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Abstract: Vertical greening systems, in addition to enhancing the aesthetic design of build-
ing facades, contribute to energy saving and carbon reduction. This study proposes a
simplified calculation method for the annual comprehensive carbon reduction potential of
vertical greening systems, considering both indirect carbon reduction and direct carbon
sequestration. The annual energy-saving potential of vertical greening systems was numer-
ically simulated using EnergyPlus 9.2.0 for a typical three-story office building in four cities
in different climate zones: Xi’an, Shanghai, Guangzhou, and Kunming. The potential of
indirect carbon reduction and that of direct carbon sequestration of the building for a full
year as a result of the vertical greening system in these areas were calculated. The results
show that vertical greening systems using Virginia creeper reduced annual building energy
consumption by 1.2%, 3.1%, 8.7%, and 4.0% in Xi’an, Shanghai, Guangzhou, and Kunming,
respectively. The impact was most significant in Guangzhou, where the air condition
period was the longest. When the leaf area index is 3, the indirect carbon reduction in
Guangzhou can reach 1105.45 kgCO2/a. In regions with higher summer air conditioning
energy consumption, the vertical greening system exhibits better indirect carbon reduction
potential. In Kunming and Guangzhou, where the growing season for creeper is longer,
the system shows higher total annual carbon sequestration. In Guangzhou, the vertical
greening system has the highest overall carbon reduction potential. The vertical greening
system provides significant carbon reduction benefits across all climate zones and can
strongly support the building industry’s efforts to achieve carbon neutrality.

Keywords: building facade; vertical greening system; energy consumption; carbon emission

1. Introduction
With the intensification of urbanization in China, the urban population is growing

rapidly, leading to a significant increase in urban building energy consumption [1]. Carbon
emissions during the operational phase of buildings dominate the construction industry,
with emissions reaching 2.21 billion tons in 2018, accounting for 21.7% of the country’s total
emissions [2]. Therefore, exploring various strategies for buildings [3,4] can help reduce
building energy consumption and carbon emissions, contributing to the achievement of
carbon neutrality. Among these strategies, building greening is one of the effective means
to reduce carbon emissions. By integrating buildings and greenery, vertical greening on
building facades can enhance architectural aesthetics and mitigate the negative impacts
of buildings.
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It is well known that building vertical greening can effectively alleviate environmental
issues such as air pollution, the urban heat island effect, and noise, while also optimizing the
thermal performance of the building envelope and significantly reducing building energy
consumption. Vertical greening has a long history and is at the forefront internationally.
Many countries have introduced a series of regulations and policies to encourage vertical
greening, leading to its development. A number of developed countries have made
substantial investments in vertical greening, resulting in many outstanding examples [5,6].

Many studies have shown that adding vertical greening systems can bring some
good effects to buildings [7]. In particular, it provides a significant cooling effect on
exterior walls during the summer, improving physical thermal comfort [8,9] and psycho-
logical thermal comfort [10,11], and enhancing occupants’ overall thermal comfort [12,13].
Susorova et al. [14] conducted experiments on four orientations of existing university build-
ings in Chicago, USA, comparing exposed facades with ivy-covered ones. They found that
the ivy-covered facades reduced surface temperatures by up to 12.6 ◦C. Liu et al. [15] per-
formed continuous field tests on rooms with and without vertical greening on west-facing
walls. They found that the room with vertical greening had an average air temperature of
1.8 ◦C lower than the room without it, significantly improving the indoor thermal environ-
ment. Morakinyo et al. [16] used the validated ENVI-met model to study the impact of
urban density on coastal greening’s cooling potential in Hong Kong. They concluded that
30–50% of the facade area needed to be greened to reduce both daytime and nighttime air
temperatures by 1 ◦C. This also helped improve pedestrians’ thermal comfort during the
day by at least one thermal comfort level.

In addition, vertical greening can reduce the energy consumption of building HVAC
systems [17,18], lowering carbon emissions during the building’s operational phase.
Li et al. [19] simulated the energy-saving effects of horizontal (roof greening) and vertical
greening in Ningbo using DesignBuilder. The results showed that certain combinations of
horizontal and vertical greening could reduce cooling loads by 8.8% and heating loads by
1.85%. Zhang et al. [20] proposed a method to simulate vertical greening using EnergyPlus
combined with additional heat source terms and an energy management system. Their
simulations in four typical cities in China’s hot summer and cold winter regions showed
that vertical greening reduced cooling loads by 11.7–18.4%. Karimi et al. [21] designed a
building on a university campus in temperate and humid areas. They simulated the energy-
saving effects of two methods using three different plant species to construct green walls.
Their study found that increased leaf density could reduce building energy consumption.
This shows that even for vertical greening, selecting the right plant species and construction
methods is essential. In any case, vertical greening reduces building energy consumption,
especially cooling loads during the summer, with up to 20% reduction [22–24].

In addition, vertical greening plants themselves have carbon sequestration abilities,
which can offset carbon emissions during the building’s operational phase [25–27]. The
main variables affecting the carbon sequestration capacity of plants are their species [28]
and leaf area index (LAI) [29]. Charoenkit et al. [30] compared the cooling effects and
carbon storage abilities of three types of vertical greening plants. They found that Cuphea
hyssopifola, which has the densest leaves, smallest leaf size, and woody stems, performed
the best in both aspects. Gratani et al. [31] found that plants with a high LAI were efficient
at sequestering CO2. However, some plants with smaller leaf areas could achieve the
same photosynthetic rate as broader-leaf plants by having a larger number of leaves. Thus,
selecting plant species with high carbon sequestration potential is a key research focus.

In summary, the existing vertical greening research often separates the carbon emis-
sion reduction of building energy conservation from the carbon sequestration of plants.
However, studies that combine these two aspects to assess the overall impact of vertical
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greening on carbon emissions are temporarily lacking. This is especially true for improving
the vertical greening design of building facades from a carbon emission perspective. Al-
though Yang et al. [32] quantified the total CO2 reduction of newly built intensive green
roofs through one year of carbon flux observation and building energy simulations, there
is still a lack of analysis on the comprehensive carbon reduction potential of vertical
greening systems.

Based on existing research, seen in Figure 1, this study proposes a simplified cal-
culation method for the comprehensive carbon reduction potential of vertical greening
systems. It analyzes the impact of different LAI conditions on building carbon emissions.
Section 2 presents a theoretical analysis and establishes models for energy-saving indirect
carbon reduction potential, photosynthetic direct carbon sequestration potential, and com-
prehensive carbon reduction potential. Section 3 includes a case study, with numerical
simulations for four typical cities. It outlines the physical model of the typical building, the
vertical greening system, the HVAC system, and the settings for the numerical simulation’s
meteorological parameters. Section 4 presents the results and analysis of energy-saving
potential, indirect carbon reduction, direct carbon sequestration, and comprehensive carbon
reduction for the vertical greening system in Xi’an, Shanghai, Guangzhou, and Kunming
under different LAI conditions. The section also discusses the limitations of the current
study and future research directions.
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2. Methods
Vertical greening reduces carbon emissions during a building’s operational phase

through both direct and indirect effects. First, vertical greening can reduce solar radiation
heat gain on walls by providing shading. Additionally, it changes the building’s thermal
parameters and, through transpiration, reduces heat transfer to the interior. This helps
lower the energy consumption of the building’s HVAC system. A reduction in operational
energy consumption directly leads to a decrease in carbon emissions during the building’s
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operational phase. Secondly, many vertical greening plants are climbing species. These
plants have characteristics such as high leaf density and extensive coverage, making them
highly effective at sequestering carbon. This carbon sequestration can offset the indirect
reduction in carbon emissions caused by energy savings in the building’s operation.

2.1. Calculation of Indirect Carbon Reduction Potential

The operational energy consumption of a building is primarily due to the HVAC
system. This includes heating and cooling loads from the building envelope, solar radiation
heat gain, fresh air ventilation load, as well as internal heat gains from occupants and
equipment. Among these, heat transfer through the external wall (Qw) is a significant
component of the building envelope heat load. It can be expressed as the product of the
thermal flux density through the wall and the surface area of the external wall as follows:

Qw = qw·Aw (1)

where Qw is the heat transfer of the exterior wall, W; Aw is the exterior wall surface area, m2.
Taking the wall as the research object, the heat balance equation of the vertical greening

exterior wall is established as follows:

qw = qs + qr + qc (2)

where qw, qs, qr and qc are, respectively, the heat conduction flow, solar radiation heat
flux, long-wave radiation heat flux, and convection heat flux of the exterior wall with
VGS, W/m2.

The heat transfer process of a typical exposed wall has been thoroughly studied, so it
is not repeated here. However, when a vertical greening system is applied to the external
wall, it will impact the heat transfer. Both the solar radiation heat flux and long-wave
radiation heat flux on the outer surface of the wall are affected by the portion of sunlight
that passes through the vegetation. The solar radiation heat flux (qs) can be expressed as
follows [13]:

qs = I·τVGS,t·αw (3)

where I is total solar radiation intensity, W/m2; τVGS,t is the transmittance for the total solar
radiation of the VGS; and αw is the solar radiation absorbance of the exterior wall surface.

Equation (3) is used to calculate the qr [13]:

qr = εw

(
Il ·τVGS,l + εVGS·σ·T4

VGS − σ·T4
w

)
(4)

where εw and εVGS are the emittances of the exterior wall and VGS, respectively; Il is the
incident long-wave radiation, W/m2; τVGS,l is the transmittance for the long-wave radiation
of the VGS; σ is the Stephen-Boltzmann constant; and TVGS and Tw are, respectively, the
thermodynamic temperature of the VGS and the wall, K.

Equation (5) is used to calculate the qc:

qc = hw(ta − tw) (5)

where hw is the convective heat transfer coefficient of the exterior wall, W/m2·K; ta is the
outdoor air temperature, ◦C; tw is the exterior wall surface temperature, ◦C.

Compared to an exposed wall, a wall with a vertical greening system reduces heat
transfer into the interior. This reduction in heat helps alleviate the burden on the HVAC
system. Vertical greening systems contribute to lowering energy consumption during the
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building’s operational phase and reducing carbon emissions. The energy savings from the
vertical greening system can be calculated using the following equation:

∆Q = Qw,e − Qw,VGS (6)

where ∆Q is the energy savings of the exterior wall with VGS, W; Qw,e is the heat transfer
of exposed exterior wall, W; and Qw,VGS is the heat transfer of exterior wall with VGS, W.

When the HVAC system uses electricity as the energy drive, the indirect carbon
reduction can be calculated by Equation (7):

JCO2 =
∑ ∆Q
EER

TELE (7)

where JCO2 is the indirect carbon reduction of VGS, kg/a; Σ∆Q is the total annual energy
savings through the vertical greening system, kWh/a; EER is the energy efficiency ratio of
the HVAC system; and TELE is the carbon emission factor of the power system, kgCO2/kWh.

From Equations (3) to (5), it is clear that the vertical greening system affects the heat
transfer in all three components mentioned above. Specifically, τVGS, t, εVGS, and hw

are closely related to the type of vertical greening, LAI, photosynthesis, and transpiration.
Building thermal processes are complex, and their heat balance equations are numerous and
difficult to solve. Therefore, directly solving for the impact of a vertical greening system on
building energy consumption is nearly impossible. Many studies have explored simplified
modeling methods for the thermal performance of vertical greening systems [7,20]. In this
study, we draw upon previous research and also employ a simplified thermal performance
modeling approach for numerical simulation.

2.2. Calculation of Direct Carbon Sequestration Potential

Plants absorb carbon dioxide and release oxygen through photosynthesis, thereby
sequestering carbon. The carbon sequestration process in plants is complex and highly
variable, significantly influenced by environmental factors. Quantifying the carbon seques-
tration capacity of plants through theoretical calculations is challenging.

Current research on quantifying plant carbon sequestration primarily focuses on
two methods: measuring carbon sequestration benefits and measuring carbon storage.
Both methods typically rely on estimation. One of the most commonly used estimation
methods is the photosynthetic rate method. This involves measuring the instantaneous
CO2 concentration and moisture content in and out of the plant leaves using instruments.
The plants’ carbon sequestration is then calculated by multiplying the leaf area by the net
photosynthetic rate per unit time. By measuring the CO2 concentration and moisture in
the leaves, the net assimilation rate per unit leaf area over a certain period is obtained.
Using the LAI, the daily CO2 fixation per unit land area is calculated. Finally, the total CO2

fixation over a period is determined using the leaf coverage, effective photosynthesis time,
and area.

Assuming that the external wall is completely covered by the vertical greening system,
excluding the windows, the formula for calculating the annual carbon sequestration of
vertical greening plants is as follows:

GCO2 = QCO2 ·T·Aw (8)

where GCO2 is the annual carbon sequestration of VGS, kgCO2/a; T is the number of days of
active photosynthesis in one year, day; Aw is the exterior wall surface area except window,
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m2; and QCO2 is the daily carbon sequestration of plants per unit area, kgCO2/(d·m2),
which can be expressed as follows [33]:

QCO2 = WCO2 ·LAI (9)

where WCO2 is the daily fixed carbon dioxide per unit leaf area, kgCO2/(d·m2); and LAI is
the effective leaf area index.

The net carbon sequestration of plants should be deducted from the amount of carbon
dioxide released by their dark respiration at night, and the consumption of dark respiration
of general plants at night is calculated as 20% of the assimilation amount during the day.
Therefore, the daily carbon sequestration WCO2 per unit leaf area can be expressed as
follows [33]:

WCO2 = P(1 − 0.2)· 44
1000

(10)

where P is the total net assimilative amount of the plant, mmol/(d·m2); 44 is the molar
mass of CO2; and g/mol; 1000 is the unit conversion.

The LAI of plants can be obtained through direct measurement or by referencing data
from relevant literature. The above research method is a simplified estimation. In reality,
the carbon sequestration capacity of plants is influenced by many other factors, such as
light intensity, temperature, moisture, and nutrient availability, as well as the plant’s health
and growth stage.

2.3. Comprehensive Carbon Reduction Potential Calculation

By combining the indirect carbon emission reduction and direct carbon sequestration
of the vertical greening system, we can evaluate its impact on carbon emissions during the
building’s operational phase. The total carbon reduction (ZCO2) of the vertical greening
system can be expressed by the following equation:

ZCO2 = JCO2 + GCO2 (11)

Through comparison with buildings without a vertical greening system, the carbon
reduction rate of vertical greening systems can be better analyzed. Based on the comparison
with the carbon emissions of HVAC system energy consumption in the operation stage of
buildings without a vertical greening system, the comprehensive carbon reduction rate
brought by a vertical greening system is calculated as follows:

θ =
ZCO2

Q
EER TELE

× 100% (12)

where θ is the carbon reduction rate of the vertical greening system, %; and Q is the
total annual energy consumption of HVAC systems during the operating phase of the
building, kWh/a.

3. Case Study
There have been many simulation studies on the impact of vertical greening systems

on energy consumption, with simulation software such as DesignBuilder, EnergyPlus,
and DeST commonly used. Most of these studies assume that vertical greening is an
additional building envelope and simulates energy consumption by determining its thermal
conductivity. Similarly, in this study, for the sake of simplifying calculations, a typical
office building by investigation was selected as the research object, and EnergyPlus 9.2.0
simulation software was used to analyze its energy consumption. To reflect the actual
energy-saving effects and comprehensive carbon reduction potential of vertical greening
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systems, this study examines the impact of vertical greening systems on building energy
consumption under different operating conditions. Given that vertical greening systems
withered in winter have little effect on building energy consumption and carbon emissions,
this study focuses only on the impact of summer green vegetation on building energy
consumption and its carbon sequestration potential during the entire green leaf period.

3.1. Building Model and Thermal Performance

The SketchUp model of a typical three-story office building by investigation is shown
in Figure 2a, and its floor plan and envelope dimensions are shown in Figure 2b. The floor
area of each story is 300 m2, with a floor height of 3.2 m. The building’s form factor is
0.4, and the window-to-wall ratio is 0.3. The thermal parameters of the building envelope
used in the simulation are listed in Table 1. It can be seen that the heat transfer coefficient
of the building envelope can meet the limit requirements of heat transfer coefficient in
energy-saving specifications of different climate zones. The size of the window is set to
2500 × 2400 mm and the solar heat gain coefficient of the window glass is set to 0.35.
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Table 1. Thermal parameters of typical office building envelopes.

Type of Building Envelop Composition Thermal Conductivity
W/(m·K)

Thickness
m

Overall Heat Transfer
Coefficient
W/(m2·K)

Outer wall

Cement mortar 0.93 0.02

0.41
Rock wool board insulating layer 0.04 0.08

Brick wall 0.58 0.12

Cement mortar 0.93 0.02

Roof

Reinforced concrete roof panels 1.74 0.10

0.36

Mortar screed 0.93 0.02

Extruded board insulation layer 0.03 0.08

Reinforced concrete protective layer 1.73 0.04

Roof tile 0.93 0.03

Exterior window Double vacuum glass / 0.02 3.2

3.2. Vertical Greening System Setup

The type of vertical greening system is an important factor affecting carbon calcula-
tions, and the choice of vegetation for vertical greening systems varies across different
regions. In this study, the Virginia creeper, commonly used in vertical greening systems,
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was selected for ease of comparison and analysis. Based on previous studies [34] and
considering numerical simulation analysis, three different growth stages of Virginia creeper
with LAIs of 3, 2, and 1 were set [29,35]. A scenario with no vertical greening system was
also considered for comparison.

To simplify the calculations, it was assumed that the thickness of the Virginia creeper
with three different LAIs is 100 mm, and its thermal conductivity values were 0.17, 0.21,
and 0.25 W/(m·K) [7], respectively. Due to seasonal temperature variations, the outdoor air
temperature differs across regions, resulting in different leafing periods for Virginia creeper
throughout the year. During the entire leafing period, the LAI and thermal conductivity
are assumed to remain constant. The vertical greening system was applied to the entire
building envelope, covering the outer surface of the building, excluding the windows.

3.3. HVAC System Settings

To assess the impact of vertical greening on building operational energy consumption,
in addition to providing the building model and envelope parameters, the parameters for
the HVAC system must also be specified. Some key parameter settings are shown in Table 2.
These parameters are mainly referenced from current Chinese national standards [36], such
as the minimum fresh air supply rate for offices, which was set at 30 m3/(h·person). For
ease of comparison, other building parameters, such as occupant density, lighting, and
internal heat sources from equipment, remained consistent during the simulation. The work
schedule used for the simulation was based on a typical office building’s operating hours.

Table 2. Typical office HVAC system design parameter setting table.

Design Parameter Type Numerical Setting Value

Air condition setting temperature (◦C) 26
Air condition relative humidity (%) 50

Heating setting temperature (◦C) 20
Heating relative humidity (%) 40

Personnel density (m2/person) 10
Lighting density (W/m2) 5

Equipment density (W/m2) 9
Minimum fresh air volume [m3/(h·person)] 30

3.4. Simulated Weather Parameter Setting

To understand the impact of vertical greening on carbon emissions during the op-
erational phase of buildings in different climate zones, this simulation selects four rep-
resentative regions: Xi’an in a cold climate zone, Shanghai in a hot summer and cold
winter climate zone, Guangzhou in a hot summer and mild winter climate zone, and
Kunming in a temperate climate zone. For better comparison, the thermal performance
of envelopes does not change with the different climate zones. These four cities were
chosen to represent the characteristics of various climate zones. The changes in outdoor
environmental temperature and solar radiation intensity for the typical meteorological
year of each region are shown in Figure 3. As can be seen, the outdoor air temperature
and solar radiation intensity vary significantly throughout the year in different regions.
The maximum values of solar radiation intensity and outdoor air temperature occur in the
summer in all regions. The solar radiation intensity in Guangzhou can reach as high as
1318 W/m2, and the outdoor temperature during summer exceeds 30 ◦C. All four regions
require air conditioning during the summer, and vertical greening will have an impact on
the energy consumption in these regions.
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At the same time, considering the operation time of the HVAC system during the 
energy consumption simulation, the start and end dates of the air conditioning and heat-
ing seasons in the four typical regions were surveyed. The results are shown in Table 3. 
There are differences in the duration of the air conditioning and heating seasons across 
the regions. Among them, Guangzhou has the longest air conditioning season and no 
heating season. Kunming has relatively short air conditioning and heating seasons. The 
operation time of the HVAC system directly impacts the energy consumption and carbon 
emissions during the building’s operational phase. 
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Figure 3. Outdoor meteorological conditions of typical meteorological years in each region. (a) Xi’an;
(b) Shanghai; (c) Guangzhou; (d) Kunming.

At the same time, considering the operation time of the HVAC system during the
energy consumption simulation, the start and end dates of the air conditioning and heating
seasons in the four typical regions were surveyed. The results are shown in Table 3. There
are differences in the duration of the air conditioning and heating seasons across the regions.
Among them, Guangzhou has the longest air conditioning season and no heating season.
Kunming has relatively short air conditioning and heating seasons. The operation time of
the HVAC system directly impacts the energy consumption and carbon emissions during
the building’s operational phase.

Table 3. Air conditioning season and heating season time of four typical cities.

Cities Air Conditioning Season Heating Season

Xi’an 1 Jun.–30 Sep. 15 Nov.–15 Mar.
Shanghai 1 Jun.–30 Sep. 5 Dec.–7 Mar.

Guangzhou 1 Apr.–31 Oct. /
Kunming 1 Jun.–31 Aug. 15 Dec.–15 Jan.

4. Results and Discussion
4.1. Analysis of the Energy-Saving Potential of Vertical Greening Systems

The simulation results of the buildings’ cooling and heating loads under different
vertical greening system conditions are shown in Figure 4. There are significant differences
in cooling and heating loads across different regions. In cold regions like Xi’an, the heating
load is the highest, while in the hot summer and warm winter region of Guangzhou, the
cooling load is the highest, with no heating load. In the moderate climate of Kunming,
the heating load is very low. Considering the dormancy of vegetation in winter, the
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vertical greening system has no effect on the heating load. During the leafing period, the
vertical greening system acts as an insulation layer, increasing the thermal resistance of the
exterior walls and reducing the building’s air conditioning cooling load. Among the regions
studied, Guangzhou has the longest air conditioning period, all of which occurs within
the leafing period of the vertical greening system. Therefore, the presence of the vertical
greening system has the greatest impact on Guangzhou. Additionally, the higher the LAI
of the vertical greening system, the greater its effect on the cooling load. Increasing the
planting density and LAI of the climbing ivy is beneficial in reducing the air conditioning
cooling load.
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Figure 4. Effects of different degrees of vertical greening on cooling and heat load in different regions.
(a) Xi’an; (b) Shanghai; (c) Guangzhou; (d) Kunming.

Figure 5 shows the air conditioning and heating energy consumption for four typical
regions under different vertical greening system configurations. According to the annual
simulation results, due to the influence of outdoor meteorological conditions in each climate
zone, the HVAC energy consumption is higher in Xi’an and Guangzhou, and lower in
Kunming. Without any vertical greening system, the HVAC energy consumption for the
typical buildings in Xi’an, Shanghai, Guangzhou, and Kunming were 81.77, 60.77, 84.83,
and 26.09 kWh/m2, respectively. When a vertical greening system with an LAI of 1 was
applied, the HVAC energy consumption in the four regions for the typical building was
reduced to 80.82, 58.89, 77.46, and 25.06 kWh/m2, respectively. The vertical greening
system reduces the buildings’ annual energy consumption by 1.2%, 3.1%, 8.7%, and 4.0% in
the four regions. It is evident that the vertical greening systems have the greatest impact on
energy consumption in Guangzhou and the smallest impact in Xi’an. Since the assumption
is that the vertical greening system has no effect on heating energy consumption during the
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winter, a higher annual HVAC energy consumption does not necessarily mean a greater
energy-saving potential from the vertical greening system.
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(a) Xi’an; (b) Shanghai; (c) Guangzhou; (d) Kunming.

From the perspective of summer air conditioning energy consumption alone, the
higher the LAI of the vertical greening system, the better its energy-saving performance.
However, as the LAI increases further, the total energy consumption reduction becomes
limited. Taking Guangzhou, the region with the highest energy savings, as an example,
the air conditioning energy consumption without any vertical greening system and with
leaf area indices of 1, 2, and 3 are 84.84, 77.46, 76.62, and 76.10 kWh/m2, respectively. It is
evident that by progressively increasing the LAI, the energy-saving rates are 8.7%, 9.7%,
and 10.3%. Furthermore, from the perspective of the buildings’ envelopes, it is found that
the better the thermal insulation performance of the building envelope, the smaller the
effect of the vertical greening system in reducing energy consumption.

4.2. Analysis of the Energy-Saving and Indirect Carbon Reduction Potential of Vertical
Greening Systems

The vertical greening system demonstrated good energy-saving effects in all regions.
The energy savings of the HVAC system can be converted into reduced CO2 emissions
based on the system’s electricity consumption. The indirect carbon reduction of the vertical
greening systems was calculated using Equation (11). The carbon emission factors for the
power systems of Xi’an, Shanghai, Guangzhou, and Kunming were set as 0.6671, 0.7035,
0.5271, and 0.5271 kgCO2/kWh, respectively [37]. To simplify the calculation, the system’s
energy efficiency ratio (EER) was uniformly set to 3.0. The annual indirect carbon reduction
for typical office buildings with varying levels of vertical greening in each region is shown
in Figure 6. As can be seen from the figure, as the LAI increases, the indirect carbon
reduction from energy savings also increases. Guangzhou, with the highest energy savings,
also has the largest indirect carbon reduction. When the LAI is 3, the indirect carbon
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reduction for Guangzhou can reach 1105.45 kgCO2/a. The second highest is Shanghai, with
the maximum indirect carbon reduction of 424.56 kgCO2/a. In contrast, the indirect carbon
reduction in Xi’an and Kunming is relatively low, mainly due to the smaller energy savings
in these regions. This indicates that for regions with high summer air conditioning energy
consumption, the vertical greening system has better indirect carbon reduction potential.
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4.3. Analysis of Carbon Sequestration Potential of Vertical Greening System

In addition to reducing carbon emissions by lowering HVAC system energy consump-
tion, the vertical greening system also sequesters CO2 through photosynthesis. According
to the theoretical analysis in Section 2.2, the direct carbon sequestration for different
levels of vertical greening in typical buildings in various regions was calculated using
Formulas (6)–(8). By consulting relevant literature, the length of the green leaf period for
Virginia creeper in Xi’an, Shanghai, Guangzhou, and Kunming was set as 200, 210, 300,
and 310 days, respectively. To simplify the calculation, the daily carbon sequestration per
unit leaf area of Virginia creeper was assumed to be 3.68 gCO2/(m2·d) for all four regions.
Based on these parameter values, the annual carbon sequestration results for typical office
buildings with different vertical greening degrees in each region are shown in Figure 7.

Since the daily carbon sequestration per unit leaf area of the Virginia creeper is stan-
dardized across the four regions, and the building envelope surface area is also consistent,
the total annual carbon sequestration of the vertical greening system is primarily dependent
on the length of the plant’s green leaf period in each region. In regions with a longer grow-
ing season, such as Kunming and Guangzhou, the annual carbon sequestration is higher. In
Kunming, when the LAI is 3, the annual carbon sequestration can reach 1609.90 kgCO2/a.
Even in Xi’an, with an LAI of 1, it can still reach 346.21 kgCO2/a. This demonstrates that
vertical greening can result in a substantial amount of carbon sequestration. Even without
considering the indirect carbon reduction brought about by energy savings, it still holds
great potential for application.
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4.4. Comprehensive Carbon Reduction Potential Analysis of Vertical Greening System

By adding the indirect carbon reduction and direct carbon sequestration amounts,
the comprehensive carbon reduction potential of the vertical greening system is shown
in Figure 8. The comprehensive carbon reduction potential is greatest in Guangzhou,
reaching 2663.42 kgCO2/a, while the lowest is in Xi’an, at only 499.60 kgCO2/a. The
proportion of indirect carbon reduction and direct carbon sequestration varies across
different regions. Overall, the direct carbon sequestration amount is higher than the indirect
carbon reduction amount. Among the regions, Kunming has the highest proportion of
direct carbon sequestration in the overall carbon reduction, with a share of over 90%
when the LAI is 3. In contrast, Guangzhou has the lowest proportion of direct carbon
sequestration in the overall carbon reduction, with only 35.74% when the LAI is 1. This
is because Guangzhou experiences the highest air conditioning energy consumption in
summer, and vertical greening can provide a relatively significant energy-saving effect.
In conclusion, regardless of the climate zone, the vertical greening system can contribute
significantly to carbon reduction and provide strong support for the building industry
in achieving carbon neutrality goals. For hot summer climates and regions with long
green leaf periods, such as Guangzhou, the vertical greening system offers even greater
comprehensive carbon reduction potential.

4.5. Limitations and Prospects

This study quantifies the positive impact of vertical greening on carbon emissions
during the building operation phase through a simplified calculation method, analyzing its
comprehensive carbon reduction potential from both energy-saving and photosynthetic
carbon sequestration perspectives. The research findings can promote the application
of vertical greening in buildings and guide the selection of vertical greening systems for
carbon emission reduction in different climate zones. However, as this study is based
on simulations and calculations, there are some limitations that warrant further detailed
research in the future.

Firstly, although the evaluation method of this study is simple, it is conducive to
engineering application and calculation analysis. Due to the lack of experimental condi-
tions, future studies will include experimental studies to improve the confidence of the
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findings. Secondly, this study assumes that vertical greening covers the entire exterior
wall, which is simplified into the additional heating resistance of the envelope. The effects
of plant photosynthesis and transpiration on comprehensive carbon emission potential
under different solar radiation conditions were not considered. Future studies can be
conducted to investigate the dynamic changes of carbon sequestration during the growth
of vertical greening plants. Lastly, when applying vertical greening systems to buildings,
the growth conditions over their lifecycle should also be considered, such as the impact of
the sprouting and leaf-shedding periods on building energy consumption. Future studies
could involve a comprehensive carbon reduction potential analysis throughout the full
growth cycle, including evaluations of carbon sequestration under varying solar radiation
intensities and different growth stages.
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5. Conclusions
This study proposes a simplified calculation method for the comprehensive carbon

reduction potential of vertical greening systems. Indirect carbon reduction is determined
through energy consumption simulations of the vertical greening system, and this is added
to the direct carbon sequestration achieved through photosynthesis. Using a typical office
building as an example, a comprehensive carbon reduction potential analysis is conducted
for four cities: Xi’an, Shanghai, Guangzhou, and Kunming. The following key conclusions
were drawn:

(1) The vertical greening systems reduced the buildings’ annual energy consumption.
In Xi’an, Shanghai, Guangzhou, and Kunming, energy consumption was reduced
by 1.2%, 3.1%, 8.7%, and 4.0%, respectively. The system had the greatest impact on
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energy consumption in Guangzhou, where the air conditioning period is the longest.
Increasing the planting density of the vertical greening system and enhancing the leaf
area index of ivy helps reduce cooling loads.

(2) Guangzhou, which achieved the highest energy savings, also has the greatest indirect
carbon reduction. When the LAI is 3, the indirect carbon reduction in Guangzhou
can reach 1105.45 kgCO2/a. Vertical greening systems have better indirect carbon
reduction potential in regions with high air conditioning energy consumption during
the summer.

(3) The total annual carbon sequestration of the vertical greening system is mainly influ-
enced by the duration of the green leaf period in the region. Vertical greening systems
in Kunming and Guangzhou, where the growing season is longer, have a higher total
annual carbon sequestration. In Kunming, when the LAI is 3, the annual carbon
sequestration can reach 1609.90 kgCO2/a. Even without considering the indirect
carbon reduction from energy savings, vertical greening can still provide significant
carbon sequestration.

(4) Guangzhou shows the highest comprehensive carbon reduction potential, while Xi’an
shows the lowest. The proportion of indirect carbon reduction and direct carbon
sequestration varies between regions, with direct carbon sequestration generally
being slightly higher than indirect reduction. In regions with hot summers and
long green leaf periods, such as Guangzhou, vertical greening systems offer greater
comprehensive carbon reduction potential. Regardless of the climate zone, vertical
greening systems can effectively contribute to carbon reduction and provide strong
support for achieving the dual carbon goals in the building sector.
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Nomenclature

A Surface area, m2

Aw Exterior wall surface area except window, m2

EER Energy efficiency ratio of HVAC system
GCO2 Annual carbon sequestration of VGS, kgCO2/a
h Convective heat transfer coefficient, W/m2·K
I Total solar radiation intensity, W/m2

JCO2 Indirect carbon reduction of VGS, kg/a
LAI Effective leaf area index
P Total net assimilative amount of the plant, mmol/(d·m2)
Q Heat transfer, W/Total annual energy consumption of HVAC systems during the operating

phase of the building, kWh/a
∆Q Energy savings of exterior wall with VGS, W
Σ∆Q Total annual energy savings through the vertical greening system, kWh/a
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QCO2 Daily carbon sequestration of plants per unit area, kgCO2/(d·m2)
qw Heat conduction flow of the exterior wall with VGS, W/m2

qs Solar radiation heat flux of the exterior wall with VGS, W/m2

qr Long wave radiation heat flux of the exterior wall with VGS, W/m2

qc Convection heat flux of the exterior wall with VGS, W/m2

T Thermodynamic temperature, ◦C/Number of days of active photosynthesis in one year
TELE Carbon emission factor of the power system, kgCO2/kWh
ta Outdoor air temperature, ◦C
tw Exterior wall surface temperature, ◦C
WCO2 Daily fixed carbon dioxide per unit leaf area, kgCO2/(d·m2)
σ Stephen–Boltzmann constant
τ Transmittance for the total solar radiation
α Solar radiation absorbance
ε Emittances
θ Carbon reduction rate of the vertical greening system, %
VGS Vertical greening system
w/e Exterior wall
l Long-wave radiation
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