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ARTICLE INFO ABSTRACT

Keywords: Buildings built in warm climates are affected by severe overheating problems in summer, which negatively af-
Envelope fects people’s comfort and health. For these reasons, many users are forced to install cooling systems, leading to
Optimization

an increase in costs, consumption and a meaning impact on the environment.

This study gives a valid method to monitor the overheating problems in buildings located in Mediterranean
climates, without the use of cooling systems, but just with an accurate design of the envelope. The main chal-
lenge is to demonstrate that the hourly monitoring of the internal operative temperature (TOP), in accordance
with the UNI EN ISO 52016, is able of defining univocally the performances of the building, taking into
consideration the characteristics of the envelope. The optimization of this parameter permits to reach high level
of internal comfort in a building, ensuring the designer to identify the best choice of building materials that

Operative air temperature
Warm climate
Ventilation

compose the envelope.

The TOP trends, for a whole year, are tested on a single-residential building model located in a warm Med-
iterranean climate, considering different configurations of the external walls.

The results put in evidence that the best solutions are characterized by the presence of the double layer of tuff,
with a very massive layer in the internal side and resistive layer outside.

At the end, this study demonstrates that once optimized the envelope, it is easier to reach good values of
internal operative temperature with the only use of a mechanical ventilation system.

1. Introduction

The reduction of the energy consumption in buildings is a topic of
great attention at European level. It is estimated that building stock
accounts for about 36% of greenhouse gas emissions [1]. The European
polices aim to promote the growth of a sustainable, competitive, safe
and decarbonized energy system.

The goal of several studies [2,3] is to identify the best compromise
between energy consumption and economic feasibility, for example
Valdiserri et al. [4] show retrofitting actions and economic evaluation of
an existing office building.

Another important aspect addressed in the literature is the impact on
the environment of the construction life cycle, with the consequent
identification of strategies to reduce CO; emissions, guaranteeing a high
level of internal comfort [5-7]. It is proved that an accurate mainte-
nance scheduling of the building leads to an energy saving and a
reduction of CO;, emissions [8]. The study [9] analyses how the design
strategies can affect the energy consumption, also considering the shape
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of the building.

The International Energy Agency (IEA) [10] has identified six pa-
rameters that affect the building energy consumption: climate, building
envelope, energy systems and services, interior design criteria, opera-
tion and maintenance of buildings, behavior of the occupants. Many of
these parameters have been extensively analyzed in the literature.

Overheating within buildings causes adverse effects on the health
and well-being of the population, it is very important to identify a set of
sustainable and practical solutions to this problem. Very isolated
buildings with several air cavities, buildings with no good ventilation
and excessive heat gains are affected by overheating problems [11].
Studies [12-14] have been carried out on walls, windows and technical
systems, to show that combinations with high masses are the best so-
lutions in terms of internal comfort and costs for the hot climate. The
position of the insulation layer on external walls is investigated by
Ref. [15], considering the dynamic transfer and the effect of relative
humidity. The results put in evidence how the internal relative humidity
significantly influences the heat transfer process. The study [16]
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confirms, with numerically analyses, that the energy used for heating
and cooling a room in Shanghai is highly reduced by the addition of
insulating layers on the external side of the wall, compared to configu-
rations with internal insulation.

This study has been carried out in order to identify a simple index to
represent the thermal performance of the building envelope, during the
whole year in a Mediterranean climate. To reach this goal several wall
configurations with different thermal characteristics, representing the
most used in the Italian context, are analyzed.

1.1. The importance of the ventilation in building

The ever more restrictive building regulations on energy efficiency
have led, in the field of new buildings, to the construction of buildings
with low energy consumption. The use of new materials for construction
and insulation ensures an airtightness of the buildings, which however
no longer guarantees the minimum air exchange of the rooms. To ensure
health and well-being, but also to eliminate harmful substances in
construction materials, enough air exchange is absolutely necessary in
the home. A controlled mechanical ventilation system is the ideal so-
lution, providing the necessary air exchange and regulating the level of
humidity in the rooms, it prevents the formation of mold. This ensures
an always optimal air quality, in fact, with a VMC (controlled me-
chanical ventilation system), it is possible to have constant controlled
renewal of air in all environments.

The study [17] puts in evidence that natural night-time ventilation
could save cooling energy in office buildings, while the use of me-
chanical ventilation could lead to greater energy consumption.

The benefits obtainable by a night-time ventilation for residential
case have been studied by Ref. [18], considering the hot and humid
climate of Malaysia. Starting from a survey, the study shows that most
users prefer daytime ventilation rather than night ventilation.

The study [19] puts in evidence the importance to use the thermal
mass and night ventilation for the reduction of the maximum peak of
internal temperature during the summer period, considering different
hot humid climate locations in Israel.

Many studies show that natural ventilation improves thermal com-
fort and indoor air quality and energy savings. The paper [20] shows
how thermal comfort is influenced by architectural and structural design
features, window orientation, shading and microclimate.

The efficacy of cooling ventilation for residential building is also
confirmed by Ref. [21]. The results show that night-time ventilation is
the most effective strategy for passive cooling.

1.2. The impact of the climate on the building performances

The climate strongly affects the internal comfort of the buildings. A
design focused on reducing energy consumption and improving living
comfort, capable of exploiting local natural resources and the climate, is
generally based on a bioclimatic approach.

Nowadays there are many innovative and efficient solutions that aim
to reduce energy consumption. Careful design of the building is the basis
in the control of the exchanges between internal and external spaces
[22]. As aforementioned, if there is no proper internal ventilation, the
air quality can be poor, even when the building has high efficiency walls
and windows [23].

Harkouss et al. [24] presented a multi-objective analysis for the
passive design optimization of low energy buildings for several climates,
using the twenty-five different climates of Koppen-Geiger classification
[25].

Other studies focus on the building envelope putting in evidence
strategies to obtain high efficiency envelope for building in cold climate
[26] and warm climate [27].

In composite climates [28], walls with high thermal mass values
ensure comfort in both summer and winter. In cold climates [29], it is
possible to use multi-layer walls with high thickness and low-density
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thermal insulation to reach very low constant thermal transmittance.

In warm climate [30], to avoid the overheating in summer season, it
is important to design external walls with low values of decrement
factor, high values of internal areal capacity and time shift. It is essential
to evaluate the size of the windows and the presence of thermal break.
Today the films and coatings represent a valid support to limit solar
gains. Low solar gain glasses reduce electricity requirements [31].

The behavior of windows is influenced by different climates; low
solar gain windows are suitable in hot climates, while high solar gain
windows are preferred for cold climates.

The study proposed by Ref. [32] focuses on the limit to the effect of
overheating in buildings located in hot climates. It demonstrated that
the shading systems and the presence of overhangs are fundamental in
controlling the entry of solar radiation and therefore avoid the over-
heating during the summer.

A Mediterranean climate is chosen for simulations of this study. The
climatic classification of Italian municipalities was introduced to regu-
late the period of operation of the heating systems with the purpose of
limiting energy consumption. Lecce belongs to climate zone C, assigned
by Decree of the President of the Republic n. 412 of 26 August 1993. In
accordance with the Koppen-Geiger classification, city of Lecce is clas-
sified as Csa characterized by a hot Mediterranean/dry-summer sub-
tropical climate.

1.3. Comfort assessment and thermal behavior

The thermal comfort refers to the satisfaction of the thermal envi-
ronment expressed by the users. The widely used comfort indexes are
PPD (expected percentage of dissatisfied) and PMV (average expected
score) [33]. The model, adopted by the American Society of Heating and
Air-Conditioning Engineers (ASHRAE), permit to predict the percentage
of dissatisfied people due to the draft depending on the average air
speed, the intensity of the turbulence and the air temperature, starting
from several parameters, such as the building size and geometry, air-
flows rates and temperatures, relative humidity, mean radiant temper-
ature, air velocity, and heat sources. Results are also influenced by the
people metabolic rate and clothing insulation [34]. The sense of comfort
is reached for PMV values of-0.5 and + 0.5, meaning that 90% of people
are satisfied. Pourshaghaghy et al. [35] evaluated the air conditioning
system considering the thermal comfort with the PMV and PPD indexes,
in accordance with ISO-7730 [36].

Other studies [37-39] demonstrate that a comfortable internal
microclimate guarantee human health, improving also the workplace
productivity. Seppanen et al. [40,41] show that if there is a decrease in
productivity in indoor environments by 2%, the air temperature in-
creases in a range of 25-32 °C.

This study proposes the internal operative temperature (TOP), as a
simple index to represent the thermal performance of the building en-
velope, during the whole year. The operative temperature (TOP) is
defined as a simplified measure of human thermal comfort; derives from
the average radiant temperature and internal air temperature, according
to ASHRAE and ISO standards. It is the uniform temperature of the air
and walls of the specific environment [42].

The TOP is also useful in assessing and improving the thermal
comfort level of the occupants: mathematically, it can be expressed as

TOP = (hrTmr + thdb)/(hr + hc) (1)
where.

Tmr = mean radiant temperature

h; =linear radiative heat transfer coefficient

Tqp = air (dry bulb) temperature
h. = convective heat transfer coefficient
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2. Methodology

The objective of the study is the analysis of different envelope con-
figurations to achieve an optimal standard for the considered climate,
using the internal operative air temperature like quality indicator.

2.1. Description of the case study building

The reference buildings are representative of a typical and average
housing stock in a given Member State. The most common type is a small
building, though the type of Italian construction is heterogeneous.
Single-residential buildings make up about 60% while multi-apartments
account for about 39% of the national building stock [43]. The rate of
new construction is around 2% for year.

The study has been focused on a mono residential building, suitable
for a single family composed by four people. The geometry is simple and
compact (S/V=0.67), composed by a deposit and two floors, as re-
ported in Fig. 1. The tridimensional model is shown in Fig. 2.

The first floor is used as living area, with kitchen, living room,
bathroom and utility room, while the second floor is used as sleeping
area with two bedrooms, bathroom and utility room. The internal height
of each floor is 2.7 m.

The HVAC system is not considered in order to identify the best
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Fig. 2. The case study, tridimensional model.

envelope solution without the use of air conditioning system.

2.1.1. The building envelope

The design of a good building envelope is the first element in
reducing the thermal loads. Table 1 presents the characteristics of all
building materials, in terms of thickness, thermal conductivity, specific
heat and density. Table 2 shows the layers of the internal partition walls
(wt).

Table 3 shows the layers of the opaque horizontal partitions: F1 is the
floor between internal environments, F2 from the interior to the
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Fig. 1. The case study.
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Fig. 3. Thermo-hygrometric check.

unheated area, F3 from unheated area to the ground, R1 is the roof of the
building.

The windows can make a high contribution to the energy efficiency
of a building during its useful life [44]. Windows have optical and
thermal properties that make them more "vulnerable" to energy losses
than opaque construction elements [45]. The cooling performance of
windows for residential buildings, constructed in a warm climate, must
be taken into consideration.

Table 4 presents the thermal characteristics of windows, character-
ized by double glass 4-15-4 with argon inside and pvc frame with
thermal break. All windows have closings darkening and screenings in
aluminum blinds with high permeability.

The assessment of the dynamic thermal performance of the envelope
has been calculated in accordance with the procedure defined by the

European norm EN ISO 13786 [46].

The thermal values are the results of the imposed conductive thermal
exchange condition applied to the envelope. A sinusoidal function of
time describes the temperature and heat flow rate, a period of 86400,
which corresponds to daily meteorological variations and temperature
setback, is considered.

Thermal conductivity, specific heat, density and thickness of all
building materials, of which the walls are composed, are necessary for
the calculation of the dynamic thermal parameters.

The heat transfer matrix Z correlates the complex amplitude of
temperature and heat flow rate at the external side to the internal one.
The calculation of the periodic penetration depth §, in function of the
building material properties, and &, relatives to the ratio of the thickness
of the layer to 8, are necessary to determine the values of the heat



P.M. Congedo et al.

Journal of Building Engineering 28 (2020) 101059

Table 1 Table 4
Thermal characteristics of building materials. Thermal characteristics of windows.
Materials Thickness AW/ c(J/ p (kg/ n. Geometry Ug Uf Uw
K KgK 3 — —
(mm) i AL (mm) (W/m?K) (W/m?K) (W/m?K)
Brick 80 0.364 1 1800
ek f11 80x150 1.522 2.2 2.360
Tuff 180-250 1.7 1.3 2300 f12 120x150 2148
Wood fiber panels flexible 80-100 0.038 2.1 49.5 f3 160x150 2'042
Expanded cork panels 80-100 0.038 1.9 120 X .
Hemp fibers 80-100-120 0.03 2.2 38
Expanded polyurethane 80-90 0.023 1.255 36
Expanded polystyrene 80-100 0.034 1.7 35 d
Exterior and interior plaster 10 0.9 0.84 1800 &= g (3)
Ceramic tiles 10 1.3 0.84 2300
Slab in brick blocks and CLS 240 0.686 1 200 Thermal admittance is a complex quantity resulting from the com-
Joists plex amplitude of heat flow density across the surface of the component,
Lightweight concrete screed 60 1.08 1 1600 .. by th 1 li in th h
Rock wool 50-100 0.038 1.03 150 divided by the complex tempel.'atu.re amplitude in the same area when
Bitumen 3 0.17 0.92 1200 the temperature on the other side is kept constant.
Vapor barrier 5 0.4 1.5 360 Decrement factor is the ratio of the modulus of the periodic thermal
Bituminous waterproofing 3 0.17 1 1200 transmittance to the steady-state thermal transmittance U.
membrane Time shift is a period between the maximum amplitude of a cause
Tile roof 20 0.825 0.84 1800 | pertoc - P
Reinforced concrete 60 1.01 1 2400 and the maximum amplitude of its effect.
Areal heat capacity is the heat capacity divided by area of element, to
prevent the occurrence of overheating phenomena, it is important to
transfer matrix Z. have a high internal areal heat capacity, as it is directly related to the
o heat storage capacity of the wall.
5= AT &) Table 5 reports the external walls variants with their main physical
zpc characteristics and the composition of the different layers of which they
are made of.
Table 2
Thermal characteristics of partition wall.
n. Layers d U At fd ky ko Y11 Yoo Y12 Ms
(mm)  (W/mK) () W/m’K)  W/m’K)  W/m’K) (W/m’K) (W/mK)  (Kg/m?)
wt Lime and cement plaster 10 mm 200 3.284 6.31 0.4067 83.940 158.260 5.5100 10.76 1.340 414
Tuff 180 mm
Lime and cement plaster 10 mm
Table 3
Thermal characteristics of opaque horizontal partitions.
n. Layers d U At fq kq ko Y1 Yoo Yio M
(mm)  (W/ (h) (kJ/ (kJ/ w/ w/ w/ (Kg/
mZK) mZK) mZK) mzK) mzK) mzK) mz)
F1 (between interior Ceramic tiles 10 mm 260 1.718 6.15 0.540 56.690 87.870 3.61 5.73 0.930 239
environments) Slab in brick blocks and CLS joists
240 mm
Lime and cement plaster 10 mm
F2 (from inside to unheated Ceramic tiles 10 mm 425 0.293 14.2 0.098 60.553 48.319 4.39 3.50 0.030 352
area) Lightweight concrete screed
60 mm
Rock wool 100 mm
Vapor barrier 5 mm
Slab in brick blocks and CLS joists
240 mm
Lime and cement plaster 10 mm
F3 (from unheated area to the =~ Ceramic tiles 10 mm 220 0.637 7.55 0.334  68.390 133.390 4.80 9.50 0.210 369
ground) Reinforced concrete 60 mm
Extruded polystyrene panel
50 mm
Concrete 60 mm
Coarse gravel without clay
40 mm
R1 (from internal to external)  Lime and cement plaster 10 mm 376 0.31 10.37  0.204 56.135 38.511 4.02 2.76 0.060 274
Slab in brick blocks and CLS joists
240 mm

bitum 3 mm

Rock wool 50 mm
Bituminous waterproofing
membrane 3 mm

Tile roof 20 mm
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Table 5

Thermal characteristics of external walls.
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n.

Layers

(from internal to external side)

U

(W/m?K)

At

(h)

fd

kq

ko

Y1

Yoo

Yi2

M

(kJ/m2K)

(kJ/m?K)

(W/m2K)

(W/m2K)

(W/m?K)

(Kg/mz)

WI1B

WI1TB

W2B

W2TB

W3B

W3TB

W4B

W4TB

W5B

W5TB

W1T

WITT

wWaT

W2TT

W3T

W3TT

Lime and cement plaster 10 mm
Brick 250 mm

Wood fiber panels flexible 80 mm
Lime and cement plaster 10 mm
Lime and cement plaster 10 mm
Tuff 250 mm

Brick 250 mm

Wood fiber panels flexible 80 mm
Lime and cement plaster 10 mm
Lime and cement plaster 10 mm
Brick 250 mm

Expanded cork panels 80 mm
Lime and cement plaster 10 mm
Lime and cement plaster 10 mm
Tuff 250 mm

Brick 250 mm

Expanded cork panels 80 mm
Lime and cement plaster 10 mm
Lime and cement plaster 10 mm
Brick 250 mm

Hemp fibers 80 mm

Lime and cement plaster 10 mm
Lime and cement plaster 10 mm
Tuff 250 mm

Brick 250 mm

Hemp fibers 80 mm

Lime and cement plaster 10 mm
Lime and cement plaster 10 mm
Brick 250 mm

Expanded Polyurethane 80 mm
Lime and cement plaster 10 mm
Lime and cement plaster 10 mm
Tuff 250 mm

Brick 250 mm

Expanded Polyurethane 80 mm
Lime and cement plaster 10 mm
Lime and cement plaster 10 mm
Brick 250 mm

Expanded Polystyrene 80 mm
Lime and cement plaster 10 mm
Lime and cement plaster 10 mm
Tuff 250 mm

Brick 250 mm

Expanded Polystyrene 80 mm
Lime and cement plaster 10 mm
Lime and cement plaster 10 mm
Tuff 250 mm

Wood fiber panels flexible 100 mm
Lime and cement plaster 10 mm
Lime and cement plaster 10 mm
Tuff 250 mm

Tuff 250 mm

Wood fiber panels flexible 100 mm
Lime and cement plaster 10 mm
Lime and cement plaster 10 mm
Tuff 250 mm

Expanded cork panels 100 mm
Lime and cement plaster 10 mm
Lime and cement plaster 10 mm
Tuff 250 mm

Tuff 250 mm

Expanded cork panels 100 mm
Lime and cement plaster 10 mm
Lime and cement plaster 10 mm
Tuff 250 mm

Hemp fibers 100 mm

Lime and cement plaster 10 mm
Lime and cement plaster 10 mm
Tuff 250 mm

Tuff 250 mm

Hemp fibers 100 mm

Lime and cement plaster 10 mm
Lime and cement plaster 10 mm

600

350

600

350

600

350

600

350

600

370

620

370

620

370

620

360

0.335

0.319

0.335

0.319

0.282

0.271

0.229

0.222

0.309

0.296

0.337

0.321

0.337

0.321

0.272

0.262

0.235

15.31

23.45

16.33

24.47

15.32

23.46

15.17

23.31

15.12

23.26

11.28

19.07

12.57

20.36

11.29

19.08

10.55

0.047

0.005

0.045

0.005

0.045

0.005

0.044

0.005

0.047

0.005

0.079

0.011

0.072

0.01

0.078

0.011

0.079

56.380

77.022

56.330

77.025

56.370

77.027

56.370

77.030

56.397

77.024

77.440

77.012

77.360

77.000

77.360

77.017

77.330

18.820

18.918

21.820

21.961

17.870

17.697

16.590

16.665

17.469

17.545

19.190

18.972

22.550

22.467

18.250

18.092

16.795

4.090

5.6029

4.0900

5.6029

4.0970

5.6028

4.0969

5.6028

4.0969

5.6029

5.600

5.6022

5.6000

5.6022

5.6000

5.6022

5.6051

1.370

1.38

1.59

1.60

1.31

1.31

1.21

1.21

1.27

1.28

1.380

1.38

1.63

1.64

1.32

1.31

1.21

0.020

0.000

0.010

0.000

0.010

0.000

0.010

0.000

0.010

0.000

0.030

0.000

0.020

0.000

0.020

0.000

0.020

454

1.029

460

1.035

453

1.028

453

1.028

453

1.028

580

1.155

587

1.162

579

1.154

578

(continued on next page)
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Table 5 (continued)
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n. Layers d 18] At fd kq ko Y11 Yoo Yio M
(from internal to external side) (mm) (W/m?K) (h) (kJ/m?K) (kJ/m?K) (W/m?K) (W/m?K) (W/m?K) (Kg/m?)
Tuff 250 mm
Expanded Polyurethane 90 mm
Lime and cement plaster 10 mm
WATT Lime and cement plaster 10 mm 610 0.227 18.34 0.011 77.024 16.626 5.6022 1.21 0.000 1.153
Tuff 250 mm
Tuff 250 mm
Expanded Polyurethane 90 mm
Lime and cement plaster 10 mm
W5T Lime and cement plaster 10 mm 370 0.305 10.59 0.08 77.413 17.685 5.6053 1.27 0.020 579
Tuff 250 mm
Expanded Polystyrene 100 mm
Lime and cement plaster 10 mm
WS5TT Lime and cement plaster 10 mm 620 0.292 18.38 0.011 77.019 17.452 5.6022 1.27 0.000 1.154
Tuff 250 mm
Tuff 250 mm
Expanded Polystyrene 100 mm
Lime and cement plaster 10 mm
The walls from 1 to 5 have different insulation layers, such as wood
fiber panels flexible (W1), expanded cork panels (W2), hemp fibers =
(W3), expanded polyurethane (W4) and expanded polystyrene(W5). » _Zz'l ?3
These insulation materials are the most used in the Italian building —cnB
sector. The thicknesses of the insulating materials of the configurations = ;g: :
vary according to the transmittance value obtained. The walls are - co3 T8
designed to meet Italian transmittance limits, related to climate zone C, ; * — e fzj “ﬁ
to which the case study belongs. Furthermore, insulating materials have 2 . e e — s
different thermal characteristics and the choice involves having both g CRUS TR
natural and synthetic materials, allowing the choice of highly sustain- - _fzf, i
able and technically advantageous solutions. 2 cOTT
Considering that a large part of walls in the Italian context are iy
realized in brick or in tuff, as massive layer, this study puts in evidence B C08TT
the performances of the walls with these materials. In fact, first each . i::_r
typology of wall (W1, W2, W3, W4 and W5) is coupled with a single R R
Time [h]

layer of brick (W1B, W2B, W3B, W4B and W5B) and with a layer of brick
and a layer of tuff (W1TB, W2TB, W3TB, W4TB and W5TB). Secondly,
each typology of wall is coupled with a single layer of tuff (W1T, W2T,
W3T, W4T and W5T) and with a double layer of tuff (W1TT, W2TT,
W3TT, WATT and W5TT).

The TOP is tested considering all walls for the first (FF) and second
floor (SF) of the building, for a total of 40 combinations.

This analysis permits the designer to address measures on the walls,
preferring the choice of insulating materials or the addition of a massive
layer.

Fig. 3 shows the Hygrothermal performance test (Glaser) for all wall
configurations.

The calculation has been carried out in agreement with the norm EN
ISO 13788 [471], the analysis is analytical and monthly. The evaluation is
done considering the temperature data of Lecce (Italy) and the check is
shown for January, the critical month of the wintertime of the consid-
ered climate. The aim is to monitor the surface and interstitial
condensation, to avoid the mold risk.

The method allows, once the internal and external thermo-
hygrometric conditions have been set, to verify whether vapor
condensation may occur in a supposedly initially dry flat structure.

The distribution of temperature of all the interface layers (Tn), which
compose the wall, is calculated with the following equation:

R
Tn:TeJrR—nt (Ti — Te) “4)

to,

Where:

- Te is the external temperature [°C];
- Ti is the internal temperature [°C];
- Rn is the thermal resistence [mZK/W];

Fig. 4. Trend of the internal surface temperatures of all external walls
compared with external temperature.

—c-01 B
—C-01 T8
—C-0: B
—C-0: TB
C-03 B
C-03 TB
C-0l B
C-04 T
—C-03B
—C-05TB
—C-06 T
—C-06 TT
CO7 T
€-07 TT
C-08 T
C-08 TT
08T
C-09 TT
C1T

Temperature [*C]

$ 6 7T % 9 10111213
Time [u]
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Fig. 5. Trend of the internal surface temperatures of all external walls.

- Rtot is the total resistence [m?K/W] ;

The Glaser diagram represents the trend of the temperature values
within the structure with the relative values of the saturation vapor
pressure (Ps); comparing the latter with the values of partial vapor
pressures (Pv), the possibility of condensation risks is established. The
formation of condensation in a wall layer can therefore be easily
deduced when the partial pressure value is greater than that of the
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saturation pressure.

From the Glaser check, reported in Fig. 3, it is evident that all the
analyzed walls do not shows the risk of condensation in January.

The internal surface temperatures of the wall combinations and the
external temperature are represented in Fig. 4, the internal surface ones
in details in Fig. 5.

In particular, there are the Combinations from C-01B to C 05B,
characterized by the presence of a single brick layer, by varying the
insulant material; the combinations from C-01 TB to C-05 TB, charac-
terized by a double layer (tuff-brick); the Combinations from C-06 T to C
10T, characterized by the presence of a single layer in tuff; the combi-
nations from C-06 TT A C-10 TT, characterized by a double layer (tuff-
tuff). It is noted that there is a At until more than 4 °C between the
external temperature and the internal surface temperature trends. It is
interesting to underline the small oscillation of the internal surface
temperatures.

The combinations C-01 B - C05B and C-06 T - C 10 T are those with
the maximum oscillations. For the combinations C-01 B - C 05 B, there is
a peak of 28.3 °C up to a minimum peak of 27.5 °C. For the combinations
C-06 T-C10T, there is a peak value of 28.6 °C up to a minimum peak of
27,4°C.

Besides, for the combinations C-01 TB - C 05TB and C-06 TT - C
10 TT, a double layer has been added, respectively, of bricks and tuff.
The curves are very flat, the maximum peak is 27.85 °C, showing the
best behavior in terms low variation of internal surface temperature.

2.2. The calculation tools

Termolog Epix 9 [48] is the software used for the calculation of the
hourly energy performance of the building, by the Dynamic Calculation
Engine. The algorithms are based on the hourly method proposed by the
UNI EN ISO 52016 [49] in accordance with ASHRAE 140-2017 [50].
The hourly method allows the assessment of the internal temperature of
a thermal zone by resolution, in a transitory regime on an hourly basis,
of a system of equations which describe the thermal exchanges that
occur between internal and external environment through the envelope.
The equations are solved in matrix form. Each building component
(floor, window, wall) is modeled in a series of nodes (capacity and
thermal resistances). This method permits to calculate the hourly energy
balance of the building envelope and allows to obtain the trend of the
internal temperatures (operating temperature, radiant temperature and
air temperature) and the required thermal load of the system. In
particular, the standard provides the following assumptions:

the air temperature is considered uniform throughout the thermal

zone;

the surfaces of each element of the envelope are isothermal;

the conduction of heat through the elements of the room or area

(excluding towards the ground) is assumed as one-dimensional;

the heat storage capacity of thermal bridges is neglected;

- the thermal bridges are directly thermally coupled to indoor and
outdoor air temperatures;

- the air cavities of the envelope are treated as air layers delimited by
two isothermal and parallel surfaces;

- the thermophysical properties of the materials are independent of

time, but variations in the properties of the components are not

excluded: such as mobile solar blinds, shutters;

the external radiant environment (excluding the sky) is at the tem-

perature of the outside air;

the spatial distribution of solar radiation within the room is uniform

and independent of time;

the average radiant temperature is calculated as weighted average of

internal surface temperatures multiplied by the area of each

component.
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Table 6
List of combinations.
Combo Walls Combo Walls
C-01 FF-B W1B C-06 FF-T WIT
C-01 SF-B W1B C-06 SF-T WI1T
C-01 FF-TB WITB C-06 FF-TT WITT
C-01 SE-TB WI1TB C-06 SE-TT WITT
C-02 FF-B W2B C-07 FF-T WaT
C-02 SF-B W2B C-07 SF-T W2T
C-02 FF-TB W2TB C-07 FF-TT W2TT
C-02 SF-TB W2TB C-07 SE-TT W2TT
C-03 FF-B W3B C-08 FF-T W3T
C-03 SF-B W3B C-08 SF-T W3T
C-03 FF-TB W3TB C-08 FF-TT W3TT
C-03 SF-TB W3TB C-08 SF-TT W3TT
C-04 FF-B W4B C-09 FF-T W4T
C-04 SF-B W4B C-09 SF-T WA4T
C-04 FF-TB WA4TB C-09 FF-TT WA4TT
C-04 SF-TB WA4TB C-09 SF-TT WATT
C-05 FF-B W5B C-10 FF-T W5T
C-05 SF-B W5B C-10 SF-T WS5T
C-05 FF-TB WS5TB C-10 FF-TT WS5TT
C-05 SF-TB W5TB C-10 SF-TT WS5TT

- the convective heat transfer coefficients on the external surface
depend on the wind speed and direction, but are considered time-
invariant;

- the convective heat transfer coefficients on the inner surface depend
on the direction of the heat flow but are considered time-invariant.

3. Results and discussions

The list of combinations analyzed is reported in Table 6. All walls
presented are applied on the first (FF) and second floor (SF).

3.1. Operative temperature evaluation

The first analysis has been conducted with both the cooling and
heating systems switched off. Fig. 6 shows the TOP comparison between
all combinations for the first floor during February. In general, the better
behavior is with the C04 FF configurations and the worst with the C02
FF ones with single-layer brick and double-layer brick-tuff while, with
single-layer tuff and double-layer tuff, the better behavior is described
by C09 FF configurations and the worst by the CO7 FF ones. Comparing
the four graphs together, the lowest TOP value of 14.5 °C is reached by
the combination CO2 FF-B, while the higher TOP value of 18.5°C is
reached by C04 FF-B configuration, always in the case single-layer brick.
It is important to note that the configuration with the lowest TOP os-
cillations is guarantee by the double-layer tuff.

In order to identify the configuration with the lowest TOP in summer
(August), Fig. 7 shows the analysis for the first floor. The performances
are inverted respect to the winter case, in particular, with single-layer
brick and double-layer brick-tuff, the better behavior is described by
CO2 FF configurations and the worst by the C04 FF ones, while, with
single-layer tuff and double-layer tuff, the better behavior is described
by CO7 FF and the worst by the C09 FF. It is interesting to note that the
worst TOP trend of single-layer brick exceeds 42 °C, for double-layer
brick-tuff exceeds 41 °C, for single-layer tuff is about 40°C and ex-
ceeds 39 °C for double-layer tuff. About the better trend, for the single-
layer brick and double-layer brick-tuff the minimum value is about
37 °C, while for the single-layer tuff is less than 37 °C and double-layer
tuff reaches 36 °C. In general, for the summer month, the walls with tuff
and tuff-tuff show the better behavior. Therefore, the double layer is
preferred because it improves the response of the envelope in the sum-
mer regime.

The same analysis has been reproduced for the second floor, like
shown in Fig. 8 for winter and Fig. 9 for summer. The TOP trends
confirm the previous considerations for the first floor, but with some
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Fig. 7. TOP summer trend in August, first floor.

differences in the TOP ranges.

In winter, the TOP for the single-layer brick is between 15°C and
18 °C, for the double-layer brick-tuff is between 15.5°C and 17.5 °C, for
single-layer tuff is about 16 °C and 18 °C, for double-layer tuff is 15.5 °C
and 18 °C. Comparing with the same cases of the first floor, it is inter-
esting to note that the ranges are reduced, the lowest and highest values
are, respectively, improved and decreased of about 0.5 °C.

In summer, the lowest and highest peaks are 38.5 °C and 42.5 °C for
the single-layer brick, 38 °C and 41 °C for the double-layer brick-tuff,
37.5°C and 40.5°C for the single-layer tuff, 37 °C and 39.5°C for the
double-layer tuff. It is interesting to note, from the comparison with the
first floor (Fig. 7) that in general in the second floor the minimum peak is
improved of about 1 °C and the maximum peak is decreased of 0.5 °C.

Table 7 shows the minimum, the average, the maximum and the

standard deviation for each combination of the hottest season, for
February and August.

The configurations highlighted with blue color are those with the
best performances in the summer period, showing lowest values of
average TOP, and medium behavior in the winter period.

The configurations with the orange color represent the best config-
urations in the winter period, showing the highest values of the average
TOP, and a medium behavior in the summer period. The choice of the
best configurations in the whole year depends on which period is pre-
dominant for the specific use of the building, summer or winter.

Fig. 10 shows the trend of the C-07 FF-TT and C-07 SF-TT after the
addition of shading systems consisting of overhangs projecting on all
windows as shown in Fig. 1. The addition of shading systems leads,
during the winter period, to a bad decrease of TOP of about 0.18°C
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Fig. 9. TOP summer trend in August, second floor.

while, during the summer period, to a good decrease of TOP of about
1.81 °C. It suggests the installation of shading systems, especially in the
Mediterranean climate.

Finally, the mechanical night ventilation has been switched on,
during the summer season to improve the night-time cooling of the
envelope. Fig. 11 shows the C-07 FF-TT with overhangs, considering
three mechanical ventilation modes (1, 3 and 6 complete air changes for
hour). The ventilation is turned on, during the summer period, from 20
p.m. to 6 a.m., during the rest of the day it is turned off. Respect to the no
ventilation configuration C-07 FF-TT, the use of night-time cooling
shows a drastically improvement of the performances, represented by
values of TOP really lower. In details, if the ventilation with 6 Vol/h
seems too much in term of human comfort because of high air velocities,
the value of 3 Vol/h can be enough.

10

3.2. Analysis of different wall configurations

The wall performance changes according to various parameters, such
as the thicknesses, positions and alternations of massive and insulation
layers. Several wall configurations have been studied by varying such as
parameters.

Fig. 12 shows how the TOP peak of the C-07 FF-TT changes varying
the thickness of the massive layer (1-2-3) and the position of the insu-
lation layer (4-5).

The C-07 FF-TT is characterized by the presence of two layers of
250 mm tuff and 100 mm of insulation (expanded cork panels) which is
positioned outside (Combination 1 of the graph). It reaches the
maximum operative air temperature of 38.2°C.

Increasing the tuff thickness of 100 mm (Combination 2 of the
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Table 7
Minimum, average, maximum and standard deviation of TOP in February and August.
COMBO FEBRUARY AUGUST
MIN AVERAGE MAX ST. DEV. MIN AVERAGE MAX ST. DEV.

C-07 FF - TT 15.1 16.1 17.6 0.5 36.1 37.2 38.2 0.5
C-06 FF- TT 15.1 16.1 17.7 0.5 36.2 37.3 38.4 0.5
C-10 FF - TT 15.3 16.4 17.9 0.5 36.5 37.6 38.7 0.5
C-01 FF- TB 14.9 16 17.5 0.5 36.5 37.6 38.9 0.5
C-02 FF - TB 14.9 16 17.5 0.5 36.5 37.6 38.9 0.5
C-06 SF-TT 15.6 16.4 17.4 0.4 37 37.8 38.6 0.3
C-07 SF-TT 15.6 16.4 17.4 0.4 37 37.8 38.6 0.3
C-05 FF-TB 15.1 16.2 17.7 0.5 36.8 37.9 39.2 0.5
C-08 FF - TT 15.6 16.6 18.1 0.5 36.9 38 39.1 0.5
C-10 SF-TT 15.7 16.5 17.4 0.4 37.2 38 38.8 0.3
C-01 SF-TB 15.4 16.3 17.3 0.4 37.4 38.2 39 0.3
C-02 SF - TB 15.5 16.3 17.3 0.4 37.4 38.2 39 0.3
C-07 FF-T 14.7 15.9 17.4 0.5 36.9 38.2 39.8 0.6
C-09 FF - TT 15.9 16.9 18.3 0.4 37.4 38.5 39.6 0.5
C-08 SF - TT 16.1 16.8 17.8 0.3 37.6 38.5 39.4 0.4
C-06 FF-T 14.8 16.1 17.6 0.5 37.2 38.5 40.1 0.6
C-02FF-B 14.4 15.8 17.3 0.6 37 38.5 40.3 0.7
C-05 SF-TB 15.6 16.5 17.4 0.4 37.7 38.6 39.3 0.3
C-09 SF - TT 16.3 17 17.9 0.3 37.8 38.7 39.6 0.4
C-04 FF-TB 15.8 16.8 18.2 0.5 37.7 38.8 40 0.5
C-01 FF-B 14.6 16 17.5 0.6 37.3 38.8 40.7 0.7
C-03 FF - TB 15.9 16.7 17.6 0.3 38.1 38.9 39.7 0.3
C-03 SF- TB 15.9 16.7 17.6 0.3 38.1 38.9 39.7 0.3
C-07SF-T 15.2 16.1 17.1 0.4 38 38.9 39.8 0.4
C-10FF-T 15.1 16.3 17.8 0.5 37.7 39 40.5 0.6
C-05 FF-B 14.8 16.2 17.7 0.6 37.7 39.1 41 0.7
C-08 FF- T 15.3 16.4 17.8 0.5 37.9 39.2 40.6 0.6
C-06 SF-T 15.3 16.3 17.3 0.4 38.3 39.2 40.1 0.4
C-10SF-T 15.5 16.4 17.4 0.4 38.5 39.4 40.3 0.4
C-01 SF-B 15.1 16.2 17.2 0.4 38.5 39.5 40.6 0.4
C-02SF-B 15.1 16.2 17.2 0.4 38.5 39.5 40.6 0.4
C-04 SF-TB 16.3 17.1 18 0.3 38.8 39.6 40.4 0.4
C-03FF-B 15.1 16.5 17.9 0.6 38.1 39.6 41.4 0.7
C-09FF-T 15.7 16.8 18.2 0.5 38.6 39.8 41.2 0.6
C-08SF-T 15.8 16.7 17.6 0.4 39 39.9 40.7 0.3
C-05 SF-B 15.4 16.4 17.4 0.4 38.9 39.9 41 0.4
C-09SF-T 16 16.8 17.7 0.4 39.4 40.3 41 0.3
C-03 SF- B 15.6 16.6 17.6 0.4 39.4 40.4 41.4 0.4
C-04 FF-B 15.7 17 18.4 0.5 39.1 40.5 42.3 0.7
C-04 SF-B 16.2 171 18.1 0.4 40.4 41.4 42.3 0.4

graph), the maximum operative air temperature decreases by 1 °C,
reaching 37.15°C.

If the tuff thickness is further increased by 100 mm (Combination 3
of the graph), the maximum operative air temperature decreases by 1 °C,
reaching 36.04 °C. Combination 3 represents the combination with two
layers of tuff of 450 mm, 100 mm of insulation placed outside.

Combination 4 represents the combination with two layers of tuff of
450 mm, 100 mm of insulation positioned between the two layers of tuff,
the TOP is 37.49 °C. Compared to Combination 3 the TOP increases by
1°C.

Combination 5 represents the combination with two layers of tuff of
450 mm, 100 mm of insulation placed inside. The operative air tem-
perature is 40.25°C. Compared to combination 3, the operative air
temperature increases by 4 °C.

The study conducted by Jie Deng et al [51] applies the state-space
method validated by the simulation results from EnergyPlus. The re-
sults confirm that walls characterized by high level of mass on the in-
ternal side lead to a major control of the internal thermal comfort and it
is preferable to place the insulation layer on the external side to avoid
overheating problems.

3.3. Useful thermal requirement

To complete the analysis the energy performance indexes, expressed
in kWh/m?year, have been carried out.
Table 8 shows values of EPy nq and EP¢ nq for all combinations, that
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represent the thermal performance indices useful for heating and cool-
ing, respectively. These values are relating to the envelope given by the
ratio between the useful heat energy requirement and the usable area.
They must be lower than the corresponding limit value calculated for the
reference building EPy, ndrif and EPc, nq,rif). The term "reference build-
ing" indicates a building identical to the analyzed one in terms of: ge-
ometry (shape, volumes, floor area, surfaces of construction elements
and components), orientation, location, intended use, boundary condi-
tions. The reference building is characterized by predetermined thermal
characteristics and energy parameters in accordance with Appendix A of
Annex 1 of Ministerial Decree 26/6/15 [52].

4. Conclusions

Buildings located in warm climates are affected by serious over-
heating problems, for most of the year.

This paper has shown the application of a methodology to identify
the optimal design of the building envelope, to avoid overheating
problems without the use of cooling systems.

The proposed method is based on a comparative evaluation of
several external wall configurations, by monitoring the internal opera-
tive temperature of a low-rise residential buildings in warm Mediterra-
nean climate. The choice of the wall configurations has been done
between the most used building materials in the Italian context.

The software Termolog Epix 9 has been used for the calculation of
the hourly energy performance of the building, by the Dynamic
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Fig. 10. TOP of C-07 FF-TT and C-07 SF-TT with and without overhangs.

Calculation Engine. The algorithms are based on the hourly method
proposed by the UNI EN ISO 52016. The hourly method allows the
assessment of the internal temperature of a thermal zone by resolution,
in a transitory regime on an hourly basis, of a system of equations which
describe the thermal exchanges which occur between internal and
external environment through the envelope.

The results underline that the best solutions are characterized by the
presence of walls composed by double layer of tuff, with a very massive
layer in the internal side and resistive layer outside. It ensures a
comfortable indoor environment by attenuating TOP oscillations. In
particular, the configurations C-07 FF-TT and C-07 SF-TT, with double
layer of tuff and expanded cork panel, are those with the best perfor-
mances in the summer period, showing lowest values of average TOP,
and medium behavior in the winter period.

Improving the thickness of the massive layers the TOP peaks in
summer season strongly decreases, but it can be not economically
convenient. In summer, between all solutions, the best one is with the
insulation layer placed on the external side.

Once optimized the envelope, this study suggests the addition of
shading systems consisting of overhangs projecting on all windows. The
building characterized by walls with double layer of tuff (C-07 FF-TT
and C-07 SF-TT) reaches a bad decrease of TOP of about 0.18°C in
winter and a good decrease of TOP of about 1.81 °C in summer. This
further improvement during the hot season suggests the installation of
shielding systems, particularly in the Mediterranean climate.

At the end, this study demonstrates that, once optimized the enve-
lope, it is easier to reach good values of operative temperature with the
only use of a mechanical ventilation system.

This methodology can be a valid support for technicians in the
identification of the best solutions to achieve highly efficient and
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Fig. 12. TOP peaks of C-07 FF-TT (1) changing the massive layer thickness
(2-3) and the position of insulation layer (4-5).

comfortable buildings.

Once optimized the building envelope, future developments are the
application of a horizontal earth-to-air heat exchanger to air condi-
tioning the internal environment, considering also different building
uses.

Furthermore, the cost optimal analysis can represent a valid support
in the final choice of the best solution, from a technical and economic
point of view.
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Table 8
EPp, ng and EP 4 for real and reference buildings.

Real building Reference building

EPH, nd EPC, nd EPH, nd,rif EPC, nd,rif

(kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)
C-01B 17.9 18.6 23.1 19.8
C-01 TB 18.7 18.0 25.3 18.3
C-02B 18.3 18.0 23.5 19.2
C-02 TB 19.1 17.3 25.3 18.3
C-03B 16.0 19.0 23.0 19.8
C-03 TB 17.3 17.7 25.3 18.3
C-04B 14.2 19.5 23.0 19.8
C-04 TB 15.5 18.1 25.3 18.3
C-05B 17.0 18.8 23.0 19.8
C-05TB 18.3 17.5 25.3 18.3
C-06T 18.0 18.5 23.1 19.8
C-06 TT 19.3 17.2 25.5 18.2
C-07T 18.9 17.4 24.0 18.5
C-07 TT 18.9 17.6 25.4 18.2
C-08T 16.0 18.6 24.0 19.0
C-08 TT 16.8 18.4 25.5 189
C-09T 15.0 18.9 24.4 19.8
C-09TT 15.8 18.7 25.9 19.0
C-10T 16.8 19.4 23.6 19.6
C-10 TT 18.2 18.1 26.0 18.1
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Nomenclature

c Specific heat capacity (J/kgK)

d Thickness of a layer (m)

At Time Shift (h)

E Energy performance index

Epen Thermal performance index useful for cooling (kWh/m?)

Eph,n Thermal performance index useful for heating (kWh/m?)
fd Decrement Factor

Convective Heat Transfer Coefficient

hr Linear Radiative Heat Transfer Coefficient

[h Internal Thermal Capacity (kJ/m2K)
Ko External Thermal Capacity (kJ/m?K)
Ms Total Surface Mass (Kg/mz)

PMN Average Expected Score

PPD Expected Percentage of Dissatisfied
R Thermal Resistance (m?K/W)

S/V Shape Factor

T Period of the variations (s)

Tab Air Temperature (dry bulb temperature) (°C)
Trr Mean Radiant Temperature (°C)
TOP Operative Air Temperature (°C)

U Thermal Transmittance under steady state boundary
conditions (W/m?K)

Y11 Internal Admittance (W/m?K)
Yi2 Periodic Thermal Transmittance (W/m?K)
Yoo External Thermal Admittance (W/m?K)

Greek letters

1 design thermal conductivity (W/mK)
r density (kg/rn3)

Subscripts

m,n for the thermal zones

a air layer
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1 internal

2 external

mr mean radiant

r radiative

db dry bulb

ph,nd index useful for heating
pe,nd index useful for cooling

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.jobe.2019.101059.
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