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Photovoltaic Windows with Bifacial Cells and

Integrated Blinds
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Marcel Ribberink, and Roland Valckenborg

The stricter requirements for the energy performance of buildings are creating a
market for several building-integrated photovoltaic (BIPV) technologies, including
photovoltaic (PV) windows. Herein, an innovative multifunctional PV window con-
cept designed to enhance energy generation while providing overheating protection
for better indoor thermal and visual comfort is presented. This concept utilizes bifacial
c-Si solar cell strips combined with venetian blinds, all embedded in a unique
insulating glazing unit. The bifacial technology increases the energy yield by using the
blinds as reflectors, directing more irradiance to the cells’ rear side. The goal of this
study is to analyze the outdoor performance of this concept under real operating
conditions. Twelve demonstrators are installed and monitored. Various measurement
campaigns are conducted, examining the impact of different blind types, tilt angles,
sun positions and sky conditions. The highest energy boosts occur when the blinds
are fully closed at a 75° angle with their convex side facing outward. Blinds with the
highest specular reflectance achieve a maximum performance increase of 25% on
sunny days and a daily average increase of 12% compared to the case of no blinds.

Consequently, there are stricter require-
ments for the energy performance of
buildings, which are creating markets for
building-integrated ~ photovoltaic  (BIPV)
solutions, including photovoltaic (PV)
windows. Especially for buildings with a
high window to wall ratio, such as modern
high-rise residential buildings or offices,
semitransparent PV solutions will become
essential to meet the energy targets. While
in recent years significant progress has been
made to increase the variety and the aes-
thetic value of opaque PV modules, such
as coloring PV solutions,’” semitransparent
PV windows have not yet been extensively
researched and commercialized.

The development of (semi-)transparent
PV windows focuses on two main require-

1. Introduction

Energy consumption in the building sector, which accounts
for 40% of the total energy demand in Europe, is a serious con-
cern due to continuous population growth in urban areas.
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ments: sufficient transparency, to ensure

enough visual transmission, and the ability

to deliver a significant amount of electricity.”!
Additionally, an ideal PV window should be aesthetically pleasing,
meaning color-neutral and visually homogeneous.

Several approaches to achieve (semi-)transparent PV are being
investigated. The most straightforward and commercially wide-
spread approach involves segmenting opaque solar cells, reducing
the active material area to create semitransparent modules with
evenly spaced solar cells shaped as strips or squares on the glass
substrate. Research and development efforts are also directed
toward other innovative solutions aimed at achieving intrinsically
transparent solar cells and modules. These approaches include, for
example, reducing the thickness of otherwise opaque PV thin-
films or using ultraviolet/near-infrared (NIR) wavelength-selective
PV materials.*! Based on these concepts, several emerging solar
cell technologies are being investigated, such as, screen-printing
dye-sensitized solar cells, NIR organic photovoltaics, polymer solar
cells, transparent luminescent solar concentrators, perovskite, tan-
dem perovskite, electrophoretic techniques, and quantum dot
solar cells.”™® Although promising, most of these technologies
are not yet close to commercialization due to serious technological
challenges, including durability, stability, scalability, degradation
and, most of all, low efﬁciency.[5 9l

Without sufficient electrical power production, PV windows
can hardly compete with alternative types of smart and advanced
window technologies, that aim to reduce the building’s energy
consumption in alternative ways, for instance, with low-emission
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coatings or vacuum double glazing"®™ Tt is commonly

recognized that, to be competitive and achieve a reasonable
levelized cost of energy, semitransparent PV windows for
BIPV applications should have a minimum efficiency of at
least 7-10%.1 Therefore, efforts should be directed toward
enhancing the electricity output of such semitransparent PV
products. On top of that, it is essential not to overlook the fact
that windows are crucial elements in the building, providing
occupants with adequate daylight and ensuring visual and
thermal comfort.

In this context, we have developed an innovative and multi-
functional PV window concept which aims to boost the energy
generation of semitransparent windows while, at the same time,
providing overheating protection and visual comfort."? The con-
cept that we propose is based on the combination of bifacial
striped c-Si solar cells and venetian blinds. The use of the bifacial
technology allows to boost the energy yield, thanks to the embed-
ded blinds (also enclosed within the window double-glazing)
which act as reflectors, increasing the amount of irradiance
reaching the rear side of the cells. The concept has been patented
by the glass company Pilkington, which intends to bring
the product to the market."* This product represents a next-
generation advancement compared to the already com-
mercialized window solutions: Pilkington Insulight with
Screenline,™ which integrates blinds into the insulating glazing
unit (IGU) but has no solar cells, and Pilkington Sunplus BIPV
(PV Vision),"* a BIPV IGU with monofacial cells and no blinds.
Therefore, the innovation of our newly developed window lies
in the use of bifacial cell technology combined with reflective
venetian blinds. To the best of our knowledge, no bifacial PV
window for building-integration exists on the market yet.
Although several studies investigate the integration of PV cells into
the shading systems themselves, there is very little literature on
products using the blinds only as reflectors, as we do in the present
work.'%!® Additionally, most of the literature focuses on simula-
tions with only limited experimental data available.[*7-8]

The goal of this work is to analyze the outdoor performance of
this multifunctional PV window concept. We aim to show how
the combination of bifacial cells and venetian blinds can boost
the energy yield of this semitransparent BIPV product, thus
making it a real competitive BIPV solution. We manufactured
12 small-scale PV window demonstrators, representing
different design choices, and tested the influence of different
coverage ratios, venetian blinds’ colors and PV technologies.
Additionally, we conducted several measurement campaigns
to study the impact of specific parameters, in particular the effect
of the blinds’ tilt angle on the performance. We should point out
that, due to the intrinsically multifunctional nature of the prod-
uct, the optimization can prioritize different aspects, such as
energy yield, thermal or visual indoor comfort. In this study,
the focus is on the electrical output maximization.

The rest of the article is organized as follows. Section 2
presents the investigated PV window concept and explains its
operating principle. Section 3 describes the experimental setup,
including the prototypes description and the outdoor testing
setup, while Section 4 details the approach used for the analysis.
Section 5 presents the results of the outdoor performance
analysis and, finally, the main conclusions are highlighted and
discussed in Section 6.
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2. Description of the PV Window Concept

The proposed PV window concept consists of a unique IGU with
laminated bifacial c-Si solar cells strips and venetian blinds
embedded in the spacer between the two glass panes. As shown
in Figure 1a, the solar cells are laminated on the outer side of the
window, so that the front side of the bifacial cells directly faces
the sky, while the rear side of the cells faces the venetian blinds,
located toward the internal part of the window. When deployed,
typically in moments of high irradiation, the blinds will act as
reflectors, sending back part of the sunlight to the rear side of
the bifacial cells, thus boosting the energy yield.

Figure 1b illustrates the operating principle of the multifunc-
tional PV window: in the “no boost” mode, we have an ordinary
solar window (with c-Si cell strips) because the blinds are out of
sight, stored in the top storage box; in the “partial boost” mode,
the blinds are deployed but kept open (i.e., horizontal), they will
block the heat to some extent, but there is still normal visibility;
in the “maximum boost” position, the blinds are completely
closed (i.e., vertical), the output from the PV cell strips is maxi-
mized and the sunlight toward the inside of the room is blocked.
The blinds’ tilt can be controlled automatically or manually by the
users to achieve the desired output (optimized PV yield, thermal,
or visual comfort).

(a)
Low e- BIPV
coating single = dOUb|e'g!355
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laminated
Argon—+— cells
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Figure 1. a) Exploded view of the PV window. b) Schematic representation
of its operating principle. Three modes are shown: raised blinds (left),
partial boost mode with open blinds (middle), and boosted reflection
mode with closed blinds (right).
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3. Experimental Section

To evaluate the performance of such a product, 12 small-scale PV
windows have been manufactured and installed at the outdoor
research facility SolarBEAT,'” in Eindhoven, the Netherlands.
The PV windows demonstrators have been integrated in the
south-facing facade of a dummy building, as shown in
Figure 2, and are operational since September 2023. The size
of the windows, accounting only for the exposed glass area (thus
excluding the frame and the venetian blinds storage box) is
455 x 333 mm.

With these 12 demonstrators, we are investigating several
different aspects, namely, different PV cell technologies, the
influence of different coverage ratios, and the effect of different

o
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types of venetian blinds. More precisely, we have the following
variations: 2x bifacial PV technologies: a) c-Si interdigited back
contact (IBC) cells and b) c-Si passivated emitter and rear contact
(PERC) cells; 2x coverage ratios (CR): a) CR=50% and b)
CR = 60%; 3x types of venetian blinds (by Pellini):*® a) $157
(gray, most sold commercially); b) S102 (white, high diffuse
reflection); and c) V95 (gray, high specular reflection).

3.1. Description of the PV Windows Variations
The PV windows have been labeled as shown in Figure 3. On the

first column, from row 1 to 6, the windows with ¢-Si IBC cells are
installed, while the second column, from position 7 to 12,

PV cell
technology

Venetian
blind type

Coverage
Ratio (%)

To1 IBC 60 $102
T02 IBC 60 V95
TO3 IBC 50 V95
TO4 IBC 50 S157
TOS IBC 60 5157
To6 IBC 50 $102
S07 PERC 60 5102
S08 PERC 60 V95
S09 PERC 50 V95
$10 PERC 50 $157
S11 PERC 60 $157
§12 PERC 50 5102

Figure 3. PV windows labeling and characteristics. In the labels, the letter “T” or “S” before the number indicates the initial of the manufacturer (TNO or

S'Tile).
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contains the windows with ¢-Si PERC cells. While the PERC cells
windows have been manufactured by a commercial company,
S'Tile,! the 6 windows with bifacial IBC cells have been
manufactured in-house at TNO.

The back-contact technology was chosen for the integration of
bifacial ¢-Si strips because it allows maximum performance and
flexibility of design and processing for cell interconnection.
However, the integration of back-contactable c¢-Si strips posed
several technical challenges. A series of experiments have been
conducted to optimize the cell design, cutting and interconnec-
tion strategies, choice of materials, etc., but they are out of the
scope of this publication and therefore not reported here.

Eventually, the process was optimized and laminates with 50%
and 60% coverage ratio were produced. The coverage ratio is
defined as the ratio between PV active area (blocking the light)
and nonactive area (letting the light through the window). For the
IBC windows, the 50% and 60% CR windows consist of, respec-
tively, 28 and 32 strip cells connected in series in two adjacent
columns of 14 and 16 cells each. The windows with the PERC
cells consist of 3 strings of 13 and 15 series-connected cells
(i.e., arranged in 3 columns), respectively, for the 50% and
60% coverage ratios. The three strings are here connected in par-
allel and the total number of cells is 39 and 45 for the two dif-
ferent CRs. For both window types, CR =50% means that the
vertical spacing between the cells is equal to 10 mm, while at
CR = 60%, the vertical spacing is 7 mm, thus more cells can
be accommodated. The electrical specifications at standard test
conditions (STC) and the technical drawings of the 12 windows
are reported in the Supporting Information (Table S1 and
Figure S1), along with a more detailed explanation of how the
coverage ratios are calculated (Figure S2 and Table S2,
Supporting Information).

Once the 12 PV laminates were manufactured and
characterized, they were sent to Pilkington for integration in
the double-glazing IGU, together with the venetian blinds.
The total thickness of the IGUs, comprising the PV lami-
nate, the air cavity (air 10%, argon 90%) in which the blinds
are located, and the toughened low-e-coating glass pane, is
~38 mm for all windows.

The venetian blinds were manufactured by Pellini.*” They are
aluminum-based slats which are not completely flat, but have a
slightly curved C-shape. The slats are evenly spaced at a distance

www.solar-rrl.com

that is smaller than their width so that the they can overlap when
they are fully closed. In our case, the slats width is 12.5 mm and
their distance 10 mm.

The three variations tested in this work are: the S157, which
has a silver coating and is the most commercially sold blind type,
thus considered our “reference”; the S102, which has a white
coating and is highly diffusive; and the V95, which has a special
low emissivity and highly reflective coating with silver color
appearance. Figure 4 shows the comparison of the total reflec-
tance spectra of the three different venetian blinds, as well as
their decomposition in diffuse and specular components
(throughout the visible spectrum range). The V95 slat clearly
shows the highest specular reflection, while the white-coated
$102 slat is highly diffusive.

3.2. Measurement Equipment

The PV windows were all connected individually to an EKO MP-
160 IV tracer, which allowed to measure at every timestamp all
the electrical parameters and the complete current—voltage (IV)
curves. For in-plane irradiance measurements, an EKO MS-802
pyranometer was installed on the side of the facade. NTC Theben
temperature sensors were placed in the airgap inside the window
(in the box that hosts the venetian blinds when they are not
deployed); these temperature measurements were the most accu-
rate approximation of the module’s temperature that our test setup
could achieve. The venetian blinds could be regulated in terms of
height and tilt; they were controlled remotely thanks to the KNX
communication protocol via the ThinkKNX application.

Finally, from a LufftWS600-UMB Weather Station, located at
the SolarBEAT site, all weather data could be retrieved (e.g.,
global horizontal irradiance (GHI), diffuse horizontal irradiance
(DHI), Tymp, wind speed, etc.), and a webcam placed in front of
the setup allowed to visually monitor the system and detect
possible shading situations.

4. Approach

4.1. Measurement Campaigns

The main research question we are trying to answer is: “To what
extent can the blinds boost the performance of the PV

(@ 1 (b) 1
0,9 +
O diffuse M specular
0,8 4
_ = 0,74
-~ [J] o
@ 2 0,6
g 8 0,5
£ 04 3 041
3“1 —s157 e &
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Figure 4. a) Total reflectance spectra of the three different venetian blind types: S157, S102, and V95. b) Diffuse and specular reflectance components of

the three blinds in the visible spectrum range.
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windows?”. The answer is not trivial, as it depends on several
aspects, such as the optical properties of the blinds themselves,
their tilt angle, the sun position, the sky conditions, etc.

Several measurement campaigns have been conducted in the
9 months of operation. In each measurement campaign, we var-
ied the position of the blinds in terms of height (h) and tilt (¢).
Both height and tilt can be tuned from 0% to 100%. Height value
of h=0% means that the blinds are not deployed at all (raised
up), while h=100% means that the blinds are completely
deployed down. When the blinds are deployed, their tilt angle
can be set and varied from 0% to 100%. As mentioned, the slats
are slightly curved. The situation in which the tilt is set to t = 0%
means that the blinds are fully closed with convex rounded side
facing outside; while t = 100% means fully closed but with con-
cave side facing outside. It is also relevant to mention that, in
both cases t =0% and 100%, the slats cannot go fully vertical,
but only reach a maximum angle of +75° (with reference to
the horizontal axis).

Various intermediate blinds’ tilt positions, e.g., t=25/50/
75%, have been tested too. Typically, for each measurement cam-
paign, i.e., for a specific configuration of blind’s tilt and height,
we measured the performance of the windows for a least one full
week, to gather a sufficient amount of datapoints. The configu-
rations that were found most relevant are shown in Table 1.

4.2. Performance Analysis Metrics

The main metrics used to assess the outdoor performance of the
PV windows are the specific energy yield and the performance
ratio (PR). The specific yield allows us to easily compare the dif-
ferent PV windows, in spite of their different rated power.

Table 1. Main tested configurations, in terms of blinds’ height and tilt,
during the measurement campaigns.

Blinds’ Blinds’  Blinds’ tilt Description Schematics
height tilt [%]  in degrees
(%] [
h=0% t=n.a. n.a. Blinds are not deployed —
(reference case)
h=100% t=0% 75 Blinds are completely deployed \
and closed (vertical orientation),
with convex side facing outside \
and upward \
h=100% t=50% 0 Blinds are completely deployed
and open (horizontal orientation) ]
h=100% t=100% -75 Blinds are completely deployed (
and closed (vertical orientation),
with concave side facing outside (
and downward (

AWith reference to the horizontal plane (normal to the window plane).
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Indeed, it is defined as the ratio between the measured yield
and the nominal power of the module at STC, expressed in
kWhkW, . The PR is a quality metric, expressed in %, which
describes the relationship between incoming irradiation and pro-
duced power; it is defined as the ratio of the actual and expected
energy output and allows to compare modules and systems
independently of their PV technology, orientation and incident
irradiation. It allows for a fair comparison, regardless of the
specific conditions.

In this study, we deal with bifacial PV modules, but we do not
have the possibility of measuring irradiance on the rear side
because the cells are embedded in the IGU together with the
venetian blinds. Consequently, we cannot use the bifacial-PR
equation, as specified in the IEC 61724 standard.”? Instead,
we calculate PR using the following monofacial equation:

P G
PR = meas STC (%) (1)
PSTC, front Gmeas, front

where Pp,,s is the total power measured by the bifacial PV win-
dow, Pstc, front is the front side rated power measured at STC,
Gmeas 18 the plane-of-array irradiance measured at the front side
of the facade and Ggrc is 1000 W m 2. The standard PR metric as
defined above neglects the temperature effect, resulting in strong
seasonal variations. Since in our study we performed several
measurement campaigns, varying the position of the venetian
blinds, and we want to compare these different situations mea-
sured at different times of the year, we need to remove the
impact of seasonal variation on the PR. To do so, we use the
temperature-corrected PR metric, defined as:

P meas GSTC (% )

PRT, =
o PSTC, front(l - % (Tref - Tmod)) Gmeas, front

(2)
where § is the module’s Py, temperature coefficient, Tpyoq is the
measured module temperature at each timestamp, and T.ris the
STC temperature, i.e., 25 °C. The power temperature coefficient
of the IBC cells is —0.29% Py, °C~!, while for the PERC cells, it
is —0.35% Prpp °C™". For the module temperature Tpnoq, We use
the readings from the temperature sensor placed in the airgap
inside the window, which is the closest approximation to
cell/module temperature that is available.

Using the T-corrected PR instead of the standard PR formula
allows us to eliminate (or at least significantly reduce) the influ-
ence of temperature, to more clearly identify the differences in
performance attributed to the use of the venetian blinds.

4.3. Data Filtering

The data have been recorded with a timestamp of 2 min. Some
filters have been applied to disregard the datapoints affected by
unwanted mechanisms, such as shading, or characterized by
conditions inducing higher uncertainties, such as too low
irradiance levels. The applied filters are reported in Table 2.
The lower limit for the irradiance filter has been set to
50 Wm 2. Although this threshold is not excessively strict, it
can be observed that this filter already removes more than
40% of the datapoints. This is due to the fact that on vertical
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Table 2. Filters applied to the dataset and related datapoints statistics.

www.solar-rrl.com

Filter description Filter condition

Aggregation and iteration

Datapoints removed at each step [%)] Datapoints left [%)]

Original dataset [day-time] Gpoa >5Wm™2 Whole dataset 0 100
Remove low irradiance Gpoa >50W m~2 Whole dataset —42 58
Remove nongeneration time Pmpp >0 Per window — whole dataset —16% 49%
Remove outliers [Tst step] 1.5 x IQR on PRyorr Per window — daily iteration —14% 429
Remove outliers [2nd step] 1.5 x IQR on PRyorr Per window — on whole period -7 39

AWith reference to the horizontal plane (normal to the window plane).

facades, the irradiance is typically lower than on other installation
types, but also because our 9 month measurement period does
not include the sunnier summer months. The Gy, filter already
excludes night times, but with the additional filter on the maxi-
mum power point power we aim to exclude those times in which
system outages or any other issue causing no power generation
took place. Additionally, since power and irradiance are directly
proportional, their relationship (i.e., the PR metric) can be used
to detect and remove nonrealistic power—irradiance pairs and
outliers representing other potential issues like shading. To
do so, we used the interquartile range (IQR) method. With this
method, we define the outliers as any point in which PRy, >
Q3 + 1.5 X IQR or PRy <Qp — 1.5 X IQR, where Q; and Qs
are the first and third quartiles and IQR is the interquartile range
(i-e., Q3—Q;). This filtering rule is applied in two steps, first on a
daily basis and with a daily iteration routine, and second, on the
whole dataset. Figure 5 shows the correlation power-irradiance
for a reference window, in which the datasets at each filtering
step are shown. At the end of the filtering procedure, a clean
dataset is obtained and can be further used for the analysis.

5. Results

In this section, we present and analyze the results, starting with
an overview of the daily performance of all windows. We then

1211 original dataset °
Gpos il ‘ol % o
poa filter o % °°% o o2
Ponpp filter F A g

—
(=]
L

o PR outlier filter (daily)

PR outlier fulter (whole period) ‘
o ,,a'
.
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Pmpp TO1 (W)
o
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L X °.'
4 A 0y e
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'] ,.
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Figure 5. Scatter plot power (TO1) versus irradiance showing the effect of
the filters on the dataset.
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delve into a detailed comparison of the various window types
and the impact of venetian blinds on their energy efficiency.
Additionally, we examine how different weather conditions
influence their performance, also depending on the specific
blinds’ configuration.

5.1. Overview Daily Performance

Figure 6 shows an overview of the daily temperature-corrected
PR for the 12 windows. For clarity, the 6 windows with PERC
cell technology are plotted in the top graph, while the 6 windows
with IBC cells are in the bottom graph. As a guide for the eye, the
windows with blind type V95 are shown in blue color tones, blind
S102 in green tones, and S157 in orange tones; additionally, the
darker color indicates a coverage ratio of 60%, the lighter color a
CR of 50%. In the plots, the different measurement campaigns
are indicated by the vertical lines and the schematics on top of the
graphs.

The first aspect we can point out is the high recorded absolute
PR values: in fact, the daily T-corrected PRs of all windows range
approximately between 95% and 130%. We must again point out
that this is partially because the PR calculation only includes the
contribution of the front-side irradiance, while the bifacial cells
are also able to capture reflected light on the rear side. This is
why, also in the reference situation where we do not use the
blinds to enhance the back-side reflection (so at h=0% and
t=n.a), the PR value is around or above 100%.

Additionally, we notice differences in performance both
between the various measurement campaigns and between
the different blinds’ types. One obvious feature is the jumps
in PR when the blinds changed from “completely raised up”
(h=10%, t=n.a.) to “completely closed” (h=100% and t= 0%
or 100%), and vice versa, irrespective of their color and optical
properties. If we take a closer look and observe the differences
between the blinds’ types, we can notice that their behavior
changes depending on the specific measurement campaign,
i.e., on their tilt position. When the blinds are closed with convex
side facing outside (t = 0%), the V95 blind seems to be the best
performing, while the windows with blind S102 and V95 become
comparable when they are closed with the opposite orientation
(t=100%). In almost all cases where the blinds are deployed,
the windows with blind type S157 tend to report the lowest
PR values. In contrast, when the blinds are fully raised, the
12 windows exhibit more similar and comparable energy yield
and PR values. Part of the reason for these performance
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Figure 6. a) Daily T-corrected PR of the 6 PERC windows and b) the 6 IBC windows. The vertical lines mark the different measurement campaigns with the
different blinds positions, which are indicated in the schematics on the top, together with the tilt angle percentage. The shaded areas should be

disregarded in this analysis.

deviations can be either the different coverage ratios and cell
technologies, or in general the uncertainty margin in the flash
data of the PV windows. A discussion related to this aspect
can be found in the Supporting Information. In general, the dif-
ferences in performance due to coverage ratio or cell technology
are found to be significantly less relevant than those related to the
types of blinds. Therefore, for the remainder of the study, we will
focus on the effects given by the various venetian blinds types.

5.2. Effect of Blinds’ Type and Tilt Angle on Performance

5.2.1. Reference Sunny Days

Although with daily aggregations we can easily compare the dif-
ferent measurement campaigns and analyze long measurement
periods, a more in-depth analysis requires focusing on specific
days to analyze instantaneous yield and performance. In partic-
ular, we selected a (mostly) sunny day for each of the most rele-
vant tested configurations: no blinds (t=mn.a), blinds deployed
and open in horizontal position (t=50%), blinds deployed
and fully closed with concave side facing out (t=100%), and
blinds deployed and fully closed with convex side facing out
(t=0%). Figure 7 shows both the specific energy yield and
T-corrected PR for four reference days, each representing one
of those blinds configurations. Ideally, fully sunny days would
be used to better discern performance differences; however,
in some cases, such days were not available during the measure-
ment campaigns for a particular configuration. In these cases, we
selected days that were at least partially sunny.
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For better visual clarity, Figure 7 displays data for only one
window per blinds type, specifically the windows with PERC cells
and a coverage ratio of 60%; however, the behavior is consistent
for the other windows with coverage ratios of 50% and IBC cells.
As expected, in the reference case with no blinds (Figure 7a), the
yield and PR of the windows are nearly identical. When the
blinds are in use, however, more significant deviations are
observed. It is interesting to note that for the configurations with
tilts 50% and 100% (Figure 7b,c), the average PR is comparable to
the case with no blinds, and it is also more challenging to deter-
mine which blind type performs best. Generally, it appears that
the most common blind type, S157, performs slightly worse than
the others. In contrast, it is evident that, when the blinds are
tilted at t = 0%, the performance of all windows increases signif-
icantly, with the V95 blind clearly outperforming the others.

So far, we have evaluated the impact of adjusting the blinds’
position on the windows’ performance by comparing data from
various days across different seasons. However, this approach
has some limitations, as the PR is also affected by environmental
and seasonal factors, such as temperature (partially accounted for
by using the PRr.cor formula), position of the sun in the sky,
wind cooling effects, and other possible variables.

Therefore, an experiment was conducted in which, for a few
days, the blinds of all windows were kept in “raised up” position
with the exception of only one window, S09, which blinds (V95
type) were completely deployed and tilted at t = 0%, as shown in
Figure 8a. Figure 8b,c displays the energy yield and PR of the 6
PERC-cells windows during a sunny day in that period. We can
now clearly observe the PR boost given by the use of the V95
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Figure 7. Specific yield and PR plots for four reference sunny days during the various measurement campaigns: a) blinds up, b) blinds down tilt = 50%,
¢) tilt =100%, and d) tilt = 0%. Only one window per blind type is shown (PERC cells, CR = 60%).

blinds when fully closed with t=0%. The performance boost is
significant and amounts to more than 25%.

5.2.2. Correlation with Sky Conditions and Sun Position

Understanding the performance of this PV window concept is
not trivial because of the several parameters that simultaneously
come into play and affect the internal reflections within the IGU
unit. In particular, we are interested in investigating how the
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electrical performance is affected by the sky condition, i.e., if
the blinds behave differently under diffuse and direct irradiance,
and in the correlations between the sun position in the sky, the
plane of the PV cells and the tilt angle of the venetian blinds’
slats.

For this purpose, we plot the data shown in Figure 9. First,
Figure 9a shows the correlation between the PR and the
plane-of-array irradiance accounting for the complete period,
but distinguishing between the various blind configurations.
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Figure 8. a) Photograph of the setup during the experiment in which the blinds of only one window (S09) were in use. b) Specific yield and c) T-corrected
PR on one sunny day (24/09/2023) of the PERC-cells windows (S07 to S12), showing the performance boost given by the blinds’ deployment.

One reference window for each blind type is shown, and the data
has a 10 min resampling. The highest performance is clearly
achieved at blind’s tilt of 0%. In general, we can also observe
how at low irradiance levels, i.e., below 200 W m ™2, the perfor-
mance starts to drop.

After having verified and discussed in the previous sections
that the specular reflective blind V95 leads to the highest energy
boost, we dive deeper into the analysis of this particular window
type. In Figure 9b—d, we show scatter plots of PR versus irradi-
ance at the various blind configurations, as a function of several
parameters, namely, diffuse fraction, angle of incidence (AOI)
between the sun and PV plane, and angle of incidence between
the sun and the venetian blinds’ slats.

The diffuse fraction is defined as the ratio between the DHI
and GHI; typically, diffuse fraction values below 30% represent
sunny moments. Expectedly, we observe that high diffuse
fraction values corresponds to moments in which G, is lower,
however, this does not correlate to lower PR. This means that also
when there is no or little direct irradiance, the blinds still induce
the boosting effect, by reflecting part of the irradiance to the rear
side of the cells.

In contrast, the performance ratio is significantly affected by
the AOI (Figure 9¢), i.e., the angle between the incident beam of
the sunlight and the perpendicular to the plane of the PV win-
dow. In general, lower PR values correspond to higher AOI; this
is expected as, at high AOI, the reflection from the outer glass
increases significantly, thus reducing the transmitted irradiance.
What is more interesting to observe is that the high PR values,
between 120% and 130%, recorded when the blinds are closed at
t=0% (75° tilt), seem to be correlated to angle of incidence in the
range 50-65°. It is likely that the general PR decrease due to the
glass’ reflection at high AOI is compensated by the boost given by
the reflection of the blinds when they are closed at their maxi-
mum tilt angle of 75°. The same does not hold true for the other
blinds positions (t=n.a./50%/100%), where the PR is not
boosted at this range of angles of incidence; instead, in these
cases, the lower the AOI, the higher the performance.

Finally, Figure 9d highlights more explicitly the correlation
between the angle of the sunbeams and the venetian blinds
(AOlpjings). We would expect that, for the specular reflective blind
V95, the lower the AOlyjngs, the higher the reflection, thus the
energy boost. This is in fact what happens when the blinds are in
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close position, both at t =0% and t=100%. However, at tilt of
100%, the blinds have a real angle of —75°, meaning they face
downward instead of upward to the sky. Therefore, the angle
of incidence with the sunbeams rarely approaches the optimal
low values. This is also the reason why the boost in this blinds
configuration is significantly lower than when the blinds face the
sky with an angle of 75° (t=0%). Finally, we observe that at
t=50%, there are no clear correlations between the window per-
formance and the relative angle between the sun and the blinds.
In this configuration, the blinds are placed horizontally, i.e., per-
pendicular to the plane of the PV cells, therefore the specular
reflection from the blinds is directed toward the inside of the
room, rather than on the rear side of the PV cells. Only part
of the light that is reflected diffusively can reach the cells, but
this contribution is found to be insignificant.

5.2.3. Overall Period

For a comprehensive evaluation of the behavior of the windows,
we aggregated all data points from various measurement cam-
paigns, regardless of the season in which they were conducted,
based on the same blinds configurations. The boxplots in
Figure 10 show the daily temperature-corrected PR of each win-
dow for each blind configuration throughout the entire measure-
ment period. It should be noted that the four blind
configurations were tested for varying numbers of days (N):
N =061 for the configuration with blinds raised up, N=20 for
blinds at tilt 50%, N =26 for tilt 100%, and N=37 for tilt
0%. In the boxplot, the median is represented by the middle hori-
zontal black line, while the mean is indicated by the red pointer.
It can be observed that windows with the same blind type
(aligned on the same columns in Figure 10) show equal or very
similar trends. This proves again that the coverage ratio and the
cell technology do not significantly impact the general perfor-
mance of the PV windows. This overview also confirms that
the highest performance is achieved, in all cases, when the blinds
are closed with the convex side facing outside, i.e., with tilt = 0%.
In this situation, the energy boost is maximized, and it is partic-
ularly high for the V95 blind, which is the most highly reflective
one. When the blinds are tilted at 100%, the performance varies
depending on the blind’s type: for S102 and V95 we achieve a
slight performance boost, while for S157 the performance is even
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Figure 9. a) PR as a function of irradiance for each blind type (one representative window each) for the whole period. The results for blind V95 (window
S09) are further analyzed showing how the performance of each blind configuration correlates with: b) diffuse fraction, c) AOI, and d) angle of incidence

between the sun and the venetian blinds.

lower than the case of no blinds. Similarly, at blind position
t=50%, i.e., when the slats are placed horizontally, there is a
minor boost for the S102 type, but a slight decrease in PR for
the S157 and V95.

All in all, if we take an average of the performance of the vari-
ous windows with the same blind type, we obtain the results as
shown in Table 3. The table presents the average relative perfor-
mance increase, or decrease, of the various configurations rela-
tive to the reference case, where the blinds are fully raised. It can
be concluded that the optimal blind configuration (achieving the
highest energy boost) is the tilt of 0%, corresponding to the slats
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being fully closed (at a real angle of about 75°) with their convex
side facing outward and upward. The most reflective blind V95
led to the highest performance boost of 12%. For the white-
coated blind with high diffuse reflection properties, S102, a sig-
nificant boost of 9% is also recorded, and even the most common
gray-painted blind, S157, showed a PR increase of 5%. It should
be pointed out that these values are based on daily averages; on
sunny days, we saw that the instantaneous energy boost given by
the use of the blinds can reach significantly higher values, up to
+25%. In addition, the monitored period excludes the main
summer months, where the highest amount of sunny instances
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Figure 10. Boxplot showing daily temperature-corrected PR of each window for each blind configuration: blinds up, t =50%, t =100%, and t = 0%.

are typically recorded; especially the most specular reflective
blind V95 is expected to perform at its best in moments of high
direct irradiation.

Another interesting observation is the significant difference in
the results when the blinds are tilted in the opposite direction,
i.e., when the convex side of the slats faces inside and the concave
side faces toward the cells and the sky (i.e., t =100% and corre-
sponding angle of —75°). In this case, only the diffusively reflec-
tive blind S102 still records a PR boost of +-5%. This is likely due
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to the optical properties of this blind: being more diffusively
reflective, it is less affected by the exact angle at which the slats
are tilted and by the direction of the incoming sunrays. In con-
trast, for those blinds with lower diffuse reflection component,
we achieve a PR increase of just 2% for the V95 blinds and a PR
drop of 4% for the S157 blinds. These lower or even negative
values seem to indicate that in this position the blinds are not
fully shut but still allow some light transmission inside the room,
thus less reflection toward the cells. A negative value, as reported
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Table 3. Effect on the PR of the various blinds types at the different tilt
configurations (calculated with respect to case of blinds raised up).
The percentage values shown are the average between all windows
with the same blind type.

Blinds t =50% Blinds t =100% Blinds t =0%
S157 -3% —4% +5%
S102 +2% +5% +9%
V95 —-1% +2% +12%

for the S157 blind, means that the performance is lower when the
blinds are used, than when they are not deployed at all. This
result, which is not straightforward, might be due to the fact that
the sunrays hitting on the blinds (and after possible reflections
between adjacent slats) are mostly redirected toward the inside of
the room, rather than toward the solar cells; at the same time, the
blinds in this position would block the possible light coming
from the inside of the room, thus reducing the overall irradiance
seen by the rear-side of the solar cells.

Finally, when the blinds are kept with a tilt of 50%, i.e., hori-
zontally, their effect of the PR is rather low, ranging from —3%
for S157 to +2% for S102. As previously discussed, this is likely
due to the fact that the specular component of the reflection is
directed toward the inside of the room, rather than toward the
cells; in fact, this negative effect is mostly present for the more
specular reflective blinds, S157 and most of all V95, which
recorded the negative APR.

As a final remark, we can argue that small PR differences, in
the order of £2%, could fall within the error and uncertainty
margins of the experimental setup. Therefore, the only conclu-
sion that can be drawn when such small PR differences are
recorded, is that in those cases the blinds do not significantly
affect the performance and the energy yield of the PV windows.

6. Conclusion and Outlook

In this work, we conceptualized, developed, and analyzed the out-
door performance of an innovative PV window solution in which
bifacial PV cells are integrated together with venetian blinds in a
unique IGU. The use of the bifacial technology allows to boost
the energy yield, thanks to the embedded blinds which, when
deployed, can act as reflectors, increasing the amount of irradi-
ance reaching the rear side of the cells.

Twelve prototypes were manufactured and monitored for
9 months in real outdoor conditions at the SolarBEAT research
facility in the Netherlands. The tested prototype variations
included three different venetian blind types, with specific optical
properties, two different coverage ratios, and two solar cell bifa-
cial technologies. Several measurement campaigns were con-
ducted to understand which position (tilt angle) of the
venetian blinds slats would lead to the highest energy boost.
Significantly different energy yields were recorded depending
on the blind type and the slats position, while the effects of
the coverage ratio and cell technology were found to be less
relevant.
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It was concluded that the most optimal blind configuration is
the fully closed position in which the convex side of the slats faces
outside and upward, which corresponds to a real angle of 75° (or
tilt t=09%). At this position, all blind types record an energy
boost, with the V95 type showing the highest daily average
increase of +12% relative to the case of no blinds. The V95 is
the blind having the highest total reflectance and the highest por-
tion of specular component. During sunny days, the maximum
yield boost given by the V95 slats reached up to 25%. The per-
formance increase for this blind type is lower during cloudy days,
where less direct solar irradiance can hit the blinds and be spec-
ular reflected back to the cells. It is also found that, when the slats
are tilted at other intermediate angles, the energy boost is more
limited, since less sun rays are reflected from the blinds back to
the solar cells. At those other angles, e.g., horizontal (t = 50%) or
closed with concave side facing outside and downward
(t=100%), the most diffusively reflective blind, i.e., the white-
coated S102, provides the highest boost, 5% on average on a daily
basis.

Fully understanding the behavior of the blinds at the different
configurations was not trivial, due to the interplay of several opti-
cal, geometrical, and electrical mechanisms. In general, it was
found that the highest energy boost was achieved when the rela-
tive angle between the sunbeams and the slats was the smallest,
i.e., as close as possible to perpendicular orientations. In this
way, the rear side of the cells would receive a higher portion
of specular reflection from the blinds. However, this optimal con-
dition was only or mostly met when the blinds were positioned in
close position (t = 0%).

To further investigate those correlations and the exact interac-
tions between the internal reflections within the IGU, it would be
beneficial to perform modeling work. For this, we plan to publish
a separate contribution, that will include simulations of the inves-
tigated PV window concept, as well as a sensitivity analysis to
study how such concept could behave in different climates
and locations.**!

Finally, it is important to emphasize the multifunctional
nature of this building-integrated product, which simultaneously
serves as an electricity generator, glazing, and shading device.
This means the product can be optimized not only to maximize
electricity output, as demonstrated in this work, but also in terms
of visual and thermal comfort. In real-life applications, users will
likely consider the interaction between these aspects and seek a
compromise based on their specific needs.
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