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Abstract

The COVID-19 pandemic has renewed focus on the essential role of ventilation in maintain-
ing good indoor air quality and low airborne transmission risks in school buildings, thereby
supporting occupant well-being. However, many European classrooms still depend on
natural ventilation, which often proves insufficient, especially during the heating season.
Consequently, the integration of Mechanical Ventilation Systems (MVSs) with heat recovery
in existing classrooms has become increasingly adopted, and decentralised MVS solutions,
favoured for their minimal installation impact, have gained particular traction. Yet, despite
their widespread implementation, a notable gap remains in the investigations into their
air distribution efficiency and overall ventilation performance. To address this gap in the
literature, this study offers a systematic assessment of the ventilation effectiveness for
air distribution schemes related to decentralised MVSs. Computational Fluid Dynamics
simulations were performed in a standard classroom, while statistical methods were used
to established significant differences among the schemes. The optimal performances were
observed with a single air inlet/outlet positioned on the long side of the room, providing
CO; ~ 1088 ppm and a mean local air change efficiency of 1.23. Ceiling-standing units in-
stalled in the room show CO; levels around 1200 ppm, with mean local air change efficiency
between 1.02 and 1.07, whereas the floor-standing unit yields ventilation effectiveness lower
than that of ideal mixing conditions. The results deliver an actionable ranking and design
trade-offs to guide school retrofits.

Keywords: decentralised mechanical ventilation; air distribution; ventilation effectiveness;
ACE; CFD; school classroom; statistical method

1. Introduction

Ensuring healthy lives and well-being is one of the United Nations’ (UN) Sustainable
Development Goals (SDGs) [1]. Global health crises such as COVID-19 [2] underscore the
worldwide threat faced and highlight the indispensable need for robust preparedness [3].
In this regard, the importance of adequate ventilation in indoor environments has been in-
creasingly recognised as a critical strategy to mitigate the risk of airborne virus transmission
among occupants [4,5]. In particular, airborne spread via fine respiratory aerosols has been
identified as a primary transmission pathway indoors [6,7], posing significant concerns in
densely occupied settings such as classrooms. Nonetheless, ventilation in school environ-
ments is frequently inadequate, leading to the deterioration of children’s health [8] and
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learning performance [9]. According to the SINPHONIE project [10], approximately 86% of
European classrooms displayed ventilation rates below the recommended threshold for
human health of 4 L/s per person [11]. This issue is often associated with a reliance on
natural ventilation, which is generally limited by user behaviour, especially during the
heating season, when manual airing may cause thermal discomfort [12-14].

To address this, several studies have advocated for the adoption of Mechanical Ventila-
tion Systems (MVSs) equipped with heat recovery in classrooms [15-18], also highlighting
their beneficial impact in terms of primary energy savings [19]. Furthermore, their im-
plementation has been made compulsory in public building retrofits in certain countries,
including Italy [20]. A fundamental aspect of effective MVS design is the choice of air
distribution system, which significantly influences the system’s ability to dilute or remove
airborne contaminants [4,21,22] and improve indoor air quality (IAQ) [23].

The ventilation effectiveness of air distribution systems could be assessed by evaluat-
ing the ability of a system to exchange the air in the room or the ability to remove airborne
contaminants [23]. In the latter case, specific indices are used, e.g., the contaminant re-
moval effectiveness, which are highly influenced by the characteristics of the contaminant
source (location, emission rate, particle sizes, etc.) [24], while the indices related to the
former could be used as overall ventilation effectiveness metrics to compare different air
distribution systems regardless of pollutant characteristics [25]. To this aim, the air change
efficiency (ACE) is frequently employed to quantify how effectively fresh air replaces room
air, compared to an ideal, perfectly mixed system [26]. ACE is calculated using the Local
Mean Age (LMA) of air, which measures the average time needed for supply air to reach
specific points within the room [27]. Furthermore, the concept of ACE can be expressed
by considering single points in the space, referring to the Local Air Change Effectiveness
(LACE). To evaluate these indices, common assessment methods refer to both experimental
and Computational Fluid Dynamics (CFD) techniques. However, experimental methods
such as the tracer gas [28] and the aerosol [29] techniques may face practical limitations
in replicating the environmental conditions, making these techniques inconvenient to test
different scenarios [30]. On the other hand, CFD simulations have full control over the
boundary conditions, making them more suitable for parametric investigations of various
cases [31].

According to several literature review findings, total volume air distribution systems
promoting vertical or horizontal airflow, such as displacement ventilation, underfloor air
distribution, confluent jet ventilation, and stratum ventilation, achieve higher performance
compared to conventional Mixing Ventilation (MV) systems [32-34]. Furthermore, personal
ventilation devices can further improve local ventilation effectiveness [35]. However, the
integration of these air distribution systems, mainly associated with a centralised MVS,
into existing classrooms is often hindered by technical and architectural constraints, which
can be avoided by adopting ventilation units serving single classrooms, i.e., decentralised
MVS. Indeed, the integration of decentralised MVSs in classrooms has become increas-
ingly popular in recent school building refurbishment interventions due to their minimal
invasiveness, as reported from recent studies [36—40]. In one of the largest school building
refurbishments [40], covering 155 school buildings in Italy, 98% of the classrooms were
equipped with decentralised MVSs located inside the classrooms or outside in the corridor.

However, despite the widespread use of decentralised MVSs in classrooms, there is a
conspicuous lack of research specifically focused on their air distribution efficiency, which
could support better-informed design in classroom retrofit projects. To fill this knowledge
gap, this study provides a systematic comparison of the ventilation performances of air
distribution schemes based on decentralised MVSs, specifically designed for retrofitting
existing classrooms. Beyond evaluating the CO, and ventilation effectiveness distributions
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through CFD-based analysis and statistical methods, the resulting framework provides
actionable guidance for the selection of proper solutions in school retrofit application
contexts. In particular, a set of schemes was considered based on the ventilation unit
location and the air supply/exhaust grilles” position. Investigations were carried out using
a reference classroom model representative of the Italian school building stock, focusing
on the horizontal plane referred to as the breathing zone. The study was built upon prior
research conducted by the authors [41].

2. Materials and Methods

This work employs CFD simulations and statistical methods to assess and compare the
performance of different air distribution schemes applicable to existing classroom environ-
ments. For CFD simulations, the MicroFlow module within the Integrated Environmental
Solutions Virtual Environment (IESVE) software [42] was selected. The numerical ap-
proach in MicroFlow is based on the Reynolds-Averaged Navier-Stokes (RANS) equations,
which are solved under turbulent flow conditions using a standard k-¢ model, providing
steady-state distributions of velocity, temperature, and scalar concentrations within the
analysed domain. Although commercial CFD platforms such as ANSYS Fluent [43] and
Star-CCM+ [44] offer more advanced turbulence models and refined grid-control capabili-
ties, the present study is aimed at a comparative assessment of the general room airflow in a
design phase, rather than at resolving highly /local complex airflow structures. Indeed, pre-
vious applications and validation studies support the suitability of MicroFlow for general
room airflow assessments [45-48]. Additionally, a comparative study involving MicroFlow
and more advanced solvers shows that, while high-end CFD codes are better for complex
flow problems, MicroFlow, thanks to a quick setup of geometrical models and boundary
conditions, captures the main airflow features with enough accuracy for engineering design
assessments [49]. Hence, MicroFlow provides a practical compromise between computa-
tional speed and result reliability, especially suitable for early-stage design exploration,
such as in the case of the present study.

2.1. Classroom Geometry and Air Distribution Schemes

A reference classroom setting (Figure 1) was defined to represent a common layout
related to school building classrooms, according to [50]. The room has a rectangular shape
with a floor area of 48.0 m? and a height of 3.0 m. The long side is 8.0 m while the short
side is 6.0 m. Windows are placed on one of the long sides. The presence of 25 students and
1 teacher has been assumed as the maximum occupancy allowed in Italian classrooms [51].
Focusing on air distribution layout effects, furniture (desks, cabinets, etc.) was intentionally
omitted to avoid case-specific configurations, given their high layout variability.

Figure 1. Classroom configuration.
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In this classroom configuration, different air distribution schemes were proposed
based on installation criteria suitable for existing classrooms, considering decentralised
units placed inside or outside the classroom, as reported in Table 1. In the former case,
as ducts are required to connect the unit to the outdoors, the unit locations have been
considered near the external wall. Three positions for the ceiling standing unit (I1, 12, and
I3) have been tested to assess the effects of different air supply points (near the two corners
and in the centre of the external wall), while for the floor standing unit (I4), only the location
at the back of the classroom has been considered, as on the teacher’s side, the wall is usually
occupied by blackboards and furniture. Furthermore, implementations of ceiling units with
a supply duct (I5) have been considered to assess potential benefits on airflow patterns.
In the latter case, air distribution schemes referred to as low-invasive interventions were
considered, i.e., with supply and extraction ducts positioned close to the ceiling height.
In this regard, the position of the intake and extraction vents is limited to the short sides
(O3 and O4) and the long, non-windowed side (O1 and O2), since the presence of windows
in the external wall could represent an installation constraint. Schemes O3 and O4 imply
an airflow along the long side of the classroom but differ in the location of the exhaust
vents, positioned on the opposite wall in the former, and on the same wall in the latter.
Conversely, scheme O2 defines an airflow along the short side of the classroom. Finally,
scheme O1 was defined to test the installation of a single inlet and outlet vent to generate a
semi-circular airflow pattern within the classroom.

Table 1. Air distribution schemes tested in the classroom configuration. Blue and red arrows are
related to outlet and inlet vents, respectively.

Inside unit ceiling
standing—back (I1)

Inside unit ceiling Inside unit ceiling
standing—front (12) standing—centre (I3)

~N
N\

Inside unit floor standing (14)

Inside unit ceiling standing—inlet Outside unit long side air
canalised (I5) distribution—single inlet/outlet (O1)
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Table 1. Cont.
Outside unit lone side air Outside unit short side air Outside unit short side air
. ong distribution—multi inlet/outlet, distribution—multi inlet/outlet,
distribution—multi inlet/ outlet (O2) opposite sides (O3) same sides (O4)

2.2. Boundary Settings

According to a default winter scenario, the indoor thermal environment was standard-
ised by setting both air and internal surface temperatures to an operative value of 20 °C,
following Category II indoor conditions defined by EN 16798-1 [11]. The internal occu-
pancy was modelled to represent a generalised occupant distribution and avoid specific
seating layouts, given their case-by-case variability. To this end, two equivalent volumetric
sources representing both heat and CO, emissions were introduced within the occupied
zone, obtained as the volume enclosed within a height of 1.25 m above the floor level and at
a distance of 0.6 m from the room walls (consistent with the conventional zone occupied by
seated persons). The defined occupied volume was subdivided between students and the
teacher by assuming an area of approximately 1 m? per student, assigning the remaining
area to the teacher.

Each occupant was assigned a sensible heat output of 90 W (encompassing both
convective and radiative components), aligned with EN 16798-1 [11] recommendations.
Consequently, total heat gains of 2000 W and 90 W were attributed to the student and
teacher zones, respectively. CO, generation rates were determined based on children’s
anthropometric characteristics (height and weight), body surface area, and metabolic
activity, applying the equations found in the ASHRAE Handbook of Fundamentals [52].
Average values for children’s anthropometry were taken from European school-age data
reported in [53]. A metabolic rate of 1.4 Met was adopted for students engaged in sedentary
classroom tasks (e.g., reading and writing), while 1.7 Met was used for teachers, whose
activity involves alternation between sitting, standing, and walking [54,55]. Details on
source volumes have been reported in Table 2.

Table 2. Characteristics of source volumes.

Reference Source CO; Emission (kg/h) Heat Emission (W) Dimension (m)
Students 0.75 2000 5.0 x 4.8 x 1.0
Teacher 0.05 90 1.8 x 4.8 x 1.0

Ventilation system design followed the parameters of EN 16798-1 [11] for Category
II environments and low-polluting buildings, resulting in a required airflow of 648 m3/h.
Given that the schemes are based on MV, a typical supply velocity of 2 m/s was assumed
for sizing air terminals [56]. Accordingly, the inlet and outlet dimensions were set to meet
these specifications. Outdoor air supplied to the room was assumed to have a baseline CO,
concentration of 400 ppm, as recommended by the standard [11] when site-specific data
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are unavailable. The outdoor air temperature representative of typical classroom hours
(assumed as 8:00-13:00) was obtained from the Rome weather file included in the IES-VE
climate data library [42], serving as a reference for a mid-range Italian climate. To account
for the minimum heat recovery efficiency as required by EU Regulation No. 1253/2014 (set
at 73%) [57], the supply air temperature was calculated to be 18.6 °C. Details on the supply
air are reported in Table 3.

Table 3. Air supply characteristics.

Ventilation Rate Air Speed Air Temperature Concgrgiation
(m3/h) (m/s) (O C) (PPM)
Single
inlet/outlet 648.0 2.0 18.6 400
Multi
Inlet/outlet

2.3. Computational Solver

The airflow distribution within the classroom environment was simulated using
the commercial CFD module MicroFlow, integrated into the IESVE. This solver is based
on the finite volume method for the discretisation of the governing equations for mass,
momentum, and energy conservation. Specifically, it provides a steady-state solution of the
RANS equations coupled with the three-dimensional convective-conductive heat transfer
equations, allowing the prediction of airflow patterns under stationary conditions. To
model turbulence, the standard k-¢ model was adopted across all simulation scenarios.
This model, widely recognised for its robustness and computational efficiency in handling
internal flows, has been reported to provide satisfactory accuracy in previous research
involving similar indoor airflow problems [58-60]. Regarding the spatial discretisation,
mesh quality was ensured by constraining the maximum cell aspect ratio to 10:1, following
the recommendations provided in [61]. Convergence criteria were set by monitoring the
residuals of the continuity, momentum, turbulence, and energy equations. Numerical
convergence was considered achieved when all residuals dropped below the threshold
of 1 x 1074,

2.4. Ventilation Performance Assessment

To assess the ventilation effectiveness of the air distribution schemes, the LACE was
used as an index. Furthermore, the indoor CO; concentration was assessed. Through
the “Microflow viewer”, it is possible to view the space distribution of the parameters
mentioned above. However, precise point values at any location can only be obtained for
air speed and temperature, while for the other parameters, the point values can be approxi-
mately estimated on the distribution profile (legend), which is not precise enough for proper
assessment. To overcome this problem, an algorithm was developed in Python [62] to
convert the ranges of the results mapped in the Microflow viewer into detailed values
(Figure 2). In particular, the code can recognise the point-by-point values and return the
percentage of the presence of these values, starting from a plane picture and known values
taken from the Microflow viewer. Therefore, through the algorithm, it is possible to conduct
a space distribution analysis of the variables and compare different air distribution schemes.
Using this method, the distributions of the parameters of interest (CO, and LACE) for the
different air distribution schemes were evaluated. The values and their distributions have
been derived in relation to the horizontal plane positioned 1.25 m above the ground as a
representative plane of the breathing zone. Subsequently, the distributions were analysed
through the parameters of the descriptive statistic, involving commonly adopted tests to
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evaluate statistical significance differences among the distributions, e.g., Kruskal-Wallis
H test and Mann-Whitney U tests [63,64], adopting a level of significance of 0.05.

1070 1130 1180 1235 1290 1345 1400 pom

L colore pii simile nel set di colori definito

, val in colori_valori. items():
dist = sun((c[4] - rgb_color(4]) ** 2 for i in range(3))

# Raggruppa

for 1 in range(256):

For 3 in range(256):
For k in

(<[] - colore_rgb[i]) ** 2 for i in range(3)))
4,3, K

somna_percentuali_totali +-
somna_percentuali_valori +-

rcentualifi, 3, k]
rcentuali[i, 3, k] * colori_valori.get(colore_noto_piu_vicino, @)

# Stampa i gruppi di color o ntuali e il valore

for colore, somma_percentuale in somma_percentuali_colori_noto.items():
valore_colore_noto = colori_valori.get(colore, 6)
print(F~Gruppo colore noto: {colore}, Somma per:

uale: {somma_percentusle:.2f)%, Valore: {valore_colore noto}")

 {somma_percentuali_totali: 26}%")

4 / somma_percentuali_totali
+ (media_valori:.26)")

Figure 2. Illustrative scheme of the Python algorithm to assess the variable distribution within the
reference horizontal plane. The coloured dashed lines highlight the sections of the code where the
legend data (green line) and the image of the horizontal reference plane (blue line) are inserted.

The accuracy of the data extraction through the algorithm was tested using a case
study with known numerical average values of LMA of the air reported in [65]. To this end,
the algorithm was applied to the colour-filled contour plots of the two cases provided in
the study (Figure 3), representing the LMA distribution of air on the horizontal plane. As a
result, an average LMA of the air of 246.7 and 135.14 s for case 1 and case 2, respectively,
was assessed. Comparing these results with the numerical ones provided in the study
(250 s for case 1 and 135 s for case 2), an accuracy of about 99% was found, highlighting the
reliability of the proposed algorithm.

Case 1 Case 2

090 (m)

1000 (m)
]

0225 0675

025 0750

Figure 3. Colour-filled contour plots of the LMA of air in a horizontal plane related to ref. [65] used
to assess the accuracy of the developed Python algorithm.

2.5. Grid Analysis

Microflow has its meshing tool, i.e., the “CFD Grid”, to generate and edit the space
grid. The tool only allows generating an orthogonal structured non-uniform Cartesian
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grid, selecting a default grid space and tolerance. To assess the required grid resolution, an
independency study was carried out with different mesh grid dimensions, focusing on the
vertical distribution of air velocity and air temperature within the centre of the classroom
(at 0.1 m, 0.5 m, 1.0 m, 1.5 m, 2.0 m, and 2.5 m from the floor), and a points grid in the
reference horizontal plane of the breathing zone placed at a height of 1.25 m (Figure 4).

! 1
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| @9 1@ 4 10
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H 1
i i 2m !
i i i
H 1
i ; i
| i
ek 5@ 2 @
i
! e >
H 3m 1
! 1
! i
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: :
1 07 CEN ] 30 !

Figure 4. Points grid in the reference horizontal plane of the breathing zone used for the mesh
independence study. Arrows represent the distances between the points in the two directions of the
plane, while numbers refers to the code of the points.

A total of four grid resolutions were tested, accounting for 35,853 (G1), 133,380 (G2),
150,060 (G3), and 173,376 (G4) elements. Results are reported in Figure 5, revealing an
average percentage difference between G3 and G4 of lower than 9% and 1% for air velocity
and air temperature, respectively. Therefore, the grid of 150,060 elements was used for
the analyses to reduce the computational resources. Notably, this grid has a default grid
spacing of 9 cm, in line with the typical value for 3 m high rooms [61].
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Figure 5. Cont.
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Figure 5. Grid analysis: (a) air velocity distribution profile along the centred vertical line, (b) air
temperature distribution profile along the centred vertical line, (c) air velocity among the 9 points in
the reference horizontal plane of the breathing zone, and (d) air temperature among the 9 points in
the reference horizontal plane of the breathing zone.

3. Results and Discussion

This Chapter reports and discusses the main outcomes obtained through the CFD
simulations and statistical analyses carried out in this work. The findings are structured as
follows: (i) assessment of potential discomfort due to high air velocity within the occupied
volume, (ii) assessment of CO, distribution among the breathing zone, and (iii) assessment
of ventilation effectiveness among the breathing zones.

3.1. Air Velocity in the Occupied Volume

The air distribution in rooms should avoid discomfort among occupants due to air
draught (excessive air movement in an occupied enclosure causing discomfort), providing
air velocities lower than a reference value (typically 0.15 m/s) within the occupied zone,
which is commonly defined as the space extending up to 0.6 m from the walls and a height
from the floor based on the activity (standing, sitting, etc.). In all the air distribution
schemes, air is supplied above the occupied volume; therefore, its upper boundary (consid-
ered at a height of 1.2 m from the floor due to common classroom activities) represents the
most critical surface for air draught.

In Figure 6, the air distribution velocity on this surface was plotted for each air
distribution scheme to assess the potential for localised discomfort due to air draught. The
dotted line defines the edges of the upper boundary of the occupied volume, and the red
areas indicate regions where the air velocity equals or exceeds 0.15 m/s. As can be seen,
the reference limit value is exceeded in areas located outside the occupied volume upper
boundary, except for schemes 12, O2, O3, and O4, where some regions reveal potential
discomfort for the occupant. These results confirm that the defined air distribution schemes,
despite local velocity peaks in some cases, do not compromise comfort within the primary
occupied space.
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Velocity

0.01

0.02

(04

0.03 0.04 0.06 0.07 0.08 0.10 0.11 0.12 0.13 20.15 m/s

Figure 6. Plot of the velocity contour in the reference horizontal plane across the air distribution
schemes. (I1) Inside unit ceiling standing—back; (I2) Inside unit ceiling standing—front; (I3) Inside
unit ceiling standing—centre; (I4) Inside unit floor standing; (I5) Inside unit ceiling standing—inlet
canalised; (O1) Outside unit long side air distribution—single inlet/outlet; (02) Outside unit long side
air distribution—multi inlet/outlet; (O3) Outside unit short side air distribution—multi inlet/outlet,
opposite sides; (O4) Outside unit short side air distribution—multi inlet/outlet, same sides.

3.2. Carbon Dioxide Concentration

Figure 7 illustrates the spatial distribution of CO, concentration (in ppm) on the
reference horizontal plane across the tested air distribution schemes. Overall, most config-
urations result in average concentrations near the benchmark of 1200 ppm, which aligns
with the expected values under the assumed ventilation and occupancy conditions [11].
Scheme O1 distinctly performs better, showing consistently lower and more homogeneous
CO; levels across the occupied zone, with values well below the reference threshold. This
indicates an effective dilution of exhaled pollutants and efficient airflow distribution. Con-
versely, configurations such as O3 and 14 exhibit higher and more variable concentrations,
with localised peaks approaching the upper limit of the scale (1400 ppm), likely due to
limited air mixing and suboptimal circulation patterns.
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CO; 800 854 910 963 1020 1070 1130 1180 1235 1290 1345 1400 ppm

Figure 7. Plot of CO; contour in the reference horizontal plane across the air distribution schemes.
(I1) Inside unit ceiling standing—back; (I2) Inside unit ceiling standing—front; (I3) Inside unit ceiling
standing—centre; (I4) Inside unit floor standing; (I5) Inside unit ceiling standing—inlet canalised;
(01) Outside unit long side air distribution—single inlet/outlet; (O2) Outside unit long side air
distribution—multi inlet/outlet; (O3) Outside unit short side air distribution—multi inlet/outlet,
opposite sides; (0O4) Outside unit short side air distribution—multi inlet/outlet, same sides.

To detail the CO, concentrations in classrooms across the schemes, the relative distri-
butions were plotted in Figure 8, while Table 4 summarises the main statistical parameters.
The box plots highlight four distinct behaviours among air distribution schemes. Configura-
tions I1, 12, and O2 show narrow interquartile ranges and similar median concentrations of
around 1250 ppm, indicating comparable and stable CO; levels. Schemes I3 and I5 exhibit
similar central dispersion, with about 1220 ppm concentrations. Configurations 14, O3, and
O4 share a comparable spread but are shifted towards higher CO, values (1250-1300 ppm).
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Finally, O1 displays a markedly different distribution, with substantially lower mean and
median concentrations and a wider IQR, standing out from all other schemes. Prelimi-
nary visual inspection of the box plots revealed noticeable spread and asymmetry, further
supported by skewness and kurtosis values indicating deviations from normality. This
preliminary evidence was then corroborated by the Shapiro-Wilk test (Table 4), which, for
all ventilation configurations, indicated a significant distance from normality (p < 0.001),
confirming the presence of skewed and/or heavy-tailed distributions.

Box plot of CO,

1400
1350
1300
1250
1200
1150
1100
1050
1000

950

900

CO; [ppm]

11 12 13 14 15 01 02 03 04

Air distribution scheme

Figure 8. Box plot of CO; of the air distribution schemes. For each scheme the figure reports the
IQR (box), mean value (cross), whiskers (vertical lines), and outliers (points). The mean values are
connected by a solid line.

Table 4. Statistical parameters of the CO, distribution across the air distribution schemes.

Air .
Distribution Mean Median St. dev IQR Max Min Skewness Kurtosis Sha}plro—
Wilk p
Scheme
11 1237.3  1235.0 29.8 0.0 1290.0  1130.0 —0.6 3.1 91 x 10714
2 1239.5  1235.0 30.7 0.0 1290.0  1130.0 —0.6 2.7 23x 1071
I3 12223  1235.0 33.8 55.0 1290.0  1130.0 -0.3 0.2 55 x 1011
14 1273.3  1290.0 30.8 13.8 1290.0  1180.0 -1.7 2.1 13 x 1071
15 12214  1235.0 29.3 55.0 1290.0  1130.0 -0.8 1.0 19 x 10713
01 1088.1  1130.0 78.7 167.0  1180.0  963.0 —0.9 -1.0 73 x 10714
o2 1231.1  1235.0 30.1 0.0 1290.0  1130.0 —0.4 1.4 1.3 x 10712
03 1256.1  1290.0 414 55.0 1290.0  1180.0 —0.8 —0.8 43 x 10712
04 12433  1235.0 33.7 55.0 1290.0  1180.0 -0.1 —0.4 33 x 101

Consequently, the statistical differences between CO, distributions were evaluated
using a non-parametric test, followed by appropriate post hoc comparisons. To assess
whether significant differences existed among the distributions, a Kruskal-Wallis H-test
was performed. The resulting statistic was H = 426.9 with a corresponding p-value < 0.001,
confirming that at least one distribution significantly differs from the others. To further
explore the pairwise differences and identify which schemes are statistically distinct, a
Mann-Whitney U test was applied to all combinations of air distribution schemes. The
outcomes are visualised in the heatmap shown in Figure 9, where cells marked “p < 0.05”
indicate statistically significant differences. Based on this analysis, schemes O1, O3, and
14 exhibit differences with all other schemes (p < 0.05), indicating distinct CO, distribution
behaviours and justifying their interpretation as a separate performance pattern. In contrast,
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schemes I3 and I5 do not differ significantly from one another (p = 0.928), supporting their
classification as a homogeneous group with comparable concentration profiles. Similarly,
several comparisons among I1, 12, 02, and O4 yield non-significant p-values (p > 0.05),
suggesting broadly similar distributions for these schemes and motivating their grouping
as a second cluster.
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Figure 9. Results of the Mann-Whitney test for CO, distributions: heatmap of p-value.

Overall, the conducted analyses indicate that none of the air distribution schemes
results in CO, concentrations significantly exceeding the reference threshold, with con-
centrations up to about 1300 ppm. Based on the statistical analyses, O1 and 14 can be
identified as the best and worst performing schemes, respectively. Scheme O1 exhibits
by far the lowest CO, levels, with a mean concentration of 1088 ppm and a median of
1130 ppm, clearly below all other schemes, while 14 shows the highest concentrations, with
a mean of 1273 ppm and a median of 1290 ppm, systematically above the reference value
of 1200 ppm. These differences, corroborated by the non-parametric post hoc tests, are
statistically significant.

3.3. Air Ventilation Effectiveness

The ventilation effectiveness distribution of the tested schemes is analysed concerning
the LACE, as it is a dimensionless index for a direct comparison with the ideal condition of
perfect mixing (LACE = 1), regardless of the room volume. In this regard, the distribution
of the LACE in the reference horizontal plane, along with charts indicating the percentage
occurrence of each value within the plane, is reported in Figures 10 and 11 for the air
distribution schemes with inside and outside units, respectively. In the I1 scheme, a low
LACE region (LACE < 1) is observed within the long side of the classroom opposite to
the windows, which expands particularly in the corner opposite to the location of the
ventilation unit. The zone occupied by the students reveals values between 1.08 and 1.14, as
the related thermal load generates an upward convective motion that favours the circulation
of the air toward the exhaust vent (located over the students” zone). Conversely, in the
12 scheme, where the corner opposite to the ventilation unit location reveals a low LACE
region (LACE < 1), the student’s thermal load acts against the airflow path, leading to a
reduced LACE also in front of the ventilation unit. Scheme I3, featuring a supply vent in
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the middle of the windowed long side of the classroom, achieves a relatively symmetrical
distribution of LACE, with about 70% of the values ranging from 1.08 to 1.14. However,
LACE values lower than 1 are still present in three of the four classroom corners, while the
corner adjacent to the teacher’s zone shows higher values. Indeed, the spatial asymmetry
of the thermal load, greater within the student’s zone, induces a curvature of the supply
airflow toward the teacher’s side, increasing the local air exchange. The I5 scheme shows
an improved LACE distribution compared to I3, due to the extended number of supply
points, which enables a more homogeneous delivery of fresh air along the room’s length.
However, a confined area, limited to approximately 20% of the total plane, located within
the corner opposite the extraction point, shows LACE values below 1. This highlights
that, in addition to the more homogeneous delivery of fresh air along the room’s length,
the airflow pattern generated does not involve the entire room volume. A stagnant zone
persists as the exhaust grille is not located at the end of the effective airflow path. On the
other hand, scheme 14 has the worst ventilation effectiveness among the schemes related
to the internal units. In this scheme, the supply vent is positioned so that it introduces air
towards the ceiling to exploit the Coanda effect (flow adhesion to the surface and fluid
acceleration) and maximise distribution. This configuration should move the air in the
room and push it towards the return grille positioned near the floor. However, this logic,
although it leads to LACE values between 1.08 and 1.14 in the longitudinal band of the
class comprising the ventilation unit, leads to a large region of LACE values lower than 1,
localised near the long side of the classroom without windows (as for scheme I1).

The schemes O2 and O4 reveal a similar LACE distribution, with about 10% of low
LACE value (<1) regions. However, scheme O2 shows a higher LACE that is resealable as
the supplied air travels through the smaller dimension of the room before being removed,
thus generating a more rapid air exchange. Thanks to the distributed supply and exhaust
grilles aligned on the same side, both schemes lead to a more uniform air exchange than
schemes I1, 12, and I3 with a single supply and exhaust. Comparing schemes I5 and O2,
where the supply grilles are similar, it can be noted how the location of the exhaust grilles
in line with the supply airflow path can improve the air exchange in the room, reducing
the potential stagnation zone by 10%.

On the contrary, in scheme O3, the arrangement of the supply and exhaust terminals
placed on opposite sides causes a direct path between inlets and outlets, promoting airflow
short-circuiting and minimal room air entrainment. Consequently, the LACE distribution
reveals limited effectiveness, with up to 50% of the reference plane showing LACE < 1,
revealing an overall underperformance in relation to the other schemes with outside units.
Scheme O1 produces the best overall performance, with the LACE distribution showing
widespread values above 1 (almost between 1.20 and 1.27) and no stagnation zones. The
enhanced performance is attributable to two main factors. First of all, the arrangement of
the supply and the exhaust vents, which are placed at the opposite ends of the long side,
leads to a well-oriented ventilation path that travels the full depth of the room. The second
factor is the greater momentum flow of the single jet in relation to multiple jets (as the air
speed is the same in both cases), which improves entrainment and mixing of the air within
the room.
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Figure 10. LACE distribution in the reference horizontal plane and percentage occurrence of each
value related to inside unit configurations. (I1) Inside unit ceiling standing—back; (I2) Inside unit
ceiling standing—front; (I3) Inside unit ceiling standing—centre; (I4) Inside unit floor standing;

(I5) Inside unit ceiling standing—inlet canalised.
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Figure 11. LACE distribution in the reference horizontal plane and percentage occurrence of each

value related to outside unit configurations. (O1) Outside unit long side air distribution—single
inlet/outlet; (02) Outside unit long side air distribution—multi inlet/outlet; (O3) Outside unit short
side air distribution—multi inlet/outlet, opposite sides; (O4) Outside unit short side air distribution—

multi inlet/outlet, same sides.

The box plots (Figure 12) and descriptive statistics (Table 5) for LACE indicate distinct
behaviours among the air distribution schemes. In addition, most configurations exhibit
median values close to 1.08 (I1, 12, 13, 15, 02, O3, and O4), and two clusters with different
interquartile ranges could be recognised. Schemes I1, 12, and O3 show almost identical dis-
tributions (means 0.99-1.03, same median 1.08, and IQR 0.19), while 15, 02, and O4 cluster
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around slightly higher values (means approximately 1.07-1.08, medians 1.08, and relatively
small IQRs). Scheme I3 shows a higher mean value than schemes 12 and I3 but presents the
same IQR. In contrast, scheme O1 clearly stands out, with the highest mean and median
LACE (1.23 and 1.27, respectively) and limited dispersion (0.07), denoting consistently
superior air exchange efficiency.

Box plot of LACE

1.40

1.30

1.20

1.10

LACE [-]

1.00

0.90

0.80

11 12 13 14 15 o1 02 03 04

Air distribution scheme

Figure 12. Box plot of LACE of the air distribution schemes. For each scheme the figure reports the
IQR (box), mean value (cross), and whiskers (vertical lines). The mean values are connected by a
solid line.

Table 5. Statistical parameters of the LACE distribution across the air distribution schemes.

Air

Distribution Mean Median St. dev IQOR Max Min Skewness Kurtosis Sha}plro—
Wilk p
Scheme
I1 1.02 1.08 0.11 0.19 1.27 0.89 —0.15 —1.47 51 x 1071
2 1.03 1.08 0.10 0.19 1.20 0.89 —0.56 —1.31 1.7 x 10712
3 1.05 1.08 0.10 0.20 1.27 0.89 —0.74 —0.77 42 x 1071
4 0.98 0.89 0.10 0.19 1.14 0.89 0.29 —1.84 2.8 x 10713
15 1.07 1.08 0.09 0.06 1.20 0.89 -1.17 0.03 24 x 10712
01 1.23 1.27 0.04 0.07 1.27 1.14 —0.61 —0.83 47 x 10712
02 1.08 1.08 0.10 0.06 1.20 0.89 —1.60 1.74 1.6 x 10712
03 0.99 1.08 0.08 0.19 1.14 0.89 0.06 —1.88 51 x 10714
04 1.07 1.08 0.08 0.06 1.14 0.89 —1.56 1.61 21 x 10713

Conversely, 14 is the only configuration with a mean LACE below unity (0.98) and
a markedly lower median (0.89), indicating persistently poorer performance. Consistent
with the CO; analysis, the Shapiro-Wilk test rejects normality for all LACE distributions
(p < 0.001), motivating the use of non-parametric procedures to assess the statistical signifi-
cance of the differences between the distributions.

The Kruskal-Wallis test, followed by the Mann—-Whitney test (Figure 13), was then
used to verify whether the clusters identified from the descriptive analysis correspond
to statistically significant differences between schemes. The heatmap shows that most
pairwise comparisons are significant (p < 0.05), confirming substantial differentiation
among the LACE distributions, while a limited number of non-significant comparisons
(p > 0.05) support the presence of homogeneous subgroups: in particular, I1, 12, and O3 are
statistically indistinguishable, as are I3, I5, O2, and O4, indicating overlapping performance
within these pairs. O1 shows distinct differences from all other schemes, consistently
demonstrating its superior air exchange efficiency. Similarly, I4 stands out from most
distributions, underscoring its designation as the least effective scheme.
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Figure 13. Results of the Mann-Whitney test for LACE distributions: heatmap of p-value.
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The combined analyses of CO, concentration and LACE distributions provide a co-
herent picture of the relative performance of the investigated air distribution schemes,
offering quantitative guidance for designers. Across all metrics, scheme O1 clearly emerges
as the best-performing configuration. In terms of CO,, O1 achieves the lowest mean con-
centration (~1088 ppm) and median concentration (1130 ppm), substantially lower than
all other schemes, which cluster above 1200 ppm; in parallel, it exhibits the highest LACE
values, with a mean of 1.23, a median of 1.27, and a very narrow IQR, indicating both
highly effective and spatially robust air renewal. Non-parametric tests (Kruskal-Wallis
followed by Mann-Whitney) confirm that these differences are statistically significant,
with O1 outperforming all alternative schemes in ventilation performances. From a fluid
dynamic viewpoint, this result is consistent with the airflow pattern: the single supply
jet preserves sufficient momentum along the classroom depth, promoting entrainment
and mixing across the occupied zone while avoiding pronounced stagnation regions and
short-circuiting between supply and extract, thereby ensuring that the fresh air is effectively
delivered where occupants are located without excessive air velocity. Beyond its technical
superiority, O1 also offers relevant practical advantages. Unlike the other schemes with
outside units, O1 does not require supply and extract ducts within the classroom, reducing
invasiveness and limiting additional suspended elements. This layout simplifies mainte-
nance (access from the corridor without disturbing lessons) and, crucially, mitigates noise
issues frequently reported in the literature for in-room units in school applications [66], as
the main sound sources are physically separated from the occupied space.

When installation in the corridor is not feasible due to limited corridor sizes or
structural constraints, schemes I3 and I5 should be considered, as they exhibit the most
favourable behaviour among the schemes with an inside unit. Both achieve mean CO,
levels around the reference limit and LACE values close to or above unity; the pairwise
Mann-Whitney tests indicate no statistically significant difference between I3 and I5. How-
ever, I5 combines a higher mean LACE (1.07) with reduced dispersion, indicating more
stable and predictable ventilation effectiveness across the room than scheme I3. From an
airflow perspective, this can be associated with a more favourable interaction between the
multiple supply jet trajectories and the extraction location, which promotes mixing and
less stagnation zones. Furthermore, I5 is strengthened by the possibility of integrating
the unit within an acoustically insulated suspended ceiling, which is particularly relevant
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to match the acoustic comfort requirements, as reported in [67]. Inside ceiling-standing
solutions, however, are not universally applicable. In some retrofitting scenarios, struc-
tural capacity, available ceiling height, interaction with existing elements (e.g., luminaires
or false ceilings), or seismic design requirements may limit or preclude the adoption of
ceiling-standing solutions. In such cases, floor-standing schemes (I4) remain the only
realistic option. Scheme 14 is identified as the least effective configuration, with the highest
mean CO; concentration (~1273 ppm), a median close to 1290 ppm, and a LACE mean
below unity (0.98), with a markedly low median (0.89). Statistical testing confirms that
14 differs significantly from the alternative schemes tested in this study, and its behaviour
is consistent with the predicted airflow field, where the relative position of supply and
extract favours leaves about 50% of the occupied zone weakly ventilated. Nonetheless,
14 may still be considered a viable alternative in highly constrained contexts.

4. Conclusions

This study presented a robust comparative assessment of different air distribution
schemes of decentralised Mechanical Ventilation Systems (MVSs) for better-informed
design decisions in classroom ventilation upgrades, guiding the selection of the most
suitable one based on the application context. CFD simulations were carried out in a
reference classroom representative of the Italian school building stock, and the performance
of each configuration was evaluated in terms of CO, concentration and Local Air Change
Effectiveness (LACE) in the breathing zone. The analyses systematically combined CFD
techniques with statistical methods to distinguish meaningful performance differences and
to identify robust clusters of solutions. Within this scope, the main findings and practical
implications for designers can be summarised as follows:

e  All schemes maintain air velocities below the discomfort threshold of 0.15 m/s within
the occupied volume, with some schemes (12, O2, O3, and O4) showing relatively
small areas of potential local discomfort near the edges of the occupied zone;

e  Statistical analysis confirms that O1 performs significantly better than all other config-
urations in terms of both CO; distribution and ventilation effectiveness. Most configu-
rations exhibit average CO, levels around or slightly above 1200 ppm, while scheme
O1 maintains substantially lower concentrations (mean value of 1088 ppm) across the
breathing zone. In parallel, O1 achieves the highest ventilation effectiveness, with
LACE values between 1.20 and 1.27. In addition to overcoming potential acoustic
discomfort, often associated with in-room units, O1 is the least invasive among the
outside solutions, as it avoids the installation of ductwork in the classroom.

e  Among the in-room unit schemes, I3 and I5 show better performances, without signifi-
cant differences between them in statistical terms (mean CO, concentration of about
1220 ppm and the same median value of 1.08 for LACE). Nevertheless, 15 exhibits
a slightly higher mean LACE (1.07 instead of 1.05) and lower dispersion, indicating
more stable and predictable effectiveness. Moreover, in scheme I5, the unit can be
integrated into an acoustically insulated suspended ceiling, improving noise control.
Thus, when installation in the corridor is not feasible, I5 (and, secondarily, 13) should
be selected.

e  The floor-standing scheme I4 displays the poorest performance, with the highest
median CO; concentration (1290 ppm) and LACE below unity (median value of 0.89).
Non-parametric tests confirm that 14 is significantly less effective than the other tested
schemes. However, 14 implies simpler installation and maintenance and may become
a viable solution under stringent constraint contexts, e.g., interference with existing
services or structural/seismic limitations.



Appl. Sci. 2025, 15, 12350 20 of 23

The results should be interpreted as screening-level and comparative, rather than
case-specific predictions, providing outputs suitable for ranking air distribution schemes in
terms of relative ventilation effectiveness within the occupied zone. Indeed, as different
distributions of occupants and furniture in classrooms affect the local airflow, an empty
classroom was modelled for a generalisable comparison of the air distribution schemes,
focusing on the diffuser’s arrangement.

Furthermore, simulations have not been experimentally validated. However, the ro-
bustness of the results has been verified through iterative convergence, grid-independence
tests, statistical significance, and plausibility checks against ranges reported in prior studies.

Future work could conduct targeted experimental campaigns in test rooms to validate
the numerical models and calibrate key assumptions. Furthermore, different occupancy
and furniture configurations could be tested to assess the pathogen-specific exposure and
infection-risk metrics, directly linking air distribution schemes to airborne transmission
risk. Such developments would consolidate and broaden the applicability of the present
outcomes, providing designers with an increasingly robust and operationally relevant basis
for selecting air distribution schemes in school classroom refurbishment projects.
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