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SUMMARY

A next step in the development of transparent photovoltaic windows would be to introduce a switching
mechanism that allows the user to switch the window between a transpareart @raljue state as

desiredto generate electricity and shade the buildirigrior. In this work, we investigate a switchable
photovoltaic window consisting of the combination of a semitransparent germanium solar cell and a
gasochromic switchable magnesium miriar a double glazingWe analyzethe average visible
transmittancé AVT) and spectral emissivity (U) of the de
light harvestingst at es ( AVT= 1%, U=0.06) . The ther mal and
solar cell is studiednder varied solar irradiancéhe experimesat results are used to model the annual
electricity generation of a switchable photovoltaic window in different climate regions under different
switching scenarios, based on datasets from the Photovoltaic Geographical Information System (PV
GIS). The modesuggests that especially in Mediterranean regions, switchable transparent photovoltaic
windows with an efficiency of 2% can be a promising step to combiueorand shading with electricity
generation. Moreover, it shows that to generate more than 20m@/dfi/electricity per year with this
technology, the switching must be additionally coupled to the occupancy of the indoor spaces. Our model

is applicable to other switchable PV technologies for evaluation purposes and to estimate ideal use cases.
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1. INTRODUCTION

Semitransparent photovoltaics (STPV) have become an important field of research and technological
development. The combination of glazing elements with solar cells to create energy harvesting windows
is a promising addition to building integrated phott&ialk (BIPV)(Lee et al., 2020Traverse et al.,

2017). Especially for tall buildings with large windete-wall ratio (WWR) the area for rooftop and
facade integrated PV is rather small, making the glass facade the dominant area for electricity generation
from photovoltaic windows. Furthermore, these devizas eliminate the need for additional shading
elements and improve the thermal comfort within a build&efour, 2018 Fung and Yang, 2008

However, any $PV approach is always a compromise between power conversion efficiency and
transparency to visible lighft.unt, 2013. A promising approach to overcome this limitation is the use

of switchable transparent photovoltaic (SWTPV) windows. SwTPV windows could surpass static STPV
in functionality by dynamically adjusting the transpasentthe window to the outdoor conditiofkse

et al., 2019 While in light harvesting (LH) state, the solar devib®ws high absorption of light and
generates electricity. In the light transmission (LT) state of the SwWTPV, the absorption and electricity
generation are reduced. The window would allow for dynamic shading of rooms by redading
increasinghe transpamcy on demand and generate electricity at the sameltimvas shown recently

that an office building in Australia equipped with dyensitized solar cells with electrochromic
switchable transparency is capable of reaching annual energy savings oRp(Ei@ito et al., 202

Other studies from different research groups characterize the change in cooling load and electricity



consumption of buildings with either electrochromic switchable wind@ussault and Gosselin, 2017

or transparent thifilm PV (Liao and Xu, 2015Martin-Chivelet et al., 201,8Peng et al., 2016Peng et

al., 2015 Skandalos and Karamanis, 2016

Several different approaches to realize SWTPV devices have been studied by researchers in the recent
years. Photovoltachromic devices which combine STPV with electrochromic layers are able to adjust
their transparency to the incoming solar irradiation. phetovoltaic layers are used to power the
electrochromic switching depending on the illumination inten@gnnavale et al., 2014ing et al.,

2027, Wu et al., 2009 Similar approaches also exist using polymer dispersed liquid crystal switchable
layers(Murray et al., 201} A different type of SWTPV device uses the thermochromic dissociation
processes in perovskite solar célln et al., 2018Wheeler et al., 20)7Futhermore, a photochromic

dye sensitized solar cell was studied by Huaulmé in 2020 which changes from a transparent to an
absorptive state during irradiation with phot¢Hsiaulmé et al., 2090While thesalevices were able to

provide net energy for consumption, their switching is always coupled to the momentary irradiations.
SwWTPVs that can be actively switched by the user between LT and LH state would furtheeithereas
flexibility to adjust the deviceThis type of SWTPV was demonstrated with gasochromic switchable
layers in combination with organ{¥ao et al., 202Dand inorganic thin film P(Go6tz et al., 2020a

In this publication we model the power generation of a gasochromic SwirRMw in different regions

of the world based on satellite gl obal irradian:t
Geographical Information System (RMS) databas@Huld et al., 2012G Y4r i e t). Wa fabricate2 0 0 5
an inorganic SWTPV device in a dowgkzing configuration and characterize its optical, electrical and
thermal properties to improve the accuracy of the simulation. A model for the electricity generation of
the SwTPVwas preparedwhich casiders the climatic conditions of the deployment site, the hourly
solar radiation, a switching scenario and technological aspects such as average visible transmittance,
power conversion efficiency and thermal behavior. This work focusses on realisticisg/gcenarios

describing the smart electricity generation in residential or commercial buildings depending on the



climatic region and the cardinal orientation. Our results show that switchable photovoltaic windows can
be used in double glazing systemsd &iave the potential to be integrated into buildings for smart shading

and electricity generation.

2. EXPERIMENTAL PROCEDURES

2.1 Device functionality
The solar cell studied in this work consists of an tthiia amorphous germanium absorber sandwiched
between a amorphous jolopedsilicon layer and an-doped microcrystalline silicon layer. The total
thickness is kept below 4tm to guarantee high transparency. The electrical front contact is aluminum
doped zineoxide ZnO:Al) which has also high transparency and high conductivity for charge carrier
extraction. The baclelectrodeof the solar cellintroduces also the switchability of the system. A
gasochromic magnesium layer allows the extraction of charge carriers and it alflange its
reflectivity and transparency through the absorption of hydrogen diluted in a carridihgadetailed
concepof this cavity enhanced solar cell and the functionalftthe device is shown elsewhédfettz
Kdhler et al., 202l The system of front contact;ipn cell andoptically switchableelectrodeconstitute
an optical cavity which leads to absorption enhancement of light while the Mg lapeitdametallic
state(Gotz et al. 2020a Steenhoff et al., 2035The layer configuration can be seen in Figurdrithe
as deposited state, the solar cgthiLH mode and almost completely opaque. After exposure to hydrogen
gas, the Mg layer becomes transparent and the solar cell switches to LT mode. The stakebiten
minutes and is done with 58 diluted inN,. The switching back into the LH state is done by exposure
to ambient air for ten minutes.

2.2 Fabrication of switchable photovoltaic window

The transparent solar cells were fabricated on borosilicate. glag glass was coated with 1000 nm
ZnO:Al by PVD in a sputter facility (Vistaris 600, Singulus, Germany). The layer heslsdivity of it

p T mA I, measured in a-goint probe configuratio@andel, UK) On top of the ZnO:Alayer the A-



p layer structure was deposited aSiad (p) / aSi:H (i) / aGe:H (i) / peSi (i) / peSi (n) by PECVD
(Leybold, Germany)The layer thicknesses arenih / 5nm / 5nm / 5nm / 7nm. Detailed deposition
parameters can be found in other lpzdiion (G6tz et al., 2020bThe switchable mirror, consisting of a
multilayer stack ob nm MoQ, /1 nm Ti / 25nm Mg/ 1 nm Ti/ 5nm Pd, was deposited in a vacuum
chamber by electron beam evaporatf9iiD, Germany) Areas for the frontontact were ablated by

laser scribing with a pulsed 582 laser after the deposition of the absorber layers to create 16 small
1x1 cm? cells on the 10xIfh? glass substrate. For optical characterization a demonstrator with
10x10cm? area was fabricated.

The 10x10 cm2 glasses with solar cells were introduced together with a bare glass substrate into black
aluminum frames to create a douglazing window. The distance between the two glasses was kept at
10 mm. 3 holes were drilled into the aluminum frdoregas inlet, outlet and to introduce the temperature
sensorsThe configuration of the system in a double glazing can be seen in Figure 1b. The relevant
interfacesare named al, a2, b1, and(b&. air- front side of first glassswitchable mirror air gap air

gapi inside of second glass, outside of second dlassgside air)
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Figure 1. Switchable Photovoltaic Window in Douliidazing: Layer stack of the switchable solar cell (a)yosssectional
drawing of thedoubleglazing configuration in LT statdo). Ambient light is transmitted from the left side through tbatf
glass pane which is the substrate for the solar cell layerShe PT 100 temperature sensors are attached for thermal

characterizationThe intefaces under consideration are named al and a2 for the front pane and bl and b2 for the back pane.



Photography ofa demonstrator device dhe switchable photovoltaic window in double glazing configuration in LT state

together with color patclc) and in LHstate (d)in front of a conventional window.

2.3 Characterization of switchable photovoltaic window

In order to study the performance and electricity generation of a switchable photovoltaic window, criteria
have to be defined, which allow for thbemparison of the state of a solar cell and the state of a window
with glazing elements, as well as the state of a static STPV in the same conditions. YéNgreg at

al., 2019 formulated a process to accurately describe transparent solar cells, which we applied in this
study.Thetransmittancés weighted by the photopic response of the humariegelculate the average
transmittance of visible light. This value e@mbired with the color rendering index and the color
appearance to characterize transparent photovolfa@mssmission (T) and reflection (R) spectra in the
wavelength range between 30® and 2500im in steps of 1 nm were measured with a Cary 5000
SpectrophotometgAgilent) equipped with an integrating sphere to account for diffuse and specular
light. The absorption was calculated biRAT. Theaverage visible transmittan¢&VT ), color rendering

index (CRI) and the international commission on illuminatiis(CIE) color space parameters were
calculated from the measured data based on the formalism given by Yariyargkt al., 2019 The
emissivity was evaluated by measuring the reflectanderansmittancef the samples in a wavelength
range from 2.5mto 25um in a FTIR spectrometer (BrukadSA). The emissivity was calculated from

the spectral absorptivity in IR with A=R, asperKirchof f 6s | aw of ther mal radia
is equal to absorptivitysince the transmissivity in the IR rangalmostzerobetween Jum and 24um
wavelength rangesacan be seen in the supplementary kiureS9, we can omit the transmission from

this calculation The spectral emissivity is multiplied with the spectral irradiance of an ideal black body
at 300K and integrated over the spectral region
value. This integral is divided by the integrated black bsplyctrum.The solar heat gain coefficient
(SHGC)in double glazing configuratiois modeled with the software WINDOW?7 (v7.8.28.0) using

measured values for T, R and the emissiaty well as glass parameters from the databBke



dimensions of the witow were kept similar to the realized small scale dewitiean area 010x10 cn?
and an airgap filled with argon gas of 0.7 cm.
The thermal behavior under AM1.5 G illumination was investigated under a solar simulator (WACOM)
where different irradiatiomtensities were achieved by inserting metal grid filters into the beam path of
the light. For the thermal characterization, we used PT100 temperature sensors in 4 wire configurations,
connected to a raspberry pi 4 ModelMBe position of the sensors lmetdevice can be seen in Figure 1b
as well in the photography in Figure Bkfore the actual measurement, all sensors were calibrated in a
water bath with adjustable temperature from 0 to 80 °C. We found the standard deviation of the
temperature sensois e less than 0.5 in this temperature range (see also Supplementary Information
S3 and S4). For measuring temperature of the daylaing device under different irradiations, we
attached the sensors to the desired surfaces on the device and assaitedrgnal contact. Sensor which
would be subject to direct irradiation were shaded with aluminum foil, to avoid an undesirable increase
of temperature. For the measurement we followed the procedure as below:
1. The irradiance was adjusted to a desired value and verified with a calibrated reference solar cell.
2. The solar cell in the doublglazing with attached temperature sensors is placed below the solar
simulator with perpendicular incidence of light.
3. The solarcell is kept under constant irradiation until the temperature stabilizes to a constant
value.
4. The final temperature values of all elements are extracted by fitting of the temperature vs. time
curve (Supplementary S5).
The temperature dependent IV charesties were measured in a similar way with additional electrical
probe contacts attached to the solar cell and connected to a Keithley IV measurement tool.

2.4 Modeling the power output of switchable photovoltaic windows

We used satellite based global di@tion data from the online database-8\5 for the modelling of the

expected electricity generation in different scenarios. The dataset considers the variation of the solar



radiation due to weather, aerosol and climatic conditions. We usedléneadiation toolof PV-GIS to

get solar radiation data in hourly resolution. We did not use any horizon data, which means that shading
from mountains, trees or other nearby buildings was not considered. Typical meteorological year data
was used for each raygi, to avoid extraordinary weather phenomena which would have increased or
decreased the output valukkereby, a typical meteorological month describes each month that is closest
to the average in a timescale from 2006 to 20I6e selected year for eaafonth and region can be

found in the supporting information (S1). The datasets were adjusted to irradiation on the inclined plane,
which is in our case a vertically positioned area (slopes3@8aning that th&wTPV window is
positioned verticallyo thesurface of the ground.able 1 describes the input parameters for the3PY
interface to generate the datas&tse azimuth orientation describes the cardinal directio®iEPV is

facing. Hereby 0° describe a south facing window, whiler88an a westacing deviceand-90° east

facing 180° describe a window facing north.

Table 1: Parameters for PV-GIS datasets

Agartala Tunis Oldenburg

Latitude (decimal degrees) | 23.833 36.801 53.151

Longitude (decimal degrees) | 91.283 10.192 8.167

Elevation (m) 15 3 7

Solar radiation database PVGISSARAH PVGISSARAH PVGIS SARAH

Mounting type Fixed Fixed Fixed

Slope (degrees) 90 90 90

Azimuth (degrees) from O to 180 and te | from 0 to 180 and te | from O to 180 anc
180 in steps of 22.} 180 in steps of 22.} to-180 in steps of
degree degree 22.5 degree




The irradiance values in hourly resolution were multiplied with the 2% efficiency of the solar cell to get
the power output of the switchable solar window for one hour of the day. Through integration of the
power output values over a certain time perid total power output per day, month or year was
calculated.

An algorithmwasimplementedn Python to study the different switching scenaridter the import of

the irradiation values from PGIS into apandasdata framdor a given location and orientation of the
window, the typical meteorological months are extractédte model allows to select irradiation data for
given time frames, such as working days or weekends. Furthermore, irradiation values can be selected
basedon a simple threshold to set limits for the switching of 8ad PV form transparent to opaque
mode. A flowchart, describing the algorithm is shown in the supplementary s&®&idrne irradiance

data is given in timesteps of one hour. This implies tha®EPV is only switched once per hoilihis

has the advantage that shmie fluctuations in the irradiance, such as a moving cloud are not forcing
unnecessary switching eventor the model theswitch between LH and LT state is assumed to be

instantaneous.

3. RESULTS & DISCUSSION

3.1 Switchable Optical Behavior

To analyze the switchable solar cell in LT dtdi state, we studied the optical properties of the cell in a
single paneonfiguration first. A window with switchable transmission and photocurrent generation was
fabricated using ultrthin absorber layers sandwiched between a transparent conductive oxide and a
switchable metal mirror. The SWTPV window is fabricated in supsesconfiguration, meaning that

light passes the glass first before it can be absorbed by the deposited switchable solar cell. For thermal
characterization, a doubtgazing window was constructed, by placing the switchable solar stack (outer
pane) witha float glass (inner pane) into an aluminum frame as can be seen in theectomsal view

in Figure b. The PT100 Thermo sensors were used to study the thermal behavior of the device.



Switching to LT state was initiated by introducing 5%iR N> into the doubleglazing element foten
minutes. Reverse switching was done by exposure to ambient air. A photography of the window in each
statein our labis shown in Figurdc and1d. When the device is in the LT state, light propagates through

air into the outer pane of glass (interface alijpughthe switchable layer stadkgas interfac€a2), the

volume of gas in between and then through the inner glagsut of the devicgnterfacesbl and b2).
Switching of the photovoltaic window is initiatéy inserting gas from an inlet also integrated into the

frame of the double glazing.

The layer stack of the switchable window is optimized to allow broadband transmission of visible light
and reduce any additional coloring effect originating from interfee or spectrally selective absorption.

The absorbed, transmitted and reflected spectral power intensity from the single switchable solar cell
pane in LT and LH statareshown in Figure 2and?2b. The spectral power intensity is calculated by
weightingthe measured transmittance, reflectance and calculated absorption with the AM 1.5 G standard
solar irradiation spectrum. It can be clearly seen, that the transmitted power decreases drastically
switching from LT to LH state. The reflected and absorbed paveeease especially for wavelengths
larger than 50@Gim for the LH state. It is expected that the structure is able to provide good shading due
to the high absorption and low transmission in both states. The high absorption in LT state is attributed
to paasitic absorption in the switchable mirror layers. This reduces the overall transparency. Since the
absorption is high throughout the entire visible spectrum, it appears reasonable to assume that the

temperature of the device in the double glazing riseleuillumination.
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Figure 2. Switchable Optical Behavior: Transmittance (blue), reflectance (orange) and absorption (green) of AM1.5G sun light
in LT (a) and LH (b) state of the solar cell. Spectral emittance normalized to ithene® of an ideal black body at 300K (blue)

of the device in LT (c) and LH (d) state

The spectra (Figurea2zanda) can also be used to calculate the average visible transmittance (AVT) of

the switchable photovoltaic window as well as the color rendémthegx (CRI). The AVT is calculated

as the ratio between transmitted photon flux and the standard AM1.5G incident irradiation convoluted
with the photopic response of the human eye. Our aforementioned device as a single pane reaches a value
of AVT 1=17.77%in the LT state and an AV(#=1% in the LH state. For comparison, the bare glass
substrate reaches an AVT of 91%. The CRI allows to assess the rendered color fidelity of an object
illuminated with light from the transparent solar cell. It has a high impa¢he visual comfort inside a

room with a switchable photovoltaic window. The single pane device reachesia®@R2 in LT state,
compared to a bare glass substrate with,&RP9.87. The CRI value has to be seen in combination with

the CIE color spacparameter set, to give full insight into the color fidelity of the device. The achieved



values are L*=49, a*=6.16 and b*=36.31, which corresponds to a point close to color neutralay with

brown tint, also shown in the color patch in Figure 1c.

By measting the emissivity of each surface of the window we can better understani hoadiation
contributes to the thermal behavior of the SWTPV in a double glazing as will be discussed later on.
Figures 2c andd show the spectral irradiance from the sokdt pane in LT 2¢) and LH(2d) state. For
details about the calculations refer to the Methods section. In RAduitecan be seen that the glass side
of the stack (orange line), which mainly consists of SiO2, has high emission for wavelengths above
2.5um and behaves almost like a perfect black body at 3B0k€ line) On the solar cell side of the
stack, where the outer most layer is the MgPd switchable mirror, the emissivity is drastically reduced
(green line). The metallic layers reflect mostlud IR irradiation and only absorb a minor part. While
the glass side reaches an emissivity of U=0.87,
2¢) it can be seen that the emissivity of the gkide (orange line) is not affected by ttteange of Mg
to MgH2 and the emi 3heemissivityof theesotea celhlayersin LHStat®an &he .
rear side of the glass increaselic= 0 .H2rite,more IR light can be emitted towards the interior.
Interestinglythis shows that thehange from LT into LH state not only affects the visible spectral region,
but also the IR rang&or perpendicular incidence light, the 10x10 cm®Bw~TPV in the doubleglazing
configuration (Figure 1b) showa solar heat gaircoefficient of SHGC=0.103 inLH state and
SHGC=0.288 in the LT state. The changing SHGC due to switching &\WhEV is a consequence of
the changing optical parametef3n the one sidet ican bededucedthat in the LH state, since the
emissivity of the solar cell side is low, tB&TPV window would be expected to act as not just\U8
but also an IR barrier for hot climates, providigneficialinsulation(Xu and Raman, 20210n the
other side, the low emissivity of the solar cell could help in colder climatic regions to avoid heat loss to
the outside of the building whehe SwWTPV window is integrated into a window with multiple panes as

shown in Figure A

3.2 Thermal Behavior of Switchable Photovoltaic Window



After studying the optical behavior of the SWTPV window, it is also relevant to characterize its thermal
managementWe study the temperature distribution within the device in a double glazing for different
irradiation intensities and measure the IV characteristics for varying temperafurgghematic
representation of the cresection of the window along with theosition of the PT100 is shown in
Figurel. The device is positioned below a solar simulator with adjustable irradiation intensities. The
details of the measurement can be found in the experimental details and in fleenSuatgryinformation

S3to S7. Figre Aapresents the temperature at the selected positions inside and outside the double glazing
in in LH state, compared to the irradiance in W/m2. The temperature values in transparent state can be
found in the suppmentaryinformationS6. The temperaterrises linearly at all measurement positions

with increasing irradiance. It can be seen that the solar celblstaek has the highest temperatatall
irradiation intensities, which is a result of the high local absorption of light. The measureid data
transformed into a heatmap in Figuke Bhis enables us to visualize the temperature distribution profile
throughout the double glazing. The temperature is significastlycedadjacent to the SWTPV layers.

This is also an indication that the air gagis as a good insulator between the hot solar cell surface and
the second pane. The highest temperature reached under an irradianceVgfri®867°C, measured

on the solar cell laysr(interfacea2 in Figure t). This corresponds t61°C at the frat surfaceat
interfaceal and 42C at the rear surface of the double glaznigterfaceb2. The measurements show,

that the temperature of the complete window is mainly determined by the absorption of light in the solar
cell layers and thheatloss mehanisms of the devicespecially for high irradtan levels leading t@

more pronounced difference in the temperature distribufibe temperature of the remaining sides of

the double glazing is influenced by conduction of heat through the glaseesaiddgap and by convection

in the air gap. To study the impact of the temperature on the electrical parameters of the solar cell, we
measured the R¢haracteristics at different temperatures of the solar cell layentgrfacea2. We used

a constanirradiation of 1000//m? for this experiment. The results can be seen in Figardg

corresponding IV curves can be found in the supplementary infornafidhis well-know that a rise



of temperature reduces the band gap energy required for bondngreakl carrier photogeneration.
These changes in the optoelectronic properties of the semiconductor materials induces an alteration in
the solar cell devices output characteristizspré et al., 201)7 The open circuit voltage ¢¥) decreases
steadily by increasing temperature with a temperature coefficien2@& mV/K, following a linear
behavior. This corresponds to a decrease of@lG which is similar to the coefficient found for
polycrystallineSilicon based serransparent PV modules of 0.49K (Park et al., 2010 due to the
similarity in the energy bandgap betweerhthe amorphous germanium nafmsorbe(Meddeb et al.,

2020 and the polycrystalline Si absorb&he short circuit current{J increases for higher temperatyres

as the lower associated optical bandgap could enlarge the portion of phergiesnapable of electron

hole pair generatio(Dupré et al., 201)7 This might also e attributed tathe promoted contribution of

the currentsgenerated byhermionicemission process theultrathin quantum welb-i-n configuration
(Meddeb et al., 2030The hermal coefficient for thesdis given by 0.013 mA/cm#/K. The power at the
maximum power pointRmmp) Stays almost constant from 2C to 40 °C and starts slowly decreasing
thereafter. This means that the efficiency of the device is almost constahtré@datemperature range

which might be explained by the counterbalance trend where the voltage lowering magnitude overcomes
the rise of the photocurrerit 54 °C the Ryppreaches 95.7% of thenf at 30°C. The cyclability of the

SWTPYV device is a critial issue. It was already shown that the device is able to undergo several switching
cycles(Gotz et al., 2020Qabut further improvement is needed. While the gasochromic Mg iaydile

to be switched multiple times without a significant change of optical profd@dijena et al., 2008 the

absorber layers experience shunting leading teldarical degradation of the solar cell.

Overall, this thermal behavior analysis shows several important points. The solar cefitéayet
interfacea2 can reach high temperatures up to 67°C for irradiation of 1018 W/m2. The interior of the
building is shielded by the double glazing from the high temperatures by the airgap between first and
second pane. Since 1018 W/m2 corresponds to the AM1.5G spectrum this might be in most cases the

highest irradiation received by the windown. a real application cenario, theSwTPV would be



positioned vertically and not horizontally as is the case for this experiment. Therefore, the gaseous
interior in the gap between the windows would experience a temperature gradient from top to bottom as
is the case for doubldagings in general (De Giorgi et &, 2011). This would also lead to a slightly

different temperature distribution of the solar cell layers with the highest temperature at the top of the

device.
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Figure 3. Thermal Behavior of Switchable Photovoltaic Wind®emperature of elements of the double glazing depending on
irradiance (A); Temperature distribution inside the double glazing for different values of irradiance (B); Temperature
dependence of shorth circuit current (Jsc), open circuit voltage (Voc) anchammapower point (Pmpp) (C); Photography of

the measurement setup under illumination (D).
The temperature dependent IV measurem@Fitgire 3c andguppgementaryinformation S7)showed,
that the overall efficiency is not drastically reduced by these textyses and therefore a constant

efficiencyand a robust thermal insensitivitgn be assumed independent of the temperature for most

applications.



The studiedSwTPV reaches a PCE of 1.55% in LH state while no efficiency is measured in the
transparenstate. The IV curves for different temperatures are shown in the supplementary S&ction
The PCE is similar to other switchable PV technologies. Huaulmé (&tueulmé et al., 2030eached

a PCE betwer 1.4% and 4.2% for a photochromic dye sensitized solar cell. Kwon(&wain et al.,

2015 demonstrated a combination of dye sensitized solar cell with a liquid crystal switchable layer with
efficiencies from 1.1% to 3.2%. éhampion solar cell from a devisanilar to the here presented reached

an efficiency of 2.04GotzKohler et al., 20211

3.3 Power Generation Model

After studying the optical and thermal behavior of the switchatind¢ovoltaic window, we want to assess

the power generation potential in generic application scenarios. We u<elSPgatellitebased
irradiation and weather data for different regions in the northern hemisphere in a typical meteorological
year adjusted foeach region. We consider photovoltaic windows with 1 m2amda2% PCHEacingall

cardinal directionsThe SwTPV windows are positioned vertically in an imaginary facade and are
controlled by different switching models. The locations, where we studyStW€PV window
performance, are chosen in such a way that they represent different climatic regions of the northern
hemisphere. Figurebdshows the locations of the studied regions. We first consider the city of Agartala

in India (blue arrow) with a humiddpical climate. It experiences hot and humid summers followed by
monsoon season, while the winters are dry and comparably mild. The summer lasts from April to October
while winter lasts from November to March. Tunis in Tunisia (orange arrow) is the sesgiod
featuring a Mediterranean climate and is characterized by dry and hot summers and mild winters with
moderate rainfall. The last location in our study is Oldenburg, Germany (green arrow) with a moderate
oceanic climate where summers are mild and/ dast from beginning of June to end of August.
Especially interesting is here that Oldenburg has dark winters with only few hours of sunshine. Overall

the climate is dominated by frequent rainfall distributed over the whole year.



3.4 Irradiation Profiles of Different Climatic Regions

Figure &ashows the solar irradiance profiles on south facing windows in Agartala, Tunis and Oldenburg.
The elevation of the sun throughout the day determines the amount of irradiance that the solar window
receives. The azimuth orientation of the SwWTPV window datezs the time during which the majority
of irradiance is received. The comparison plots for different cardinal directions can be found in the
supporting information S2, S22 and S23. Windows facingeastivest see rather thmorningevening
sun, while whdows facing south receive more sunlight throughout the entir&\iagows facing north
receive the lowedtradiation The cloud and rain coverage at a certain location can change during the
day and develop repeating schemes meaning the solar irradiatibie windows facing east and west
may not be symmetrical.of example rainfall in the evening mightappen mme often than in the
morning thus leading to different irradiation on east and west facing windows during the course of a year.
The figure presnts the rolling seveday average of the surG(j)) of direct Gb(i)) and diffuse Gd(i))
irradiation on the inclined plane of the photovoltaic windows.

"0 "0WQ 000
Several distinct differencesmergen the irradiation profiles of the three locations throughout a typical
meteorological year in the respective region. In Agartala and in Tunis, the sun rises high up in the sky
(reaching maximum elevation= 89.6° for Agartala, reaching max elevation =76r@3.nis) during the
months from April to August, leading tmmparabldow direct irradiation onto the south facing window
during this time. On the other side, in Oldenburg the sun only reaches a maximum elevation of 60.3°,
leading to more direct irrgation onto the photovoltaic window in the months between April and August.
Furthermore, the weather playtike for every other solar cell technologgn important role, as clouds,
fog and rain reduce the direct irradiation and negatively influencpetiermance of the photovoltaic
windows. It is worth noting, that the fluctuation of the daily irradiance, seen by the standard deviations
of the rolling average in Figureadis very high in Oldenburg, compared to the other cities. This is

especially remikable during the months between April and September, where Agartala and Tunis have



long periods of homogeneous weather and the irradiance does not vary within a time period of several
days. The uncertainty of the weather conditions throughout the ertireinfluences the amount of

switchingperformedby the SWTPV window.
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Figure 4. Irradiation Profiles on Vertically Inclined Plane in Different Climatic Regiofrsadiance in seveday rolling
average with standard deviatialuring a typical meteorological year on south facing windows in Agartala (India), Tunis
(Tunisia) and Oldenburg (Germany) (a). Locations of the regions under consideration (b). Annually received energy on 1m?

area of a south facing window depending onitfeliation power (c).

Figure £ shows a histogram of the received annual energy of a south facing window in dependence on

the momentary irradiation power over a complete year in the three cities under consideration. The



irradiation is sorted into 50 W/hins and the values of each bin are summed up to calculate the annual
energy in the respective irradiance power range. In the city of Oldenburg (green), the received energy is
distributed equally over all irradiance powers. For a majority of time, theghumhcidence on the
window has only low power, while high power irradiation only occurs for short time, as can also be seen
in Figure 4. This leads to the homogeneous distribution of the received annual energy. A completely
different result can be obsed in Tunis, where the most energy per year is received from irradiation
with a power between 350 and 400 W/m2. Up to powers of 750 W/m?, the received energy per year
remains high. Agartala shows an even steeper increase of annual energy with inareasamgé, but
does not reach the individual high energy values of Tunis. The received energy in Agartala remains
relatively constant between 350 and 750 W/m2. The observation of this energy distribution is helpful for
the next step of defining a switchimgodel, where a cuff value for incoming irradiance has to be
defined.

3.5 Threshold Switching in Different Climate Zones
To study the amount of generatdctricityduring an entire year by a switchable photovoltaic window,
a suitable model has to be defined, which describes the conditions when the window is switched into LT
mode or into LH mode. We assume a constant power conversion efficiency dh2%eduction
efficiency due to temperature effects was omitted since the experiments above showed only minor
dependence of the efficiency on the device temperature. We first define a threshold switching model.
This model assumes, that above a certain threshold galuvediance the window is in LH mode
generate electricity. When the irradiance lays below the threshold, the window is switched into the LT

state.
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Hereby, Ois the threshold value for the irradiance on the inclined pl&@€( This threshold can be

adjusted to maximize personal comfort within the building, or to maximize energy generation. For



example, it can be set to a specific value to prevent divedightfrom disturbing the view on a desktop
monitor in an office environmerand reduce the heat flux into the building on days with high solar

irradiance

Figures 5a to ¢ demonstrate the energy output in a typical meteorological year for the the=e citi
discussed above, depending on the varying threshold @fluehourly irradiance valuegll three cities

show different results depending on their different irradiation profiles. In Agartala and Oldenburg, the
south facingSwWTPV device reaches thaghestenergygeneration for almost all threshold values. In
Tunis, windows facing easbutheast or wessouthwest havea higher generation potential for
threshold values abov® 1 1 W/m2 The highest power generationall three citiess reacheddr a
threshold of ON/m2, corresponding to 8w TPV always being set to LH stai&hen the threshold value

is increased, thannualelectricity generationis reducedThis is due to the fact that the solar cell is
operated less often and the device is kedtT mode for longer timelt becomes apparent from the
contour plots thaBwTPV windows inTunisare able taeach higher power gersion than in Agartala.

Oldenburg shows the lowest potential for electricity generation®wihPV in this threshold model.

Every curvereaches point, where the energy generation is reduceerofor all directionsdue to the

level of the threshold value. This is the upper limit for the threshold, correspondi®yidPy/ window

always set td_T state.The zeropower generation point depends on the irradiance on the window
compared to the threshold paiitthis point is reached in all cities at a threshold valuarotindO

Y T W/m2 Almost no irradiation above this intensity reaches the windoe to its vertical positioan

This can also be seen in the histogram in Figure 4c, where the irradiation energy for irradiation above

800W/m? decreases steeply.

It can also be seen that the distribution of power generation is not completely symmetric between east

and west facin@wTPV. While Agartala and Tunis show higher generation potential for windows facing



moretowardswest compared to the eastern orientati®denburg has a slightly higher potential for the

eastern direction.
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Figure 5. Threshold Switching in Different Climate Zon@sinual energy generation of 1m2 SwTPV window versus threshold
for incident solar irradiation fatifferent cardinal directiom Agartala (a), Tunis (b) and Oldenburg (c). Total time in hours the
photovoltaic window is operated in LH stated generates electricitersus threshold for incident solar irradiation in Agartala

(d), Tunis (e) and Oldenbgi(f).

To further study the usage of the threshold model, we also analyzed the total hours per year during which
the photovoltaic window is in LH mode (Figurd3o f) and generates electricityl he figures show a
histogram of the distribution of irradiee forfive orientations of the window/\e chose for each city
theeast/westlirections with hipergeneration potential, meaning for Agartala and Tunis the west facing
windows and for Oldenburg east facidgdrastic reduction of the solar cell usage time can be observed,
when the threshold value is increased from zero to 200 W/m?2. For higher threshold values, the decrease
in the solar cell usage time is rather gradual. The steep drop in the beginnirsgresulhe large amount

of time at dusk and dawn, where only very low irradiation incidence on the SwTPV wirdivam

days with high cloud coverag&he comparison between usage time and annual power output shows that

high irradiation is more importanoif the power output, than long timeframes with low irradiation. This

































