the impacts of VGSs
on indoor environments than those on energy performances. It is crucial to recognise that
indoor environments govern not only residents’ health but also energy consumption [33].
Furthermore, such effects of VGSs have rarely been examined in the context of real buildings
due to the lack of relevant data for such buildings and the complex interplay between
these effects. Additionally, existing studies have largely focused on such environments
during summer but not in transition seasons. However, weather fluctuations during
transition seasons typically induce severe oscillations and alterations in indoor thermal
environments, causing human discomfort, short-cycling of air-conditioning systems, and
switching between heating and cooling demands. It is thus significant to investigate indoor
thermal environments in transition seasons.

1.4. Research Gaps and the Aim of the Study

Most existing VGS-related studies were based on experiments or simulations and
only focused on a number of indicators in a single field. To the best of our knowledge,
few studies have examined all three of the abovementioned benefits of VGSs in actual
buildings. Against this background, this study examined external and indoor VGSs in actual
building operations with the aim of analysing whether VGSs would enable quantifiable
improvements in the indoor thermal environments of buildings, indoor air quality, and
energy conservation.

It is worth noting that this research was based on an actual operational building under
the influences of complex factors, and the experimental measurements might not have
been as rigorous as laboratory-based ones. However, quantitative case studies on the
real-time monitoring and energy consumption of building operations are necessary to
provide insights into the actual effects of VGSs on building green performances.

To this end, the following research questions were formulated:

(1) What are the differences in the indoor thermal environment and the air quality
between a room with VGSs and a room without VGSs?

(2) Do VGSs contribute to energy conservation in actual building operations?

2. Materials and Methods
2.1. Project Information

The geographical site of interest in our study, Hengtang River Wetland Park in
Changzhou City (Figure 1A), is located in the centre of the Yangtze River Delta (Figure 1B),
one of the regions in China with the most widespread implementation of green buildings.
Changzhou is located in a hot summer and cold winter climate zone. It is further charac-
terised by a humid monsoon climate, four distinct seasons, simultaneous rain and heat,
and sufficient sunlight. Statistical data from the Changzhou Meteorological Bureau showed
that the average annual temperature in Changzhou from 1952 to 2021 was 16.1 ◦C. The
Changzhou Ecological Environment Bulletin 2021 reported a total of 279 days with good
air quality in the urban area of Changzhou in 2021, and the rate of good air quality was
76.4%. Within the Yangtze River Delta region, green building areas have grown by over
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200 million square meters annually in recent years, exceeding 2 billion square meters at the
end of 2021 [34].
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The roof and exterior-wall thermal insulation materials used in the project are made of
expanded polystyrene (EPS) boards. The heat transfer coefficients for the roof and exterior
wall are 0.39 W/(m2·K) and 0.63 W/(m2·K), respectively. The outer windows employ
three layers of glass and heat-insulating metal profiles, with the heat transfer coefficient
reaching 1.8 W/(m2·K) in the east and 2.1 W/(m2·K) in the other directions. On this
basis, the thermal performance of the enclosure conforms to the relevant provisions from
energy-saving design standards. The air conditioning system used in the project employs
variable refrigerant volume (VRV) technology, and the integrated part load value (IPLV)
is above 7.0. In order to save energy, LED light sources are used in the building, while
centralized control, zoning control, and induction control measures are adopted for public
area lighting.

The building of interest in this study has two floors with an area of 4334.71 m2, includ-
ing 3952.86 m2 overground and 381.85 m2 underground. First completed and put into use
in 2019, it has primarily been used for offices (2204.07 m2) and exhibition halls (1748.79 m2).
A Chinese three-star green-building design label was awarded to this building in 2017
(Figure 1C), followed by a three-star green-building operating label in 2021 (Figure 1D)
(three stars is the highest level in the Chinese assessment standard for green buildings).

In our experimental set-up, VGSs were mounted on both the west exterior wall and
the interior atrium (Figure 2): the external VGS area measured 223 m2, while the indoor
one measured 132 m2. In this system, a paving-type flexible support was attached onto
the base wall alongside planting bags fixed to the wall surfaces (Figure 3). Anti-ultraviolet
planting-bag technology was adopted for the outdoor green planting wall that could reach
a service life exceeding 10 years under plant coverage. At the top of the green wall, a
root-irrigation pipe network was installed from which water would be released to infiltrate
the system layer by layer for plant growth, while a micro-control system was configured
for automatic irrigation.

Crucially, the VGS-mediated improvement of the building green performances was
supplemented with other purposes, such as enrichment of the spatial landscape, energy
conservation, environmental protection, and regulation of building microclimates. In our
investigations, long-term monitoring was designed by setting up multiple observation
points and comparing groups for data collection so as to quantitatively appraise the effects
of VGSs on building green performances.
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Sustainability 2023, 15, 4494 7 of 30
Sustainability 2023, 15, x FOR PEER REVIEW 8 of 32 
 

 
Figure 3. Vertical greening systems in this project. (A) Photo of the external VGS on the west fa-
cade, (B) photo of the indoor VGS in the interior atrium, (C) photos and structural drawing of 
planting bags in the VGS. 

Crucially, the VGS-mediated improvement of the building green performances was 
supplemented with other purposes, such as enrichment of the spatial landscape, energy 
conservation, environmental protection, and regulation of building microclimates. In our 
investigations, long-term monitoring was designed by setting up multiple observation 
points and comparing groups for data collection so as to quantitatively appraise the ef-
fects of VGSs on building green performances. 

2.2. Experimental Description 
The experiment spanned a 90 day period from 24 April to 22 July 2021 and took 

place in Changzhou in the hot summer and cold winter climate zone of China. Meas-
urements of the indoor thermal environment and air quality were taken at four testing 
points across the building interior space, which was divided into the office zone and ex-
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2.2. Experimental Description

The experiment spanned a 90 day period from 24 April to 22 July 2021 and took place
in Changzhou in the hot summer and cold winter climate zone of China. Measurements of
the indoor thermal environment and air quality were taken at four testing points across
the building interior space, which was divided into the office zone and exhibition zone
(Figure 4). Throughout the experiment, the office zone was operating from 7:00 a.m. to
7:00 p.m. on weekdays, whereas the exhibition zone was closed. Air conditioning systems
in the two zones operated independently, and the exhibition zone was kept in the free-
running mode without air conditioning.
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The four testing points were divided into two comparison groups to examine the
different aspects of the VGSs. In the office zone, rooms 210 (A1) and 212 (A2) were set as a
comparison group (group A) to analyse the effects of the external VGS. In the exhibition
zone, the exhibition hall (B1) and atrium (B2) were set as another comparison group (group
B) to evaluate the effects of the VGS on the IAQ in addition to thermal properties (Table 1).
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Table 1. Comparison group information and evaluation aspects.

Group ID Point
ID

Point
Location

Functional
Area

External
VGS

Indoor
VGS

Evaluation
Aspect

Group A A1 Meeting room 210,
2nd floor Office zone

× × Thermal
properties

A2 Meeting room 212,
2nd floor # ×

Group B B1 Exhibition hall,
1st floor Exhibition

zone
# × IAQ and

thermal
propertiesB2 Atrium × #

Note: # indicates that the room had a VGS. × indicates that the room lacked a VGS.

In the office zone, rooms A1 and A2 were both meeting rooms with identical areas
(75 m2). A questionnaire-based survey [35] was conducted to investigate the occupancy of
the rooms by office users. It was found that these meeting rooms were not frequently in use
(they were occupied for about only 10% of the time during the experiment). Since doors
and windows were closed for most of the time during the testing periods, their negligible
influences were not considered in this research. For both rooms, air conditioning was used
during summer but not during the transitional season. They both faced the west, and their
exterior walls were located on their western sides. In other words, the orientations, areas,
functions, and operation modes of A1 and A2 were similar; the crucial difference was that a
VGS was installed on the external wall face of A2 but not A1. The area of this external VGS
for A2 was 31.1 m2, accounting for 61.1% of its total exterior wall area. Accordingly, the
experimental set-up for group A focused on the effects of the external VGS on the indoor
thermal environment.

In the exhibition zone, the exhibition hall (B1) and atrium (B2) were analysed. No
exhibitions were held throughout the experiment, and the air conditioning was rarely
in use. B1 occupied an area of 364.8 m2, and its three exterior walls were, respectively,
east-, south-, and west-facing. The west exterior wall of B1 was covered by a VGS with an
area of 31.1 m2, accounting for 30.5% of its total exterior wall area. For B1, there was no
indoor greenery. In contrast, B2 occupied an area of 146.4 m2 and faced eastwards, with its
highest floor reaching 11.9 m (B2 was an elevated space). For B2, an indoor VGS (132.6 m2)
was mounted on the inner wall of the west side of its open stairs, and potted plants were
installed in groups on the steps of the stairs; there was no exterior greenery. In other words,
the scales, functions, and operation modes of B1 and B2 were similar. The crucial difference
related to the presence or absence of an indoor VGS. Accordingly, the experimental set-up
for group B focused on the effects of the indoor VGS on the IAQ. Another less crucial
difference related to the presence or absence of an external VGS. However, given the low
coverage ratio of the external VGS of B1, the data on the indoor thermal environment of
group B did not represent our principal focus, although they were analysed.

2.3. Data Processing
2.3.1. Measuring Indicators

Indoor environmental indicators (IEQs) encompass parameters such as thermal as-
pects, IAQ, lighting, and acoustics, for which evaluation methods may include objective
physical measurements and subjective occupant surveys. For the Changzhou green build-
ing exhibition gall, seven IEQs were measured using Internet of Things (IoT) monitoring: air
temperature, relative humidity, PM2.5, PM10, TVOC, CH2O, and CO2. The range, accuracy,
and other performance specifications of the sensors are detailed in Table 2.
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Table 2. List of monitoring indicators with their performance specifications and application areas.

Parameter Measurement
Range Resolution Accuracy Indoor

Monitor
Outdoor
Monitor

Air temperature (TEMP) −40 ◦C~+120 ◦C 0.1 ◦C ±0.5 ◦C (25 ◦C) # #
Relative

humidity (RH) 0% RH–100% RH 0.1% RH ±3% RH (60% RH, 25 ◦C) # #

Particulate matter 2.5 (PM2.5) 0–1000 µg/m3 1 µg/m3 ±10% # #
Particulate matter 10 (PM10) 0–1000 µg/m3 1 µg/m3 ±10% # #

Total volatile organic
compounds (TVOC) 0–60,000 µg/m3 1 µg/m3 ±8% FS ± 125 µg/m3 # ×

Formaldehyde (CH2O) 0–1.50 mg/m3 0.01 mg/m3 ±5% FS # ×
Carbon dioxide (CO2) 0–5000 ppm 1 ppm ±40 ppm ± 3% FS # ×

Note: # indicates that the parameter was monitored. × indicates that the parameter was not monitored.
1 ppm = 0.001‰. FS, full scale.

A type of multi-in-one IEQ monitoring device (Figure 5A,C) was adopted in which
sensors for the above seven IEQs were integrated into one consolidated box. An outdoor
weather station (Figure 5B) was also used to monitor the atmospheric environmental
indexes outdoors. The monitoring equipment for the indoor and outdoor environments is
detailed in Table 2.
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2.3.2. IoT-Based Environmental Monitoring Platform

An IoT-based environmental monitoring platform was established that comprised
sensor-monitoring terminals, a data-transmission system, and a back-end management
system. Multi-point high-precision sensors were used to collect real-time environmental
data, and IoT technologies were combined to achieve dynamic storage of data locally and
in the cloud synchronously. The monitoring terminals used in this case integrated multiple
sensors, including data for the IAQ and from the outdoor multi-functional weather station.
Through the MQTT protocol, such terminals dispatched monitoring data at 5 min intervals
to the back-end management system, which then managed the project equipment and
queries and exported and analysed the data (Figure 5D).

2.4. Data Analysis
2.4.1. Statistical Analysis

The average values and trends for air temperature, relative humidity, and air quality
were evaluated using curves to explain their behaviours under the influence of VGSs in
groups A (A1 and A2) and B (B1 and B2). Moreover, the distributions of the IAQ indexes in
group B were evaluated through box diagrams.

2.4.2. Thermal Comfort

Indoor thermal comfort was evaluated with an established method from ISO 7730 [36].
In this context, the PMV is an index that predicts the mean value of the votes on thermal
sensation (self-reported perceptions) of a group of people. It uses a scale from −3 to +3 for
thermal sensations: cold (−3), cool (−2), slightly cool (−1), neutral (0), slightly warm (1),
warm (2), and hot (3). The PMV is calculated according to the thermal balance of the human
body, which can be derived by estimating the rate of human metabolism and insulation due
to clothing. Several environmental parameters are also required: air temperatures, radiant
temperatures, air speeds, and humidity. In contrast, the PPD is an index that quantitatively
predicts the percentage of thermally dissatisfied people as determined from the PMV.

The PMV can be calculated based on Equations (1)–(4):

PMV = [0.303× exp(−0.036M) + 0.028]
×
{
(M−W)− 3.05× 10−3[5733− 6.99(M−W)− pa]

−0.42× [(M−W)− 58.15]− 1.7× 10−5M(5867− pa)

−0.0014M(34− ta)− 3.96× 10−8fcl

[
(tcl + 273)4 − (tr + 273)4

]
−fclhc(tcl − ta)}

(1)

tcl = 35.7− 0.028(M−W)

−Icl

{
3.96× 10−8fcl

[
(tcl + 273)4 − (tr + 273)4

]
+ fclhc(tcl − ta)

} (2)

hc =

{
2.38|tcl − ta|0.25 for 2.38|tcl − ta|0.25 > 12.1

√
var

12.1
√

var for 2.38|tcl − ta|0.25 < 12.1
√

var
(3)

fcl =

{
1.00 + 1.290Icl for Icl ≤ 0.078 m2·K/W
1.05 + 0.645Icl for Icl > 0.078 m2·K/W

(4)

where M is the metabolic rate in watts per square meter (W/m2); W is the effective mechan-
ical power in watts per square meter (W/m2); Icl is the clothing insulation in square meters
kelvin per watt (m2·K/W); fcl is the clothing surface area factor; ta is the air temperature in
degrees Celsius (◦C); tr is the mean radiant temperature in degrees Celsius (◦C); var is the
relative air velocity in meters per second (m/s); pa is the water vapour partial pressure in
pascals (Pa); hc is the convective heat transfer coefficient in watts per square meter kelvin
(W/(m2·K)); and tcl is the clothing surface temperature in degrees Celsius (◦C).
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Based on the PMV value determined, the PPD was calculated using Equation (5):

PPD = 100− 95 exp
(
−0.03353·PMV4 − 0.2179·PMV2

)
(5)

2.4.3. Thermal Inertia

To further examine the effects of the VGSs on building thermal performances, the
thermal inertia index of the reference group was analysed [37]. Detection of a delay in
the comprehensive thermal inertia study of a given building indicates the response of the
indoor air temperature under the joint influences of various factors. It is manifested as the
delay between the peak and valley times for the indoor and outdoor air temperatures. This
parameter reflects the hysteresis of air temperature waves: a larger value implies a greater
delay in the air temperature waves and, hence, greater comprehensive thermal inertia for
the building.

ϕmax = ϕmax,in −ϕmax,out (6)

ϕmin = ϕmin,in −ϕmin,out (7)

where ϕmax is the maximum delay time, H; ϕmin is the minimum delay time, H; ϕmax,in
is the time with the maximum indoor air temperature, H; ϕmax,out is the time with the
maximum outdoor air temperature, H; ϕmin,in is the time with the minimum indoor air
temperature, H; and ϕmin,out is the time with the minimum outdoor air temperature, H.

When studying the comprehensive thermal inertia of buildings, the ratio of the dif-
ference between the maximum and minimum indoor air temperatures to the difference
between the maximum and minimum outdoor air temperatures represents the coefficient
of air temperature attenuation. A larger value for this parameter signifies smaller wave
attenuation for indoor air temperatures and, hence, lower comprehensive thermal inertia
for the building.

f =
Tmax,in − Tmin,in

Tmax,out − Tmin,out
(8)

where Tmax,in is the maximum indoor air temperature, ◦C; Tmin,in is the minimum indoor
air temperature, ◦C; Tmax,out is the maximum outdoor air temperature, ◦C; and Tmin,out is
the minimum outdoor air temperature, ◦C.

3. Results
3.1. Thermal Environment

The effects of external and indoor greening on the thermal properties of the building
were comparatively analysed. In group A, the external VGS was mounted in A2 but not
A1; in group B, the indoor VGS and potted plants were mounted in atrium B2 but not
the exhibition hall (B1). The paired rooms in both groups had similar space-usage modes,
including personnel density, ventilation times, and fresh air system operation times. Two
indicators (air temperature (Temp) and relative humidity (RH)) were measured using
IoT-based outdoor and indoor monitoring from 24th April to 22nd July, spanning both
spring and summer over a period lasting 90 days (2160 h). Raw data were pre-processed
for this study, and the resultant data were then averaged by hour.

3.1.1. Outdoor Weather

During our case study, the average outdoor Temp was 25.3 ◦C (maximum: 37.0 ◦C;
minimum: 14.2 ◦C), whereas the average RH was 64.6% (maximum: 100%; minimum:
23.3%) (Figure 6A,B). It is important to note that Changzhou belongs to the northern
subtropical marine climate region, which has a mild climate, abundant rainfall, and distinct
seasonality. Late spring and early summer in the region are known as the plum rain seasons
and characterised by pronounced RH, while midsummer is hot and rainy. According to the
standard from China’s Climate Season Classification [38], outdoor air temperatures in the
transition seasons range from 10.0 to 22.0 ◦C. The arrival of summer is typically marked by
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five consecutive days during which the average outdoor air temperatures exceed 22.0 ◦C.
In this context, the meteorological switch date (S-DAY) from spring to summer in 2021
was 26 May (Figure 6C), which was close to 22 May; i.e., the historical average date for
Changzhou entering summer.
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3.1.2. Indoor Air Temperature

The indoor and outdoor air temperatures of groups A and B during the experiment
are shown in Figure 7. The average values for A1 (without a VGS) and A2 (with a VGS) in
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the transition season were, respectively, 22.8 ◦C and 22.1 ◦C, while those in summer were
26.9 ◦C and 27.1 ◦C (Figure 7A). As a result of the heat insulation capacity of the VGS, the
average air temperature of A2 in the transition season was 0.7 ◦C lower than A1 and 2.5 ◦C
higher than outdoors. Conversely, the average air temperature of A2 in summer was 0.2 ◦C
higher than that of A1. The reason was that indoor air conditioning was in operation in
summer, and the indoor air temperatures were thus unaffected by the building envelope.
Accordingly, the indoor thermal environment of group A in summer will not be further
analysed in this paper.
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The average values for B1 (with an external VGS) and B2 (with an indoor VGS) in the
transition season were, respectively, 19.8 ◦C and 20.2 ◦C, and those in summer were 25.4 ◦C
and 26.0 ◦C (Figure 7B). As a result of the heat insulation capacity of the VGS, the average
air temperature of B1 in the transition season was 0.4 ◦C lower than that of B2 and that in
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summer was 0.6 ◦C lower. These comparative findings demonstrate the indoor cooling
effect exerted by the VGS.

Further analysis revealed that the oscillations in the indoor air temperatures in A1 and
A2 in the transition season were less substantial than those in the outdoor air temperatures.
For the two rooms, the oscillation amplitude in A2 was smaller than that in A1. Throughout
the test period, the oscillations in indoor air temperatures in B1 and B2 were much less
substantial than those in outdoor air temperatures. The oscillation amplitudes in B1 and B2
were similar. This suggested that the external VGS effectively reduced the oscillations in
indoor air temperatures and improved the indoor thermal environment. However, there
was no evidence that the indoor VGS outperformed the external VGS in reducing indoor
air temperatures and mitigating indoor oscillations.

Since the site of interest was a three-star green building, the overall thermal perfor-
mance of the building envelope was optimal, as inferred from the following heat transfer
coefficients: roof—0.4 W/(m2·K); external wall—0.6 W/(m2·K); and external window—
1.8 W/(m2·K). Moreover, the site has adopted judicious adjustable sunshade measures. On
this basis, the oscillations in the air temperatures at the measuring points with the external
VGS were smaller than those without it. This highlighted that, given an enclosed structure
with the same thermal performance, additional external VGSs could further optimise the
indoor thermal environment. As exemplified by group A, given building envelopes with
the same performances, the installation of a VGS could further diminish the ranges of the
oscillations in the indoor air temperatures by 8.44%.

3.1.3. Indoor Relative Humidity

The indoor relative humidity (RH) of the rooms in groups A and B during the experi-
ment (Figure 8) was critically governed by the climate of Changzhou, which is characterised
by dry springs, humid plum rain seasons, and hot and rainy summers. Outdoor RH was
found to fluctuate dramatically. During the transition season, the outdoor RH in spring,
averaging 54.0%, was lower than the indoor average RH by about 7.8%. Conversely, during
summer, the outdoor RH, averaging 71.1%, was higher than the indoor RH by about 3.5%.

Table 3 outlines the indoor and outdoor average RH levels in spring and summer for
groups A and B, as well as the difference between the average RH levels in spring and
summer (∆RH). The results appeared to parallel the trend for air temperatures (see above),
in that the ranges of the oscillations in the indoor RH were generally smaller than those
for the outdoor RH. The outdoor ∆RH value reached 16.9%, whereas the four indoor ∆RH
values were all below 9.0%. The ∆RH for A2 (with an external VGS) was 2.5% lower than
that for A1, while the ∆RH for B2 (with an indoor VGS) was the lowest among the four
indoor points. It was noteworthy that the range of oscillations in the RH for B2 (non-air
conditioned) in summer was even smaller than that for group A (air conditioned). Such
findings suggested that the indoor and external VGSs could stabilise the indoor RH, with
indoor greening exerting a more pronounced effect.

Table 3. The average seasonal RH and the difference in RH between seasons.

Point ID Spring Average RH (%) Summer Average RH (%) ∆RH (%)

A1 60.1 69.0 8.9
A2 63.1 69.5 6.4
B1 62.0 67.0 5.0
B2 61.8 65.1 4.3

Outdoor 54.0 71.1 16.9
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3.2. Indoor Air Quality

The effects of indoor greening on indoor air quality (IAQ) were comparatively anal-
ysed. In group B, the indoor VGS and potted plants were installed in the atrium (B2),
whereas the exhibition hall (B1) had no indoor greenery. Both rooms in group B had similar
space usage modes, including personnel density, ventilation times, and fresh air system
operation times. Five IAQ indicators (PM2.5, PM10, CO2, TVOC, and CH2O) were measured
through IoT-based monitoring from 24 April to 22 July (Figure 9). For concentrations of
PM, both indoor and outdoor monitoring data were obtained; for concentrations of CO2
and organic pollutants, only indoor data were obtained.
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3.2.1. Particulate Matter

PM2.5 refers to particulate matter with a diameter measuring less than 2.5 microns,
originating from combustion of fossil fuels, vehicle exhausts, decoration dust, and kitchen
smoke. PM10 refers to particulate matter with a diameter measuring no greater than
10 microns, originating from road dust, construction dust, and coal dust. Studies have
shown that greening induces an adsorption effect for PM2.5 and PM10 [23]. Due to window
ventilation, more sizeable particulate matter contributes to a greater horizontal force,
resulting in its more rapid movement compared to smaller particulate matter. In this study,
the implication was that the more sizeable particulate matter rapidly moved outdoors,
while particulate matter with a smaller diameter remained indoors. Thus, in general, indoor
PM2.5 concentrations were higher than outdoor ones, while indoor PM10 concentrations
were lower.

Our experimental results showed that the range of oscillation in PM2.5 in B2 was
3.0~94.5 µg/m3 (average: 33.3 µg/m3), while that of PM10 in B2 was 3.0~100.0 µg/m3

(average: 38.8 µg/m3). However, the range of PM2.5 in B1 was 4.5~103.5 µg /m3 (aver-
age: 39.9 µg/m3), while that of PM10 in B1 was 4.5~111.5 µg /m3 (average: 46.1 µg/m3)
(Figure 9A,B). As the whole, the variations in indoor PM2.5 and PM10 concentrations cor-
responded consistently with the outdoor variations. The average concentration of indoor
PM2.5 in B1 and B2 was higher than that of outdoor PM2.5 (respectively, 7.3 µg/m3 and
0.7 µg/m3). In contrast, the average concentration of indoor PM10 was lower than that of
outdoor PM10 (respectively, 6.4 µg/m3 and 13.7 µg/m3). Further comparative analysis of
B2 (with an indoor VGS) and B1 (without an indoor VGS) demonstrated the role of the VGS
in lowering the average PM2.5 concentration by 16.5% and the average PM10 concentration
by 15.8%.

3.2.2. Carbon Dioxide

CO2 is produced from the combustion of coals, oil, natural gases, and other chemical
fuels. In addition, humans, animals, and plants exhale CO2 as part of their metabolism. CO2
can be absorbed by green plants in exchange for O2 through photosynthesis, maintaining
the atmospheric carbon–oxygen balance.

Our experimental results showed that the CO2 concentration in B2 ranged from 366.0
to 516.0 ppm (average: 422.6 ppm), while that in B1 ranged from 369.0 to 536.0 ppm
(average: 433.0 ppm) (Figure 9C). Comparative analysis of B2 (with an indoor VGS) and B1
(without an indoor VGS) demonstrated the role of the VGS in lowering the average CO2
concentration by 2.4%, highlighting its utility in improving the IAQ.

3.2.3. Organic Pollutants

Indoor air pollutants primarily comprise CH2O, NH3, Rn, C6H6, and TVOC and origi-
nate from various decoration materials and furniture. Studies have shown that greening
can be applied in air purification [17]. Specifically, our research focused on the monitoring
of the indoor CH2O and TVOC concentrations in B1 and B2. Our experimental results
showed that the TVOC concentrations in both rooms were similar: the average values of
172.1 and 167.2 µg/m3 differed by 2.8% (Figure 9D).

However, the CH2O concentrations differed markedly between the rooms. The varia-
tions in B1 ranged from 0 to 0.07 mg/m3 (average: 0.013 mg/m3), while those in B2 ranged
from 0 to 0.03 mg/m3 (average: 0.006 mg/m3) (Figure 9E). Comparative analysis of B2
(with an indoor VGS) and B1 (without an indoor VGS) demonstrated the role of the indoor
VGS in lowering not only the average CH2O concentration by 53.8% but also the range of
oscillations in the CH2O concentration by 57.1%.
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4. Discussion

Based on the various indicator monitoring data, this section discusses the effects of
greening systems on indoor thermal comfort, indoor thermal inertia, IAQ, and building
energy consumption in relation to different variables (types of rooms, types of indicators,
and time). Here, the analysis of the thermal environment revolves around only the data
for group A during the transitional season (from 24 April to 25 May), while the analysis
of the indoor pollutants revolves around only the data for group B during the transition
season and summer (from 24 April to 22 July). The corresponding evaluative parameters
for indoor variables were as follows: indoor thermal comfort (predicted mean vote (PMV)
and predicted percentage of dissatisfaction (PPD)); indoor thermal inertia (fluctuations
in indoor air temperatures and delay times); IAQ (fluctuation ranges and medians of the
concentrations of five air pollutants); and building energy consumption (monthly electric-
ity consumption and measurements of its three sub-items; i.e., air conditioning, lighting
and sockets, and special electricity). Lastly, this discussion also draws analytical infer-
ences from the comparison of the indicators, their correlations, and the causes underlying
the observations.

4.1. Impacts of VGSs on Indoor Thermal Comfort

The analysis of indoor thermal comfort involved rooms A1 (without an external VGS)
and A2 (with an external VGS) from group A during the transition season (from 24 April to
25 May). In the calculations in this research, the metabolic rate of a sedentary person in the
meeting room was set as 1.2 met (70.0 W/m2). The thermal insulation of clothing was set
at 0.75 clo. for the transition season, as suggested by the ASHRAE Standard 55–2017 [39].
Additionally, practical test results revealed that the measured air velocities were 0.2 m/s in
both rooms during the transition season.

The ranges of the oscillations in the PMV and PPD values for A2 were evidently
smaller than those for A1 (Figure 10). According to ISO 7730 [36], a given indoor thermal
environmental design can be defined with three categories (A–C), each of which prescribes
the range of PMV and the maximum PPD that should be achieved in the indoor thermal
environment. For category C, the indoor PMV should range from −0.7 to +0.7 and the PPD
should be lower than 15.0%.

Our results showed that, over the period spanning 768 h, A2 met the category C
criterion for 726 h (average PPD: 10.0%); however, A1 only met the criterion for 681 h
(average PPD: 12.0%). Such observations suggested that the external VGS could prolong
the period of indoor thermal comfort by 6.6% and mitigate thermal dissatisfaction by 2.0%
during the transition season in the absence of air conditioning. Furthermore, during the
daytime (from 7:00 a.m. to 7:00 p.m.), A2 met the category C criterion for 388 h and A1 for
347 h, suggesting that the external VGS could enhance daytime thermal comfort by 11.8%.
Collectively, these findings emphasised the crucial role of the external VGS in improving
indoor thermal comfort in the transition season, especially during the daytime. With the
employment of air conditioning systems for indoor thermal comfort, an external VGS could
also reduce their operation time by 6.6% for a building occupied for the whole day and
11.8% for a daytime-occupied building, translating into energy savings [40].
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4.2. Impacts of VGSs on Thermal Inertia

In order to minimize the potential impact of the interaction between the building
greening system and the ground [41,42], a comparison of the rooms in group B on the first
floor is not included in this section. Analysis of the thermal inertia involved a comparison
of the thermal indicators for A1 (without a VGS) and A2 (with VGS) in group A on the
second floor. Specifically, the aim of this study was to investigate the impact of VGSs on
thermal inertia. The VGSs were used to examine changes in thermal performances in the
transitional season when air conditioning was not in use from 24 April to 25 May. The air
temperatures of A1 were higher than those of A2, with the average air temperature of A1
being 0.5 ◦C higher than that of A2 (Figure 11).
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To examine daily variations in air temperatures and to illustrate the attenuation and
delay effects of the building envelopes, two typical days in spring were selected: 27 April,
a cloudy day with 0 sunshine hours; and 9 May, a sunny day with 12 sunshine hours.
The air temperatures in A1 and A2 exhibited similar variation trends, alongside evident
attenuation and delay effects compared to outdoor air temperatures (Figure 12).
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While the average outdoor air temperature on 27 April was 17.3 ◦C, the air tempera-
tures of A1 and A2 were higher (respectively, 21.2 ◦C and 20.6 ◦C). In contrast, while the
average outdoor air temperature on 9 May was 27.5 ◦C, the air temperatures of A1 and A2
were lower (26.2 ◦C and 25.8 ◦C). More specifically, A2 outperformed A1 in terms of thermal
protection and heat insulation from the outdoor environment because of the presence of
the VGS. These differential findings highlighted the thermal insulation provided by the
building envelopes and the VGS, using which indoor air temperatures could be decreased
by nearly 1.0 ◦C.

To analyse the effects of the VGS on the thermal inertia index, the delay time and
the thermal attenuation coefficient for group A from 24 April to 25 May were calculated.
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The delay time for A2 was found to be larger than that for A1 (Figure 13). Moreover, the
average values for the delay time (ϕ_max/H and ϕ_min/H) and attenuation coefficient (f)
for group A (Table 4) offer corroborating evidence for the above conclusions. The average
thermal attenuation coefficient for A2 was 19.5% larger than that for A1. Additionally, the
average delay time for A2 was 41.0% greater than that for A1. In summary, A2, which had
the greening façade, registered greater thermal inertia, underlining that the VGS could
effectively improve the thermal inertia of the building envelope.
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Table 4. Average values for the thermal inertia indexes for comparison group A.

Group ID Point ID Average f Average
ϕ_max/H

Average
ϕ_min/H

Group A A1 0.87 1.66 1.56
A2 0.70 2.95 2.20

4.3. Impacts of VGSs on Indoor Air Quality

The analysis of the IAQ involved a comparison of the data-monitoring results for
five indicators (PM2.5, PM10, CH2O, TVOC, and CO2) for B1 (with an external VGS but
no indoor VGS) and B2 (with an indoor VGS and potted plants) in group B (Table 5).
Firstly, inspection of the box plots (Figure 14) revealed that, for both PM2.5 and PM10, the
maximum, minimum, and median values for room B2 were lower than those for room B1
(Figure 14A,B), suggesting that the indoor VGS and potted plants substantially promoted
adsorption of and reductions in indoor particulate matter. The median indoor PM2.5 was
higher than that for outdoors, whereas the median indoor PM10 was lower, which was
attributed to the different sources of indoor PM2.5 and PM10. Secondly, for TVOC, the
median monitoring value for B1 was 150.5 and that for B2 was 148.0 (Figure 14C); the
difference was thus insignificant. However, for CH2O, the ranges of the oscillations in B1
and B2 evidently differed: compared with the CH2O in B1, the maximum CH2O in B2
decreased by 61.5% and the median decreased by 33.3% (Figure 14D). These observations
demonstrated that indoor greening critically reduced CH2O but not TVOC. The reason
was that CH2O represents a single pollutant, whereas TVOC represents an aggregate of
different pollutants. In this context, the role of greening in lowering TVOC warrants further
investigation. Lastly, the median CO2 value of 421.0 ppm in B2 differed by about 2.4% from
the median CO2 value of 431.5 ppm in B1 (Figure 14E). This demonstrated the positive
effect of indoor greening in reducing indoor CO2 by photosynthesis. If indoor greening
could be further scaled up, CO2 would be reduced more substantially.
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Table 5. Indoor and outdoor air pollutant monitoring data analysis for comparison group B.

Index Point ID Minima Median Maxima

PM2.5 (µg/m3)
B1 4.50 39.00 103.50
B2 3.00 32.50 94.50

Outdoor 4.00 28.00 108.00

PM10 (µg/m3)
B1 4.50 46.00 111.50
B2 3.00 36.50 100.00

Outdoor 8.00 46.00 211.00

CO2 (ppm) B1 369.00 431.50 536.00
B2 366.00 421.00 516.00

TVOC (µg/m3)
B1 5.00 150.50 900.00
B2 3.00 148.00 846.00

CH2O (mg/m3)
B1 0.00 0.02 0.07
B2 0.00 0.01 0.03
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The critical roles of indoor greening in absorbing and reducing the five air pollutants
were demonstrated by the fact that, under the same experimental conditions, the values for
all five indicators for B2 were lower than those for B1. The most evident improvement was
noted for CH2O, underlining that indoor greening represents a simple but effective way
to reduce CH2O concentrations generated by indoor decorations [43]. Moreover, indoor
greening was found to more effectively lower the concentrations of larger particulate
pollutants than those of smaller ones: this was reflected by the decline in the median
PM2.5 and PM10 values for B2 by 16.7% and 20.7%, respectively, as compared to B1. Given
the predominantly outdoor origins of PM10 [22], there is a higher risk of an influx of
PM10 when the windows of buildings are opened for ventilation. In this context, indoor
greening could ensure that the concentrations of indoor large-particulate pollutants remain
at acceptable levels.

4.4. Energy Consumption

To analyse the energy savings in this research, actual energy-consumption data for one
year of the operation of the building were collected. The annual electricity consumption
of the site in this research in 2021 was 141,094 kWh, and the electricity consumption per
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unit area was 32.5 kWh/(m2·a). Since the exhibition zone was not fully operational, the
office zone (occupying about 55.0% of the building area) accounted for approximately
80.0% of the electricity consumption. The electricity consumption per unit area of the office
zone was calculated as 46.5 kWh/(m2·a). In accordance with the Standard for Energy
Consumption of Buildings GB/T 51161-2016 from the National Standards of the People’s
Republic of China, the energy-consumption index in this project was lower than both
the constraint value (70.0 kWh/(m2·a)) and the guide value (55.0 kWh/(m2·a)) for public
buildings in a hot summer and cold winter climate zone. Compared with the average
energy consumption of similar buildings (around 65.0 kWh/(m2·a)), the results from our
research could translate into energy savings of at least 25.0%.

In terms of the monthly power consumption and the sub-item analysis (Figure 15), the
power consumption in summer was evidently lower than that in winter. Furthermore, the
power consumption for air conditioners in the transition season was the lowest over the
year, especially in May, for which the power consumption was only 593.0 kWh.
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As the building was in use throughout the experimental period, numerous other
factors might have affected its energy consumption. Therefore, in contrast to experimental
buildings, the effects of greening systems on energy conservation in this operational build-
ing could not be accurately quantified. Nonetheless, the data overwhelmingly suggested
that the reduced energy consumption for air conditioning during the transition season and
summer contributed critically to the overall energy conservation achieved in the project.
Such findings collectively highlight the importance of the heat insulation and cooling effects
provided by greening systems for energy conservation.

5. Conclusions

In this study, the impacts of external and indoor vertical greening systems (VGSs) on
building green performances were investigated with a focus on the thermal environment,
indoor air quality, and energy consumption. Through real-time monitoring and data anal-
ysis of a green-certified building in Changzhou, China, numerous insightful conclusions
could be drawn as follows:
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(1) Through the use of the external VGS, optimisation of the indoor thermal environment
was observed in the comparison groups. In the presence of the VGS, the average
indoor air temperatures decreased by up to 0.7 ◦C in the transition season and by up to
0.6 ◦C in summer. Calculations further revealed that the external VGS could prolong
the period of indoor thermal comfort by 6.6%, mitigate thermal dissatisfaction by 2.0%
in the transition season, and shorten the operation time of air conditioning by up to
11.8%. Additionally, the room with a greening facade registered a greater thermal
inertia, and the increases in both the thermal attenuation coefficient (by 19.5%) and
the delay time (by 41.0%) demonstrated that the VGS could effectively improve the
thermal inertia of the building envelope;

(2) Analysis of the effects of the indoor VGS on the IAQ indicators revealed that lower
air-pollutant concentrations were obtained in the presence of the VGS. Improvements
were most pronounced for PM and CH2O. In the presence of the indoor VGS, the
median PM2.5 and PM10 concentrations declined by 16.7% and 20.7%, respectively,
while the median CH2O concentrations declined by 33.3%. Such findings attest to the
positive effects of indoor greening in absorbing and reducing air pollutants;

(3) Statistical analysis of the annual power consumption of the project revealed energy
savings of up to 25% for the building with the VGSs compared to similar buildings
without any VGSs. Moreover, the VGSs enabled a reduction in energy consumption
for air conditioning during the transition season and summer, underlining its role in
energy conservation.

Our research demonstrated that greening systems applied to building envelopes
and indoor spaces offer quantifiable benefits in terms of numerous parameters, including
thermal properties, indoor air quality, and energy conservation. It is thus envisioned that
VGSs could be integrated as a green strategy into architectural designs and urban planning
in order to optimise building green performances and regulate urban microclimates.

It is worth noting that this research was based on an actual operational building under
the influences of complex factors, and the experimental measurements might not have been
as rigorous as laboratory-based ones. However, the conclusions have both practical and
referential utility, especially regarding the effects of VGSs on actual operational buildings.

In our future work, the experimental design will be continuously optimized to min-
imize the interference of building operations on the experimental data. In addition, the
experiment will be implemented over a longer time period to cover all seasons, and investi-
gations of the interaction between the building VGSs and the surrounding environment,
including the ground and landscape greening system, will continue in order to study the
contributions of VGSs in a more comprehensive manner.

Author Contributions: Y.Y. and Y.L. were responsible for the overall conceptual design and the
development of the research methods. K.H., Z.W. and K.D. were responsible for the implementation of
the experiment, data analysis, and the writing of the manuscript. P.L. and X.S. was responsible for the
project administration. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Carbon Emission Peak and Carbon Neutrality Innovative
Science Foundation of Jiangsu Province: “The key research and demonstration projects of future
low-carbon emission buildings” (no. BE2022606).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request due to privacy. The data presented in this
study are available on request from the corresponding author. The data are not publicly available
due to the data is classified.

Acknowledgments: The authors are grateful for the support relating to translation and project
investigation provided by colleagues and friends.



Sustainability 2023, 15, 4494 28 of 30

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as potential conflicts of interest.

Nomenclature

Abbreviations PM2.5 particulate matter 2.5
IEQ indoor environmental quality PM10 particulate matter 10
VGS vertical greening system CO2 carbon dioxide
GW green wall MQTT message queuing telemetry transport
GF green facade
LWS living wall system Parameters
IAQ indoor air quality ϕmax the maximum delay time, H
IoT Internet of Things ϕmin the minimum delay time, H

RH relative humidity ϕmax,in
the time with the maximum indoor
air temperature, H

TVOC total volatile organic compounds ϕmax,out
the time with the maximum outdoor
air temperature, H

CH2O formaldehyde ϕmin,in
the time with the minimum indoor
air temperature, H

PMV predicted mean vote ϕmin,out
the time with the minimum outdoor
air temperature

PPD predicted percentage of dissatisfaction Tmax,in
the maximum indoor air
temperature, °C

EPS expanded polystyrene Tmin,in
the minimum indoor air
temperature, ◦C

VRV variable refrigerant volume Tmax,out
the maximum outdoor air
temperature, ◦C

IPLV integrated part load value Tmin,out
the minimum outdoor air
temperature, ◦C
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