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Abstract

The book reports on guidelines dealing with the most suitable actions for energy
saving in buildings refurbishment, according to five different themes: opaque and
transparent building envelope, heating systems, solar energy use and methods for
the energy performance assessment.

Energy saving measures, for a series of European typical wall structures are
defined considering an integrated approach that takes into account thermal and
hygrometric performances.

The proposal and the evaluation of different strategies also regard energy saving
by windows substitution and solar shading device application to existing buildings.
The evaluation of the effects on energy consumption, thermal comfort, acoustics
and lighting of combined solutions of different windows and screens are proposed
in a global perspective evaluation.

A list of suggestions, useful to improve energy efficiency of heating systems, is
investigated and supported by calculations of the energy consumptions for the
considered solutions. Different geometrical characteristics, climatic conditions and
heating systems are taken into account to be useful in a wide field of cases.

The interventions by solar energy for refurbishment applications are described
and supported by active systems sizing and by detailed evaluations about the
interaction between solar energy and buildings, in order to find the appropriate
solutions to use solar radiation.

Finally the importance of accurate energy performance assessment is discussed.
The most suitable strategies to refine a building simulation model are described,
according to the calibration protocol proposed by ASHRAE Guidelines 14/2002.
Moreover, the results of the analyses on real case studies are reported.

The attention is focused on the interaction between building envelope and
energy systems, that must be considered carefully, to find the most suitable
solutions for reducing energy consumption and improving system efficiency.
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Introduction

In Europe the building sector has a strong impact on emissions of greenhouse
gases. Existing buildings represent a strategic field for reducing consumptions
since they contain the potential energy saving which has to be realized to reach
Kyoto Protocol’s targets. In fact, they are featured by some critical elements such
as lack of insulation, low efficiency hot water production and poor performance of
the components of heating systems.

Most of the buildings erected after World War II present poor energy
performance. The age of a building often has direct consequences on its
conditions, not only because of the lack of services and facilities and the overall
obsolescence, but also for the technological choices of the period in which it was
constructed.

Therefore, the book deals with efficient methodologies aimed to reduce
greenhouse gas emission in the building sector, developed on the basis of the
different experiences regarding the building envelope (walls and frames), the
heating systems, the use of solar energy and the assessment of the energy
sustainability of the proposed solutions.

After a brief introduction to the physical fundamentals involved in the study,
results of the investigations are presented in a practical way, to support cost-
effective technical strategies by technicians and also by Public Administration, to
promote actions for energy saving in the most critical fields and with the most
economic advantage. Moreover, the proposed actions could support energy
performance assessment, energy labelling and diagnosis of the existing buildings
and the application of sustainability protocols.

The presentation of the various aspects regards solutions for building envelope
energy saving, related to the following elements:

• Opaque structures: calculation of insulation thicknesses to reduce energy con-
sumption and verification of the risk of condensation in various climatic
conditions.

• Transparent structures: efficiency assessment of different windows and solar
shading devices for energy saving and for thermal, acoustic and visual comfort
improvement.
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A series of solutions which allow a considerable reduction of energy
consumption is provided, with particular attention to low-cost technologies.

The interventions on the building envelope (walls/windows) must be considered
in connection to the heating system improving efficiency, if possible, by means of
the use of solar energy.

The theme regarding heating installations starts with the identification of the
effective solutions in terms of energy saving. The systematic study will consider
adequately different housing types, various climatic conditions and the rapid
progress in the heating system technologies field.

The exploitation of solar energy for the reduction of energy requirements of
buildings needs greater clarity on the contribution that the technology can offer.
The objectives provide assessments on the estimate of energy obtained by active
solar systems (thermal collectors and/or photovoltaic systems), and also studies on
passive technologies (solar greenhouse, Trombe wall, solar chimney) and on the
corresponding increase of environmental sustainability. Moreover, the solar
radiation action will be analysed considering its effects on building components
(glass and walls) in dynamic conditions.

To complete the analyses, the performance evaluation of buildings and the
potential of interventions will be evaluated on the basis of global energy
consumption by means of dynamic simulation models.

The chapters contain a collection of technical solutions supported by the
research results. They are realised to represent globally a useful basis of
knowledge to support the technical choices for the energy performance renovation
of residential buildings.

x Introduction



Opaque Building Envelope

A. Magrini, L. Magnani and R. Pernetti

Abstract The refurbishment of building opaque envelope represents an important
approach for the reduction in global European energy consumption as prescribed
by the Directive 2010/31/EU. Therefore, the knowledge of existing housing stock
and their hygrothermal behaviour is necessary to define effective energy conser-
vation measures. In this chapter, starting from the definition of the main thermal
and hygrometrical parameters, a systematic analysis of the most common wall
typologies in European construction is carried out for the definition of a structure
catalogue. Moreover, for a set of envelope insulation interventions, the hygro-
thermal behaviour is evaluated and some diagrams for the assessment of the
optimal intervention are defined. Finally, the incidence in terms of energy per-
formance is tested considering a case study.

Nomenclature

Af Internal floor area of the conditioned space (m2)
EPgl Global energy performance index (EPH ? EPw) [kWh/(m2 year)]
EPH,env Energy performance index in the heating season for building envelope

[kWh/(m2 year)]
EPH Energy performance index in the heating season [kWh/(m2 year)]
fa Decrement factor (–)
L Thickness (cm)
Ms Specific mass (kg/m2)
QH,gn Total heat gains for the heating mode (MJ)
QH,ht Total heat transfer for the heating mode (MJ)
QH,nd Building energy need for continuous heating (MJ)
Qint Sum of internal heat gains (MJ)
Ql,e Emission subsystem thermal losses (MJ)
Qsol Sum of solar heat gains over the given period (MJ)

A. Magrini (&) � L. Magnani � R. Pernetti
Department of Civil Engineering and Architecture, University of Pavia, Pavia, Italy
e-mail: magrini@unipv.it

A. Magrini (ed.), Building Refurbishment for Energy Performance,
Green Energy and Technology, DOI: 10.1007/978-3-319-03074-6_1,
� Springer International Publishing Switzerland 2014
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Qtr Total heat transfer by transmission (MJ)
Qve Total heat transfer by ventilation (MJ)
R Thermal resistance (m2K/W)
S Time shift (h)
U Thermal transmittance [W/(m2 K)]
Yie Dynamic thermal transmittance [W/(m2K)]
/int Heat gains from internal heat sources (W)
ge Emission subsystem efficiency (–)
gH,gn Gain utilization factor (–)
gyk Heating system global efficiency (–)
q Density (kg/m3)
c Heat capacity [J/(kg K)]
k Thermal conductivity [W/(m K)]
ji Areal heat capacity [kJ/(m2 K)]

1 Introduction

The energy-saving target, in the refurbishment of existing buildings, requires
considerable efforts on the choice of appropriate solutions that must be energy-
efficient and feasible from a technical and economical point of view. Actions on
the building envelope are not always possible, and in any case, they must be
evaluated with care: higher thermal insulation can be achieved, for example,
causing worse hygrometrical behaviour of the walls. Moreover, under certain
conditions, it may be convenient to consider jointly the choices for a good thermal
insulation and for a good sound insulation.

The improvement of the energy performance of existing buildings is one of the
primary goals of the most recent European Directives, starting from 2002/91/EC.

In the case of renovation or maintenance of building walls, the minimum
requirements imposed at national level usually indicate precise limits for the
values of walls thermal transmittance. In addition, the problem of indoor over-
heating in summer is considered in some countries by imposing limits related to
the thermal inertia parameters (periodic thermal transmittance, decrement factor,
etc.).

Moreover, in addition to the correct evaluation of the thermal and hygrometric
parameters of existing structures, the definition of organic strategies to improve the
energy performance of the building envelope may be useful.

The need to follow the regulatory minimum requirements must be blended with
the technical feasibility and the most appropriate choice of insulating materials.

The classification and analysis of existing walls is a starting point for the study
and the choice of appropriate energy-saving actions, taking into account also the
issues related to heat storage and hygrometrical aspects.

2 A. Magrini et al.



In the following, a brief overview on typical building walls around Europe is
considered. The calculation method of the energy performance of buildings is
resumed, and the significant parameters of the opaque envelope are highlighted.
Some definitions and fundamental concepts, on which the calculations to be car-
ried out are based, are briefly summarized. The application of the calculation
methods is supported by examples. Some considerations on the choice of insu-
lating materials are proposed, considering both the thermal and hygrometrical
behaviours of walls.

2 Residential Building Structures of the Twentieth
Century: Database of Walls and Buildings

The analysis of the existing building stock represents the first step to define general
actions for improving the quality of constructions. In particular, it is useful to
catalogue the main building typologies and their structural features according to
the construction period and the geographical area, as reported in Table 1 (COST
C16, 2007).

As it is shown in Table 1, it is apparent that in the central-northern part of
Europe, the concrete and the precast panels are the main technologies, while in the
Mediterranean area the envelope is often made of hollow and massive bricks.

Furthermore, in the past recent years, the aim of some research programmes is
the definition of a database of existing construction typologies, which represents a
strategic operation aimed to begin a structured energy refurbishment programme
for low-performance buildings.

Wider information on the existing structures are useful for calculations of
standard interventions, which allow to reach established efficiency levels in a
systematic way; therefore, their collection may represent a first step for planning.

Some European projects were devoted to a better knowledge of existing building
energy performance and refurbishment. An organized analysis of the existing
building stocks (INVESTIMMO 2001–2004) provides for useful information rela-
ted to the most common deterioration problems of the envelope structures and the
general state of conservation of European constructions. The analysis was developed
on 300 buildings in six Europe countries (Italy, Denmark, Switzerland, Germany,
Greece and France) and it highlights that quite half of the buildings considered had
façade thermal insulation damaged. If the results can be projected on a larger scale,
the energy saving from the façade’s restoration could be significant globally.

Moreover, a more recent database of construction typologies, energy-related
properties of structure and energy performance assessment (TABULA,
2009–2012) allows defining effective energy conservation measures.

In particular, it aimed to assess how a set of parameters (i.e. construction year,
building size) influences the energy performance of existing buildings and the
possibilities of energy saving; this acknowledgement allows to define, at national
level, general plans for renovation and energy refurbishment.

Opaque Building Envelope 3



The high thermal transmittance of the building envelope evaluated for a 230
multi-storey buildings sample taken all over Europe confirms the problem of the
lack of insulation and the need of refurbishment (Fig. 1, no insulation dots). The
U-values show a global reduction quite only in the last 10 years.

Furthermore in Fig. 1, the possible reduction in wall thermal transmittance is
shown applying an insulation layer, respectively, 2 and 4 cm of mineral wall
[k = 0.036 W/(m K)]. It is apparent that the thermal transmittance decreases
according to the insulation thickness with the best results for the worst cases.
Therefore, the most effective actions can be addressed to the thermal insulation of
buildings with the lowest energy performances: the results may contribute better to
optimize the efforts required by the European Directives.

The scenario analysis of the possible energy savings through the improving of
building energy performance represents a target of a more general European

Table 1 Main features of the European housing stock

Country Period Typology Walls Outside finishing

Portugal 1950–1960 Multi-family Single/double-leaf
hollow brick walls

Stone, concrete. Plaster,
paints, ceramic tiles1960–1980

Italy 1949–1956 Building block Single/double-layer
hollow brickwork,
precast concrete
panels

Plaster, paints
1957–1980 Building block,

tower

Greece 1949–1980 Building block Massive/perforate
brickwork

Plaster, light-colour paints
or ceramic stone tiles

Cyprus 1949–1980 Building block Single-layer
brickwork

Plaster, reflective paints

Netherlands 1946–1960 Building block Concrete block walls,
concrete panels

Brick, plaster, concrete
panels1960–1980 Building block

Belgium 1949–1980 Building block,
row houses

Concrete panels Concrete, plaster

France 1949–1974 Building block Concrete walls,
concrete panels

Stone, plaster, concrete
panels1975–1989 Building block

Sweden 1950–1960 Building block,
tower

Brickwork, precast
concrete panels

Concrete, plaster, metal
sheet

1960–1980 Building block
Denmark 1946–1980 Building block Massive brick

masonry, precast
concrete panels,
lightweight panels

Facing bricks, fibre-
reinforced plaster

Germany 1949–1980 Building block Massive/perforated
brick work,
concrete panels

Brick, stone metal or wood
coverings, concrete,
plaster, paints

1958–1978 Small multi-
family, big
multi-family

Poland 1947–1974 Building block Precast concrete
panels

Plaster, paints, concrete

Hungary 1960–1969 Building block Precast concrete
panels

Concrete
1970–1980 Building block

4 A. Magrini et al.



refurbishment planning. In particular, the project EPISCOPE (2013–2016), based
on the national residential building typologies developed during the TABULA
project, is planned to track the energy refurbishment progress of housing stock at
different scales. Various refurbishment measures will be determined and compared
with those activities needed to attain the relevant climate protection targets.

The preliminary analysis of TABULA proposed two refurbishment levels, to
enhance the energy saving of the actual existing building (Level 1):

• Level 2: standard refurbishment measures, commonly used in the countries.
• Level 3: advanced refurbishment measures that use the best available

technologies.

In Fig. 2, transmission losses of a series of multi-familiar houses, built in the
twentieth century (most of all after the Second World War, until 1995), are shown,
referring to the existing conditions (Level 1) and the two levels of interventions (2
and 3).

It is apparent, also from these calculations, that the energy refurbishment of
high-loss buildings, both because of the climate conditions and because of the
level insulation of the actual envelope, is associated to high energy savings. On the
other hand, increasing the energy performance of low-losses buildings is harder,
even adopting advanced refurbishment techniques. Anyway, only in a few cases,
the annual transmission losses account for less than 50 kWh/(m2 year) although
the thermal transmittance of the envelope is reduced to 0.07–0.3 W/(m2 K).

3 Building Energy Performance: The Envelope Influence
Calculation by Means of a Quasi-Steady-State Approach

The EN ISO 13790 Standard (Energy performance of buildings—Calculation of
energy use for spaces—heating and cooling) provides, at European level, some
indications on the calculation methods for the design and evaluation of thermal
and energy performance of buildings.

Fig. 1 Thermal
transmittance U related to
building construction year
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Two approaches are possible:

• quasi-steady-state methods, calculating the heat balance over 1 month or the
whole season, taking into account dynamic effects by the simplified determi-
nation of a gain utilization factor;

• dynamic methods, calculating the heat balance over 1 h and taking into account
the heat stored and released from the mass of the building in a detailed way.

The building energy need for space heating, QH,nd, in conditions of continuous
heating, is calculated by:

QH;nd ¼ QH;ht � gH;gnQH;gn ð1Þ

where

• QH,nd is the building energy need for continuous heating, assumed to be greater
than or equal to 0 (MJ);

• QH,ht is the total heat transfer for the heating mode (MJ);
• QH,gn gives the total heat gains for the heating mode (MJ);
• gH,gn is the dimensionless gain utilization factorand the total heat transfer, QH,ht,

is given by
QH;ht ¼ Qtr þ Qve ð2Þ

where Qve is the total heat transfer by ventilation and Qtr is the total heat transfer
by transmission, which depends on temperature difference between indoor and
outdoor environment hi � heð Þ, on the heating or cooling time period t and on Htr,
the overall heat transfer coefficient by transmission, determined by

Htr ¼ HD þ Hg þ HU þ HA ð3Þ

where

• HD direct heat transfer coefficient by transmission to the external environment
(W/K);

• Hg steady-state heat transfer coefficient by transmission to the ground (W/K);

Fig. 2 Annual transmission
losses according to the
existing situation (Level 1)
and intervention (Levels 2
and 3)
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• HU transmission heat transfer coefficient by transmission through unconditioned
spaces (W/K);

• HA heat transfer coefficient by transmission to adjacent buildings (W/K).

In general, Hx, representing HD, Hg, HU, or HA, consists of three terms (see EN
ISO 13789):

Hx ¼ btr;x

X

i

Ai � Ui þ
X

k

lk � wk þ
X

j

vj

" #
ð4Þ

where

• Ai area of the i-element of the building envelope (m2);
• Ui thermal transmittance of the i-element of the building envelope [W/(m2 K)];
• lk length of the k-linear thermal bridge (m);
• wk linear thermal transmittance of the k-thermal bridge [W/(m K)];
• vj point thermal transmittance of the j-point thermal bridge [W/(K)];
• btr,x adjustment factor for the external temperature.

The adjustment factor btr,x has to be applied when the envelope element borders
on a space which has a different temperature than external environment. As
established by the EN ISO 13790, for the monthly and seasonal applications, the
total heat transfer by transmission, Qtr, is calculated for each month or season and
for each zone and depends on the overall heat transfer coefficient by transmission
and on the monthly mean external and internal temperatures.

4 Main Parameters for the Thermal Characterization
of Walls

As seen in the previous section, the evaluation of the envelope thermal losses
requires the assessment of the heat transfer coefficient Htr, which depends on the
thermal transmittance of the building walls and thermal bridges.

4.1 Building Walls: Thermal Transmittance

In order to define the thermal transmittance of walls, different methodologies could
be applied as shown in Fig. 3.

The thermal transmittance evaluation for new construction buildings represents
an easy operation, since the thermo-physical properties are reported in the tech-
nical documents of the project. On the other hand, for existing constructions, the
data related to the thermal behaviour of materials are usually not easily available.

Opaque Building Envelope 7



Surface heat transfer coefficients and air layer thermal resistances can be cal-
culated according to the values defined by the EN ISO 6946 Standard, which
reports all the indications for the evaluation of thermal transmittance.

4.1.1 Example of Thermal Transmittance Evaluation

Given a wall structure with its layers’ characteristics and thermal properties, it is
possible to calculate the thermal transmittance. In Table 2, the calculation details
are reported, considering that:

• the thermal resistance of homogeneous layers can be calculated as: R = L/k
• the thermal transmittance U is obtained as: U = 1/Rt.

4.2 Thermal Bridges Evaluation

In the envelope energy performance assessment, thermal bridges play an important
role because they influence the heat flow rate and the internal surface temperature,
as indicated in the Eq. 4 for the heat transfer coefficient.

Thermal bridge is defined as follows: part of the building envelope, where the
otherwise uniform thermal resistance is significantly changed by full or partial
penetration of the building envelope by materials with a different thermal con-
ductivity, and/or a change in thickness of the fabric, and/or a difference between

Fig. 3 Wall U-value definition
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internal and external areas, such as occur at wall/floor/ceiling junctions (EN ISO
10211 Standard).

In general, they are located in any connection between building components or
where the building structure changes composition, and in these elements, the
hypothesis of mono-dimensional flow is not correct, since they cause two-
dimensional or three-dimensional heat flows.

In order to take into account the incidence of a thermal bridge on the whole heat
flow, the linear thermal transmittance w [W/(m K)] is used; it represents the heat
flow rate in steady-state conditions, divided by the length of the junction and by
the temperature difference between internal and external surfaces.

In particular, reference values could be used for some standard structures
referring to a catalogue of thermal bridges and values of w (EN ISO 14683) in
relation to some different geometrical dimension, as follows:

• we: linear thermal transmittance determined according to the external dimen-
sions and measured between the finished external faces of the building external
elements;

• woi linear thermal transmittance determined according to the overall internal
dimensions and measured between the finished internal faces of the building
external elements including the thickness of internal partitions;

• wi: linear thermal transmittance determined according to the internal dimensions
and measured between the finished internal faces of each room in a building
excluding the thickness of internal partitions.

Furthermore, if the analysed thermal bridge is not included in the standard
catalogue, it is possible to determine its linear thermal transmittance through
numerical methods. The EN ISO 10211 Standard provides for the definition of a

Table 2 Example of thermal transmittance evaluation

Layer L q k R
(cm) (kg/

m3)
[W/
(m K)]

(m2K/
W)

Internal surface resistance 0.13
1 Internal plaster 2 1,400 0.700 0.029
2 Hollow bricksa 8 800 – 0.200
3 Air layerb 2.5/

30
1.2 – 0.180

4 Concrete
blocks

20 1,400 0.500 0.400

External surface resistance 0.04

Total resistance Rt (m2 K/W) 0.979
Thermal transmittance U = Rt

-1 [W/(m2 K)] 1.021
a Equivalent thermal resistance for hollow bricks
b Values for unventilated air layers from the EN ISO 6946 Standard

Opaque Building Envelope 9



geometrical model of a thermal bridge for the numerical calculation of heat flows
and surface temperatures considering the following assumptions:

• all physical properties are independent from temperature;
• there are no heat sources within the building element.

Moreover, a thermal coupling coefficient is defined depending both on the heat
flows and on the linear thermal transmittance.

In particular, given the geometrical features and the thermal properties of the
thermal bridge, it is possible to use a numerical model, whose output is the global
heat flows through the element. The coupling coefficient can be determined by the
following equation:

ul¼L2D � hi � heð Þ ð5Þ

where

• hi and he represent the internal and the external air temperature;
• ul is the linear thermal flow of the thermal bridge;
• L2D is the coupling thermal coefficient of the thermal bridge, which has to be

evaluated

Then, the linear thermal transmittance can be assessed through:

w ¼ L2D �
XNj

j¼1

Uilj ð6Þ

where

• Ui is the thermal transmittance of one-dimensional component separating the
two environments;

• lj is the length within the 2D geometrical model over which the value Uj is
applied;

• Nj is the number of one-dimensional components.

4.3 Dynamic Thermal Characteristics of the Envelope

The evaluation of the dynamic thermal behaviour of the envelope is based on the
definition of transient building simulation models that consider the heat storage in
the structure and the time dependence of boundary conditions.

These models should be adopted for the analysis of summer behaviour; in fact,
for the heating season, the evaluation by quasi-steady-state methods allows to
obtain reliable results. Nevertheless, the quasi-steady-state methods do not rep-
resent accurately the thermal behaviour of buildings during the cooling season;
therefore, a transient model has to be applied to have accurate results.

10 A. Magrini et al.



Moreover, the European Directive 2020/31/EU highlights that the cooling
energy needs have been increased during the last years, and it suggests to focus on
strategies which enhance the thermal performances also during summer period,
and on the thermal properties that influence the internal overheating, such as heat
thermal capacity, specific mass, periodic thermal transmittance, time shift and
decrement factor. In particular, the Directive establishes that minimum require-
ments according to the climatic conditions have to be fixed at national level;
therefore, for the countries of the Mediterranean area, dynamic envelope features
that reduce the cooling energy needs have to be evaluated.

The EN ISO 13786 Standard defines the dynamic thermal characteristics of the
envelope.

One of the significant parameters in this field is the periodic thermal trans-
mittance Yie [W/(m2 K)], which is defined as the amplitude of the heat flow rate
through the component surface adjacent to a zone which is kept at constant
temperature, divided by the amplitude of the temperature in the adjacent zone
(which also could be the external environment).

Another parameter, which represents the effect of the envelope on the inward
heat flow rate, is the decrement factor, which is expressed by the ratio between the
periodic thermal transmittance Yie [W/(m2 K)] and the quasi-steady-state thermal
transmittance U [W/(m2 K)]:

f ¼ Yiej j
U

ð7Þ

The envelope influence on the thermal behaviour is also represented by the time
shift Dt, which is defined as the period of time between the maximum amplitude of
a cause and the maximum amplitude of its effect.

5 Vapour Transmission Problems

The knowledge of moisture transfer mechanisms, material properties, initial and
boundary conditions is often limited.

The building structures are exposed to variable internal and external climatic
conditions, as they are usually influenced by outdoor air temperature, relative
humidity, solar radiation, rain or are in contact with humid soil. In addition, some
building components (concrete, etc.) in the construction process are characterized
by high moisture contents that should be dried in short times to avoid the risk of
damage to the other components.

The moisture problems that may affect building structures are various: capillary
rise of water in the walls, condensation inside building components due to infil-
tration of indoor air (hot and humid), problems with tightness to rainwater, salts

Opaque Building Envelope 11



migration inside materials, etc. and, not less important phenomena, hygrometric
surface problems (growth of mould and moisture condensation) and water vapour
condensation inside structures.

Therefore, the hygrometric assessment of existing building components pre-
sents considerable practical interest and it can be used, for example, to determine
whether the operating conditions may lead to a progressive deterioration of the
structures.

The constructions can indeed present different degradation levels depending on
the types of aggression to which they are subjected: one of the most significant
causes is represented by the presence of moisture or liquid water. Some materials,
in fact, absorbing water vapour, increase their volume and can generate move-
ments and internal tensions to the structures causing leakages and deformations.

Moreover, the presence of liquid water can cause an increase of thermal con-
ductivity, thus degrading the heat transmission properties. The elimination of the
serious damage resulting from the presence of water in the structures may rep-
resent a significant item of the costs for the building refurbishment.

The moisture transport and condensation in porous media is very complex, so
even today, the degree of knowledge of the interaction between the various
transport mechanisms and properties of building materials is unsatisfactory,
incomplete and under development.

The International Standard, that gives calculation guidelines to assess of surface
mould growth and the interstitial condensation for the prevention of these phe-
nomena, adopts therefore simplified methods. The results of the calculations
should be considered an approximation of more complex physical phenomena and
therefore characterized by uncertainty. The standardization of simplified methods
obviously does not preclude the use of more accurate calculation methods.

The following considered aspects are related only to a part of the hygrometric
problems that afflict building structures: in fact, the surface mould growth and the
interstitial condensation are considered essentially due to the vapour transport
through the wall caused by a difference in partial vapour pressure of the internal/
external environment.

The calculations follow the indications provided by the most recent release of
the EN ISO 13788 Standard. Therefore, the moisture transfer through a wall is
considered purely a function of inside and outside temperature and humidity
conditions, and of dimensional and thermo-physical characteristics of its layers.

The diffusion of water vapour through a structure by itself may not cause
problems, if it does not cross areas with too low temperature to cause condensa-
tion. In particular, two different phenomena can be considered:

• at the wall surface: high values of relative humidity or even, vapour conden-
sation (surface phenomena);

• inside the material layers: vapour condensation as the vapour pressure reaches
the saturation pressure (interstitial phenomena).

12 A. Magrini et al.



These phenomena can occur at different times and the distinction between them
may not always be clearly defined: the effects of interstitial condensation may arise
on the surface and this can happen even after a long time and in zones far from the
ones where it took place.

Side effects resulting from these phenomena can produce degradation of
buildings and unhealthy environments in the following forms:

• growth of fungal colonies on the inner surface of the building envelope;
• the presence of condensed water on the surface and inside of the walls;
• decay of wooden structures;
• degradation of plaster;
• reduction in the thermal insulation;
• dimensional changes and damage of artefacts;
• migration of salts, efflorescence.

The occurrence of these phenomena, as well as depending on the characteristics
of the building and the external climatic conditions, increases with the indoor
vapour production and with the reduced air renewal.

5.1 Vapour Diffusion: Basic Parameters

To address the problem of the vapour transfer in walls it is necessary to consider
the mechanisms that produce its movement.

Mainly, the vapour flow within a material is determined by a difference between
the partial vapour pressures or the vapour concentrations in the air in contact with
the two faces of the wall. This phenomenon can be observed commonly in building
structures.

Human activities modify the vapour concentration in the internal environment
that, therefore, especially in winter, is higher than the one in the external envi-
ronment. It can be assumed that, at least in the winter season, the moisture transfer
is from inside to outside the building.

The thermo-physical parameters of the materials involved in a simplified
approach to the problem, in steady-state conditions, are mainly the thermal con-
ductivity k [W/(m K)], which affects the temperature profile within the layers, and
the water vapour permeability d [kg/(m s Pa)], which determines the greater or
lesser capacity of a material to be crossed by the water vapour. For some materials,
it is indicated the hygroscopic resistance factor l = do/d (–), where do is the water
vapour permeability of the air, which assumes, as the reference value,
200 9 10-12 kg/(m s Pa).

To describe in a quantitative way the mass transport by diffusion, the Fick’s law
can be applied: it relates the vapour flow rate per unit area g0v through a material
(thickness L and vapour permeability d), with the difference DPv between the

Opaque Building Envelope 13



vapour pressures of the air on its surfaces. Assuming steady-state conditions, g0v
[kg/(m2 s)] can be expressed as

g0v ¼ dDPv= L ð8Þ

It remains constant if there are not condensation phenomena in the internal
layers. They may occur if the internal temperatures are low enough to cause low
values of saturation vapour pressure: local vapour pressure can reach easily the
maximum value of saturation.

The expression often refers to the equivalent thickness sd [m]:

sd ¼ Ldo=d ¼ Ll ð9Þ

where
l = do/d Hygroscopic resistance factor
do Vapour permeability of air = 193 9 10-12 kg/(m s Pa), approximated

in the calculations to 200 9 10-12 kg/(m s Pa)

Therefore, the vapour flow rate g0v [kg/(m2 s)] can be written as

g0v ¼ dDPv= L ¼ doDPv=sd ð10Þ

5.2 The Assessment of the Risk of Interstitial Condensation
Due to Water Vapour Diffusion

The Glaser method allows to verify the risk of interstitial condensation in a
building wall through a graphical representation.

It compares the vapour pressure values with the saturation pressure ones, cal-
culated as a function of the temperature distribution within the different layers of
the wall. From the graphical comparison of the two trends, it is possible to put in
evidence the condition in which there is condensation of the vapour, which occurs
if the vapour pressure reaches the value of the saturation.

The wall passes the test if two criteria are met:

• the calculation (usually on a monthly basis) demonstrates that any condensation
can be completely dried throughout the year.

• the condensation in a layer does not exceed the limit values of the materials
involved.

Although the Glaser method is the reference for the evaluation of the vapour
condensation risk in building structures, the method has limitations that can lead to
mistakes.

Indeed, the thermo-physical characteristics of the materials, such as thermal
conductivity, depend on the moisture content of the materials, which is influenced
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by the capillary absorption, by the liquid water transfer, or even by the movements
of air through cavities or by the superficial absorption of rain.

The method considers the built-in water dried out and it neglects some effects:

• the variation of material properties with moisture content;
• the capillary suction and the liquid water transport within the material;
• the air movement through cavities or air spaces;
• the hygroscopic moisture capacity of materials.

The evaporation and condensation processes that may occur in the materials
also involve thermal energy exchanges that modify the temperatures distribution
and the corresponding saturation pressures. Moreover, the effects of the solar
radiation can contribute to change the distribution of the temperature in the outer
layers.

In addition, neglecting the effects listed above, the analysis based on the Glaser
method is carried out considering the mono-dimensional moisture transport and
assuming constant boundary conditions.

The interstitial condensation assessment is developed referring to the monthly
mean values of the climatic data. The verification process can be summarized in
the following steps.

Step 1 Boundary conditions
(a) Material properties and geometrical dimensions (thickness).

Thermal conductivity or thermal resistance or conductance and vapour per-
meability of the layers are the main information needed.

For new buildings, the necessary data can be found in the technical specifica-
tions, while for existing buildings, some indications provided by international/
national standards can be considered as reference values. For example, EN ISO
10456:2008 ‘‘Materials and products for buildings—Hygrothermal properties,
tabulated design values and procedures for determining declared and design
thermal values’’ can be a reference for some materials.

Some indications (by EN ISO 13788) should be taken into account:

• elements with a thermal resistance greater than 0.25 m2 K/W should be sub-
divided into a number of notional layers, each one with thermal resistance
B0.25 m2 K/W; these subdivisions are treated as separate material layers with
interfaces between them in all calculations;

• if the wall presents a ventilated cavity, the presence of materials between this
and the outside is ignored;

• some materials, such as aluminium foil, effectively prevent vapour transmission:
their water vapour resistance factor is practically infinite. However, since for the
calculation procedure is required a finite value, for these materials it is assumed
l = 100,000. This can lead to predict small quantities of condensed water that
should be neglected.
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(b) Surface thermal resistance. To calculate the surface thermal resistance, the ref-
erence standard is EN ISO 6946 (Table 3), as well as for the thermal resistance of
cavities. For air layers, the equivalent thickness sd is considered to be equal to
0.01 m, regardless of their real thickness and position (vertical/horizontal).

(c) External boundary conditions: monthly mean temperature and vapour pressure
values are considered.

(d) Internal boundary conditions: air temperature. The indoor air temperature is
assumed according to the expected use of the building. For residential
buildings, in the absence of specific information, the following values may be
considered (ref. Italian regulations):

• ti = 20 �C in the heating period (heating system is on);
• ti = 18 �C out of the heating period, when the monthly average outdoor tem-

perature is te \18 �C;
• ti = te when the monthly average outdoor temperature is C18 �C.

(e) Internal boundary conditions: vapour pressure. If there is a HVAC system,
relative humidity and internal temperature are imposed and the corresponding
vapour pressure can be calculated. In the absence of a relative humidity control
system, the data should be obtained by a hygrometrical balance of the
environment.

Alternatively, for maritime-mild climates, in the absence of detailed informa-
tion on the building use, and of a RH control system, the information provided by
the graph in Fig. 4 may be useful.

The horizontal axis represents the external monthly mean temperature. Month-
to-month, the difference between internal and external vapour pressure DPv can be
determined, rising up from the temperature to meet the upper line of the chosen
class. The upper lines are the reference for each class. In principle, residential
buildings refer to class 3.

Step 2 Starting month

The climatic conditions of the starting month correspond to the first month in
which condensation occurs (if there is). In principle, as a first attempt, the climatic
conditions of a month at the end of the autumn can be considered. Once the
starting month is individuated, the monthly mean external climatic conditions
(temperature and relative humidity or vapour pressure) are used to calculate the
amount of condensed/evaporated water (if any) month by month to complete the
annual cycle.

Table 3 Surface thermal
resistance for the interstitial
condensation calculations

Heat flow direction Internal thermal resistance Ri (m2 K/W)

Upwards 0.10
Horizontal 0.13
Downwards 0.17
All External thermal resistance Re (m2 K/W)

0.04
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Step 3 Calculation of the temperature and saturation pressure distribution inside
the wall.

All data are referred to interfaces between layers. The temperatures at each
interface between layers are calculated, as function of the thermal resistances and
the temperatures of the indoor–outdoor environments.

The saturation pressure Ps (Pa) is calculated as a function of temperature. The
following expressions can be used:

t� 0 �C Ps ¼ 610.5 e
17;269 � t
237:3þ t ð11Þ

t\0 �C Ps ¼ 610.5 e
21;875 � t
265:5þ t ð12Þ

Step 4 Vapour pressure distribution. Graphical comparison between vapour
pressure and saturation pressure values, as a function of the equivalent
thickness sd, allows to verify whether there is condensation. It occurs if
the vapour pressure reaches the saturation pressure.

Step 5 In case of the presence of condensation in the trial month conditions: the
calculation must be performed for the external climatic conditions of the
previous month. The procedure is repeated backwards until it is individ-
uated the first month in which no condensation occurs. Starting from this
one, the amount of condensation the next months is calculated.

Step 6 In case of no condensation in the wall: the wall is checked with the climatic
conditions of the following month. If there is no condensation in all the
12 months of the year, the structure is free of interstitial condensation. If
condensation occurs in a following month, this is considered the starting
month for the calculation of the amount of condensation.

Step 7 The presence of condensation during some months. The condensation can
evaporate in some other months of the year. In the first month in which the
calculation does not show condensation, it is assumed Pv = Ps in the wet

Fig. 4 Pvi - Pve as function
of humidity classes. Legend:
Class 1 unoccupied buildings,
storage of dry goods. Class 2
offices, dwellings with
normal occupancy and
ventilation. Class 3 buildings
with unknown occupancy.
Class 4 Sports halls, kitchens,
canteens. Class 5 Special
buildings, e.g. laundry,
brewery, swimming pool
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layer of the previous month, to calculate the amount of evaporated water.
In the following months, the same principle is applied, until all the con-
densation is progressively dried.

Step 8 Add up all positive (condensation) and negative (evaporation) quantities
and verify that the sum of the positive contributions can be balanced by the
negative ones over the year.

Step 9 The total amount of accumulated condensate is compared with the maxi-
mum values allowed for the different types of materials.

In the EN ISO 13788 standard, the risk of run-off from non-absorbent materials is
considered very high over 200 g/m2 of condensate. In other cases (i.e. Italian reg-
ulations), for example, the maximum amount of condensate accumulated in a layer is
Mc;amm ¼ 500 g=m2. For some materials, lower values are taken into account, in
function of thickness L (m), density q (kg/m3) and conductivity k [W/(m K)]:

• Wood ðq ¼ 500 � 800 kg=m3Þ : Mc;amm� 30 q L
• Plaster and mortar ðq ¼ 600 � 2,000 kg=m3Þ : Mc;amm� 30 q L
• Mineral wool ðq ¼ 10� 150 kg=m3Þ : Mc;amm� 5,000 q L ½k=ð1� 1; 7 kÞ�
• Cellular plastic materials ðq ¼ 10� 80 kg/m3Þ : Mc;amm� 5,000

q L ½k=ð1 � 1; 7 kÞ�

Step 10 The assessment is positive if both conditions referred to in Steps 8 and 9
are satisfied.

5.2.1 Example: Interstitial Condensation Calculation

To illustrate the calculation procedure for the verification of interstitial conden-
sation problems, a wall with the geometrical and thermal characteristics described
in the following has been considered.

Step 1 (1a, 1b)—the geometrical structure and thermal parameters are summa-
rized in Table 4. The climatic conditions (1c, 1d) are reported in Table 5.
The indoor vapour production (1e) is assumed corresponding to class 3
(Fig. 4); therefore, the internal vapour pressure can be calculated by means
of the slope of the corresponding lane, analytically expressed as:

Pvi ¼ Pve þ 100 þ 810� 100ð Þ=20½ � 20 � teð Þ ð13Þ

The Pvi values are resumed in Table 5, as well as the internal temperature of the
environment, based on the criteria reported in Step 1 of the procedure. For each
layer is calculated also the equivalent thickness for vapour diffusion sd ¼
Ldo=d mð Þ (Table 6).

Step 2 The calculations start with the conditions of the trial month: it is estab-
lished (arbitrarily) to be October. The corresponding monthly mean values
of temperature and vapour pressure are considered. Depending on the
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climatic conditions, it is possible that condensation will not occur in
October and it will not be necessary to proceed backwards with the search
of the first month of the condensation.

Step 3 The temperatures at different interfaces are calculated, based on the outside
temperature and on the relationship:

tx ¼ tx�1 � ti � teð ÞRx=RT ð14Þ

and they are applied for each x-interface:

Table 4 Thermal properties of the wall

Concrete insulated precast wall

Layer L (cm) q
(kg/m3)

c
[J/(kg K)]

k
[W/(m K)]

R
(m2 K/W)

1 Internal
plaster

1 1,400 1,000 0.700 0.014

2 Concrete
panel

1 1,400 1,000 0.580 0.017

3 Mineral
wall
panel

3 30 670 0.040 0.750

4 Concrete
panel

10 1,400 1,000 0.580 0.172

5 External
plaster

2 1,800 1,000 0.900 0.022

U [W/(m2

K)]
0.873 Ri (m2K/W) 0.13

Ms (kg/m2) 205 Re (m2K/W) 0.04
ji [kJ/

(m2 K)]
33.1 Rtot (m2K/W) 1.146

Yie [W/
(m2K)]

0.555

S (h) 5.35
fa 0.635

Table 5 Internal and external climatic conditions

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

te (�C) 1.5 4.2 9.3 13.5 17.7 22.0 24.4 23.7 19.9 14.0 7.8 3.5
Pve (Pa) 661 685 783 1,046 1467 1,625 1,910 2,036 1622 1,246 896 582
Pvi (Pa) 1,418 1,346 1,263 1,377 1,649 1,654 1,854 2,005 1,726 1,559 1,429 1,268
ti (�C) 20 20 20 20 18 22 24.4 24 19.9 20 20 20
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t1 ¼ t0 � ti � teð ÞR1=RT ¼ 20 � 0:13 20 � 14ð Þ =1:146 ¼ 19:3 �C

t2 ¼ t1 � ti � teð ÞR2=RT ¼ 19:3� 0:014 20 � 14ð Þ =1:146 ¼ 19:2 �C

and so on for all the layers. All the values are reported in the third column of
Table 7. From them, it is possible to calculate the corresponding values of the
saturation pressure.

Step 4 To calculate the vapour pressure in each interface, the vapour resistance
surface coefficients are neglected, and therefore, the vapour pressures on
the two wall surfaces coincide with the corresponding environmental ones:

Pvi ¼ Pv1 and Pve ¼ Pv5 ð15Þ

Starting from the assumption that there is not condensation and therefore the
vapour flow rate through the wall is constant, the two surface values can be
connected by a straight-line segment in a plot Pv versus sd. Analytically, the
vapour pressure of each interface is calculated according to Fick’s law:

gv
0 ¼ do Pvi � Pveð Þ=sdtot ¼ do Pv1 � Pv2ð Þ=sd1�2 ð16Þ

and therefore

Pv2 ¼ Pv1 � sd1 Pvi � Pveð Þ=sdtot ¼ 1; 459� 0:11 1; 459� 1; 246ð Þ=5:87
¼ 1; 455 Pa

and similarly, applying the same relation to all the following layers:

Pvx ¼ Pv:x�1 � sd:x Pvi � Pveð Þ=sdtot ð17Þ

from which

Pv3 ¼ Pv2 � sd2 Pvi � Pveð Þ=sdtot ¼ 1; 455� 0:5 1; 459� 1; 246ð Þ=5:87
¼ 1; 437 Pa

Table 6 Calculation details for the wall

Layer L k R d sd RRi Rsd Interf

Internal thermal resistance Ri 0.13 0.00 0.130 0 0–1
1 Internal plaster 1 0.700 0.014 18 0.11 0.144 0.11 1–2
2 Concrete panel 1 0.580 0.017 4 0.50 0.161 0.61 2–3a
3a Mineral wall panel 1 0.040 0.250 150 0.013 0.411 0.62 3a–3b
3b Mineral wall panel 1 0.040 0.250 150 0.013 0.661 0.64 3b–3c
3c Mineral wall panel 1 0.040 0.250 150 0.013 0.911 0.65 3c–4
4 Concrete panel 10 0.580 0.172 4 5.00 1.084 5.65 4–5
5 External plaster 2 0.900 0.022 18 0.22 1.106 5.87 5–0
External thermal resistance Re 0.04 1.146

Note The thermal resistance of the glass fibre layer is higher than the limit value of 0.25 m2 K/W,
and therefore, it is divided into three sublayers, each characterized by a thermal resistance of
0.25 m2 K/W
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and so on for the other layers.
The vapour pressure values in the different interfaces are reported in Table 7.
The calculations for October show that all values of the saturation pressure are

higher than the vapour pressure in each interface and therefore no condensation
occurs for the conditions of this month. Step 5 can be skipped.

Step 6 The calculations are developed for the 12 months (Table 7) with the input
data in Tables 4 and 5. The difference between saturation and vapour
pressure in November can be put in evidence: in the interface 3c-4, it can
be observed that Pv [ Ps. The diagrams in Fig. 5 highlight the occurrence.

Then, the month of November is the starting month for the calculation of the
amount of condensation that forms at the interface between the two layers.

Pv is plotted as a straight line between the surface values and the Ps lower value
(in this case at the interface 3c-4). The difference between the two slopes repre-
sents the rate of condensed water.

Step 7 The calculations proceed with the climatic conditions of the subsequent
months, to determine the amount of condensate accumulated in the
interface for each month. The condition Pv [ Ps is observed until February
and the same procedure of November is applied. Note that for January, the

Fig. 5 Glaser diagrams (condensation) for a November, b December, c January, d February

22 A. Magrini et al.



comparison between Pv and Ps shows that Pv [ Ps, also the interface 3b-
3c. From the graph (Fig. 5c), however, it is observed that the minimum Ps

corresponds to the interface 3c-4.

For example, the condensate for November is detailed (gH2O in [kg/(m2 s)]):

gH2O ¼ gv
0
in � gv

0
out

¼ do Pvi � Ps3c�4ð Þ= sd3c�4ð Þ
� do Ps3c�4 � Pveð Þ= sdtot � sd3c�4ð Þ ð18Þ

gH2O ¼ 200� 10�12 1,429 � 1,252ð Þ= 0:11þ 0:5þ 0:013þ 0:013þ 0:013ð Þþ½
� 1,252� 896ð Þ= 5:0þ 0:22ð Þ�

gH2O ¼ 200� 10�12 272� 68:2½ � ¼ 4:09� 10�8 kg= m2 s
� �

¼ 3:53 g= m2 day
� �

The water condensate in the whole month will be

Mc ¼ 3:53 g= m2day
� �

30 days ¼ 106 g=m2

The calculation of the amount of condensed water is performed for all months
until February: the quantities are indicated in Table 8.

In March, all interfaces present Pv \ Ps; therefore, the amount of evaporated
water is calculated assuming that Pv = Ps in the 3c-4 interface, where the con-
densate remains concentrated until complete evaporation.

On a graph (Fig. 6), the trends of the saturation and vapour pressure are shown;
the mass of evaporated water in the period can be calculated as

gv
0
in ¼ do Pv1 � Ps3c�4ð Þ= Rsdð Þ1�3c

gv
0
in ¼ 200� 10�12 1,263� 1,355ð Þ=0:65 ¼ �2:83� 10�8 kg= m2 s

� � ð19aÞ

Due to the positive direction of the x-axis from inside to outside, the negative
sign indicates that the vapour flow is directed from the interface to the indoor

Table 8 Amounts of
condensation/evaporation
quantities

Month Mc (g/m2) Sum (g/m2)

October 0.0 0.0
November 105.6 105.6
December 183.9 289.5
January 411.1 700.7
February 201.4 902.1
March -134.9 767.2
April -309.7 457.5
May -373.4 84.1
June -887.9 0.0
July 0.0 0.0
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environment. The vapour flow from the interface 3c -4 to outside can be expressed
as

gv
0
out ¼ do Ps3c�4 � Pv4ð Þ=½sdtot � ðRsdÞ1�3c�

gv
0
out ¼ 200� 10�12 1,355� 783ð Þ= 5:87� 0:65ð Þ ¼ 2:19� 10�8

ð19bÞ

In this case, the positive sign indicates that the vapour flow is directed to
outside. The two calculated flow rates show that the vapour transfer occurs from
the interface where it condensed in the previous months both to the internal and
external environments.

The total amount of evaporated water in March will be

g0H2O ¼ gv
0
in � gv

0
out ¼ �2:83� 10�8 � 2:19� 10�8 ¼ �5:02� 10�8kg= m2 s

� �

g0H2O ¼ � 5:02� 10�8 kg= m2 s
� �

¼ �5:02� 10�8 86,400� 103g= m2 day
� �

¼ �4:34 g= m2 day
� �

Mc ¼ g0H2O Ds ¼ �4:34:0 g= m2 day
� �� �

31 days ¼ �134:5 g=m2

The calculation goes on under the climatic conditions of the subsequent months,
starting from the hypothesis (Pv = Ps)3c-4 until the total amount of condensate is
dried. The results, obtained with the same procedure, are in Table 8.

Step 8 The progressive sum of condensate (Table 8) grows from November to
February and then decreases until June, due to evaporation. In the fol-
lowing months, the wall is dry.

Step 9 Assuming the limits for the condensation in mineral wool panels as indi-
cated in the previous paragraph, the maximum level should be

Mc:amm� 5; 000 q L ½k=ð1� 1:7 kÞ� ¼ 5;000� 30� 0:03½0:04= 1� 1:70:04ð Þ�
¼ 193 g=m2

Fig. 6 Example of Glaser diagrams for evaporation: a March, b June
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The values in Table 8 show that the sum of the condensate at the end of January
would exceed the limit for mineral wool.

Step 10 The assessment is negative, as the condition referred to in Step 8 is
satisfied, but not the one in Step 9.

6 Common Typologies of Walls and Their Characteristics:
A Wall Database

Considering the method and the results of the projects INVESTIMMO and
TABULA, a wall database, which integrates information related both to energy
performance (i.e. thermal conductivity, transmittance and dynamic properties) and
to hygrothermal behaviour (interstitial condensation assessment) was developed.

The database collects a large number of walls, which represent the constructive
typologies of post–World War II buildings all over Europe.

In particular, the database includes information related to:

• thermal parameters: thermal transmittance, thermal mass, areal thermal
capacitance;

• dynamic parameters: periodic thermal transmittance, time shift and decrement
factor.

The control of moisture problems, such as the interstitial condensation risk,
must be analysed basing on specific climatic conditions.

In Table 9 are reported the wall typologies and their parameters. For the cal-
culations, surface thermal resistances of Table 3 are applied.

7 Thermo-Hygrometric Problems: Introduction to Energy
Refurbishment

The overall energy consumption of a building is determined by numerous factors,
and some of them cannot be changed under renovation. In fact, the geometry, the
orientation, the relationship between opaque and transparent surfaces, and the
location in urban area represent some of the constraints to the improvement of
building energy performance.

In order to reduce energy consumption in existing buildings, the possibilities
offered by synergistic actions on elements of the building envelope and plant
components have to be assessed.

The HVAC system can be, at least partially, replaced or made more efficient
with non-invasive interventions, while the renovation of the envelope can cause
more inconveniences to the occupants. Nevertheless, the insulation of the envelope
allows to reduce the transmission losses and the energy needs of buildings.
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The building energy performance assessment requires also the analysis of
HVAC systems, in order to verify whether the plants can efficiently operate even
with a low energy demand. On the other hand, reducing the amount of energy
allows to consider alternative system solutions that include the exploitation of
renewable sources. The refurbishment of the opaque elements of existing buildings
means, in general, using thermal insulation materials to decrease the transmittance
and therefore the energy losses through the walls facing towards the external
environment. The consequences of the insulation can be summarized with the
following considerations.

Increasing insulation of external structures allows the reduction of winter heat
losses and of summer loads, with the reduction of global energy consumption.

Moreover, a careful design and verification of glazed surfaces and their solar
shading is necessary. In fact, incorrect evaluation of the transparent elements
influence in summer could cause overheating and greenhouse effects in the indoor
environment. In this case, a high thermal insulation level would reduce the heat
loss through the walls from inside to outside, maintaining a high temperature, not
desired, in the indoor environments, in summer.

Insulating the external envelope can improve the indoor comfort as if the wall
surface temperature is closer to the air one, the heat exchange by radiation between
the human body and the different surfaces is reduced.

There are three main solutions for thermal insulation:

• external insulation;
• internal insulation;
• air layer insulation.

The most effective one is the external insulation, even if it is also the most
expensive. Moreover, it is not always feasible, since, for the application, the facade
must be free of ornaments. This solution is interesting if the installation cost of
scaffolding and other works is considered in association with the other renovation
actions already planned and if there is not a large number of overhang elements in
the external surface.

With the installation of a ventilated facade, good results can be reached, even if
with rather high costs. The intervention with insulating plaster could be useful, if
considered synergistically with other actions, due to the low thickness of the layer. In
fact, even if insulating plaster is characterized by a low thermal conductivity, it
could lead to results that do not comply the minimum requirements for the envelope.

The air layer insulation can be interesting for many buildings built between the
1960s and 1970s, since they often have empty cavity in the envelope layers, which
can be filled by melted materials. The results can be effective: it is possible to apply
the insulation from external holes in the façade or from inside without high costs.

However, the thermal properties of the insulation (foam or melted material)
have to be defined. Moreover, before performing this kind of action, it would be
appropriate to have information on the effective period in which the properties are
guaranteed; otherwise, it will be necessary a second application after a period in
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dependence of the degeneration and the maintained uniformity of the filling
material.

The internal insulation may be less difficult, since it regards single dwellings
and it does not involve actions on the facade, the use of scaffolding, etc. Never-
theless, this intervention could reduce the internal surface of the living spaces;
therefore, it has to be correctly designed and planned. In fact, while the insulation
in the cavity presents physical limits due to the width of the air layer, the appli-
cation of insulating panels becomes effective for thicknesses generally higher than
4–6 cm, especially in the continental climatic conditions.

Regarding the dynamic thermal performance of the walls, the position of the
insulation greatly influences the thermal inertia of the structure. The heat storage is
determined by the properties of materials, which are involved in the heating trans-
mission of the envelope, In general, the external insulation provides better results.

As regards hygrometric properties, a higher thermal insulation undoubtedly
involves a good improvement in terms of surface moisture problems. Nevertheless,
the situation should be carefully assessed in terms of risk of interstitial condensation,
especially when the insulating layer is located close to the internal side of the wall.

7.1 Evaluation of Insulation Intervention: Practical
Examples

As reference for the thermal transmittance reductions of building walls, the effects
of the thermal insulation of the structures of the database (Table 9) are calculated,
considering two kind of installation, on the internal or the external side. As an
alternative, for air layer masonry, the effect of the cavity insulation is also
considered.

For each structure, three different kinds of insulated materials widely used in
building refurbishment are considered (Table 10). Their properties are gathered
from the technical files of commercial products.

Moreover, for the evaluation of the periodic thermal transmittance, it is also
taken into account the position of the insulating layer (external or internal). An
additional layer of external plaster is added in case of external insulation.

Table 10 Hygrothermal properties of insulation materials

Type k [W/(m K)] d [kg/(m s Pa)] q (kg/m3)

Internal or external insulation
Mineral wall (MW) 0.036 193 9 10-12 40
Wooden fibreboard (WF) 0.040 97 9 10-12 110
Polystyrene (PY) 0.033 1.3 9 10-12 35
Air layer insulation
Cellulose 0.038 1 9 10-12 35
Polyurethane foam 0.030 3.8 9 10-12 30
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The following graphs (Fig. 7a–x) allow to check the insulation thickness nee-
ded to improve the performances indicated by local requirements or limits of the
thermal transmittance U and periodic thermal transmittance Yie. In addition, cavity
filling is evaluated, where applicable.

8 Interstitial Condensation Evaluation: Maximum
Insulating Thickness Allowed in the Refurbishment
for Some Wall Structures

It is important to associate the choice of insulation, in relation to the limits for the
energy refurbishment, to the corresponding hygrometric assessment. Sometime,
for particular climatic conditions and building structures, an optimal choice in
terms of energy saving may not be suitable in relation to the risk of interstitial
condensation.

Following the steps of the procedure for the interstitial condensation assess-
ment, the previously described walls are considered in the following calculations,
to determine the insulating layer thicknesses for a positive assessment (Step 10).
As reference, only the structure number is indicated, from 01 to 18.

Fig. 7 U and Yie values versus insulation thickness. a 01 BM—brick masonry. b 02 BM—
masonry face brick. c 03 BM—cellular brick masonry. d 04 SM—stone masonry. e 05 SM—tuff
stone masonry. f 06 SM—stone masonry with air layer. g 06 SM—stone masonry with air layer—
cavity insulation. h 07 SM—stone masonry with insulated layer. i 08 CM—brick and stone
masonry. j 09 CM—masonry with air layer. k 10 CM—hollow concrete block masonry (1). l 11
CM—hollow concrete block masonry (2). m 11 CM—hollow concrete block masonry (2)—
cavity insulation. n 12 HB—hollow brick masonry (1). o 12 HB—hollow brick masonry (1)—
cavity insulation. p 13 HB—air layer brick masonry (1). q 13 HB—air layer brick masonry (1)—
cavity insulation. r 14 HB—air layer brick masonry (2). s 15 HB—air layer brick masonry (3).
t 15 HB—air layer brick masonry (3)—cavity insulation. u 16 HB—air layer brick masonry (4).
v 16 HB—air layer brick masonry (4)—cavity insulation. w 17 PC—concrete wall. x 18 PC—
concrete insulated wall (2)
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As before, for the thermal calculations, various insulating materials, thicknesses
(from 1 to 12 cm), position (outside, inside, filling the air layer) have been con-
sidered with their hygrothermal parameters.

The indoor moisture production was referred to humidity class 3 (buildings with
unknown occupancy, Fig. 4). The climatic data of six different regions in Europe
are resumed in Table 11 [te in (�C), Pve in (Pa)].

The upper limits of condensation in the annual cycle for different materials have
been calculated in function of thickness L (m), density q (kg/m3) and conductivity

Fig. 7 continued
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Fig. 7 continued
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Fig. 7 continued
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Fig. 7 continued
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Fig. 7 continued

Opaque Building Envelope 43



Fig. 7 continued
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Fig. 7 continued
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k [W/(m K)] of the chosen materials, in agreement with the indications described
in Sect. 5 (Table 12).

8.1 Existing Walls

Condensation occurs in the following existing structures:

• Wall 06, in the climatic conditions of Milan and Hamburg (\2 g/m2).
• Wall 07, in the climatic conditions of Milan, Paris, Brussels (\3 g/m2) and

Hamburg (\6 g/m2).
• Wall 11 and 18, in the climatic conditions of Milan (\110 and \350 g/m2,

respectively), Hamburg (\200 and \2,000 g/m2), Paris and Brussels (\35 and
\720 g/m2).

• Wall 14 and 16, in the climatic conditions of Milan (\20 and \4 g/m2,
respectively).

Fig. 7 continued

46 A. Magrini et al.



T
ab

le
11

C
li

m
at

ic
co

nd
it

io
ns

co
ns

id
er

ed
in

th
e

ca
lc

ul
at

io
ns

C
li

m
at

e
Ja

n
F

eb
M

ar
A

pr
M

ay
Ju

n
Ju

l
A

ug
S

ep
O

ct
N

ov
D

ec

R
om

e
t e

8.
3

9.
0

10
.6

13
.3

17
.6

21
.2

24
.2

24
.4

21
.5

17
.0

12
.8

9.
4

P
v
e

83
3.

0
93

2.
7

10
42

.1
11

67
.5

15
23

.9
19

15
.8

23
54

.7
22

63
.8

19
62

.0
15

00
.3

11
53

.5
95

3.
3

M
il

an
t e

0.
3

2.
2

7.
5

10
.9

16
.3

19
.7

23
.1

22
.2

17
.6

12
.5

6.
5

2.
2

P
v
e

55
6.

8
47

9.
4

69
8.

1
88

5.
2

12
85

.3
18

57
.4

18
20

.5
18

17
.2

16
09

.6
13

00
.7

80
3.

6
52

3.
3

P
ar

is
t e

3.
9

4.
2

7.
0

10
.0

14
.3

16
.8

19
.4

19
.7

15
.7

11
.3

6.
4

4.
5

P
v
e

73
5.

4
55

8.
7

75
4.

7
89

1.
2

10
81

.4
14

86
.4

14
69

.5
15

55
.8

13
87

.2
10

90
.8

85
9.

3
75

4.
3

M
ad

ri
d

t e
5.

6
6.

9
10

.0
11

.7
16

.9
20

.6
25

.5
24

.7
20

.1
14

.2
9.

4
5.

9
P

v
e

65
6.

5
69

0.
5

74
4.

7
76

2.
5

11
51

.7
12

57
.8

12
93

.8
14

07
.5

13
39

.6
11

33
.4

88
4.

9
77

3.
6

B
ru

ss
el

s
t e

3.
1

3.
2

6.
4

8.
9

12
.9

15
.6

18
.4

17
.4

14
.5

10
.9

6.
6

4.
9

P
v
e

64
4.

6
66

3.
8

80
4.

8
86

8.
6

11
41

.3
13

20
.4

16
40

.9
14

92
.9

13
33

.7
10

47
.6

81
7.

6
75

4.
7

H
am

bu
rg

t e
2.

0
0.

2
4.

4
6.

9
12

.8
15

.8
16

.9
17

.4
13

.5
9.

8
5.

2
2.

6
P

v
e

63
0.

9
50

6.
3

68
2.

6
73

7.
9

10
42

.3
13

28
.1

13
93

.2
15

11
.5

12
55

.4
98

8.
0

72
6.

8
65

8.
1

Opaque Building Envelope 47



T
ab

le
12

V
ap

ou
r

co
nd

en
sa

ti
on

up
pe

r
li

m
it

s
fo

r
so

m
e

bu
il

di
ng

m
at

er
ia

ls

T
hi

ck
ne

ss
L

(c
m

)
=

1
2

3
4

5
6

7
8

9
10

11
12

q
(k

g/
m

3
)

k
[W

/(
m

K
)]

Q
am

m
(g

/m
2
)

B
ri

ck
50

0
50

0
50

0
50

0
50

0
50

0
50

0
50

0
50

0
50

0
50

0
50

0
C

on
cr

et
e

50
0

50
0

50
0

50
0

50
0

50
0

50
0

50
0

50
0

50
0

50
0

50
0

T
im

be
r

10
0

0.
04

0
30

60
90

12
0

15
0

18
0

21
0

24
0

27
0

30
0

33
0

36
0

P
la

st
er

an
d

m
or

ta
r

1,
40

0
0.

70
0

42
0

50
0

50
0

50
0

50
0

50
0

50
0

50
0

50
0

50
0

50
0

50
0

O
rg

an
ic

fi
br

e
w

at
er

-r
es

is
ta

nt
ad

he
si

ve
10

0
0.

04
0

20
40

60
80

10
0

12
0

14
0

16
0

18
0

20
0

22
0

24
0

no
t

w
at

er
-r

es
is

ta
nt

ad
he

si
ve

10
0

0.
04

0
5

10
15

20
25

30
35

40
45

50
55

60
M

in
er

al
fi

br
e

40
0.

03
6

77
15

3
23

0
30

7
38

3
46

0
50

0
50

0
50

0
50

0
50

0
50

0
C

el
lu

la
r

pl
as

ti
c

m
at

er
ia

ls
35

0.
03

3
61

12
2

18
4

24
5

30
6

36
7

42
8

48
9

50
0

50
0

50
0

50
0

48 A. Magrini et al.



8.2 External Insulation

The results of the assessment of condensation in the case of external insulation
show that sometime condensation may occur before the external plaster layer with
moderate quantities.

Walls 1–2, 4–11 and 13: no condensation occurs for any climatic conditions.
Wall 3:1 cm PY produces condensation in the climatic conditions of Milan

(\30 g/m2) and Hamburg (\15 g/m2).
Wall 12 presents condensation in the climatic conditions of Milan, for MW and

WF (thickness [2 cm), and of Hamburg for MW ([5 cm). In the same climatic
conditions, 1 cm PY produces, respectively,\35 and\15 g/m2 of condensation in
the annual cycle. In any case, the amount of condensation is moderate and lower
than the maximum values for the materials involved.

Wall 14, affected by interstitial condensation in the existing conditions and
climate of Milan, becomes free of condensation for the same climate, if MW or
WF is used. For PY, the amount of assessed condensation reduces gradually to
zero, but it occurs for 1–2 cm.

Walls 15, 16 and 17 present condensation for MW (for thickness [4, [5 and
[4 cm, respectively), for WF ([7,[8,[5 cm) and for PY (1 cm only for 15 and
16) in the climatic conditions of Milan. Wall 15 presents condensation also for
Hamburg only for 1 cm thickness PY (\20 g/m2). In any case, the amount of
condensation is small and lower than the maximum values for the materials
involved.

Wall 18: the problem of condensation, found for Paris and Brussels in the
existing conditions, disappears with any insulating material and thickness, while
for Milan remains also with 1 cm of MW, WF and PY. For the climatic conditions
of Hamburg, condensation occurs only for 1 cm PY.

8.3 Internal Insulation

Generally, significant problems of condensation emerge for internal insulation,
even if sometimes it is an easier refurbishment solution, mostly in the case of
articulated, painted, decorated façades. The calculation results are summarized in
Table 13: for each wall (01–18) and the three insulating materials, the thickness
that corresponds to the absence of condensation is in brackets, the positive
assessment is pointed out as X, on the contrary the number indicates the maximum
thickness that allows a positive assessment.
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8.4 Air Cavity Insulation

In the case of cavity insulation, the risk of condensation is estimated for 3–30 cm
air layer thickness and for cellulose or polyurethane foam filling. Through the
calculations, 12, 13 and 15 walls are free of condensation for all the climatic
conditions considered (Table 11), even if 13 wall presents condensation for
3–11 cm cavity thickness with PY foam, in the climatic conditions of Milan.
Condensation results in 06 and 11 walls are resumed in Table 14.

8.5 Refurbishment Example: How to Evaluate
the Intervention

Considering the wall described in Table 15 (taken from Table 9), it is shown how
to calculate the appropriate thickness of mineral wool, to reach the value of
thermal transmittance U = 0.30 W/(m2 K) and the dynamic thermal transmittance
Yie = 0.12 W/(m2 K). Interstitial condensation assessment is also performed.

Starting from the thermal properties of the analysed wall, the minimum
thickness of insulation which allows to reach the imposed transmittance values is
determined through the diagrams in Fig. 8a and b.

To reach the U-value of 0.30 W/(m2 K), 7 cm insulation thickness is necessary
both for the internal and the external insulation layer.

For the dynamic thermal transmittance, 4 cm thickness has to be applied for the
external layer and 5.5–6 cm is needed if the intervention is on the internal layer.

This last information is useful to define the optimal position of the insulation
layer (internal or external), even if in this case the most strict condition is deter-
mined by the thermal transmittance (Table 16).

Moreover, an intervention of air layer insulation is also evaluated (Fig. 9). If the
air cavity thickness is greater than 10 cm, the target U-value is reached both with
cellulose or polyurethane foam filling. The same result is obtained for the dynamic
thermal transmittance limit.

Referring to the climatic conditions in Table 11, the application of 7 cm
mineral wool insulating layer causes interstitial condensation. For the external
insulation, it occurs in the climatic conditions of Milan and of Hamburg. In any

Table 14 Maximum amount of interstitial condensation (g/m2), and in brackets, the corre-
sponding air layer thickness (cm)

Rome Milan Paris Madrid Brussels Hamburg

06 Cell 0.0 6.7(7–8) 7.4(7–9) 1.0(7–12) 8.3(8) 12.6(7)
Foam 0.0 11.3(12–14) 11.2(11–15) 2.2(11–20) 13.7(11–15) 18.5(10–14)

11 Cell 0.0 15.6(3) 7.3(3) 0.0 3.6(3) 27.5(3)
Foam 0.0 189.3(3) 164.7(3) 34.9(5) 200.2(3) 298.7(3)
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case, the amount of condensation is moderate and lower than the maximum values
for the materials involved. In case of internal insulation, the climatic conditions of
Rome do not cause condensation at all; in Madrid, condensation occurs, but it
satisfies the two criteria for interstitial condensation (acceptable maximum

Fig. 8 a Thermal transmittance U. b Dynamic transmittance Yie according to the insulation
thickness (internal and external insulation layer)

Table 15 Thermal properties of the wall

12 HB—Hollow brick masonry (1)

Layer L (cm) q (kg/m3) k (W/m K) R (m
2 K/
W)

1 Internal
plaster

2 1,400 0.700 0.028

2 Hollow
bricks

8 800 – 0.200a

3 Air layer 2.5/30 1.2 – 0.180b

4 Hollow
bricks

12 800 – 0.310a

5 External
plaster

2 1800 0.900 0.022

U[W/(m
2 K)]

Ms (kg/
m2)

ji [kJ/
(m2 K)]

Yie [W/
(m2 K)]

S (h) fa (-)

1.098 224 57.9 0.594 7.268 0.541

a Equivalent thermal resistance for hollow bricks
b Thermal resistance for unventilated air layer EN ISO 6946

Table 16 Insulation
thickness (external/internal)

Defined value External
insulation (cm)

Internal
insulation (cm)

U = 0.30 W/(m2 K) 7 7
Yie = 0.12 W/(m2 K) 4 6
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condensate quantity and complete evaporation). In the other climatic conditions
(Milan, Paris, Brussels, and Hamburg), the wall is not verified.

The calculations show that the wall is free of condensation for all the climatic
conditions considered, if the air cavity is filled with cellulose or polyurethane
foam.

9 Case Study: Evaluation of the Envelope Incidence
in Terms of Energy Performance

In order to estimate the importance of the envelope in building refurbishment, a set
of simulations is carried out considering a case study. In particular, one flat of a
typical construction built in the 1970s is adopted (Fig. 10).

The case study is a single dwelling in an intermediate level (adiabatic floor and
ceiling). The main geometrical features are reported in Table 17.

The single glass windows have a wooden frame and a thermal transmittance of
3.44 W/(m2 K). In order to investigate the different hygrothermal behaviours of
some representative wall typologies described in Sect. 6, three opaque envelope
hypotheses were defined according to the age of the analysed construction, as
reported in Table 18.

The energy performance of the base case (without thermal insulation) was
assessed according to the quasi-steady-state method presented in Sect. 6, referring
to three different climatic conditions (Hamburg, Madrid, Milan).

Fig. 9 a Thermal transmittance U. b Dynamic transmittance Yie according to the insulation
thickness (air layer)
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9.1 Refurbishment Interventions

According to each building typology, a set of envelope renewal interventions is
defined in order to evaluate the improvement of the energy performance. In par-
ticular, the four insulation materials reported in Table 19 are adopted, considering
three different thicknesses (4–8–12 cm).

Fig. 10 Case study—general
plan

Table 17 Building features Internal floor area (m2) 61.49
Overall conditioned volume (m3) 260.12
Envelope surface/conditioned volume ratio (m-1) 0.46
Opaque envelope (m2) 64.60
Transparent/opaque envelope ratio 0.21

Table 18 Case study—wall types and corresponding envelope winter energy needs

Wall type U [W/(m2 K)] Yie [W/(m2 K)] EPH,env [kWh/(m2 year)]

Hamburg Madrid Milan

10 1.16 0.656 185.58 97.74 157.47
12 1.098 0.594 152.53 76.49 127.88
17 1.626 0.599 200.16 107.14 170.52
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In Table 20, the comparison of the improvement percentage in terms of
envelope energy performance is presented, according to the kind of insulation and
its thickness L, the climatic conditions, and the wall type that is investigated.

In general, it is possible to reach an average reduction, which accounts for
30–40 %, in comparison with the initial energy needs for the envelope, even with

Table 20 Percentage of improvement with the insulated walls

Mineral wool Wooden fibreboard Polystyrene Polyurethane

L (cm) 4 8 12 4 8 12 4 8 12 4 8 12

10 Hamburg 35.9 43.7 47.1 34.5 42.7 46.3 37.0 44.5 47.8 41.2 47.5 50.0
Madrid 43.5 52.8 56.8 41.9 51.6 55.9 44.8 53.7 57.5 49.5 56.8 59.8
Milan 37.8 46.0 49.6 36.4 45.0 48.8 39.0 46.9 50.3 43.4 50.0 52.6

12 Hamburg 25.5 32.9 36.4 24.3 31.9 35.6 26.5 33.7 37.1 30.4 36.7 39.5
Madrid 32.2 41.4 45.7 30.7 40.1 44.7 33.5 42.4 46.6 38.4 46.1 49.5
Milan 27.1 35.0 38.8 25.9 33.9 37.9 28.2 35.9 39.5 32.4 39.1 42.0

17 Hamburg 39.7 47.5 50.8 38.3 46.5 50.0 40.8 48.2 51.4 45.0 51.1 53.5
Madrid 47.5 56.6 60.4 45.4 55.0 59.1 48.8 57.5 61.1 53.7 60.8 63.5
Milan 41.7 49.9 53.3 40.1 48.7 52.4 42.9 50.7 54.0 47.3 53.6 56.2

Table 19 Hygrothermal properties of the applied insulations

Material [W/(m K)] [kg/(m s Pa)] q (kg/m3)

Mineral wall 0.036 193 9 10-12 40
Wooden fibreboard 0.040 97 9 10-12 110
Polystyrene 0.033 1.3 9 10-12 35
High-performance polyurethane 0.027 10.6 9 10-12 35

Fig. 11 Results for 12 and 17 walls (Hamburg). WF = wooden fibreboard. MW = mineral
wool. PS = Polystyrene. PU = Polyurethane
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4 cm of insulation. These values increase for the high-performance polyurethane,
as it is expected, since it has a lower value of thermal conductivity.

It is apparent that for the wall 12, which presents the lowest value of thermal
transmittance, the effect of the energy conservation measures is less significant
than for 10 and 17 walls.

In particular, in Fig. 11, the percentage values for the wall types 12 and 17 are
shown for the Hamburg climatic conditions. The differences related to the insu-
lation types are negligible, except for the high-performance polyurethane, which is
more effective than other materials. The main differences between the energy
improvements are mainly related to the initial high thermal transmittance.

In fact, the energy refurbishment of low-performance buildings is more effec-
tive than in other cases. On the other hand, the less are the initial energy needs of
the building, the more difficult is increasing the energy saving.
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Transparent Building Envelope: Windows
and Shading Devices Typologies
for Energy Efficiency Refurbishments

G. Cellai, C. Carletti, F. Sciurpi and S. Secchi

Abstract Main typologies of windows, typical of the existing buildings, and
innovative solutions, special glasses, and shading devices (fixed shading, mobile
shading, roller blinds, and curtains) are described and assessed. The windows and
solar shadings’ appropriate choices are evaluated on the basis of a case study. For
each of these solutions, thermal efficiency, natural lighting, and acoustic perfor-
mances have been assessed with appropriate calculation codes. Dynamic compu-
tational methods with a graphical interface are used (EnergyPlus, through the
Design Builder interface, for energy simulations, RELUX to simulate natural
lighting, and DISIA for the acoustic simulations). Four representative climatic
datasets corresponding to various locations (Berlin, Milan, Florence, and Athens)
were considered. Appropriate performance indicators (defined by regulations or
conventionally applied in science) have been identified in order to analyze per-
formances and to evaluate different strategies for the achievements of energy
efficiency and of comfortable environments: Qsw (winter solar gains), ho (operative
temperature), Fw (reduction factor of winter solar gains), DF (average daylight
factor), UDI (useful daylight illuminance), daylight uniformity, D2m, nTw (acoustic
insulation of facade normalized with respect to the reverberation time), and Dlfs
(sound pressure level difference due the façade shape). Starting from the perfor-
mance evaluation of existing buildings, according to a logic implementation of
consequential performance, this study provides for the assessment of different
phases: the first interventions (phase A), replacement of existing windows with
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other high-energy performance ones (phase B), adaptation of the thermal trans-
mittance of opaque envelope to national limits (phase C), and introduction to solar
systems and solar control glasses (phase D). Then, the effect of screens and
windows on the reduction in the thermal loads in the summer season and on the
thermal comfort has been assessed, together with the influence on visual and
acoustic comfort of different configurations of windows and shielding. Finally, a
comprehensive evaluation on the aspects of energy consumption, natural lighting,
acoustic comfort, and technical feasibility (TF) is carried out.

Symbols

A Area (m2)
Ag, Af Glass and frame area (m2)
D2m,nTw Standardized façade sound level difference (dB)
DF Daylight factor (%)
E East orientation
Eint, Eext Indoor and outdoor illuminances (lux)
Emin/Em Daylight uniformity (–)
g Solar factor (%)
Isol Solar radiation (W/m2)
N North orientation
Qsw Winter solar gains (kWh)
Qss Summer solar gains (kWh)
ho Operative temperature (�C)
Fw Reduction factor of winter solar gains (%)
Fs Reduction factor of summer solar gains (%)
Ra Color-rendering index (–)
Rw Rating of sound reduction index (dB)
S South orientation
SC Shading coefficient (%)
U Thermal transmittance [W/(m2 K)]
UDI Useful daylight illuminance (–)
Ug Thermal transmittance of the glass [W/(m2 K)]
Uf Thermal transmittance of the frame [W/(m2 K)]
Uw Thermal transmittance of the window [W/(m2 K)]
lg Total perimeter of the glazing (m)
W Linear thermal transmittance [W/(m K)]
W West orientation
YIE Periodic thermal transmittance [W/(m2 K)]
DLfs Façade shape level difference (dB)
u Phase shift
Wg Linear thermal transmittance of glass [W/(m K)]
a Noise absorption coefficient (–)
k Shermal conductivity [W/(m K)]
hdb Dry bulb temperature (�C)
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sv Light transmittance (%)
sk Spectral light transmittance (%)

1 Generalities

The relation between window openings and outdoor calls for three specific needs:

1. heat flow control through components with a low thermal inertia capacity;
2. protection from solar radiation;
3. visual connection between the envelope and the outside and therefore a satis-

factory level of natural light.

The first requirement, strictly related to energy efficiency, has pushed forward
the development of material components with low transmittance values (thermal
transmittance value UW): their improved performances are producing positive
outcomes in terms of thermal and acoustic comfort.

The second requirement deals with the light control through the glass panes
(with total solar transmittance g value and light transmittance sv) and with the
application of screen devices to protect against solar radiation and to ensure
occupants’ comfort.

The third need is prominently centered on the visual comfort (VC) demand.
The replacement of windows, aimed to energy refurbishment, represents the

kind of intervention that brings the most efficient cost/performance ratio, often
promoted by tax incentives; this kind of solution is also practicable by simply
substituting the existing glazing with new ones, maintaining the same frame.

2 The Thermal Performance

Three components define the thermal transmittance of a window (UW): the glass
panes, the frame (fixed or operable), and the spacer between panes (multiglazed
windows).

The following heat exchange process combinations must be taken into account
(Fig. 1):

• Convective and radiative heat transfer between the outer and the inner adjacent
surfaces;

• Conductive, convective, and radiative heat transfer within the cavities of the
window itself (double-glazed or double-framed windows).

The thermal transmittance value can be calculated as follows [27]:

Transparent Building Envelope: Windows and Shading Devices Typologies 63



UW ¼ AgUg þ Af Uf þWgIg

� �
= Ag þ Af

� �
W=ðm2 KÞ
� �

ð1Þ

where
Ug Thermal transmittance of the glass [W/(m2 K)]
Uf Thermal transmittance of the frame [W/(m2 K)]
Ag, Af Glass and frame area (m2)
lg Perimeter of visible glass edge (m)
Wg Linear thermal transmittance due to the combined thermal effects of

glazing, spacer, and frame [W/(m K)]

For a conservative approach, the computation of UW is proceeded under the
common practice of neglecting the shield film layer, if present, handling it as
inactive (this does not apply, however, to the procedure of irradiance considering
solar gain calculation).

For double-glazing panes bonded around the perimeter of the spacers, the cavity
holding air, performing a low value of thermal conductivity (k % 0.025 W/
(m K)), plays a decisive contribution in terms of thermal resistance improvement.

Further on, the reduction in conductive and convective heat transfer is possible,
thanks to the development of several solutions, such as in Fig. 2:

• the application of gas layer with a thermal conductivity lower than the air
conductivity (for instance, argon and krypton gases);

• the introduction of coating film over the glass panes with a consequent emis-
sivity reduction (low-emission glazing);

• the addition of interspaces splitting with multiglazing systems;
• the adoption of spacers with low thermal conductivity material components.

Fig. 1 Single window
scheme
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The ideal limit occurs with the adoption of vacuum cavities between glass
panes: the heat exchange is reduced to just radiation and the cavity reaches the
maximum value of thermal resistance equal to approximately 0.276 m2 K/W, with
a temperature difference between glass panes of about 10 �C [7].

The thermal transmittance of the glazing Ug depends on the number, the
thickness, and the interspace of glazing. Ug values are also depending on emis-
sivity and nature of the gas in the cavity, and they can reach about 0.3–0.5 W/
(m2 K), congruently with the ‘‘zero-energy house’’ achievements.

The frame, along with the glass panes, constitutes the other essential compo-
nents of the window; it can be made out of wood, aluminum, or metal with thermal
break (Fig. 3), PVC, or mixed materials.

Fig. 2 Thermal transmittance conditions and improvement actions

Fig. 3 Examples of typical aluminum frames without (left) and with (right) thermal break (strips
of polyamide) (Company METRA)
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Historically, for doors and windows, the most common material is wood, with
frame thicknesses between 50 and 60 mm, and average transmittance Uf of about
1.9–2.3 W/(m2 K) (generally wood frames perform higher transmittance values
than metal frames with thermal break).

Nowadays, to improve the performance and the durability of wooden frames,
mixed solutions have been developed with aluminum on the outer side and wood
on the inner side, with thermal insulation components and Uf values between 1.0
and 0.6 W/(m2 K) (about six times lower than the values of metal frames with
thermal break) [9].

3 The Radiative and Acoustic Performance

Common glass panes are transparent to solar radiation in the range of wavelengths
from ultraviolet to the near infrared (from 0.3 to 2.5 lm), with a maximum peak in
the visible range (about 42 % of the solar energy is emitted in the range of
0.38–0.74 lm wavelengths).

In order to control the transmission of solar radiation, a protective coating can
be applied over the glass surfaces, improving the light transmittance sv (%) and the
solar factor g (%).

Both parameters represent the average values of the energy ratio transmitted
through the glass and the normally incident energy over the surface in the spec-
trum of standard radiation [26]. In Anglo-Saxon countries, the shading coefficient
SC (%) is widely used as a valid alternative to the solar factor g. It is the ratio of
the radiant energy that penetrates through the glass to the energy transmitted
through a common clear glass of 3 mm thickness.

The control of radiation, primarily, is performed by increasing the capacity of
reflection in the visible range, but this action is likely going to alter color per-
ception, expressed by the general color-rendering index Ra.

The index Ra can reach the maximum value of 100 for glasses whose spectral
transmission factor sk is constant in the visible spectral range. For common
glazing, Ra % 98 and g % 0.89.

In the field of environmental control practices pertaining to lighting design,
Ra [ 90 is featuring a very good yield, while values of Ra C 80 indicate a yield of
acceptable color.

The chromaticity of glass panes, in relation to comfort, shows a comfort
acceptability falling below 85 % of occupants when sv is reaching 38 % with
cloud cover and 25 % with clear sky.

To ensure an effective protection against solar radiation, a glass must have a
g value between 15 and 20 %; however, this implies a high reduction in sv, with
consequent worsening of natural lighting, and sometimes, it can result in a Ra
shortcoming [2].

The solar radiation effects could be reduced using special coated glasses, such as:
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1. sunscreen-reflective glass (Figs. 4 and 5);
2. glass for thermal insulation—low emission;
3. low—emission glass and reflective glass(Fig. 6).

Along with coatings, the proper selection of tinted glass plays a key role in
architectural design. The internal chromatic perception is the response to the light
transmitted through the ranging variety of stained panes: the most common are
gray, bronze, blue, and green (Fig. 5); those colors do not excessively alter
occupants’ perception (Ra C 90).

Moreover, a glass pane that creates a brighter light effect in rooms is more
suitable (such the kind in bronze color does); usually, in hot climatic regions, cold
colors are preferred and vice versa in the cold ones [3].

Fig. 4 Example of solar reflective glass window 6–12–6 mm, with Ug = 2.7 W/(m2 K), light
transmittance sv = 18 %, solar factor g = 22 %, and SC = 25 % [17]

Transparent Building Envelope: Windows and Shading Devices Typologies 67



In the making of choices for glass types, therefore, being aware of transitional
effects from winter to summer, façade exposures, shading effects from the sur-
rounding, etc., would be useful. Emerging technologies aim to develop glass panes
with dynamic optical properties, such as the smart windows, consisting of elec-
trochromic materials (ECWS), liquid crystal devices, or suspended particles [10].
They are capable of varying the radiative performance in function of the outside
weather and the inside conditions, cutting down energy costs by 10–45 % on
lighting and 5–15 % for air-conditioning in summer, up to a maximum of 20 %,
compared to more conventional control systems for solar radiation.

Fig. 5 Tinted glasses—spectral trend sk and color-rendering index Ra

Fig. 6 Selective coated glasses—spectral trend sk and color-rendering index Ra
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The electrochromic glass may have a sv factor from 0.03 to 0.75, with thermal
transmittance of 1.6 \ Ug \ 0.5 W/(m2 K) [10].

Natural light changes during the day and with the changing seasons; thus, the
levels of internal lighting and external lighting are instantaneous values that are
constantly changing, especially in the presence of variable sky. Consequently, it is
not possible to prescribe absolute limit values of natural lighting. In addition, in
clear sky conditions, the assessments should be conducted under detailed com-
putational method procedures.

For simplicity, many regulatory and legislative codes refer to the relation
between the internal lighting and external lighting at the same time; the perfor-
mance indicator, the ‘‘daylight factor’’ (DF), is used to evaluate and express the
punctual nodes of luminance levels of zones under an overcast sky, and it is
defined as the ratio of internal (Eint) illuminance to external (Eext) illuminance:

DF ¼ Eint

Eext

Since the percentage of DF varies in every point of a given environment,
usually it refers to its average value. The greater the homogeneous distribution of
light, the greater the internal level of comfort.

According to EN ISO 12464-1 [28], it is desirable that the ratio of minimum
luminance to average luminance is C0.7 in the area of the visual task and C0.5 in
the immediate surrounding area to that of the task.

The light distribution (gradient lighting) also presents spatial variations: the
level of natural light decreases rapidly with increasing distance from the window
(Fig. 7); the interior surfaces, including the furniture, can produce strong contrasts
or reduce differences in brightness. A side sourced light presents a very different
gradient of illumination from a zenithal light source, characterized by a relatively
uniform distribution. An external obstacle can hinder the internal lighting.

One of the parameters used for the analysis of illuminance levels for inside
spaces is the useful daylight illuminance (UDI) [13, 14]; the UDI has been defined
in order to support the analysis of illumination levels by natural light, based on
hourly meteorological climate data for the period of 1 year, to determine how
many hours the level of natural lighting is within the range 100–2,000 lx deemed
satisfactory by the users for an adequate VC in natural light conditions.

Below 100 lx, illumination values of natural light are considered insufficient to
satisfy basic visual tasks. They represent a negligible contribution toward energy
efficiency. Natural light levels in the range 100–500 lx are effective for many
visual tasks and offer a good contribution in terms of energy savings. The illu-
minance values of natural light in the range 500–2,000 lx are considered satis-
factory for all the visual tasks, while illuminance values [2,000 lx, in most
applications, cause visual discomfort and rising of temperature.

In the evaluation of solar shading solutions, the UDI is used to evaluate the
lighting properties of shielding, with ‘‘clear sky’’ conditions corresponding to the
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model developed by CIE, which provides a luminance distribution as a function of
the position of the sun at given latitude [18, 19].

Another fundamental aspect is given by acoustic comfort specifications, which
represent a design parameter setting in all European countries. Acoustic perfor-
mances are of great importance in the design of residential, considering that, very
often, they are the critical part of the partitions and closures and they have to meet
standards of comfort expectancies and building codes and regulations. The noise,
in fact, may have effect on people’s health and consequently economic
implications.

With regard to acoustic performance of windows and shading devices, they are
expressed by the index of evaluation of the sound reduction Rw (dB) [5]. Another
fundamental aspect to ensure the expected performance is related to the tightness
of the frame [21], which must be as highest as possible; otherwise, the penalty may
also be of several dB.

The acoustic performance of a window is conditioned in order of importance by
[4, 24]:

• the type of glazing (single glazing or laminated);
• the number and thickness of glasses (mass of the component);
• the tightness of the frame (type of seals and number of beats).

Fig. 7 Gradient lighting depends on the height (H) and the width of the window

70 G. Cellai et al.



The installation procedures need proper attention, as they have to be performed,
for example, without creating sound bridges at the frame–masonry junctions.

Summarizing as a reference of the above-covered contents, the following
performances are listed below:

• solar factor g B 0.50;
• light transmittance 0.38 \ sv \ 0.65;
• color-rendering index Ra C 90;
• thermal transmittance Ug B 1.3 W/(m2 K);
• rating of sound reduction index Rw of the window C40 dB.

4 Windows’ Typologies

The general term of ‘‘external openings’’ widely refers to several technical ele-
ments such as fixed windows and operable windows (by single-hung or double-
hung sash, horizontal sliding sash, awning, hopper, tilt and slide, and tilt and turn)
jalousie window, clerestory, roof lantern, skylights, French doors etc.

According to the definition given by the standard [25], the window is a building
component for closing an opening in a wall or pitched roof that will admit light
and may provide ventilation.

The current production of windows can be classified according to:

• type of opening;
• type of frame materials;
• type of glass;
• type of spacers between the panes.

Each of the above typology components can lead to issues, mostly in terms of
acoustic and thermal bridges; both of these aspects are inherent to the technology
implied in the manufacturing and in the installation procedures.

4.1 Installation

The installation procedures of windows must attend to the main requirements of:

• control of thermal bridges through the window framing and the wall system;
• control of sound transmission through the window framing and the wall system.

Both of these requirements have to be fulfilled; otherwise, good energy-saving
windows may have their performance diminished as a result of a poorly proceeded
installation.
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4.2 Thermal Bridges

An important reference supporting the first requirement is the EN ISO 14683 [29].
Looking at the various typologies of thermal bridges, the most critical condi-

tions can be identified as those having a maximum value of linear thermal
transmittance W. These are constituted by:

• window positioned on the outer side with W between 0.8 and 1 W/(m K);
• window positioned at the center of the wall with W between 0.6 and 1 W/(m K);
• window frame positioned on the inner side of the masonry with W between 0.8

and 1 W/(m K).

The best solutions with values W B 0.20 W/(m K) are those with the frame
resting directly on the insulating layer.

4.3 Sound Control

The situation in terms of sound control is more detailed and complex, considering
the crucial importance to achieve sound capabilities of the insulation layer con-
certed with the choice of obscuration (blinds or shutters). Also, the inevitable
uncertainties and worsening factors need to be considered, related to the con-
struction conditions of the various components of the façade. In this regard,
building guidelines that provide specific indications for proper installation (for
example, the Italian standard [30]) are useful references.

Once the type of windows has been identified, the next task is to define some
details on the wall opening that are critical to keep the building envelope sealed
from water, air, and heat transfer and also to maintain high sound insulation
performances.

In particular, the wall opening, enforced by the introduction of a wall curb sill
extruded over the jamb perimeter (Fig. 8 left), may reach an acoustic performance
better than the simple frame system lying flashed along the exterior wall casing
(Fig. 8 right), through which sound waves can propagate more easily toward the
internal environment.

A careful handling of dimensional tolerances is an unavoidable precaution to
prevent serious consequences during the window installation process. It is rec-
ommended a tolerance with at least 5 mm per side between window frame and
wall opening, variable in function of frame materials, solar radiation absorption
capabilities, frame color and size (PVC in dark color is quite sensitive, for
instance, to thermal expansion).

Bad junctions between masonry and window, small holes or poor realizations of
the attack, can affect the overall result, with reduction in more than 10 dB of sound
insulation.
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In case of window shutters lying on the middle line of the wall section (Figs. 9, 10),
a bead of sealant should be applied on the three shoulders of the window opening and
the sill, making sure to connect them. Once fixed the window frame into the wall
compartments, it is necessary to perform the operation of filling the joint with
expanding material and to seal properly the inner part of the joint with sealant; then,
the interstice between the masonry and the window frame must be sealed by proper
material.

Another important element is the interface frame since that, if poorly executed,
can compromise the overall operation of the window.

Poorly executed installation of the glass pane interfacings can also produce
issues related to sensible deformations over the frame profiles (for instance, the
excessive weight of the glass plates can reduce the air tightness of the frame and
therefore affects the sound insulation performance).

Fig. 8 Example of a wall curb sill extruded over the jamb of the window frame (left) and
window frame flashed along the exterior wall casing

Fig. 9 Example of realization of a coupling in light
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In this respect, the proper sizing and positioning of the blocks are important.
These procedures contribute to relieve the weight of the glass plates over the frame
and to keep them in the right position, avoiding movements of the sheets of glass
chamber.

4.4 Window Rolling Shutter Casing

Particular attention has to be paid to the installation of window rolling shutter
casing, since it may cause several weaknesses in terms of sound insulation.

The installation must ensure that both the casing box and the maintenance door
are secured by durable gaskets with a suitable grade of elasticity.

In the case of prefabricated rolling shutter casing, the material space between
the wall and the prefabricated block on the shoulders, laterally and above the
casing itself, must be filled carefully with mortar or expanding materials.

Depending on the type of opening, windows may have major or minor short-
comings in terms of thermal and acoustic performances (it should be also con-
sidered the opportunity given by hopper window and tilt and turn window).

Among the various types of windows, the ones that ensure the best possibility
of sealing, and consequently the best thermal and acoustic performances, are those
with one leaf, namely those that, for the same frame and surface, have the lowest
perimeter of the stop.

The two doors’ frames can have opening inward or outward and an opening in
rotation around the two vertical side axes, therefore with a very critical stop
perimeter than the one door window.

An alternative can be represented by the revolving door window, with an
opening in rotation on the vertical axis or on the horizontal axis (horizontal
hovering). When fitted with a locking mechanism, the ventilation is permitted
without full opening.

Fig. 10 Example of construction of a joint in abutment
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Bottom hinged windows are essentially conceived for services or workplaces to
allow ventilation; in today’s residential buildings, they are often replaced by sash
windows with a turn and tilt opening system.

For windows with important surface area opening, sliding horizontal doors are
often adopted. These types of frames, which are difficult to seal, have been recently
improved by the introduction of the sliding coplanar door windows that align on a
track the two sides of the window. The coplanar sliding doors have a double
system of opening: sliding door and hopper.

The so-called foldable windows, composed of multiple door components that
can be folded, are much more critical, especially under the acoustic profile.

4.5 Frames

The frames can be classified according to the system of beaten into three
categories:

• Windows with single beaten;
• Windows with double or triple stop beatens;
• Window frame with open joints.

The frames with single stop profile have a simple single seal, which has to
guarantee air and water tightness; therefore, it is generally not reliable, especially
in the presence of high external pressure, when the wing tends to inflect the frame
itself causing the detachment of the gasket. At this purpose, the sealing of windows
with double or triple stops should be preferred.

A further evolution consists of the introduction of an open joint between fixed
frame and opening section, providing a capillary break, which prevents water
seeping in and lodging in the joint. The central gasket allows to drain the water
eventually penetrated inside, through the drain holes, using an equilibrium phe-
nomenon of internal pressure to the external one.

The mechanical performances required for the casing are:

1. air tightness;
2. water tightness;
3. resistance to wind;
4. mechanical resistance.

The choice of the energy classes for exterior windows has to be performed
considering the characteristics of the building and the climatic conditions of the
specific environment. In addition, the performances must be appropriate to the
size, type of windows, and levels of thermal and acoustic insulation required
within the living spaces.
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4.6 Permeability, Water Tightness, and Wind Resistance

Windows can be cataloged into four classes with regard to air permeability [20],
into about 18 classes for their water tightness [22] and in seven classes with regard
to wind resistance [23].

5 Solar Shading Typologies

The evolution of the environmental control techniques combined with the support
of detailed computational software inquire to the designer a careful choice of
shading devices in the building design, in order to ensure the consumption control
during summer times and to provide comfort for the occupants [15].

In general, a screening system can be applied to the right-angle frame of the
entire building or a portion of it, adding also a value to the renewal of the façade
design, so that their application allows a new perception into existing buildings.

A well-conceived shading device must be able to maximize heat gains in winter
conditions and to control the radiant heat in summer conditions, as well as to
improve visual and acoustic comfort of the interior.

Accordingly, the effectiveness of sun protection of glass surfaces depends on
different factors:

• characteristics of the screen materials and finishing (reflectance);
• solar shading solution (fixed or mobile). A fixed solar shading (canopies, bal-

conies, frames, etc.) does not allow variation in energy responses; on the con-
trary, mobile shading devices permit, manually or by automated systems, to
adapt to the sun path daily and yearly, due to a punctual control of the shading
elements to ensure natural light maximum efficiency;

• screen positioning with respect to the frame (external, internal, intermediate).
The outer shields are most effective, intercepting the incident solar radiation
before the glass panes and preventing therefore the greenhouse effect. Further-
more, the placement of the shielding outside also allows to interact with the outer
sound waves (for instance traffic). Thus, if properly designed, external shielding
can help to significantly reduce the sound pressure incident on the façade;

• screen disposition, according to the façade exposition (parallel, orthogonal,
horizontal, vertical, etc.), geographical location, and thermal loads. Often, the
shield with vertical fixed elements is conceived for the areas facing east and
west on which solar radiation affects the morning and late afternoon, with a
lower height on the horizon profile. The system that places the fixed elements
perpendicular to each other, called ‘‘grating’’, is one of the most suitable for
shielding glass surfaces located at the east and west side in hot climates, but
these elements are hardly applied in residential buildings and are most used in
public and industrial ones, due to the strong architectural language they impose.
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All the sun protection systems installed in front, or on the outside of the frame,
without making the same body, are external sunscreens, by definition.

Solar shading device can be defined as a ‘‘screen attached to the outside of the
wall that consists of several horizontal or vertical elements with the function of sun
radiant energy mitigation.’’

Outdoor sunscreen solutions bring higher added value both in terms of archi-
tecture and in terms of economic performance; external shieldings, much more
effective than internal ones, are usually more expensive and subject to mainte-
nance, since they are permanently exposed to atmospheric agents. The type of
material of screen components plays a fundamental role.

The blinds elements are mostly made out of extruded aluminum or galvanized
steel and painted. There are also brise-soleil made out of other materials such as
wood, brick, PVC, and copper. Whatever the material employed is, the device
must ensure adequate operability and aesthetic value over time; in this regard,
metals, properly treated and painted, have effectively replaced wood, more prone
to deterioration.

The selection of external shielding components should take into account the
outdoor weather conditions and the device wind resistance, since, under high wind
loads, the system can suffer major damages. With regard to blade sections, there
are several possible configurations: ellipsoidal, curved, gull wing, triangular,
diamond-shaped, and rectangular (for wooden ones).

The several solutions for external shielding can be classified into four main
product families:

• fixed shading;
• mobile shading;
• roller blinds;
• curtains.

5.1 Fixed Shading

These systems are commonly constituted by a shield of linear panels or slats,
mounted in parallel on a fixed or adjustable frame, to form a pattern to intercept
the solar radiation. Figure 11 shows some examples of fixed shading.

Sunscreens are installed in front of the window with preoriented blinds or
blades, creating a kind of outer curtain. Generally, the blades are always geared
according to the sun incidence of the hottest period of the year.

These systems may become a very important formal element in the project, if
they are interpreted as a real envelope.
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5.2 Mobile Shading

This solution, featured to shield the building from solar radiation, by modifying the
blinds or blades angle, allows to optimize the amount of natural light. Figure 12
shows some examples of mobile shading.

The devices that rely on blinds are installed horizontally to the façade, while
those with blades can have a vertical application too. Vertical blades are smaller in
size and can rotate by about 180�; it is a product used primarily for industrial
application. The rotation of the blades allows to shield the radiation and to reflect it
into the enclosure by adjusting the flow. This system, usually of significant
dimensions, is lacking of the capability to eliminate all the shield obstruction,
when not required, since the blades attached to their pivot are not packable.

Shadings with horizontal blades have larger dimensions to accomplish aesthetic
purposes and to resist against the wind. These devices come with various section
profiles (the most common is ellipsoidal), with large intersection, and can be
automated by light sensors which allow a continuous variation according to the
daily sun path.

The so-called Venetian blinds are very similar to the Venetian curtains: the
main difference is in the size of the blinds. They consist of a cloth made out of
painted aluminum planks or slats of various shapes and sizes hanging from a
ladder tapes. The slats are driven through a mechanisms housed in the upper
casing; along the sides, lateral guides or aluminum wires are provided. The key
feature is the ability to top packaging into a very small space that favors their use
even in residential building renovations, where there is not much available space
and the option for façade inclusions does not meet the aesthetic expectations or the
regulatory requirements.

Persian blinds consisting in sliding or folding doors, also with operable slats,
are widely used in residential constructions and can be produced in different
materials such as wood, aluminum, and PVC. The choice of suitable materials, in
addition to aesthetic reasons, is also linked to maintenance needs.

Fig. 11 Examples of fixed shading (from the left horizontal sunscreen, fixed overhang, grating
and sunscreen, fixed blades)
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5.3 Roller Blinds

These systems are widely used, due to the simplicity of the mechanism (spring-
roller-operated, gearbox, or engine that wraps around the curtains) and also due to
volume-saving characteristics, (Fig. 13).

From a solar control point of view, the degree of response depends exclusively
on type, color, and weight of the fabric used.

Fig. 12 Examples of mobile shading (from the left persian shutters, roller blinds, and Venetian
blinds)

Fig. 13 Examples of roller blinds (left roller curtain; right sliding arm awning)
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5.4 Curtains

This family of screens includes various typologies and models, which ensure the
protection of façade from solar radiation with limited costs and flexibility. Being
very exposed to the elements, raw materials of high quality and sophisticated
finishing are used to maintain unchanged the aesthetic and functional character-
istics of the system itself (Fig. 14).

The drop awnings are often visible on balconies or directly build into the façade
system, installed vertically, with variable size, overhang in order to close the
openings and shading the area that lying below them.

Curtains may also have a foldable and retractable structure and can be installed
in horizontal or tilted plane up to 90�; in addition, this type of installation facilitates
proper ventilation of the spaces below. Nowadays, the performance of the tent
fabrics is crucial on market competition. These components must have the ability
to mitigate solar radiation, durability, and waterproofing capability. The most
common fabrics are made out of glass fiber or polyester yarn both coated with PVC
for weathering protection purposes.

A variation is represented by fabrics screened by an undercoating of PVC film,
in order to permanently close the wefts of the tissue. This type of textile provides a
heavy and stiff coat and therefore is used only in highly demanding applications.

5.5 Internal Solar Shadings

The inner shields are less effective from an energy point of view than the outer
ones; thus, they are usually added to them to further control solar radiation,
daylighting, and glare and to ensure privacy for occupants. Moreover, their

Fig. 14 Examples of curtains (left drop-arm awning, right tent canopy)
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capability to mitigate the sound pressure coming from the outside is negligible
(Fig. 15). The principal products for internal application include:

1. translation systems (panel curtains and skylights);
2. chutes (roller blinds and pleated blinds);
3. systems to strip (horizontal Venetian blinds and vertical louvers).

5.6 Intermediate Solar Shading

One possible solution of combining the glazing with shielding systems derives
from the existing Venetian blind systems, with smaller scale blinds to be placed in
the cavity of the double glazing. This hybrid system provides a satisfactory level of
solar radiation control and represents an efficient alternative to those previously
described.

The system ensures an adjustable filter to the entrance of sunlight: the amount
of light can be adjusted from 80 % total obscuration and instantly adjusting the
brightness depending on the demand (Fig. 16).

The blinds are mounted within two panes of glass, and their scrolling takes
place in a sealed chamber. This feature ensures total protection against dust and
weather. The solution presents durability and maintenance issues.

There are many versions of this system, each with its own mechanical solution,
aimed to solve the handling without compromising the seal of the glazing panel
(mostly there is a magnetic slide system and motorized system).

Fig. 15 Examples of internal blinds (from the left classic drapes, roller drapes, Venetian blinds,
and vertical curtain)
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6 Integrated Solutions Applied to a Case Study on Existing
Buildings

The evaluation of different strategies for upgrading the energy efficiency and
performance over various types of shielding needs to be explained by a case study.
A typical room was taken into account, with features and dimensions represen-
tative of typical post-World War II Italian residential architecture (Figs. 17, 18).

Different strategies concerning windows and solar shadings have been applied;
for each one, thermal, daylighting, and acoustic performances were assessed with
appropriate calculation codes.

6.1 Case Study Description: Significant Parameters

For the purposes of the analysis, detailed computational methods working in
dynamic regime and featuring a graphical interface are considered. These software
applications are the following: EnergyPlus (through the Design Builder interface)
for energy simulations [12], RELUX [16] to simulate natural lighting, and DISIA
for the acoustic simulations [11].

Fig. 16 Examples of integrated screens (from the left Venetian blind and roller blind)
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Once defined the calculation codes more suitable for the objectives of the
project, the knowledge of the environment peculiarities of the building site
becomes fundamental.

In the following, the reference to four locations is considered: Berlin, Milan,
Florence, and Athens (Table 1).

As for the energy simulations, for each weather zone, the dry bulb temperature
of the outside air (hdb) and the solar radiation (Isol expressed in W/m2) over the
various orientations are required to evaluate thermal loads during winter and
summer times.

Fig. 17 Plan of typical floor analyzed
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The hourly values of dry bulb outdoor air temperature and solar radiation to
perform the energy simulations are gathered from the Institute ‘‘Gianni De
Giorgio’’ (IGDG) [31] archive, for Milan and Florence, and from the International
Weather for Energy Calculations archive, for Berlin and Athens.

The case study shows dimensions of 4 m by 4 m in plant and 3 m in height of
the ceilings. In Fig. 19, the geometrical features and the position of the window are
shown and in Fig. 20 the case with the French door is presented.

It is assumed that the room is located on the second floor (height from the road
level equal to 6.7 m) of a 4-storey building, 13 m high. The cell type used for the
calculations is reported in Figs. 19 and 20.

For the specific purposes of the lighting evaluations, the light reflection coef-
ficient of inner surfaces has been assumed equal to 0.6 for the walls and ceiling
(plaster and furniture in clear color) and 0.4 for the floor.

The light reflection average coefficient of the external surfaces and of the front
building façade was assumed to be equal to 0.6, and then, three walls of the cell
and the two horizontal partitions are considered adiabatic. The window is located
in the fourth wall, which presents thermal losses depending on the orientation.
Therefore, different case studies are evaluated (North, South, West and East).

The basic configuration of the cell presents a mixed masonry external wall,
plastered on both sides, of 0.47 m total thickness. The window is single-glazed
with 3-mm-thick panes, and the wooden frame is 50 mm thick, corresponding to

Fig. 18 Hypothesis of the
urban context (section)

Table 1 Locations
considered in the analyses

Location Heating period Cooling period

Berlin 1/10–30/4 1/6–31/8
Milan 15/10–15/4 15/5–30/9
Florence 1/11–15/4 1/5–15/10
Athens 1/12–15/3 1/5–15/10
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20 % of the surface of the window frame. Tables 2 and 3 show the main thermal
and acoustic performances of the external wall and of the window.

Appropriate performance indicators (defined by regulations or conventionally
applied) should be identified, in order to evaluate different strategies for the
achievement of energy efficiency and of comfort requirements. The same

Fig. 19 Plan and section of the case study

Fig. 20 Plan and section of the case study with French doors onto a balcony
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indicators can be applied to compare energy consumption, lighting, and acoustic
improvement solutions suggested through the analysis procedures.

In the current case study, the following performance indicators were identified,
to evaluate the energy performance of different refurbishment strategies:
Qsw Winter solar gains (kWh);
Qss Summer solar gains (kWh);
ho Operative temperature (�C);
Fw Reduction factor of winter solar gains (%);
Fs Reduction factor of summer solar gains (%).

Qsw and Qss represent the solar thermal gains transmitted through the glass
panes of area Ag, evaluated during heating (W) and cooling (S) period, in relation
to the incident solar radiation Isol, from the glass area Ag.

Seasonal reduction factors (Fw and Fs) are calculated as the complement to the
unity of the ratio of the solar gains transmitted through the glass on an hourly
basis, respectively, in winter Qsw or in summer Qss to those of the reference case.

These indicators can be used to compare the solar gain reduction effectiveness
over a building with or without the adoption of solar shading devices.

To evaluate the performances of different lighting strategies, the following
parameters were applied:
DF Average daylight factor (with standard overcast sky) (%);
UDI Useful daylight illuminance (–);
Emin/Em Daylight uniformity (with standard clear sky) (–).

The average DF indicates the percentage of natural light in the indoor envi-
ronment in overcast conditions.

The UDI is referred to annual time series of absolute values for illuminance
predicted under realistic skies generated from standard meteorological datasets. It
expresses the annual occurrence of illuminances on the work plane, where all the
illuminances are within the range 100–2,000 lux. The degree to which UDI is not
achieved because illuminances exceed the upper limit is indicative of the potential
for occupants’ discomfort [13, 14].

The uniformity of natural light (Emin/Em) provides information on the inner
distribution of lighting, with clear sky. It represents an important factor, because a
poor distribution of natural light leads to increase the need for artificial light and
thus energy consumption for lighting.

The ‘‘clear sky’’ model corresponds to that described by the International
Commission on Lighting (Commission Internationale de l’Eclairage—CIE) [18,
19], which provides a luminance distribution as a function of the sun position at a
given latitude.

The acoustic response of the vertical envelope composition has been weighted
by determining the following parameters:
D2m,nTw Standardized façade sound level difference (dB);
DLfs Façade shape level difference (dB).
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The sound insulation of the façade has been determined from its shape and
surface, the performance and surface of single components, and the type and
quality of the sealing of the joints, as specified in EN ISO 12354-3:2000. The
façade shape level difference has been simulated using the technique of ray
tracing, taking into account the following variables: geometry of the system,
absorption of façade components, and sound spectrum of the source.

Defining a consistent evaluation methodology in terms of energy, lighting, and
sound efficiency of design strategies is crucial.

The analysis methodology hypothesized in this study refers to the most frequent
sequence of the building energy refurbishment that can be found in several

Table 2 Performances of the opaque external wall

Thermal performance
Transmittance U 1.45 W/(m2 K)
Periodic thermal transmittance YIE 0.152 W/(m2 K)
Phase shift u 14.19 h
Acoustic performance

Lime plaster and cement
s = 2 cm

Sound reduction index Rw 56 dB

Masonry clay bricks and
rubble s = 43 cm

Noise absorption coefficient of the external
surface (63–4,000 Hz)

0.05–0.04–0.02
0.04–0.05–0.05

Table 3 Performances of the window

Thermal performance
Glass transmittance Ug 5.8 W/(m2 K)
Frame transmittance Uf 2.4 W/(m2 K)
Window transmittance UW 5.33 W/(m2 K)
Glass solar factor g 0.87
Acoustic performance
Sound reduction index Rw 28 dB (EN 12354-3)

Wood Frame s = 5 cm Air tightness class 1 (EN 12207)
Clear glass single pane s = 3 mm Lighting performance

Glass light transmission factor sv 0.80
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practical cases (Table 4): in existing buildings, the replacement of windows
(49 %) is followed by the improvement in the energy performance of opaque
vertical envelope (30 %).

Starting from the performance evaluation of an existing building (phase A), the
study provides for the assessment of the following interventions (phases B–D),
according to a logic consequential implementation performance:

• replacement of existing window with a high-energy performance one (phase B);
• adaptation of the thermal transmittance of opaque envelope to national legis-

lation limits (phase C);
• introduction of solar control systems (phase D).

In the phase D, the configuration corresponding to the phase C is associated
with different screening systems. As an alternative to screening systems, the
performance of two different solar control glasses, which, respectively, present
g = 0.46 and sv = 0.58 and g = 0.21 and sv = 0.40, has been evaluated.

The selection criteria for shading systems (Table 5) follow the requirements for
the reduction in energy consumption in summer and in winter and the achievement
of the best possible comfort keeping the view of the external environment in all
seasons [15]. Among the possible materials available on the market, for weight and
installation advantages, a metal product (aluminum) has been chosen; its white
shining color reflects incident solar radiation, both direct and diffuse, with hemi-
spherical uniform distribution.

Specifically, about the coating treatment and the overall performance the ref-
erence are the EN 14351-1, EN 15193, EN 10077-1, and the EN 410 standards.

Table 4 Summary of the simulations phases performed in this study

Phase A Phase B Phase C Phase D

Existing building Replacement of
existing windows

Replacement of existing
windows and
improvement in the
thermal
transmittance of
opaque envelope

Replacement of existing
windows,
improvement in the
thermal
transmittance of
opaque envelope,
and introduction of
solar control systems
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Table 5 Schedule of different types of shielding analyzed in phase D

D1.1—Sunshade with continuous horizontal blinds (tilting: 30�, 60�,
90�)

Blind dimensions: 0.08 m 9 0.90 m
Step between the blinds: 0.08 m
Overall width: 1.90 m
Overhang: 0.8 m
Distance from the window: 0.2 m

D1.2—Venetian blinds (tilting: 0�, 30�, 60�)
Blind dimensions: 0.08 m 9 1.3 m
Step between the blinds: 0.08 m
Distance from window: 0.1 m

D1.3—Sunshade with continuous horizontal and vertical screens
Blade dimensions: 0.2 m 9 1.5 m
Step between the blades: 0.2 m
Overhang: 0.8 m
Distance from the façade: 0.8 m
Distance from window: 0.8 m

D1.4—Overhang opaque fixed horizontal
Overhang: 0.8 m
Width: 1.9 m
Distance from the window: 0.2 m

D1.5—Vertical sunshade with blades tilted integrated with balcony
(tilting: 0�, 30�, 60�)

Blind dimensions: 0.2 m length 9 façade
Step between the blades: 0.2 m
Balcony depth: 1.2 m

D1.6—Vertical sunshade with blinds tilted integrated with balcony
(tilting: 0�, 30�, 60�)

Blind dimensions: 0.08 m length 9 façade
Step between the blinds: 0.08 m
Shielding height: 0.8 m
Balcony depth: 1.2 m

(continued)
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6.2 Effect of Screens and Windows on the Summer Thermal
Loads and Thermal Comfort

The presence of glass surfaces ensures winter favorable thermal gains; however, in
summer, it may cause interior overheating by the sun.

Recently, the replacement of windows in existing buildings has become com-
mon practice, thanks to tax incentives offered in certain European countries, to the
ease of implementation, and to the synergy of positive effects that the intervention
may produce (for example, the improvement in the acoustic performance of the
façade). This action presents a great deal of technical feasibility (TF) since it rarely
involves outside interventions, for example, with scaffolding, and does not inter-
fere seriously with the activities inside rooms.

Divided by location and window orientation, Fig. 21 shows the effects on the
reduction in solar gains resulting from the replacement of a window of a typical
building of the second post-war period (phase A, Uw = 5.33 W/(m2 K),
g = 0.87), with a high-energy performance window (phase B, Uw = 1.77 W/
(m2 K), g = 0.58).

The figure highlights the critical regime of the West orientation in summer and
the need for a conscious choice of solar shading system to control the solar
radiation loads, without penalizing winter solar gains, which represent an impor-
tant contribution, especially with regard to the South orientation, in terms of
energy savings.

An additional factor to be taken into account during the replacement of win-
dows is the influence that the position of the frame with respect to the façade (at
the outer edge, on the center line, and at the inner edge) can have on solar loads
and consequently on the need for air-conditioning.

For instance, for the climatic conditions of Florence, as shown in Fig. 22, the
position of the window with respect to the façade involves, in the transition from
the inner to the outer edge, an increase in winter solar gains between 48 % (North

Table 5 (continued)
D2.1—Solar control glass
g = 0.46
sv = 0.58
Ug = 1.60 W/(m2 K)
Uw = 1.77 W/(m2 K)
D2.2—Solar control glass
g = 0.21
sv = 0.4
Ug = 1.60 W/(m2 K)
Uw = 1.77 W/(m2 K)
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Fig. 21 Winter (Qsw) and summer (Qss) solar gains per unit floor area, selected by location and
window orientation relatively to the phases A and B

Fig. 22 Winter (Qsw) and summer (Qss) solar gains per unit of floor area for the climatic
conditions of Florence, selected by orientation and position of the window with respect to the
wire of the façade
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orientation) and 59 % (West orientation) and an increase in summer solar gains
between 44 % (North orientation) and 80 % (South orientation).

The different position of the frame, relatively to the façade profile, leads to the
resolution of some technological details, which concerns mainly the relation with
the thermal insulation, the reduction in thermal bridges, the presence or the
absence of space where to place the shading system, and the proper sealing on the
frame/masonry coupling in order to prevent infiltration of air and noise.

The legislative developments of recent years have given great importance to the
need for solar radiation control in summer conditions, forcing the designer to
consider the problem of verifying the risk of indoor overheating due to unshielded
glass surfaces.

In the absence of effective solar radiation shielding, some refurbishment actions
on the existing buildings, such as the reduction in the opaque envelope thermal
transmittance, may even increase, rather than decrease, the need for air-condi-
tioning systems in summer and get worse conditions of indoor thermal comfort.

The use of different types of solar shading or glass with solar control can
improve the performance of the system window—shading [1, 6, 8], ensuring
adequate indoor comfort conditions in both summer and winter and reduction in
energy consumption for climate control of the building.

Since shading systems usually are not placed on the North façade, the results
from dynamic simulations are compared for South and West façades (the most
critical in the summer), resulting from the application of the solar radiation control
systems most commonly used in residential buildings, excluding intrusive or
hardly feasible configurations.

Fig. 23 Seasonal reduction factors (Fw and Fs) for different shading systems selected for Milan,
South orientation
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The effect of reduction on solar gains was evaluated through the seasonal
reduction factor, respectively, in winter (Fw) or in summer (Fs), expressed as a
percentage.

In Figs. 23, 24, 25, 26, 27, and 28, relative to the location of analysis, the
seasonal reduction factors derived from the comparison with the existing building
(phase A) are shown referred to South and West exposure in the various locations;
in particular, the D1.2 shading system was considered packaged in the winter
season, in agreement with the most common use.

In general, among the several relevant parameters for the choice of a control
system of the solar radiation, the capability of the shading system to reduce
thermal loads in summer and at the same time to allow solar gains in winter must
be taken into account.

This feature can be analyzed by comparing the difference between Fs and Fw

(DF) extrapolated from Figs. 23, 24, 25, 26, 27, and 28; in substance, a shading
system may be considered much more effective if it has a high value of Fs and a
corresponding low value of Fw, and then, higher DF value corresponds to greater
shading effectiveness.

For all the analyzed locations, representative of the different European climate
conditions, the values of DF were evaluated for the South facing.

The results highlight that the Venetian blind (D1.2) is the most efficient system,
when it is considered completely packed in winter; in particular, the blinds tilted to
60� are the most effective. To ensure these benefits, combining this shading system
with a building automation system that manages the opening in a dynamic way
might be useful.

Fig. 24 Seasonal reduction factors (Fw and Fs) for different shading systems selected for Milan,
West orientation
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The insertion of a shading system (D1.6) in an existing balcony or the addition
of a new balcony adjacent to the existing building gives good results, especially
when it is combined with horizontal blinds tilted to 0�. In this case, the depth of the
balcony (analyzed between the dimensions of 0.8 and 1.2 m) affects in a limited
manner.

Fig. 25 Seasonal reduction factors (Fw and Fs) for different shading systems selected for
Florence, South orientation

Fig. 26 Seasonal reduction factors (Fw and Fs) for different shading systems selected for
Florence, West orientation
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The shading system perpendicular to the façade with horizontal blinds (D1.1)
and the opaque horizontal overhang (D1.4) have very similar performance and far
lower than previous analyzed (on the order of 50 %). In particular, the D1.1
typology achieves the best performance for blinds tilted to 30�.

Fig. 27 Seasonal reduction factors (Fw and Fs) for different shading systems selected for Berlin,
South and West orientations

Fig. 28 Seasonal reduction factors (Fw and Fs) for different shading systems selected for Athens,
South and West orientations
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The solar control glasses have the same solar gain reduction, both in summer
and in winter, so their use should also be evaluated as a function of the intended
use of the property. This strategy can be considered a valuable alternative to the
use of external shielding in situations in which the insertion in the façade of
extraneous elements to the original morphology of the building is problematic
(such as, for example, in the case of historical buildings and in historical centers)
or technically complex.

Regarding the West-facing position, the most effective shading system would
have vertical blades or blinds, which, however, are rarely used in residential
applications. Among the analyzed sunshades, which have in general a lack of
effectiveness for this orientation, the external Venetian blind (D1.2) with an
inclination of 60� is the most performing.

In Fig. 29, related to South exposure, relative to the locations of analysis, the
seasonal reduction factors of the main sunshades that are reported are compared
with the replacement of the window (phase B).

This comparison is useful when the designer has already started a process of
energy retrofit of the building envelope. This phase can then be seen as a further
implementation of the performance, in order to contain energy consumption and
improve indoor comfort in summer conditions.

The arising considerations confirm the effectiveness of the analyzed screens for
South-facing position and emphasize the highly efficient behavior of the external
Venetian (D1.2), the configuration with balcony and integrated shield (D1.6), the
sunshade perpendicular to the façade with horizontal blinds (D1.1), and the hor-
izontal overhang (D1.4).

Fig. 29 Seasonal reduction factors (Fw and Fs) for different shading systems, relatively to South
orientation
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It is apparent that the seasonal reduction factors cannot be the only parameters
that influence the shading design process, since they do not take into consideration
a number of fundamental questions, such as user’s comfort, cost, TF of the
intervention, and the morphological integration with the building, which will be
discussed later.

In particular, the thermal comfort of the occupants can also be estimated by
means of the operative temperature. In order to assess, although in a preliminary
manner, the implications on the thermal comfort of some solar control systems,
Fig. 30 shows the trend of the operative temperature inside the cell type exposed to
the South, represented in a summer week (July 20–26) for the location of Florence,
while Fig. 31 shows details related to the 23 and 24 of July.

The values for the following configurations are compared: existing building
(phase A), replacing windows (phase B), insertion of different sunshade, composed
by external Venetian blinds with an angle of 0� (phase D1.2/0�), shielding system
integrated on the 1.2-m balcony and blinds with an angle of 0� (phase D1.6–1.2 m/
0�), and solar control glass with g = 0.21 (phase D2.2).

The simple replacement of the window reduces by little the operative tem-
perature, while the application of screening systems produces a reduction in the
operative temperature ranging from 2 �C (with Venetian blinds) to about 3 �C
(with integrated system on the balcony).

Fig. 30 Operative temperature trend within the South-facing cell located in Florence for
different sunshade systems in a typical summer week
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The use of solar control glass leads to operative temperature values comparable
with those of the integrated balcony systems, proving its effectiveness in summer
time, subject to the risk of penalization during winter.

In general, the use of sunshade systems as passive control techniques of the
indoor conditions involves both an improved comfort and a reduction in the air-
conditioning need in summer season.

6.3 The Shading Effect on Visual and Acoustic Comfort

The windows and the shielding system performances may change significantly
both the distribution of daylight, and the thermal and acoustic comfort. Below, the
influence on visual and acoustic comfort of different configurations of windows
and shielding is described.

6.3.1 The Influence of Shadings on Daylight Distribution and Visual
Comfort

The natural light simulations are referred to the systems A, B, C (B and C are equal
for this purpose) and D, with the calculation assumptions specified in Sect. 6.1 and
using the software RELUX.

Fig. 31 Detail of the operative temperature trend within the South-facing cell located in
Florence for different sunshade systems
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The influence of different shielding systems and of the kind of glass on the
quantity and quality of daylighting has been assessed with reference to different
orientations of the façade. The North orientation has been omitted, because it is
assumed that on this side, there are no shielding systems. Results referring to East
and West are averaged because of their little difference.

The performance evaluation of the different systems is based on the following
parameters, already described in Sect. 6.1:
DF Average daylight factor (with standard overcast sky) (%);
UDI Useful daylight illuminance (–);
Emin/Em Daylight uniformity (with standard clear sky) (–).

The results related to shielding systems D1.5 and D1.6 are referred to a balcony
1.2 m deep.

Figure 32 shows the average DF values for different shielding systems. The
analyzed shielding, under overcast sky conditions, significantly reduces the level
of natural lighting inside the examined room.

For South exposure, nevertheless they guarantee the maintenance of a good
level of natural lighting, as shown in the graph of UDI (Fig. 33).

Almost all the examined shieldings provide illumination levels between 100
and 2,000 lux, more than 80 % of the time during the year, for Southern exposure
(Fig. 33). With West or East exposure, shielding types D1.2 and D1.5 guarantee
the requirement for 50 % of the time. The remaining time, UDI is less than
100 lux. These shields, if not adjustable, are therefore excessively unfavorable for
exposures other than that of South.

Fig. 32 Average daylight factor with standard overcast sky (numbers in parentheses indicate the
tilt of the slats)
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Figures 32, 33, and 34 show that the systems with inclined blades (D1.2 and
D1.3) cause an excessive reduction in the natural lighting level with overcast skies.
Therefore, these screens should always be equipped with a mechanism for
adjusting the slat inclination. However, with clear skies, they allow a reasonable
level of daylighting especially for South-exposed façades, even with fixed and
inclined slats.

Fig. 33 South façade useful daylight illuminance (UDI)

Fig. 34 East and West façades useful daylight illuminance
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The shielding system D1.6 represents a good compromise for Visual comfort as
it ensures a natural lighting level with clear sky sufficient for most visual tasks for
more than 90 % of the time for South exposure and about 60 % of the time for
East or West exposure. In addition, the distribution of natural light with clear sky
is significantly improved.

The solar control glasses (D2.1 and D2.2), when exposed to South (Fig. 33), are
not always appropriate because they can determine internal lighting values that
produce visual or thermal discomfort at certain times of the day. For the East or
West (Fig. 34) exposure, in certain periods, the natural light must be integrated
with the artificial to have a sufficient internal lighting level.

6.3.2 Improvement in Façade Acoustic Performance Due to Shielding
Systems

The sunscreens, if well designed, can work as acoustic screens, therefore
improving the performance of the façade, ensure significant noise protection of the
interior, even with the open windows.

For this purpose, it is necessary that the size and the inclination of the blades of
the sunscreens are suitable to intercept all the sound waves coming from the
external sources.

In the case of buildings faced to streets, these sources are usually represented by
the traffic and therefore are placed at the street level. In these conditions, the
horizontal arrangement of the slats reflects the sound waves before reaching the
plane of the façade. Therefore, if the lower surface of the blades is coated or made
with highly sound-absorbing material, the sound waves are heavily attenuated
during reflection, before arriving to the façade (Fig. 36).

Fig. 35 Uniformity of natural light estimated in clear sky conditions
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In addition, to further increase the effect of sound attenuation, even the surface
of the balconies that looks down should be coated with highly absorbing materials.

In order to evaluate the screening effect on the sound pressure reduction in front
of buildings, the following parameters are considered, as defined in the standard
EN 12354-3 [24]:
D2m,nTw Standardized façade sound level difference (dB);
DLfs Façade shape level difference (dB).

The acoustic simulations, performed with the software DISIA [11], allow to
analyze the acoustic performance of the upper floors façade. The ground floor, in
fact, is merely influenced by the screen effect, because the sound waves coming
from the road are directed perpendicular to the façade and the shielding effect of
the window sills and of screening system becomes therefore negligible.

For the purposes of the simulations, the sound source, which represents the
sound spectrum of the urban road traffic, was placed at the center of the roadway in
front of the examined façade.

The effect of shielding types D1.1, D1.2, D1.3, D1.4, D2.1, and D2.2 is neg-
ligible on the acoustic insulation of the façade, because in these cases, the sound
waves cannot be effectively intercepted and absorbed before reaching the façade.

Therefore, the results are referred only to the shielding types D1.5 and D1.6,
with different depths of the balcony.

In Fig. 37, the values of DLfs at different floors are presented. Numbers after the
code of the system indicate the depth of the balcony.

Figure 38 shows the D2m,nTw values obtained at different floor levels by
applying the proposed methodology. The types A and B, which refer to the façade
without screening systems, with basic window (window Rw = 26 dB) and
upgraded window (window Rw = 32 dB), are shown for comparison.

Furthermore, the results also take account of the fact that the application of
shielding systems D1.5 and D1.6 involves the replacement of the window with a
window door and therefore of the difference in size (1.95 vs. 2.75 m2).

Fig. 36 Effect of a sunscreen of a façade on the sound waves coming from the street. On the
right, the detail of the sound level attenuation
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The values referred to the first, second, and third floors are due to the different
effectiveness of the shielding, as a consequence of the different angle of incidence
of the sound waves, coming from road traffic. This effect is confirmed by the
computational method values performed according to the EN 12354-3:2000
(variability in function of the height from the sound source) and by recent studies
conducted by the authors [5].

The results demonstrate a strong increase in the sound insulation of the façade,
especially at higher floor levels and with screening systems of type D1.5, with
sound-absorbing materials built in terraces and louvres. This acoustic effect is
particularly significant because it involves an improvement in acoustic comfort in
the indoor environment, even in the condition of open windows.

7 How to Choose a Solar Shading Device

In this paragraph, a comprehensive evaluation of the aspects of energy con-
sumption, natural lighting, acoustic comfort, and Technical Feasibility is carried
out in the form of a summary.

In particular, the following main functional benefits are evaluated:

• solar gain reduction in summer;
• thermal winter solar gains;
• summer thermal comfort improvement by controlling the phenomena of radia-

tive heat exchange;

Fig. 37 Sound pressure level differences based on façade shape (DLfs)
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• Visual Comfort by controlling glare effects, while maintaining the necessary
contact with the outside perception in all seasons;

• acoustic comfort improvement;
• thermal resistance improvement in the combination frame/screen, when

necessary.

7.1 Selection Criteria

The scheme of shielding typologies in relation to the achievable benefits, starting
from the position of the shielding system, with respect to the window (external,
internal, and intermediate), takes into account the main functional and perfor-
mance benefits previously described (Table 6). The third type is widely used in
office buildings and for double skin façades [15].

One of the targets of residential building refurbishment is to achieve the above-
listed functional benefits; however, mainly due to structural and economic diffi-
culties, external solar shadings are preferred, mainly in the areas with high levels
of solar radiation (Mediterranean climate).

Table 7 shows the main types of solar shading systems for residential buildings,
sorted according to their position relative to the window. Data are referred to
current production, so variations are possible in terms of size and materials related
to technological development in the sector.

Fig. 38 Façade sound insulation (D2m,nT,w)
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In Table 8, the different types of solar shadings described in the previous table
are summarized, in order to provide preliminary guidelines on the most suitable
types for each specific case [15].

In Table 9, the major aspects to be taken into account for the most appropriate
screening system and the corresponding actions are reported.

7.2 Comparative Analysis

In order to choose correctly a solar shading system, a global comparative analysis
has to be carried out.

The aim of this analysis is to define a method for the comprehensive evaluation
of the shielding system, previously selected on the basis of the simulations carried
out to assess their energy, acoustic, and lighting performance, besides Technical
Feasibility and management problems.

This method is applied to the described case study and reported for typical sun-
shading devices used in residential buildings.

These considerations are reported in the following data sheets (Table 10),
consisting of the following sections:

• name of the system;
• technological details;
• analysis of the energy, daylighting, and acoustic behavior;
• synthetic solar shading evaluation.

The analyses of the energy, daylighting, and acoustic behavior were conducted
for an unobstructed building, sited in Central Italy (Florence).

Results reported in data sheet concern the comparison between phase D
(introduction of solar systems) and phases B/C (improvement in the envelope
thermal performance).

The symbols in the data sheet express qualitative assessments (good, not rel-
evant, or not satisfactory), associated with the screen typology. In particular, they
express the relevance of the device in terms of the physical behavior response,
with regard to the following requirements and performance indicators:

Table 6 Functional benefits of solar shading with respect to its position

Position Summer thermal
gains

Winter thermal
gains

Summer thermal
comfort

Visual
comfort

Acoustic
comfort

External ++ - ++ + +
Intermediate + + + + -

Internal - ++ - + -

Legend
++ Very favorable effect
+ Positive effect
- No effect or potentially negative effect
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Table 7 Main types of solar shading systems applicable to residential buildings

Name Description

External solar shading systems
Horizontal sunscreen (example D1.1) The sunscreen consists of fixed horizontal blinds or

grilles anchored to a structure perpendicular to the
façade

Blind material: extruded aluminum, bent or formed
aluminum sheet, PVC-coated copper, wood, glass,
PV panels, etc

Structure material: aluminum, galvanized steel, etc
Blade height (mm): 70–1,500 (with boring)
Blade length (mm): max 6,000
Blind step (mm): 70–150

Fixed overhang (example D1.4) Overhang fixed horizontal, opaque, made with different
materials (sheet metal, treated wood, plastic
materials, PV panels, concrete, etc.). Anchored to the
wall with an autonomous structure or structurally
integrated. The shields may also have a vertical
arrangement perpendicular to the façade; in this case,
they are most effective for East and West orientations

Grating Overhang fixed opaque, made out of different materials,
consisting of horizontal and vertical elements to
create a grating pattern

(continued)
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Table 7 (continued)

Name Description

Sunscreen fixed blade (example D1.5) Outdoor solar shading preoriented blades fixed to the
façade. This shading could also have vertical blades;
this case, most effective for East/West orientation, is
more frequent in commercial building. The blades
can also be applied to shield balconies

Blade section: ellipsoidal, arcuated, triangular, gull wing,
etc

Blade materials: extruded aluminum, formed aluminum
sheet or bent, wood, PVC, brick, etc

Horizontal blade height (mm): 25–1,200
Blade intersection (mm): 70–150
Max length (mm): 8,000

Venetian blinds (example D1.2 and
D1.6)

Solar shield for outdoor use with adjustable and packable
blinds. The packaging of the blinds allows a very
compact folded element once rolled in. The typology
can also be applied to screen balconies other than
windows

Blind section: arched
Blind materials: aluminum alloy, etc
Blind supports: steel, etc
Blind height (mm): 58–95
Blind width [mm]: 500–4,500
Screen height (mm): 400–5,000
Handling: hand winch crank, home automation systems

for solar control
Persian shutter The opening of the shutter can be the classic hinged,

folding, sliding. The blinds can also be adjustable,
allowing good modulation of radiation and light

They are applicable in residential buildings, suitable
interventions in historical areas

Blind material: wood, aluminum, PVC, etc
Blind height (mm): 40–150

(continued)
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Table 7 (continued)

Name Description

Roller blind Sunscreen with mechanical roller blind. In some models,
it is possible to obtain an adjustment of light and
ventilation (due to the opening between the blinds).
Moreover, it is possible to have the complete
obscuration of the interior. It is also a safety guard

Material slats: aluminum alloy prefinished, PVC, etc
Material structure: aluminum, etc
Roller blind height (mm): up to 3,000
Length slats (mm): 500–3,000

Roller curtain Sunscreen with mechanical roller curtain
Fabrics: glass fiber, acrylic fiber, polyester, PVC, etc
Material structure: aluminum, etc
Curtain width (mm): up to 7,500
Curtain height (mm): up to 7,500

Sliding arm awning This is a combination of the roller curtain and a drop-arm
awning, with the fabric dropping vertically and then
projecting forward

It allows the possibility of having a suitable shielding to
solar radiation while allowing ventilation and visual
contact with the exterior with lowered curtains

Tent canopy This kind of sunscreen takes vantage of its convex-
shaped canopy giving the possibility of a suitable
shielding from solar radiation, while allowing
ventilation and the vision of the exterior

(continued)
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A weatherproof casing permits the packing of the canopy
Material structure: aluminum, etc
Fabrics: opaque screen, waterproof polyacrylic, PVC, etc
Overall width (m): 5
Overhang max (m): 2

Drop-arm awning Sunscreen with an arm projecting forward when lowered.
It is equipped with a fabric and a head box for
retracting the fabric

It may apply to balconies, uncovered terraces, windows,
etc

Material structure: aluminum, etc
Fabrics: opaque screen, waterproof polyacrylic, PVC, etc
Overall width (m): 18
Overhang max (m): 5

Intermediate solar shading systems
Venetian blind–Roller blind Double glazing which integrates into the interior

chamber (of variable thickness) a Venetian blind,
roller or pleated. The sliding of the tent takes place in
a sealed package containing desiccants to ensure the
control of humidity and vapor condensation

Venetian blind, with respect to roller blind, provides a
vision of the outside, even screening down, because it
has oriented slats

Applicable to windows of commercial and administrative
buildings, schools, hospitals, and residences

Max dimensions (mm): 32 (pleated and Venetian blinds)
Handling: electrical, magnetic mechanism

Internal solar shading systems
Vertical curtain Solar shading mostly used to control daylighting, usually

operable by hands over a rail system

(continued)
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• Technical Feasibility (TF): installation, need for skilled manpower, and need for
further building permits;

• Management (M): user’s possibility to act on the effect of the shielding system,
for instance by varying the angle of the blinds, easy maintenance, etc;

• Reduction factors Fw, Fs: reduction factors (respectively, for winter and summer
and South orientation of the screen) of the solar thermal load, expressed as a
percentage. In particular, when Fw is in the order of 20 % or less, the system is
considered not affecting the solar gains;

• Visual comfort (VC): takes into account the uniformity of illumination and the
amount of available natural light (UDI);

• D2m,nT,w: rating of sound insulation of façade expressed in dB; in particular, it is
considered ‘‘good’’ when the contribution of the system is at least greater than
1 dB.

Panel width (mm): from 660 to 750 depending on the
material

Rail material: aluminum

Venetian blinds Solar shading device composed of slats of aluminum,
wood, or plastic that adjusts by rotating from open to
closed position by allowing slats to overlap

Mostly operated with cord or wand, also available in
motorized version. Slats can be perforated

This solution is very common in commercial buildings,
schools, hospitals, and residential buildings

Slat height (mm): 16–75 depending on the material
Width and height max (mm): 450
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Table 9 Main aspects to consider for a proper solar shading system choice

Aspects to take into
account

Corresponding specific actions

Purposes of the
intervention

Solar radiation and summer heat load control, glare reduction,
aesthetic and functional rehabilitation, greenhouse effects’ control,
thermal and acoustic comfort improvement, etc

Historical buildings and
landscape

A predetermined choice of shielding systems can be imposed,
according to the historic features of the building and the site

Climatic location Parameter collection and acquisition of the climatic conditions of the
site (temperature, solar radiation, prevailing winds, etc.)

Window orientation Seasonal variation evaluation of the incidence of solar radiation in
relation to the environment (presence of shadows, boundary
conditions, albedo effect, etc.)

Position on the façade Position of the elevation of the screen in relation to solar energy and
acoustic pressure, winds action, etc

Choice of the shielding
system

Type (fixed or mobile), arrangement (horizontal or vertical), and tilt of
the flaps, blinds, blades of the screen. Thermal comfort, light, and
acoustic performances of the sunscreen

Technical feasibility Building typology and compatibility with the chosen system:
appropriate anchoring techniques, assembly and installation, etc

Management Management and possibilities of operation, user friendliness, etc
Costs Cost analysis, comprehensive of the installation
Costs of maintenance Maintenance cost analysis, easiness to replace, availability of

materials and spare parts, skilled manpower, etc
Costs/performances

analysis
Costs/performance final evaluation, taking into account all the aspects

above examined
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Table 10 Data sheet for different solar shading devices—synthetic comparative evaluation
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Table 10 (continued)
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Table 10 (continued)
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Improving the Energy Efficiency
of Heating Systems in Europe’s
Residential Buildings

L. Ceccotti, A. De Angelis and O. Saro

Abstract Although the ultimate solution is the complete energy-related renova-
tion of building, upgrades of heating and air-conditioning system components
represent the quickest and least costly way to reduce significantly the heating and
cooling energy requirements. Such upgrades can be implemented independently of
the refurbishment of the building envelope. Numerical simulations of the thermal
behaviour of existing buildings have been performed with reference to one-family
and multi-family buildings in climate conditions typical of different European
countries. The selected building models consider heating systems and envelopes
with different thermal characteristics that are customary of existing buildings. A
series of tools, such as tables and graphs, are presented in order to enable a rapid
and effective preliminary assessment of the benefits rising from the replacement of
one or more components of the system. On this basis, it is possible to estimate the
increase in the energy efficiency resulting from a given heating system upgrade.
For a more complete analysis of the energy-related upgrades, some economic
aspects have been considered. In order to assess the cost-effectiveness, typical
tools of the financial analysis have been used. Each upgrade has been treated as an
investment with an initial outlay and a series of incoming cash flows, which
correspond to the annual energy savings from the considered upgrade.

Nomenclature
A Surface (m2)
C Cost (€/kWh)
CF Cash flow (€)
COP Coefficient of performance
d Diameter (m)
ESC Energy-saving cost
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f Factor
Fi-j Shape factor for the surfaces i and j
FC Load factor
h Convection heat transfer coefficient (W m-2 K-1)
HCV Higher calorific value of the fuel (Wh m-3)
HDD Heating degree hours based on 20 �C (�C d)
i Interest rate
IRR Internal rate of return
LCV Lower calorific value of the fuel (Wh m-3)
n Exponent of the emission system
Q Quantity of heat (Wh)
r Annual energy cost escalation rate
R Thermal resistance (m2 K W-1)
S Size factor (safety factor)
t Time (s)
T Kelvin temperature (K)
U Thermal transmittance (W m-2 K-1)
V Volume of air in a heated zone (m3)

Greek Symbols
D Prefix for difference
E Emissivity
U Thermal power (W)
# Celsius temperature (�C)
r Stefan–boltzmann constant

Subscripts
a Internal air
avg Average
bw Back wall
conv Convection
d Distribution system
e External air
E Energy
el Electric
em Emission
ext External
f Floor
fw Front wall
H Heating
int Internal
l Losses
k, j Indices
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max Maximum
min Minimum
nd Needed
nom Nominal
off Burner off
on Burner on
p Primary
r Return
rad Radiation
s Supply
tot Total
w Water
win Window

1 Introduction

Many European post-war buildings were designed and built in accordance with
criteria which generally did not take into account aspects connected with reducing
their energy requirements. Most of these buildings have not yet undergone sig-
nificant renovation work and constitute a building stock characterised by decidedly
poor energy performance levels. Hence, it is important to renovate these buildings
in terms of energy performance, to reduce the impact of heating-related expenses
on the household budgets of their occupants as well as reduce the residential
sector’s share of the European Union’s overall primary energy requirements.

In general, in the process of energy-related renovation of building/heating
systems, upgrades to system components constitute the quickest, least costly way
to achieve the goal of significantly reducing heating and cooling energy require-
ments and may be implemented independently of those on the building shell.

This chapter sets out the main upgrades that can be performed on single-family
or multi-family residential buildings.

The text that follows has been prepared on the assumption that the reader needs to
choose the most cost-effective upgrade for a given building. With this in mind, in
order to enable a rapid, effective preliminary assessment of the benefits deriving
from the replacement of one or more components of the system, a number of tables
have been prepared on the basis of which, after identifying the characteristic con-
figuration of the building under examination, it is possible to estimate the
improvement in energy efficiency resulting from a given energy efficiency upgrade.

A complete account of energy-related upgrade measures cannot disregard the
economic aspect. Indeed, an upgrade requiring a relatively small outlay that saves
a small amount of primary energy may be more cost-effective than one which
brings larger energy savings but which also requires a higher initial investment.

Improving the Energy Efficiency of Heating Systems 121



In order to assess the cost-effectiveness of upgrades, tools specific to financial
analysis have been used, treating each upgrade as an investment characterised by
an initial outlay and by a series of incoming cash flows represented by an eco-
nomic valuation of the annual savings, which the upgrade allows to be achieved.

2 Characteristics of Heating Systems

2.1 Combustion Boilers

Most existing heating systems serving residential buildings consist of gas- or
liquid-fuel-based combustion boilers. In order to estimate their efficiency, refer-
ence has been made to the classification, reported in Table 1, proposed by
European Council Directive 92/42/EC according to their useful efficiency at their
rated output, at an average water temperature in the boiler of 70 �C, and operating
under partial load conditions of 30 %, with a different temperature according to
boiler type.

Standard boilers, which probably constituted the state of the art at the time of
construction of the buildings whose heating systems are subject to renovation, can
nowadays be defined as low efficiency when compared with low-temperature
boilers and even lower efficiency compared with condensing boilers.

For standard boilers, it is advisable not to lower the flue gas temperature below
the value which corresponds to their dew point, as this risks damaging the boiler as a
result of the formation of condensation, which is particularly corrosive in the
presence of sulphuric acid or nitric acid. In particular, Diesel oil, fuel oil or heavy oil
boilers must be kept at a temperature whose typical values at the flue outlet are
around 120–140 �C because of sulphur content of flue gases. For standard gas
boilers, in some cases, the flue gas temperature may fall to lower values.

For the reasons just mentioned, as the flue gas temperature is linked to the
average temperature of the water in the boiler, before the advent of ‘‘low-tem-
perature’’ boilers, it was necessary to keep the temperature of the return water from
the heating system at a sufficiently high value to prevent the condensation of the
water vapour contained in the flue gases. Therefore, in the installation of a stan-
dard boiler, it is necessary to create a circuit known as an ‘‘anti-condensation
circuit’’. In some cases, this system consists of a three-way valve operated by a
servomotor, which is controlled in turn by a sensor which measures the boiler
return water temperature or the temperature of the water inside the boiler itself, as
shown in Fig. 1. Implementation of solutions of this type requires the boiler
temperature to be kept at a high value and close to the rated temperature even
when the system is on but does not demand heat energy.

In addition to avoiding the formation of condensation in the parts which make
up the boiler, in standard boilers, it is necessary to keep the value of the tem-
perature of flue gases significantly higher than that of the external air temperature
when the gases are evacuated using the natural draught method. Indeed, with a
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standard, natural gas boiler, in order for the flue gases to have a sufficiently lower
density than that of the external air in order to guarantee efficient natural draught in
every season, their temperature must be higher than 120 �C.

The characteristics just highlighted mean that the average temperature of the
water in the boiler is close to the rated temperature for the entire period of
operation with the consequence that they have high energy losses both at the flue
and at the boiler casing as a result of convection and radiation.

For a standard boiler installed as part of an old heating system, flue heat losses
may range on average between 15 and 20 % of the higher calorific value (HCV).
Losses ascribable to the shell can be estimated at around 3 % of HCV. To improve
a boiler’s performance, it is opportune to reduce the energy contained in the
products of combustion. This is why low-temperature boilers and condensing
boilers have been introduced on the market. For these kinds of boilers, it is not
necessary to create an anti-condensation system, and the boiler can cool freely
when the system is demanding no energy or less energy and the outlet temperature
can be reduced with a climate-based control system equipped with an external
sensor.

A condensing boiler is one in which, under normal operating conditions, and for
given water temperatures, the water vapour contained in the combustion products
is partially condensed, and it is possible to use for heating purposes a part of its
latent heat which, for the temperature levels in question, is approximately
2,500 kJ/kg. In this way, under certain operating conditions, condensing boilers
ensure significant energy savings in comparison with standard boilers.

Natural gas (CH4) is the fuel typically used in these boilers and, of all hydro-
carbons, is the one with the highest H/C ratio. This means a larger quantity of
water in the flue gases and a greater difference between lower and higher calorific
values (approximately 10 %), as it can see in Table 2.

Fig. 1 Simple diagram of an ‘‘anti-condensation’’ circuit for a small boiler
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Hence, it is more energy efficient to allow the vapour contained in the flue
gases—which normally contain water, CO2, N2 and negligible traces of other
compounds in energy terms—to condense.

The necessary condition for condensation to take place is that the temperature
of the return water from the heating system is lower than the dew point of the
products of combustion.

The dew point of the vapour contained in the flue gases of a stoichiometric
natural gas combustion process is around 59 �C. In practice, combustion always
occurs with an ‘‘excess of air’’. The value of the dew point decreases as the excess
air increases as a result of the dilution of the flue gases and a lower partial pressure
of the water vapour. For a 20 % excess of air, the dew point is just over 55 �C.

Thus, by cooling the flue gases to below this temperature value, condensation is
formed.

The colder the return water from the heating system, the lower the temperature
of the exhaust gases can be, and the greater the quantity both of condensed vapour
and of latent heat recovered. However, condensation of all of the vapour contained
in the exhaust gases is never obtained, because as they dry, the vapour pressure and
dew point fall.

As a consequence of the cooling of the flue gases, latent heat is recovered and a
decrease in both sensible heat losses in flue gas and boiler casing loss.

The temperature of return water from the heating system depends primarily on
the type of heating element installed and on the thermal load that needs to be
supplied to the building. The latter varies, over the course of the day and during the
entire heating period, as a result of changes in external climatic conditions and the
contribution of solar and thermal energy gains.

From the point of view of evacuation of combustion products, a condensing
boiler expels gases at temperatures gradually decreasing from 80 to 40 �C
depending on the season, or the temperature of the return water from the heating
system. The density of the exhaust gases is therefore much more variable com-
pared to that of the external air temperature, and in any case, it is lower than that.
Such a situation cannot guarantee a sufficient, constant natural draught, especially
during the temperate season. For this reason, in condensing boilers, it is necessary
to use a fan which ensures that the flue gases have the necessary head of pressure
in order to pass both through the boiler and through the evacuation device.
Stopping the fan must also mean that the fuel supply is cut.

Table 2 Calorific values of a number of gaseous fuels

Fuel Calorific values at 25 �C Normal density

(kJ/kg) (kJ=m3
n) (kg=m3

n)

Lower Higher Lower Higher

Hydrogen 120,000 141,900 10,800 12,770 0.090
Methane 50,050 55,550 35,890 39,830 0.717
Propane 46,350 50,400 93,630 101,800 2.020
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Nearly, all modern condensing boilers are able to operate by modulating the
heating output, with the result that they can adjust to the thermal load demanded
by the system [1]. Often, during the heating period, the external temperature is
higher than the minimum annual value, the building heat losses are lower than
maximum and the boiler is underused in relation to system heating demands.

The modulation range, which is defined as the difference between the maximum
heat output and the minimum heat output below which the boiler operates in ‘‘on/
off’’ mode, varies according to the boiler’s design characteristics.

When the heating system starts, controlled by the room thermostat, the boiler
operates at maximum power in order to heat the heat transfer fluid to its maximum
operating temperature in the shortest possible time. The boiler continues to operate
in this way until the temperature of the water in the system reaches the temperature
value required by currently operating conditions. At this point, in order to keep the
heat transfer fluid at the temperature required for efficient operation, the boiler is
required to supply less heat. Thus, if the boiler is of the modulating type, it can
switch to operation with the burner on at a heating output value ranging between
the minimum output and the rated output.

In modulating boilers, the flame can be continuously adjusted within a range of
power outputs in the modulation range. Hence, a boiler of this type may operate
continuously at an intermediate power output between the minimum and maxi-
mum, or intermittently at the minimum power output.

The parameter that enables the boiler’s operating conditions to be determined is
the boiler load factor (FC), which is defined as the ratio of firing time (burner on)
to total activation time (which thus includes both firing time and standby time,
during which the boiler is in standby mode, but no heat is required by the system).

FC ¼ ton

ton þ toff

ð1Þ

A non-modulating boiler is characterised by a load factor that is always less
than one, while for a modulating boiler, the value is one during those periods in
which the boiler is in the modulating phase.

It is pointed out that also in the case of a modulating condensing boiler, in the
absence of a weather-based climate control system equipped with an outdoor
sensor, the radiators operate continuously at the design temperature, regardless of
the thermal load required by the space to be heated. Lower heat requirements, such
as during the early and latter months of the heating season, do not result in lower
heat transfer fluid temperatures, but rather in more rapid boiler operation times
both at maximum output and at minimum output. Thus, the boiler often operates
under modulation and standby conditions [1].
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2.2 Electrical Heat Pumps

For some years now, there has been growing use of electrical heat pumps for
winter climate control purposes in residential buildings.

An electrical heat pump’s operation is based on the reverse thermodynamic
cycle, which enables energy to be transferred from a lower-temperature source to
one at a higher temperature through the supply of work. The practical effect is the
supply of heat to a system, which is at a higher temperature than the ambient
temperature.

By simplifying the diagram of the thermodynamic cycle of a heat pump down
to its essential components only, it can be represented as in Fig. 2, which shows

• the compressor: the component in which the refrigerant fluid is compressed, at
the cost of useful energy as work supplied from the outside;

• the condenser: a heat exchanger which transfers heat energy to the hot source,
which may consist, for example, of the air in the space to be heated, or of the
heat transfer fluid in the case of water-based systems. As a result of this heat
exchange, which therefore corresponds to the useful heat flow, in the condenser,
the refrigerant is cooled to the condensation temperature, and the consequent
gas-to-liquid phase transition is obtained;

• the expansion device: consisting generally of a valve in which a non-reversible
adiabatic expansion of the refrigerant fluid takes place, until it reaches a pressure
value which, at least theoretically, is the same as the pressure value at the
compressor inlet;

• the evaporator: a heat exchanger in contact with the cold source, which may be
constituted by the air in the external environment, or by a fluid which in turn
exchanges heat with a water source or with the ground. Inside the evaporator,
the refrigerant fluid undergoes a liquid-to-gas phase transition and in this
transformation absorbs heat from the cold source.

evaporator 

condenser 

compressor 
expansion 

device 

Fig. 2 Functional diagram
of a refrigeration cycle
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In order for the heat exchange between the refrigerant fluid and the hot source
to take place in the condenser, the condensation temperature needs to be higher
than the temperature at which the system is kept heated. Similarly, in order to take
place, heat exchange in the evaporator requires the temperature of the refrigerant
fluid at this point in the cycle to be lower than the ambient temperature (either of
the water or of the ground) with which the exchange takes place. The difference
between the condensation and evaporation temperatures influences the efficiency
of the thermodynamic cycle. In fact, considering an ideal Carnot cycle operating
between the condensation temperature, Tc, and the evaporation temperature, Te, the
coefficient of performance (COP) is thus given by

COPCarnot ¼
Tc

Tc � Te

ð2Þ

The COPCarnot coefficient represents the maximum efficiency theoretically
obtainable with reversed thermodynamic cycle operating as a heat pump. In order
to maximise the COPCarnot coefficient, it is necessary to reduce the (Tc-Te) dif-
ference to a minimum. This can be achieved by keeping the temperature of the hot
source as low as possible and therefore if the latter is the same as that of the heat
transfer fluid in a heating system, by using systems equipped with heating ele-
ments sized to operate at a low temperature.

In order to increase the efficiency, it is also possible to act upon the cold source
by selecting it so that it is available at the highest possible temperature and also
constant during the heating season. It is for this reason that heat exchange systems
with alternative sources to external air have become widespread, such as ground or
lake water.

If the machine’s condenser transfers heat to a heat transfer fluid consisting of
water, as in the case of heating systems based on radiant heating panels, radiators
or fan coil units, the heat pumps will be, respectively, of the air-to-water, water-to-
water or ground-to-water type. In terms of operating principles, these machines are
very similar to each other. However, there are substantial differences in their
design characteristics, in the works required for their installation and in how they
are integrated into the heating system, in their efficiency and in their cost.

The heating output of a water-to-air heat pump used for heating purposes is
affected by the temperature of the cold source: as the external temperature
decreases, so does the heating output which the machine is capable of providing.
Conversely, the heat energy requirements of a building increase as the external
temperature decreases. For some models of heat pump, it may also be the case that
the maximum output temperature of the heat transfer fluid is not guaranteed for the
lowest external temperature values. This may lead to problematic situations,
especially in cases where the heat pump is used both for heating and for supplying
hot water for domestic use.

A system designer, who plans to provide a building with its entire heat energy
requirements using a heat pump—that is, without recourse to an auxiliary heater—
will be impelled to choose such a machine size, as it will guarantee the supply of
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the rated design output even when the external temperature falls to the lowest
levels. In this case, the machine may be significantly oversized in respect of
average required load conditions and hence the need to regulate the amount of
energy supplied. This can be achieved by activating and deactivating the com-
pressor (using an ‘‘on/off-type’’ regulation) or by modifying the air volumetric
flow rate of the compressor itself. The second strategy can be implemented by
using refrigeration units (operating as a heat pump) with one or more zoned
circuits, or by equipping the heat pump with an inverter which makes it possible to
adjust the flow rate of refrigerant fluid by adjusting the compressor speed, external
climatic conditions being equal, resulting in an increase in the machine’s COP.
Also, with a refrigerant fluid flow rate regulation system, a minimum value exists
below which the output can no longer be regulated, and the compressor operates in
on/off mode.

From the design type perspective, air-to-water heat pumps are commercially
available in a monoblock configuration, used primarily in medium-to-large-sized
systems, and with the option of connecting more than one boiler on the same
system, in order to split the installed heating output. Other models consist of an
external unit and an internal unit, which are used, particularly, in cases where
lower heating output is required.

In addition, it is necessary to consider the characteristics of the heating system,
which will be receiving the heat transfer fluid from the machine that is to be
installed. In particular, both efficiency and capacity vary according to the tem-
perature to which the fluid is heated.

2.3 Heat Emission Systems

By far, the most widely used heat emission system used in existing buildings is hot
water radiators. A small percentage of buildings are heated by systems based on
radiant heating panels.

A very small number—compared with radiator-based systems—of single-
family buildings feature convector heaters and fan coil units. The latter are mostly
present in single-household buildings with heating systems of the mixed type, in
which the heat emission device with heat exchange characterised by a main
convective component is used to heat rooms used occasionally and therefore
requires the air temperature to be raised very rapidly.

2.3.1 Radiators

Contrary to what their name might lead one to expect, radiators supply the space in
which they are located with heat energy mainly by means of convection, while
they exchange approximately 30 % of their total output by means of radiation.
This percentage may vary according to the type of radiator and is higher in those of
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the ‘‘plate’’ type compared with so-called column radiators. Only the front surface
provides radiation, while the convective component must be considered to be the
entire surface of the heat-emitting body.

The sizing of the heat-emitting body to be installed in a room is carried out
according to the thermal output, i.e. the rated power usually indicated in the manu-
facturer’s catalogue. This value is obtained from tests conducted in a laboratory
following standardised procedures and is expressed as a function of the difference
between the average water temperature and the ambient temperature. Assuming that
the radiators are supplied with water at a temperature of #s = 75 �C, which on
returning to the boiler is at a temperature of #r = 65 �C, and that the ambient
temperature is #a = 20 �C, the temperature difference between the average water
temperature and the ambient temperature D#nom is equal to

D#nom ¼
#s þ #rð Þnom

2
� #a ¼ 50 K ð3Þ

In order to determine the thermal output of radiators under different operating
conditions from test conditions, the following relation is used:

U ¼ Unom

D#
D#nom

� �n

ð4Þ

where n is an exponent which is determined experimentally in the laboratory and is
stated in the catalogues, while the temperature difference is expressed as follows:

D# ¼ #s þ #rð Þ
2

� #a ð5Þ

One of the causes of inefficiency in heat emission devices is the presence of
convection flow, which is more or less significant depending on the mode of heat
exchange that characterises each heat-emitting body and which results in a non-
uniform distribution of the ambient air temperature. Convection flow, and heat
exchange via radiation with the coldest surfaces of the building envelope, leads to an
increase in the internal surface temperature of the walls, especially in radiator-based
heating systems, with a resulting increase in the interior surface heat transfer coef-
ficient and therefore transmittance. Thermal resistances involved in heat exchanges
between thermal emission devices and building envelope are show in Fig. 3. In
evaluating the heat-emitting performance of a radiator, it is necessary to estimate the
surface area, A, of the heat-emitting bodies with reference to the building’s maximum
dispersion value and assuming that heat energy is supplied by the radiators partly
through convection Uconv and party through radiation Urad. Estimating that Uconv

accounts for approximately 70 % of the rated output of the heat-emitting body, it is
possible to estimate an area, Aconv, associated with heat exchange via convection and
an area, Arad, associated with heat exchange via radiation, by the following equations:

Aconv ¼
Uconv

h #s;max � #a

� � ð6Þ

130 L. Ceccotti et al.



Arad ¼
Urad

er T4
s;max � T4

a

ffi � ð7Þ

Arad is considered to be split between a portion representing heat exchange via
radiation with the wall on which the radiator is positioned, Arad,bw, and a portion
representing heat exchange with the rest of the walls in the room, Arad,fw. It is
assumed that the front and side area of the radiator is responsible for radiation heat
exchange with the room around 60 % of the total radiating area of the heating
element. The radiator’s heating output is calculated for each hour of system
operation, and the emission performance is taken to be the ratio of the heat output
actually supplied to the space being heated to the required heat.

The energy emitted by the heating device differs from the energy required as a
result of losses Ql,em, the sum of losses due to convection Ql,em,conv and due to
radiation Ql,em,rad:

Ql;em ¼ Arad;bw #e � #að Þ 1
U
� 1

hint

þ 1
hconv þ hrad

� �
ð8Þ

Fig. 3 Representation of the
resistances involved in heat
exchange with the glass
surface and with the wall
behind the radiator

Improving the Energy Efficiency of Heating Systems 131



2.3.2 Radiant Heating

Radiant heating panels are heat emission devices, which, in the room in which they
are installed, exchange heat primarily by means of radiation.

With regard to heating applications in residential buildings, reference is
implicitly made to low-temperature radiant panels, which work with a maximum
outlet water temperature of approximately 45 �C.

These heat emission devices may be located in the floor, the walls or the
ceiling. When installed under the floor, they can be buried in a concrete screed and
thermally isolated from the structures to make downward heat dispersion
negligible.

Heat energy is supplied to the rooms from the hot surface of the floor or the
walls, mainly by means of radiation and secondarily by means of convection. Heat
emission losses can be estimated, to a good approximation, by evaluating the heat
energy exchanged via radiation between the panels and the glass surfaces, Qf-win,
since the surface temperature of the latter is significantly lower than that of the
opaque walls involved in the radiative heat exchange with the panels. The heat
energy exchanged via radiation between the panels and the glass surfaces can be
calculated using the following relation:

Qf�win ¼
Awinr T4

f � T4
win

� �

1�ef

Afef
þ 1

Af Ff�win
þ 1�ewin

Awinewin

ð9Þ

where the emissivity of the floor surface, ef, is assumed to be 0.90, while the
emissivity of the glass surface, ewin, is assumed to be 0.85.

The surface temperature of the windows was calculated using the following
relation:

#a � #e

Rtot

¼ #a � #win

1
hint

ð10Þ

2.4 Regulation Systems

The first type of automatic regulation system historically used in heating systems
regulated boiler operation by means of a room thermostat, which controlled
ignition of the burner. A control system of this kind, especially in cases in which
the boiler is of the standard type, in particular floor-standing boilers, entails large
variations in ambient temperature (the variable regulated). This is due to the fact
that the boiler–system combination is characterised by the high degree of thermal
inertia of the regulation system (comprising the boiler, transmission system and
heating elements) compared to that of the system being regulated. This type of
regulation is also called on/off.
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In the case of centralised heating systems, regulation systems exclusively
permit the temperature of the inlet heat transfer fluid to be controlled. The dis-
advantages of this are that it is not possible to balance changes in heating load
caused by internal heat gains and solar radiation and that such systems are not able
to regulate heat emission independently according to the different demands of
individual dwellings. Usually, controls of this type are implemented by means of a
weather compensator, which receives a signal from a temperature sensor installed
on an outside wall of the building and operates by varying the opening position of
a three-way mixing valve operated by an actuator installed on the valve. Boiler
manufacturers’ instructions agree in recommending that this sensor should not be
installed in such a way as to be exposed to direct solar radiation, preferably on a
north-facing wall. With regulation of this type, the operating point of the system is
identified on a curve in which the inlet water temperature is a function of the
external temperature and is parameterised according to the characteristics of the
type of heating element as provided by its manufacturer.

The temperature sensor, positioned on the inlet pipe after the circulating pump,
enables the effect of the action on the three-way valve to be evaluated. A diagram
of this type of circuit is provided in Fig. 4.

Weather-based control systems bring benefits both in terms of energy and in
terms of thermal comfort, if they are combined with a system for regulating air
temperature in individual zones, or better still in individual rooms. In addition,
weather-based regulation applied to condensing boilers makes it possible to
increase the number of hours during which condensation takes place, as at

Fig. 4 Diagram illustrating weather-based regulation
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intermediate outside temperature, a lower outlet temperature is achieved compared
with rated conditions, with a consequent increase in boiler efficiency.

With a radiator-based heating system, sized in the traditional manner, it will be
the case that in the least favourable weather conditions, corresponding to the
minimum outside air temperature during the heating period, water will be sent to
the heating elements at a temperature of approximately 75 �C. As a result, the
outlet water temperature will assume, under the same conditions, a value close to
65 �C. In fact, the nominal heat output of the radiators is obtained because of a
difference between inlet and outlet temperatures of 10 �C and a difference between
the average temperature of the heating element and the air temperature of 50 �C.
As the outside temperature increases, a linear reduction is assumed in the tem-
perature of the water entering the radiators, down to a minimum value of around
60 �C, which occurs when the outside temperature reaches its highest value during
the heating period. If the boiler is of the condensing type, the inlet and outlet
temperatures may vary freely according to the heating load required.

As the outside temperature changes, the values of the temperatures of the water
sent to the heating elements can be determined using the following relation:

#e � #e;min

#e;max � #e;min

¼ 75� #w;s

75� 25
ð11Þ

while for the return temperature to the boiler, the following relation may be used:

#e � #e;min

#e;max � #e;min

¼ 65� #w;r

65� 25
ð12Þ

For an underfloor radiant system, the outlet and inlet temperatures are con-
strained by the maximum limit set on the floor temperature. Therefore, in the
following calculations, it is assumed that the underfloor system has been sized in
such a way that in the least favourable weather conditions, determined by the
minimum outside air temperature, the return temperature to the boiler does not
exceed 40 �C. The outlet temperature under the same weather conditions, given a
maximum temperature change in the water of 5 �C, will be 45 �C.

As the outside temperature increases, it is assumed that the system of regulation
operates by means of a linear reduction in water temperatures until they reach a
minimum value, which is slightly higher than the inside temperature of the room
being heated when the heating load is very low.

In this case, the pattern of change in the outlet and inlet temperatures, which are
obtained according to the outside temperature, may be determined using the fol-
lowing relations:

#e � #e;min

#e;max � #e;min

¼ 45� #w;s

45� 20
ð13Þ
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for the outlet temperature and

#e � #e;min

#e;max � #e;min

¼ 45� #w;r

45� 20
ð14Þ

for the inlet temperature.
With regard to regulation of the air temperature in the rooms being heated, in

buildings with independent heating systems, particularly in single-household
buildings, zoned (night and day) temperature regulation systems are common.

While simple regulation using a zone thermostat already permits energy savings
thanks to an initial level of automatic heat flow regulation, it absolutely cannot
satisfy with precision the requirements of the rooms, which are often subject to
different conditions. A thermostat installed in one room cannot adequately take
into account the free heat gains—whether internal or external in origin—that exist
in the rooms, adjacent to the room whose temperature is being regulated. This
means that during some hours of the heating period, an excess amount of heat
energy is supplied to some rooms and is thus largely wasted. This aspect leads to a
lower value in terms of regulation efficiency for those systems, which are unable to
respond accurately and rapidly to changes in heat energy demands.

Another aspect to consider is the possible need for different temperatures for
certain rooms. In such cases, it can be assumed that the user can act manually upon
the radiator’s shutoff valve. However, it would not be possible to achieve the
efficiency of automatic regulation in this way.

Regulation systems, which allow the temperature to be controlled automatically
and independently in each room, are still uncommon. Such a system can be built in
cases when the heating elements are radiators, by installing a thermostatic sensor
on the valve controlling the flow of hot water to each heating element. These
sensors, which are also known as thermostatic valves, make it possible to keep the
ambient temperature at the chosen level, exploiting any free heat gains. The user
can set the desired temperature by turning the knob, which displays a graduated
scale. Regulation takes place automatically by adjusting the flow of hot water
through the radiator by modulating the valve opening according to the air tem-
perature measured by a liquid sensor.

As the temperature measured by the sensor increases, the fluid which it contains
expands, pushing on the mechanism coupling it to the valve shutter and moving it
towards the closed position. The opening or closure of the shutter varies in pro-
portion to the temperature of the room.

In order for the thermostatic valve to be able to correctly fulfil the function
assigned to it, the ambient temperature measured by the sensing bulb must be
representative of the temperature for the whole room. It is advisable to prevent it
from being heated via convection by the pipes bringing water to the radiator
themselves. The air in the room must come into contact freely with the sensing
bulb, avoiding exposure to the sun’s rays. In some situations, to prevent the
erroneous temperature being recorded by the system, thereby rendering its
installation ineffective, it is possible to use thermostatic valves with sensing bulbs
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that can be installed remotely by means of a capillary tube, which enables com-
munication between the bulb and the valve body.

If a zone thermostat and thermostatic valves are installed on the same system, it
is advisable to avoid installing the thermostatic sensors in the same rooms of the
thermostat, which regulates the zone. In addition, appropriate provisions will need
to be adopted to take into account the effect deriving from the inclusion of ther-
mostatic valves on the flow rates of water circulating in the system.

For buildings heated using low-temperature radiant systems, individual room
temperature regulation can be achieved by means of thermostats installed in the
various rooms and connected to electrothermal actuators. These devices, applied to
the shutoff valves with which the distribution collector is equipped, control the
circulation of the heat transfer fluid in the circuits of the panels.

2.5 Distribution Systems

The most common distribution systems are the forced-circulation type. Therefore,
this is the type considered ‘‘as-built’’ in the simulations conducted.

An ideal distribution system, which enables the heat transfer fluid to be
maintained at a constant temperature by the boiler at the heating element, would
require a smaller quantity of energy than is necessary in a real-world system. The
ratio of these two quantities is a measure of the efficiency of the distribution
system.

In order to estimate energy losses in the distribution sub-system, the following
relation is used:

Ql;d ¼
X

j

Lj � Uj � #w;avg;j � #a;j

� �
� tj ð15Þ

As it is not possible to establish one specific type of extension of the distri-
bution system, the length of the system is assumed to be a variable parameter as a
function of the heating load required, thus describing a situation in which the heat
transfer fluid distribution circuits are activated as the heating power required by
the building increases.

The linear thermal transmittance, Uj, of the jth distribution circuit can be
determined using the following relation:

Uj ¼ 0,143þ 0,0018 � dext ð16Þ

The temperature of the water in the circuits is assumed to be the average of the
outlet and inlet temperatures, while the average temperature of the environment in
which the circuits are installed is assumed to be equal to the design ambient
temperature.

The activation time of the circuits is assumed to be equal to the activation time
of the heat generator.
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3 Simulations

In order to estimate the potential energy savings that can be achieved through
upgrades involving the replacement or installation ex novo of some of the compo-
nents of the heating plant sub-systems in existing buildings located in several
European cities, a number of simulations were conducted, using analytical methods.

Each simulation involves the calculation of the building’s primary energy
requirements both in an as-built state and in a given as-planned state. The as-built
state corresponds, for a building, to a certain combination of heating system
components prior to energy-related renovation. An as-planned state consists of a
combination of system components following energy-related renovation which
entails modifications to one or more of the sub-systems which make up the system.

Using EnergyPlus, a software application for dynamically simulating the
energy behaviour of buildings, the hourly heat energy requirements were calcu-
lated. It was necessary to define the geometrical and thermophysical properties of
the building envelope, in addition to the climatic conditions.

The geometrical properties of each building are described in brief in the cor-
responding section [2].

The transmittance values of the building envelope components are provided in
Table 3.

In order to assess the impact of local climatic conditions on the effects of each
energy efficiency upgrade, the simulations were conducted using the characteristic
climate parameters for a number of northern, central and southern European cities
as inputs. Specifically, the locations taken as reference were Oslo, Dusseldorf,
Madrid and Lisbon.

After obtaining the value for the hourly heat energy requirements, with the
support of additional analytical procedures, the behaviour and thus the efficiency
of heating systems were assessed.

The simulations were conducted for all of the building/heating systems on their
as-built state and subsequently in their as-planned state, for comparing the impacts
of the upgrades in terms of energy savings. The improvement in energy efficiency
that can be obtained was expressed in percentage terms as the ratio of the dif-
ference in the primary energy requirements in the two states to that in the primary
energy requirements in the as-built state.

Table 3 Transmittance
values used in the simulations

U Type A U Type B
(W/m2K) (W/m2K)

External wall 0.4 1.2
External ceilings 0.4 1.2
External floors 0.6 1.2
Doors and windows 2.5 4.5
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The results obtained from the simulations were grouped according to building
type and organised in such a way as to group together the ones relating to upgrades
involving a modification primarily to the regulation sub-system and those relating
to the heat generator.

In the graphs of the results, the symbol DQp,H is used to indicate the primary
energy saving achievable with each upgrade.

3.1 Definition of As-Built States

Both for multi-family and single-family residential buildings, it was assumed that
thermal energy for heating is produced using a natural-gas-fired combustion boiler.

The boilers are of the standard type in the case of multi-family buildings, while
for single-family buildings, in addition to the standard boilers, low-temperature
boilers were considered.

The heating elements are radiators or underfloor radiant panels.
The regulation systems allow the outlet water temperature to be controlled by

means of a simple boiler thermostat or weather-based regulation, in the case of
buildings with independent heating systems. In centralised heating systems, it was
assumed that weather-based systems are installed. The average boiler temperature
was considered to be constant and equal to the design temperature, except in the
case of low-temperature boilers, for which operation at average modulating tem-
perature was assumed.

For the regulation of the ambient temperature, systems with a zone thermostat
were considered for both single- and multi-family residential buildings. For the
latter building type, the case of exclusively weather-based regulation, and hence
without any control over the ambient temperature, was taken into consideration.

3.2 Definition of As-Planned States

In defining upgrades involving boiler replacement, it was assumed that, following
the energy efficiency upgrade performed on the heating system, the heat energy is
produced with a gas-fired condensing boiler or with an electrical heat pump of the
air-to-water type.

Modifications to the heat emission sub-system between the as-built and as-
planned states were not considered. The choice stems from the consideration that
any replacement of the heating elements would often make substantial building
work necessary. Therefore, in these cases, it would not be correct to assume work
on the heating system and not other construction work, which would lie beyond the
scope of the objectives initially set.
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This type of choice is compatible with the considered upgrades. Indeed, par-
ticularly with regard to condensing boilers, the optimal combination from the
energy-saving perspective is a radiant panel system operating with water at a low
temperature. Nevertheless, real-world experience and numerical evaluations
available in the technical literature have shown that excellent results can also be
achieved when the heating elements consist of traditional radiators, if care is taken
to install a suitable system for regulating the temperature of the heat transfer fluid
[3].

In such an operating mode, for heating loads that are lower than system
capacity, the conditions for condensing the water vapour contained in the flue
gases can arise and thus permit a significant energy saving.

Also in combination with the electrical heat pumps, the type of heating element
which guarantees the best results in terms of energy is represented by low-tem-
perature radiant panel systems. Heat pumps which allow heating up to a temper-
ature of 80 �C have been commercially available for several years, albeit at the
cost of a significant reduction in the COP (between 20 and 25 % lower in the case
of an air-to-water heat pump) compared with the supply of equal heat output at a
temperature of 45 �C.

Therefore, in the case of existing radiator-based systems, it is appropriate to
verify the sizing of the heating elements installed and, if possible, evaluate whe-
ther they should be replaced with others with a higher nominal output, which can
operate at a lower outlet temperature compared to the ones already installed. In the
case of single-family buildings, the possible replacement of the gas-fired boiler
with an electrical heat pump in both radiator-based and radiant panel systems was
considered. In the case of multi-family buildings, the heat pump was considered in
the as-planned states only in combination with a low-temperature radiant panel
system.

Given that the heat distribution system is often enclosed in the walls or in the
floors, and that work to renew the heat transfer fluid feed pipes and their insulation
would in many cases be difficult to implement without concomitant building work,
it was assumed that between the as-built and as-planned states, the distribution
sub-system would not be modified.

Any reductions in distribution-related energy losses may derive from changes in
the temperature of the heating water, which in turn are brought about by the
replacement of the boiler with one which allows a variable average temperature of
the heat transfer fluid.

With regard to regulation systems, those systems that enable the greatest effi-
ciency, that is to say individual room temperature control, were considered, also in
combination with weather-based regulation systems for varying the boiler outlet
water temperature according to the outside temperature.
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4 Results

4.1 Single-Family Building

The results obtained for a single-family building are presented below. The building
model is represented in Fig. 5.

The building, with two above-ground floors, has a floor area of approximately
140 m2, a volume of approximately 430 m3 and a heat-dispersing surface to heated
gross volume ratio (S/V) equal to 0.78 m-1.

The effects of the upgrades to the heating system were evaluated both in the
case of a building envelope with thermal transmittance values corresponding to
type A and in the case of a building envelope with thermal transmittance values
corresponding to type B in Table 3. In the legends of the graphs, these results are
indicated using the label U type A and U type B.

The simulations were conducted both for the case of a radiator-based heating
system and for the case of low-temperature radiant panels, supplied by one or
several distribution manifolds, equipped with shutoff valves for each circuit.

The results were represented in graphs differentiated according to type of
heating element, so that they can be more easily consulted and if necessary
compared.

4.1.1 Upgrades to the Regulation System

The analysis was carried out to assess the impact of primary energy requirements
of a modification on the regulation system, which in the as-built state is assumed to
be a zone thermostat for controlling the ambient temperature.

The as-planned states assumed, in the first case, the installation of a system to
control the inlet water temperature of the heating elements of a weather-based

Fig. 5 Two-floor single-
family building
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control system with an external sensor and in the second case, the installation of an
air temperature control in each room.

Figure 6 refers to a standard combustion boiler, Fig. 7 represents a low-
temperature boiler, while the results displayed in Fig. 8 were obtained by
considering a condensing boiler.

The advantages deriving from the use of a weather-based climate control sys-
tem are greater in the case of a boiler of the low-temperature type or condensing
type than in the case of an upgrade to a heating system fuelled by a standard boiler.
This can be attributed to the fact that in the latter case, it is not possible to assume
operation at average modulating temperature, and the change in the water tem-
perature is obtained via a mixing process carried out externally to the boiler.
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Fig. 6 Radiator system. Installation of WCC or TRV. Standard boiler

0

2

4

6

8

10

12

14

16

18

20

22

24

0 1000 2000 3000 4000 5000

ΔQp,H

(%)

HDD (°C)

TRV

WCC

U type A

U type B

Fig. 7 Radiator system. Installation of WCC or TRV. Low-temperature boiler
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Therefore, boiler energy losses do not decrease when the water temperature in the
heating elements is reduced. The positive effects deriving from the decrease in the
outlet temperature occur in this case with a reduction in energy losses in
the distribution system. In addition, it was observed that the saving is larger when
the boiler is of the low-temperature type. This can be attributed to the high-
efficiency operation of a condensing boiler in the as-built state as well as in the
as-planned state.

The advantage deriving from individual room temperature control using ther-
mostatic sensors can be attributed to a more efficient use of free heat gains,
particularly solar radiation via the glass surfaces in the room in which the heating
element is installed, compared with what can be achieved using zoned control
systems.

The energy saving obtained by using room-by-room regulation increases with
warmer climatic conditions and higher solar radiation.

The simulations regarding upgrades to the regulation system, in the case of a
low-temperature radiant panel heating system, produced the results shown in Figs. 9,
10 and 11, which are very similar to those obtained for radiator-based systems.

Individual room temperature regulation is achieved by installing a thermostat in
each room and connecting these devices to electrothermal actuators which control
the closure of the valves on the distribution manifold to which the circuits of the
radiant panels are connected.

4.1.2 Upgrades to the Generation System

The results obtained from the simulations of upgrades involving the replacement
of the boiler are illustrated below. For each of the cases considered, several
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Fig. 8 Radiator system. Installation of WCC or TRV. Condensing boiler
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simulations were conducted: in the first (I in the graph), it was assumed that no
modifications are made to the regulation system; in the second (II in the graph), it
was assumed that a weather-based water control system is installed; in the third (III
in the graph), it was assumed that both a weather-based outlet water temperature
control system and individual room temperature regulation were added; the fourth
case (IV in the graph) shows the results for individual room temperature
regulation.

In addition, the simulations were conducted both for a building with type A
(white bars) and for a building with type B (grey bars) average transmittances.
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Fig. 9 Radiant panel system. Installation of WCC or TRV. Standard boiler
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Fig. 10 Radiant panel system. Installation of WCC or TRV. Low-temperature boiler
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Figure 12 illustrates the results of the simulations which assume, in the as-built
state, the presence of a standard-type boiler and a regulation system consisting of a
zone thermostat. For the as-planned state, the boiler was assumed to be of the
condensing type, with a heat emission system consisting of radiators.

The results show that in addition to the clear energy benefit of replacing the
boiler, significant improvements are obtained in each of the climate zones con-
sidered. Energy savings increase in warmer climates and are maximised when the
condensing boiler is combined with a regulation system which incorporates both
weather-based control of the temperature of the water received by the heating
elements and air temperature management at the individual room level.
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Fig. 11 Radiant panel system. Installation of WCC or TRV. Condensing boiler
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144 L. Ceccotti et al.



Figure 13 shows the results obtained by substituting a low-temperature boiler
with a condensing boiler. The results are characterised by patterns similar to the
ones in Fig. 12. The percentage values in the second case are lower as a conse-
quence of the fact that the original generator is more efficient than one of the
standard type.

The simulations were also conducted considering a low-temperature radiant
panel system. The results obtained are illustrated in Figs. 14 and 15.

One of the upgrades simulated was the replacement of a condensing boiler with
an electrical air-to-water heat pump. The characteristics of the system were
assumed to be such that this replacement could be effected without other types of
upgrade that might impact overall performance.

The results obtained highlight the fact that the energy benefit deriving from the
implementation of this type of upgrade depends on the nominal output of the heat
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pump selected, that is, the oversizing of the machine installed in relation to the
heating output required by the system. It was observed that in cases in which the
heat pump is not oversized in respect of the building’s heat losses, the energy
benefit gained from the use of the heat pump as opposed to the combustion boiler
is very high. This advantage decreases as the oversizing factor, represented by S in
Fig. 16, increases.
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The simulations were conducted both for radiators and for low-temperature
radiant panel systems. Thus, the technical characteristics of the heat pump are, in
the first case, those of a device which can produce hot water at a temperature of
75 �C, while in the second case, the heat pump is of a type suitable for producing
water at a low temperature.

The results obtained confirm the importance of the correct sizing of the heat
pump according to the building’s energy requirements.

In these simulations, energy requirements connected with the production of hot
water for domestic use were not taken into consideration.

The advantage of installing a heat pump in the place of a condensing boiler
remains highly dependent on S also with changes in climatic conditions.

It is important to make a number of additional considerations regarding the
comparison between as-planned states in which the boiler is gas-fired and that in
which the heat source is an electrical heat pump. As it is necessary to make the two
forms of energy comparable, the latter can be converted into primary energy by
multiplying its value by the conversion factor fp,el. The value of the conversion
factor has a significant impact on the results that are obtained in the comparisons
previously illustrated in this section. In the specific case, refer to Fig. 16
(fp,el = 0.46).

4.2 Multi-Family Buildings

In order to define the geometrical model of a multi-family building, reference was
made to the type illustrated in Fig. 17.

The building is characterised by a layout in the form of an ‘‘H’’ enclosed within
a 27 9 27 m square, a surface area of approximately 420 m2 per floor and a heated
volume of around 7,800 m3. The building has six above-ground floors. Unheated
ancillary rooms are located on the first level. The other floors are used for habi-
tation, with six apartments per floor. The core that separates the two main sections
is used as a stairwell and is also considered to be an unheated space. The building
has a surface-to-volume ratio of 0.46 m-1. Each floor has three types of apartment:
the first and second types are characterised by a floor area of approximately 85 and
110 m2, respectively, while the third type has a floor area of approximately 55 m2.

It was assumed that the heating system is decentralised without heat metering.
The simulations were conducted both for radiator-based systems and for

low-temperature radiant panel systems.
To make them easier to consult and compare, the results have been represented

using graphs which are differentiated according to the type of heating element.
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4.2.1 Upgrades to the Regulation System

With the initial analyses, an assessment was made regarding the degree of impact
which the choice of regulation system has on the building’s primary energy
requirements. In this connection, it was assumed that the as-built state consisted of
regulation of the temperature of the water supplied to the heating elements
obtained using a weather-based climate control system equipped with an outdoor
sensor.

The upgrades considered regard the installation of a temperature control ther-
mostat at the apartment level (ZC in the graphs), or the installation of an individual
ambient room temperature control system (RC in the graphs). Regulation of the
room-by-room type is achieved by means of thermostatic sensors to be installed on
the valves of the heating elements if they are radiators. These installations can be
carried out subject to verification of the compatibility of this solution with the
characteristics of the circulators of the distribution system.

Fig. 17 Model of multi-family building
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Figures 18, 19 and 20 refer to cases in which the heating elements are radiators.
The heat source considered is, respectively, a standard boiler in Fig. 18, a low-
temperature boiler in Fig. 19 and a condensing boiler in Fig. 20.
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In percentage terms, the primary energy saving changes very little with the
change in the type of heat source used and is greater for buildings located in warm
climates. The largest savings are obtained with the installation of RC systems, due
to their more efficient use of free heat gains.

The same type of simulation, with reference to a low-temperature radiant panel
system, provided very similar results to the ones just presented.

4.2.2 Upgrades to the Generation System

The purpose of the analysis conducted is to assess the influence on primary energy
requirements of a modification to the system of heat energy generation. For each of
the cases considered, several simulations were conducted: in the first (I in the
graph), it was assumed that no modifications are made to the regulation system; in
the second (II in the graph), it was also assumed that one thermostat per apartment
is installed, while in the third (III in the graph), it was assumed that individual
room temperature regulation control was installed. The simulations were con-
ducted both for a building consisting of components with average transmittance
values corresponding to Type A (shown in the graphs in white) and for a building
with components with average transmittance values corresponding to Type B
(shown in the graphs in grey).

Figure 21 shows the results of the simulations which assume that a standard
boiler and a radiator-based system are installed in the as-built state. It was assumed
that the generator in the as-planned state is a condensing boiler.

A simulation of the same type, yet which assumes that a low-temperature boiler
is installed in the as-built state, produced the results shown in Fig. 22. It will be
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noted that in this case, the energy savings are always lower in percentage terms
than those shown by the graph in Fig. 21; this result can be attributed to the fact
that in the as-built state in the second case, a higher-efficiency boiler is installed
compared to a standard boiler.

The same simulations were also conducted for a radiant panel heating system.
The results of these simulations are illustrated by the graphs in Figs. 23 and 24.

As with the simulations conducted on the single-family building, the primary
energy saving deriving from the replacement of a condensing boiler with an
electrical heat pump of the air-to-water type was assessed. The assessment was
conducted exclusively for the case of a heating system with low-temperature
radiant panels.
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From the results obtained, illustrated by the graph in Fig. 25, it can be observed
that the primary energy saving is very high in all climate zones, especially if we
consider that the boiler considered in the as-built state is a condensing boiler.

The energy saving is higher in the colder climate zone and decreases as one
moves towards the warmest climates. This is due to the choice of the heat pump,
which is the same for different climate zones and therefore is not oversized with
regard to the building losses only in the north. Therefore, the decrease in energy
savings obtained in the other climate zones is produced by the effect of the
oversizing of the heat pump and mirrors the results already reported for the case of
the single-family building.
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5 Tables for Evaluating Heating System Improvements

Below we present a number of tables which make it possible to estimate the
improvement in energy efficiency resulting from a given energy efficiency
upgrade. In order to use them, it is necessary to identify the characteristic con-
figuration of the building in question and its heating systems in their as-built state.
On the basis of this information, the correct column of the table is selected, while
each row corresponds to an as-planned state.

Tables key
SB Standard boiler HT High-temperature heating system
LTB Low-temperature boiler LT Low-temperature heating system
CB Gas condensing boiler ZC Zone control
HP Heat pump WCC Weather climate control

RC Room control
Saving class
A+ [50 % D 15–20 %
A 40–50 % E 10–15 %
B 30–40 % F 5–10 %
C 20–30 % G \5 %
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Fig. 25 Replacement of a condensing boiler with an electrical air-to-water heat pump. Radiant
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5.1 Single-Family Buildings

North Europe As built states

As planned states

SB LTB CB
HT LT HT LT HT LT

ZC
ZC

WCC
ZC

ZC
WCC

ZC
ZC

WCC
ZC

ZC
WCC

ZC
ZC

WCC
ZC

ZC
WCC

SB – ZC – WCC Ua G G
Ub

SB – RC – WCC Ua F
F

G
Ub G

LTB – ZC – WCC Ua G
F

Ub G
LTB – RC – WCC Ua E F E F

Ub F
G F G

CB - ZC Ua E D E
Ub G E G F

CB - ZC – WCC Ua D E F
E

F G
G

Ub E F D F G

E

F
CB - RC – WCC Ua C D E

D
F

F
F

Ub E
C

E F E G G
CB - RC Ua D E F

Ub F D G E G G
HP (S=2)- ZC - WCC Ua C E D F

Ub

HP (S=2)- RC - WCC Ua C
A D A E

A
Ub D B

Central Europe As built states

As planned states

SB LTB CB
HT LT HT LT HT LT

ZC
ZC

WCC
ZC

ZC
WCC

ZC
ZC

WCC
ZC

ZC
WCC

ZC
ZC

WCC
ZC

ZC
WCC

SB – ZC – WCC Ua G G
Ub

SB – RC – WCC Ua E
Ub E F

LTB – ZC – WCC Ua F
F

Ub G
LTB – RC – WCC Ua C D C E

Ub D E F
CB – ZC Ua D C E E

Ub E D G F
CB - ZC – WCC Ua C D C E F D

F G G
Ub E D F G E

CB - RC – WCC Ua B C D
Ub C D

C
D E

CB – RC Ua B B C C D D
Ub C C D D E F

HP (S=2)– ZC - WCC Ua B
A+ C A C B

Ub C
HP (S=2)– RC - WCC Ua A

A+ B A+ C
A+

Ub B

South Europe As built states

As planned states

SB LTB CB
HT LT HT LT HT LT

ZC
ZC

WCC
ZC

ZC
WCC

ZC
ZC

WCC
ZC

ZC
WCC

ZC
ZC

WCC
ZC

ZC
WCC

SB – ZC – WCC Ua G G
Ub

SB – RC – WCC Ua C
Ub D E

LTB – ZC – WCC Ua F
E

Ub F
LTB – RC – WCC Ua B C B C

Ub C D C D
CB - ZC Ua C C E D

Ub E D F E
CB - ZC – WCC Ua C D F D

F G G
Ub E D F G E

CB - RC – WCC Ua A B A B C
Ub B C D

CB - RC Ua A A B A B C C
Ub C B C C D D

HP (S=2) – ZC –
WCC

Ua A A+ A B
Ub

HP (S=2) – RC –
WCC

Ua A+
A+ A A+

A A+
Ub A B
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5.2 Multi-Family Buildings

North Europe As built states 

As planned states 

SB LTB CB 
HT LT HT LT HT LT 

ZC
ZC

WCC
ZC

ZC
WCC

ZC
ZC

WCC
ZC

ZC
WCC

ZC
ZC

WCC 
ZC

ZC
WCC 

SB – ZC – WCC Ua G  G
Ub

SB – RC – WCC Ua F
F

G
Ub G 

LTB – ZC – WCC  Ua G
F

Ub G
LTB – RC – WCC  Ua E F E F

Ub F
G F G

CB - ZC Ua E D E
Ub G E G F 

CB - ZC – WCC  Ua D E F 
E

F G 
 G 

Ub E F D F G 

E

F
CB - RC – WCC Ua C D E 

D
F

F
F

Ub E 
C

E F E G G 
CB - RC Ua D E F

Ub F D G E G G 
HP (S=2) – ZC – 
WCC 

Ua C E D F 
Ub

HP (S=2) – RC – 
WCC 

Ua C 
A D A E 

A
Ub D B

Central Europe As built states 

As planned states 

SB LTB CB 
HT LT HT LT HT LT 

ZC
ZC

WCC
ZC

ZC
WCC

ZC
ZC

WCC
ZC

ZC
WCC

ZC
ZC

WCC 
ZC

ZC
WCC 

SB – ZC – WCC Ua G  G
Ub

SB – RC – WCC Ua E 
Ub E F 

LTB – ZC – WCC  Ua F
F

Ub G
LTB – RC – WCC  Ua C D C E

Ub D E F
CB - ZC Ua D C E E

Ub E D G F 
CB - ZC – WCC  Ua C D C E F D 

F G  G 
Ub E D F G E 

CB - RC – WCC Ua B C D 
Ub C D 

C
D E 

CB - RC Ua B B C C D D
Ub C C D D E F 

HP (S=2) – ZC – 
WCC 

Ua B 
A+ C A C B 

Ub C 
HP (S=2) – RC – 
WCC 

Ua A 
A+ B A+ C 

A+
Ub B 

South Europe As built states 

As planned states 

SB LTB CB 
HT LT HT LT HT LT 

ZC
ZC

WCC
ZC

ZC
WCC

ZC
ZC

WCC
ZC

ZC
WCC

ZC
ZC

WCC 
ZC

ZC
WCC 

SB – ZC – WCC Ua G  G 
Ub

SB – RC – WCC Ua C 
Ub D E 

LTB – ZC – WCC  Ua F
E

Ub F
LTB – RC – WCC  Ua B C B C

Ub C D C D
CB - ZC Ua C C E D

Ub E D F E 
CB - ZC – WCC  Ua C D F D

F G  G 
Ub E D F G E 

CB - RC – WCC Ua A B A B C 
Ub B C D 

CB - RC Ua A A B A B C C
Ub C B C C D D 

HP (S=2) – ZC – 
WCC 

Ua A A+ A B
Ub

HP (S=2) – RC – 
WCC 

Ua A+ 
A+ A A+ 

A A+ 
Ub A B
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6 Economic Analysis of Energy Efficiency Upgrades
to Heating Systems

In order to evaluate the cost-effectiveness of the upgrades in question, instruments
usually adopted to analyse the economic viability of a financial investment were
used, in particular the internal rate of return (IIR), defined as the discount rate
which makes the net present value of a series of cash flows equal to zero. The IIR
is given by solving the following equation, (16):

Xn

t¼0

CFt

1þ ið Þt
¼ 0 ð17Þ

An investment project is desirable if the IIR is higher than the tax of another
comparable investment.

In our case, it was assumed that the upgrade entails a single negative cash flow
corresponding to the initial investment, CF0, necessary to carry out the energy
efficiency upgrade and that each successive financial flow, CFt, consists of the
product of the annual energy saving, which is assumed to be constant over time,
and the cost per unit of primary energy. Therefore, Eq. (16) can be rewritten in the
following form:

CF0 ¼
Xn

t¼1

CFt

1þ ið Þt
ð18Þ
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In order to obtain a function that is independent of the type of upgrade con-
sidered as well as of the climatic conditions of the place in which it is carried out, a
variable called energy-saving cost (ESC) has been introduced. It is defined as
follows:

ESC ¼ CF0

DQp;H
ð19Þ

Following the introduction of this variable, Eq. (17) can be restated so that we
obtain.

ESC ¼ CE

Xn

t¼0

1þ rð Þt 1

1þ ið Þt
ð20Þ

The graph corresponding to Eq. (19) can be represented with parametric curves
against changes in cost CE. An example is given in Fig. 26.

In order to illustrate the use of the graph in Fig. 26, an evaluation of three
alternative upgrades—named, for the sake of simplicity, Type 1, Type 2 and Type
3. The upgrades concern a condominium-type building with average transmittance
value of the envelope corresponding to Type B in Table 3. The Type 1 upgrade
consists in the replacement of a standard boiler with a condensation boiler; the
Type 2 upgrade involves the installation of a regulation system with thermostatic
sensors on a radiator-based system with a standard boiler and zone thermostat; the
Type 3 upgrade involves the installation of a weather-compensated control system
on a radiator-based system with a standard boiler and zone thermostat. For each of
these upgrades, the initial investment and energy saving obtained were estimated.
For this purpose, a calculation of the works required to execute each one of the
energy efficiency upgrades was made and the graphs in Sect. 5.2 were used to
determine primary energy-saving values. Finally, the cost of one unit of primary
energy saved, ESC, was calculated using Eq. 3.19. Table 4 contains the reference
values for the three alternatives considered, evaluated under two different climatic
conditions.

The results obtained allow us to affirm that the operation of substituting the heat
generator yields the greatest benefit in cold climates, yet its cost-effectiveness
needs to be evaluated carefully if compared with the installation of an individual
room temperature control system. In this connection, it is pointed out that the cost
of the latter type of upgrade is more sensitive to the number of rooms in the
building in relation to the cost to be borne in replacing the heat generator. The
evaluation leads to different results in a warm climate characterised by greater
solar heat gains: in such a case, in the example proposed, the most cost-effective
energy efficiency upgrade consists in the installation of individual room temper-
ature control.

In general, in order to use the graph in Fig. 26, it is necessary to know the
primary energy requirements of the existing building in its as-built state. Using the
tables in Sect. 6, or the graphs in Sect. 5, it is possible to evaluate the potential
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energy saving that can be achieved with the upgrade. By estimating the cost to be
borne in order to effect the upgrade and dividing this value by the amount of
energy saved expressed in kilowatt hours, it is possible to determine the parameter
ESC, using which in the graph in Fig. 26 it is possible to estimate the value of the
internal rate of return on the investment under consideration.
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9. UNI, Technical Specification, Energy performance of buildings. Part 2: Evaluation of primary
energy need and of system efficiencies for space heating and domestic hot water production,
UNI/TS 11300-2, 2008

Table 4 Evaluation of a number of hypothetical energy efficiency upgrades to heating systems
on a centralised building (CE = 0.1€/kWh; r = 0.02)

Type 1 (CF0 = 18,000€) Type 2 (CF0 = 19,000€) Type 2 (CF0 = 14,000€)

DQp,H ESC IIR DQp,H ESC IIR DQp,H ESC IIR
kWh €/kWh % kWh €/kWh % kWh €/kWh %

Oslo 34,311 0.5 23 33,896 0.6 19 5,348 2.6 0.01
Lisbona 12,144 1.5 5 41,605 0.5 23 5,865 2.4 0.7
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Solar Energy

G. Oliveti, L. Marletta, N. Arcuri, M. De Simone, R. Bruno
and G. Evola

Abstract European Directive 2010/31/CE on energy efficiency in the buildings
sector provides for significant actions for the reductions in energy consumption,
and Directive RES 2009/28/CE stimulates the use of energy from renewable
sources in order to meet such objectives. The chapter presents indications about
the use of solar radiation for the energy requalification of buildings based on the
results of research activities. Simplified evaluation methods are presented with the
aim to verify the available potential energy, for the production of sanitary hot
water, for winter heating and for the production of electrical energy, by means of
systems, which use conventional solar collectors placed on the surfaces of the
building shell, in particular on the roof slopes. In order to evaluate the energy
improvement linked to the solar gain through the windows, the direct gain is
evaluated by means of an accurate calculation model of the solar gains, which uses
the coefficient of effective absorption of the entering radiation. With regard to
sunspaces, some aspects of the thermal analysis, of the evaluation of the solar
energy absorbed by the sunspace and by the adjacent room and of the benefits
obtainable in terms of a reduction in the thermal requirements of the adjacent
spaces are discussed. Finally, a discussion is presented regarding the possibility of
using phase change materials (PCM) for the refurbishment of lightweight build-
ings. This technique allows for the improvement of the response of the building to
solar gains, thus providing better thermal comfort in summer. In order to facilitate
comprehension, the topics are supported by calculation methods and accompanied
by numerical examples.
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Nomenclature

Ac Collection surface area (m2)
aw Azimuth (�)
Ceq Equivalent specific heat capacity of PCM (J/kg K)
cp Specific heat of the air (J/kg K)
�Eass Daily average monthly solar energy absorbed by an internal space (J)
Ei Daily average monthly energy incident on the external glazed surface (J/m2)
f Glazed fraction of a wall (-)
fc Corrective factor (-)
FR Removal factor of the thermal collector (-)
F0 Efficiency factor of the thermal collector (-)
g Total solar gain for normal incidence of the glazed system (-)
Gc Solar global irradiation on a surface (W/m2)
Ge Solar power entering in an environment through the glazed surface (W/m2)
hc Convective thermal exchange coefficient (W/m2 K)
Ibo Direct solar irradiation on the horizontal plane (W/m2)
Ido Diffuse solar irradiation on the horizontal plane (W/m2)
_mv Ventilation flow rate (kg/s)
Pcel Electrical power supplied by the PV cell (W)
Qþai

Heat transferred by convention to the internal air (J)
Qi Incident solar energy on the sunspace shell (J)
Qass Solar power absorbed by the internal environment, or net solar gain (W)
Qas,s Solar energy absorbed in the sunspace (J)
Qp Lost thermal power of solar collector (W)
Qsol Daily average monthly solar gain through the glazed surfaces (J)
Qtr Transmitted solar energy through the sunspace shell (J)
Qu Useful thermal power of solar collector (W)
Rb Inclination factor of direct solar radiation (-)
�Rb Monthly direct radiation inclination factor (-)
Rd Inclination factor of diffuse solar radiation (-)
Rr Inclination factor of reflected solar radiation (-)
Ta Outdoor air temperature (K)
Tas Air temperature in the sunspace (K)
Tc Average temperature of the PV cell or panel (K)
Ti Internal surface temperature (K)
Tp Peak melting temperature of PCM (K)
�Tp Average temperature of the thermal solar collector absorbent plate (K)
U Thermal transmittance (W/m2 K)

Greek Symbols
a Absorption coefficient of solar radiation (-)
acav Effective absorption coefficient of the internal environment (-)
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ai Absorption coefficient in the solar band of the ith surface (-)
af Solar absorption coefficient of the floor and of the walls (-)
am Average absorption coefficient of the opaque surfaces of the internal

environment (-)
as Effective absorption coefficient of the sunspace (-)
aw Solar absorption coefficient of the walls (-)
b Inclination (�)
Dt Time interval (s)
g Efficiency (-)
gu Utilisation factor (-)
gu,v Utilisation factor imputable to ventilation (-)
s Transmission coefficient of solar radiation (-)
sb Transmission coefficient of the direct solar radiation of the glazed system (-)
sd Transmission coefficient of the diffuse solar radiation of the glazed system (-)
sg Transmission coefficient of the reflected solar radiation of the glazed system (-)
w Glazed fraction of the room (-)

1 General Considerations of the Use of Solar
Thermal Energy

In energy requalification interventions on buildings, solar energy can be used with
active systems in which the transport of the energy collected is carried out with
fluids in movement under the action of pumps or fans, or even the use of passive
systems, in which collection and storage can be combined in a sole component and
energy transfer is entrusted to thermal irradiation and to transport due to natural
convention, without the contribution of auxiliary energy.

In active systems, solar radiation is used for the heating of a thermo-vector fluid
by means of a particular heat exchanger which is the solar collector. Such a
component transforms radiant energy into thermal energy which is then used for
many different aims, but mainly for winter heating and for the production of
domestic hot water (DHW).

Besides the solar collector, due to the precariousness and discontinuity of the
solar source, these systems are equipped with one or more storage tanks with
water, which store the surplus thermal energy in order to return it, upon the user’s
request, at different periods.

With water plants, the heating of environments requires the use of low-tem-
perature emission terminals, such as radiant panels or fan coils, in which the
efficiency of solar collection is much higher when the required temperature for the
thermo-vector fluid is lower.

In order for solar plants to be financially convenient, they must be dimensioned
in such a way as to supply only a fraction of the energy thermal requirement, while
the remaining part is supplied by an auxiliary system. The correct sizing of such
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plants requires economic evaluation and optimisation methods of the system
formed by the solar plant and by the integration system. The main project
parameter is represented by the area of collectors Ac: with an increase in the
collection area, the collected energy and energy saving increases, but, at the same
time, the cost of the plant increases. In order to realise a solar plant, high
investment costs are required, which must be addressed prior to starting the plant,
and low operating costs which are renewed each year. Economic evaluations are
obtained through an analysis of the costs and the gains for the entire life of the
plant, updating expenditure and income over several years.

The optimal dimension of the investment can be obtained by determining the
value of the collection area which renders the maximum net present value (NPV),
or by means of optimisation methods such as the global cost method and the global
saving method. The economic variable, such as the global cost of the plant or the
global saving obtained, defined as the difference between the global cost of the
conventional plant which uses usual sources and the global cost of an integrated
solar plant, is expressed as the function of the area of collectors. Such an area is
determined in such a way as to maximise or minimise the chosen economic
function. In the global cost method of an integrated solar system, the cost relating
to the conventional integration plant is not considered in which it is supposed that
the latter must be present in every case.

2 Thermal Analysis of Solar Collectors

Thermal solar collectors are simple devices. The flat type, which is the most
common and the most economic, is formed by a radiation collection plate, by one
or more glass coverings, in order to reduce thermal loss externally, as well as a
system of channels connected to the plate through which a thermo-vector fluid
flows to remove power. A containment box completes the structure in which the
rear and lateral insulation of the panel is inserted.

The instantaneous thermal balance equation of the absorbent plate in stationary
regime conditions can be expressed as

GcAc sað Þ ¼ Qu þ Qp ð1Þ

with Gc global irradiation incident on the collector (W/m2), (sa) effective product
of the transmission coefficient of the glazed covering system and the absorption
coefficient of the absorbent black plate, Ac collection surface area, Qu useful power
delivered by the plate to the thermo-vector fluid and Qp thermal power lost due to
convection and irradiation by the collector to the external environment.

The power lost is evaluated with the relation:

Qp ¼ UcAc
�Tp � Ta

� �
ð2Þ

with Uc global thermal exchange coefficient between the plate and the air, �Tp

average temperature of the absorbent plate and Ta outdoor air temperature.
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Through relations (1) and (2), the useful power can be expressed as the difference
between the power absorbed and the power lost:

Qu ¼ GcAC sa� UcAC
�Tp � Ta

� �
ð3Þ

Efficiency is the parameter used to thermally qualify the collector. The
instantaneous efficiency g of the collector is defined as the relation between the
useful power and the incident solar power:

g ¼ Qu

GcAc

ð4Þ

The average efficiency in a time interval (an hour, a day, a month) is defined by
means of the equation:

g ¼
R tþDt

t QuðtÞdt
R tþDt

t AcGcdt
ð5Þ

The expression (3) does not allow for the calculation of the useful power Qu,
given that the average temperature of the absorbent plate is not known. The plate is
the seat of a bidirectional temperature distribution, in the flow rate direction within
the channels and in a perpendicular direction; the determination of which allows
the calculation of the power that is transferred by the plate to the cooling liquid.

In the thermal analysis of the solar collectors, the collector efficiency factor F0

and the heat removal factor FR are defined [1, 2]. The physical meaning of the
former factors is the following: F0 represents the relation between the thermal
resistance between the absorbent plate and the external environment, in the
hypothesis of uniform plate temperature, and the thermal resistance between the
fluid flowing in the channels and the external environment, FR is the ratio between
the power taken by the cooling flow rate and the power that should be taken by it
were the plate to have uniform temperature and equal to the inlet temperature of
the fluid. This power is the maximum transferable to the fluid since in the con-
sidered conditions, the power lost is minimal.

The introduction of factors F0 and FR allows for the expression of the useful
thermal power transferred to the flow rate with the relations:

Qu ¼ F0Ac sað ÞGc � Uc
�Tf � Tað Þ½ � ð6Þ

Qu ¼ FRAc sað ÞGc � Uc Tfi � Tað Þ½ � ð7Þ

Equation (7) consents the direct calculation of the useful power, given that the
inlet temperature of the fluid is commonly known, unlike (6) in which the average
temperature appears, which is generally not known, given that the outlet temperature
of the water flow rate is not known. For such a reason, in this case, the resolution is
obtained by successive iteration: the editing temperature is set and from (6) the useful
power is obtained, and by means of the water flow rate heating equation:

Qu ¼ _mcpðTfu � TfiÞ ð8Þ

the new outlet temperature is obtained.
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3 Efficiency Curves of Solar Collectors

Commonly used solar collectors are of different types, and the choice of the most
suitable model to be used is dependent, above all, on the required temperature
levels, on the thermal energy requirements and also on the period of use during the
year [3]. The main collectors available on the market are as follows: unglazed solar
collectors, glazed collectors, glazed collectors with selective surfaces, evacuated
tube collectors and evacuated heat pipe solar collectors.

If one considers the expression of efficiency (6), in which the average tem-
perature of the fluid between entering and exiting the collector appears, and the
most realistic hypothesis is adopted of the coefficient of loss of the collector is not
constant but varies in a linear manner in relation to temperature differences:

Uc ¼ Uco þ k �Tf � Tað Þ ð9Þ

k is a constant value, the expression becomes

g ¼ F0 sað Þ � F0Uco

�Tf � Ta

Gc

� k � F0
�Tf � Tað Þ2

Gc

ð10Þ

In Table 1, the values assumed by the coefficients F0(s a), F0Uco, and k�F0 are
reported for the main types of collectors [28].

4 Solar Plants

4.1 Introduction

These plants, due to reasons of technical–economical feasibility, are sized to cover
a fraction of the energy thermal requirement. From that, it is necessary to equip
them with a traditional integration system (boiler or electrical resistance) in order
to cover the remaining requirement fraction. Furthermore, due to climatic vari-
ability, a water storage tank is always present [4]. For the production of DHW, the
most simple plant is that with natural circulation, characterised by the placing of
the tank in a higher position compared to the collector.

Table 1 Typical coefficients of the efficiency curve for different types of thermal solar collectors

Collector type F0(sa) F0Uco (W/m2 K) k�F0 (W/m2 K2)

Unglazed 0.770 9.215 0.700
Flat with one glass covering 0.810 4.360 0.650
Flat with two glass coverings 0.755 2.725 0.095
Selective with one glass 0.840 3.550 0.500
Evacuated tube 0.641 1.059 0.004
Evacuated heat pipe 0.765 0.390 0.002
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If it is not possible to place the storage tank higher than the collector, then it
will be necessary to resort to forced circulation. A pump placed on the cold branch
of the circuit provides for the circulation of the fluid between the storage system
and the collector. Forced circulation plants can be equipped with two storage
tanks, the first for ‘‘preheating’’ at more limited temperatures in order to improve
collection efficiency and the second for ‘‘use’’ interfaced to the auxiliary system.

The installation of solar plants in condominium buildings is more convenient
compared to their installation in single residential units. The collectors can be
placed on roof slopes, and integration with the existing plant does not usually
present any particular difficulties.

These plants can either use natural or forced circulation. In the first case, it is
necessary to install monoblock systems in which each panel supplies DHW to a
single residential unit. Many gas boilers used for domestic heating and for the
production of DHW are semi-modulating and supply a minimum thermal power of
4–5 kW, independently of the inlet water flow rate temperature. Such a power can
result as being excessive to obtain the requested outlet temperature of 45 �C. In
order to remedy such an inconvenience, it is good practice to install a mixing valve
before the boiler which reduces the hot water flow rate taken from the tank and, by
means of a cold water flow rate originating from the aqueduct network, reduces the
temperature entering the boiler.

In the case in which condensation boilers are used, the supply of minimum
power leads to higher generation efficiency due to the use of the heat from con-
densation present in fumes.

The centralised production of DHW by means of forced circulation plants
equipped with a sole service storage system for all the condominium users results
as being more rational. This solution is capable of producing significant fractions
of the DHW thermal requirement and is easy to integrate with existent plants since
it requires a hot water distribution system which is realisable with a single pipe to
which all users can be connected.

In water plants for the heating of buildings, the most efficient use of solar
radiation is obtained using a low-temperature water flow rate (40–50 �C) with
suitable energy distribution systems for the spaces to be heated, such as radiant
floors, radiant ceilings, or fan-coil-type devices. The solar plant and the integration
system can be configured differently compared to the environment to be heated:
the solar plant and the boiler are placed in parallel, or in series, the solar panels and
the integration system jointly supply the storage system, or even the solar and the
auxiliary are independent with a double distribution system of heat to the spaces.
The latter configuration lends itself to being used in buildings that are already
equipped with traditional heating plants with radiators.
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4.2 Planning Methods of Solar Plants

In order to plan solar plants in an accurate manner, it is necessary to simulate the
plant components, such as the array of collectors, the storage system, the heat
exchangers, the distribution network, the distribution terminals and the control
system, with dynamic models. The equations to consider are those of conservation
of the mass and energy for the various plant components.

Often simplified models based on energetic type evaluations whose level of
accuracy depends on the entity of simplification are used. For example, the
average annual method [3] neglects the dynamic interaction between the storage
tank, the field of collectors and the heat use system and for such reasons provides
preliminary evaluations. More accurate results are obtained with the f-chart
method [2] created based on the results of numerous dynamic simulations of
reference solar plants.

Several f-chart versions are available: for forced circulation liquid plants for the
heating of spaces and production of DHW; for plants which are solely for the
production of DHW; for natural circulation liquid plants and also for air plants.
Such a method allows for the calculation of the fraction f of the monthly thermal
requirement obtained from the solar radiation in a plant with determined properties
and the annual solar fraction F. It is a verification method of plant performance
which, if opportunely used, allows for the obtainment of an optimal plant design.

Hereafter, two simplified calculation procedures are described. The first regards
DHW production plants and the second plants for heating, both regarding existing
buildings. The two procedures use roof-covering slopes as sunlight surface, which
are differently tilted and oriented, and evacuated heat pipe solar collectors.

4.3 A Simplified Method for the Determination of the Solar
Collector Surface of Buildings for the Production
of DHW with Evacuated Heat Pipe Collectors

In new buildings, and in those subject to important restructuring work, it is good
practice to expect that not less than 50 % of the annual thermal energy requirement
for DHW is produced by solar collectors.

The considered method [5] provides for the use of evacuated heat pipe col-
lectors. If used to produce a water flow rate at a temperature of 35–50 �C, these
collectors’ deliver performance is mainly dependent on solar radiation, while the
influence of the temperature difference between the thermo-vector fluid and the
external air can be held to be negligible. In such conditions, collectors’ efficiency
is independent from the storage temperature and therefore from the thermal energy
removing from such a component.

The estimation of producible thermal energy of DHW plants (kWh/m2), with
panels that are arbitrarily oriented and tilted, can be determined with a simplified
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procedure which uses results obtained in reference plants with south-facing col-
lection surfaces (aw = 0�) and tilted by 30� (b = 30�).

Such an arrangement generally provides the best annual collection conditions
for latitudes between 35�N and 45�N.

If the slopes of the roof covering of a building are used as the collection surface,
which are generally differently oriented and tilted, the method assigns each slope
with a thermal producibility value determined from the value relative to reference
setting. In such a way, it is possible to define the best positioning of the collection
surface and the area necessary to obtain the same thermal requirement fraction.

The data required by the calculation procedure are the DHW annual thermal
energy requirement (kWh/year) and the annual solar energy (kWh/(m2 year))
incident on a unitary reference surface (b = 30�; aw = 0�).

Through these data and the graphs in Figs. 1 and 2, it is possible to obtain the
collection area and the annual fraction of the thermal requirement provided by the
solar source. The annual energy values on the reference plane are variable from 1,000
to 2,200 kWh/(m2 year) corresponding to the geographic area comprised between the
Northern Africa and the northern Europe. Figure 1 relates to small domestic users
with annual thermal requirements of less than 3,000 kWh/year, while Fig. 2 relates to
larger thermal requirements, though not greater than 45,000 kWh/year.

In order to calculate the storage volume, if L is the DHW annual thermal
requirement, the following relation is used (L in kWh and V in litres):

V ¼ 0:068 L ð11Þ
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Fig. 1 Collection area and solar fraction as a function of the annual thermal energy requirement
for DHW and of the annual solar energy on the reference surface (b = 30�, aw = 0�). Small
residential users
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For example, for an annual thermal requirement of 2,500 kWh and an avail-
ability of solar radiation on the reference surface of 1,600 kWh/m2, from Fig. 1, a
collection surface of 1.2 m2 is obtained and an annual solar fraction of the DHW
thermal requirement of 0.62 is obtained. Annual thermal producibility is equal to
0.62 � 2,500/1.2 = 1,292 kWh/(m2 year).

For collection surfaces which are differently oriented and tilted, the calculation
procedure provides coefficients of reduction in the annual producibility relative to
the reference layout. Table 2 shows the corrective coefficients relating to 42�N of
latitude for collection surfaces with b variable between 0� and 90� and azimuth
angles aw variable between 0� (south) and 180� (north). Such coefficients can be
held to be valid for latitudes between 35�N and 45�N with an acceptable error of
less than 3 %.

For example, for an east-facing surface (aw = 90�) with b = 40�, the corrective
factor of annual thermal producibility is equal to 0.79. If one considers the thermal
requirement and the availability of solar radiation of the previous example for the
reference setting, the producibility of the considered surface becomes 0.79 �
1,292 = 1,021 kWh/year. In order to obtain the same solar fraction of the
requirement, a collection surface equal to 0.62 � 2,500/1,021 = 1.5 m2 is required.

Example 1 Figure 3 shows the roof covering of a condominium building in Rome.
On each slope, the reference number, orientation, inclination and corrective factor
of the annual thermal producibility, determined by means of Table 2, are reported.
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Fig. 2 Collection area and annual solar fraction as a function of the thermal energy requirement
for DHW and of the radiation on the reference surface (b = 30�, aw = 0�). Large residential
users
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The sizing of collection surface of a centralised plant for the production of DHW
for an annual thermal energy requirement of 44,200 kWh which uses evacuated
heat pipe solar collectors is required. The annual incident radiation on the refer-
ence surface (aw = 0�, b = 30 �C) is equal to 1,800 kWh/m2 year. The use of
modules with a collection surface equal to 2.0 m2 is supposed.

Considering the reference setting, for a requirement of 44,200 kWh/year and an
incident radiation of 1,800 kWh/m2 year, the graphic in Fig. 2 provides a col-
lection surface of 24 m2 and a solar fraction of the requirement of 56 %. The
annual thermal producibility results as being equal to 0.56 � 44,200/24 = 1,031
kWh/m2.

If collectors, each with a surface area equal to 2 m2 are used, in the hypothesis
that the roof surface which can effectively be used is equal to 50 % of the effective

Table 2 Corrective factors fc of the annual thermal energy on the reference surface varying the
inclination b and the azimuth angle aw of the collection surface

b (�) ? aw (�); 0 10 20 30 40 60 90

0 0.89 0.94 0.99 1.00 0.99 0.90 0.64
22.5 0.89 0.95 0.98 0.99 0.97 0.89 0.64
45 0.89 0.93 0.95 0.95 0.93 0.84 0.62
67.5 0.89 0.91 0.91 0.90 0.87 0.78 0.57
90 0.89 0.88 0.86 0.83 0.79 0.69 0.51
112.5 0.89 0.86 0.82 0.76 0.71 0.60 0.44
135 0.89 0.84 0.77 0.70 0.63 0.50 0.36
157.5 0.89 0.83 0.74 0.65 0.57 0.42 0.30
180 0.89 0.81 0.70 0.64 0.55 0.39 0.28

Fig. 3 Roof geometry with
an indication of the
orientation, inclination and
the annual producibility
corrective factor
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surface due to obstructions linked to the very complex roof geometry, the col-
lection results obtainable are reported in Table 3. For each of the 17 slopes, the
azimuth aW, the inclination b, the slope surface, the usable slope surface, the
corrective factor fc of producibility, the producibility of each slope, the number of
installed collectors and the energy produced are reported.

The table allows for the evaluation of all the possible solutions in order to meet
the thermal requirement. For example, the use of slope n�1 and slope n�2 with a
total collection surface equal to 22 m2 (9 collectors on slope n�1 and 2 on slope
n�2) is sufficient to satisfy 50 % of the thermal energy required for the production
of DHW (1,021 � 22 = 22,462 kWh). Alternatively, the production of DHW can
be guaranteed using the entire available surface of slope n�3, or n�5.

4.4 A Simplified Method for the Determination of Solar
Energy Utilisable for Integration in Winter Heating

The former procedure can be extended to determine the solar energy utilisable
each month, integrated by the energy supplied by the heating plant, in order to
meet the monthly energy requirements. Evacuated heat pipe collectors are also
used in this case for the production of thermal energy at a temperature of 40–50 �C
situated on the slope surfaces of the roof covering. For each month of heating,
given that the monthly energy incident on the reference surface is known

Table 3 Results for 17 slope calculations

Slope
N.

aW

(�)
b
(�)

Area
(m2)

Effective
area (m2)

fc Producibility
(kWh/m2year)

Installable
collectors

Energy produced
(kWh/year)

S 1 0 20 36.5 18.3 0.99 1021 9 18,372
2 0 20 27.7 13.9 0.99 1021 6 12,248
3 0 10 56.9 28.5 0.94 969 14 27,136
4 0 10 40.5 20.3 0.94 969 10 19,383

HZ 17 – 0 39.1 19.6 0.89 918 9 16,517
E 5 90 10 52.1 26.1 0.88 907 13 23,589

6 90 10 36.6 18.3 0.88 907 9 16,331
W 9 90 10 58.4 29.2 0.88 907 14 25,404

10 90 10 39.1 19.6 0.88 907 9 16,331
E 7 90 20 36.9 18.5 0.86 887 9 15,960

8 90 20 29.4 14.7 0.86 887 7 12,413
W 11 90 20 37.3 18.7 0.86 887 9 15,960

12 90 20 29.4 14.7 0.86 887 7 12,413
N 13 180 10 56 28 0.81 835 14 23,383

14 180 10 42 21 0.81 835 10 16,702
15 180 20 36.6 18.3 0.70 722 9 12,991
16 180 20 30.8 15.4 0.70 722 7 10,104
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(aw = 30�; b = 0�), by means of the graphic in Fig. 4, it is possible to evaluate the
monthly thermal energy available for heating (kWh/m2), for three different values
of the average monthly efficiency of the collector. For intermediate efficiency
values, the energy produced can be evaluated for linear interpolation.

Given the known monthly energy utilisable on the reference plane, the utili-
sable energy on any tilted and oriented surface, for example on a roof covering,
can be evaluated by applying monthly corrective factors reported in Table 4.
Starting from the utilisable monthly energy per area unit and from the available
collection areas, it is possible to determine the monthly and seasonal energy that
can be used to integrate the thermal energy requirements necessary for winter
heating.

5 Photovoltaic System

The vertical elements of the building shell and, even better, the covering roof
surfaces can be validly used for the production of electrical energy through pho-
tovoltaic panels, to be used for the functioning of building conditioning plants and
systems, with a consequent reduction in electrical energy taken from the grid.

In a photovoltaic cell, the absorbed solar power is only in part transformed into
electrical power, while the rest is lost towards the outside as thermal power. The

Fig. 4 Monthly energy utilisable as a function of the incident monthly energy on the reference
surface (aw = 30�; b = 0�) for three values of collector thermal efficiency
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Table 4 Corrective factors fc of the monthly utilisable energy on the reference surface varying
the inclination b and the azimuth angle aw of the collection surface

Inclination b (�)

0 10 20 30 40 60 90

October
Azimuth aw (�) 0 0.79 0.88 0.95 1.00 1.03 1.01 0.82

22.5 0.79 0.87 0.94 0.98 1.00 0.98 0.78
45 0.79 0.85 0.90 0.92 0.93 0.89 0.70
67.5 0.79 0.82 0.84 0.84 0.83 0.77 0.59
90 0.79 0.79 0.77 0.75 0.71 0.64 0.48

112.5 0.79 0.75 0.70 0.64 0.59 0.50 0.37
135 0.79 0.72 0.63 0.55 0.48 0.38 0.29
157.5 0.79 0.69 0.58 0.48 0.39 0.31 0.25
180 0.79 0.68 0.57 0.44 0.34 0.30 0.25

November
Azimuth aw (�) 0 0.72 0.83 0.93 1.00 1.05 1.08 0.94

22.5 0.72 0.82 0.91 0.97 1.01 1.03 0.88
45 0.72 0.79 0.85 0.89 0.91 0.89 0.73
67.5 0.72 0.76 0.78 0.78 0.78 0.73 0.57
90 0.72 0.71 0.69 0.66 0.64 0.56 0.43

112.5 0.72 0.66 0.61 0.55 0.51 0.43 0.32
135 0.72 0.63 0.53 0.46 0.40 0.33 0.26
157.5 0.72 0.60 0.48 0.39 0.34 0.31 0.25
180 0.72 0.59 0.46 0.36 0.34 0.31 0.25

December
Azimuth aw (�) 0 0.67 0.80 0.91 1.00 1.07 1.13 1.02

22.5 0.67 0.79 0.89 0.98 1.04 1.09 0.97
45 0.67 0.76 0.84 0.90 0.94 0.95 0.82
67.5 0.67 0.72 0.76 0.78 0.79 0.76 0.62
90 0.67 0.67 0.66 0.65 0.63 0.57 0.44

112.5 0.67 0.62 0.57 0.52 0.48 0.41 0.31
135 0.67 0.57 0.48 0.41 0.37 0.31 0.25
157.5 0.67 0.54 0.42 0.35 0.33 0.30 0.25
180 0.67 0.53 0.40 0.34 0.33 0.30 0.25

January
Azimuth aw (�) 0 0.70 0.82 0.92 1.00 1.06 1.10 0.98

22.5 0.70 0.81 0.90 0.97 1.02 1.05 0.91
45 0.70 0.78 0.84 0.89 0.92 0.91 0.76
67.5 0.70 0.74 0.76 0.78 0.77 0.73 0.57
90 0.70 0.69 0.67 0.65 0.62 0.56 0.42

112.5 0.70 0.64 0.59 0.53 0.49 0.41 0.31
135 0.70 0.60 0.51 0.44 0.39 0.33 0.26
157.5 0.70 0.58 0.46 0.38 0.35 0.32 0.26
180 0.70 0.57 0.44 0.36 0.35 0.32 0.26

(continued)
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equation of the instantaneous thermal balance in a stationary regime can be placed
in form [2]

Pcel ¼ AcGcsa� AcUc Tc � Tað Þ ð12Þ

where Pcel is the electrical power supplied by the cell, sa produced by the trans-
mission coefficient of the radiation through the covering system and the absorption
coefficient of the cell, Uc the coefficient of the thermal exchange between the cell
and the external environment, Tc the average temperature of the cell and Ta the
external air temperature.

Table 4 (continued)

Inclination b (�)

0 10 20 30 40 60 90

February
Azimuth aw (�) 0 0.75 0.86 0.94 1.00 1.04 1.05 0.88

22.5 0.75 0.85 0.92 0.97 1.01 1.00 0.83
45 0.75 0.82 0.87 0.91 0.92 0.89 0.72
67.5 0.75 0.79 0.81 0.81 0.81 0.75 0.59
90 0.75 0.75 0.73 0.71 0.68 0.61 0.46

112.5 0.75 0.70 0.65 0.60 0.55 0.47 0.35
135 0.75 0.67 0.58 0.50 0.44 0.36 0.28
157.5 0.75 0.65 0.53 0.43 0.36 0.31 0.26
180 0.75 0.64 0.51 0.39 0.34 0.31 0.26

March
Azimuth aw (�) 0 0.84 0.92 0.97 1.00 1.01 0.96 0.74

22.5 0.84 0.91 0.96 0.98 0.99 0.93 0.71
45 0.84 0.89 0.92 0.94 0.93 0.86 0.66
67.5 0.84 0.87 0.87 0.87 0.85 0.78 0.59
90 0.84 0.84 0.82 0.79 0.76 0.67 0.51

112.5 0.84 0.81 0.76 0.71 0.66 0.56 0.41
135 0.84 0.78 0.70 0.63 0.55 0.44 0.33
157.5 0.84 0.76 0.66 0.56 0.47 0.35 0.28
180 0.84 0.75 0.65 0.53 0.42 0.32 0.27

April
Azimuth aw (�) 0 0.94 0.98 1.00 1.00 0.98 0.87 0.59

22.5 0.94 0.97 0.99 0.99 0.96 0.86 0.59
45 0.94 0.96 0.97 0.96 0.93 0.83 0.60
67.5 0.94 0.95 0.94 0.92 0.88 0.78 0.58
90 0.94 0.93 0.90 0.86 0.82 0.72 0.53

112.5 0.94 0.91 0.86 0.80 0.75 0.63 0.47
135 0.94 0.89 0.82 0.75 0.67 0.53 0.39
157.5 0.94 0.88 0.80 0.71 0.61 0.44 0.32
180 0.94 0.88 0.80 0.70 0.59 0.38 0.29
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The cell efficiency is defined as the relation between the electrical power
generated and the incident solar irradiance:

gc ¼
Pc

AcGc

ð13Þ

Replacing (12) with (13), the following is obtained:

gc ¼ sa� UcðTc � TaÞ
Gc

ð14Þ

If one considers a module, formed by several cells which are electrically
connected and closed in a sealed container, or a panel, made from more connected
models and assembled in a rigid structure, for a total area A and formed by n cells,
the efficiency is written in the following form:

gc ¼
nPc

GcA
ð15Þ

Substituting the Pcel calculated with (12)

g ¼ nAc

A
gc ¼ FRgc ð16Þ

where FR is the fill factor, relation between the total area occupied by the cells and
area A of the module or the panel.

Experimentally, it was ascertained that the efficiency of a cell (or of a module,
or a panel) at temperature Tc can be expressed as [6]

g ¼ gR 1� b Tc � TRð Þ þ c log10 Gc½ � ð17Þ

with gR the efficiency of the cell evaluated in reference conditions (GR = 1,000 W/
m2, TR = 298 K, air mass m = 1) and G irradiation expressed in kW. For silicon
cells, it can normally be assumed that b % 0.0045 �C-1 and c % 1.3.

Often, the logarithmic term is neglected in calculations; therefore, (17) becomes

g ¼ gR 1� b Tc � Tað Þ½ � ð18Þ

The equation of instantaneous balance (12) can be written with reference to a
panel:

P ¼ AGcsa� AUc Tc � Tað Þ ¼ gAGc ð19Þ

with Tc average temperature of the panel, equal to the average temperature of the
cells. Obtaining the cell temperature from (18) and substituting it in (19), the
following expression is obtained for the efficiency:

g ¼
gR 1� b Tc � TRð Þ � b saGc

Uc

h i

1� gR
bGc

Uc

ð20Þ
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which consents to the calculation of the instantaneous efficiency of the panel given
the instantaneous values of the environmental temperature Ta and of the solar
irradiation Gc. Often, for calculation simplicity, the denominator is assumed to be
unitary. Given the known instantaneous efficiency of the cell evaluated with (20),
the relation (19) permits the calculation of the instantaneous temperature of the
cells.

Finally, in the energy performance calculations of a photovoltaic plant, it is
useful to determine the average monthly efficiency, relation between the total
energy produced and the total incident energy in the same time frame. Such an
evaluation is obtained considering the average hourly values of the efficiency and
irradiation according to the relation:

�g ¼
R

hour
gGdtR

hour
G dt

¼
P

g G DtP
G Dt

ð21Þ

with Dt time interval equal to 1 h.
The evaluation of the thermal power lost by the panel due to transmission

towards the external environment requires the determination of the thermal
exchange coefficient. A simple method is based on the knowledge of the nominal
operative temperature of the cell Nominal Operative Cell Temperature (NOCT)
[2]. This measurement represents the cell temperature, experimentally measured in
its working position, in an open circuit (zero electrical power), in incident irra-
diation conditions equal to 800 W/m2, wind velocity of 1 m/s and environment
temperature of 20 �C. In such conditions, by applying (14), the following is
obtained:

sa
Uc

¼ NOCT� 20
800

ð22Þ

In this way, it is possible to determine the thermal exchange coefficient for the
considered reference conditions, given the produced sa by the cell covering sys-
tem. The NOCT value is usually provided by the constructors and assumes values
which vary between 40–45 �C.

5.1 Photovoltaic Cell Types and Plant Components

One of the main limits of photovoltaic technology is linked to the high costs and to
the limited efficiency of conversion of solar radiation into electrical energy. The
research of materials which that ensure high electrical efficiencies and contained
costs has always been developed according to different technological approaches
[7]. Monocrystalline silicon ensures efficiency which varies little over time and
necessitates high costs for the preparation of the monocrystalline. In order to
reduce production costs, the photovoltaic industry uses cells with polycrystalline
silicon as an alternative, in which the crystals are still aggregated yet with different
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forms and orientations. The nominal efficiency of silicon cells available on the
market varies between 14 and 17.5 %.

Thin-film cells are formed by thin layers of semiconductor materials applied on
a solid support. The use of a thin film notably reduces the quantity of semicon-
ductor material necessary in the cell, compared to crystalline silicon wafers, and
consequently even the production costs are reduced. The most commonly used
materials in these types of cells are amorphous silicon (a-Si), gallium arsenide
(GaAs), cadmium telluride (CdTe) and copper indium diselenide (CuInSe2).
Overall, the efficiency of thin-film cells is lower than those in crystalline silicon.
Those currently available on the market present efficiency values which vary
between 3.5 and 10.5 % with a lesser dependence on cell temperature due to the
lower value of the temperature coefficient b which appears in the expression of the
cell efficiency.

In third-generation photovoltaic cells, the most widely used materials for the
creation of organic solar cells are molecular and polymeric semiconductors, such
as fullerene (C60) and all its derivatives [8]. These materials are already widely
used in the electronic industry, and interest lies in the simplicity and economy of
the production processes. In the majority of cases, the efficiency obtained is rel-
atively limited, currently less than 5 %, and data inherent to cell stability and
energy return time are not yet available.

Given the scant power generated by a single module, it is indispensable to
connect the modules in series and in parallel in order to obtain the desired current
and tension values. A group of modules connected in a rigid structure is called a
panel. A group of panels connected in a series in such a way as to supply nominal
tension of the plant is called a string. All the panels which are connected together
form the electrical energy generator, or photovoltaic field.

In order to compensate for the precariousness of the solar source, compared to
the continuous requests of an electrical load, the plant can be connected in parallel
to the electrical grid, or equipped with storage batteries. The maximum power
tracking system ‘‘maximum power point tracker’’ (MPPT) allows the photovoltaic
field to always operate with optimal tension and current values.

If it is necessary to have electrical energy in the form of monophase or triphase
current (the modules produce continuous current), static converters, called
inverters, are used. Modern MPPT are integrated with inverter devices and also
carry out other functions such as the protection of loads; they realise a parallel
connection between the different strings and have the function of acquiring
functioning data.

5.2 Dimensioning of Photovoltaic Generators

The planning of photovoltaic plants is executed with simplified methods using
different methods according to whether one is dealing with plants which are
directly connected to the electrical grid (so-called grid connected, which are
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widespread) or plants which are for isolated users who use a battery system to store
electrical energy (stand-alone). In the latter case, as well as planning the generator,
it is also necessary to design the storage system to limit, as much as possible, the
electrical energy produced and not consumed which needs to be dissipated in the
case of battery saturation.

Grid-connected plants favourably benefit from being connected to the national
grid, which can be considered as the ideal storage system to which it is to return
the excess electrical energy produced.

The planning of a photovoltaic generator can be made in terms of power, or,
and in the majority of cases, according to energetic criteria using the annual energy
requirement as the reference parameter. The sizing of the plant requires evalua-
tions of an economic nature, considering any eventual incentive campaigns.

There are two commonly used simplified energetic methods: the Siegel et al.
method [9] and the Clark et al. method [10]. The two methods are applicable both for
verification and for the basic planning of the plants. The first is valid in the case that
the electrical energy produced is contemporaneously absorbed by the load, assumed
to be constant. This hypothesis is true in the case of grid-connected plants, in which
the eventual excess electrical power produced, compared to that absorbed by the
load, is supplied to the grid. The method estimates the average monthly daily effi-
ciency of the photovoltaic field from the average monthly daily irradiation values.

The second method considers the variable hourly profiles of the electrical load
and uses the hourly irradiation values in average monthly days. In the following
paragraph, a simplified model for the evaluation of the annual energy obtainable
per peak kWh in the case of plants which are connected directly to the grid is
shown.

5.3 Simplified Procedure for the Evaluation of Electrical
Energy Producible in Buildings

In buildings which are subject to important renovation works, and also in new
buildings, the evaluation of annually produced energy by photovoltaic panels can
be obtained by a simplified procedure. This simplified procedure is sufficiently
accurate and uses the energy values determined considering a reference placement
of the panels and corrective factors to take into account their eventual different
orientation and tilt [5]. The procedure lends itself to being applied in an efficient
manner to buildings in the case in which the pitched roof surfaces are used for
collection, which usually are differently oriented and tilted.

The calculation method uses the annual electrical power producible (kWh/
kWp), determined considering a south-facing surface (aW = 0�) and inclined at an
angle b = 30�, with a collection area equal to that required for a nominal peak
power of 1 kW. The described collection surface can be considered as a reference
for latitudes between 35�N and 45�N.
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The annual electrical energy (kWh/kWp) which can be produced is reported in
Fig. 5, for mono- or polycrystalline cells, as a function of the solar energy
available on the horizontal plane (kWh/m2). The radiation data considered are
those relative to the European climatic conditions. The energy which can be
produced varies between 1,050 and 1,600 kWh/kWp and can be considered, with a
good approximation, a linear function of the solar radiation available on the
horizontal plane.

In order to evaluate the electrical producibility varying the arrangement of the
collection surface, the corrective factor FC, defined as the relation between the
electrical energy produced on the considered surface (aW,b) and the corresponding
energy on the reference surface, is used:

FC ¼ EelðaW; bÞ
EelðaW ¼ 0�; b ¼ 30�Þ ð23Þ

The FC factor values are provided by Table 5 and are valid for values of angle
b which are variable between 0� and 90� and an azimuth between 0� and 180�, in
such a way as to also include the photovoltaic field layout on vertical walls. The
FC values can be held to be valid for latitudes between 35�N and 45�N with
variances which do not exceed 3 %. Starting from the reference energy, the FC
factor allows for the determination of the electrical energy produced on a surface
which is oriented and inclined.
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Fig. 5 Producible electrical energy on the reference plane (aw = 0�, b = 30�) varying the
annual solar radiation on the horizontal plane
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The procedure applied to different surfaces of the covering of a pitched roof
allows for a classification of their production of electrical energy.

Example 2 Figure 6 represents a plan of the roof of building situated in Rome.
The reference number, tilt angle b, azimuth aW, and the FC corrective factor of the
electrical producibility using the values from Table 5 are written on each slope. In
the hypothesis that only 50 % of the slope surfaces can be used for collection,
determining for a plant with peak power of 5 kW, the production of electrical
energy obtainable from the different surfaces and the layout of the photovoltaic
field ensures the maximum production of energy. Data: annual solar radiation
available on horizontal plane 1,600 kWh/m2; necessary surface area of panels for a
peak power of 1 kW equal to 8 m2.

Table 5 FC corrective factor values of the reference producibility varying the grade angle b and
the azimuth aW of the collection surface

b (�) ? aW (�); 0 10 20 30 40 60 90

180 0.88 0.80 0.70 0.60 0.50 0.32 0.15
157.5 0.88 0.81 0.71 0.62 0.53 0.36 0.19
135 0.88 0.82 0.75 0.67 0.60 0.46 0.27
112.5 0.88 0.84 0.80 0.75 0.70 0.58 0.38
90 0.88 0.88 0.86 0.83 0.80 0.70 0.48
67.5 0.88 0.91 0.91 0.90 0.88 0.80 0.57
45 0.88 0.92 0.95 0.96 0.95 0.87 0.62
22.5 0.88 0.94 0.98 0.99 0.98 0.91 0.65
0 0.88 0.95 0.98 1.00 1.00 0.92 0.64

Fig. 6 Example of the roof
of an existing building object
of a photovoltaic installation
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From the graphic in Fig. 5, for an availability of energy of 1,600 kWh/m2, the
reference producibility is equal to 1,243 kWh/kWp. Using the available slope
surfaces, the results obtainable in the production of electrical energy are sum-
marised in Table 6. For each slope, the following data are reported: azimuth aw,
grade b, corrective factor FC, available surface area, surface area that can be used,
producibility, installable power and energy produced.

The greatest production of electrical energy is obtained using slope numbers 1,
2 and 3. For a peak power of 5 kW, it is necessary to install 5 � 8 = 40 m2 panels.

Considering that the usable surface for each slope is as follows:

Panel surface on slope n. 1: 18 m2

Panel surface on slope n. n. 2: 14 m2

Panel surface on slope n. n. 3: 40 – 18 - 14 = 8 m2

Therefore, the total production is 2; 707þ 2; 092þ 8
28 � 4; 089 ¼ 5; 967 kWh/

year

Table 6 Calculation results

Slope
N.

aW

(�)
b
(�)

Area
(m2)

Effective
area (m2)

fc Producibility
(kWh/kWp)

Installable
power (kW)

Energy produced
(kWh/year)

S 1 0 20 36.5 18 0.99 1,231 2.2 2,707
2 0 20 27.7 14 0.99 1,231 1.7 2,092
3 0 10 56.9 28 0.94 1,168 3.5 4,089
4 0 10 40.5 20 0.94 1,168 2.5 2,921

HZ 17 – 0 39.1 20 0.89 1,106 2.4 2,655
E 5 90 10 52.1 26 0.88 1,094 3.2 3,500

6 90 10 36.6 18 0.88 1,094 2.2 2,406
W 9 90 10 58.4 29 0.88 1,094 3.6 3,938

10 90 10 39.1 20 0.88 1,094 2.4 2,625
E 7 90 20 36.9 18 0.86 1,069 2.3 2,459

8 90 20 29.4 15 0.86 1,069 1.8 1,924
W 11 90 20 37.3 19 0.86 1,069 2.3 2,459

12 90 20 29.4 15 0.86 1,069 1.8 1,924
N 13 180 10 56 28 0.81 1,007 3.5 3,524

14 180 10 42 21 0.81 1,007 2.6 2,618
15 180 20 36.6 18 0.70 870 2.2 1,914
16 180 20 30.8 15 0.70 870 1.9 1,653

180 G. Oliveti et al.



6 Direct Gain Passive Solar Systems

A glazed surface and the relative belonging environment form a direct gain passive
system and represent the simplest and most economic system to use solar energy.
In such a system, the solar radiation entering the glazed surfaces is in part absorbed
by the environment walls, which have the function of thermal absorber and stor-
age, and in part exits through the same glazed surface. The thermal level of the
energy stored in the walls of a cavity depends on their dynamic properties, which
determine the fraction of energy absorbed which is ceded to the indoor air. Such
contributions give rise to a reduction in the winter thermal requirements and to an
increase in the requirement during summer.

Another shell component which is easily realisable in buildings is the sunspace,
which allows for architectural solutions which are of interest from an energy
viewpoint. The control of entering radiation through the shell, by means of
screens, and the possibility of using airflow rates for ventilation of the sunspace
allows for the reduction in the energy requirement of the adjacent environment
and, at the same time, creates acceptable thermal conditions within the sunspace.

6.1 Solar Gain Through Windows

The solar power entering in an environment through the glazed surface unit is
given by the relation:

Ge ¼ Ib0Rbsb þ Id0Rdsd þ Ib0 þ Id0ð ÞRrsg ð24Þ

with Ibo and Ido direct and diffuse radiation on the horizontal plane; Rb, Rd and Rr,
respectively, inclination factor of direct, diffuse and reflected radiation and sb, sd

and sg transmission coefficient of the glazed system of the direct, diffuse and
reflected radiation [2].

If the instantaneous transmission coefficient of global radiation s is introduced,
the former can be expressed in the form of

Ge ¼ Gs ð25Þ

with G incident solar power on the external surface of the glass and s given by the
relation:

s ¼ Ib0Rbsb þ Id0Rdsd þ Ib0 þ Id0ð ÞRrsg

Ib0Rb þ Id0Rd þ Ib0 þ Id0ð ÞRr

ð26Þ

The daily average monthly energy entering the glazed surface unit can be
evaluated by considering the daily average monthly values of the quantities that
appear in the relation (24):

�Ee ¼ �E�Rb �sb þ �DRdsd þ ð�Bþ �DÞRrsg ð27Þ

Solar Energy 181



The calculation procedure of the average monthly direct radiation inclination
factor �Rb is reported in [2]. Alternatively, in (27), the relation can be reused:

�Ee ¼ �Ei�s ð28Þ

with Ei daily average monthly energy incident on the external glazed surface and �s
transmission coefficient of the daily average monthly global radiation which can be
evaluated with the relation:

s ¼
�E�Rb�sb þ �DRdsd þ ð�Bþ �DÞRrsg

�E�Rb þ �DRd þ ð�Bþ �DÞRr

ð29Þ

In Tables 7 and 8, the �s values for simple and double clear glass in clear sky
conditions are reported for three Italian localities, Milan, Rome and Messina.
Comparable results can be obtained for Bordeaux, Barcelona and Athens,
respectively [11].

The solar radiation which is transmitted through glazed surfaces undergoes
numerous reflections within the environment. Upon each reflection, the radiation
attenuates due to the absorption caused by the walls, and the radiation which falls
from the indoor space on the same glazed surface is, in part, dispersed externally.

The effective absorption coefficient of the environment acav is the ratio between
the absorbed solar power and the entering solar power:

acav ¼
Qass

AfGe

ð30Þ

The power absorbed by the space, or net solar gain, can be calculated, taking
into account (31), with the relation:

Qass ¼ Afacav Ib0Rbsbfi þ Id0Fr�ssd þ Ib0 þ Id0ð Þ q
2

sg

h i
ð31Þ

Table 7 Average monthly transmission coefficient for simple clear glass (thickness = 4 mm)
varying exposure

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

South
Milan 0.799 0.785 0.750 0.700 0.656 0.637 0.646 0.683 0.731 0.776 0.796 0.802
Rome 0.795 0.779 0.740 0.683 0.635 0.617 0.626 0.664 0.718 0.769 0.792 0.799
Messina 0.791 0.772 0.728 0.664 0.614 0.602 0.607 0.643 0.704 0.761 0.787 0.795
East/west
Milan 0.706 0.731 0.747 0.753 0.754 0.753 0.753 0.753 0.749 0.736 0.713 0.697
Rome 0.714 0.734 0.748 0.753 0.753 0.751 0.752 0.752 0.750 0.739 0.720 0.706
Messina 0.720 0.737 0.748 0.752 0.752 0.750 0.751 0.752 0.750 0.740 0.724 0.713
North
Milan 0.730 0.730 0.730 0.712 0.674 0.669 0.672 0.696 0.730 0.730 0.730 0.730
Rome 0.730 0.730 0.730 0.711 0.670 0.664 0.667 0.695 0.730 0.730 0.730 0.730
Messina 0.730 0.730 0.730 0.710 0.666 0.658 0.662 0.692 0.730 0.730 0.730 0.730
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• fi is a shading factor due to the presence of external obstacles which intercept
direct radiation, or of special overhangs which, during summer, reduce the solar
gain. These effects are evaluated reducing the windowed surface Af by means of
the coefficient fi;

• Fr-s is the view factor between the window and the sky (for a glazed surface
which presents a horizontal overhang placed above it, the view factor values
Fr-s are reported in Ref. [12]);

• Fc is a control function, which is equal to one when the glazed surface is not
screened and equal to zero when an opaque screen for solar radiation is present;
it is less than one when incident radiation is partially screened.

The daily average monthly solar energy absorbed by a space, due to the
presence of a glazed surface, can be calculated considering the daily average
monthly values of the quantities present in the relation (32):

�Eass ¼ Af�acav
�B�Rb�sb

�fi þ �DFr�ssd þ ð�Bþ �DÞ q
2

sg

h i
�Fc ð32Þ

with �fi average monthly value of the shade factor [12] and �Fc average value
weighted on the radiation of the control function Fc.

6.2 Estimation of the Daily Average Monthly Absorption
Coefficient of the Environments

The solar radiation which penetrates an environment through a glazed surface in
part is direct radiation and in part is diffuse radiation. A simplification which is
usually adopted is that of supposing solar radiation which emerges from the glazed
surface, within the environment, as diffuse radiation; in this way, the directional

Table 8 Average monthly transmission coefficient for double clear glass (4/12/4 mm) varying
exposure

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

South
Milan 0.653 0.636 0.596 0.541 0.492 0.471 0.481 0.522 0.575 0.625 0.649 0.656
Rome 0.648 0.629 0.584 0.522 0.469 0.452 0.460 0.501 0.561 0.617 0.644 0.652
Messina 0.643 0.621 0.570 0.500 0.447 0.438 0.442 0.478 0.544 0.608 0.639 0.648
East/west
Milan 0.549 0.576 0.594 0.601 0.602 0.600 0.600 0.601 0.597 0.582 0.557 0.539
Rome 0.557 0.580 0.595 0.601 0.600 0.599 0.599 0.600 0.597 0.585 0.564 0.549
Messina 0.564 0.583 0.596 0.600 0.599 0.598 0.598 0.599 0.597 0.587 0.569 0.557
North
Milan 0.572 0.572 0.572 0.556 0.515 0.509 0.512 0.539 0.572 0.572 0.572 0.572
Rome 0.572 0.572 0.572 0.555 0.512 0.504 0.508 0.538 0.572 0.572 0.572 0.572
Messina 0.572 0.572 0.572 0.554 0.507 0.498 0.503 0.536 0.572 0.572 0.572 0.572
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aspects of the entering radiation are not considered. In such conditions, with
reference to environments of a parallelepiped shape, with different ratios of the
sides in plan and with one or more differently oriented glazed surfaces, the daily
average monthly absorption coefficient of the environment acav, can be made to
depend [13]

• on the average absorption coefficient of the opaque surfaces of the environment:

am ¼
P

i aiAiP
i Ai

ð33Þ

with ai absorption coefficient in the solar band of the surfaces Ai;

• on the glazed fraction of the environment, ratio between the glazed area and the
opaque area of the cavity

W ¼
P

j Av;jP
i Ai

ð34Þ

• on the optical properties of the glazed system, defined through the transmission
coefficient of diffuse solar radiation sd.

The functional bond is expressed by the relation:

acav ¼ 1� a exp �b
am

W

� �2
ffi �

ð35Þ

with coefficients a, b and c; quadratic functions of the transmission coefficient of
diffuse radiation of the glazed system:

a ¼ 3:500� 5:453sd þ 4:516s2
d

b ¼ 3:700� 5:388sd þ 3:462s2
d

c ¼ 0:124þ 0:545sd � 0:355s2
d

ð36Þ

The correlation (36) is valid for am variable between 0.20 and 0.80; W inclusive
between 0.025 and 0.60 and for glazed systems formed in the following manner:
single clear 4-mm glass; double glazing with two 4-mm glass panes and a 16-mm
air gap; and double glazing with three 2.5-mm glass panes and 12-mm air gaps.
For such glazed systems, the corresponding values of the diffuse radiation trans-
mission coefficient sd are, respectively, equal to 0.79, 0.59 and 0.51.

The values of the daily average monthly absorption coefficient evaluated with
the previous relations, for environments with different value of the ratio between
the effective absorption area and the glazed area amW, are reported in Table 9.
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6.3 A Complete Model for the Calculation of Solar Gains
in Windowed Environments

If one considers an environment with one or more glazed surfaces, the daily
average monthly solar gain through the glazed surfaces, following the calculation
scheme deriving from the EN 410 (2011) Standard [29], can be evaluated with the
relation:

Qsol ¼
X

k

Fsh;kFsh;sl;kð1� FF;kÞAw;kGkFw;k½sb;nacav þ qi þ sb;nð1� acavÞqe�kDt

ð37Þ

with Fsh,k and Fsh,gl,k which are, respectively, the reduction factors for shading
produced by external elements and due to the presence of mobile screens, for the
kth surface; FF,k factor of the area relative to the frame; Aw,k area of the window
opening; Gk solar radiation; Fw,k average corrective factor on the radiation inci-
dence angles; sb,n coefficient of direct solar transmission due to normal incidence;
qi ‘‘internal’’ secondary radiative–convective thermal exchange inwards; qe

‘‘external’’ secondary radiative–convective thermal exchange outwards; and
Dt time interval.

In relation (37), in the square brackets, the first term sb,n acav represents the
direct optical fraction of solar radiation absorbed by the environment; the second
term qi the secondary direct fraction, produced by the absorption of the incident
solar radiation from outside and the third term, the secondary indirect fraction,

Table 9 Values of the effective absorption coefficient of environments with different glazed
systems varying the parameter am/W

Single glass Double glazing Triple glazing
am/W acav acav acav

0.33 0.29 0.42 0.48
0.60 0.47 0.58 0.62
1.33 0.67 0.74 0.77
2.10 0.76 0.81 0.83
2.40 0.78 0.83 0.85
3.00 0.81 0.85 0.87
3.87 0.85 0.88 0.89
4.90 0.87 0.90 0.91
5.80 0.89 0.92 0.93
6.20 0.90 0.92 0.93
7.50 0.91 0.93 0.94
9.00 0.93 0.94 0.95
10.50 0.94 0.95 0.96
12.40 0.95 0.96 0.96
18.60 0.97 0.97 0.98
24.80 0.98 0.98 0.98
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generated by the fraction reflected by the indoor surfaces sb,n (1 - acav) exiting the
environment through the glazed surfaces. In the case of black cavity (acav = 1),
the term linked to the secondary indirect gain is annulled.

While the effective absorption coefficient acav characterises the environment
with reference to the energy entering through the glazed surface, the parameter

gn;eff ¼ sb;nacav þ qi þ sb;nð1 � acavÞ qe ð38Þ

characterises the absorption of solar radiation in the system formed by the envi-
ronment and by the glazed surface, with reference to the incident solar energy on
the external surface of the glass. This represents the effective solar gain coefficient
of the environment and is a function of the optical and thermal properties of the
glazed surface and of the optic properties and the geometrical properties of the
environment.

The use of the relation (38) requires the determination of parameters sb,n, qi and
qe which are obtainable from the EN ISO 13790 (2008) Standard [30]. Given the
known coefficient of total solar gain for normal incidence of the glazed system, the
relation

ggl;n ¼ sb;n þ qi ð39Þ

allows the calculation of the transmission factor sb,n, given that the secondary
thermal exchange expressions qi for single, double and triple glass are known. The
‘‘external’’ secondary thermal exchange factor qe can be calculated, for example,
for a transparent system with three panes, with the relation:

qe þ qi ¼ ab;n1 þ ab;n2 þ ab;n3 ð40Þ

with ab,n1, ab,n2 and ab,n3 direct absorption factors for normal incidence angle,
respectively, for the first, second and third glass of the glazed system [30].

Table 10 provides, for the glazed systems defined in the preceding paragraph,
the optical parameters for normal incidence and thermal ones which intervene in
the calculation: the total solar gain coefficient ggl,n, direct sb,n and diffuse sd solar
radiation transmission, the direct absorption factors of the glazed sheets ab,n, the
thermal conductance between the glass sheets K, and the ‘‘internal’’ qi and
‘‘external’’ qe secondary thermal exchange factors.

With an increase in the number of panes that form the glazed system, the optical
parameters ggl,n, sb,n and sd reduce, while the internal qi and external qe thermal
exchange factors increase.

Table 10 Optical and thermal parameters of the considered glazed systems

Glazed
system

ggl,n sb,n sd ab,n1 ab,n2 ab,n3 K12 (W/
m2K)

K23 (W/
m2K)

qi qe

Single 0.857 0.830 0.749 0.095 – – – – 0.027 0.068
Double 0.761 0.693 0.590 0.101 0.080 – 5.03 – 0.068 0.113
Triple 0.705 0.624 0.512 0.084 0.069 0.055 5.46 5.46 0.081 0.127

186 G. Oliveti et al.



Example 3 Consider an environment with a dimension, on plans, of 6 9 6 m and
a height of 3 m, with three dispersant vertical walls, facing south, east and west,
and the remaining opaque vertical and horizontal bordering air-conditioned
environments. In the hypothesis that the external vertical walls are in part opaque,
and in part glazed, in different relations, determine the effective solar gain coef-
ficient of the environment gn,eff and the percentage weight of the three fractions of
the solar gain. The opaque surfaces are clear with absorption coefficient in the
solar band ai = 0.30. The optical and thermal parameters of the considered glazed
systems are reported in Table 11.

For an environment with a glazed surface of 18 m2, one obtains

am ¼ ai ¼ 0:30

w ¼ 18
126
¼ 0:1429

The coefficients of the correlations calculated with (36) are as follows:

a = 1.855 b = 1.726 c = 0.322

The absorption coefficient of the cavity evaluated with (35) is

acav ¼ 0:793

The solar gain fractions are determined as follows:

sb;nacav ¼ 0:693 � 0:793 ¼ 0:549

qi ¼ 0:068

sb;nð1� acavÞqe ¼ 0:693 � 1� 0:793ð Þ � 0:113 ¼ 0:016

Finally, the effective solar gain coefficient results as being equal to

gn;eff = 0.549 + 0.068 + 0.016 = 0.633

The percentages corresponding to the three solar gain fractions are 86.7, 10.7
and 2.6 %.

The values, for the same environment and for the three considered glazed
systems, which are assumed by the three gain fractions varying the glazed surface
from 4.5 m2 (one glazed surface on one wall) to 54 m2 (three completely glazed
vertical surfaces) are reported in Table 12.

Table 11 provides the optical and thermal properties of double glazing

sd = 0.59 ggl,n = 0.761 sb,n = 0.693 qi = 0.068 qe = 0.113
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7 Sunspaces

Sunspaces are passive solar systems which can be easily and profitably employed
in the restructuring of buildings, due to the simplicity of their construction and the
ease with which they can be integrated into the existing structure, for the reduction
of the winter energy requirement. The energy performance in an environment
adjacent to a sunspace is obtained by using the following: the direct solar gains,
represented by the radiation which directly penetrates the environment through the
glazed surfaces of the sunspace and of the glass dividing wall, and the indirect
solar gains, produced by the fraction of solar energy which crosses the glazed shell
of the sunspace and is absorbed by the opaque walls of the sunspace, with a
successive transfer of energy to the air-conditioned environment, due to the
presence of the sunspace in which the air temperature is generally higher than the
external temperature.

The elements which determine sunspace performance are the following:

• orientation: it is preferable that the sunspace is in a south-facing position, thus
ensuring greater solar gains during winter;

• the glazed system: by means of the optical and thermal properties of the glass
surfaces and frame;

• the opaque elements: through the solar absorption coefficients and the thermal
capacities;

• the shading systems: to reduce entering solar radiation and limit overheating of
the air;

• ventilation: to remove energy from the sunspace and limit the air temperature
and obtain acceptable conditions for the occupants.
During summer, sunspaces must be completely openable in order to efficiently

contrast overheating of the air.
Sunspaces can be realised through different technological and formal solutions,

in relation to the specific environmental, climatic and architectural contexts. It is
possible to create a classification considering the sunspace elements and the wall
to which it is attached, distinguishing between the following: an attached sunspace,
which is developed in an external position in relation to the facade (Fig. 7); a
glazed balcony, which is obtained by closing an embedded balcony (Fig. 8); and
an embedded sunspace, which is in part developed inwards, and in part outwards
(Fig. 9).

With regard to the extension of the solar radiation collection surface, it is
possible to distinguish between entirely glazed systems and mixed glazed–opaque
systems. Furthermore, the glazed system can be continuous, with a frame only on
the upper and lower sides and not on the lateral sides, or with a frame which is
visible on all sides.

Glazed surfaces are the most important components of sunspaces. The types of
glass that are commonly used are as follows: simple clear glass, which presents
optimal solar transparency qualities but poor thermal and acoustic insulation
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properties; double glazing, with reduced thermal transmittance values; low-
emission glass, to further reduce thermal transmittance; and solar control glass,
which favours the reflection of infrared solar radiation and the transmission of
luminous solar radiation.

Fig. 8 Glazed balcony in a
single-family and multi-
family building

Fig. 9 Embedded sunspace
in a single-family building
and multi-family building

Fig. 7 Attached sunspace in
a single-family building and
multi-family building
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7.1 Thermal Balance of the Sunspace and Solar Gain

The solar radiation which is transmitted through the glazed shell of the sunspace is,
in part, absorbed by the opaque and glass walls; in part it is lost towards the outside
through the same glazed surfaces; in part it is transmitted to the adjacent envi-
ronments by means of the separation elements.

The sunspace can be subject to flow rates; in such a case, it behaves as an open
thermodynamic system which has exchanges of both energy and mass with the
external environment and with the adjacent environments. The control of the mass
and energy flows through the shell, obtained through appropriate ventilation and
radiation shading strategies, allows for a reduction in the energy requirement of the
adjacent building, and at the same time, creates acceptable thermal conditions
within the sunspace.

The evaluation of solar gain in sunspaces requires the resolution of the optical
field in the solar band, for the evaluation of the energy that is effectively absorbed
by the walls, and the thermal field in the walls for the determination of the energy
ceded to the internal air. For the latter evaluations, within the sunspace, it is
necessary to determine the radiant field in the long infrared for the definition of the
surrounding conditions.

With reference to the sunspace in Fig. 10, bordering with an adjacent environ-
ment and an underlying environment, both of which are air-conditioned, the equa-
tion of the thermal balance of the sunspace shell, formed by both opaque and glazed
walls, with reference to a definite time interval, can be placed under the form:

Qas þ Qai þ Qae þ Qw þ Qf ¼ DEw þ DEf ð41Þ

with Qasenergy absorbed by the sunspace walls; Qai energy that the internal sur-
faces exchange with the indoor air; Qae energy transferred externally; Qw energy
exchanged with the adjacent environment; Qf energy exchanged with the under-
lying environment; DEw variation of the internal energy of the wall and DEf

variation of the internal energy of the floor.
In Eq. (41), the variation of internal energy of the glazed walls was assumed to

be negligible.
For the sunspace air volume, held to be a negligible thermal capacity, in the

case that ventilation is realised with an external airflow rate, the balance equation
is the following:

Qai ¼ _mvcp Tas � Taeð ÞDt ð42Þ

with _mv ventilation flow rate deriving from outside; Tas air temperature in the
sunspace; Tae external air temperature and cp specific heat of the air.

In the absence of ventilation, _mv ¼ 0; and the total energy Qai exchanged by the
air with the internal surfaces is annulled. Such a result is obtained by means of
variable exchange configurations during diurnal hours in relation to the position of
the sun, while during nocturnal hours, prevalently, the sunspace air receives
energy from the opaque walls and cedes energy to the glazed walls.
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The energy transmitted through the sunspace shell is obtained by the radiation
transmission coefficient se, ratio between the transmitted energy Qtr and the
incident energy Qi:

se ¼
Qtr

Qi

ð43Þ

The energy absorbed is evaluated with the effective absorption coefficient of the
sunspace as, ratio between the energy absorbed Qas;s and that transmitted Qtr [14]:

as ¼
Qas;s

Qtr

ð44Þ

The solar gains in the sunspace can be calculated by the utilisation factor,
defined by the relation

gu ¼
Qþai

Qas;s
ð45Þ

with Qas;s absorbed energy and Qþai energy transferred by convention to the internal
air, to be evaluated with the relation

Qþai ¼
X

Sihc;iðTi � TasÞþDt ð46Þ

With Ti internal surface temperature of the surfaces Si and hc;i convective
thermal exchange coefficients. The sign + indicates that in the summation, only the
positive contributions are calculated. In absence of ventilation, the energy received
from the air Qþai is ceded prevalently to the outside. In the presence of ventilation,
the net energy received for convention from the air Qai is removed by the airflow
rate, as shown by the Eq. (42). In such a case, the utilisation factor imputable to
ventilation gu;v is calculated as the ratio between the energy removed by the
ventilation flow rate Qai and the energy absorbed Qas;s [15]:

gu;v ¼
Qai

Qas;s
ð47Þ

Fig. 10 Thermal exchanges
between the sunspace and the
adjacent environments
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In order to reduce the energy requirement of the adjacent environments, the
important issue is the energy transferred at a temperature of more than 20 �C, or
rather the quantity

Qþai;u ¼ _mvcp Tas � 20ð ÞþDt ð48Þ

in such a case the effective utilisation factor geff
u;v is given by the ratio between Qþai;u

and the absorbed energy Qas;s

geff
u;v ¼

_mvcp Tas � 20ð ÞþDt

Qas;s
ð49Þ

Lastly, with regard to the thermal gains through the opaque walls, obtained by
the adjacent environments, since the thermal flow on the wall can change direc-
tions, it is necessary to consider the relations Qþw=Qas;s and Qþf =Qas;s, respectively,
for the wall and the floor, with

Qþw ¼ Swhc;w Ts;w � Tai

� �þ
Dt ð50Þ

Qþf ¼ Sfhc;f Ts;f � Tai

� �þ
Dt ð51Þ

with hc;w and hc;f convective coefficients of the wall and of the floor with the
indoor air.

For the considered geometry, the previous relations allow for the determination
of solar gains in the sunspace and in the adjacent environments, through the
opaque elements and the ventilation flow rate. Such evaluations can be carried out
on an hourly, daily and monthly basis.

7.2 Improvement in the Energy Performance
of an Environment Adjacent to a Glazed Balcony

The optical and energy behaviour of a windowed environment is compared with
that of the same environment equipped with a sunspace at the front. A total glazed
sunspace was considered (Fig. 11) with different exposure (south, east/west) and
situated in localities which are climatically different, Cosenza (L = 39�180,
Southern Italy) characterised by Mediterranean climate and Milan (L = 45�270,
Northern Italy) with continental climate. Similar climatic conditions, latitude,
yearly solar irradiation and average monthly temperatures, are registered for
Athens and Valencia in the Mediterranean area and for Belgrade and Bordeaux
with continental climate.

The environment has a surface area of 24 m2 and has a balcony in front of it,
which is 6 m in length and 1.5 m in width. The closure of the balcony, by means of
glazed elements, gives a sunspace with a volume equal to 27 m3. The adjacent
environment presents two dispersive external walls, with a thermal transmittance
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of 0.95 W/m2 K and a thermal capacity of 218 kJ/m2 K, while the remaining walls
border with heated environments. The combinations considered in the optical
analysis are differentiated for the solar absorption coefficient of the floor af and of
the walls aw: af = aw = 0.2 and af = aw = 0.5, and furthermore af = 0.5 and
aw = 0.2 both for the sunspace and the adjacent environment. The glazed system
is clear double glazing 4–12–4 mm with a thermal transmittance of U = 2.88 W/
m2 K and total solar transmission coefficient g = 0.75. The environment is sep-
arated by the environment by means of a wall with a glazed fraction which is
variable between 20 and 100 %.

The presence of the sunspace gives rise to greater incident energy on the
external glazed shell, to a reduction in the direct solar gain through the windowed
surface of the environment and to a reduction in the thermal losses outwards,
through the dividing wall, due to the increase in the air temperature in the sunspace
compared to the external temperature.

The effective average monthly coefficient of the environment in absence and in
presence of the sunspace, and the effective absorption coefficient of the sunspace
are reported in Figs 12 and 13, varying the optical properties of the environments
and of the glazed fraction of the dividing wall.

The presence of the sunspace leads to a decrease in the absorption coefficient of
the environment aas, due to the reduction in the absorbed energy and, to a greater
extent, due to the effect of the increase in the energy entering the external glazed
surface. Moreover, the presence of the sunspace introduces a significant monthly
variability during winter months on decreasing the glazed fraction of the
environment.

If the sunspace is facing east, in the same conditions, no significant variation of
the absorption coefficients is recorded compared to southern exposure.

Figures 14 and 15 with reference to the heating period (15/11–31/3) show the
energy absorbed by the environment, by the environment with the sunspace and by
the sunspace, varying the glazed fraction of the dividing wall, for the three optical
combinations considered.

Both for southern and eastern exposure, the reduction in energy absorbed by the
environment due to the effect of the sunspace is little influenced by the glazed
fraction f and increases with the absorption coefficient of the walls. For reflective
environments, the reduction is around 30 %, and for more absorbent environments,
the reduction is 35 %. With regard to the sunspace, the absorbed energy increases

Fig. 11 Sunspace
geometry—considered
environment
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Fig. 12 Average monthly values of the absorption coefficient of the windowed environment aa,
of the environment with sunspace in front aas and of the sunspace as, varying the glazed fraction
f. Cosenza, southern exposure, af = aw = 0.2

Fig. 13 Average monthly values of the absorption coefficient of the windowed environment aa,
of the environment with sunspace in front aas and of the sunspace as, varying the glazed fraction
f. Cosenza, southern exposure, af = aw = 0.5
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with the absorption coefficient of the opaque surfaces and with a reduction in the
glazed fraction of the dividing wall.

The prior optical analysis was repeated considering the sunspace located in
Milan. The environment, in the absence of a sunspace, presents monthly absorp-
tion coefficient values which do not deviate significantly. In winter months, in the

Fig. 14 Solar energy absorbed, during the heating period, by the environment, by the
environment with the sunspace and by the sunspace, varying the glazed fraction. Cosenza,
southern exposure, af = aw = 0.2

Fig. 15 Solar energy absorbed, during the heating period, by the environment, by the
environment with the sunspace and by the sunspace, varying the glazed fraction. Cosenza,
southern exposure, af = aw = 0.5
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presence of the sunspace, the environment has absorption coefficients that are
about 10 % higher only in the case of environments that are moderately absorbent,
while during summer months, the variations are negligible. With regard to the
sunspace, the absorption coefficient can be held to be little varied with the location.

For eastern exposure, in the same conditions, the environment absorption
coefficient does not present significant variations compared to the southern
exposure just described, with a more contained monthly variability, as already
highlighted for Cosenza.

If the energy absorbed by the environment in the presence of the sunspace is
considered, the comparison, in the same optical conditions, shows a reduction in
energy in Milan compared to Cosenza, which is different for higher glazed frac-
tions. For example, for an environment with af = 0.5 and aw = 0.2, for a glazed
fraction f = 20 %, the reduction in absorbed energy is equal to 32 %, both for
Cosenza and for Milan. With a glazed fraction f = 100 %, for Cosenza, there is a
decrease of 34 % and for Milan a decrease of 44 %. For eastern exposure, for both
localities, the reduction in absorbed energy determined by the presence of the
sunspace is around 30 %, independently of the glazed fraction.

With regard to the energy requirements of the environment, in the absence of
solar radiation shading systems and sunspace ventilation, with reference to the
entire heating period, the results can be summarised as follows. In Fig. 16, the
thermal requirements in the absence and presence of a sunspace are compared for
the southern exposure.

Fig. 16 Seasonal thermal requirements of the environment in the absence and presence of a
sunspace, varying the glazed fraction and the optical properties of the opaque surfaces. Cosenza,
southern exposure
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The presence of the sunspace requires the use of glazed fractions in the envi-
ronments that do not exceed 20 % in order to avoid overheating of the environ-
ment. Such a fraction ensures a significant reduction in the winter thermal
requirement of between 84 %, for reflective environments, and 89 % for envi-
ronments which are more absorbent. Higher glazed fractions drastically reduce the
required thermal requirement.

For eastern exposure, the trend of the environment thermal requirements is
reported in Fig. 17. The reduction in the requirements is little influenced by the
optical properties of the environments, and increasing the glazed fraction from 20
to 100 %, it varies between 35 and 85 %.

The figures relating to the entire period of heating (15/10–15/04) for Milan are
shown in Figs 18 and 19.

The insertion of the sunspace produces important reductions in the winter
thermal requirement of between 37 and 60 % for the southern exposure and
between 27 and 50 % for the eastern exposure.

Fig. 17 Seasonal thermal requirements of the environment in the absence and presence of a
sunspace, varying the glazed fraction and the optical properties of the opaque surfaces. Cosenza,
eastern exposure
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Fig. 18 Seasonal thermal requirements of the environment in the absence and presence of a
sunspace, varying the glazed fraction and the optical properties of the opaque surfaces. Milan,
southern exposure

Fig. 19 Seasonal thermal requirements of the environment in the absence and presence of a
sunspace, varying the glazed fraction and the optical properties of the opaque surfaces. Milan,
eastern exposure
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7.3 Sunspaces for Energy Requalification of a Housing Unit
in an Apartment Block

The energy advantages offered by sunspaces in a requalification intervention on an
existing building are evaluated. The structure is an apartment block situated in the
city of Cosenza and was built in 1973. The building has seven floors, the ground
floor is used for commercial premises and the six floors above are for residential
use. Four housing units are present on each floor, with a surface which varies
between 110 and 140 m2. The façades are complicated by the presence of terraces,
three for each apartment.

Reference was made to one housing unit, the plan of which is reported in
Fig 20, situated on a middle floor with a southern and eastern exposure. The net
surface on the architectural drawing is 126 m2, with an inter-floor height of
2.70 m; it has three balconies of which two are embedded and one overhanging, all
with brick parapets. In particular, the south-facing balcony has a surface area in
architectural drawings of 8 m2; those with eastern exposure have a surface area
equal to 7 and 5.50 m2.

The perimeter walls, which are hollow walls, have a thickness of 42 cm and a
thermal transmittance of 0.95 W/(m2 K); the windows, with wooden frames and
single glazing, present a thermal transmittance of 4.9 W/(m2 K); the above-lying
rolling shutter boxes and the roller shutters are not insulated. The housing unit is
heated with a centralised plant; DHW is produced autonomously by means of a gas
boiler.

The energy requalification intervention is obtained through the conversion of
the balconies into sunspaces according to two different solutions:

1. Realisation of sunspaces with transparent–opaque systems. It is the least costly
and invasive intervention, which foresees the closure of the balconies by means
of continuous glazing, maintaining the existing parapets;

2. Removal of the brick parapets in order to realise a system of sunspaces which
are completely transparent, both in the lower part, which remains fixed, and in
the upper part which can be opened.

The energetic benefits are calculated by means of the evaluation of the
reduction in the winter thermal requirement obtained through thermal simulations
in dynamic regime [16].

Figures 21 and 22 illustrate the two intervention hypotheses. Two solutions
were considered for the realisation of the sunspaces: the use of clear single glazing
6 mm and of clear double glazing 4–12–4 mm.

In Table 13, the seasonal values of the thermal heating requirement of the
housing unit in absence of and presence of the sunspace are presented. All the
considered solutions give rise to a significant saving, which is variable between 31
and 41 %. The presence of double glazing offers better results, both in the absence
and in the presence of the parapet.

200 G. Oliveti et al.



Fig. 20 Architectural drawing of dwelling with southeastern exposure

Fig. 21 Sunspaces with a
mixed glass–opaque shell
(solution 1)
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8 Phase Change Materials

Nowadays, there is a tendency to realise buildings with light materials and small
envelope thickness, so as to reduce the weight, the cost of transport and the time
for construction. Unfortunately, these modern lightweight buildings suffer from
pronounced overheating in summer, especially those characterised by large glazed
surfaces, hence by important solar gains.

In order to compensate for the small storage capacity of lightweight buildings,
the incorporation of phase change materials (PCMs) into the opaque envelope can
be an effective way to enhance thermal inertia and to improve the energy per-
formance, both in the construction stage and during refurbishment.

Fig. 22 Sunspaces with an entirely glazed shell (solution 2)

Table 13 Thermal requirement of the housing unit for the heating period and reduction in
percentage of the energy requirement for different intervention solutions

Energy requirement
for winter heating
(kWh/m2)

Reduction in energy
requirement produced
by sunspace (%)

Housing unit without
sunspace

37.19

Transparent–opaque shell Single glazing (6 mm) 25.69 31
Double glazing

(4–12–4 mm)
23.82 36

Transparent shell Single glazing (6 mm) 24.58 34
Double glazing

(4–12–4 mm)
21.76 41
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Indeed, thanks to their high latent heat, PCMs can store a significant amount of
thermal energy at daytime while melting, thus reducing the indoor air temperature
swings produced by solar and internal gains. At night, thermal energy is released
and the material can restore its solid state; this stage can be enhanced by venti-
lating the building with fresh outdoor air.

Organic PCMs, such as paraffin, fatty acids and polyethylene glycol (PEG), are
the most frequently used materials; they show good chemical stability, high latent
heat and very limited super-cooling. Unfortunately, they have low thermal con-
ductivity, which may reduce the penetration of the thermal wave into the core of
the material and the full exploitation of its latent heat. Moreover, the majority of
the common paraffinic PCMs are flammable, and they may not meet the strict low-
flammability criteria set by the American Society for Testing Materials (ASTM).
Possible solutions to limit flammability through the addition of fire retardants are
discussed in Ref. [17].

The simplest and most widespread way of using PCM in buildings consists in
their impregnation into gypsum, concrete or other porous materials. However,
micro-encapsulation techniques have been recently developed: they consist in
enclosing the PCM in microscopic polymer capsules that form a sort of powder;
the powder is then included in a container made up of PVC or aluminium [18]. The
final product is generally distributed as a panel or wallboard, easy to be handled
and installed, from which the PCM cannot leak; furthermore, the reduced size of
the microcapsules enhances the full exploitation of the PCM, because of the large
surface available for heat exchange, thus optimising its effectiveness. A detailed
review about the most common PCMs and the technical solutions for application
in buildings can be found in [19, 20].

In order to provide a comprehensive view about the use of micro-encapsulated
PCM wallboards for refurbishing lightweight buildings, so as to reduce the
overheating due to solar gains, a case study is considered in the following, based
on the dynamic thermal simulation of a sample building. The study will be
extended to different climates in Europe and will highlight the essential role of
night ventilation to maximise the effectiveness of this solution.

Moreover, with the aim of making the study more general, two different PCM
wallboards will be considered.

The first wallboard (PCM-A) includes an aluminium honeycomb matrix, filled
with a compound containing 60 % of a paraffin wax, encapsulated within poly-
meric microspheres with a diameter of approximately 5 lm. The wallboard is
sealed by two thin aluminium sheets, and its overall thickness is 20 mm, as
described by Ref. [21]. The weight of the wallboards is around 11 kg/m2.

The second wallboard (PCM-B) is made of a micro-encapsulated paraffin,
different from the previous one, as described later. The final form of this wallboard
is a flexible panel with a thickness of 5.26 mm, covered on both sides with a very
thin aluminium sheet [22]; the final weight is 4.5 kg/m2.
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8.1 Characterisation of the Phase Change Materials

The melting process of a PCM used for building applications does not entirely
occur at a given temperature, as for pure PCMs, but it is completed over a certain
temperature range. In order to quantify the amount of heat absorbed by a PCM
wallboard during phase change, the equivalent specific heat capacity Ceq is used.
This parameter represents the thermal energy needed to produce a unit temperature
variation of the unit mass of PCM at constant pressure:

CeqðTÞ ¼
oh Tð Þ
oT

ð52Þ

As a rule, the evaluation of Ceq is performed through laboratory tests, by
imposing a periodic temperature fluctuation to a PCM sample and then measuring
its enthalpy variation. The equivalent heat capacity normally fits a Gaussian curve,
with a maximum value occurring at the peak melting temperature Tp. As an
example, Fig. 23 shows the curves of the equivalent heat capacity of the two
PCMs mentioned above; the corresponding mathematical formulation is reported
in Ref. [23] and Ref. [24], respectively.

As one can observe, the melting process of PCM-A starts at Tm = 22 �C and is
completed at Ts = 28.5 �C; the peak temperature is Tp = 27.6 �C, after which
melting is achieved quite rapidly. Actually, according to the laboratory tests, the
profile of the equivalent heat capacity during the solidification phase is slightly
different, as the solidification starts at around 28 �C and the peak of the curve
would occur at around 27.2 �C. Hence, the curve of the equivalent specific heat
capacity for cooling/solidification is somewhat shifted towards lower temperatures
if compared to that determined for the melting phase.

This behaviour, called super-cooling, is quite typical for paraffin, but it cannot
be easily modelled by most of the programs used for the dynamic thermal simu-
lation of buildings. However, Tabares-Velasco et al. demonstrated that the
impossibility of simulating super-cooling does not affect significantly the reli-
ability of the results [25].

0

2

4

6

8

10

12

14

16

18

20

22

12 14 16 18 20 22 24 26 28 30 32
S

p
ec

if
ic

 h
ea

t 
 [

kJ
 k

g
-1

K-1
]

Temperature [C]°

PCM - A
PCM - B

Melting 
onset (TM)

Solidification
onset (TS)

Peak 
temperature (TP)

Melting 
process

Fig. 23 Curves of the
equivalent specific heat
capacity for the two proposed
PCMs

204 G. Oliveti et al.



On the other hand, the behaviour of PCM-B is considerably different. In fact,
the melting process is distributed over a wider temperature range than for PCM-A
(from Tm = 17 �C to Ts = 27 �C), but the highest value of the equivalent heat
capacity is lower than for PCM-A. Furthermore, the lower peak temperature
(Tp = 22.6 �C) suggests that the exploitation of this PCM should benefit from
lower indoor temperatures.

Another important parameter that characterises a PCM is the thermal conduc-
tivity; in the case of PCM-A, the measured effective thermal conductivity is
2.7 W/(m K). This value is remarkably high, if compared to PCM-B, whose
thermal conductivity varies between 0.18 and 0.22 W/(m K). This difference is
imputable to the aluminium honeycomb matrix, which allows heat to be easily
transferred through the panel.

On the whole, the latent heat of both PCM wallboards, i.e. the thermal energy
needed to complete the whole melting process from Tm to Ts, is very similar when
referred to the unit surface, as it amounts to 131.7 Wh/m2 and to 134.0 Wh/m2,
respectively, for PCM-A and PCM-B.

8.2 Case Study

Figure 24 shows the sample building considered in this investigation: it is conceived
as a module of a typical office building, with a large glazed surface protected by
movable blinds, a concrete frame, a well-insulated envelope and very light partition
walls to separate the different offices. This typology of buildings normally suffers
from significant overheating in summer; thus, a good strategy for its refurbishment
could be the application of PCM wallboards on the inner surface either of the
partition walls or of the ceiling, thus enhancing the building thermal inertia.

The main façade of the building is due southwest; the size of each room is 5 m
by 3.5 m, with a height of 2.5 m. Floors and ceilings are made of a non-insulated
concrete slab as thick as 200 mm; the internal partitions are composed of two
plasterboards with a 40-mm layer of glass wool in between. The façade has a 100-
mm layer of heavyweight concrete, with an outermost layer of glass wool (70 mm).
The windows are provided with an aluminium frame (10 cm in width) and a 4-16-4
double glazing with air filling. External venetian blinds are also available; these are
kept open during the simulations, unless the incident solar radiation on the glazing
gets higher than 250 W/m2. The space behind the rooms at each floor is occupied by
a large corridor and by a series of identical rooms facing northeast.

As far as ventilation is concerned, a constant air change rate n = 0.5 h-1 is
considered for hygienic purposes. In order to check the effect of night ventilation
on the performance of the PCM wallboards, an additional night ventilation rate is
introduced between 21:00 and 06:00, with an air change rate n = 4 h-1 or
n = 8 h-1.

The simulations needed for this study are carried out on EnergyPlus version 7.0
over the summer period (June–September). Firstly, the weather data of Milan (Lat.
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45�27’N, Italy) will be used, as an example of continental climate; in a second
stage, other locations in Europe will be considered.

Three series of simulations are performed: the first one without PCM wall-
boards and the others with the PCM wallboards placed in the test room,
respectively:

1. on the inner faces of the three partition walls,
2. on the inner surface of the ceiling, as shown in Fig. 24.

The main data used to build the simulated model are reported in Table 14.

8.3 Results and Discussion

In most of the research works available in the scientific literature and regarding the
use of PCM wallboards for improving summer thermal comfort in buildings, the
effectiveness of PCMs is measured by the indoor temperature drop achieved,
during a short representative period, thanks to the application of the PCM, in
comparison with the case without PCM. However, it is to remark that the room

TEST room

External 
ROOF

TEST room

EAST wall

SOUTH 
wall

NORTH 
wall

N
(a) (b)

Fig. 24 a Model of the simulated building and b partitions fully covered with PCM wallboards

Table 14 Main data
concerning the test room in
the simulated model

Floor surface 17.5 (m2)
Window size 1.5 9 1.7 (m2)
Room volume 43.7 (m3)
Partition wall: U-value 2.7 (W/(m2 K))
External wall: U-value 0.68 (W/(m2 K))
Floor/ceiling: U-value 2.8 (W/(m2 K))
Glass U-value 2.7 (W/(m2 K))
Glass g-value 0.76 (-)
Occupancy rate 0.12 (people/m2)
Occupancy time 08:00–18:00
People sensible thermal load 60 (W/person)
Electric appliances 100 (W)
Lights 8 (W/m2)
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operative temperature, and not the indoor air temperature, is the parameter that
directly affects the comfort sensation, as suggested by well-established comfort
theories, reported in the International Standards ISO 7730 [31] and EN 15251 [32].
According to this approach, the discussion of the results will be based on the
values of the operative temperature obtained from the simulations.

8.3.1 Results

The profile of the indoor operative temperature in the test room with and without
PCM for two sunny days in July is shown in Fig. 25a. Both curves refer to the case
with n = 4 h-1; in the case with PCM, the wallboards containing PCM-A are
applied on the inner surface of all the partition walls.

The figure shows that the installation of the PCM wallboards yields a reduction
in the peak operative temperature of about 0.7 �C, but in the central hours of the
day, this difference keeps around 1.0 �C for almost 3 h. In addition, Fig. 25b
shows a significant attenuation in the daily surface temperature swing of the
partitions when using PCM: as an example, the peak surface temperature of the
south wall drops from 33.2 to 32.1 �C during the second day, and the daily
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south wall (b), when the night air change rate is n = 4 h-1
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temperature swing is reduced from 6.7 to 4.5 �C. Finally, a slight time shift of the
peak surface temperature can be observed, which is another visible effect of the
additional thermal inertia provided by the PCM.

Methodological remarks
However, in the attempt of having a more comprehensive view about the effect

of PCMs on thermal comfort, a deeper analysis is requested. To this aim, an
effective way to quantify the uncomfortable thermal sensation due to overheating
might be the measure of the difference between the operative temperature and a
threshold value for it. On this basis, the indicator called Intensity of Thermal
Discomfort (ITD) can be adopted: it is defined as the time integral, over the
occupancy period P, of the positive difference between the current operative
temperature and the upper threshold for comfort [23]:

ITD ¼
Z

P

Top sð Þ � Tlim

� �þ
ds ð53Þ

Thus, the ITD measures at the same time the intensity and the duration of the
thermal discomfort perceived by the occupants. The value of the threshold tem-
perature Tlim depends on the choice of a specific thermal comfort theory. In this
work, the adaptive approach is used, as described in the EN 15251 Standard [32];
hence, the threshold value is not constant in time, but it is determined daily as a
function of the running mean outdoor air temperature [26].

Further results
At this point, the new indicators introduced so far can be used to provide some

more information about the effectiveness of the wallboards containing PCM-A. In
particular, the aim is to underline the role of the night ventilation as well as the effect
of the position of the wallboards. The results of this analysis are reported in Fig. 26.

The first message conveyed by Fig. 26 is that the PCM wallboards are far more
efficient if applied on the partition walls than on the ceiling. As an example, with
reference to n = 4 h-1, the application of PCM-A on the partition surface would
yield a reduction of 51.5 % in the seasonal ITD if compared to the case without
PCM, whereas such improvement would only amount to 8.9 % in the case of the
ceiling. The difference between the two cases is remarkable.
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Moreover, in terms of average peak operative temperature, the attenuation
introduced by the PCM wallboards, still under the hypothesis n = 4 h-1, would be
0.7 and 0.2 �C, respectively, with the PCM applied either on the inner walls or on
the ceiling. These results can be partially justified by the larger surface area
available on the partitions (27 m2) than on the ceiling (17.5 m2). However, it is
also to remark that the partitions—but not the ceiling—are directly hit by the solar
radiation during the day; this determines a faster and more intense melting of the
PCM, hence a more effective exploitation of its latent heat. One more simulation
was devoted to the case where all the surfaces are covered by PCM (partitions plus
ceiling), and the results were very close to those obtained with the PCM only on
the partitions walls.

Another key message emerging from the simulations is the importance of a
good night ventilation strategy that boosts the discharge of the heat absorbed
during daytime. Actually, Fig. 26 shows that the peak temperature is relatively
sensitive to the nigh ventilation rate, but even more sensitive to n is the ITD.

However, it can be observed that a saturation effect occurs; thus, it is not
recommendable to go beyond n = 8 h-1, since the benefit on both the peak
operative temperature and the ITD tends to vanish. It is also understood that such
intense ventilation can only be practised in tertiary buildings that are supposed to
be not occupied at night; furthermore, if the ventilation is procured by mechanical
means, an accurate calculation of the electricity consumption should be done to
avoid severe penalties to the benefits discussed so far.

8.3.2 Correlation Between Climate and PCM Effectiveness

The results reported in the previous section suggest that the wallboards containing
PCM-A can allow a significant improvement in the indoor thermal comfort in a room
of a typical lightweight office building located in Milan (Italy, continental climate).

Now, it is interesting to investigate whether such favourable outcomes hold true
also in other climatic contexts; furthermore, the effectiveness of PCM-B in place
of PCM-A has to be examined. The main results of this analysis are reported in
Fig. 27 and will be discussed hereafter.

Effect of the climatic conditions
As shown in Fig. 27, the effectiveness of PCM-A in reducing the ITD in the test room
is not the same for all the sites considered. Apparently, a certain correlation emerges
between the ITD reduction and the latitude of the site. Indeed, the highest values of
the ITD reduction occur in northern Europe (66.2 %, Paris), whereas the least sat-
isfying results are those concerning southern Europe: around 42 % in Catania
(Southern Italy) and Madrid (Spain). In addition, an average effectiveness of the PCM
is observed in central Europe (51.5 %, Milan), as already remarked in Fig. (26).

Such a tendency can be easily justified if one thinks that the high values of the
solar irradiance occurring in summer at low latitudes induce an intense PCM
melting at daytime. Then, at night, as the outdoor air temperature is on average
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quite high, there is a low potential for refreshing the room and discharging the heat
absorbed by the PCM, which cannot be completely solidified. On the contrary, at
high latitudes, the PCM melting process might be often not complete, whereas
solidification at night is easily achieved. In any case, the PCM installed on the
ceiling is far less effective than when applied on the partitions, whatever the
latitude of the site.

Comparison between different PCMs
The results reported in Fig. 27 also show that the wallboards containing PCM-B
are not as effective as PCM-A in reducing the intensity and the duration of the
thermal discomfort perceived in the test room.

As an example, in the case of the PCM wallboards applied on the partitions, the
reduction in the ITD remarked in Paris in comparison with the case without PCM
is 66.3 % for PCM-A and only 39.1 % for PCM-B. Similar trends emerge in the
other sites, as well as when the PCM is applied on the ceiling.

Here, one can observe that the phase change for PCM-B occurs over a range of
temperatures quite lower than for PCM-A (see Fig. 23). Hence, in the presence of
the high temperatures usually measured in summer in freerunning lightweight
buildings, the storage capacity of PCM-B cannot be exploited as effectively as for
PCM-A. Further investigations on this point are presented in the following.

8.3.3 The PCM Storage Efficiency

In order to assess more accurately the performance of a PCM, it is necessary to
understand whether and to what extent its latent heat is effectively exploited. To this
aim, it can be useful to calculate the Frequency of Activation (FA), i.e. the per-
centage of time within a given period during which the PCM is actually undergoing
phase change [23]. This occurs between Tm = 22 �C and Ts = 28.5 �C for PCM-A,
and in the range 17 �C – 27 �C for PCM-B (see Fig. 23).
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The FA can provide important information: when its value is low, it means that
the PCM remains in its liquid or solid phase for a long time; thus, its latent heat
capacity is not exploited. An ideal application of a PCM should imply
FA = 100 %, but this is not easy to accomplish, as the activation of the PCM is
highly influenced by many circumstances.

The results obtained for the sample building in terms of FA are shown in
Fig. 28. Here, it is possible to observe that the wallboards containing PCM-A seem
to work very well in Paris, as the PCM is almost always activated throughout the
season (FA = 96 %). On the contrary, the same wallboards keep very often in the
liquid phase if installed in Catania, where the FA is much lower than in other sites
(FA = 35 %), due to the severe climatic conditions in summer. As concerns PCM-
B, its FA is always far lower than for PCM-A.

However, not all the conditions inside the melting range have the same
importance from an energetic point of view. In other words, the heat capacity of a
PCM is strongly dependent on temperature: as an example, the equivalent specific
heat capacity of PCM-A at the peak temperature Tp = 27.6 �C is almost 5 times as
high as at 25 �C, and vice versa. Consequently, at 25 �C, the PCM-A, despite
being activated, has a storing capacity 5 times lower than at Tp = 27.6 �C. Nev-
ertheless, the FA itself is obviously not capable of accounting for this difference.

Therefore, it appears suitable to introduce a new indicator called PCM storage
efficiency that measures the ratio of the thermal energy actually stored by the PCM
to its maximum storage capacity, i.e. its latent heat L, as defined in Eq. (54). Since
the PCM is subject to daily temperature cycles, the actual energy storage must be
evaluated over the period P = 24 h [23].

gPCM ¼
Est

L
¼

R
P

M � Ceq � dTPCM

ds

� �
ds

R Ts

Tm
M � CeqðTÞdT

ð54Þ
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Fig. 28 Average FA of the PCM wallboards (July and August, n = 4 h-1)
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The average values of the daily PCM storage efficiency gPCM are reported in
Table 15. Here, a distinction is also made between the wallboards applied on the
partitions and those installed on the ceiling. The values of this indicator are usually
significantly lower than FA: as an example, the average storage efficiency is
gPCM = 42.6 % for PCM-A in Paris, even if the PCM turns out to be activated for
more than 90 % of time (FA = 96 %). Very low values of gPCM occur for PCM-B,
ranging from 19.7 to 35.1 % when installed on walls and from 7.6 to 13.9 % when
installed on the ceiling. According to these figures, the effectiveness of the PCM
wallboards seems not to be very satisfying, despite their frequent activation. The
reason for this apparently reduced PCM potential can be found by looking at
Fig. 29, where each point describes the mean operating conditions of a wallboard
throughout a day in summer.

The highest values of the daily storage efficiency of PCM-A (between 60 and
70 %, see Fig. 29a) pertain to those days where the average temperature of the
PCM wallboards is very close to the peak melting temperature. This corresponds
to what already remarked by Neeper [27]. However, such a condition occurs only
occasionally in July and August; on the contrary, the daily temperature of the PCM
is frequently either too low (in Paris) or too high (in Catania). As a general rule,
the farther from Tp is the daily average PCM temperature, the lower is the daily
PCM storage efficiency.

When looking at PCM-B, the situation is more unsatisfying: here, all points
regarding Catania are very close to the upper limit of the melting range; thus, the daily
storage efficiency always keeps between 15 and 25 % (see Fig. 29b). Better results
are observed in Paris; nevertheless, the daily values of gPCM hardly exceed 50 %.

The indications coming out from this analysis are coherent with the results
reported in Fig. 27. This confirms that the ability of a PCM wallboard to improve
summer thermal comfort in lightweight buildings is strictly related to the possi-
bility of exploiting its latent heat capacity; this implies the need of keeping its
temperature very close to the peak melting temperature Tp as long as possible. To
this aim, different techniques are currently being investigated, mostly based on the
improvement of the heat transfer coefficient between indoor air and PCM
wallboard.

Table 15 Average values of the PCM storage efficiency (July and August, n = 4 h-1)

PCM type A PCM type B

On walls On ceiling On walls On ceiling

Catania 35.0 % 9.9 % 19.7 % 7.6 %
Madrid 41.0 % 14.0 % 19.9 % 7.6 %
Milan 42.1 % 14.6 % 24.4 % 9.4 %
Paris 42.6 % 20.7 % 35.1 % 13.9 %
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As a conclusion, the convenience of PCMs in buildings must be carefully
considered, also in relation to the local climate. The main parameters that affect the
PCM effectiveness are as follows:

1. the position of the PCM wallboard within the room,
2. the rate of ventilation at night, and
3. the value of the peak melting temperature for the specific PCM.
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The Calibration Process of Building
Energy Models

Roberta Pernetti, Alessandro Prada and Paolo Baggio

Abstract The importance of model calibration has been growing up as a result of
the energy refurbishment policy promoted by the recast Energy Performance of
Buildings Directive (EPBD 2010/31/EU). In fact, with the purpose of ensuring a
suitable refurbishment design with effective energy conservation measures (ECM),
an accurate model has to be defined in order to assess the energy behaviour of the
as-built building. In this chapter, some issues related to the model calibration are
presented, starting from the definition of an operative procedure step by step.
Furthermore, for the most critical phases of the procedure, analysis techniques and
experimental methods are described both through theory and practical examples.
Finally, throughout the chapter, the analysis of a case study is presented.

Nomenclature
CDH26 Cooling degree hours at a base temperature of 26 �C
F Sensitivity index for factorial method
HDH18 Heating degree hours at a base temperature of 18 �C
k Specific heat capacitance (J m-2 K-1)
n Number of simulation steps
s Sensitivity index for differential sensitivity analysis
R2 Regression index
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U Thermal transmittance (W m-2 K-1)
Oj Model response of the jth simulation

Greek Symbols
K Thermal conductance (W m-2 K-1)
h Dry bulb temperature (K)

Subscripts
C Cooling
f Floor
H Heating
I Internal
r Roof
sim Simulated
set Set point
w Wall

1 Introduction

Energy simulation represents a useful tool to describe actual building behaviour;
hence, it is applied not only in the design process but also in the post-occupancy
analysis. In this case, the purpose is the evaluation of building actual energy effi-
ciency in order to estimate the potential energy savings of existing constructions. In
fact, the recast Energy Performance of Buildings Directive (EPBD [28] 2010/31/
EU) highlights that residential and commercial buildings account for more than
one-third of total annual energy consumption. Since significant energy savings can
be achieved through energy conservation measures (ECM) for existing building
stock, the importance of refurbishment has been growing. Consequently, simula-
tions have been applied to the existing constructions to assess their energy per-
formance and to define effective ECM. In this regard, dynamic energy simulation
allows to understand the dynamic interactions between climate, building, occupants
and energy systems. However, the large number of required inputs and parameters
affects the reliability of dynamic simulation and significant discrepancies between
predicted and real data could occur. Furthermore, the comparison between actual
consumption and quasi-steady state prediction highlights important deviations. For
these reasons, model calibration with monitored data is often appropriate in order to
refine models and to develop more realistic energy-behaviour simulations.

Model calibration is widely used for commercial and office buildings analyses,
which require the definition of complex transient simulations in order to design
effective ECM. In fact, due to the large dimensions of these buildings and the
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operational daily schedules that vary with hourly interval, dynamic simulations are
necessary to assess reliable energy behaviour.

Nevertheless, model calibration could be applied even for residential buildings.
Quasi-steady state simulations usually require limited in situ measurements for
model calibration, and they provide for the general behaviour of constructions
(most of all with monthly intervals). Moreover, the input data are similar to the
parameters employed in energy labelling, and the model calibration can be per-
formed with utility bills. Consequently, this kind of evaluation is not time-con-
suming, and it guarantees for economical sustainability. Therefore, quasi-steady
state simulations represent a useful tool for energy performance evaluation of both
average- and small-dimension buildings.

On the other hand, a different approach is suitable for large-dimension houses,
whose typology often constitutes social housing and it is widely spread in the
suburbs of all the European cities. These constructions need a general refurbish-
ment, most of all in terms of energy requirements, and they represent one of the
strategic targets of EPBD [28] 2010/31/EU, because of the significant potential
savings. In this regard, a large-scale evaluation as well as important investments
are necessary for a general energy renewal. Thus, transient simulations can rep-
resent an important tool to plan effective ECM. Finally, time and economical costs
due to dynamic models are sustainable in relation to these construction dimensions
and to the potential energy savings.

Therefore, even in this case, model calibration is necessary in order to define an
accurate model of the ‘as-built’ building and to design effective ECM.

According to these considerations, the large application field of model cali-
bration requires operative procedures. A new European standard is going to be
developed by CEN Technical Committee 89 (Working Group 14), and it will
provide for calibration strategies and measurements of post-processing procedures
for building energy models [24]. Currently, three protocols define general criteria
and tolerance ranges for model calibration:

• International Performance Measurement and Verification Protocol (IPMVP [27]),
• Measurement and Verification (M&V Guidelines [31]);
• ASHRAE Guideline 14/2002: Measure of energy and demand savings [21].

However, none of these standards define an operative procedure to calibrate
building models. In the literature, several studies deal with the model calibration
issues using actual energy consumption either from in situ monitoring during the
calibration period (e.g., [10, 12]) or from the analysis of monthly utility bills (e.g.,
[20]). Only a few works adopt the internal temperature as a calibration goal (e.g.,
[16]). In fact, this approach could be affected by a series of uncertainties and
interactions with the indoor environment: occupant behaviour, internal gain and
building equipment. Besides, the measurement of several variables can be an
expensive and time-consuming activity. However, the model calibration using
temperature as a control variable is the only viable procedure when no operating
HVAC systems are present in a building.
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Finally, the aim of model calibration is to minimize the discrepancies between
the model and the real behaviour of buildings, therefore an extended procedure is
necessary.

2 The Calibration Approach

Model calibration is an iterative process that aims to reduce the discrepancies
between simulated and actual building energy behaviour, through the refinement
of the model parameters.

In order to ensure the reproducibility of the calibration process and to reduce the
uncertainties of model predictions, it is necessary to establish a reference procedure
that defines the operative methodologies and the evaluation criteria of building
properties. The calibration protocol presented and applied in this chapter is defined
for existing buildings. It is compounded by several phases as shown in Fig. 1.

2.1 Preliminary Operations

The first step of a calibration process is the definition of scope and application field.
In this chapter, a procedure for the calibration of existing building energy models is
reported. During the early stage of the analysis, it is fundamental to check whether
fuel measurement devices are available for the HVAC systems. Otherwise, the
possibility of experimental equipment installation (for short- or long-term measures)
should be investigated. Nevertheless, if a direct measure is not possible, building
energy consumption can be derived from the utility bills, with a lower accuracy level
respect to direct measurement.

2.2 General Data Gathering and Base Model Definition

The definition of a simulation model requires a large number of input data:

• Building features: dimensions and thermophysical properties of materials
• HVAC system: typology and technical features of the subsystem appliances,

schedules and control strategies
• Operating conditions: internal gains due to lighting, equipments and people,

zone occupancy and set point temperatures
• Weather data: dry bulb temperature, solar radiation, relative humidity and wind

speed evaluated at the building location.

These data are used for the development of the base reference model. This
model is defined using the real features and dimensions of building collected
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through a geometrical relief. Furthermore, for all the other parameters, standard
reference values are used. This base model does not reproduce reliable energy
behaviour of the building, but it represents the reference simulation for carrying
out the sensitivity analysis (SA).

2.3 Sensitivity Analysis

The SA aims to evaluate the influence of input data on the dependant variables that, in
case of building simulation, represent the energy behaviour of constructions (con-
sumption and temperature trends).

The SA could be carried out with several methods, which are expounded in
Sect. 4.

Fig. 1 Model calibration process
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2.4 Second Data Gathering Campaign and Simulation Runs

During this phase of the calibration process, two categories of data are collected:

• Model input
• Control variables for calibration

The measurement of real values for the control variables for calibration allows
to assess the reliability of the model during the validation step.

On the other hand, the gathering of model input for building simulation is
highly complex due to the large amount of parameters that can affect the model
results. Therefore, it is necessary to define strict criteria for the data selection. The
SA highlights the most influent parameters and inputs that have to be investigated
to obtain an effective simulation. Moreover, in order to refine the model, a source
hierarchy has to be defined as explained in Sect. 5.

Finally, a series of simulations is carried out considering different inputs and
boundary conditions.

2.5 Calibration Criteria

The discrepancies between real measured control parameters and model results
have to be evaluated through given validation criteria, which assess the level of
model calibration. In this phase, the indices and the tolerance range for the reli-
ability assessment have to be defined.

2.6 Model Validation

In this phase, the model outputs are compared to the actual values of control variables
for model calibration. If the results respect the calibration criteria, the model is
correctly defined, otherwise it has to be refined by changing the model parameters or
through a new data collection campaign, carried out according to the source hierarchy.

Finally, the calibrated model must be validated over a different measurement
period respect to those used for the calibration phase. In fact, the calibration of the
simulation model is a so-called inverse heat transfer problem, for which the
uniqueness of the solution cannot be taken for granted [11].1

1 ‘‘Inverse Heat Transfer Problems (IHTP) rely on temperature and/or heat flux measurements
for the estimation of unknown quantities appearing in the analysis of physical problems in
thermal engineering. As an example, inverse problems dealing with heat conduction have been
generally associated with estimation of unknown boundary heat flux, by using temperature
measurement taken below the boundary surface. Therefore, while in the classical direct heat
conduction problem the cause (boundary heat flux) is given and the effect (temperature field in

220 R. Pernetti et al.



3 Case Study

The case study is a historical manufacturing facility built in Rovereto in Northern
Italy. The building, presently disused, was realized in 1854 as a storage con-
struction for the tobacco processing (Fig. 2).

It has an overall surface of 3,650 m2, four levels, one basement and a flat roof
with a black coating (absorption coefficient roughly equal to 0.9).

The building has a concrete structure (beam and pillar) and a massive envelope
made of stone and bricks, whose thickness ranges from 90 cm of the underground
floor to 65 cm of the third floor. Except for the underground level, which is
characterized by basement windows, the envelope has a homogeneous ratio of
glazing over opaque surface equal to 30 %.

The windows have timber frames with single glazing. During the relief, several
leakages in the glass elements were detected, with the consequence of significant
infiltration rates.

The building is now disused, and therefore, it has no operating HVAC systems.
Considering the high thermal capacitance of the internal walls, each room is

modelled as a single thermal zone, as shown in Figs. 3 and 4.
The envelope material properties are unknown, and there are no available design

documentations. Therefore, according to the building features, the construction year,
the structure and the thickness, and standard compositions were extracted from the
Appendix A of the Italian technical specification UNI/TS 11300-1 [30] (Table 1).

4 Sensitivity Analysis of Building Energy Model

The detailed modelling of the building and HVAC energy performances leads to
careful study of the interactions between the envelope, the occupants, internal
loads and energy systems. However, the increasing detail of the models requires a

Fig. 2 a North-east facade. b North-west facade

(Footnote 1 continued)
the body) is determined, the inverse problem involves the estimation of the cause from the
knowledge of the effect’’ (Ozisik and Orlande 2000).
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greater number of input data that, if not properly investigated, can undermine the
reliability of results. Furthermore, the relative influence of stochastic variations in
building energy needs increases for low energy constructions. On the other hand,
the input data do not affect in the same way the model predictions and, in this
sense, it is important to carefully assess the sensitivity of the model to the input
parameters.

A practical definition is that SA is an answer to the questions ‘To what extent
simulation predictions are reliable if input data are affected by uncertainty or are
known with certain accuracy?’ or ‘To what extent the accuracy and the precision
of model previsions improve if the knowledge of the input data is increased?’

A more precise definition is provided by Kioutsioukis et al. [5], which defines
the SA as ‘the study of how uncertainty in the output of a model (numerical or
otherwise) can be apportioned to different sources of uncertainty in the model
input’.

The main application of the SA in the calibration of the building energy model
thus becomes the identification of the critical inputs for the results reliability. This
knowledge allows to establish priorities and to limit the experimental activities for
input data measurements. In this way, it will be possible to minimize the in situ
measures, which can become time-consuming activities.

Fig. 3 Thermal zones

Fig. 4 Building section
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Although in the literature there are several techniques for the SA [15], this
chapter only describes a few simple techniques applied to building energy models,
by highlighting the advantages and application limits.

As reported by Macdonald [8], the SA can be divided in two categories:

• External methods: where a sample of input is generated and, subsequently, the
deterministic numerical model is executed for each input.

• Internal methods: that directly evaluates the output distribution from the
uncertain inputs and from the differential equations of the mathematical model.

The external procedures are also divided in two branches, i.e., local and global.
In local methods, the output uncertainty is evaluated with respect to changes
around a specific value of individual parameters, whereas global methods quantify
the output variation along a specific range of input variability.

The two approaches adopted in this chapter belong to the local methods based
on the derivatives techniques, which have the advantage of being very efficient
computationally with respect to global sensitivity methods such as Monte Carlo
technique. In fact, derivative methods require only few simulations compared with
the Monte Carlo methods. However, the main drawback is the limited suitability
for models of unknown linearity. In fact, derivative methods provide punctual
information about the model sensitivity (i.e., local method) and they do not allow
an extrapolation of the results to the rest of the input space. In non-linear models,
therefore, the impossibility to extend the results to other input values, with respect
to those used for the estimation of the local sensitivity index, requires a reliable
estimation of the input and of its expected variability range. These data must,
therefore, be derived from the experience of the energy modeller thus to assure
useful results from the SA.

The two techniques adopted in this chapter (local techniques based on the
derivatives) do not represent the most detailed ones, but rather they could be easily
integrated in energy simulations and, therefore, they are more useful for the
application to real cases. Indeed, the ratio of an output O over an input I can be
thought as a mathematical definition of the sensitivity of output model with respect
to input variability.

4.1 Differential Sensitivity Analysis

The differential sensitivity analysis (DSA) is the backbone of local methods, and it
works by perturbing an input data around the mean value while all the other
parameters remain fixed [7]. For each perturbed value, the numerical simulation is
carried out and the model response is calculated. Due to its robustness and sim-
plicity, the DSA is the most diffuse method for a local uncertainty evaluation. The
effects of an uncertain parameter are estimated by comparing the results of these
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simulations against those with unperturbed inputs. Consequently, a sensitivity
index (s) of the model prediction to the uncertain parameter is defined as:

s ¼ DO

DI
ð1Þ

where DO is the difference between the output with perturbed input with respect to
deterministic model as well as DI is the perturbation of input.

Since the sensitivity index depends on both the input and output dimensions,
Lam and Hui [6] proposed a dimensionless index (s%) defined as:

s% ¼
DO=Obase

DI=Ibase

ð2Þ

where the numerator and denominator report, respectively, the percentage changes
of output and input of the model.

The main weakness of this calculation procedure is that it assumes the perfect
independency among all parameters. Consequently, only the elementary effect of
each parameter could be computed while the combined effects can be estimated by
a superposition in linear problems.

4.2 Factorial Methods

With the aim of overcoming DSA issues, the factorial method (FM) is also used in
SA. The FM is a further development of the DSA approach that includes the
interactions between parameters and, consequently, it permits the estimation of the
higher-order effects. In this procedure, all the uncertain parameters are perturbed
simultaneously around their mean values.

Usually, two different perturbation levels are considered for each parameter by
imposing a low and high level (Table 2). In general, k parameters would require 2k

simulations to generate all combinations for a full factorial simulation plan. These
combinations represent the corners of the k-dimensional hypercube. Hence, the
drawback of this technique is the number of simulations required that increase
faster with the number of inputs.

If the factorial design of simulation aims to determine the model behaviour at a
grid of locations inside the hypercube, more than 2 levels for each parameter are
required. In this case, the total number of simulations becomes lk, where l is the
number of perturbation levels.

Based on the model predictions, the first-order effects can be calculated as:

FA ¼
O2 þ O4 þ O6 þ O8ð Þ � O1 þ O3 þ O5 þ O7ð Þ

4
ð3Þ

FB ¼
O3 þ O4 þ O7 þ O8ð Þ � O1 þ O2 þ O5 þ O6ð Þ

4
ð4Þ
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FC ¼
O5 þ O6 þ O7 þ O8ð Þ � O1 þ O2 þ O3 þ O4ð Þ

4
ð5Þ

where Fi is the first-order effect due to the ith input and Oj represents output of the
jth simulation run.

The higher-order effects can be computed starting from the simulation runs. In
this regard, the signs to be used in the following equations are obtained by mul-
tiplying the sign reported in (Table 2)

FA�B ¼
O1 þ O4 þ O5 þ O8ð Þ � O2 þ O3 þ O6 þ O7ð Þ

4
ð6Þ

FA�C ¼
O1 þ O3 þ O6 þ O8ð Þ � O2 þ O4 þ O5 þ O7ð Þ

4
ð7Þ

FB�C ¼
O1 þ O2 þ O7 þ O8ð Þ � O3 þ O4 þ O5 þ O6ð Þ

4
ð8Þ

FA�B�C ¼
O2 þ O3 þ O5 þ O8ð Þ � O1 þ O4 þ O6 þ O7ð Þ

4
ð9Þ

where FA-B is the second-order effect due to the Ath and Bth inputs.
In the next section, the SA on the test case presented in Sect. 3 is reported. In

particular, this analysis is carried on as a preliminary investigation of the hourly
energy simulation model with the purpose of understanding the extent to which
each parameter can affect the calibration procedure. Starting from this information,
some of these inputs are further investigated by experimental activity or using a
higher hierarchy source.

4.3 Example

In this section, the results of the SA on the case study described in Sect. 3 are
presented. Since in the test case there is no energy systems, the dependent vari-
ables are related to the air temperature of the control thermal zone (i.e., P3_Z1).

Table 2 Factorial design for three inputs with two perturbation levels

Number A B C A–B A–C B–C A–B–C

1 - - - + + + -

2 + - - - - + +
3 - + - - + - +
4 + + - + - - -

5 - - + + - - +
6 + - + - + - -

7 - + + - - + -

8 + + + + + + +
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Besides, four different variables are adopted with the purpose of analysing some
indexes closely related to system sizing and to the estimation of energy needs. In
particular, the variables adopted are as follows:

• Minimum zone air temperature (tmin)
• Maximum zone air temperature (tmax)
• Zone Heating Degree Hour (HDH18)
• Zone Cooling Degree Hour (CDH26)

Heating and Cooling Zone Degree Hour indicate the sum of hourly difference
between internal set point temperature (i.e., 18 �C for heating and 26 �C for
cooling) and the simulated values of air temperature in the thermal zone.

HDH18 ¼
Xn

i¼1

#i;H;set � #i;H;sim

� �
ð10Þ

CDH26 ¼
Xn

i¼1

#i;C;sim � #i;C;set

� �
ð11Þ

These indices are adopted because they are proportional to the heating and
cooling demand, as well as minimum and maximum temperature are closely
related to the required size of energy system.

Starting from this point, a SA is carried out with a local external approach using
both the DSA and the FM approaches. Based on some analyses about the uncer-
tainty level of some parameters, the SA is performed by perturbing the following:

• External envelope air tightness expressed as an airflow for pressure difference of
4 Pa (Q4 Pa)

• Roof thermal transmittance (Uroof)
• Wall thermal transmittance (Uwall)
• Intermediate Floor thermal transmittance (Ufloor)
• Roof thermal specific capacitance (jroof)
• Roof thermal specific capacitance (jroof)
• Wall thermal specific capacitance (jwall)
• Floor thermal specific capacitance (jfloor)
• g-value for glazing systems (g-value)

Starting from the base model described in Sect. 3, each parameter is perturbed
by applying a ±10 % variation in the original value.

Figure 5 shows the s% sensitivity index, respectively, for HDH18 and CDH26

(Fig. 5a) and for minimum and maximum zone air temperature (Fig. 5b).
Note that for CDH26, g-value and roof thermal transmittance are the most

influent parameters. Besides, for these variables, the indices have a positive sign
that indicates a direct correlation. The greater the input values the higher the
CDH26 and, consequently, the cooling demand. The other indices are negative but
the magnitudes of sensitivity index are close to zero. The graphs highlight the role
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of thermal capacitance both of wall and roof in keeping down the cooling demand.
Besides, it is interesting to note the negative correlation between CDH26 and the
wall thermal transmittance, it means that, for the test case, the night heat losses
prevail on the inward heat losses.

On the other hand, Fig. 5b shows that thermal capacitance of the envelope
strongly affects both minimum and maximum temperature for the investigated test
case. Lower magnitude is registered for the other parameters and in particular it is
interesting to note the low effects of g-values with respect to envelope capacitance.

These graphs show to which parameters the model simulation is more sensitive.
Additionally, the factorial analysis method provides information on the high-order
effects and then on the interactions among different parameters. The main differ-
ence is hence the simultaneous perturbation of the parameters aiming to discover
the possible synergistic effects of variable perturbations. Besides, in order to
compare the results both for degree hour indices and for internal peak tempera-
tures, also the relative factorial factors are used. These indices are calculated by
dividing the results of the Eqs. (6–9) for the unperturbed energy demand. The
results obtained (Table 3) are consistent with the DSA.

Regarding first-order effects, the FM confirms that HDH18 and CDH26 are less
affected by thermal capacitance of floor, whose index is of an order of magnitude
lower than Fjwall and Fg-value.

The results of factorial analysis show weak second-order effects, and the link
among variables has generally a negative sign, which means that there is not a
synergistic effect. Therefore, the assumption of perfect independent variables of
the DSA approach has been proved for this particular energy model. Starting from
these considerations, the model can be refined by further investigating the most
sensitive parameters. Moreover, also in model calibration, particular attention will
be paid to the investigation of the parameter with the highest sensitivity indexes.

Fig. 5 S% for zone heating and cooling degree hour and for minimum and maximum zone air
temperature
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5 Collecting Input Data

The data gathering is a critical and complex step. Because of the large amount of
parameters and inputs that affect the model, the number of missing data could be
significant. Therefore, each experimental campaign is affected by a certain level of
approximation, whose extent has to be established at preliminary level according
to the general accuracy needed for the model.

Moreover, the data collection depends on the kind of simulation to be carried
out: transient simulations reproduce detailed results, but in situ measurements are
necessary to define the trends of parameters along the simulation period. On the
other hand, quasi-steady state models use monthly data with a lower level of
reliability in the simulation of real building behaviour.

Raftery et al. [13, 14] propose the definition of a source hierarchy for each
calibration: it assigns a level of accuracy to an input data according to the reli-
ability of the source evidence. In particular, a general hierarchy for a building
simulation, as indicated also in the Guidelines ASHRAE 14 [21], is composed by:

• Direct sources

– Long-term monitoring ([6 months)
– Short-term monitoring
– Spot measurement
– Direct relief of the internal environment
– User interview

• Indirect sources

– Design project and documentation
– Technical sheet of materials and operating manual of the HVAC system

• Standard sources

– Technical standards
– Standard guidelines and reference catalogues

In case of low-level sources and indirect investigations, spot measurements and
visible inspections are necessary to verify the reliability of documentation.

Table 3 Relative factorial indexes

Effect CDH26 HDH18 tmax tmin

Fjf -0.0038 -0.0009 -0.0015 0.0221
Fjw -0.0302 -0.0042 -0.0145 0.1827
Fg 0.0715 -0.0169 0.0138 0.0314
Fjf�jw 0.0004 0.0001 0.0000 0.0000
Fjf�g 0.0000 0.0000 -0.0001 0.0000
Fjw�g -0.0007 -0.0001 -0.0004 0.0018
Fjwkfg 0.0000 0.0000 0.0000 0.0000
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Standard references represent useful tools to integrate the building model data,
but they provide for general information not related to the specific building.
Hence, they could be a potential discrepancy source for the building simulation.

Moreover, in a calibration process, the source hierarchy represents an important
reference to refine the building simulation.

In the further sections, some measurement techniques and example of data
gathering are reported.

5.1 Experimental Data for Model Calibration

In order to calibrate the building energy model, the simulation predictions have to
be validated and verified against experimental measurements. Generally, the
protocols and regulations indicate the actual fuel or power consumption of energy
system as comparative data for model calibration. However, it is not always
possible to trace the actual energy consumption, as for disused buildings or in
constructions without energy systems. Therefore, in these cases, the indoor air
temperature as well as the envelope surfaces temperatures may be employed as
control variables for the model calibration.

The experimental data collection becomes then a key aspect in the calibration
process of an energy model and, at the same time, it can be one of the most
complex and expensive topic in the energy analysis. For these reasons, every
in situ measurement must be based on a design of experiment established in early
stage of the analysis. This document has to define the measurements with respect
to the energy simulation requirements and, in particular, for the inputs highlighted
by SA or for data that the energy modeller believes affected by epistemic uncer-
tainty. The design of experiment has to define the instruments’ requirements in
terms of accuracy and precision, the maximum sample rate, the data quality
control and assurance, the expected range of experimental data, the procedures for
detection and management of outliers and missing data.

The following paragraphs will discuss some of the most frequents experimental
activities carried out for the calibration of building energy models.

5.2 Thermal Conductance Measures

The measurement of envelope thermal conductance is to a large extent one of the
key measures for the energy simulation refinement. Indeed, in constructive ele-
ments in which the materials are unknown, the uncertainty in the estimation of the
overall conductance can be propagated through the energy model.

The standard ISO 9869:1994 [29] defines the main aspects concerning the
experimental approach: it indicates the equipment to be used, methods of mea-
surement and the quality assurance and the post-processing techniques.
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Specifically, the ISO 9869 methods are valid for opaque elements characterized by
normal heat flow with negligible lateral heat flows.

The measurement has to be carried out by means of one heat flow meter on the
internal side (i.e., the side adjacent to the most stable temperature) and two
thermometers positioned both on the internal and external surface of the wall. The
heat flow meter is a thermopile of known thermal conductivity that measures the
temperature difference between the two faces of the plate. Moreover, a thin silicon
paste is added between heat flow meter and wall surface aiming to decrease the
contact thermal resistance.

The standard sets out the measurement conditions to be met in order to ensure
the reliability of results. In addition, the sampling rate and the test duration are also
defined as a function of the wall characteristics, temperature trends and the post-
processing method. The minimum test duration has to be greater than 72 h.
However, if the temperature or the heat flux has a variable trend over time, the
duration must be extended for a period longer than 7 days, until stable results are
reached.

Two different post-processing techniques are proposed in the international
standard, i.e., the average method and the dynamic analysis method. The average
method computes the thermal conductance of the building element as the ratio of
the mean density of heat flow rate over the mean temperature difference, as
reported in Eq. (12).

K ¼
PN

j¼1 qj

� �
PN

j¼1 hsi;j � hse;j

� � ð12Þ

If the conductance value is estimated after each measurement, it converges to
an asymptotical value (Fig. 6b). On the other hand, with the purpose of ensuring a
faster solution convergence, the standard suggests the use of dynamic analysis
method. Starting from the temperatures and the heat flow collected, at each time
the heat flow rate can be obtained from (13):

qi ¼ Kðhsi;i � hse;iÞ þ K1 hsi;i

:

�K2 hse;i

:

þ
X

g

Pg

Xi�1

j¼i�p

hsi;jð1� bgÞbgði� jÞ

þ
X

g

Qg

Xi�1

j¼i�p

hse;jð1� bgÞbgði� jÞ

ð13Þ

where K1 and K2 and Pg and Qg are dynamic characteristics depending on the g
time constants sg. The variables bg are exponential functions of the time constants.
Since Eq. (13) is a function of the 2g ? 3 unknowns, at least 2g ? 3 data points
are needed for the solution of the linear systems. However, with the purpose of
eliminating stochastic variations, an over determined system of M equations is
usually solved by means of least square fit. The accuracy of the outcome of this
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method is a function of the number of data analysed (N), of the choice of the
number (g) and ratio (r) of time constants and of the dimension (M) of the linear
system [2].

5.2.1 Example

The two post-processing methods are applied on the measures collected to a wall
of the test case presented in Sect. 3. In particular, due to the massive wall and to
the high temperature variation also at the internal side of the component, the
measurement period is extended for more than a month in order to ensure the
convergence of the solution. In Fig. 6a, the positions of the thermoresistance
(Pt100) and of the heat flow meter both on the outer side of the wall are shown.

The first post-processing technique is the average methods applied to the
measurement period that met the conditions:

• KEND - K24 \ 5 % KEND;
• KEND - K2/3 \ 5 % KEND;

where KEND is the final thermal conductance, K24 and K2/3 are respectively the
conductance obtained at 24 h before the end of the monitoring and at 2/3 of the
same.

The second result is obtained applying the dynamic method described in the
previous section (Eq. 13) (Table 4).

5.3 Weather Data for Model Calibration

Weather data represent one of the main external forces driving the building energy
behaviour. Therefore, it is important to refer both the actual energy consumption
and the indoor environmental variables to the actual weather conditions [17].

Fig. 6 Thermal transmittance evaluation: a Heat flux meter and Pt100 position. b Thermal
conductance evaluated by Standard ISO 6946
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These climate conditions are then used as boundary conditions for the energy
model in order to obtain consistent result with respect to measurements.

Furthermore, it should be stressed that weather data are not independent vari-
ables but rather a single set of cross-correlated measures collected at the same site
location [4]. Additionally, the sample rate must be consistent with the model
undertaken and, therefore, with the phenomena variability coupled with building
or system response.

The data required for calibration can be obtained from meteorological stations
located close to the building or directly measured in situ through the installation of
a weather station. In fact, the suitability of data collected at meteorological stations
cannot be taken for granted since the representativeness of local conditions are not
assured owing to local climate effects such as urban heat island, urban canyons, or
orographic influences [3].

As an example, Fig. 7 shows the dry bulb temperature collected in 2011 for the
city of Pavia (Italy). Three meteorological stations are available in the province as
shown in Table 5.

The trends of average monthly temperatures show noticeable deviations
between the data recorded in different parts of the same city. This spread is mainly
related to the effects of urban heat island and, consequently, to the interactions
with the surrounding of meteorological station.

Therefore, it is important to correctly verify the data prior to use it in the model
calibration process. In this regard, it is useful to distinguish two different stages of
validation process. As defined by the guide WMO n. 8 [32], they are the quality
assurance and quality control.

Table 4 Conductance values obtained by two post-processing methods

Average method Dynamic analysis method

1.552 W/(m2 K) 1.439 W/(m2 K)

Fig. 7 Monthly average
temperatures in Pavia
meteorological stations
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1. Quality assurances are all the planned and systematic activities implemented
within the quality system to provide adequate confidence that an entity will
fulfil requirements for quality. The primary objective of the quality assurance
system is to ensure that data are consistent, meet the data quality objectives and
are supported by comprehensive description of methodology.

2. Quality controls are the operational techniques and activities that are used to
fulfil requirements for quality. The primary purpose of quality control of
observational data is missing data detection, error detection and possible error
corrections in order to ensure the highest possible reasonable standard of
accuracy for the optimum use of these data by all possible users.

These two definitions clearly indicate that, when data are obtained from
meteorological stations, the quality assurance activities are the responsibility of the
owner of the station, while the verification of raw data (quality control) can be
charged to the end user. On the other hand, the energy modeller has to ensure the
quality assurance in case of data obtained from an in situ weather station specif-
ically installed for the purpose.

The quality control activities aim to discover the outliers and the unphysical
data. In this regard, the WMO guide suggests these checks [1]:

• values exceeding more than 50 % the 1st and 99th percentile are deleted;
• temperature derivatives higher than 4 K/h are not physical;
• values repeated for more than five times for temperature, solar radiation and

wind velocity are anomalous data;
• values repeated for more than five times for relative humidity are anomalous if

lower than the 75th percentiles;
• global solar radiation higher than solar constant are eliminated as well as

radiation before sunrise or after sunset;
• negative values of wind velocity, solar radiation and relative humidity as well as

relative humidity higher than 100 % are unphysical.

The data that do not meet these requirements are deleted and treated as missing
values in the interpolation phase. In addition, it is generally assumed a threshold of
25 % [23] of missing data in a specific measurement period to prevent that the
excessive interpolation leads to the use of a synthetic dataset.

The use of linear interpolation is not always the best solution for data filling. In
fact, the use of linear interpolation for temperature, relative humidity and wind
velocity can be accepted for short period of missing data [12]. For longer period
and for solar radiation, the linear interpolation cannot adhere to the natural

Table 5 Weather data stations

Station Context Coordinate

1 Urban 45� 110 42.560 0 N, 9� 90 48.420 0 E, 79 m asl
2 Suburban 45� 100 51.3310 0 N, 9� 80 48.0530 0 E, 55 m asl
3 Urban (city centre) 45� 110 8.9310 0 N, 9� 90 28.4630 0 E, 87 m asl
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variation in the weather data. Therefore, in these cases, a cyclic interpolation is
generally used (Fig. 8).

Lastly, it is important to remember that the weather data must comply with the
energy model requirements. For example, if the energy analysis is performed by
means of an hourly dynamic simulation, the main weather data required are the
following [18]:

• Global horizontal irradiance: is the total amount of direct and diffuse solar
radiation received on a horizontal surface during the 60-min period ending at the
time stamp

• Dry bulb temperature: is the dry bulb temperature at the time indicated
(instantaneous value)

• Relative humidity: is the relative humidity at the time indicated (instantaneous
value)

• Wind velocity: is the wind speed at the time indicated (instantaneous value).

Therefore, particular attention should be paid when data collected in meteo-
rological station are used. In fact, weather variables are routinely sampled with
temporal frequencies of 10–15 min, while the published data are generally hourly
average values. Therefore, the instantaneous values must be requested for tem-
perature, relative humidity and wind speed whereas the adopted average tech-
niques has to be investigated for the solar radiation values. In fact, there are no
widely accepted standard and, consequently, each institution uses its own con-
vention such as a forward, backward or centred average (Table 6).

Fig. 8 Weather data interpolation: a Linear interpolation. b Cyclic interpolation
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6 Evaluation of Actual Energy Consumption

The actual fuel consumption is a reference for the calibration that allows to
compare the real behaviour with the model results in terms of energy demand of
the energy systems. This section describes some methods for the gathering of data
consumption and for the data post-processing.

In particular, the actual energy needs are evaluated basing on the amount of fuel
(by volume or weight) converted in energy through multiplication by the lower
heating value according to the following relationship:

Qreal ¼ Vfuel � L:H:V: ð14Þ

where

• Qreal ! actual energy needs
• Vfuel ! fuel amount di
• L:H:V:! lower heating value2 (reference values are reported Table 7).

The total energy consumption of a building consists in several components:

Ccoll ¼ Ch þ CW þ Ccook ð15Þ

where

• Cocoll ? real gathered consumption
• Coh ? heating Coh ¼ Coh ¼ 0 (during summer season)
• CoW domestic hot water production
• Cocook ? for cooking

In Table 8 reference values for cooking energy needs for residential buildings
are presented; these terms can be assumed as constant during all the monitoring
period.

Table 6 Evaluation of hourly average

Backward average Forward average

Measurements Time
stamp

Measurements Time
stamp

06:00 06:00 06:15 07:00
06:15 06:30
06:30 06:45
06:45 07:00

2 Generally, only the H.H.V. (higher heating value) is reported in the utility bills. Nevertheless,
L.H.V. is required to obtain effective energy consumption. Therefore LHV has to be estimated
starting from the HHV.
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In addition, it is necessary to divide the energy needs for heating respect to
domestic hot water requirements, which can be deducted through summer mea-
surements, (after the cooking contribute subtraction).

In fact, energy needs for domestic hot water are assumed to be fixed throughout
the year with an adequate level of approximation, if thermal solar systems are not
installed. Hence the summer DHW consumptions can be used even for winter.

Another method to deduce domestic hot water, cooking and plug loads is based
on the correlation between external temperature and energy consumption during
the operational period of HVAC system [20]. In fact, when the load line becomes
parallel with the x-axis, fuel consumptions are not affected by external temperature
and the constant value represents the energy needs for the production of domestic
hot water and for cooking. The values for a reference year could be represented in
a graph in association with monthly temperatures: the lower the external tem-
perature, the higher the heating consumption and vice versa. When there are no
fuel consumption caused by domestic hot water (electrical production), the con-
stant value is close to zero. Also the electrical requirements trend could be
expressed with respect to the monthly external temperature. The slope increases
according to the temperatures owing to the cooling system consumptions. In this
regard, an horizontal line represents the sum of domestic hot water, lighting and
plug loads.

6.1 Case Study: Utility Bills Analysis

The case study is a residential detached building with a floor surface of 120 m2

heated by means of a combined boiler (heating and domestic hot water). The actual
fuel consumption, collected during a whole year, is reported in Table 9.

Table 7 Reference lower
heating values for common
fuels

Fuel Low heating value (L.H.V.)

Methane 9.940 kWh/Nm3

Propane 28.988 kWh/Nm3

Butane 36.779 kWh/Nm3

Diesel fuel 11.870 kWh/kg

Table 8 Reference coking
energy needs

Plan surface (m2) Specific energy need (kWh/G)

\50 4
50 m2 \ Surface \ 120 m2 5
[120 m2 6
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Utility bills report the fuel consumption, which can be converted into energy
need through the Lower Heat Value that, for methane, is roughly equal to
9.940 kWh/m3:

Co kWhð Þ ¼ Co(m3Þ ðm3Þ � 9:940 kWh/m3

This equation has been applied to obtain the values in the fourth column
(Table 9). Nevertheless, cooking energy needs and the contribution for domestic
hot water have to be separated from the total consumption. Considering the floor
surface and the reference values reported in Table 8, the energy requirements for
cooking accounts for 6 kWh/day (Table 10).

The last contribution to be separated from the total consumption is the energy
required for domestic hot water preparation. Considering the average energy
consumption registered from period between June and August, the daily energy
needs are evaluated as:

1; 679 kWh
91 g

¼ 12:46 kWh/day

Extending this value to the whole period, the results showed in Fig. 9 are
obtained.

Table 9 Real fuel demand of the case study

Reference period of the utility
bills

Number of
days

Fuel consumption
(m3)

Energy needs
(kWh)

January 30 660.00 6,560.4
February–March 59 1,178.00 11,709.32
April–May 60 425.00 4,224.5
June–August 91 169.00 1,679.86
September–November 90 1,274.00 12,663.56
December 30 213.00 2,117.22

Table 10 Real energy needs (without cooking contribution)

Reference period of the
utility bills

Number of
days

Energy needs
(kWh)

Cooking energy
needs (kWh)

Net energy needs
(kWh)

January 30 6,560.40 180 6,290.94
February–March 59 11,709.32 354 10,361.32
April–May 60 4,224.50 360 3,745.22
June–August 91 1,679.00 546 1,133.86
September–November 90 12,663.56 540 11,139.50
December 30 2,117.22 180 1,957.10
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6.2 Source for Real Consumption Monitoring

According to the fuel of the HVAC system, different sources of data are necessary
to evaluate actual consumption.

For instance, in case of network gas systems, monitoring device are installed to
evaluate the consumption and define the amount of the utility bills.

There are two main methods for the data record:

• Indirect
• Direct

In the first case, real consumption is estimated through the values on the utility
bills in relation to the monitoring period. Nevertheless, these amounts could be
determined by a statistical evaluation according to the previous consumption
(estimate values). Therefore, they cannot reproduce the real energy behaviour of
the building, but they show the historical trends of fuel supply. Hence, in order to
calibrate the model, the effective energy needs have to be adopted.

On the other hand, the direct method is featured by a relief of the measurement
device during the monitoring period. The finer the gathering interval, the more
accurate the calibration.

In case of HVAC system fuelled by a storage volume with a measurement
device, the model can be calibrated considering the instrument error. If the storage
has no counter, the fuel consumption can be estimated through the following
equation:

CQ ¼ ðCQI � CQFÞ þ CQA ð16Þ

where

• Q ? quantity in the storage
• QI initial quantity
• QF final quantity
• QA supplied quantity during the monitored period.

Fig. 9 Heating and domestic
hot water consumption
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6.3 Subsystem Consumption Measurement

In order to calibrate enhanced simulation models, the final fuel consumption may not
be suitable for the overall HVAC models. Therefore, in these cases, it is also nec-
essary to measure the energy consumption of the HVAC subsystems up to the single
components. For this purpose, it can be useful to highlight the mode and the main
tools employed for the measurement of thermal and electrical energy flows. These
experimental activities are already widely spread in the Anglo-Saxon world as a
phase of the commissioning process, during the post-occupancy investigations [22].

In order to quantify the thermal energy flow, the measurement of air/water flow
and temperature difference is required (Fig. 10). For example, the heating provided
by a radiator is computed starting from the water mass flow rate and the tem-
perature difference between inlet and outlet sections. Therefore, the energy meter
already installed in central heating/cooling systems as well as, ad hoc flow meters
can be installed for high-rise residential buildings. These electronic energy flow
meters offer accuracy up to 1 % as reported in the calibration datasheet.

As regards the measurement of the current in auxiliary systems, the most
common instruments are the current transducer (CT). These instruments are placed
on wires connected to specific auxiliary system such as motors, pumps or lights
and then connected to a digital multi-meter. The CT has typical accuracy up to one
per cent. If coupled with the voltage monitoring, by means of a voltmeter, this
measure can be used to estimate the appliance power consumptions. However,
separate voltage and current measurements should not be used for inductive loads
such as motors or magnetic ballasts [27]. In fact, if the signal is distorted owing to

Fig. 10 Measurement of
water flow in HVAC
subsystems
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various noise sources, a transducer (true RMS) must be adopted. These instru-
ments are capable of accurate measurements of AC voltage even if the waveforms
are not purely sinusoidal.

7 Measure of Air and Surface Temperature

The temperature measurement devices commonly used are resistance thermometer
(RTD), thermistors and thermocouples. These tools do not directly measure the
temperature but rather the variation in a quantity related to the temperature
changes. In addition to the different measured variable, these thermometers differ
from each other for the cost, the accuracy and the range of measurement.
Therefore, the use of a thermometer with respect to another depends on the par-
ticular conditions of the temperature to be measured.

The RTD represents one of the most common types of thermometer. In these
instruments, the temperature variations are related to the changes in electrical
resistance of metal. Platinum RTDs, usually Pt100 or Pt1000, are remarkable
instruments: the Pt100 sensor has a resistance of 100 ohm at 0 �C and it is by far
the most common type of RTD sensor. These sensors are normally covered by
some protective sheath or mounting to form probes that are commonly referred as
platinum resistance thermometer (PRT). The tolerances for PRT sensors are
specified by the International Standard IEC 751:19833. In this standard, two
classes are defined: Class A, with a tolerance of ±0.15 �C at 0 �C; and Class B,
with a tolerance of ±0.3 �C at 0 �C. Sometimes the accuracy classes provided by
the manufactured are defined as 1/10 DIN or 1/3 DIN. This means, respectively, a
certified tolerance of 1/10 or 1/3 of the Class B specification. The linear relation
between platinum resistance and temperature, in the range of environmental
temperatures, makes them the thermometer of choice for many applications. The
main limitation of this type of sensors is connected to the relative higher cost, from
20 to 300 €, linked to the metal cost.

For this reason, RTDs using semiconductors in lieu of metals (i.e., bulk
semiconductor sensor or thermistors) are also very popular. Additionally, the
semiconductor material exhibits a large change in resistance proportional to a
small change in temperature. Besides, thermistors are one of the most accurate
types of temperature sensors with a typical accuracy of ±0.1–0.3 �C depending on
the particular thermistor model. However, thermistors are fairly limited in their
temperature range (typical 0–100 �C) and in the non-linear relation temperature
resistance against the lower cost from 0.20 to 20 €.

However, to a considerable extent, the cheaper and widespread thermometer in
temperature measures is the thermocouple. This instrument is based on the See-
beck’s effect, whereby if two conductors of different material are jointed, a current

3 DIN IEC 751:1983, Temperature/Resistance Table for Platinum Sensors
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grows proportional to the temperature difference of the two joint. A thermocouple is
available in different combinations of metals or calibrations. The most common in
building analysis are type T for environmental temperature and type K for high
temperature measurements, such as HVAC systems. Although for the most precise
measurements, the reference joint should be kept in a triple point of water, however,
such accuracy is rarely needed and a multi-meter reference joint can be adopted.

Nonetheless, the low accuracy frustrates the advantage of the limited cost, from
0.80 to 3 € as a function of the wire insulation and shelter. The EN 60584-2 [25]
standard defines the accuracy requirement tolerance that for type T thermocouple
are within ±0.5 �C for first class and ±1.0 �C for second class.

Starting from the instrument choice, the correct installation position has to be
checked, thus ensuring that the boundary conditions do not influence the mea-
surement. For this reason, the instruments must not be placed close the heat
sources or direct exposed to sunlight or drafts. Furthermore, for the surface tem-
perature measurements, the position must avoid the edge effects due to the pres-
ence of thermal bridges or to non-homogeneous area. For this purpose, the surface
should be checked by means of a thermography survey with the purpose of
detecting any structural discontinuities or areas with high moisture content
(Fig. 11).

8 Building Model Input and Experimental Calibration:
Analysis on a Case Study

According to the results of the SA, some parameters were investigated by
experimental analysis and more accurate evaluation in order to refine the model.

In particular, the thermophysical properties of the envelope are evaluated both
through standard and in situ measurements. The external wall in zone P3_Z1 is
65 cm thick, it has a high thermal mass and it is composed by bricks and sand.
Therefore, according to the Italian technical specification UNI TS 11300-1, the

Fig. 11 Thermography analysis of an external wall

242 R. Pernetti et al.



reference structure CO-01 is chosen. Moreover, an experimental analysis is carried
out conforming to ISO 9869. Two couples of HFM and thermo-resistance Pt100
are positioned both on internal and external surfaces in order to measure surface
temperatures, inward and outward heat fluxes. The measurements are carried out
for 70 days (2nd March–10th May) in order ensure the convergence of the solution.

The monitored data are post processed with the average method described in
standard ISO 9869. The values of conductance for standard and experimental
method are, respectively, equal to 1.372 and 1.552 W/(m2 K).

Furthermore, considering the absence of HVAC system and the leakages of the
envelope, infiltration losses represent a significant contribution. Figure 12a, b
show the different air-change rates applied for model definition. Since the enve-
lope presents numerous cracks and leakages, the standard value 0.5 ACH is
adopted even if it is used for global natural ventilation. EN 15242 [26] defines a
standard method to estimate the infiltration air-change rates, according to envelope
features and to local weather data (temperature and wind speed).

In Fig. 13, the instrument position is shown: the heat flux meter (HFM)
apparatus (two HFM and two thermoresistance Pt100) is installed in B, while the
points from S1 to S5 indicate the thermistors employed for the surface temperature
recording. Since the building has no HVAC system, the internal temperatures have
been monitored in order to calibrate the simulation model. In particular, both the
surface and air temperatures were collected every 10 min in the control thermal
zone (i.e., P3_Z1) that is placed on the 4th floor, next to the roof (Fig. 13). The
measurement campaign was carried out from March to October 2012.

Starting from the described sources of input data, a series of simulations is
carried out with the software TRNSYS (TRNSYS: A Transient Simulation Pro-
gram, Ver. 16, University of Wisconsin-Madison, 2007). A code identifies each
model and it describes which kind of parameter is applied in the analysis. Table 11
reports the set of simulations and it explains which inputs are implemented.

Fig. 12 a Standard air-change rate (0.5 vol/h). b Calculated air-change rates (EN 15242)
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9 Validation Indices

9.1 Calibration with Real Consumption

In case of model calibration with real consumption of buildings, for both electrical
and fuel energy needs, the reference statistical indices are presented in ASHRAE
Guidelines14/2002 [21]. They assess the discrepancies between real and predicted
values.

9.1.1 Mean Bias Error MBE%

Mean bias error is evaluated by summing the differences between measured
consumptions (M) and predicted energy needs (S) along the considered time
interval and dividing each difference for the corresponding measured value in
order to obtain a percentage index.

P3_Z1
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S2

S3

S4

B

SO

N E

S5

PS_Z4

P
3_

Z
2

S1 : Thermistor 1 S2 : Thermistor 2 S3 : Thermistor 3 
S4 : Thermistor 4 B : Thermo-resistance + HFM 

Fig. 13 Control thermal zone: monitoring devices

Table 11 Set of simulations

Simulation Air-change rates Thermal conductance

0.5 EN 15242 Standard Measured
tn_05_std x x
tn_05_ms x x
tn_en_ms x x
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MBE% ¼
Pn

i¼1 Mi � Sið ÞPn
i¼1 Mið Þ

� �
ð17Þ

MBE% provides for a general assessment of the simulation reliability, in rela-
tion to the actual behaviour monitored during the in situ measurement. In addition,
it allows to evaluate whether the model overestimates or underestimates the real
energy needs. Nevertheless, MBE% is not adequate to validate a simulation,
because it can give misleading indications due to the sign error compensations. In
fact, opposite sign errors tend to neutralize each other and they are not highlighted
in the final result. For this reason, additional indices are needed.

9.1.2 Cumulative Variation in Root Mean Square Error

This index is based on the standard deviation between actual (M) and simulated
(S) behaviour.

RSMEperiod ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
period M � Sð Þ2period

Nperiod

s

ð18Þ

The Root Mean Square Error determines the absolute value of the discrepancies
between two parameters, and it assesses the effectiveness of the simulation in
comparison with the real behaviour. The higher the RMSE value, the lower the
reliability of the model. However, in case of calibration with real energy con-
sumption, RMSE could be inadequate: in fact the same value of RMSE could be
associated both to an accurate model with high consumption and to an inaccurate
model with low energy consumption. Therefore, the cumulative variation in
RMSE is assumed because it expresses the percentage deviation in relation to a
mean value of measured energy needs.

CV RSMEperiod

� �
¼ RMSEperiod

Aperiod

� �
� 100 % ð19Þ

where Aperiod is an average value based on the number of intervals that charac-
terizes the measurement period:

Aperiod ¼
P

Mperiod

� �

Nperiod

� �
ð20Þ

9.1.3 Calibration Criteria

The number of measurement intervals depends both on the reference period of the
monitoring and on the kind of simulation carried out: in case of steady state
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models the calibration is fulfilled through monthly data, while for transient models
through hourly or sub-hourly data.

The calibration criteria and the tolerance range have to be established at early
stage in relation to the availability of data, the simulation type and the detail level
request for the assessment.

The evaluation protocols set different values depending on the model type: for
hourly simulations 30 % of discrepancies in terms of CVRMSE and 10 % in terms
of MBE are considered acceptable, whereas for the simulations calibrated on
monthly data, the tolerance range is halved (Table 12).

9.2 Calibration with Temperature

The model calibration through the temperature monitored in a control thermal
zone requires error indices that provide significant indication in terms of tem-
perature discrepancies between predicted and real values.

9.2.1 Mean Bias Error MBE

MBE ¼
Pn

i¼1 Mi � Sið Þ
N

� �
ð21Þ

The average error MBE is the sum of the differences between measured (M) and
simulated (S) temperatures along the monitoring period divided by the number of
records. A positive value of MBE indicates that the model overestimates the
temperatures, while a negative value of MBE represents an underestimation of the
internal temperature of the control thermal zone. Nevertheless, as highlighted in
Sect. 9.1.1, MBE is affected by the sign error compensation, and for this reason,
additional indices have to be adopted.

Table 12 Tolerance ranges

Index IPMVP (%) M&V (%) ASHRAE 14 (%)

MBEmonthly ±20 ±15 ±5
CV (RMSEmonthly) 5 10 15
MBEhourly – – ±10
CV(RMSEhourly) – – 30
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9.2.2 Root Mean Square Error

RSME ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 Mi � Sið Þ2

N

" #vuut ð22Þ

Root mean square error RMSE overcomes the misleading of MBE, since it
provides for the absolute value of the discrepancies between the temperatures.

9.2.3 Pearson’s Index

For model calibration with internal temperatures, the correlation between pre-
dicted and real values is a significant indication of the simulation reliability.

The Pearson’s index (r) assesses the correlation between two variables, in this
case, the temperature trends (predicted and real) and it allows to verify the reli-
ability of simulation:

r ¼
P

M � Sð Þ �
P

M �
PS =Nffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P
M2 �

P
Mð Þ2

N

� �
�
P

S2 �
P

Sð Þ2
N

� �s ð23Þ

where:

• M measured temperatures (�C)
• S simulated temperatures (�C)
• N number of intervals

The Pearson’s index ranges from -1 to 1: where a negative value means an
opposite correlation

• r \ 0 opposite correlation, if the model temperature increases, the measured
values trend to decrease and vice versa; therefore the model is not representative
of the real building behaviour;

• r = 0 no correlation between variables;
• r [ 0 direct correlation, if the model and the monitored temperatures have the

same trend. r [ 0.5 represents a significant correlation between temperature
variables [3].

The measurement precision can be considered as the reliability limit. This is
possible if we consider the correct estimation of the internal temperatures for the
control thermal zone aims to validate the simulation energy needs of the analysed
building [9].
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10 Model Calibration Results

In this section, the calibration process of the dynamic hourly simulation model of
the test case (Sect. 3) is presented. The accuracy of the numerical model with
respect to the measured data is evaluated both through the statistical indicators
(i.e., MBE, RMSE and Pearson’s index) and by means of a graphically comparing
between the model and experimental trends of temperatures.

The first part of the section will discuss the early stages of calibration. In
particular, starting from the initial energy model, firstly the standard values of
thermal conductance are replaced with those measured by the in situ tests. Fol-
lowing on from this point, the standard ventilation rate is replaced with the more
detailed calculation procedure present in the EN 15242 [26].

In the second part, instead, the final results of the calibration are presented. The
calibration is performed by varying the parameters highlighted by the SA
according to a uniform distribution, within the plausible range of variability, with
the purpose of finding the parameter set that best fits the actual building behaviour.
This investigation is carried out on the monitoring period from 2nd March to 22nd

October 2012.
Figure 14a and b show the statistical indexes for both air (air) and the envelope

surface (S1—S2—S3—S4—S5) temperature in the control thermal zone.
MBE quantifies the long-term performance of a model. A positive value rep-

resents the average amount of overestimation in the predicted values and vice
versa. MBE in Fig. 14a highlights a general underestimation of the predicted
temperature with respect to actual data. Besides, it clearly shows a greater con-
vergence of the refined models with respect to the initial-based model.

Fig. 14 a Mean bias error for hourly temperatures. b Root mean square error for hourly
temperatures
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Nevertheless, MBE drawback arises from the compensation between underesti-
mations and overestimations. Therefore, to assess the reliability of a simulation
other indices are required.

In this regard, RMSE overcomes this problem, since it reveals the absolute
discrepancies between actual and simulated temperatures. This parameter provides
information about the short-term performance of the method by means of a term
by term comparison. The smaller the RMSE value, the better are the model pro-
visions. Figure 14b shows a slight convergence of the indexes. In fact, in this test,
a few large errors can produce a significant increase in the RMSE index.

These results are also confirmed by the Pearson’s index. The values reported in
Table 13 highlight as the greatest index increment is obtained using the measured
thermal conductance.

Lower increment is achieved by improving the infiltration model. Nevertheless,
even Pearson’s index shows some weakness. In fact, in case of general uniformity
with small deviation between minimum and maximum values, Pearson’s index
assumes relative high average. Consequently, also this parameter does not permit a
univocal assessment of the best model combination. Therefore, a multi-criteria
analysis has to be applied by simultaneously plotting the different indexes for all
the temperature sensors (Fig. 15). In these pictures, the indexes are plotted for the
initial and refined models by means of a radar plots representing the multi-criteria
analysis according to the following indices:

• absolute values of mean bias error ( MBEj j) for air and surface temperatures (S1,
S2, S3, S4, S5)

• values of root mean square error (RMSE)
• complementary values of Pearson’s Indices (1 - r).

Table 13 Pearson’s indices—air temperature

tn_0.5_std tn_0.5_ms tn_en_ms

0.987 0.991 0.992

Fig. 15 a Error indices for simulation try_05_std. b Error indices for simulation tn_en_ms
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The higher the blue-painted area, the higher the discrepancies between pre-
dicted and actual values of temperatures and, therefore, the lower the reliability of
the model. Moreover, this representation highlights the temperature predictions for
which the model shows the greatest differences from the measured data.

Nevertheless, error indices give information about the global gap between
actual and predicted temperature. A graphical comparison between the hourly
trends of temperature is useful in order to have a punctual but qualitative indi-
cation of the reliability of building simulations (Fig. 16a, b).

The graphs point out some discrepancies in the evaluation either of positive and
negative temperature peaks. Probably, this spread is caused by the incorrect
modelling of the thermal capacitance of the walls or to the incorrect estimation of
the window solar transmittance.

For this reason, the parameters investigated in the SA are simultaneously varied
according to a uniform distribution in order to find the parameter set that best
approximates the actual building behaviour. In particular, the range of variation,
with respect to the initial value, shown in Table 14 are adopted. These take into
account the real knowledge of the parameter and its expected variability.

Several hourly simulations are performed by varying the input data. The evalu-
ation of the model convergence is performed through the multi-criteria analysis
previously presented. In Fig. 17a, the internal temperature trend of the control
thermal room (measured and simulated values) is reported while in Fig. 17b the radar

Fig. 16 a Air temperature trends (March 4th–5th). b Air temperature trends (June 20th–21st)

Table 14 Tolerance ranges

Input Low limit (%) High limit (%)

Infiltration rates -20 +20
Uroof -50 +50
Uwall -20 +20
Ufloor -50 +50
Roof capacitance -50 +50
Wall capacitance -50 +50
Floor capacitance -50 +50
g-value for glazing -30 +30
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graphs obtained for the calibrated model is shown. After the calibration process, the
indices MBE and r decrease, while RMSE values still remain high. This problem
occurs because of the nature of RMSE index, whose amount is affected even by a
small number of simulated points that are not consistent with real value. In fact, as it
is shown in Fig. 17a, the simulation trend approaches to actual values with lower
discrepancies with respect to the previous simulations. Nevertheless, the calibrated
model presents some errors in the lower peak values during the winter season.
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