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The experimental analysis of the main figures of merit of an innovative electrochromic (EC) prototype, based on
low cost gel-polymer electrolytes, is at the basis of the numerical simulation exposed hereafter, aiming at the
assessment of energy and visual comfort benefits deriving from building integration of smart windows in a multi-
storey office building. The effectiveness of the dynamic modulation of glazing properties to improve energy
efficiency and users’ comfort was tested comparing the EC windows with a typical law-compliant static com-
mercial glazing system and with a clear windows. To better understand the performances of the proposed EC
film, six different locations — ranging from Seville to Helsinki — were selected throughout the European continent
to conduct energy and daylighting analyses on three different exposures (east, south, west). The results obtained
show reductions of summer cooling and winter heating as well in all the locations considered. Eventually, the
effect of electrochromic switching of transmittance on the indoor visual comfort, is considered using a well-
established metric: Useful Daylight Illuminance; with regards to daylight analyses, a significant reduction of
hours in which excessive illuminance occurs was observed in all the locations considered, confirming that

properly controlled EC devices improve both energy efficiency and visual comfort.

1. Introduction

The compelling acceleration of climate change - as observed by the
6th IPCC Report [1] - and the emerging phenomena related to global
warming are forcing us towards a rapid revision of international (and
consequently national) regulations on energy saving and on the use of
renewable energies. These revisions are especially related to the con-
struction sector, that consumes a large amount of primary energy
worldwide each year. European Directive 2018/844 states that build-
ings are responsible for 36 % of greenhouse gas emissions and that 50 %
of final energy consumption in the European Union (EU) is related to
HVAC uses [2]. Novel technologies are then required, capable of pro-
ducing energy by using renewable sources [3-5] or providing control
and reduction of energy consumption, just like the so-called “smart
windows” do [6-12]. Generally, these devices are based on chromogenic
materials, which tune their properties due to precise external physical
stimuli (temperature, for thermochromics [13-16]; radiation at give

wavelengths in photochromics [17-21] and an external bias, in the case
of electrochromics [22-26]). Electrochromic (EC) devices are battery-
like systems often embodying two transparent, conductive substrates
(coated using Fluorine-doped tin oxide or tin-doped Indium oxide, in
most cases), hosting as many EC materials (organic or inorganic), having
complementary properties.

The mechanism at the basis of the EC behaviour is well synthesized in
arecent work by Tandon et al., [27]. If polaronic coloration takes place —
at a reducing potential — the localization of electronic charges creates
distortion in the surrounding lattice from the initial equilibrium position
and they are balanced by inserted small cations coming from the elec-
trolyte, in a faradaic charging process, giving rise to the creation of
bandgap bands, namely polarons, below the conduction band but acti-
vating further absorption transitions in the visible region. This mecha-
nism, very frequent in metal oxides, corresponds to reversible redox
coloration/bleaching reactions. Cathodic EC materials — like tungsten
oxide [28-30] undergo reversible coloration upon intercalation of small
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cationic species (H', Li", Na*) whereas anodic EC materials — such as
nickel oxide [31-34] — colour upon ion deintercalation. Ions can be
shuttled within the EC device by applying an external bias, in order to
charge the substrates and activate ion migration. EC devices are then
completed by an electrolyte standing between the two electrodes.
Electrolytes can be in solid, gel or liquid state of aggregation and indeed
represent a pivotal element in the design of EC devices, since their
intrinsic ionic conductivity strongly influences the device performance
[35-41]. The interest in smart windows has increased in the last decades
because they may enhance the performance of transparent building
envelopes by reducing the energy expenditures for heating, ventilation
and air-conditioning (especially cooling loads during summer) or arti-
ficial lighting [6,42-46]. In fact, the adaptive tuning of the glazing solar
heat gain coefficient (SHGC), with proper control strategies [47-49]
according to the external environmental conditions, significantly affects
the amount of solar gains, eventually turning into a thermal load for air
conditioning systems. A large amount of works [45] have tried to study
the energy benefits due to building integration of smart windows, by
means of in situ experiments or numerical simulations [50-52]. Bene-
ficial effects on visual comfort have also been observed [53-55]. In a
previous experimental activity, some of the authors [56] have proposed
an innovative EC device architecture containing a gel polymer electro-
lyte, based on two cheap and non-toxic commercial resins (a UV-curable
urethane-based prepolymer mixed with a vinyl-acetate resin), acting as
trapping matrices for liquid constituents (lithium perchlorate in pro-
pylene carbonate).

In order to identify a new matrix for the fabrication of gel polymer
electrolytes for EC devices, an UV curable polymer resin (Norland Op-
tical Adhesive 65 - NOA65) and Mastek vinyl acetate adhesive (MAS-
TIFLEX) were selected. Consequently, the resulting electrolytes
consisted in a mixture of resin with excellent optical characteristics, a
solvent (propylene carbonate, PC) and a lithium perchlorate salt
(LiClOg4) dissolved in it. After investigating the most suitable polymeric
host/salt, the best formulation was selected in terms of ion mobility and
optical contrast. Eventually, the fabrication process was scaled up to the
fabrication of a 10 cm x 10 cm prototype.

Such experimental activity eventually confirmed that these polymer
electrolytes may be considered as electrochemically stable alternatives
in the role of ion-conducting media. The formulations tested showed
conductivities ranging between 4.7¢107 S/cm and 6.5¢10°* S/cm. In
such work, they successfully identified a new matrix for the fabrication
of low-cost gel-polymer electrolytes for EC devices, studying the effect of
different electrolyte formulations on the performance of devices. They
finally proposed a mixture of a UV-curing resin and a vinyl acetate ad-
hesive with good optical properties, propylene carbonate acting as a
solvent and a lithium perchlorate salt (LiClO4) dissolved in it.

In this work, optical properties of a 100 cm? prototype were collected
to assess the modulation of transmittance between the coloured and
bleached states, respectively. Such data were at the basis of the nu-
merical simulations reported hereafter, regarding the building integra-
tion of smart windows showing the same figures of merit assessed in the
fabricated prototype (optical contrast, SHGC, reflectance).

2. Materials and methods
2.1. Fabrication and characterization of the EC prototype

The preparation of 10 cm x 10 cm prototypes was made according to
the procedure reported in [57]. The prototype consisted in two trans-
parent conductive substrate (Indium Tin Oxide-covered glasses), hosting
— respectively — a 300 nm-thick tungsten oxide layer deposited by
thermal evaporation and a 100 nm-thick layer of spin-coated tin oxide
nanoparticles. Then, MASTIFLEX-based electrolytes were drop-cast on
one substrate and the other one was placed on it, using 80 pm-thick
spacers to obtain an electrolyte layer with homogeneous thickness. The
prototypes were then exposed to Ultraviolet light, in order to cure the
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Fig. 1. Optical characterization of prototypes: transmittance and reflectance
spectra are reported in the bleached and in the coloured state. In the inset,
pictures of the prototype in the two states. The spectra with a continuous thin
line represent the measurements with maximum deviation from the average
ones, used for the simulations reported in the work.

resin.

The experimental measurements required as an input for the nu-
merical simulations carried out in this work were performed on a Perkin
Elmer spectrophotometer in a wavelength range between 250 nm and
2000 nm, for both transmittance and reflectance spectra. The latter were
collected by means of the same instrument, equipped with an integrating
sphere. Such data are reported in Fig. 1 and the inset shows the
appearance of the prototype in the bleached and coloured states.

2.2. Simulation methods

Considering the high suitability of chromogenic technologies for
office building typologies and their strong dependency on the environ-
mental conditions, the performance of the proposed EC window was
tested implementing this technology on the southern, eastern, and
western facades of a reference office building located in different climate
zones.

The performances were assessed through a yearly dynamic energy
and daylighting simulation run with EnergyPlus v.9.4 [57] thanks to its
multi-domain nature and its high customization degree [58]. To
improve the accuracy of the analyses and to account for the change of
state of the windows, the yearly simulations conducted consider six
analysis timesteps per hour and update the shading calculation,
accordingly.

The medium office model considered for the analyses was selected
among the sixteen EnergyPlus reference buildings, which are considered
a validated, reliable, and useful starting point for energy efficiency-
oriented research [59]. The use of widely adopted building models
eases the comparison among different studies allowing to compare the
performance of different technologies or the effects of different contexts.
From a geometrical point of view (Fig. 2), the building is characterized
by three floors above ground with a floor to ceiling height of 2.74 m and
a gross floor area of nearly 4980 m? each. The total facade surface is
1978 mz, with a Window-to-Wall-Ratio (WWR) of about 33 %. It follows
that the corresponding glazed surface is nearly 653 m2 In order to
properly account for thermal exchanges that happen in different areas of
the open-plan floor, each floor is divided into five separate thermal
zones, one for each exposure and an inner core. This structure allows to
distinguish the results by exposures as each zone has only a single
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Fig. 2. Medium office reference model.

exposure facing window.

This starting reference model was properly adapted to fit the
different locations selected and to account for the effects of the EC
windows on different energy uses. To that end, considering the high
variability of the outdoor conditions in the different locations selected,
the HVAC systems were modified to avoid the dependency of the results
on the sizing and efficiency of the system. In particular, the original
HVAC system — constituted by a furnace for heating generation, a
packaged air conditioning for cooling generation, and a multi zone
constant volume system for air distribution — was replaced by properly
calibrated ideal loads air systems that can directly supply heating and
cooling to the thermal zone according to the zone setpoints [60]. Hence,
the ideal loads systems were modified with an Energy Management
System (EMS) program to account for a multizone air distribution sys-
tem to behave similarly to the original systems. To account for lighting,
heating, and cooling consumptions, the thermal energy demand of the
ideal loads system was converted in electrical energy consumption
considering common values for packaged direct expansion air condi-
tioning system (Energy Efficiency Ratio (EER) equal to 3 in cooling
mode and Coefficient Of Performance (COP) equal to 3 in heating

Table 1
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mode). The ideal setpoint temperatures were set to 21 °C and 24 °C for
heating and cooling, respectively, in accordance with the starting
reference model.

Subsequently, the lighting system of the reference model was prop-
erly modified to consider the effect of the change of state of the EC
windows. In particular, the lighting system was connected to a sensor
grid constituted by illuminance sensors placed in the middle of each
thermal zone with a setpoint of 500 Ix in accordance with the current
technical standard requirements [61]. The same sensors and the same
illuminance setpoints were considered to control the EC state; it follows
that the EC windows turn from bleached to coloured state when the 500
Ix threshold is exceeded and vice versa. This setting allows to account for
the use of natural lighting in the thermal zones improving the users
comfort while reducing the lighting consumptions.

The operation of the EC system is strictly dependant on climate and
location; therefore, 25 different European cities were analysed to select
different climate contexts whose main parameters are shown in Table 1.
Among these locations, six different European cities — Seville, Brindisi,
Rome, Milan, Copenhagen, Helsinki — were selected to represent
different possible European climate contexts. This selection aimed to
maximize the differences between solar radiation, outdoor air temper-
ature, latitude and longitude, Heating Degree Days (HDD), and Cooling
Degree Days (CDD). For example, among hot climates, Seville is char-
acterized by the highest differences between minimum and maximum
temperatures while Brindisi is characterized by lower temperature dif-
ferences and different coordinates which could significantly affect the
lighting consumption. Considering Rome and Milan, the former is
characterized by higher average solar radiation and dry bulb tempera-
ture, while the latter shows higher peak values in both maximum and
minimum outdoor air temperatures. Finally, among cold climates,
Copenhagen presents medium-low average temperatures coupled with a
good variation of the solar radiation while Helsinki is characterized by a
large distance between maximum and minimum temperature despite
the very high HDD value.

Fig. 3 compares the values of dry bulb temperatures and global
horizontal radiation for the selected locations. This figure clearly shows

Characteristics of the 25 European cities considered. Data based on long term real observation deducted from Energy Plus Weather (.epw) file.

City Coordinate CDD;g- HDD;g- Global horizontal radiation [Wh/m?] Outdoor air temperature
[°C]

Latitude Longitude Max. Avg. Min. Max. Avg. Min
Larnaca 34.9 33.6 1259 759 998 313 0 36.5 19.0.4 1
Seville 37.4 ) 1063 916 992 297 0 43 18.4 -2
Athens 38 23.7 1076 1112 997 279 0 37.2 17.9 2
Brindisi 40.6 17.9 834 1151 972 264 0 35.8 17.1 -1
Santander 43.5 -3.8 209 1369 955 205 0 31.2 14.8 1.6
Rome 41.9 12.5 649 1444 958 244 0 31.8 15.8 -4
Porto 41.8 8.4 146 1491 976 262 0 32 14.3 0
Madrid 40.4 -3.7 628 1965 997 270 0 40.4 14.3 —4.6
Plovdiv 42.1 24.7 543 2471 945 215 0 36.3 12.7 -11
Milan 45.5 9.2 380 2639 952 216 0 32.6 11.8 -11
Paris 48.9 2.3 142 2644 902 178 0 30 11.1 -6
London 51.5 -0.1 32 2866 893 168 0 31.3 10.2 -5.9
Timisoara 45.8 21.2 365 2896 937 227 0 33.8 11.0 -12
Brussels 50.5 4.2 96 2912 878 153 0 34.9 10.3 -9.1
Geneva 46.2 6.1 193 2965 946 198 0 32.1 10.4 -6.8
Ankara 39.9 32.9 253 3307 1007 248 0 33.8 9.6 -22
Ljubljana 46.1 14.5 168 3383 906 180 0 33.4 9.2 -21
Copenhagen 55.7 12.6 29 3563 827 164 0 26.8 8.3 -9.6
Prague 50.1 14.4 84 3703 890 160 0 32 8.1 -15
Munich 48.1 11.6 79 3738 918 187 0 33.3 8.0 -16.5
Bergen 60.4 5.3 21 3996 774 125 0 27.7 7.1 -8
Moscow 55.7 37.6 99 4655 826 162 0 30.6 5.5 —25.2
Helsinki 60.2 24.9 33 4712 772 158 0 28.7 5.2 -21.7
Reykjavik 64.1 -21.8 0 4917 721 130 0 18.4 4.5 -10.1
Kiruna 67.5 20.13 0 6967 669 125 0 22.7 -1.1 —29.2
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Fig. 3. Climatic characteristics of the selected locations: (a) daily average dry bulb temperatures, (b) statistical distribution of the hourly dry bulb temperatures, (c)
weekly cumulative global horizontal radiation, (d) statistical distribution of the daily global horizontal radiation. Data based on long term real observation deducted
from Energy Plus Weather (.epw) file.

how the EC windows were tested in a wide range of external conditions,
very different from both temperature and solar radiation point of views.
The locations considered affect, on the one hand, the external

Table 2

Characteristics of cities weather and envelope properties.

boundary conditions — as previously described — and, on the other hand,
the thermal properties of the envelope itself. Therefore, to properly
adapt the reference model to the selected locations, all thermal

City Koppen climate classification Cooling Degree Days 1g°c Heating Degree Days 1g:c Envelope component Thermal Transmittance U [W/m?K]
Seville Csa 1063 916 External wall 0.43
Slab 0.44
Roof 0.35
Window 2.20
Brindisi Csa 834 1151 External wall 0.34
Slab 0.38
Roof 0.33
Window 2.20
Rome Csa 649 1444 External wall 0.29
Slab 0.29
Roof 0.26
Window 1.80
Milan Cfa 380 2639 External wall 0.26
Slab 0.26
Roof 0.22
Window 1.40
Copenhagen Dfb 29 3563 External wall 0.24
Slab 0.24
Roof 0.20
Window 1.10
Helsinki Dfb 33 4712 External wall 0.17
Slab 0.10
Roof 0.09
Window 0.80
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properties were adjusted to meet different climate requirements starting
from the main European energy-containment laws. Hence, a reference
thermal transmittance was considered for roofs, walls, slabs, and win-
dows depending on the law requirements and climatic zones, as reported
in Table 2.

The EC windows were modelled using the full spectral data of each
layer, directly inputted in EnergyPlus. These spectral data were obtained
for two different states (bleached and coloured), by considering the
same glass composition and changing only the spectrum of the outer
layer, according to the defined EC state. Hence, selecting the “switch-
able” window shading control in EnergyPlus, the software automatically
switches between these two constructions to meet the above-described
illuminance setpoint. Considering the different climate zones, these
two constructions were modelled for each location using the same
glazed layers changing only the gaps as described in Table 3 where the
adopted double-glazed units (DGU) and triple-glazed units (TGU) are
described. The resulting solar heat gain coefficients for the bleached
(SHGCp) and coloured (SHGC,) states, together with the values of Visible
Light Transmittance of the two states (VTLy, VLT,) are also reported.

To evaluate the benefits of these switchable windows (EC), the
responsive models were compared with two different reference models.
The first one (REF) is a standard intermediate reference model (SHGC =
0.35, VLT = 0.6) while the second one corresponds to the EC window
always in its clear state (CLEAR). To conduct reliable comparisons, six
REF and six CLEAR models — one for each location — were created in
order to always have the same windows thermal transmittance in the
compared models. Hence, reference (REF and CLEAR) and EC models
differ only for the SHGC and VLT parameters to understand the effect of
the EC modulation.

The latter glazing scenario may also represent the properties of a
clear glass with high SHGC value, usually adopted in some existing
buildings. For this reason, the comparison between the EC and CLEAR
glazing is also relevant in terms of energy uses, not only to assess the
effectiveness of EC modulation but also to report the potential advan-
tages deriving from the use of EC glazing in building refurbishment. To
avoid dependencies on the thermal properties of the windows, the
thermal transmittance of all the windows was considered as reported in
Table 3. The use of these two models allows, on the one hand, to
compare the responsive technologies with a realistic window and, on the
other hand, to highlight the benefits of the modulation of the optical
properties in different climates.

The performance of the proposed EC windows was evaluated on both
energy and daylighting point of view. In particular, the energy varia-
tions were evaluated as variation of the consumptions divided by source
while the visual comfort was evaluated considering the Useful
Daylighting Illuminance (UDI) developed by Nabil et al., [62]. This
parameter considers the absolute daylight illuminance levels on hourly-
based meteorological data — over a period of a full year — to define the
percentage of time in which the illuminance is within the comfort range.
For this study, a range of 300 + 3000 1x was considered as comfortable

Table 3
Characteristics of the adopted glazing.
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according to previous scientific studies [63-65]. Hence, depending on
the occurrence of the daylight levels, the UDI was classified in: UDI-f
(fell-short) when the illuminance is lower than 100 1x and artificial
lighting is required, UDI-s (supplementary) when the illuminance is
between 100 and 300 1x and supplementary artificial lighting is required
to reach the comfort levels, UDI-a (autonomous) when it is between 300
and 3000 Ix and no artificial lighting is required, or UDI-e (exceeded)
when it is above 3000 lx, in this case no artificial lighting is required but
the glare risk is high [66].

To investigate how errors in the measurement of the optical prop-
erties of EC glass may affect numerical simulations, we performed a
series of measurements on the EC glass. Specifically, transmittance and
reflectance spectra have been acquired in the two different operating
states (bleached and coloured) at 10 different points on the EC device to
assess any changes in the optical characteristics.

In general, the curves may differ by a few percentage points because
optical properties of the EC glass may not be identical at each point, but
may vary slightly due to small variations in the thickness of each layers
(especially the drop-cast electrolytes), or simply due to instrumental
error. Fig. 1 shows the spectra of the bleached state with maximum
deviation within the set of measurements: such values were assumed at
the basis of further numerical simulations, carried out to assess the effect
of measurement error on the yearly energy balance obtained in simu-
lations. The discussion of these results are reported in the following
Section 3.

3. Results and discussion
3.1. Energy uses

The most significant difference in yearly energy consumption is
observed between the building equipped with EC glass and the one
equipped with CLEAR glass. Since CLEAR glass shows optical and
thermal properties of the EC glass left in bleached conditions, the results
observed also confirm the effectiveness of active modulation of this
novel technology, compared to glazing compliant with regulations but
with non-dynamic optical properties This result is observed in all the
considered locations, with some degree of variation mainly due to
changes in facade exposure and seasonal differences taken into consid-
eration in the dynamic numerical simulation. Furthermore, the dynamic
operation of the EC glass is overridden during the winter season and its
glazing properties do not change to maximize solar heat gains: for this
reason, in all locations it will be observed that the differences in energy
consumption between EC and CLEAR glazing are zero in all the figures
reported hereafter.

With reference to energy consumption, in the city of Brindisi, EC
glass outperforms REF glass, but with average differences lower than 5
kWh/m? per day throughout the year, both in the heating and cooling
periods (Fig. 5). On the other hand, the difference in energy consump-
tion observed between EC glass in the coloured conditions and in the

Seville/Brindisi (U = 2.2 W/m?K)

Rome
(U = 1.8 W/m?K)

Milan
(U = 1.4 W/m?K)

Copenhagen (U = 1.1 W/m?K)

Helsinki (U = 0.8 W/m’K)

Layer 1 (outside) Bleached / Coloured Bleached / Coloured
Gapl Air (8 mm) Argon (8 mm)
Layer 2 Low-e Low-e
Gap2 - -
Layer 3 - -
(inside)
SHGC,, 0.620 0.620
SHGC, 0.198 0.198
VLT 0.720 0.720
VLT, 0.124 0.124

Bleached / Coloured Bleached / Coloured Bleached / Coloured
Krypton (8 mm) Argon (8 mm) Krypton (8 mm)
Low-e Low-e Low-e
- Argon (8 mm) Krypton (8 mm)
- Low-e Low-e
0.620 0.529 0.529
0.198 0.124 0.124
0.720 0.610 0.610
0.124 0.102 0.102
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Fig. 4. Daily difference in energy consumption between buildings equipped with EC, CLEAR and REF glazing, respectively. The results shown in the graph concern

the city of Seville.

bleached conditions (i.e., the CLEAR glass) are far more significant,
particularly in the cooling season. In the summer season, the differences
EC-CLEAR are significant on all exposures, with maximum peaks
exceeding 20 kWh/m? per day on the southern facade exposure, during
late summer. On the contrary, both on the west (differences up to 8
kWh/(mZoday) and on the east (differences up to 11 kWh/(mzoday)
exposures, differences in energy consumption remain almost constant
throughout the cooling season.

The results described for the location of Brindisi are very similar, for
all the exposures studied, to those observed in the localities of Milan and
Rome, albeit with slight differences in terms of absolute values of energy
consumption (Fig. 8 and Fig. 9). Trends of diagrams are also similar for
these cities. For example, the maximum difference between the EC and
CLEAR glazing is roughly 20 + 23 kWh/(m2eday) in the late summer on
the south facade either in Brindisi and in Rome and Milan. Seville also
shows similar results (Fig. 4), but with slightly lower energy consump-
tion. In these four locations, it is also observed that the maximum

difference (EC-CLEAR) in energy consumption due to the dynamic
behaviour of EC glazing observed on the east facade can be noticed at
the beginning of the cooling season, with average values of 10 kWh/
(mzoday) in Brindisi and Seville and lower values in Milan and Rome, as
the season progresses.

With reference to the differences in energy consumption between the
building equipped with EC glass and the one with static glass compliant
with the regulations (REF), it can be observed that in all locations (and
for all exposures), EC glass shows better performance, with absolute
values of this difference strictly dependent on the locality and exposure
taken into consideration. In the location of Brindisi as well as for Rome
and Seville, this difference is rather contained in the west and east ex-
posures, with values around 5 kWh/(mZoday). In these three cities also
the behaviour on the southern facade is very similar but with an
accentuation of the performance difference, detectable mainly at the end
of the summer season.

These results demonstrate not only the effectiveness of dynamic
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Fig. 5. Daily difference in energy consumption between buildings equipped with EC, CLEAR and REF glazing, respectively. The results shown in the graph concern

the city of Brindisi.

modulation for the purpose of containing energy consumption on an
annual basis for both summer and winter air conditioning but also show
the benefits that can be achieved with respect to a typical static com-
mercial glazing system. Quite unexpectedly, the differences between the
energy consumption of EC glass and that of standard glass compliant
with regulations (REF) are more significant in Northern Europe, namely
in the cities of Helsinki (Fig. 7) and Copenhagen (Fig. 6). On the south
facade, the difference in energy consumption during the summer season
between EC glass and standard REF glass reaches values of up to 9 kWh/
(mZ2eday), in the city of Copenhagen and up to 12 kWh/(m?eday) in the
city of Helsinki. In the latter case, peaks exceeding 10 kWh/(mZeday)
are also reached in the difference in energy consumption during the
winter season. In both Copenhagen and Helsinki, the differences in en-
ergy consumption between EC-REF glazing are smaller both in the
summer and winter seasons on the western and eastern exposures. In all
the figures, data regarding energy consumption for lighting are not
visible due to their lower values compared with heating and cooling.

In Fig. 10, it can be noticed that the amount of cooling degree days
and the climatic area strongly influences the performance of HVAC
systems throughout the year: in cities with lower values, cooling prevails
with respect to heating consumption. In fact, yearly energy consumption
profiles in Brindisi, Seville and Rome are indeed similar. At the same
time, an inverted similarity can be observed in Copenhagen and Hel-
sinki, located in a “heating dominated” climate. Only Milan shows an
intermediate profile of energy consumption, compared with the two
groups. It is worth highlighting that cooling consumptions in Brindisi are
higher than those obtained in Seville despite the latter is characterized
by a warmer climate (834 CDD;g- in Brindisi and 1063 CDD;g- in Sev-
ille). Hence, further analyses were conducted to check the reliability of
the results and their explanation. A detailed analysis of the hourly
cooling consumptions, outdoor temperature, and heat gains through the
windows confirmed the reliability of the results which can be explained
considering the different latitudes and longitudes of the two cities. In
particular, both cities belong to the same time zone despite their
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Fig. 6. Daily difference in energy consumption between buildings equipped with EC, CLEAR and REF glazing, respectively. The results shown in the graph concern

the city of Copenhagen.

longitudes are different (-5.98 for Seville and + 17.94 for Brindisi); in
Brindisi, this difference increases the number of timesteps — during the
office opening hours - with direct solar radiation on the facade.
Therefore, during summer, the higher outdoor temperatures and solar
gains in Seville are concentrated in afternoons and evenings; neverthe-
less, during these hours — when the cooling system is still on - the in-
ternal loads related to occupancy and electrical equipment are lower or
nil and, hence, the cooling demand is lower. Moreover, the higher lati-
tude in Brindisi increases the solar gains in the considered thermal zones
(thanks to a lower incidence angle) with a consequent increase of the
cooling demand. Therefore, to sum up, this unexpected trend is related
to the time-shift in outdoor air temperature and solar gains — with
respect to the office opening hours — due to the different latitudes and
longitudes.

Among the six locations, the ones reporting higher energy con-
sumption are Copenhagen, Helsinki and Milan: the two former cities
show a temperate continental climate, whereas Milan has a humid

subtropical climate. In all the three cities, energy consumption related to
heating is expectedly higher than in the cities having a warm Mediter-
ranean climate: 8699 kWh/yr in Helsinki, 6027 kWh/yr in Copenhagen
and 4684 kWh/yr in Milan; such values were observed in the three lo-
cations, for the building equipped with REF glazing. Among these cities,
Milan is the only one in which the energy required for cooling exceeds
the energy expenditures for heating (4887 kWh/yr, for cooling, if the
REF glazing is adopted). Such values are lower when EC glazing are
used, due to the higher SHGC, allowing higher heat gains in the heating
season: differences of about 5 % can be observed in Helsinki and
Copenhagen but are much higher in Milan (18 %).

Brindisi, Rome and Seville show a warm Mediterranean climate,
according to the Koppen climate classification and, accordingly, the
profiles of energy expenditures are similar, with prevailing energy use
for cooling. In Brindisi, the building equipped with a CLEAR glazing
shows the highest energy use for cooling, 10,075 kWh/yr (76 % of total
energy required yearly for HVAC and artificial lighting). Such value is
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Fig. 7. Daily difference in energy consumption between buildings equipped with EC, CLEAR and REF glazing, respectively. The results shown in the graph concern

the city of Helsinki.

reduced by 20 % if the building is equipped with EC glazing. Cooling
energy is reduced by 26 % using EC glazing and by 21 % using the REF
glazing. The low impact of heating demand in warm climates is related
to the specific model and building type considered. Indeed, the office
model is characterized by high internal gains related to electrical
equipment and people; moreover, the model was simulated without
considering the urban context increasing the solar gains. Hence, the high
solar and internal gains coupled with a highly insulated envelope
(compliant with the latest laws) reduce the impact of heating demand on
the overall consumptions.

In Milan, the use of EC glazing reduces energy uses for cooling by 39
%, compared to CLEAR glazing (by 13 % compared to REF glazing). On
the other hand, total energy consumption is reduced by 19 % and 13 %,
compared to CLEAR and REF glazing, respectively. Seville shows the
lowest energy consumption for heating, ranging from 144 kWh/yr (for
EC and CLEAR glazing) to 336 kWh/yr, for REF glazing. Such values
decrease by 42 % when the EC glazing is used because the SHGC of the

REF glazing is higher. The profile of energy consumption is very similar
to the one observed for Rome.

Furthermore, results reported in Fig. 10 show that the yearly amount
of energy consumed for cooling, heating and artificial lighting is always
lower when building envelopes embody EC glazing. This fact can be
observed in each location, regardless of the climatic area. Moreover,
these results show the effectiveness of this novel technology in reducing
energy uses for cooling and heating, compared to commercial glazing
with static optical and thermal properties. In absolute terms, if one an-
alyses the difference in energy uses due to the use of EC glazing,
compared to the results obtained using the REF glazing, it may be
observed that the energy saved in each location is somewhat propor-
tional to the total amount of yearly energy consumed for each use. In
fact, the highest differences in energy use are reported in Milan (1698
kWh/yr), Helsinki (1409 kWh/yr) and Copenhagen (1325 kWh/yr).
Total savings will be lower in the Mediterranean cities: Rome (1144
kWh/(mZyr), Brindisi (830 kWh/yr) and Seville (606 kWh/yr).
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Fig. 8. Daily difference in energy consumption between buildings equipped with EC, CLEAR and REF glazing, respectively. The results shown in the graph concern

the city of Milan.

To evaluate the extent of the error in the measurement of the
transmittance spectrum on the yearly energy balance resulting from
numerical simulations, further numerical simulation activities were
carried out, using the spectra with maximum deviation from the average
value within the experimental set of measurements. The latter was
considered as the reference measurement, at the basis of the simulations
reported in this work. Such further simulations confirmed the reliability
of the data presented in the manuscript. In general terms, global annual
energy consumption never differs by more than 1 % from the data
presented. Such maximum difference is achieved only in the cities of
Copenhagen and Helsinki: the other locations show lower deviations. In
fact, if the bleached conditions of the EC glass show lower transmittance,
increases in consumption during the winter season can be observed
(+1.01 %). The change in light transmission directly affects the SHGC
value and this leads to a change of solar gains during the winter season
(and an increase of cooling load, respectively, in the summer season). By
referring only to the values of the solar factor of the windows, it can be
observed how a variation of g-factor of about 1.3 % impacts percentage

deviations by approximately 1 % in locations with predominant energy
consumption in the winter season, like Copenhagen. In all the locations
covered by this study, the variation in total energy consumption
resulting from the adoption of different transmission spectra present in
the set of measurements does not exceed of 0.5 %, confirming the reli-
ability of the simulation activities presented. The column of EC glazing
in Fig. 10 reports the extent of percentage variation in energy balance
observed assuming transmittance spectra with maximum deviation from
the average spectrum in the set of measurements.

Regarding the comparison of these outcomes with other studies and
technologies, previous analyses [67] tested EC windows and automated
dynamic blinds in different contexts. The results, despite non-identical
locations and control strategies, highlighted slightly higher benefits
for the EC devices thanks to the reduction of the heating consumption
when compared with a low-transmitting glazing. The main drawback is
related to the significant increase of the lighting consumption which
could be overcome thanks to the revised control strategy proposed in
this paper. Moreover, beyond the energy point of view, EC systems do

10
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Fig. 9. Daily difference in energy consumption between buildings equipped with EC, CLEAR and REF glazing, respectively. The results shown in the graph concern

the city of Rome.

not reduce the view out as no physical obstacle are needed to reduce the
incoming solar radiation unlike the automated venetian blinds.
Considering this comparison [67], traditional EC windows could be less
cost-effective when compared with automated shading systems; never-
theless, the proposed device could merge both the energy, functional,
and cost effectiveness thanks to the use of low-cost gel polymers. Indeed,
the electrolyte layer has a significant impact on the overall cost of an
electrochromic device. If we wanted to compare the cost of our elec-
trolyte with other types, we could analyse the cost of other gel-like or
solid-state electrolytes. For example, polymethylmethacrylate (PMMA)
and polyvinylalcohol (PVA) are among the most commonly used poly-
mers for the formulation of gel-like electrolytes. The cost of these ma-
terials is a few hundred euros per kilogram. Instead, among solid
polymer electrolytes, Nafion, a perfluorosulfonic acid polymer used in
both fuel cells and EC devices, is the best alternative, but it costs a few
thousand euros per litre. Alternatively, some inorganic oxides (SiOo,

11

Tay0s, etc.) appear to be a cost-effective choice in terms of raw material
cost, but they require vapour deposition techniques (thermal evapora-
tion, sputtering, e-beam deposition) which significantly affect the
overall cost. The proposed gel electrolyte, on the other hand, has the
advantage of being easily processed by solution techniques and costs a
few tens of euros per kg.

3.2. Visual comfort

The investigation of indoor visual comfort based on the UDI metrics
also demonstrated the potential benefits deriving from building inte-
gration of EC glazing in the office building acting as a case study for this
work. In a similar way to what was done for the energy performance
simulations, comparisons were made regarding all the locations previ-
ously considered. Table 4 shows the results of comparisons of
daylighting performance, with reference to UDI, comparing the
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Table 4
UDI values in each location for EC (coloured) and CLEAR (bleached) conditions (the maximum errors derived from the EC spectra measurements are expressed in
brackets).
EC CLEAR
UDI-f UDI-s UDI-a UDI-e (>3000) UDI-f UDI-s UDI-a UDI-e (>3000)
(0-100) (100-300) (300-3000) (0-100) (100-300) (300-3000)
Seville 4.48% 4.00% 66.44% (+0.52) 25.08% 4.48% 3.96% 63.32% 28.24
(+£0) (£0.06) (£0.55)
Brindisi 5.43% 2.99% 66.89% 24.69 5.43% 2.99% 62.90% 28.68
(£0.06) (£0.03) (£0.45) (£0.55)
Rome 4.65% 3.83% 68.84% 22.68 4.65% 3.80% 62.02% 29.53
(+0.06) (£0.03) (£0.42) (£0.42)
Milan 7.34% 4.97% 68.71% 18.98 7.34% 4.94% 59.81% 27.91
(£0.13) (£0.06) (£0.16) (£0.26)
Copenhagen 13.45% 7.44% 69.33% 9.78 13.45% 7.44% 64.17% 14.94
(£0.06) (£0.23) (£0.03) (£0.26)
Helsinki 18.45% 9.49% 63.71% 8.35 18.45% 9.42% 55.13% 17.00
(£0.06) (£0.10) (£0.32) (£0.39)

daylighting performance of the glazing in coloured (EC) and bleached
conditions (CLEAR) only with regards to the south fagade of the office
building. It turned out that the number of working hours in which the
test room with dynamic glazing was in UDI-a conditions always higher
than those reported for the static glass.

Also in the evaluation of the UDI metric, to define the conditions of
internal visual comfort, it is noted that in all locations, albeit to different
extents, the EC technology allows good control of daylighting, by means
of dynamic EC switching, effectively reducing the number of hours in
which users are exposed - on an annual basis - to conditions of excessive
lighting (UDI-e), generally considered compatible with glare effects.
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The best results, with active EC glazing, were observed in Copen-
hagen, with 69,33 % working hours in the range 300 = 3000 1x (UDI-a)
and in Rome, with 68.84 %.

Copenhagen shows the highest values of UDI-a either in the EC and in
the CLEAR conditions (69.33 % and 64.17 %, respectively) and -
consequently - very low UDI-e values. The highest increase in UDI-a
values (+8.9 %) is reported in Milan. It ranges from 59.81 % in the
bleached conditions, to 68.71 % when the glass is coloured.

The maximum percentage decrease in UDI-e hours, when switching
the glazing from the CLEAR (i.e., bleached) conditions to the EC con-
ditions (i.e., colored), can be observed in Milan (from 27.91 % to 18.97
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%), Rome (from 29.53 % to 22.68 %) and Helsinki (from 16.99 % to
8.35 %). In these cities, data reported in the table show only slight
variations of the percentages regarding UDI-f (0 <+ 100) and UDI-s (100
+ 300), while significant changes are reported in the column containing
the UDI-a (300 + 3000): from 55.13 % to 63.71 % in Helsinki or from
59.81 % to 68.71 % in Milan. This circumstance occurs in all locations —
though with different values — and is due to the modulation provided by
the dynamic contrast of EC glazing: it makes it possible to reduce the
number of hours in which extra illuminance occurs (UDI-e), bringing a
good part of it back within the optimal range (UDI-a).

The measurement error of the transmission spectra does not produce
significant effects in the evaluation of the UDI figure of merit, in all the
locations studied.

4. Conclusions

In this work, we have reported the results of numerical simulations
based on experimental data measured after fabricating a 100 cm? EC
prototype embodying a low-cost gel-polymer electrolyte, with a novel
formulation. Although it is now clear that EC smart window technology
helps to significantly reduce energy consumption in buildings, the actual
use of this type of device is struggling to catch on, and often remains
confined to isolated applications in specific settings. The main cause lies
in the high cost of production, which makes EC windows uncompetitive
in the market, compared to other cheaper though less energy-efficient
solutions. Therefore, the development of low-cost materials and depo-
sition techniques acquires crucial importance for the diffusion of EC
technology. This paper aims not only to emphasize the importance of EC
technology in next-generation buildings, but suggests an approach to-
ward reducing production costs by focusing on one of the main com-
ponents of an EC device, namely the electrolyte. Commercially available
solutions use inorganic solid-state electrolytes deposited by expensive
vacuum processes. Replacing inorganic electrolytes with polymer elec-
trolytes (which can be processed by solution techniques) is proposed to
lower production costs, related to both the cost of the raw material and
the deposition technique. In the specific case, the electrolyte used in the
here discussed device can be processed by the most common wet-
processing techniques (dip coating, doctor blade, slot casting, screen
printing, etc.). In addition, its very low cost (a few euros/litre) makes it
competitive with other heat- or UV-hardening polymers widely used for
the same purpose.

To test the performances of this low-cost EC film energy and
daylighting simulations were carried out using a validated multi-storey
office building, located in several European locations, representing as
many climatic conditions as possible, from Helsinki to Seville. This
experimental/simulation activity was useful to find out the effectiveness
of this novel technology, both with regard to yearly energy saving
(cooling, heating, lighting) and to daylighting, in several European lo-
cations. The results obtained show that this kind of device not only re-
duces fabrication costs but may also be effective both in cooling
dominated and cold climates. The results reported and just commented
demonstrate the effectiveness of the innovative EC technology proposed
in all the locations taken into consideration, although the cities studied
fall within somewhat different climatic zones. From an energy point of
view, EC devices always show energy demand lower than both law
compliant and clear windows in all the analysed models. Thanks to a
wide modulation of the SHGC (0.62 — 0.2 for DGUs and 0.53 — 0.12 for
TGUs) and to a proper activation criterion, the benefits of these systems
include reduction of heating, cooling, and lighting demand in all the
considered locations when compared to the law compliant reference
model. The highest differences in energy use are reported in Milan (1698
kWh/yr), Helsinki (1409 kWh/yr) and Copenhagen (1325 kWh/yr)
thanks to significant enhancement on both heating and cooling con-
sumptions, while total savings are lower in the Mediterranean cities:
Rome (1144 kWh/ (mzyr), Brindisi (830 kWh/yr) and Seville (606 kWh/
yr). Similar results can be found comparing the EC device with clear
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windows; in this case, the enhancements on energy efficiency are related
only to the cooling consumptions and, therefore, the highest benefits are
registered in the Mediterranean area. From a daylighting point of view,
the use of the proposed EC film improves the UDI in all the locations
considered thanks to a reduction of the UDI-e and a consequent increase
of the UDI-a. Hence, the modulation of the optical properties of the EC
windows allows to increase the percentage of time in which the illu-
minance is within the comfort range. This result confirms that EC de-
vices improve on the one hand, the users’ comfort and, on the other
hand, reduces the energy consumption related to the artificial lighting.
Moreover, the results obtained from the comparison with clear glass
highlight that using these EC devices for retrofitting intervention can
significantly improve both energy efficiency and visual comfort of
existing buildings.

To sum up, the results obtained in this study show that the novel
formulation of the proposed low-cost gel-polymer electrolyte — imple-
mented in EC windows — allows to reduce the cost of the device
improving, at once, energy demand and daylighting of office buildings
located in different climate zones. Further building uses (residential,
educational, etc.) could be considered in future studies to test the per-
formance of these devices in different contexts where the occupancy and
the internal loads are different in magnitude and temporal distribution.
Despite the high potential of chromogenic technologies, EC systems are
still not widespread; therefore, this study aims to be a starting point to
ease the spread of these technologies thanks to the low-cost of the device
adopted and to the comprehensive energy and daylighting analyses
conducted.
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