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ARTICLE INFO ABSTRACT
Keywords: Integrating dynamic transparent technologies into building envelopes is becoming crucial for tackling the
Dual-band electrochromic glazing challenges posed by climate change, improving energy efficiency, and enhancing occupant comfort. Nowadays, a
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range of dynamic glazing technologies exists, among which electrochromic glazing is notably effective in
contributing to sustainability objectives in building design. This paper presents a comprehensive simulation
analysis of the energy efficiency and interior comfort impacts of a novel class of spectrally selective dual-band
electrochromic windows, also referred to as “Plasmochromic”. A simplified office model, oriented both south
and west, was used to compare the performance of dual-band electrochromic glazing, using experimental data
collected from a window-scale prototype, with that of commercially available advanced glazing systems. The
comparison was conducted under two different control strategies: a rule-based and a model-based control al-
gorithm. Five European climate zones have been considered to cover most of the continent’s climatic conditions
and provide a comprehensive evaluation of the glazing performances. The simulations demonstrate the superior
capability of dual-band electrochromic windows, when coupled with an intelligent control strategy, in reducing
total annual energy consumption for heating, cooling, and lighting by up to 27% compared to the best-
performing static solar control glazing systems. Additionally, they achieve a reduction of up to 32% in visual
discomfort, measured by the cumulative value of useful daylight illuminance.

controlled heat transfer as solar gains play a non-negligible role in the
energy balance of the built environment: in summer they often result in
overheating (and in the consequent need of larger cooling loads), while
in winter they became a relevant cause of thermal losses.

The evolution of construction materials, facade systems and com-
ponents over the past twenty years has led the facade sector towards the
desire to convert the building envelope into an adaptative skin [2]. This
is fostering the adoption of a variety of advanced smart glazing tech-
nologies [3], as viable substitutes for traditional high-performance static
glazing systems [4]. Smart window technologies are generally distin-
guished between passive and active [5]. Passive glazing systems are
those glazing types that automatically change their optical state due to a
phase change in the smart material caused by variations of external
boundary conditions (i.e., temperature or solar radiation). Well-known
examples of passive smart glazing solutions are those based on ther-
mochromic [6,7], thermotropic or photochromic [8].

On the other hand, active smart glazing systems can be controlled to

1. Introduction

The building sector accounts for over one-third of global energy
consumption and approximately 26 % of global energy-related emis-
sions, with 8 % being direct emissions from buildings and 18 % being
indirect emissions from the production of electricity and heat used in
buildings. These numbers pertain to the energy consumption associated
with constructing, heating, cooling, and lighting homes and non-
residential buildings, as well as the appliances and equipment
installed in them [1].

Efficient building design and the integration of highly insulating
materials and components are currently the most effective methods to
reduce the thermal needs of buildings and ensure occupants’ thermal
comfort. In particular, the adoption of well-designed building envelopes
is particularly important, given their long lifetime and the associated
cost of the envelope. Windows are typically the primary source of non-

* Corresponding author.
** Corresponding author.
E-mail addresses: mriganti@leitat.org (M. Riganti), fabio.favoino@polito.it (F. Favoino).

https://doi.org/10.1016/j.enbuild.2024.115084
Received 5 July 2024; Received in revised form 21 October 2024; Accepted 18 November 2024

Available online 21 November 2024
0378-7788/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).



M. Riganti et al.

Energy & Buildings 327 (2025) 115084

Nomenclature

EC Electrochromic

DB-EC  Dual Band Electrochromic
CDD Cooling Degree Days

COoP Coefficient of Performance
DGU Double Glazed Unit

GA Genetic Algorithm

GHI Global Horizontal Irradiance
HDD Heating Degree Days

IGU Insulated Glazing Unit
ITO Indium Tin Oxide

LC Liquid Christals

LED Light Emitting Diode

MBC Model-Based Control
MPC Model Predictive Control
NIR Near-Infrared

PVB Polyvinyl Butyral

RBC Rule-Based Control

SCI Solar Cover Index

SEER Seasonal Energy Efficiency Ratio
SHGC Solar Heat Gain Coefficient

UDI Useful Daylight Illuminance

VIS Visible

WWR Window-to-Wall Ratio

Al Artificial Intelligence

BEMS Building Energy Management System

transition to one of their tint states through an external signal, using
commonly an electrical current or a voltage differential. This allows
them to be programmed and adapted to various contexts and needs.
Electrochromic (EC) [9] and Liquid Crystals (LC) [10] are the most
commonly adopted active smart glazing technologies. They make it
possible to modulate the optical properties (i.e. transmission, absorp-
tion, or reflection) of the window to assume different tint states
including clear (i.e., transparent) and dark (i.e., coloured) appearance,
so as to regulate the overall visible and total solar transmission revers-
ibly [11]. Several papers reviewing the current state of advanced win-
dow technologies, including EC and other dynamic glazings, have been
published recently [12-14]. The effectiveness of these systems in
reducing energy consumption has been demonstrated in various types of
buildings across different geographic locations [15]. However, the re-
sults have not been consistently conclusive, often depending on the type
of static glazing used as a benchmark (typically not high-performance
selective glazing) and the control logic employed.

The energy and occupant comfort benefits of EC glazing have been
investigated extensively. They have been the objective of several
simulation and experimental studies [16]. Findings suggest that when
deployed with appropriate controls, they can be highly effective at
reducing peak cooling loads, and in modulating daylight to capture
electric lighting savings while still reducing glare. A simulation of U.S.
commercial buildings indicates that deploying smart EC windows in
perimeter zones can achieve primary energy savings of 10 %-20 % [17].
Simulations of EC glazings in Mediterranean climates demonstrate
savings as high as 37 kWh/m? of glass for east and west-facing facades
[18], and annual energy savings as high as 54 % [19]. Another simu-
lation study found dynamic glazings applied to a split-pane window
produced lighting savings of 37 %-48 % versus static windows with
occupant-controlled blinds [20]. Dynamic glazings have been simulated
or experimentally evaluated in a number of additional studies [21-28],
many of which suggest variable but positive energy impacts of EC
deployment.

These results highlight that the benefits of smart glazing largely
depend on the control strategies adopted, whether these are focused on
improving energy efficiency and/or visual comfort, in addition to the
intrinsic features of the glazing system as well as optical contrast and
thermal insulation. A large variety of smart window control strategies
are reported in the technical literature. Most of them can be grouped
into two main categories, namely:

1. Rule-Based Controls (RBC) strategies, including scheduling specific
tint settings during a predefined period and/or defining a pre-
defined set of rules mapping glazing states to the variation of inter-
nal variables (i.e. occupation, indoor temperature, work-plane illu-
minance, vertical eye-level illuminance etc.), and/or external

variables (i.e. incident solar radiation on the facade, cloud-cover,
external temperature etc.) [9].

2. Optimized control strategies, using sets of objective functions and
constraints to determine tint settings through optimization tech-
niques such as Genetic algorithms (GA) [30] and Model Predictive
Controls (MPC) [31]. Usually building energy use or energy loads are
considered as an objective function to minimize, constrained by
comfort objectives (i.e. visual comfort ones, such as a higher prob-
ability of glare risk).

Recent studies have focused on comparing the performance of these
control strategies under different climatic conditions and building con-
figurations. Favoino et al. conducted a detailed simulation-based anal-
ysis that compared the energy and glare performance of several RBCs
and optimised controls including MPCs strategies when applied to smart
EC windows for an office space located in three cities with different
climates, namely London, Rome, and Sydney [29]. Predictive controls
are demonstrated to perform better than the reactive RBC for the three
climates considered in the analysis. Nevertheless, the use of smart
glazing does not always lead to higher energy efficiency than in the case
of static glazing, especially with non-optimized controls [24]. This is
also due to the fact that currently available EC systems present an
intrinsic limitation. They employ thin films of transition metal oxides as
active materials, which are typically grown through costly physical
vapour processes [32]. This limitation, together with the relatively high
cost, still represents the major obstacle to the widespread uptake of this
technology in the windows market [33].

Ideally, a smart dynamic window, universally applicable across
building types and climate zones, should be able to independently
control the visible (VIS) transmittance and solar heat flow [34]. It is to
say, that independent control over the VIS and near-infrared (NIR) re-
gions of the solar spectrum is a key target for the development of
advanced dynamically switchable windows and would contribute to
optimum energy efficiency across a building’s heating, cooling, and
artificial lighting systems. In recent years new EC material and stack
design allowed to achieve NIR transmission modulation only, without
impacting significantly the visible transmission, exploiting plasmonic
nanocrystals [34]. Unlike traditional EC materials (that primarily
modulate visible light), plasmonic nanocrystals offer a unique oppor-
tunity to selectively control NIR transmission without affecting visible
transparency [35]. We recently contributed to the implementation of
plasmonic-based EC devices, thereafter, referred to as Dual Band EC
(DB-EC) systems, as they are capable of selectively controlling the
incoming solar radiation in the NIR range in response to variable
operative conditions, either external or internal [34]. They can in
principle allow building users to dynamically filter out the amount of
thermal radiation passing through the window by means of blocking the
solar heat gain during hot summer days and to allow radiation heating in
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winter conditions. In addition, they also permit to continuously regulate
the level of visible transmittance as “traditional” EC windows. A pivotal
issue in view of a viable industrialization of this technology consists in
the implementation of an “easily-up-scalable” manufacturing process
based on roll-to-roll printing techniques as well as on the use of free-
standing ion conductive laminable electrolytes. In general, the optimi-
zation of the device architecture and the fabrication procedure of
“Plasmochromic” modules in large areas are still major challenges [34].

In this work, we fabricated and tested a 45x55 cm? DB-EC window
demonstrator, using the measured optical data to conduct an accurate
simulation study aimed at evaluating its energy and visual comfort
performance at the building scale. The performances of the DB-EC
window have been compared with those of a set of commercially
available advanced glazing systems, including a top-performing com-
mercial EC glazing system, a low-emissivity (low-E) product, and two
advanced static solar control systems used as benchmarks. Simulations
have been run out in EnergyPlus® [36] to quantify the energy con-
sumption and daylight illuminance levels in an enclosed office room
with two different sun-orientated configurations (south and west) under
five different climatic conditions (Sevilla, Barcelona, Turin, Berlin and
Helsinki), which were selected to provide coverage of the main Euro-
pean climates, from south to north and west to east. In particular, the
total amount of electrical heating, cooling, and lighting delivered to the
office has been considered one of the most relevant key performance
indicators (KPIs). In addition, indoor horizontal illuminance data have
been also analysed to calculate the cumulative values of Useful Daylight
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Mluminance (UDI). Two different control strategies have been imple-
mented (RBC and MBC) to optimize the performances of the smart
switchable IGUs considering the influence of occupancy, internal loads
and climatic boundary conditions.

2. Methodology
2.1. Manufacturing and properties of DB-EC modules

Several DB-EC device modules with an active area of 45x55 cm? have
been fabricated as part of a collaborative project funded by the European
Commission, aimed at developing industrialized, energy-efficient en-
velope technologies [37]. Fig. 1(c, d) provides representative pictures of
a DB-EC demonstrator. The DB-EC module comprises a sandwich of two
ITO-coated glass plates (each 1.1 mm thick) respectively covered by a
layer of WOx and a layer of CeOx/TiO2 nanoparticles, separated by a
PVB-based ion-conductive membrane [38]. The manufacturing
sequence involves several crucial steps: (i) serigraphy-based ink depo-
sition, (ii) thermal sintering, (iii) gel electrolyte deposition, and (iv)
electrolyte lamination.

The optical and thermal properties of these modules have been
exhaustively characterized and their key performance indicators, such
as Tyis, Tsor, Rvis and Rgoy, calculated across various operating states.
They have been used as entering data to build up realistic DB-EC Insu-
lated Glass Unit (IGU) models. Transmittance and reflectance spectra of
the DB-EC module have been measured by using a Cary 5000
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Fig. 1. A) transmittance and b) reflectance spectra (in the range from 300 nm to 1600 nm) of a DB-EC module at eight different applied potentials corresponding to
the eight optical states selected for the analysis presented in this study. c), d) Pictures of a 45x50 cm? DB-EC prototype module, while the schematic drawing il-

lustrates the demonstrator with an ad-hoc implemented control circuit [38].
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spectrophotometer and used for deriving the values of Tyg and Tsgy, of
the optical states adopted for the simulations. They are reported in Fig. 1
(1.a, 1.b).

The prototype was modelled as a single laminate whose key pa-
rameters, such as total visible transmittance (Tyis), and solar trans-
mittance (TsoL), have been determined by OPTICS software [39] and are
reported in Table 1.

The DB-EC device has been designed and modelled to adopt 8
different electrochromic states, each achieved by applying a different
electric potential to the device (Table 1).

2.2. Simulation-based virtual experiment

This study adheres to the methodology for the comparative analysis
of innovative building envelope components outlined by Loonen et al.
[40] and Favoino [41], who delineated the fundamental stages for
simulation-based support in the product development of dynamic
building technologies. The subsequent sections detail the stages as fol-
lows: i) properties of smart glazing and benchmark technologies; ii) test
case models and simulative workflow; iii) climatic conditions; iv) Key
Performance Indicators (KPIs); v) control strategies.

The integration of the DB-EC laminate into a properly designed
Double-Glazed Unit (DGU) includes the choice of the glass panes (we
opted for a 4.8 mm low iron glass) of the PVB interlayer (we opted for
extra care for a 1 mm double layer of PVB), of the low-E coatings (we
assumed an emissivity on side 3 of 0.04) and the cavity gas (we assumed
a cavity filled with 90 % of Argon and 10 % air). The overall thickness of
the DB-EC DGU is 31 mm. The values of Tyis, Tsor, SHGC and U-value of
the DB-EC DGU for the selected 8 states are summarised in Table 2.

Energy and daylight performances of the DB-EC DGU have been
simulated against four different window typologies of top-performing
commercial benchmarks, all modelled by WINDOW 7.8 [42] in
compliance with the specifications defined by ISO EN 410 [43] and ISO
EN 673 [44].

The selected benchmarks are:

1. an EC DGU based on one of the most advanced EC technologies
available on the market. It is designed to optimize indoor daylight by
reducing solar heat gain and minimizing glare while maximizing the
entry of natural light;

2. a spectrally selective DGU SEL 40/22, with a lower SHGC typically
adopted in office buildings cooling dominated locations climates and
regions with high sun exposure, as it can maintain pleasant indoor
temperatures without significantly reducing natural lighting;

3. a spectrally selective DGU SEL 60/33, with higher visible trans-
mission and SHGC typically adopted in office buildings in more
temperate climates where heating and cooling loads are more
balanced and where daylight is highly desirable;

4. a Low-E DGU, with a very high Ty;s and SHGC, which is typically
adopted in more heating-dominated climates.

All the considered DGUs present the same overall thermal trans-
mittance (1.2 W/mz), allowing for direct comparison and evaluation of
the optical impact of each IGU. Their main constructive and technical

Table 1

DB-EC Laminate layer optical properties.
State Potential [V] Tsor [-] Tuis [-] Rso [-] Ruyis [-]
Clear +0.5 0.70 0.85 0.08 0.10
Int1 +0.1 0.56 0.83 0.07 0.09
Int 2 —0.2 0.44 0.80 0.06 0.08
Int 3 -0.5 0.31 0.73 0.05 0.06
Int 4 -2.0 0.16 0.47 0.04 0.05
Int 5 —2.4 0.10 0.30 0.04 0.05
Int 6 —2.6 0.06 0.18 0.04 0.05
Dark —-2.9 0.03 0.06 0.04 0.04
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features are summarised in Table 2 and Fig. 2.

For a clearer comparative analysis of the optical capabilities of each
technology mentioned, Fig. 3 displays their Ty;g versus SHGC. The image
also includes the physical limit line, beyond which it is not physically
possible for an IGU to exceed, since the maximum theoretical ratio be-
tween Tvis and SHGC, called “spectral selectivity”, is 2.41. This occurs
when only the visible spectrum is transmitted into the building [2].

From the plot in Fig. 3, the DB-EC technology appears to outperform
the other benchmarks, as it covers a wider spectrum of SHGC and Tyis.
Although the EC technology is capable of achieving states with lower
visible transmittance which can be very useful for reducing excessive
light conditions and potentially to reduce further cooling loads.

2.3. Office model and simulative workflow

The virtual test case building adopted in this work is an office room 3
m wide x 5 m deep x 3 m high, with a window-to-wall ratio (WWR) of
approximately 50 % on the sun-oriented facade, which is shown in
Fig. 4. The benchmark case test room adopts a building envelope with
thermo-optical properties complying with the minimum requirements of
national regulations.

For this study, two different simulation models are built to evaluate
the performance of the different smart and static glazing: a thermal
model, and a daylight one, with identical characteristics, to integrate
workplane illuminance results for different EC states within the thermal
model, considering complex control strategies. EnergyPlus version 22.2
was used for the thermal model and to perform the energy simulations
[36]. Since the purpose of this paper is to evaluate the energy perfor-
mance of the newly developed DB-EC, prior to the integration of occu-
pant comfort evaluation (visual and thermal comfort), no co-simulation
strategy with raytracing software is considered at this stage to account
for illuminance and luminance values within the indoor space. Never-
theless, to consider appropriately the impact of control strategies
considering also daylight on building energy use, a specific daylight data
integration strategy was adopted considering pre-simulated horizontal
illuminance values at desk levels in two selected reference points (at
desk level, 0.8 m high, at 1.67 m, for RP1, and at 3.33 m, for RP2, far
from the sun-exposed fagade). The indoor horizontal illuminance data
corresponding to the different states of the EC glazing (both DB-EC and
EC) and of the static glazing, evaluated using the Daylight module of
EnergyPlus, are then integrated by means of the PythonPlugin of Ener-
gyPlus within the control strategies described in Section 2.5, to dim the
lighting power density and to calculate electrical energy use due to
artificial lighting primarily, but also to preliminarily evaluate potential
visual comfort differences between the different glazing. The DB-EC
glazing controls, described in the next sections, as well as the data
integration of the pre-simulated illuminance results with the artificial
light dimming and with the control of the EC glazings, are carried out by
means of the EnergyPlus PythonPlugin. The simulation algorithms in
EnergyPlus have been chosen to achieve a balance between accuracy
and a reasonable computational time of a single simulation run (solar
calculations 15 days, conduction transfer function method with a 15-
minute time step, adaptive convection algorithm, initialization period
25 days).

The opaque walls of the office model comprise four main layers: an
exterior and interior plaster layer each 0.15 cm thick, a 12 cm thick
insulation layer with low thermal conductivity, and a 20 cm thick con-
crete layer for structural strength and thermal mass. The U-value of the
entire wall is approximately 0.264 W/m?K. All walls of the test office
room, except for the one with the window facing the sun, have been set
as adiabatic. This setup isolates the room thermally from adjacent
spaces, ensuring that only heat transfer occurs through the sun-exposed
window.

Indoor comfort is considered a requirement of the indoor space
which is always met by the building services: indoor temperature has
fixed set-points for heating and cooling (20 °C and 26 °C respectively);
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Table 2
Main Optical and thermal properties of the modelled DGUs considered for this study.
DGU Layout Tvis TsoL SHGC U-value [W/
[-] [ [ m’K]
DB- Clear  DB-EC laminate, 9.8 mm/ Argon 90 %, Air 10 %, 16 mm/ Clear Glass + Low-E 0.04, 4.8 mm. 0.78 0.45 0.53 1.2
EC Int1 0.76 0.36 0.46
Int 2 0.73 0.28 0.40
Int 3 0.67 0.20 0.32
Int 4 0.43 0.11 0.25
Int5 0.27 0.06 0.21
Int 6 0.16 0.04 0.19
Dark 0.06 0.02 0.17
EC Clear EC laminate [IGDB: 61166-61173], 14 mm/ Argon 90 % Air 10 % 16 mm/ Clear Glass + Low-E 0.04, 0.61 0.29 0.39 1.2
Int1 4.8 mm. 0.57 0.26 0.37
Int 2 0.51 0.22 0.33
Int 3 0.41 0.16 0.29
Int 4 0.31 0.11 0.24
Int5 0.20 0.07 0.21
Int 6 0.09 0.03 0.17
Dark 0.02 0.01 0.15
SEL 40/22 Clear glass with Double silver selective coating 40/22, 5.8 mm/ Argon 90 % Air 10 %, 16 mm/ Planibel 0.40 0.16 0.22 1.2
clear, 5.8 mm.
SEL 60/33 Clear glass with Double silver selective coating 60/33, 5.8 mm/ Argon 90 %, Air 10 %, 16 mm/ Planibel 0.60 0.27 0.33 1.2
clear, 5.8 mm.
Low-E Laminated Low-Iron 33.1, 6.1 mm/ Argon 90 %, Air 10 %, 16 mm/ Low E 0.04 clear glass, 4.8 mm. 0.81 0.52 0.60 1.2
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Fig. 2. Build-up of the different DGU compared (from left to right): the Dual Band Electrochromic (DB-EC) and the Electrochromic (EC) Double Glaizng Unit (DGU),
with the build-up of the DB-EC laminate: the DGU with the low emissivity coating (Low-E DGU): the DGU with the selective coatings (SEL DGU), either 40/22 or

60/33.

primary air ventilation rate is set to 1.4 1/sm% threshold of 300 Ix is
considered for the minimum illumination level, as suggested by Mar-
daljevic et al. [45], to be maintained by a combination of daylight and
adaptive dimmable artificial lighting system [46]. Schedules and peak
loads for the building services, lighting, equipment and occupation are
defined according to the ASHRAE standard 90.1 [47]. The lighting
power density is set to 12 W/m? the equipment power density is 13.5
W/m?, and the room is occupied by 2 people, all following pre-
established schedules [47]. The office room model is configured to
accommodate a maximum of 3 persons from 7 AM to 6 PM, reflecting a
typical office occupancy profile. A reversible heat pump is considered to
provide heating and cooling to the office building, with an average
seasonal COP of 2.5 for the winter and a Seasonal Energy Efficiency
Ratio of 3.5 for the summer, as for similar studies [29,48,49]. Given that
all energy uses (heating, cooling and lighting), no conversion to primary
energy is done, and the site building energy is considered as a perfor-
mance indicator, as described in Section 2.5, so not to introduce local
national consideration as far as the primary energy factors are

concerned.

2.4. Climate zones

Various European climates are analysed to provide a comprehensive
evaluation of the performance of Dual-Band EC technology in common
temperate climate scenarios and to compare it with the best-performing
benchmarks. The Heating Degree and Cooling Degree days are shown for
the five European locations in Table 3 and Fig. 5, according to the
baseline of 10°C and 18°C respectively [50]. Table 3 enumerates the
latitudes, the Heating Degree Days (HDD-10), Cooling Degree Days
(CDD-18), Global Horizontal Irradiance (GHI), maximum (T Max),
minimum (T Min), average temperatures (T Avr), and Average Solar
Cover Index (SCI Avr) for each city considered in the study.

The selected locations represent diverse climatic conditions across
Europe, forming the basis for comprehensive energy simulations and
providing a broad spectrum of environmental scenarios. Annual simu-
lations were conducted for each of these five locations, with the model
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oriented towards both the South and the West, allowing for an assess-
ment of the impact of orientation on the control capabilities of smart
windows compared to static technologies. This selection of different
location aimed to capture a wide range of climatic conditions across
Europe from predominantly cooling requirements and lower latitudes to
more balanced heating and cooling requirements, to predominantly
heating requirements and higher latitudes. In fact, Berlin and Helsinki
represent colder regions with shorter daylight hours during winter;
Seville represents a hotter climate with abundant sunlight; while Bar-
celona and Turin offer more moderate climates, providing a balanced

Table 3
Climatic data overview for the selected European cities.
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reference point. This approach ensures a comprehensive evaluation of
the adaptability and effectiveness DB-EC windows across a spectrum of
challenging and typical environmental conditions, from extreme cold or
hot to more temperate settings. Moreover, it is expected that the DB-EC
could offer also energy-saving advantages in colder climates (i.e. Berlin
and Helsinki), differently from a traditional EC, provided its capability
to modulate g-value at higher Ty;s (cf. Fig. 3).

2.5. Smart windows control strategies

The total amount of electrical heating, cooling, and lighting deliv-
ered to the office environment throughout the simulated year has been
considered as one of the most relevant key performance indicators
(KPIs). The formula used to calculate the building-delivered energy (DE)
(electrical lighting, heating, and cooling) is:

Lo . Heating Energy Need = Cooling Energy Need
DE = Lighting Consumption + Tnog ® COP + 7wy ® SEER

In this formula, COP = 2.5 and SEER = 3.5 represent typical per-
formance coefficients for modern heat pumps and air conditioning sys-
tems, respectively. The values 7, ,= #.,,= 0.9 reflects the global
efficiency of the technical sub-system for heating and cooling, excluding
the generation. In addition, indoor horizontal illuminance data have
been also analysed to calculate the cumulative values of UDI fs (Useful
Daylight Illuminance falling short) and UDI_ex (Useful Daylight Illumi-
nance for excessive light) during all occupied hours over a simulated
year in the considered two reference points (RP1 and RP2) inside of the
office [45].

Regarding the artificial lighting system, LED dimmable lighting is
considered, with continuous dimming between 100 and 300 Ix.

The DB-EC glazing controls, described in the next sections, as well as
the data integration of the pre-simulated illuminance results with the
artificial light dimming and with the control of the EC glazings, are
carried out by means of the EnergyPlus PythonPlugin [51].

The key prescriptions to include in the control algorithms are
described as follows in order of priority:

1. in the presence of the occupants and with non-overcast sky condi-
tions, to guarantee satisfactory visual comfort in the office by
keeping the indoor work plane horizontal Illuminance between 300
Ix and 3000 Ix, to minimise energy use for lighting while reducing
glare risk [45];

2. maximise solar gains in heating conditions (i.e. indoor air tempera-
ture equal to the heating set-point temperature) by maintaining the
highest possible glazing SHGC, without hindering visual comfort
objectives in the presence of the occupants;

3. minimise solar gains in cooling conditions (i.e. indoor air tempera-
ture equal to the cooling set-point temperature) by maintaining the
lowest possible SHGC which could achieve visual comfort objectives
in the presence of the occupants;

4. control solar gains in free-floating conditions (i.e. indoor air tem-
perature between heating and cooling set-points) in the presence of
the occupants.

Based on these descriptions two different control strategies have
been implemented and evaluated in this work, respectively a rule-based

CITY Latitude [°N] HDD-10 [K-days] CDD-18 [K-days] GHI [kWh/m?] T Max [°C] T Min [°C] T Avr [°C] SCI Avr [-]
Sevilla 37.42 59 1024 1842 43 -2 18.4 1.9
Barcelona 41.28 146 557 1619 30.6 -1 15.7 4.3
Turin 45.22 835 360 1476 31 -6 12.2 4.6
Berlin 52.47 1126 160 1068 32.8 -9.1. 9.8 6.1
Helsinki 60.32 1821 30 987 28.7 -21.7 5.2 6.8




M. Riganti et al.

Energy & Buildings 327 (2025) 115084

|.L|

2000
@ mHDD-10 mCDD-18
-‘3 1500
=)
» 1000
>
o
o 500
o 0

Sevilla  Barcelona

Turin Berlin Helsinki

Fig. 5. Heating Degree Days histogram respectively referred to the 10 °C and 18 °C reference temperatures of each location considered in the study.

control (RBC) algorithm and a model-based control (MBC) algorithm,
detailed in the following sections.

2.5.1. Rule-Based control algorithm

In this case, the principles of energy conservation and occupant
comfort are translated into simple if-then rules based on environmental
measurements, making them easy to implement in practice. This in-
volves mapping the eight possible tinting states of the EC smart glazing
to total incident solar radiation (G) and indoor air temperature (T) when
occupants are present, and to indoor air temperature only during non-
occupancy hours (see Fig. 6).

2.5.2. Model-Based control algorithm

In this case, a two-step approach has been defined to (i) first identify
for each time-step of the simulation the glazing tinting states that would
pass the Visual Comfort Criteria (VCC) based on simulated work-plane
illuminance values in the two reference points (RP1, RP2), when the
office is occupied; (ii) then, by mapping the remaining glazing tinting
states that meet the VCC when the office is occupied, to the neutral zone
between the heating and cooling set-points (20 <+ 26 °C), and choosing

the final state based on the internal temperature at each timestep. For
the VCC the work plane illuminance at the reference point closest to the
window (RP1) must be maintained below 3000 Ix to reduce glare risk in
all points of the room, while the one at the reference point farther from
the window (RP2) must remain above 300 Ix, to ensure minimum arti-
ficial light energy use for the whole room [45]. This Model-Based con-
trol algorithm (Fig. 7) is based on the perfect knowledge of work-plane
illuminances in the two reference points for each time step of the
simulation, for all the possible glazing tinting states, which assumes the
presence of a model enabling forecasting this for the current control time
step. This is representative of an idealistic condition, which is hardly
implementable in practice on a real building, representing a perfor-
mance bound of visual performance for an optimally controlled smart
glazing. No prediction over the influence of climatic conditions and
entering solar gains on the room energy balance for time steps after the
current control time step (Receding Horizon Control, [29]).

3. Results

The results are herewith presented by (i) first discussing the impact

T[°C]
Tmax
Tint2 STATES THRESHOLDS
Tintl Tmin=21
Tint1=23
Yes Tmin Tint2=24
Tmax=25
Gmin Gintl Gint2 Gint3 Gint4 Gmax G ra
Room [W/m?]
Occupied Gmin=100
? L e
T[°C] Gint1=150
Gint2=250
No Tmax Gint3=350
Gint4=450
Tint2 Gmax=500
W/m?
Tint1 [W/m?]

Tmin

Gmin Gintl Gint2 Gint3 Gint4 Gmax G
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Fig. 6. Diagram refpresenting the logic of the RBC algorithm controlling the electrochromic windows in the study. To the right, the legend includes the names
corresponding to the eight tinting states, as well as the internal temperature (T) and incident irradiance on the window (G) thresholds.
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Fig. 7. Diagram depicting the workflow logic of the MBC Algorithm used to control the electrochromic windows in the study. It operates in two steps: (i) it selects
glazing tints that meet Visual Comfort Criteria (VCC) by ensuring work-plane illuminance stays below 3000 Ix near windows (RP1) and above 300 Ix further away
(RP2) to minimize glare and artificial lighting use; (ii) it maps these tints to the thermal set-points dead-band (20-26 °C) and then selects the final state according to

the internal temperature at each timestep.

on the energy use of the DB-EC technology, compared to the benchmark
products, on typical days in winter, summer and shoulder season; (ii)
secondly by presenting year-long energy use performance of the
different glazing performances; (iii) finally by calculating the energy
saving ratio of the DB-EC and EC IGU compared to the best static IGU
alternative for each climate condition. All the results are available in
graphical and tabular form within the paper and for some of them as
additional material.

3.1. Representative days and smart glazing control

Prior to discussing the annual results Fig. 8 shows two representative
days with clear sky (winter, left part of Fig. 8, and summer, right part)
the boundary conditions (Fig. 8a), the states assumed by the rule-based
and model-based control (Fig. 8b and c respectively) and the differences
in energy uses (Fig. 8d) between the DB-EC and EC glazing (continuous
line), and between the DB-EC and the best static glazing solution (dotted
line), for different control strategies, in a representative case. The south-
oriented office in Barcelona was selected as the case model for the
typical days analysis because this climate and orientation offer a
balanced scenario between heating and cooling energy uses compared to
other configurations. This setup highlights the differences between the
DB-EC, the EC, and the best static glazing options. In this climate, the
best static glazing configuration that can be adopted as a benchmark is
the SEL 40/22 (DGU with selective coating with Ty;s = 0.40 and SHGC
= 0.22).

From Fig. 8b and c it is possible to appreciate the effect of different
control strategies on the states that the DB-EC and the EC are assuming
for winter and summer typical days. In grey, it is highlighted the area of
the graphs in which the DB-EC has a higher selectivity compared to the
EC, while in yellow is the area in which the DB-EC is able to achieve
higher Tyis and SHGCs compared to the EC. On a typical winter day, the
RBC strategy is selecting smart glazing states that have a lower visible
transmission (hence SHGC) than the MBC one when higher solar radi-
ation is present, thus implying a higher energy use for lighting during
the day, as shown for the DB-EC in Fig. 8d.1eft (positive values indicate a
higher energy use of the DB-EC compared to the SEL 40/22). Never-
theless, on the other side, the higher maximum SHGC and Ty, as well as
the better selectivity, achievable by the DB-EC, show that the lighting

energy uses for DB-EC is always lower than traditional EC in all the
different parts of the day, especially when lower solar irradiance is
present (first and last part of the day) in which the DB-EC can achieve a
higher Ty;s than EC which is corresponding to when indoor illuminances
could be lower in a day with clear sky. On the other hand, the possibility
to change dynamically the SHGC compared to the static glazing (SHGC
constant at 0.22), thus admitting higher solar-free gains in winter, re-
sults in lower energy use for heating in the case of the two smart glazing
solutions, with very minor differences between RBC and MBC, but with a
significant improvement of the DB-EC compared to the EC (red lines in
Fig. 8d), provided to the consistent higher SHGC achievable during day
time.

Regarding lighting energy use in the typical summer scenario
(Fig. 8d.right), the results confirm the considerations from typical
winter days, further emphasizing the selectivity differences of DB-EC
and its impact on lighting energy use compared to SEL 40/22 glazing
(orange lines) and EC glazing (light yellow lines). Given that in summer
much lower SHGCs are chosen by the RBC strategies, due to the high
solar irradiances and indoor temperatures, the static glazing has a lower
energy use than the DB-EC (positive orange curve in Fig. 8d.right).
Nevertheless, DB-EC would increase lighting energy less than traditional
EC do, due to their higher selectivity (higher Tys with similar SHGC).
On the other hand, MBC tends to null these differences, prioritising the
achievement of minimum workplane illuminance level. As far as cooling
energy use is concerned, as expected, there is a significant improvement
in the ability to modulate the SHGC well below the 0.22 of the static
glazing (dark blue lines in Fig. 8d.right), with notable differences be-
tween RBC and MBC. There is also a significant difference in perfor-
mance between the DB-EC and EC, especially in the second part of the
day, when better selectivity (lower SHGCs with similar visible trans-
mission) could play an important role.

These results are useful to better understand and interpret the dif-
ferences in energy uses (total, but also broken down between heating,
cooling and lighting) by comparing the different technologies and con-
trol strategies, for the different climatic conditions, analysed in the next
section.
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Fig. 8. Example graphs for South office room in Barcelona, for winter (left) and summer (right) representative days, illustrating trends of boundary conditions((a) —
External temperature and Vertical Irradiance on the South facade), and the states selected by the RBC (b) and MBC (c) algorithms during these days for comparison,
and related differences between DB-EC and EC energy uses (for heating, cooling and lighting) for RBC and MBC (d).

3.2. Annual results

Fig. 9 (left side) shows a breakdown of the specific delivered building
energy use for heating, cooling and lighting energy of the typical
enclosed office room, comparing the different glazing systems (from
static benchmarks to the DB-EC and EC IGUs), for the different climates
under consideration (from lower to higher HDD) in South and West
orientation. While on the right side of Fig. 9, the sum of UDI-fs (work-
plane illuminances lower than 100 Ix for RP2, point further from the
facade) and UDI-ex (workplane illuminances higher than 3000 Ix for
RP1, point closer to the facade) is shown, as a proxy for visual
discomfort. Moreover, the dashed horizontal lines represent the

performance of the static IGU with the lowest energy use, which is also
adopted to evaluate energy-saving rates (cf. Table 4). For the sake of
comparison, it is fundamental to choose the correct benchmark for
considering the energy-saving potential of the DB-EC and EC smart
glazing technologies investigated, which is climate-specific. It is evident
that by increasing the HDD (climate locations from Seville to Helsinki),
and therefore the balance between heating and cooling energy needs,
the best static IGU benchmark varies from selective glazing with nearly
40 % Tyis and 20 % SHGC for cooling-dominated climates (Barcelona
and Seville), to a selective IGU with 60 % Tys and 33 % SHGC for more
temperate (Turin) and heating dominated climates (Berlin and Hel-
sinki). These are indicated with a grey background in Fig. 9, and their
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Fig. 9. Left: Yearly delivered specific energy uses for artificial lighting, heating, and cooling for South (S) and West (W) orientations, for MBC and RBC controls, for
the five climates considered (Seville, top, to Helsinki, bottom). Right: Visual Discomfort levels are shown, calculated by summing UDI-fs and UDI-ex for the reference

point closer to the window (RP1).

performance is shown by dashed dark horizontal lines. On the other
hand, the clearer low-E IGU is never the best performing from an energy-
saving point of view, among the static IGU solutions, therefore it would
not be a correct benchmark from an energy-saving perspective for solar

10

control smart glazing technologies in office buildings for the climate
under analysis. Moreover, in order to understand better the differences
in improvements of DB-EC and EC technologies between them and
compared to the best climate-specific static benchmark, Table 3 shows
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Energy Saving. This table compares the performance of active technologies with MBC and RBC algorithms, showing reductions in energy use against top benchmarks

for each location and orientation over one year.

Energy Saving Results SEVILLA (SEL 40/22) BARCELONA (SEL 40/ TURIN (SEL 60/33) BERLIN (SEL 60/ HELSINKI (SEL 60/
22) 33) 33)
Comparison Control  Energyneed S w S w S w S w S w
EC — Best Static MBC LIGHTING -10 % 22 % 32% 40 % 23 % 25 % 0% —2% —4% -1%
HEATING —36 % 25 % —2% 8% —25% —5% —4% —-1% —4% —1%
COOLING 7 % 10 % 14 % 14 % 36 % 34 % 46 % 44 % 63 % 60 %
TOTAL 4% 14 % 18 % 22 % 13 % 15 % 5% 5% 0% 2%
RBC LIGHTING -195% —67 % —53 % —8% —49% —24% -55% —-35% -37% -21%
HEATING —-118 % 11 % —-16 % 1% —27% —8% 7% —1% —5% —2%
COOLING 8% 11 % 15% 17 % 37 % 36 % 48 % 47 % 66 % 61 %
TOTAL -33 % —8% -10% 6% —4% 4% —8% —2% —6% —2%
DB-EC — Best static MBC LIGHTING 1% 29 % 37 % 46 % 29 % 32% 4% 8% 1% 6 %
HEATING -18 % 35 % 19 % 21 % -17% 2% 1% 4% 0% 2%
COOLING 10 % 11 % 17 % 16 % 39 % 36 % 49 % 46 % 67 % 61 %
TOTAL 8% 17 % 24 % 27 % 18 % 20 % 10 % 11 % 4% 5%
RBC LIGHTING -113 % —14 % —-14 % 23 % —6% 7 % —27 % —9% —-15% —2%
HEATING -36 % 26 % 14 % 15 % -14% 1% 0% 3% -1% 1%
COOLING 9% 12 % 16 % 18 % 37 % 37 % 48 % 47 % 66 % 63 %
TOTAL —16 % 7 % 6 % 19 % 10 % 14 % 2% 7 % 1% 3%
DB-EC — EC MBC LIGHTING 12 % 7 % 5% 6 % 5% 7 % 5% 9% 5% 7 %
HEATING 18 % 10 % 20 % 13 % 8% 7 % 5% 5% 4% 3%
COOLING 3% 1% 3% 2% 3% 1% 3% 2% 4% 1%
TOTAL 4% 3% 5% 5% 5% 5% 5% 5% 4% 3%
RBC LIGHTING 82 % 54 % 39 % 31 % 42 % 31 % 28 % 26 % 22 % 19 %
HEATING 82 % 15 % 30 % 14 % 13 % 7 % 7 % 4% 5% 3%
COOLING 1% 1% 1% 1% 1% 1% 0% 0% 0% 1%
TOTAL 17 % 15 % 16 % 13 % 15 % 10 % 10 % 8% 7 % 6 %

the energy saving percentages (broken up between heating, cooling or
lighting, and total), where negative percentages (energy use increases)
are coloured with red shades, while positive percentages (energy sav-
ings) are coloured with blue shades.

In particular, in Seville, a city characterized by a high amount of CDD
and extreme summer temperatures, the total delivered energy use of the
best static glazing solution among the ones considered (i.e. IGU with
Selective coating 40/22) is between 30 and 36 kWh/m?y (respectively
for South and West orientation), of which 20-25 % is represented by the
lighting energy use, and 80-70'% by cooling energy use, while a very
minor contribution is provided by heating (0-7 %). The use of a tradi-
tional EC, in this climate, does not directly imply a lower total energy
use, as this is strongly affected by the control strategy. For the South
orientation, the rule-based control is increasing total energy use by
nearly 10 kWh/m?y, reducing cooling due to the lower SHGCs achieved
by the EC, but at the same time increasing significantly lighting energy
use (nearly tripling it), provided that glazing states with much lower
visible transmission are chosen by this control strategy. The latter is
visible from Fig. 9 (Seville, right), as for EC RBC results with higher
percentages of time with work desk illuminance lower than 100 1x (UDI-
fs), despite the higher visible transmission of the clearest states of the EC
glazing compared to the DGU with SEL 40/22 coating. On the other side
MBC, which prioritises first the achievement of sufficient indoor work-
plane daylight levels (without hindering visual discomfort due to too
high ones), ensures a minor reduction of total energy use for the South
(4 % better, increasing lighting only by 10 % in South orientation), while
for West orientation all energy uses are reduced, achieving nearly 5
kWh/m?y less total energy use (14 % energy saving compared to the best
static solution). EC MBC not only does not increase the percentage of
time of UDI-fs compared to the best static solution for RP2, but also
reduces the UDI-ex for RP1 (percentage of time with workplane illu-
minances higher than 3000 1x). When Dual-Band EC are integrated, if
RBC results are adopted, slightly higher energy uses compared to the
best static glazing are achieved, even though this is only 16 % higher,
which is due to a lower increase of lighting energy uses (50 % less in-
crease than traditional EC) and 1 % higher energy saving for cooling. On
the other hand, UDI-fs are achieved for a much lower percentage of time.
These effects are due to the inherently higher visible transmissions and
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selectivity (Tyis / SHGC) of the DB-EC for higher SHGCs, as visible in
Fig. 3. The combination of DB-EC and MBC, results in the lowest
delivered energy use for this climate, 28-30 kWh/m?y for South and
West respectively, being respectively 8 and 17 % lower than the best
static IGU. This is achieved by the ability of the DB-EC to maintain
higher visible transmissions and lower SHGCs at the same time, then the
EC and the static glazing, resulting in a reduction of energy for lighting
(1-30 % lower for South and West) and for cooling (about 10 % lower
for both orientation) at the same time. This is reflected also in an
improvement of visual comfort compared to all other competing tech-
nologies and control strategies, with less than 6 % of the time with
workplane illuminances lower than 100 lx, and only a few instances
higher than 3000 Ix (only 1 % of the time in South).

The office reference room, either South and West oriented, in the
climate of Barcelona, holds the same static benchmark technology of
Seville (DGU with SEL 40/22 coating), resulting in similar total deliv-
ered energy use (from 29 to 36 kWh/m?y for South and West), which is
divided between nearly 32 % for lighting, 50-60 % cooling and the
remainder 8-18 % heating. The higher energy use for lighting is
confirmed by a higher percentage of UDI-fs (from 7 % in Seville to 25 %
in Barcelona). As for Seville, in Barcelona adopting a traditional EC with
rule-based control allows to reduce cooling energy use significantly
(15-17 %), inversely affecting heating (16 % more, only for South) and
lighting energy use (53-8 % more, for South and West). This is not re-
flected by a higher amount of time of UDI-fs (Fig. 9, Barcelona, right) but
rather with an increase of UDI-s (workplane illuminances between 100
and 300 Ix, which requires integration with artificial lighting). Overall
these variations could increase the amount of delivered energy use for
the EC, if not properly controlled, compared to a dark selective IGU (SEL
40/22 static benchmark). When MBC is adopted for EC technology, a
significant reduction in lighting energy use can be achieved (30-40 %
lower) without compromising cooling energy saving (in the order to 14
%, slightly lower than RBC), thus resulting in a strong improvement in
total energy saving (18 % for South and 22 % for West) and a reduction
of visual discomfort (sum of UDI-fs and UDI-ex) below 7 %. When
adopting a Dual-Band EC the reduction in total energy use is even higher
compared to EC, resulting in 28-29 kWh/m?y for RBC (for South and
West, respectively 6 and 19 % improvement compared to the static
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solution, and 16-13 % better than EC), and 22-26 kWh/mZy for MBC
(24 and 27 % better than SEL 40/22 and 5 % better than EC). This
difference between MBC and RBC is mainly due to a more important
reduction of lighting energy uses for DB-EC in MBC, maintaining higher
energy saving than EC for cooling energy use (1-3 % higher than EC)
and for heating as well (13-30 % heating energy saving compared to
EC), which was not visible in the hotter climate of Seville. In the climate
of Barcelona, which has outdoor temperature conditions closer to the
human thermal comfort range for a higher amount of time, the highest
energy savings are achievable with smart glazings, both in terms of EC
and DB-EC. The latter though is able to maximise such energy saving,
even more in this climate, due to the higher visible transmission
achievable both in clear and intermediate states, together with the more
selective behaviour (higher ratio between visible transmission and total
solar heat gains). Such features of the DB-EC allow to achieve on average
higher levels of indoor workplane illuminances throughout the year
compared to the EC, with in comparison higher SHGC during the heating
and mid-season, and similar SHGC during the cooling one.

In a more continental climate like Turin, a static benchmark with
higher SHGC and selective behaviour is the best solution from an energy
point of view (SEL 60/33), resulting in an energy use of 40 to 47 kWh/
m?y from South to West, which consists of approximately 26 % energy
use for lighting, 25-21 % cooling and the remainder 47-51 % heating
(South — West, respectively). From a visual comfort perspective, in this
location, there is the highest percentage of time with lower illuminances
(UDI-fs) and with too high ones (UDI-ex). As for Barcelona and Seville,
when RBC is adopted, smart glazing integration does not automatically
imply a lower energy use, as for orientations where lighting energy use
and heating energy uses are significant (i.e. South in this case), this
control strategy applied to a traditional EC results in a decrease of
cooling energy use (36-37 %), which is counterbalanced by an increase
in lighting (49-24 % increase) and heating energy uses (27-8 % in-
crease, respectively South — West). As for Barcelona, the lighting energy
use increase is due to a higher percentage of time with workplane illu-
minances between 100 and 300 Ix. On the other side, MBC for EC glazing
is able to maintain the reduction in cooling energy uses, but with a 24 %
average lower lighting energy use as well (visible from Fig. 9, Turin,
right, with minimization of UDI-fs). As far as the heating is concerned,
even with an MBC, an EC glazing is increasing the amount of energy
need for heating (25-5 % increase for South — West orientations,
compared to the best static solution). In this climate, the main advan-
tages of adopting a DB-EC (with either RBC and MBC) become more and
more visible. The higher level of visible transmission allows to reduce
the increase in lighting energy when a smart glazing is adopted with
RBC. The higher selectivity and SHGC for the DB-EC, more transparent
states compared to the EC glazing (for Tys of DB-EC higher than 0.20),
allows to increase further the energy saving for cooling (from 34-36 % to
37-39 %) and to either (i) reduce the heating energy increase compared
to the static solution with higher SHGC in South (14-17 % more heating
energy, instead of 25-27 % for EC), or (ii) start realizing heating energy
saving where such energy uses are more significant (i.e. West orienta-
tion, 2 % energy saving in DB-EC with MBC compared to the best static
glazing, differently from EC increase heating energy use by 5-8 %).

For Berlin, and even more for Helsinki (Fig. 9), where heating con-
stitutes more than 60 % of total delivered energy use (and still lighting is
within 20-25 %), while cooling is minimized (2-10 %), the results
visible for Turin climate (which holds the same static DGU benchmark,
SEL 60/33) are confirmed. For EC glazing, provided the milder summer
temperatures, cooling energy savings are even higher than the previous
climates in relative terms compared to the static benchmark (45-67 %
cooling energy saving). On the other side lighting energy is strongly
increased for RBCs and almost constant for model-based controls, while
heating energy use is slightly increased for RBC and even more slightly
for MBC in relative terms. Nevertheless, these increases in absolute
terms are counterbalancing cooling energy saving, so that EC with rule-
based controls results in higher energy uses for these climates (heating
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dominated in higher latitudes), while only model-based controls are able
to produce energy-saving if standard electrochromic glazings are
adopted. In contrast, DB-EC is able to maintain the same energy saving
for cooling, but achieve at the same time energy saving for heating and
for lighting (the latter only if MBC is adopted), provided their higher
level of visible transmission and selectivity for Tyis between 0.20 and
0.73, and the higher SHGCs reachable for Ty;s higher than 0.73 (further
interval of SHGC of 0.13 is achievable due to the high contrast of the DB-
EC in transmission in the IR range). Overall, in absolute terms, this re-
sults always in an energy saving compared to the best static solution,
when a DB-EC is adopted, regardless of the control strategy (i.e. 2-7 %
and 10-11 % energy saving for Berlin, and 1-3 % and 4-5 % energy
saving for Helsinki, respectively for RBC and MBC for South-West).

In both relative and absolute terms, in more extreme climates, like
heating-dominated ones such as Berlin and Helsinki, and cooling-
dominated ones like Seville, the advantages of adopting an EC glazing
are reduced from an energy saving perspective (0-5 % for Helsinki and
Berlin, and 4-14 % for Seville South-West, if MBC is adopted). On the
other side in more temperate climates (in mid-latitudes) EC glazing, if
properly operated, can achieve up to 13-22 % energy savings, con-
firming results from previous studies [49,52,53]. Nevertheless, if
simplistic rule-based controls are adopted, EC glazing may result in
increased energy uses, compared to an optimized static transparent
facade, especially for climates with higher energy use for lighting and
heating. Overall, West orientations, although having a higher energy use
compared to South, are always holding higher energy savings (2-9 %
difference for MBC for both DB-EC and EC and even more pronounced
for RBC). This is because the most significant savings are for lighting
energy use, and West has a higher amount of energy for lighting (and
therefore higher total energy use as well) in the first place. Moreover the
higher the energy use for cooling (i.e. Seville) and the higher the dif-
ference in energy saving between South and West, which is due to the
fact that in West orientations, in hotter conditions, EC glazing tends to
assume states with lower SHGC and Ty, thus affecting even more
significantly energy use for lighting as well. When DB-EC is adopted
these differences are maintained, even though, regardless of the control
strategy, higher energy savings are in general achievable, also reducing
the probability of an increase in energy use. However, for locations with
extreme climates, either very hot and sunny like Sevilla or very cold and
cloudy like Helsinki, the advantage of active technology over the best
static benchmarks is significantly reduced. This trend is attributed to the
fact that in these more extreme climates, very efficient static bench-
marks, such as the SEL 40/22 for Sevilla or the SEL 60/33 for Helsinki,
can effectively mitigate the impact of these extreme conditions. In
contrast, in more variable and moderate climates like Barcelona and
Turin, the flexibility of active electrochromic technologies proves to be
ideal.

As far as visual comfort is concerned (Fig. 9 right), when RBC is
adopted, DB-EC is able to reduce significantly the amount of time with
lower illuminances (UDI-fs) compared to EC, provided the higher Tyg
for SHGCs higher than 0.20 and hence better selectivity (cf. Fig. 3).
Nevertheless this is counterbalanced by the amount of probable glare
linked to workplace illuminance levels higher than 3000 1x (UDI-ex).
These differences are less and less evident by increasing the latitude
under analysis. On the other side with MBC controls, lower and lower
differences between DB-EC and conventional EC are measured by
increasing the latitude, but it is noteworthy the fact that with model-
based control is possible to maximise access to daylight and at the
same time minimise visual discomfort anyway by means of DB-EC, as
compared to EC technologies.

By looking at the same time at the potential reduction of total
delivered energy use and reduction of visual discomfort, as a cumulative
percentage of time for UDI-fs and UDI-ex, in Fig. 10 (energy use on the Y-
Axis and Visual Discomfort on the X-axis, for South and West orienta-
tion), it is possible to note that for each climate, the static glazing so-
lutions considered are either reducing energy use or improving visual
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Fig. 10. Scatterplots depicting the relationship between energy consumption and Visual Discomfort Level (UDI fs + UDI_ex) for each model orientation across all
technologies and control strategies. Closer to the origin indicates a more favourable case.

comfort. For South orientations, EC adopting RBC is generally able to
improve visual comfort, to the expenses of energy use though. While DB-
EC adopting RBC is improving both objectives at the same time. If more
complex model-based controls are adopted in operation, both energy
saving and visual comfort objectives are ensured for both technologies,
and the differences between DB-EC, considering the current properties
of the developed technology, and traditional EC are minimised. Never-
theless, by looking at a single climate at once, both in South and West
orientation, the variability of energy use and visual comfort perfor-
mance of DB-EC across different control strategies is much lower than
such variation for EC technologies controlled in different ways, and for
static technologies. This ensures a more consistent building performance
by varying use, operations and climate variability if a DB-EC technology
is adopted.

4. Discussion

The performance of smart glazing (EC and DB-EC) relies in the ability
to reduce significantly the energy need for cooling, compared to static
glazing technologies, by modulating the unwanted amount of entering
solar radiation during summer and shoulder seasons, which is particu-
larly evident in cooling dominated climates (i.e. Seville and Barcelona),
and even more so for West orientations. Nevertheless, this capacity
alone does not imply a better performance compared to static solutions
in terms of total energy use, as on one side this might be hindered by an
increased energy need for artificial lighting (due to decreased level of
indoor illuminance), and on the other by an increased energy for heating
(due to reduction of free solar gains in winter). The decrease in overall
energy use by means of a traditional EC glazing technology is
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guaranteed, in all the climatic conditions considered, in a range of up to
22 % by the implementation of a correct control during building oper-
ations (cf. Table 4), such as model-based controls not decreasing cooling
energy to the expense of lighting and heating energy. Otherwise simple
rule-based controls, provided they could be focused only on one specific
priority at the time (i.e. reduction of energy use for cooling, or daylight
comfort, or others), might result in marginal energy improvements
(below 10 %) in the best case represented by temperate climates and
mid-latitudes, while in the worst one in energy use increase (even up to
30 % for cooling dominated climates, mainly due to an increase in
lighting energy demand, and below 10 % increase for heating-
dominated ones). Differently, a smart glazing technology such as the
DB-EC glazing presented in this paper, relying mainly on the inherently
high contrast in solar transmission in the IR region, is able to: (i)
modulate between higher SHGCs compared to traditional EC for high
Tyis (for approx. Tyis > 0.70, the modulation capability of SHGC is be-
tween 0.44 and 0.53); (ii) in the region of Tyg between 0.70 and 0.20
have a better selectivity (lower SHGCs compared to EC counterpart, with
higher Tyyg); iii) achieve a minimum SHGC and Ty;s comparable with
traditional EC. These features provide (i) slightly higher energy saving
for cooling (due to the higher selectivity) compared to traditional EC; (ii)
a lower increase in energy use for lighting if rule-based controls are
adopted; (iii) when more daylight-based advanced control strategies are
used, reductions in energy use for lighting are achievable; (iv) energy
saving as far as heating energy uses are concerned.

This is supported by a comparison of the solar properties (in terms of
Tyis and SHGC) assumed by the EC and DB-EC for the ideal case of the
model-based control. Fig. 11 analyses the cumulated frequency of smart
glazing properties (EC with dotted line and DB-EC with continuous line)
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Fig. 11. Cumulative frequency analysis for Ty;s (left graphs, a. and b.) and SHGC (right graphs, b. and d.) distribution over the year for DB-EC (continuous line) and
EC technologies (dotted line), considering only results when irradiances are positive and differentiated between winter season (blue lines) and summer and mid
season (red lines), for the climate of Barcelona (top graphs, a. and b.) and Berlin (bottom graphs, c. and d.). The vertical lines are representing: (i) the properties of the
best static glazing solution from an energy point of view in the specific climate (grey); the average property (corresponding to a cumulated frequency of 50%) for the
winter season (blue lines) and summer and mid season (red lines) for the DB-EC (dotted line) and EC (dashed and dotted line) technologies. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

for two representative intermediate climates between the 5 analysed,
either cooling (Barcelona, Fig. 11a and.b) or heating dominated (Berlin,
Fig. 11c and.d), respectively for the winter season (blue lines) or for the
summer and mid-season together (red lines). The yellow area in the
graph represents the additional capacity to modulate between 0.40 and
0.53 of the DB-EC compared to the EC, while the grey area between Ty;g
0.20 and 0.70, is where DB-EC has a higher selectivity than EC (higher
Tyis with similar SHGCs) due to its capability of modulating the NIR
solar spectrum. From this analysis it is possible to appreciate that:

For both climates in the heating-dominated season (blue lines) a DB-
EC tends to have higher SHGCs than a conventional EC for almost 70 %
of the time for Berlin (Fig. 11d) and nearly 40 % of the time in Barcelona
(Fig. 11b). The former brings the average SHGC for the winter season
from 0.38 to 0.51 (vertical blue lines), while in Barcelona, provided the
higher frequency in which the Ty;s is between 0.20 and 0.70 where DB-
EC have higher selectivity, it results in slightly lower average SHGCs.
This is reflected by a significantly higher average Ty;s in winter achieved
by the DB-EC compared to conventional EC for both climates (vertical
blue lines), from 0.50 to 0.69 for Barcelona (Fig. 11a) and from 0.60 to
0.75 for Berlin (Fig. 11c). These results in higher lighting and heating
energy saving at the same time, due to higher illuminances and free solar
gains reached in the indoor environment;

Similarly in the mid and cooling season (red lines) for both climates
and due as well to its higher selectivity, a DB-EC is able to reach on
average a slightly lower SHGC (Fig. 11b and d), with a higher visible
transmission (similarly passing from 0.20 to 0.27 in Barcelona and
Berlin, Fig. 11a and c respectively). This allows for a significant increase
in indoor illuminances in summer and mid-season, while not admitting
unwanted solar radiation in summer causing higher cooling needs or
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potential overheating risk.

In the cooling seasons (or in cooling-dominated climates) the higher
SHGC (and Ty;s) modulation capability is only activated for a marginal
time frame (no more than 10 % of the time when solar irradiation is
present), while what matters is the capability of the DB-EC of having a
higher selectivity, as it assumes solar properties in the grey region of
Fig. 11 for about 60 % of the time. On the other hand in the heating
season (or heating-dominated climates), both the higher selectivity and
the higher modulation capabilities are important, as DB-EC assume such
properties for a variable time between 20 % and 40 % (depending on the
amount of heating time in such climate), and in the remainder 70 % to
40 % time, SHGCs higher than what possibly achievable by their EC
counterpart is reached. These findings can provide future direction for
further product improvements for both EC and DB-EC, which is climate-
specific.

All these considered, DB-EC results always in energy saving
compared to their climate-specific static best benchmarks, regardless of
the complexity of the control strategy considered, in the order of 5 % to
27 % for MBC (for heating-dominated and temperate climates, respec-
tively) and of 1 % to 19 % for RBC (cf. Table 4), to the exception of DB-
EC with RBC for South orientation in cooling dominated climates with
lower latitudes, such as Seville. In fact, where very high cooling loads
are present, simple rule-based controls may strive to tune the necessity
for low SHGCs with sufficient daylight. In light of the above, it appears
that the impact on building performance of DB-EC smart glazing is less
sensitive to the variability and uncertainty of the control strategy
implemented in operations, compared to the conventional EC counter-
part. DB-EC with RBC results in an additional 6-17 % energy saving
compared to EC glazing, while for MBC control, DB-EC technologies
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achieve an additional average of 5 % energy saving. This translates to a
25 % to 100 % increased performance compared to traditional EC,
depending on whether the climate is cooling or heating-dominated,
when MBC strategies are considered (which represents the best imple-
mentation scenario for EC).

Finally, provided its versatile features in terms of independent
modulation of transmitted solar radiation between VIS and IR spectrum,
improved selectivity, and larger modulation range of Ty;s and SHGC, the
building performance impact of Dual Band Electrochromic glazing
technology is less sensitive to the climate locations, resulting in
improved energy uses in a wider range of climates, such as: (i) climatic
locations that are more heating dominated and/or at higher latitudes, in
which conventional EC technologies strive to counterbalance visual
comfort requirements (i.e. low illuminance level or possible glare risk)
with heating energy needs; (ii) climatic locations that are prevalently
cooling dominated (like Seville) and/or lower latitudes, in which con-
ventional EC technologies tend to increase lighting energy use to a
higher degree compared to how much they are able to reduce cooling
(due to a lower selectivity of their solar properties modulation). This is
particularly important when it is considered that the balance between
cooling and heating energy needs can vary significantly in the future due
to increasing minimum levels of insulation and air-tightness, on one
side, and human-driven urban heat island effect and increase average
temperature and heat waves on the other.

The present study highlights the potential of DB-EC glazing in
different climates and orientations, nevertheless, it presents different
limitations related to the breadth of the analysis, which concerns com-
mercial application (by adopting a small office reference room) with
South and West orientation, and current climate scenario (TMY 3).
Nevertheless, the specific features of DB-EC could make it a promising
technology also for residential scenarios, and it could be particularly
versatile considering the fact that the balance between heating, cooling
and lighting energy needs could change in the feature due to changing
climate scenarios. As mentioned before, the current analysis cannot be
considered as an accurate representation of daylight comfort perfor-
mance as well, as no co-simulation strategy with raytracing software was
considered to evaluate workplane illuminances, while daylight data
integration strategy was adopted considering pre-simulated horizontal
illuminance by means of EnergyPlus Delight module, for the purpose of
simulating the effect of glazing control on energy considerations.
Finally, this analysis should be completed by comparing the DB-EC
glazing to the other technologies also in terms of return on investment
and in terms of whole-life carbon. These considerations will be taken
into consideration for future work.

5. Conclusions

This study quantifies the potential of DB-EC SWs to enhance building
performance both in terms of energy use and visual comfort across
various climatic conditions. To this aim the data delivered from thermo-
optical characterisation of a DB-EC laminate have been used to evaluate
thermal and solar properties of a DB-EC IGU. Then an extensive virtual
performance analysis was carried out for different climatic locations
(from cooling, to temperate, to heating dominated) adopting two
different control strategies, rule- and model-based controls. The per-
formance of the DB-EC and EC glazing are compared with those of
effective climatic-specific static glazing as benchmarks. The identifica-
tion of this correct benchmark is fundamental to truly describe the
energy-saving potential of smart glazing technologies and is seldom
retrieved in the literature, where most of the time standard low-E DGU is
adopted to maximise the performance difference compared to more
advanced glazing solutions.

The most relevant findings of this research can be summarized as
follows:
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1. DB-EC technology outperforms EC technology in both energy
savings and visual comfort, regardless of the control strategy
adopted;

2. Energy savings are more pronounced in West-oriented office
rooms, due to the bigger impact on lighting energy consump-
tion of smart glazing technologies in office buildings, while
South-oriented ones see greater improvements in visual
comfort;

3. The control algorithms strongly affect the performance of the
smart glazing, and conventional EC when operated with RBC
could also have energy use increase and lower visual comfort,
especially for more extreme climates;

4. The MBC algorithm consistently surpasses the simpler RBC in
effectiveness across all tested climates, orientations, and active
technologies;

5. Due to their larger variation of solar and visible properties and
independent tuning between VIS and IR spectrum, DB-EC
integration results in:

m 5-a. positive energy saving, ranging from 1 to 19 % for RBC and
4 to 27 % for MPC compared to the climate-specific best static
solution;

m 5-b. positive energy savings achieved in extreme climates,
especially in heating-dominated and higher latitude regions (up
to 11 %), while conventional EC technologies save energy
mainly in temperate climates.

m 5-c. significant reductions in visual discomfort levels during
occupied hours, up to 32 % both in MBC and RBC mode.

Based on the here presented results, DB-EC glazing is prospected as a
potentially disruptive SW technology if combined with an appropriate
intelligent control strategy. Future advancements in DB-EC technology
could focus on maximizing the blue shift of plasmonic resonance to
reduce the minimum achievable Ty;s and SHGC, as well as tuning the
redshift to expand the modulation range in the IR spectrum. These ad-
vancements may have climate-specific implications, allowing the tech-
nology to be tailored to different needs unique to specific climate
conditions and/or building uses. It is expected that over the next 10
years, the adoption of smart EC glazing could be triggered on one side
from the lower production costs of the smart layers, while on the other
by the vast diffusion of Al-driven predictive control systems that will be
capable of maximizing thermal and visual comfort in real-time, by
exchanging data and signals with the building’s utility platform (BEMS)
and the building occupants, directly controlling the smart windows.
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