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Abstract: This paper holds a critical review of current research activities dealing with smart
architectural glazing worldwide. Hereafter, the main trends are analyzed and critically reported,
with open issues, challenges, and opportunities, providing an accurate description of technological
evolution of devices in time. This manuscript deals with some well-known, highly performing
technologies, such as semitransparent photovoltaics and novel photoelectrochromic devices,
the readiest, probably, to reach the final stage of development, to disclose the manifold advantages
of multifunctional, smart glazing. The complex, overall effects of their building integration are also
reported, especially regarding energy balance and indoor visual comfort in buildings.
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1. Introduction

The progressive exhaustion of fossil fuels and the consequent biosphere alteration are strictly
related to the dramatic growth of energy consumption. Global warming witnesses the effects of
anthropic activities on the biosphere. In 2015, during the Conference of Paris, representatives of
196 countries agreed on the urgency to reduce the impacts of human activities [1]. In 2016, fossil fuels
still provided 87% of global energy supply with renewable energies reaching a 10% share [2].

These issues invoke the development of novel, environmental-friendly technologies, exploiting
renewable energy sources, since the rate of energy consumption is by far smaller than the incoming
solar power, which is about 90 PW [2,3]. The need to reduce energy consumption and to develop new,
less energy-intensive technologies, and also the need to use more and more renewable resources, is
largely motivated if one considers that the constructions require approximately 40% of the primary
energy yearly used in the European continent [4]. Such a huge energy consumption is especially due
to Heating, Ventilation, Air Conditioning (HVAC) and lighting in buildings. Pichot et al. [5] reported
that, in the USA, cooling accounts for 10% to 15% of electric energy consumption.

Even in an evolved technological framework, like the one of developed countries, architectural
glazing still acts as a thermal weak point, allowing for undesired heat gains in summer and relevant
thermal losses in winter, thus affecting the energy efficiency of architectural envelopes. Therefore,
a real “Holy Grail” for designers of building envelopes could be represented by smart, multifunctional
devices that are capable of dynamically tuning their thermo-physical figures of merit, according to
perceived changes of environmental parameters. Semitransparent photovoltaic (PV) glazing, as well
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as smart windows, belong to the emerging classes of multifunctional “skins” for energy efficient
buildings [6-8]. These technologies have attracted researchers worldwide, as they could be pivotal in
the design of innovative, multifunctional building facades.

In this review paper, newly developed PV materials are reported, with the potential to create
market opportunities for the building integration of photovoltaics (BIPVs) [9,10], with special reference
to the recent design of solution processable PV devices, which is bringing new impulse to the spread
of PV glazing. On the other hand, smart windows [11], mainly employing electrochromic (EC)
materials [12], are attractive for their capability to reversibly modulate visible and near infrared (NIR)
transmittance, according to precise variations of external stimuli. This allows for visual interaction
with the environment, effective glare and illuminance control, but also thermal comfort management,
affecting energy supply and potential saving, as largely demonstrated [13-15]. Smart windows are
considered to be a promising technology worldwide, indeed expected to play a relevant role as an
architectural component in future buildings [16], by optimizing daylighting use as well as cooling
demand, mainly depending on their use strategy [17,18]. Thus, the dynamic behavior of glazing can
be the natural evolution of novel PV devices towards “intelligent building skins”.

In this compelling roadmap, photoelectrochromic devices (PECDs), allowing for chromic transition,
like common smart windows already on market, might be relevant players, since they would not
need any external electric power source to work: in fact, they are capable of exploiting the available
sun irradiance to generate electric energy by internal PV conversion and are capable of responsively
modulating their transmittance [19-21].

2. Novel Technologies for Glazing: A Useful Glossary

The development of new materials to be used in constructions requires the accurate check of their
real usability. This requires the early, accurate measurement of the performance of new materials and
devices, the assessment of the figures of merit describing such performance, well before the technology
development reaches its final stage; this also allows for design and performance correction, before the
end of the experimental development activities. To this end, the synergy between development and
computer simulation activities becomes a relevant step to lead the full exploitation of new technologies,
in certain areas of the planet. It is widely accepted that BIPVs need to overcome various barriers
consisting in cost-efficiency considerations, but also aspects concerning psychological and social
factors [22], still acting as limiting factors for their spread. Nevertheless, they will play a role in the
design of zero energy buildings (ZEBs) in the near future: to this aim, BIPVs will have to successfully
comply with aesthetical, economic, and technical constraints before being considered to be fully suitable
for integration in envelopes, since the early stages of design [23,24], being ready to fulfil the multiple
requirements of BIPVs, acting as multifunctional building components [25-27]. Quite predictably,
most relevant candidates for BIPV are those devices showing high transparency in the visible range of
wavelengths, which is the main figure for architectural glazing.

High transparency in BIPVs is probably the main figure of merit, because it allows for an increase
of the surface of building envelopes that are engaged in energy harvesting, providing a supplementary
contribution to energy generation (apart from rooftops and opaque surfaces), but also to provide
multiple features, like shading or even dynamic shading, so as to maximize (or optimize) daylighting
use. The parameter allowing for quantifying this attitude is the visible transmittance (Ty;s), also named
light transmittance, provided by the following expression [28]:
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where D, is defined as relative spectral features of a D65 illuminant, V(A) is the spectral luminous
efficiency for photopic vision of a standard observer, T(A) is the monochromatic transmittance of the
glass in the visible range (between 380 nm and 780 nm) and AA is the wavelength interval. On the



Energies 2020, 13, 1929 3of24

other hand, solar transmittance (Ts,;), including the contribution of infra-red radiation, is given by the
following expression [28]:
Eoom " T(A)S1AA
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with S, representing the relative spectral distribution of solar radiation. AA is the wavelength interval
and T(A) is the monochromatic transmittance of the glass, between 300 nm and 2500 nm.

Moreover, average visible transmittance (AVT) is often adopted as a measure of the mean visible
transmittance, between 380 nm and 780 nm [29]. Transparency in glazing is indeed a pivotal feature and
minimum acceptable values exist for AVT. A specific study by Boyce et al. [30] reported the threshold
of minimum acceptable transmittance for glazing in office buildings, ideally falling within the range
25-38%. This is a fundamental parameter for both semitransparent PVs and the bleached state of
PECDs. Moreover, a specific survey showed that effective smart glazing for building integration should
switch their T, from 50-70% in the bleached state, down to less than 10-20% in the coloured state [31].
With these premises, one can observe that most of the ECs and PECDs have reported compatible values
of transmittance, with reference to both the lower and the upper thresholds [32].

A relevant measure of these variations is the contrast ratio (CR), expressed by:

_ T

CR = T,
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where T}, represents transmittance in the bleached state and T is in the colored state. Transmittance (or
absorbance) modulation can be expressed in terms of modulation: AT% (or AA%). The modulation
kinetics of chromogenic materials and devices can be expressed in terms of response time (expressed in
s), i.e., the time that is required to complete the transition between (bleached/colored) states. In some
cases, it expresses the time to activate a given fraction of the complete modulation, expressed by the
time constant. Response time is generally measured at a specific wavelength.

Another relevant parameter, frequently used in order to analyze performance of chromogenics, is
the coloration efficiency (CE), which measures the modulation of optical density per unit of intercalated
charge. The change in optical density (AOD), depending on the contrast ratio, is first expressed, at
each wavelength, by:

Ty(A)
Te(A)
where T}(A) and T,(A) represent, respectively, the monochromatic transmittance in the bleaced and

colored states, respectively. Then, CE is generally calculated at the wavelength showing maximum
absorbance as a function of charge density (Q/A), and can be expressed as follows:

AOD = In )

AOD ln—?éﬁi
CE= — = < 5
Q/A ~ Q/A ©)

A high value of CE is an index of a large contrast activated using a small amount of charge
extraction and insertion. This parameter is generally adopted in EC devices, in which Q/A is provided
by an external circuitry.

When PECDs are considered, a more suitable figure of merit, substantially equivalent to CE, is
represented by photo-coloration efficiency (PhCE), when considering the different way to provide
charge insertion in such devices, generally exploiting PV conversion to be activated. In this case,
the exposure energy is considered, that is the irradiance times the exposure time.

AOD

PhCE =
c It

©)

Let I represent the light reaching the device (W/m?) and t the exposure time (min).
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Moreover, open circuit memory represents the time in which coloration remains unvaried, without
requiring any bias to restore the desired coloration stage. For this reason, this figure represents
an asset for chromogenics because, in devices with large open circuit memory, additional power will
be necessary only to obtain small changes in the optical properties. Devices showing small drifts of the
optical state, after several hours, are by far preferred.

3. Novel Technologies for Semitransparent PVs

The first strategy adopted to increase cell transparency, in order to obtain semitransparent solar
cells, was to spatially segment opaque silicon (Si) cells or copper indium gallium selenide (CIGS)
cells, dispersing cells across a transparent substrate, so as to allow for the optical transmission of
light through free spaces between cells, aiming at a good compromise between energy harvesting
and indoor visual comfort. This happened especially for technologies belonging to first (and second)
generation PVs. Since then, improvements have been achieved, which involve different technologies,
including dye-sensitized solar cells (DSSCs), amorphous silicon (a-Si) cells, organic cells, and solid-state
heterojunction solar cells. Unfortunately, none of them has still gained the expected role in market
share [33-38]. A huge, multidisciplinary research effort would be required to foster a coherent
development of technologies for semitransparent BIPVs. Tailor-made materials for solar cells should
be characterized by low cost, should be reliable and efficient as systems now on the market, and be
durable and stable, as required by regulations, with pleasant aesthetics and high transparency, to be
really considered to be suitable for glazing use. Lightweight, flexible—or even rollable—solar cells
could easily find their place in the emerging BIPV sector [39].

3.1. Dye Sensitized Solar Cells (DSSCs)

DSSCs, also known, worldwide, as Grétzel solar cells, contain a photoelectrode embodying
a mesoporous semiconductor oxide (generally, titanium dioxide (TiO,), but also Zinc oxide), sensitized
by means of metalorganic or fully organic dyes, influencing light absorption according to their
properties [40]. N719 is the commercial name of the most used ruthenium-based dye, showing its
effectiveness along the visible spectrum; it achieves conversion efficiencies (1) that span from 7%
exposed to standard test conditions, to about 11% in diffuse daylighting conditions [26]. Several
ruthenium complexes—Ilike N3, N719, N749-and black dyes have been designed and synthesized.
These dyes acted as paradigms for highly efficient charge-transfer, though they show some inherent
drawbacks, like high cost, complex, and costly synthesis, and the use of limited amounts of noble
metals [41].

For this reason, metal-free organic dyes have been proposed to replace ruthenium-based dyes.
Lee et al. [42] reviewed several suitable organic materials for photoanodes, electrolytes, and metal-free
catalysts, reporting efficiencies that exceed 5%. Their degree of transparency and colour can be tuned
according to the photoanode properties (thickness and crystalline phase) and to the dyes adopted.
Parisi et al. [43] carried out a Life-Cycle Approach (LCA) analysis to compare DSSCs to other PV
technologies. The former showed better results.

The suitability of semi-transparent DSSCs for integration in glazing was investigated by
Selvaraj et al. [44], who found that 37% transparent DSSCs may break down the phenomenon
of disturbing glare by 21%, as compared to a clear double glazed unit, in the same conditions.

As reported by Fakharuddin et al. [45], DSSC panels might even outperform their silicon and thin
film cells counterparts in delivering electricity when exposed to low irradiance (Figure 1).
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Figure 1. Schematic of the working mechanism of a DSC (Left); A photoelectrode (100 cm?) for a DSSC
module (Right). Reproduced from Ref. [45] with permission from The Royal Society of Chemistry.

Kitamura et al. investigated the relevant issue of DSSCs’ durability [46], who found how to
mitigate the effect of water intrusion into the electrolyte, employing ionic liquid electrolytes, eventually
enhancing stability of cells. This solution ensured high stability of PV performance, even at high
temperatures, and those DSSCs successfully passed the Japanese standards tests for endurance of a-Si
PVs (JIS C 8938). Other durability limitations may be induced by solvent evaporation and electrolyte
leakage, due to inefficient device sealing. Reale et al. [47] developed a model to study a building
integrated PV system embodying DSSC technology, starting from experimental data measured on
modules operating in outdoor conditions. The semitransparent DSSC module presented in this work
embodied 13 cells, connected while adopting a “Z” layout. N719 dye on semitransparent TiO, layers
were used for modules with a surface area of 16 x 17 cm?. Real data that were collected outdoor
were used to calculate the producible energy in real locations using available weather data. DSSCs
outperformed c-Si, a-Si, CdTe, and CIGS, well established technologies for BIPV applications, after
normalizing the energy production with the peak energy production. This point, according to the
authors, was due to the better behavior in the diffuse light conditions of DSSCs respect to other PV
technologies. Their performance was better than standard technologies in any possible orientation.

3.2. Amorphous Silicon Solar Cells and Thin Film Solar Cells

Among the different PV technologies that are potentially available for their semitransparency,
even though their appearance is basically brownish, a-Si cells are typically thinner than other first
(and second) generation technologies (c-Si, mainly, or CdTe, CdSe, or CIGS solar cells). [48]. a-5i
cells typically undergo initial efficiency decay due to the Staebler—Wronski effect, which reduces
efficiency due to de-passivation under light soaking [49]. a-Si tiles could be used on rooftops, but
also semi-transparent modules have been reported as suitable solutions for fagades or glass ceilings,
effectively allowing for light penetration indoor [50,51]. PV systems’ transparency can be enhanced by
reducing the thickness of PV materials, though at the expenses of photovoltaic conversion efficiency.
Chae et al. [52] studied building-integrated semitransparent a-Si solar cells with a 120-nm-thick a-Si:H
absorber, showing n = 4.8%, with visible transmittance reaching 0.27. The dependence of electric
performance on the changing absorption properties of devices is reported in Figure 2. They found
that BIPVs in glazing reduces the yearly energy consumption for HVAC and greenhouse gas emission
thanks to the PV electricity generation, but also to their thermal and optical features. The energy
generation ranged from 22 kWh/m? yr to 45 kWh/m? yr per year using a-Si:H cells. These data were
mainly influenced by type of PV cell, location, and facade orientation.
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Figure 2. Transmission spectrum of semi-transparent devices with different absorption layers (left),
and J-V characteristic curve for semi-transparent devices (right). Reprinted from Applied Energy,
Volume 129, Y. T. Chae et al., Building energy performance evaluation of building integrated photovoltaic
(BIPV) window with semi-transparent solar cells, Pages 217-227, Copyright (2014), with permission
from Elsevier.

3.3. Organic Solar Cells

The so-called organic PVs (OPVs), as reported by Krebs et al. [53], can be manufactured using
abundant materials, in very thin devices, with an overall thickness of about 100 nm, being susceptible
for continuous and cheap printing/coating processes, starting from liquid ink. Transparency in OPVs is
once again a compromise between film deposition parameters and captured photons, low resistance,
and suitable optical properties. OPVs embody organic layers replacing metals and metal oxides
in the role of effective electron/hole transporting layers in a device. Chen et al. [54], report some
solution-processable materials, like carbon nanotubes and graphene, replacing transparent conductive
oxides, or PEDOT:PSS. In their work, a blend of PBDTT-DPP and PBDTT-PCBM acted as photoactive
layers with complementary absorption. These devices reached efficiencies higher than 5%. All of
these layers are generally sandwiched between a 100 nm thick metal cathode (or silver nanowires) and
a transparent conductive oxide about 150 nm thick [55,56]. The great interest in OPVs worldwide is
mainly due to their lightness, semitransparency, and flexibility, which make them quite unique among
the innovative power generation technologies. Song et al. recently reported optical transmittance up
to 69% (550 nm) [37]: they combined very transparent graphene electrodes with NIR/UV-absorbing
organic polymers (Figure 3). Conversion efficiency between 2.8% and 3.8% was achieved for these
flexible devices. Kim et al. [39] reported efficiencies of 5-6% for all-polymer solar cells, opening the
way to further enhancement.

| e Anode (2L Graphene)
; : - ~1nm

Hole Transport Layer (MoO,)
—  20nm

Active Layer (PDTP:PCBM)
100nm

~—___ Electron Transport Layer (Zn0O)
25nm

Polymer Interlayer (Pedot:PSS)
20nm

Cathode(1L Graphene)

~1nm

Figure 3. Axonometric view of the device structure; Photograph taken through a device, with dotted
lines outlining device corners. Reproduced from [37], with permission from John Wiley & Sons
Inc. (2016).
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3.4. Perovskite-Based Heterojunction Solar Cells

A new generation organic-inorganic hybrid two-dimensional (2D) perovskite semiconductors was
developed since the first decade of the new millennium, as reported by Zhang et al. [57]. Green et al. [58]
showed the extremely rapid progress of perovskite-based PVs, since 2012. Kim et al. [59] reported
a mesoscopic solar cell embodying heterojunction structure and nanoparticles of methyl ammonium
iodide as efficient light absorbers, being infiltrated on TiO, mesoscopic films. These cells contained
Spiro-MeOTAD, acting as a hole conductor and reported large current densities (17 mA/cm?) and
conversion efficiency of 9.7%. In a couple of years, the efficiency overcame 15% and perovskite-based
cells had proven to be interesting candidates for their potentially low-cost solution-processable
fabrication [60,61]. Additionally, devices with compact TiO, layers and tandem architectures were
reported, obtaining efficiency exceeding 20% [62]. This solid-state PV technology has shown
an impressive increase of conversion efficiency, reaching 16.2% at the end of 2013 and recently
achieving n = 25.2%, at a laboratory scale, as testified by the most recent NREL chart [63].

More than 13300 papers were published from 2012 to august 2019 on perovskite solar cells,
according to a recent review by Park et al. [64]. Such paper described active research toward the
scale-up of perovskite-based cells and modules. Encouraging efficiencies of 17.3% were measured on
devices with surface area of 17.277 cm? and of 11.7% for devices of 203 cm?.

Perovskite-based solar cells offer interesting prospects due to high energy conversion efficiencies
and low processing costs. Perovskites are well-known materials with structural formula ABX3,
(X an anion, A and B are cations, with the former larger than B). Toxicity issues in fabrication,
deployment, and disposal of devices were raised about perovskites, due to the embodied lead used in
some synthetises. Lead-free perovskites have been proposed and disposal issues are currently under
study. It should be highlighted that research on perovskites for PVs is at the very early-stage, when
compared to other consolidated technologies [65].

Other relevant open issues are represented by stability and degradation, mainly due to moisture.
Christians et al. [66] have studied the degradation mechanisms observed in perovskites. Their modified
device architecture retained more than 94% of its best performance, after undergoing 1000 hr of
accelerated degradation testing, even without sealing; the tests consisted in continuous illumination in
ambient humid air. More test activities will be a necessary further step to prove that perovskite-based
cells could work for at least 20 years; nevertheless, this result is a relevant benchmark, showing the
potential improvements that were achievable by this emerging technology. The most interesting aspect
of this new class of solid-state heterojunction solar cells certainly lies in the entirely new opportunity
to greatly simplify the design of the device, paving the way to building integration. These cells have
very low overall thickness, of a few microns, and they are fully compatible with glazing industrial
processes. Another interesting aspect, which is currently under investigation, is represented by costs
of perovskite-based PVs. The cost of perovskite cells has been calculated and it was estimated to be
about 40 USD/m?, much less than the cost of silicon solar cells [67]. Furthermore, Song et al. [68] have
calculated the minimum sustainable price and manufacturing cost of those innovative cells, finding
a value of 31.7 + 5.5 $/m?. On the other hand, processing costs (24.9 + 4.3 USD/m?) resulted lower
comparing perovskite-based cells to previously diffused thin film technologies (29 US$/m? for CIGS
and 27 USD/m? for CdTe cells). Tunable aesthetics can be an asset for newly designed perovskite-based
PVs. In fact, the colour of perovskite cells can be suitably customized by tuning cations used in the basic
perovskite structure [69]. Zhang et al. [70] proposed a photonic approach to improve and customize
aesthetics in perovskite cells. They followed the natural route to obtain structural colours by means of
photonic crystals, as observed in butterfly wings; they created a scaffold within the photoactive layer,
so as to tune the color of the solar cell across the visible spectrum, adopting a bottom-up approach,
aiming to a scalable, cheap liquid processing technique. In this way, different colours in perovskite
cells were obtained, employing the interference of scattered light waves.

A non-uniform solution deposition of perovskite layers was exploited to fabricate semi-transparent
cells based on perovskites. This approach was demonstrated by Eperon et al. [29] who found that the
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de-wetting of films can be suitably leveraged to obtain micro-structured arrays of perovskite “islands”.
These islands effectively absorbed all visible light without covering the whole surface (Figure 4).
The resulting “de-wet” regions were fully transparent. The average transmittance was associated
to a neutral-coloured, highly semitransparent film, avoiding the brownish tint that is typical of thin
semiconductors; this process has proven to be a potentially low-cost approach towards the fabrication
of large area solar cells. Micro-islands can be tuned in order to achieve different covering ratio on the
substrate. Their thickness, of about 1 um, allows them to fully absorb all light at energies exceeding
their band gap, which is 1.55 eV, though keeping high transparency of the full film containing, due to
the presence of large uncovered residual surface. Moreover, the color-neutrality of these PV films was
assessed by means of the 1931 xy colour space (by the Commission Internationale de I'Eclairage (CIE))
and colour perception indices were reported.

Perovskite

FTO Spiro-OMeTAD

Figure 4. Micro-island structure observed by scanning electron microscopy and image of the
semitransparent perovskite-based solar cell. Reprinted with permission from “Neutral Color
Semitransparent Microstructured Perovskite Solar Cells”, ACS Nano 2014, 8, 1, 591-598. Copyright
(2013) American Chemical Society”.

This novel approach succeeded in forming semitransparent and neutral-coloured solar cells with
efficiencies that approached 8%, being observed at the lowest transmittances, i.e., AVT ~7%. On the
contrary, cells showing higher transparency, showed AVT of ~30% and efficiencies of 4.5% (open circuit
voltage ~0.7 V).

Horéntner et al. [71] observed that this process produces shunting paths in the “de-wet” island
morphology, resulting in an undesired contact between electron and hole transporting layers, by-passing
the photo-active micro-islands. This produced a reduction of photocurrent density. The resulting
“shunt paths” reduce the shunt resistance and also the fill factor parameter. Horantner et al. coped with
it by selectively filling the uncovered regions by means of an insulating material, i.e., octadecyl-siloxane
molecules, acting as selective electronic insulating barriers; in fact, they attached to the exposed surface
of compact TiO,, without affecting charge transport in the perovskite islands. Thanks to this behavior
of octadecyl-siloxane in the device architecture, they obtained an increase in conversion efficiency up
to 6.1% for neutral coloured semitransparent perovskite cells, with a really high device AVT, reaching
approximately 40%.

Aharon et al. [72] reported a different method for obtaining highly transparent perovskite solar
cells, depositing CH3NH;3Pbl; (MAPDbI3) perovskite, exploiting the film formation enabled by a screen
printing mesh. These cells, with AVT spanning from 19% to 67%, reported conversion efficiencies of
4.98% and 0.38%, respectively.

Quiroz et al. also reported two alternative protocols for semitransparent perovskite films [73],
resulting in a Tyis of 37% and a conversion efficiency () of 7.8%. They also commented that fast
growing efficiencies of perovskite solar cells in the latest years, low temperature process, and the use
of cheap raw materials make them promising candidates to be a pivotal PV technology in the future.
Chang et al. analysed production costs for perovskite modules, though at an early stage of technology
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development [60]. They explained that this emerging technology should exceed CdTe efficiency of 20%
and also lifetime, to be really competitive.

3.5. Open issues for Building Integration of Semi-Transparent PVs

The building integration of PVs raises several issues, including visual comfort features, the amount
of harvested energy, the optimisation of indoor sunlight penetration, and the effect on the use of
artificial lighting sources for lighting. BIPVs is not only relevant in terms of yearly energy balance,
but it also affects the attainable level of indoor visual comfort, if windows, skylights or canopies are
equipped with PV systems [74,75]. To effectively replace common glazing, solar cells, even if embedded
and sealed in laminated glazing, should reach threshold values of average transmittance. Only in this
case, the building element could be considered to be compatible with the multiple issues for integration
in transparent facades. Nevertheless, Kapsis et al. [76], comparing a-Si, Polycrystalline-Si and thin
film organic solar cells, demonstrated that in cooling dominated climates, semi-transparent PVs with
10% transmittance reported the best results in terms of end-use electricity savings and that the optical
figures of modules were highly sensitive on the criteria adopted for daylight and lighting control.
Zomer et al. investigated the difficult balance between aesthetic requirements and performance in
building integrated silicon-based cells [77]. a-Si solar cells were reported as a suitable technological
choice for BIPV, in works by Chae et al. [52] (n = 4.80%, Tyis = 0.30) and by Lim et al. (n = 5.93%,
Tyis = 0.18) [78].

Olivieri et al. [9] analysed the impact of building integrated semi-transparent PV cells on HVAC
and lighting loads; they also considered electricity generation. Window to wall ratio (WWR) and
cells AVT (with Tyjs ranging from 0% to 40%) were the main parameters adopted. They found that
semi-transparent solar cells could provide yearly energy saving between 18% (WWR = 33%) and 59%
(WWR = 88%), respectively, as compared to clear glass.

As seen in previous sections, a-Si cells report better performance (at low irradiance levels)
than perovskite semitransparent cells. However, perovskite-based cells outperformed a-Si cells
when their performance was analysed under a more holistic perspective [79], because of two main
reasons: their exceeding conversion efficiencies as well as for their favourable optical properties (their
neutral-colour results in a substantially grey glass, whereas a-Si cells appear orange or brownish,
since they absorb blue-green radiation). Recently, a systematic, parametric approach was adopted
to consider multiple figures of merit to study the manifold effects that could derive from building
integration of semitransparent perovskite cells [80]. It was demonstrated that those cells, apart from
producing electric energy, may also perform as an effective solar control film, shielding undesired solar
gains, providing higher levels of indoor visual comfort, as well as energy saving. Daylight metrics,
such as Useful Daylight Illuminance (UDI) [81,82] and Daylight Glare Probability (DGP) [83], were
adopted in order to estimate the effects of perovskite cells on visual comfort, in the framework of
a suitably designed test room. Three sites were chosen for the analyses based on their different climatic
characteristics. As to glare probability, the use of PV glazing significantly lowered the DGP hours in
all cases. In the office case, PV glass reduced the number of working hours with high occurrence of
glare probability down to 16%, 23%, and 12% in London, Brindisi, and Aswan, respectively. The yearly
energy yielding due to BIPVs was found to be at least comparable to the annual electric expenditures
for artificial lighting.

The potential benefits deriving from perovskite-based BIPVs were determined for a real office
building in Bari, Italy [84,85]. Building-integrated semi-transparent perovskite cells reduced the total
“passive” energy balance by 4% due to their inherent shielding behavior. “Passive” means that PVs are
considered as not operating. On the other hand, if considered as operating, semitransparent perovskite
glazing reduced the energy uses by 15% on a yearly basis. The addition of further horizontal PV shades
to PV glazing reduced the energy yvield of the PV glazing, but, when combined to the above-mentioned
passive benefits, resulted in a 22% energy reduction, compared to the reference case. Meanwhile, using
such devices proved to be an effective strategy to control over illuminance and glare problems.
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Another important point, affecting BIPVs, relates to cost. As reported by Jelle [86], a maximum
acceptable payback time of 10 years for PV modules is expected in Europe and it is generally achieved
with Statal subsidies. A desirable reduction of PV cost might pave the way towards attractive solutions
of high integration. Yang and Zou [74] discussed benefits and existing barriers to the commercial
spread of BIPVs. The main benefits could be: the reduction of carbon emissions and social costs, lower
environmental impact of constructions, reduced land use as compared to the first stage of PV spread,
and lower electricity bills for building users. Ideally, BIPV components in architectural envelopes may
produce a sort of mere cost-offset, when compared to traditional elements, both in new construction
and in energy retrofit: according to Benemann et al. [10], silicon cells caused an additional offset-cost
of about 350-500 USD/m? when compared with a standard glass facade. A paper by Attoye et al. [87]
explained that an appropriate BIPV customization might help in overcoming several BIPV persisting
barriers to their adoption, such as aesthetics, architectural integration, and lower performance.

4. The Architectural Evolution of Chromogenics for Building Integration

4.1. A chronological Review of PECDs

The first publication reporting electro-optical measurements of PECDs [19] dates back to 1996 and
it was hailed as an intriguing fusion of two different technologies: smart windows and PVs. This new
class of devices was, in fact, capable of sensing changes in light irradiation to produce consequent
responses in modulation of transmittance, paving the way towards the design of smart building
skins [32]. Since they can produce electric energy by means of PV conversion like a common solar cell,
the dynamic “self-modulating” capability was not only self-powered, but also calibrated according the
electric output, thus providing a modulation potentially dependent on the variable environmental
conditions. Given this premise, as we will show hereafter, PECDs would positively affect the building
energy balance, reducing energy consumption for cooling and electric lighting. Several architectures
have appeared since that first disclosure of PECDs in literature, compelling researchers to classify the
systems to simplify their analyses.

As reported elsewhere [32], PECDs may be conveniently grouped according to several criteria,
including: EC materials used, the PV technology activating the observed chromogenic behavior,
the arrangement of layers within the device layout, but also the mutual arrangement of EC and PV
layers, operation mode (available external circuit, mechanism of coloration activated in open-circuit, or
in short-circuit conditions), the materials’ state of aggregation within the device architecture (solid,
liquid, gel) or the manageability of the device by users, to control its features.

The ideal criterion to analyse PECDs’ evolution in time might be the chronological one: in fact,
this approach shows the impact of materials’ evolution on the technological development of PECDs,
clearly showing occurring trends in the design of devices and materials. The main influencing factor
has been represented so far by the PV technology adopted, in turn affecting the efficiency and durability
of PECDs. Differently from photochromic films, this PECD embodied a PV film on its photoanode,
being completely separated from the cathodic EC material, by means of a liquid electrolyte: the device
hosted a dye-sensitized TiO, (light absorber) on the photoelectrode and a tungsten trioxide (WO3)
layer, deposited on the counter electrode. When irradiated, electrons that were generated on the
photoanode moved into the WO3 film (photovoltage in open circuit was about 0.6-0.9 V) via an external
circuit, reaching tungsten sites. Subsequently, lithium ions were attracted from the electrolyte. This
process allowed for a reversible redox reaction standing at the basis of the coloration process. Later, B.
Gregg [21] lowered the iodine content in the electrolyte, in order to maximize the cell photovoltage.
Moreover, he opted for a more transparent dye in order to reduce the device absorbance.

Since then, PECDs have attracted strong interest among researchers without achieving, so far,
a real market entry, probably due to the deceiving expectations of technologies in the field of BIPVs.
Afterwards, Li et al. [88] proposed another “separated” PECD architecture, employing polyaniline
(PANI) as anodic EC material. In separated PECDs, the materials involved in PV generation and those
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in charge for coloration stand on separated electrode. In this case, the photo-generated voltage allowed
for a fair de-coloration of the anodic electrochromic PANI layer. Pichot et al. [5] fabricated the first
PECD on flexible polymer substrates, with a low temperature process of TiO, films. A turning point
was represented by Hauch'’s architecture [89]: in this case, the TiO, layer was deposited onto the WO;
layer, with EC and PV materials sharing the same substrate in a so-called “combined” architecture
(Figure 5). Full coloration took place under illumination (open-circuit), with a t, of about 2 min., (for
both colouring and bleaching). The kinetics was accelerated due to the thin platinum (Pt) catalyst layer,
being deposited on the counter electrode. This PECD colours if illuminated at open circuit, because the
photogenerated electrons pass from TiO; to WO3. Once electrons diffuse in the EC material, they attract
lithium ions, giving coloration; on the contrary, the device bleaches if short-circuited, because electrons
use the circuitry to reach the counter-electrode; this activates regeneration of iodine ions available inside
the electrolyte as well as the concomitant deintercalation of lithium from WOj3, resulting in a bleaching.
Liao etal. [90] adopted PEDOT as a cathodic EC, measuring AT of 20-22% at 630 nm. Krasovec et al. [91]
fabricated a solid-state PECD while using a solid lithium-based ion conductor and an organically
modified silane containing a typical iodine/iodide redox couple. In this stable architecture (highly
stable, after 50 days), the colouring process took place under open-circuit conditions, if exposed to
sunlight, reaching an optical modulation of 60% under irradiation. The solid-state electrolyte affected
the kinetics, which was slower when compared to PECDs containing liquid electrolytes.

TCQ_|

dye electrolyte

Figure 5. Two different architectures of photoelectrochromic devices: the typical “separated” PECD
(left) and the “combined” architecture. Reprinted from Electrochimica Acta, Volume 46, A. Hauch et al.,
New photoelectrochromic device, Pages 2131-2136, Copyright (2001), with permission from Elsevier.

Georg et al. also demonstrated a solid-state electrolyte, with high open-circuit memory (up to
100 h) [92]; the solid state of the electrolyte undoubtedly affected the slower coloration kinetics (15 min.).
For the first time in PECDs’ studies, a current-voltage characteristic curve was reported, envisaging,
at last, the challenging idea to employ PECDs for smart solar control as well as PV conversion
(n was, anyway, as low as 0.054%). Nokki et al. [93] achieved a PV efficiency of 1.1% in devices
containing 6 um thick photoelectrodes, being subjected to double sensitization of TiO,, by means of
a ruthenium-based dye (acting as a light harvester) and an EC viologen layer. This device showed
AT =23% at 675 nm. Later in 2008, PProDot-Et2, an EC polymer film, was used by Hsu et al. [94],
coupled with dye-sensitized TiO, to fabricate a PECD: this device was capable of producing electric
energy by means of PV conversion and of undergoing a responsive optical modulation.

Leftheriotis et al. [95,96] evaporated high quality WOs5 films (400 nm) by e-beam processing
on FTO substrates, onto which 300 nm thick TiO, was deposited. A highly transparent Pt catalyst
layer was on the counter electrode. This PECD showed a contrast ratio of 3.6, coloring in 12 min.
Interestingly, they observed that the size of the device did not influence kinetics, but it was rather
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dominated by the electric field that was generated by the PV unit inside the device. This means that
coloration kinetics observed in lab-scale cells might also be observed in large-area windows. The
same group investigated the durability and stability of PECDs, in different operating conditions [97],
providing possible explanations degradation mechanisms and proposing a loss mechanism, including
the reaction of electrons with tri-iodide ions at the interface between the cathodic EC material and the
electrolyte. They also found that a 35 nm thin ZnS film, evaporated by e-beam deposition on top of
WO3;, suppressed contrast losses, acting as an effective barrier [98].

Recently, the performance of electropolymerized PhmEDOT and PEDOT thin films were compared
by Lin et al. [99] in PECDs. They found that devices embodying the PhmEDOT thin film reported faster
kinetics and higher contrast (AT = 21%) as compared to the one embodying a PEDOT thin film (AT =
13%). Dokouzis et al. reported further works on PECDs, recently, using cobalt redox electrolytes [100]
and studying the long term performance, exposing them to insolation in short-circuit and open-circuit
conditions [97]. Theodosiou et al. fabricated electrolytes with different concentrations of PMMA,
having a ionic conductivity in the order of 1075 S/cm, which decreased if the PMMA increased [98].

Shen et al. [101] sensitized the photoanode of a PECD using carbon quantum dots and used
PProDOT-Me2 as an EC film, modulating its transmittance by 54.6% (measured at 580 nm) in less than
5 s, for coloring and bleaching. On the other hand, Xu et al. fabricated a PECD that was activated by
Pt-free flexible DSSCs, with copper sulphide mesh transparent films acting as counter electrodes [102].

4.2. Photovoltachromic Devices: One Step Forward for PECDs

The first photovoltachromic device (PVCD), (i.e., a PECD that was capable of producing more
electric energy than the amount strictly needed to activate smart coloration) was disclosed in 2009
in a paper by Wu et al. [103] (Figure 6). The first PVCDs combined the PV features of dye-sensitized
cells and those of PECDs, in a separated architecture. A frame-type layout was adopted, to pattern
the WO3/Pt counter electrode. When irradiated, the PVCD underwent very fast coloration (4 s)
in short-circuit conditions, whereas bleaching occurred in 40 s. Moreover, a fair PV performance
(n = 0.50%) was observed. The very fast kinetics was ascribed to the presence of the Pt catalyst.
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Figure 6. Device architectures of a typical photoelectrochromic device and of a photovoltachromic
device (A); Transmittance spectra of the device in the bleached and colored state (B); pictures of the two
states (C); transmittance spectra at 788 nm for a photoelectrochromic device and for a photovoltachromic
device (D). “Fast-Switching Photovoltachromic Cells with Tunable Transmittance”, ACS Nano 2009, 3,
8, 2298-3303. Copyright (2009) American Chemical Society”.
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A novel design for PVCDs [104] was proposed in 2011, with a special tuning of the electrolyte
formulation and a C-shaped Pt frame on the counter electrodes bounding a square region of WOs. In this
case, the two areas of the counter electrode were electrically separated, and this allowed for operating
the device distinctly as a solar cell or as a PECD, while using two available external circuitries. The smart
modulation was accompanied by a relevant increase of efficiency (n = 6.55%). Leftheriotis et al., in
2012 [96], reported a device embodying frame-type opaque (5 pm) TiO, photoelectrodes instead of
highly transparent ones: they measured t o) of about 3 min. and a contrast ratio of 10.2. Yang et al. [105]
disclosed a new architecture for a PECD, integrating PProDOT-Me2 as an EC film. The nanofibers of
the EC layer were deposited above a thin Pt layer. They achieved t., of a few seconds and AT = 38%.
The fibrous structure of the EC material allowed for the contact between the electrolyte and the catalyst
layer. The irradiated device cathodically coloured the PProDOT-Me?2 film, reached by electrons via
external circuitry in short-circuit conditions. After the coloration process was complete, the dye
molecules kept on generating electrons, demonstrating encouraging PV output parameters: Open
circuit voltage: Voc = 0.66 V; Short-circuit current density jsc = 2.92 mA/cm?; 1 = 1.12%.

Huang et al. [106] reported a solid-state PV/EC device that embodies thin film solar cells, in
the form of stripes; Prussian Blue was used as EC film and LiClO4/PMMA/PC was the electrolyte
formulation, touching the full area of the device. They obtained fast modulation of 55% at 690 nm, t..;
of 30 s.

A bi-functional counter electrode, with a comb-like pattern of parallel and electrically separated
series of stripes was also demonstrated in 2014 [107]. Such stripes were made of WOs3 and Pt layers,
respectively, allowing for the creation of two distinct circuits that were independently connected to
the same highly transparent organic dye-sensitized TiO, photo-electrode. The stripes on the counter
electrode were obtained by high-vacuum deposition techniques and lithographic microfabrication,
creating two different pads with interdigitated stripes: the EC stripes were very effective, with very fast
coloration (2 s) and bleaching (5 s) time; on the other hand, the Pt stripes enabled fair solar conversion
efficiency (1) in the PV circuit. A relevant figure of merit, in this work, was represented by the WO3/Pt
area ratio, influencing the . An orange organic dye enhanced the device transparency and showed
relevance for building integration purposes. The thin stripes resulted in being barely visible to the
naked eye.

A TiO; electrode and a transparent cobalt redox couple electrolyte were adopted in a device
while using a PProDOT-Et2 film as an EC material [108], achieving a modulation of 34% in 1 s
and n of 4.5%. Malara et al. [109] proposed a PVCD in which two overlying counter electrodes
were embodied: the intermediate one hosted a thin and transparent Pt layer, acting as a catalyzer,
whereas the second one was covered by EC WO;3;. A crystalline, highly transparent TiO, and
an orange organic dye enhanced the overall transparency of this device. Suitable holes were
drilled between the two resulting electrolyte chambers on the central Pt electrode. Consequently,
the best PV conversion efficiency 1 = 2.75% was obtained in devices with the smallest size
holes. Distinct operating modes could be easily managed by means of two external circuits.
Jensen et al. used a PV electric output [110] to operate a flexible polymer based EC device
(employing poly((2,2-bis(2-ethylhexyloxymethyl)-propylene-1,3-dioxy)-3,4-thiophene-2,5-diyl) and
poly-(N-octadecyl-(propylene-1,3-dioxy)-3,4-pyrrole-2,5-diyl), reporting a 44% modulation and very
fast kinetics (5s). Dyeretal. [111] coupled PV with EC layers with a fabrication approach foreseeing room
temperature solution processing of materials, aiming at roll-to-roll manufacturing. Yang et al. [112]
proposed a very stable and durable PVCD embodying a solvent-free hybrid polymer electrolyte
(PEG-titanium-based), measuring transmittance modulations of AT% of 50% at 788 nm and fast
switching times (coloration in 6 s and bleaching in 17 s).

The current trend in devices evokes low-cost and highly effective TCOs that are deposited at room
temperature [56] as well as a simplified design philosophy, quickly moving towards single-substrate,
solid-state devices. In this roadmap, Hocevar et al. [113] demonstrated a large scale solution processed
multi-layered PECDs adopting sol-gel chemistry and dip-coating (Figure 7). Scaled-up devices, with
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each size of 30 cm, showed a homogeneous contrast of 36% and resulted stable for 12 months. A thin
solid electrolyte (25 pm) containing an iodine/iodide redox couple was employed in this device. This
device worked as a simplified PECD, almost like a photochromic glass, without any external circuitry
to vary its transmittance.
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Figure 7. Schematic representation of the single glass photochromic demonstrator (Left); Transmittance
spectra of a demonstrator in the bleached and colored state (Right). (* denotes an effect of monochromator
change). Reprinted from Solar Energy Materials and Solar Cells, Volume 186, M. Hocevar et al.,
A photochromic single glass pane, Pages 111-114, Copyright (2018), with permission from Elsevier.

A quasi-solid-state PVCD [114] containing highly transparent perovskite film (with the
micro-island morphology exposed in [29]) appeared in 2015. This device used a PEG-plasticized
Polyethylene Oxide solid polymer electrolyte. The semi-transparent perovskite-based PV and the EC
layer were deposited on as many glass substrates. The top glass had both sides coated to work on
both sides, in order to generate electricity on one side and host a transparent ITO film on the other
side. The second substrate had WOs3 on top. The PEO-PEG-based electrolyte also acted as a “glue”,
laminating the two substrates of this device.

This device was designed especially for building integration purpose and it achieved a PV
efficiency of 5.5%; a self-modulation of 26% was assessed, being fully activated by the energy output
of the PV film, via an external circuitry. Extra-generated power, as soon as the transient coloration
process is complete, could be delivered to the grid or used according to the most convenient use.
The fabrication process was compatible with lamination, being largely used in the glazing industry.

5. Building Integration of Multifunctional Devices

5.1. Effects on Visual Comfort Durability and Life-Cycle Assessment of Devices

Several studies have hypothesized or demonstrated the effectiveness of smart windows in reducing
the energy consumption in buildings or improving comfort level [15,115-117]. Such studies showed
the relevance of adaptive fagade technologies’ support to the challenging issues of containing energy
consumption and ecological footprint of buildings. Apart from the mere energy considerations,
Piccolo et al. [116] demonstrated that dynamic transition influences indoor visual comfort, showing
that a modulation of 54% in sun-oriented windows affects the DGP, achieving sufficient levels of
daylighting indoor; at the same time, they also found that windows exposed to West and East require
lower values of transmittance for solar radiation incident with lower angles. The manifold effects of
PVCDs’ integration in buildings include, of course, improved control of solar radiation [118]. With
reference to a standard office room, UDI resulted increased in an average value of 72% and DGP
interested 12% of occupied hours.

Tavares et al. [119,120] demonstrated the usefulness of switchable windows in terms of energy
savings in air conditioning for sun-oriented (South, West and East) fagades.

Zinzi et al. [121] reported an experimental study showing that more than 85% of the occupants
did not detect significant variations in the perception of the internal and external space following
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the chromatic transition of the EC glass. Moreover, only 37% of users did not opt for over-riding
the automatic operation of glazing. Subsequently, manual over-ride could be one more feature in
the development of chromogenic technologies, mainly compatible with most of the PECDs already
appeared in literature.

An adjustable external resistance was in fact proposed by Hauch et al. [89] in order to override
the automatic operation of PECDs. To figure out the maximum impact of PVCDs on the energy
consumption, Favoino et al. [115] reported a full analysis of an ideal adaptive facade embodying
PVCDs, considering their multiple features, finding out that larger optical modulation of SHGC in
temperate climates would positively affect the yearly energy balance. Llordes et al. [122] decoupled the
transmittance modulation in the visible and NIR range, proposing an effective “dual-band” technology,
showing, by means of ad hoc simulations, that “dual band” EC glazing outperform code-compliant
windows (ASHRAE 90-2010) [123]. Lee et al. reported the results of a 20-month study on south-facing
large-area EC windows, aiming at the assessment of energy performance, at the NREL Laboratory.
They compared the EC devices to a reference window embodying a low-e glazing and a Venetian
blind [124]. Lighting energy savings achieved 44-59%. The results showed that the window-lighting
control system kept indoor illuminance levels within the ideal setting range for 89-99% of the time.

Another concern for chromogenic facades is represented by durability, since EC windows should
overcome 104-10° cycles and reach an overall lifetime of 5-20 years [6,125]. To our knowledge,
the latter has not already been demonstrated yet for PECDs, although the issue has been investigated
and considered in several studies [91,95,126]. The durability of PECDs is affected by the various
technological players influencing their full development, being them complex combination of materials
and technologies each one standing at a precise evolution step and causing abrupt steps forward due
to sudden breakthroughs (PV and power supply; EC materials” durability; stability of electrolytes;
properties of TCOs; and, etc.). Suitable device designs may, of course, overcome specific limitations and
architectural device simplification certainly could affect several figures of merit, including durability.
With regards to coloration kinetics, they should be very fast in smart windows, as demonstrated by
a specific study [121]. The PECDs appeared in literature so far show fast kinetics, with full coloration
in less than 60 s. and, as already observed, the scale-up of devices should not affect the kinetics.

Pierucci et al. [127], in a recent study, assessed the influence of PVCDs on the Life Cycle Impact and
Life Cycle Total Energy. They demonstrated that the total impact of PVCDs’ production is lower than
that of other technologies that offer similar features. They eventually reported possible reductions of
impacts between 41% and 44%, when comparing office buildings equipped, respectively, with PVCDs
and commercial solar control glazing, integrated with PV panels to guarantee the same performance.

Moreover, recent research activities in semi-transparent PVs deal with selectively transparent
PVs, embodying PV materials that are capable of harvesting UV and NIR wavelengths, without
affecting the visible range of transmittance. Subsequently, AVT of 50-90% were achieved [128]. In
this new, intriguing research scenario, Davy et al. successfully paired near-UV solar cells with EC
conducting polymers, taking advantage of their complementary behavior, from an optical point of
view [129]. This example well confirms that, as reviewed elsewhere [32], if a new breakthrough in each
component of a PECD steps in, a new technological leap is possible. With reference to the power supply
of PECDs, perovskite modules represent the most compatible and promising PV technology from
an environmental point of view, as reported by Gong et al. [130], who performed LCA for perovskite
solar modules, finding that perovskite solar modules show the shortest energy payback time (EPBT)
and the lowest amount of CO, emission among the eight PV technologies when compared in their
study. The EC component itself should take advantage of the development of new EC materials,
processed at room temperature, easily scalable, cheap, and with low ecological footprint. This aspect
would be crucial towards the exploitation of conductive flexible substrates, especially in the wide field
of portable electronics. In this viewpoint, conjugated EC polymers could be used in PECDs, once their
main issues, still open, will be overcome (high costs, lower stability, and limited lifetime) [131].
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Since the very initial design steps of PECDs, it should be considered that each process should be
fully compatible with large-area production in industrial plants employing roll-to-roll, screen printing,
or PVD processes; this means that not all of the EC materials or electrolytes investigated so far could
be practically (or easily) exploited for the purpose of large-scale production and subsequent spread on
the market. As to cost and environmental impact, one should far prefer cheap and abundant materials,
rather than rare or toxic ones.

The chance to cut costs and impacts would, of course, be also welcomed by glazing manufacturers
and architectural designers. Nowadays, expensive process cost of PECDs may also act as limiting
factors for their industrial production and commercial spread. As reported by Casini [132], a wide
market spread of smart glazing is slowed down by the high-extra-cost (about 215 €/m?), when compared
to code-compliant windows. To promote the spread on the market of smart windows, market analyses
suggest that the extra-cost should not be higher than 65 €/m?, by 2025. The development of new
materials, especially if solid-state, might offer new knowledge, expanding the benefits deriving from
building integration of novel EC technologies.

As recently demonstrated [133], innovative EC devices with a highly compact and simplified
device architecture on a single substrate may achieve annual energy saving for air conditioning up to
38%, as compared to a building equipped with clear glass in office buildings. The overall yearly energy
saving was instead 25%. Daylighting performance were significantly improved, in terms of both UDI
and DGI: sensors reported optimal illuminance conditions in 82.7% of hours, on an annual basis.

5.2. Open Issues, Towards Smart Windows Adopting a Research-Driven Development

The combination of the photoelectrochromic technology with that of semi-transparent PVs would
make it possible to avoid the limitation of the rigid optical behavior of shielding systems that are
already available on the market, by adapting the visible/solar transmittance profile of glazing to the
changing daylighting conditions. In this roadmap, further discussions are required on the possibility
(or need) to define appropriate control strategies of the device, as well as to the size of layers and
materials, according to location and climate conditions in which the system will operate.

As already stated, the concomitant benefits of PV and PECD glazing may result in relevant energy
saving for constructions. For instance, according to a review by Gorgolis et al. [134], building integrated
a-5i cells might decrease undesired heat gains by 54.2% and energy consumption for cooling by 28%.
PECDs, on the other hand, should fulfil standard requirements for EC glazing, as clearly reported by
Lee [135] and Piccolo [136], for example. Some of the parameters that should be fulfilled by PECDs
would be, mainly: switching time according to the sky conditions, varying from 5 s to a few minutes;
relevant optical memory, from 2 to 24 h; SHGC ranging from 0.6 (bleached conditions) to less than
0.2 in the colored state. Thermal conductivity lower than 1.2 W/m?-K; suitable color rendering index,
higher than 80; reliability of devices in terms of lifetime (more than 20 years, i.e., more than 25,000 full
cycles of coloring an bleaching); operating temperatures compatible with use in buildings (from —30 °C
to 90 °C). The effect of these novel technologies on annual energy consumption will be particularly
amplified by the fact that, in Europe, as reported by Perez-Lombard et al. [137], energy consumption
for HVAC systems reaches 50% of the total.

Table 1, as reported hereafter, shows a synoptic comparison between different chromogenic
technologies and semi-transparent PVs for integration in architectural glazing. Additional smart
technologies (thermochromic [138-140] and photochromic [141-144] materials) have been added, for
a broader and more complete comparison, even if they have not been widely considered in the review.
Photochromic and thermochromic materials, when compared to the technologies discussed in this
work, in fact, have the undoubted advantage of being able to guarantee the modulation of the spectral
properties of the glass, according to an external stimulus (incident solar radiation and temperature,
respectively), with simple deposition processes: in fact, the deposition of a single, thin film would
be sufficient for obtaining the desired behavior (taking into account several process aspects, like
the thickness of the film, concentration of molecules, intrinsic properties of the material used, etc.).
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The activation of the functionality does not require any energy expenditure as the energy impulse
would be provided by the external stimulus itself. On the other hand, these technologies do not allow
any form of control by the user or overriding. On the other hand, EC windows allow for a smart
modulation of the spectral properties and the user might set the contrast to a favourite, intermediate
modulation, or even override the device operation. At the same time, by means of an electronic control
system, it is possible to set an optimization strategy, aimed at maximizing energy savings or visual
comfort, according to the user’s choice. These devices show a complex architecture, but require very
low energy consumption, typically irrelevant, as compared to the yearly energy balance of a building.
In fact, as reported by Pal et al. [145], the electrical demand for the EC windows is nearly negligible
(1.3 kWh/m?-y). Semitransparent PV cells, as compared to chromogenic systems of any type, do not
offer the advantage of modulating the contrast in the glazing, due to their fixed optical characteristics.
However, it has been observed that, in some climatic conditions, the transmission spectrum of PV glass
might be comparable to those of solar control films [80]. In this sense, in particular locations and, in
specific facade orientations, semitransparent PV glass can perform multiple functions, in addition to
offering electricity production.

Table 1. Summary table, reporting a comparison of advantages and limits of several technologies
available for building integration, including chromogenic and PV technologies (* only the PV operation
can be overridden, without any effect on optical properties of glazing).

Modulation of Energy User’s Control

Technology Devgzr;orlle\/)l(?terlal) Spectral Consumption and E\I{Iizﬁy
plexity Properties for Operation Overriding
Thermochromic Single film deposition Yes No No No
Photochromic Single film deposition Yes No No No

Multilayer device;
Electrochromic external circuitry and Yes Yes Yes No
electronic control

Photoelectrochromic Multilayer device;

(PECD) external circuitry Yes No Yes No

Multilayer device,
external circuitry. Yes No Yes Yes
Grid-connected.

Photovoltachromic
(PVCD)

Multilayer device,
external circuitry. No No Yes * Yes
Grid-connected.

Semi-transparent
PVs

The main difference between PECDs and the other chromogenic technologies available today lies
in the fact that the energy that is required to activate the chromatic transition is generated in the same
device, as a function of the solar radiation incident on its surface. In this sense, modulation is highly
responsive, as it is directly modulated by the external stimulus. In this case, in most of the PECDs
published in the literature, the user can override the functionality, keeping the device transparent;
on the other hand, variable resistance can be applied, in order to limit the modulation, according to
specific needs. PVCDs only differ from PECDs in their ability to continuously supply energy to the
power grid, after the rapid color transient has occurred.

Especially with reference to PECDs, the open issue of scalability of devices will be relevant, in
terms of electrical performance, durability, but also other factors, such as the homogeneity of films and
their coloration kinetics. Waiting for the complete scale-up of devices, the preliminary assessment of
their large-scale effects plays a relevant role; with this aim, reliable software platform allowing for
dynamic simulation can be adopted, while assuming real operating conditions in various locations
with different climatic conditions. In fact, building components can be implemented following the
“research driven design” approach. The early stage of technology development provides precious
experimental data allowing simulations of daylighting penetration and energy use due to building
integration of large-scale devices with similar properties. The two levels of activity—experimental and
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numerical simulations—mutually influence each other. The output of the experimental activity offers
interesting inputs for the simulation test, which in turn provides feedbacks for re-design activities, thus
considering other parameters (energy consumption or visual comfort), which cannot be considered
in the usual laboratory activity devoted to the optimization of materials and devices. Feedbacks of
simulations may drive further design and fabrication of devices, even in a cyclic process.

6. Conclusions

Recent scientific trends in the compelling field of energy efficiency of innovative devices clearly
show the relevance of newly designed technologies, in order to facilitate the global energy transition,
in which our buildings will become more and more energy producers and not just mere consumers. It
will be essential, in this scenario, to equip the building envelopes (but above all their window surfaces),
with innovative technologies that can not only guarantee energy savings, but also be supplied by or
harvest renewable sources. Starting from these considerations, this study investigates two emerging
classes of devices that are characterized by a strong level of technological, functional, and performance
contiguity: semitransparent PVs and PECDs. This review deals with technologies that are oriented to
the design of highly transparent photovoltaic glass, but also of adaptive fagades, which are capable
of altering their chromatic structure (in the visible and infrared spectrum) as a function of precise
variations in solar irradiance. Recent scientific literature, in such fields, shows several points of
convergence between the two technological areas mentioned, demonstrating that it is now conceivable
a multifunctional glass integrated into the building that is able to perform both the function of PV
generation and of solar control, with a welcomed degree of adaptivity. This article presents an accurate,
but not exhaustive, review of the devices appeared so far, with particular regard to the evolution of
materials technologies, of architectures, performance, reaching the conclusion that the current trend of
simplification of solid-state device architectures and reduction of processes’ costs and impacts may
eventually help the spread of these energy-saving technologies.
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