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Abstract.The study investigates the potential of coupling natural ventilation and thermal storage systems to
improve hygrothermal comfort and reduce energy consumption during summer season in an existing building
in the Mediterranean. It aims at bridging the knowledge gap between designers, researchers and building
scientists, fostering a multidisciplinary approach and promoting numerical simulation of the energy
performance of buildings within architectural professional practice. The study analyses the interaction
between six natural ventilation systems (single sided ventilation through facade openings; cross ventilation
through facade openings, inlet wind tower, thermal chimney, evaporative cool tower, earth pipes) and with
two thermal storage typology (heavy and medium-light) within four strategic Italian location (Rome, Naples,
Messina and Catania). For each interaction we perform a numerical dynamic simulation of indoor comfort,
indoor air quality and energy consumption during the summer period, on a reference building model
corresponding to the most common Italian typology. Results show that the use of the chosen systems ensures
significant reductions of discomfort hours and energy consumption in all configurations. The study also
highlights the high efficiency of non invasive systems (single-sided and cross ventilation with automatic
control present discomfort hours reduction and energy consumption reduction above 68% for all
combinations) and the significant influence of the daily thermal range value on the performance of systems
without air pre-treatment.

Keywords: building performance simulation / building energy simulation / EnergyPlusTM / energy
refurbishment / existing building stock / Mediterranean climate / cooling
1 Introduction

The global consumption of primary energy in Europe
depends for over 40% on buildings’ demand: the existing
building stock uses approximately 40% of economy’s
incoming materials and is responsible for over 45% of
the total amount of greenhouse gases produced [1].

An increasing concern about rational use of energy and
the limits of land urbanization identifies the great potential
of energy refurbishment of existing buildings [2,3] for
energy consumption reduction and environmental impact
mitigation. Energy refurbishment consists in applying
the most appropriate technology to achieve improved
energy performance while maintaining satisfactory levels
lippo.calcerano@itabc.cnr.it
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of service and indoor hygrothermal comfort, under opera-
tional constraints [4]. For this reason, within Directive
2010/31/EU, that upgrades Directive 2002/91/EC on
Energy Performance of Buildings, European Union
recognizes energy refurbishment as one of the main
strategies to achieve European Energy target of 20%
energy demand reduction for 2020 compared to 1990 [5,6].

Within Mediterranean area, traditional historical
architecture has flourished following a significant harmo-
nization with the reference climate, corresponding to
relatively high energy performances [7]. However, since
the industrial revolution and its confidence in the limitless
availability of low-cost energy, environmentally conscious
design weakened, while the overall use of HVAC systems
replaced traditional know-how based on passive thermal
and hygrometric control [8]. This circumstance deter-
mined a separation of competencies between the architect,
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responsible for the shape of the building, and the engineer,
dealing with the operation systems. Despite the vast
environmental impact and economic cost of this separa-
tion, the idea of neutralizing the effects of site and climate
only trough engineering, regardless of architecture, is still
deeply rooted in the construction practice [9].

Conversely, an integrated approach on building design,
based on passive or hybrid strategies, proves able to
capitalize on the interdependent behaviour of the building
and its environment, in line with Mediterranean tradition.

Given the strong relationship between climate and
energy performance of buildings, research on passive
strategies has progressed differently in Europe according
to the specific climatic conditions. Northern Europe has
promoted an established practice in passive heating, while
Mediterranean countries have encouraged so far the
analysis and implementation of passive cooling strategies
against summer overheating; due to the complexity of the
phenomena involved, studies are still progressing [10]. On
account of this discrepancy, the European Directive 2002/
91/EC [11] has established clear rules for energy saving for
the winter season and little more than quality provisions
for feasible strategies for the summer season [12].

This academic and regulatory asymmetry between
Northern and Southern Europe requirements mistakenly
assimilates a “high performance building” to a building that
minimise infiltration and heat loss during winter, causing a
number of side effects in Southern Europe buildings during
summer, such as [13,14]:

–
 the reduction of buildings’ thermal storage elements, as
an indirect effect of envelope insulation promotion within
Europe;
–
 the standardization of materials and technologies, in
contrast with Mediterranean traditional passive cooling
strategies, based on site-specific approaches of thermal
storage, air permeability and natural ventilation;
–
 the numerous power outages caused by excessive summer
energy consumption and the increase of summer peak
demand of electricity, produced by the deployment of
artificial cooling. This issue imposes an additional stress
on national energy nets, forcing the construction of new
power plants to meet rising peaks [15].

Mechanical ventilation is also responsible for the largest
increase in energy consumption of the building sector in
recent years [16,17]. On the other hand, natural ventilation,
coupled with thermal storage, exhibits a high potential for
reducing energy consumption for Mediterranean climate,
where thermal energy demand and passive energy supply
diverge [18]. In fact, natural ventilation facilitates heat dis-
persion of daily thermal loads by promoting convection heat
exchange between the internal surface of thermal storage
elements and air, so that naturally ventilated buildings con-
sume roughly half the energy of artificially conditionedbuild-
ings and can sustain adequate thermal conditions all year
round [19–21]. Moreover, numerous studies show that occu-
pants of naturally ventilated buildings feel more comfortable
compared to occupants ofmechanically ventilated buildings,
also because air velocity fluctuations, arising from natural
ventilation, have a more pleasant effect on humans than
uniform fields of mechanical ventilation air flow [19–22].
In order to implement natural ventilation and thermal
storage in energy refurbishment, it is essential to analyse
in advance the complex relationship between these passive
strategies and environmental, technological, architectural
and site-specific factors [23]. A proper energy numerical
simulation constitutes therefore a crucial starting point for
optimized interventions [24], as long as it considers the
building as a system of interrelated elements that can be
globally optimised, rather than the sum of a number of
elements designed and optimised separately for subsystems
[25,26]. In fact, the impact of strategic decisions on energy
and environmental performance of a building is more
significant the more these decisions are close to the early
stages of the intervention process [27]. Besides, interven-
tions involving more areas in a given point of the space-
environment are more effective in controlling the indoor
environment than an approach differentiated in times and
stages, in terms of efficiency and sustainability [28].

Numerical simulation conveys the behaviour represen-
tation for a given building in a specific stage of its
development through a simplified model, whose purpose is
to provide information on the building potential perfor-
mance and energy consumption. The model reduces the
physical entities of the real world and the phenomena
related to them to a certain level of abstraction, depending
on the simulation purposes [25].

The resolution of the model generally progresses with
the development of the design phases, allowing to compare
step by step the energy performance of several design
alternatives, rather than accurately predicting the energy
performance of a single design solution in absolute terms
[26]. The numerical simulation takes into account the so-
called “sensitive variables”, i.e. the energy trends that affect
the most the final result of the simulations, hence the
objectives to be achieved through them [29].

The current paper addresses the effect of natural
ventilation, coupled with thermal storage through numeri-
cal simulation, applied to an apartment model representing
the most widespread existing Italian typology. The aim of
the study is to verify the significance of natural ventilation
and thermal storage on the energy behaviour of buildings
and especially their effect on summer comfort and energy
consumption reduction in Mediterranean climate. The
analysis takes into account four cities in Italy, within the
Mediterranean climate, with three different thermal
ranges: Rome, Naples, Messina and Catania.
2 Strategies description

2.1 Thermal storage

Thermal storage is a passive optimisation and ration-
alisation strategy, particularly effective when energy
demand and supply are divergent. It shows a high potential
to capitalize on solar radiation, the most influencing factor
of building energy balance, and on the recovery of thermal
energy that would otherwise be lost [30]. Several types of
thermal storage can be distinguished [31], e.g.

–
 sensible heat storage, due to the thermal capacitance of
building materials;
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–
 latent heat storage, based on the material phase change
from solid to liquid state and vice-versa, in relation to a
melting threshold, depending on the material itself;
–
 chemical storage, a long-term chemical process that
triggers within the material itself.

Buildings usually implement mostly the sensible heat
storage, since every material always absorbs and retains
heat, depending on its own thermo-physical properties and
the temperature differential. The storage principle can be
indirect when the gain is indirect and the thermal mass is
directly exposed to the air of the interior space and direct
when thermal mass is exposed to the heat source (i.e. a sun-
exposed massive envelope). Both principles have tradi-
tionally been the prominent thermal storage strategy of
Mediterranean archetypes. During summer, daily solar
gains are mainly absorbed by the thermal masses of
building elements and later released outside during the
cooler hours of the day, depending on the thermal wave
shift of the elements employed. During winter, daily solar
gains are released in the interior space during the late
afternoon-evening, whenmost required, partially satisfying
heating demand [23]. In every season the internal thermal
mass acts as a thermal flywheel and in case of overheating,
heat dissipation strategies, i.e. natural ventilation and
superficial convective motions, become essential to achieve
indoor hygrothermal comfort.

In order to be considered for thermal storage, construc-
tion materials must possess a proper thermal diffusivity,
which controls the depth reached by the diurnal thermal
wave inside each architectural component: materials with a
high thermal diffusivity are more effective to store heat
deeper than those with a low diffusivity value [32].

A proper design of thermal storage elements is
theoretically able to keep the temperature of the interior
space close to 22 °C [33] by absorbing/releasing heat by
convection between the element surface exposed to the
interior space and the space itself and by radiation between
the element, the surrounding surfaces and the outdoor
environment [27].

Directly irradiated elements are most effective for
thermalstorage,while elements thatare indirectly irradiated
and exposed to the indoor environment are more proper
for indoor temperature management during summer [34].
However, construction elements performance for thermal
storage depends on several environmental, architectural
and technological variables affecting the thermal behaviour
of the building, e.g. climate, walls orientation, building
operation and usage, mutual position of insulation and
thermal storage and occupants’ behaviour.

Thermal storage is most effective when interacting with
intermittent heat sources or in conditions of fluctuating
temperature, as the amplitude of temperature oscillation is
a prerequisite to the thermal storage performance,
especially during summer, when the dissipation of excessive
thermal gains is paramount [35–37]. In climates with a
daily temperature variations greater than 15 °C and where
the average outside temperature is close to the range of
thermal comfort (about 20–25 °C), high thermal storage
buildings are more likely to maintain summer indoor
hygrothermal comfort without HVAC systems, as long as
the outside temperatures do not exceed 36 °C. Thermal
storage elements performance is considered yet acceptable
when the diurnal temperature variation exceeds 10 °C,
because it is still generally possible to maintain the
temperature oscillation of the internal air temperature
within 2–3 °C.

The distribution change of thermal storage elements
depending on orientation is mainly impractical for energy
refurbishment, which applies to existing buildings. How-
ever, a preliminary analysis of their position enhances the
feasibility and efficiency of the intervention, enabling more
effective usage and operation patterns. Facades facing
north are generally exposed to very low solar radiation,
mainly diffused, thus requiring rather thermal insulation
implementation than thermal storage. Facades facing east
are characterized by a medium irradiation, concentrated in
the middle of the morning, demanding a direct thermal
storage or a very long shift (i.e. greater than 14 h), able to
store heat until the early evening [27,38]; this latter
intervention can be unfeasible for energy refurbishment
both in economic and practical terms. West-oriented
facades requires at least six hours of time lag, because their
time of maximum heat gain is very close to the sunset. The
south-exposed facades require a longer time lag because the
maximum heat gain occurs around 13:00, very far from the
sunset. The same occurs for elements continuously exposed
to solar radiation (i.e. plan roofs): in this case, the amount
of irradiation is such as to require very high thermal mass,
which implies serious technical difficulties due to the
increasing of structural loads.
2.2 Natural ventilation systems

Ventilation permits the periodical exchange of air between
a confined interior space and the exterior, regulating the
concentration of air pollutants and affecting the hygro-
thermal conditions of the space [39]. Buildings must be
ventilated in order ensure adequate levels of indoor air
quality (IAQ) through air changes throughout the entire
year. Natural ventilation (NV) is the type of ventilation
driven only by natural means, either wind or buoyancy
(for temperature difference or height of the envelope
openings difference within the building or between the
building and outdoor space) [40–42]. In Mediterranean
climate, it is possible to comply with hygrothermal com-
fort and IAQ requirements during spring, summer and
autumn only with natural ventilation, maximizing heat
dissipation, while in winter the exchanged air constitutes
an heat loss to be limited by passive means (pre-
treatment). Heat exchanges in ventilation occur through
the heat transfer fluid of air by convection between air
and building surfaces using other natural or artificial
elements (like the same air, the ground, the water, the sky
or the building mass) as thermal flywheel.

The main natural ventilation systems (NVS) are [38]:

–
 Cross ventilation (CV). This natural ventilation system
is wind-driven through opposite envelope openings. It
has a medium-high flow rate, depending on the wind
incidence angle, the ratio between the height and depth
of the room and the presence of obstacles to the flow.
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–
 Single-sided ventilation (SSV). This natural ventilation
system is mainly wind-driven through envelope openings
on the same side of the building. The NVS is less efficient
in terms of flow rate compared to CV and is more
influenced by the temperature difference between outside
and inside and by the height difference between the
openings.
–
 Downward ventilation (DV). This natural ventilation
system is mainly wind-driven and uses ad inlets wind-
catcher on wind tower at higher heights than the
envelope. Capturing the wind at greater heights than the
space to be ventilated allows achieving higher flow rates.
–
 Upward ventilation (UV). This natural ventilation
system is buoyancy-driven and generally uses envelope
openings placed at different heights or wind towers. The
flow rate depends on the temperature difference between
outside and inside, the height differences between the
openings and the duct section.

Ventilation techniques (VT) classify natural ventila-
tion according to the mean to obtain hygrothermal
comfort:

–
 Body ventilation (BV) ismainly used for cooling purpose,
it is based on convective exchanges between air and the
occupants’ body and it depends on air speed and the
temperature difference between air and skin [38].
–
 Structural ventilation (SV) is mainly used for cooling
purposes, it is based on convective exchanges between
external air and the mass of the building and it depends
on daily thermal range, thermal inertia of the structures,
flow speed and direction [43]. The absence of occupants
often allows for greater air flow and lower temperature
during the night.
–
 Room ventilation (RV) is used both for cooling and
heating purposes and it is a mix of body and structural
ventilation as it is based on convective exchanges
between air, the mass of the buildings and the occupants
in the internal environment. The maximum flow/rate is
thus limited by the presence of occupants, imposing to
avoid discomfort from excessive air speed inside the
building.

Another important feature of natural ventilation is the
heat exchange type (HET) that defines the natural medium
used for the thermal exchanges [38]:

–
 microclimatic heat exchange uses external air as natural
medium;
–
 evaporative heat exchange uses water as natural medium
through latent heat;
–
 geothermal heat exchange uses the ground as natural
medium, through buried earth pipes in which the air flow
trades heat with the ground thermal mass;
–
 radiative heat exchange generally uses night sky as
natural medium. Air flows on a high-emittance surface
that, at night and in conditions of clear sky and low
humidity, transfers heat to the night sky cooling the air
that circulates then inside the building.

The technological systems currently available to
capitalise NVS in an energy refurbishment project can
be classified as Physical (PE) and Non-Physical (NPE)
elements [43], as shown in Table 1.
3 Methods
3.1 Reference climate and city selection

This study follows Pinna climatic classification, which
specifies Köppen-Geiger classification for Italian climatic
zones (Fig. 1), focusing on the Mediterranean climatic
areas of Italy [48].

We take into account the following subtypes of Pinna
classification:

–
 subtropical (Csa prone to Bs): humid tropical climate
with very hot summer, prone to arid climate, with
average temperature above 18 °C, low and irregular
rainfall;
–
 mild temperate (Csa): humid tropical climate with very
hot and dry summer, with average temperature of the
hottest month above 22 °C;
–
 sub-coastal (Csb prone to Cfb): humid temperate
climate, with hot summer and average temperature of
the hottest month below 22 °C.

Several studies show that, under certain climatic
conditions (fulfilled by Italian Mediterranean climate),
an acceptable daily thermal range (TR) of air temperature
of about 15 °C is able to maintain the temperature of a
confined environment within the limits of comfort [49]. The
thermal range amplitude represents therefore a prerequi-
site for the optimal operation of both thermal storage and
natural ventilation systems, especially under summer
conditions, when the dissipation of daily heat load is
required [33,35]. As the study is based on summer
conditions, we propose a further characterization of the
reference climate, based on three different average
temperature ranges:

–
 optimum temperature range: above 13 °C;

–
 acceptable temperature range: between 10 °C and 12 °C;

–
 low temperature range: less than 9 °C.

Thus, we take into account the differences in daily
thermal range choosing among the three Mediterranean
climate subtypes four strategic locations: Rome, Naples,
Catania and Messina (Tab. 2). The choice of Catania and
Messina enables the comparison between optimum and low
thermal range on the effect of natural ventilation systems
and thermal storage for the warmer summer conditions of
subtropical climate. Input data for the simulation derive
from the Climatic data of the four cities Climate design
data 2009 ASHRAE Report, based on the IGDG of the
corresponding weather station for each city.

3.2 Reference simulation building model

In Europe, residential buildings constitute approximately
75% of the building stock and are very high energy
consumers, as they were mainly built before any law on
energy saving and energy efficiency in the building sector
was promulgated [2]. In Italy, the majority of residential
buildings were built between 1961 and 1981 [50–52] and
they exhibit the highest energy consumption of the
building stock, as shown in Figure 2.

Typically, these buildings have the following main
features:



Table 1. Physical and non-physical elements in natural ventilation.

Physical elements

NVS VT HET Description

Openings on the building envelope
CV, SSV, DV, UV BV, SV, RV Microclimatic They represent a context-based necessary

feature for NV optimisation and they are widely
used, especially in hot and middle season.
Openings trigger and define the path of air flow
inside the building, being at the same time an
effective source of natural light. Wing walls may
be used in combination with openings to
increase the pressure difference between two
windows and therefore the induced natural
ventilation [44]

Ventilated facade and roof
CV, SSV, DV, UV BV, SV, RV Microclimatic and radiative Used all year around, they are composed by wall

two layers separated by an air gap with
openings to the outside and/or inside, allowing
the air flow to and from the air gap. During
summer, buoyancy air circulation subtracts heat
from the building by convection. During winter,
the gap may be closed, to exploit the insulating
effect of static air, or opened, to dissipate the
vapour in the gap, thus avoiding condensation.
Passive systems, i.e. Trombe-Michel wall, can
allow specific outside-inside circulation

Courtyards, bioclimatic atria, sunspaces and buffer spaces
VP, CV, UV SV, RV Microclimatic Used all year around, these systems act as

thermal mediators. Courtyards are more efficient
on low rise buildings, while bioclimatic atria are
more efficient over a certain building height [45].
Buffer spaces and sunspaces are both thermal
and ventilative intermediate environments
between the inside and the outside. During
winter, they can be used as thermal store for
pre-heated supply air, whilst in summer they
can be used as air extractors [39].

Wind towers
DV, UV BV, SV, RV Geothermal, evaporative, radiative Used all year around, wind towers are

morphological-constructive elements with a
vertical development that allows either upward
or downward NV. They are usually associated
with other ventilation systems, generally at the
bottom (such as underground earth pipes or
openings on the building), or at the top of the
tower (i.e. windcatchers), or in synergy with
particular heat exchange strategies, i.e.
evaporative system or vegetation.

Buried earth pipes
DV, UV BV, SV, RV Geothermal They are used all year. During the passage in

the ducts, air temperature come to be close to
ground temperature, which is warmer than the
outside temperature in winter and cooler in
summer thanks to its thermal stability during
the year. This system can be independently used
in summer and in winter as air thermal
pre-treatment for other heating systems.

F. Calcerano et al.: Sust. Build. 2, 4 (2017) 5
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Fig. 1. Pinna climatic classification for Italian climatic zones.

Table 1. (continued).

Non physical elements

NVS VT HET Description

Manual control
CV, SSV, DV, UV BV, SV, RV Microclimatic Manual control, generally applied to the openings

on the building envelope, allows users to adjust
the indoor conditions for thermal comfort and air
quality according to their subjective perception. If
a user can have the direct control on the
environment is generally willing to accept a wider
range of comfort conditions [46].

Automatic control
DV, UV BV, SV, RV Microclimatic Automatic control requires the installation of

sensors capable of measuring the necessary
parameters required for the application of
control strategies from actuators [47]. Even if
automatic control is usually more effective than
manual control in terms of energy consumption
reduction [40,46], the design of these systems
must take into great consideration users’ needs
without forcing any occupants behaviour.

6 F. Calcerano et al.: Sust. Build. 2, 4 (2017)
–
 concrete structure with cladding of hollow brick or
concrete/prefabricated concrete blocks or hollowmasonry;
–
 no thermal insulation before 1976, low level
(0.8W/m2K) between 1976 and 1991 [53].
Due to its widespread diffusion in both European and
national area and its poor energy performances [50], we
based the simplified simulation model on this building
type. The simulation model is a south and north-facing
apartment, 7m width� 8m depth, with a height of 3m,
located in a multi-storey building. It has two opposite low-
emissivity airtight glass windows of 3.45m2, in conformity
with the hygiene regulations in force in Italy. The thickness
of the external concrete massive envelope can vary between
two values: 30 cm (model A, heavy) and 18 cm (model B,
medium-light). All the remaining surfaces are considered
adiabatic.

The thermo-physical properties of the envelope for both
models are set according to Table 3: thermal transmittance
(U); periodic thermal transmittance (Yie), which evaluates
the ability of an opaque wall to phase shift and to reduce the
heatflowpassing through it in24h,accordingtoUNIENISO
13786:2008: thermal wave shift (’), i.e. the time (h) it takes
for the heat wave to flow from outside to inside through a
material; attenuation factor (Fd), i.e. the ratio between the
maximum capacitive flow and the maximum flow of the
thermal wall mass; solar heat gain coefficient (SHGC), i.e.
the fraction of incident solar radiation that actually enters
a building through the entire window assembly as heat
gain. Ground floor has an outside boundary condition of
21 °C. Internal gains (lights, people and electric equipment)
are set according to a hypothetical residential occupancy
pattern as in [10,48,54]. Occupation schedules are modelled
according to a typical residential profile of use.

3.3 Performance indicators

During the last two decades, the time spent by people in
confined environments has increased, reaching currently
around 90% of a person’s life. European and national
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legislation has gradually tightened quality standards on
indoor spaces [55], placing indoor environmental comfort
(including hygrothermal comfort and indoor air comfort
IAQ) as two of the main conditions to assess the outcome of
energy refurbishment.

Following an approach that considers hygrothermal
indoor comfort as the goal and energy consumption as
the unavoidable cost to achieve this goal, the passive
performance of the building is assessed thought a
comparison between the energy consumption and the
hygrothermal indoor comfort achieved.

Since the current study focuses on the relationship
between natural ventilation and thermal storage, it is
possible to proceed according to the adaptive comfort
model defined by EN 15251:2008.

The adaptive model, used to evaluate indoor hygro-
thermal comfort during summer, is based on the idea that
outdoor climate affect indoor comfort and that humans
have a natural capacity to adjust to different temperatures
during different times of the year, using psychological,
physiological and behavioural adaptation strategies. The
model applies especially to occupant-controlled, natural
conditioned spaces, where outdoor and indoor climate have
a strong relationship and where occupants are keener to use
conscious or unconscious adaptation strategies, being
subsequently more tolerant to a wider range of comfort
conditions [56]. The comfort index for the adaptivemodel is
the operative temperature (To), i.e. the uniform tempera-
ture of an imaginary black enclosure in which an occupant
would exchange the same amount of heat by radiation plus
convection as in the actual nonuniform environment. The
SCATS survey, performed in five European Countries, has
demonstrated the linear correlation between running mean
of the daily mean outdoor temperatures and indoor
comfort. EN 15251:2008 used the results of SCATS survey
to define four categories of To limits for the comfort zone in
natural ventilated buildings during summer, according to
the occupants’ tolerance to indoor comfort conditions: high
level of expectation; normal expectation; moderate expec-
tation; values outside the criteria for the above categories.
For the current study, we chose the second category,
according to whom the comfort zone is equal to To=0.33
Te+18.8 °C± 3 °C, where Te is the external temperature,
with 80% acceptability.

To evaluate energy performance of the building, the
comfort index is associated to an ideal energy consump-
tion value for cooling (in kWh/m2 y), in order to relate
the modelling to professional practice. The considered
range for the ideal building plant’s setting refers to the
adaptive comfort temperature range, larger than
Fanger’s, in order to better evaluate, without over-
estimating the impact, the contribution of a passive
strategy to the reduction of energy consumption [57].

A third synthetic indicator, air changes per hour (ach),
is used to monitor that NVS guarantee the minimum air
changes per hour required for IAQ (0.7, ach according to
EN 15251:2008) inside a building with low infiltration
(average 0.23 ach with Class 3 EN 12207/1999 windows).
Moreover, it ensures simulation results to show the
difference between systems using large cracks (e.g. facade
openings) and systems with smaller cracks (0.09 or 0.07m2)



Table 3. Model envelope thermo physical properties.

Constr. type U [W/(m2K)] Yie [W/(m2K)] f [h] Fd [–]

Upper floor* 1.34 0.46 8.37 0.34
Lower floor* 1.49 0.64 7.82 0.43
30 CLS wall 2.01 0.48 9.14 0.24
18 CLS wall 2.41 1.13 6.00 0.47
Window 1.00 SHGC=0.3
* Adiabatic.
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Fig. 2. Data relating to the 2001 ISTAT census of Italian building [50].
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and linear paths to avoid air flow losses. The first ones
generate many air changes per hour with relatively low
internal air speed, while the second ones have lower air
changes per hour to prevent internal air speed becoming
annoying for the occupants, with the advantage of
eliminating problems of safety related to intrusion [40].

3.4 Numerical simulation

The software adopted for the simulations is EnergyPlus
[58]. We implemented dynamic multi-zonal numerical
simulation, which represents a good compromise between
computation time and the level of analysis required for the
current study, producing immediate results on hygro-
thermal conditions, air flow, comfort and energy consump-
tion of the simulated indoor environment [59–64].

Compared to the systems described in Section 2.2, we
excluded natural ventilation systems not directly affecting
indoor air qualityand thosenot immediately connected toan
intervention on the singlebuildingunit.Thusweconsider six
NVS: single sided ventilation through facade openings
(SSV), cross ventilation through facade openings (CV), inlet
wind tower (IT), thermal chimney (TC), evaporative cool
tower (CT), earth pipes (EP), all automatically controlled
except for TC. The thermal chimney is a 18m high tower
withanopeningwith lowemissivityglass on the south facade
and a cross section of 0.09m2. The evaporative cool tower is
an18mhigh towerwitha cross sectionof 0.09m2andawater
pump of 0.016 l/m. The earth pipe is 25m long and 0.004m
thick concrete duct, with a cross section of 0.07m2.
Inorder to simulate single sidedandcrossventilation, the
Airflow Network model of EnergyPlus, which calculates
multi-zone airflows due to wind and surface leakage, is
adopted [65]. This model allows the implementation of a
ventilation control mode based on the temperature differ-
ence between indoor and outdoor temperature (if the room
temperatureTroom> outdoor temperatureTout, andTroom>
summer threshold temperature 21 °C).Windows are opened
with an opening factor set of 0.5, with a Troom and Tout
difference lower and upper limit set to 2 °C and 10 °C.

We run a set of numerical multi-zonal simulations on
the A and B simulation models defined, testing the
performance of the different NVS and their interaction
with the two thermal storage facades. The reference period
is from 1st June to 30th September.

For each combination between the four locations and the
twothermal storage envelopetypes,wedefinedaBenchmark
Simulation Scenario (BS), set with a minimum of 0.23 ach
from infiltration, and a simulation scenario for each NVS
matching them to carry out a correlation analysis. The NVS
simulation scenarios are indicated as follows: the first letters
refer to the NVS used, the next letter is the first letter of
the name of the city considered, the last one is A or B,
referring to the corresponding simulation model (model A,
heavy concrete envelope, model B, medium-light). The
first simulation, called Discomfort Benchmark Simulation
(DBS), serves as reference case for subsequent analysis and
simulates A and B models for all the eight benchmark cases
BS, showing the total hours of discomfort during the
simulation running period. It follows the Zone Thermal



Table 4. Discomfort hour reduction (DBS) and energy consumption reduction (EBS) in percentage, as a comparison
between the performance of the benchmark simulation scenario and each natural ventilation system (NSV) simulation
scenario. These are indicated as follows: the first letters refer to the NVS used, the next letter is the first letter of the
strategic location considered, the last one (A: heavy concrete envelope or B: medium-light), refers to the corresponding
simulation model.

DBS EBS

A B A B

SSV_R 93.9% 93.2% 88.4% 82.1%
SSV_N 98.2% 96.4% 85.9% 79.9%
SSV_C 84.7% 78.6% 61.7% 55.9%
SSV_M 72.5% 68.6% 36.5% 33.4%
CV_R 91.4% 88.2% 89.0% 95.8%
CV_N 97.8% 87.8% 82.8% 91.2%
CV_C 73.9% 91.2% 65.8% 69.5%
CV_M 80.7% 95.0% 47.1% 53.3%
TI_R 94.5% 92.4% 91.0% 87.5%
TI_N 97.7% 97.0% 87.5% 83.0%
TI_C 84.5% 79.8% 65.0% 60.4%
TI_M 82.0% 78.2% 42.0% 39.1%
TC_R 58.3% 61.5% 40.8% 38.0%
TC_N 55.5% 55.0% 38.3% 35.2%
TC_C 26.5% 29.1% 7.6% 6.4%
TC_M 26.2% 27.4% 15.2% 13.9%
CT_R 98.6% 95.7% 33.4% 29.5%
CT_N 74.1% 69.9% 9.4% 6.5%
CT_C 85.2% 81.9% 20.3% 17.3%
CT_M 73.5% 70.2% 21.8% 20.3%
EP_R 100.0% 100.0% 96.1% 95.1%
EP_N 100.0% 98.8% 96.1% 95.3%
EP_C 99.2% 97.8% 95.5% 94.2%
EP_M 99.8% 99.8% 96.0% 94.8%
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Comfort CEN 15251 Adaptive Model Category II Status
(Hourly), according to which a whole discomfort hour
coincide with a 1 and partially discomfort hours to 0.50 or
0.25. The hours of discomfort, in accordance with EN
15251:2008,are expressed inhours/yearly, in reference to the
heat excess discomfort during summer.

For each DBS, we run five corresponding Discomfort
Natural Ventilation Simulations (DNVS) to estimate the
Discomfort hours Reduction Potential (DRP) for each
system, expressed as a percentage of the discomfort hours
reduction due to the NVS used.

The other benchmark simulation, called Energy
Benchmark Simulation (EBS), calculated for all the
benchmark cases (BC), has a thermostat that activates
(on adaptive comfort range) a theoretical plant whenever
the operative temperature of the building exceeds the
normalized temperature threshold for comfort according to
EN 15251, giving as a result the subsequent primary energy
consumption for cooling, expressed in kWh/m2 y.
For each EBS, we run five corresponding simulations
with each natural ventilation system (ENVS), with the
same thermostat and ideal plant. These simulations show
the energy consumption reduction potential (ERP), i.e. the
percentage of energy consumption reduction against the
energy consumption of the corresponding EBS. In terms of
absolute values of discomfort hours and energy consump-
tion, the benchmark simulations confirm the results of
previous research [66–68].
4 Results

Table 4 compares the hygrothermal comfort and the ideal
energy consumption of the Benchmark Simulations (DBS
and EBS) with each simulation with natural ventilation
systems for the four strategic locations considered and the
two thermal storages simulation models, heavy (A) and
medium-light (B).
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Figure 3 compares DBS and EBS between heavy (A)
and medium-light (B) thermal storage for each natural
ventilation system (NSV) simulation in each strategic
location.
Single-sided ventilation (SSV) with automatic control
shows a Discomfort Hours Reduction Potential (DRP)
higher than 68.6% for all scenarios and a general better
performance of the heavy envelope (scenario A) compared
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to the medium-light envelope (scenario B), but the
percentage performance difference between the two
scenarios varies among the cities. Naples presents the
highest DRP of 98.19% for scenario A and 96.43% for
scenario B. Messina experiences the lower DRP of 72.48%
for scenario A and 68.56% for scenario B. The city with the
highest performance difference between the two scenarios
of 6.05% is Catania, while Rome has the lowest value of
0.68%.

In terms of primary energy consumption, the maxi-
mum energy consumption reduction potential (ERP) of
88.41% for scenario A and 82.10% for scenario B is in
Rome, with the highest relative difference of 6.31%, while
Messina shows the lowest ERP of 36.48% for scenario A
and 33.44% for scenario B, with the lowest percentage
difference of 3.04%. Considering the absolute values of
energy savings between the benchmark simulations and
the CV simulations, however, the primary energy saving
in Catania reaches 17.45 kWh/m2 y for scenario A and
16.88 kWh/m2 y for scenario B. For the other cities,
they are 14.69 kWh/m2 y and 14.17 kWh/m2 y in Naples,
12.90 kWh/m2 y and 12.39 kWh/m2 y in Rome and
10.88 kWh/m2 y and 10.77 kWh/m2 y in Messina, for
scenario and B respectively.

Cross ventilation (CV) with automatic control has a
maximum DRP of 97.76% in Naples for scenario A and of
94.97% in Messina for scenario B. The maximum
performance difference between the two scenarios is in
Messina, where scenario B exceeds scenario A of 17.31%.
Rome displays the minimum relative difference of 3.24%
between scenario A and scenario B respectively.

ERP for CV is always higher for scenario B compared
to scenario A, for all the cities considered. Rome shows
the maximum ERP of 95.80% and 89.02% for scenario B
and scenario A respectively, while the minimum ERP
of 53.32% and 47.12% for scenario B and scenario A
respectively is in Messina. Naples has the highest relative
difference of 8.43% between scenario B and A, while
Catania has the lowest, 3.72%. The maximum absolute
values of primary energy saving are 22.09 kWh/m2 y for
scenario B and 19.74 kWh/m2 y for scenario A in Catania;
they are 17.15 kWh/m2 y and 15.08 kWh/m2 y in Naples,
17.87 kWh/m2 y and 14.74 kWh/m2 y in Messina and
15.61 kWh/m2 y and 14.10 kWh/m2 y in Rome, for
scenario B and A respectively.

Inlet wind tower (IT) with automatic control
achieves a DRP higher than 78.18% for all scenarios,
with a general better performance of scenario A
compared with scenario B. Naples presents the maxi-
mum DRP of 97.70% for scenario A and 97.01% for
scenario B, while Messina depicts the minimum DRP
of 81.95% and 78.18% for scenario A and B respectively.
The maximum performance difference of 4.69% between
scenario A and B is in Catania and the minimum of
0.70% in Naples.

Rome shows the maximum ERP of 90.97% for scenario
A and 87.45% for scenario B; Messina has the lowest
values of ERP of 42.01% for scenario A and 30.09%
for scenario B. in terms of percentage difference between
the two scenarios, Catania exhibits the highest value
of 4.59% and Messina the lowest value of 2.92%. The
absolute values of primary energy savings for scenario
A and B are 16.02 kWh/m2 y and 15.57 kWh/m2 y
in Catania, 11.17 kWh/m2 y and 10.76 kWh/m2 y in
Naples, 10.88 kWh/m2 y and 10.63 kWh/m2 y in Rome,
10.33 kWh/m2 y and 10.11 kWh/m2 y in Messina.

Thermal chimney (TC) without automatic control has
a maximum DRP of 61.50% for scenario B and 58.28% for
scenario A, a maximum percentage difference of 3.22%
between scenario B and A in Rome and a minimum DRP
of 26.20% for scenario A and 27.37% for scenario B in
Catania. The minimum percentage difference between
scenario A and B is in Naples, with a value of 0.43%.

ERP of 40.84% for scenario A and 37.98% for scenario B
in Rome is the maximum value, while Catania has the
minimum values of 7.62% and 6.36%. Catania has also the
minimum percentage difference between the two scenarios
of 1.25%, while Naples has the maximum percentage
difference of 3.03%. The absolute values of energy saving
are 4.58 kWh/m2 y and 4.25 in Naples, 4.56 kWh/m2 y and
4.27 kWh/m2 y in Rome, 3.57 kWh/m2 y and 3.41 kWh/
m2 y in Messina, 1.36 kWh/m2 y and 1.17 kWh/m2 y in
Catania, for scenario A and B respectively.

Evaporative cool tower (CT) with automatic control
presents in Rome the highest DRP of 98.56% and 95.69%
for scenario A and B respectively; the lowest DRP value of
73.48% for scenario A is in Messina and the lowest DRP of
69.89% for scenario B is in Naples. Naples depicts the
maximum percentage difference of 4.18% between the two
scenarios and Rome the minimum of 2.87%.

Rome has the maximum ERP of 33.38% for scenario A
and 29.48% for scenario B, while Naples has the minimum
values of 9.42% and 6.54%. The maximum percentage
difference of ERP of 3.89% and the minimum of 1.51%
occur in Rome and Messina respectively. In terms of
absolute values, the energy saving are 5.26 kWh/m2 y and
5.15 kWh/m2 y in Messina, 3.80 kWh/m2 y and 3.41 kWh/
m2 y in Rome, 3.68 kWh/m2 y and 3.25 kWh/m2 y in
Catania, 1.15 kWh/m2 y and 0.81 kWh/m2 y in Naples
for scenario A and B respectively.

Earth pipes (EP) with automatic control displays a
maximumDRP of 100% in Roma and Naples for scenario A
and of 99.96% in Rome for scenario B. Catania presents the
maximum percentage difference of 1.38% and Messina the
minimum of 0.01%.

ERP exhibits maximum values of 96.10% and 95.26%
in Naples and minimum values of 95.55% and 94.15%
in Catania for scenario A and B respectively. Catania
has the maximum percentage difference of 1.39% and
Naples the minimum of 0.84%. The absolute values of
energy savings are 24.00 kWh/m2 y and 23.13 kWh/m2 y
in Messina, 17.65 kWh/m2 y and 17.34 kWh/m2 y in
Catania, 11.81 kWh/m2 y and 11.74 kWh/m2 y in Naples,
11.00 kWh/m2 y and 10.94 kWh/m2 y in Rome for scenario
B and A respectively.

5 Discussion
Figures 4 and 5 represents the relation between the four
cities considered for the study, NVS, simulation scenarios
and the corresponding ERP and DRP respectively,
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Fig. 4. Relation between the four cities considered for the study, NVS, simulation scenarios and the corresponding DRP.
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according to a circular layout data visualisation (Circos
[69]), ideal to explore connections between objects. In those
diagrams, all the relevant variables taken into account in
the research are on the perimeter of a circle. ERP (Fig. 2)
and DRP (Fig. 3) for each combination of NVS and
simulation scenarios are on the left side, every one
coinciding with a circular sector in a shade of blue: the
bigger the sector and the darker the colour, the higher the
combination efficacy. On the right side, the data are
outlined in accordance to the considered cities. The circular
sector are cyan for Rome, green for Naples, orange for
Catania and yellow for Messina: the bigger the circular
sector, the higher the ERP and DRP (for Figs. 2 and 3
respectively) of the NVS for that city. The thickness of the
strands linking cities to NVS for each simulation scenario
are proportional to ERP (in Fig. 2) and DRP (in Fig. 3)
values; therefore, the thicker the strand, the higher the
combination efficacy within the city.

Thermal rangeemerges in the studyasa significant factor
for a number ofNVS: citieswith ahigher thermal range, such
asNaples andCatania, exhibits a higherDRP (for SSV,TC)
and ERP (for SSV, CV, IT) than the ones with a lower
thermal range, namelyMessina.The finding is in accordance
to Santamouris [15] on night ventilation. For SSV system,
Naples and Catania have a mean of DRP and ERP of
approximately 90%and75%respectively,whileMessina has
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Fig. 5. Relation between the four cities considered for the study, NVS, simulation scenarios and the corresponding ERP.
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ameanofDRPandERPofapproximately70%and35%.For
CV, the notable increase in air flow rates compared to SSV
(1.5 timesmore), results in a reduced effect of thermal range,
levelling the difference between DRP. On the contrary,
thermal range determines an increase of ERP, which is
approximately 82% for Rome, Naples and Catania and 50%
forMessina. IT shows a similar influence of thermal range on
ERP, approximately80%forRome,Naples andCatania and
40% for Messina. TC has a higher DRP of around 55%
comparedwith the 26% ofMessina. However, the absence of
automatic control reduces the overall efficacy of the system
for climates with higher mean air temperature, resulting in
the lower DRP of Catania.
The highestmean outdoor air temperatures, correspond-
ing to thehighestoutdoorhygrothermaldiscomfort, inducea
slight reduction of NVS efficiency. For SSV, DRP for Rome
andNaples isapproximately95%,while it is 82%forCatania;
ERP is approximately84% forRomeandNaples and59% for
Catania. For CV, Rome and Naples have a DRP of
approximately 91% and a ERPof approximately 90%, while
the DRP and ERP of Catania are approximately 83% and
68% respectively. For IT, the DRP and ERP of both Rome
andNaplesareapproximately 94%and87%compared to the
82% and 63% of Catania. The DRP and ERP of TC are
approximately 58% and 38% for Rome and Naples and
approximately 27% and 7% for Catania.



14 F. Calcerano et al.: Sust. Build. 2, 4 (2017)
The effect of thermal storage on NVS is not so clearly
recognizable as in previous studies [10,48]. In fact,
according to [10], apartments located in multi-storey
buildings, exemplified by the north-south double exposed
simulation model, are less sensible to outdoor climatic
variations on account of the reduced influence of solar
radiation on the envelope, which results in a reduced effect
of thermal storage on indoor microclimate. For SSV, higher
thermal storage corresponds in every city to higher ERP;
thermal storage appears to be more effective for higher
thermal ranges, as the EPR of scenario B for Naples, Rome
un Messina is approximately 6% exceeds scenario B, as
opposed to the 3% of Messina.
6 Conclusion

The present study analyses the contribution of natural
ventilation systems, coupled with thermal storage
building elements, to summer indoor comfort for different
cities in Italy with different climatic condition and
thermal ranges. It highlights the complexity of imple-
menting natural ventilation systems within the building
design project, stressing the significance of dynamic
simulation to take into account all the interrelated factors
involved.

Thermal range proves a critical aspect for summer
comfort in warm climates, especially for natural ventila-
tion systems, requiring to be broadly included among
climatic reference data enhancing energy efficient building
design.

The research remarks the overall efficiency of every
natural ventilation system, even the non-invasive ones
such as single-sided ventilation and cross ventilation, that
are therefore suitable to be implemented in energy
refurbishment, especially for historical and listed build-
ings, as they often require merely automatic control to
operate.

The current research investigates a confined topic
concerning natural ventilation system performance analy-
sis trough dynamic simulation for four Italian cities. Other
possible future research themes include:

–
 an overall view of several passive systems performance
and their combination;
–
 the extension of simulation model characteristics, taking
into account different orientation and building technical,
functional and spatial systems and layouts, such as
facade types or the internal apartments subdivision, and
considering apartments in “critical” positions, such as
rooftop or ground floor or angle position;
–
 the broadening of climatic and microclimatic factor
considered and their influence on ventilation [54];
–
 the annual simulation of natural ventilation systems,
to verify their performance under climatic conditions
where summer and winter comfort are both significant;
–
 the evaluation and monitoring of case studies, to verify
the systems performances in an actual contest and
to assess the simulation capacity of giving a reliable
representation of real conditions.
The overall goal of performance simulation of buildings
is ultimately the broadening of architectural practice
methods, to capitalize on contributions from various
professionals, including information on technical physics,
building climatology, information technology.

Nomenclature
HVAC
 heating, ventilation and air conditioning

IAQ
 indoor air quality

NV
 natural ventilation

NVS
 natural ventilation system

CV
 cross ventilation

SSV
 single-sided ventilation

DV
 downward ventilation

UV
 upward ventilation

VT
 ventilation techniques

BV
 body ventilation

SV
 structural ventilation

RV
 room ventilation

HET
 heat exchange type

PE
 physical elements

NPE
 non-physical elements

TR
 thermal range

U
 thermal transmittance

Yie
 periodic thermal transmittance

f
 thermal wave shift

Fd
 attenuation factor

SHGC
 solar heat gain coefficient

To
 operative temperature

Te
 external temperature

IT
 inlet wind tower

TC
 thermal chimney

CT
 evaporative cool tower

EP
 earth pipes

BS
 benchmark simulation scenario

DBS
 discomfort benchmark simulation

DNVS
 discomfort natural ventilation simulations

DRP
 discomfort hours reduction potential

EBS
 energy benchmark simulation

BC
 benchmark cases

ERP
 energy consumption reduction potential
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