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Abstract: Indoor Environmental Quality (IEQ) is a crucial issue in school buildings, because of the
conditions that pupils and students are exposed to. From this assumption, potentialities of retrofit
actions with Nearly Zero-Energy Building (NZEB) targets were analyzed in existing school buildings,
focusing on the impact of such measures of IEQ. Numerical analyses in a transient regime for a
typical school building were carried out to assess the impacts on the thermal comfort and Indoor
Air Quality (IAQ). The study took into account several building configurations and three reference
cities. The results showed severe overheating risks in retrofitted schools: the operative temperature
increased by several degrees with respect to the existing configuration, leading to thermal discomfort
for a relevant part of the observation period. Passive techniques, namely external solar protection
devices and night ventilative cooling, were applied to assess their mitigation potential. Results
showed that the combination of the two solutions restored the pre-retrofit performance. CO2 levels
were found to be too high for naturally ventilated buildings, regardless of the building configuration;
acceptable levels might be reached only with long opening times of windows, which are unrealistic
for real building operation.

Keywords: indoor environmental quality; Nearly Zero-Energy Buildings; school buildings; building
energy performance; thermal comfort; Indoor Air Quality

1. Introduction

The total energy end use has dramatically increased in the past few decades, and
buildings, accounting for 40% of such use, represent the largest energy-consuming sector [1].
The national implementation of the EU Directives led to a strong impulse to improve the
energy performance in the building sector through different policies and actions [2]. One of
them is the introduction of the Nearly Zero-Energy Buildings (NZEB), defined as buildings
with a very high-energy performance where the nearly zero or very low amount of energy
demand should be covered almost entirely by renewable energy sources produced on-site
or nearby [2], and adopted as the construction standard in all EU countries. The NZEB
target is set for new buildings and buildings subjected to deep renovation. The latter
represents the major challenge to meet the energy and environment targets, because of
the poor energy performance of the existing building stock [3]. The educational buildings
represent an important segment of this stock, being responsible for high energy uses, and
it is also necessary to provide adequate Indoor Environmental Quality (IEQ) for pupils and
students [4,5]. The relevance of the topic is highlighted by several EU projects dealing with
the deep energy renovation of school buildings [6–10].

Several studies dealt with NZEB and low-energy performance school buildings.
Hong et al. [11] developed a decision support model to maintain and improve elementary
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electric energy consumption of school facilities, combining genetic algorithms and neural
networks. Fiaschi et al. [12] reported an energy analysis of public buildings (including
schools) discussing possible retrofitting strategies from energy and economic perspectives.
Raatikainen et al. [13] carried out a study on six school buildings built in different periods,
analyzing different days and different operative hours to evaluate the trends of electricity
and district heating costs. Muñoz et al. [14] calculated the overall primary energy con-
sumption of a new educational building during its whole lifespan according to the Life
Cycle Energy Assessment (LCEA) method, concluding that the building did not satisfy
NZEB requirements despite being designed as a low-energy building. Borrelli et al. [15]
studied the heating system of an NZEB educational building in Belgium during the winter
period; they implemented a building model validated with measured field data in order to
optimize its control strategies.

Many NZEB studies focused on the energy performance and cost-effectiveness [16];
nevertheless, pursuing adequate IEQ levels affects the building energy demand [17–19].
Providing IEQ at minimum energy cost is a challenging task for building designers [20,21],
since poor air quality and thermal comfort make human beings more vulnerable to dis-
ease [22–25]. IEQ is critical in school buildings, where pupils spend around 25% of their
time [26]; furthermore, more than 50% of schoolchildren are affected by allergies or
asthma [27]. Poor IEQ affects also the productivity and performance of students and
teachers [28,29]. For the mentioned reasons, research on the relation among occupants’
productivity, energy efficiency and IEQ in school buildings was carried out [30]. Perez
and Capeluto [31] found complex interdependences among different design parameters,
which affect the energy use in school buildings; the study focused on a hot–humid cli-
mate, to provide specific design guidelines. Energy performance and air quality in a new
school building were investigated by experimental and numerical analyses in [32]; the
study explored the correlation between heat recovery ventilation and heat pump energy
conservation, analyzing the displacement ventilation system and its thermal stratification.
Allab et al. [33] analyzed a French university campus, adapting and implementing an
energy audit protocol with indoor climate issues; the objective was to have a full picture of
the building behavior, including its operating conditions. Hameem et al. [34] developed a
unified protocol for Post-Occupational Evaluations and Measurements (POE + M) of critical
IEQ variables in school facilities. Bogdanovica et al. [35] analyzed the CO2 concentration in
a secondary school in Latvia, coupling measurement and a pupil survey; they observed an
inverse correlation between the CO2 concentration level and the pupils’ performance. The
impact of the COVID-19 pandemic measures on thermal comfort and IAQ conditions in
Mediterranean classrooms was studied in [36]. The environmental monitoring carried out
before and during the pandemic in two classrooms demonstrated that the “emergency”
ventilation protocols provided good IAQ conditions with a decrease in CO2 concentrations;
conversely, effects on thermal discomfort conditions were also registered.

The operational performance of NZEBs is a topic under investigation, as documented
in [37,38]. POE on NZEBs located in Germany, Austria, Switzerland and the Netherlands
evidenced a low comfort satisfaction related to IAQ and indoor temperature in summer [39].
The same result was obtained in a POE study performed in a low-energy building located
in Italy [40], which evidenced how NZEB requirements do not always guarantee adequate
indoor conditions. Trofimova et al. [41] investigated a Zero-Carbon Building (ZCB) in
China to estimate occupants’ comfort; although results showed a general satisfaction with
the environmental conditions, around half of the occupants experienced some sick building
syndrome consequences.

The main causes of low IEQ levels can be summarized as follows: poor design of
heating, cooling, ventilation and air conditioning (HVAC) systems [39–42]; excessively
high level of thermal insulation in the building envelope [42–45]; incorrect design and
application of passive technologies and strategies [39,40,44,45].

Building renovation is an important subject in Italy, since more than 50% of existing
school buildings were built before 1970 [46]. A significant number of Italian schools present
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substantial structural hazards, which is a critical issue in a country characterized by a high
seismic risk, and they were built without any energy conservation measures [47]. In Italian
schools, space heating accounts for 80–90% of total energy end use, while active cooling
systems are not installed, since schools are closed in summer. Mechanical ventilation
systems, also, are seldom installed in existing schools because it was not the current
practice at the time that most schools were built, and because several constraints apply in
building renovation: noise control, structure of the building, significant additional cost.
National policy requirements present high energy and environmental targets, including
deep energy renovation of buildings [48]. Relevant measures regard the upgrade of the
building envelope, for both air tightness and thermal insulation, as well as the improvement
of the heating systems’ efficiency; conversely, aspects related to indoor comfort and quality
are seldom taken into account.

The main objective of the present study is to qualitatively and quantitatively assess
the indoor environmental quality changes in school buildings undergoing NZEB targeted
renovation, starting from the preliminary analyses carried out by the authors in [49]. The
study is carried out by numerical analyses focusing on the energy performance, thermal
comfort and air quality issues, as well as on the contribution of passive cooling solutions to
contrast the indoor overheating risk.

2. Materials and Methods

The methodology adopted to achieve the paper’s aim is structured as follows:

• Identification of relevant parameters and indicators to describe thermal comfort and
IAQ in the built environment;

• Definition of the reference building (RB) considering the thermal characteristics of the
envelope, the climatic conditions, the operational settings and the occupancy profile;

• Definition of the RB variants, taking into account the Italian NZEB requirements, as
well as the selected passive strategies and techniques to improve the indoor conditions;

• Assessment of the energy performance of the RB before and after renovation, focusing
on the use of space heating;

• Assessment of the IEQ before and after the building renovation, evaluating and
comparing the relevant indicators.

The numerical analyses focused on two crucial aspects for NEZB-targeted energy retrofit:

1. The energy performance assessment by applying the Italian standards, methodologies
and tools.

2. The IEQ evaluation, here focused on the indoor thermal comfort and IAQ, assessed
by analyses in transient regime, able to accurately reproduce the indoor environment
of the buildings. According to the literature review, Italian schools do not have active
cooling; hence, the thermal comfort analysis is performed during the off-heating
period, when the building is in thermal free-floating conditions and the overheating
risk is higher. The IAQ analysis is performed for the whole year, hence with the
heating system on and off.

In order to fix boundary conditions to a wide and complex topic, the following
limitation applies to the present study:

• The analyses of the energy performances and the passive cooling technologies are fo-
cused on the building envelope, according to the current renovation measures and the
building energy use in school buildings. Therefore, the technologies related to active
and renewable energy systems were not taken into account, although they will play a
crucial role in the future, thanks to their integration at district and community level.

• The space heating system efficiency is not considered, since it would influence ad-
ditional parameters not directly related to the paper topic. The other energy uses
(domestic hot water, electricity for auxiliary and lighting systems) are not analyzed,
since they are correlated to the energy measures here treated and have no relation
with IEQ.
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2.1. Identification of the Relevant Indicators

The building energy performance is expressed in terms of specific energy use (kWh/m2),
which normalizes the energy used by the building to its useful area. The indicator chosen
for this study is the net energy use, defined as the amount of energy supply needed to keep
the building at the temperature set point (20 ◦C in winter), without taking into account
the energy losses of the energy system. This choice was made to focus on the envelope
performance, without introducing other variables not strictly related to the objective of
the study.

Environmental quality is a complex field to investigate. The term sick building syn-
drome (SBS) was introduced by the World Health Organization (WHO) to describe the
technical aspects related to the design of HVAC systems. SBS is generally used to char-
acterize an indoor built environment equipped with HVAC systems where occupants
suffer from illness symptoms due to poor IAQ. Different design standards were imple-
mented in order to reach the requirements for both efficient energy systems and healthy
environments [50].

The level of indoor carbon dioxide (CO2) is considered the main indicator to under-
stand and assess the IAQ in the built environment [51,52], and its evolution is analyzed for
the whole year. The operative temperature is identified as the main parameter to assess the
thermal comfort conditions in buildings naturally ventilated and in thermal free-floating
conditions during the off-heating period [53]. The procedure and performance target for
both analyses were carried out during the building occupation hours according to the
relevant standard [53].

2.2. Identification of Relevant Climatic Zones

The analyses were carried out in three Italian cities, characterized by different climatic
conditions, to represent the heterogeneity of the Italian territory. The main characteristics
of the chosen locations are as follows:

• Milan—North Italy (lat. 45◦37′ N, long. 08◦44′ E): this location belongs to the Cfa class
(humid subtropical climate) in the Köppen climate classification, characterized by hot,
humid summers and cold, foggy winters.

• Rome—Central Italy (lat. 41◦48′ N, long. 12◦14′ E): this location belongs to the Csa
class (dry summer subtropical climate, often referred to as Mediterranean) in the Köp-
pen climate classification, characterized by mild winters and warm to hot summers.

• Palermo—South Italy (lat. 38◦11′ N, long. 13◦06′ E): this location also belongs to
the Csa class, with temperatures consistently higher than Rome (around 3 ◦C as
annual average).

Other climatic and operational data, as standardized in the national building code, are
summarized in Table 1 [54]. The heating degree days (HDDs) are calculated considering a
base temperature of 20 ◦C; no equivalent indicator exists for the cooling season.

Table 1. Climatic and operational data in the selected cities.

City Climatic Zone HDDs Heating Season

Palermo B 751 1 December–15 March
Rome D 1415 1 November–15 April
Milan E 2404 15 October–15 April

2.3. Definition of the Reference Building

The building was modeled according to recurring characteristics of Italian schools:
three floors, classrooms oriented along one side and corridor on the other, services and
stairs at one extreme of the corridor. The plan of a typical floor is presented in Figure 1.
The classrooms are of the same size, and their main geometric data are: net area 50 m2;
room height 3.2 m; two identical windows of around 5 m2 each (20% window to floor ratio,
standard value in Italian classrooms).
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Figure 1. Scheme of the typical school floor.

The opaque components of this reference building (RB) envelope are not thermally
insulated; the windows have an aluminum frame without thermal break and a single glass
unit, with a solar factor of 0.85. Thermal transmittance values of the facade components
are the same for the three climatic zones, assuming that the school was built before the
introduction of the energy saving legislation. The values are summarized in the first
column of Table 2. Internal shading devices are mounted for daylight control, and their
shading factor is 0.8 (in a 0–1 range, where 0 is no shading); no shadings are installed on
the windows in the corridors.

Table 2. U-values for the RB configurations: existing and retrofitted depending on the Italian location.

Component

U (W/m2 K)

Existing
Configuration

NZEB Configurations

Palermo Rome Milan

External wall 1.70 0.39 0.30 0.28
Concrete and masonry roof 1.33 0.31 0.25 0.24

Concrete and masonry base floor 1.29 0.40 0.31 0.29
Windows 5.8 1.6 1.6 1.3

As previously indicated, the building is equipped with a heating system but no active
cooling systems are installed. The manual opening of the windows provides natural
ventilation; this is the usual solution used in Italian school buildings, and it is applied
to RB and its variants. Concerning the ventilation rate, Italian standards define the Air
Changes per Hour (ACH) requirements according to building use [55]. The rates indicated
for schools are largely overestimated with respect to real conditions in buildings ventilated
by manual window opening. ACH was also calculated implementing a realistic operational
schedule for window opening: 10 minutes per hour and 30 additional minutes during the
morning break at 10:30; full details can be found in Section 3.2.

Other operational data used in the numerical analyses are:

• Daily schedule: 08:00–14:00 from Monday to Saturday;
• People density: 2.17 m2/person [56];
• Metabolic rate: 1.2 MET (seated or very light writing);
• Clothing: 0.7 CLO during warm and hot seasons [57];
• Equipment sensible heat: 5 W/m2 [58].

A typical yearly schedule was considered for the building opening: Italian schools usu-
ally open on 10 September and close on 10 June. This implies that the teaching hours during
the off-heating season are 546, 648 and 918 in Milan, Rome and Palermo, respectively.
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2.4. Definition of the Building Variants

The initial RB variant is the NZEB configuration, characterized by a very high thermal
insulation. U-values of the different components change as a function of the climatic zone,
as defined in the relevant Italian standard [59]. Windows are made of aluminum with
thermal-break frames and double glazing units with a low-emissivity coating (0.6 solar
factor). U-values of such components are reported in Table 2.

The technologies and strategies implemented in the building variants to improve the
indoor environment conditions were selected from a cost-effectiveness perspective, since
other solutions would require a significant additional budget. The solutions identified are:

• Solar-protection devices to reduce solar gains and improve thermal comfort during
the off-heating season; the device has a shading factor of 0.8. It is assumed that the
shading devices are moveable, according to current practices, and are activated only
during the off-heating season. In winter, only the internal shading is activated for
daylighting purposes. The external shading systems are not activated; thus, they do
not affect the heating energy performance.

• The nighttime ventilative cooling to reduce the indoor temperature, discharge the
thermal mass at night and improve the thermal comfort during classes in the morning
in the off-heating season. The strategy, hence, does not affect the energy performance
in winter. Ventilation rates are set to 3 ACH from 21:00 to 07:00 a.m. This solution is
analyzed in combination with the previous one.

• Several window opening profiles are analyzed to assess the impact on IAQ during the
occupation hours for the whole year.

Concerning the first mitigation solution, it has to be noted that the installation of
the shading system affects the daylight availability in classrooms. The topic is relevant
and has been explored in several studies [60,61]; however, it is beyond the scope of the
present paper.

3. Calculation
3.1. Energy Performance

The energy performance of the building and its variants is calculated with EDIL-
CLIMA [62], a software program based on the quasi-steady-state method with monthly
heat balance and utilization factors, according to the Italian and EU related standards [63].
EDILCLIMA is a software program officially accredited by the national energy performance
certification (EPC) scheme. The relevant indicator to express the results is the net heating
energy demand, as previously indicated. The heating season for each location is presented
in Table 1.

The building was modeled as a single thermal zone with an internal heat capacity
of 165 kJ/m2 K. The simulations were carried out for the existing and NZEB building
configurations. The passive strategies were not considered in this calculation, since they
are activated during the off-heating season only. The energy performance was calculated
for the three selected locations (Milan, Rome and Palermo) and for the building oriented
across for the four cardinal points. Two ventilation rates were set:

1. ACH 1.4 h−1, according to the Italian relevant standard [55];
2. ACH 0.3 h−1, derived from common practice and field experiences in school buildings

ventilated only by manual window opening [58].

3.2. Thermal and Air Qualities of the Built Environment

TRNSYS 16 [64] was used to perform the analyses on thermal comfort and air quality.
TRANSYS 16 is a well-known and validated tool, able to simulate the thermal response of
buildings and energy systems in transient regime. The software is structured in different
modules (called Types) linked together, each of them with a specific calculation task.
The following routines were used for this project: weather data file; solar processing;
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sky temperature calculation module; psychrometrics; equations component; building
description; occupancy and shading schedules.

A multizone model was developed, and the relevant parameters were calculated in
each room of the building. The results, however, are presented for two reference classrooms
located on the second (intermediate) floor and at the top floor, respectively. This choice
was made assuming that no relevant differences are expected among rooms with the same
orientation, floor and occupation profile, whilst the impact of the roof on overheating risk
was considered worthy of specific analyses.

According to the size and the compact geometry form of the classrooms, the operative
temperature was calculated as the arithmetic average of air temperature and mean radiant
temperature in the classroom. The operative temperature was thus calculated according to
Equation (1):

To =

Ta +
N
∑

i=1
tiFi

2
(1)

where

• To (◦C) operative temperature;
• Ta (◦C) air temperature;
• ti (K) absolute temperature of the i surface of the classroom;
• Fi (-) view factor of the i surface respect to the calculation point;
• N (-) number of surfaces of the classrooms.

Natural ventilation ACH and CO2 concentration were calculated applying a validated
empirical model for a single side of a naturally ventilated room [65]. This approach was
considered sufficiently accurate, assuming the above-explained window opening during
classes. Preliminary calculations showed that the impact of the wind is lower with respect
to the stack effect; thus, the latter can be considered as a driving force for ventilation.
These results were checked versus monitored data in real school environments [58]. The
ventilation rate can be expressed using the following Equations (2)–(4):

Q = A · f (Gr, M) · (∆θ · g · h
θ
)

0.5
(2)

Gr = (∆θ · g · h3/θU2) (3)

M = (
h
b
) (4)

where

• Q(m3

s ) air exchange rate;
• A (m2) window area;
• g ( m

s2 ) acceleration of gravity;
• θ (K) mean of the internal and external absolute air temperatures;
• ∆θ (K) difference between internal and external air temperature;
• M (-) aspect ratio of the opening;
• H (m) height of the window;
• b (m) width of the window;
• Gr (-) Grashof Number;
• u ( m

s ) wind velocity.

If the Gr number is high and the vertical component of the air velocity at the opening
is small compared to the horizontal component, it is possible to apply the following
approximation (5):

[ f (Gr, M)] = Cd/3 (5)
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where Cd (−) is the discharge coefficient of the opening. In the case of sharp-edged window
openings, it can be assumed that Cd is 0.61. The other parameters were derived from the
calculation outputs and the building characteristics.

4. Results and Discussion
4.1. Energy Performance

The energy performance results of the RB and NZEB variant for the three cities and to
the four building orientations are summarized in Tables 3 and 4. The results refer to the
ACH values defined by the national standards (Table 3) and are based on the real operating
conditions (Table 4), respectively.

Table 3. Space heating energy performance with ACH 1.4 h−1.

Building Configuration

Space Heating Needs (kWh/m2)

Milan Rome Palermo

South North West East South North West East South North West East

Existing configuration 201 211 210 224 115 125 124 138 68 70 69 79
NZEB configuration 62 69 68 63 31 37 36 32 18 19 19 19

Table 4. Space heating energy performance with ACH 0.3 h−1.

Building Configuration

Space Heating Needs (kWh/m2)

Milan Rome Palermo

South North West East South North West East South North West East

Existing configuration 145 157 156 172 80 89 89 104 50 50 49 60
NZEB configuration 15 20 21 21 5 8 8 8 4 4 4 4

The results highlight the direct dependence of the energy performance versus the
climate conditions. The orientation averaged net energy is 211.5, 125.5 and 71.5 kWh/m2

for Milan, Rome and Palermo, respectively, with ACH = 1.4−1. Despite the significant
differences in absolute terms, the relative savings are similar, ranging from 69% in Milan
to 74% in Palermo. The relative variation in the energy performance as a function of
the orientation falls within 10% compared to the average value for the same climate and
thermal insulation level.

Reducing the natural ventilation from theoretical (1.4 h−1) to effective (0.3 h−1) values
led to 25–28% energy savings; thus, the average net energy for the existing building
decreased to 157.5, 90.5 and 52.3 kWh/m2 for Milan, Rome and Palermo, respectively. The
effective ventilation emphasizes the high impact of the transmission losses on the energy
performance; in fact, the relative savings after the energy renovation are in the range of
88–92%.

4.2. Overheating Risk Assessment

The first set of results refers to the average operative temperature during the occu-
pancy hours of the off-heating period, and it is summarized in Table 5. The absolute
operative temperatures are reported for the existing classrooms, while the temperature
increase with respect to RB is reported for the other configurations. The RB results do
not present significant differences between the intermediate rooms and the top floor, with
0.23 and 0.15 ◦C being the operative temperature difference for Milan/Rome and Palermo,
respectively. The NZEB renovation causes a rise in the orientation-averaged operative tem-
perature by 6.3, 5.2 and 4.9 ◦C for Milan, Rome and Palermo, respectively. The difference
depends on the thermal insulation levels required for envelope components, which are
proportional to the severity of the climate. Thus, the lower U-values in Milan lead to a
higher overheating risk during the mild and warm seasons. The peak temperature rise is
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recorded in Milan: 6.8 ◦C for the north room on the second floor. It should be noted that
the average operative temperature is always above 28.9 ◦C in all cases but the case of the
north-oriented, first-floor classroom in Milan, scoring 28.3 ◦C. These figures provide a clear
picture of the overheating risk in NZEB, uniquely designed to achieve energy conservation
in winter.

The external solar protection devices installed on the NZEB building (NZEB + shad)
cause a reduction in the average operative temperature by 3.0, 2.8 and 2.5 ◦C compared
to the standard case in Milan, Rome and Palermo, respectively. The impact is lower (1.2–
1.8 ◦C) on the north-oriented classrooms, because of the lower solar load on such facades.
The combination of ventilative cooling and solar shading (NZEB + shad + vent) greatly
improves the response of the NZEB; in fact, the average operative temperature is close to
RB, the differences being in the range of −0.1–0.6 ◦C for the three cities.

Table 5. Average operative temperature in the classrooms.

Building Configuration

Absolute and Difference Average Operative Temperature (◦C)

Milan Rome Palermo

South East North West South East North West South East North West

Top_Existing (int. floor) 23.3 24.0 22.7 23.4 24.9 25.4 24.0 24.7 25.6 25.5 24.3 24.8
Top_Existing (up. floor) 23.6 24.1 23.0 23.6 25.2 25.6 24.2 24.9 25.8 25.6 24.5 24.9
∆Top_NZEB (int. floor) 6.4 6.4 5.6 6.8 5.2 5.2 4.6 5.5 5 4.5 4.3 4.9
∆Top_NZEB (up. floor) 6.6 6.8 5.9 7.1 5.5 5.6 5.1 5.9 5.4 5.1 4.8 5.4

∆Top_NZEB + shad (int. floor) 2.8 3.0 3.8 3.4 1.7 2.0 3.1 2.6 1.3 1.8 3.1 2.4
∆Top_NZEB + shad (up. floor) 3.0 3.4 4.0 3.8 2.0 2.5 3.6 3.1 1.7 2.4 3.6 3.0

∆Top_NZEB + shad + vent (int. floor) 0.4 0.2 1.1 0.6 −0.6 −0.5 0.5 −0.1 −0.8 −0.4 0.6 0.1
∆Top_NZEB + shad + vent (up. floor) 0.5 0.5 1.2 0.8 −0.5 −0.3 0.8 0.2 −0.6 0.0 1.0 0.5

An exemplary case of the indoor operative and external air temperature evolution
versus time is plotted in Figure 2. It refers to the case of Rome, for an east-oriented
classroom, for an entire week from 1 to 7 May. The temperature profiles are similar, but
the different building configurations lead to a vertical shift in the curves. Despite mild
outdoor temperatures, the operative temperature reaches 30 ◦C for the NZEB case and it is
around 5–6 ◦C higher than the non-insulated configurations, peaking at 7 ◦C at nighttime.
The NZEB configuration with external solar protection exhibits intermediate performance
compared to the two previous case, while the natural ventilative cooling during the night
provides a significant mitigation of the thermal conditions, with the temperature profile
aligned to that of RB.
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The impact of solar gains through the roof on the thermal comfort was assessed
analyzing the operative temperature differences calculated at the top floor and at the
intermediate level. The frequency distribution plot of Figure 3 presents the exemplary case
of the south-oriented classroom in Milan. The operative difference is lower than 0.5 and
0.8 ◦C in more than 50% and 90% of the observation period, respectively. Similar results
were achieved for other building configurations; thus, they are not presented here for
brevity. This result shows that temperature differences among floors were often negligible.
For such reasons, further elaboration on the operative temperature is presented for the
classroom at the intermediate floor, as representative of all the classrooms with the same
orientation. The role of the roof, as a source of heat in classrooms, is reintroduced again for
the discomfort analysis.
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Figure 4 shows the influence of the orientation on the overheating risk for different
building configurations. The three cities produced similar results; hence, the case of Milan
is presented as exemplary. The north-orientated classroom is the coolest for the RB case,
with the operative temperature below 26 ◦C (OP_26) in 77% of the period, because of
the low solar gains through windows. Conversely, the east-oriented classroom is the
warmest (OP_26 in 62%) because of the solar irradiation through the windows during
the morning teaching hours. South and west rooms have a quasi-identical profile, due
to similar irradiation conditions during the off-heating season; the calculated OP_26 is
71% and 70%, respectively. Indoor operative temperatures rise significantly for the NZEB,
but the trend does not compare to the RB case; hence, it is not presented here for brevity.
The trend changes instead for the NZEB + shad; in fact, the south-oriented classrooms
are cooler than north-facing ones, the operative temperature being below 28 ◦C (OP_28)
in 73% and 67% of the observation period, respectively. This phenomenon is explained
by the temperature increase in the unshaded south-oriented corridor, which, in turn,
warms up the north-oriented classrooms. This behavior is also observed for the west
classrooms, whose performance is very close to that of the east-oriented classrooms, with
OP_28 at, respectively, 59% and 56%. The same trend is observed for NZEB + shad + vent
configuration, but the differences are smaller compared to the previous case, i.e., the hours
with the operative temperature below 26 ◦C are in the range of 70% (east)–80% (south) for
all cases.
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Figure 4. Cumulative distribution of the operative temperature in Milan for the following RB
configurations: RB (a), NZEB + shad (b) and NZEB + shad + vent (c).

The final analysis is carried out to correlate the indoor operative temperatures and
the thermal discomfort occurrence, according to the procedure defined in the relevant
standard [53]. The discomfort hours are those in which the operative temperature falls
outside of the acceptance range, the latter being a function of the daily mean running
outdoor temperature and the user category. Category II, which refers to a normal level of
comfort in new and renovated buildings, was applied in the present study. The results are
expressed in relative terms to facilitate a comparison among the off-season periods in the
selected cities.

The results for Milan are reported in Figure 5 and they show that the second floor
(classroom below the roof) is more exposed to thermal discomfort than the intermediate
classroom. The difference in discomfort hours is in the range of 3–6% for all the configu-
rations but the NZEB + shad; this is explained by the effective control of the solar loads
on the first floor, while the upper classroom is affected by the solar gains through the
roof as well. Regarding the impact of the façade orientation, it is observed that the north
classroom causes fewer discomfort hours, at 9–11%, than the orientations’ average; this
value drops to 0–3% for the configurations equipped with solar shading. Comparing the
building configurations, the highest differences were recorded between RB and NZEB,
in fact. The discomfort hours rise from 14% to 88% of the period, highlighting the dete-
rioration of thermal conditions because of the NZEB renovation. The shading systems
reduce the discomfort hours to 51%, which is a significant figure in any case. Solar gains
are only part of the thermal load; thus, it is also important to cool down air and structures
to mitigate the indoor environment. The night ventilation, coupled with solar protection,
fulfills the objective and ensures that discomfort hours remain below 5%, improving the
RB indoor conditions.

Figure 6 presents the results of the discomfort hours obtained for the RB located in
Rome. The top-floor classroom has 3–8% more discomfort hours than the room below;
the difference rises to 15% for the NZEB-shad case. The north is the most comfortable
orientation in RB, with 9% discomfort hours compared to 21% of the orientation average.
The solar shading systems are most effective in the south-oriented classroom (discomfort
hours 12% lower than the average), since this orientation is the most affected by solar gains
in the intermediate season. These results prove the relevant impact of solar gains in the mild
Mediterranean climate and the need to implement solar control strategies on transparent
and opaque components as well. Comparing the different configurations, the discomfort
hours are 21% for the existing RB and the indoor microclimate is improved (10% discomfort
hours) in the case of building renovation with solar protection and night ventilative cooling.
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NZEB either equipped without or with solar protection leads to extremely poor thermal
conditions, with 98% and 66% of discomfort hours, respectively.
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Figure 7 reports the Palermo results. The high irradiance levels and ambient temper-
atures typical of South Italy lead to significant discomfort conditions in all the building
configurations. The discomfort hours account for around 40% of the period for RB, and
no significant differences are observed between the two floors. The results show a strong
dependence on the orientation, e.g., RB in the south-oriented classroom has almost twice
the discomfort hours (50%) of the north-oriented one (27%). The benefit of solar pro-
tection devices in the NZEB south-oriented rooms is not relevant in this case (5% with
respect to average), because the high temperature is the driving force behind overheating
in Palermo. Comparing the different configurations, the lowest average discomfort hours
were calculated for NZEB + shad + vent (35%), 5% less than the existing RB. Extremely
poor thermal conditions were observed for the NZEB configurations, either with or without
solar protection systems, which led to 80% and 98% discomfort hours, respectively.
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4.3. Indoor Air Quality Assessment

Preliminary calculations showed that the CO2 concentration does not depend on
the classroom floor. It was also found that the CO2 concentration slightly changes with
the climatic zone and the building configuration, since it is mainly a function of the gas
produced by the occupants inside the built environment. Aggregate results are presented
in Table 6, where the average concentrations are presented for three cities, four building
configurations and two orientations, south and east. The high CO2 concentration levels in
the occupied classrooms are in agreement with the data provided by the field survey [58].
These values are not acceptable according to the relevant standard [53], which sets the CO2
concentration limit to 1200 ppm.

Table 6. Average CO2 concentration in the selected cities, for south- and east-oriented classrooms.

City
CO2 Concentration (ppm)

Existing NZEB NZEB + Shad NZEB + Shad
+ Vent Existing NZEB NZEB + Shad NZEB + Shad

+ Vent

South East

Milan 2203 2002 2124 2294 2170 1979 2095 2262
Rome 2148 2025 2170 2335 2115 1990 2126 2287

Palermo 2221 2051 2183 2272 2198 2049 2167 2253

The frequency distribution of CO2 concentration in the south-oriented classroom
in Rome is selected as an exemplary case, and it is plotted for the different building
configurations in Figure 8. The maximum CO2 concentration is above 4000 ppm in all
cases, while levels above 2800 ppm are reached in around 40% of hours. Concentrations
below 2000 ppm are calculated for around 20% of the period, and they are mainly recorded
during the morning break hour, when windows are kept open for a longer period of time.
Concentrations below the relevant standard requirements (1200 ppm) are achieved for
between 16% and 18% of the hours only.

In general, the effect of the energy renovation has a small positive impact (reduction
of between 6% and 9% in CO2 concentration with respect to the average values), because
the increase in the indoor air temperature in the NZEB configuration creates favorable
conditions for natural ventilation. The concentration is variable for the NZEB with external
shading, ranging from a 4% reduction for the south classroom in Milan to a 1% rise in
Rome. The night ventilation and consequent lower temperatures lead to an increase in the
gas concentration, ranging from 2% in south classrooms in Palermo up to 9% in Rome.
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An additional set of calculations were carried out to verify under which conditions
the natural ventilation is sufficient to provide adequate IAQ. The results are presented
in Figure 9 and refer to the NZEB + shad. The results are expressed as a function of a
progressive increase in the window opening time per hour—that is, the increase in the air
exchange rate. The trend and the absolute values are very similar for the reference cities,
in accordance with the previous results. According to these outcomes, acceptable CO2
concentration levels might be achieved with window openings of longer than 30 min per
hour. This option is not realistic because of the evident implications, such as the cold air
inlet in winter and the noise from outside during teaching hours.
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5. Conclusions

This study investigated the impact of deep energy retrofit on the IEQ in a reference
school building for different climates in Italy. A typical school building was accurately
modeled, and several geographic and operating configurations were analyzed. The energy
simulations demonstrated that the net energy use for space heating might decrease from
68% to 82% in the case of an NZEB retrofit, with the highest and lowest relative savings
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achieved in Palermo and Milan, respectively. Calculations in the transient regime were
performed to assess the indoor air and thermal quality; the results evidenced a serious
worsening of the environmental conditions during the off-heating season, which is the
period most exposed to overheating. A relevant increase in the average operative tem-
perature was calculated, ranging from 4.5 ◦C of the east-oriented first-floor classroom
in Palermo to 7.1 ◦C in the west-oriented second-floor classroom in Milan. The thermal
comfort analysis showed that existing buildings are in the comfort range for the majority of
the time in Milan and Rome, but only 60% of the period in Palermo. Conversely, the NZEB
renovation leads to discomfort conditions for most of the teaching hours at all latitudes,
and the application of external protection devices confirms the risk for 50–80% of the
period. The combined effect of solar shading and night ventilation reduces the overheating
risk to a lower level compared to the existing configuration (from 5% in Milan to 35% in
Palermo). CO2 concentration analyses showed that the Indoor Air Quality is ensured in
neither existing buildings nor in retrofitted ones when ventilation is provided by window
opening. Average concentrations above 2000 ppm were calculated for all the configurations
and acceptable values might be reached only with unsustainable window opening times
during classes.

The study thus demonstrated the poor IEQ in school buildings. The situation is par-
ticularly dangerous in warmer climates: the case of Palermo clearly proves that thermal
comfort conditions are not provided for a significant part of the year, even in non-insulated
buildings. The use of additional passive solutions, as phase change materials and advanced
ground coupled ventilation, might be envisaged, even if such technologies will signifi-
cantly increase the renovation costs. Recent developments in the positive energy districts
and energy communities provide new perspectives on the shared energy generation by
renewables, exchange and use among buildings. The use of an active cooling system might
be acceptable and sustainable in school buildings within these scenarios, in which the
energy use might be optimized through proper management at district level.

It is, finally, advised that the deep energy retrofit actions should include measures
aimed at preserving and improving the thermal comfort and the air quality conditions, even
if they might not provide benefits from a life cycle cost perspective, assuming that the health
and comfort of pupils and students are beyond economic issues. This implies a rethinking
of the renovation process, often considered as a simple technological effort, where a
multi-objective approach to the building design provides a healthier and comfortable built
environment, besides a very high energy target.
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