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HIGHLIGHTS

« Passive living walls measurably reduce indoor CO2 accumulation.
« CO2 removal increases with LED intensity and temperature.

« Full illumination cuts cumulative CO2 exposure by up to 44%.

« Pulse tests show CO2 reductions up to 39% under LEDs.

« Living walls can complement hybrid ventilation strategies.

ARTICLE INFO ABSTRACT

Keywords: Living walls (LWs) may complement conventional ventilation by mitigating indoor carbon dioxide (CO,) ac-
Living wall cumulation. This study experimentally quantified the CO, phytoremediation performance of two passive LWs
CO, mitigation installed in a 38 m® full-scale climate chamber and composed of Spathiphyllum, Philodendron hederaceum, and
Indoor air quality Epipremnum aureum. Decay and pulse tests were performed at 20 °C and 24 °C under three lighting conditions:
Phytoremediation

LED OFF, 50%, and 100% intensity. In the decay tests, illumination increased the measured decay constant k
from 0.00566 min~! to 0.00816 min~?! at 20 °C and 0.01105 min~! at 24 °C, reducing cumulative CO, exposure
by up to 44%. After subtraction of the OFF reference contribution, the net LW-equivalent CO, removal airflow
rate was 5.75 m® h~! at 20 °C and 12.39 m® h~! at 24 °C. A concentration-dependent net uptake relationship,
gner(C), was also derived for use as a biological sink model. Pulse tests simulated the CO, generation of approx-
imately three school-aged children. After 60 min, the final concentration increase AC was reduced by 20-27%
and 35-39% at 20 °C under 50% and 100% LED intensity, respectively, and by 26-27% and 33-37% at 24 °C.
Under full illumination, the equivalent respiratory load decreased from 3.3 to 2.1 occupants. Overall, passive
LWs provided a measurable but limited CO, mitigation contribution and should be considered complementary
biological sinks rather than substitutes for ventilation.

Climate chamber
Equivalent CO, removal airflow

1. Introduction Syndrome, even when temperature and humidity remain within accept-
able ranges [4-6].

IAQ is generally controlled through Controlled Mechanical
Ventilation (CMV) and Heating, Ventilation and Air-Conditioning
(HVAC) systems. However, high outdoor-air supply rates can sub-
stantially increase heating and cooling demand, especially in airtight
buildings [7,8], whereas reducing ventilation may save energy at the

Indoor air quality (IAQ) is closely linked to the physical and mental
well-being of people in schools, offices, and other indoor environments
[1]. Since people spend up to 90% of their time indoors, particu-
larly during winter [2,3], inadequate ventilation may cause discomfort,
headaches, irritation, and symptoms associated with Sick Building
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Nomenclature

Latin symbols

A Total one-sided leaf area of the two LWs (m?2)

Arw Total projected vegetated area of the Living Walls (m?)

a,b Regression coefficients (-)

C CO,, concentration (ppm)

C* Normalized CO, concentration; residual fraction in decay
tests and relative concentration growth in pulse tests (%)

Cle Light extinction coefficient (-)

Cwater Water vapour concentration (ppm)

AC CO, concentration increase during pulse tests (ppm)

AQ Difference between the net LW-equivalent CO, removal
airflow rate and the design airflow rate (m3.h2~1)

g Leaf-area-normalized, system-level CO, uptake flux
(kg.m~2.5~1)

Kegt CO,, removal coefficient (m?. min~")

k CO, decay constant (min~!)

LAI Leaf Area Index (-)

M Cumulative CO, exposure (ppm.min)

Mco, Molar mass of CO, (kg.mol~!)

n Air change rate (h~1)

P Atmospheric pressure (Pa)

PAR Photosynthetically Active Radiation (umol m~2 s~1)

(0] Design airflow rate prescribed by EN 16,798-1 (m3.A~1)

R Universal gas constant (8.314J.mol~'. K1)

t Time (min)

tq Decay time (min)

o Half-decay time (min)

T Temperature (K, °C)

|4 Chamber volume (m3)

Greek symbols

B Steepness parameter of the sigmoidal uptake model (-)
n Phytoremediation efficiency (-)

0 Normalized excess CO, concentration ratio (-)
T Optical transmittance (-)

Subscripts

) Asymptotic/background reference value

i Inflection point of the sigmoidal model

max Maximum

min Minimum

NET Net contribution

OFF Lights-off condition

ON Lights-on condition

OFF,max Maximum value reached under lights-off conditions
Acronyms

CMV Controlled Mechanical Ventilation

CO, Carbon dioxide

HVAC  Heating, Ventilation and Air Conditioning
1AQ Indoor Air Quality

LED Light Emitting Diode

LW Living Wall

RH Relative Humidity

voC Volatile Organic Compounds

expense of IAQ. Older systems may also respond poorly to changing
occupancy and pollutant loads [9], with potentially significant health
and economic consequences [10-12]. These limitations encourage com-
plementary solutions capable of supporting conventional ventilation
while reducing part of its energy demand [13,14].

Vegetated systems may complement HVAC as natural filtration de-
vices [15]. Green Walls (GWs) include Green Facades (GFs), typically
formed by outdoor climbing plants, and Living Walls (LWs) [16-20].
LWs can also be installed indoors to support pollutant removal and IAQ
improvement [21,22]. They are classified as active or passive accord-
ing to the presence of forced airflow [22,23]. Active systems convey
polluted air through the substrate and root-microbe complex, whereas
passive systems rely on diffusion and ambient air movement [24,25].
Although active LWs generally achieve higher removal rates, passive
systems require no fan, generate less noise, and may be more suitable
for continuously occupied spaces.

Previous studies associated LWs with improved indoor humidity,
thermal comfort, IAQ, and reduced ventilation-related energy demand
[20,26-30]. Lower CO, concentrations and fresh-air energy use were
also reported, with peak CO, reductions approaching 50% [31,32].
In educational environments, LWs may additionally provide biophilic
benefits, while classroom studies observed modest CO, reductions, im-
proved thermal and humidity conditions, reduced stress, and better
perceived air quality [33-35].

LW CO, removal depends on plant species [22,36], lighting condi-
tions [16,37], foliage characteristics, and airflow configuration [30].
Species differ in photosynthetic activity, leaf area, and root-zone mi-
crobial interactions [38]. Commonly investigated species and their
main removal mechanisms are summarized in Table 1. Supplementary
lighting can enhance photosynthetic CO, uptake but also consumes
electricity and generates heat; LW design must therefore balance re-
moval performance against lighting-related energy use.

Despite the reported benefits, evidence on passive indoor LWs re-
mains limited and fragmented. CO, removal rates are difficult to

Table 1
Most common plant species employed for VOC and CO, removal in indoor
phytoremediation systems, with corresponding dominant mechanisms.

Species Target pollutant Main removal mechanism
Spathiphyllum wallisii CO,, VOCs [39-41] Microbial biodegradation in
(Peace Lily) rhizosphere

Root-zone microbial oxidation
Photosynthesis and root

Dracaena deremensis
Epipremnum aureum

VOCs [42]
CO,, VOCs [42-45]

(Pothos) microbial activity
Chlorophytum comosum  CO,, VOCs [46] Photosynthesis and rhizodegra-
(Spider Plant) dation

Howea forsteriana CO, [38] Photosynthetic uptake (large
(Kentia Palm) leaf area)

Dypsis lutescens (Areca  CO, [38,47] Photosynthesis, low respiration

Palm) loss

Chamaedorea elegans CO,, VOCs [38,48] Photosynthesis, moderate
(Parlour Palm) rhizosphere activity
Philodendron scandens Adsorption on waxy leaf
surfaces

CAM photosynthesis (night
CO, uptake)

CO,, VOCs, PM [38,49]

Sansevieria trifasciata
(Snake Plant)

CO,, VOCs [46]

compare because standardized metrics are lacking, while information
on long-term plant health, operational stability, life-cycle impacts, eco-
nomic feasibility, and system design remains scarce. Moreover, many
studies report only decay curves or test durations without deriving com-
parable engineering indicators. A reproducible quantitative framework
is therefore needed to assess LW CO, removal performance. The present
study addresses this gap through a full-scale experimental campaign
conducted in a 38 m® climate chamber equipped with two LW panels,
controlled irrigation, and adjustable lighting. Tests were performed at
20 °C and 24 °C with lights off and at 50% and 100% intensity. Decay
tests assessed CO, removal after a controlled injection, while pulse tests
simulated occupant-generated emissions. The concentration time series
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were used to derive the decay constant k, half-decay time 7, ,, cumu-
lative exposure M, and net LW-equivalent CO, removal airflow rate
Kplanteff- These indicators provide a reproducible framework for com-
paring passive LW performance and supporting its future integration
into hybrid ventilation strategies.

The paper is organized as follows. Sections 2 and Section 3 de-
scribe the experimental setup and methodological procedures. Section 4
presents and discusses the results of the study. Section 5 reports the
conclusions.

2. Experimental setup

This section describes the climate chamber utilized for the experi-
mental procedures, along with the LW used to evaluate CO, absorption
and the measuring setup. The monitoring and control of these physi-
cal quantities were facilitated by the utilization of bespoke visualization
interfaces (VIs) within the LabVIEW software framework.

2.1. Climate chamber

Experimental tests were conducted in a full-scale climate chamber
measuring 4.3 X 3.3 x 2.7m (Fig. 1, internal volume of around 38m?),
located in the Environmental Energy Laboratory of the Department
of Industrial Engineering and Mathematical Sciences (DIISM), Marche
Polytechnic University, Ancona, Italy. The chamber consisted of a
lattice-steel load-bearing frame enclosed by 0.45m-thick mineral-fibre
insulating panels. The floor was made of medium-density fibre panels
supported by a steel structure approximately 0.30m above the labora-
tory floor. Its dimensions correspond to approximately one quarter of a
typical Italian classroom.

2.2. Living wall

Two fabric-based LW panels were installed on the east wall of the
climate chamber. Each panel measured 1.35 x 2.35m and covered ap-
proximately 3.17m?, giving a total projected vegetated area of 6.34m?.
The panels were supported by a metal frame and consisted of fabric

31
Climate chamber: plan view

Door

Thermocouples

Licor

Fan coil
a

Led lamps

Green
Radiator Walls

€O, nozzles

Climate chamber: section A-A'
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=

Fig. 2. Plant species and their distribution in the LWs. The left panel contains
Spathiphyllum (Peace Lily), while the upper and lower sections of the right panel
contain Philodendron hederaceum and Epipremnum aureum (Pothos), respectively.

pockets containing rock wool and natural fertilizer. Each panel was di-
vided into upper and lower irrigation zones, while the irrigation system
maintained the substrate moisture between 25 and 35%.

Three species previously investigated for indoor phytoremediation
were used (Fig. 2). The left panel was planted with Spathiphyllum
[39-41], whereas the upper and lower sections of the right panel con-
tained Philodendron hederaceum [38] and Epipremnum aureum [43-45],
respectively.

/IL

Environmental Energy Laboratory

Climate chamber

Fig. 1. Plan view and cross section of the full-scale climate chamber. All dimensions are provided in meters.
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2.3. Measuring system

This section contains information on the monitoring techniques
utilized in the present study. The analysis focuses on the following pa-
rameters: temperature, illumination, air humidity, and carbon dioxide
concentration.

2.3.1. Lighting and leaf area index measurements

Four LED lamps were installed inside the climate chamber to provide
the light required for plant maintenance and photosynthetic activity.
Each lamp measured 1.5 x 0.7 x 0.4m, had a nominal electrical power
of 125W, and provided a nominal photon flux of 250 umol s~! within
the 400-700nm spectral range. As shown in Fig. 1, the lamps were po-
sitioned 2.45m from the LW supports, with their bases 0.70m above the
floor and tilted upward by approximately 15° from the vertical.

A dedicated LabVIEW routine controlled the light intensity and the
light-dark cycle. The default maintenance cycle consisted of 8 h of light
and 16 h of darkness, while the LED intensity was adjusted according to
the experimental conditions.

The spatial distribution of Photosynthetically Active Radiation
(PAR) was measured 0.10m in front of the LWs using a Danoplus DP-
380 portable quantum sensor operating in the 400-700nm range, with
an instrumental accuracy of 1 pmol m~2 s~ ! [50]. Measurements were
taken over a 2.70 x 2.35m vertical plane divided into a 4 x 4 grid. The
value assigned to each cell was the average of four measurements taken
at its corners.

As shown in Fig. 3(a), at 50% LED power the measured PAR ranged
from 40 to 61 umol m~2 s~1, with lower values near the lateral and
lower boundaries. At full LED power (Fig. 3b), PAR ranged from 70 to
107 pmol m~2 s~ and showed a more uniform distribution over the
planting surface.

- 2.35
- 1.76
3 £
- 118 =
2 / 5
¥ !
- 0.59
=0
T I \ T \
0 0.67 1.35 203 270
X (m) =
Q1 & Q3
- 235
73 85 82 74
- 1.786
E
86 104 99 82 <
- 1.18
£
81 107 102 82
0|
O
—] ! - 0.59
\ ) 70 75 74 71
i1 | s
J
T \ \ T \
0 0.67 1.35 2.03 270
Q2 X (m) o

®)
PAR (umol'm2-s 1)

I
4150 51-60 61-70 71-80  81-90  91-100 101-110
Fig. 3. PAR distribution in front of the LWs under two lighting conditions:
(a) LED lamps at 50% power and (b) LED lamps at 100% power. The values
represent the averages of four measurements taken at the corners of each grid
cell.
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Table 2

Measured PAR and calculated LAT for each quadrant.
Quadrant  Above PAR Below PAR T LAI

(umol m~=2 s~ 1) (umol m~2s71)

Q, 87.0 28.1 0.32 1.42
Q, 83.2 29.5 0.35 1.31
Qs 84.2 29.7 0.35 1.31
Q4 82.2 30.0 0.36 1.27

The PAR measurements were also used to estimate the Leaf Area
Index (LAI), defined as the one-sided leaf area per unit projected
area [51-54]. For this purpose, the LWs were divided into four sec-
tors, Q;-Q4, as indicated in Fig. 3(b) (Q; and Q,: Spathiphyllum; Qs
and Qy: Philodendron hederaceum and Epipremnum aureum). An indirect
optical method based on PAR transmittance was adopted [52,55,56].
Measurements were taken immediately in front of and behind the
foliage, and the optical transmittance = was calculated as [57]:

_ Average Below PAR

T — 1
Average Above PAR

Assuming a uniform leaf distribution and diffuse radiation condi-
tions, LAI was calculated using the simplified Beer-Lambert law:

In(e)

Cle

LAI =— (2)

where ¢, is the light extinction coefficient, which depends on foliage
geometry and measurement conditions [52,55]. A value of ¢, = 0.8 was
adopted for the present laboratory configuration.

As reported in Table 2, the calculated LA values ranged from 1.27
to 1.42, with differences below 10% among the four sectors. The mean
value, equal to 1.3, was therefore adopted for the entire LW system
and assumed constant during the experimental campaign, since foliage
variations over the test period were considered negligible.

2.3.2. Temperature monitoring and control

Air temperature was measured every 10 s using eight copper—
constantan T-type thermocouples with an uncertainty of 0.5 °C. As
shown in Fig. 1, the sensors were arranged vertically on a pole located
approximately 2m from the east wall containing the LWs. The lowest
thermocouple was positioned 0.5m above the floor, and the remaining
sensors were spaced at 0.3m intervals.

The mean value measured by the eight thermocouples was used as
the reference temperature for the control system. An electric radiator
and a fan coil unit, regulated through a PID controller and a dedicated
LabVIEW virtual instrument, maintained the selected temperature set-
point within +0.5 °C throughout the experiments.

2.3.3. CO, concentration and air humidity measurements

A LI-COR LI-7815 Trace Gas Analyzer was used to measure the CO,
concentration C and water-vapour concentration c,., at 1Hz, with
measurement uncertainties of 0.1ppm and 45ppm, respectively. Relative
humidity (RH) was derived from c,, .. As shown in Fig. 1, the analyzer
was positioned between the two LWs, approximately 1.5m from each
panel and 1.5m above the floor.

CO, with a purity of 99.7% was supplied from an external cylinder
through six ceiling-level nozzles symmetrically distributed along the two
sides of the chamber, as shown in Fig. 1. Gas delivery was regulated
by a solenoid valve controlled through a dedicated LabVIEW virtual
instrument.

Before the installation of the LWs, the spatial distribution of CO,
within the chamber was assessed using seven HOBO MX CO, Logger
(MX1102 A) sensors, with a nominal accuracy of +50ppm. The sensors
were installed on three vertical poles located near the LWs, in the central
region of the chamber, and on the opposite side. Sensors A and B were
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Table 3
Average CO, concentration C (ppm) measured by the seven monitoring sensors
during a preliminary decay test.

t C (ppm) Std. dev.
(min) A B C D E F G (ppm)
0 3049.3 3012.6 3055.1 3021.5 3029.5 3029.9 3030.5 14.9

20 2517.9 2476.8 2523.7 2488.7 2496.7 2499.0 2498.7 16.1
46 2009.5 1977.3 2020.2 1991.3 1997.8 1995.8 2002.6 13.6
94 1507.0 1478.2 1524.6 14949 1502.6 1498.4 1499.9 13.9
178 1003.2 976.7 1020.6 995.6 1007.2 999.9 1002.3 13.2
232 756.2 719.6 759.1 741.6 7585 750.5 750.8 13.9
526 500.3 471.8 501.8 502.7 510.2 503.7 510.7 13.1
1030 389.5 3745 391.7 407.5 4085 4129 4155 151
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Fig. 4. Temporal evolution of CO, concentration C over one day in the test
chamber with the door constantly closed. The green area highlights the period
during which the lights were turned on. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

positioned near the LWs at heights of 0.30 and 2.10m; sensors C-E were
positioned in the central region at 0.30, 1.10, and 2.10m; and sensors F
and G were positioned on the opposite side at 0.30 and 2.10m. These pre-
liminary measurements were also used to optimize the nozzle positions
and distribution-duct lengths, thereby limiting horizontal concentration
differences and vertical stratification. As reported in Table 3, the spatial
standard deviation among the seven monitoring points ranged from 13.1
to 16.1ppm, below the nominal sensor accuracy. No marked or persis-
tent horizontal or vertical concentration gradients were observed. The
results therefore indicated an approximately uniform CO, distribution
and supported the use of the LI-COR measurement as representative of
the mean chamber concentration.

Daily CO, monitoring was also performed with the chamber door
closed to minimize air exchange with the surrounding laboratory. As
shown in Fig. 4, during the dark period (18:00-08:59), C increased
from 455.5 to 492.6ppm, corresponding to an average emission rate of
2.47ppm.h~'. During the illuminated period (09:00-16:59), the concen-
tration decreased to 444.4ppm, indicating that photosynthetic uptake
exceeded respiratory CO, release. This daily carbon-exchange pattern is
consistent with previous studies [11,37,58].

3. Methodology

This section presents the theoretical framework and experimental
procedures adopted for the decay and pulse tests, following the tracer-
gas methods described by [7] and commonly used to characterize LWs
[59,60]. In decay tests, CO, was injected to establish a uniform initial
concentration, and its subsequent decrease was monitored. In pulse tests,
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controlled CO, injections reproduced a continuous internal source, and
the resulting concentration increase was recorded.

3.1. Decay method

The decay method was applied under the assumptions of a well-
mixed chamber volume and spatially uniform mean air temperature
(Section 2.3.3 and Table 3) [61]. Based on this preliminary assessment,
the CO, concentration measured by the LI-COR analyzer was used as
representative of the mean concentration within the climate chamber.

During the decay tests, the chamber remained closed, with no in-
tentional supply or exhaust airflow and no further CO, injection. The
observed decrease in CO, concentration resulted from the combined
effects of plant-related CO, exchange and residual air leakage. Since
these contributions could not be independently quantified, the overall
removal process was represented by an effective first-order decay model
[7,62,63]:

ac _ _
Vg = Keit (C-Co) 3

where V is the chamber volume, C is the absolute indoor CO, concen-
tration, C,, is the asymptotic equilibrium concentration, and K¢ is an
effective removal coefficient accounting for all relevant CO, removal
and exchange processes. Defining

Kege
k=—2 4
v @

integration of Eq. (3) yields:

cw-C,

[m] =1n() = —kt (5)
where C(0) is the initial concentration (3000ppm). The asymptotic con-
centration C, was fixed at 500ppm, representing a controlled indoor
background level under quasi-closed conditions, slightly above typi-
cal outdoor concentrations. If kgy and kqgpr denote the corresponding
decay constants measured with the LED lamps switched on and off,
respectively, then the quantity:

Kplanteff = V (kon — korr) (6)

can be interpreted as an equivalent CO, removal airflow rate (m3.A71).
This is not an actual airflow rate, but rather a theoretical one that,
through air exchange with an environment at concentration C,, would
produce the same CO, removal effect as the LW.

In addition to the logarithmic form used for the regression analysis,
the same normalized concentration term was expressed as a residual
fraction:

_CH-Cy

Cr=—- "
coy-cC,,

- 100 )
The parameter C* represents the percentage of the initial concentration
excess that is still present in the chamber at time 7, or equivalently the
percentage of the decay path still to be completed before reaching the
asymptotic concentration C_,. Therefore, C* = 100% at the beginning of
the decay test and progressively decreases towards 0% as C(t) approaches
C,,- This formulation is adopted because the decay process follows an ex-
ponential law; therefore, applying the logarithmic transformation yields
a linear trend over the decay region, enabling the estimation of the de-
cay coefficient k through regression on the linear portion of the curve
[64]. Deviations from linearity, typically observed as a “knee” in the
curve, indicate the transition towards the asymptotic regime.

Before each decay test, CO, was injected until a target concentra-
tion of 3000ppm was reached. The required mass of CO, was estimated
from the ideal gas law using chamber volume, temperature and pressure.
Approximately 200g of CO, was needed to raise the concentration from
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500ppm to 3000ppm in the 38m3 chamber, consistent with theoretical
expectations. Injection proceeded in 30s pulses separated by 90s pauses,
each pulse increasing the indoor concentration by about 200ppm, cor-
responding to an average mass flow rate of roughly 0.48g.s!. A decay
test was considered complete when the indoor concentration returned
to 500ppm; the corresponding elapsed time is denoted as the decay time
t4. Each test was repeated 3 times to assess repeatability and to evalu-
ate the influence of the LW by comparing the lights-off and lights-on
conditions.

To quantify cumulative CO, exposure during decay, the area under
the curve M (ppm.min) was computed using the trapezoidal rule [7,65,
66]:

14
M=/ C(t)dtz%(C0+2C1+~--+2CN_2+CN_1) (8)
0

where At is the time interval between consecutive concentration sam-
plesand N is the total number of samples considered over the decay test.
This parameter provides an integrated measure of exposure, overcoming
the limitations of point-based indicators such as instantaneous concen-
tration values. A dimensionless efficiency parameter was then defined
as:

_ Mo — Miw ©
Morr

where Mqpr and My, denote the cumulative exposure under lights-off

and illuminated LW conditions, respectively. The parameter y represents

the relative reduction in total CO, exposure and provides an integrated

measure of the system performance.

The experimental decay curves, in which the indoor CO, concentra-
tion is expressed as a function of time C = f(r), were processed to derive
a concentration-dependent uptake relationship for the Living Wall (LW),
namely g = f(C). Expressing the uptake as a function of CO, concen-
tration allows the LW to be represented as a dynamic sink, rather than
describing its performance only through the duration of a specific de-
cay test. This approach is consistent with plant-uptake models in which
CO, removal depends on both ambient concentration and the amount
of vegetation [67]. The resulting quantity should be interpreted as a
system-level uptake flux derived from the CO, mass balance of the whole
LW-chamber system, rather than as a direct measurement of leaf photo-
synthesis. It therefore reflects the combined response of the vegetation,
canopy structure, substrate and experimental conditions.

The CO, concentration was originally acquired by the LI-COR ana-
lyzer at a frequency of 1 Hz and subsequently averaged over consecutive
non-overlapping one-minute intervals, thus obtaining one mean concen-
tration value per minute. The local rate of change of CO, concentration
was estimated using a moving-window linear regression applied to the
experimental data. Specifically, a least-squares linear regression was
applied to five consecutive one-minute mean values. Each window there-
fore included five points, covering a 4 min interval between the first and
last timestamps, and was shifted forward by one minute at each step.
For each time instant, a subset of adjacent points was fitted through
a least-squares approach, providing a local approximation of the form
C(t) = at + b, from which the slope dC/dr was obtained. This procedure
provides a local estimate of the temporal derivative while reducing the
influence of measurement noise. The five-point window was selected as a
compromise between limiting short-term concentration fluctuations and
preserving the local shape of the decay curve. Shorter windows would
produce noisier derivative estimates, whereas wider windows would
excessively smooth the concentration profile.

The local slopes, expressed in ppm.min~!, were converted into a CO,

mass flux per unit one-sided leaf area, g;(C) (kg.s‘l.ml‘; f), using the
ideal gas law:
dcC; PV
_ _q0-6_"i(_ PV .
8/(©)= =10 —L (=2 ) Mco,.  j € (ON,OFF} (10)

Building and Environment 304 (2026) 115131

Here, P is the atmospheric pressure, V is the chamber volume, R is the
universal gas constant, T is the air temperature, and Mco, is the mo-
lar mass of CO,. The factors 10® and 60 account for unit conversions,
and the negative sign ensures that a concentration decrease corresponds
to a positive uptake. The surface A represents the total one-sided leaf
area of the two LW panels and was estimated as A = LAI - Ay, where
Aypy is the total projected vegetated area and LAT is the experimentally
determined Leaf Area Index. Leaf-area normalization is consistent with
gas-exchange studies reporting CO, assimilation per unit leaf area [68]
and with chamber experiments in which whole-plant CO, removal is
normalized by the total leaf area [69]. In addition, LAI and foliage den-
sity are recognized as relevant factors affecting the carbon-sequestration
performance of vegetated systems [70]. Using the total leaf area reduces
the influence of the amount of foliage installed per unit wall area on the
reported flux. Nevertheless, because the flux was obtained from the mass
balance of the whole chamber and the leaf area was estimated through
LAI, g;(C) remains an effective system-level parameter rather than a
direct physiological measurement on individual leaves.

To improve robustness, the resulting g;(C) data were grouped into
overlapping concentration bins, from which mean values and standard
deviations were computed. The net uptake flux was then defined as:

8NeT(C) = 8on(C) — gorr(C) (11)

This subtraction isolates the additional CO, removal observed under
illuminated conditions by accounting for the reference decay measured
with the lighting system switched off. It therefore reduces the influ-
ence of background effects such as residual air exchange, mixing, sensor
fluctuations and non-photosynthetic contributions. The relationship be-
tween CO, concentration and net uptake flux was then modeled using a
sigmoidal function:

Emax ~ Emin (12)

Sner(C) = gmin ¥ TR C — o)l

In this formulation, g.;, and g,,, are the lower and upper asymp-
totic uptake fluxes, respectively. The parameter C; is the inflection
concentration, at which gygr = (8min + &max)/2, While g describes the
steepness of the transition around C;. The sigmoidal function provides
a bounded empirical description of the observed increase in CO, up-
take with concentration and its gradual approach to an upper value at
higher concentrations. It should therefore be regarded as a model of the
tested LW under the investigated lighting, temperature, irrigation and
canopy conditions, rather than as a universal law of plant photosynthe-
sis. Its use outside the experimental concentration range or for LWs with
substantially different characteristics requires additional validation.

A weighted regression was adopted to account for data het-
eroskedasticity, assigning weights inversely proportional to the vari-
ance. Parameter uncertainty was finally assessed through a non-
parametric bootstrap approach, enabling the estimation of confidence
intervals.

3.2. Pulse technique

Pulse tests were performed at 20 °C and 24 °C under three lighting
conditions: lights off, 50%, and 100%, corresponding to the configura-
tions described in Section 2.3.1 and shown in Fig. 3(a) and (b). As in the
decay tests described in Section 3.1, each condition was repeated three
times to assess repeatability.

The tests simulated a dynamic indoor scenario in which occupants
continuously generate CO,. According to EN 16798-1:2019 [71], the
reference occupancy density for primary and secondary classrooms is
0.52persons/m?, corresponding to approximately seven students in the
14 m? chamber. A reduced occupancy of three children was considered
in the present study.

The CO, generation rate was calculated using the method proposed
by [72], which accounts for basal metabolic rate and activity level rather
than relying solely on simplified tabulated values [73-75]. For children
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aged 6-11 years performing light activity (1.3met [76]), linear inter-
polation between the generation rates reported at 1.2met and 1.4met
gives 0.00325 L s~1 (0.195 L min~1) per child. The resulting rate for
three children is 0.585 L min~!, equivalent to a theoretical increase
of approximately 150ppm in 10 min within the 38 m3 chamber in the
absence of removal processes. This emission rate was reproduced by set-
ting the discharge pressure to 2bar and controlling the solenoid valve
through a LabVIEW routine, which opened the valve for 1 s every 60 s.
Each test lasted 60 min. This duration was selected a priori to represent
a one-hour classroom occupancy period and was applied consistently to
all OFF and ON tests. Because the CO, concentration was still increasing
at the end of the tests, the experiments describe transient accumulation
over a fixed observation period rather than steady-state conditions. The
reported percentage reductions therefore compare the CO, accumula-
tion measured at 1 = 60 min under ON conditions with the corresponding
OFF condition.

From a mass-balance perspective, the measured concentration profile
reflects the balance between continuous internal CO, generation and
removal through natural air exchange and LW uptake. Assuming that
background air exchange remained unchanged between OFF and ON
tests, the difference between their concentration profiles was attributed
to the net contribution of the LW.

Because the initial CO, concentration varied slightly among repeti-
tions, the curves were normalized before comparison. In the decay tests,
C* represents the residual fraction of the concentration decrease from
3000ppm to 500ppm; in the pulse tests, it represents the relative con-
centration increase with respect to the corresponding OFF condition.
The lower reference concentration was set to C,, = 500ppm, consistent
with the decay analysis, while the upper reference was Copp,max:

- _CO-Co

=—.100
COFF,max - Coo

(13)

Here, Copp may is the concentration measured at 1 = 60 min during the
corresponding lights-off test. Since the OFF profiles were still increasing
at that time, this value represents the endpoint of the observation pe-
riod rather than an equilibrium concentration. Accordingly, C* = 0%

-+~ OFF

20°C
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represents the background concentration and C* = 100% the OFF end-
point. Lower final values under ON conditions indicate reduced CO,
accumulation over the same observation period.

4. Results and discussion

This section collects and describes the results obtained during the
experimental campaign, first analyzing and discussing the decay-type
tests and then the pulse-type tests.

4.1. Decay tests

The decay tests were performed with the LED lamps switched
off and under full illumination (LED 100%, average incident PAR of
90 pumol m~2 s~1) at two temperature set-points, namely 20 °C and
24 °C. While the OFF tests provided the reference decay in the absence of
photosynthetic activity which includes residual air exchange and other
background effects, the comparison between the two illuminated condi-
tions was used to assess the influence of temperature on the CO, removal
performance of the system.

Fig. 5(a) shows the linearized concentration profiles as In(9), whose
slopes determine the decay constants k, while Fig. 5(b) reports the cor-
responding C(¢) and C*(¢) profiles. The experimental profiles follow the
expected exponential behavior described by the mass-balance model in
Section 3.1.

[lumination clearly accelerated the CO, decay compared with the
OFF condition. After 60 min, the average concentration decreased to
2202.5ppm under OFF conditions, compared with 1878.4ppm at 20 °C
and 1819.6ppm at 24 °C; the corresponding normalized values were
C* = 68.1%, 55.1%, and 52.8%, respectively. The difference persisted
throughout the tests: after 180 min, the concentrations were 1325.6ppm,
990.4ppm, and 872.8ppm, respectively. These results show that the il-
luminated LW enhanced CO, removal, with the fastest decay observed
at 24 °C.

The limited variation among the three repetitions indicates good ex-
perimental repeatability under all investigated conditions (Table 4). The
mean decay constant was 0.00566 min~! under OFF conditions and
increased to 0.00816 min~! at 20 °C and 0.01105 min~! at 24 °C when
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Fig. 5. Average decay curves of indoor CO, concentration under the investigated experimental conditions. Panel (a) shows the linearized variable In() according to

Eq. (5). Panel (b) presents the corresponding CO, concentration C(¢) in ppm.
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Table 4
Summary of decay constants, integral quantities, and net phytoremediation
indicators for each investigated condition.

Condition & (min~1) i M n
Test 1 Test 2 Test 3 k (min) (ppm.min) (-)
OFF 0.00562 0.00566 0.00570 0.00566 122 824,195
ON 20°C 0.00814 0.00816 0.00818 0.00816 85 497,752 0.396
ON24°C 0.01103 0.01105 0.01107 0.01105 63 458,568 0.444
Table 5

Comparison between the design airflow rates prescribed by EN 16,798-1 and
the net LW-equivalent CO, removal airflow rates under illuminated conditions.
Negative AQ values indicate that the LW-equivalent contribution is lower than
the corresponding design airflow requirement.

Occupants ~ Category ~ Q(m>.h™')  n(h™')  AQy(m*.h™')  AQ,(m*.h™")
1 I 35.6 0.93 -29.9 -23.2
1 I 47.1 1.23 -41.4 -34.7
1 I 59.2 1.54 -53.5 -46.8
2 III 51.8 1.35 -46.1 -39.4
2 I 68.7 1.79 -63.0 -56.3
2 I 86.2 2.25 -80.5 -73.8
3 III 68.0 1.78 -62.3 -55.6
3 I 90.3 2.36 -84.6 -77.9
3 I 113.2 2.95 -107.5 -100.8
4 il 84.2 2.20 -78.5 -71.8
4 I 111.9 2.92 -106.2 -99.5
4 I 140.2 3.66 -134.5 -127.8

the LED lamps were switched on. The deviation between the ON and OFF
conditions, proportional to the net LW contribution, was around 31% at
20 °C and 49% at 24 °C. The same trend was reflected in the other per-
formance indicators, as reported in Table 4. Overall, these indicators
consistently show that illumination enhanced the CO, removal process,
with a stronger net effect at 24 °C.

Table 5 reports the airflow rates Q and air change rates n prescribed
by EN 16,798-1 for different occupancy levels and IAQ categories.
According to Eq. (6), the net LW-equivalent CO, removal airflow rate
was 5.75 m3 h™! at 20 °C and 12.39 m3 h™! at 24 °C. For each con-
figuration, AQ,, and AQ,, in Table 5 represent the difference between
the net LW-equivalent CO, removal airflow rate and the corresponding
EN 16,798-1 design requirement. The negative values obtained in all
configurations indicate that the net contribution of the LW remained
always lower than the airflow prescribed by the standard. The deficit
increases with both occupancy and required IAQ category because the
prescribed outdoor airflow increases, whereas the LW-equivalent con-
tribution remains constant for the tested configuration. The LW should
therefore be regarded as a complementary biological sink rather than
as a standalone substitute for natural or mechanical ventilation. In this
context, the equivalent airflow is intended as an engineering perfor-
mance indicator that quantifies the additional CO, removal provided
by the LW; it does not represent an actual outdoor airflow and does not
imply that the LW can replace the ventilation rates prescribed by the
standard.

Fig. 6 and Table 6 show that the net uptake flux gypr (Eq. 12)
increased nonlinearly with indoor CO, concentration and gradually ap-
proached an upper plateau. The adopted sigmoidal model reproduced
this concentration-dependent behavior under both temperature condi-
tions. The comparison between the two fitted curves shows that the
LW exhibited a greater net CO, uptake capacity at 24 °C. This differ-
ence is reflected in the upper asymptotic flux g,,,., which increased
from 8.48 x 1077 t0 9.63 x 10~7 kg.m~2.s~!, and in the characteristic con-
centration C;, which decreased from 1510ppm to 1352ppm. The lower
asymptotic flux g, was also slightly higher at 24 °C, increasing from
1.23x 1077 to 1.50 x 1077 kg.m2.s~!. By contrast, the fitted value of
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Fig. 6. Comparison between experimental data and the fitted model of the net
CO, uptake flux gygr as a function of indoor CO, concentration C under the two
investigated thermal conditions (20 °C and 24 °C).

Table 6

Fitted parameters of the sigmoidal model describing the net CO, up-
take flux gygr as a function of concentration for the investigated
temperature conditions.

T (°C)  gupn (kgm2s) g, (kgm?2s!) B

20 1.23e-7
24 1.50e-7

C; (ppm)

8.48e-7
9.63e-7

0.0049 1510
0.0049 1352

was the same at both temperatures. The main effect of temperature was
therefore an upward displacement of the net uptake curve and a shift
of the transition region towards lower CO, concentrations, rather than
a change in the steepness of the sigmoidal response. The fitted values
of gnpr represent the effective net behavior of the complete LW system
after subtraction of the OFF reference. They should therefore be inter-
preted as system-level fluxes under the investigated chamber, canopy,
lighting, irrigation, and temperature conditions, rather than as direct
measurements of the physiological uptake of individual leaves.

4.2. Pulse tests

Pulse tests were performed at 20 °C and 24 °C under three lighting
conditions: LED switched OFF, LED at 50% (45 umol m~2 s~ 1), and LED
at 100% (90 umol m ~2 s~ 1), Figs. 7 and 8 report the normalized concen-
tration C*(¢) and the corresponding absolute concentration C(r) for the
two investigated temperatures. In both figures, curves OFF 1 and OFF 2
correspond to 20 °C, and curve OFF 3 to 24 °C. In detail, the final values
of the OFF 1, 2, and 3 tests were 1493 ppm, 1502 ppm, and 1519 ppm, re-
spectively, corresponding to a maximum variation of approximately 2%.
The effect of temperature on the OFF reference was therefore negligible
compared with the differences observed under illumination.

At 20 °C, the ON curves remained below the OFF reference through-
out the tests, and the separation increased progressively with time. At
50% LED intensity, the three final concentrations ranged from 1242ppm
to 1330ppm. Although their initial concentrations C(0) were not identi-
cal, the variability in the corresponding concentration increase AC was
approximately 5%, confirming good repeatability. Relative to the OFF
condition, the final CO, increase was reduced by approximately 20% to
27%. At full illumination, the final concentrations decreased further to
between 1115ppm and 1171ppm, with a variability in AC of approx-
imately 4%. The corresponding reduction relative to OFF ranged from
35%to 39%.

A similar response was observed at 24 °C. At 50% LED intensity,
the final concentrations were 1244ppm, 1242ppm, and 1253ppm. Since
C(0) was approximately 510ppm for the three tests, AC ranged only
from 732ppm to 740ppm, corresponding to a variation of approximately
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Fig. 7. Pulse-type tests performed at 20 °C. Panel (a) reports the normalized CO, concentration C*(¢), whereas panel (b) shows the absolute concentration C(¢) in
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Fig. 8. Pulse-type tests performed at 24 °C. Panel (a) reports the normalized CO, concentration C*(r), whereas panel (b) shows the absolute concentration C(¢) in

1.15%. The final CO, increase was 26% to 27% lower than in the
OFF condition. At 100% LED intensity, the final concentrations ranged
from 1137ppm to 1194ppm, and the reduction relative to OFF was
approximately 33% to 37%.

Overall, increasing the LED intensity from 50% to 100% consis-
tently reduced CO, accumulation at both temperatures. By contrast, the
influence of temperature was more limited: at 50% illumination, the re-
sults at 24 °C showed a slightly greater and more repeatable reduction,
whereas the two temperatures produced comparable results under full
illumination.

The same behavior can be expressed in terms of equivalent occu-
pants, as reported in Table 7. Under OFF conditions, the mean CO,
increase over each 10 min interval was 162 ppm to 165 ppmppm, cor-
responding to approximately 3.3 equivalent occupants aged 6-11 years
engaged in school activities at 1.3met, as defined in Section 3.2. At 50%
LED intensity, the mean increase was 128ppm at 20 °C and 123ppm
at 24 °C, corresponding to approximately 2.6 and 2.5 equivalent occu-
pants, respectively. When calculated relative to the corresponding OFF
reference, these values represent reductions of approximately 21% at
20 °C and 25% at 24 °C. At full illumination, a reduction of about 35%
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Table 7
Equivalent simulated occupants as a function of lighting conditions and temper-
ature.

Lighting T Mean AC Equivalent simulated Reduction vs. OFF
(%) (°C) (ppm/10 min, 3 tests) occupants (%)
OFF, 0 20 162 3.3
OFF, 0 24 165 3.3
ON,50 20 128 2.6 21
ON,50 24 123 2.5 25
ON, 100 20 105 2.1 35
ON, 100 24 107 2.1 35
Table 8

Integrated CO, pulse area M and efficiency 5 as a function of temperature and
LED intensity.

T(°C) LED(%) Test M (ppm min) n(-)
OFF reference 33,990
20 50 1 28,551 0.16
2 26,950 0.21
3 25,385 0.25
Avg. 26,962 0.21
100 1 23,043 0.32
2 22,861 0.33
3 20,214 0.41
Avg. 22,040 0.35
24 50 1 26,043 0.23
2 25,390 0.25
25,039 0.26
Avg. 25,491 0.25
100 1 23,869 0.30
2 23,560 0.31
3 19,188 0.44
Avg. 22,206 0.35

was found at both temperatures. Under the assumed emission and activ-
ity conditions, the reduction obtained at full illumination was therefore
equivalent to offsetting approximately the CO, contribution of one child.

The integrated pulse areas reported in Table 8 confirm the trends ob-
served in the concentration profiles. As indicated by the values of 4, LED
intensity had the clearest influence on pulse-test performance, whereas
the temperature effect depended on the lighting level and became negli-
gible at full illumination. Overall, the lower final concentration increase,
reduced equivalent occupancy, and smaller integrated exposure con-
sistently demonstrate the ability of the illuminated LWs to limit CO,
accumulation under repeated indoor emission pulses.

5. Conclusions

This study quantified the ability of passive living walls (LWSs) to
mitigate indoor CO, concentrations through decay and pulse tests per-
formed in a full-scale climate chamber. Illumination increased the decay
constant, shortened the half-decay time, and reduced cumulative CO,
exposure. The best decay performance was observed at 24 °C, consistent
with the higher net uptake predicted by the fitted gypr(C) relationship.
After subtraction of the OFF reference contribution, which takes into
account the residual air exchange and other background effects, the net
LW-equivalent CO, removal airflow rate was found to be 5.75 m3 h~!
at 20 °C and 12.39 m® h~1 at 24 °C.

The pulse tests confirmed that the illuminated LWs limited CO, ac-
cumulation under repeated emissions simulating approximately three
school-age children. After 60 min, the mean concentration increase was
reduced by 20-27% and 35-39% at 20 °C under 50% and 100% LED
intensity, respectively, and by 26-27% and 33-37% at 24 °C. Under full
illumination, the equivalent respiratory load decreased from 3.3 to 2.1
occupants. LED intensity had the clearest influence, whereas the effect
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of temperature was moderate at reduced illumination and negligible at
full illumination.

The experiments were conducted at two fixed temperature set-
points, selected as representative of classroom conditions during winter
and intermediate seasons. Real buildings, however, are characterized
by fluctuating temperature, humidity, lighting, occupancy, and ven-
tilation, and the observed performance should therefore be validated
under dynamic in situ conditions. The net LW contribution was limited
but non-negligible, remaining below the EN 16,798-1 design airflow
requirements. Passive LWs should consequently be regarded as comple-
mentary biological sinks rather than substitutes for ventilation. Larger
or optimized systems may provide greater mitigation, including in more
densely occupied spaces, but their performance cannot be assumed to
increase linearly with vegetated area and requires specific experimental
validation.

Future work should include long-term tests in real buildings and the
implementation of gygr(C) as a biological sink term in dynamic IAQ
and building-energy simulations. The potential reduction in ventilation
energy should be assessed together with LED electricity use, irrigation
demand, and lighting-related cooling loads through a dedicated thermo-
economic and net energy benefit analysis.
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