
energies

Article

Envelope Design Optimization by Thermal
Modelling of a Building in a Warm Climate

Cristina Baglivo 1, Paolo Maria Congedo 1 ID , Matteo Di Cataldo 2, Luigi Damiano Coluccia 1

and Delia D’Agostino 3,* ID

1 Department of Engineering for Innovation, University of Salento, 73100 Lecce, Italy;
cristina.baglivo@unisalento.it (C.B.); paolo.congedo@unisalento.it (P.M.C.); coluccia7@gmail.com (L.D.C.)

2 Design Innovation Building (DIB) Studio Limited, Kemp House 152 City Road, London EC1V 2NX, UK;
matteodicataldo@diblimited.com

3 European Commission, Joint Research Centre (JRC), Directorate C—Energy, Transport and Climate,
Energy Efficiency and Renewables, Via E. Fermi 2749, Ispra, I-21027 Varese, Italy

* Correspondence: Delia.DAGOSTINO@ec.europa.eu; Tel.: +39-0332-783-512

Received: 31 August 2017; Accepted: 3 November 2017; Published: 9 November 2017

Abstract: Finding the most appropriate configuration of building components at the design stage can
reduce energy consumption in new buildings. This study aims to optimize the design of the envelope
of a new residential building located in a warm climate (southern Italy). The thermal behaviour of the
building has been analysed to evaluate the indoor operative air temperature for several configurations.
The building prototype has been modelled using the dynamic simulation software TRNSYS 17
(A transient system simulation program, University of Wisconsin, Solar Energy Laboratory, USA,
2010) using a sequential search technique. Starting from the simplest building configuration, the main
evaluated components are: walls, slab-on-ground floor, roof, shading, windows and internal heat
loads. For each of these components, different design options have been modelled and compared in
terms of indoor thermal comfort. Comfort parameters have also been taken into account to evaluate
users’ satisfaction with the optimized configurations. The study of the operative air temperature
demonstrates that the absence of insulating layers in the ground floor ensures a lower internal
temperature in summer. The paper shows how each component impacts the thermal behaviour of the
whole building. It highlights the usefulness of the envelope design optimization that is characterized
by high values of heat storage capacity, enabling internal temperature fluctuations to be kept under
control, especially during summer.
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HIGHLIGHTS:

• The envelope design of a residential building has been optimized for a warm climate.
• Several envelope design options have been evaluated and compared.
• Walls with a high internal areal heat capacity are preferable in a warm climate.
• The absence of insulating layers on slab-on-ground floor provides lower temperature in summer.
• Low emissivity glass and low solar absorbance roof reduce heat loads.

1. Introduction

Climate change is considered as one of the main concerns to be overcome at global level [1].
Improving the energy performance of buildings is a cost-effective way of fighting against climate
change, alleviating energy resources depletion and environmental deterioration [2]. The construction
sector is one of the largest energy consumers in all countries. It has been estimated to be responsible
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for consumption around 40% of natural resources, 70% of electricity and 12% of potable water [3].
At the same time, the built environment is the sector that offers the largest potential energy savings and
greenhouse gas emissions reduction [4]. Furthermore, more efficient buildings can decrease energy
needs for gas imports, and related imports costs, improving energy security. Reducing household
energy bills can also alleviating fuel poverty and improving social and territorial cohesion at the
European level.

Within this framework, European policies are focused on decreasing energy consumption in
buildings [5]. New policies have introduced technical and regulatory measures to promote a more
rational use of energy over the last decade. The Energy Efficiency Directive (EED) deals with a more
efficient energy use throughout the energy chain, from its production to its final consumption [6].
Energy Performance of Buildings Directive (EPBD) introduces the new target of nearly zero energy
buildings (NZEBs) from 2018 onwards [7]. Several benefits are linked to energy efficiency improvement,
among them: energy security, job creation, fuel poverty alleviation, health and indoor comfort [2].
Building energy consumptions can be effectively reduced evaluating different building configurations
at the design stage and selecting the most appropriate ones according to the specific characteristics of
the building and the site.

This study aims to find out the best practice design of the envelope of a building located in a warm
climate. Several studies have faced this issue in other climates [8–10]. Buildings placed in a cold climate
adopt a technology of light multi-layered walls by using structural materials with low density, thermal
isolation, wide thickness, low specific weight, low mass accumulation, to achieve very low steady thermal
transmittance [11]. These techniques work toward bringing down winter heating costs. In a warm
climate, the thermal overload is irreversible when radiation is not controlled and the free supply
of heat indoors is mismanaged. This study focuses on the possibility to exploit large surfaces with
thermal accumulation mass, that can store heat when necessary, and discharge it once the effect of solar
radiation is exhausted. The methodology is based on the operative air temperature (TOP) monitoring.

1.1. Building Optimization

Simulation-based optimization tools are increasingly revealing their potential to decrease energy
consumption at the design stage [12]. The first efforts of performing building energy simulations with
an algorithmic optimization engine date back to the 80s [13,14], but these kinds of studies increased
in the late 2000s [15]. In the last decade, a wide range of applications covering different aspects of
building design have been performed, also thanks to a more powerful computer capacity [16,17].

Different building design variables can be considered with the purpose of reducing energy
consumption [18,19]. Applications can also focus on maximizing the efficiency of Heating, Ventilation
and Air Conditioning (HVAC) systems, ventilation, and photovoltaic collectors [20,21]. Several studies
focus on the optimization of a single building component, such as windows or envelope [22,23].
Optimization problems can also relate to building renovation or internal comfort and relative
humidity [24,25]. Studies that optimize the design of buildings are aimed at reducing the consumption
of natural resources and life cycle costs, ensuring a reduced environmental impact [26]. Applying
heuristic optimization techniques permit to combine many variables to obtain better quality
solutions [27,28].

It is well-know that the most performing building configuration depends on several factors.
Climate is certainly one of the key elements to decide for specific technological choices. For example,
in colder climates, insulation and building tightness appear much more important. Buildings located
in warm areas are subject to an elevated risk of internal overheating: for this reason, monitoring solar
radiation and managing free gains are both important to guarantee a high level of comfort.

Building optimization can be based on several algorithms and assumptions. Recent research
developments include the integration of optimization tools within the NZEBs design [29].
One promising approach is the use of automated mathematical building performance simulations (BPS)
to evaluate different design options and obtain the optimum or near-optimum configuration while
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achieving fixed energy consumption levels (e.g., net zero energy). However, despite the well-recognised
optimization potential, the integration of this process into industry is not yet reached and this toll
remains at a research level. This is due to several factors, such as lack of resources, time, expertise,
problem definition and constrains. Other limitations include model uncertainty, computation time,
option assessment and results interpretation [30].

1.2. Envelope Measures for Energy Savings

A wide range of technologies, related to both envelope and systems, are becoming an integral
part of building design able to reduce energy consumption thanks to innovative and efficient solutions.
The envelope represents a key element to control the exchanges between indoors and outdoors [31].
Heat losses through the external surfaces amount to approximately 70% of the overall heat losses in
buildings. Thermal insulation can guarantee less thermal losses while renewable energy production
can balance energy consumption. ICT (Information and Communication Technology) provide a smarter
use of energy, and technical systems are becoming more and more efficient [32]. These solutions enable
more dynamic and interactive buildings, where technologies are used in conjunction with optimum
design techniques that minimize summer heat gains and winter heat losses. Other measures include
the use of passive heating and cooling techniques, a better use of daylight to reduce lighting. Therefore,
an appropriate building design that selects technological measures according to the building needs
becomes crucial.

Many energy-efficient buildings are designed with insulated walls and high efficiency windows,
but a high thermal insulation can lead to a deterioration of the indoor air quality if there is no adequate
ventilation system [33].

Different studies have shown how obtain high efficient external walls using natural and local
materials with a reduced impact on the environment [34–36].

Amitava et al. [37] demonstrates that high values of thermal mass in multi-layer walls and roofs
bring to good results in terms of internal thermal comfort, both in summer and winter, for buildings
located in composite climates. In a warm climate, walls should be able to decrease the effects of
external thermal stress during summertime. This is favoured by [38]:

• low values of the decrement factor;
• high values of the internal thermal areal capacity;
• high values of the time shift.

Another central component of the envelope performance are windows. Double or triple glazed
windows with low emissivity reduce energy consumption per m2 of glazed surface by more than
40% depending on the material and components. The design of windows in terms of sizing, position,
type and shading system can significantly contribute to energy savings. Furthermore, films and
coatings can be used on existing glazing to limit solar gains. Minne et al. [39] illustrate how different
climates can affect windows behaviour, highlighting how low-solar gain windows bring a reduction
of electricity needs. From an economic point of view, low-solar gain windows are more suitable in
warm climates whereas high-solar gain windows are preferred for cold climates. J. Xamán et al. [40]
underline the importance of using solar control films on double pane windows for buildings located
in warm climates, in order to decrease overheating during the hottest months. Cappelletti et al. [41]
relates windows performances with building location, climate and façade orientation.

1.3. Comfort Assessment and Thermal Behaviour

At the design stage, it is also important to consider thermal comfort whose definition relates to
the thermal environment satisfaction expresses by users. This can be evaluated by several models.
Among these, the indices of PPD (Predicted percentage of dissatisfied) and PMV (Predicted mean
vote) are well-known and widely used [42]. The model has been adopted by the American Society
of Heating and Air-Conditioning Engineers (ASHRAE) [43]. It predicts the percentage of people
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dissatisfied due to draft as a function of mean air velocity, turbulence intensity, and air temperature.
The performance is determined by several parameters, such as the building size and geometry, airflows
rates and temperatures, relative humidity, mean radiant temperature, air velocity, and heat sources.
Results also depend on metabolic rate and clothing insulation [44]. The recommended acceptable PMV
range for thermal comfort is between −0.5 and +0.5 in which 90% of people have comfort sense.

Pourshaghaghy et al. [45] show a study on the evaluation of the air conditioning system and the
level of thermal comfort using PMV and PPD in accordance with the ISO-7730 (2005) [46].

In the literature, several studies focus on the assessment of the indoor microclimate to
guarantee internal comfort, preserve the human health or heritage, and improve the productivity of
workplaces [47–49]. For example, Seppänen et al. [50,51] highlight that a decrease in productivity in
indoor environments of 2% per ◦C increases the air temperature in a range of 25–32 ◦C.

A parameter that can be evaluated to assess a building thermal behaviour and comfort is the
operative air temperature (TOP). The operative temperature, also known as dry resultant temperature,
or resultant temperature, is now defined as a simplified measure of human thermal comfort; it derives
from air speed, mean radiant and air temperatures, according to ASHRAE and ISO standards. The TOP
is also useful in assessing and improving the thermal comfort level of the occupants: mathematically,
it can be expressed as

TOP = (hrTmr + hcTdb)/(hr + hc) (1)

where

hc = convective heat transfer coefficient
hr = linear radiative heat transfer coefficient
Tdb = air (dry bulb) temperature
Tmr = mean radiant temperature

TOP is defined as the uniform temperature of the air and the walls of the specific environment
which would cause to the subject the same heat exchange by convection and radiation that would be
in the real environment [52].

The selection of the proper materials also has an influence on energy consumption. Several studies
deal with building life cycles and its impact on the environment as well as on strategies to reduce
CO2 emissions maintaining a good indoor comfort [53–55]. Other key aspects to be investigated are
related to the cost-effectiveness of different solutions. Many of these studies aim at identifying the best
combination in a building design in terms of costs, energy consumption and economic feasibility [56,57].
For example, studies on envelope, fenestration and technical systems have been carried out [58–60],
proving that the combinations with high mass result the best solutions in terms of internal comfort and
cost for warm climate. Valdiserri et al. [61] show through retrofitting actions and economic assessment
of an existing office building that the replacement of the windows results unprofitable.

The paper aims at providing support to common practice building design investigating the
envelope of a building prototype located in a warm climate. The research evaluates how different
component options, mainly related to walls, windows, roof, shading and ground floor, can impact
the thermal behaviour. The paper optimizes the building envelope showing how various parameters
can impact the TOP during different seasons. In addition, the PMV and PPD indices are used for the
evaluation of the internal comfort of the occupants.

2. Methodology

The methodology developed in this study focuses on the optimization of the envelope design of
a residential building that has no HVAC systems. This building has been modelled to evaluate the
indoor operative air temperature for several configurations obtained by a combination of different
components (walls, ground floor, roof, shading, windows and internal heat loads). For each of
these components, different design options have been simulated and compared. The methodological
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approach of this study is based on a sequential search technique. Starting from the simplest building
configuration, the different building components are sequentially evaluated until the envelope design
is optimized.

The research investigates how each component impacts the thermal behaviour of the whole
building with the aim of finding the best performing configuration. Once the model identifies the best
performing option of one component, this is incorporated in the following simulation to sequentially
search for the most efficient building envelope design.

This study presents extreme cases, which are considered the border lines of the TOP, such us the
case without windows or totally shaded. From here, the choice is not to evaluate internal loads, which
could be a totally variable value.

The aim of this study is to perform a step-by-step simulation, simplifying as much as possible
the model without making additional variables that can modify their performances. For this reason,
the internal loads are valued only at the end of the step-by-step process. Once the comparison between
the first variants applied to the walls has been done, the best solution in terms of TOP has been
compared with the successive variants applied to other building components.

Furthermore, this study is part of much wider work, which sees the optimization of the envelope
for Mediterranean climates and then the definition of a system for heating and cooling applied to the
optimized envelope.

2.1. Building Prototype

The research focuses on a building located in Brindisi, a city in southern Italy with an altitude of
15 m, latitude of 40◦37′43′′32 N and longitude of 17◦56′15′′36 E.

It is characterized by a warm climate, with non-extreme winters (average temperature 13 ◦C over
the last ten years) and high aridity in summer (average temperature 30.3 ◦C). This climate is common
in Southern Italy, such as Puglia, Sicily, and Calabria regions, and Europe such as Cyprus, Greece,
Spain, and Portugal. Taking into account the different climatic conditions, Italy has been divided into
six climatic zones, from A to F, based on the number of heating degree-days. The location analysed has
1083 degree-days belonging to the national climatic zone C. The indoor temperature is set at 20 ◦C
during the heating period (from 15 November to 31 March) and 26 ◦C during the cooling period.
The analysis covers a period of one year but the most critical period is summer in this climate [62].

The building prototype has a square plan with a net surface area of 225 m2 and a net height of
2.7 m. As shown in Figure 1, the surface has been divided into nine equal-sized modules of 5 × 5 m2.
Each module is a different thermal zone with a different orientation. This approach simplifies the analysis
of the thermal behaviour in each part of the building.
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2.2. Building Dynamic Simulations

The dynamic simulations have been performed using the software TRNSYS 17 (a transient system
simulation program). TRNSYS can derive the thermal behaviour of every building component that is
classified by a Type. Each Type works with input data and transforms them in output values, which
are used in the other simulations. The three-dimensional data has been created by Trnsys3d, a plugin
for google SketchUp™. It allows to create the building geometry, considering the zones, drawing heat
transfer surfaces and the windows, saving data in a *.IDF file. In TRNBuild non-geometric objects,
such as materials, constructions, schedules, internal heat gains, heating, cooling, controls etc. have
been added.

This study has been developed using several Types, among them:

• Building (Type 56) contains information on the building envelope; i.e., orientation of walls,
material properties, stratigraphy, floor and roof, windows properties and thermal loads;

• Soil characteristics (Type 501);
• Overhangs (Type 34) reports information on shading elements for each orientation (North overhang,

West overhang, East overhang, South overhang);
• Weather data (Type 15) includes the weather data location. To set up the model, Types must be

connected in a logical way as shown in Figure 2.
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There are many links among the Types, for example, the Type related to the building is linked
both to the weather data, through the measurement of the dry bulb temperature, and to the Type
related to the soil through the calculation of the soil temperatures at a chosen depth. The Type related
to the overhangs receives inputs from the weather data regarding zenith, azimuth and solar radiation.
It also provides the angle of incidence, the incident radiation and the radiation beam on the receiver to
the building.

As regards radiation models, for zones with an ordinary facade of punched windows, the increased
level of detail has a low impact on the results but increases input effort and computing time. It is
recommended to select detail modes only if necessary and, therefore, the simulation has been set as follows:
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- Beam radiation distribution—standard mode. Userdefined distribution factors for surfaces so
called GEOSURF values are applied. The value of GEOSURF represents the fraction of the total
entering direct solar radiation that strikes the surface.

- Diffuse radiation distribution—standard mode. The standard mode is based on aborption-transmission
weighted area ratios for all surfaces of a zone.

- Longwave radiation exchange of surfaces within a zone—standard mode. The standard mode is
based on the starnode approach. No user defined emissivities of inside surfaces nor radiation
exchange over more than one airnode can be taken into account.

2.3. Envelope Optimization Steps

The building prototype has been modelled in every possible orientation and for a period of one year.
As shown in Table 1, the optimization process can be divided into eight steps, starting from the external
wall optimization and ending with the internal heat loads assessment. Every step in the optimization
process allows a deeper understanding of the impact of each component on the thermal behaviour of the
building. In particular, the steps coloured in green (STEP 1–3) investigate a completely sealed building.
For example, the first step shows how the thermal characteristics of the different walls affect the TOP
inside the building. It is possible to understand how the capacitive or resistive behaviour of the walls
allows maintaining the internal comfort when stationary transmittance, mass and thickness are constant.
This is an extreme limit case. The hypothesis is to understand the behaviour of a disused building, with
windows completely closed. For this reason, the internal gains were not considered. The goal of this choice
is to analyse the conditions within the environment, in terms of Operative Temperature, considering only
the opaque envelope.

Table 1. Development of the methodology.

The steps highlighted with blue colour consider the presence of glazed elements. In this case the
building is considered without users. The hypothesis refers to a building with windows, but when
users are not in the house, for this reason the internal gains are not considered.

The last one is marked with red colour and present the estimation of the internal heat loads,
considering the impact on the TOP due by the presence of users in the building.

Table 2 summarizes the design options considered for each evaluated component: walls, ground
floor, windows, roof absorbance, shading, and internal heat gains. As regards the windows, this study
considers the position, the size and the window type. Combining the different design options, a total
of 17 combinations have been obtained.
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Table 2. List of combinations.

Combo
Window Position

(Section 2.3.4,
Figure 3)

Internal Gains
(Section 2.3.8,

Table 3)

Wall
(Section 2.3.1,

Tables 4 and 5)

Slab on Ground Floor
(Section 2.3.2,

Tables 4–6)

Windows (Section 2.3.5,
Section 2.3.6, Table 7)

Ceiling Absorptance
(Section 2.3.3)

Shading
(Section 2.3.7)

Combo 1

NO WINDOWS NO

W1 IGF NG C0.5
(solar absorbance of 0.5)

NO

Combo 2 W2 IGF NG C0.5
(solar absorbance of 0.5)

Combo 3 W3 IGF NG C0.5
(solar absorbance of 0.5)

Combo 4 W4 IGF NG C0.5
(solar absorbance of 0.5)

Combo 5 W5 IGF NG C0.5
(solar absorbance of 0.5)

Combo 4
NO WINDOWS NO

W4 IGF NG C0.5
(solar absorbance of 0.5) NO

Combo 6 W4 NIGF NG C0.5
(solar absorbance of 0.5)

Combo 6

NO WINDOWS NO

W4 NIGF NG C0.5
(solar absorbance of 0.5)

NOCombo 7 W4 NIGF NG C0.3
(solar absorbance of 0.3)

Combo 8 W4 NIGF NG C0.7
(solar absorbance of 0.7)

Combo 9 POSITION 1
NO

W4 NIGF G1
(1/8 of the floor surface)

C0.3
(solar absorbance of 0.3) NO

Combo 10 POSITION 2 W4 NIGF G1
(1/8 of the floor surface)

C0.3
(solar absorbance of 0.3)

Combo 10 POSITION 2

NO

W4 NIGF G1
(1/8 of the floor surface)

C0.3
(solar absorbance of 0.3)

NOCombo 11 POSITION 2 W4 NIGF G1
(1/7 of the floor surface)

C0.3
(solar absorbance of 0.3)

Combo 12 POSITION 2 W4 NIGF G1
(1/9 of the floor surface)

C0.3
(solar absorbance of 0.3)

Combo 10 POSITION 2

NO

W4 NIGF G1
(1/8 of the floor surface)

C0.3
(solar absorbance of 0.3)

NOCombo 13 POSITION 2 W4 NIGF G2
(1/8 of the floor surface)

C0.3
(solar absorbance of 0.3)

Combo 14 POSITION 2 W4 NIGF G3
(1/8 of the floor surface)

C0.3
(solar absorbance of 0.3)
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Table 2. Cont.

Combo
Window Position

(Section 2.3.4,
Figure 3)

Internal Gains
(Section 2.3.8,

Table 3)

Wall
(Section 2.3.1,

Tables 4 and 5)

Slab on Ground Floor
(Section 2.3.2,

Tables 4–6)

Windows (Section 2.3.5,
Section 2.3.6, Table 7)

Ceiling Absorptance
(Section 2.3.3)

Shading
(Section 2.3.7)

Combo 10 POSITION 2 NO W4 NIGF G1
(1/8 of the floor surface)

C0.3
(solar absorbance of 0.3) NO

Combo 15 POSITION 2 NO W4 NIGF G1
(1/8 of the floor surface)

C0.3
(solar absorbance of 0.3) YES

Combo 16 POSITION 2 YES W4 NIGF G1
(1/8 of the floor surface)

C0.3
(solar absorbance of 0.3) YES

Combo 17 POSITION 2 YES W4 NIGF G1
(1/8 of the floor surface)

C0.3
(solar absorbance of 0.3) NO

W = Wall; IGF = Insulated Ground Floor; NIGF = No Insulated Ground Floor; NG = No Windows; G = Glass; C = Ceiling absorptance.
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As a final step, the optimized solution is evaluated considering the internal gains, using the values
reported in Table 3.

Table 3. Boundary conditions: the internal gains for zone.

Type Gain Total Heat Gain (W)
Hour

From To

Occupants 44 0:00 24:00
Artificial lighting 125 8:00 20:00

Electronic equipment 75 20:00 8:00

2.3.1. External Walls Selection

The first optimization step relates to the investigation of the behaviour of different external
walls types.

The EN ISO 13786 [63] has been used for the calculation of the thermal behaviour of the
building components.

Table 4 reports the thermo-physical properties of the wall building materials considered as input
data in the modelling. The main material parameters considered are: thermal conductivity, specific
heat capacity, density and layer thickness.

Table 4. Thermo-physical properties of building materials.

Properties Material λ (W/m K) Thermal
Conductivity

c (J/Kg K) Specific
Heat Capacity

ρ (kg/m3)
Density

Thicknesses
(cm)

Wall
Bricks 0.13 1000 600 20

Tuff stone blocks 1.7 850 2300 10
Polystyrene 0.034 1700 35 8

Ground Floor

Stoneware flooring 1.47 850 1700 1.5
Concrete (1200 kg/m3) 0.47 850 1200 8
Concrete (1600 kg/m3) 0.73 850 1600 5
EPS polystyrene panel 0.035 850 35 5
Crawl space with igloo 0.072 850 1000 16

Screed ordinary concrete 1.06 850 1700 5
Gravel 1.2 850 1700 1

Roof

Hollow-core concrete 0.743 850 1800 25
Concrete (400 kg/m3) 0.19 850 400 10
XPS polystyrene panel 0.04 850 35 8

Tuff stone blocks 1.7 850 2300 10
Tuff stone tiles 0.55 850 1600 5

Table 5 shows the stratigraphy and thermal properties of the five modelled walls (W1, W2, W3,
W4 and W5) that correspond to five building configurations (Combo 1–5).
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Table 5. External walls evaluation.
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To associate the complex amplitude of temperature and heat flow rate at the external side with the
same at the internal side, the heat transfer matrix Z, described in the EN ISO 13786:2008, has been used.

High-efficient buildings designed for cold climates use multi-layered walls characterized by low
steady thermal transmittance (U), using insulating materials with low density and high thickness.
This permits to keep down the heating costs in cold winters, where the main requirement is the
preservation of internal heat, but it is not convenient to handle in a natural way the other thermal loads.
These highly insulating techniques are indicated for heating costs in cold winters, which prevail over
summer cooling costs, because the main requirement in winter is the accumulation and preservation
of internal heat.

The five walls have been obtained by the arrangement of the materials shown in Table 4
(polystyrene, brick and tuff). These are divided into three layers organized differently, for a total
thickness of 38 cm. This choice has led to a definition of five walls of the same thickness (d) and steady
thermal transmittance (U). The plaster layer has not been included. The mass value (Ms) is very high
to allow the wall to act as a heat storage tank.

The dynamic properties have been shown in order to highlight the dynamic behaviour of the wall.
Low thermal admittance result in overheating/cooling down phenomena.
The areal heat capacity (k) has a remarkable effect on the decrease of the summer peaks, thus

reducing the possibility of internal overheating. High heat capacity will also imply a greater capacity
to store heat, with the same temperature shifts. Low values of the decrement factor (fd), high values of
inside thermal areal capacity (k) and high values in the time shift of periodic thermal transmittance
lead to a better characteristic of the walls in the diminishing of the effects of external thermal stress
during summertime.

To achieve warmer internal temperatures during night hours, the time shift must be such that the
daytime temperature peaks are delayed during night hours towards the building internal side. Low
values of the decrement factor and high values of internal areal heat capacity and high values in the
time shift of periodic thermal transmittance designate the best wall configuration when the aim is to
decrease the effects of external thermal loads during summertime.

At this first optimization step, all the building configurations have neither windows nor ground
floor insulation. The solar absorbance of the roof is set at 0.5.

Investigating the behaviour of the operative air temperature for the five building combinations,
the best performing wall assessed at this stage is included in the following simulation steps according
to the sequential search technique previously described.

2.3.2. Slab on Ground Floor Evaluation

After identifying the best performing wall option, ground floor configurations have been considered.
The ground floor is a key element for thermal loads mitigation in a warm climate. This step aims to
investigate if a capacitive behaviour of the slab on ground floor is preferable to a resistive behaviour.
This can positively influence the performance of the whole building and permits to use the floor for heat
storage reservoir. Table 4 lists the thermo-physical properties of the selected options of ground floor
materials. Table 6 shows the two ground floor stratigraphies adopted in the configurations: insulated
ground floor (IGF) (Combo 4) and not insulated ground floor (NIGF) (Combo 6). The two options have
been simulated and compared.
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Table 6. Ground floor configurations.

Ground Floor U
W/m2K

D
m

IGF
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As in the previous step, there are no windows in the building prototype at this stage. This choice
aims to reduce the number of variables that impact the investigated options of this step and the linked
thermal behaviour. The solar absorbance of the roof is still fixed at a value of 0.5.

2.3.3. Analysis of the Roof Solar Absorbance

At this stage, the envelope includes the walls chosen in the first step and the ground floor selected
at the second step. An important aspect to be considered is the temperature rise of the surfaces directly
radiated from the sun. This phenomenon causes internal discomfort and higher energy consumption.
The use of thermo-reflective materials allows to limit the air temperature increase occurring at the
surfaces. This optimization step aims to highlight how the roof solar absorbance changes the air
temperature inside the building. Three configurations have been considered: Combo 6, Combo 7 and
Combo 8 characterized by a solar absorbance of 0.5, 0.3 and 0.7, respectively. The windows are not yet
included in the building prototype. Table 2 shows the combinations in detail.

2.3.4. Evaluation of the Windows Position

Once the opaque envelope has been optimized during the previous steps, the study has been now
directed at the analysis of the windows. Windows are considered the weakest element of the envelope
in terms of heat losses, solar gains and thermal bridges [64,65].

As shown in Figure 3, two possible windows positions have been evaluated in this study.
A correct placement of the windows effectively improves the thermal performance of the building.

This step evaluates the operative air temperature behaviour for the two combinations, considering all
building thermal zones orientations. The window properties are reported in Table 7. The comparison
has been carried out between Combo 9 and Combo 10 using the G1 window type.

Table 7. Window properties.

Window Measures Ug (W/m2K) g % Frame Uf (W/m2K)

G1 6/16/6 Argon 1.3 0.333 15 2.27
G2 4/16/4 Argon 1.4 0.589 15 2.27
G3 4/8/4/8/4 Krypton 0.7 0.407 15 2.27
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2.3.5. Sizing of Windows

After determining the best window position, this optimization step aims at finding the most
suitable window size. According to the Italian building codes, the opening area of a building should
not be less than 1/8 of the floor surface. It has been noted that, with the same window surface,
the amount of light varies according with the type of window. At this stage, all the previous best
performing options of the analysed components up to this optimization step have been implemented.
The operative air temperature has been plotted for an opening area equal to: 1/8 of the floor surface
(Combo 10), 1/7 of the floor surface (Combo 11) and 1/9 of the floor surface (Combo 12).

2.3.6. Study of the Impact of Window Types

This optimization steps investigates the behaviour of different windows types. Table 7 lists
the thermo-physical properties of the window options (G1, G2 and G3) selected for the modelling.
These are characterized by different values of transmittance (U) for frame (Uf) and glass (Ug), and
solar factor (g). The considered stratigraphy is: 6/16/6 with argon insulation (Combo 10), 4/16/4 with
argon insulation (Combo 13) and 4/8/4/8/4 with krypton insulation (Combo 14). Table 2 summarizes
the configurations compared: Combo 10, Combo 13 and Combo 14.

2.3.7. Assessment of Shading

This step focus on the impact of shading devices on the building thermal behaviour. The shading
is designed as an overhang of 5 m around the entire building perimeter. This choice comes from
the need to evaluate how important the influence of shadows can be. The optimized configuration
obtained up to the previous step, has been compared with another configuration (Combo 15) modelled
considering a horizontal overhang shading that covers the entire building with an overhang of 5 m.
An extreme shading case has been chosen to investigate the maximum influence on the thermal
behaviour that shading can give. Both configurations have windows placed in position 2, as shown in
Table 2.
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2.3.8. Estimation of the Internal Heat Loads

The evaluated loads are related to:

• a family of four people within the building;
• a load of 5 W/m2 due to the use of appliances from 8:00 to 20:00;
• a load of 3 W/m2 due to the use of appliances from 20:00 to 8:00.

This optimization step compares Combo 10, Combo 15 Combo 16 and Combo 17. As shown in
Table 2, Combo 10 and Combo 15, that differ only for the absence or presence of shading devices, are
used to evaluate the impact of internal loads in terms of operative air temperature in the building.
Table 3 shows the internal gains considered at this step (occupants, lighting and equipment gains) that
are incorporated in Combo 16 and Combo 17.

2.3.9. Ground boundary conditions

The ground data used in the simulations are reported in Table 8.

Table 8. Boundary conditions: the ground properties.

Mean surface temperature (◦C) 10
Amplitude of surface temperature (◦C) 5
Soil thermal conductivity (kJ/h m K) 8.72

Soil density (kg/m3) 3200
Soil specific heat (kJ/kg K) 0.84

2.3.10. Comfort Evaluation

In the final step of the optimization, comfort conditions inside the building prototype have been
evaluated using the PMV–PPD models. It represents the votes of a group of persons on a series of
thermal point and it is strongly influence d by the variation of the air temperature, relative humidity,
mean radiant temperature, air velocity, the metabolic rate and clothing insulation. The following
values have been assumed to derive the end user ratings:

• Clothing factor = 1 (CLO);
• Metabolic rate = 1.2 (MET);
• Relative air velocity = 0.15 m/s;
• Relative humidity value = 50%.

3. Results and Discussion

The building thermal behaviour has been studied at each optimization step in summer and winter
conditions (Tables 9 and 10).
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Table 9. Summer operative air temperature (TOP) peaks.

Table 10. Winter TOP peaks.

The obtained data have been plotted on graphs that report the internal temperature (◦C) in
function of time (h). Figures 4–9 show the operative air temperature (TOP) at each simulation step,
considering the week having the highest and lowest temperature peaks in summer and winter.
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3.1. External Walls

The operative air temperature trends have been studied for each simulated wall configuration
(Combo 1 to 5). As shown in Figure 4, the wall stratigraphy of Combo 4 gives a higher internal
temperature in winter, compared to the other wall configurations. The Combo 4 shows the best
performances also in summer time, for all orientations. The selection of the best wall option starts
from the observation that walls in a warm climate should have a high internal areal heat capacity
to improve the heat storage and cope with external temperature variations that occur in summer.
Therefore, the configuration with walls able to reduce and delay as much as possible temperature peaks
towards the walls inner side are favoured. The time shift should be sufficient to transport temperature
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peaks towards the inner wall surface during nighttime, when the external air temperature is lower.
Considering these aspects, all simulated configurations present an adequate time shift. The lowest
value is equal to 13.30 h (Combo 1) and the highest is 15.15 h (Combo 5).

Looking at the operative air temperature trend in the five combinations (Combo 1 to 5), it can
be noticed how a higher internal heat capacity ensures a more comfortable indoor temperature, both
in summer and winter, when comparing configurations with the same external heat capacity, phase
shift and transmittance. This is the case of the combinations Combo 1 (having W1) and Combo 2
(having wall W2), where the last one shows a better behaviour. A lower external areal heat capacity
ensures a more comfortable indoor temperature both in summer and winter, when comparing the
configuration with the same internal areal heat capacity, phase shift and transmittance. Tables 9 and 10
show in details the peak values of the TOP and the graphs are shown in Figure 4.

The Combo 1 and Combo 4 outline the limit of the TOP trend both in summer and winter time.
As regards the summer, the difference in terms of TOP peak in the SW room, considered the most
critical orientation, is 0.33 ◦C, while the minimum difference is at East for a value of 0.17 ◦C. For this
reason, the application of W1 and W4 on the East side has not much difference.

As regard the winter time, the difference of Temperature between Combo 1 and Combo 4 in the
SW and SE rooms is 0.42 ◦C, i.e., the highest value, confirming that the Combo 4 guarantees higher
Temperature compared with the Combo 1. In all orientations, it is confirmed the better behaviour of
Combo 4.

Tables 11 and 12 point out the summer and winter peaks of the TOP considering the different
properties of the walls. The relation between each parameter and the TOP has been shown.

Table 11. TOP analysis for the Combo 17.

Table 12. TOP analysis for the Combo 17.

3.2. Slab on Ground Floor

It is noteworthy observing that the operative air temperature decreases in summer in the
configuration that does not have the insulating layer in the floor (Combo 6).

The trends reported in Figure 5 show that both in summer and winter the Combo 4 guarantees
always higher values of TOP. This is positive for the winter time, but inconvenient for the summer time.

From the graphs in Figure 5, a slight temperature decrease in winter can be observed. Comparing
the operative air temperature of Combo 6 (without insulation, NIGF) and Combo 4 (having insulation,
IGF) in summer, it can be noticed that each room has a temperature decrease up to 0.8 ◦C.

The hottest area of the building, having a South-West orientation, goes from a peak of 26.91 ◦C in
Combo 4 to a peak of 26.11 ◦C in Combo 6. In winter, the absence of floor insulation causes a 0.22 ◦C
decrease of the minimum temperature in each room. In the Northeast part of the building, the peak
falls from 7.52 ◦C in Combo 4 to 7.31 ◦C in Combo 6.
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The Central room in the summer season sees a reduction of the Temperature peak equal to 0.92 ◦C
replacing Combo 4 with Combo 6. In summer, the difference between the two cases is more different
than in winter season, in particular in the summer the best trend is described by the Combo 6 and
in winter by the Combo 4. The difference of the peaks between Combo 4 and Combo 6 in summer
fluctuate between 0.79 ◦C and 0.92 ◦C, while in winter are much more stable and reduced (0.21 ◦C and
0.23 ◦C). This confirms that in summer the contribution of the ground has a positive influence on the
TOP, privileging the solution without the insulating layer (Combo 6), in winter in preferable to have
the insulation layer, but considering the little difference in the winter time and in order to avoid the risk
of the overheating in the summer season the Combo 6 has been selected for the subsequent analysis.

3.3. Roof Absorbance

The reduction of the solar absorption coefficient of the roof results in a decrease of the indoor
operative air temperature. Comparing varying values of the absorption coefficient, equal to 0.3 (Combo 7),
0.5 (Combo 6) and 0.7 (Combo 8), results show that the most performing configuration is Combo 7.

The trends reported in Figure 6 show that both in summer and winter the trends marked with
red, orange and blue colours, keep the same disposition. Proceeding from the trend with a higher
temperature towards the lower temperature trend we find: Combo 4, Combo 6 and Combo 7, both for
summer and winter season. Combo 8 guarantees always higher values of TOP, making it profitable for
the winter season. On the other hand, a greater impact on the reduction of temperature is evident in
the warm season with the Combo 7.

A decrease of the coefficient from 0.7 (Combo 8) to 0.3 (Combo 7) leads to a 1.11 ◦C temperature
reduction in the thermal zones oriented East, South, North and West. In the other building orientations
(Northwest, Northeast, Southwest, Southeast), the value is never inferior to 1 ◦C. In the South-West
orientation, the maximum temperature goes from 26.62 ◦C (Combo 8) to a maximum of 25.60 ◦C
(Combo 7). In winter, the minimum peaks of Combo 7 present a 0.24 ◦C decrease in the North zone,
while Combo 6 and Combo 7 have a temperature decrease up to 0.56 ◦C in summer and 0.12 ◦C
in winter. Figure 6 shows the weekly trend of this behaviour. Therefore, Combo 7, having a roof
absorbance of 0.3, has been selected at this optimization step.

3.4. Windows Position

This step evaluates two different window positions. As shown in Figure 3, Combo 9 has the
first position and Combo 10 the second. The window area is equal to 1/8 of the overall room surface.
A model of 6/16/6 glass with argon in the cavity and an aluminium frame is used for each window.
Results show that a lower annual temperature is obtained with the second position (Combo 10).

The trends reported in Figure 7 show that Combo 10 guarantees low values of TOP in summer
and high values of TOP in winter.

In Figure 10, the comparison between the peak values in summer and winter for each orientation
has been highlighted. Combo 9 and Combo 10 are useful to estimate the impact of the position of the
windows on the TOP trend. The choice to divide the module into nine equal sized zones derives from
the need to study the TOP trend for each orientation and to address different and specific interventions,
such us an optimized placement of the windows.

Comparing Combo 9 and 10 in terms of operative air temperature, a 0.60 ◦C reduction of the
maximum summer peak is achieved in the South building area with Combo 10. About the Northwest
room, a 1.64 ◦C reduction of the summer peak and 0.04 ◦C of the minimum winter peak are obtained,
while the Southeast room a 0.27 ◦C reduction of the minimum winter peak is reached with this window
configuration. Comparing Combo 10 to the best configuration obtained without windows (Combo 7),
an increase of the maximum summer temperature can be found, ranging from 2.17 ◦C (North-West and
North-East) to 3.21 ◦C (West). The winter minimum has a favourable increase in terms of operative
air temperature, ranging from 0.45 ◦C in the Northeast orientation to 0.78 ◦C in the South (Figure 7).
Therefore, the window position 2 (Combo 10) appears to have a better performance and it has been
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selected for the next simulations. Summarizing the selected options until this step, there are: window
area equal to 1/8 of the room surface, roof absorption coefficient of 0.3, W4 as walls type and absence
of the insulating layer in the ground floor stratigraphy. All these options are incorporated in Combo 10
as foreseen by the sequential search technique.
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3.5. Windows Sizing

This optimization step considers different window surfaces and their impact on the indoor
temperature, starting from the best configuration obtained at the previous step (Combo 10).
The considered ratio between the vertical area of the glass surface and the horizontal surface area of a
single room are: 1/7 (Combo 11), 1/8 (Combo 10), and 1/9 (Combo 12). Considering that each room
has a 5 m2 surface area, the following dimensions have been evaluated: 4.21 m2 (for a ratio of 1/7),
3.68 m2 (for a ratio of 1/8) and 3.27 m2 (for a ratio of 1/9).

The trends reported in Figure 8 show that both in summer and winter the trends marked with
purple blue and orange colours, keep the same disposition. Proceeding from the trend with a higher
temperature towards the lower temperature trend we find: Combo 11, Combo 10 and Combo 14,
both for summer and winter season. Combo 11 guarantees always higher values of TOP, making it
profitable for the winter season. On the other hand, a greater impact on the reduction of temperature
is evident in the warm season with the Combo 12.

The ratio equal to 1/9 shows the best behaviour in terms of operative air temperature in summer.
Therefore, the decrease of the window area involves a larger reduction of summer maximum peaks.
A ratio of 1/9 (Combo 12) compared to a ratio of 1/7 (Combo 11) has a decrease of the maximum
summer temperature, which ranges from about 0.5 ◦C (in the rooms oriented North and Northeast) to
0.78 ◦C (West). As regards the winter minimum, there is a reduction ranging from 0.09 ◦C in the room
located Northeast to 0.17 ◦C in the Northwest side.

Comparing a ratio of 1/8 (Combo 10) to a ratio of 1/7 (Combo 11), a maximum summer
temperature decreases from about 0.28 ◦C (in North and North-East) to 0.44 ◦C (to the West) can
be found. For the winter minimum, a reduction from 0.05 ◦C (NE and NW) to 0.09 ◦C can be found in
the South oriented room.

To meet the minimum lighting required by the Italian law, the analysis of the following
optimization steps has been carried out considering a ratio of 1/8. The 1/8 ratio shows a peak
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ranging from 26.85 ◦C (North) to 28.37 ◦C (West), and a minimum peak that goes from 7.65 ◦C
(North-East) to 8.22 ◦C (South).

3.6. Window Types

Starting from the configuration selected at the previous step (Combo 10), the thermal behaviour
of the building has been studied for a varying stratigraphy of the window glass area.

Figure 8 shows the trend of the operative air temperature, while Tables 9 and 10 report the summer
and winter peaks. Results show the advantages of double glass 6/16/6 with argon (g = 0.333), especially
in summer conditions. Looking at the winter trend, it does not seem convenient to use double windows
4/16/4 (g = 0.589) glass with argon. An intermediate response is obtained by 4/8/4/8/4 windows triple
glass with krypton in the cavity (g = 407).

Combo 10 compared to Combo 13 causes a decrease of the maximum summer temperature that
ranges from 1.6 ◦C (Northeast) to 2.5 ◦C (West). For the winter minimum, the reduction goes from
0.52 ◦C to 0.8 ◦C Northeast to South.

Comparing Combo 14 with Combo 13, a decrease of the maximum summer temperature from
1.2 ◦C (North) to 1.8 ◦C (West) is found. As regards winter minimum peaks, there is a reduction that
goes from 0.3 ◦C (Northeast) to 0.5 ◦C (South).

Analysing the warmest thermal zone, i.e., the room located to the West, it can be noted that
maximum summer peaks are equal to 28.37 ◦C, 29.06 ◦C, 30.87 ◦C, respectively for Combo 10, Combo
14 and Combo 13. Instead, winter minimum peaks are equal to 7.95 ◦C, 8.21 ◦C, and 8.60 ◦C respectively
for Combo 10, Combo 14 and Combo 13.

Data show the better behaviour of the window stratigraphy 4-16-4 argon in winter, but a better
behaviour is obtained in summer with the window stratigraphy 6/16/6 argon. Therefore, the best
configuration at this step remains Combo 10, having a 6/16/6 glass with argon in the cavity and an
aluminium frame.

3.7. Shading

This step evaluates the thermal building behaviour in presence (Combo 15) and absence (Combo
10) of shading measures (Figure 9). The evaluation of the shading is considered the extreme case
of a building totally shaded, then the limit level of temperature achievable with an estimated total
shading of all the rooms.

The presence of shading systems implies a decrease of the maximum summer temperature, which
ranges from 1.28 ◦C (North) to 2.27 ◦C (West). However, in winter there is a reduction of the minimum
peak that goes from 0.51 ◦C (Northwest) to 0.83 ◦C (South). In the room oriented to West (considered
to be the warmest room in summer, with no shading), the operative air temperature goes from 28.37 ◦C
to 26.10 ◦C in summer, and from 7.95 ◦C to 7.30 ◦C in winter. In the Northeast room (highlighted as
coldest room in the winter, with no shading) the values of the internal temperature range from 27.22 ◦C
to 25.90 ◦C in summer, and from 7.65 ◦C to 7.15 ◦C in winter.

3.8. Internal Heat Loads

This optimization step compares Combo 10, Combo 15, Combo 16, and Combo 17 to evaluate
internal heat loads.

The inclusion of internal gains has resulted in an increase of the internal operating temperature
both in summer and winter. In summer, the maximum peak including thermal loads increases from
2.84 ◦C (Southeast) to 3.12 ◦C (North). In winter, the minimum peak increased from 2.8 ◦C (Southeast
and Southwest) to 3.07 ◦C (North). The room located Southwest (the warmest room in summer with
no loads and presence of shading) has a temperature from 26.36 ◦C to 29.22 ◦C in summer, and from
7.27 ◦C to 10.07 ◦C in winter. On the other hand, the internal temperature of the Northeast oriented
room (the coldest room in winter with no loads and presence of shading) goes from 25.90 ◦C to 28.80 ◦C
in summer, and from 7.15 ◦C to 10 ◦C in winter.
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The comparison between Combo 10 and Combo 17 shows that the inclusion of internal heat
causes an increase of about 3 ◦C of the operative air temperature both in summer and in winter, in
all rooms. As regards the area oriented to West, in absence of internal thermal loads (Combo 10), the
maximum peak of summer reaches a value equal to 28.37 ◦C. The temperature increases up to 31.47 ◦C
with internal heat loads (Combo 17). In winter, the TOP has a minimum peak in absence of internal
thermal loads (Combo 10) equal to 7.95 ◦C, which increases up to 11 ◦C with internal thermal loads
(Combo 17). The coldest area in winter (Northeast) shows a summer maximum peak with no internal
thermal loads (Combo 10) equal to 27.22 ◦C, which increases up to 30.13 ◦C in Combo 17. In winter,
the TOP shows a minimum peak in Combo 10 equal to 7.65 ◦C, which increases up to 10.51 ◦C in
Combo 17. The comparison between Combo 16 Combo 17 highlights that the absence of shading
causes an increase of summer maximum temperature peaks ranging from 1.29 ◦C (North) to 2.26 ◦C
(West). The winter minimum peaks rise from 0.51 ◦C (NW) to 0.84 ◦C (South). The West building
area, the hottest building zone, reaches a maximum summer peak in case of shading (Combo 16)
equal to 29.21 ◦C, which increases with no shading (Combo 17) up to 31.47 ◦C. In winter, the TOP
has a minimum peak in Combo 16 amounting to 10.35 ◦C, which increases up to 11 ◦C in Combo 17.
The coldest zone in winter is the Northeast area. From the comparison between Combo 16 and Combo
17, the maximum summer peak in case of shading is equal to 28.81 ◦C, which increases up to 30.13 ◦C
with no shading. In winter, the TOP has a minimum peak for the Combo 16 equal to 10 ◦C, which
increases up to 10.51 ◦C in Combo 17.

Table 13 shows in details the trend of the TOP in Combo 17, focusing on the minimum, maximum
and middle peaks of temperature considered for the whole year, all room orientations and average
values for each month. During August, the TOP ranges between 28.75 ◦C and 29.5 ◦C, while in January
it is assessed between 12.45 ◦C and 13.62 ◦C, according to the rooms orientation.

Table 13. TOP analysis for the Combo 17.

3.9. PMV and PPD

Figure 11 shows the PMV and PPD trends for Combo 16 that resulted the best configuration
considering shading and internal gains. The annual PMV and PPD trends are comparable for each
room and included within the same range of values. As regards PMV, the annual trend ranged
of approximately between −2.4 (in winter) and +2 (in summer). The PPD reached a peak of 90%
dissatisfied in winter and 80% dissatisfied in summer. The most convenient percentage of dissatisfied
(equal or minor than 10%) is obtained at the end of spring and early autumn (Figure 10).
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Combo 16.

The PMV and PPD trends of Combo 17 are shown in Figure 12. Combo 17 has the best envelope
configuration design obtained considering internal gains and no shading. In this configuration, the
PMV trend reaches the minimum peaks in correspondence of the winter period. Values are similar
in each room and approximately equal to −2.2. In summer, the highest values are equal to: 2.6 in
the South and East building orientations, 2.3 in the North and 2.8 in the West. The percentage of
dissatisfied in summer is up to 90% in the North and 97.5% in the West building orientation. In winter,
values of 80% have been reached. Only a few time intervals have the PPD equal to or minor 10%.
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The last step of this study was the evaluation of the performances of the Combo 17 by applying
natural ventilation. Figure 13 shows the annual trend of the TOP highlighting with the blue colour
the Combo 17 (as previously defined) and with the green colour the same combination but with the
application of natural ventilation having an air exchange rate of 0.5 volume per hour. The graphs show
the greatest influence of ventilation during the summer period in terms of overheating, while during
the winter the trends are very similar.
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4. Conclusions

This paper investigates the thermal behaviour of a building prototype located in a warm climate
to optimize its envelope design. With this aim, several design options, organized in different
configurations, have been modelled and compared in terms of operative air temperature using
a sequential search technique. In the last part of the research, comfort conditions have been evaluated
to test if the optimized configurations satisfied the users. Results show how each option can impact
the thermal behaviour of the building and how each choice related to the envelope has to be carefully
made at the design stage.

Among the evaluated component within the optimization (walls, ground, roof, shading, windows
and internal loads) some aspects appeared more critical for the climate under investigation. This study,
elaborated for a warm climate, shows that it is not necessary to use extensive insulation thicknesses
on the wall to ensure comfort within the environment, thus the attention will be focused not on low
steady transmittance values, but it is more effective to maintain high values of internal areal heat
capacity, in order to guarantee high massive envelope. External walls with high values of internal
areal heat capacity can significantly reduce and delay temperature peaks on the internal side of the
building, especially in summer.

In addition, as regards slab-on-ground floor, it has been determined that, for warm climates it
is not necessary to have a wide insulating thickness and fall too far below the legal limit does not
have a good result at the internal comfort level, as the high risk of overheating. To have a better
indoor temperature, a ground floor without insulating layer and a roof with low solar absorbance
are preferable.

Once optimized the opaque envelope components related to walls and roof, windows appeared to
be relevant within the optimization process. Results show how the simulated window options related
to position, size, and type of glass impact the operative air temperature. Low-emissivity glass permits
us to reduce the heat loads during the hottest seasons. These elements can provide an improvement
of the operative air temperature around 2 ◦C in summer and a reduction of around 0.5 ◦C in winter.
This suggests the necessity of minimize the window surfaces for a warm climate. The windows
analysis shows the importance of the evaluation of the solar transmittance of the window during the
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design phase, which is very crucial for the window energy performances. The analysis of the selective
glazing, characterized by low values of solar factor, shows the better behaviour in summer, while the
low emissive glass, with higher values of solar factor results optimal for the winter season. The aim of
this study is to reduce the overheating inside the buildings; the minimization of the solar factor (g)
leads significant advantages in buildings built in the warm climate.

The paper demonstrated that low attenuation factor values in conjunction with high values of
internal areal heat capacity and high values of time shift, are the best envelope options to mitigate the
effects of summer external thermal loads, the most critical issue in a warm climate.

The presented methodology appears a useful support for designers in the choice of the best
technical measures for reach high efficient buildings also considering the indoor comfort parameters
(PMV ad PPD) results.

Further analysis will be carried out in order to optimize the building module showing how
internal loads affect the internal operative temperature trend and the comfort within the building.

Future developments of this work relate the optimized envelope and the comfort obtained by
a geothermal system, identified as an optimal system solution in a warm climate. Further optimizations
studies can be performed considering different building uses and climates. The analysis of the cost
optimal of the efficiency measures can be a strong support for the decision-making practices of
technicians and designers.
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Nomenclature

TOP operative air temperature (◦C)
U Steady thermal transmittance (W/m2K)
Ymm thermal admittance (W/m2K)
Ymn periodic thermal transmittance (W/m2K)
c specific heat capacity (J/kgK)
d thickness of a layer (m)
fd decrement factor
g solar factor

∆t
time shift: time lead (if positive), or time lag (if
negative) (s or h)

Ms total surface mass (excluding coats) (Kg/m2)
Greek letters
κ areal heat capacity (kJ/m2K)
λ design thermal conductivity(W/m K)
ρ density (kg/m3)
Subscripts
m,n for the thermal zones
g glass
f frame
1 internal
2 external
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