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Summary
Transparent adaptive façades are building envelope technologies able to
dynamically adjust their thermo-optical properties according to environmental
stimuli or to external custom-defined inputs. This ability can be exploited to
respond to ever-changing performance requirements and boundary conditions,
aiming at improving the overall energy performance of a building and/or the
comfort condition of its occupants. Although transparent adaptive technologies
show high potentialities in improving the overall building performance, both in
terms of energy use and visual comfort for the occupants, their successful building
integration currently results as a challenging task. This is mainly due to: (i) a low
awareness in the possibilities and drawbacks relative to the integration of these
components in the building envelope; (ii) intrinsic difficulties of the currently
available Building Performance Simulation (BPS) tools to assess their
performance on the different domains they affect in a reliable way. As regard the
latter aspect, the BPS main limitations were identified in: (i) inability to
simultaneously evaluate in an accurate and comprehensive way the effects of the
behaviour of a transparent adaptive component on energy and visual comfort
aspects; (ii) inability to model complex phenomena relative to the behaviour of
some transparent adaptive technologies.
In this framework, the Ph.D. thesis proposes a novel integrated simulation
methodology for a simultaneous and comprehensive evaluation, with a high
degree of accuracy, of the effects of the behaviour of transparent adaptive façade
technologies on the energy performance of a building and on the visual comfort
condition of its occupants. As regard the latter, this is evaluated at a spatial level
both as daylight availability on the visual task and as daylight glare condition of
the occupants. This was enabled by the introduction of a simplified approach
aimed at classifying a whole space according to daylight glare comfort classes, by
means of solely the eye vertical illuminance. The main advantage of such
simplified approach is that of allowing a spatial evaluation of the glare condition
with a significantly lower computational effort compared to that necessary for
evaluating Daylight Glare Probability (currently the most widespread and accurate
metric for the assessment of daylight glare) for the whole space.

V

The proposed integrated methodology proved to be suitable for the evaluation
of the performance related both to passive and active transparent adaptive façade
components. In more detail, this one was applied to assess the effects of the
behaviour over energy and visual comfort aspects of a passive transparent
adaptive component, namely a thermochromic glazing, showing a complex
hysteretic behaviour. In addition, the performance of different active transparent
adaptive technologies, operated according to both mono-objective and advanced
multi-objective rule-based control strategies, was assessed.
The application of such methodology enabled: (i) a simultaneous, accurate
and comprehensive quantification of the effects of the behaviour of a transparent
adaptive component over energy and visual comfort aspects; (ii) the simulation of
complex phenomena relative to the behaviour typical of some transparent adaptive
technologies (e.g. hysteretic behaviour of thermochromic and thermotropic
glazing). Such methodology could effectively support with reliable outcomes the
decision-making relative to the design and the operation of transparent adaptive
components. A comprehensive evaluation of the energy and visual comfort
performance of transparent adaptive technologies could in fact increase the
understanding of possible risks and advantages related to their integration in the
building envelope, helping thus exploiting their full technical potential. As a
result, a more aware use of such technologies could make the expected
improvements in the building energy use, as well as in the overall visual comfort
condition of their occupants, really achievable.
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Chapter 1
Introduction
The building sector in the European Union (EU) is currently responsible for
approximately 40% of energy consumption and 36% of greenhouse gas emissions
[1]. For this reason, in the last decade the EU has pursued a policy aimed at the
improvement of the overall energy efficiency in buildings by introducing new and
progressively stringent targets for the decrease of the energy demand and CO2
emissions, first in [2,3] and later in [1]. In this sense the building envelope, due to
its function of interface between the outdoor and indoor environment, is
responsible of heat, radiation and mass transfer and can therefore play a
significant role in the fulfilling of the latest EU targets. As a result, over the last
few years the research activity related to the building envelope has focused on
exploring and developing new solutions aimed at reducing the overall building
energy use.
In this framework, a promising solution is represented by the adaptive1
façades, namely building envelope components able to manage heat, mass or
radiation transfer (or a combination of these) by dynamically adjusting their
features. This ability can be exploited with the purpose of responding to everchanging performance requirements and boundary conditions with the aim of
improving the overall energy performance of a building and/or indoor
environmental comfort requirements. The adaptive behaviour of these
components may be based on different working principles, including, but not
limited to physical transformations (e.g. phase change, expansion/shrinking,
physical adsorption, etc..), mechanical transformations (e.g. rotation or
1
As far as the term adaptive is concerned, many synonyms can be found in literature
including, but not limited to adjustable, controllable, dynamic, intelligent, reflexive, responsive,
selective, smart, switchable and transient [5]. Multiple slightly different definitions may be
associated to each of these terms, varying from author to author, meaning that a clear definition of
these aspects is currently still lacking. Aiming at avoiding any ambiguity, within the present work
only the term adaptive will be used, referred to the ability of a façade component to dynamically
adjust its features according to dynamic boundary conditions with the aim of fulfilling pre-defined
requirements.

1

Chapter 1 – Introduction

displacement of parts of the component), and reversible chemical reactions and
can take place at different component levels (micro or macro scale) [4].
Furthermore, the variation of their features can be automatically triggered by
environmental stimuli (intrinsic or passive façade components) or activated by
external inputs (active or extrinsic façade components) and can occur at different
timescales, from short time intervals (few seconds or minutes) to seasonal
adaptations [5].
Within the general concept of adaptive façades, a particular sub-category is
represented by transparent adaptive façades, which are transparent building
envelope technologies able to vary their thermo-optical properties, resulting in the
possibility of modulating the solar radiation entering a building. These façade
components are thus particularly complex to manage, design and operate, as their
behaviour simultaneously affects different physical domains and different aspects,
interdependent and often conflicting. For instance, the same operation may affect
at the same time, but in an opposite way, the energy performance of a building
and the visual and thermal comfort condition of its occupants.
Nowadays, a number of different transparent adaptive façade solutions is
already available for the integration in the building envelope. Although these
components show a large potential in improving the overall building performance,
both in terms of energy use and comfort for the occupants, they have a low realworld uptake compared to traditional static façade solutions. This is due to the fact
that successfully designing façades, and more in general buildings integrating
these innovative technologies and materials results in a challenging task. Two
main aspects are responsible for this, which were identified in: (i) a lack in the
comprehension of the advantages and drawbacks deriving from the integration of
transparent adaptive façades in the building envelope; (ii) intrinsic difficulties in
evaluating the effects of the behaviour of these components on the different
domains they affect in a reliable way. A dearth in the awareness relative to the
effective benefits achievable through transparent adaptive technologies (also in
terms of possible direct and indirect economic advantages) prevents most
stakeholders from the adoption of such components.
Building Performance Simulation tools (BPS) could have a crucial role in this
process, as they could theoretically provide to all the stakeholders involved the
necessary information to foster the adoption of transparent adaptive façade
components. However, a numerical assessment of the overall performance of
transparent adaptive façade components is currently a difficult task, as the
available BPS tools show some intrinsic limitations, which were identified in: (i)
inability to simultaneously evaluate in an accurate and comprehensive way the
effects of the behaviour of a transparent adaptive component on energy and visual
comfort aspects; (ii) inability to model complex phenomena relative to the
behaviour of some transparent adaptive technologies (e.g. hysteretic behaviour).
As a result, transparent adaptive components are mainly aimed at optimising
the performance related to only one single domain (either energy or visual
comfort performance) among those the variation of their thermo-optical properties
2

affects. However, focusing on a mono-domain optimisation may imply a series of
drawbacks that can eventually negatively affect the overall building performance.
As far as visual comfort is concerned, this one is typically assessed through
the availability of daylight on the visual task, and more rarely through the glare
condition of the occupants, although this one plays an important role in the
determination of their final visual comfort condition. Moreover, the presence of
glare is proved to negatively affect the human performance, the human health and
eventually the workplace productivity [6]. Since glare is a position- and viewdependant phenomenon, for which a spatial evaluation requires a high
computation time, its assessment is generally limited to only one or few points in
the room. However, such a punctual evaluation may not be representative of the
visual comfort conditions occurring throughout the whole space, which may in
turn negatively influence choices relative to the design or operation of a
transparent adaptive component. These choices may eventually result in lower
comfort conditions or in a higher energy demand than those estimated, depending
on whether the occupant can or cannot interact with the transparent adaptive
technology.
In this framework, with the aim of helping bridge the highlighted gaps, the
present Ph.D. thesis proposes a novel integrated simulative methodology. This
one enables to simultaneously and comprehensively quantify, with a high degree
of accuracy, the effects of the modulation of the thermo-optical properties of
transparent adaptive façade technologies on energy and visual comfort aspects.
This methodology is meant to increase the awareness of the possible benefits and
risks related to the integration of a transparent adaptive façade into a building,
helping thus exploiting their full technical potential in order to reach the
aforementioned EU targets. In this sense, it can play a key role by providing
reliable outcomes to support the decision-making relative to both design and
operation of these innovative components. As regard to the visual comfort
evaluation, a simplified approach for a fast evaluation of the daylight glare
comfort level of the occupants with a high spatial resolution is proposed as well,
with the aim of allowing a more comprehensive assessment of the overall visual
comfort condition occurring throughout the whole space considered. By providing
a clear picture of the effects on energy and visual comfort performance of the
integration of transparent adaptive façades, the present study may ultimately allow
a multi-field optimisation of the overall building performance both through the
design and the operation of the adaptive component. As far as the latter aspect is
concerned, the application of the proposed methodology may support the
conception, development and optimisation of advanced multi-objective and multidomain control strategies for the operation of active transparent adaptive
components with the aim of simultaneously improve both energy and visual
comfort aspects.
Apart from the present chapter, aiming at introducing the background and
motivations underlying the research work hereby presented, as well its objectives
3
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and implications, the thesis is composed by the following chapters, which are
interrelated according to the research methodology shown in Figure 1:
Chapter 2 provides an analysis of the state of the art which investigates the
requirements relative to a comprehensive evaluation of the performance of
transparent adaptive façades as far as energy and visual comfort aspects are
concerned. This is done by reviewing the features of the different available
typologies of transparent adaptive façades and the different solutions currently
adopted for the operation of the active ones, as well as by analysing the different
available methods for a numerical evaluation of the glare condition and the
different approaches for a multi-domain numerical assessment of the performance
related to adaptive components. For each of these the main advantages and
limitations are highlighted.
Chapter 3 presents in detail the architecture, workflow and capabilities of the
novel integrated simulation methodology proposed. In addition, two applications
of such methodology, respectively relative to a passive and an active adaptive
transparent façade component, are presented.
Chapter 4 provides a detailed explanation of the simplified approach for the
spatial evaluation of the glare condition and provides an application example.
Moreover, an example of the application of such methodology for the optimal
operation of an active transparent façade component from the visual comfort point
of view is presented.
Chapter 5 summarises the main conclusions from the present research work
and recommends areas for future work.

4

Figure 1. Graphical outline of the research methodology within the Ph.D. thesis (C=Chapter;
S=Section).
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Chapter 2
State of the art
2.1 Introduction
Part of the work described in this chapter has been previously published by
the author and co-workers in international peer-reviewed journals [7,8].
This chapter provides a comprehensive literature review forming the basis
from which the Ph.D. research work was developed. The state of the art was
analysed with the aim of defining the current limitations and possibilities relative
to an accurate and comprehensive evaluation of energy and visual comfort aspects
relative to the behaviour of transparent adaptive façade components. Since this is
a multidisciplinary task, dealing with aspects ranging from the adaptive
component intrinsic features to building performance simulation tools and to
visual comfort aspects, in this chapter different topics were addressed, which were
then integrated in the overall research methodology. In section 2.2 a review of the
different available typologies of transparent adaptive façade components is
provided, along with an analysis of their working principles and of their general
features. This is followed, in section 2.3, by a review of the different rule-based
control strategies currently used for the operation of active transparent adaptive
façade components. Section 2.4 provides an overview on the different
methodologies and metrics available for a numerical assessment of the glare
condition of the occupants. In section 2.5 an overview of the different tools and
methodologies available for a multi-domain numerical assessment of the
performance of transparent adaptive façade components is provided. Finally,
section 2.6 summarises the main conclusion from this analysis of the state of the
art.

2.2 Transparent adaptive façades
“This next generation of facades (or building envelopes) consists of
multifunctional and highly adaptive systems, where the physical separator
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between the interior and exterior environment (i.e. the building envelope) is able
to change its functions, features or behaviour over time in response to transient
performance requirements and boundary conditions, with the aim of improving
the overall building performance” [9]
The above is a general definition of the concept of adaptive building envelope
technology. Depending on the working principle of the adaptive façade
component a first distinction can be drawn into passive (or intrinsic) and active
(or extrinsic) building envelope technologies [4]. In passive technologies the
ability to adapt is an inherent feature of the building envelope itself, meaning that
it shows the capability to self-adjust, as its behaviour is automatically triggered by
environmental stimuli comprising, but not limited to, temperature, humidity, solar
radiation and CO2 level. Active technologies instead require an external input to
trigger their adaptive behaviour, meaning that their properties can be actively
adjusted to meet one or more desired requirements.
A sub-category of the adaptive façades is represented by the transparent
adaptive façades, which are transparent building envelope technologies able to
vary their thermo-optical properties, resulting in the possibility of managing the
solar radiation entering a building. As a consequence, these façade components
are particularly complex, as their adaptiveness simultaneously affects different
physical domains and different aspects, often highly interdependent and
contrasting with each other. The same action by these components may in fact
influence, but in opposite ways, the building energy performance and the comfort
conditions of the occupants, the latter mainly in terms of visual and thermal
comfort [10].
Transparent adaptive façades, also called smart, intelligent or dynamic
glazing, are generally characterised by one or more transparent functional layers
of different materials (inorganic and/or organic, including chromogenic materials)
integrated between two or more layers of float glass and assembled into doubleglazing. The basic principle of the dynamic glazing components consists in the
possibility of controlling the transmitted solar radiation by means of the glazing
component through the variation of the optical properties of the adopted
chromogenic material.
The above subdivision of adaptive building envelopes between passive and
active applies to the transparent adaptive façades as well. In more detail, the
variation of the optical properties of the passive glazing occurs according to the
stress acting on the component because of an intrinsic chromogenic mechanism of
the material, while an external electrical signal (i.e. potential difference) causes
the variation of the optical properties of the active glazing components.
Depending on the variation mechanism of the chromogenic layer, the passive
dynamic glazing can be further classified as: thermochromic [11,12], thermotropic
[13,14], and photochromic [15].
In thermochromic (TC) and Thermotropic (TT) glazing the variation of the
thermo-optical properties is triggered by an alteration of the temperature of their
8
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chromogenic layer. Thermochromism in glazing is usually obtained by embedding
vanadium dioxide (VO2) in the glass pane [11,12]. At a critical temperature a
reversible Semiconductor-Metal phase Transition (SMT) occurs, causing the
compound to reflect the infrared solar radiation [16,17]. As the transition
temperature of pure VO2 is equal to 68.5 °C, which makes it unsuitable for
architectural applications, different dopants are used to lower this temperature as
well as enhance the switching range, among which the most effective ones
showed to be W, Mg, Si and F [18,19]. However, the application of VO2-based
thermochromic glazing for daylight and solar control may be limited by the fact
that they show a high transmittance variation in the near IR region, while the
variation in the visible region of the solar spectrum (a highly energetic range) is in
most cases negligible [20]. A promising alternative to VO2-based is represented
by Ligand-Exchange Thermochromic systems (LETC) [21], which, based on the
addition of TC dopants to a transparent polymeric matrix, allow achieving a
variation of the transmittance both in the visible and solar spectrum [22].
Thermotropic materials are based on the same working principle as TC
materials, i.e. their thermo-optical properties vary according to the temperature of
their chromogenic layer. However, while TCs exhibit a variation in the optical
properties, TTs show a switching in the light scattering properties, meaning that
the view through the window is progressively blocked as the component varies
from specular to translucent [23]. This effect is obtained through the variation of
the refractive index of different components within a transparent polymeric
matrix. The more widespread techniques to obtain this result include phase
separation (ionogels), change of particle size (hydrogel microparticles) and phase
transition (polymer blends with phase transition and casting resins) [24]. Among
these, hydrogel-based TTs have encountered the highest fortune, due to their wide
variation both in visible and solar transmittance (equal approximatively to 80%
for both τvis and τsol), and have also been demonstrated in smart glazing
applications [25–27]. However, hydrogel-based TTs show cyclic stability issues
due to freezing or evaporation of part of their water content. Ionogels instead,
even if still under development, have shown a high stability at high and low limit
temperatures. Although some promising results were obtained in improving the
overall building energy performance [13,24], an architectural application of this
technology seems unlikely, at least as far as a view to the outside is required.
Photochromic (PC) materials rely on a different working principle than TC
and TT, as the variation of their thermo-optical properties varies according to the
incident radiation on their chromogenic layer. In more detail, their adaptivity is
due to a reversible transition of a single chemical species, usually a metal halide
(chloride - Cl-, or silver bromide, AgBr), between two different reticular
structures, which determines a variation in the absorption spectrum of the PC.
This transition is triggered by an alteration of the electromagnetic energy in the
UV spectrum [28]. Depending on the incident energy on their chromogenic layers,
PC materials linearly switch from highly transmissive (low UV radiation) to
highly absorptive (high UV radiation) in respect to the visible spectrum [29,30].
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Due to this feature, the main application of PC glazing would be that of
controlling glare from sunlight. However, a scarce literature exists with regard to
PC materials, and no application to smart glazing has been documented yet. This
because since their conception, nearly 30 years ago, high difficulties have been
encountered in the scaling of this materials from small samples to window-sized
glass panes. For this reason, the idea of integrating this technology in smart
windows was progressively abandoned, and nowadays PC materials main
application is in glass for the optical and car industry [15]. However, in the last
few years a renewed interest in this technology has been experienced, due to the
technological improvements in the coating manufacturing field, leading to the
study of new-generation photochromic coatings [31,32] and to the production of
medium-scale PC prototypes [33].
An alternative to chromogenic materials is represented by Phase Changing
Materials (PCM) integrated in the fenestration system. PCMs show a variation in
the light scattering properties between their solid and liquid states: light is
transmitted specularly in the liquid state, while in the solid state this one is
completely scattered. Moreover, the Infrared part of the solar radiation is absorbed
and stored by the PCM. Due to this feature, their integration in transparent
components allows the visible region of solar radiation to enter the indoor
environment for daylighting purposes, while the Infrared solar radiation is
absorbed and stored within the glazing, with the purpose of reducing heating and
cooling loads. In more detail, due to its thermal storing properties, a PCMintegrated glazing can allow decreasing and shifting in time the solar heat gains in
summer days [34–36]. PCMs, depending on their composition, are subdivided
between organic and inorganic. Organic PCMs, in respect to inorganic ones, show
a higher durability and better cooling and freezing properties. Conversely,
inorganic PCMs show a lower thermal conductivity and they are generally less
expensive than organic ones [37]. Moreover, depending on the specific climate
features, a PCM can be treated in order to modify its melting point, further
enhancing the building energy performance. This PCMs category, which additions
to the two highlighted above, is represented by Eutectic PCMs, which are
composed by a mixture of different elements whose concentrations are studied in
order to optimise (generally minimise) their melting point [38]. The effectiveness
of this passive adaptive façade technology in improving the building energy
performance has been proved in several studies, such as [36,39,40], but some
drawbacks were observed in terms of visual comfort for the occupants. When in
their solid state, PCMs show, other than a scattering behaviour, a lower visible
transmittance in respect to that relative to the liquid state [41]. Due to its intrinsic
working principle, the PCM is likely to be in a liquid state in the central (hottest)
hours of the day, while in the early morning and late afternoon is usually in its
solid state. These latter moments of the day are also characterised by a low
daylight availability and, as a consequence, daylight penetration within the indoor
space is further reduced. Moreover it showed not to be effective in glare
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protection, as its light diffusing attitude is likely to cause a glare sensation from
contrast to the occupants [42].
As far as active adaptive transparent glazing are concerned, these can be
classified according to the chromogenic layer typology used to modulate their
optical properties. According to this classification four main typologies of
transparent adaptive active façade components exist: Electrochromic (EC)
glazing, gasochromic (GC) glazing, Suspended Particle Devices (SPD) and Liquid
Crystals (LC) glazing [43].
The electrochromic glazing consists in two transparent conductor films
separated by a cathodic electroactive layer, an electrolyte layer and an anodic
electroactive layer. The cathodic and anodic electroactive layers are generally
referred to as the chromogenic layers. Under an external electric field, generated
via a power difference, an oxidoreduction reaction is activated between the two
electroactive layers, which is made possible by an ion migration through the
electrolyte layer. In this reversible reaction the ions are inserted into or extracted
from, depending on the voltage sign, the electroactive layers, which causes the
variation of the component thermo-optical properties [44]. Two types of metal
oxides exist, cathodic (Cr, Mn, Fe Co, Ni, Rh, Ir) and anodic (Nb, Mo, Ta, W, Ti),
whose colouration is triggered when ions are inserted into and extracted from
them respectively. Vanadium represents a peculiar case since, as seen for the
thermochromic glazing, depending on its structure it can be both an anodic or
cathodic metal oxide [45]. Among these, the most widely available and used
transparent metal oxide is certainly tungsten oxide (WO3), as it currently allows
obtaining the largest modulation ranges for visible and solar transmittance [46].
The alteration of the ion concentration in the chromogenic layer causes the
variation of the optical properties of the WO3-based EC glazing [11,47]; the glass
colour (in transmission) varies between a transparent/light blue (vis = 0.5 – 0.6, gvalue = 0.4 – 0.5) and dark prussian blue state (vis = 0.05 – 0.01, g-value = 0.1 –
0.05) on a continuous basis [43]. The colouring speed varies according to the
chromogenic layer size and it can range from few seconds up to several minutes
[48]. An enhancement in the all-solid-state EC glazing is represented by the
Photo-Electro-Chromic (PEC) devices. These components present an additional
photovoltaic transparent layer that makes the electricity directly available to the
EC element. As a consequence, the variation of the glazing thermo-optical
properties is triggered by the photovoltaic electricity produced from the solar
radiation conversion. The electrical separation of the photovoltaic layer from the
electrochromic layer allows both a passive and an active control. However, due to
the low transparency of the PV layer, these components show a narrow
transmittance modulation range [49]. Another improvement to traditional allsolid-state EC glazing is represented by cutting-edge components able to
independently vary their properties in the visible and Infrared Region. In all-solidstate EC components the application of a potential difference causes the
simultaneous variation of visible and NIR transmittance. Recently, EC layers able
to modulate NIR radiation without varying the visible transmittance were
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produced [50,51]. Moreover, an EC component able to independently tune visible
and NIR transmittance was realised [52,53]. This next-generation electrochromic
technologies open new possibilities in the simultaneous improvement of the
building energy performance and visual comfort for the occupants. These two
aspects are in fact in some cases contrasting, and a priority to one of them must be
given, with consequent drawbacks on the other one. With these new technologies
it is theoretically possible in these cases to improve both aspects at a time.
As far as gasochromic glazing are concerned, in these the chromogenic
behaviour is obtained exploiting the same oxidoreduction above described,
activated here not by voltage application but through the exposition of the
chromogenic layer to diluted hydrogen gas (H2) [54]. The working principle of
GC is thus similar to that underlying EC technology, but for the former a simpler
equipment is necessary, consisting of a single chromogenic layer (transparent
conducting films are no longer necessary as no electric field is applied). However,
being gas exchange involved in the chromogenic process, a more sophisticated
control equipment is required [55]. The highest transmittance modulation ranges
have been obtained also in the case of GC glazing with WO3 [56], coupled with a
catalytic layer (PD or Pt) to turn H2 molecules into H+ ions [57]. The transmission
modulation range obtainable for GC components showed to outperform that
relative to most all-solid-state EC glazing [43].
Liquid Crystal (LC) glazing and Suspended Particle Devices (SPD), also
called Electrophoretic glazing, are based on the same working principle: randomly
scattered and oriented particles are suspended in an electrolytic solution.
Whenever an electrically induced (by means of a voltage) magnetic field is
applied to these components the particles are aligned, allowing the radiation to
pass through the glazing. SPDs are composed by two transparent conductor films
separated by a layer of organic fluid (or gel) in which dipolar particles are
suspended [58,59]. As said, when a magnetic field is present these dipolar
particles are aligned, allowing the transmission of light, otherwise light is
absorbed, meaning that light is still transmitted specularly, but the visible
transmittance is decreased. The transmittance modulation range of such
components is dependent on the thickness of the fluid layer and on the
concentration of the dipolar particles suspended [43]. The structure of LC glazing
is similar to that of SPDs, but between the two transparent conductor films is here
interposed a transparent polymeric matrix in which LC droplets are dispersed
[60]. The absence of a magnetic field causes light to be scattered, due to the
polymer matrix and the LC crystals having different refractive indexes, otherwise
the LC droplets are aligned, allowing the light to be specularly transmitted [61].
Both LC and SPD materials show a rapid variation (high speed transition) of the
optical properties and of the light scattering properties between two states,
associated either to the presence or absence of an electrically induced magnetic
field. As a result, the modulation of their optical properties is not continuous, but
is instead of a ON-OFF type. Furthermore, for the transparent state to be
maintained, a voltage has to be continuously applied, resulting in a higher energy
12
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consumption for their operation in respect to that relative to EC components. As a
consequence, they are more suitable for applications requiring the glazing to be
opaque for most of the time. For the SPDs the visible transmittance typically
ranges from approximatively 0.04-0.5 for the OFF state to about 0.5- 0.7 in the
ON state [43,59,62], and their main architectural application is in skylights. As for
the LC glazing, the high transparency of their darkest state (vis = 0.15 – 0.20, gvalue = 0.15 – 0.10) limits their architectural application mostly to internal
separation elements for privacy purposes [63].
In Figure 2 [64] and Figure 3 [65] the variation of the thermo-optical
properties of the adaptive glazing technologies (both active and passive) currently
on the market (solid lines) and innovative (dotted lines) is compared with the
properties of traditional double-glazing units (DGU, grey in Figure 2 and Figure
3). The thermo-optical properties of the DGUs reported in the figures are derived
from the International Glazing Database [66] and each double-glazing unit is
composed by two 10 mm thick glass panes and an air-filled 12 mm cavity, in
which a low-emissive or selective coating is placed on the inner face of the
external glass pane (face 2).
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Figure 2. Comparison between vis and g-value relative to active and passive dynamic glazing
(currently on the market) and traditional double-glazing units [64].
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Figure 3. Comparison between vis and g-value relative to innovative (dotted lines) and currently
on the market (solid lines) active and passive dynamic glazing and to traditional double-glazing
units [65].

Among the existing adaptive glazing technologies, the all-solid-state
electrochromic glazing currently shows the widest construction market
penetration. Moreover, this appears to be the most advantageous technology in
terms of building performance improvements, by reducing the energy needs and
electrical load peaks (for space cooling and lighting) while improving the visual
and thermal comfort for the occupants. This is mainly due to: i) the robustness of
the technology; ii) a large modulation range of its thermo-optical properties (see
Figure 1 and Figure 2); iii) The higher versatility of an active control in respect to
passive adaptive transparent façade technologies.
Current researches in the field of all-solid-state EC glazing are focused on the
following aspects [12,43,67,68]:
-

Scalability: increase the maximum size of production, sputtering and
lamination of the functional transparent and chromogenic layers;

-

Switch speed: increase the speed at which the component colouring
transition occurs;

-

Optical properties modulation range: increase the maximum and decrease
the minimum achievable transparency;

-

IR modulation: development and integration of electrochromic materials
able to independently modulate visible and NIR solar radiation;

-

Tint neutrality: improvement in the neutrality of the glass colouration
(both in transmission and reflection);

-

Substrate flexibility: Sputtering possibility for the functional and
chromogenic layers on a flexible substrate for their integration into curved
glazing;
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-

Control: maximisation of the building energy performance through the
development and optimisation of the control strategies regulating the EC
thermo-optical variations.

The integration of EC glazing technologies into the building envelope can
potentially improve the overall building energy performance by affecting and
lowering the primary energy needs, the heating, cooling and lighting loads and the
summer overheating risk. Moreover, they may lead as well to an improvement in
the daylight availability and to a reduction in the discomfort glare risk due to
direct solar radiation and excessive contrast. The achievement of one or more of
the aforementioned objectives especially depends on the control strategies
adopted during the building operation and on the specific features of the adaptive
glazing systems adopted as well [43,69].

2.3 Control strategies
The management of the transparent adaptive active façade technologies can
be addressed to the compliance of different and often conflicting requirements, i.e.
visual and thermal comfort, reduction in the heating and cooling loads, etc. For
instance, the risk of discomfort glare occurrence in warm climates can be
contrasting in winter with the maximisation of both the solar gains, for space
heating and thermal comfort, and the daylight penetration in the space [70]. The
design and implementation of control strategies for the adaptive glazing
components is thus of paramount importance to ensure a beneficial management
of the building indoor environment. Nonetheless, the conflicting requirements and
the mutual influence of different aspects (i.e. variability of the indoor climatic
conditions, the variation of the comfort requirements, the occupant preferences)
make the design of control strategies for adaptive glazing particularly difficult
[71].
Two different approaches exist in terms of working principle underlying a
control strategy: Rule-Based Control (RBC) and Model Predictive Control
(MPC), also called Receding Horizon Control (RHC) [72]. As far as MPC is
concerned, this is a complex control approach based on the prediction of the
response of a model of the window-building system over a finite-time horizon.
Based on this feedback, a local optimisation of the sequence of states for the
adaptive component to be assumed in this time horizon is carried out at each
timestep [69]. This approach is very promising, as the optimal thermo-optical
properties of an adaptive glazing are defined not relatively to a single moment, but
considering also their effects over a prediction horizon, which theoretically allows
further improvements in the optimisation of the overall energy performance of a
building. So far MPC control strategies have been widely applied to heating,
cooling and HVAC systems, showing to be able to effectively improve the energy
efficiency of buildings beyond that obtainable with traditional methods [73–76].
However, the development and application of such control strategies to active
adaptive transparent components is relatively recent, and although some
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promising results have been obtained at a simulative level [69,72,77], its
application to real cases, as well its real effectiveness are still to be proven.
Regarding Rule-Based Control strategies, this category of algorithms is by far
the most adopted one in the control of active adaptive technologies in simulation
studies, experimental analysis and real buildings. RBCs can be either based on a
basic if-then logic or on the use of single/multiple pre-defined set-points, related
to punctual measurement of internal and external environmental conditions [69].
RBCs control strategies can be applied both to innovative technologies, such as
active adaptive glazing, and to dynamic shading systems, as their operation is
meant for the same purposes and the environmental parameters accounted are the
same. What changes instead are the actions correlated to the operation of the
different technologies.
The RBCs with the most basic structure are those designed to meet only a
single building performance requirement (mono-objective). These are also the
most common ones, since their design is straightforward and their implementation
in real buildings is relatively easy, as the monitoring of one, or at most very few
environmental parameters is required. A great part of the mono-objective control
strategies is designed to improve the overall building energy performance.,
typically in terms of decrease of the energy demand for space cooling, space
heating and lighting considered separately. Since the primary feature of
transparent adaptive façades is that of managing the incoming solar radiation,
which is responsible for the overheating phenomena within a space, RBCs are
often aimed at the minimisation of the energy demand for space cooling. In many
cases this is done through a direct correlation between the incident radiation on
the window plane and the operation of the adaptive glazing [78–83]. Different
radiation values have been assumed as set-points for the operation of the adaptive
glazing (either in ON/OFF control strategies - OCS or in linear switching control
strategies - LCS), depending on the characteristics of the case study analysed,
geographical location, orientation and Window-to-Wall Ration (WWR). As far as
the WWR is concerned, Sullivan et al. [84] tested the effect of different set-point
ranges for the linear switching of an EC glazing, concluding that for moderate
WWR a large set-point range is preferable as it was proved to increase the
daylight penetration within the room, resulting in a decrease in the energy demand
for lighting, with no significant effect on the energy demand for space cooling.
Conversely, for a high WWR, which already provides an adequate daylight level
within the room, a smaller set-point range is more suitable, as it proved to prevent
overheating phenomena and the consequent increase in the energy demand for
space cooling. As for geographical location and orientation, Gugliermetti and
Bisegna [70] analysed the effect of different radiation set-points on the four
window orientations (N, S, E and W) in three different Italian cities, namely
Bozen, Rome and Catania. They found out that a lower energy consumption,
considering space cooling and lighting, is achievable through lower set-points for
lower latitudes and, at the same latitude, decreasing set-points for south, west and
east and north respectively. The typical radiation set-points adopted in the
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literature range from 100 W/m2 to 400 W/m2, but also higher set-points can be
found.
The energy demand for space cooling can also be reduced by correlating the
operation of the adaptive glazing to the presence of a cooling load in the last
timestep before the one considered [84,85]. Whenever a cooling load is detected
the adaptive glazing is set to its darkest state with the purpose of minimising the
solar heat gains. A similar solution can also be found relative to the minimisation
of the energy demand for space heating, in which the glazing is brought to its
clearest state whenever a heating load is detected, with the aim of maximising the
solar gains [82,86]. In addition. these two solution are often combined, aiming at a
simultaneous reduction of the energy demand for both space heating and space
cooling [87,88]. An approach different from the ones seen so far consists in the
minimisation of the energy demand for space cooling by controlling, through the
operation of the glazing system, the indoor air temperature [86,89] or the indoor
operative temperature [90]. RBCs correlating the adaptive glazing operation both
to the presence of loads and to an indoor temperature (air or operative) often
consider also the occupancy profile of the case study, so as to guarantee the
comfort temperature, correlated to a higher energy consumption, only when the
space is actually occupied [79,88]. A simpler alternative to all the aforementioned
approaches is represented by the operation of the adaptive glazing according to a
fixed schedule, determined according to the criticalities relative to climate and the
features of the space [91]. The schedule might be referred to a daily time horizon,
aimed at minimising the cooling loads in the hottest hours of the day in a hot
climate [80], or can be referred to a whole season, with the purpose of maximising
the winter solar heat gains and avoiding overheating phenomena in summer [92].
As far as the energy demand for lighting is concerned, this one fully depends
on the amount of daylight entering the space. For this reason, in many RBCs it is
considered as a consequence of how the glazing is operated in order to minimise
the cooling loads, especially in those control strategies based on radiation setpoint ranges. In fact, these two aspects are contrasting with each other, as the
energy demand for lighting is minimised when the glazing is fully bleached,
which in turn is the most unfavourable condition for the energy demand for space
cooling in presence of solar heat gains in the hot season. In some control
strategies the radiation set-points are determined so as to minimise the increment
in the energy demand for lighting while minimising the energy demand for space
cooling [70,84]. Apart from this, in the RBCs aiming at the minimisation of the
energy demand for lighting the operation of the active adaptive transparent
adaptive component is in most cases correlated to the horizontal illuminance
within the space at the height of a workplane. In these control strategies the
optical properties of the adaptive glazing are modulated in order to provide a
daylight illuminance level just equal to a defined set-point, but not higher than
that, in order to prevent summer overheating due to an excess in the solar
radiation entering the room [81,84,85,89,93,94]. The illuminance set-point is
defined so as to ensure an optimal visual comfort condition to the occupants, in
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respect to the building typology and to the visual task that needs to be performed.
Typical values for an office building range from 323 lx (30 fc) to 600 lx (56 fc),
even if the most common set-point is equal to 500 lx, in compliance with [95].
Most Rule-Based Control strategies address only one of the aspects above
analysed, nevertheless a small part of them deal with a combination of the
approaches seen so far. Although these ones are more complex than the RBCs
listed above, they still are mono-objective control strategies, as their purpose is
that of optimising the building energy performance alone. The typical structure of
these control strategies is that of nested if,and-then or if,or-then instances, in
which the number of nested levels depends on the different aspects considered
[81,86]. More advanced multi-criteria mono-objective RBCs show to have an
even more complex structure, comparable to a decision tree [88]. As Multi-criteria
mono-objective control strategies account for multiple aspects when operating the
glazing, these are generally more effective than mono-criteria moo-objective
control strategies in improving the overall building energy performance. The main
aspects these RBCs consider in their algorithm include but are not limited to: the
indoor air (or operative) temperature; the occupancy profile of the space; the
presence of cooling or heating loads; the incident radiation on the window plane;
the daylight level in the indoor space [79,82]. For a fine modulation of the
thermo-optical properties of transparent adaptive components the most complex
control strategies add to the aspects above listed also a seasonal schedule of the
heating and cooling period and a sun tracking algorithm coupled with a cloud
cover monitoring system [96,97].
Furthermore, a few studies investigated the use of either PI and PID control
strategies based on internal illuminance or fuzzy logic based on both user
preferences and measurements of internal illuminance, incident solar radiation on
the window plane and internal air temperature [80,98]. Specifically, in the first
control strategy the difference between the indoor average horizontal illuminance
and a reference value is used as input for the PID controller, which in turn defines
the operation strategy for the adaptive glazing. As for the strategy based on a
fuzzy logic, this one, by means of a backpropagation algorithm, rather than
having a predetermined rule structure, is able to automatically adjust the rules to
the feedbacks deriving from the adaptive glazing operation. Although both types
of control strategies showed to be very promising, their intrinsic complexity, as
well as the high degree of expertise required for their development and
implementation to real cases have acted as bias for their further development.
As regard visual comfort, Rule-Based Control strategies aimed at the
optimisation of this aspect are less frequent than the ones conceived to reduce the
building energy consumption. The visual comfort-related aspects considered in an
RBC are in most cases two: daylight availability and glare condition.
As far as the daylight level within a room is concerned, this one is nearly
always evaluated by means of the horizontal illuminance in one or few points on
the workplane, so as to guarantee the minimum illuminance requirement to
perform a visual task. This aspect is intrinsically linked to the energy demand for
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lighting, and for this reason it is always considered in terms of the energy
consumed to provide a given visual comfort level, this one ensured by the
horizontal illuminance set-point. As a consequence, the same considerations made
above relative to RBCs aimed at the minimisation of the energy demand for
lighting apply here as well, as these two aspects are never considered separately.
Generally the horizontal illuminance is assessed in one or few representative
points on the workplane [80,81,94], which may not be suitable for applications in
real buildings. Tzempelikos and Shen [99] proposed a different approach in which
the horizontal illuminance on the workplane was experimentally correlated to the
transmitted vertical illuminance, so as to reduce the points of measurement to only
one point located far from the workplane. The authors concluded that for such a
proxy the illuminance set-point correlated to a horizontal illuminance value of 500
lx is not fixed, but varies depending to the distance window-workplane and on the
geometry of the space analysed. As a consequence, a correlation between the
transmitted vertical illuminance and the horizontal illuminance on the workplane
should be carried out for each space considered.
With regard to the glare condition, this one is considered in Rule-Based
control strategies according the evaluation of different environmental parameters,
the simplest and most widespread of which is the incident solar radiation on the
window plane [81,94]. However, significant differences can be observed in the
set-point or set-points determined in different studies for the operation of the
adaptive glazing, ranging from 63 W/m2 to 315 W/m2, and in many cases a
correlation to the actual glare sensation perceived by the occupants is not
performed [87]. Gugliermetti and Bisegna [70] correlated the incident solar
radiation on the window plane to the glare condition of the occupants, assessed by
means of the Daylight Glare Index (DGI) [100–102] according to the procedure
proposed in [103]. They found out that a set-point of 250 W/m2 is adequate for
preventing discomfort glare for a glazing with an overall visible transmittance
equal to 0.211, while this value should be lowered to 100 W/m2 in presence of a
more transparent glazing system, with a visible transmittance of 0.455. A different
but still simple approach consists in the evaluation of the vertical illuminance on
the window plane, for which the typical set-point ranges from to 15000 lx to
30000 lx [89,94,104,105]. Other than the incident radiation or illuminance on the
workplane, the glare condition is often correlated to the incident radiation on the
workplane [92,106]. In this case a fixed set-point of 50 W/m2 is adopted, in
accordance to the specifications of the lightswitch model [107].
All the solutions analysed so far were all indirect approaches, i.e. the glare
condition was indirectly assessed (and optimised) through the evaluation of a
proxy based on an environmental parameter. As for the direct approaches, the
most common one is that of assessing the glare sensation through the Daylight
Glare Index [85,92,108]. This metric is quite old and some limitations relative to
its applicability have been highlighted, among which the most critical one consists
in the overestimation of the glare condition actually described by the users in
presence of large-non uniform glare sources [109]. Nevertheless, the DGI is still
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used to evaluate the glare condition of the occupants and the main reason for this
lies in the fact that the calculation of this metric is implemented within
EnergyPlus [110], currently one of the most widespread and used building
performance simulation tools. Besides DGI, another metric can be used as glare
predictor: the Daylight Glare Probability (DGP) [111]. Although this metric is
more advanced and up-to-date in respect to DGI, its use is not very common,
mainly due to the fact that its calculation has to be performed by means of a
daylight simulation software and the required computational time is much higher
than that necessary to calculate the DGI. Anyhow, some examples of RBCs aimed
at a glare optimisation through the assessment of DGP can be found in literature
[69,112].
RBC control strategies, as seen, are mainly designed to ensure only a single
building performance requirement, i.e. only the reduction of the building energy
use or the optimisation of the comfort condition of the occupants. Only a few
studies assessed the effects of the control strategy in a comprehensive way by
addressing at the same time both energy performance and visual comfort
requirements [82,83]. Favoino et al. [69] compared the effects relative to monoobjective RBCs aimed either at reducing the overall building energy consumption
or at optimising the glare condition for the occupants with multi-objective control
strategies aimed firstly at a minimisation of the discomfort glare condition and
then to the optimisation of the overall building energy performance. The study
concluded that for cooling dominated climates the minimisation of the building
energy use and the maximisation of visual comfort are overlapping aspects, while
in cooling dominated climates multi-objective control strategies such as the ones
proposed in the paper may negatively influence the final building energy
consumption. In addition, also the variation of the control set-points for the
operation of adaptive transparent components may significantly affect both the
indoor environmental quality and the building energy performance: as an
example, variations in the building heating and cooling needs (25% and 40%,
respectively), and in the winter and summer electricity needs for lighting (20%
and 65%, respectively), were reported in different studies [113,114]. Furthermore,
Loonen et al. [86] also estimated the influence of the control parameters on the
overall building energy use equal to approximatively 30%, while the influence of
these on visual and thermal comfort aspects was quantified to be between 40%
and 70%.

2.4 Daylight glare assessment
Daylight visual comfort is a complex phenomenon influenced by several
lighting aspects, including the illuminance on task surfaces and the glare related to
daylight sources. These are commonly taken into account with objective
parameters, including: the horizontal illuminance on the workplane, which is the
quantity most commonly used to assess the lighting performance in a space; the
luminance distribution in the occupants’ visual field; the colour of the light
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perceived by the occupants. In spite of its importance for visual comfort, daylight
discomfort glare is not so commonly addressed in the control and operation of
active adaptive transparent façade components. Even when it is considered, glare
from daylight is in most cases only indirectly evaluated through the incident
radiation or illuminance on the window plane or the incident radiation on the
workplane, all approaches that may result quite inaccurate in the estimation of
such a complex matter. More advanced procedures and metrics for a more
accurate estimation of the daylight glare condition exist, but they these are only
seldom implemented in Rule-Based Control strategies aimed at operating the
window to optimise the visual comfort level of the occupants. This is due to the
intrinsic complexity of the glare phenomenon, which has both a temporal and a
spatial variation: it is a function of the user’s position and direction of view and it
is influenced by the dynamically changing luminance of the sky dome. Moreover,
it is influenced by material properties and geometrical aspects (i.e. window optical
properties; presence, materials and geometry of moveable shading devices etc.),
which makes the evaluation of annual daylight glare even more complex [115].
A number of different glare indices were proposed in the past to quantify the
discomfort glare potentially perceived by building occupants. Most of them were
developed and validated for glare conditions caused by artificial light sources
only. The first attempt to quantify glare from daylight was the “Daylight Glare
Index” (DGI) [100], which had the merit to introduce in its equation all the main
factors potentially concurring in the determination of a glare condition from
daylight: luminance and solid angle of the source, average luminance of the
background, position of the light source relative to the observer’s field of view.
However, even if it was later implemented [116], DGI showed a low reliability as
a glare predictor in the presence of windows (especially large windows,
constituting most of the observer’s field of view, or when the sun is in the
occupant field of view), as in fact for most practical situations, the DGI showed to
overestimate the glare condition actually described by the observers [109,117–
119]. For a more general insight, a critical overview of the first glare indices is
reported in [120]. As seen, despite the strong limitations highlighted, the DGI
currently remains the most used glare predictor in the numerical assessment and
development of Rule-Based Control strategies for adaptive glazing. This is mainly
due to the fact that its calculation is implemented within EnergyPlus, i.e. one of
the most widespread Building Performance Simulation tools. As a result, this
metric can be calculated directly within an energy simulation software, without
the need of coupling this one with a daylight simulation software, as it happens
instead for most of the other glare metrics.
To simplify the calculation of the daylight glare, attempts were made to
estimate it by using the vertical illuminance at the eye level of the occupant, in
replacement of the background luminance [121]. Osterhaus [122] assessed
experimentally the subjective glare rating expressed by a sample of observers in
the presence of large surfaces of non-uniform luminance (produced with electric
lighting) and compared them to objective measurements of several glare indices,
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including DGI and eye vertical illuminance. In this study DGI showed the
weakest correlation with subjective glare rating, while the vertical illuminance at
the observer’s eye showed the best correlation.
Following up an approach based on vertical illuminance, Wienold and
Christoffersen [111] more recently introduced a new index, the Daylight Glare
Probability (DGP), which expresses the percent of occupants disturbed by a
daylighting glare situation. The index was validated by the same authors against a
thorough set of experimental measures in real office rooms. Conceptually, the
DGP accounts for luminance of daylight glare sources as well as for the vertical
illuminance at eye level. This new method was implemented in the lighting
calculation engine Radiance [123], through the purposely-developed tool
Evalglare [124]. The calculation of DGP requires an HDR image (a photography
or an image generated through a simulation) and a long computational time
(especially for an annual glare analysis) to process luminances / illuminances in
the scene with respect to one or more positions and directions of observations
[125]. Moreover, a study by Pierson et al. [126] highlighted how a superficial
understanding of the input data for Evalglare may lead to an inappropriate
detection of glare sources, which in turn may determine an inaccurate estimation
of glare indices. Since its introduction, the DGP has been adopted in several
research studies to perform point-in-time or annual glare analyses, also in the
presence of moveable shading or complex fenestrations systems [88,127–130].
At the same time, the evaluation of daylighting in buildings has moved toward
the so-called climate based daylighting modelling (CBDM) [131,132], which
considers annual dynamic daylight conditions (both sunlight and skylight), rather
than limiting the analyses to single scenarios (i.e. overcast skies). The DGP is
inherently a CBDM metric, as it depends on the sky luminance distribution,
nevertheless, an annual DGP analysis is far time consuming, as it requires an
HDR image to be generated for each time-step (typically an hour) considered
during the course of a year. Furthermore, the DGP is dependent on the position
and direction of view of the evaluation, which means that the calculation should
be repeated for all relevant points in the space.
Different approaches to allow faster annual glare analyses were proposed in
the past. Among the most relevant ones, two simplified methods were introduced
by one of the authors of the DGP. The first one is the enhanced simplified
Daylight Glare Probability, in which a simplified image is rendered for every
considered time-step of the year, thus reducing the computational effort. This
image accounts for the luminance of the main glare sources alone, without
considering the exact luminance distribution within the room [133]. This solution
allows a significant reduction in the computation time, as light inter-reflections
are not accounted, but may present an underestimation problem in the presence of
materials with a low visual transmission, translucent materials or materials that
scatter the transmitted or reflected light. The enhanced simplified DGP proved to
have a good correlation with DGP, therefore it was implemented in Radiance to
allow faster annual glare simulations. The second simplified method introduced
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by Wienold is the DGPs [134], which was conceived with the aim of excluding
the luminance contrast component from the glare evaluation, hence further
reducing the computational effort required. As a result, the DGPs is calculated
from the eye vertical illuminance, which was correlated to DGP through a linear
equation. Despite the DGPs allows faster annual evaluations (as it does not
require an image to be generated for each time-step), it showed a good correlation
with the DGP only for conditions when direct sunlight or highlight reflections are
not present in the scene.
A further attempt to simplify the calculation of the daylight glare was carried
out by Kleindeinst et al. and by Gagne et al. [135–137], who developed a
simplified methodology (the model-based DGP approximation method - DGPm),
that uses luminance sources only for contrast evaluations through low-render
images for a limited but representative set of 56 time-steps throughout a year.
When compared to the DGP, as calculated using the Evalglare program in
Radiance, the DGPm showed a correspondence within a 10% error over 90% of
the time [135]. Moreover, the DGPm also allows spatial glare assessments to be
carried out for a grid of points inside a space. The algorithm to generate the
DGPm was implemented in Lightsolve [138]. A more in-detail review of indexes
to evaluate discomfort glare can be found in [139].
Besides the attempts to develop methods for simpler but reliable glare
analyses, some metrics were introduced to assess the risk of discomfort due to
over-lighting in the frame of the CBDM approach. They are based on the annual
workplane illuminance, which gives several advantages in terms of computation
time. Two metrics estimate the percentage of occupied time for which a potential
glare condition, corresponding to global illuminance over a threshold value,
occurs in a point (DAmax [132] and UDIexceeded [140,141]), while a third metric
considers the percentage of space with a direct illuminance from the sun over a
threshold value (1000 lux) for more than a certain amount of time (250 hours)
over the year [142]. A review on the CBDM metrics that were proposed can be
found in [143].
Following a different approach, Torres et al. [144] compared through a
parametric study four illuminance-based metrics to the DGP: horizontal
illuminance, vertical illuminance, vertical illuminance vector, and cylindrical
illuminance. Through a fault-detection analysis, they found a correlation of each
metric to the DGP in terms of capability of detecting or not a glare/non-glare
condition. Based on the results, they proposed the use of the cylindrical
illuminance as an accurate alternative metric to the DGP, with the advantage of
retaining the vertical component of illuminance, while being view independent. A
somewhat similar research, focused on studying a relation between the UDI and
the DGP, was carried out by Mardaljevic et al. [145].
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2.5 Building performance simulation tools
The performance of adaptive façade technologies can be assessed by means of
numerical models and simulation software. However, due to their intrinsic
complexity related to a dynamic variation of their features over time, this results
in a difficult task. Moreover, due to their multi-domain influence, a
comprehensive assessment of their performance should involve the evaluation of
their effects both on energy-related and visual comfort-related aspects. In this
sense, currently available dynamic simulation software show significant limitation
in the evaluation of the performance of buildings embedding adaptive glazing
systems.
As far as Building Energy Performance Simulation (BEPS) tools are
concerned, an extensive review of the possibilities and limitations of the main
currently available BEPSs in assessing the performance of adaptive façade
components was carried out in [146]. This study shows that different BEPSs offer
the possibility of numerically assessing the energy performance related to the
most widespread transparent adaptive façade technologies (EC, LC, SPD, TC, TT,
PC, PVC) by means of built-in models directly available within the program. For
these components the thermo-optical properties are variated within the simulation
run-time. The differences between the various BEPS lie in the different levels of
expertise required to perform such evaluations and in different possibilities
offered in the discretisation of the behaviour of the component into static states
(ON/OFF or linear switching). However, for most innovative transparent adaptive
façade components (near-infrared EC, independently visible-near infrared tunable
EC, fluidglass, etc..) built-in models do not exist. In addition, the available built-in
models are not able to take into account complex phenomena related to the
behaviour of adaptive glazing, such as the hysteretic behaviour observed for
different passive adaptive transparent components (TC, TT, PCM). In these cases,
the performance of these adaptive façade components is assessed as sum of
independent static states simulated separately and merged only afterwards
according either to a control strategy (active components) or an intrinsic switching
mechanism (passive components) [147] or a pre-defined schedule as well [148].
The authors conclude that on one hand such approach could be useful in the
simulation of transparent adaptive façade technologies for which a model is not
available, but on the other hand it is not able to consider the effect of a delayed
thermal response due to the capacitance of building components. As a
consequence, the use of approximate models may lead to significant errors in the
results, as they are not able to handle the building thermal inertia.
Among the BEPSs the authors analysed [146], only three tools, namely
EnergyPlus [110], IESVE [149] and IDA-ICE [150], showed the ability to
perform, along with energy simulations, also daylight evaluations. These are
performed by means of the radiosity method [151] in IDA-ICE and by means of
the split-flux method [152] in IESVE, while EnergyPlus offers the possibility of
choosing between these two approaches [153,154]. However, both these methods
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show a lower degree of accuracy in respect to those implemented in daylight
dedicated simulation tools, such as Radiance [123] or DAYSIM [155], for which
an experimental validation was carried out [156,157]. Ramos and Ghisi [158]
compared the indoor horizontal illuminance in two points with both the radiosity
and the split-flux methods, assessed through EnergyPlus, to that calculated
through the Daylight Coefficient method (DC method) [159,160], evaluated by
means of DAYSIM. The comparison was performed for different room
geometries and different orientations, highlighting differences between the
EnergyPlus and DAYSIM results up to 20%. As far as transparent adaptive façade
components are concerned, due to their strong influence on both energy and visual
comfort aspects, a comprehensive and accurate evaluation of their effects on both
these physical domains is preferable, in order to support design choices related to
these innovative components with accurate and reliable data. Moreover, with
regard to the operation of active transparent adaptive façade components, such a
comprehensive multi-field evaluation implies also the possibility of developing,
simulating and optimising advanced multi-objective rule-based control strategies,
taking into account at the same time constraints relative to visual comfort and
energy performance. To overcome the restricted (or absent) cross-domain
capabilities shown by all the BEPS tools, the most effective solution is
represented by the exchange of information between an energy dedicated
simulation tool and a daylight dedicated simulation tool [146]. This solution
allows exploiting the strength of the different software and evaluating with a high
degree of accuracy the results relative to both domains. The information exchange
between the two simulation tools can be managed either before the simulation
(data integration) or during the simulation run-time (co-simulation). The former
solution consists in a data exchange between two simulation tools, in which the
simulation relative to one of them has to be performed and the results provided to
the second tool before carrying out its simulation. Co-simulation instead refers to
a simulation strategy in which two different simulation tools solve a system of
coupled equations through a data-exchange directly within the simulation runtime [161]. Both approaches proved to be effective, and between them data
integration is certainly easier, as a lower degree of expertise is required and the
workflow is quite straightforward. However, attention should be paid in the data
integration algorithm, as an incorrect exchange of information could cause
inaccuracies or errors in the final outcomes. Co-simulation instead offers a more
flexible approach, but at the same time requires a high level of expertise to be
performed, as well as the use of middleware tools to manage together the different
simulation software.
Different examples of application of the two simulation strategies can be
found relative to moveable shading systems, specifically complex fenestration
systems (CFS). Bustamante et al. [162] proposed an integrated energy-visual
comfort approach for the determination of the optimal control of different CFSs.
This approach makes use of EnergyPlus as energy simulation software and of
Radiance as daylight simulation software, besides a dedicated tool, mkschedule
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[163], used to determine at each timestep the optimal slat position in order to
maximise visual comfort, evaluated through the sDA and ASE metrics [142], and
contextually minimise the building energy use. Hoffmann et al. [164] proposed a
similar approach to evaluate the effects of a control strategy aimed at the
minimisation of the glare condition, assessed by means of both the DGI and the
DGP, applied to different CFSs. Again, EnergyPlus was adopted as energy
simulation software and Radiance as daylight simulation software. The glare
calculations, performed by means of Radiance, were run prior to the actual
simulation and an hourly scheduled based on the DGI or DGP results was used to
control the shading system. Moreover, in this study the higher accuracy of
Radiance, in respect to EnergyPlus, was exploited for a more precise evaluation of
the radiation heat transfer through the façade, assessed by means of the absorbed
solar radiation. De Michele et al. [165] proposed a different approach to evaluate
the effects, both on energy and visual comfort aspects, of two control strategies
for a CFS, one aimed at the minimisation of the energy use and the other aimed at
the maximisation of the visual comfort condition for the occupants, assessed by
means of horizontal illuminance levels on the workplane. This approach makes
use of Radiance as daylight simulation software and TRNSYS (type 56) as energy
simulation software. By means of a dedicated TRNSYS type (Type DLT), written
on purpose by the authors, a co-simulation routine between the two software was
enabled, allowing an optimisation of the CFS state according to the control
strategy within each timestep. Examples concerning the integrated use of energy
and a daylight simulation tools different from those analysed here can be found in
the literature as well [166–168].
As far as transparent adaptive façade components are concerned, very few
examples can be found of an integrated or coupled simulation strategy for a
comprehensive evaluation of visual comfort related and energy related aspects.
Loonen [169] proposed a simulation approach in which a full coupling of the
tools ESP-r (thermal domain) and Radiance (daylight domain) was performed
through the use of BCVTB [170] as simulation manager. Such structure was used
to carry out at each timestep an optimisation of the adaptive glazing state
according to an MPC control strategy considering both daylight and thermal
constraints at the same time. In more detail, at each timestep Radiance was used
for the simulation of the daylight related aspects (illuminances, DGP and power
fraction of the lighting system), whose outcomes were then fed, by means of
BCVTB, to ESP-r for the thermal simulation. The results of both simulations were
then evaluated through a pre-defined objective function implemented in an
external MATLAB script, aimed at optimising the thermo-optical properties of the
adaptive glazing in respect to a receding time horizon. Depending on the outcome
of this phase, further simulations could be run within the same timestep, until the
optimisation of the glazing state was carried out. The simulation process would
then move a timestep forward, for which the same actions above described would
be repeated until completion of the process. Although this approach is very
promising, it requires a very high level of expertise to be carried out. Moreover,
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the visual comfort aspects (including the horizontal illuminance on the wotkplane)
were assessed only for one or few points in the room, which may not be
representative for the whole space analysed. In addition, the proposed MPC
control strategy makes use of a linear objective function to evaluate the different
constraints and optimise the state of the adaptive glazing. In this one, the
weighting factors assigned to visual comfort and energy performance were equal,
although, as stated by the author itself, different weighting factors could lead to
significant differences in the final outcomes.
Loonen et al. [89] assessed the effects of the operation of a switchable glazing
according to different control strategies on both visual comfort condition of the
occupants and building energy performance. The simulation approach proposed
makes use of DAYSIM as daylight simulation software and TRNSYS (type 56) as
energy simulation software. In more detail, annual daylight simulations relative to
luminance, illuminance and DGP were carried out in a pre-processing phase. The
outcomes are then provided to TRNSYS, in which during the simulation runtime
the most adequate thermo-optical properties of the glazing are chosen according
to the selected control strategy (based on either thermal or lighting
considerations). Through the proposed approach it was possible to evaluate both
the building energy performance and the visual comfort condition of the
occupants, assessed in terms of Useful Daylight Illuminance and Daylight Glare
Probability. However, all the control strategies considered were mono-objective
rule-based control strategies referring either to the thermal physical domain or to
the visual comfort one, but not to both at the same time.
Following a similar approach, Favoino et al. [69] proposed an integrated
simulation strategy that, by managing together DAYSIM and EnergyPlus, allowed
a simultaneous evaluation of the effects of the operation of a photovoltachromic
glazing on energy performance and visual comfort, assessed by means of Useful
Daylight Illuminance and Daylight Glare Probability. In more detail, annual
illuminance and DGP simulations were performed for all the states the adaptive
component could assume at a pre-processing stage. These outcomes were then
supplied to EnergyPlus. through which, by means of the Energy Management
System (EMS) module [171], the most adequate state of the adaptive glazing was
chosen in accordance with the control strategy considered. The use of the EMS
enabled: i) the variation of the thermo-optical properties of the component within
the simulation runtime; ii) the computation of variables used for building services
integration from both internal outputs (EnergyPlus) and external outputs
(DAYSIM); iii) the control of building services and the artificial lighting system.
Different rule-based control strategies were considered in this paper, including
multi-objective multi-domain control strategies aiming at an optimisation of the
glare condition for the occupants and consequently a minimisation of the building
energy use. In this sense, the operation of the adaptive glazing was performed,
within the EMS, by considering at the same time thermal and visual constraints.
Furthermore, also model predictive control strategies were considered in this
study, for which a custom-defined MATLAB [172] script and the tool GenOpt
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[173] were used in the simulation strategy to perform a local optimisation directly
within the simulation runtime to define the most suitable state the glazing should
assume according to visual and thermal constraints in the prediction horizon
defined. From the visual comfort point of view, the Useful Daylight Illuminance
was calculated for two points only within the room, which may not be
representative of the visual comfort conditions of the occupants occurring
throughout the whole space considered.

2.6 Conclusions
From the analysis of the state of the art what emerges is that a number of
different transparent adaptive façade solutions are available at present time, based
on different working principles and each showing specific features in the way
their thermo-optical properties are modulated. A numerical assessment of their
performance is possible for only some technologies, which are the most
widespread, but for most of them, including innovative components, this
evaluation is not possible. Moreover, it is not currently possible to simulate
complex phenomena relative to the behaviour of some transparent adaptive
components, such as the hysteretic behaviour typical of some passive components
(TC, TT, PCM). Some workarounds allow overcoming the above issues, but these
are based on simplifications of the physical phenomena connected to the variation
of the features of an adaptive material, implying a high degree of inaccuracy in
the outcomes. Moreover, current BPS tools do not allow a comprehensive and
simultaneous evaluation of the effects of the behaviour of transparent adaptive
components on both visual comfort of the occupants and energy performance of a
space. As a result, only a partial evaluation of these effects is possible, which may
in turn negatively affect choices relative to the design or the operation of these
components. As an example, transparent active adaptive façade components are
mainly operated according to rule-based control strategies aiming at the
optimisation of their performance relative to one single physical domain, either
energy or visual comfort performance. Since a comprehensive evaluation is not
possible, the effects of such operation on the other domain are neglected, although
these may ultimately negatively influence the final overall building performance.
As regard the visual comfort condition of the occupants, this is assessed
mainly in terms of horizontal illuminance on the visual task, and less often also in
terms of glare condition of the occupant. Moreover, the daylight glare risk is
mainly evaluated for one or few significant points in the space, as an analysis of
this phenomenon for higher spatial resolutions (as already happens for the
illuminance assessment) according to the most advanced and accurate metric
(DGP) is far time consuming. This is true for both the daylight simulation tools
and the available advanced methods for an assessment of the visual comfort
performance of transparent adaptive façades. However, such punctual evaluation
of this phenomenon may not be representative of the glare condition occurring
throughout the whole space considered, which again may negatively affect
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choices relative to the design and the operation of transparent adaptive façade
components. These choices may ultimately result in a lower comfort condition or
in a higher energy use than those estimated, depending on whether the occupant
can or cannot interact with the transparent adaptive technology.
All the above issues prevent a full exploitation of the technical potential of
transparent adaptive façade components, as it is currently possible to achieve only
a partial picture of the performance of such technologies. The research activity
was therefore aimed at overcoming the highlighted limitations, in order to make
the expected energy savings and the high comfort level expectations related to
these innovative components really achievable. In this framework, the Ph.D.
thesis proposes a novel simulation methodology for a simultaneous, accurate and
comprehensive assessment of the effects of the behaviour of transparent adaptive
façade technology on visual comfort and energy aspects (Chapter 3). As for the
latter, a simplified and fast approach is proposed for evaluating the glare condition
of the occupants throughout a whole space (Chapter 4).
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Chapter 3
Novel integrated simulation
methodology for transparent
adaptive façades
3.1 Introduction
Part of the work described in this chapter has been previously submitted by
the author and co-workers to international peer-reviewed journals [7] or presented
at international conferences [174].
The possibility of numerically assessing the performance of transparent
adaptive façade components could play a crucial role in fostering their adoption in
the building industry, as well as in supporting the development of innovative
adaptive components. However, from the analysis of the state of the art presented
in the previous chapter, it emerged how currently available BPS tools are
inadequate to provide a comprehensive evaluation of the performance of
transparent adaptive façade components. Two main limitation were identified: (i)
inability to simultaneously evaluate in an accurate and comprehensive way the
effects of the behaviour of a transparent adaptive component on energy and visual
comfort aspects; (ii) inability to model complex phenomena relative to the
behaviour of some transparent adaptive technologies (e.g. hysteretic behaviour).
Starting from these premises, a novel integrated simulation methodology was
devised, aimed at overcoming the highlighted limitations of BPS tools in the
evaluation of the performance of transparent adaptive façades.
Section 3.1 presents the architecture and workflow of the integrated
simulation methodology proposed. The choice of the daylight and energy
simulation tools selected for the data integration is detailed, as well as the
methods used to overcome the limitations previously highlighted. Finally, an
overview of the capabilities of the proposed simulation methodology is provided,
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along with the advantages and possibilities deriving from its application for the
evaluation of the performance of transparent adaptive façade components.
Sections 3.3 and 3.4 provides two applications of the above methodology to
two case studies, with the aim to demonstrate the capabilities of the methodology
proposed. In more detail, section 3.3 presents the application of the integrated
simulation methodology for a comprehensive assessment of the performance of a
passive adaptive transparent façade component, namely a thermochromic glazing
characterised by a hysteretic behaviour. Section 3.4 presents the application of the
proposed methodology for an accurate and comprehensive evaluation of the
effects over both energy and visual comfort performance of an active transparent
adaptive component, i.e. an electrochromic glazing, operated according to
different mono-objective and mono-domain control strategies.

3.2 Simulation approach and workflow
In the present section the integrated simulation approach proposed in the
framework of this thesis is described in detail.
This approach manages together an energy simulation tool and a daylight
simulation tool by means of data-integration, within the methodology developed
by Favoino et al. [69] to simulate adaptive glazing, which relies on the use of the
Energy Management System (EMS) [171] module of EnergyPlus [110]. This
approach was enhanced by custom-defined EMS and python [175] scripts to
allow: i) a comprehensive evaluation of the visual comfort condition of the
occupants, assessed both in terms of daylight availability within the whole space
and glare condition for the occupants; ii) the assessment of the effects of advanced
multi-objective multi-domain control strategies; iii) the evaluation of the effects
due to complex phenomena relative to the behaviour of adaptive glazing, such as
the hysteretic behaviour observed for some passive transparent adaptive
components. In more detail, a bespoke BPS tool was developed within a
parametric environment through Rhinoceros [176] parametric plugin Grasshopper
[177]. Its add-on Ladybug/Honeybee [178] was used to manage together
EnergyPlus and DAYSIM [155] and ensure a complete interoperability between
the two software. Finally, a number of custom-defined Python [175] scripts was
created for different purposes, including the parametric definition of the numerical
model defining the adaptive components behaviour and modulation range and the
post-processing of the daylight results to calculate the annual visual comfort
metrics.
EnergyPlus was chosen as energy simulation software as its Energy
Management System (EMS) tool [171] allows the definition of custom-defined
numerical models for the behaviour of transparent adaptive components. In more
detail, by means of its actuator construction state it is possible to vary the thermooptical properties of the component within the simulation runtime [179]. The use
of this EMS actuator to variate the thermo-optical properties of a transparent
component was validated against both experimental data and numerical models
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[180]. The error committed was found to be comparable to that relative to
validated glazing numerical models [181]. Moreover, EnergyPlus software
undergoes both analytical and comparative validation tests [182] and, as a
consequence, the EnergyPlus model can be considered as validated.
DAYSIM 4.0 [155] was chosen as daylight simulation software. This is a
Radiance-based daylight simulation tool allowing annual evaluation of daylight
conditions within a space by means of the Daylight Coefficients (DC) method
[159,160,183]. Not only DAYSIM is a validated software [157,184], but the
higher accuracy of its daylight calculation engine, i.e. Radiance [123], in the
simulation of the daylight conditions within a side-lit office space in respect to
EnergyPlus was also numerically [158] and experimentally [179] demonstrated.
The simulation strategy workflow, graphically represented in Figure 4, is
subdivided into 4 steps, explained in detail in the present section.
STEP 1 – Discretisation of the modulation range into static states
The thermo-optical range of variation of the adaptive glazing is discretised
into a number of static states whose thermo-optical properties vary within those of
the clearest and darkest states. Higher discretisation resolutions (a higher number
of static states) allow a higher accuracy in the final results, but also imply a higher
computational effort for the annual simulations to be carried out. The
discretisation should be therefore performed in a number of static states offering
the most viable trade-off between the accuracy of the outcomes and the
computation time required, depending on the scope for which the integrated
simulation methodology is applied.
STEP 2 - Daylight Simulation
For each static glazing, derived from the discretisation performed in the
previous step, an annual daylight simulation is performed through the software
DAYSIM. Horizontal illuminance and Daylight Glare Probability for one or more
significant points within the room are calculated for every timestep of the year for
each static state. Moreover, the power fraction relative to the lighting system,
which depends on the horizontal illuminance values obtained and on the minimum
illuminance requirement set, is calculated for every timestep of the year as well.
Output of this step are, for each static state, a power fraction annual profile, a
horizontal illuminance annual profile and a DGP annual profile. Relative to every
timestep of the year, the first profile contains a power fraction while the second
and the third one contain, for each point considered, a horizontal illuminance
value and a DGP value respectively.
STEP 3 – Numerical model and Energy simulation
A numerical model describing the behaviour of the adaptive component is
created within the EMS. This could be either the intrinsic behaviour of passive
transparent adaptive façade technologies or a control strategy for the operation of
33

Chapter 3 – Novel integrated simulation methodology for transparent adaptive façades

an active adaptive glazing. In this phase, inputs relative to thermal, energy and
visual comfort aspects can be used, even at the same time, as drivers to control the
adaptive component or to describe its behaviour. The power fraction profiles for
the lighting system relative to each static state, evaluated in Step 1, are then
supplied to EnergyPlus, to be used to calculate, with a high accuracy, the energy
demand for lighting and the influence of the lighting system on the energy
demands for heating and cooling. Afterwards, an annual simulation is performed
to assess the energy performance of the space analysed equipped with the adaptive
glazing. In more detail, within the EMS the thermo-optical properties of the
transparent adaptive façade component are varied directly within the simulation
run-time. At each timestep, the most suitable glazing state is selected, among the
static states defined in Step 1, according to the constraints preliminarily defined.
This state is then set as glazing through the EMS actuator construction state and
the power fraction of the lighting system relative to that static state and the
timestep considered is used. The thermal and energy balances are then solved, and
the energy demands for heating, cooling and lighting are finally calculated. This
operation is repeated for every timestep of the year. The simulation routine
occurring at each timestep is illustrated in Figure 5. Output of this step are the
annual energy demands for heating, cooling and lighting, as well as an annual
profile indicating which static state, among those determined in Step 1, was used
at every timestep of the year.
STEP 4 - Postprocessing
The different horizontal illuminance and DGP profiles created in Step 2 are
merged together according to the annual profile created in Step 3, which indicates
the static state assumed by the adaptive glazing at every timestep of the year. The
resulting horizontal illuminance and DGP profiles, containing the horizontal
illuminance and DGP value for every point considered at every timestep, describe
the annual daylight and glare condition due to the adaptive behaviour of the
transparent façade component. Starting from these profiles, annual visual comfort
indicators are finally calculated. All the operations described in Step 4 are
performed through a series of custom defined python scripts. Output of this step
are annual Climate-Based Dynamic metrics relative to the visual comfort
perceived by the occupants in the space analysed, assessed both in terms of
daylight availability in the whole space and of glare condition for the occupants.
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Figure 4. General workflow of the proposed simulation strategy.
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Figure 5. Simulation routine within each timestep.

The presented timestep-by-timestep simulation approach allows the variation
of the thermo-optical properties of the adaptive component within the simulation
runtime itself, which in turn implies to precisely consider the thermal inertia of the
building and its effects on the energy demands for heating and cooling. Moreover,
in such simulation approach, a full integration between the daylight simulation
tool and the energy simulation tool is performed, allowing not only a
simultaneous evaluation of the effects of the adaptive component behaviour on
energy and visual comfort aspects, but also for daylight (visual comfort), thermal
and energy constraints to be simultaneously used as drivers to operate an adaptive
component or to describe its behaviour. This aspect is particularly valuable when
dealing with advanced multi-domain control strategies, according to which the
operation of the adaptive glazing is performed considering at the same time
energy and comfort aspects. Moreover, in presence of adaptive components whose
behaviour depends on constraints relative to a single physical domain, this
approach allows an accurate assessment of the performance related to the other
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interrelated physical domains (e.g. the energy performance relative to a
photochromic glazing or the visual comfort provided by a thermochromic
glazing). This last aspect represents a strength of the proposed integrated
simulation approach, as a comprehensive evaluation of the performance of such
adaptive transparent components, typically passive adaptive glazing, was not
possible by means of currently available BPS tools, if not by introducing some
simplifications in the analysis, with a consequent higher degree of inaccuracy in
the final outcomes. Finally, the implementation in grasshopper of this simulation
strategy allows a high flexibility for its application, as all the actions described in
the previous four steps are performed in an automated way. The only requirement
is that of specifying the numerical model describing the behaviour of the adaptive
component, which allows simulating both control strategies for active components
and the intrinsic behaviour of passive adaptive glazing.

3.3 Application to a passive component: thermochromic
glazing
3.3.1 Introduction
In the present section the proposed novel integrated simulation methodology
is applied to the case of a passive transparent adaptive façade component. Passive
switchable glazing are gaining ever-increasing popularity and a widespread
adoption in real buildings is therefore expectable in the next few years to compete
with solar protection systems, particularly thermochromic (TC) and thermotropic
(TT) transparent materials. These are transparent functional materials which
exhibit a reversible change of optical properties as a response to a variation in
temperature, most of the time concurrent with building performance requirements,
i.e. the higher the incident solar radiation, the higher the functional material
temperature, the lower the transparency and vice-versa. The building integration
of such materials into glazing systems appears to be advantageous compared to
other functional smart materials due to [24]: i) their intrinsic passive working
principle allowing to reduce the amount of solar radiation passing through the
transparent system as the incident solar radiation increases, which does not need
any active control over their operations nor energy supply and wiring; ii) their
possibility of integration into polymer based materials (which could enhance
integration into curved glazing as well); iii) the potential overall lower costs
compared to active smart glazing (i.e. electrochromics and liquid crystals); iv) a
negligible influence of high temperatures on the switching mechanisms as
compared to other technologies, such as photochromic materials [22].
In order to ensure effective building performance and building integration, the
passive thermochromic switching mechanism feature shifts the challenge of
designing and implementing effective operation strategies [89,185] to the need of
optimising the switchable functional materials by design [65]. Research efforts
have mainly focused at the material scale to improve different features of
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thermochromic and thermochromic transparent functional materials with different
techniques, particularly aimed at [24,67] maximising their range of variable solar
and luminous transmittance (sol and vis), tuning the switching temperature range
towards glazing applications, improving colour neutrality, ensuring material
stability and durability, reducing overall costs of the functional material and of the
processing for glazing integration. Nevertheless, understanding the effect of
tuning functional material properties on overall building performance and the
effectiveness of material design choices on building performance and integration
aspects is not a trivial task. This requires in fact an evaluation and analysis of the
transparent functional material behaviour at the building scale, which has to deal
with the following aspects: different physical domains can be affected
simultaneously by the transparent material adaptive behaviour (i.e. thermal and
luminous), which are often highly interdependent to each other (as for
thermochromic mechanisms); different performance aspects need to be
considered, which may be conflicting with each other (i.e. energy efficiency,
visual comfort requirements, thermal comfort requirements etc.); simulation
models need to describe with enough accuracy material macroscale effects (i.e.
optical properties variation over temperature) of microscale functional material
behaviour and how this is influencing the interrelated building physical domains.
However, as seen in Chapter 2, currently available Building Performance
Simulation (BPS) tools do not integrate simulation methodologies and models
allowing a multi-physical, multi-performance and multi-scale evaluation, if not by
introducing simplifications. As a result, most of the studies focused at evaluating
the effect on building performance of thermochromic material features provides
only a partial picture of its effectiveness as: influence of TC properties (mainly
average switching temperature) is investigated by studying its effect only on
heating and cooling energy uses [186]; influence of TC material properties on
aspects related to comfort are carried out only for specific conditions during the
whole year (i.e. design conditions) [187]; the temperature dependency of optical
properties does not consider peculiar TC and TT features as temperature
hysteresis [180,187,188], or it does so by introducing significant model
simplifications [148,186]. The development of accurate analyses is of paramount
importance for both material scientists, building performance researchers and
building designers, enabling to optimise materials for effective building
integration and building performance maximisation on one hand, informing
decision making for material design at a smaller scale on the other, helping some
of these technologies to go beyond the so-called “valley of death” [89,189].
The application of the proposed integrated simulation methodology to the
case of a TC glazing is therefore aimed at showing its possibilities and
advantages, compared to currently available BPS tools. Specifically, the use of
such methodology enabled: i) a comprehensive whole building evaluation of TC
glazing performance for office buildings application, considering both thermal
related aspects (i.e. energy efficiency, in terms of energy demand for cooling,
heating and lighting) and visual comfort aspects in an interrelated fashion; ii) the
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correct modelling of peculiar material aspects, such as temperature dependency of
optical properties and hysteresis.
In sub-section 3.3.2, a review of transparent thermochromic and thermotropic
functional material features is presented. This is followed by the description and
the optical experimental characterisation of the thermochromic material adopted
as a case study, showing both large visual and solar transmittance variation range
as well as temperature hysteretic dependency of optical properties. In sub-section
3.3.3 the simulation methodology is presented consisting of: i) a parametrical
numerical model describing thermochromic material features (such as hysteresis
phenomena and dependency of optical properties over material temperature),
developed on the material optical characterisation; ii) the implementation of this
model into the ad-hoc developed multi-physics simulation strategy for adaptive
transparent materials. The developed transparent thermochromic material model,
based on the experimental data, is thoroughly described and its validation is
presented. Following, a virtual experiment is designed to study the influence of
thermochromic hysteresis on building performance as related to energy use and
visual comfort. The results and discussion sub-sections (3.3.4 and 3.3.5) present
the performance of the characterised thermochromic material when building
integrated and the influence of the hysteresis of this performance on multiple
aspects.

3.3.2 Thermochromic and thermotropic materials and glazing
3.3.2.1 Literature review
In the present section, a more in-depth insight on thermochromic and
thermotropic materials and glazing is provided, as integration to the more general
review contained in section 2.2.
Thermochromism (TC) is the feature of a functional material to vary
reversibly its optical properties as a response to a temperature variation. This
mechanism is the optical effect of a change of material micro-structure, induced
by the temperature variation, whose nature and effect on the transmitted solar
radiation depends on the type of material adopted. The integration of such
functional materials into a glazing system allows achieving a passive smart
glazing with temperature dependent optical properties that can be used for
different purposes such as controlling solar gains, daylight and view-out.
More specifically [24] distinguishes between thermochromic (TC) and
thermotropic (TT) materials and glazing according to the interaction of the
material with the solar radiation. In TC materials (and glazing) the temperature
dependent solar transmittance is complementary to a temperature dependent
absorption [24], such that the directionality of solar radiation is maintained when
transmitted through the window and the material may vary its transparency and
colour as a result of the temperature variation (it absorbs more as the temperature
increase, so it may become darker if the luminous transmittance/absorption
varies). Alternatively, in TT materials (and glazing), the temperature dependent
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solar transmittance is a result of the variation of light scattering properties of the
material (forward- and back-scattering) [24], so that the solar radiation and
particularly the light is diffused (forward scattering) and reflected (back
scattering) as the temperature exceeds a certain limit. Therefore, TT glazing
usually ensure the view out only in their more transparent state, below the so
called “Lower Critical Solution Temperature” (LCST), as due to an increase in
light scattering they would assume a milky diffusive appearance.
To date, extensive research has been carried out on TC materials based on
inorganic thin films on glass substrate [67], while fewer examples exist of
thermochromic polymer systems.
TC thin films are based on Vanadium Oxide (VO2) Semiconductor-Metal
phase Transition (SMT), that is an automatic and reversible first-order transition
happening at a certain critical temperature. In more detail, below the transition
temperature VO2 exhibits a monoclinic reticular structure, which determines the
compound to have semiconductor properties, while above this temperature VO2
shows a rutile structure, meaning that the material shows metallic properties. VO2
as semiconductor (monoclinic) is transparent across a wide range of IR solar
radiation, whereas in its rutile structure (metallic) it shows a reflective attitude
towards the same IR solar radiation range [16,17]. Pure vanadium oxide shows a
critical temperature for the SMT to occur equal to 68.5 °C, which makes this bare
compound unsuitable for architectural use, as this temperature is seldom reached
in architectural glazing. The possibility of enhancing VO2 switching properties
have been widely investigated [67], with the aim to: i) lower the transition
temperature to room temperatures (i.e. 25 ÷ 35 °C); ii) widen the solar switching
range; iii) increase the visual transmittance below the transition temperature; iv)
improve the colour neutrality [190–192]. Different approaches are documented in
literature to enhance VO2-based TC layers. Cui et al. [193] provides an extensive
review of these techniques and their effect on the optical properties, such as
elemental doping the VO2 layer (with tungsten, W, magnesium, Mg, and Silicon,
Si [18,19]), embedding VO2 nanoparticles into dielectric matrix (VO2
nanocomposite) non thermo-responsive, increasing the porosity of the VO2 layer,
integrating anti-reflection coating and enhancing the nano- and micro-structure of
VO2 crystals (including bio-inspired and grid patterned nanostructures). The use
of VO2 based TC for solar and daylight control in buildings may be limited by the
fact that a significant transmittance modulation is only achievable in the near IR
region, while it is negligible in the visible part of the solar spectrum (accounting
for 42% of the energy in the whole solar spectrum).
On the other hand, TC polymer systems, based on doping of a polymeric
transparent matrix with TC additives, can achieve modulation of visible and solar
spectrum, while maintaining their specular behaviour below and above the critical
temperature. The temperature dependent optical properties in Ligand-Exchange
Thermo-Chromic systems (LETC) [21,22] are based on the variation of the
coordination environment around central metal ions (Ni, Co or Fe) into a
transparent polymeric matrix (which is the common PVB, polyvinyl butyral,
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interlayer used to laminate glass panes in glazing systems). Particularly the
structure of the molecule and the nature of the chemical bonds around the central
metal ion varies according to temperature: below a certain critical temperature the
metal ion is coordinated with 6 low  ligands (low molar extinction coefficient)
assuming a lighter colouration (higher visible and solar transmittance), while
above the critical temperature the metal ion coordinates with high  ligands (high
molar extinction coefficient  assuming a darker colouration (lower visible and
solar transmittance). The transition temperature (around 50 °C) is a function of the
concentration of low and high  ligands, while the nature of the counter ions
(coordinating with the free high or low  ligands, depending on the temperature)
may reduce the thermochromic effect [21]. Leuco-dyes are weak acids varying
their colour reversibly as a function of the pH of the dielectric they are embedded
into. In order to achieve a Leuco-dye TC system, the weak acid dye and a
dissociable salt are dispersed into a solid fatty alcohol matrix, around the
transition temperature the matrix undergoes a phase change from solid to liquid
and the salt dissociates, varying the pH of the solution, affecting the colour of the
dye, hence of the whole TC system [194]. Successful integration of Leuco-dyes
TC systems into PE films shows transition temperatures around 60-80 °C, with
significant visible transmission modulation and high visible transmission in the
non-coloured state (vis,h=61%, vis=27%), but negligible solar transmission
modulation [24]. Although, the poor stability of the Leuco-dyes does not allow a
reliable integration into smart glazing for building applications [22].
Thermotropic (TT) materials can achieve a very significant temperature
dependent modulation of optical properties (both visible and solar), due to their
light scattering properties above the LCST, which in contrast prevents view out.
Temperature variation of optical properties is achieved by varying the ratio of the
refractive index of different components of a polymer matrix, which is carried out
mainly by means of phase separation (ionogels), change of particle size (hydrogel
microparticles) and phase transition (polymer blends with phase transition and
casting resins) [24]. Ionogels are a gel material containing ionic liquids (IL, salts
with melting temperature below 100 °C), which are highly homogeneous and
transparent at room temperature. When integrated into a PU matrix [195], by
increasing the temperature above the LSCT (tunable, around 32 °C), molecular
repulsion between IL and PU network increases, resulting in a temperature
reversible phase separation which causes light scattering and reduces the solar and
luminous transmittance. Hydrogels nanoparticles are crosslinked hydrophilic
polymer network which undergo a hydrophilic-to-hydrophobic transition at
LCST, this causes a change of nanoparticle sizes from a fully swollen gel state
(hydrophilic below LCST) to a shrank hydrophobic state (above LCST), varying
the refractive index between the nanoparticle and the surrounding matrix. Poly-Nisopropylacrymide (PNIPAm) is the most typical temperature responsive hydrogel
(LCST ~32 °C) and has been demonstrated in smart glazing applications [25–27],
with large modulation capability of both visible and solar radiation (vis and sol
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of nearly 80%, with vis,max and sol,max in the order of 80%). However, TT
hydrogels have cyclic stability issues, as they inherently suffer (due to their water
content and size variation) from water freezing or evaporation, severe shrinkage
and poor mechanical strength. Ionogels instead retain high stability at high
temperatures and no shrinkage issues. Polymer blends of polymers with different
solid-liquid transition temperatures (alkanes or fatty acid esters as cores of casting
resin shell matrix), can achieve a temperature dependent refractive index,
resulting in light scattering as the temperature increases [24], so that reversible
temperature dependent optical properties are achieved (vis in the range of 9%40%), although differently from other TT materials due to the phase transition
optical modulation mechanism, this occurs over a wider range of temperatures
(30-80 °C) rather than at a specific LCST.
Finally, hybrid approaches and materials are reported which mix TC VO2
nanoparticles with TT hydrogels [196–198], in order to achieve improved
luminous and solar modulation.
Table 1 summarises the ranges of optical properties achievable in the different
TT and TC materials and systems reviewed, as reported by the reviewed literature
in terms of vis and vis,max, sol and sol,max.
Table 1. Range of Temperature Modulation capabilities of optical properties for thermochromic
and thermotropic smart glazing.
Thermochromic smart
glazing
(specular – specular)
Thin films (VO2-based)*
LETC
Leuco-Dyes

sol

sol,max

vis

vis,max

[-]

[-]

[-]

[-]

Tcrit
(SMT)
[°C]

0.10÷0.40 0.20÷0.80 0..02÷0.09 0.10÷0.80

25÷70

0.15÷0.25

25÷75

0.40

0.57

0.62

Reference
[-]
[67]
[193]
[25]
[22]
[25]

0.05÷0.06 0.50÷0.70 0.07÷0.30 0.30÷0.60

60÷80

[24]

Hybrids VO2 LETC

0.10÷0.20

0.80

0.05÷0.10

0.60

40÷50

[199]

Thermotropic smart
glazing
(specular – scattering)

sol

sol,max

vis

vis,max

LCST

Reference

[-]

[-]

[-]

[-]

[°C]

[-]

Ionogel

0.55

0.70

0.70

0.85

32

[195]

Hydrogel microparticles

0.50÷0.80

0.85

0.66÷0.85

0.90

32

[25]
[26]
[27]

30÷80

[24]

32÷68

[196]
[197]
[198]

Casting Resin into PE films 0.09÷0.16 0.40÷0.50 0.09÷0.40 0.16÷0.64
Hybrid VO2 hydrogels

0.18÷0.35 0.79÷0.84 0.25÷0.39 0.82÷0.86

Most of TT and TC materials presents a hysteretic behaviour between the
heating and cooling phase, meaning that the relationship between the variable
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optical properties and the temperature will follow a different path if the material is
heated up or cooled down. This is due to the fact that a greater amount of energy
(activation energy) may be required to reverse the thermochromic phenomenon
allowing a homogenous nucleation of the thermochromic transition [17]. This
additional thermal energy required determines the width of the hysteresis. This
phenomenon is particularly documented for thermochromic and thermotropic
materials whose optical properties variation is based on phase transition, i.e. VO2
thin films and nanoparticles [18,200] and casting resins into PE films [24]. In VO2
based thermochromics, hysteresis seems to be strongly influenced by the structure
of the VO2 film, as regular lattice structures proved to require a higher activation
energy than irregular ones, meaning that the first ones present wider hysteresis
than the second ones [18,200]. As a consequence, the hysteresis phenomenon can
be controlled in the same way as the optical properties switching range, i.e.
through a doping process or by controlling the microstructure [201,202].
Due to the negligible visual transmittance variation of thin film TC materials,
BPS tools and simulation studies aimed at evaluating their performance and
informing decision making at the material level, focused only on heating and
cooling energy uses to date [148,186–188]. Nevertheless, according to this
review, TC and TT materials can have a large visual transmittance modulation
(see Table 1), therefore for these materials a more comprehensive evaluation
should rely on multi-physical and multi-performance studies, taking into account
the interrelation between physical aspects in the thermal and visual comfort
domain and the effect of variable optical properties on total energy use (including
lighting) and visual comfort.
3.3.2.2 Thermochromic sample description
In the present study a thermochomic glazing of dimensions 200 mm x 200
mm is optically characterised. The sample is a laminated glass composed by two
clear glass panes connected to one another by a highly tear-resistant,
thermochromic interlayer. The two glass panes have a thickness of 3 mm while
the interlayer is 1 mm thick, for a total thickness of 7 mm. The thermochromic
interlayer is a LETC system commercialised by Pleotint LCC (commercial name
Suntuitive™ [21,22,203]), which exhibits modulation of solar and luminous
transmittance and a specular behaviour below and above the transition
temperature. The interlayer laminate is constituted by a three layers system to
achieve colour neutrality, with a two Ni-based LETC systems tinting blue and
orange divided by a clear separator. Figure 6 shows a thermochromic glazing with
the same characteristics as the sample analysed, but bigger size, in its clear state
and in an intermediate state, relative to a glass surface temperature equal to
approximately 40 °C.
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Figure 6. Views from outside (upper band) and inside (lower band) of a thermochromic glazing
with the same characteristics as the sample analysed. The pictures are relative to the component in
its clear state (left) and in an intermediate state, relative to a glass surface temperature equal to
39.2 °C (right).

3.3.2.3 Experimental apparatus and procedure
The optical measurements on the TC glazing sample were carried out by
means of a customised optical bench, able to carry out tests on complex and large
specimens, for which commercial spectrophotometers are not suitable. The
experimental apparatus set-up for the experimental campaign hereby presented
(see Figure 7) consists of the following components:
− 300 Watt xenon arc-lamp light source, whose radiant power covers the
whole visible spectrum and 94% of the solar spectrum, as defined in
the relevant standard [204]. The collimated beam can be modulated
through a sequence of lenses and diaphragms, so as to adjust its size
according to the measurement requirements and the geometric
complexity of the sample. According to the incident radiation
requirements and the characteristics of the thermochromic glass, the
light beam diameter was set equal to 60 mm.
− The detection system is a diode-array spectrophotometer, equipped
with two detectors to analyse different spectral bands: NMOS for the
250–1000 nm range (dispersion 1.4 nm/pixel) and InGaAs for the
900–1700 nm range (dispersion 3.125 nm/pixel). Spectral data are rebuilt in the data post-processing with a spectral resolution of 1 nm.
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− The spectrophotometer is coupled with an integrating sphere whose
internal diameter is equal to 75 cm, suitable for diffusing and complex
glazing units. The sphere is constituted by an aluminum shell coated in
its internal surface in Spectralon©, a highly diffusing material whose
reflectivity is greater than 95% in the whole solar spectrum. The
sphere is equipped with several ports to perform transmittance and
reflectance measurements with the auxiliary port method, as required
for single beam-type spectrophotometers. The sample port diameter
can be varied according to the sample characteristics. A 200 mm port
was used for this test. The signal (radiant power) collected inside the
sphere is transmitted to the detection system via optic fibres.
The following optical measurements were performed:
− the transmission coefficient (), transmittance hereafter, was measured
as the ratio between the radiation transmitted by the glass mounted on
the sample port and the radiation entering the sphere by the same port
without specimen. Measurements were carried out at normal
incidence;
− the reflection coefficient (), reflectance hereafter, was measured as
the ratio between the radiation reflected by the specimen and that
reflected by a calibrated white target. The two specimens were
mounted in turn on the sample port. In reflection mode, the angle of
incidence between the light beam entering the sphere and the
specimen surface normal is equal to 8°.
− The absorption coefficient (), absorptance hereafter, is calculated as
the complement to 1 of the previous measurements.
The measurement procedure followed is explained in detail in [205]. The
instrument error is estimated to be, in the 0-1 range, equal to 0.02 in both
transmission and reflection mode.
Transmittance measurements were performed for different surface
temperatures, with the aim of characterising the optical response of the sample in
its cold and hot limit states, as well as in its intermediate states. The
measurements were carried out in the following modes:
− Heating mode: the sample was measured from its cold limit state (fully
bleached) to its hot limit state (fully tinted) at each 5 °C temperature
increase. The sample was heated-up in an oven, next to the
measurement apparatus, to the desired temperature and then the
measurement was rapidly performed.
− Cooling mode: the sample was measured from its hot limit state (fully
tinted) to its cold limit state (fully bleached) at each 5 °C temperature
decrease. The sample was heated-up to maximum temperature in an
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oven and then cooled-down by direct exposure to ambient
temperature.
In the cooling mode, additional measurements were carried out at a surface
temperature resolution smaller than 5 °C, with the aim of supporting the
numerical analysis with a large experimental dataset. The surface temperature was
monitored during each optical measurement, lasting between 15 and 20 seconds,
by means of thermo-graphic images (previously calibrated with thermocouple
measurement). Starting from the spectral measurements performed, broadband
parameters were then calculated according to procedures defined in [206].

Figure 7. Close-up of the experimental apparatus, view of the light source, lens and diaphragm and
integrating sphere.

3.3.2.4 Optical characterisation of the thermochromic material
Preliminary measurements were carried out on both faces of the sample, to
detect eventual differences in the optical response of the glazing unit. As
negligible differences were found, all the measurements were carried out to
following the manufacturer specifications, i.e. with side 1 of the sample facing
outwards. Spectral transmittance curves in cooling mode are presented in Figure
8. It can be observed that the material shows a relevant switching behaviour in the
visible range (380-780 nm), while it significantly decreases in the near-infrared
region (780-1700 nm).
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Figure 8. Spectral transmittance of the thermochromic sample for different surface temperature.
Measures relative to the cooling mode.

This different response is better highlighted in Figure 10 and Figure 11, where
the evolution of broad-band parameters is calculated with a resolution of 5 °C
between the limit surface temperatures, equal to 15 °C and 75 °C. The visible
transmittance switches between 0.71 in the clear state to 0.07 in the fully tinted
(hot) state. The sample shows a switching factor approximatively of 10 between
the extreme values, switching factor which remains higher than 2 between the
cold state and 50 °C, a surface temperature rarely reached by vertical glazing
systems. The solar transmittance shows a lower swathing factor (2.8) between the
clear state (0.63) and the fully tinted state (0.23), switching factor which further
decreases to 1.8 when 50 °C is considered as limit temperature in operation
conditions. This trend is mainly due to the less significant switching factor
observed in the near infrared region between the cold state and the solar
transmittance value measured at 50 °C. The optical measurements are comparable
with the range of optical characteristics of LETC system previously published
[22].
Comparing the broad band transmittance relative to the heating and cooling
mode, a hysteretic behaviour of the specimen can be observed between 25 °C and
55 °C. This was never previously documented for this kind of TC system (LETC)
[21,22,203]. The hysteresis width varies depending on the glass surface
temperature, reaching its peak at 45 °C. At this temperature the differences
between the measurement in heating and cooling mode relative to visible and
solar transmittance are equal to 0.16 and 0.09 (respectively 36% and 19% lower in
respect to the visible and solar transmittance values in heating mode). It is worth
highlighting that, despite a hysteresis between heating and cooling modes was
observed, this is not considered as reliable by the Authors, due to uncertainty
intrinsic in the cooling mode measurement procedure. The sample was in fact
heated up to its limit hot state and then naturally cooled down by direct exposure
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to ambient temperature. This procedure presents an intrinsic error due to the time
elapsing between the glass surface temperature measurements and the spectral
transmittance measurement through the integrating sphere. Although these steps
were performed in rapid succession. The spectral transmittance measurements are
referred to an average between temperature measurements before and after the
optical measurement, which reached a maximum difference of 2 °C for higher
glass surface temperatures, as the difference between the glass and the ambient
temperature was higher. As a result, it was concluded that the specimen analysed
certainly presents a hysteresis between the heating and cooling cycles, but it was
not possible with the current procedure to ensure repeatability of the hysteresis
width measurement, so that the measured width of the hysteresis (Figure 10 and
Figure 11) of approximately 10 °C is affected by a maximum 2 °C error
(including the IR camera accuracy).
Reflectance measurements were carried out for the hot and cold limit states of
the sample. From the results obtained (Figure 9) it is possible to observe that this
quantity is not significantly influenced by the temperature variation. Moreover, in
both states the two spectral curves do not present any selectivity as function of the
wavelength. Visible and solar reflectance were both found to be equal to 0.07 in
the cold state, while these values decrease to respectively 0.06 and 0.05 for the hot
state. The absorptance values were also calculated, according to the transmittance
and reflectance results obtained. These were found to be equal to 0.22 and 0.31
respectively in the visible and solar ranges for the cold state, raising to 0.88 and
0.72 in the hot state.
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Figure 9. Spectral reflectance of the thermochromic sample in the clear and fully tinted state.

3.3.2.5 Experimental data fitting
A numerical model was derived from the experimental measurements, to be
later used for the numerical analysis described in sub-section 3.3.3. A linear
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regression model was applied to the experimental data representing the behaviour
of the thermochromic glazing by a piecewise function formed by three different
segments, whose typical equation is the following [148,186]:
𝑞1 ,
𝜏 = {𝑚2 · 𝑇 + 𝑞2 ,
𝑞3 ,

𝑖𝑓 𝑇 < 𝑇1
𝑖𝑓 𝑇1 ≤ 𝑇 ≤ 𝑇2
𝑖𝑓 𝑇 > 𝑇2

(1)

in which τ represents either the visible or solar transmittance; T is the glass
surface temperature; T1 and T2 are limits, lower and upper respectively, of the
temperature range in which the switching of the thermochromic glazing occurs.
From equation (1) it is possible to observe that outside the transition temperature
range, delimited by T1 and T2, the transmittance (either visible or solar) is
constant, as the two lines are horizontal. For temperatures below the transition
temperature range, τ is equal to the maximum transmittance value achievable,
while temperatures above the transition temperature range correspond to a τ value
equal to the minimum transmittance value achievable. Within the transition
temperature range the function is a sloped line, with a linear variation of τ. The
experimental data were fitted by means on an iterative process minimising the
global variance of the least square differences between piece-wise linear
regressions, as shown in Figure 10 and Figure 11. Table 2 summarises the
coordinates of P1 and P2, the two knot-points of the segmented function, in a
cartesian coordinate system OTτ, both for visible and solar transmittance, while
Figure 10 and Figure 11 show the data fitting performed relative to visible and
solar transmittance respectively.
Table 2. Coordinates of P1 and P2, in a Cartesian coordinate system OTτ, both for visible and solar
transmittance.
T
[°C]

τvis
[-]

τsol
[-]

P1

25.9

0.68

0.62

P2

71.3

0.06

0.23
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Figure 10. Piecewise linear interpolation relative to the visible transmittance.
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Figure 11. Piecewise linear interpolation relative to the solar transmittance.

3.3.3 Methodology for building performance evaluation
The performance of the characterised material and the influence of the
hysteresis width on this performance are evaluated by means of a virtual
experiment, simulating in different climatic locations a reference office room, in
which the thermochromic glazing under investigation is integrated and by
measuring the whole year performance relative to different domains of interest.
3.3.3.1 Simulation workflow
Current building performance simulation tools present the following
limitations, which prevent an accurate and comprehensive evaluation of a
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thermochromic glazing performance: (i) inability to model the thermochromic
hysteresis phenomena; (ii) inability to simultaneously evaluate the effect over
daylight domain of variation of thermo-optical properties and vice-versa. For
these reasons an ad-hoc simulation tool was created, for which a detailed
description is provided section 3.2. Relative to the present application, the
simulation workflow is divided into four automated steps, which are herewith
listed, while details relative to the hysteresis numerical model are provided in subsection 3.3.3.2:
1) Discretisation of the thermochromic continuous modulation range into
10 discrete states, corresponding to 10 different static glazing whose
thermo-optical properties vary within those of the clearest and darkest
TCG states, named State 0 and State 9 respectively. Figure 12 shows
the discretisation of the range of variation of the TCG relative to the
visible transmittance.
2) Daylight Simulation of the different discrete thermochromic states
with DAYSIM 4.0;
3) Energy simulation: the energy simulation is performed, including an
accurate thermochromic model (based on the experimental data in subsection 3.3.2.5) implemented within the EMS tool of EnergyPlus;
additionally, by means of the EMS the data from step 2 are integrated
within the thermal simulation model within this step depending on the
results of the thermal simulation. The validation of the thermochromic
model is provided in sub-section 3.3.3.2;
4) Postprocessing of the daylight simulation results into yearly
performance metrics.
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Figure 12. Discretisation of range of variation of the TCG into 10 static glazing, in terms of visible
transmittance.
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3.3.3.2 Numerical model of the hysteresis
The numerical model created within the EMS to describe the TCG behaviour
is based on the step-wise linear regression performed on the experimental
characterisation carried out on the TCG, as explained in detail in sub-section
3.3.2.5. The piecewise linear regression curve, based on the experimental
characterisation, was adopted as heating curve. The curve defining the cooling
cycle was instead defined by a displacement of the heating curve equal to a
custom-defined hysteresis width. The working principle underlying the numerical
model replicating the TCG behaviour is the following:
1) It is verified whether the TCG is in the heating or cooling cycle by
evaluating the difference between the glass surface temperature at the
present timestep and at the previous timestep. A positive result
indicates that the glass is in the heating cycle, otherwise it is in the
cooling cycle;
2) The visible transmittance is then calculated as function of the glass
surface temperature according to the heating or cooling curve,
depending on whether the TCG is in the heating or cooling cycle;
3) Whether a cycle, either heating or cooling, is interrupted before being
completed, the visible transmittance is kept constant until an absolute
variation of the glass surface temperature higher than the hysteresis
width is observed. When this happens the curve of the inverse cycle cooling cycle if the TCG originally was in the heating cycle and vice
versa heating cycle whether the TCG originally was in the cooling
cycle - is then used to calculate the visible transmittance depending on
the glass surface temperature;
4) Depending on the visible transmittance calculated, the most suitable
static state, among those in which the TCG behaviour was discretised,
is then set as glazing through the EMS actuator construction state.
As an example, the numerical model is used to simulate a TCG with the
following characteristics: τvis range between 0.68 and 0.06 (cold and hot state
respectively); transition temperature range between 26 °C and 71 °C; hysteresis
width equal to 5 °C. The behaviour of a TCG was analysed for two different days,
one in which the hysteresis cycle was completed and the other one in which it was
interrupted. Figure 13 shows the TCG surface temperature variation and the
relative visible transmittance, as calculated through the numerical model created.
It is possible to observe that when the hysteresis cycle is completed, minimum and
maximum visible transmittance values are never exceeded, while when it is not
completed the minimum visible transmittance is not reached. Moreover, in this
last case, when the TCG surface temperature reaches its peak and starts
decreasing (approximatively at 13:30) τvis remains constant until the surface
temperature is decreased of 5 °C, i.e. the hysteresis width of the TCG analysed in
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this example. Figure 14 shows instead the correlation between the TCG surface
temperature and the calculated visible transmittance for the same two days. It is
possible to observe that in both cases all the points are located on or within the
grey dotted lines, representing the heating and cooling curve. In the case in which
the hysteresis cycle is interrupted it is possible to observe that τvis remains
constant until the cooling curve is met, after which it starts decreasing according
to the cooling function.

Hour of the day

Figure 13. TCG surface temperature variation and the relative visible transmittance, as calculated
through the numerical model created for: a) a day in which the hysteresis cycle is completed; b) a
day in which in which it is interrupted.
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Figure 14. Correlation between the TCG surface temperature and the relative visible transmittance,
as calculated through the numerical model created for: a) a day in which the hysteresis cycle is
completed; b) a day in which in which it is interrupted.
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From the above results, relative to two different conditions (hysteresis cycle
completed and interrupted), it is possible to conclude that the numerical model
created proved to be robust and suitable for describing the behaviour of a
thermochromic glazing.
3.3.3.3 Performance evaluation parameters
In the present study both energy aspects and visual comfort aspects were
analysed. This was done by means of the following performance metrics:
Energy Performance index (EPgl): this metric is defined as total amount of
primary energy consumed by a building, on annual basis, per unit area. It is
expressed in kWh/(m2∙year) and is calculated according to the following equation:

𝐸𝑃𝑔𝑙 = 𝐸𝑃𝐻 + 𝐸𝑃𝐶 + 𝐸𝑃𝐿

(2)

in which EPH is the primary energy consumed per unit area, on annual basis,
by the heating system [kWh/(m2∙year)]; EPC is the primary energy consumed per
unit area, on annual basis, by the cooling system [kWh/(m2∙year)]; EPL is the
primary energy consumed per unit area, on annual basis, by the lighting system
[kWh/(m2∙year)]. The influence of the primary energy necessary for domestic hot
water production (EPDHW) on the EPgl was considered negligible and was
therefore not calculated in the present study.
Useful Daylight Illuminance (UDI): this metric, proposed by Mardaljevic
and Nabil [140,207] identifies the percentage of occupied hours over a year in
which the daylight horizontal illuminance on the workplane falls below, within or
above the range 100 lx – 3000 lx. Daylight horizontal illuminance within the
range 100-3000 lx (UDIachieved) is considered useful, i.e. neither too poor not too
strong to perform a visual task. Conversely, daylight horizontal illuminance below
100 lx (UDIfell-short) is considered insufficient to significantly contribute to visual
comfort while daylight horizontal illuminance greater than 3000 lx (UDIexceeded) is
correlated to visual discomfort due to a higher probability of occurrence of glare.
The upper threshold was initially set equal to 2000 lx by the Authors [140] but
after further studies a value of 3000 lx was found to correlate better with a
potential glare condition [145,207]. Furthermore, this increased threshold was also
confirmed by an independent study carried out by one of the Author [144]. UDI is
calculated according the following equations:

𝑈𝐷𝐼𝑓𝑒𝑙𝑙−𝑠ℎ𝑜𝑟𝑡 =

∑𝑛𝑖=1 𝑡𝑖 (𝐸ℎ < 100 𝑙𝑥)
|
𝑛
𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑

54

(3)

Section 3.3 – Application to a passive component: thermochromic glazing

𝑈𝐷𝐼𝑎𝑐ℎ𝑖𝑒𝑣𝑒𝑑 =

∑𝑛𝑖=1 𝑡𝑖 (100 𝑙𝑥 ≤ 𝐸ℎ < 3000 𝑙𝑥)
|
𝑛
𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑

(4)

∑𝑛𝑖=1 𝑡𝑖 (𝐸ℎ ≥ 3000 𝑙𝑥)
|
𝑛
𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑

(5)

𝑈𝐷𝐼𝑒𝑥𝑐𝑒𝑒𝑑𝑒𝑑 =

in which Eh is the horizontal illuminance on the workplane [lx]; ti are the
occupied hours in which daylight horizontal illuminance meets a given
requirement, depending whether UDIfell-short, UDIachieved or UDIexceeded is involved;
n is the number of occupied hours over a year. The sum of UDIfell-short, UDIachieved
and UDIexceeded is always equal to 100%. In the present study, to characterise the
daylight condition within the whole analysed space, UDI indexes are calculated as
mean value of the UDI relative to all the sensor points considered within the
space.
Daylight Glare Probability (DGP): introduced by Wienold and Cristoffersen
[111], this metric accounts for the percentage of people that may experience a
glare sensation due to a given daylight condition. Moreover, Wienold correlated
different glare sensations (daylight glare comfort classes) to specific ranges of
DGP values, in order to introduce a scale to rate the glare condition through DGP
[133]. Table 3 summarises the daylight glare comfort classes with the relative
DGP threshold values.
Table 3. Daylight glare comfort classes with the relative DGP threshold values.
Daylight glare comfort class
Imperceptible glare
Perceptible glare
Disturbing glare
Intolerable glare

DGP Threshold
DGP <35%
35% ≤ DGP < 40%
40% ≤ DGP < 45%
DGP ≥ 45%

In the present study the annual glare condition for the occupants is evaluated
as percentage of occupied time for which each daylight glare comfort class is
experienced.
3.3.3.4 Case study description
An enclosed office 3.6 m wide, 4.5 m deep and 2.7 m high was assumed as
case study in the present work, which is shown in Figure 15. On one of the short
walls, south oriented, is located a window 3.3 m wide and 1.5 m high, for a
Window-to-Wall Ratio (WWR) of 50%. The office case study was assumed to be
part of an office block, flanked by two identical offices on two sides on the same
floor and on the floor immediately above and below and by a hallway with the
same thermal conditions on the third side on the same floor. All the horizontal and
vertical internal partitions were therefore considered as adiabatic.
The visible reflectance of all the internal surfaces is summarised in Table 4.
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Table 4. Visible reflectance of the internal surfaces of the office case study.
Surface
Ceiling
Walls
Floor
External ground

ρvis [-]
0.80
0.65
0.20
0.10

The external opaque wall is a structural brick wall characterised by a thermal
transmittance (U-value) of 0.25 W/m2∙K, internal and external areal heat capacity
of 19.2 kJ/m2K and 64.4 kJ/m2K, respectively. Table 5 summarises the assembly
and thermal properties of the opaque building envelope components. The thermal
properties of the internal partitions are: i) horizontal partitions, U-value of 1.33
W/m2∙K, decrement factor of 0.4 and time lag of 7 hours (internal and external
areal heat capacity of 28.2 kJ/m2K and 82.8 kJ/m2K); vertical partitions, U-value
of 1.19 W/m2∙K, decrement factor of 0.62 and time lag of 5 hours (internal and
external areal heat capacity of 48.3 kJ/m2K and 67.0 kJ/m2K). The thermal
properties of the different materials were derived from [208–210].
Table 5. Assembly of the opaque building envelope with relative thermal properties for each layer.
The layer numeration starts from the outermost one.
Layer

Material

1
2
3
4

Plaster
Insulation
Hollow clay bricks
Plaster

Thickness
[m]
0.015
0.12
0.18
0.015

Conductivity
[W/m∙K]
0.8
0.04
0.22
0.8

Specific heat
[J/kg∙K]
850
1500
1019
850

Density
[kg/m3]
1900
18
1394.6
1900

Figure 15. Enclosed office reference room and sensor points considered for lighting calculations:
plan view and S-N section.

Schedules relative to occupation and equipment were adapted from [211] in
order to suit the specific case study: 2 people occupation (0.12 people/m2),
equipment power density of 12 W/m2; primary air ventilation rate of 1.56 l/s∙m2
when the office is occupied; infiltration rate per area of 0.15 l/s∙m2 [212]; heating
and cooling systems were modelled as ideal systems, i.e. able to maintain under
any circumstances the set-point and set-back temperatures, set equal to 20 °C and
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12 °C for the heating system and to 26 °C and 40 °C for the cooling system,
respectively. Heating and cooling set-point temperatures were to be maintained, in
any moment of the year depending on the external boundary conditions, whenever
the office was occupied.
The overall efficiency of the heating system was assumed equal to 0.85, while
the cooling system SEER was set equal to 3.0. A dimmable lighting system
controlled by a photosensor was considered for the office case study. A threshold
of 500 lx was assumed as minimum illuminance requirement, in accordance with
[95], to be maintained on the workplane by a combination of daylight and
dimmable artificial lighting. The following characteristics were considered for the
lighting system: installed power density of 10.76 W/m2 [211] (this value is set as a
reference by the ASHRAE with regard to a typical installation of ceiling-mounted
luminaires equipped with traditional fluorescent sources, in order to guarantee at
full power the target workplane illuminance of 500 lx); ballast absorption factor
equal to 10%; photosensor standby power equal to 1 W, photosensor location at
0.75 m height in the middle of the room.
Table 6 summarises the building operations parameters considered for this
study.
Table 6. Building operation parameters, lighting schedule is omitted as it is coincident with
occupancy and dimmable according to daylight.
Working day building
operations
Occupancy (2 people / room)
Equipment
(Power Density 12 W/m2)
Heating Set Point
Cooling Set Point

00÷08

08÷12

12÷13

13÷17

17÷18

18÷24

[-]

0.00

1.00

0.50

1.00

0.50

0.00

[-]

0.00

1.00

0.50

1.00

0.50

0.00

[°C]
[°C]

12
40

20
26

20
26

20
26

20
26

12
40

Horizontal illuminance on the workplane was assessed for a grid of sensors
located 0.75 m above the floor and evenly distributed on the whole floor area,
after deducing a stripe 0.5 m wide, as this peripheral portion of space is rarely
occupied by desks. Spacing between the grid points was set equal to 0.5 m, for a
total number of 35 sensor points (Figure 15). The DGP was assessed for a point
located in the centre line of the room, 1.5 m away from the window and at a
height above the floor of 1.2 m (eye of a seated person). The direction of
observation was considered perpendicular to the window plane, which may not be
consistent with the standard layout of an office, but allows accounting for the
worst-case scenario in terms of glare risk.
As far as the transparent portion of the building envelope is concerned, a
Double Glazing Unit (DGU) was adopted, equipped with a Low-E glazing on the
internal side and with a 16 mm cavity filled with argon 90:10. As external glazing
it was alternatively adopted the TCG and a set of static glazing, to be used as
reference cases. The overall thermo-optical properties of all the different DGUs
considered were calculated under CEN conditions [206,213] by means of the
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software WINDOW 7.6 [66]. Table 7 summarises the thermo-optical properties of
the DGU equipped with the TCG in its darkest and clearest state.
Table 7. Thermo-optical properties of the DGU equipped with the TCG in its limit states.
τvis
[-]
0.62
0.05

TCG - Clear
TCG - Dark

ρvis
[-]
0.09
0.04

τsol
[-]
0.40
0.15

ρsol
[-]
0.18
0.07

g-value
[-]
0.49
0.28

U-value
[W/m2∙K]
1.2
1.2

Starting from the numerical model describing the behaviour of the TCG
derived from the experimental characterisation performed, as shown in subsection 3.3.3.2, different hysteresis amplitudes were assumed for this component.
In more detail, starting from the amplitude of the hysteresis observed, equal to 0
°C, 6 different hysteresis amplitudes between the heating and the cooling curves
were defined, from 0 °C to 30 °C, with a resolution of 5 °C. The curve derived
from the experimental characterisation was assumed as the heating curve; the
cooling curve was obtained through a displacement of the heating curve equal to
the aforementioned hysteresis amplitudes. As a result, seven different TCG
glazing were obtained, with identical thermo-optical properties in their darkest
and clearest state, identical heating curve, but different hysteresis amplitudes.
These glazing were named after their hysteresis amplitude as HST and the
hysteresis amplitude in Celsius degrees. As an example, the TCG with a 10 °C
hysteresis will be named HST 10 °C, the one presenting a 15 °C hysteresis width
HST 15 °C and so on. Figure 16 shows the different hysteresis amplitudes
considered for the TCG in terms of visible transmittance.
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Figure 16. Hysteresis amplitudes considered for the TCG in terms of visible transmittance.

In addition to the TCG with different hysteresis widths, also different static
glazing were alternatively equipped in the DGU as reference cases. From the
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discretisation of the thermo-optical range of variation of the TCG (see the subsection 3.3.3.1), 4 static states were selected: the darkest and clearest states,
corresponding to State 0 and State 9 respectively, and two intermediate states,
State 3 and State 6. In addition to these 4 glazing, a fifth glazing was also
selected, that is a selective glazing with the same optical properties as the TCG in
State 0, but with a higher selectivity index (τvis/g-value), corresponding to a lower
g-value. Table 8 summarises the thermo-optical properties of the DGU equipped
with the different static glazing considered in this study.
Table 8. Thermo-optical properties of the DGU equipped with the different static glazing
considered.

State 0
State 3
State 6
State 9
Selective glazing
(selective)

τvis
[-]
0.62
0.43
0.24
0.05

ρvis
[-]
0.09
0.07
0.06
0.04

τsol
[-]
0.40
0.32
0.23
0.15

ρsol
[-]
0.18
0.13
0.09
0.07

g-value
[-]
0.49
0.42
0.35
0.28

U-value
[W/m2∙K]
1.2
1.2
1.2
1.2

0.62

0.09

0.22

0.09

0.34

1.2

The enclosed office case study was alternatively located in three different
climates, with the purpose of highlighting potential differences in the performance
of the TCG due to the different climatic conditions. The geographical locations
analysed are Abu Dhabi (ARE: 24.42°N, 54.65°E), Turin (ITA: 45.22°N, 7.65°E)
and Östersund (SWE: 63.17°N, 14.50°E) characterised by a dry (arid), a
temperate (mesothermal) and a continental (microthermal) climate respectively.
Moreover, the latitudes of these three locations differ from one another of
approximatively 20°. Figure 17 shows the Heating Degree Days (HDD) and
Cooling Degree Days for the three locations considered, calculated according to a
baseline of 12 °C and 18 °C respectively [214]. The Primary Energy Factor (PEF),
i.e. the factor determining the efficiency of a country to produce electric energy
from primary energy, was assumed equal to 3.26 for Abu Dhabi, as estimated
from [215], 2.42 for Turin [216] and 1.5 for Östersund [217]. Table 9 summarises
the geographical and climatic characteristics of the three locations selected.
Table 9. Geographical and climatic characteristics of the three locations analysed.

Abu Dhabi (ARE)
Turin (ITA)
Östersund (SWE)

Latitude
[°]

Longitude
[°]

HDD(12)
[°C]

CDD(18)
[°C]

24.42°N
45.22°N
63.17°N

54.65°E
7.65°E
14.50°E

2
1192
2763

2627
452
34
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KlöppenGeiger
Classification
BWh
Cfa
Dfb

PEF
[-]
0.31
0.41
0.67
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Figure 17. HDD(18) and CDD(12) for the three climates analysed, calculated according to [214].

3.3.4 Results
The performance of the office reference room integrating the different
thermochromic glazing alternatives, with increasing hysteresis width, is measured
in terms of both primary building energy use, EP [W/m2K], and in terms of visual
comfort, considering different Useful Daylight Autonomy ranges. The direct
benchmark of the TCG performance is considered in this study as the performance
of different static DGUs having static glass properties equal to the different TCG
states (from the most transparent, State 0, to the darkest one, State 9). Moreover,
an additional reference is considered, to take into account the highest performance
achievable with static double glazing units, i.e. a selective glazing with the same
visual properties of the clearest state of the TCG but a higher selectivity (ratio
between vis and g-value of 2) obtainable by integrating a double-silver coating on
the outer surface of the DGU cavity.
Figure 18 shows the break up of specific primary building energy use for the
typical office room in heating, cooling and lighting primary energy, integrating
the different glazing (from static benchmarks to TGU with increasing hysteresis,
from HST 0 to 30 °C). Figure 19 shows the relative energy use reduction of the
TCG with increasing hysteresis, compared to the energy performance of the
corresponding clearest static benchmark (State 0). In particular, for every climate,
it is visible how the energy use of the thermochromic glazing with no hysteresis
would always be less than the one of any static state of the TCG glazing (State 0
to 9). Compared to a static glazing having the same properties of the clearest state
of the TCG (State 0), the thermochromic integrated glazing with no hysteresis use
always less energy, with a magnitude varying from 3 to 12% of the total energy
use depending on the climate (3% in Östersund, SWE, 12% in Turin, ITA, and 7%
in Abu Dhabi, ARE).
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Figure 18. Specific building primary energy use break-up for the office reference room in the three
climates of study.
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Figure 19. Improvement of specific building primary energy use break-up for the office reference
room in the three climates of study.

In Abu Dhabi (ARE - Lat 24° N) the EPgl (global specific primary energy use)
of the office reference room integrating any of the static glazing ranges from 199
kWh/m2y (State 3, the best performing one in this climate) to 256 kWh/m 2y (State
9, the poorest performing one), with the clearest glazing (State 0) using nearly 210
kWh/m2y. The relative split between cooling and lighting energy uses varies
according to the visible transmittance of the DGU, with the lighting energy use,
which is the most sensitive to the variation of the visible transmission of the
glazing, due to the high solar geometry corresponding to 24°N latitude
(determining a low penetration of natural light within the room). A selective
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glazing, instead, is able in this climate to minimise both lighting and cooling
energy uses, resulting in an EPgl of nearly 175 kWh/m2y. As a comparison, a
TCG, which has an intrinsic passive adaptive behaviour, outperforms any
corresponding static glazing with properties within the TCG range of variation
(State 0 to 9), with an Epgl of 195 kWh/m2y, being able to dynamically balance
lighting and cooling energy needs in a better way compared to a static glazing
with similar or lower selectivity (ratio between vis and g-value ≤ 1.26).
Nevertheless, a TCG shows a higher energy use with respect to a static selective
glazing (vis/g-value ≈ 2), due to the higher selectivity of the latter. In this climate,
enlarging the hysteresis width between the heating and cooling curve of the
thermochromic glazing results in a worst energy performance, increasing the
energy use from 195 to 210 kWh/m2y (nearly 8%). In fact, as the hysteresis width
increases from 5 to 30 °C (HST 5 °C to HST 30 °C in Figure 19) the cooling
energy use is slightly decreased (2% compared to a TCG with no hysteresis),
while the lighting energy use increases by nearly 70% compared to HST 0 °C
(from 27 to 44 kWh/m2y), and by almost 200% compared to the clearest glazing
(State 0 or Selective glazing). In particular, hysteresis widths larger than 10 °C
will decrease the energy performance of the TCG below the one of its direct static
benchmarks (EPgl of the hysteresis width larger than 10 °C is higher than the EPgl
of State 3).
In Turin (ITA - Lat 45° N) the EPgl of the office reference room with the
static glazing (properties corresponding to the TCG State 0 to 9) ranges from 69
kWh/m2y (State 3, the best performing one in this climate as well) to 109
kWh/m2y (State 9, the poorest performing one), with the clearest state (State 0)
using 71 kWh/m2y. In this climate the reference office room energy performance
is highly sensitive on the glazing properties, whereas the highest energy uses are
still cooling and lighting energy uses, heating can also play a significant role in
the overall energy balance (between four and two times lower than cooling energy
use). In fact, despite the high internal loads (equipment, people and lighting), the
heat losses can be significant during the winter season, therefore an optimal
choice of glazing properties would need to balance correctly the requirements for
free or unwanted solar gains respectively in heating or cooling dominated seasons,
with daylight requirements, to reduce lighting energy use. Given the prevalence of
cooling and lighting energy requirements, a selective static glazing would be the
best performing one, in terms of total energy uses, as shown in Figure 18 (with a
total primary energy use of nearly 54 kWh/m2y). Nevertheless, the integration of a
thermochromic glazing (TCG), compared to static glazing with similar selectivity
(State 0 to 9, and/or ratio between vis and g-value ≤ 1.26), is able to mediate
between heating, cooling and lighting energy requirements, resulting in an energy
performance of the TCG of 63 kWh/m2y (12% lower as compared to the static
glazing State 0, and 9% lower as compared to the best performing static
benchmark, State 3). In particular during the winter seasons, although the TCG
assumes darker and darker states as the temperature of the material increases
(hence the incident solar radiation increases), letting less and less solar radiation
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in the internal space, the heating and lighting energy uses resulting by adopting a
TCG are hardly affected. This can be due to two concurring reasons: i) the
requirements for free solar gains to compensate heating and artificial lighting
loads are lesser and lesser as the temperature of the glazing (incident solar
radiation) increases; ii) a decrease in the visible transmission of the TCG results in
an increase of the solar absorption of the thermochromic functional layer, hence
transforming a significant part of the incident solar radiation into long-wave
thermal radiation which will be transferred to the internal space (free solar gains)
by means of convection (between the glazing and the internal air) and radiation
(between the glazing and the internal surfaces, including building occupants).
Analogously in the cooling season, due to its adaptive behaviour, the
thermochromic glazing, will assume darker states (lower vis and g-values) as the
material temperature (hence the solar radiation) increases, in accordance with
building energy use requirements (rejected unwanted solar gains and while having
enough daylight level internally).
Where such a balance of heating, cooling and lighting energy uses is present
(i.e. an office building in a temperate climate), although the hysteresis width
between the heating and cooling curve of the thermochromic glazing still
influences the overall energy use, this is always lower than that of static glazing
with similar or lower selectivity (State 0 to 9). As shown in Figure 18 and Figure
19, a larger hysteresis width could result in an increase of 3% and up to 25% of
the heating and lighting energy use respectively, as compared to a TCG without
any hysteresis, although this is balanced by a decrease of up to 6% in the cooling
energy use. Overall, not being able to reduce the hysteresis width, would result in
these conditions, of a maximum performance loss of 6% (for HST 30 °C, 67
kWh/m2y), as compared to HST 0 °C. This results anyway in an increased energy
performance when compared with the clearest benchmark, State 0 (6% lower
energy use), or with the optimal static benchmark, State 3 (3% lower energy use).
In Östersund (SWE - Lat 63° N) the EPgl (global specific primary energy use)
of the office reference room integrating any of the static glazing ranges between
82 kWh/m2y (State 0) and 107 kWh/m2y (State 9). Due to prevalent heating
requirements, the best glazing properties choice in this climate, from an energy
performance point of view is a high visible transmission and high g-value (low
selectivity), corresponding in this case to a static glazing with properties similar to
the clearest state of the TCG (State 0), instead of a selective one, conversely from
other climates / building types in which heating energy requirements are the least
important. In such conditions, the possibility to vary glazing optical properties
according to the material temperature, as for the thermochromic glazing, does not
present significant advantages in terms of reduction of building energy uses. In
fact, adopting a thermochromic glazing, results in no more than 3% total primary
energy use reduction, as compared to the best static glazing. Nevertheless, the
energy performance of the TCG is the highest, compared to all the other static
benchmarks and the selective reference. This is a result of the very low sensitivity
of the heating and lighting energy use on the dynamic variation of glazing
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properties (see Figure 18 and Figure 19), which also determines a very marginal
influence (nearly none) of the hysteresis width on the energy performance of an
office building.
The variation of optical properties of the thermochromic glazing can
significantly affect the visual comfort in the space in which the TCG is integrated.
In order to quantify the effect of the TCG and of its hysteresis on the visual
comfort, different Useful Daylight Illuminance ranges are measured by means of
the virtual experiments presented in this study. Particularly three ranges are shown
in Figure 20 and Figure 21 showing the overall performance and the relative
improvement compared to the best performing benchmark (glazing with highest
vis, equally State 0 and Selective glazing):
i.

UDIfell-short: representing the amount hours during one year in which
the illuminance on the workplane is too low to perform an office task,
as it is below 100 lux, and therefore ideally the full designed lighting
power density would be required to lit the space when is occupied.
Higher values of the UDIfell-short would imply a more poorly lit space
and may result in higher energy needs for lighting;

ii.

UDIachieved: representing the amount of hours during one year in which
the illuminance on the workplane is sufficient to perform an office
task, as it is between 100 and 3000 lux, which is the sum of
UDIsupplementary (between 100 and 300 lux, in which the available
daylight is compensated by artificial lighting) and UDIautonomous
(between 300 and 3000 lux, no artificial lighting needed). Higher
values of UDIachieved imply a good penetration of daylight and a well
naturally lit environment, without potential glare discomfort issues and
resulting in lower energy requirements for artificial lighting;

iii.

UDIexceeded: representing the amount of hours during one year in which
the illuminance on the workplane is too high, so that glare visual
discomfort due to an overlit space is highly likely to occur,
illuminances higher than 3000 lux [207]. Higher values of UDIexceeded
are characteristics of overlit spaces and may cause potential
discomfort glare issues to the occupants.

Figure 20 shows the visual comfort performance of the investigated glazing in
the three latitudes of interest, while Figure 21 measure the relative improvement
of the same metric, compared to static benchmarks (State 0 and Selective glazing).
As visible from Figure 20 and Figure 21, in all the climates the integration of
TCG always results in a better visual environment than its static benchmark. In
fact, the UDIachieved for the TCG is always higher than the one of the clearest
glazing. It is important to note that this results always from a reduction of overlit
conditions which may cause glare issues, as the UDIexceeded is reduced. On the
other hand, the UDIfell-short (underlit conditions) is kept to its minimum value when
adopting a TCG with no hysteresis compared to its static benchmarks.
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Figure 20. Useful Daylight Illuminance ranges for the office space integrating different DGU
systems (from static to thermochromic with increasing hysteresis width).
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Figure 21. Variation of Useful Daylight Illuminance ranges for the office space integrating
different DGU systems (from static to thermochromic with increasing hysteresis width).

In particular in Abu Dhabi (ARE – Lat 24° N), given the low latitude
(implying higher number of daytime hours during occupation hours and higher
solar geometry), the UDIfell-short is generally lower, but more sensitive to the
variation of glazing visual properties; on the contrary the UDIexceeded is generally
less compared to climates characterised by low solar angles. In such a climate the
TCG provides the highest performance improvement as far as visual comfort is
concerned compared to its static counterparts, with an overall improvement of
more than 10% of the UDIachieved (HST 0 °C), which is only due to a reduction of
hours in which workplane illuminances higher than 3000 lux are achieved
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(UDIexceeded), potentially causing glare discomfort issues. It is noted that, counterintuitively, a wider hysteresis results in a slight improvement of visual comfort
(3% at 24°N), which is due to a significant decrease of the amount of hours with
workplane illuminance higher than 3000 lux (6-7% reduction), which is
counterbalanced by a slight increase of underlit hours (UDIfell-short increases
steadily from HST 0 to 30 °C by 2-3%).
The results of Abu Dhabi have a similar trend to those of higher latitude
climates (i.e. 45°N and 63°N), as thermochromic glazing would always results in
a better visual comfort that the static glazing, and that an increase in the hysteresis
width has a positive impact on the visual comfort (increase of UDIachieved). In
particular by increasing the latitude, improving the penetration of natural light in
the room (due to lower solar geometry), the influence of the hysteresis width on
the amount of underlit hours (UDIfell-short) decreases. Similarly, wider ranges of
hysteresis can prevent workplane illuminances to fall above 3000 lux threshold
for a higher amount of time, reducing conditions of probable visual glare
discomfort up to 15% (for HST 30 °C).
The trends observed for the Useful Daylight Illuminance are somehow
confirmed by the results obtained for the Daylight Glare Probability. The effect of
the TCG and of its hysteresis on the glare condition of the occupants was
quantified by considering the percentage of occupied time for which each daylight
glare comfort class (imperceptible, perceptible, disturbing and intolerable glare)
was experienced. Figure 22 shows the annual glare condition, split in the four
daylight glare comfort classes, relative to the investigated glazing in the three
latitudes of interest, while Figure 23 measures the relative improvement for each
class, compared to static benchmarks (State 0 and Selective glazing).
As observed for the UDI, also in terms of glare condition of the occupants the
integration of the TCG results in all three climates in a better visual environment
than its static benchmark. In fact, the percentage of hours for which an
imperceptible glare condition is experienced for the TCG is always higher than
the one of the clearest glazing. This is due to a reduction of the daylight levels
within the indoor space, as confirmed by the simultaneous decrease of the hours in
which intolerable glare is perceived by the occupants.
In more detail, in Abu Dhabi (ARE – Lat 24° N), given the low latitude and
the related higher solar geometry (the sun is seldom in the observer’s field of
view), the percentage of hours in which discomfort glare is perceived are
generally lower and little sensitive to the variation of the glazing optical
properties. Conversely, an imperceptible glare condition is perceived for more
hours in respect to higher latitudes, although the sensitivity of this parameter to
the modulation of the glazing visible transmittance strongly depends on the
latitude and the related solar geometry. In Abu Dhabi the integration of the TCG
shows the highest performance improvements, in respect to its static counterparts,
in terms of glare condition of the occupants, with an increase in the percentage of
hours in which imperceptible glare is perceived of more than 40% (HST 0 °C) and
a decrease of the occupied time in which intolerable glare is experienced equal to
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28.14%. As already noted for the UDI, a wider hysteresis results in a further
improvement of the imperceptible glare condition (+20.37% at 24°N),
counterbalanced by a simultaneous reduction of the perceptible, disturbing and
intolerable glare condition (-51.44%, -12.43% and -4.29% respectively).
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Figure 22. Annual percentage of the DGP in each daylight glare comfort class for the office space
integrating different DGU systems (from static to thermochromic with increasing hysteresis
width).
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Figure 23. Variation of the annual percentage of the DGP in each daylight glare comfort class for
the office space integrating different DGU systems (from static to thermochromic with increasing
hysteresis width).

As far as the higher latitude climates (i.e. 45°N and 63°N) are concerned, the
results obtained show a similar trend to those relative to Abu Dhabi, with the
application of the TCG resulting in an improved glare condition for the occupant
in respect to that provided by the static glazing. However, the extents of the above
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improvement appear to decrease significantly for lower latitudes, with an increase
of the hours in which the glare condition is imperceptible equal to 18.7% for
Turin and only 3.92% for Östersund. Analogously, the percentage of hours in
which intolerable glare is experienced shows smaller reduction for lower latitudes,
and precisely of -15.21% for Turin and -7.23% for Östersund.
The increase of the hysteresis width shows to have a positive impact on the
glare condition of the occupants for all three climates, as a further variation of the
occupied time in which imperceptible and intolerable glare are perceived is
observed, with an increase of the former and a decrease of the latter. In Turin a
similar trend to that observed in Abu Dhabi was found, with an increase of the
percentage of time in which intolerable glare was perceived and a decrease of the
occupied hours in which perceptible, disturbing and intolerable glare are
experienced. From HST 0 °C to HST 30 °C an increase of 39.71% of the hours in
which intolerable glare is experienced by the occupants is observed, which is the
highest improvement obtained in respect to all three climates considered. In
Östersund instead a different trend was observed, with an increase and decrease
respectively of the imperceptible and the intolerable glare condition from HST 0
°C to HST 30 °C, but a fluctuation of both perceptible and disturbing glare
condition, for which the highest improvements are obtained for intermediate
hysteresis width. Moreover, form HST 0 °C to HST 30 °C an improvement of
+13.13% was observed in the time the glare sensation is imperceptible, which is
the lowest improvement registered in respect to all three climates.
The differences highlighted in the three geographical locations depend mainly
to their different latitudes and relative solar geometries. In Abu Dhabi, as the sun
elevation is high for most of the year, most glare issues are caused by glare from
contrast, so that the integration of a TCG in the window system results effective to
solve these issues and improve the annual glare condition of the occupants.
Conversely, a lower solar geometry characterises Östersund climate, with the sky
low in the sky for most of the year. In this case most glare problems are caused by
the presence of the sky within the observer’s field of view, and the application of
the TCG appear not to be able to solve these issues, possibly due to a too high
visible transmittance exhibited in these situations. In Turin instead, due to its
intermediate latitude, and consequent intermediate solar geometry, the highest
improvements in the glare condition of the occupants were observed at the
increase of the TCG hysteresis width.

3.3.5 Discussion
In the present study the performance of a thermochromic glazing and the
effect of its transition hysteresis width on the energy and visual comfort
performance is investigated. This may depend though on different factors, such as
the thermochromic transition temperature, as well as on the specific boundary
conditions in which the glazing is integrated (i.e. climate and building use), in the
present section these two potential limitations are further discussed.
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As far as the first issue is concerned, it appears from the present study that the
largest impact of integrating a TCG on the performance, from an energy
efficiency and visual comfort perspective, is in conditions where cooling and
lighting energy uses are prevailing. In fact, on average, a significant reduction of
cooling energy uses as compared to a less sensitive increase of energy uses for
heating is measured as a result of an increasing hysteresis width. On the other
hand, lighting energy uses is largely affected in cooling dominated climates,
which also corresponds to lower latitudes (higher solar geometry). This is also
reflected by the loss in performance due to the increase of the thermochormic
hysteresis width, which is higher (up to 6-7% for 30 °C hysteresis width,
corresponding to a steady performance decrement of only 0.2-0.25% per degree of
temperature) for climates where cooling is the most significant energy use and in
which solar geometry does not allow a sufficient penetration of natural light (i.e.
lower latitudes).
The aforementioned interpretation, though, could be a partial result, which is
specific to the characterised material, presenting a relatively high average
thermochromic transition temperature. In fact, Figure 24 shows the cumulative
frequency of the optical properties of the TCG for different hysteresis width, for
the three climates investigated. It is possible to note that in cooling dominated
conditions, there is a significant increase of the frequency of darker glazing
properties, with an increase of hysteresis width. In fact in Abu Dhabi and Turin
climate, the variation of the hysteresis width is affecting visible transmission of
the TCG significantly: in Abu Dhabi from values below 0.42 for at least 50% of
time for HST 0 °C, to values not higher than 0.27 for 50% of time for HST 30 °C;
while in Turin from values below 0.62 for at least 50% of time for HST 0 °C, to
values not higher than 0.43 for 50% of time for HST 30 °C. Conversely in heating
dominated climates, as Östersund, given the relatively high switching transition
temperature, much higher values of the visible transmission of the thermochromic
glazing are measured (from values below 0.64 for at least 50% of time for HST 0
°C, to values not higher than 0.57 for 50% of time for HST 30 °C). This indicate
that in cooling dominated climates / buildings, the boundary conditions (external
temperature and solar radiation, as the internal set point air temperature is fixed to
26 °C) are such that the thermochromic material would experience the full range
of temperature and optical properties characterised. Moreover, in these climates it
is more likely that the glass would undertake complete heating and cooling cycles,
which is demonstrated by the high influence of hysteresis width on the measured
optical properties of the glass. While in a climate like Östersund, the glass optical
properties are for most of the time in the clearer range (higher vis), on the overall
resulting from a lower temperature of the thermochromic material, which is due to
the fact that external temperature and solar radiation are not sufficient for the
thermochromic transparent functional layer to undertake the full heating and
cooling cycles.
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Figure 24. Cumulated time frequency of TCG optical properties according to the hysteresis width
for the different climates tested: a) ARE – Lat 24°N; a) ITA – Lat 45°N; a) SWE – Lat 63°N.

As a comparison, in [186] and [187] it is shown as decreasing the transition
temperature from 45 °C to 25 °C could reduce the energy use for total energy for
heating and cooling of up to 15%, resulting in up to 25-30% less cooling energy
uses [186,187], while up to 10% higher heating energy uses (10% more from 45
to 25 °C) [186,187]. On the other hand, lighting energy use appears not be
significantly affected by the transition temperature [187]. This could result in even
higher energy performance of thermochromic glazing achievable in cooling
dominated climates, shall the thermochromic transition temperature be decreased
to temperatures closer to 25 °C. On the contrary, it appears that a decrease of the
thermochromic transition temperature does not result in lower heating energy
demand in heating dominated seasons and/or climates. Moreover the influence of
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the hysteresis width (6-7% maximum energy performance reduction) is found to
be much lower than what previously documented in literature [186]: up to 15%
for similar thermochromic transition temperatures, and with a higher difference
between smaller and larger hysteresis width, nearly 10% for an hysteresis width
passing from 0 °C to 5 °C, and only 5% if the hysteresis of the thermochromic
transition is enlarged further. The difference can be explained by the simplified
modelling approach adopted in [186], in which the variation of thermochromic
glazing properties was defined as a simple linear regression depending on solar
radiation alone, as well as by the fact that the lighting energy use was not
considered.
On the other hand, the impact of the hysteresis on the TCG performance is
also depending on the dynamicity of the phenomena as compared to the
dynamicity of boundary conditions, and in particular on the concurrence of the
effect of the hysteresis with specific local boundary conditions. In fact, it is noted
how the hysteresis width of the thermochromic material has a certain influence on
the speed at which the optical properties are going from a darker state to clearest
ones (lower to higher visible and solar transmittance). By analysing the external
boundary conditions, this would always occur when the incident solar radiation
incident is decreasing (afternoon hours for the specific case study, south facing
facade). On the other hand, if focusing on internal boundary conditions, the
influence of the hysteresis on the variation of optical properties may or may not
coincide with highest cooling or lighting energy use requirements (peak cooling
and lighting energy uses in afternoon hours), or in conditions requiring a certain
level of visual comfort (office occupation). As an explanatory example, in Figure
25 it is shown the effect of different hysteresis widths (0, 10 and 20 °C) on the
hourly variation of thermochromic optical properties, on the energy uses (cooling
and lighting), on the work-plane illuminances and on the DGP values for five
specific week days, specifically for ITA - 45°N, between 30th Oct and 3rd Nov (the
climate and the days are chosen in such a way to maximise the effects, with an
explanatory aim).
Figure 25.b shows that a delay in recovering the clearest state (larger
hysteresis of 10 °C and 20 °C), reduces the cooling and lighting loads during the
central hours of the day (when the thermochromic material is cooling back to its
clearer states). Although if this happened when cooling and lighting loads were at
their peak (few hours later in the afternoon), the thermochromic hysteresis width
could have a higher influence. Therefore, the influence of the hysteresis
mechanisms may be slightly different if considering different orientations and/or
different building uses or schedules. At the same time, from the point of view of
the visual comfort, the contemporaneity of the delay in recovering clearer visual
properties introduced by a wider hysteresis width, combined with a TCG
integrated on a south facing facade, positively impacts on both the amount of
hours below the threshold of 3000 lux (lower UDIexceeded values) and the
discomfort glare condition (DGP above 45%), as visible in Figure 25.c and Figure
25.d, thus improving visual comfort.
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Figure 25. Profiles of a) TCG visible transmittance and external boundary conditions; b) cooling
and lighting loads; c) workplane illuminances for centre of the office reference room; d) Daylight
glare Probability for the point and view direction considered. The above profiles are represented
for a cooling dominated week in ITA – Lat 45°N climate (between 30th Oct and 3rd Nov), for
different TCG hysteresis widths (0 °C, 10 °C and 20 °C).
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From a material point of view, large effort has been spent to evaluate the
influence of hysteresis on heating and cooling energy use for VO2 based TC
systems and to reduce the hysteresis width [148,186,188,200]. The vast majority
of transparent thermochromic functional layers in literature achieved hysteresis
widths as low as 5 ˚C - 10 ˚C [148,186,188,200], similarly to the one of the LETC
system characterised in this work. As a result, this could still give sufficient
energy performance improvements compared to similar selective static glazing,
although to outperform more selective static glazing from a performance point of
view LETC systems should aim to: i) reduce the thermochromic transition
temperature so that less transparent states could be maintained for a higher
amount of time (see Figure 24) to reduce energy use and improve visual comfort;
increase the range of solar transmission modulation beyond the current 40%
range, in order to reduce energy use further. LETC systems, compared to other TC
materials, are promising not only for the large modulation of luminous and solar
optical properties, but also for their integration into flexible system (PVB
interlayer) and potential cost reduction. In fact according to Queen [22], LETC
systems cost roughly ten times standard double pane glazing, although they have
great potential of cost reduction by reducing the amount of active ingredients to
achieve similar or improved solar and visual modulation and colour neutral
appearance (with reduced number of TC layers). The cost and performance
objectives highlighted above could be obtained by designing active ingredients
with higher molar extension coefficient, thus greater light and solar absorption
[22].

3.3.6 Conclusions
The advantages deriving from the application of the proposed integrated
simulation methodology were demonstrated through its application to a passive
adaptive transparent component, namely a thermochromic glazing. This
methodology enabled a comprehensive building performance evaluation of
thermochromic glazing considering not only energy uses and visual comfort
aspects, but also peculiar thermochromic material features, such as
thermochromic hysteresis. As a result, the devised BPS tool showed to be able to
effectively support the design of a thermochromic material, from the perspective
of the building integration scale. In particular, an experimental campaign was
undertaken to characterise a LETC thermochromic material, whose behaviour was
parametrised, modelled and calibrated.
As far as the thermochromic glazing characterisation is concerned, it is
observed that the LETC has a relevant switching capacity in the visible region of
the spectrum, with a switching factor of 10 (relative to the minimum and
maximum measured surface temperatures); this behaviour is a promising
prerequisite for building applications aimed at optimising daylight control and
solar gain management. Conversely, the low selectiveness (ratio between vis and
sol) and the low switching factor in the near infrared range, limit the solar
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management performance of the system (total solar transmittance can modulate in
the 0.24-0.62 range) and its capability to reduce unwanted solar gains during
cooling seasons.
As far as energy performance is concerned, thanks to the possibility of
varying the glazing properties according to the temperature of the thermochromic
functional layer, the TCG is always able to outperform any static glazing with
properties within any of its possible states (absorbing glazing). Although in
climates and building conditions in which cooling and lighting energy use are
prevailing (cooling dominated climates and temperate climates within building
with high endogenous loads, such as offices), selective static glazing (with double
and triple silver coatings) may still be a better choice than thermochromic ones
with similar transition temperature (average transition temperature 45 °C), from
an energy saving stand point. The overall advantage of the thermochromic glazing
is to reduce cooling energy uses, to the detriment of heating and lighting energy
uses, despite its transition temperature. The thermochromic hysteresis has proved
to have a positive impact on the reduction of cooling energy uses, which is though
not counter balanced by the variation of lighting and heating energy uses.
Therefore, on the overall the hysteresis width has a negative effect on the
reduction of total energy uses, especially for high solar angles (lower latitudes).
As far as visual comfort is concerned thermochromic glazing always performs
better than their static benchmark, in terms of possibility to exploit natural light,
as well as reducing probable glare issues. Moreover the increase of the hysteresis
width has shown to have a positive impact on reducing glare occurrence
(reduction of work-plane illuminances higher than 3000 lux) especially for higher
latitudes, but not on the improvement of the exploitation of natural light.
A wider thermochromic hysteresis is not always detrimental to the energy and
visual comfort performance, differently from what has been published previously.
Increasing the hysteresis width is always beneficial in reducing cooling energy
uses (especially in higher latitudes), while it has a slight negative impact on
heating and a significant negative impact on lighting energy uses (especially in
lower latitudes). For the specific cases analysed this results in a negative impact
on the total primary energy use. Although depending on the climate of interest,
building type and specific configuration, building use and especially on the
lighting power density, the impact of widening the thermochromic hysteresis on
the total energy use may become positive instead. Moreover, from the point of
view of the visual comfort, a wider thermochromic hysteresis is increasing the
opportunity to exploit natural light, as it is decreasing (especially in higher
latitudes) the occurrences of too high illuminances which may cause glare
discomfort issues, without increasing the amount of time with lower illuminance
values.
At a component level, the measurement of the hysteresis cycle is not a trivial
task, and a proper test bench and methodology needs to be designed to improve
the measurement accuracy. Although the accuracy needed for the thermochromic
hysteresis measurement, as well as the accuracy in modelling it into building
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simulation tools, is linked to its influence on the building performance. On
average hysteresis width below 10 °C results in a performance variation generally
lower than 5%.

3.4 Application to an active component: electrochromic
glazing
3.4.1 Introduction
In the present section the proposed novel integrated simulation methodology
is applied to the case of an active transparent adaptive façade component.
Active switchable glazing are currently the transparent adaptive technologies
with the higher real-world uptake, due to their feature of adjusting their thermooptical properties according to custom-defined constraints. Among these the allsolid-state electrochromic (EC) glazing currently shows the widest market
penetration. In addition, it appears to be the transparent adaptive component with
the highest potential in the improvement of the overall building performance, by
reducing the energy use while improving the visual comfort condition of its
occupants. This is mainly due to: (i) the robustness of the technology; (ii) a large
modulation range of its thermo-optical properties; (iii) the higher flexibility of an
active control in respect to passive adaptive transparent façade technologies.
In this sense, benefits and drawbacks deriving from the application of active
smart glazing are not only related to the boundary conditions, but strictly depend
also on the control logic used to manage these components [69]. Nonetheless,
Energy performance and comfort requirements (visual and thermal) could be
contradictory (for instance the need for winter solar gains and the risk of glare due
to direct sunlight), although control strategies tend to be structured to meet a
specific requirement (mono-objective) or to follow a hierarchy of objectives. The
priority given to visual comfort could negatively influence the energy
performance and vice versa, depending on the period of the year, the climatic
context and the building use and characteristics.
Nevertheless, understanding the effectiveness of a control strategy on the
overall building performance is not a trivial task. This requires in fact an
evaluation of the effects of the operation of the active adaptive component which
has to deal with the following aspects: different physical domains can be affected
simultaneously by the transparent component adaptive behaviour (i.e. thermal and
luminous), which are often highly interdependent to each other; different
performance aspects need to be considered, which may be conflicting with each
other (energy efficiency and visual comfort requirements). However, most of the
currently available Building Simulation (BPS) tools do not integrate simulation
methodologies allowing a multi-physical and multi-performance assessment, if
not by introducing a series of simplifications (see Chapter 2). As a result, these
tools provide only a partial picture of the effects of a control strategy on the
overall building performance.
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In this framework, the performance of an electrochromic glazing operated
according to different mono-objective control strategies selected from literature
was evaluated. The application of the integrated simulation methodology
proposed enabled a comprehensive whole building evaluation of the performance
of the EC component according to the different control strategies selected,
considering both thermal related aspects (i.e. energy efficiency, in terms of
cooling, heating and lighting demand) and visual comfort aspects in an
interrelated fashion.
In sub-section 3.4.2 the office case study selected for the present analysis is
presented, along with the description of the EC glazing considered in this study.
This is followed by a detailed description of the different mono-objective control
strategies selected from literature. Finally, the integrated simulation workflow
followed in this study is thoroughly described. Sub-section 3.4.3 presents the
results relative to the operation of the EC glazing according to the different
typologies of control strategies selected, both in terms of energy and visual
comfort performance. These are then compared to each other to highlight
advantages and drawbacks relative to each mono-objective control strategy.
Finally, sub-section 3.4.4 draws the main conclusions for the application of the
proposed integrated simulation methodology for the evaluation the effect of
different mono-objective control strategies over both energy performance and
visual comfort.

3.4.2 Methodology
An extensive numerical analysis aimed at the evaluation of the influence of
different control strategies on the overall building performance is presented in the
following paragraphs. Specifically, the influence of control strategies aimed at the
optimisation of different aspects (energy performance, visual comfort or both)
was assessed on both the energy performance and the visual comfort condition of
the occupants and compared.
3.4.2.1 Performance evaluation parameters
In the present study both energy aspects and visual comfort aspects were
analysed. This was done by means of the following performance metrics:
Energy Performance Index (EPgl): it is the amount of primary energy
annually consumed by a building per unit area, expressed in kWh/(m2∙year). The
EPgl is calculated according to the following equation:
𝐸𝑃𝑔𝑙 = 𝐸𝑃𝐻 + 𝐸𝑃𝐶 + 𝐸𝑃𝐿

(6)

in which EPH is the amount of primary energy annually consumed by the
heating system per unit area [kWh/(m2∙year)]; EPC is the amount of primary
energy annually consumed by the cooling system per unit area [kWh/(m 2∙year)];
EPL is the amount of primary energy annually consumed by the lighting system
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per unit area [kWh/(m2∙year)]. The influence of the primary energy necessary for
the production of domestic hot water (EPDHW) on the EPgl was considered
negligible and was therefore not calculated in the present study.
Daylight Glare Probability (DGP): this metric quantifies the percentage of
people that may experience a glare sensation due to a given daylight condition,
and is calculated according to the following equation [111]:
𝐷𝐺𝑃 = 5.87 × 10−5 𝐸𝑣 + 9.81 × 10−2 log (1 + ∑
𝑖

𝐿2𝑠,𝑖 𝑠,𝑖
) + 0.16
𝐸𝑣1.87 𝑃𝑖2

(7)

in which Ev is vertical illuminance at eye level [lx]; Ls is the light source
luminance [cd/m2], ωs is the light source solid angle [sr]; P is the position index [], which expresses the variation in glare sensation experienced relative to the
angular displacement of the light source from the observer’s line of sight. To be
able to rate the glare condition through DGP, Wienold introduced a scale in which
he correlated different glare sensations (daylight glare comfort classes) to specific
ranges of DGP values [133]. Table 10 summarises the different daylight glare
comfort classes, with relative upper and lower DGP threshold values.
Table 10. Daylight glare comfort classes, with relative DGP threshold values.
Daylight glare comfort class
Imperceptible glare
Perceptible glare
Disturbing glare
Intolerable glare

Threshold
DGP < 35%
35% ≤ DGP < 40%
40% ≤ DGP < 45%
DGP ≥ 45%

DGP<40%: this metric expresses the percentage of occupied hours over a year
in which the glare condition of the occupants is below disturbing (DGP < 40%).
DGP<40% is calculated according to the following equation:
𝑜𝑐𝑐
∑𝑛𝑖=1
(𝛼 ∙ 𝑡𝑖,𝑜𝑐𝑐 )
𝐷𝐺𝑃<40% =
𝑛𝑜𝑐𝑐
1,
𝐷𝐺𝑃 < 40%
𝑤𝑖𝑡ℎ 𝛼 = {
0,
𝐷𝐺𝑃 ≥ 40%

(8)

in which 𝑡i,occ are the occupied timesteps (hours) in one year; nocc is the
number of occupied timesteps in one year; α is the weighting factor indicating if
DGP is above or below the threshold determining a disturbing glare condition,
equal to 40%.
Daylight Autonomy (DA): this metric is defined as the percentage of
occupied hours over a year in which daylight alone satisfies a minimum
illuminance requirement [132]. DA is calculated according to the following
equation:
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𝑜𝑐𝑐
∑𝑛𝑖=1
(𝛼 ∙ 𝑡𝑖,𝑜𝑐𝑐 )
𝐷𝐴 =
𝑛𝑜𝑐𝑐
1,
𝐸ℎ ≥ 500
𝑤𝑖𝑡ℎ 𝛼 = {
0,
𝐸ℎ < 500

(9)

in which Eh is the horizontal illuminance on the workplane [lx]; 𝑡i,occ are the
occupied timesteps (hours) in one year; nocc is the number of occupied timesteps
in one year; α is the weighting factor indicating if daylight alone satisfies the
minimum illuminance requirement. This one was set equal to 500 lx, to meet
normative prescription for an office space [95].
3.4.2.2 Case study description
The considered case study is an enclosed office 3.6 m wide, 4.5 m deep, and
2.7 m high. A window 3.3 m wide and 1.5 m high (Window-to-Wall Ratio WWR
equal to 0.5) is located on the south-oriented short wall.
The enclosed office was assumed to be part of an office building and
surrounded by other identical offices with the same thermal conditions, thus all
the horizontal and vertical internal constructions were modelled as adiabatic
components. Table 11 reports the visible reflectance assumed for the different
internal surfaces.
Table 11. Visible reflectance of the internal surfaces of the case study.
vis
0.7
0.5
0.3
0.1

Surface
Ceiling
Wall
Floor
Ground (albedo)

The external opaque wall is a structural brick wall characterised by a thermal
transmittance (U-value) of 0.25 W/(m2K), while the internal and external areal
heat capacity are equal to 19.2 kJ/m2∙K and 64.4 kJ/m2∙K, respectively. Table 12
summarises the assembly and thermal properties of the opaque building envelope
component.
Table 12. Assembly of the opaque building envelope with relative thermal properties for each
layer. The layer numeration starts from the outermost one.
Layer

Material

1
2
3
4

Plaster
Insulation
Hollow clay bricks
Plaster

Thickness
[m]
0.015
0.12
0.18
0.015

Conductivity
[W/m∙K]
0.8
0.04
0.22
0.8

Specific heat
[J/kg∙K]
850
1500
1019
850

Density
[kg/m3]
1900
18
1394.6
1900

The horizontal internal partitions have the following thermal properties: Uvalue of 1.33 W/m2∙K, decrement factor of 0.4 and time lag of 7 hours (internal
and external areal heat capacity of 28.2 kJ/m2∙K and 82.8 kJ/m2∙K). The thermal
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properties of the vertical internal partitions are as follows: U-value of 1.19
W/m2∙K, decrement factor of 0.62 and time lag of 5 hours (internal and external
areal heat capacity of 48.3 kJ/m2∙K and 67.0 kJ/ m2∙K). The thermal properties of
the different materials were derived from [208–210].
Standardised schedules relative to occupancy and equipment were considered
[211]. The office case study was assumed to be occupied by 2 people and the
equipment power density was set equal to 12 W/m2 [218]. The primary air
ventilation rate was assumed equal to 1.56 l/s∙m2 for the occupied hours, while the
infiltration rate per area was set equal to 0.15 l/s∙m2 [212].
The heating and cooling systems were modelled as ideal systems, able to
guarantee under any condition set-point and set-back temperatures, set equal to 20
°C ad 12 °C for the heating system and 26 °C and 40 °C for the cooling system
respectively. The mean seasonal efficiency of the heating system is equal to 0.85
while the cooling system SEER is equal to 3.00. The case study office was
equipped with a dimmable lighting system controlled by means of a photosensor,
which managed the power fraction of the lighting system in order to guarantee a
minimum illuminance on the workplane, as a combination of daylight and
dimmable artificial lighting, equal to 500 lx, in accordance with [95]. The
considered lighting system has the following characteristics: installed power
density equal to 10.76 W/m2 [211]; ballast absorption factor equal to 10%,
standby power of the photosensor equal to 1 W.
The horizontal illuminance on the workplane was assessed for a grid of
sensors located 0.75 m above the floor and evenly distributed on the whole floor
area, after deducing a stripe 0.5 m wide, as this peripheral portion of space is
rarely occupied by desks. Spacing between the grid points was set equal to 0.5 m,
for a total number of 35 sensor points. The Daylight Glare Probability was
evaluated for a point positioned in the room centre line, 2.25 m away from the
window and at a height of 1.2 m (height of the eye of a seated person). The
direction of observation was considered perpendicular to the window plane, which
may not be consistent with the standard layout of an office, but represents the
worst-case scenario in terms of glare risk.
As far as the transparent portion of the building envelope is concerned,
glazing with different optical properties were compared: an electrochromic
glazing (EC) and two traditional selective glazing were alternatively used as
external layer of a Double Glazing Unit (DGU) equipped with a Low-E glazing as
inner glass pane and with a 16 mm cavity filled with argon 90:10.
As regard the electrochromic glazing, this is an active transparent façade
component whose thermo-optical properties vary according to the application of
an external voltage (see section 2.2). The EC component considered consists in a
laminated glass composed by two glass panes connected one to another by a
multi-ply electrochromic interlayer. This one is composed by two transparent
conductor layers, one coated with tungsten oxide (for cathodic colouring) and the
other coated with Prussian blue (for anodic colouring), separated by an electrolyte
layer in PVB [219]. The EC glazing thermo-optical properties vary between 10
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pre-defined states, from a maximum transparency state (bleached) and neutral
colouring (EC_10) to a state of minimum transparency and intense Prussian blue
colour (EC_1). The optical properties of the EC glazing in each state were
experimentally characterised by means of an Ulbricht sphere and, starting from
this data, the overall thermo-optical properties of the 10 resulting DGUs were
calculated. This was done according to the CEN conditions [206,213] by means of
the software WINDOW 7.6 [66]. In addition to the EC glazing, also two selective
glazing were considered, to be used as static reference: these are a standard and a
high-performance selective glazing, the latter characterised by a higher selectivity
index (τvis/g-value), corresponding to a lower g-value. Table 13 summarises the
thermo-optical properties of all the DGUs considered in the present study, i.e.
equipped both with the two static glazing (Sel62, Sel72) and with the EC glazing
in each of the 10 states it can assume (EC_1, EC_2, …, EC_10). Internal venetian
blinds were considered as well for some of the control strategies presented in the
next paragraph. These, adjustable on three slopes (0° - horizontal, 15° and 30°),
were considered to have a slat depth of 2.5 cm and a visible reflectance (ρvis)
equal to 0.44.
Table 13. Thermo-optical properties of the Double Glazing Unit considered equipped both with
the two static glazing (Sel62, Sel72) and with the EC glazing in each of the 10 states it can
assume.
vis
[-]

sol
[-]

g-value
[-]

U
[W/m2K]

Sel62

0.62

0.28

0.3

1.2

Sel72

0.72

0.36

0.38

1.2

EC_10
EC_9
EC_8
EC_7
EC_6
EC_5
EC_4
EC_3
EC_2
EC_1

0.52
0.46
0.39
0.33
0.26
0.23
0.21
0.16
0.12
0.10

0.29
0.21
0.16
0.12
0.09
0.08
0.07
0.05
0.04
0.03

0.35
0.29
0.23
0.2
0.16
0.16
0.15
0.12
0.12
0.11

1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2

Electrochromic
glazing states

Reference
glazing

Double Glazing Unit

The office case study was located in the city of Turin (ITA: 45.22°N, 7.65°E),
and energy performance and daylighting evaluations were carried out through
annual climate-based simulations using the International Weather for Energy
Calculations (IWEC) data file for this city [220]. The Primary Energy Factor
(PEF), i.e. the factor determining the efficiency of a country to produce electric
energy from primary energy, was assumed equal to 0.41 [216]. The Heating
Degree Days (HDD) and the Cooling Degree Days (CDD) for the city of Turin are
equal to 1192 °C and 542 °C respectively (calculated according to a baseline of 12
°C for HDD and 18 °C for CDD [214]), which means that its climate is mainly
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heating-dominated, even though the summer cooling need is not negligible as
well. This is particularly true in the case of office buildings, where the
endogenous loads could have a significant impact on the heating and cooling
needs. Moreover, at an intermediate latitude, such as the one of Turin, the solar
geometry is characterised by low elevation angles in winter, which, depending on
the orientation, may cause a discomfort glare condition to the occupants. In
addition, the aim of reducing the energy demand for cooling could be contrasting
with that of decreasing the energy use for artificial lighting. As a result, the
control of a dynamic glazing aiming at optimising both energy-related and visual
comfort-related aspects is not a trivial building operation task. In the present study
the influence of energy and visual constraints in the control strategy of an
adaptive glazing is analysed, relative to both the energy performance and the
visual comfort condition of the occupants.
3.4.2.3 Control strategies description
Different mono-objective control strategies were selected from a literature
review. The control strategies considered are aimed at the improvement of the
building energy performance either by minimising the cooling energy needs, or by
optimising the occupants’ visual comfort through the minimisation of the
discomfort glare risk. Depending on the aim of the strategy, the thermo-optical
properties of the glass are managed based on monitored parameters: cooling loads,
glare risk and occupant profile. As far as the strategies aimed at improving the
visual comfort conditions are concerned, these are limited to the occupancy hours,
while a static glass condition (or a strategy aimed at the optimisation of the energy
performance) is considered in the unoccupied hours. In more detail, the following
typologies of control strategies were analysed (the name of the control strategy is
relative to the performance objective addressed):
1) ML = minimising loads (ON/OFF switching): this type of strategy is
aimed at minimising the building cooling needs, hence, to a certain extent,
the final energy demand [84,87,88]. The EC glazing is totally bleached
(EC_10) in presence of a heating load, so as to take full advantage of the
solar heat gains. On the other hand, the adaptive component is totally
tinted in presence of a cooling load, with the purpose of minimising the
overheating phenomena;
2) MG = minimising glare risk (linear switching): the EC glazing is
operated to the clearest state ensuring to the occupants an acceptable glare
condition, assessed by means of the Daylight Glare Probability. This type
of control strategy is present in [85,92] and in [69], but in the former two
the glare control is performed through the Daylight Glare Index (DGI),
while in the latter it is performed through the DGP, for which a threshold
of 35% is assumed. In the present study a laxer threshold is instead
considered for the DGP, equal to 40%, meaning that a perceptible glare
condition is still tolerated;
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3) VB_MG = minimising glare risk with blinds: internal venetian blinds
are coupled to a selective glazing to ensure a DGP lower than the
threshold value, again assumed equal to 40%. When the DGP value
exceeds this limit, the internal blinds are adjusted to the lowest slat angle
(between 0°, 15°, 30°) able to ensure at least a perceptible glare condition.
This solution, making use of a traditional moveable shading device
coupled with a static glazing, represents an alternative to the active
adaptive transparent component.
The aforementioned control strategies were analysed and modified according
to considerations relative to the specific features of the climate considered, in
order to further enhance their performance in respect to that of their basic version.
Specific control strategies were thus defined by assuming different EC states (see
Table 13) as minimum glass transparency limit, with the aim of maximising either
the building energy performance or the visual comfort condition of the occupants.
A detailed description of all the different control strategies considered in the
present study is provided in the following section.
Enhanced control strategies for Turin climate
Minimising loads:
EC_ML1: control strategy aimed at minimising the cooling loads
exploiting the whole modulation range of the EC thermo-optical
properties, from EC_10 to EC_1. Whenever a cooling load is detected
the EC glazing is operated to its darkest state (EC_1).
EC_ML6: control strategy aimed at minimising the cooling loads
exploiting a reduced modulation range of the EC thermo-optical
properties, from EC_10 to EC_6. Whenever a cooling load is detected
the EC glazing is operated to its darkest state (EC_6).
EC_ML7: control strategy aimed at minimising the cooling loads
exploiting a reduced modulation range of the EC thermo-optical
properties, from EC_10 to EC_7. Whenever a cooling load is detected
the EC glazing is operated to its darkest state (EC_7).
Minimising glare risk:
EC_MG_1: control strategy aimed at minimising the risk of glare
exploiting the whole modulation range of the EC thermo-optical
properties, from EC_10 to EC_1. The EC is operated to the most
transparent state able to ensure a DGP lower than 40%.
EC_MG1_w: control strategy aimed at improving the winter
energy performance and the daylight performance in respect to that
obtained for MG_1. Figure 26 shows the annual glare condition
relative to the states EC_10 (totally bleached) and EC_1 (totally
tinted), considered static for the whole year. It is possible to observe
that in winter even the most tinted EC state (EC_1) is not able to
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eliminate an intolerable glare condition in the central hours of the day.
In this period (from 15/12 to 15/01) the EC glazing is therefore set on
its totally bleached state (EC_10), as for this one the same intolerable
glare condition is observed, but with the advantage that daylight
penetration and solar gains are maximised.

Figure 26. Annual profile of the Daylight Glare Probability relative to the EC_10 (upper chart) and
the EC_1 (lower chart) states, considered static for the whole year.

EC_MG1_w-s: control strategy aimed at improving the summer
energy performance relative to MG1_w. From 15/06 to 15/09,
corresponding to the period in which the highest cooling needs are
observed, EC_6 is used as minimum transparency limit state with the
aim of minimising the cooling loads. With the same purpose EC_1 is
used as minimum transparency state when the office is not occupied.
EC_MG_6: control strategy aimed at minimising the glare
condition and maximising the daylight availability in the indoor space
by exploiting a reduced modulation range of the EC thermo-optical
properties, from EC_10 to EC_6. In this strategy, the EC_6 state was
assumed as the minimum transparency limit after a preliminary
analysis relative to the performance of the different EC states
considered static for the whole year, which will be presented in detail
in sub-section 3.4.3.1 (see Figure 27). The state EC_6 represents the
most viable trade-off between the visual comfort and the energy
performance aspects. the DGP<40% value obtained for this state is
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approximatively equal to those relative to all the darker EC states,
including the fully tinted state EC_1, while, in respect to this one, the
DA is significantly higher. The same trend is highlighted relative to the
energy demand for cooling, which is almost constant for all the states
between EC_1 and EC_6 and starts increasing for more transparent
states than the EC_6. The present control strategy is thus aimed at
simultaneously maximise the visual comfort performance and
minimise the energy demands for cooling and lighting.
EC_MG6_w: control strategy aimed at improving the winter
energy performance and the daylight performance relative to MG_6. In
winter (from 15/12 to 15/01) the EC glazing is set to its most
transparent state (EC_10) to maximise the solar gains.
EC_MG6_w-s: control strategy aimed at improving the summer
energy performance in respect to that relative to MG6_w. From 15/06
to 15/09, corresponding to the period in which the highest cooling
needs are observed, EC_6 is used as minimum transparency limit state
to minimise the cooling loads, while EC_1 is used when the office is
not occupied. This strategy is aimed at simultaneously minimising the
energy use for space cooling and lighting.
Minimising glare risk with blinds:
Sel62+VB_MG: the basic control strategy VB_MG is applied to
the internal venetian blinds coupled with the selective glazing Sel62.
Sel72+VB_MG: the basic control strategy VB_MG is applied to
the internal venetian blinds coupled with the selective glazing Sel72.
3.4.2.4 Simulation workflow
The evaluation of the effects on visual comfort aspects of a control strategy
for an adaptive glazing based on thermal or energy constraints is currently
possible, by means of advanced simulation approaches [69,89], for only one or
few points within the considered space. This is particularly limiting when dealing
with the daylight availability within a space, which is usually assessed, by means
of different dynamic metrics, for a grid of points evenly distributed in the whole
space considered. In this case, such a punctual evaluation may not be
representative of the daylight condition occurring within the whole space, which
may lead to high inaccuracies in the results and eventually to wrong design
choices. For these reasons an ad-hoc simulation tool was created, for which a
detailed description is provided in section 3.2. Relative to the present application,
the simulation workflow is divided into four automated steps, which are herewith
listed:
1) Discretisation of the EC modulation range into 10 discrete states,
corresponding to the 10 different pre-defined states available for the
EC component considered. The optical properties of the DGU
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equipped with the EC glazing in each static state are reported in Table
13.
2) Daylight Simulation of the different discrete electrochromic states
with DAYSIM 4.0;
3) Energy simulation: the data from step 2 are supplied to EnergyPlus by
means of its Energy Management System Module; then at each
timestep the most suitable state of the EC glazing is selected,
depending on the daylight and/or thermal constraints defined within
the control strategy analysed.
4) Postprocessing of the daylight simulation results into yearly
performance metrics.

3.4.3 Results
3.4.3.1 Performance of static glazing
This section analyses the performance of the two selective glazing considered
as reference, compared to the 10 different states of the EC glazing, kept static for
the whole year. Figure 27 shows the results relative to the primary building energy
use, split in heating, cooling and lighting primary energy, as well as the visual
comfort results, in terms of DA and DGP<40%, integrating the different glazing
(from static benchmarks to the EC in each static state).
The selective glazing Sel72 shows the lowest overall energy consumption (–
11% and –41% compared to the EC_10 and the EC_1 state respectively), and also
the highest Daylight Availability. However, the related glare risk appears higher
compared to that relative to the EC static states. Despite the selective glazing are
characterised by a higher visible transmission, their use implies a higher EPH
compared to the electrochromic glazing with maximum transparency (EC_10).
This is due to a different attitude between the two components towards the
incident radiation: a selective glazing reflects most of the non-transmitted incident
radiation, while the EC component, to reduce its transmittance, absorbs it. This is
confirmed by the fact that the EC_10 static glazing shows a lower selectivity
index (τvis/g-value), equal to 1.49, in respect to those relative to Sel72 and Sel62,
equal to 1.89 and 2.07 respectively. Moreover, analysing the results relative to the
Daylight Autonomy, it can be observed that the most transparent EC static state,
EC_10 is outperformed by both the selective glazing, due to its lower vis in
respect to that of Sel72 and Sel62.
Since the climate of Turin is heating-dominated, the EC state leading to the
lower energy consumption for space heating and artificial lighting results to be the
bleached one (EC_10). The fully tinted EC state (EC_1) shows instead the
minimum energy demand for space cooling, although this one is related to a
significant increase in the energy demands for space heating and lighting (+99%
and +185% compared to the EC_10 respectively). Generally speaking, it is
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possible to observe that the overall building primary energy use increases for less
transparent static EC states. In more detail, this increase appears more consistent
for the energy demand for lighting compared to that relative to space heating. Due
to the low U-value of the building envelope and to its boundary conditions (no
heat transfer occurs between the case study and the surrounding offices), the
office case study is characterised by a high energy performance for space heating.
As a result, the energy use for space heating is significantly less sensible to the
variation of the thermo-optical properties of the EC glazing compared to that
relative to the artificial lighting. On the other hand, the low U-value of the
building envelope does not allow to discharge the accumulated heat, thus leading
to an increase of the cooling need, which is higher than the space heating
decrease.
From Figure 27 it is possible to observe how, for the case study considered,
there is a low incremental performance improvement between the states EC6 and
EC1 in the energy demand for space heating (almost constant to approximatively
14 kWh/m2·y for states darker than EC_6) and in terms of glare condition of the
occupants (the DGP<40% is almost constant, equal to approximatively 90%, for the
states between EC_1 and EC_6). On the other hand, the primary energy use for
lighting steadily increases, while the primary energy use for cooling decreases
constantly for the states between EC10 and EC_6, state after which, no significant
variation in the EPC is observed. Moreover, a steady decrease in the Daylight
Autonomy is observed between the EC states with a higher visible transmittance
and darkest ones, with an absolute variation from EC10 to EC_1 equal to 59.16%.
This means that the darkening of the glazing beyond the intermediate state EC_6
may not significantly improve the building performance as far as primary energy
use and glare risk are concerned. As already highlighted in sub-section 3.4.2.3,
these considerations underlie the modifications introduced in the basic control
strategies when defining their enhanced climate-specific versions, particularly in
respect to the EC_MG6 control strategy.
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Figure 27. Annual results relative to energy performance (upper chart) and visual comfort (lower
chart) for the two selective glazing and the 10 states of the Electrochromic glazing.
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3.4.3.2 Performance of the controlled EC glazing
Minimising load strategies (ML)
Three control strategies are compared with the aim of minimising the cooling
loads (see sub-section 3.4.2.3), namely EC_ML1, EC_ML6 and EC_ML7. Figure
28 shows the results relative to the primary building energy use (split in heating,
cooling and lighting primary energy) and the visual comfort results (DA and
DGP<40%) relative to the EC glazing operated according to the three control
strategies considered. The results show how a narrower modulation range of the
EC glazing (EC_ML6 and EC_ML7) positively affects the building primary
energy use for space heating and cooling, as well as the visual comfort condition
of the occupants, both in terms of glare condition and of daylight availability on
the workplane. In more detail, the operation of the EC glazing according to both
EC_ML6 and EC_ML7, in respect to EC_ML1, shows to reduce the overall
primary energy need (-16.8% and -19.6%, respectively), as the primary energy
use for space heating and space cooling does not significantly vary, while a
reduction is observed in the primary energy consumption for artificial lighting (28.4% and -36.8%, respectively). This is due to an increasingly higher
transparency of the EC darker limit state in the control strategies EC_ML6 (EC_6
state) and EC_ML7 (EC_7 state), which shows to positively affect the visual
comfort aspects, as no significant variation is observed for the DGP<40%, while the
Daylight Autonomy is increased, in respect to EC_ML1, of 35.4% for EC_ML6
and 45.5% for EC_ML7.
It is possible to conclude, based on the outcomes obtained, that the purpose of
minimising the cooling loads could be pursued with the same success by either
exploiting the full EC modulation range or by using only a part of it, i.e. without
taking advantage of EC the darkest states. In addition, this latter solution shows to
improve both the overall primary energy use, as the energy demand for lighting is
decreased, and the visual comfort for the occupants, as the daylight availability on
the workplane is increased while the glare condition remains unchanged.
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Figure 28. Annual results relative to energy performance (upper chart) and visual comfort (lower
chart) for the Minimising Load (EC_ML) control strategies.
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Minimising glare linear strategies (MG)
In this section the six control strategies aimed at the optimisation of the glare
condition for the occupants (see sub-section 3.4.2.3) are compared. Different
alternatives for this type of control strategies are considered, from a basic version
aimed at the minimisation of the glare condition only (EC_MG1 and EC_MG6) to
climate-specific enhanced versions modified with the purpose of improving also
the overall building energy performance (EC_MG1_w, EC_MG1_w-s,
EC_MG6_w and EC_MG6_W-s).
Figure 29 shows the results relative to the primary building energy use (split
in heating, cooling and lighting primary energy) and the visual comfort results
(DA and DGP<40%) relative to the EC glazing operated according to the six control
strategies considered. From the results obtained it is possible to observe that the
enhanced versions of this control strategy proved to be effective in improving the
overall energy performance, in respect to their basic versions, but at the same time
they negatively affect the daylight availability on the workplane. In more detail,
the enhanced control strategies provide the same glare condition as the basic ones,
as no significant variation in the DGP<40% is observed, while a slight decrease in
the overall building primary energy use is noted, equal to -3.7% for EC_MG1_w
and to -8.1% for EC_MG1_w-s in respect to EC_MG1, and to -2.2% for
EC_MG6_w and to -6.8% for EC_MG6_w-s in respect to EC_MG6. Specifically,
as far as the two control strategies modified to improve both the winter and
summer energy performance are concerned, i.e. EC_MG1_w-s and EC_MG6_ws, these two show a consistent decrease in the primary energy need for space
cooling in respect to their basic versions, equal to approximatively -34% for both
strategies, while an increase on the energy demand for lighting is observed, equal
to 20.9% and 27.2% respectively. On the other hand, along with an improvement
in the overall energy performance, these two control strategies show a decrease in
the DA, equal to -10.1% for EC_MG1_w-s (in respect to EC_MG1) and -8.5% for
EC_MG6_w-s (in respect to EC_MG6).
The use of a narrower modulation range for the operation of the EC glazing
(EC_MG6), in respect to the exploitation of the full switching range (EC_MG1),
shows an improvement in the overall building energy performance, with a
reduction of the total building primary energy use of -5.1%, while no significant
variation is observed in the visual comfort condition provided to the occupants,
both in terms of DGP<40% and of DA. A more transparent dark limit state for the
EC glazing allows a higher daylight penetration within the indoor space, which
implies a reduction in the primary energy use for artificial lighting, equal to 10.6% for EC_MG6 in respect to EC_MG1. As far as the primary energy use for
space heating is concerned, comparable values were obtained for all the EC_MG
strategies.
The overall energy performance related to all the EC_MG strategies results
worse than that relative to the two static benchmarks considered. The same is true
also for the visual comfort, in terms of daylight availability on the workplane,
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while as far as the glare condition is concerned, this one results improved for all
the EC_MG strategies considered.
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Figure 29. Annual results relative to energy performance (upper chart) and visual comfort (lower
chart) for Minimising Glare by linear switching (EC_MG) control strategies.

To have a better understating of the way and extent at which the
enhancements introduced to the basic MG control strategy affect the annual visual
comfort condition of the occupants, a more in-depth insight of their related visual
comfort performance is provided in Figure 30 and Figure 31. In more detail,
Figure 30 shows the monthly variation of the Daylight Autonomy for EC_MG1,
EC_MG1_w and EC_MG1_w-s. The operation of the EC glazing to its bleached
state in the winter season (from 15/12 to 15/01), i.e. the EC_MG1_w control
strategy, shows to slightly improve the daylight penetration within the office
space in respect to the basic control strategy EC_MG1. Conversely, the use of
EC_6 state as minimum transparency state in the summer season (from 15/06 to
15/09), i.e. the EC_MG1_w-s control strategy, shows to negatively affect the
daylight availability on the workplane, as in this period the DA is reduced in
respect to that relative both to EC_MG1 and EC_MG1_w. These considerations
remain valid, even if the extents of the variations may slightly change, also with
regard to the three control strategies considering the state EC_6 as the minimum
transparency limit state (EC_MG 6, EC_MG6_w and EC_MG6_w-s).
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Figure 30. Monthly Daylight Autonomy for EC_MG strategies with EC_1 as darkest limit state.
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Figure 31 shows the monthly variation of the glare condition of the occupants
relative to the EC_MG1 and EC_MG6 control strategies, assessed by means of
the DGP<40% metric. The outcomes show how the use of different darkest EC,
state as minimum transparency limit lead to similar monthly results. In more
detail, from March to September both control strategies show to be able to ensure
a glare condition below disturbing for 100% of the occupied time, while in
December and January the use of either EC_1 or EC_6 as limit state does not
significantly affect the resulting glare condition of the occupants, as the same
results are obtained for both control strategies. In the remaining months, i.e.
February, October and November, EC_MG1 always shows a slightly better
performance in respect to that obtained for EC_MG6, with differences in the
DGP<40% ranging from 5% (November) to 12% (February). However, the
differences highlighted are too small to affect the annual DGP<40% value, which in
fact is almost equal (differences below 1%) for the two strategies EC_MG1 and
EC_MG6 (see Figure 29).
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Figure 31. Monthly Daylight Glare Probability for Minimising Glare strategies EC_MG1 and
EC_MG6.

Minimising glare risk with blinds (VB_MG)
In this section the results relative to the energy and visual comfort
performance related to the two selective glazing coupled with internal venetian
blinds are shown. The venetian blinds are operated according to a minimising
glare control strategy, meaning that the slat are adjusted to the lowest angle
(between 0°-horizontal, 15°, 30°) able to ensure a DGP value below 40% (see
sub-section 3.4.2.3). Figure 32 shows the results relative to the primary building
energy use (split in heating, cooling and lighting primary energy) and the visual
comfort results (DA and DGP<40%) relative to the two selective glazing coupled
with internal venetian blinds. The visual comfort results show that both these
solutions are able to ensure an optimal glare condition (DGP < 40%) for the whole
time in which the building is occupied, while in terms of DA they both show a
slightly worse performance in respect to that of the EC operated according to the
different minimising glare strategies. As far as the overall primary building energy
use is concerned, the results relative to both solutions are comparable to those
obtained for the EC operated according to EC_MG1, EC_MG6 and EC_MG1_w
control strategies and below that relative to EC_ML1. Between the
Sel62+VB_MG and Sel72+VB_MG a decrease in the primary energy need for
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space cooling of -13.7%, and an increase in primary energy use for space heating
equal to +19.9% are observed, resulting in increase of the global specific building
primary energy use of +2.1%. This is due to the higher τvis and g-value of the
Sel72 selective glazing, which imply higher solar gains, resulting in a lower
energy demand for space heating and in a higher energy demand for space
cooling.
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Figure 32. Annual results relative to energy performance (upper chart) and visual comfort (lower
chart) for Minimising glare risk with blinds (VB_MG) control strategies.

Contrasting DA versus glare risk requirements
All the previous analyses were focused on comparing one single performance
parameter at the time (only primary energy use, or single contributions of primary
energy use, or only single aspects of visual comfort, i.e. glare risk or DA
alternatively). Such approach does not allow a comprehensive evaluation of the
mutual influence between energy and visual comfort aspects in the analysis of
mono-objective and multi-objective control strategies for the operation of active
adaptive façade components.
For this purpose, a different representation of the results obtained is proposed
in Figure 33, which shows, for all the different static and adaptive glazing
solutions considered, the visual comfort performance relative both to the daylight
availability on the workplane and to the glare condition of the occupants. In
addition, a qualitative indication of the specific building primary energy use
relative to each case analysed is also provided. In more detail, the chart correlates
the DA, reported on the x-axis, and the DGP<40%, reported on the y-axis, for all the
façade solutions considered. As DA and DGP<40% indicate the percentage of
occupied hours in which daylight alone meets the minimum illuminance
requirement of 500 lx and in which the glare sensation is below disturbing, a
value of 100% represents for each of them the ideal condition. Therefore, in the
chart proposed, the ideal optimal condition, or theoretical optimum, is represented
by the top right-hand corner, point in which the two metrics show a value of 100%
(the chart was clipped in order to best fit the outcomes obtained). The size of each
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marker provides a qualitative indication of the overall primary energy use: the
bigger the marker the higher the amount of primary energy consumed.
From Figure 33 it is possible to observe how the points representing the
performance of the static glazing (selective and all the individual states of the
electrochromic component, from EC_10 to EC_1) form a curve-shaped line with a
well-defined trend. This curve represents the maximum performance achievable in
terms of both glare risk and daylight autonomy by means of the adoption of static
transparent components. As the visible transmittance (vis) of the selected static
glazing increases, both DA and glare increase. Conversely, a reduction in the
transparency of the static glazing is associated with a lower risk of glare and a
lower availability of daylight. The opposite trend is highlighted as regard the
energy performance, as already highlighted in sub-section 3.4.3.1. The
performance of any static glazing will always be below the curve defined above.
On the contrary, the performance of a dynamic component, which is able to adapt
its thermo-optical properties to external environmental conditions, can overperform the static glazing as far as multiple performance objectives are concerned
at the same time. The distance from this curve represents the effectiveness of a
certain control of dynamic glazing as far as visual comfort is considered, globally.
Looking at the chart it is possible to observe that the control strategies closer
to the optimal theoretical limit (top right corner), are those relative to the
electrochromic glazing operated with the aim of minimising the glare
phenomenon through a direct control of the DGP (EC_MG1, EC_MG1_w,
EC_MG6, EC_MG6_w) and the control strategies for the Venetian blinds coupled
with the two selective glazing (Sel62+VB_MG and Sel72+VB_MG). The two
strategies implementing the internal venetian blinds show the highest values of
DGP<40%, but with a poor value of DA. The strategies EC_ML1, EC_ML6 (those
aimed at minimising thermal loads) are the only ones for which a visual comfort
performance worse than that relative to static glazing was obtained. This means
that, from the visual comfort point of view, it is more effective to use a static
glazing with vis included between that of EC_5 and EC_9 glazing rather than
using the electrochromic component controlled by means of the aforementioned
control strategies. Control strategies with EC_6 state limit show worse
performances from the DGP point of view compared to those relative to control
strategies exploiting the whole EC modulation range (EC_10 to EC_1), while a
slightly improvement from the DA point of view is highlighted. Therefore, it is
possible to conclude that by enlarging the variation of optical properties of the
dynamic glazing, the real advantage relies on being able to respond to multiple
performance requirements at the same time.
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Figure 33. DA, DGP<40% and EPgl correlation for the control strategies examined.

Contrasting energy use versus glare risk requirements
As for Figure 33, also Figure 34 allows to represent the mutual influence
between energy aspects and visual comfort. In more detail, Figure 34 correlates
the reduction of disturbing glare, expressed as a percentage of occupied hours
over the year in which it is imperceptible or perceptible (DGP <40%) and the global
energy performance (EPgl). In this case the ideal position is represented by the top
left corner, for which both the energy performance index and the glare risk are
equal to zero. Similarly to what happened contrasting Daylight Autonomy versus
glare risk, the performances of the analysed static glazing (selective and all the
individual states of the electrochromic component) form a curve-shaped line with
a well-defined trend, defining the maximum performance achievable by means of
the adoption of static glazing with similar selectivity (ratio between vis/g-value).
The difference between the two selective glazing and the EC states lies in the fact
that the EC glazing is an absorbing glazing, modulating the transmitted energy by
means of a variation in the absorptance, rather than in the reflectance (as for
selective glazing). This results in an overall better performance of the static
glazing, as the low infiltration and ventilation rate of the office case study, as well
as the low thermal transmittance of its building envelope, do not allow the
discharge of the additional heat gains derived from the EC higher absorption. The
distance from this theoretical limit represents the effectiveness of controlling a
dynamic glazing according to multiple performance objectives, compared to a
static glazing.
Analysing the results of the EC static states, it is possible to observe that as
the glazing gets darker the energy need increases (due to the reduction of the solar
gains), while the glare risk decreases. The control strategies considered (excluding
EC_ML1 and EC_ML6) show to be able to improve the visual performance by
reducing the glare risk, while the related energy performance index results to be
higher than that of the selective glazing, showing a value between those of EC_7
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and EC_2. The control strategies for which the best performance was obtained,
both in terms of energy and visual comfort performance, result to be
Sel62+VB_MG, Sel72+VB_MG, EC_MG1_w-s and EC_MG6_w-s. The strategy
ML_7 shows the best energy performance (slightly better than that related to
EC_MG1_w-s), but with very poor DGP results. ML1 shows to be ineffective in
reducing the overall energy demand compared to EC_10 and the two selective
glazing, while from the visual comfort point of view significant improvements are
observed. Similarly to what observed in the previous section, by enlarging the
variation of optical properties, the performance is improved as far as the DGP is
concerned. However, this seem to imply a little increase in the energy use, which
could be due to the selectiveness of the electrochromic glazing. Nonetheless,
enlarging the variation range shows to be effective in improving the performance
as far as multiple performance objectives are concerned.
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Figure 34. Energy performance and DGP <40% correlation for the control strategies examined.

3.4.4 Discussion and conclusions
In this study the performance of an active adaptive transparent façade
component, namely an electrochromic glazing, operated according to different
control strategies, is compared to the one relative to different traditional static
glazing, in terms of visual comfort condition of the occupant, as well as overall
energy use. In more detail, as far as visual comfort is concerned, glare risk and
daylight availability were analysed, while relatively to the energy aspects the
primary energy indexes for heating, cooling and lighting were accounted. A south
oriented enclosed office, located in a heating dominated climate (Turin), was used
as a case study. The window was alternatively equipped with two different
selective glazing (also coupled with internal venetian blinds), and with an
electrochromic glazing, controlled according to different mono-objective control
strategies. The outcomes of this study show how the use of a transparent adaptive
façade component allows improving both energy and visual aspects at a time,
94

Section 3.5 – Conclusions

beyond what is theoretically achievable by means of a static glazing. Nonetheless
a trade-off in the decision making between reduction of glare, decrease in energy
use for heating and increase of daylight availability in a heating dominated
climate will always exist.
The present study is limited to a single climate (which is heated dominated),
as well as to one orientation and one building use, with only one Window-to-Wall
Ratio. The choice of climate, building use, building characteristics and control
strategies may have influenced the relative performance of the EC glazing
compared to static glazing. Nonetheless, despite its limitations, this study
highlights how the main potential of dynamic glazing, and more in general of the
active modulation of solar radiation, is a way to achieve multiple performance
requirements at the same time, beyond what is physically achievable by static
glazing alone without modulating the entering solar radiation according to the
boundary conditions.
This introduces further potential not only to reduce building energy uses, but
to improve at the same time the comfort condition of the occupants. Moreover,
this study highlights the dependency of the performance of dynamic glazing on
their control strategy and on the aim of the control strategy itself. The
development of optimised control strategies, as well as how they are implemented
during operation of real buildings, thus becomes of foremost importance to ensure
that a certain performance level is achieved, or, at worst, that integrating dynamic
glazing does not introduce new issues compared to a static one.

3.5 Conclusions
The present chapter presented a novel integrated simulation methodology for
a simultaneous and comprehensive evaluation of the effects of the behaviour of a
transparent adaptive façade component on the overall energy performance of a
space and on the visual comfort condition of its occupants. The capabilities of
such integrated methodology were demonstrated through its application for
assessing the performance relative both to a passive and an active transparent
adaptive component. As for the former, the application of the simulation
methodology proposed allowed the evaluation of the energy and visual comfort
performance of a thermochromic glazing showing a complex behaviour,
characterized by a thermal hysteresis. In the latter instead, the application of such
simulative methodology allowed evaluating the drawbacks deriving from
operating an electrochromic glazing according to mono-objective and monodomain control strategies over both energy and visual comfort performance.
The novelty of the proposed methodology lies in the fact that, due to the data
integration performed, coupling visual results to thermal simulations, a more
comprehensive performance evaluation is possible, also taking into account
complex phenomena at a material level, which determines an interdependence of
the thermal domain with the variation of the optical one. The results presented
highlight the importance of adopting an accurate simulation strategy to support
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choices relative to the design and operation of transparent adaptive components,
as mean to:
a) support the possibility of material design to optimise different material
optical – thermal properties;
b) evaluate the interdependency between these properties and the
component performance when building integrated;
c) evaluate the interdependency of multiple performance aspects, such as
heating and cooling energy uses, artificial lighting energy use and
daylight visual comfort.
As far as visual comfort is concerned, in the present chapter the relevant
influence of this aspect on the final overall building energy use was shown.
However, in the analyses performed only the horizontal illuminance on the visual
task was assessed with a high spatial resolution, while the glare condition of the
occupants was evaluated for only one significative point within the space
considered. This may not be representative of the glare condition occurring
throughout the whole space, which may also in turn negatively affect the overall
building energy use. An evaluation of the glare condition with a high spatial
resolution is therefore desirable for a more comprehensive and accurate
understanding of the visual comfort levels occurring within a space. This aspect
will be addressed in detail in the following chapter.
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Daylight glare spatial evaluation
4.1 Introduction
Part of the work described in this chapter has been previously published by
the author and co-workers in international peer-reviewed journals [8].
The topic of daylighting has always been crucial in the design process of a
building, both as far as the related energy demand for lighting is concerned and
for its key role in determining the indoor environmental quality perceived by the
occupants of a space. Daylighting shows to have a significant influence on the
comfort level of the occupants, in terms both of visual comfort and non-visual
effects [6,221–225].
Focusing on daylight visual comfort, this is a complex phenomenon
influenced by several lighting aspects, including the illuminance on task surfaces
and the glare related to daylight sources. These are commonly taken into account
during the design phases with objective parameters, including: the horizontal
illuminance on the workplane, which is the quantity most commonly used to
assess the lighting performance in a space; the luminance distribution in the
occupants’ visual field; the colour of the light perceived by the occupants. In spite
of its importance for visual comfort, daylight discomfort glare is not so commonly
addressed in the evaluation of the overall visual comfort conditions of the
occupants.
Moreover, the visual comfort condition is influenced by a series of external
factors, including, but not limited to, the geometrical characteristics of the space
considered, as well as the optical properties of its materials, presence of shading
systems, position of the sun in the visual field, luminance of the sky, presence,
geometry, and reflectance of external obstructions. All these aspects increase the
complexity of this phenomenon, which may in fact significantly vary for different
points within the same room. As a result, a spatial evaluation of the visual comfort
condition of the occupants results more desirable in order to have a clear picture
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of possible local situations of visual discomfort within the space analysed. This is
also confirmed by the introduction, by the Illuminating Engineering Society, of
two metrics aimed at assessing the annual availability of daylight and sunlight
exposure at a spatial level, named spatial Daylight Autonomy (sDA) and Annual
Sunlight Exposure (ASE) respectively [142]. As far as illuminance-based metrics
are concerned, this is an easy task, as many daylight simulation software already
allow the calculation of the illuminance for a grid of points within a room.
Conversely, an accurate assessment of the glare condition of the occupants with a
high spatial resolution results in a challenging task. This is mainly due to the fact
that for daylight glare the complexity of the phenomenon is even increased, as it is
both-position and view-dependant. Some simplified methodologies for an
estimation of the glare condition through the horizontal illuminance on the visual
task exist, but these ones result inaccurate in predicting the glare phenomenon due
to luminance contrast (see section 2.4).
Currently, the most reliable metric to assess glare from daylight is the
Daylight Glare Probability (DGP) [111], as it is able to assess both the influence
of direct illuminance at the eye level and of the luminance contrast in the
determination of the final glare condition. Moreover, this metric was validated
against experimental data. However, the evaluation of the glare from contrast
requires an HDR image to be rendered at each timestep, which results in a high
computational time required to perform an annual analysis. As a consequence, this
metric is only assessed for one or at most few significant points within the space
considered. This, as seen, may inaccurately represent the different glare
conditions occurring throughout the whole space analysed. As far as transparent
adaptive components are concerned, such inaccuracies in the evaluation of the
glare condition may eventually negatively affect choices relative to the design or
the operation of these components, resulting in a lower visual comfort condition
and/or in a higher building energy use than what numerically predicted.
In this framework, the present chapter presents a simplified and fast approach
for the evaluation of the glare condition of the occupants with a high spatial
resolution. This is based on the calculation of the sole eye vertical illuminance
(Ev), which is compared to a threshold value for each daylight glare comfort class,
as defined in [133]. These Ev threshold values are determined through a
comparison with the DGP values on an annual basis through a fault-detection
technique.
Section 4.2 provides a detailed description of the simplified approach
proposed for a spatial assessment of the glare condition of the occupants. This
approach was applied to a number of case studies and the error committed in
respect to DGP was evaluated. Moreover, the advantages and drawbacks of this
approach are discussed as well. Section 4.3 provides a demonstration of how such
simplified approach could be effectively used in the operation of different active
transparent adaptive components to spatially optimise the overall visual comfort
condition of the occupants.
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4.2 Simplified approach for the spatial evaluation of the
daylight glare comfort classes
4.2.1 Introduction
The present section introduces a simplified approach aiming at the
classification of an entire space in daylight glare comfort classes, for a whole
year, in a computationally efficient way. To speed up the calculation, the
evaluation of the daylight glare condition is based only on the vertical illuminance
at the eye level. Furthermore, daylight glare is evaluated not through the exact
DGP value, but in terms of daylight glare comfort classes, as defined by Wienold
in [133]: imperceptible, perceptible, disturbing, intolerable glare. Similarly to the
approach used by Torres et al. [144] a fault-detection analysis was used to
correlate the vertical illuminances to the daylight glare comfort classes, which
correspond to specific ranges of DGP values. The approach was tested for an
indoor space with different orientations, to which different glazing types and
shading systems are applied.
In sub-section 4.2.2 the idea underlying the proposed simplified approach is
presented in detail, as well as its architecture and workflow. Moreover, the
description of the case study for which the above simplified approach was tested
is provided. Sub-section 4.2.3 presents the results obtained relative to each step in
which the approach is subdivided. Finally, in sub-section 4.2.4 the main
advantages and limitations of the proposed approach are presented and critically
discussed.

4.2.2 Method and case study
The simplified approach presented in this section aims at a spatial annual
evaluation of the glare classes within a space, with a reduced computation time
compared to a comprehensive and accurate annual glare assessment through
Daylight Glare Probability (DGP). The DGP [111], currently the most validated
and widespread metric used to assess glare from daylight [143], is calculated
according to the following equation:

𝐷𝐺𝑃 = 5.87 ∙ 10−5 𝐸𝑣 + 9.18 ∙ 10−2 𝑙𝑜𝑔 (1 + ∑
𝑖

𝐿2𝑠,𝑖 𝜔𝑠,𝑖
) + 0.16
𝐸𝑣1.87 𝑃𝑖2

(10)

where Ev is vertical illuminance at eye level [lx]; Ls is the light source
luminance [cd/m2], ωs is the light source solid angle [sr]; P is the position index [], which expresses the variation in glare sensation experienced relative to the
angular displacement of the light source from the observer’s line of sight. The
equation consists of two terms: the first one considers the vertical eye illuminance
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(mainly due to direct solar radiation), while the second accounts for the contrast
between the scene background luminance and the luminance of the light sources
within one’s visual field. The computation of the second term is the most timeconsuming, as the luminance contrast assessment requires an image to be created
for the evaluation. On the contrary, the Ev assessment is a much faster and easier
calculation. For an annual evaluation of the DGP in a position of the space
considered, the tool Radiance can be used or, alternatively, a set of Radiancebased software, such as DAYSIM [155] or DIVA-for-Rhino [226].
The DGP range of variation is subdivided in sub-ranges linked with different
glare sensations. The idea of associating glare indices to classes of glare sensation
comes from Hopkinson, who first defined four classes: Just Perceptible, Just
Acceptable, Just Uncomfortable and Just Intorelable [101]. This approach was
adopted by Wienold, in accordance to the methodology described in [227] for
thermal comfort rating, when defining his daylight glare comfort classes by
correlating different glare sensations to specific ranges of DGP values [133].
Wienold’s objective was to introduce a scale to rate visual discomfort for
daylighting, in which each category is defined according to the user’s satisfaction
to be within each DGP threshold for at least 95% of time during a whole year (a
possible exceedance of DGP thresholds for 5% of time is still allowed). For each
daylight glare comfort class, a DGP threshold value was therefore defined, based
on the analysis of an extensive set of numerical case studies. Table 14 summarises
all the daylight glare comfort classes with the relative DGP threshold values.
Table 14. Daylight glare comfort classes and relative DGP thresholds [133].
Daylight glare comfort class
Imperceptible glare
Perceptible glare
Disturbing glare
Intolerable glare

DGP threshold
DGP < 35%
35% ≤ DGP < 40%
40% ≤ DGP < 45%
DGP ≥ 45%

As outlined earlier, one of the drawbacks of the DGP is the computational
effort needed to perform evaluations which are not limited to one point and one
direction in space and to a single time-step, so that a spatial and multi-directional
annual glare evaluation would be extremely computational expensive.
The present study presents a simplified approach which enables to classify a
whole space in terms of glare comfort classes by means of the eye vertical
luminance Ev alone, without considering the luminance of the light sources and
the luminance contrast in one’s field of view. This results in a significant
reduction of the computation time required, although it could introduce some
errors in the assessment of the daylight glare comfort classes, as the contribution
of the luminance contrast to glare sensation is neglected. This reduction in
computational time can support: i) a higher spatial and directional resolution of
glare comfort assessment of the considered space; ii) the adoption of more costeffective measurements and sensors for controlling the considered space to
minimise glare discomfort. In order not to compromise the accuracy in the
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estimation of the glare comfort class, the evaluation and minimisation of the
errors introduced by the simplified approach presented hereby is of foremost
importance. The simplified approach consists of the following steps, which will
be discussed in detail in the following sub-sections:
Step 1: Calculation of Ev thresholds to classify each viewpoint / direction
of observation of a custom-defined grid in a certain glare comfort class
(corresponding to each DGP threshold value). This is done by means of a
fault-detection technique;
Step 2: Quantification of errors from adopting Ev to classify a certain point
in a daylight glare comfort class, compared to the exact DGP values, for
each point of the custom-sized grid. The errors are expressed as
underestimation and overestimation occurrences of the various glare
conditions;
Step 3: Identification of the most suitable point (or points) in the space and
direction of observation for the calculation of the Ev thresholds to be
adopted to classify the whole space according to the glare comfort classes.
This is done by identifying the point which minimises the maximum error
committed for 95% of time and maximises the number of cases for which
an Ev,thr is calculated.
Unlike the DGPs method [134], the presented approach aims at classifying a
certain space into glare comfort classes, rather than calculating the exact DGP for
a certain point / direction of observation. Moreover it is worth noticing that the
accuracy of this simplified approach also depends on factors such as shape, size
and orientation of the space considered, direction of the viewpoint in respect to
the daylight source (window), geometric and optical properties of windows and of
solar shadings. The present study is a first evaluation of the suitability of the
simplified approach, which was applied, as first exploration, to a case-study as
described in the next sub-section.
Application of the simplified approach to a case study
The simplified approach was tested for an enclosed office 3.6 m large, 6 m
deep and 2.7 m high, with a window of 3.3 m width by 1.5 m height within one of
the short walls. The case-study office was located in Turin (45.06° N, 7.68° E)
and was alternatively oriented so as to have the window facing south and west.
Table 15 summarises the optical properties of the internal surfaces of the space.
Table 15. Optical properties of the materials used for the office selected as a case-study.
Surface
Floor
Walls
Ceiling
External ground

Visible reflectance (ρvis)
0.35
0.65
0.80
0.10
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The investigated window configurations consisted of glazing with different
transmission properties (specular or scattering) and different visible
transmittances (τvis), for a total number of 16 glazing types. The scattering glazing
was considered to be perfectly diffusing, i.e. the entire incident transmitted light is
scattered in a uniform way toward the interior of the space. Table 16 summarises
all the glazing types and visible transmittances considered.
Table 16. Glazing types considered in the present study.

τvis

Specular
glazing
0.05
0.15
0.25
0.35
0.45
0.55
0.65
0.75

Scattering
glazing
0.05
0.15
0.25
0.35
0.45
0.55
0.65
0.75

Additionally, to glazing characterised by different properties, also shading
devices were considered, specifically venetian blinds with different slat angles
and roller blinds with different τvis values, as summarised in Table 17. Venetian
blinds were considered to have a slat depth of 3.5 cm, modelled as a plastic
material with a ρvis value of 0.44. Roller blinds were modelled as a perfectly
diffusing translucent material. Two different roller blinds were considered, one
aiming at glare control, with τvis = 0.04, and one aiming at solar control, with τvis =
0.15, according to the typical light transmission values of commercially available
technologies. All the shading devices were applied to the clearest specular glazing
investigated (τvis = 0.75).
Table 17. Shading devices considered in the present study.
Slat angle

Venetian blinds (VB)
0°
30°
60°

τvis

Roller Blinds (RB)
0.04
0.15

A 3x3 grid of points in the room was identified in order to consider all the
different glare conditions occurring throughout the space analysed. The three rows
of points parallel to the window (3 points in each row) are spaced of 1.5 m from
one another. The row closest to the window is 1.5 m far from this one. In each
row the central point is located in the room centre line and is 1.3 m distant from
the two lateral points, which in turn are 0.5 far from the room lateral walls. All the
points were located at a height of 1.2 m above the floor, i.e. the height of the eyes
of a seated person. For all the points, five different directions of observation were
considered, from -90° to 90° with a step of 45°, where 0° represents the direction
of observation perpendicular to the window plane. These directions of observation
were chosen so as to evaluate the different glare conditions occurring in each
point for the possible view directions in which a glare condition may be
102

Section 4.2 – Simplified approach for the spatial evaluation of the daylight glare comfort classes

experienced. Figure 35 shows the location and direction of observation for all the
points considered within the office space.
a)

c)

b)

Figure 35. a) Office section view, b) office plan view, with the location and directions of
observation for all the points considered; c) Detail of the directions of observation assumed, in
respect to the normal to the window plane.

DGP and Ev values for each point and relative directions of observation were
calculated, by means of DAYSIM software, for a whole year. To calculate annual
DGP profiles DAYSIM uses the enhanced simplified DGP method described in
[133], for which DGP is still evaluated through equation (10), but the second term
of the equation, i.e. luminance contrast, is calculated analysing a simplified image
(less time-consuming) in which the main scene luminance sources only are
accounted. The following simulation parameters were chosen: ab=5, ad=1024,
as=128, ar=300, aa=0.1. The simulations were performed with a time-step of 1
hour and only the moments in which daylight was present were considered, for a
total amount of 4602 hours (the number of annual daylight hours in Turin). This
operation was repeated for every glazing type and shading device considered (see
Table 16 and Table 17) as well as for both orientations. The simulation outcome
was an annual database for each glazing type and shading device, containing for
each moment of the year a pair of values for every direction of observation
relative to each of the 9 points: a DGP value and an Ev value.
These results were post-processed, according to the 3 steps of the simplified
method, which are described in detail in the following sub-sections.
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Step 1: Ev Determination of the Ev thresholds
The first step is aimed at defining the most suitable Ev values to be used as
thresholds for each daylight glare comfort class (see Table 14). As four glare
comfort classes are identified, three Ev thresholds need to be calculated, similarly
to the DGP thresholds: the lower threshold (corresponding to DGP = 35%; the
intermediate threshold, corresponding to DGP = 40%; the upper threshold,
corresponding to DGP = 45%).
The two Ev - DGP values determined for each time-step were used to evaluate
the occurrence of glare (glare/non glare condition), using the DGP thresholds
(DGPthr) for each daylight glare comfort class as a validation reference. The most
suitable values of Ev to be used as thresholds (Ev,thr) for the daylight glare comfort
classes were found through the application of a fault-detection technique. In
principle, comparing Ev to DGPthr, to determine the best Ev.thr value, may yield
either one of the following four different scenarios:
• True Positive (TP):

when Ev > Ev,thr and DGP > DGPthr;

• True Negative (TN): when Ev < Ev,thr and DGP < DGPthr;
• False Positive (FP): when Ev > Ev,thr and DGP < DGPthr;
• False Negative (FN): when Ev < Ev,thr and DGP > DGPthr;
Figure 36 exemplifies the four scenarios that may occur when applying the
fault-detection technique. The results that were obtained for the intermediate
threshold DGPthr = 40% are shown. Actually, Figure 36 shows the correlation of
Ev with DGP values for a certain point. The threshold DGPthr = 40%, shown as a
horizontal line (disturbing glare as per [133]), identifies a corresponding Ev
threshold (vertical line). These two lines divide the chart into four sectors
containing a different number of data points. The error in the glare class
estimation is represented by the percentage of data points within the FP and FN
regions. The most suitable Ev,thr value for each daylight glare comfort class can be
therefore determined as the one minimising the sum FP+FN.
While a TP and TN results are “True” estimation conditions, i.e. they
represent a correct estimation of the glare comfort class, the “False” estimations
(errors) are represented by FP and FN scenarios, which show a discordance
between the estimation of a glare/non glare condition made through E v and by
means of the DGP value. In more detail, for a False Positive scenario a glare
condition is detected by means of the Ev threshold, which corresponds to an
overestimation of glare (as no glare is actually detected through the DGP value).
On the contrary, for a False Negative scenario an actual glare condition (measured
by the DGP value) is not detected through the Ev, resulting in an underestimation
of glare sensation. Therefore, between the two “fault” scenarios, FN appears to be
the most problematic one, as visual comfort perceived by the occupant may be
worse than the one estimated.
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This fault-detection technique was applied to all the yearly simulated cases,
i.e. different glazing types and properties and different shading devices, for each
point and each window orientation. The outcome of such an analysis is a triplet of
Ev,thr (one Ev,thr for each daylight glare comfort class threshold) for each glazing
type and shading device, for each of the nine points in the space considered, for
each direction of observation and for each window orientation. A total number of
1890 Ev,thr triplets was obtained (21 façade technologies x 9 points x 5 directions
of observation x 2 Orientations = 1890 Ev,thr triplets).
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Figure 36. Example of the four scenarios occurring through a fault-detection technique to Ev and
DGP values: green areas represent a correct estimation, while red areas represent an
underestimation (FN) or overestimation (FP) of a glare comfort class by means of Ev.

Step 2: Error estimation
The second step of the approach consists in evaluating the magnitude of the
error in the estimation of the glare comfort class by means of the Ev threshold
triplets, as compared to the correct DGP values. This can enable the classification
of the entire space, in terms of daylight glare comfort classes, by means of the
calculation of only one Ev triplet, and therefore by means of only one DGP annual
calculation.
Firstly, Ev,thr triplets obtained from the previous phase for each specific point
and direction of observation are used to estimate the daylight glare comfort class
for all the points in the space, relatively to the direction of observation for which
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the Ev,thr triplets were calculated (for each window characteristics and orientation).
Secondly the resulting error, expressed as the percentage of occurrences of FP and
FN over a year, is quantified for each point, for every case.
The result is a triplet of errors for each point considered (one error value for
each daylight glare comfort class threshold), for a total number of 1890 triplets of
errors.
Step 3: Identification of most suitable points for an annual glare analysis
The aim of the last step is the identification, if possible, of the most suitable
point in the space and direction of observation, among those considered, to be
used to estimate the daylight glare comfort class for any point throughout the
space considered. This could allow a certain space to be classified according to
daylight glare comfort classes, by evaluating the annual DGP, and the relative
Ev,thr triplet, for one point only.
For each point and direction of observation the 95% percentile error was
quantified. This one, expressed as percentages of FP+FN occurrences over a year,
represents the maximum error committed for each point and direction of
observation in 95% of cases. It was calculated considering every glazing type and
shading device, as well as both south and west orientation. In addition, the number
of cases relative to each point and direction of observation for which the
calculation of an Ev,thr value was possible were quantified for each point and
direction of observation as well. Finally, the most suitable combination pointdirection of observation was found as the one maximising the total number of
cases for which it was possible to calculate the an Ev,thr values while minimising
the maximum error committed for 95% of time when estimating the specific
daylight glare class by means of the Ev,thr triplets calculated for that specific
combination. It is possible that the maximisation of the first aspect and the
maximisation of the second do not occur for the same combination, in this case,
depending on the number of cases for which Ev,thr values were calculated and on
the 95° percentile maximum error value two different most convenient points for
the calculation of the only DGP profile may be defined, depending also on the aim
of the spatial daylight glare evaluation.

4.2.3 Results
The results are presented with regard to each step of the approach, with an
additional preliminary step in which the results are screened. Finally, an
explanatory example of this simplified approach is presented.
Results screening
The analysis was performed for 2 orientations of the office case study, for 9
points in the space and for 5 directions of observation for each point, resulting in
90 possible combinations orientation–point–direction of observation. However,
only a part of these combinations could be considered for the scope of this study,
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as all the other cases appeared not to be representative of the glare conditions
occurring within the whole room.
In each combination point-direction of observation the window is seen under
a different solid angle (ω), depending on the distance of the point of view from
this one and from the angle between the direction of observation vector and the
vector normal to the window plane. Moreover, for each combination, the window
has a different position in the observer’s field of view, resulting in a different
value of the position index (P), as this one is determined by the angular
displacement of the light source in one’s field of view from both the direction of
observation vector and the line of sight [228,229]. This parameter accounts for the
sensibility of the eye to a light flux coming from a light source in a given position
within the field of view and grows as the eye sensibility decreases. Table 18
contains P and ω values for each combination point-direction of observation.
Table 18. Solid angle [sr] and Position index [-] relative to the window for each point and direction
of observation considered.

a0
a1
a2
b0
b1
b2
c0
c1
c2

-90°

-45°

0°

45°

90°

ω [sr]

0.74

0.92

0.92

0.75

0.18

P [-]

5.7

2.0

1.9

5.6

12.7

ω [sr]

0.60

1.18

1.21

1.18

0.60

P [-]

7.1

3.4

1.9

3.4

7.2

ω [sr]

0.18

0.75

0.92

0.92

0.74

P [-]

12.7

5.6

1.9

2.0

5.7

ω [sr]

0.33

0.38

0.38

0.39

0.05

P [-]

6.5

1.8

1.5

5.3

11.8

ω [sr]

0.22

0.45

0.45

0.45

0.22

P [-]

8.4

2.9

1.4

2.9

8.4

ω [sr]

0.05

0.39

0.38

0.38

0.33

P [-]

11.8

5.3

1.5

1.8

6.5

ω [sr]

0.18

0.20

0.20

0.20

0.02

P [-]

7.2

1.8

1.3

4.3

11.3

ω [sr]

0.11

0.22

0.22

0.22

0.11

P [-]

8.9

2.7

1.3

2.7

8.9

ω [sr]

0.02

0.20

0.20

0.20

0.18

P [-]

11.3

4.3

1.3

1.8

7.2

Both P and ω are present in the DGP equation (10), and specifically they
influence the part of the equation evaluating the glare from contrast. Both lower
solid angles and higher position index values decrease in fact the glare sensation
from contrast. In these cases, for a glare condition to be experienced, a higher eye
vertical illuminance or a higher luminance of the light source are required. From
Table 18 it is possible to observe that for some points and some directions of
observations the window is either seen under small solid angles or its position in
the observer’s field of view is peripheral (high P values), or even both. In more
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detail, from point c0, c1 and c2, the three points farthest from the window, this
one is seen in any direction of observation under a solid angle lower than 0.25 sr.
This is also true for the points a2 and b2 in the direction of observation -90° and
for the points a0 and b0 for a direction of observation equal to 90°, as in these
cases the observer is located at 0.5 m from the wall and is looking perpendicularly
to this one. The same condition occurs for point b1 in the directions of
observation 90° and -90° as well. In addition, for points a0, b0, b1, c0 and c1 in
the direction of observation 90° and for points a2, b1, b2, c1, c2 in the direction of
observation -90°, the position index of the window results higher than 7.5. For
these cases, as said, a glare sensation could be perceived only in presence of a
high eye vertical illuminance or if the window showed a high luminance value,
condition with could occur in presence of a very bright sky. In addition, both
conditions occur when the sun is directly within the observer’s field of view. An
analysis of the sun path for the city of Turin (Figure 37) showed that, for the
south-oriented room, direct sunlight only hits the analysis points in winter, and
among these, only the points in the two rows closest to the window (points c0, c1,
c2 are never hit by direct sunlight). In the west orientation, the sensor points in
row b and c are reached by sunlight only in autumn (and spring) and only for a
short time in the late afternoon, with the exception of points c0 and b2, which are
hit by sunlight also in the latest moments of the afternoon in summer.

Figure 37. Sunlight penetration in the office case study (for both south and west orientations) on a
plane located 1.2 m above the floor for different significant moments of the day and of the year.
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It is possible to conclude that for all the combinations point-direction of
observation highlighted above, a glare sensation is rarely or even never perceived
throughout the whole year. In fact, direct sunlight reaches these points at most for
a few moments in the year (at least it never reaches them), and for such solid
angles and position indices a too high luminance would be necessary in respect to
the one the sky could provide. Figure 38 shows the DGP values, for a whole year,
relative to 4 combinations point-direction of observation among the ones above
highlighted as potentially problematic.
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Figure 38. Correlation between eye vertical illuminance and DGP relative to four cases: a) west
orientation, point c1, direction of observation 45°, scattering glazing with τvis 0.35; b) south
orientation, point a0, direction of observation 90°, scattering glazing with τvis 0.65; c) south
orientation, point b1, direction of observation -90°, scattering glazing with τvis 0.55; d) west
orientation, point b2, direction of observation 90°, scattering glazing with τvis 0.55.

The figure shows that, for each case, values of DGP higher than 35% are very
rarely experienced, even though the glazing technologies considered in charts b),
c) and d) have a relatively high τvis. As higher daylight glare comfort classes for
such combinations are seldom or never reached, the estimated Ev thresholds may
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not be suitable to rate the glare condition for the whole space, as this may result in
a high degree of inaccuracy. As an example, if the disturbing glare daylight glare
comfort class is not reached in a particular point in the space, but it is experienced
in the remaining portion, by rating the glare condition of the space through the Ev
thresholds calculated for that point it won’t be possible to detect the disturbing
glare condition for the whole space, as the Ev threshold relative to this daylight
glare comfort class won’t be calculated.
From the above considerations it was decided not to consider in the analysis
of the results all the combinations points-directions of observation for which
direct sunlight is almost never present in one’s field of view and either the
window is seen under a solid angle smaller than 0.25 sr or the position index is
higher than 7.5. In addition to these cases, summarised in Table 19, it was decided
for the same reasons not to consider also the direction of observation of 90° for all
the points in the west orientation. In this case the direction of observation vector is
pointing towards north, hence sunlight never hits the observer’s eye, with the
exception of the late afternoon in summer. In addition, the portion of sky vault
seen through the window, as it is far from the sun, is characterised by a lower
luminance than the sky portion closer to the sun. As a result, for all these cases a
glare condition is never perceived throughout the whole year, as also shown in
Figure 38.c.
Table 19. Points and relative directions of observation considered (✗) and not considered (✓) in
the analysis of the results.

Point
a0
a1
a2
b0
b1
b2
c0
c1
c2

-90°
✓
✓
✗
✓
✗
✗
✗
✗
✗

Direction of observation
-45°
0°
45°
90°
✓
✓
✓
✓
✓
✓
✗
✗
✗

✓
✓
✓
✓
✓
✓
✗
✗
✗

✓
✓
✓
✓
✓
✓
✗
✗
✗

✗
✓
✓
✗
✗
✓
✗
✗
✗

For all the points and directions of observation highlighted as problematic in
terms of estimation of Ev thresholds, these, as well as the relative errors
committed when rating the whole space through them, won’t be analysed.
However, all these combinations are still considered for evaluating the errors
committed when rating the whole space through Ev thresholds relative to other
points and directions of observation.
The data screening performed according to the considerations above
explained allowed eliminating a series of combinations for which the Ev
thresholds calculated were not suitable to estimate the glare condition for a whole
space. As a consequence, the errors obtained related to these estimations were
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significantly higher than those relative to Ev thresholds more representative of the
glare condition throughout all the space. Figure 39 shows an example of the effect
of the data screening performed. It is possible to observe that all the cases
showing significant higher errors than the greatest part of the population were
successfully excluded. The same result was obtained also for the other thresholds
and for the south orientation.
West _ Lower Threshold

60%

P+N

50%
Points
excluded

40%
30%

Points
considered

20%
10%

Scattering

Specular

|
|
|
|
| B |
VB
|
+spec0.75

60

0

30

0.15

0.04

0.75

0.65

0.55

0.45

0.35

0.25

0.15

|
|
|
|

0.05

0.75

0.65

0.55

0.45

0.35

0.25

0.15

|
|
|
|

0.05

0%
|
|
|
|

Figure 39. Errors after the data screening relative to the estimation of the daylight glare comfort
classes using the Ev lower threshold in the west orientation. Red markers represent the points not
considered.

Step 1: Determination of Ev thresholds
The Ev,thr values for each daylight glare comfort class threshold relative to the
south and west orientation are shown in Figure 40 and Figure 41 respectively.
These are relative to all the points and directions of observation considered for all
the different glazing types and shading devices. As one would expect, for both
window orientations Ev,thr values relative to the lower daylight glare comfort class
threshold are lower than those relative to the intermediate threshold, which are in
turn lower than Ev,thr values obtained for the upper threshold.
It is possible to observe that, for both south and west orientation, Ev,thr values
relative to some combinations point-direction of observation for some glazing
types or shading devices are missing. This is true for all the three daylight glare
comfort class thresholds, but especially for the upper one. The reason is that for
these glazing types or shading devices the comfort class for which the threshold
value is missing is never reached throughout the whole year. In fact, the
technologies for which threshold values are missing are either glazing types or
roller blinds with low τvis or venetian blinds with a high slat angle, i.e.
technologies that allow a low amount of light inside the space. In these cases,
higher daylight glare comfort classes, corresponding to worse glare conditions, are
never experienced by the users, as these façade technologies prevent glare by
blocking a high rate of the window incident light.
A common trend between the different daylight glare comfort class thresholds
can be observed: Ev,thr values tend to increase as the glazing or the shading devices
allow a higher amount of light inside the room (glazing, both specular and
scattering; roller blinds with higher τvis; venetian blinds with low slat angles).
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From another viewpoint, the lower the visible transmission of the glazing
(whether with specular or scattering properties), the more likely to perceive glare
for lower eye illuminance levels.
For both specular and scattering glazing, beyond a certain τvis of the window,
which varies depending on the daylight glare comfort class threshold, Ev,thr values
reach a plateau value (i.e. they fluctuate around an almost flat value). However,
specular and scattering glazing show a different dispersion of the Ev,thr values
around this plateau value (only on the lower side), with a higher dispersion for the
specular glazing and nearly no dispersion at all for the scattering ones. This
dispersion is due to the glare from contrast phenomenon, for which worse glare
conditions are experienced with lower eye Ev values. For the specular glazing this
can occur if within one’s field of view the sun is not directly but are present
sunlight patches on the walls or on the floor, which is not likely to take place for
the scattering glazing, as all the incident radiation is completely scattered. Due to
this feature, glare from contrast with scattering glazing could be experienced only
when the glazing is intercepted by the eye-sun vector, as in this case the glazing is
comparable to a luminous panel whose luminance can be considerably higher than
the eye adaptation luminance. However, this phenomenon can occur only for high
transmissive scattering glazing, and in any case with a lower intensity than the
previous case. This is confirmed by the fact that this kind of dispersion of data
around the Ev plateau value is observed only for scattering glazing with τvis higher
than 0.45 and only for the lower daylight glare comfort class thresholds. The Ev,thr
values relative to the venetian blinds with a 0° and 30° slat angle showed to be
somehow close to the Ev plateau value reached for specular and scattering glazing,
but the dispersion around this one is greater than that observed relative to the two
glazing. The Ev,thr maximum value is instead never reached for the roller blinds
and the venetian blinds with a slat angle equal to 60°. The Ev plateau value
reached for each daylight glare comfort class threshold show to be orientationindependent, as the same value is reached both for south and west orientation.
Comparing the outcomes relative to each point and direction of observation
considered, it appears that higher differences in the Ev,thr values can be observed
for glazing and shading devices that allow a low amount of light within the room.
As the quantity of light admitted to the internal space increases (higher τvis for
specular and scattering glazing and for the roller blinds, lower slat angles for the
venetian blinds) these differences tend to decrease. When the above mentioned
Ev,thr maximum value is reached, the differences between Ev,thr relative to the three
points are minimal, even though, as said, a certain dispersion is observed for the
specular glazing.
Generally speaking, it can be observed that for the less transparent specular
glazing the lowest Ev,thr values are found relative to 90° and -90° directions of
observation, when it was possible to calculate them. The only exception is
represented by the specular glazing with τvis of 0.05, for which, due to the very
low amount of light, similar values to the ones relative to these directions of
observations can be observed also for the 45° view direction in the south
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orientation and for the 45° and 0° view directions for the west orientation.
Regarding the scattering glazing instead, the lowest Ev,thr values appear to be
relative to 45° and -45° directions of observation, with the exception of the
scattering glazing with τvis of 0.15, for which for the lower daylight glare comfort
class threshold the lowest Ev,thr values are observed for the 0° direction of
observation in the south orientation and for the 45° direction of observation in the
west orientation. Relative to the venetian blinds and roller blinds instead, a
common trend cannot be observed.
Within the same direction of observation, lower Ev,thr values are in most cases
relative to the viewpoints further from the window (row b), and among these, the
lateral points b0 and b2. Although this does not occur in all the cases analysed,
this was observed for the majority of them, with the exception of the scattering
glazing of τvis equal to 0.55 for the lower daylight glare comfort class threshold
and the scattering glazing of τvis equal to 0.65 and 0.75 for the intermediate
threshold. In these cases, for both west and south orientation, the lower Ev,thr
values are relative to the point a1 in the 0° direction. The same consideration
applies to the scattering glazing with τvis equal or greater than 0.65 as well. The
only difference lies in the fact that here the view direction relative to the lower
Ev,thr values can be equal to 45° or -45°, and this occurs in the south orientation
relative to the lower and intermediate thresholds, for the specular glazing with τvis
of 0.65 and 0.75 respectively.
Table 20 summarises the minimum and maximum errors, for each orientation
and daylight glare comfort class threshold, committed when estimating a certain
glare class by means of the different Ev,thr (lower, intermediate and upper
threshold). The errors are expressed in terms of FP+FN percentage, i.e. the
percentage of time over the year in which each daylight glare comfort class was
overestimated (FP) or underestimated (FN) by using the Ev,thr values calculated.
Table 20. Minimum and maximum error, for each orientation and every daylight glare comfort
class threshold, committed when calculating all the E v,thr. The errors are expressed as yearly
percentage of occurrence of FP+FN.

a0
a1
a2
b0
b1
b2

South
West
South
West
South
West
South
West
South
West
South
West

Lower Threshold
Min
Max
0.02%
17.54%
0.13%
11.54%
0.06%
6.04%
0.00%
3.92%
0.02%
19.74%
0.00%
3.22%
0.02%
0.00%
0.04%
0.02%
0.02%
0.02%

9.62%
8.65%
4.47%
8.31%
16.00%
2.91%

Intermediate Threshold
Min
Max
0.00%
3.20%
0.00%
4.62%
0.00%
4.11%
0.00%
3.76%
0.00%
3.87%
0.00%
3.13%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
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1.89%
3.05%
2.51%
2.67%
1.93%
2.11%

Upper Threshold
Min
Max
0.00%
2.93%
0.04%
4.47%
0.08%
5.07%
0.00%
3.53%
0.00%
3.47%
0.00%
4.64%
0.00%
0.00%
0.02%
0.00%
0.00%
0.00%

2.06%
3.54%
2.44%
16.00%
2.18%
1.49%
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It is possible to observe how, for each orientation, lower maximum errors are
in most cases committed for higher daylight glare comfort class thresholds,
meaning that the higher maximum errors are relative to the lower threshold.
Exceptions to this trend are represented in the west orientation by the points a1,
b0 and b2 and by the points a2 and b1 in the south orientation. Most of the
maximum FP+FN values appear to be lower than 10%, with 5 exceptions: a0, a2
and b2 for the lower threshold in the south orientation, a0 for the lower threshold
in the west orientation and b1 for the upper threshold in the west orientation.
These are the only errors higher than 10% committed for all the points considered
and most likely represent outliers in respect to the average error committed for
these points and these thresholds. In next section this subject will be analysed in
detail.
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Figure 40. Ev,thr values, for each daylight glare comfort class threshold, relative to every glazing
type and shading device. Results relative to the south orientation.
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Figure 41. Ev,thr values, for each daylight glare comfort class threshold, relative to every glazing
type and shading device. Results relative to the west orientation.
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Step 2: Error estimation
This section provides an overview of the results relative to the step two of the
approach, i.e. the calculation of the error committed when spatially evaluating the
daylight glare comfort classes. This was done by applying the triplet of Ev,thr
values calculated for each point and direction of observation to all the other points
considered for the glare analysis, relatively to the same direction of observation
for which each Ev,thr triplet was calculated. The error committed is expressed in
terms of percentage of occurrences over a whole year when each daylight glare
comfort class was overestimated (FP) or underestimated (FN). The outcomes of
this phase are summarised in Figure 42 and Figure 43, containing the results
relative to the south and west orientation respectively.
It is possible to observe that for some glazing types or shading devices, the
errors relative to some points and directions of observation are missing, for both
orientations. This happens as in the first step of the simplified approach it was not
possible to calculate some Ev,thr values, due to the fact that for some technologies
a given daylight glare comfort class was never experienced by the user throughout
the whole year. As a consequence, the errors relative to the cases with missing
Ev,thr values could not be calculated as well.
The results show how, generally speaking, to higher daylight glare comfort
class thresholds correspond lower errors. In addition, for each daylight glare
comfort class threshold, for the scattering glazing are found lower errors
compared to those relative to the specular glazing, this in both orientations. In
addition, a different trend can be observed for the two glazing technologies. For
the scattering glazing lower errors are associated to lower τvis values, and for most
cases the errors found are below 2%, for every daylight glare comfort class in
both orientations. However, the presence of outliers can be observed for the
lowest and highest τvis values, below 0.35 and above 0.55 respectively. This is true
for each daylight glare comfort class threshold in the south orientation and for the
lower threshold in the west one. For the specular glazing instead, the lower errors
are associated to intermediate τvis values, i.e. 0.35 and 0.45. In more detail, as τvis
grows from lower to intermediate values, a decrease in FP+FN values can be
observed, while an increase in these ones is observed when moving from
intermediate to high τvis values. However, a higher dispersion is associated to the
errors relative to high τvis, while for low τvis values similar errors are found for all
the combinations point-direction of observation analysed, with the exception of
the lower daylight glare comfort class threshold, where this is not true. In
addition, smaller differences in FP+FN relative high, intermediate and low τvis are
observed for higher daylight glare comfort class thresholds. Some differences can
be highlighted for the two orientations, as the above trend appears less
pronounced in the west one. In more detail, the differences between FP+FN
values relative to lower, intermediate and higher τvis appear smaller than those
observed in the south orientation, to the extent that for the upper daylight glare
comfort class threshold the trend appears almost flat. Moreover, a smaller
117

Chapter 4 – Daylight glare spatial evaluation

dispersion of values than what observed in the south orientation is associated to
higher τvis values. For the scattering glazing outliers are present as well, mainly
for τvis equal to or lower than 0.25 or equal to or higher than 0.65, and mainly in
the west orientation. The presence of outliers appears to decrease for higher
daylight glare comfort class thresholds. For the shading devices considered it is
possible to observe a very high dispersion of the error values, dispersion which
decreases for higher daylight glare comfort class thresholds and which appears to
be smaller for the west orientation. Moreover, smaller error seems to be associated
to venetian blinds with higher slat angles. Apart from these considerations, a
common trend for these technologies is difficult to be defined.
Both a higher dispersion of results and the presence of outliers can be
observed, for all the technologies considered, mainly for those cases for which a
high dispersion in Ev,thr values was found. This is due to the fact that a high
dispersion in Ev,thr results means that high differences between Ev,thr values were
found, which in turn implies that some of these Ev threshold values are not
suitable for rating the whole space, which is confirmed by the high FP+FN values
obtained.
Analysing then the single points and directions of observations considered, it
is possible to observe how very similar results are obtained for all the viewpoints
relative to each direction of observation. Apart from the 0° direction of
observation, for which small differences can still be observed, and apart from the
outliers as well, the differences relative to each point for the same direction of
observation appear in most cases negligible. In the south orientation, the lower
errors are found relative to the 90° and -90° directions of observation, with the
exception of the scattering glazing of intermediate τvis values, for which the 45°
and -45° directions of observation show the minimum FP+FN values. The highest
errors appear to be relative to the 0° direction of observation, particularly in the
specular glazing with intermediate and high τvis values, while for the other
technologies smaller differences are observed between the 0° direction of
observation and the 45° and -45° ones. In the west orientation instead, for the
scattering glazing the lowest errors are obtained relative the 90° direction of
observation. For the specular glazing instead, depending on τvis and daylight glare
comfort class threshold the lower error can be observed relative to 90° (lower τvis
and for the lower threshold higher τvis as well), 0° (intermediate τvis values) and
45° and -45° (higher τvis for the intermediate and upper threshold).
Table 21 summarises the minimum and maximum error committed when
evaluating each daylight glare comfort class by applying the Ev,thr values
calculated for each point in the space on all the three points considered. Again, the
errors are expressed in terms of FP+FN percentage. It is possible to observe how,
for each orientation, lower maximum errors are in most cases committed for
higher daylight glare comfort class thresholds, meaning that the higher maximum
errors are relative to the lower threshold. Exceptions to this trend are represented
in the west orientation by the points a2, b1 and b2 and by the point a2 in the south
orientation. Most of the maximum FP+FN values appear to be approximatively of
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5%, with two kind of exceptions: i) values slightly higher than 5%, represented by
points b1 (south and west for the lower threshold) and b0 (west in all thresholds);
ii) values significantly higher than 5%, obtained in the south orientation for points
a0 (lower threshold), b0 (lower and intermediate threshold) and b2 (lower
threshold) and in the west one for point b1 (upper thresholds). These last values,
from the trends highlighted relative to the FP+FN errors, as well as from the
observation of the results, can be considered as outliers.
Table 21. Minimum and maximum error committed when evaluating each daylight glare comfort
class by applying the Ev,thr values calculated for each point on all the other points considered,
relatively to the same direction of observation for which the Ev,thr values were calculated. The
errors are expressed as FP+FN percentage.

a0
a1
a2
b0
b1
b2

South
West
South
West
South
West
South
West
South
West
South
West

Lower Threshold
Min
Max
0.03%
15.42%
0.02%
5.65%
0.10%
5.47%
0.01%
3.51%
0.02%
5.37%
0.00%
3.62%
0.16%
0.05%
0.30%
0.06%
0.03%
0.04%

12.73%
8.38%
6.13%
7.68%
20.48%
4.70%

Intermediate Threshold
Min
Max
0.00%
3.29%
0.01%
2.53%
0.02%
4.43%
0.03%
2.54%
0.00%
2.97%
0.04%
3.71%
0.21%
0.04%
0.23%
0.05%
0.03%
0.05%

15.06%
8.27%
4.40%
2.23%
5.57%
2.84%

Upper Threshold
Min
Max
0.03%
2.48%
0.02%
2.39%
0.02%
2.54%
0.03%
2.34%
0.01%
2.46%
0.03%
5.12%
0.19%
0.04%
0.17%
0.03%
0.03%
0.03%

4.09%
8.15%
2.23%
21.09%
2.30%
4.19%

The errors presented so far are expressed as the percentage of FP and FN
scenarios occurring over a year when estimating the daylight glare comfort class
for the three points considered by means of the Ev,thr calculated. But, as earlier
outlined, between a False Positive and a False Negative estimation, the latter is
certainly the most dangerous one, as this scenario negatively affects the evaluation
of visual comfort of the occupants. In fact, for a yearly percentage of time
comparable to the error committed a possible glare risk is not detected by means
of this approach. For this reason it is worth analysing also the maximum and
minimum errors committed, in terms of percentage of FN alone, when evaluating
each daylight glare comfort class by applying the Ev,thr values calculated for each
point in the space on all the three points considered. The results of this analysis
are summarised in Table 22.
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Table 22. Minimum and maximum percentage of False Negative (FN) occurrences obtained when
evaluating each daylight glare comfort class by applying the E v,thr values calculated for each point
on all the other points considered, relatively to the same direction of observation for which the
Ev,thr values were calculated.

a0
a1
a2
b0
b1
b2

South
West
South
West
South
West
South
West
South
West
South
West

Lower Threshold
Min
Max
0.00%
4.65%
0.00%
3.53%
0.00%
0.00%
0.00%
0.00%
0.01%
0.00%
0.01%
0.00%
0.00%
0.00%

3.66%
3.42%
3.40%
2.92%
2.68%
2.03%
2.74%
2.49%
2.59%
2.74%

Intermediate Threshold
Min
Max
0.00%
3.10%
0.00%
2.49%
0.00%
0.00%
0.00%
0.00%
0.00%
0.04%
0.00%
0.04%
0.00%
0.05%

3.25%
2.49%
2.45%
2.57%
1.93%
1.97%
2.17%
1.96%
2.16%
1.86%

Upper Threshold
Min
Max
0.00%
2.36%
0.02%
2.29%
0.02%
0.02%
0.00%
0.02%
0.05%
0.01%
0.08%
0.01%
0.03%
0.01%

2.45%
2.30%
2.43%
2.21%
2.12%
2.01%
2.10%
1.50%
1.86%
1.72%

The results show how the trend highlighted for FP+FN errors is present when
analysing FN errors alone as well. In fact, in both orientations, lower maximum
errors are in most cases committed for higher daylight glare comfort class
thresholds. The cases which showed high FP+FN values (close to 5%), show in
most cases a significant reduction when considering the FP alone. Moreover, no
outlier is present relative to FN errors alone, meaning that for all the cases with
high errors (in terms of FP+FN), a great part of the incorrect estimations of the
daylight glare comfort class is represented by a glare overestimation (FP), i.e. a
less dangerous condition than the glare underestimation.
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Figure 42. Error committed (in terms of percent occurrence of FP and FN over a year), for each
daylight glare comfort class, relative to every glazing type and shading device considered. Results
relative to the south orientation.
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Figure 43. Error committed (in terms of percent occurrence of FP and FN over a year), for each
daylight glare comfort class, relative to every glazing type and shading device considered. Results
relative to the west orientation.
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Step 3: Identification of most suitable points for annual glare analyses
The aim of the last step of the simplified approach was that of identifying the
most suitable point and direction of observation, among the ones considered, for
the calculation of the only annual DGP profile. From this, an Ev,thr value for each
daylight glare comfort class should be defined, to be then used to estimate the
daylight glare comfort class for every point in the space considered. This was
done by evaluating the maximum error committed relative to each point and
direction of observation. Following the same approach used in [133] to define the
DGP thresholds for each daylight glare comfort class, a 95% confidence interval
was assumed as benchmark, meaning that a possible exceedance for 5% of time is
still allowed. For each point and direction of observation the maximum error 95°
percentile was hence calculated, relative to the error committed in each daylight
glare comfort class threshold considering each technology and both orientations.
The error committed is expressed in terms of mean percentage of times over the
year for which FP and FN scenarios occur for each point. Figure 44 shows the
boxplots relative to the distribution of the errors for each viewpoint and direction
of observation. The 95° percentile relative to the maximum error distribution for
each combination is displayed as well.
From an overview of the results it is possible to observe that the error
distribution is in most cases not symmetrical, with the first and second quartile
comprised in a narrower range than the third and fourth ones. As the first two
quartiles represent the lower side of the distribution, and as the physical limit of
the errors is equal to 0%, half of the population results comprised in a narrow
interval close to 0%, meaning that for 50% of the time the error committed is very
small. It is then possible to observe in most cases the presence of outliers, whose
amount and extent depend on the viewpoint and direction of observation
considered. For the directions of observation relative to the points in row b it is
possible to observe a higher number of outliers in respect to the same directions of
observation for the points in the same position in row a (a0 and b0, b1 and a1, b2
and a2). This means that the higher the distance from the window, the higher the
dispersion of errors around the median. Specifically, points b0 and b2 show
several outliers for all the directions of observation, and in most cases their
distance from the median is high. For this reason these two points, for every
direction of observation, are not suitable for the calculation of the Ev,thr values for
to estimate the daylight glare comfort class for every point in the space.
Analysing then the 95° percentiles relative to the maximum errors committed
for each combination point-direction of observation, it is possible to observe how
values lower than approximatively 3.5% are obtained for each combination. This
means that a wrong estimation of the daylight glare comfort classes, either false
positive or false negative, occurs more than 3.5% of time only for 5% of the cases
considered. The lowest 95° percentiles are obtained for point a0 in the -90°
direction of observation and for the point a1 in the -90° and 45° directions of
observation; for these combination 95° percentiles lower than 2% are observed.
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Values close, but not lower than 2% are observed for the points a0 in the 45°
direction of observation, a1 in the –45° direction of observation and b1, again for
a direction of observation of 45°. The lowest 95° percentile value, equal to 1.86%,
was found for the point a0 in the -90° direction of observation.
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Figure 44. Boxplots and 95° percentile values relative to the distribution of the errors, expressed as
FP + FN, for each viewpoint and direction of observation.

However, to define the most suitable point for which the only DGP profile
should be calculated, other than the distribution and 95° percentile of the
maximum FP+FN errors, another aspect should be considered. In fact, for the
different points and directions of observation analysed, it was possible to calculate
the Ev,thr values for a different number of glazing and shading devices applied to
the window. As seen, this is due to the different position of the window in the
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Technologies

observer’s field of view, and strongly depends also on the transparency of the
technology considered. Less transparent glazing technologies are less likely to
cause glare for the occupants, resulting in the impossibility of calculating the
relative Ev,thr values for one or even all the daylight glare comfort classes.
A higher number of cases for which it was possible to calculate a E v,thr values
results in a higher capability of rating the daylight glare condition of a space, with
an error higher than the maximum FP+FN error 95° percentile for 5% of time.
Figure 45 summarises the number of different glazing types and shading devices
(for both west and south orientations and for each daylight glare comfort class
threshold) for which it was possible to calculate an Ev,thr value, relative to all the
points and directions of observation considered. It is possible to observe that, for
every point, the highest number of cases for which the calculation of the Ev,thr
value was possible is relative to the 0° direction of observation, then the directions
of observation of 45° and -45°, and finally the 90° and -90° ones. Moreover,
relative to the same position in the room, points in row a show a higher number of
cases for which it was possible to calculate the Ev,thr value than those obtained for
points in row b. The highest number of cases for which the Ev,thr values were
calculated is relative to point a0 and a1, both for the 0° direction of observation.
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Figure 45. Number of different glazing types and shading devices for which it was possible to
calculate an Ev,thr value, relative to all the points and directions of observation considered.

From what said so far it is possible to conclude that it is not possible to define
a single most suitable point in the space for which calculating the only DGP
profile, to be used to calculate the Ev,thr values to rate the glare condition for the
whole space. In fact, depending on the purpose for which the evaluation of the
daylight glare comfort classes is carried out, a point and a direction of observation
could be more appropriate than another. In more detail, if this approach is used for
standard evaluations, i.e. analyses relative to static glazing with relatively high τvis
values, then the most adequate point results to be that minimising the maximum
FP+FN error 95° percentile. In this case in fact the Ev,thr values are likely to be
calculated for glazing technologies with an average or high transparency for all
the points and directions of observation. As a consequence, the combination
point-direction of observation minimising the 95° percentile error should be
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chosen for the calculation of the annual DGP profile. Therefore, the most suitable
point and direction of observation result to be the point a0 and the -90° direction
of observation. Conversely, when the evaluation is relative also to glazing with
low τvis values, the combination point-direction of observation maximising the
number of cases for which the calculation of the Ev,thr values is possible should be
preferred. In this case the most suitable point and direction of observation result to
be the point a1 and the 0° direction of observation. Moreover, also the direction of
observation represents an important aspect to be considered, depending again on
the object and aim of the glare evaluation. In fact, in real spaces the 0° direction of
observation is often avoided, as it is the most problematic one for the occupants
from the glare point of view. Therefore, for a spatial evaluation of glare for real
spaces or rooms whose layout is known, the point a0 and the -90° direction of
observation should be preferred, as more representative of a real-case scenario.
On the other hand, for spatial glare analysis aiming at characterising theoretical
spaces, or whose purpose is that of taking into account the worst-case scenario,
the calculation of the Ev,thr values should be based on point a1 and 0° direction of
observation. This distinction is possible since on one side the 95° percentile error
for this combination, equal to 3.36%, is still quite low compared to the minimum
value obtained (1.86%), relative to the point a0 and the -90° direction of
observation. On the other hand, the number of cases for which it is possible to
calculate the Ev,thr values for this combination (86) is significantly lower than the
maximum value (104), obtained for be the point a1 and the 0° direction of
observation.
Example of application
In this section an example of the application of the presented simplified
approach is provided. The case study used refers to the enclosed office considered
in this study, south oriented, and with the window with specular properties with a
τvis equal to 0.55. The eye vertical illuminance was calculated for a 5x10 grid of
points, with a grid spacing of 0.5 m x 0.5 m, for a total number of 50 points across
the room (deducting a peripheral stripe of 0.5 m). The points were located 1.2 m
above the floor, with a direction of observation of -90° in respect to the vector
perpendicular to the window plane. A single annual DGP profile was calculated,
relative to the same direction of observation, for the point a0, which is shown in
Figure 46. For this point, Ev,thr values for each daylight glare comfort class were
calculated by means of the fault-detection technique presented as the first step of
the simplified approach. The following Ev,thr values were estimated:
• Lower threshold:

3239 lx

• Intermediate threshold:

4077 lx

• Higher threshold:

4744 lx

By means of the above Ev,thr values, the daylight glare comfort class for each
of the 35 points in the room was estimated. Figure 46 shows the Ev values and
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relative daylight glare comfort class for the 50 points in the office for the 25th of
January at 14:00. This specific moment of the year was chosen as all the four
daylight glare comfort classes appear to be experienced by the user for at least one
point in the grid considered.

Figure 46. a) Eye vertical illuminance values and b) relative daylight glare comfort classes for the
enclosed office case study with a south facing window equipped with a specular glazing with τvis =
0.55. Results relative to January 25th at 14:00.

Analysing the outcomes obtained, the following considerations can be drawn:
• For 26% of the space (13 points) an imperceptible glare condition is
experienced;
• For 26% of the space (13 points) a perceptible glare condition is
experienced;
• For 20% of the space (10 points) a disturbing glare condition is
experienced;
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• For 28% of the space (14 points) an intolerable glare condition is
experienced.
The spatial distribution of the daylight glare comfort classes shows, as one
would expect, that a worse glare condition is perceived for the points closer to the
window, while it improves as their distance from the window increases. The
perception of the different daylight glare comfort classes appears to vary in the
room according to a diagonal direction, from the upper left corner, in which the
glare perceived is intolerable, to the lower right corner, where the glare condition
is imperceptible. This can be explained considering that in the specific moment
considered the sun is low in the sky in the direction SSW (azimuth = 200.2°,
elevation 23.4°). The variation of the glare condition throughout the room appears
hence to occur for stripes parallel to the solar vector. The analysis presented is
performed for a single hour during the year, nonetheless it could be easily
extended to evaluate the percentage of the space in a certain daylight glare
comfort class throughout the whole year.

4.2.4 Discussion
The possibility of estimating daylight glare comfort classes by means of
solely the eye vertical illuminance was explored. The most suitable Ev,thr values
(correlated to DGP values of 35%, 40%, and 45%) to classify a certain space
according to daylight glare comfort classes were calculated for different glazing
types and shading devices and for nine different points and five directions of
observation within a sample enclosed office for a certain climate. This was done
by means of the minimisation of the error committed when estimating each
daylight glare comfort class for all the points in each view direction considered
through the Ev,thr calculated for each point, as compared to DGP values. This
error, calculated as the maximum sum of underestimation (FP) and overestimation
(FN) of the glare comfort class, was found for all the cases analysed to be below
3.5% for 95% of time. The 95% benchmark is in line with the maximum error
threshold defined in [227] and adopted by Wienold [133] for the definition of the
DGP ranges for the daylight glare comfort classes. In fact, in both works comfort
categories are defined according to the user satisfaction and within each category
a 5% exceedance is allowed. In general, it is worth noticing that all the cases for
which the maximum error 95° percentile value of 3.5% is exceeded are relative to
technologies with a low τvis. This means that the fault-detection technique used to
determine the Ev,thr values can be less reliable for technologies with low luminous
transmittance values.
By a closer look at the results, it can be easily understood that this is due to
intrinsic simplifications of the presented approach, which only accounts for
vertical illuminance at the observer eye, neglecting the contrast contribution to
daylight glare comfort. In presence of diffusing window (or blind) materials
(scattering technologies), the eye vertical illuminance is reduced while the area of
the window with a higher luminance is enlarged, compared to the background
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luminance. For diffusing materials with a low τvis this effect is even amplified, as
the ratio of the luminance of the source (the whole window) compared to light
transmitted to the room is high. In the case of specular glazing with low light
transmission the background luminance of the room is quite low, as well as the
luminance of the window, except for the very high luminance either of the light
source within the window area (sun disk) or, when the sun is not directly within
the observer’s field of view, of the sunlight patches on the floor and on the walls.
In all these cases a high luminance contrast between the light source luminance
and the scene background luminance is perceived by the observer. As the
luminance contrast is neglected in the simplified method higher errors are found
for glazing with a low τvis, both specular or scattering, compared to the errors
relative to glazing with a higher τvis (for which the luminance contrast plays a
negligible role). An example of such conditions is presented in Figure 47, where
the luminance map of the scene is shown, as seen from point a0 in the -90°
direction of observation, for the same time-step of the year (February 21th at
12:30), for three different glazing.

Figure 47. Luminance map of the observer’s view field from point a0 in the -90° direction of
observation, for: a) specular glazing with τvis=0.75; b) Specular glazing with τvis=0.05; c) scattering
glazing with τvis=0.35. All the luminance maps are relative to the 21th February at 12:30 and to
south orientation.

For Figure 47.a, i.e. specular glazing with τvis = 0.75, the estimation of the
daylight glare comfort class by means of Ev is correct, as an eye Ev value higher
than Ev,thr and a corresponding DGP value higher than the DGPthr are measured
(Ev > Ev,thr and analogously DGP > DGPthr). For Figure 47.b and Figure 47.c
(same daylight conditions but considering a specular glazing with τvis = 0.05 and
the scattering glazing with τvis = 0.35 respectively), the eye Ev fails at classifying
the condition into the correct daylight glare comfort class. For both the specular
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glazing (Figure 47.b) and the scattering glazing (Figure 47.c) the Ev is lower than
Ev,thr (corresponding to a DGPthr of 45%), while the real DGP value is higher than
45%. In more detail, in Figure 47.b the background luminance of the window is
extremely low compared to the solar disk in the field of view of the observer (top
right of the window), while in Figure 47.c the window has a relatively high
uniform luminance on its entire area (solar radiation diffused by the window),
compared to the room background luminance.
In light of the above, the application of the simplified approach presented for
glazing with low light transmission properties, either specular or scattering, may
result in errors in classifying a space according to the daylight glare comfort
classes. This can occur for a significant number of time-steps throughout the year,
during building operations. Nevertheless, as calculated for the presented case
studies, this error results in a wrong estimation of the glare risk for a percentage of
time lower than 3.5% in 95% of cases. In more detail, for all points and directions
of observation and all the daylight glare comfort class thresholds analysed, the
glare risk underestimation (i.e., FN) occurs for a percentage of time always lower
than 5% (Table 22). Therefore, for the cases for which a total error (FP+FN)
higher than 5% was found, a significant part of this is due to FP occurrences
(overestimation of glare condition). Between these two classification errors, the
underestimation of glare risk is certainly the most problematic, as it can lead to
visual comfort conditions potentially worse than those estimated through this
simplified approach. An overestimation of glare risk instead could actually result
in lower glare risk than what estimated, even though this may lead to design or
control choices towards a lower overall visible transmission of the window,
potentially resulting in higher energy uses (higher artificial lighting and heating
energy use, but potentially lower cooling energy use).
Among the points and directions of observation considered, point a0 in a -90°
direction of observation and point a1 in a 0° direction of observation resulted as
the most suitable to be used as a reference to define the Ev,thr values to classify the
whole space according to daylight glare comfort classes. In fact, for the former
combination point-direction of observation the lowest maximum error (1,86%) is
committed in 95% of cases when estimating the daylight glare comfort classes,
while for the latter one the calculation of the maximum number of Ev,thr values
was possible, committing an error lower than 3.36% for 95% of time, value still
considered as acceptable. Nonetheless the impact of these errors on annual glare
estimation may not be negligible, as they correspond to a significant number of
time-steps (number of hours during an annual analysis). Considering that in Turin
the number of daylight hours per year is equal to 4602, these errors translate into
the following amount of time in which glare is not correctly estimated:
• point a0 for the -90° direction of observation: maximum error committed
for 95% of cases: 1.86% = 86 h;
• point a1 for the 0° direction of observation: maximum error committed for
95% of cases: 3.36% = 155 h
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Despite the occurrence of these errors, as well as of their magnitude, it is
important to highlight that this approach is aimed at providing a simplified and
computationally efficient method to classify an entire space according to daylight
glare comfort classes. As an example, considering the demonstration of
application of the method provided in sub-section 4.2.3, to calculate the annual
DGP profile for all the 50 points of the grid defined one would require a
computation time 50 times higher compared to the presented approach: assuming
to use an i7 processor (8 CPUs, 3.40 GHz), the evaluation of annual DGP for all
the 50 points would require a time-machine of 25 hours, against the 45 minutes
needed for the whole space with this simplified approach. Furthermore, the
application of this method becomes even more convenient as the size of the space
increases. Nevertheless, in the presence of larger spaces, such as open-plan
offices, a set of Ev,thr triplets (instead of only one) may be necessary to classify the
entire space in terms of daylight glare comfort classes, as the glare condition may
substantially diverge in different areas within the same space. Although the
determination of the minimum number of significant points (and their position)
for which an Ev,thr triplet should be calculated, is an open research point.
The present work investigated the potential of the simplified approach
proposed on a limited data set (in terms of office geometry / size, orientation and
latitude). Moreover the daylight comfort classes are evaluated by minimising the
total error in the estimation of the Ev,thr, although the False Positive
(overestimation) or the False Negative (underestimations) may have a different
influence on the visual comfort provided to the occupants or on the global energy
performance of a space. Future study will explore the possibility of using E v,thr
values defined minimising different objective functions (FP, FN or FP+FN),
depending on the aim of the analysis. Finally, it has to be noted that a spatial glare
evaluation is currently possible only if the same direction of observation is
considered for all the points on the custom-defined grid (this is the direction
assumed for the DGP annual profile). Therefore, if the layout of the space is not
known, the approach proposed should most suitably be applied for a direction of
observation representing the worst-case scenario within the space considered, so
that for all the other directions of observation equal or better glare conditions are
highly likely.
The presented approach can be used to support decision making at an early
design stage (when a large number of solutions needs to be compared) and/or to
support the design and implementation of real time control of façades with
dynamic properties, aimed at reducing daylight glare discomfort risk. The main
disadvantage of the approach lies in the fact that an estimation of the exact value
of DGP is not possible, but the performance of the space (and of the selected
façade technology and/or façade operation) is evaluated only in terms of daylight
glare comfort classes.
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4.2.5 Conclusions
The present section presented a simplified approach to classify a space
according to daylight glare comfort classes, by means of vertical illuminances at
eye level. DGP for a whole year is calculated for one point only and is then used
as a valid reference to define the most suitable vertical illuminance threshold
values for each daylight glare comfort class for that point. These thresholds are
then used for all the other custom-defined points across the room (for which,
calculating the annual DGP is not necessary).
This simplified approach proved to be sufficiently accurate for the case study
investigated, with a maximum error committed, for all the cases analysed, lower
than 3.5% for 95% of time. The main advantages of this simplified approach are
that (i) a spatial evaluation of the daylight glare comfort classes within a room is
possible and that (ii) the computation time required for its application is
significantly lower than that necessary for calculating DGP for the whole space.
The main disadvantage is instead represented by its inability to estimate the exact
DGP value, as only the daylight glare comfort class can be estimated for each
point. However, this information could be useful enough to support decision
making at an early design stage and building operation in a perspective of
improving the control of glare conditions for the occupants.
The analysed case study showed a good correlation between the daylight glare
comfort classes estimated by means of the proposed approach and those deriving
from the DGP evaluation. This is particularly true in the presence of glazing with
a high value of τvis, for which the error committed was always below 5%, while
for less transparent technologies, i.e. glazing with a lower value of τvis and shading
devices, an error higher than 5% was found in few cases.
The simplified approach was tested on a limited number of cases (i.e. in terms
of room geometry and façade options), therefore future work will be aimed at: i)
evaluating the accuracy of the approach on larger spaces, different grid resolution,
façade options; ii) testing the implication of adopting the presented approach on
the design evaluation of alternative façade technologies and on the operations of
dynamic facades.

4.3 Application in the operation of active components
4.3.1 Introduction
The present section demonstrates the advantages of the simplified approach
for a spatial evaluation of the daylight glare comfort classes when applied to the
operation of active transparent adaptive components. The integrated simulation
methodology presented in Chapter 3 was enhanced by implementing the
simplified approach for a spatial evaluation of the glare condition presented in
section 4.2. This resulted in the possibility of simultaneously evaluating the
effects of the variation of the thermo-optical properties of a transparent adaptive
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component on the energy performance of a building and on the overall visual
comfort condition of its occupant at a spatial level. In more detail, this enhanced
version of the integrated simulation methodology allows evaluating visual
comfort with a high spatial resolution both in terms of daylight availability on the
visual task and glare condition of the occupants. As for the former, a spatial
evaluation was already possible (see sections 3.3 and 3.4), while for the latter,
assessed in terms of daylight glare comfort classes, this was enabled by the
simplified approach presented in the previous section.
The ability to perform an evaluation of the glare condition at a spatial level
was also implemented in a control strategy for the operation of active transparent
adaptive components aimed at a spatial optimisation of the overall visual comfort
conditions of the occupants. This was tested, through a virtual experiment, for
different transparent adaptive active façade technologies, as well as different
traditional moveable shading systems. The effects over the energy and visual
comfort performance deriving from the operation of these technologies according
to the proposed control strategy were evaluated in a comprehensive and accurate
way by means of the above enhanced integrated simulation methodology.
In sub-section 4.3.2 the logic underlying the proposed control strategy, as well
as its architecture and the possible advantages deriving from its application are
described in detail. Moreover, a description of the different active transparent
adaptive technologies selected, along with their modulation features is provided.
Sub-section 4.3.3 presents the results obtained while in sub-section 4.3.4 the main
advantages and drawbacks relative to the proposed control strategy are presented
and critically discussed.

4.3.2 Methodology
This section contains an overview of all the performance metrics considered
for this study, relative both to visual comfort and energy performance. A detailed
explanation of the control strategy devised to optimise visual comfort at a spatial
level is then provided. Finally, a description of the case study adopted, as well as
of the different transparent adaptive active façade technologies and dynamic
shading devices considered is reported.
4.3.2.1 Performance metrics
In the present analysis both visual comfort and energy aspects were
considered. This was done by means of a series of performance metrics either
currently used in literature or developed on purpose for this work.
Visual comfort
The two main factors determining the visual comfort condition of the
occupants were assessed, i.e. daylight availability on the workplane and their glare
condition. The daylight availability was analysed by means of the following
metric:
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Daylight Autonomy (DA): introduced by Cristoph Reinhart [132,184], this
metric identifies the percentage of occupied hours over a year in which the
daylight illuminance on the workplane meets the minimum horizontal illuminance
threshold required to perform a given visual task. DA is calculated according to
the following equation:

𝐷𝐴 =

∑𝑛𝑖=1 𝑡𝑖 (𝐸ℎ ≥ 𝐸ℎ,𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 )
|
𝑛
𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑

(11)

in which Eh is the horizontal illuminance on the workplane [lx]; Eh,threshold is
the minimum horizontal illuminance threshold required to perform a given visual
task [lx]; ti is the number of occupied hours over a year in which horizontal
illuminance meets the minimum horizontal illuminance requirement; n is the
number of occupied hours over a year. In this study the final DA is calculated as
mean value of the DA relative to all the sensor points considered within the space.
The glare condition of the occupants was assessed by means of the following
metrics:
Daylight Glare Probability (DGP): introduced by Wienold and Cristoffersen
[111], this metric indicates the percentage of people that may experience a glare
sensation due to a given daylight condition. Moreover, Wienold correlated
different glare sensations (daylight glare comfort classes) to specific ranges of
DGP values, in order to introduce a scale to rate the glare condition through DGP.
For each of these daylight glare comfort classes a DGP threshold was therefore
defined, based on the analysis of an extensive dataset. Table 23 summarises the
daylight glare comfort classes with the relative DGP threshold values.
Table 23. Daylight glare comfort classes with the relative DGP threshold values.
Daylight glare comfort class
Imperceptible glare
Perceptible glare
Disturbing glare
Intolerable glare

DGP Threshold
DGP <35%
35% ≤ DGP < 40%
40% ≤ DGP < 45%
DGP ≥ 45%

The assessment of the annual DGP for different points in the space requires a
high computational effort and is much time consuming. For this reason DGP was
evaluated not through the algorithm defined by Wienold [105,111], but by means
of the simplified approach presented in section 4.2. This one relies on the
calculation, for each point in the space, of the vertical illuminance (Ev), which is
compared to an Ev threshold value for each daylight glare comfort class. This
simplified approach allows the evaluation of the daylight glare comfort classes
only, and not of the DGP exact values, but is less time consuming.
DGP<35%: this metric, developed on purpose for this study, expresses the
percentage of occupied hours over a year in which the glare condition is
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imperceptible (DGP < 35%). DGP<35% is calculated according to the following
equation:

𝐷𝐺𝑃<35% =

∑𝑛𝑖=1 𝑡𝑖 (𝐷𝐺𝑃 < 35%)
|
𝑛
𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑

(12)

in which ti are the occupied hours in which the DGP value is below 35%; n is
the number of occupied hours over a year. DGP<35% is calculated as mean value of
the DGP<35% relative to all the points considered within the space.
Energy Performance
The energy performance of the case study was assessed through the following
metric:
Energy Performance index (EPgl): this metric is defined as the total amount
of primary energy consumed by a building or a space, on annual basis, per unit
area. It is expressed in kWh/(m2∙year) and is calculated according to the following
equation:
𝐸𝑃𝑔𝑙 = 𝐸𝑃𝐻 + 𝐸𝑃𝐶 + 𝐸𝑃𝐿

(13)

in which EPH is the primary energy consumed per unit area, on annual basis,
by the heating system [kWh/(m2∙year)]; EPC is the primary energy consumed per
unit area, on annual basis, by the cooling system [kWh/(m2∙year)]; EPL is the
primary energy consumed per unit area, on annual basis, by the lighting system
[kWh/(m2∙year)]. The influence on the EPgl of the primary energy necessary for
domestic hot water production (EPDHW) was considered negligible in the present
work and was therefore not calculated.
4.3.2.2 Control strategy description
A control strategy was devised with the aim of optimising the visual comfort
at a spatial level. This one was therefore assessed in the space in exam with a high
spatial resolution. The transparent adaptive façade components or dynamic
shading devices considered were then controlled in order to optimise the visual
comfort condition for the occupants relative to an area, within the space
considered, as large as possible.
Visual comfort was considered in terms of both daylight availability on the
workplane and glare condition of the occupants. These two aspects are often
contrasting with each other, as a too high daylight level on the workplane was
proved to cause also discomfort glare to the occupants [140,145]. Moreover,
relatively low daylight levels on the workplane may still be linked to a glare
sensation for the occupants if the sun elevation angle is very low, as in this case
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the sun may be directly within the occupants’ field of view. A simultaneous
optimisation of both these aspects is therefore not always possible, so a priority
must be given to one of them on the other.
Starting from this consideration, a control strategy for transparent adaptive
active façade components and dynamic shading devices was developed and tested
for different technologies. As seen, a multi-objective optimisation of visual
comfort aspects is not always possible, therefore a multi-criteria Rule-Based
control strategy was devised, each criterium representing a different aspect
influencing visual comfort. In presence of an adaptive façade technology able to
modulate the amount of radiation entering the room, among daylight availability
on the workplane and glare sensation for the occupants, the latter was identified as
the most influencing factor in determining the overall visual comfort condition,
especially if the user cannot actively interact with the control strategy of the
adaptive technology. This because in presence of low daylight levels on the
workplane the minimum illuminance requirement can still be reached by means of
the artificial lighting system, allowing thus the user to perform its visual task.
Conversely, a glare condition cannot be improved if not by modifying the state of
the adaptive component in order to decrease the amount of radiation entering the
room; if this is not possible a glare condition may reduce or at worst inhibit the
ability of a user to carry out a visual task. Furthermore, also the view to the
outside was considered in the multi-criteria control strategy as a factor influencing
the visual comfort. This was considered in a simplified way in relation only to the
attitude of the adaptive façade component to allow a view towards the exterior,
not accounting, as suggested by some building protocols [230,231], for other
factors like size and position of the window, view factor of the window from a
given point in the space or presence and distance of external obstructions.
The working principle on which the proposed control strategy relies is based
on the considerations made above relative to the priority given to the different
aspects determining visual comfort. According to this working principle the state
of a transparent adaptive façade technology or a dynamic shading device is
chosen, among the different states it can assume, in accordance with the following
rules:
1.

The state is chosen as the one minimising the space in which glare is
intolerable. In more detail:
1.1. The state is chosen as the one maximising the space in which glare
is imperceptible;
1.2. If condition 1.1 is met by two or more states, the state is chosen
among them as the one maximising also the portion of remaining
space in which glare is perceptible;
1.3. If two or more states meet both conditions 1.1 and 1.2, the state is
chosen among them as the one maximising also the portion of
remaining space in which glare is disturbing;
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2.

If two or more states meet condition 1 (i.e. conditions 1.1, 1.2 and 1.3),
the state is chosen among these ones as the one maximising also the
space in which the horizontal illuminance on the workplane meets the
minimum horizontal illuminance threshold required to perform a given
visual task;

3.

If conditions 1 and 2 are met by two or more states, the state is chosen
among these ones as the one allowing also a higher view towards the
outside to the user. In more detail:
3.1. The state is chosen as the one with the higher specular visible
transmittance, that is the state allowing the lower distortion in the
perception of the external ambient;
3.2. If two or more states meet condition 3.1 the state is chosen among
these ones as the state with the highest overall visible
transmittance, that is the state allowing both a better and clearer
perception of the external ambient and more daylight inside the
space analysed.

A multi-criteria objective function was created based on the above algorithm,
considering as criteria the different factors determining the final visual comfort
condition of the occupants. For every timestep in which the analysis period is
subdivided the state of the transparent adaptive façade technology or dynamic
shading device is chosen as the one maximising the objective function created.
What follows is the equation of the objective function developed for the control
strategy proposed:
𝑆𝑡𝑎𝑡𝑒 = max[ 𝑐0 (𝑘0 · 𝑆𝐷𝐺𝑃<35% + 𝑘1 · 𝑆35%≤𝐷𝐺𝑃<40% + 𝑘2 · 𝑆40%≤𝐷𝐺𝑃<45% )

(14)

+ 𝑐1 (𝑆𝐸ℎ ≥𝐸ℎ ,𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 ) + 𝑐2 (𝑠) + 𝑐3 (𝜏𝑣 ) ]

in which c0, c1, c2, c3 are the priority coefficients for the different criteria
considered in the equation; k0, k1, k2 are the priority coefficients for the different
daylight glare comfort classes; SDGP<35% is the percentage of space in which glare
is imperceptible (DGP<35%); S40%≤DGP<45%% is the percentage of space in which
glare is perceptible (35%≤DGP<40%); S35%≤DGP<40%% is the percentage of space in
which glare is disturbing (40%≤DGP<45%); SEh≥Eh,threshold is the percentage of space
in which the daylight horizontal illuminance on the workplane (Eh) meets the
minimum horizontal illuminance threshold (Eh,threshold); s is the specularity index,
that is the ratio of light specularly transmitted by a component (τvis,spec) to the
amount of light it globally transmits (τvis), and is calculated as τvis,spec/ τvis; τvis is
the overall visible transmittance of a component.
The above equation is composed by four members, each multiplied by a
priority coefficient cx. It is possible to observe that the first member considers the
glare condition at a spatial level, the second member is relative to the daylight
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availability on the workplane while the third and fourth members refer to the view
towards the outside. To set the order of priority of these members it is necessary
to define the priority coefficients c0, c1, c2, c3. Since all the variables in the
equation are expressed as percentages, the priority coefficients can be expressed
as different powers of 10. This is true also for the priority coefficients k0, k1, k2
relative to the percentage of surface in which glare is in the different daylight
glare comfort classes. Table 24 summarises all the priority coefficients as set in
the present study to comply with the order of priorities above described.
Table 24. Priority coefficients used in the present study.
Coefficient
c0

Value
102

c1

10-1

c2

10-3

c3

10-5

k0

102

k1

100

k2

10-2

4.3.2.3 Case study description
An enclosed office located in Turin (ITA: 45.22°N, 7.65°E) was assumed as
case study in the present work. This geographical site is characterised by a
temperate (mesothermal) climate with Heating Degree Days (HDD) and Cooling
Degree Days (CDD) equal to 1192 °C and 452 °C respectively (calculated
according a baseline of 12 °C for the HDD and 18 °C for the CDD [214]).
The enclosed office case study was considered to be 3.6 m large, 4.5 m deep
and 2.7 m. A window 3.3 m large and 1.5 m high was located on one of the short
walls, south oriented, for a Window-to-Wall Ratio (WWR) of 50%. The office
case study was considered to be part of an office building, so as to be adjacent to
identical offices on two sides on the same floor and on the floors immediately
above and below it, while on the third side of the same floor it was considered to
be flanked by a hallway with its identical thermal conditions. As a result, all the
horizontal and vertical internal partitions were considered to be adiabatic. Table
25 summarises the visible reflectance assumed for all the internal surfaces of the
case study.
Table 25. Visible reflectance of the internal surfaces of the office case study considered.
Surface
Ceiling
Walls
Floor
External ground

ρvis [-]
0.80
0.65
0.20
0.10
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The external opaque wall was assumed to be a structural brick wall with a
thermal transmittance (U-value) equal to 0.25 W/m2∙K and internal and external
areal heat capacity equal to 19.2 kJ/ m2∙K and 64.4 kJ/ m2∙K, respectively. Its
assembly, as well as the thermal properties of each layer are summarised in Table
26. The thermal properties of the horizontal internal partitions were assumed to be
as follows: U-value of 1.33 W/m2∙K, decrement factor of 0.4 and time lag of 7
hours (internal and external areal heat capacity of 28.2 kJ/ m2∙K and 82.8 kJ/
m2∙K). The vertical internal partitions were assumed to have the following thermal
properties: U-value of 1.19 W/ m2∙K, decrement factor of 0.62 and time lag of 5
hours (internal and external areal heat capacity of 48.3 kJ/ m2∙K and 67.0 kJ/
m2∙K). The thermal properties of the different materials were derived from [208–
210].
Table 26. Stratigraphy and thermal properties of each layer of the external opaque wall.
Layer

Material

1
2
3
4

Plaster
Insulation
Hollow clay bricks
Plaster

Thickness
[m]
0.015
0.12
0.18
0.015

Conductivity
[W/m∙K]
0.8
0.04
0.22
0.8

Specific heat
[J/kg∙K]
850
1500
1019
850

Density
[kg/m3]
1900
18
1394.6
1900

The schedules relative to occupancy and equipment were set in accordance
with [211]. The office was assumed to be occupied by two people and the
equipment load per area was assumed equal to 12 W/m2 [218]. The primary air
ventilation rate in presence of the occupants was set equal to 1.56 l/s∙m2, while the
infiltration rate per area was assumed equal to 0.15 l/s∙m2 [212]. The heating and
cooling systems were assumed to be ideal systems, that is to say that they were
considered to be able to maintain the set-point or set-back temperature under any
circumstances. The set-point and set-back temperatures were set equal to 20 °C
and 12 °C for the heating system and to 26 °C and 40 °C for the cooling system.
The heating and cooling set-point temperatures were to be maintained whenever
the office was occupied, depending on the external boundary conditions. The
heating system was assumed to have an overall efficiency of 0.85, while the
cooling system SEER was set equal to 3.00. The lighting system was considered
to be dimmable and controlled by a photosensor. A value of 500 lx was assumed
as minimum illuminance requirement (Eh,threshold), in accordance with [95]. This
illuminance threshold was to be maintained on the workplane by a combination of
daylight and dimmable artificial lighting whenever the office was occupied. The
lighting system was considered to have the following characteristics: installed
power density of 10.76 W/m2 [211]; ballast absorption factor of 10%; photosensor
standby power of 1 W.
The horizontal illuminance on the warplane was assessed for a grid of points
located at a height of 0.75 above the floor and evenly distributed throughout the
whole floor area, excluding a peripheral stripe 0.5 m wide, as this portion of space
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is seldom occupied by desks. The spacing between the grid points was set equal to
0.5 m, for a total number of 35 sensors.
The glare condition was evaluated for grid of points equal to the one just
described, but with a height above the floor of 1.2 m (the height of a seated
person). For all the points, the direction of observation was assumed to be
perpendicular to the window, in order to evaluate the glare for an unfavourable
scenario. As the calculation of an annual DGP profile for each of the 35 points
would be much time-consuming, DGP was estimated by means of the simplified
approach presented in section 4.2, which requires a far lower computation time.
As a result, for each grid point only the annual profile of the daylight glare
comfort classes was assessed. This was done by assessing the vertical illuminance
for each point of the grid, while the annual DGP profile was calculated for one
representative point only within the space considered. The vertical illuminance
thresholds for each daylight glare comfort class were then calculated and the
daylight glare comfort class profile for each point of the grid was finally
estimated. These operations were repeated for any state assumed by the different
transparent adaptive façade technologies and dynamic shading devices
considered. The only DGP profile, for each of these states, was calculated for a
point located in the room centre line, 1.5 m away from the window and with the
same height above the floor and direction of observation as all the other grid
points. This point and direction of orientation were chosen as, dealing with
adaptive components potentially able to switch into states with a very low τvis, the
number of cases for which the daylight glare comfort class estimation is possible
should be maximised. From the outcomes of the previous section (4.2) such point
and direction of observation result as the most suitable to fulfil this requirement.
A Double Glazing Unit (DGU) was adopted for the transparent building
envelope, equipped with a Low-E on the internal side and with a 16 mm cavity
filled with argon 90:10. As external glazing different transparent adaptive façade
technologies were adopted, as well as a set of static glazing, to be used as
reference cases. The transparent adaptive active façade technologies considered in
the present study are represented by an electrochromic glazing (EC) and two newgeneration liquid crystal glazing (LC and LC+). The EC glazing can linearly
switch from a clear specular state (EC clear) to a tinted specular state (EC tinted).
The first new-generation liquid crystal glazing, as all the components of this
category, can switch from a clear specular state (LC sp_clear) to a clear scattering
state (LC sc_clear). In addition, it is also able to modulate its visible transmission
in order to linearly switch from the above clear specular state to a tinted specular
state (LC sp_tinted). The second new-generation liquid crystal glazing represents
an implementation of the liquid crystal component above described and can
linearly switch from a clear to a tinted state both in a specular and in a scattering
mode. It can therefore linearly switch from a clear specular state (LC+_sp_clear)
to a tinted specular state (LC+_sp_tinted) and from a clear scattering state
(LC+_sc_clear) to a tinted scattering state (LC+_sc_tinted). All the transparent
adaptive active façade components presented are commercially available products
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or prototypes under development, therefore their overall thermo-optical properties
were measured directly by the manufacturers. Table 27 contains the overall
thermo-optical properties of the DGU equipped with the different transparent
adaptive active technologies in their limit states.
Table 27. Thermo-optical properties of the DGU equipped with the different transparent adaptive
façade technologies in their limit states.
Specular glazing
g-Value U-Value
[-]
[W/m2∙K]

Scattering glazing
τvis g-Value U-Value Diffusivity
[-]
[-]
[W/m2∙K]
[-]

Limit
Technology state

τvis
[-]

EC

Clear
Tinted

0.66
0.03

0.46
0.05

1.22
1.22

x
x

x
x

x
x

x
x

LC

Clear
Tinted

0.55
0.15

0.43
0.22

1.22
1.22

0.45
x

0.40
x

1.22
x

0.9
x

LC+

Clear
Tinted

0.55
0.15

0.43
0.22

1.22
1.22

0.45
0.12

0.40
0.20

1.22
1.22

0.9
0.9

In addition to the different transparent adaptive technologies considered, the
DGU was also equipped with different static glazing, as reference cases. These are
represented by glazing with the same thermo-optical properties as the different
limit states of EC, LC and LC+, summarised in Table 27.
Moreover, the performance of different traditional dynamic shading devices
was evaluated. These are an external venetian blind (VB) with adjustable angle of
the slats and two different internal roller blinds (RB). All the dynamic shading
technologies were applied to the DGU equipped with the EC_clear static glazing.
The venetian blinds were considered to be composed by dark-coated anodised
aluminium slats (ρvis = 0.44) 40 mm wide and 2.5 mm thick. They were
considered to be either fully up or fully down, and in this case 4 different slat
angles were considered: 0° (VB_0 - horizontal slats), 30° (VB_30), 60° (VB_60),
90° (VB_90 - vertical slats). Two different roller blinds were considered, one
aimed at glare control (RB_glr), of τvis = 0.04, and one aimed at solar control
(RB_slr), of τvis = 0.15. Both roller blinds were considered to be perfectly
diffusing materials. In addition to the dynamic shading devices above described,
also some static shading devices were considered, to be used as a reference cases.
These are represented by the limit states of the dynamic shading technologies
presented, applied to the DGU equipped with EC clear and kept fully closed and
static for the whole year. (RB glr, RB slr, VB_60 and VB_90).
The annual simulations were carried out according to the integrated
simulation strategy presented in Chapter 3. In more detail, the simulation
workflow was divided into four automated steps:
1. Discretisation of the continuous switching ranges of the different
transparent adaptive active technologies considered into discrete
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states. The visible transmittance modulation range for the different
components was discretised with a resolution of 0.1;
2. Daylight Simulation of all the different discrete states with DAYSIM
4.0 [155]. This include both horizontal and vertical illuminance for the
two grids of points defined, as well as the DGP profile for the only
point in the space selected. For the DGP calculation DAYSIM actually
makes use of the software Evalglare [124] in background;
3. Thermal simulation: the thermal simulation is performed by means of
EnergyPlus [110] and its Energy Management System (EMS) module
[171]; an accurate model for each adaptive façade technology and
dynamic shading considered is implemented within the EMS.
Additionally, by means of the EMS, the results from step 2 are
integrated within the thermal simulation model, and are post-processed
in an automated way, within this step, according to the control strategy
created;
4. Postprocessing of the daylight simulation results and calculation of
yearly performance metrics.

4.3.3 Results
This section contains the annual performance results obtained for the office
case study equipped with the transparent adaptive active façade technologies, the
dynamic shading devices and the static solutions considered. The Performance is
measured in terms both of primary building energy use, EP [W/m2K], and visual
comfort provided to the occupant. For this one both the daylight availability on
the workplane, by means of the Daylight Autonomy, DA, and the glare condition
of the occupants, through the DGP<35% were evaluated. For each transparent
façade solution analysed, the performances of the limit states of their range(s) of
variability, kept static for the whole year, were considered as the direct
benchmarks.
4.3.3.1 Visual comfort results
Figure 48 shows, for each façade solution considered, either static or
dynamic, the visual comfort performance relative both to the daylight availability
on the workplane and to the glare condition of the occupants. In more detail, the
chart correlates these two metrics for each façade solution considered. As DA and
DGP<35% indicate the percentage of occupied hours in which daylight alone meets
the minimum illuminance requirement of 500 lx and in which the glare sensation
is imperceptible, a value of 100% represents for each of them the ideal condition.
Therefore, in the chart proposed, the ideal optimal condition, or theoretical
optimum, is represented by the top right corner, point in which the two metrics
show a value of 100% (the chart was clipped in order to best fit the outcomes
obtained). The red edged markers represent the adaptive solutions controlled
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through the control strategy proposed in this study, while the black edged markers
are relative to the static limit states. The size of the markers provides a qualitative
indication of the annual electric energy use for the lighting system: the bigger the
marker the higher the amount of electric energy consumed by the lighting system.
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Figure 48. Visual comfort annual results relative to all the static and dynamic solutions considered.

The results obtained allow a better understanding of the effects that the
control strategy proposed has on the two main aspects of visual comfort. It is in
fact possible to observe that, for each controlled façade solution, the DGP<35% is
equal to that of its most performing static limit state, while the DA shows an
intermediate value between those relative to its static limit states. This means that
the control strategy allows achieving the highest possible glare performance, i.e.
that relative to the most performing static limit state, while the daylight
availability is reduced from that of the best performing static limit state, but is
never equal to that of the least performing one. The extent of this reduction
depends on the range of variability of the façade solution considered. This
behaviour is in accordance with the order of priorities set for the different aspects
of visual comfort when defining the control strategy to adopt.
In more detail, all the dynamic shading devices considered (VB, RB_glr and
RB_slr) show a high gap between the results relative to their static limit states.
When the shading device is fully up, solution represented by EC clear limit state,
the highest value of DA is obtained, but also the lowest value of DGP<35%.
Conversely, all the static limit states in which the shading device is fully down
show a DGP<35% close to 100%, but also values of DA always below 10%. When
controlled, these solutions show a high drop in the amount of daylight entering the
room. For the VB a decrease of the DA of 60.0% was observed, while for both
RB_glr and RB_slr this decrease was even higher, equal to 78.2%. These shading
devices can only switch between a very transparent state (EC_clear) to states
which block the greatest part of the incoming solar radiation and, as a
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consequence, whenever glare is detected and their state is switched, a high rate of
solar radiation is blocked as well.
A different trend can instead be observed for the transparent adaptive façade
technologies considered (EC, LC, LC+). In this case, as their switching ranges are
continuous, they can more efficiently modulate the light entering the room with
the purpose of minimising the glare condition for the whole the space while still
admitting a good amount of daylight in the interior space. The electrochromic
glazing shows a high variation in terms of both DA and DGP<35% for its limit
states, with a DA value of 85.8% and a DGP<35%value of 45% for the clear state and
a DA close to 0 and a DGP<35% equal to 86.4% for the tinted state. Through the
control strategy proposed it was possible to optimise the glare condition while
reducing the extent of the decrease of the DA, in respect to what observed relative
to VB and RB. The reduction of the DA observed for the EC, equal to 45%, even
if still significant is in fact sensibly lower than the decrease found for the dynamic
shading devices. The decrease in the DA value found when controlling the liquid
crystal glazing was lower than that relative to the EC component, due to the fact
that its tinted limit states, either specular or scattering, are characterised by a
visible transmittance higher than the EC tinted limit state. As far as the DGP<35%
is concerned, similar values were found for the LC and EC when controlled. A
higher value was instead obtained for the LC+ component. The overall best visual
comfort performance was obtained when controlling the two liquid crystal
glazing, as for both, in respect to the controlled electrochromic glazing, an equal
or higher DGP<35% and a higher DA were obtained. Between LC and LC+, the
overall best visual comfort performance was found relative to the LC+
component, for which the highest DA and DGP<35%were obtained. With regard to
the DA, the lowest reduction in respect to the most performant static state, equal
to only 11.5%, was observed.
Summing up, it is possible to affirm that the transparent adaptive façade
technologies proved to be much more effective than the dynamic shading devices
in controlling both the glare condition and the daylight availability for a whole
space. Among these, the liquid crystal glazing showed a better performance than
the electrochromic glazing. Furthermore, between the two liquid crystal glazing
technologies, the LC+ showed to be the most effective one in the optimisation of
visual comfort at a spatial level. This trend depends on two different factors
influencing the final performance of the different adaptive façade components: i)
the amplitude of their switching range; ii) their attitude in transmitting daylight.
The amplitude of the switching range of an adaptive façade component refers to
the thermo-optical properties of its limit states, while for attitude it is intended the
way an adaptive component interacts with and transmits the incoming daylight,
i.e. if it is able to modulate only the visible transmittance or also the way light is
transmitted (scattered or specularly transmitted). The combination of these two
factors results in the total number of different possibilities among which the
control strategy can choose for the spatial optimisation of visual comfort. The
higher this number is and potentially the higher is the related visual comfort
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performance. As an example, the component for which the highest DA and
DGP<35% values were obtained is the LC+ component, i.e. the only adaptive
façade technology, among the ones considered, able to modulate its visible
transmittance both in a specular and in a scattering mode.
4.3.3.2 Energy performance results
Figure 49 shows the break-up of specific primary building energy use for
space heating, space cooling and lighting for all the adaptive and static solutions
considered. The energy performance of the controlled adaptive façade
technologies fully depends on the control strategy developed, which is aimed only
at the spatial optimisation of visual comfort aspects. Energy aspects are in fact not
controlled when operating the adaptive technologies adopted and are therefore
hereby only evaluated as a consequence of choices relative to a different physical
domain.
Energy Performance
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Figure 49. Annual energy performance results relative to all the static and dynamic solutions
considered.

The results show that the overall energy performance of every controlled
solution falls between those of its most and least efficient static limit states.
Similarly to the trend observed for the results relative to the DA, also in this case
the increase of the EPgl relative to the technologies controlled, in respect to their
most performant static limit state, show to be strongly dependant on the adaptive
technology switching range. The growth of the EPgl observed for the dynamic
shading devices is higher than that relative to the transparent adaptive active
façade technologies. In more detail, the two internal roller blinds, when operated
according to the control strategy proposed, show an overall energy performance
equal to that obtained for the same roller blinds kept fully closed for the whole
year. This can be explained considering that the roller blinds are positioned on the
inner side of the window, therefore their operation has no effect on the thermal
energy performance of the building. For the external venetian blinds an increase
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in the EPgl equal to 30 kWh/(m2·year), in respect to that relative to the EC clear
static limit state, is observed. Nonetheless, an improvement in respect to VB kept
closed for the whole year is present. The energy performance relative to the
controlled dynamic shading devices is not comparable to that obtained when
controlling the transparent adaptive active façade components, which can again be
explained considering that these shading devices can only switch between a very
transparent state (EC_clear) to states which block the greatest part of the incoming
solar radiation. For this reason, both the controlled dynamic shading devices and
the static limit states in which they are fully closed show the highest EP L values
among all the cases analysed, comparable only with the EC in its tinted state.
As far as the transparent adaptive façade technologies are concerned, lower
increases in the overall energy performance were obtained when controlling the
technologies with the control strategy proposed, in respect to their most
performant static limit state. This is due to their intrinsic capability, higher than
that of the dynamic shading devices, to manage the incoming solar radiation,
which in turn affects, at different extents, EPH, EPC and EPL. An increase in the
EPgl of 9.9 kWh/(m2·year) was observed for the electrochromic glazing, while LC
and LC+ components showed an increment equal to 12.1 kWh/(m2·year) and 2.9
kWh/(m2·year) respectively. Liquid crystal glazing show the lowest distance
between the energy performance of the component controlled according to the
proposed control strategy and that relative to their best performance achievable
and, among these two, the LC+ component proved to be the most efficient one.
Analysing then the break-up of the Energy Performance index into heating,
cooling and lighting, a common trend to the transparent adaptive façade
technologies considered can be observed. In fact, when the technology is
controlled, in respect to its most efficient static limit state, EPH and EPL are
increased, while EPC is decreased, though the extents of these increment and
decrement depend on the technology considered. This common trend is due to the
working principle on which the control strategy proposed is based. It is in fact
firstly aimed at eliminating a glare condition to the occupants from the space
analysed. In a location such as Turin and in an orientation such as that of the case
study considered, the glare phenomenon mainly occurs in winter, as the sun
elevation angle is low throughout the whole day and the sun often falls within
one’s visual field. When this happens, the adaptive glazing are then switched to
their darker states, in order to prevent, if possible, discomfort glare for the
occupants. Operating an adaptive component in such way implies that the solar
radiation is mostly blocked, resulting in two main drawbacks on the energy
performance: i) the solar heat gains are reduced, with a consequent increase of
EPH; ii) the artificial lighting system needs to be switched on for a higher number
of hours to provide the minimum illuminance on the workplane, with a
consequent increase of EPL. Conversely, the EPC is reduced as often in summer, to
control the glare condition within the space, only intermediate states of the
adaptive façade technologies are necessary, resulting in a reduction of the solar
gains, and in a consequent decrease of EPC.
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Summing up, the onclusions drawn for the visual comfort performance remain
valid also for the energy performance of the façade solutions considered.
Transparent adaptive façade technologies proved to be more effective than
dynamic shading devices also in terms of how they affect the specific primary
building energy use. Among these, the liquid crystal glazing showed a better
performance than the electrochromic glazing. Finally, between the two liquid
crystal façade components, the LC+ showed to be the most effective one also as
far the energy aspects are concerned, as its energy performance is very close to
that of its most performing static limit state.

4.3.4 Discussion and conclusions
In the present study the performance of different transparent adaptive façade
technologies and dynamic shading systems, when controlled according to a
control strategy aimed at optimising the visual comfort at a spatial level, was
assessed. The energy performance related to each technology, as well as the visual
comfort performance were evaluated, the latter assessed both as glare condition of
the occupants and daylight availability on the workplane. All the façade solutions
analysed showed to be able to provide the same protection from glare as their
most efficient static limit state. In terms of ability to allow daylight within the
room, as well as in terms of energy performance, the technologies analysed
showed a performance between those of their most and least efficient static limit
states. The transparent adaptive active façade technologies showed to be more
efficient than the dynamic shading devices, as lower reductions in these two
aspects were achieved. Among these, the liquid crystal glazing able to modulate
its visible transmittance both in a specular and scattering way (LC+) proved to be
the most efficient technology analysed, as its performance, both in terms of
daylight availability and energy performance, showed to be the closest to that of
its most efficient static limit state. This is due to the fact that the adaptive façade
technologies considered can continuously vary their thermo-optical properties,
resulting in a fine modulation of the incoming solar radiation. A wider range of
possibilities is thus possible when the technology is controlled. Among these, the
state of the adaptive component is chosen as the one just minimising the glare
condition at a spatial level, but still allowing the highest possible amount of
daylight within the room. As a result, the adaptive technologies with a wider
switching range, as well as with the ability of changing the way they transmit
daylight (specular or scattering mode) showed results closer to those of their most
efficient static limit states.
Although the control strategy devised was aimed at a spatial optimisation of
visual comfort only, for some technologies (LC and LC+) the specific primary
building energy use was found to be close to that of their most performant static
limit state. Nevertheless, results below this limit were never obtained for any of
the technologies analysed, and actually all the other technologies analysed showed
a specific primary building energy use significantly higher than that of their most
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performant static limit state. This is mainly due to the fact that, in order to
optimise the glare sensation at a spatial level, when discomfort glare is present the
glazing is often kept at its darkest state. This reduces in turn the daylight
penetration within the room, resulting in a higher energy consumption of the
lighting system (EPL) to provide the minimum horizontal illuminance requirement
on the workplane. Lower daylight levels in the space considered may in turn
positively or negatively affect also the energy consumption of the heating and
cooling system, depending on the season and on the external boundary conditions.
For a case study such as the one considered in this work, located at an
intermediate latitude and south-oriented, the control strategy shows to be able to
reduce the energy demand for space cooling, while that relative to space heating is
increased. In winter a higher daylight penetration within the room is connected to
lower energy consumption for the heating system (higher solar heat gains), but
also to a higher probability for the occupants to perceive discomfort glare.
According to the control strategy created, the adaptive glazing is switched to a
dark state in order to prevent a glare condition, resulting thus in a higher energy
use for the heating system. Conversely in summer, whenever the adaptive façade
technology is switched to a darker state the energy demand for the cooling system
is decreased, as the solar heat gains are reduced, and with them the overheating
problems.
According to the control strategy proposed, the operation of the adaptive
façade solutions results in some cases contrasting with the optimisation of the
energy performance (mainly in winter), while in other cases these two aspects
show a good agreement (mainly in summer). As a result, the specific primary
building energy use is reduced in respect to that of the least efficient static limit
states, but results higher than that of the most efficient ones. Nonetheless, the
energy performance is in this study only evaluated, and not controlled. By
implementing the energy aspects in the proposed control strategy the achievement
of a building energy use closer, or even higher than that relative to their most
performant static limit states would be theoretically possible. However, this is not
a trivial task, since energy and visual comfort aspects, as highlighted above, are
often contrasting with each other. In these cases, setting the adaptive component
to a state assuring a trade-off between the two aspects may be counterproductive,
as, if the occupants are not in comfort, they tend to override the control strategy to
increase their visual comfort condition, resulting in a higher energy consumption
than that theoretically achievable. Conversely, if they cannot override the control
strategy, the human performance is negatively affected, in terms healthiness and
ultimately of productivity. An order of priority between comfort and energy must
therefore be defined, even if this is not a trivial task either, since the optimisation
of one aspect may negatively affect the other, resulting in a lower final
performance. An extensive investigation is necessary since this field has not been
fully explored yet. A first solution could be that of optimising the visual comfort
only in presence of occupants, while optimising the energy aspects when the
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space is not occupied. This solution could yield a further reduction of the energy
consumption without affecting the visual comfort aspects.
The control strategy proposed was devised and optimised at a theoretical
level, but it is unlikely to be applied to real case-scenarios in its current form for
two reasons: a) it accounts for variables which are difficult to measure in real
spaces, such as horizontal and vertical illuminance for a grid of sensors
throughout the whole space; b) it makes a choice by already knowing the effects
any single state would have on the aforementioned variables. Future work should
therefore focus on the reduction of the spatial variables to significant physical
quantities measured in one or at most in few points in the room. Correlating a
single quantity to its distribution across the space is not an easy task and needs to
be thoroughly investigated. Moreover, the possibility of predicting the effects of
the different states a transparent adaptive component can assume on the physical
quantities measured (and their spatial distribution) should be deeply explored as
well. Nonetheless, the approach proposed in this work proved to be effective in all
the cases analysed and promising also for real-case applications.

4.4 Conclusions
The present chapter presented a simplified approach for the annual evaluation
of the glare condition of the occupants with a high spatial resolution. This
approach relies on the classification of a space according to daylight glare comfort
classes, by means of solely the eye vertical illuminance. This one is compared to a
threshold value for each daylight glare comfort class (imperceptible, perceptible,
disturbing and intolerable glare sensation), which is determined through a
comparison to DGP values, on annual basis, through a fault-detection analysis.
The main advantages related to such simplified approach are that: (i) it
enables a spatial assessment of the daylight glare comfort classes throughout a
whole space; (ii) the computation time required for its application is significantly
lower compared to that necessary for evaluating DGP for the whole space. The
main disadvantage related to this approach was identified in its inability to
evaluate the exact value of Daylight Glare Probability, as only the daylight glare
comfort classes can be estimated at a spatial level.
When implemented in the integrated simulation methodology presented in
Chapter 3, this approach enhances the visual comfort evaluation, as this can now
be assessed at a spatial level in terms of both daylight availability on the visual
task (which was already possible through the available daylight simulation tools)
and glare condition of the occupants. Such enhanced methodology could
consistently support choices related to the design or operation of transparent
adaptive façade components with a comprehensive and spatial evaluation of the
effects of their operation (or intrinsic behaviour) on the visual comfort condition
of a whole space. This was demonstrated by the operation of different active
transparent adaptive components according to a control strategy aimed at the
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optimisation of the glare condition for the whole space considered (see section
4.3).
Furthermore, the proposed simplified approach is not meant for the evaluation
of the visual comfort performance of transparent adaptive technologies only, but
could fruitfully be exploited to support decision-making relative also to static or
more traditional glazing and shading system solutions. It could in fact provide a
spatial information relative to the glare condition of the occupants which could be
useful to support the daylighting design at early design stages.
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Chapter 5
Conclusions
Transparent adaptive façades show high potentialities in improving the overall
building performance, both in terms of energy use and visual comfort for the
occupants. However, their successful building integration currently results as a
challenging task. This is mainly due to: (i) a low awareness in the possibilities and
drawbacks relative to the integration of transparent adaptive technologies in the
building envelope; (ii) intrinsic difficulties of the currently available Building
Performance Simulation tools to assess the performance of these components on
the different domains they affect in a reliable way.
In this framework, the Ph.D. thesis proposed a novel integrated simulation
methodology for a simultaneous and comprehensive evaluation, with a high
degree of accuracy, of the effects of the modulation of the thermo-optical
properties of transparent adaptive façade technologies on the energy performance
of a building and on the visual comfort condition of its occupants. As for the
latter, this is evaluated at a spatial level both as daylight availability on the visual
task and as daylight glare condition of the occupants. This was enabled by the
introduction of a simplified approach aimed at classifying a whole space
according to daylight glare comfort classes, by means of solely the eye vertical
illuminance.
The proposed integrated methodology proved to be suitable for the evaluation
of the performance related both to passive (section 3.3) and active (sections 3.4
and 4.3) transparent adaptive façade components. Specifically, the application of
such methodology enabled: (i) a simultaneous, accurate and comprehensive
quantification of the effects of the behaviour of a transparent adaptive component
over energy and visual comfort aspects; (ii) the simulation of complex phenomena
relative to the behaviour typical of some transparent adaptive technologies (e.g.
hysteretic behaviour of thermochromic and thermotropic glazing).
Such methodology could effectively support with reliable outcomes the
decision-making relative to the design and the operation of transparent adaptive
components. In more detail, its application could result useful to:
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-

support the possibility of material design to optimise different material
optical and/or thermal properties;

-

support the design of transparent adaptive components by evaluating the
interdependency between the above thermo-optical properties and the
component performance when building integrated;

-

evaluate the interdependency of multiple performance aspects, such as
heating and cooling energy uses, artificial lighting energy use and daylight
visual comfort. This aspect could support both the design of transparent
adaptive façades and the conception, development and implementation of
advanced multi-domain and multi-objective control strategies for active
transparent adaptive technologies.

This kind of information could increase the comprehension of possible risks
and advantages related to the integration of transparent adaptive façades in the
building envelope, helping thus exploiting their full technical potential. As a
result, a higher awareness of all the stakeholder involved about the possibilities
related to transparent adaptive façades could ultimately foster their adoption in the
building industry, as well as support the development of innovative adaptive
components.
As regard the simplified approach proposed for the evaluation of the glare
condition of the occupants with a high spatial resolution, two main advantages
were identified in its application: (i) it enables a spatial evaluation of the daylight
glare comfort classes throughout a whole space; (ii) it consistently reduces the
computational effort necessary for a spatial evaluation compared to the Daylight
Glare Probability (currently the most widespread and accurate metric for the
assessment of daylight glare). Other than its implementation within the proposed
integrated simulation methodology, this simplified approach could effectively be
exploited to support the decision-making at early design stages of the daylighting
design relative to static or more traditional glazing and shading systems.
The main limitation relative to the proposed integrated simulation
methodology regards the high level of expertise necessary for its correct
application. It in fact requires a high-level knowledge relative to different fields,
including building physics, building simulation, daylight and visual comfort and
computer programming as well. For this reason, the application of this
methodology is mainly suitable for qualified academic or professional figures,
such as building envelope researchers and building and façade consultants.
Although the proposed methodology shows a high flexibility, which allows
modelling, simulating and evaluating the performance of available as well as
innovative adaptive transparent technologies, this results in the need, for each of
these technologies, to specifically create a numerical model describing their
behaviour. The robustness of this numerical model in describing the actual
system, as well as the uncertainty relative to the input data, can significantly affect
the accuracy of the outcomes. Therefore, the numerical simulation should be
coupled to experimental activities, as to increase the model robustness and ensure
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the availability of accurate input data for the correct characterisation and the
following modelling of the behaviour of the transparent adaptive façade
technology.
In light of the research work presented in the framework of this Ph.D. thesis,
the following research perspectives are suggested with the aim of further develop
the integrated simulation methodology proposed and fill further gaps of
knowledge not addressed in the present thesis:
-

The novel simulation methodology proposed did not take into account
the effects due to the interaction between the transparent adaptive façade
components and the building occupants. This is mainly due to the fact
that at present time no recognised model to precisely account for the
occupant behaviour is available. Nonetheless the interaction adaptive
building envelope-occupants may result in significant effects on the
comfort condition and human performance of these ones, as well as on a
lower overall building performance than that estimated. Future work
should therefore address the interaction between transparent adaptive
façades and occupants with the aim of providing a better understanding
of how their operation or intrinsic behaviour may affect their comfort
condition.

-

The conception, testing and development of advanced multi-objective
and multi-domain control strategies is allowed by the integrated
simulation methodology proposed. However, when optimized at a
simulative level, these mostly rely on variables difficult to measure in
real spaces, especially in the case of spatial variables (e.g. horizonal or
vertical illuminances for a grid of points). As a result, such control
strategies are unlikely to be applied in real cases in this form. Future
work should therefore focus on the reduction of the spatial variables to
significant physical quantities measured in one or at most in few points in
the room. In addition, the possibility of predicting the effects of the
different thermo-optical states a transparent adaptive component can
assume on the physical quantities measured (and their spatial
distribution) should be deeply explored as well. A promising solution to
perform this task is that of using the simulated case studies controlled
according to an advanced control strategy to extract control rules
mimicking optimal control based on more suitable physical quantities
(rule extraction).

-

The proposed simulation methodology comprehensively assesses the
effects of the behavior of transparent adaptive components on energy and
visual comfort aspects. However, recent studies have shown how the
incoming solar radiation may as well significantly affect the thermal
comfort condition of the occupants, when these are directly exposed
direct sunlight [232,233]. Therefore, with the aim of providing a
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comprehensive evaluation of the effects of transparent adaptive
technologies both on the energy performance of a building and on the
overall comfort condition of their occupants, this aspect should be
carefully addressed. Specifically, similarly to the simplified approach for
a spatial glare evaluation proposed in this study, the assessment of the
thermal comfort condition should be carried out at a spatial level. In this
sense a spatial evaluation of the overall comfort condition of the
occupants, both in terms of visual and thermal comfort, would finally be
possible.
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