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Abstract: Perovskite solar cells (PSCs) are emerging photovoltaics (PVs) with promising optoelec-
tronic characteristics. PSCs can be semitransparent (ST), which is beneficial in many innovative
applications, including building-integrated photovoltaics (BIPVs). While PSCs exhibit excellent
performance potential, enhancements in their stability and scalable manufacturing are required
before they can be widely deployed. This work evaluates the real-world effectiveness of using
PSCs in BIPVs to accelerate the development progress toward practical implementation. Given
the present constraints on PSC module size and efficiency, bus stop shelters are selected for in-
vestigation in this work, as they provide a suitably scaled application representing a realistic
near-term test case for early-stage research and engineering. An energy-harvesting system for
a bus stop shelter in Astana, Kazakhstan, demonstrates the potential performance evaluation
platform that can be used for perovskite solar cell modules (PSCMs) in BIPVs. The system includes
maximum power point tracking (MPPT) and charge controllers, which can supply PSCM energy to
the electronic load. Based on our design, the bus stop shelter has non-transparent and ST PSCMs
on the roof and sides, respectively. May (best-case) and December (worst-case) scenarios are
considered. According to the results, the PSCMs-equipped bus stop shelter can generate sufficient
daily energy for load even in a worst-case scenario.

Keywords: perovskite; building-integrated photovoltaics; bus stop shelter; performance;
semitransparent perovskite; energy generation

1. Introduction

To suppress the rate of global warming, the continuous development of renewable en-
ergy is important. Solar energy is clean and readily available. The use of high-performance
PVs can efficiently convert sunlight into electrical energy, leading to ever-increasing interest
in their applications for energy generation. Nowadays, BIPV is one of the most promising
PV applications in our daily life, and can utilize surrounding light for powering electronics.
The PV modules are usually installed on the building or integrated with the construction
materials. The placement of PVs near to electronic consumers is economically beneficial, as
separated land for accommodating PVs is not required. BIPVs can be applied in various
contexts, such as in smart windows [1], bus shelters [2,3], facades [4,5], and rooftops [6].
Nowadays, the majority of BIPVs are based on established PV materials, such as crystalline
Si (c-Si) and polycrystalline Si (poly-5Si), as well as CdTe [4,5].

Recently, a new class of photovoltaic materials, namely metal halide perovskites, have
made a breakthrough in the performance of emerging PVs due to their promising intrinsic
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material properties, such as high carrier mobility, a long carrier diffusion length, and a
large absorption coefficient [7-9]. The record PCE of PSCs reaches 26.1% [10], which is
comparable to the established PV technologies, such as c-Si (27.6% with concentrator).
Moreover, PSCs can be fabricated as ST devices due to the tunable bandgaps of the light
absorption materials, which cannot be achieved using conventional photovoltaics (e.g.,
c-5i) [8,9]. The transparency of the PSCs is also determined via the use of transparent
electrodes such as indium tin oxide (ITO), fluorine-doped tin oxide (FTO), and indium zinc
tin oxide (IZTO), etc. The various bandgaps of perovskite materials result in different device
colors, which are suitable for the design of colored facades. Wang et al. [11] demonstrated
bifacial colorful PSCs, which can harvest solar energy from both sides of the PV. This
type of PV is desired for BIPV applications, where surrounding lights can enter from
the front and back sides of the panels. Despite the promising properties of PSCs, the
potential performance of BIPVs based on the emerging PVs has not been well-discussed.
The difficulty of manufacturing large-scale PSCMs is one of the reasons. The upscaling of
PSC panels reduces PCE values due to existing technical barriers, such as the nonuniformity
of thin films, increased series resistance, and defect concentrations. Also, PSCs are unstable
when exposed to moisture and air; thus, stability is under enhancement, and proper
encapsulations are being discussed. Intensive research efforts are currently focused on
addressing these challenges. Nevertheless, Panasonic Corp. announced a record PCE of
17.9% for PSCMs (>0.08 m?) [12] in 2020. Promising advancements in large-scale PSCs have
continued to be achieved in recent years, with breakthroughs being made on an ongoing
basis. Meanwhile, more attention should also be placed on the system development of PSCs
for BIPV applications to understand their potential for energy generation as this emerging
PV technology progresses. Knowledge is needed to optimize PSC designs and integrate
them into building structures to harness their full benefits and evaluate the electricity that
they could provide. Energy-harvesting circuit design is vital since it contributes to the
performance of the PSC. It is necessary to model the potential energy generated from BIPVs
based on PSCs to accelerate the development of innovative products powered by BIPVs
and realize the use of PSCs towards BIPV applications in the near future. Olatunji et al. [13]
proposed a circuit for an energy-harvesting system powered by PSCs. However, this study
was only focused on MPPT designs.

In this work, we propose a system design for PSCM-based BIPVs for powering the
information display and LED lighting in a bus stop shelter in Astana, Kazakhstan. The bus
stop shelter was chosen as an example to demonstrate the feasibility of applying current
state-of-the-art PSCs in a practical setting. Compared to facades, large rooftops, and other
BIPV applications, the bus stop shelter has a relatively smaller surface area and a lower
demand for electronic load consumption, which is a more realistic near-term scenario that
matches the current scale of PSCMs. This study utilizes the experimental data reported by
prominent research groups specializing in the fabrication of large-scale PSCMs [14,15], as
well as the retrieved irradiance data of Astana, the capital city of Kazakhstan, from PVsyst
software, used to model PSCMs and simulate an energy-harvesting circuit for a bus stop
shelter in Matlab Simulink. The electrical energy is generated from non-transparent PSCMs
as well as ST PSCMs installed on the roof and three sides of the bus shelter, respectively. The
excessive energy generated from the BIPVs is stored in rechargeable batteries for powering
the lighting and information display, even during low illumination. In order to increase the
final open-circuit voltage (Voc), the solar cells are connected in series. Usually, the voltage
of the conventional PV modules is 24 V, 48 V, or higher, and more research efforts are still
required to optimize the design of PSCMs for higher voltages. Currently, a single-junction
PSC usually has a Voc from 1.0 V to 1.2 V, which is too low for BIPV applications. The
series connection of individual PSCs can increase the voltage output of PSCMs. Numerous
studies have successfully demonstrated the ability of a series connection of PSCs [14,15] to
increase the module voltage. Higuchi and Negami [14] demonstrated the use of a PSCM
with a Voc of 38.6 V obtained from 35 serially connected PSCs. Rai et al. [15] fabricated a
PSCM based on seven serially connected PSCs yielding a Voc of 6.96 V. It should be noted
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that a higher voltage output is required for BIPVs compared to the application of PVs for
powering low-energy consumption devices. For example, IoT devices usually require 3.3 V
to 5 V [16]. Therefore, a proper circuit should be proposed for using PSCs in the application
of BIPVs. In this work, the MPPT controls the duty cycle of the boost converter to enhance
the energy-harvesting potential of the PSCM. The generated electrical energy is stored
in lead-acid batteries with a terminal voltage of 48 V, while the charge controller is used
to ensure the proper charging of the battery. A secondary converter is required to step
down the battery output voltage from 48 V to match the load voltage. LED lighting and an
information display powered by a DC supply are considered in this work as they are the
common energy-consuming electronics used in a bus stop shelter. The results of this work
will provide engineers with important information so that they may build future effective
BIPV systems based on emerging technologies. Moreover, this work is an important linkage
between material engineering and electronic engineering, providing useful information
for researchers in both disciplines so that they may consider the requirements for future
practical PSC applications in BIPVs.

2. Methodology
2.1. Background

Kazakhstan is one of the largest landlocked countries in the world, with a land area of
2.7 million km?. Building transmission lines and their maintenance, particularly in remote
areas, are costly. The development of BIPVs could be one of the solutions to supplying
power to remote areas at a low cost. Different regions of Kazakhstan have different levels of
solar. The irradiation in the northern part of the country is lower than that in the southern
part. In this work, Astana, the capital city of Kazakhstan, located in the north, is considered
for evaluating the energy generated by PSCMs on a bus stop shelter. In this work, as one of
the BIPV examples, a bus stop shelter is considered for PSCM deployment. The bus stop
shelter BIPV consists of PSCMs deployed on the four sides of the shelter (including the
roof) and an energy-harvesting circuitry designed to successfully harvest energy from the
PSCMs. The energy-harvesting circuitry comprises the MPPT, which tracks the maximum
power points of the PSCMs optimally; the charge controller, which safely charges the
battery and provides energy to the load; a secondary DC-DC converter, which increases
the voltage of PSCM generation or steps down the voltage suitable for DC loads; and an
energy storage unit.

The simulations were conducted in Matlab Simulink as proof of concept. The irradia-
tion data for each day of the year were retrieved from the PVsyst software (7.2 version). The
average irradiance and temperature data for every month were calculated and used in the
system simulation. The parameters of PSCMs were taken from the leading groups that have
fabricated PSCMs on a large scale [14,15]. The irradiance data and PSCM parameters, based
on PVsyst and the reported values [14,15], were then used in Matlab Simulink (R2021b
version) to conduct simulations of the energy-harvesting system of the bus stop shelter to
make a proof of concept for BIPV application in Astana. The proposed energy-harvesting
system is an off-grid type, which is described in this section in terms of a system overview,
its energy generation, energy storage, MPPT, charge controller, and applications.

The motivation for proposing an off-grid PV in this context is that Kazakhstan has a
large land area with dispersed populations (19 million people in total, population density:
7 per km?), which presents challenges for the traditional grid infrastructure regarding its
ability to reach all areas in a cost-effective manner. Additionally, some remote communities
remain unelectrified. An off-grid PV design could help address these issues by providing
a standalone power solution. Moreover, PSCMs are still in the early stages of research
and development (R&D). Technical difficulties constrain the viability of PSCMs for very-
large-scale grid-tied applications. Given the current performance of PSCs, an off-grid,
standalone PV system provides a more suitable application scenario aligned with the
present development stage of PSCMs, and suggests a practical interim solution for the
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initial evaluation of PSCM energy generation for a relatively small-scale application (i.e.,
bus stop shelter).

Ranjit et al. [17] developed a PV-powered system that can be implemented at an off-
grid bus stop. The study was based on meteorological data. Their calculations showed that
0.608 kW could be produced daily by the system. Meanwhile, grid and off-grid bus stops
were compared regarding their cost-effectiveness. The data showed an estimated payback
period of 10 years for off-grid installation. Off-grid designs are commonly considered for
PV application in bus stop shelters [18-20]. An off-grid BIPV utilizes the energy generated
by PVs, which is autonomous, and the excess energy can be stored for later use. Building
grid infrastructure is usually expensive. Thus, it is not cost-effective for countries with
dispersed populations, large land areas, and electricity-scarce regions. However, using
PSCMs will contribute to reducing the total cost of this standalone system and make them
more cost-effective.

2.2. System Overview

The bus shelter consists of four planar sides labeled as (i) roof, (ii) Side 1 (east), (iii) Side
2 (south), and (iv) Side 3 (west) (see Figure 1). The roof provides the surface for installing
non-transparent PSCMs, whereas the other sides of the bus stop shelter are equipped with
ST PSCMs. The PSCMs on the roof are one of the primary energy generation units besides
Side 2 (south). The PSCMs on Side 1 (east) and Side 3 (west) generate less electric energy
compared to the PSCMs on Side 2 since Side 2 (south) has a larger surface area for placing
PSCMs. The non-nontransparent PSCMs placed on the roof can prevent direct sunshine
from reaching the people standing in the bus stop shelter, while the ST PSCMs placed on
Side 1 (east), Side 2 (south), and Side 3 (west) do not block the vision of the people waiting
at the bus stop. The bus stop shelter requires lighting and an information display powered
by PSCMs. The excessive energy generated by the PSCMs is stored in rechargeable batteries,
which can provide electric power to the loads during low illumination. In Astana, the south
face has a higher illumination value than other orientations. Therefore, in this design, Side
2 faces south to collect more sunlight to generate a higher amount of electrical energy. The
bus stop shelter’s length L, width W, and height H are 4.5, 1.5, and 2 m, respectively. Thus,
the roof’s PSCM is placed in an area of L x W. Sides 1 and 3 have a surface area of W x H,
and the largest ST PSCM is placed at Side 2 in an area of L x H.

Length, L

Roof PSCM

™ =
T v O
-y S w
= » QA
= oo
Q
=

\J

Figure 1. The design of the bus stop shelter equipped with PSCMs.

Figure 2 demonstrates the general electronic structure of the energy-harvesting system
and control system for the bus shelter. The system comprises PSCMs as the energy-
generating units; MPPTs with a built-in DC-DC converter for maximizing the energy-
harvesting potential of the PSCMs; charge controllers for ensuring the safe charging of
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batteries; and rechargeable batteries for the storage of the excess energy generated by
PSCMs. The secondary converter is a DC-DC converter used to step down the voltage suit-
able for DC loads. The energy generated by PSCMs primarily supplies the loads (lighting
and information display), whereas the excess energy generated charges the batteries. On
the contrary, if the energy generated by PSCMs is insulfficient to feed the loads, the batteries
will complement the energy in order to power the loads. The batteries will be the only
energy supply during the night for powering the loads.

Roof . | . Charge
PSCM » MPPTA1 " | controller 1
. Secondary
Side 1 ST > MPPT2 |—p| Charge > DC.DC —»| Load
PSCM controller 2 c
onverter
Side 2 ST o o Charge |, .| Lead-Acid
PSCM g | Controller 3 | 7| Batteries

MPPT4 |—p| Charge >
controller 4

Figure 2. The proposed energy-harvesting system and control system for the bus shelter.

Figure 3 represents the proposed off-grid BIPV system type. The schematic of the
proposed system circuit for the roof is illustrated in Figure 3, with Side 1 (east), Side 2
(south), Side 3 (west), and the roof having identical circuits. Each MPPT probes the PV
voltage and current to run the algorithm. The charge controller probes the battery voltage
and chooses the charging stage to charge the battery safely. The pulse width modulation
(PWM) is produced from the charge controller to adjust the duty cycle D of the boost
converter. The outputs of the converters are connected in parallel with the batteries and the
load. The input VN and output voltages Voyr are related, as follows [21]:

Vour = Vin/(1 — D). 1)

Side 3 ]
Side 2 I Parallel connection

Side 1 |
Roof

Charge
Controller

‘_ V probes
" V&lprobess T T T~ - T~ |

MPPT !

\_/| — -
Diode lpscm
lioap

L

= G =

— G Catr i% Load
MOSFET

I
&
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||

Battery

Perovskite Solar Cell Module Boost Converter

Figure 3. The schematic of the proposed energy-harvesting system and control system of the bus
stop shelter.
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2.3. Energy Generation

PSCMs are PV modules consisting of PSCs that are interconnected in a designed
manner. To increase the output voltage of the module, PSCs are connected in series. And
to increase the current generated by the PSCMs, PSCs are connected in parallel. Non-
transparent PSCMs have a Voc of 38.6 V, whereas ST PSCMs have a Voc of 6.96 V [14,15].
Thus, 6 ST PSCMs are connected in series to obtain Vo values close to those generated by
non-transparent PSCMs.

The energy generated by the roof PSCMs and Side 2 (south) is more significant
than that generated by the other sides of the bus stop shelter because these surfaces face
irradiance-rich directions. The values of effective global irradiance at different sides
of the bus shelter in Astana are summarized in Table 1, based on the data retrieved
from the PVsyst. It shows the values of the monthly global effective irradiance for
the PSCMs directed to the corresponding side. The PSCMs facing the north generate
significantly less power; thus, the three sides of the bus stop shelter are designed to
face the east, south, and west directions. Based on the data in Table 1, the roof and the
south-facing side have similar total global effective irradiance values for the year. The
east and west-facing sides have similar low irradiance values. Therefore, the primary
energy generated by the PSCMs should come from the roof and the south-oriented side.
For other cities, the difference between these two orientations will increase due to the
elevation difference: the closer the city is to the south, the higher the elevation angle
of the sun, etc. Therefore, most of the energy generated by PSCMs will shift to the roof
rather than the south-facing side installations.

Table 1. Monthly effective global irradiance for different sides of the bus stop shelter in Astana,
retrieved from PVsyst.

Monthly Global
Irrfcfifieacr:zzefor Roof Side 1 East Side 2 South Side 3 West Total
] (KWh/m?) (kWh/m?) (KWh/m?) (KWh/m?) (KWh/m?)
Different Bus
Shelter Sides
January 29.1 24.2 88.5 26.2 168
February 53.1 43.1 116.1 46.0 258.3
March 104.6 77.1 139.3 77.1 398.1
April 136.4 88.2 109.6 92.4 426.6
May 191.6 123.0 108.8 121.5 544.9
June 191.6 117.2 92.2 121.3 522.3
July 178.4 112.0 91.9 110.1 492.4
August 150.6 98.2 104.4 99.1 452.3
September 101.7 69.7 103.0 70.4 344.8
October 61.7 44.2 95.0 45.7 246.6
November 30.7 23.9 66.6 24.7 145.9
December 21.6 20.7 82.9 23.2 148.4
Year 1251 842 1198 858 4149

In this work, the non-transparent PSCMs with a PCE of 12.6% measured at an aperture
area of 0.0354 m? [14], and the ST PSCMs with a PCE of 9.5% with an active area of
0.0021 m? [15] were used for calculation (Figure 4). The current, voltage, and power at
the maximum power point of 1000 W/m? are indicated in Figure 4. The PSCMs were
modeled in the Matlab Simulink software to obtain similar I-V curves, as reported in the
reference papers. The number of PSCMs connected in series can be altered for different
cities according to the irradiance level and system performance. In this work, it is assumed
that the roof, Side 1 (east), Side 2 (south), and Side 3 (west) have surface areas of 6.75,
3,9, and 3 m?, respectively. The roof contains 100 PSCMs, with Side 1 (east) and Side 3
(west) having 624 ST PSCMs, and Side 2 (south) having 1248 ST PSCMs. The PSCMs are
connected, as demonstrated by the block diagram in Figure 2. The output terminals of the
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PV are connected to the individual MPPTs, followed by the charge controller. MPPTs can
maximize the energy-harvesting potential of PSCMs. A charge controller is placed after the
MPPT to adjust the voltage produced by the built-in boost converter.

(a) ' (b)
02 . 1 0.06 - . 4
MPP point MPP point
— 0.059 1
0.15 o o o o o e e e e e e e e e L T / 1 /

< : | s i | 1

5 SingloTeoLESCN : g Single STPSCM |
E 01f > " 2 | § £003f i | ]

3 Test Irradiance: 1000 W/m* | 3 Test Irradiance: 1000 W/m? !

VMPP =309V E 0.02 VMPP: 49V E

005 Iypp = 0.145 A : 1 Lypp = 0.041 A l
Pypp =447 W : il Pop =02 W : ’

| mpp — V- :
’ 0 f; 1‘0 1‘5 2‘0 2’5 3‘0 3‘5 - 40 0 0 1‘ 2‘ 3“ 4; .f; 6I 7

Voltage (V) Voltage (V)

Figure 4. (a) I-V curve of non-transparent PSCM with an aperture area of 0.0354 m? used in the
calculations [14]. (b) I-V curve of ST PSCM with an active area of 0.0021 m? [15]. The values in
(a) and (b) indicate voltage, current, and power at the maximum power point for a single PSCM at
1000 W/m? irradiance.

2.4. Energy Storage

During active sun hours, the energy generated by PSCMs will be in excess. Recharge-
able batteries can store the excess energy generated in order to power the loads at night.
In this work, the series connection of the batteries increases the voltage, which is desired
for using large PSCMs with higher generated voltages. Furthermore, using 48 V lead-acid
batteries can reduce the current flow generated by the PSCMs more than lead—-acid bat-
teries with 12 V can. If the battery terminal voltage is decreased, the design of the PSC
interconnection in the PSCM is required. A step-down DC-DC converter can be used if the
PSCM generation produces a higher voltage than the battery terminal.

The battery capacity was determined based on the calculated load power consumption
and the intended duration of autonomy. The required battery capacity was calculated by
multiplying the daily load energy usage with the desired number of autonomous days. It
should be noted that real-world systems are associated with some energy losses; therefore,
the battery specification is made slightly larger than the calculated minimum needed. In
this study, a 50 Ah battery (at 48 V) was selected. With this capacity, it was estimated that
the fully charged battery could independently power the loads for a couple of days without
being recharged by the PV panels.

2.5. Maximum Power Point Tracking

The MPPT is used to maximize the energy-harvesting potential of the PV. The MPPT
adjusts the duty cycle of the DC-DC converter during energy generation so that the PSCM
is at maximum power point. Olzhabay et al. [16] used a fractional open-circuit voltage
(FOCV) MPPT algorithm to enhance the PSC energy generation capability. The FOCV
approach is based on probing the Voc of the PV and multiplying it by the constant to
obtain an approximate maximum power point voltage value. The comparator compares
this value with the probed voltage of the PV during operation. Another widely used
MPPT approach is the perturb and observe (P&O) algorithm, which requires an additional
current probe apart from the voltage probing. P&O further uses current and voltage probes
to compare the power and voltage values of recently probed data with the saved ones.
Olatunji et al. [13] proposed an MPPT circuit based on the P&O algorithm. Sample and
hold circuits are added to decrease the sampling time and reduce power loss during the
maximum power point. Another popular MPPT algorithm is incremental conductance,
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which offers faster and more precise tracking than P&O. However, it requires a complex
circuit, which adds cost to the system. Jois et al. [22] proposed a new MPPT schematic based
on incremental conductance (INC) for facade BIPV. The system has many converters and
grid connections. Moreover, INC requires accurate knowledge of PV parameters, which
can be problematic for emerging PV technologies such as PSCs, which are in R&D.

This study uses a hill-climbing (HC) MPPT approach since the P&O method can
experience oscillations when a maximum power point is achieved. The flowchart of the HC
algorithm is presented in Figure 5 [23]. The voltage (Vk) and current (Ix) probes are sensed
using the PSCMs. Then, after multiplying the probed voltage and current values, the power
(Pk) for that moment is calculated. This power (Px) and the probed voltage (V) values are
compared with the previous power (Px_1) and voltage (Vx—1) values. According to the
difference between the power (Px—Px —1) and the voltages (Vk—Vk_1), the duty cycle (D) is
changed by the duty cycle step (AD).

Start
Sense VK and I
P.=V, xl,
Yes No
P =P, >0
Y v
Yes No Yes No
VK_VK—1>O VK_VK—1>O
A Yy v \ 4
D=D-AD D=D+AD D=D-AD
| | |
Y
End

Figure 5. Flowchart of the hill-climbing MPPT algorithm.

2.6. Charge Controller

The charge controller regulates the battery-charging process to ensure safety. The
charge controller probes the voltage of the battery and the duty cycle from the MPPT.
Depending on the battery voltage, the charge controller produces the PWM signal to
control the built-in boost converter. The charge controller has three stages [24]. During
the first stage, a constant current is preserved. The second stage maintains a constant
voltage when the battery is almost full. The last stage is the floating stage, when the
battery is fully charged.

2.7. Applications

For the load in this work, lighting and display are used. Lighting is provided using
three 3 W LEDs. The longest dark time in Astana is about 16 h in December [25]. The
information display is rated as 25 W. A single-color LED display has a power consumption
of less than 25 W. The information display is set to work for 24 h. The display can be turned
off when the information is unavailable to reduce power consumption. Such an approach
can be provided using timers or a microcontroller. Since the loads are parallel-connected
with the batteries, the loads should have a DC-DC converter to decrease the battery voltage
(48 V) to the desired value (5-12 V).
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3. Results

In this section, the estimated energy generated by the PSCMs is calculated. Matlab
Simulink was used to verify the working concept of the BIPV energy generation for As-
tana in December, which is the worst-case scenario for energy generation. The best-case
scenario for Astana, which occurs in May (see Table 1), was also considered for comparison
between these representative cases. The average temperatures in May and December
are 14.3 and —11.4 °C [26], respectively. The individual roof module has the dimensions
of 203 x 203 mm, with an active area of 0.0354 m? [14]. The individual ST PSCM used
in the bus shelter sides has the dimensions of 6 X 6 cm, with an active device area of
0.0021 m? [15]. The 1.5 x 4.5 m roof is in a configuration in which 100 non-transparent
PSCMs are connected in parallel (1s100p) to increase the generated current. The roof
perovskite module has a Voc of 38.6 V (13); thus, a small voltage boost is required to match
the battery voltage. The ST PSCM has a Voc value of 6.96 V, so six modules are connected
in series to reduce the voltage difference with the battery. Side 1 (east) and Side 3 (west)
have six serially connected PSCMs and 104 modules connected in parallel (6s104p) in the
PSCM configuration. Side 2 (south) has twice as many parallel connections as Side 1 (east)
and Side 3 (west) (i.e., 6s208p).

Table 1 shows the highest irradiation values for the four sides in May. The average
hourly irradiation values are presented in Figure 6. Irradiation is present between 6:00 and
20:00. The ambient temperature increases from the morning until 15:00, then decreases.
In May, the roof experiences more irradiation than Side 2 (south), which faces the south.
For the northern hemisphere, the position of the sun is higher in May than in December.
Therefore, Side 2 (south) experiences more irradiation than the roof in December.
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Figure 6. Global effective irradiance for bus stop shelter sides (a) in December and (b) in May,
extracted from PVsyst. Energy generated by bus stop shelter during (¢) December and (d) May,
according to the simulation results.
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The results for December are represented in Figure 6¢ for the bus stop shelter. The
Side 2 (south) PSCMs contribute the most to energy generation. The Side 1 (east) PSCMs
generate energy more efficiently during the morning, whereas the Side 3 (west) PSCMs
generate energy more efficiently in the afternoon. The total daily energy generated by
the roof, Side 1 (east), Side 2 (south), and Side 3 (west) PSCMs is 0.351 kWh, 0.106 kWh,
0.840 kWh, and 0.119 kWh, respectively.

The energy generated by the bus stop shelter in May is illustrated in Figure 6d. The
roof PSCMs contribute the most to the total energy generation, followed by the Side 2
(south) PSCMs and then by the Side 1 (east) and Side 3 (west) PSCMs. Similar energy
generation trends are observed in December for the Side 1 (east) and Side 3 (west) PSCMs.
The total energy generated during the day by the roof, Side 1 (east), Side 2 (south), and
Side 3 (west) PSCMs is 2.58 kWh, 0.456 kWh, 0.778 kWh, and 0.446 kWh, respectively.

The energy generated by the PSCMs on the bus stop shelter in May is several times
larger than that in December. Except for the Side 2 (south) PSCMs, the energy generated by
the Side 1 (east) and Side 3 (west) PSCMs is at least four times greater than that generated
in December. The PSCM on the roof generates almost seven times more power in May
than in December. The load in this work consumed 0.744 kWh daily. The energy generated
by the bus stop shelter in December is still sufficient to supply the load and store excess
energy in the batteries.

Figure 7 demonstrates the waveforms for the roof PSCM with MPPT operation for the
resistive load. Figure 7a includes the I-V curve of the roof PSCM at 25 °C. The current Ipp,
voltage Vypp, and power Pypp at the maximum power point are 9.87 A, 31.2'V, and 308 W,
respectively (refer to Figure 7). Figure 7b illustrates how the input (red) and output (green)
currents vary as the maximum power point is achieved. It can be seen that, as the input
current increases, so does the output current. The values of the input and output currents
are 9.84 A and 5.53 A, respectively, when settled. The blue line in Figure 7b is the current
when the roof PSCM is at the maximum power point. Figure 7c,d show the voltage and
power waveforms during MPPT operation. The MPPT sets the converter so that the PSCM
is able to generate the maximum power. By doing so, the input voltage reaches Vypp. The
input and output power get to the power at the maximum power point. The input power
is higher than the output power due to power loss during the conversion. At the end of the
waveforms, the input and output voltages are 31.3 V and 55.26 V, respectively. The input
and output powers are 308 W and 305 W, respectively. The mean efficiency of the MPPT is
kept at around 98%.

3.1. Case Studies

This section presents the difference between the morning and afternoon time in May
and December, the best-case and the worst-case energy generation. The average data are
considered during calculation.

3.1.1. May 9:00

Figure 8a illustrates the total current coming from the PSCM (green), battery (blue), and
load (red) currents. Before the maximum power point is achieved, the battery complements
PSCM generation to feed the load until the PV generation is sufficient. As PSCM generation
is enough to supply the load, excess energy charges the battery. There are current waveform
fluctuations due to MOSFET switching on and off in the boost converters. Moreover, the
fluctuation peaks also increase since there are four sides of the bus stop shelter. The battery
voltage is 47.9 V. The load is constantly at 25 W, which results in a constant current and the
power curves shown in Figure 8. The value of the load current is around 0.52 A.

The power waveform graph is presented in Figure 8b. The battery helps the PSCM
to feed the load at the beginning of the simulation. The battery power waveform (blue)
crosses the zero of the y-axis when the PSCM can feed the load. The excess energy charges
the battery, which is observed by the increasing magnitude of the current.
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Figure 7. (a) I-V curve of the roof PSCMs. Input, output, and maximum power point (b) current,
(c) voltage, and (d) power waveforms during MPPT operation on May at 13:00. The values in (a)
represent the irradiance value and maximum power point parameters, such as the voltage, current,
and power of the roof PSCM.
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Figure 8. (a) Current and (b) power waveforms for energy-harvesting system generation, battery,
and load for the May at 9:00 scenario.

3.1.2. May 13:00

At 13:00, the power generation is among the highest during the day for the given bus
stop shelter. Figure 9a represents the current waveforms for this case study. The battery
discharges and complements the PSCM generation, similar to the case of May at 9:00. The
PSCM generation is sufficient to supply the load in a shorter time than in the previous case
due to higher irradiance. This leads to higher PSCM power generation. The battery voltage
is 48.0 V. The power waveforms are presented in Figure 9b. The maximum power point is
achieved at a similar time as in May at 9:00.
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3.1.3. December 9:00

Figure 10a represents current waveforms for the case of December at 9:00. The PSCMs
of Side 1 (east) and Side 3 (west) can generate a small amount of power and require much
more time to achieve the maximum power point compared to the roof and Side 2 (south)
PSCMs. The roof and Side 2 (south) PCMSs contribute the most amount of power (refer to
Figure 6¢). The battery voltage is 47.7 V. The battery helps the PSCM generation to feed
the load, as shown in Figure 10b for the entire period. Electric generation in the morning
cannot feed the load without the battery.
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Figure 9. (a) Current and (b) power waveforms for energy-harvesting system generation, battery,
and load for the May at 13:00 scenario.
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Figure 10. (a) Current and (b) power waveforms for energy-harvesting system generation, battery,
and load for the December at 9:00 scenario.

3.1.4. December 13:00

At 13:00 in December, the power generation is much higher than in the morning of
December. Figure 11a illustrates the current waveforms. The PSCM power generation is
sufficient to power the load. When the blue lines (battery) cross the x-axis, the excess
energy generated by the PSCMs starts to charge the battery. The battery voltage is 47.9 V.

According to Figure 11b, the generated power is sufficient to feed the load and charge
the battery.
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Figure 11. (a) Current and (b) power waveforms for energy-harvesting system generation, battery,
and load for the December at 13:00 scenario.

4. Discussion

According to Table 1, from April to August, the global irradiance for the roof PSCMs
is higher than that of the south-oriented PSCMs. For the rest of the year, the south-facing
PSCMs receive more irradiance than the PSCMs on the roof. Hence, it is suggested that as
many PSCMs as possible are placed facing the south rather than on other sides. Although
the south-facing PSCMs receive relatively less irradiance during April to August (mid-
spring to late summer period) when compared to other orientations, the energy generated
should be sufficient since the sun hours in the summer are more than those in the winter. It
should be noted that the orientation of bus stops also depends on the design of the roads.
When Side 2 of the bus stop shelter faces different directions, the energy generated by the
PSCMs varies accordingly, and the results are summarized in Table 2.

Table 2. PSCM energy generation in the bus stop shelter for different orientations and tilt angles.

. North- East- South- West-
ROOf:SCIM Tilt Oriented Oriented Oriented Oriented
ngie (kWh) (KWh) (KWh) (kWh)
No tilt angle 194 25.7 32.6 25.5
32-degree 30.8 37.1 44.0 36.9

In addition, the roof part can be tilted for a better angle to maximize the light-
harvesting capability of the PSCM. According to Jacobson and Jadhav [27], the optimal
tilt angle for Kazakhstan is 32 degrees. In December, tilted PSCMs on the roof of bus stop
shelters will receive irradiation of around 2.15 kWh/m? daily. Non-tilted PSCMs on the
roof have an average daily irradiation of 0.695 kWh/m?, which is three times lower than
the tilted one. Table 2 summarizes the total energy generated by PSCMs with different
tilt angles. The 32-degree tilting of the PSCMs results in an increase of 11.4 kWh energy
generation, which is an approximately 59%, 44%, 35%, and 45% enhancement for north-,
east-, south-, and west-oriented bus stop shelters, respectively.

It should be noted that this work was performed using the average daily temperature,
whereas the temperature constantly changes in actual cases. The temperature affects the
panel performance and alters the Voc of the solar modules. The temperature can change
every hour, but this uncertainty has not been considered for calculation. Moreover, the
overestimation of the energy generated by PSCMs is possible due to the reflections of
incoming light at the surface of the bus stop shelter. The development of anti-reflection
coatings and the incorporation of nanostructures at the surface of PSCMs can minimize
the reflection loss. It is possible that obstacles will block the incoming light from reaching
PSCMs. In this work, shading and soiling loss are not considered. Meanwhile, it is assumed
that ideal MOSFETs and diodes are used in the converters, as well as that there is no power
loss for the connection wires used in the system. Notably, PSCMs have stability issues
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due to the exposure of the perovskite material to moisture and oxygen. Nevertheless,
intensive research efforts have been devoted to this emerging technology, resulting in
continuous enhancements in PCE and the lifetime of PSCMs. Encapsulation methods are
being developed to protect perovskite materials from ambient conditions and provide good
sealing for lead components in the active layer.

It is worth comparing the results of this work with the existing data. Table 3 sum-
marizes the information on some small-scale BIPV systems. Fijatkowska et al. [19] used a
calculation-based method to assess the effectiveness of PV installations on bus stop shelters
based on irradiation data, considering the effects of shading caused by the surrounding
buildings. This off-grid bus stop shelter is in Warsaw, Poland, at an altitude of 100 m. Based
on their calculations, the bus stop shelter near Rondo ONZ has the potential to generate
6.8 kWh in June and 0.3 kWh in December. For another bus stop shelter near Dworec
Centralny, the values are 6.4 kWh and 0.4 kWh for June and December, respectively. The
order of energy generation is close to our results obtained in this study (4.26 kWh in May
and 1.42 kWh daily in December).

Table 3. Comparison of BIPV systems with the proposed PSCM-powered BIPV.

BIPV Study [19] 120] 28] This Work
Parameters
Location Warsaw, Turin, Zaragoza, Astana,
Poland; Italy; Spain; Kazakhstan;
Altitude (m) 100 239 243 347
System type of the . . . . .
study Calculation Experimental Calculation Simulation
N Off-grid bus Off-grid bus Off-grid bus Off-grid bus
BIPV application stop shelter stop shelter stop shelter stop shelter
Mono- .
PV technology NOt crystalline Cry.s.t alline Perovskite
available - silicon
silicon
PV efficiency Not 18.6 Not 12.6 (roof);
(%) available ’ specified 9.50 (ST)
PV area Not 3.54 (roof);
(m?) available 0-89 6.00 5.24 (ST)
PV modules, PV modules,
Inverter (for Boost converter,
System Not AC load) PV modules, MPPT,
components available Charge Batteries Charge
controllers, controller,
Batteries Batteries,
Wi-Fi station, L C .
Not USB chargers, nghtmg, nghtmg,
Load i . ? Information Information
specified Air quality .
screen display
control
Generated
0.30-6.80; Not
energy 0.40-6.40 specified 2.66 1.42-4.26
(kWh/daily) ’ ’

Mutani et al. [20] developed a prototype of a bus stop shelter in Turin, Italy (239 m
altitude). The prototype consisted of PV modules, batteries, an inverter, and charge
controllers. The c-Si PV panels had an efficiency of 18.6%. An air quality sensor, Wi-
Fi emitter, and USB chargers were considered as loads. However, the generated energy was
not specified in the study to be compared with our work.
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A PV-powered bus stop station in Zaragoza (Spain, altitude of 243 m) is one of the
BIPV-built examples. The generated energy is used for the purposes of lighting and
powering an information screen. The PV is based on c-Si modules with an area of 6 m? and
a projected power generation of 34,018 kWh for 35 years (i.e., around 972 kWh annually;
~2.66 kWh daily) [28]. In comparison, the projected daily energy generation is 2.66 kWh,
versus 1.42 kWh (worst-case) to 4.26 kWh (best-case) in this study. The differences between
the two systems are the PV technology (crystalline silicon versus developing PSCMs) and
irradiance. Zaragoza (41°39’ N 0°53' W) is located in Spain, whereas our work considers
Kazakhstan (51°08’' N 71°25’ E), which has a lower irradiance level compared to Spain. It is
noted that the assumptions for the 35-year forecast of energy generation are not disclosed
in the source. The performance of BIPV systems can vary substantially depending on
factors like the local solar irradiance levels, the specific PV technology employed, and
the geometric design characteristics inherent to different building applications. Therefore,
direct comparisons of estimated energy generation among dissimilar cases must be made
cautiously, as disparities in the key input parameters of different scenarios are difficult to
compare precisely, particularly when the background information and reported data are
not provided in detail. Transparency in the modeling assumptions would help to validate
the projected performance and enable more robust cross-comparisons of different BIPV
implementations over long timeframes.

5. Conclusions

Our evaluation of PSCMs integrated into bus stop shelters in Astana, Kazakhstan
(51°08' N 71°25’ E), demonstrates their potential for generating significant amounts of
energy, with the bus stop shelter equipped with PSCMs generating an average daily energy
output of 1.42 kWh for the worst-case scenario in December and 4.26 kWh for the best-case
scenario. We observed that the daily energy generation is sufficient to power the lighting
and information display throughout the day, with surplus energy stored in rechargeable
batteries for use during low-illumination periods. Moreover, additional DC loads can still
be adopted for the surplus energy generated in the worst-case scenario. This sustainable
and cost-effective solution could be a key component of future smart city infrastructure,
promoting energy efficiency, reducing reliance on the grid, and contributing to a more
sustainable urban environment. With the rapid development of new-generation PSCMs,
these emerging PVs will play a major role in the future of cost-effective BIPVs, paving the
way for more sustainable and energy-efficient cities.
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