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Abstract: Effective implementation of renewable energy sources (RES) is one of the main challenges
in regard to the organization of local energy microgrids with buildings. One of the solutions is the use
of dynamic building façades with photovoltaic (PV) panels, in particular the innovative perovskite
solar cells (PSCs). This paper describes a case study performed on a pilot installation of perovskite
PV panels located in Poland, Central-Eastern Europe. Results of preliminary measurements on this
installation are provided in terms of verifying its energy efficiency and the possibility of selecting
settings for the façade dynamics control system. Our experiments have considered the sun-tracking
mechanism and its energy consumption as well as the impact of weather conditions at different times
of the year. The energy efficiency results for the PV system, with average levels below 10%, are rather
low. Therefore, even small energy savings in the operation of the PV system itself are significant.
Changes in control scenarios for sun-tracking have been proposed and have obtained a reduction
from 5% to 1% of energy consumption in autumn and from almost 3.2% to 0.6% in spring, in relation
to overall energy produced by the PV system. The need for further experimental research from the
perspective of the development and extension of the analyzed installation is pointed out as well.

Keywords: building integrated photovoltaic module; dynamic façade; adaptive façade; perovskite
photovoltaic panel; energy efficiency; renewable energy; microgrid

1. Introduction

According to the latest industry report of the International Energy Agency (IEA), the
buildings and building construction sectors combined are responsible for 30% of total global
final energy consumption and 27% of total energy sector emissions. Energy demand from
the buildings sector continues to rise not only driven by developing countries, but also by
greater ownership and use of energy-consuming systems and appliances. Examples of this
can be seen in the growing number of air conditioning devices and systems and the rapid
growth in the floor area of global buildings [1–3]. However, at the same time, the renewable
energy sources (RES) generation sector is growing and developing rapidly. According to
another analysis and forecast published by IEA, the overall renewable electricity generation
is expected to increase almost 60% to 2027, with solar photovoltaic (PV) sources as the
leader, with a share of total cumulative power capacity from 12.8% in 2022 to 22.2% in
2027. It is estimated that RES generation will account for almost 40% of global electricity
production in 2027, offsetting the declining share of the most popular sources based on
coal, natural gas, and nuclear energy [4,5].

Over the last ten years, rapid advances in RES technology and changes in regulations
for the construction of prosumer installations have resulted in an increasing number of
RES being installed as part of building infrastructure. This applies, in particular, to PV
panel systems placed on roofs, façades of buildings, and in their immediate surroundings,
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creating building-integrated photovoltaic (BIPV) solutions [6,7]. The accessibility of these
technical solutions, with new policy and by building user awareness of effective use of
energy, open new ways for ecological transition in electrical energy supply with local
microgrids, as well as in virtual plants with building infrastructure [8–10]. There are many
different technologies for the construction of the PV panels themselves with different
technical parameters regarding the method of converting solar energy into electricity. They
determine the dimensions of the panels, their weight, and, above all, energy efficiency.
These three aspects are the subject of numerous research projects, development works, and
case-study analyses conducted in many countries around the world [11–13].

1.1. State of the Art, Related Work

In this paper, a case study of a dynamic building façade with perovskite photovoltaic
(PPV) panels is discussed. Basically, these kinds of installations refer to BIPV systems,
which integrate PV materials into building envelopes to produce electricity on-site. In
this form, the PV modules can be easily applied as parts of roofs, windows, façades etc.,
especially during the design and construction stages. Therefore, BIPV technologies are quite
suitable to be applied to new buildings. However, the type of application is determined,
primarily, by the technologies of PV panels. There are many such technologies, which
generally fall into three generations [11,12,14]:

1. First generation, with single-crystal and monocrystalline silicon as well as polycrys-
talline and multicrystalline silicon—classic PV panels, generally not flexible;

2. Second generation, with amorphous silicon, cadmium telluride, and copper indium
gallium selenide—flexible;

3. Third generation, with a very wide spectrum of materials such as organic solar
cells, nanocrystal solar cells, and perovskite solar cells (PSCs)—flexible, thinner,
and semi-transparent.

Technologies of all generations are still being developed due to their technical predis-
positions for various application areas. However, in the application of dynamic façades,
PPV panels are very promising, primarily due to the simplicity of their manufacture, the
ability to adapt to various surface shapes, and transparency. The PSCs could be applied
with low-cost processing techniques such as spray coating, spin coating, screen coating,
and thermal evaporation [15,16]. In addition, power and energy performance remains
an extremely important issue. Tiantian Zhang et al. [14] discuss several aspects related
to that question, highlighting the importance of overall energy performance verification
studies on PPV systems installed in real facilities. Based on their own experience and
tests conducted by other teams [17–19], they indicate the particular importance of various
installation parameters affecting optical performance, thermal performance, and power
performance. Moreover, in [3], Woo-Gyun Shin et al. discuss similar questions and go even
further. They have focused on technical and environmental aspects related not only to
the direct energy performance of BIPV systems but also to a prediction and forecasting of
power generation. In this context, the location of buildings, their orientation in relation to
the cardinal directions, and the climatic zones take on significant importance and are the
subject of tests and case-study analyses [20–22]. There is other research, related directly
to the performance evaluation of solar energy cells, that considers various methods of
modeling and advanced calculations. For instance, in [23], Akram M. et al. proposed
an advanced mathematical model and fuzzy tools for this kind of evaluation. Moreover,
in [24], theoretical analysis and laboratory research on PSCs are described as well. However,
most of these studies are based on theoretical models and simulations. There is a lack
of real systems evaluations with dedicated case-study analyses. Therefore, they are very
important in the context of technological and ecological transition of the energy supply
systems, especially virtual power plants and distributed micro-grids with RES [9,25].

On the other hand, there are several challenges and even barriers in widespread
adoption of BIPV that have been reported among others in [26–28]. They can be divided into
three main groups: (i) technical, (ii) design, and (iii) legal and social. The last group concerns
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diversified standards and legal conditions at various levels (national, industry), enabling
the implementation of BIPV installations. They are not considered nor discussed in this
paper. The issues of the projects and designs concern various arrangement concepts of static
and dynamic building façades with PV panel installations. It is worth emphasizing that the
design concepts also determine the potential of installation in terms of energy performance
and efficiency. Examples with pros and cons analysis are discussed in [5,26]. Finally, the
first mentioned group of technical barriers and challenges includes different aspects. One
of them is the rapid degradation of PSCs raised in the context of the commercialization
of PPV panels. Numerous publications discuss the factors causing this degradation of
PSCs in tested panels in various technologies, and they are primarily related to the impact
of sunlight and high temperature, i.e., natural weather factors, which are conducive to
the high energy efficiency of the panels themselves [29,30]. At the same time, researchers
are working to verify techniques and tools aimed at limiting the degradation processes
and ensuring the high stability of the operation of PPV panels in various weather and
climate conditions [31–33]. However, the degradation of PSCs is not analyzed in this paper.
All measurements and analyses of the PPV panels’ effectiveness were carried out for the
installation as it was, taking into account the progressing phenomena of their degradation.
Therefore, this paper is focused on a real BIPV system, considering possibilities to improve
its energy efficiency with control scenarios for the sun-tracking system. Research and testing
of these systems are focused on maximizing PV energy performance while simultaneously
reducing energy consumption for the implementation of the sun-tracking function and
ensuring light and thermal comfort in the rooms behind the façade [34,35]. One of the
analyzed solutions is the selection of control scenarios for the dynamic façade slats in order
to maximize the PV panels’ energy production while minimizing the necessary movements
of the slats and the associated energy consumption. It should be noted that such solutions
are not universal and should always consider a specific location and its conditions, hence
the case-study analyses are important [20,36,37].

The latter are of particular importance due to the impact of natural weather, climate,
and legal conditions on the RES, and in particular, PV panels and even the efficiency of
local electrical microgrids [14,36,37]. In order to improve these, basic and advanced control
systems are used, taking into account Building Automation and Control Systems (BACS).
BACS and smart building systems based on distributed fieldbus technologies provide
support and integration of necessary sensors (temperature, light intensity, weather stations,
etc.) and building infrastructure actuators in event-based mode [38–40]. They are of
particular importance considering the trend toward intelligent systems development with
functions of building control and management. This trend is determined by the provisions
of the latest European Union directives: the Energy Performance of Buildings Directive
(EPBD) [6] and the Energy Efficiency Directive [41]. A new instrument and tool supporting
the selection of building infrastructure control and management functions, considering RES
and elements of energy microgrids, is the Smart Readiness Indicator (SRI)that was introduced
by the EPBD Directive. The guidelines of this indicator are already an element of research and
verification in scientific and engineering teams [42–44]. Moreover, they determine new social
models for ecological transition by changing maintenance and management of building
infrastructure by considering their significant energy consumption and the new role of
buildings in a transactive energy market [45–47].

1.2. Contributions

Bearing in mind all these aspects, in this paper, a technical analysis of a dynamic build-
ing façade pilot installation with PPV panels is presented with the results of experiments
regarding the verification of their energy efficiency in a real system. The main contributions
of the paper are given as follows:

1. Detailed technical analysis of a pilot installation with PPV panels for a specific location
in Central and Eastern Europe—a real case study;
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2. An original set of measurement data of the most important parameters that have a
direct impact on the energy efficiency of the dynamic building façade with PPV panels
(short measurement periods for different seasons, conditioned by the availability of a
pilot installation);

3. Multi-faceted analysis of power effectiveness and performance of PPV panels, con-
sidering trends of changes in the operating conditions of the pilot installation, along
with a discussion of the results;

4. New strategy for control of the dynamic building façade to improve its energy effi-
ciency and ensure the comfort of use of the rooms behind it.

The remainder of this paper is organized as follows. Information about the case
study dynamic façade installation with a control and measurement system is presented in
Section 2. Next, Section 3 provides an analysis of measurement data, with the determination
of trends in changes of dynamic façade energy efficiency, for different weather conditions
and sun-tracking options. Afterwards, a short energy performance analysis, together with
a proposed control scenario for the façade to improve its energy efficiency, are discussed in
Section 4. Finally, Section 5 gives the conclusions and suggestions for future work.

2. Methods and Tools

Real PV installations with perovskite technologies are still relatively new and inno-
vative solutions. This applies to the use of PSCs built into the elements of the building’s
dynamic façade as part of its power supply system. However, it should be emphasized that
the basic functions of these façades are related to ensuring thermal and light comfort in the
building, and the generation of energy from integrated PPVs is treated only as an additional
power source. Therefore, in this paper, a technical and parametric analysis is provided
by considering the operation of the real dynamic façade system with PPV modules in the
context of its energy efficiency and by considering sun-tracking function. The results are
important due to the planned façade expansion in the presented pilot installation and
the construction of further twin systems in subsequent buildings, which are based on the
experience from this pilot installation.

The research presented in this paper was carried out on a pilot installation of PPV
(by Saule Technologies [48]) on the façade of the Aliplast Poland headquarters building in
Lublin (Poland). This is the first PV façade system with PCSs in Poland; it was launched
in August 2021. The first tests and measurements were carried out in October 2021, after
2 months of normal operation of the system.

2.1. Perovskite PV Pilot Façade

The pilot system with PPV panels is an integral part of the architectural design of the
building, using the glazed surface of the façade oriented to the south and considering the
required assumptions of interior lighting comfort and energy efficiency of buildings. The
overall, real view of the façade with the installation is shown in Figure 1. The dimensions
of the installation with PPV panels are: height 10 m, width 3 m.

The entire façade consists of 80 slats (lamellas) divided into two groups (columns)
of 40 slats and connected to a controller in a battery charger with the Maximum Power
Point Tracking (MPPT) algorithm implemented. The PPV façade construction framework
is shown in Figure 2a. Each group of 40 slats (called sun-breakers as well) is divided into
3 slots connected in series. The second, middle slot consists of 14 slats, while the third
and first are 13 panels connected in parallel inside each slot. Figure 2b shows a simplified
electrical diagram of the PPV façade installation.
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There are no bypass diodes in this installation, instead there are blocking diodes. Each
module has a blocking diode connected in series. During normal daytime operation of the
PPV panels, the generated current passes uninterrupted through the anode of the blocking
diode and on to the inverter. At night, when the panels do not produce electricity, the
system tries to balance the difference in electrical charge between the PSCs and the batteries.
There is a current flow from the batteries to the PPV panels, which can damage or destroy
them. However, in this situation, the blocking diode is reverse biased and blocks the current
flow, protecting the PSCs from damage. When the sunlight illuminates the PPV panels
again, the blocking diode is biased in the forward direction and the system works normally
and safely.
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2.1.1. Moving PPV Slats with Motors

All the slats are made of aluminum and covered with a perovskite film of microscopic
thickness; they are 90% lighter than silicon cells. The flexibility of the thin film with PSC
modules enables almost entire coverage of the available surface of the slat. The dimensions
of a single lamella in mm are shown in Figure 3. The length of each element is 2833 mm.
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Technical data indicates that the usable surface of the slats is over 240,000 cm2. The
energy conversion efficiency is specified by the manufacturer at 17%. It also guarantees a
power yield of up to 170 W/m2, providing a generated power about 4.7 kWp for the entire
installation at peak insolation.

The PPV façade is dynamic, and the slats move in the angular range from 0 to
90 degrees. The 0-degree angle corresponds to the horizontal position of the slats (open
façade), and the 90-degree angle corresponds to the vertical position (closed façade—
theoretically complete cut-off of sunlight penetrating inside the building). The full range of
movements can be seen in Figure 4.
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The slats in the façade are driven by linear motors Euro 1 from the Mingardi (Somfy
group). They are powered by the mains voltage of 230 V AC directly from the MoCo
module (Motor Controller), belonging to the animeo IB+ system (Somfy BMS platform
presented in detail in Section 2.2) [49,50]. There are three such motors in the discussed
installation, one for each of the three façade zones: ground floor, first floor, and second
floor, respectively. This means that different scenarios can be implemented for each floor,
since the groups of slats move independently. This approach also provides better control
of the opening angle in response to the changing position of the sun than implementing
the entire dynamic façade with a single drive. All three motors are installed on the ground
floor for ease maintenance. Appropriate extension with the rods allows the movement to
be transferred to the first and second floors. Friction and resistance to movement of the
rods are negligible. The motors lift the façade with a maximum force of 450 N with the
maximum power 35 W at the limit load.

2.1.2. Inverter and Batteries

The installation uses a Solis RHI-(3-6) K-48ES-5G inverter with a maximum efficiency
of 98.4%. Its nominal power consumption is 7 W. The inverter works with a set of PY-
LONTECH US2000 rechargeable batteries and LFP lithium batteries (pouch cell type). The
3 battery modules connected in parallel offer a total capacity of 150 Ah. Both inverter and
batteries are shown in Figure 5.
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Figure 5. The PV installation devices: (a) inverter Solis RHI-(3-6) K-48ES-5G; (b) rechargeable
batteries PYLONTECH US2000.

There is a limited compatibility of connected devices within this pilot installation. The
inverter provides a maximum battery charging current of 25 A, which is the minimum
value recommended for this type of battery with a current of up to 50 A. Thus, compatibility
is only ensured at the maximum current from the inverter to the batteries. With reduced
efficiency of photovoltaic cells, unfavorable operating conditions are possible (excessive
battery discharge or the need to use energy from the grid). This condition results from the
preparation of the installation for the next façade modules planned to be installed in the
future by the building owner.

2.2. Automation System Devices and Configuration

The façade control system is based on the animeo IB+ platform (Somfy BMS platform)
and is integrated into the structure of the building management system (BMS) [49,50].
This ensures the possibility of constant monitoring of the system operation status, its
configuration, and reading the history of events. It also provides access to weather condition
sensors from the weather station integrated within the BMS and located at the roof of the
building. Figure 6 shows the connection diagram of all the devices of the dynamic building
façade control system.
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The main controller is the Touch Building Controller (TouchBuCo). It cooperates
with the BMS and controls the façade by considering information from sensors of sunlight
illuminance level, rain, wind strength, and direction. The control of the façade slat groups
is carried out by the Motor Controller (MoCo) with the three already mentioned Minigardi
linear motors connected. In addition, Smoove Uno IB modules were placed on each floor
of the building. They provide the possibility of local control of stat groups in the windows
of a given floor, with the status transfer to the main controller TouchBuCo. In this way,
Minigardi actuators can be controlled both individually by Smoove Uno IB modules or
centrally from the BMS level (e.g., time schedules, weather conditions, etc.).

As mentioned at the beginning of Section 2, the basic functions of the dynamic façade
are related to ensuring thermal and light comfort of the building’s rooms. By assumption,
the issues of energy generation by PPV panels placed on the slats are of secondary im-
portance. Therefore, the priority function of the animeo IB+ control system is “Sun”. It
provides optimal protection against glare and overheating of rooms, while maintaining
natural lighting conditions. This function is activated when the illuminance of sunlight re-
mains above the activation threshold value set in the controller for longer than the set delay
time for switching on the façade. When the function is activated, the covers are moved to
an adjustable position (%) and the horizontal slats are set to an adjustable angle (◦). The
function is active until the sunlight illuminance drops below the switch-off threshold value
for longer than the set delay time for switching off the façade.

In addition, the TouchBuCo controller also provides some extra functions. The first
one is “Heat block”—it prevents overheating of the building in case of excessive insolation.
Its activation depends on the intensity of the sunlight and on exceeding the predetermined
threshold temperature, both outside and inside the building. Another additional function
is “Solar heating”. When the temperature inside the building is too low, solar radiation
can be used to heat it. The sun breakers (slats) are moved to the appropriate position, e.g.,
fully open. The function is activated based on the illuminance of sunlight and the value
of the indoor temperature. The last of the extra functions is “Keeping warm” activated
when the temperature difference between inside and outside the building exceeds the delta
value set in the controller. The function allows to maintain the required temperature in
the building’s rooms using a dynamic facade. In the discussed system, it is used outside
working hours, without the activity of people in the building.

2.3. Measurement Stand and Procedures

To verify and analyze the effectiveness of the PPVs installation integrated in the
dynamic façade, a dedicated measuring stand with additional light illuminance and tem-
perature sensors was developed and implemented. These are two key physical parameters
with a direct impact on the level of power generated in the PPV panels and transferred to
the Solis inverter.

2.3.1. Sunlight Illuminance and Temperature Sensor

For verification measurements, a miniature two-channel temperature and relative
light level data logger/sensor HOBO Pendant UA-002-64 was used. It is a sensor with 64 K
memory for logging data, with a waterproof housing for deployment in indoor, outdoor,
and underwater applications, measuring relative light levels and ambient temperatures.
This 64 K model stores approximately 52 K of 10-bit readings. For analyses (for instance
plotting data and trends), the recorded data can be transferred from the logger to a computer
through the optical interface using the base station and the USB interface. The view of the
sensor and the base station is shown in Figure 7 [51].
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As is standard, data is processed in a dedicated HOBOware software (ver. 3.7.20) used
for launching, reading out, and plotting data from HOBO data loggers. The data logs from
the logger record: log number, date and time, temperature, intensity in lux, and coupler
connection identifiers (if needed). An example of recorded real, raw sensor data is shown
in Figure 8.
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For the purposes of the analyses presented in this paper, data records were exported
in text and Excel formats and finally imported into the MATLAB MathWorks tool to obtain
greater data processing capabilities.

2.3.2. Measurement Stand and Infrastructure

The most important parts of the test stand were the 10 data loggers with light and
temperature sensors placed near the façade. One of them was directly mounted to it,
providing key data for analysis. The other 9 loggers and sensors were placed within the
building, directly at the windows of the façade, with 3 sensors for each floor. An illustrative
view of the arrangement of data loggers is shown in Figure 9.
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Loggers with numbers 740, 742, 743, 745, 746, and 748 were placed in a vertical
position, and the rest (741, 744, 747) in a horizontal position. This approach ensured reliable,
averaged results of measuring the illuminance of the light in the vicinity of windows.

Energy efficiency analyses also required data on the power delivered by the PPV
installation to the battery storage and produced directly by the PPV panels on lamellas.
Data on the delivered power was obtained from measurements carried out and recorded by
the Solis inverter, which is important in kW units, with an accuracy of two decimal places.
It should be noted that the inverter itself consumes 0.007 kW, which was not included
in the measurement results due to the constant presence of the inverter module in the
installation. Therefore, it is the power lost to maintain the device monitoring the operation
of the panels and the distribution of power in the installation. Data on the power produced
by the PPV panels was obtained indirectly based on the measured values of the illuminance
of sunlight falling on the PPV panels, from the light sensor placed on the façade (logger
739). In accordance with the laws of optics and unit conversion guidelines, the following
conversion factor was adopted [52–54]:

1 W/cm2 = 104 W/m2 = 6.83 × 106 lux (1)

It calculated for the maximum irradiance and illuminance of the solar light at the
wavelength 555 nm (green). Based on it the conversion factor used in the measurement
data, processing in MATLAB scripts for the analyses is as follows:

1 lux = 1.4641288433382138 × 10−7 W/cm2 (2)

To obtain the value of the power produced by PPV panels in Watts, the data from the
light sensor was divided by the value of working surface of the panels (240,000 cm2). The
values of the angle of the façade’s slats were set in the TouchBuCo controller. To increase the
accuracy of the set angle and the repeatability of the setting and measurement procedures,
each time after the measurements of a given angle, the slats were returned to the position
0◦ (zero degrees) and subsequent settings were made starting from this position.

3. Experimental Results, Analysis, and Discussion

As already mentioned in the paper, PPV panels applied to dynamic building facades
are still innovative and experimental solutions. In addition, it should be emphasized
that the effectiveness of their operation depends on many external factors and technical
parameters of the entire façade installation [55,56]. Therefore, considering the availability
of the pilot installation described in Section 2, a case-study approach has been organized to
collect and present the results of two short series of measurements carried out with the use
of sensors, elements, and devices of this installation.

The tests and measurements were carried out in two different seasons of the year in
order to obtain real results in different weather conditions and to compare them with each
other. The first measurement session was carried out on 19 October 2021, and the second
session was on 12 May 2022.

3.1. First Measurement Session—Autumn

During the first series of measurements, the day was cloudy, and the outside tempera-
ture was 25 degrees Celsius. Therefore, the lighting intensity outside was relatively low, on
average 50 klux (logger 739). During the measurements, about 600 samples were collected
from each sensor, separately, for the temperature and illuminance values. Data was logged
every 30 s from about 11:00 am to 4:00 pm. Finally, all data was processed in the MATLAB
tool to generate trend graphs. Results are presented in Figure 10.
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outdoor façade temperature and daylight illuminance level (autumn series).

The temperature values from logger 739 were adopted in the analysis as were the
temperature of the PPV panels on the façade. This parameter is only informative, without
affecting the results of the analyses that primarily concern the illuminance data. In addition,
to improve the analysis of the illuminance level, the measurements from the loggers on
building’s floors were averaged to obtain one set of data with an average illuminance level
for each floor, as presented in the next subsection.

3.1.1. Dynamic Façade Measurements

During the measurement series, periodic changes were also made to the position of
the façade slats to verify the effect of the sun-tracking function on the level of illumination.
Three time periods around 12:00 p.m., 1:00 p.m., and 3:00 p.m. were selected with 50 to
150 samples (data logs) separated for each period. Figure 11 shows separate periods in
relation to the entire measurement series.
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In period 1, the angle of the panels was changed from 0 to 60 degrees in an irregular
cycle. Period 2 started with the panels position at 0 degrees and increased by equal
10 degrees to a maximum at 90 degrees. In period 3, the angle of tilt was increased every
5 degrees in a regular cycle. It should be noted that the results were also influenced by
atmospheric factors; measurements in period 1 were carried out with cloud cover at the
level of 90%, in period 2 at the level of 80%, and in period 3 with the most favorable
conditions with cloud cover at the level of 70%. The sun’s altitude, measured in degrees up
from the horizon, was 27.84 at 12:00 p.m. and 11.67 at 3:00 p.m. Even such small differences
in the sun’s position and cloud cover have a significant impact on the amount of incoming
sunlight and, thus, on the power generated by the panels (which is discussed later in the
paper). Trends in Illumination changes in the analyzed periods are shown in Figure 12,
with averaging of data from sensors/loggers on the floors of the building.

Energies 2023, 16, x FOR PEER REVIEW  12  of  24 
 

 

 

Figure 11. Three periods of measurements with changes in the position of the façade slats (lamellas) 

during the entire autumn measurement series. 

In period 1, the angle of the panels was changed from 0 to 60 degrees in an irregular 

cycle. Period 2 started with  the panels position at 0 degrees and  increased by equal 10 

degrees to a maximum at 90 degrees. In period 3, the angle of tilt was increased every 5 

degrees  in a  regular  cycle.  It  should be noted  that  the  results were also  influenced by 

atmospheric factors; measurements in period 1 were carried out with cloud cover at the 

level of 90%,  in period 2 at  the  level of 80%, and  in period 3 with  the most  favorable 

conditions with cloud cover at the level of 70%. The sun’s altitude, measured in degrees 

up  from  the horizon, was  27.84  at  12:00 p.m.  and  11.67  at  3:00 p.m. Even  such  small 

differences in the sun’s position and cloud cover have a significant impact on the amount 

of incoming sunlight and, thus, on the power generated by the panels (which is discussed 

later in the paper). Trends in Illumination changes in the analyzed periods are shown in 

Figure 12, with averaging of data from sensors/loggers on the floors of the building. 

 

Figure  12. Measurement data  for  three periods with  changes  in  the position of  the  façade  slats 

(lamellas)—autumn measurement series. 

   

Figure 12. Measurement data for three periods with changes in the position of the façade slats
(lamellas)—autumn measurement series.

It is noticeable that the increase in the level of illumination on the surface of the panels
at their final position of 60 degrees in period 1 (better positioning of the lamellas and
PPV panels in relation to the position/altitude of the sun), is also visible in the graphs
for periods 2 and 3, where after the decrease in the level of illumination for subsequent
samples/data logs (with the increase in the angle of the position of the slats), its slight
increase and decrease occurs again (at the position close to 90 degrees). This is important
from the point of view of the effectiveness of the façade PPV panels as well as in terms of
the strategy of controlling the sun-tracking function discussed in Section 4 of the paper.

3.1.2. Power Effectiveness Measurements

The last element of the analysis of data collected in the autumn session in the three
periods mentioned above was the determination of the level of power supplied (generated)
by PPV panels and its relation to the value of power delivered (produced) in the system
installation. These last data were obtained directly from the inverter Solis module, and the
trends of their changes for periods 1, 2, and 3 are shown in Figure 13 (graphs in the left
column). Then, the data from the loggers and the Solis inverter were processed according
to the procedures described in Section 2.3.2 and information on solar irradiance in W/cm2

was obtained. The results are presented in Figure 13 (graphs in the right column). All
results are shown in relation to the position angle of the façade lamellas.
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Figure 13. Power and solar irradiance measurements in the three discussed periods with changes in
the position of the façade slats (lamellas) (autumn series).

A direct correlation between the power supplied and the power delivered can be
observed, which was the expected result. It should be mentioned that, in the geographical
location of Poland, the most optimal tilt angle for the operation of PV panels is about
35 degrees. Measurements for periods 2 and 3 show that the regular power yield was the
highest in the range from 20 to 60 degrees. Therefore, it can be concluded that this is the
most optimal range for the use of PV panels with the sun-tracking control system.

Finally, for the average power values for the entire measurement period 1, 2, and 3,
respectively, the efficiency of the pilot installation with PPV panels was calculated. The
results obtained are presented in Table 1.

Table 1. Calculated efficiency of the pilot installation in a series of autumn measurements.

Period of Measurements Efficiency of the Installation

1 13.1442%
2 6.4822%
3 9.6635%

Average 9.7633%

3.2. Second Measurement Session—Spring

In contrast to the autumn series, during the second one (spring), the day was very
sunny, with a slight cloud cover, and the outside temperature was 30 degrees Celsius.
The lighting intensity outside was high on average: 200 klux (logger 739). Bearing in
mind the stable weather conditions, a shorter series of measurements was collected—about
170 samples logged each 30 s from about 11:00 am to 1:30 pm. All data was processed in
the MATLAB tool to generate trend graphs. Results are presented in Figure 14.
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3.2.1. Dynamic Façade Measurements

Like in the autumn series, during the measurements, periodic changes were also
made to the position of the façade slats. Three time periods around 12:00 p.m., 12:30 p.m.,
and 1:00 p.m. were selected with about 50 samples (data logs) separated for each period.
Figure 15 shows separate periods in relation to the entire measurement series.
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Figure 15. Three periods of measurements with changes in the position of the façade slats (lamellas)
during the entire spring measurement series.

This time, changes in the tilt angle of the PPV panels for all periods 1, 2, and 3 covered
the full range from 0 to 90 degrees. In the first period, the angle was changed every
10 degrees and, in the second, every 5 degrees. Due to technical difficulties in the system,
independent of the people making the measurements, in the third period the angle was
changed every 30 degrees (low accuracy).

It should be noted that the results were also influenced by atmospheric factors. The
outdoor temperature of the panels was high and stable at about 35 degrees Celsius. The
sun’s altitude, measured in degrees up from the horizon, was 56.56 at 12:00 p.m. and 54.54
at 1:00 p.m. This indicates that with a clear sky, the PPV panels should show the highest
efficiency at a tilt angle of about 10 to 60 degrees. This is confirmed by the results of the
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trends in illumination changes in the analyzed periods, 1 and 2, shown in Figure 16, with
averaging of data from sensors/loggers on the floors of the building.
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Figure 16. Measurements data for the three periods with changes in the position of the façade
lamellas—spring measurement series.

Because of the technical problems mentioned before, period 3 was considered inde-
pendently. Moreover, for periods 1 and 2, the settings of subsequent angular positions were
always carried out from the zero position (0 degrees) in order to achieve greater positioning
accuracy. Hence the abrupt changes in the level of illumination visible on the charts.

3.2.2. Power Effectiveness Measurements

Similarly, in the spring series, the determination of the level of power supplied (gen-
erated) by PPV panels and its relation to the value of power delivered (produced) in the
system installation were considered. Data about power delivered was obtained from the
inverter Solis module, and the trends of their changes for periods 1, 2, and 3 are shown in
Figure 17 (graphs in the left column). Then, the data was processed in the same way as
the autumn series and according to the procedures described in Section 2.3.2 in order to
obtain information on solar irradiance in W/cm2. The results are presented in Figure 17
(graphs in the right column). All results are shown in relation to the position angle of the
façade lamellas.

A direct correlation between the power supplied and the power delivered can be
observed again. Measurements for periods 1 and 2 show that the regular power yield
was the highest in the range from 20 to 60 degrees. It could be concluded that the results
in general are similar to the autumn series, however, in the range of angles from 60 to
70 degrees, an increase in illuminance and thus in generated power is visible, with no
increase in delivered power. This is because the maximum power generated by the PPV
panels is achieved, where the level of generated power does not increase with the increase
in illumination.

Finally, for the average power values for the entire measurement period 1, 2, and 3,
respectively, the efficiency of the pilot installation with PPV panels was calculated. It was
lower than in the autumn. The obtained results are presented in Table 2.
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Figure 17. Power and solar irradiance measurements in the three discussed periods with changes in
the position of the façade slats (lamellas) (spring series).

Table 2. Calculated efficiency of the pilot installation in a series of spring measurements.

Period of Measurements Efficiency of the Installation

1 3.1036%
2 3.0441%
3 8.1666%

Average 4.7714%

Such a low result made it necessary to perform in-depth analyses. As a result, an
additional external factor was noticed, which was the protruding, openwork roof over the
façade (see Figure 1). In spring and summer, when the sun’s altitude is high, it limits the
access of sunlight to the panels on the second floor of the façade.

Moreover, it should be noted that all illuminance level measurements and data provided
by sensors placed indoors, near the window surface on different floors, are illustrative, and
their in-depth analysis was not the subject of the research described in this paper. However, the
results of measurements from the aforementioned sensors marked with numbers in the range
740–748 (indoor), indicate a significant reduction in the daylight that falls through the windows
into the interior, compared to the results of the 739 sensor indications (outdoor). Therefore,
for the spring measurements, an average level of outdoor (external) daylight illuminance was
calculated based on the data series from the 739 sensor: Eoutavg = 1.0037 × 105. Similarly, an
average level of indoor (internal) daylight illuminance was calculated based on the data series
from the 740–748 sensors: Einavg = 1.1972 × 103. The comparison of these results indicates
a 100-fold reduction in the level of intensity of daylight that enters the rooms through the
windows. These results provoked the future works mentioned in Section 5—Conclusions. In
addition, the results shown in Figures 12 and 16 indicate the high dependence of the light
falling inside on the position of the lamella (angle of position).

3.3. Discussion

Measurements of the autumn and spring series indicate a relatively low efficiency of
the PPV panels on the tested façade. Particularly noteworthy are the very low results in the
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spring measurements, where it might seem that, with a higher level of illumination, the
effectiveness of the system should be also much higher. However, the adverse effects of
high temperatures should be noticed and should also be associated with high insolation.
The comparison of panel temperature in the autumn and spring series is shown in Figure 18.
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Typically, the rated parameters of PPV panels are given for normal conditions, with
a room temperature of about 25 ◦C. Meanwhile, in the spring series, the temperature of
the PPV panels reached up to 37 ◦C. Such an increase in temperature limits the maximum
current that can flow through the panels, and thus the power generated [3,48,57]. Hence
the observed achievement of low levels of effectiveness of the façade system because the
generated power shown in Figures 13 and 17 is not the actual generated power but the
direct result of the conversion of the illumination value. For efficiency calculations, it is
compared with the real power delivered, and is measured on the inverter. The results
presented in this paper are therefore illustrative, indicating the need to carry out more
advanced measurements with the use of additional meters, e.g., current and voltage at the
connection of PPV panels to the system installation.

To verify the maximum level of generated power, it was decided to prepare the current-
voltage characteristics of the PPV panels, based on the data on the generated power and
assuming a maximum current density of 23 mA/cm2 [48,54,57,58]. Measurement data
from period 1 in the autumn series, with the highest calculated efficiency, were selected for
plotting. The resulting characteristics are shown in Figure 19.
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The graph shows the real characteristic (blue) and its curve after interpolation for
determining the fill factor (FF) in relation to the ideal characteristic (black) [59,60]. The
interpolation function has the form:

y = 3.28 · x3 − 4.21 · x2 + 0.96 · x + 0.23 (3)

For the analyzed characteristics, the FF is 27%. This is a very low level of this factor.
For good quality PV cells, it should be about 70%, for low quality cells it should be at least
60%. However, it should be emphasized that such parameters apply to cells tested in ideal
ambient conditions and to PV cell technologies known for years. Very high FFs are also
reported for perovskite cells, but they are only reported for cells tested in laboratories in
new PPV technologies research. Moreover, the same reports contain information about the
verification of commercially available PSCs with similar FF levels as those present in the
installation analyzed in this paper [61–63]. Therefore, this case study should be considered
as a voice in the ongoing discussion and research related to the development of effective
PSC technologies and, in particular, for commercial applications in building façade systems.

4. Dynamic Façade—Energy Efficiency and Control Strategy

Considering the energy efficiency of the PPV system and the rationality of using
dynamic façades with PPV panels in buildings, a short performance evaluation has been
analyzed and calculated. Furthermore, the assumptions of a new strategy for control of the
dynamic façade have been proposed.

Energy Performance Analysis

Regarding the devices and elements of the control system supporting the dynamic
façade with PPV panels, the nominal parameters provided by the manufacturers were
adopted. The animeo IB+ (Somfy) platform controllers consume 3.5 W. The Solis Inverter
consumes 7 W. Changing the position of the façade slats requires switching on 3 Mingardi
linear motors with a power of 30 W each. Therefore, for the energy analysis of the operation
of the dynamic façade system, the following assumptions were made:

• Each movement of the slats is a load of 100.5 W (3 motors of 30 W each + 7 W inverter
+ 3.5 W controller);

• In the standard (default) control scenario, the Somfy BMS platform checks and corrects
the position of the slats every two minutes (maximum 720 correction movements per
day), and one corrective movement lasts 10 s;

• The façade and its slats are set in a safe position during the night and remain in it for
12 h, which means that the number of corrective movements is halved (360);

• By analyzing the sun’s position changes during the day, it was initially assumed that
the standard control scenario for the dynamic façade (sun-tracking) is not optimal,
and the correction of the position of the slats every two minutes is too frequent.

Bearing in mind all these assumptions, a first stage of the analysis has been focused
on determining the levels of power and energy consumption with the default, implemented
dynamic façade control scenario (slats movements each 2 min). Then, a reduced number of
movements, correcting the position of the slats every 10 min, was assumed and set, without a
significant impact on the efficiency of the panels (see information in Sections 3.1.1 and 3.2.1)
and the comfort of use of the rooms. The results of simplified energy consumption calculations
for both control scenarios are presented in Table 3. They are rather obvious and show a 20%
improvement in the energy efficiency of sun-tracking.

The second stage of the energy performance analysis was to verify the self-sufficiency
of the dynamic façade installation and its energy efficiency. For this, the actual peak power
(kWp) of the PPV panels for the entire façade was determined on the measurement days.
On the autumn day, it was 0.7 kWp and on the spring day, it was 1.18 kWp, which translates
into daily energy production of 2 kWh and 3.13 kWh, respectively. In this respect, the
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relation of energy produced per day by the PPV panels to the energy consumed for the
implementation of sun-tracking is summarized in Table 4.

Table 3. Energy consumption for sun-tracking function considering different basic control scenarios
of dynamic façade.

Description Each 2 min Movements Each 10 min Movements

Energy consumption
for 10 s
slats movement

1005 Ws,
i.e., 0.28 Wh

1005 Ws,
i.e., 0.28 Wh

Energy consumption
for 360 movements
during the day

100.5 Wh
i.e., 0.1005 kWh

20.1 Wh
i.e., 0.0201 kWh

Annual energy consumption
(365 days) for sun-tracking 36.68 kWh 7.34 kWh

Table 4. Relation of energy production by PPV panels and consumption for sun-tracking, considering
different basic control scenarios of the dynamic façade.

Description Each 2 min Movements Each 10 min Movements

Ratio of energy consumed for
sun-tracking to produced
(autumn 1 day)

5.03% 1.01%

Ratio of energy consumed for
sun-tracking to produced
(spring 1 day)

3.17% 0.63%

Averaging the daily level of energy production for both measurement days, the value
of 2.59 kWh was obtained. This is justified because the energy generated during the
autumn and spring months, in particular for selected measurement days, is close to the
annual average value, as the data analyzed indicates, for example, in [64,65]. Then, the
losses resulting from the operation of the sun-tracking function were subtracted from this
value, obtaining the values of daily energy yield 2.48 kWh and 2.56 kWh, respectively, for
autumn and spring. In the annual period (365 days), this translates into the yield values of
906.84 kWh (autumn) and 936.19 kWh (spring). The self-sufficiency of the installation has
been demonstrated. Moreover, in the context of its enlargement with subsequent façade
segments, it can be concluded that even under unfavorable operating conditions (autumn,
default control scenario with each 2 min movement), this analyzed installation can handle
the sun-tracking functions for the next twenty identical installations. Furthermore, these
new installations will produce energy only for the needs of the building’s infrastructure.
Changing the control scenario to movement every 10 min means the possibility of operating
the sun-tracking automation for even a hundred or more of the same installations.

5. Conclusions

This paper focuses on a case study of a specific, real dynamic building façade instal-
lation with perovskite photovoltaic panels. The results of measuring the dependence of
key operating parameters of this installation on weather and atmospheric conditions, as
well as the design of the façade itself, are presented and discussed. They confirm rather
low energy efficiency of perovskite PV panels, with average levels below 10% for the real
system presented in the paper. The authors are aware of the very short period of the
measurement series, but it depended on the availability of the pilot installation and was
due to the nature of the experimental approach. Therefore, it was assumed that random
technical measurements of the operating installation would be carried out, with an attempt
to make preliminary inferences about its effectiveness. However, the multi-faceted analysis
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of the experimental results described in this paper indicates a very high level of dependence
of the energy efficiency of PPV panels on sunlight conditions and the temperature of the
facade fins. As shown for a series of spring measurements, even potentially perfect weather
conditions do not determine maximum efficiency but require prior good design of the
distribution of panel sections in the façade and the selection of functions that control the
dynamics of its changes in the sun-tracking mechanism. These observations are universal
and should be taken as suggestions for potential new research and projects, especially on
the installation of commercial dynamic façades with PPV panels. However, it should be
emphasized that the method used to measure the illumination intensity of PPV panels and
their energy efficiency, indirectly, is simplified, and this is the result of the limited access
to the installation in the analyzed facility. Therefore, the approach described in this paper,
with a small number of measurement modules and the assumption of nominal technical
parameters of electrical devices in the installation, can be used in similar tests of the real
installations of PPV panels on building façades, but only for the initial verification of the
performance parameters and the efficiency of the installation.

Furthermore, the issue of the energy intensity of the installation infrastructure itself
has been discussed, taking into consideration the realization of the active, dynamic sun-
tracking function, especially in the context of the expansion of the façade with additional
segments with PPV panels, as well as its integration into control and building management
systems. Based on the results of the analyses described in Section 4, changes in the selection
of the façade dynamics control function were proposed, enabling significant savings in use
of the analyzed installation. The results presented in Tables 3 and 4 are very promising
in terms of significant self-energy consumption savings for sun-tracking in relation to
overall energy produced by the PV system, from 5% to 1% in autumn and from almost
3.2% to 0.6% in spring periods, respectively. These observations are important both in the
context of the planned expansion of the installation on the analyzed facility, as well as the
implementation of advanced BACS and BMS, whose controllers, sensors, and actuators
also require power [66,67].

The authors have given recommendations for designers and automation engineers
implementing such installations in future. They have referred to the consideration of the
possibility of using DC motors in the façade dynamics mechanism. Such a solution would
make it possible to reduce additional losses resulting from energy conversion for their
power supply. The same applies to the possibility of directly powering from PPV panels
the building’s automation and BMS modules, which are usually powered by DC. These
aspects will be part of future works.

Additionally, bearing in mind all experiences from experiments conducted and de-
scribed in the paper, in future works, more accurate experimental measurements are
planned over longer periods for this pilot installation. In particular, we intend to consider
in-depth illumination performance analyses, both outdoor and indoor, according to infor-
mation briefly mentioned at the end of Section 3.2. Moreover, more advanced scenarios for
controlling the dynamics of the façade movement will be develop and verified, with sup-
port for the sun-tracking system, including the possibility of integrating the control within
the BMS of the building. This is of particular importance in the context of the planned
expansion of the façade with subsequent sections of PPV panels. It should also be pointed
out that there is a need for a broader energy analysis of the case-study installation and
consideration of the sun-tracking function, not only in the context of energy consumption
but also to ensure lighting comfort in rooms (and reduce energy consumption for that
lighting) as well as thermal comfort.
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MPPT Maximum Power Point Tracking
PPV Perovskite Photovoltaic
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