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Abstract: This work investigates the possibility of implementing a nature-based solution (NBS)
based on the photosynthetic process of Laurus nobilis L. (common laurel), for reducing peak
CO2 concentrations in an air-tight museum environment, namely the Refectory of the Santa
Maria delle Grazie Church (Milan, Italy), home of Leonardo da Vinci’s painting “Last Supper”.
The phytoremediation potential of laurel plants was evaluated at CO2 � 1000 ppm under controlled
environmental conditions. Furthermore, light-saturated net assimilation (Pnmax) was measured at two
CO2 concentrations (380 and 1000 ppm) during the growing season. Steady-state gas exchanges were
not affected by elevated CO2 in the short-term, while Pnmax was significantly increased, also showing
higher values in spring and autumn, and a reduction during summer. Our estimated CO2 removal
rates indicate that, in order to control visitors’ respiratory CO2 emissions in view of an increase in
visitor numbers in the Refectory, a possible NBS in the form of an external greenhouse, connected to
the HVAC system of the museum, should allocate from 58 to 112 young laurel plants, depending on
their seasonal phytoremediation capacity. These results, although preliminary, allow to hypothesize
the possibility of controlling CO2 indoors through a combination of traditional air-cleaning systems
and a properly designed NBS, thus increasing the sustainability of air-tight museum environments.

Keywords: nature-based solutions; indoor air quality; museum environment; phytoremediation;
light-saturated net photosynthesis; gas exchanges; potted plants; Laurus nobilis; HVAC

1. Introduction

Indoor air quality has become a fundamental issue worldwide, following the increase in time
(80–90%) that people spend inside private or public buildings, in particular during winter [1]. Outdoor
air can be rich in compounds harmful for people’s health, mainly arising from the combustion of fossil
fuels and industrial emissions, including carbon monoxide (CO), nitrogen oxides (NOX), tropospheric
ozone (O3), Sulphur dioxide (SO2), volatile organic compounds (VOCs) and particulate matter (PM).
Added to indoor-generated air pollutants, these result in high indoor air pollution levels, that can be
frequently higher than those recorded outside [2,3]. Among the important molecules necessary to
monitor in indoor environments, there is also carbon dioxide (CO2). The use of fossil fuels and land
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use changes are the main causes of the increase in atmospheric CO2 concentration, which nowadays is
about 407 ppm, more than 46% higher than in 1750 (� 278 ppm) [4]. In indoor environments, CO2 levels
further increase as a consequence of people’s respiration [5]. At low concentrations, CO2 is not toxic for
human health, however, elevated concentrations of this gas might contribute to the appearance of the
so called “sick building syndrome” (SBS) symptoms, and affect people’s comfort [5,6]. Recommended
levels of CO2 for a good indoor air quality should not exceed 1000 ppm [7].

Indoor air pollution is a critical issue in museum environments, where it not only represents a
health hazard for visitors and workers, but also a risk for the conservation of the works of art [8],
since materials, interacting with the environment, respond to chemical and physical stimuli with a
natural and irreversible process of degradation [9]. Technical standards [10] define acceptable values
of environmental conditions for the conservation of artworks, but case-specific investigations are
required to identify the potential degradation factors of each work of art and, as a consequence,
the appropriate ranges of microclimatic parameters, as well as threshold concentrations of gaseous
molecules and airborne particulate, are required to minimize preservation risks [11]. In order to protect
people’s health and guarantee an appropriate conservation of cultural heritage, devices like HVAC
(heat, ventilation, air conditioning and cooling) systems, coupled with different types of air filters to
remove particulate and gaseous pollutants from air, are widely used within museums [12,13]. However,
the ventilation rate of HVAC systems in museums must be strictly calibrated, since it can generate
convective air movements affecting artworks, which increase the deposition of particles and gases,
thus favoring deterioration [13]. In air-tight museum environments with limited ventilation, indoor
CO2 could be removed through adsorption, using sorption-type filters with activated carbons [14–16].
Nevertheless, these systems are not cost/effective, and some of them have a short lifespan or need a
constant maintenance [17–19]. Eco-friendly and sustainable control measures are therefore needed for
regulating CO2 levels within air-tight museums.

An alternative and sustainable approach to improve indoor air quality is represented by the
implementation of nature-based solutions (NBS). By the reproduction of, or inspiration from natural
processes, NBS constitute an innovative approach, which brings co-benefits to health, the environment
and society [20]. Furthermore, NBS represent more sustainable, low-cost and efficient solutions
to different societal issues, compared to traditional methods [21]. In this regard, several studies
have shown that air quality can be improved by exploiting the ability of vegetation to remove
gaseous and particulate pollutants, through stomatal uptake (absorption) and non-stomatal deposition
(adsorption) [22–24]. This air phytoremediation process has been largely investigated in the urban
environment, considering green infrastructure elements such as for example green roofs [25], green
walls [26], and urban forests [27–31]. In addition, several studies have quantified the ability of potted
plants and botanical air filtration systems to remove indoor airborne pollutants, and mitigate CO2

excess, while simultaneously releasing oxygen from the photosynthetic process [32–38]. However,
although the latter topic has received increasing attention in recent years (see the reviews of Brilli et
al., [39], Pettit et al., [40] and Irga et al., [41]), to the best of our knowledge, the possibility to use plants
for improving air quality in air-tight museum environments has not been investigated so far.

In this context, the present work evaluates the possibility of reducing the CO2 levels produced by
visitors’ respiration in an air-tight museum environment, through the implementation of a NBS, based
on the photosynthetic process operated by potted evergreen plants grown indoor. Specifically, the case
of the Refectory of the Santa Maria delle Grazie Church (Milan, Italy), has been considered, since it
preserves one of the most important works of art in the world: the “Last Supper” (or the “Cenacle”),
masterpiece of Leonardo da Vinci, made between 1494 and 1497, and included in the UNESCO World
Heritage List. This painting presents serious conservation problems due to the technique “a secco”
used by Leonardo, coupled with the high levels of humidity present inside the Refectory when it was
still in use, as well as the increase in atmospheric pollution in the surrounding urban area during
modern times. Following numerous microclimatic investigations [11], the Refectory room was made
completely air-tight by means of a physical separation from the outside, that includes two “filter
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areas” at the visitors’ entrance and exit doors. The internal atmosphere is constantly maintained in
slight overpressure to prevent the diffusion of pollutants from the surrounding urban atmosphere,
and a HVAC system with several air filters is installed to abate pollutants in the incoming air [42,43],
as well as to control temperature (maintained at 24–25◦C and 20–22 ◦C during summer and winter,
respectively) and relative humidity (maintained at 50%) [44]. To ensure optimal conditions for the
painting, the HVAC system strongly limits the air exchange rate from the outdoor (around 0.67 h−1);
therefore, in order to prevent the increase of CO2 levels indoor, the number of visitors and the length of
the visit are kept strictly limited (30 people for 15 min, from 8:00 AM to 17:00 PM for 6 days/week) [44].
In spite of this limitation, however, diurnal CO2 levels in the Refectory room frequently reach the
threshold concentration of 1000 ppm [44]. Considering that the museum has more than 300,000
unsatisfied visit requests every year, and the admittance of at least part of such visitors would cause the
exceedance of the 1000 ppm CO2 threshold, an appropriate control of indoor CO2 is needed, in order
to guarantee the wellbeing of visitors and workers, in view of a possible increase in the number of
visitors, thus allowing a greater enjoyment of the “Last Supper”.

The typical Mediterranean evergreen tree Laurus nobilis L. (common laurel) was considered for the
phytoremediation process, due its ability to assimilate CO2 through the whole year, and because of its
symbolic importance in art [45]. Such aspects make this species particularly suitable for the realization
of a NBS in this important museum environment. Our specific objectives were: i) estimating the
capacity of L. nobilis to reduce indoor CO2 levels in an air-tight, controlled environment; ii) quantifying
the light-saturated maximum net assimilation (Pnmax) of L. nobilis at different CO2 partial pressures.
Such data are needed in order to optimize the design of a possible NBS to control CO2 in the Refectory
of the Santa Maria delle Grazie Church, in view of a possible increase in the number of visitors.

2. Materials and Methods

2.1. Plant Material and Experimental Design

Laurus nobilis plants, two years old, coming from the forest nursery of the Aurunci Regional
Park (Southern Latium, Italy), were used as experimental material. The plants were grown in the
Experimental Garden of the Department of Environmental Biology, Sapienza University of Rome (Italy),
inside 7 l pots, filled with garden soil supplemented with a slow releasing fertilizer (Nitrophoska Blue,
12–12–17 and microelements), and watered daily to prevent the occurrence of stress conditions.

Two experimental activities were carried out. Firstly, the response of gas exchanges to the maximum
CO2 values measured in the Refectory during the visiting hours (� 1000 ppm, Table 1), has been
investigated though a CO2 fumigation experiment, carried out under controlled environmental
conditions. Furthermore, the photosynthetic response of L. nobilis to varying light intensity (Pn vs.
PAR response curves) has been measured under different CO2 partial pressures (ambient, � 380ppm,
and 1000ppm) during spring, summer, and autumn 2017.

Table 1. Minimum and maximum monthly CO2 concentrations measured in the Refectory of Santa Maria
delle Grazie during the year 2014. Maximum concentrations are recorded during the visiting hours
(08:00–17:00) while minimum concentrations occur overnight and during the museum closing days.

Month
CO2 Concentration (ppm)

Minimum Maximum

January 433.55 996.18
February 421.31 925.83

March 397.87 886.77
April 335.83 840.38
May 314.97 767.8
June 308.51 752.44
July 312.44 729.88

August 300.24 705.17
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Table 1. Cont.

Month
CO2 Concentration (ppm)

Minimum Maximum

September 300.24 748.65
October 328.81 819.41

November 338.74 885.08
December 341.47 923.75

2.2. CO2 Fumigation Experiment in Controlled Environmental Conditions

The fumigation experiment was carried out at the Department of Environmental Biology, inside
two closed “walk-in” chambers (2.5 × 3.9 × 3.0 m), one used as control and one for CO2 fumigation.
Air temperature was maintained at 27 ± 1.2 ◦C, and 20 ± 1.5 ◦C (mean ± s.d.) during day and night,
respectively. Relative humidity (RH) was 59 ± 4%, and vapor pressure deficit (VPD) was 1.4 ± 0.3 kPa.
In each chamber, a photosynthetically active radiation (PAR) of approximately 700 µmol m−2s−1 was
provided for 12 h per day by 6 metal halide lamps (1000 W, Philips HPI-T). Microclimatic conditions
were monitored at 6-min intervals, and did not differ significantly between chambers. Plants were
watered at full capacity over the whole duration of the experiment.

Prior to the start of the fumigation, 30 plants were left to acclimate for 5 days to the chamber
conditions. At the end of this acclimation period, they were grouped into two experimental sets:
15 plants were fumigated with CO2 at 988.7 ± 37.1 ppm h for 4 h per day (09:00–13:00), for 5 days
(set “F”), while the other 15 were employed as control (not-fumigated, set “C”). In the fumigation
chamber, pure CO2 was supplied from a CO2 cylinder into the air-mixing, for dilution with ambient air.
The control chamber was instead supplied with ambient air only (CO2 was kept at 380 ± 10 ppm). CO2

concentrations inside the chambers were monitored continuously through an infra-red gas analyzer
(IRGA, model CIRAS 2, PP Systems, Amesbury, MA, USA, employed in “analyser only” mode, without
the foliar cuvette).

Steady State Gas Exchange Measurements
Leaf level gas exchange measurements were carried out with two intercalibrated CIRAS 2 portable

analyzers, equipped with a leaf cuvette (PP Systems, Hitchin, UK). CIRAS 2 records the following
parameters: net assimilation (Pn, µmolCO2 m−2s−1), leaf transpiration (E, mmolH2O m−2s−1), stomatal
conductance (gs, mmolH2O m−2s−1), substomatal CO2 concentration (Ci, ppm). Simultaneously, CIRAS
2 also records environmental parameters such as irradiance (PAR, µmol photons m−2s−1), relative air
humidity (RH, %), as well as air and leaf temperature (Tamb and Tleaf, respectively ◦C). The ratio
between sub-stomatal and external CO2 concentration (Ci/Ca, dimensionless) was also calculated.

Steady-state gas exchanges were measured both continuously, during CO2 fumigation, and as
“spot” measurements, carried out at the end of the fumigations. Both measurements were carried out
on fully developed leaves placed at the top of the plants.

Continuous measurements were carried out on a different L. nobilis individual for each fumigation
day (5 plants in total), in order to assess the instantaneous photosynthetic capacity of the species
under high CO2 levels. Each leaf was inserted in the foliar cuvette and left acclimatizing for 15 min
prior to the start of the fumigation. Gas exchange parameters were recorded automatically every half
minute by the CIRAS2 for the whole duration of the fumigation treatment, under the environmental
conditions and CO2 levels reached in the chamber. About 400 measurements were recorded for each
day of fumigation (DOF).

At the end of each fumigation (between 14:00 and 16:00), “spot” gas exchange measurements
were also carried out on both F and C plants, in order to assess plant functional response to the high
CO2 treatment. One leaf per plant was measured, for a total of 15 measurements for sampling date
and experimental set. During these spot measurements, CO2 in the leaf cuvette was maintained at
normal atmospheric concentration (� 380 ppm).
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2.3. Photosynthetic Light Response at Different CO2 Concentrations

The CIRAS 2 instrument was also used to measure the response of photosynthesis to changing
light intensity (Pn vs. PAR response curves), under different CO2 partial pressures. Such measurements
were carried out in the laboratory between 09:00 and 14:00. Cuvette environment was maintained
at 60% RH and 25 ◦C T, while photosynthetic active radiation was progressively reduced step-wise
from the maximum value of 1200 µmol photons m−2 s−1 up to 0, by using the CIRAS 2 built-in light
emitting diodes. Each intensity level was maintained for 5–7 min to allow photosynthetic response to
stabilize before taking the measurements (6–10 records for each light step). For each plant, Pn/PAR
response curves were measured at two CO2 concentrations: 380 ppm (ambient value) and 1000 ppm.
CO2 concentration in the leaf cuvette was controlled using the CIRAS 2 inner CO2 cartridge. From
the analysis of the Pn/PAR curves, the following photosynthetic traits were derived: Pnmax (µmolCO2

m−2s−1), the maximum photosynthesis at saturating light intensity, which indicates the instantaneous
CO2 removal performance on the basis of leaf area; Φ (µmolCO2 µmol photons−1), photosynthesis
quantum yield, which indicates the amount of CO2 fixated for each absorbed photon [46]. The quantum
yield was calculated empirically, as the slope of the linear part of the Pn/PAR curve (between 50 and
250 µmol photons m−2 s-1). The number of points considered was assessed for each single curve
according to the “best fit” method, considering a minimum of four data points [47].

The measurements were carried out in four different moments of the vegetative season 2017:
Spring (between 15 and 19 of May), early Summer (from 20 June to 7 July), late Summer (from 19 to 25
July) and in Autumn (from 9 to 13 October). For each period, 3–4 plants were measured.

2.4. Estimate of Laurus nobilis Capacity to Remove Indoor CO2

The instantaneous CO2 removal performance on the basis of leaf area, derived from Pn/PAR
response curves (Pnmax, µmolCO2 m−2s−1), was used to develop preliminary baseline data for the
planning and design of a pilot plantscape installation, targeted at reducing CO2 levels in the Refectory
of Santa Maria delle Grazie Church. The Refectory is a large rectangular hall measuring 36.65 × 8.85 m,
and with a height of 10.3 m, isolated from the outside with a system of air-tight triple doors. Therefore,
it is possible to calculate the total volume of air indoors, which is approximately equal to 3340 m3.
Assuming air as an ideal gas at standard temperature and pressure, it is possible to roughly estimate
the molar amount of CO2 contained in the Refectory as follows:

[CO2] (µmol) = (VR ∗ X)/0.022414 (1)

where VR is the volume of air indoor (3340 m3), X is the maximum daily CO2 concentration in ppm
measured in the Refectory (996.18 ppm, Table 1), and 0.022414 m3 mol−1 is the molar volume of air.

Assuming an average of 12h of photosynthetic activity, the daily CO2 removal by 1 m2 leaf area of
L. nobilis is equal to:

Daily CO2 removal (µmol m−2 day−1) = Pnmax ∗ 3600 ∗ 12 (2)

The residual CO2 concentrations in the Refectory is then easily derived as the difference between
the initial molar concentration Equation (1), and the CO2 subtracted after 1 day of photosynthetic
activity by 1 m2 of leaf area Equation (2). By reverting Equation (1), this value can be expressed again
in ppm, and used for a preliminary dimensioning of the total leaf surface area needed to be allocated
in a NBS, in order to satisfy the need to increase the daily number of visitors allowed in the Refectory
without exceeding the recommended 1000 ppm CO2 threshold. Specifically, a potential increase of the
daily visitors’ number of about one third was evaluated.

2.5. Statistical Analysis

Continuous gas exchange measurements were analyzed by a One-way Analysis of Variance
(ANOVA). In order to determine significant differences in gas exchange parameters between control
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and CO2-fumigated plants for each day of fumigation, a T-test at p < 0.05 was applied. The parameters
derived from the Pn/PAR response curves were analyzed with the two-way ANOVA, considering CO2

concentration and month of measurement as factors. Two-way ANOVA was followed by post hoc
Neuman-Keuls test at p < 0.05 when necessary. Data reported in figures and tables are expressed
as mean ± standard deviation. All analyses were performed by using the software STATISTICA 7.0
(Statsoft, OK, USA).

3. Results

3.1. CO2 Fumigation Experiment

Figure 1 shows the hourly trend of continuous gas exchanges, recorded on laurel plants during the
CO2 fumigation experiment. There was no significant difference (p > 0.05) in gas exchanges between
fumigation days, thus only hourly values averaged over the whole fumigation period are shown. Net
photosynthesis (Pn, Figure 1a), stomatal conductance (gs, Figure 1b) and the Ci/Ca ratio (Figure 1c)
showed only slight variations during the course of the fumigation. Hourly Pn data were distributed
around an overall mean value of 7.19 ± 2.49 µmol CO2 m−2s−1, and average gs values were 17.80 ±
6.52 mmol H2O m−2s−1. The overall average Ci/Ca was 0.32 ± 0.16.

Figure 1. Continuous gas exchanges recorded on L. nobilis plants during the four hours of fumigation at
[CO2] 988.7 ± 37.1 ppm h. (a) Net photosynthesis (Pn, µmolCO2 m−2s−1); (b) stomatal conductance (gs,
mmolH2O m−2s−1); (c) Ci/Ca ratio (dimensionless). Each point represents the mean of the measurements
made in each fumigation hour on five laurel plants during the five days of fumigation (N � 400).
Different letters indicate statistically significant differences between means (p < 0.05).
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“Spot” gas exchange measurements recorded after each fumigation are shown in Figure 2. It is
interesting to highlight that net photosynthesis was significantly reduced (p < 0.01) in CO2 fumigated
plants only during the second day of fumigation (DOF 2, Figure 2a), while stomatal conductance did
not differ significantly between control and fumigated plants through the whole experiment (Figure 2b).
The Ci/Ca ratio showed a slight, but significant (p < 0.05), increase in fumigated plants at DOF 2,
concurrently with the Pn reduction (Figure 2c).

Figure 2. Spot gas exchange measurements recorded on control and fumigated plants. During these
spot measurements, CO2 was maintained at normal atmospheric concentration (� 380 ppm). (a) Net
photosynthesis (Pn, µmolCO2 m−2s−1); (b) stomatal conductance (gs, mmolH2O m−2s−1); (c) Ci/Ca
ratio (dimensionless). For each day of fumigation, asterisks show the significance of differences between
control (C, black) and fumigated (F, grey) plants (T test, *** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05; n.s. = not
significant, p > 0.05, N = 15).
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3.2. Photosynthetic Light Response Curves under Different CO2 Concentrations

Figure 3 shows the average Pn/PAR curves, recorded on L. nobilis plants in different months from
May to October, at two CO2 concentration (380 ppm and 1000 ppm, Figure 4a,b, respectively). For both
CO2 concentrations and during all measuring dates, maximum net assimilation Pnmax was reached at
1000 µmol photons m−2s−1, that therefore corresponds to the saturating light intensity for L. nobilis.

Figure 3. Pn vs. PAR curves measured in Laurus nobilis plants, in different months and at two CO2

concentrations (380 ppm and 1000 ppm). Each data point represents the mean (± s.d.) of Pn/PAR values
measured in 3–4 plants in May (white circle), June (grey square), July (black triangle), October (black
circle), at two different CO2 concentrations: (a) 380 ppm and (b) 1000 ppm (20 ≤ N ≤ 35).



Sustainability 2020, 12, 565 9 of 16

Figure 4. (a) Photosynthetic quantum yields (Φ, µmolCO2 µmol photons−1), in the different months at
[CO2] 380 ppm (black) and [CO2] 1000ppm (grey); (b) Maximum photosynthesis (Pnmax, µmolCO2

m−2s−1), measured at saturating light intensity (PAR = 1000 µmol photons−1), [CO2] 380 ppm (black)
and [CO2] 1000 ppm (grey). Different letters indicate statistically significant differences between means
(p < 0.05). The insets show the results of the two-way ANOVA, asterisks showing the significance of
factors/interaction (*** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05).

No marked seasonal trend is evident in the Pn/PAR curves measured at [CO2] 380 ppm (Figure 3a).
On the contrary, the curves measured at 1000 ppm clearly show a different seasonal response to
changing light intensity.

Such differences are better highlighted in Figure 4, showing the average quantum yield (panel a,
Φ, µmolCO2 µmol photons−1) and the maximum photosynthesis at saturating light intensity (panel b,
Pnmax, µmolCO2 m−2s−1), derived from the curves of Figure 3. At [CO2] 380 ppm, Φ did not show
any significant difference between months (Figure 4a). Conversely, at [CO2] 1000 ppm, Φ displayed a
significant seasonal trend, showing the highest values in May (0.049 ± 0.003 µmolCO2 µmol photons−1),
a progressive reduction in June (0.035 ± 0.003 µmolCO2 µmol photons−1) and July (0.026 ± 0.008
µmolCO2 µmol photons−1), followed by a partial recovery in October (0.037 ± 0.007 µmolCO2 µmol
photons−1) (Figure 4a).

As for Pnmax, this trait only showed slight seasonal variations at [CO2] 380 ppm (Figure 4b).
A marked seasonal trend was again evident at [CO2] 1000 ppm: Pnmax values were highest in May
(22.72 ± 0.34 µmolCO2 m−2s−1), and were progressively reduced during summer, reaching a minimum
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in July (11.97 ± 2.86 µmolCO2 m−2s−1), followed by a recovery in October (18.19 ± 2.79 µmolCO2

l m−2s−1). The overall Pnmax mean at 1000 ppm was equal to 15.79 ± 3.90 µmolCO2 l m−2s−1.

3.3. Estimate of Laurus nobilis Capacity to Remove Indoor CO2 from the Refectory of Santa Maria delle Grazie
Church

Applying Equation (1), the maximum amount of CO2 contained within the Refectory can be
estimated as equal to 148.44 mol. Then, the residual CO2 in the Refectory after 12h of photosynthetic
activity operated by 1 m2 leaf area of L. nobilis was derived. In this regard, in Equation (2), the
maximum and minimum Pnmax recorded during the Pn/PAR curves at 1000 ppm CO2 in May (� 23
µmolCO2 m−2s-1) and July (12 µmolCO2 m−2s−1), respectively (Figure 4b), were considered, obtaining
maximum and minimum daily CO2 removal of 0.99 and 0.52 mol CO2 m−2 day−1, respectively.

Accordingly, the residual CO2 in the Refectory after the photosynthetic assimilation ranged from
a minimum of 147.45 mol CO2, to a maximum of 147.93 mol CO2, corresponding to maximum and
minimum Pnmax values, respectively. Such values can be reconverted into ppm by reverting Equation
(1), thus deriving the maximum (6.67 ppm) and minimum (3.48 ppm) daily potential improvement of
CO2 concentration operated by 1 m2 of leaf surface of L. nobilis.

These values can be used to estimate the potential total leaf surface area that should be allocated
in a NBS, in order to satisfy the need to increase the daily number of visitors allowed in the Refectory
without exceeding the recommended 1000 ppm CO2 threshold. Considering that, due to the current
number of visitors, maximum indoor CO2 levels in the Refectory increase � 600 ppm over the ambient
value (i.e., from � 400 ppm to � 1000 ppm), a reduction of one third such value (� 200 ppm) would
lower maximum CO2 to � 800 ppm, thus allowing a potential increase of the daily number of visitors
of about one third (i.e., from 30 to 40 people each 15 min round). The leaf surface area needed for such
reduction would therefore range from a minimum of 29 to a maximum of 56 m2. Since potted laurel
plants of about 1.5 m of height have an average total leaf area of � 0.5 m2, it is possible to estimate that
the approximate number of plants that should be necessary to accommodate within the NBS in order to
obtain such ideal CO2 reduction would range between a minimum of 58 to a maximum of 112 plants.

4. Discussion

Plant phytoremediation potential for indoor CO2 is underpinned by the photosynthetic process,
therefore measuring gas exchanges under high [CO2] is fundamental for planning a NBS targeted
at reducing indoor CO2 levels [34,37,48]. The gas exchange rates recorded in our experiment are in
the range of those reported for laurel plants in natural environments (2.8 ≤ Pn ≤ 5 µmolCO2 m−2s−1

and 20 ≤ gs ≤ 55 mmolH2O m−2s−1, [49]). Such low values of photosynthetic traits are a common
characteristic of evergreen sclerophyllous woody species, representing a physiological adaptation to
the stressful conditions typical of the Mediterranean environment [50,51]. Indeed, Maatallah et al. [52],
who investigated the drought effects on L. nobilis seedlings, found a maximum net photosynthesis of
3.8 µmol CO2 m−2s−1 and a minimum of 0.5 µmol CO2 m−2s−1 on well-watered and drought stressed
plants, respectively.

Besides a transient reduction of net assimilation occurring during the first day of fumigation, no
significant effect of high CO2 on steady-state gas exchanges was evident. Continuous measurements
recorded during the fumigations showed only slightly higher Pn and lower gs values, coherently with
what reported for other Mediterranean evergreen tree species under high [CO2] [53]. Photosynthetic
quantum yield (Φ) and light-saturated net photosynthesis (Pnmax) were instead significantly increased
by high CO2 during the whole growing season. There is a large amount of literature about the
effects of high CO2 on plants (see the reviews by Hättenschwiler et al. [54], and Ainsworth and
Long [55]), highlighting that elevated CO2 increases carboxylation and reduces photorespiration,
particularly in those functional groups, such as trees, whose photosynthesis is Rubisco-limited
also at elevated [CO2] [56]. Supporting evidence of stimulated CO2 assimilation at high [CO2] on
Mediterranean evergreen trees was also provided under chamber conditions [57,58], as well as in
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natural CO2 springs [59]. In the long-term, however, acclimation to high CO2 could occur, determining a
down-regulation of photosynthesis caused by the reduction of Rubisco activity or content, the decrease
in stomatal aperture and density, or the occurrence of nutrient imbalances [59–61]. Such downward
acclimation must be taken into account when planning a NBS targeted at reducing indoor CO2, since
it could negatively affect plant phytoremediation potential, thus making necessary to continuously
replace plant material with an additional economic cost. It is, however, worth emphasizing that there
are few evidences of photosynthetic acclimation to CO2 occurring in trees, particularly in young
or juvenile individuals [55,62], thus making young potted trees a more sustainable choice for an
indoor NBS, if compared to herbaceous species. Furthermore, it is unlikely that such photosynthetic
acclimation would occur in the NBS considered in this study, since CO2 level within the Refectory of
Santa Maria delle Grazie Church varies with the flux of visitors, dropping to values as low as 300 ppm
during the museum closing hours (Table 1).

Besides acclimation, the potential stomatal sink strength for CO2 is often limited by the suboptimal
growth conditions typically found in indoor environments [36,39,48]. Among these, low light quality
and intensities, as well as the lack of an appropriate light-dark cycle (photoperiod), have been recognized
as the main sources of limitation for the physiological activity of indoor plants [63]. In our case, light
saturation of photosynthesis in L. nobilis occurred at PAR � 1000 µmol m−2s−1, similarly to what
highlighted for other woody species in interiorscapes [31]. Interestingly, our results also highlight that,
at high [CO2], both Φ and Pnmax showed a marked seasonal trend, with lower values during summer
in respect to spring and autumn. The seasonal dynamics of photosynthesis in Mediterranean evergreen
species has been extensively studied, mainly in relation with drought or high temperature stress
occurring during the summer period [50,64,65]. In our case, since water availability was not limited
through the whole experiment, we can argue that both ambient air temperatures (Supplementary
Materials Figure S1) and plant phenology, played a role in determining the observed seasonal trend,
ultimately affecting the CO2 phytoremediation potential on a seasonal basis [66].

The abovementioned factors should be taken into account when transferring the removal rates
estimated in laboratory experiments to the planning of a NBS, particularly in relation to a challenging
museum environment such as the Refectory of Santa Maria delle Grazie Church. In this case, the most
feasible way to realize a NBS would be to connect the HVAC system of the Refectory to an external
greenhouse, in which plants could be grown under controlled environmental conditions, in order
to guarantee optimal irrigation, fertilization, temperature and irradiance levels (PAR � 1000 µmol
m−2s−1) to sustain maximum CO2 removal in the museum. The CO2-rich air recirculating from the
museum would be filtered by plants in the greenhouse, and then streamed back in the Refectory, after
an additional filtration from the HVAC to control water vapor, VOCs and PM that could be emitted
by plants and visitors as well (Figure 5). However, our estimated CO2 removal rates per unit leaf
area point out that, for lowering [CO2] in the Refectory to � 800 ppm to allow a potential one third
increase in the number of visitors, the external greenhouse should allocate from a minimum of 58 to a
maximum of 112 laurel plants of � 1.5 m of height. This would require a minimum greenhouse surface
area of � 30 m2. Based on these results, the use of plants as a standalone means to control indoor CO2

in the Refectory appears impractical, mainly because of the large volume of the Refectory itself, that
requires a massive phytoremediation effort. This is in agreement with previous studies, underlining
that botanical air filtration systems, such as green walls or potted plants, can be self-sufficient for
passive air phytoremediation only in the case of small rooms with few occupants [34,36,67]. Therefore,
in the specific case of the Refectory, the use of physicochemical CO2 filtration systems cannot be
fully avoided.
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Figure 5. Basic outline scheme of the proposed Nature Base Solutions.

Despite the abovementioned limitations, the NSB based on plant phytoremediation can be
evaluated as an additional installation to improve the efficiency of traditional filtration systems,
to reduce CO2 levels while releasing an equimolecular amount of oxygen in such a challenging
museum environment. In particular, phytoremediation efficiency will be higher during periods of
maximum plant physiological activity, such as spring and autumn, thus increasing the efficiency of
CO2 filtration. In this sense, our results support previous researches advocating the possibility to
combine traditional air-cleaning technologies with properly designed NBS, also with the help of smart
sensor technologies [39], as a promising solution for improving indoor air quality, opening the road for
the possible optimization of energy use and maintenance cost of the HVAC systems also in air-tight
museum environments.

5. Conclusions

Our work represents the first quantitative investigation aimed at providing science-based evidence
and knowledge for planning a NBS in an air-tight museum environment, where high CO2 levels limit
the visitors’ fruition of an important work of art such as the Leonardo da Vinci’s “Last Supper”. Such
a NBS could improve the efficiency of traditional air cleaning technologies, to control [CO2] in the
considered museum in view of a potentially increased number of visitors.

There is, however, the need of further research, in order to develop optimum combined systems for
such pioneering installations, targeted at solving an important societal issue such as indoor air pollution.
For instance, besides photosynthetic acclimation, daytime respiratory CO2 emissions from the soil
substrate, including microbial and root respiration, should be taken into account when calculating the
CO2 removal rates within the greenhouse. The fertilization and irrigation schedules needed to sustain
the maximum CO2 removal rate, as well as the replacement cycles of plant material, should be also
optimized. Furthermore, the costs of energy consumption for potential nature-based or traditional
air-cleaning solutions, as well as for a combination of both, should be quantified and compared, in
order to determine the best choice in terms of both cost effectiveness and energy efficiency. It is
also necessary to test further plant species, with higher CO2 removal rates than L. nobilis, as well as
other, more efficient botanical air filtration systems, such as for example green walls, which reduce
the space needed to allocate the plant material and, at the same time, limit the soil substrate and its
CO2 emissions. In this regard, the system phytoremediation capacity towards multiple indoor air
pollutants, such as PM, NOx, and O3, should be also considered and quantified for a proper cost/benefit
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evaluation. Finally, it must be underlined that our modelling approach represents a simplification
of the issue of building ventilation, since the amount of CO2 in the indoor air is a dynamic function
of different parameters, such as Tair, RH, as well as the number of air exchanges, CO2 concentration
outdoors, and the number of people producing CO2 allowed indoor. Therefore, a CO2 dynamic model
should be implemented and tested for planning the specific case-study.

In spite of this, our data represent the starting point for the development of such a NBS, opening
the road to the possibility of their implementation in other indoor environments, such as schools,
hospitals, or public offices, through the employment of the natural and low cost photosynthetic process,
rather than relying on “grey” technologies only. The “Cenacle”, that preserves Leonardo’s genius, can
thus become a model of sustainability, and pave the way to the development of innovative solutions
for the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/2/565/s1.
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