Pre prints.org

Article Not peer-reviewed version

Experimental and Simulation
Research on Indoor CO2 Removal
Efficiency and Fresh Air Energy
Savings of Living Walls in Office
Spaces

Danni Zhang and Lei Zhang "

Posted Date: 21 June 2023
doi: 10.20944/preprints202306.1489.v1

Keywords: CO2 concentration; living walls; fresh air energy consumption; Energyplus; indoor air quality

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/2987799
https://sciprofiles.com/profile/172559

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 June 2023 doi:10.20944/preprints202306.1489.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Experimental and Simulation Research on Indoor
CO:2 Removal Efficiency and Fresh Air Energy
Savings of Living Walls in Office Spaces

Danni Zhang ' and Lei Zhang 2*

1 State Key Laboratory of Subtropical Building and Urban Science, School of Architecture, South China
University of Technology, Guangzhou 510640, China; 923722627@qq.com

2 State Key Laboratory of Subtropical Building and Urban Science, School of Architecture, South China
University of Technology, Guangzhou 510640, China

* Correspondence: arzhang@scut.edu.cn

Abstract: Elevated indoor COz levels might have adverse effects on human health. However, the introduction
of outdoor air to lower indoor CO2 concentrations results in significant HVAC energy consumption. Aligning
with office hours and the natural light cycle, the utilization of photosynthesis in living walls offers an energy-
efficient and sustainable solution for the mitigation of high CO: levels in office spaces. This study
experimentally investigates the impacts of the carbon fixation pathways, light intensity, and substrate moisture
content on the CO2 removal rate of living walls at the room scale. Furthermore, the fresh air energy-saving
effects of living walls under different scenarios are accurately simulated in EnergyPlus. The results
demonstrate that choosing Cs plants over CAM plants in living walls yields higher CO2 removal efficiency. In
a 30-m? office room accommodating 2-3 occupants, living walls can reduce the demand for fresh air by 12.3%-
27.8% and decrease fresh air energy consumption by 11.2%-28.2%. The city with the highest energy savings has
energy savings that are 4.5 times greater than those of the city with the lowest energy savings. The findings of
this research promote the application and development of living walls, thus providing a viable solution for
improving indoor air quality.

Keywords: CO: concentration; living walls; fresh air energy consumption; Energyplus; indoor air

quality

1. Introduction

Poor indoor air quality results in various building-related illnesses that negatively impact
human health [1-3]. Extremely high concentrations of CO: (>20,000 ppm) have the potential to be
fatal [4,5]. In typical indoor environments in non-industrial buildings (<5000 ppm), elevated CO:
levels impair lung gas exchange function [6], leading to worker fatigue and drowsiness [7], headaches
[8,9], and negative effects on cognition and decision-making [10-12]. The acceptable upper limit for
the CO2 concentration in non-industrial buildings in China is 1000 ppm [13], and ASHRAE standard
62.1-2019 recommends that indoor CO2 concentrations should not exceed this level [14]. The outdoor
CO: concentration typically remains around 400 ppm [15], posing no harm to human health.
However, in enclosed spaces, CO: levels can rapidly rise due to human respiration, which can
potentially harm human well-being.

The commonly used CO: capture technologies are challenging to implement in civil buildings.
Absorption is unsuitable indoors due to high energy consumption, the large equipment size, and
potential air pollution concerns [16]. Adsorption exhibits reduced CO2 adsorption capacity in humid
indoor conditions due to the effects of surface water vapor [17]. Membrane separation faces obstacles
in terms of low efficiency at low CO2 concentrations and high costs [18]. In contrast, a relatively
simple approach involves the introduction of outdoor air to dilute indoor CO: concentrations.
However, for this approach, the impact of natural ventilation on the thermal comfort of occupants
[19] and the potential introduction of outdoor pollutants into indoor spaces [20] must be considered.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202306.1489.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 June 2023

2

Mechanical ventilation, while effective, requires energy consumption [21]. Additionally, HVAC
systems are necessary to condition the outdoor air for human thermal comfort, which includes
processes such as heating, humidification, cooling, and dehumidification. These HVAC processes
contribute to approximately half of the energy consumption in HVAC systems [22,23]. Therefore, it
is crucial to explore energy-saving and sustainable approaches for the reduction of indoor CO:
concentrations.

Phytoremediation provides an effective method for air purification [24-26]. Remarkably,
researches in the aerospace field have shown that a closed system integrating plants and humans can
achieve a balanced carbon cycle [27-29]. However, in civil buildings, the limited space indoors may
not allow for a complete balance between plant absorption and human respiration. Nonetheless, the
presence of plants can still significantly decrease indoor CO: levels. Pegas et al. [30] placed six plants
in a classroom and observed an average decrease in indoor CO: concentration from 2004 to 1121 ppm.
Tudiwer et al. [31] found that a classroom with living walls exhibited a 3.5% faster reduction in CO2
concentration compared to a classroom without plants. Meng et al. [32] placed living walls in an air-
conditioned room and observed a reduction in indoor CO: concentration of approximately 10%.
Yungstein et al. [33] observed that the implementation of living walls in actual workplace led to an
average decrease of 4.8% in the CO2 concentration. While qualitative studies have demonstrated the
potential of plants in to purify CO:z in indoor environments, practical implementation remains
challenging.

Due to their specific characteristics, office spaces are well-suited for the utilization of the living
walls to purify COsz. In these environments, workers inhale Oz and exhale COz, while plants perform
photosynthesis, absorbing CO: and releasing O, thereby creating a carbon cycle within the confined
space [28]. The working hours of employees [34] align with the natural light cycle, thus allowing
plants to utilize natural light for air purification. Despite the potential impact on human thermal
comfort [35] and equipment aging [36], areas with concentrated solar radiation in offices are viable
locations for the installation of the living walls. Temperatures in offices are regulated to ensure the
thermal comfort of employees [37,38], and most plants can adapt to air-conditioned rooms [39,40].
Furthermore, interaction with plants can enhance productivity of workers [41]. Shao et al. [42]
observed that 100 heads of pakchoi could reduce the indoor CO: concentration in a 30-m? office by
25.7%-34.3%. However, Pennisi et al. [43] suggested that under office lighting conditions, most plants
have limited impact on indoor CO: levels. Gubb et al. [44] found that the influences of dry and wet
substrates on the plant CO: purification capacity under typical office lighting levels could be ignored,
as plants generally fail to reach their LCP. In conclusion, living walls are suitable for CO: purification
in office spaces, but further research on plant selection, lighting design, and irrigation management
is needed to provide practical guidelines.

Living walls that absorb CO:z can reduce fresh air energy consumption. In office spaces, the
occupants' respiration releases COz, which can lead to a rapid increase in indoor CO: concentration.
If left uncontrolled, the elevated release of CO2 from the respiration of occupants in an office setting
can potentially lead to air pollution [45]. When the concentration of CO2 released by workers exceeds
the required standards, outdoor air is introduced to dilute the indoor CO: levels, which results in
energy consumption by the HVAC system to process outdoor air. By absorbing CO, living walls can
decrease the demand for outdoor air and consequently reduce fresh air energy consumption. Torpy
et al. [46] estimated that 15 pots of Dypsis lutescens could potentially reduce the outdoor air demand
by approximately 6%. Parhizkar et al. [47] found that the incorporation of 5 m? of Azolla per person
in a typical office building could decrease the outdoor air requirement by about 30%. Shao et al. [42]
demonstrated that 100 heads of pakchoi could reduce fresh air energy consumption by approximately
12.7%-58.4%. Currently, researchers mainly estimate the fresh air energy-saving impact of the living
walls by calculating the balance between the CO: absorption rate of plants and the CO: generation
rate of humans. However, this approach makes it challenging to accurately evaluate the fresh air
energy-saving capacity of the living walls. EnergyPlus is a simulation tool capable of calculating the
transient building loads required to maintain the temperature and ventilation setpoints for a full year
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under specific conditions [48]. Nonetheless, there have been limited studies on the use of EnergyPlus
to accurately assess the fresh air energy savings of the living walls.

Based on these reviews, living walls are suitable for indoor COz removal and the reduction of
fresh air energy consumption in office spaces. This study consists of two main parts, namely (1) the
experimental investigation of the impacts of adjustable factors in office spaces on the indoor CO:
removal rate of the living walls, and (2) the simulation-based evaluation of the fresh air energy
savings achieved by CO: removal from living walls under different scenarios. The primary objective
of this work is to improve the COz removal efficiency of the living walls in office spaces and accurately
assess their fresh air energy savings, with the aim of promoting the practical implementation of the
living walls.

2. Materials and Methods

2.1. Experiment

The experiment was conducted with the aim of enhancement the COz removal efficiency of the
living walls in office spaces. It consisted of three steps. Firstly, the natural CO: infiltration rate in the
two experimental rooms was confirmed to be the same, allowing for a comparative analysis.
Secondly, the impacts of adjustable factors of office spaces such as carbon fixation pathways, light
intensity, and substrate moisture content, on the COz removal rate of the living walls were examined
in the two experimental rooms. Finally, the significant factor was further investigated to explore its
impact on the CO2 removal efficiency of the living walls.

2.1.1. Experimental set up

The experimental site was located in Guangzhou, Guangdong Province, southern China, with
geographic coordinates of 23°10' N, 113°21" E. The fluctuating outdoor wind environment and indoor-
outdoor temperature difference have significant impacts on the natural CO: infiltration rate of the
room [49,50], thereby affecting the calculated CO2 removal rate of the living walls. To minimize the
impact of external weather conditions and accurately measure the CO: removal rate of the living
walls, two experimental rooms with the same structure were built on the rooftop (Figure 1 (a)). Room
A, as the experimental group, was equipped with living walls, while room B, as the control group for
comparison experiments, was a conventional air-conditioned room without living walls. Both
experimental rooms had an exterior-facing west wall with interior walls on the remaining three sides.
Each room measured 1.9 mx 1.9 mx 3.0 m (width x depth x height). The walls were constructed with
a 2-mm metal sheet, a 100-mm EPS foam board, and another 2-mm metal sheet. The original windows
of the rooms were sealed with black polypropylene (PP) sheets to improve airtightness and block
natural light. This ensured that all light used in the experiment was provided by a stable artificial
light source.

An air conditioner (710 W) was utilized to regulate the air temperature in the room, and was
positioned 2.2 m above the ground. The air temperature was set at 25 °C, which is suitable for human
thermal comfort [51]. An air quality monitor capable of measuring the air temperature, relative
humidity, and CO: concentration was centrally placed at a height of 1.2 m, consistent with the
breathing height of the occupant. A fan (40 W) on the ground was used to enhance air mixing, and a
CO: release device, consisting of dry ice and a container, was placed in front of the fan. Dry ice was
added to the boiling water in the container to accelerate its sublimation. The layout of the instruments
in the room is shown in Figure 1(b), and the specific instruments are listed in Table 1.
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Figure 1. The appearance and plan of the experimental room: (a) appearance of the experimental
room; (b) settings of the instruments.
Table 1. The instruments used in the tests.
Instrument Model Parameters Accuracy Setting Points
SenseAir 58 COz (ppm) +40 ppm
Temperature Indoor: In the center of
Air quality monitor (°C) 0.3°C the room, 1.2 m above the
quatity SensenSHT20 : T
Relative 139, ground
humidity (%) e
Photosynthetic Apogee MQ-500 PPFD/ On the top of canopy
photon flux density (umol-m2s- +5%
A 5Q-520 Outdoor: Roof
(PPED) meter pogee 5Q 1) Hidoot: oo
CO2 sensor RS-BYH-CO>-M  CO2 (ppm) +40 ppm (25 °C) Outdoor: Roof
Wi
Campbell 81000 " speed +1%
(m/s)
. Temperature
Weather station ) 0.3 °C (25 °C) Outdoor: Roof
Campbell CS215 Relative
+2% (25 °C
humidity %) 220 #©)
Volumetric water =~ Decagon Devices VWC (m¥/m?) 139 Substrate

content (VWC) sensor 5TE

2.1.2. Experimental materials

Sansevieria trifasciata and Epipremnum aureum were selected as experimental plants in this study
due to their widespread use in relevant studies [52] and their potentially high CO2 removal efficiency.
They are commonly used as indoor plants in the local area where field surveys were conducted, and
can adapt to low-light conditions indoors. Additionally, they can represent different carbon fixation
pathways. Further details about the selected plant species are presented in Table 2.

The plants used in this study were of the same species, with similar health, age, and size
characteristics. However, because the plants were purchased from different cultivation sites, there
were variations in the composition of the growth substrate and cultivation methods. The substrate
can significantly impact the indoor COz concentration and, in some cases, can even surpass the COz
absorption of certain plant species [53]. To minimize this effect, the plants were transplanted into a
uniform nutrient soil containing natural organic matter, rooting powder, polyoxin, perlite, and
vermiculite. The diameter of the flower pot was 10 cm.
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After transplantation, the plants were placed in the room for 14 days to acclimate to the new
environment. The plants received artificial light (5-10 pmol-m2s) for a 12-hour light/dark cycle
(07:00-19:00 light period) to simulate natural light conditions. During the maintenance period of the
plants, the room was kept ventilated, and no fertilizers were used. The E. aureum was watered every
3 days, while the S. trifasciata was watered every 7 days. Watering sessions were performed between
08:00 and 09:00, with each session continuing until water overflowed from the bottom of the flower
pot. During the experiment, ventilation was stopped, and humidity was not controlled. The
temperature was set to 25 °C to allow the plants to acclimate to the experimental environment for 24
h. After the experiment, the plants were destructively measured to determine their leaf area.

Living walls were constructed in a modular manner and could hold 48 plants, and had an overall
size of 0.84 mx 0.25 mx 1.606 m (width x depth x height). The living walls included a water tank and
plant modules (Figure 2). The height of the plant modules was 1.276 m, and the total area of the living
walls was 1.07 m2.

Table 2. The characteristics of the plant species selected for experiments. The leaf area and plant
height (n = 6) are presented as the means + standard error of the mean (SEM).

Species Family Metabolism Leaf Type Leaf Area (cm?)Plant Height (cm)
Sansevieria trifasciata Asparagaceae CAM succulent 537£77 28+1
Epipremnum aureum Araceae Cs herbaceous 614+111 22+1

Figure 2. The living walls in the experimental room: (a) the structure of the living walls; (b) photos of
the living walls.

2.1.3. Experimental process

2.1.3.1. Confirmation of identical natural infiltration in two rooms

During the experiment, high-concentration CO:2 was released once, after which the indoor CO:
concentration gradually decreased. The decline in the CO2 concentration in the room with living walls
was caused by two factors, namely the net photosynthesis of the living walls and the natural
infiltration of the room. At the room scale, meteorological conditions such as the wind speed, the
wind direction, and indoor-outdoor temperature differences can significantly affect the natural CO:
infiltration rate of the room. These changes could have impacted the CO: removal rates of the living
walls measured in the experiment.

In a single experimental room, it is challenging to measure the decrease in CO2 concentration
caused by natural infiltration. Multiple experiments conducted under similar and relatively stable
outdoor meteorological conditions are necessary to determine the natural CO: infiltration rate of the
room.
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Prior to each experiment, the current outdoor meteorological conditions were assessed.
Moreover, after the experiment, the meteorological conditions during the experiment were reviewed
to avoid the significant impacts of sudden changes in the meteorological conditions on the
measurement of the COz removal rates of the living walls.

A comparative experiment of the two rooms was conducted. Room A, as the experimental
group, was equipped with living walls while Room B without living walls was used as the control
group. CO2 was simultaneously released in both rooms, and the same outdoor meteorological
conditions were applied to both rooms. The changes in the COz concentration in both rooms were
measured, and the decrease in CO2 concentration in the control Room B during the experiment was
used to estimate the decrease caused by natural infiltration in the experimental Room A. The CO:
removal rates of the living walls were calculated by subtracting the estimated natural infiltration rate
from the total decrease in CO: concentration in Room A.

To measure the CO: removal rates of the living walls, it is necessary to confirm that the two
identically constructed rooms had the same natural infiltration rate of COz before conducting the
experiment. Before placing living walls in Room A, three random experiments were conducted in
both empty rooms without selecting specific outdoor meteorological conditions. The initial CO:
concentration and duration of the experiments were consistent with those of the measurement
experiment. After each experiment, the decrease in CO:z concentration in both rooms without living
walls was compared, and adjustments were made to ensure that the difference in CO2 concentration
reduction was within an acceptable range. Once confirmed, living walls were placed in Room A, and
the measurement experiment began.

2.1.3.2. Optimization of the impacts of the adjustable factors of office spaces on COz removal
efficiency

The carbon fixation pathways, light intensity, and substrate moisture content were selected as
controlled variables to investigate their impacts on the COz removal efficiency of the living walls. The
reasons for this selection are as follows.

1. Plants absorb CO2 via photosynthesis, which is influenced by both internal and external factors.
Internal factors refer to the carbon fixation pathways of plants (Cs, Cs, and CAM), while external
factors include light, the environmental CO2 concentration, the temperature, mineral elements,
and water [54]. In office spaces, the temperature is usually set to ensure thermal comfort, while
humidity is often difficult to regulate. Therefore, in the experiment, the temperature was
controlled at 25 °C but the humidity was not regulated.

2. Due to the unsuitability of Cs plants for indoor environments, Cs and CAM plant species were
selected as the experimental subjects. This selection was based on their distinct carbon fixation
efficiency and adaptability to different environmental conditions.

3. Supplemental lighting was installed to ensure the function of the living walls due to the
variability of the natural light intensity influenced by factors such as the weather, season, and
orientation. Thus, it was necessary to examine the effect of light intensity on the living walls and
adjust the supplementary illumination.

4.  The substrate moisture content is closely related to the irrigation system and maintenance of the
living walls, and insufficient and excessive watering are common issues in the management of
the living walls [44]. The investigation of the effects of different substrate moisture levels on the
CO: removal efficiency of the living walls can help to optimize the maintenance procedures and
reduce associated costs.

The following four light intensities were set during the experiment: dark (0 pmol-m2-s?), low
light (10 umol-m?-s1), medium light (50 pmol-m-2-s), and high light (400 pmol-m2-s). Low light was
chosen to simulate the typical lighting conditions in office spaces, which commonly have an
illuminance level of not less than 300 Ix to support the productivity of workers [55]. Moderate light
is sufficient for most plants to lower indoor CO: concentrations [46], as their net photosynthesis rate
surpasses the CO: release rate from substrate microorganisms. High light is the maximum light
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intensity achievable on the plane under laboratory conditions. The maximum light intensity was
provided by eight high-efficiency and energy-saving LEDs (300 W, 6500 K white light), while the
other light intensities were achieved by adjusting the number of lamps and their distance from the
living walls. Four points on the living walls were evenly sampled, and the photosynthetic photon
flux density (PPFD) was measured by the Apogee MQ-500 instrument placed at the highest point of
the canopy, with the average value used to determine the experimental light intensity.

In the experiment, the substrate moisture content was divided into two moisture levels: dry and
wet. Pre-experimental findings revealed that watering plants daily greatly increased the risk of root
rot and death. Therefore, watering was carried out every 3 days. During this period, the lowest
volumetric water content (VWC) measured for S. trifasciata and E. aureum was 0.15 m3/m3, which was
defined as a wet substrate. If the soil was not watered for a certain period of time, it would become
dry and clumpy, and the plants would not wilt immediately. The highest VWC measured during this
period was 0.05 m3/m?, which was defined as a dry substrate. During the wet substrate experiment,
three randomly selected plants on the living walls were measured using a 5TE VWC sensor before
the start of each experimental day. If the VWC was below 0.15 m?/'m?, watering was carried out. After
the wet substrate experiment, no further watering was performed until the soil was dry for the dry
substrate experiment.

The experiment lasted for 2 hours. The duration of the experiment was determined based on
several factors. If the duration was too brief, the impact of the living walls on indoor CO2 removal
would be insignificant, which would also lead to potential errors in data analysis and measurement.
On the other hand, if the duration was too long, the decrease in the indoor CO: concentration could
lead to the reduction of the CO: removal rate of the living walls. Previous studies have suggested a
duration of 40 minutes for the measurement of the CO: removal rate of plants, as within this period,
the decrease in the CO: concentration is linear [46,56,57]. However, in the present study, the
experimental scale was expanded, and pre-experiments revealed that even under high light
conditions, the indoor CO: concentration changed nearly linearly within 2 hours. Thus, the change in
the indoor CO:z concentration over 2 hours was measured to calculate the COz removal rate of living
walls.

To prepare for the experiment, the living walls were exposed to the experimental light intensities
for 15 minutes to adapt to the experimental conditions. A CO: generator was created by placing dry
ice in boiled water, and the fan was turned on for 10 minutes to evenly mix the indoor air. Once the
indoor CO:z concentration reached 1000 ppm on the air quality monitor, the CO: generator was
removed, and the outer door was tightly closed. The same process was repeated for the control room.
The initial CO2 concentration set in this experiment was the standard limit of 1000 ppm. Due to the
disorderliness of gas diffusion, the actual initial CO2 concentration was 1000£100 ppm. Once the
indoor gas was uniformly mixed and the indoor CO: concentration no longer exhibited sudden
changes, the timer was started. Each experiment lasted for 2 hours, and each condition was repeated
three times.

Theoretically, the CO2 removal rate from photosynthesis is influenced by the environmental CO:
concentration. However, the range of the CO:z concentration changes caused by living walls within 2
hours is limited, and thus the impact can be considered negligible. The decay of the indoor CO2
concentration over 2 hours was regarded as linear. The data were analyzed using Origin 2021
software to perform linear regression analysis and minimize the impact of outliers. The CO: removal
rate of the living walls was calculated. To illustrate the trend of CO: concentration changes and
facilitate comparisons between different conditions, the indoor CO: concentration variation was
expressed as a percentage of the initial concentration.

Statistical analysis was conducted on the data using the Shapiro-Wilk test to check for a normal
distribution. If the data met the assumptions, analysis of variance (ANOVA) was performed. For non-
normal data, a rank transformation was applied, and non-parametric tests were used. The Mann-
Whitney test was used for the analysis of two independent samples, while the Kruskal-Wallis test
was used for the analysis of more than two independent samples. A p-value above 0.05 indicates no
significant differences between the groups.
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2.1.3.3. Optimization of the impact of the significant factor of office spaces on the CO2 removal
efficiency

Among the adjustable factors of office spaces, light intensity significantly affects the CO:
removal rate of the living walls. To analyze its influence, the light response curve of the living walls
was measured in this study. The light saturation point (LSP) and light compensation point (LCP) of
the plants were determined from the curve, offering valuable insights for the design of supplemental
lighting.

The E. aureum living walls with a wet substrate were selected for the experiment, as they
exhibited better performance in the previous experiments. The light intensities were set as, 0, 10, 50,
100, 200, 300, and 400 pmol-m?s'. The CO: removal rate of the living walls was measured using
consistent experimental and data processing methods from previous experiments. The light response
curve was fitted using a rectangular hyperbolic model described by the following equations [58,59]:

aIanaX

= —_max__p
al + Pamaxe @

By
where P, is the net photosynthesis rate, I is the light intensity, a is the initial slope of the light
response curve at I=0, which is known as the initial quantum efficiency, P .y is the maximum net
photosynthesis rate, and Ry is the dark respiration rate.

To estimate the light compensation point (Is,), a linear equation was fitted to the data under
low light conditions (<100 umol'm?s7) to obtain the apparent quantum efficiency (AQE). The
following equation was then solved [59].

Pimax = AQE X Igq: — Ry (2)

2.2. Simulation

A simulation was carried out with the aim of accurately assessing the potential fresh air energy
savings of the living walls in office spaces and providing a reference for practical applications. The
optimal CO:z removal rate of the living walls determined in the experimental research was utilized in
the simulation. EnergyPlus was employed to simulate the reduction in energy consumption
associated with fresh air intake when implementing living walls in office spaces. The simulation
included various numbers of occupants and mechanical ventilation systems across seven climate
regions in China.

2.2.1. Simulation conditions

The office room was modeled in OpenStudio 3.5.1 and imported into EnergyPlus 22.2.0. The
work schedule for occupants was set from 08:00 to 17:00, 5 days a week [34]. An ideal HVAC system
was used, and its equipment parameters and capacities were determined based on the corresponding
Chinese Standard Weather Data (CSWD). The outdoor CO: concentration was set as 400 ppm [60],
and the indoor CO:2 concentration was maintained below the standard limit of 1000 ppm [14]. The
design parameters for indoor air were set to 26 °C in summer, 20 °C in winter, and a relative humidity
of 60% [61]. In the simulation, a 1-minute time step was used to calculate fresh air energy
consumption for each minute of the year. This study focused on fresh air energy consumption, which
refers to the energy consumed by the HVAC system for heating, cooling, humidification, and
dehumidification of outdoor air. The building orientation, envelope construction, and HVAC
equipment were set to default parameters as they were not relevant.

2.2.2. Modeling description

An office room measuring 3.25 mx 7.70 mx 4.00 m (width x depth x height) and located on the
middle floor of an office building, was considered as the case study (Figure 3). The room had one
exterior wall and three interior walls, with two windows on the exterior wall measuring 2.75 mx 2.80
m (width x height). Two living walls were installed in the room, each measuring 1.2 mx 2.5 m (width
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x height). The room was a typical mechanically ventilated office with natural infiltration set to 0.175
air changes per hour (ACH) [62].

05e¢
0s/e

Figure 3. The plan of the simulated office.

2.2.3. Indoor CO2 concentration

Assuming that the air is uniformly mixed in a room with a volume of V and there are no chemical
reactions of contaminants, the CO2 emission rate is m , the outdoor CO2 concentration is C,,;, the
indoor CO: concentration is Cy,, and the ventilation rate of the room is Q. According to the law of
conservation of mass, the differential equation for the change in indoor CO:z concentration C after a
very short time 7 is as follows [63].

dac .
VE = Q(Cour — Cin) + M ®)
The analytical solution for the transient process of Equation (3) is given by the following [48,63]:
C, = Ciex (—Qr)—k(ﬁ—k(] )[1—ex (—gr>] 4)
2 1EXP{—y; 0 out P{™Vy

where C, is the CO:2 concentration in the space after time 7, and C; is the initial CO2 concentration
in the room.
When t—e, Equation (4) can be written as follows.

€)= Cppp + ®)
2 out Q

Equation (5) indicates that the indoor CO2 concentration reaches a steady state and becomes a
constant value after a long period of time. Therefore, when the CO: emission rate (1i1) and the
acceptable indoor CO2 concentration (Ceq) are known, the minimum ventilation rate (Q,,) of the room
can be calculated as follows [64].

m

Qm =F7——F7— (6)

Ceq - Cout
The CO2 emission rate () in an office with occupants and living walls can be calculated as
m=n-Vyum = Viw )

where Vy,, is the CO: generation rate from human respiration, n is the number of occupants in the
room, and V;,, represents the CO: removal rate from the net photosynthesis of the living walls.
The CO: generation rate from human respiration can be calculated as follows [65]:

_ 0.202RQ - M - F0725 . 1470425
hum = € T570.23RQ + 0.77)

8)

where ¢ is the correction coefficient, ¢ = 0.85 for adult males and e = 0.75 for adult females. Moreover,
RQ is the respiratory quotient, which is taken as 0.83 for light or sedentary activities in adults. M is
the metabolic rate, which is 60 W/m? for sedentary activities, and H and W are respectively the height
and weight of the occupant.


https://doi.org/10.20944/preprints202306.1489.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 June 2023 doi:10.20944/preprints202306.1489.v1

10

According to the 2022 report [66], the average height and weight of Chinese males aged 20-24
are 172.6 cm and 70.4 kg, respectively. This gives a CO: generation rate from human respiration of
452.4 mg/min.

In an office, occupants are the only source of COz emissions. Before entering, indoor and outdoor
CO2 concentrations are equal. As occupants breathe, the indoor CO2 concentration gradually rises.
When there is a higher difference between the CO: concentrations of the indoor and outdoor
environments, there is a faster exchange of gases. This exchange leads to a gradual slowing of the rate
at which the indoor CO2 concentration increases, until it reaches a steady state. The steady-state
indoor CO: concentration can be calculated by Equation (5). Figure 4(a) presents the change in indoor
CO:z concentration without a ventilation system. Without any control measures, natural infiltration
in an office with occupants leads to the steady-state COz concentration exceeding the standard limit.
For example, when three occupants work in the office, the steady-state CO2 concentration is 2996
ppm, which is approximately three times higher than the standard limit.

< S
Cqt

CO, concentration
CO, concentration

,,,,,, C|  office withour LW
Cy Tv LW Qerw

Office with LW

CO, concentration

CO, concentration

Figure 4. The changes in the indoor CO2 concentration (a) before the ventilation turns on, (b) during
working hours with a VAV system, (c) after the CAV system turns on, (d) and during working hours
with a CAV system. Note: C1 is the initial CO2 concentration, Cst is the steady-state CO2 concentration,
and Cu and Ct respectively denote the upper and lower limits of the COz concentration of the CAV
system.

2.2.4. Mechanical ventilation types

To maintain a healthy indoor working environment, a ventilation system can be employed to
introduce outdoor air into the office, thereby diluting the indoor COz concentration to an acceptable
level. Demand-controlled ventilation (DCV) based on CO: is an intelligent ventilation strategy that
can improve indoor air quality and reduce energy consumption. This strategy entails the installation
of CO:2 concentration sensors in the room, which activate the ventilation system when the CO:
concentration level exceeds the standard limit [67]. Generally, DCV automatically adjusts ventilation
rates based on the indoor CO:z concentration, which requires the support of a variable air volume
(VAV) system [68]. However, mechanical ventilation in many individually controlled or split air-
conditioned offices is often designed with a constant air volume (CAV) [69]. Because living walls
might be used with both systems, both types of mechanical ventilation systems, namely VAV and
CAV, were investigated.

In offices with VAV systems with living walls, plants absorb the CO:z from occupants through
photosynthesis, which lowers the rate of increase of indoor CO:2 concentration (Equation (7)). As a
result, the time it takes for the indoor CO: concentration to reach the standard limit is postponed
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(Equation (4)) (in Figure 4(b), the time is postponed from Tvi to Tviiw), and the required ventilation
rates to maintain indoor CO: concentration within the standard limit decreases (Equation (6)) (in
Figure 4(b), the ventilation rate decreases from Qv to Qv-Lw). This results in a decrease in the required
outdoor air volume during working hours and a reduction in the energy consumption of the
ventilation system.

In offices with CAV systems, it is necessary to set upper and lower limits of the indoor CO2
concentration (Figure 4(d)). The upper limit is the standard limit, while the setting of the lower limit
should be determined based on the actual needs, energy consumption, and equipment durability
[69]. Market research shows that there are two CAV systems suitable for 30-m? offices, with
ventilation rates of 120 m?h and 210 m?3/h, respectively. According to the derivation of Equation (4),
a larger difference between indoor and outdoor CO: concentrations leads to a faster decay rate of the
indoor CO:2 concentration (Figure 4(c)); thus, setting a higher lower limit can achieve greater energy
reduction. To ensure the durability of the equipment, the CAV system should not be turned on and
off with an interval of less than 10 minutes [70]. Considering these three requirements, a CAV system
with ventilation rates of 120 m3/h and a lower CO: concentration limit set to 900 ppm was set in the
simulation. The ventilation system operated with a minimum interval of 12 minutes between on and
off cycles.

In offices with CAV systems with living walls, the COz concentration changes similarly to that
in offices with VAV systems before the ventilation system is activated. The ventilation system
operates at a constant ventilation rate and reduces the indoor CO: concentration. When the CO:
concentration reaches the lower limit, the ventilation system stops, and the indoor CO2 concentration
subsequently rises to the upper limit. One cycle is completed when the indoor CO2 concentration
changes from the upper limit to the lower limit and back to the upper limit. After this, a new cycle
begins. Living walls prolong the time needed to reach the upper limit (in Figure 4(d), the time is
prolonged from Tci to Tciiw and from Tcs to Tes-tw) and shorten ventilation system operation (in
Figure 4(d), the time is shortened from Tc2 to Tcz-Lw). Living walls may also reduce the number of
cycles within working hours. Notably, it is more energy-efficient if the working hours finish when
the indoor CO2 concentration reaches the standard limit and the CAV system is about to turn on (in
Figure 4(d), Te =Tcs). Living walls may alter CO:levels at the end of working hours, thereby impacting
energy efficiency. EnergyPlus can calculate the difference in fresh air energy consumption in 1-
minute intervals.

2.2.5. Climate and locations

Typical cities were selected based on the Climate Region of Building (Figure 5), and their
corresponding meteorological conditions are provided in Table 3. In the field of civil buildings in
China, there are two climate classification methods, namely the Climate Region for Building Thermal
[71] and the Climate Region of Building [72]. The former divides China into five zones based solely
on the average temperatures of the coldest month (January) and the hottest month (July), while the
latter considers both these factors and the average relative humidity in July, resulting in a division of
the country into seven zones. Fresh air energy consumption in a building is influenced by both the
outdoor temperature and humidity. Therefore, fresh air energy consumption in the selected typical
cities was calculated in EnergyPlus based on the Climate Region of Building.
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Figure 5. The division of the Climate Region of Building in China and typical cities.
Table 3. The outdoor meteorological parameters of typical cities in different climate regions [51].
. Average Dry Bulb Relative Atmospheric - Moisture Enthalpy
Climate . . 1. Pressure Content
. City Temperature  Temperature Humidity . . in Summer
Region in Winter (°C) in Summer (°C) in Summer in Summer  in Summer (kJ/kg)
(kPa) (g/kg) 8
I Harbin -27.1 30.7 62% 98.8 17.7 76.2
I Beijing -9.9 33.5 61% 100.0 20.2 85.7
I Shanghai -2.2 34.4 69% 100.5 24.1 96.5
v Guangzhou 52 342 68% 100.0 23.6 95.0
v Kunming 0.9 26.2 68% 80.8 18.3 73.0
VI Lhasa -7.6 24.1 38% 65.3 11.0 52.4
VII Urumgi -23.7 33.5 34% 91.1 12.2 65.2
3. Results

3.1. Experimental research

3.1.1. Confirmation of identical natural infiltration in two rooms

The confirmation results are reported in Table 4. The indoor CO: concentration in the two
experimental rooms decreased at different rates within 2 hours due to variable weather conditions,
including the wind speed, the wind direction, and indoor-outdoor temperature differences. These
factors affected the calculation of the CO: removal rate of the living walls. Nevertheless, the changes
in the indoor CO2 concentration between Rooms A and B were relatively small during the same
period. The accuracy of the CO2 sensor (SenseAir S8) used in the experiment is +40 ppm, and the
difference in indoor CO: concentration changes between the two rooms was within this range.
Therefore, it was assumed that the two rooms had the same natural infiltration rate of CO2. The
decrease in the CO:2 concentration in Room B without living walls can be used as a substitute for the
natural infiltration rate of CO2 in Room A with living walls. By subtracting the natural infiltration
rate in Room A from the total decrease in the CO: concentration, the CO2 removal rate of the living
walls could be calculated.

The comparative experiment in the two rooms helped to reduce the impact of variable outdoor
meteorological conditions on the experimental results, resulting in more precise outcomes.
Furthermore, the experiment was not constrained by season, weather, or local solar time, which
enhanced the flexibility of the selection of the experimental time.
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Table 4. The confirmation results of the two experimental rooms.
Wind Outdoor and Indoor Concgrg:ation
Leading Wind Temperature Difference (°C) CO: Concentration
Date Speed . 2 (ppm) .
Direction Difference (ppm)
(m/s) Room Room
Room A Room B
A B
2022/10/14 WSW/SSW/W
1 11:00-13:00 2.3 NW 4.1 34 150 171 21
2022/10/15
2 0:00-2:00 2.3 WSW/SSW 4.6 3.5 47 49 2
2022/10/16
3 10:30-12:30 4.6 WSW/SSW 4.9 3.8 164 182 18

3.1.2. Optimization of the impacts of the adjustable factors of office spaces on CO2 removal
efficiency

The change in the indoor CO2 concentration within 2 hours is shown in Figure 6. Among the 16
experimental conditions, the indoor CO: concentration decreased in eight conditions, remained stable
under two conditions (the range of CO: concentration change is within the reference line of y=100%),
and increased under six conditions. The E. aureum living walls respectively exhibited the highest and
lowest indoor CO: removal rates within a 2-hour period under high light intensity and dark
conditions with a wet substrate. Additionally, the highest CO2 removal rate was associated with a
slower reduction in the indoor CO:2 concentration, potentially indicating a decrease in the net
photosynthesis rate as the indoor CO2 concentration decreased.

The results of the CO:2 removal rates of the living walls are shown in Figure 7. The statistical
analysis indicated no significant differences (p > 0.05) in the impacts of CAM plants represented by
S. trifasciata, Cs plants represented by E. aureum, and dry/wet substrates on the CO: removal rates.
However, significant differences (p < 0.05) were observed between the medium/high light intensity
and low light intensity/dark conditions, highlighting the greater influence of light intensity on CO:
removal rates as compared to the carbon fixation pathways, and substrate moisture level.

The maximum CO: removal rates for plants with different carbon fixation pathways were
observed under high light intensity, with the removal rates of S. trifasciata and E. aureum reaching 795
and 1176 mg/h, respectively. As the light intensity increased from medium to high, the CO: removal
rates exhibited varying degrees of improvement. For S. trifasciata, the rates respectively increased by
134.9% and 20.3% under the dry and wet substrate conditions. For E. aureum, the rates respectively
increased by 91.8% and 98.8% in the dry and wet substrate conditions. However, when transitioning
from the dark conditions to low light intensity, the CO:z removal rate of the E. aureum living walls
increased, while that of the S. trifasciata living walls decreased. This observation may be attributed to
the CAM carbon fixation pathway, in which the photo-related signal inhibits the CAM metabolism
[73].

The maximum CO: removal rates for plants with different carbon fixation pathways occurred
under varying substrate moisture levels. The Cs plant E. aureum thrives in a well-hydrated soil
environment, while the CAM plant S. trifasciata can adapt to drought conditions. Due to insufficient
moisture, under the medium/high light intensity conditions, the COz removal rates for the E. aureum
living walls decreased by 18.4% and 21.3%, respectively. Under medium light intensity, the S.
trifasciata living walls exhibited a 22.2% reduction in the CO2 removal rate due to water deficiency.
Surprisingly, under high light intensity, S. trifasciata living walls showed a 52.0% increase in the CO2
removal rate despite an inadequate substrate moisture supply. CAM is a typical ecophysiological
adaptation of plants to arid conditions [74], and the experimental results confirm the drought
tolerance of CAM plants.
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Figure 6. The mean CO2 concentration (%) changes from the input concentration (1000£100 ppm)
within 2 hours under different conditions: S. trifasciata (S), E. aureum (E), Dry (D), Wet (W), High light
intensity (H), Medium light intensity (M), Low light intensity (L), Dark (DA). Shaded areas represent
the SEM (n = 3).
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Figure 7. The CO: removal rates are presented as the mean + SEM (n=3). Notes: lowercase letters
indicate significant differences (p=0.05).
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3.1.3. Optimization of the impact of the significant factor of office spaces on the COz removal
efficiency

The light response curve results of the E. aureum living walls in a wet substrate are shown in
Figure 8. The calculation of the net photosynthetic rate (P,) in relation to light intensity (I) is given by
Equation (9).

_ 37XIX1620

B, = — 312 (R>=0.99267)

371+1620 (9)

The linear regression result of net photosynthetic rate (P,) in relation to light intensity (I) for
plants under low-light conditions (<100 umol-m?-s') were obtained by Equation (10).

B, = 111 — 144 (R2=0.88337) (10)
Based on Equation (2), the estimated the LSP is 176 umol-m?2-s?, and the LCP is 13 pmol-m2-s.

Pn=37x1x1620/(37xH+1620)-312

R?=0.99267
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Figure 8. The light response curve of the E. aureum living walls in a wet substrate.

3.2. Simulation

3.2.1. CO2 concentration and fresh air volume

Figs. 9 and 10 respectively display the variations of the CO2 concentration variations and the
fresh air volumes in the offices with the VAV or CAV systems, with different numbers of occupants,
and with or without living walls on a typical working day.

When two and three occupants are working, living walls delay the activation of the ventilation
system by 17 and 9 minutes, respectively. When only one occupant is in the office, living walls make
it unnecessary to activate the ventilation system as the indoor CO2 concentration is within acceptable
levels.

In an office with a CAV system and living walls, the number of ventilation system activations
remains unchanged with three occupants, but the operating time decreases by 14.3%. With two
occupants, the number of activations decreases from 9 to 8, and the operating time decreases by
27.8%.

In an office with a VAV system and living walls, the fresh air volume decreases by 22.2% and
12.3% for two and three occupants, respectively. The ventilation rate required to control the CO:
concentration within the standard limit (Equation (6)) decreases from 75.6 to 69.5 m¥h for three
occupants and from 50.4 to 44.3 m3/h for two occupants.
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Figure 9. The variations of the CO2 concentration in the offices with VAV or CAV systems, with
different numbers of occupants, and with or without living walls, on a typical working day.
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Figure 10. The fresh air volumes in the offices with VAV or CAV systems, with different numbers of
occupants, and with or without living walls on a typical working day.

3.2.2. Fresh air energy consumption

Figure 11 presents the annual energy consumption for the cooling and heating of outdoor air in
offices with VAV or CAV systems, with different numbers of occupants, and with or without living
walls in typical cities. In offices with three occupants, living walls result in an annual reduction in
fresh air energy consumption ranging from 17 to 93 kW-h, achieving energy savings of 11.2% to
14.8%. For two occupants, living walls contribute to an annual reduction in fresh air energy
consumption ranging from 15 to 72 kW-h, achieving energy savings of 19.8% to 28.2%. Compared to
VAV systems, CAV systems exhibit higher energy savings in terms of fresh air energy consumption
when using living walls to lower indoor CO: concentrations, with CAV systems achieving 1.26 times
the energy savings of VAV systems.

The fresh air energy savings achieved by living walls vary significantly due to differences in
climate conditions. The city with the highest energy savings is Harbin, with 4.5 times the energy
savings of the city with the lowest energy savings, namely Kunming. In humid regions, cities have a
higher fresh air energy savings of 17.8% to 29.1% as compared to dry regions at the same temperature.
Among cities with extremely cold climates and an average temperature below -10 °C in the coldest
month, Harbin and Urumgi have different air humidities [71]. Harbin, with higher air humidity, has
a fresh air energy savings of 17.8% to 19.6% higher than those of Urumgi. Beijing and Lhasa both
require the consideration of both winter insulation requirements and summer heat prevention [71].
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Because Beijing is closer to the ocean than Lhasa, its fresh air energy savings are 18.7% to 29.1% higher
than those of Lhasa.
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Figure 11. The annual energy consumption for outdoor air cooling and heating in the offices with
VAV or CAV systems, with different numbers of occupants, and with or without living walls, in
typical cities.

4. Discussion

4.1. Comparison to other methods of indoor CO: removal

Compared to absorption and membrane separation, adsorption has the potential for room-level
CO: capture [17,75]. In high-density and poorly ventilated environments like airplanes and
submarines, where tackling high indoor COz levels is critical, high-cost and efficient CO2 adsorption
methods are required. Living walls are less efficient than adsorption methods for purifying COs..

In offices, occupant respiration increases indoor CO: levels, thus impacting work efficiency [41].
Ventilation rapidly reduces CO: concentrations but consumes significant HVAC energy. Given the
synchronization of office occupancy with the natural light cycle, the utilization of natural light for
photosynthesis to purify indoor air offers an energy-efficient and sustainable solution to mitigate
high indoor CO: levels in office environments.

In addition, unlike adsorption, which solely captures CO;, plants engage in simultaneous CO2
absorption and O: release via photosynthesis. Prolonged work in an enclosed space can lead to
decreased indoor O: levels, thus affecting cognitive abilities [76]. Plants not only purify indoor air but
also generate beneficial air ions [77], remove contaminants such as volatile organic compounds
(VOCs) [78,79] and particulate matter (PM) [80], enhance thermal comfort [81], and create a sense of
safety and relaxation when in proximity to them [26]. Additionally, plants hold aesthetic value in
architectural environments [82].
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4.2. Optimization of the CO:z removal efficiency in office spaces

The plant selection, lighting design, and irrigation management of the living walls are crucial
for air purification in office spaces. This study experimentally investigated the impacts of the carbon
fixation pathways, light intensity, and substrate moisture level on the COz removal rate of the living
walls, providing valuable insights for designers. Botanical research has examined the impacts of light
conditions and soil moisture on the net photosynthetic rates of various plant species, as the CO:
absorption rate reflects their physiological characteristics and productivity [83]. Researchers have
explored the potential of plants to reduce indoor COz concentrations in chambers [44] and conducted
experiments in actual rooms [56], providing a theoretical basis for the implementation of living walls
to lower indoor CO: levels. However, further targeted research is needed, particularly for practical
applications in real office buildings.

The selection of plant species plays a vital role in the CO: removal rate of the living walls, with
Gs plants offering higher rates than CAM plants. Botanical studies have shown that Cs plants exhibit
higher productivity than CAM plants [84]. The experimental results of the present study demonstrate
a48.0% higher CO:z removal rate in the Cs plant, E. aureum, than in the CAM plant, S. trifasciata, under
identical high lighting conditions. Moreover, even under similar wet substrate conditions, the E.
aureum living wall under medium light intensity exhibited a higher CO: removal rate than the S.
trifasciata living wall under high light intensity. This highlights the significant impact of plant
selection on the CO2 removal rate. Additionally, comparing the findings of the present study with
those of the study conducted by Torpy et al. [56], the CO2 removal rate of Chlorophytum comosum
living walls was found to be 3.2 times higher than that of the E. aureum living walls, emphasizing the
potential for substantial enhancement in the COz removal rate via appropriate plant selection. While
plant selection for the living walls often prioritizes aesthetic considerations [57], the present research
provides an alternative perspective for interior designers.

The light intensity significantly influences the CO: removal rate of the living walls. Studies have
shown that increasing light intensity enhances the CO2 removal rate of plants [44,56,57,85,86], which
is consistent with the findings of the present work. When transitioning from medium to high light
intensity, the CO2 removal rate of the living wall increased by 20.3% to 134.9%. However, plants have
a saturation point, beyond which providing additional ligh no longer increases the CO2 removal rate.
For the E. aureum living walls in the wet substrate, the measured LSP was 176 pmol-m2-s''. Therefore,
when natural light exceeds the saturation point, artificial lighting is unnecessary. Additionally,
researches indicate that under typical office lighting, most plants are unable to significantly reduce
indoor CO:z concentrations [43,44]. The results of the present research demonstrate that under typical
office lighting conditions, the living walls released CO2. The LCP of the E. aureum living walls in a
wet substrate was measured as 13 umol-m2-s. To prevent plants from adversely affecting indoor air
quality, it is necessary to activate supplemental lighting when the natural light falls below the
compensation point while people are present in the office.

The utilization of natural light to enhance CO2 absorption in living walls is an energy-efficient
solution for the reduction of indoor CO: levels in offices. If artificial lighting is used exclusively,
energy-efficient lamps with a photon efficiency of 1.5 umol/J [87] would require 117 W and 9 W to
reach the LSP and LCP, respectively. The annual lighting energy consumption required to achieve
the LSP would be 2.96 times higher than the highest energy savings associated with ventilation. Shao
et al. [42] measured the average daily PPFD inside a window sill at 250 umol-m?-s7, exceeding the
LSP of the living wall. Therefore, our research suggests that living walls primarily rely on natural
light, activating supplemental lighting when the surface light falls below the LCP of 13 pmol'm2s-1.
While areas with concentrated solar radiation in an office may impact human thermal comfort [35]
and lead to equipment aging [36], they are suitable for placing living walls, thus providing a new
perspective for interior design based on our research.

Irrigation and maintenance management are key considerations for the operation and
management of living walls. Under typical office lighting conditions, substrate moisture has a
negligible impact on plant CO:2 removal efficiency [44], as was confirmed in this study. However,
water deficit can lead to stomatal closure [88] reducing the CO2 removal rate s of living walls with Cs
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plants like E. aureum by 18.4% to 21.3% under medium and high light intensities , respectively.
Therefore, irrigation management is crucial for Cs plants used in air purification. In the present
experiment, the plants were watered every 3 days to maintain optimal substrate moisture. For CAM
plants, the COz removal rate of the living walls remained unaffected by drought under high light
intensity but decreased by 22.2% under medium light intensity. Choosing living walls with CAM
plants for air purification allows for a reduction in irrigation frequency, thus lowering maintenance
costs.

5. Conclusions

The utilization of living walls for COz removal is an energy-efficient and sustainable solution to
address high CO:z levels in office spaces. To promote the practical application of the living walls and
provide guidance to designers, this study experimentally investigated the impacts of adjustable
factors of office environments on the CO2 removal rate of the living walls. Additionally, EnergyPlus
was innovatively employed to evaluate the fresh air energy-saving potential of the living walls under
different scenarios. The following conclusions were drawn.

1. The selection of Cs plants for living walls was found to achieve higher CO: removal efficiency
than CAM plants.

2. Natural light is primarily used for CO: removal in living walls. The activation of artificial
lighting is recommended when the surface light intensity of living walls drops below the LCP
of 13 pumol'm?2-s.

3. The reduction of the irrigation frequency was found to have no impact on the CO2 removal
efficiency of CAM plant living walls, but decreased the CO: removal efficiency by 18.4%-21.3%
for Cs plant living walls.

4. In a30-m? office with two and three occupants, living walls can reduce the fresh air demand by
12.3%-27.8% and decrease fresh air energy consumption by 11.2%-28.2%.

5. The fresh air energy savings of the living walls varied significantly across climate regions. The
city with the highest savings, Harbin, was found to have 4.2 times the energy savings of
Kunming, the city with the lowest savings. Humid regions were found to exhibit 17.8%-29.1%
higher energy savings as compared to dry regions.

This study focused on the optimization of CO: removal via living walls for office spaces.
However, further research is needed to explore their application in residential, educational, and
commercial buildings. Additionally, while this study accurately calculated the fresh air energy
savings of living walls, future research should integrate other lighting analysis software to evaluate
the overall energy-saving effects of the living walls.
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