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ARTICLE INFO ABSTRACT
Keywords: The focus of this work is on the optimization of an all-photovoltaic hybrid power generation systems for energy-
Hybrid energy system efficient and sustainable buildings, aiming for net-zero emissions. This research proposes a hybrid approach

Low carbon emission

Net-zero buildings applications
Photovoltaics

Sustainable energy

combining conventional solar panels with advanced solar window systems and building integrated photovoltaic
(BIPV) systems. By analyzing the meteorological data and using the simulation models, we predict energy
outputs for different cities such as Kuala Lumpur, Sydney, Toronto, Auckland, Cape Town, Riyadh, and Kuwait
City. Although there are long payback times, our simulations demonstrate that the proposed all-PV blended
system can meet the energy needs of modern buildings (up to 78%, location dependent) and can be scaled up for
entire buildings. The simulated results indicate that Middle Eastern cities are particularly suitable for these
hybrid systems, generating approximately 1.2 times more power compared to Toronto, Canada. Additionally, we
predict the outcome of the possible incorporation of intelligent and automated systems to boost overall energy
efficiency toward achieving a sustainable building environment.

fuels, which is supposed to be quickly running out soon or over a certain
time, if the global energy consumption trends continue to mostly rely on
fossil fuel sources. However, with the encouraging current de-
velopments seen in new and innovative technologies for harvesting
renewable energies and considering the present accelerating trajectory
of transition to more renewable and green energy resources, there is a
possibility that a good proportion of the already-discovered fossil re-
serves will remain untouched and kept for the future. However,
considering the global decarbonization strategy and the climate goals of
the Paris Agreement, in the energy sector, government policies in most
of the developed countries at present are more reliant on renewable
energy sources for achieving greater sustainability. Global energy con-
sumption has expanded dramatically over the past few decades, pri-
marily as a result of the industrial revolution’s consequences and the
world’s population growth (which is projected to reach over 13 billion

Introduction

The building sector is responsible for global energy consumption and
related carbon dioxide (CO3) and other environmentally unfriendly gas
emissions. With the increasing population, higher living standards, and
climate change, the energy demand is growing almost every day and is
expected to increase substantially soon. This highlights the challenges
faced by the existing power infrastructures and emphasizes the need for
continued research and development in renewable energy areas. The
net-zero energy buildings offer a potential solution for achieving sus-
tainable development goals and complying with environmental regula-
tions [1,2]. Currently, the maximum global power consumption is 18.9
TW (Trillion watt) [3], and the energy demand is growing daily. This
enormous amount of energy supply mainly comes from burning fossil
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Nomenclature

PV Photovoltaic
BIPV Building integrated photovoltaic

CBIPV  Colored building integrated photovoltaic

PEDF Photovoltaics, energy storage, direct current, and
flexibility

CO, Carbon dioxide

T™W Trillion watt

Si Silicon

HOMER Hybrid Optimization of Multiple Energy Resources
TV Television

Wi-Fi Wireless fidelity

kw Kilowatt

GHI Global Horizontal Index

AC Alternating current

DC Direct current

FiT Feed in Tariff

NPC Net present cost

LCOE Levelized Cost of Energy

O &M Operation and maintenance

LICBC  Low-Income Communities Bonus Credit
MQTT  Message Queuing Telemetry Transport

people by 2050) [3,4]. Rapid industrialization, commercialization, and
urbanization are some of the causes contributing to the daily rise in
demand for a steady supply of energy. Customers who are residential
and commercial users in the building industry use more than one-third
of the energy that is distributed globally. Compared to a decade ago,
the amount of energy consumed by modern buildings and infrastructure,
both residential and industrial, has significantly increased [5,6]. Modern
lifestyles and activities, including education to medication, agriculture
to industrialization, storage to transportation, and others, are fully
required to have an uninterrupted power supply. Also, since the smart
city concept has been established, having a continuous and uninter-
rupted supply of electric power has become the primary objective for
metropolitan areas. For the developed world, having a continuous
power supply may not be a big issue as there is already enough energy
generation (mostly from fossil fuels). Still, for developing countries, it is
a big challenge to ensure a sufficient power supply for all. On the other
hand, due to the release of glasshouse gases and other pollutants into the
atmosphere by non-renewable fossil fuel-based energy sources, urban
planners and architects are becoming more and more concerned about
the issues of environmental dangers and global warming [6-9]. There-
fore, there are no alternatives for power generation except renewable
energy sources. However, only one type of renewable energy source may
not be enough to produce power towards achieving the energy supply
demand without being off-track from the global sustainability goal.
Recently hybrid power generation systems have become an attractive
option in the renewable energy research areas as they showed the pos-
sibility of achieving self-sustained power generation systems for remote
and rural areas. However, those hybrid systems are mainly based on
multiple renewable power generation systems, including wind energy,
solar energy, wave energy, and battery backup systems [9-15]. The goal
of a large number of research projects is to produce an optimized hybrid
power production system that may minimize the cost of generating
electricity in developing nations, isolated locations, or rural or coastal
areas. A hybrid power production system, which primarily consists of
many renewable energy generation systems, can aid in the development
of an integrated and more sustainable strategy for constructing a
pathway toward a future free of fossil fuels [14-19]. However, hybrid
power generation systems (solar, wind, wave, or others) require big
capital investments and abundant land areas. Also, it isn’t easy to
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establish such kind of hybrid (solar/wind or diesel or wave or others)
power generation system in the city areas despite the availability of a
modern miniature version of wind energy components. Large cities are
mainly crowded with many high-rise buildings that block the wind flow
and split wind energy into many directions are not suitable for miniature
wind turbines. On the contrary, diesel generators and engines are not
suitable for city areas as they are very noisy and emit toxic gases, such as
CO, COs, and others.

Some studies indicate that around 40 % of global energy is consumed
by buildings which are in turn putting extra pressure on the energy re-
sources and responsible for greenhouse gas emissions and climate
change as well [20-22]. Therefore improving energy efficiency and thus
lessening environmental consequences, requires analyzing the energy
consumption patterns in buildings. However, besides power generation,
energy management is one of the significant factors worldwide in
keeping carbon emissions under a specific range and not allowing the
global average temperature to be raised by more than 1.5 degrees.
Therefore, it is time to think of more alternatives and optimized options
to generate power and perform dynamic load management. A hierar-
chical coordination framework has been conducted by Das, et al, to
efficiently manage domestic load profiles by integrating photovoltaic
units, battery-energy-storage systems, and electric vehicles resulting in
reduced peak period demand on the distribution grid and improved
energy efficiency [23]. Another study demonstrated the potential of a
general power distribution system of buildings, called PEDF (photovol-
taics, energy storage, direct current, and flexibility). The study sum-
marized the feasibility and advantages of having PEDF in buildings and
constructions, indicating that it is possible to achieve self-consuming
distributed solar generation simultaneously with the option of utiliz-
ing a higher portion of the power generated from centralized renewable
sources like solar, wind, or hybrid plants [24]. However, enhancing
energy efficiency in buildings requires potentially emphasizing multiple
things including modern building designs and outdated equipment such
as proper insulation materials, efficient heating and cooling systems,
and energy-efficient appliances. The problems of obtaining optimal
energy performance in buildings also include low awareness and a lack
of incentives for energy efficiency which requires a positive boost of
behavioral changes and occupant engagement in energy conservation
practices. The advancement of technology and the development of
innovative building materials, smart energy management systems, and
energy-efficient appliances offer diverse ways of saving energy and
reducing CO, emissions in modern buildings and infrastructures. In
addition, insulation, energy-efficient lighting, and coated/glazed win-
dows are some common examples of energy-saving techniques that can
be retrofitted into existing structures [25-31]. Integration of renewable
energy sources like solar, wind, and geothermal power is of paramount
importance in enhancing energy efficiency in buildings and transition-
ing towards a sustainable energy future. By incorporating renewable
energy, buildings can generate their clean energy on-site and thus
benefit from having the features of decentralized and low transmission
loss enhancing energy resilience. Additionally, by utilizing energy
storage technology and renewable energy, buildings can store extra
energy for later use, maximizing energy efficiency and lowering peak
demand, which lowers operational costs for both owners and occupants.

For urbanization and smart cities, reducing the dependency on the
national power grid will be one of the best options for achieving sus-
tainable smart cities by producing energy using renewable energy har-
vesting sources, mainly solar photovoltaic (PV) systems. Solar PV is one
of the most prominent and cost-effective renewable energy systems to
mitigate the major challenges in sustainable renewable energy tech-
nology developments. There are several types of solar PV systems
commercially available in the market. The most common types of PV
systems are mainly silicon (Si) solar cells which are primarily effective in
generating maximum power if they are installed in a particular
arrangement (around 15 ~ 22 degrees (°) angle with the incident sun-
light, depending on the geographic location) [32]. However, currently,
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they are used in various ways such as vertical walls for building in-
frastructures though they can generate only up to 70 % of power
compared to that installed on rooftops. On the other hand, semi-
transparent and colored photovoltaics (BIPV and CBIPV) systems are
also getting more privileges to be installed in modern city buildings and
infrastructures day by day [33-40]. A highly transparent window-
integrated PV system is another ultra-modern PV system that can be
used in any modern infrastructure and skyscraper. These solar windows
can harvest energy from the sunlight, have a significant impact on the
environment, and improve grid security by offering combined energy-
generation and saving functionality (because low-emissivity coatings
and cutting-edge glass systems have greater thermal insulation capa-
bilities) [37-41]. These newly advanced, highly transparent windows
featuring multiple benefits can help reduce carbon emissions and are
expected to add momentum to the ongoing effective decarbonization of
the building sector’s energy use and save money due to low mainte-
nance. Beyond all these available PV systems, it is still challenging to
have a fully sustainable infrastructure based on only one type of PV
system, either rooftop solar panels or any type of BIPV. Therefore, a
combination of different types of PV systems (i.e., rooftop, PV window,
and BIPV or CBIPV) installation in modern building infrastructures can
ensure maximum energy generation during peak sunshine hours besides
offering energy savings features.

In this article, we adopt the idea of a hybrid power generation system
and design an all-PV system (including conventional silicon PV panels,
transparent solar windows, and colored semi-transparent PV building
materials) hybrid power generation system to ensure the maximum
energy generation for modern buildings simultaneously to make a small
footprint towards achieving a net-zero building in the city areas or
suburban areas. We design and optimize two different types of grid-tied
hybrid systems using Hybrid Optimization of Multiple Energy Resources
(HOMER) software and various types of PV systems based on a specific
load requirement for a modelled three-bedroom house. The authors
consider the primary meteorological solar radiation data for Kuala
Lumpur city in Malaysia as our prime data point for the HOMER Pro
simulation processes. Also, we study the measure and collection of the
basic meteorological data of solar radiation for many other cities like
Sydney, Australia, and Kuwait City, Kuwait, and compare the energy
generation possibilities for those cities.

ICONVENTIONAL ROOFTOP PV SYSTEM
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Methodology
Design and motivation of all-PV blended system

The recently become popular hybrid system (usually combines wind,
solar, and diesel power generation systems) has proven its advantages
over a single renewable power system. The hybrid systems possess
several features: fuel saving, lower atmospheric contamination, savings
in maintenance, silent systems, and connection to other power supplies,
enabling higher service quality than a typical single-source power gen-
eration system. However, the main components of hybrid systems are
comprised of power sources, storage devices, power management cen-
ters, and monitor and control devices, as reported in the literature
[42,43]. Fig. 1 represents the schematic diagram of our newly proposed
all-solar PV systems-based hybrid power generation system in
conjunction with the basic principle, how the hybrid generation system
works, and the required components to complete the power generation,
saving, and distribution process. In this proposed hybrid system, the
conventional rooftop solar modules are designed to be installed on the
roof of the building, and conventional windows and other glass panels
are meant to be replaced by the modern transparent solar window and
preferred, colored solar PV systems.

In recent years, energy cost efficiency has become one of the key
factors for sustainable power generation and storage facilities, which
stimulates scientists’ enthusiasm to introduce more off/on-grid, self-
sustainable energy-harvesting, and saving facilities. However, this
research aims to deliver the message that it is possible to make the city
areas more sustainable and ensure an unremitting power supply for 24 h,
365 days a by being energy-wise and smart in the use of PV technologies.

Simulation and optimization of load consumption, power generation, and
cost analyses

Load consumption

In this work, we used HOMER Pro simulation software for our nu-
merical modelling study due to its easy availability, versatile integration
capabilities and wide industrial recognition. It offers to model diverse
photovoltaic (PV) system configurations effectively, including conven-
tional panels, advanced solar windows, and building-integrated PV
systems, and predicts their combined season-dependent and location-
dependent performance. This software remains in widespread use in
the renewable energy sector, despite some concerns about its accuracy
as recently reported in Ref [46]. However, our modelling and blended-

(b)

Transmission lines
R 7/ =

DC to AC
inverter

PV combiner
box
’.

AC distribution
board

Bi-directional meter

End user (Net-metering)

Fig. 1. Schematic presentation of an all-solar PV-based hybrid power generation system in conjunction with the basic operating principle of power collec-

tion [44,45].
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system optimization results were quite comparable to similar reports in
the existing literature [47-51]. To conduct the HOMER Pro simulation,
load consumption needs to be considered. We consider a typical three-
bedroom unit in the city area. The utility components, quantity, and
specification that are used in total power consumption calculation are
shown in Table 1. In this calculation, we didn’t consider the power
consumption for Television (TV) and WiFi modems as they consume a
very low amount of power in a year which can be neglected. The total
power consumption calculation is given below:

Total power consumption by the unit (per day):

X(Power) (Usage hour) (Qty) = 16.612 kWh/day

The solar PV system has some electrical losses during power gener-
ation. We need to assume a power loss of 30 % to generate efficient
power. Hence, the final load demand for the system is:

Total load = (16.612 kWh) x (1.3) = 21.596 kWh/day

PV panel sizing. Panel generation factor (PGF) is used while calculating

the size of PV cells. It is a varying factor depending upon the climate of

the site location (depending upon global geographic location). Accord-

ing to research, the average panel generation factor is 3.4 in Malaysia;

meanwhile, it varies based on countries due to sunlight irradiation.

Hence, the panel capacity for the system is calculated as below:
totalload

PC.=—————
panelgenerationfactor

= 2L5%6 kWh/day = 6.352 kWh/day

The total maximum production required by these panels is 6.352
kWh/day during the pick sunlight. Based on the above assumption, three
types of panels are selected such as Kyocera KD 145 SX-UFU, Canadian
Solar Superpower CS6K-295MS, and CAT 115 W [52-54]. The details of
the used solar modules in the optimization process are given in the
supplementary file (Table ST1).

Homer pro load profile

In HOMER Pro, the load (kW) input is required to be an average
hourly power consumption for each month. In this work, our load input
is considered a non-commercial type of load. The monthly average and
hourly power consumption throughout the year for a typical building
unit is schematically plotted in Fig. 2. Since everyone in the house is
asleep between the hours of 0:00 and 5:00, there is a relatively low
demand for electricity during this time, and only a few light bulbs, fans,
and the refrigerator need to be powered when sunlight irradiation is at

Table 1
Description of possible utility units, quantity, and their specification.

Electrical Quantity  Power w/ Usage Hour W-h/
Item W) Hour (hr/d) day
Light 10 18 180 4 720
Fan 5 60 300 9 2700
Ventilation Fan 3 30 90 2 180
Fridge 1 120 120 8 960
Electric Hob 1 1200 1200 2 600
Electric Oven 1 3000 3000 0.5 1500
Microwave 1 800 800 0.5 400
Oven
Television 3 150 450 2 900
CCTV (6 1 48 48 24 1152
cameras)
Washing 1 1000 1000 2 2000
Machine
Tumble-Drier 1 2100 2100 0.5 900
Dish Washer 1 1800 1800 1 1800
Electric kettle 1 1200 1200 0.5 600
Iron 1 1500 1500 1 1500
Vacuum 1 1400 1400 0.5 700
Cleaner
Total 15,188 16,612

Sustainable Energy Technologies and Assessments 62 (2024) 103636

its lowest point. The highest load demand is found between 18:00 and
21:00. To satisfy this demand during that time and through the night
until sunrise, grid supplies are the only available choice. A significant
(albeit gradual) increase in energy demand between 6:00 and 8:00 is
connected to morning activities done in preparation for work and
school. It is also observed that the demand is comparatively low within
the hours of 9:00 to 11:00, and this can be explained by the fact that
most people are out of the house for their daily activities during this
period. Furthermore, between 12:00 and 2:00, the demand starts to
increase rapidly, which can be associated with lunch activities of the
household members, before the electricity demand is getting high
because all the members of the household are back home and make use
of electricity for various domestic and virtual activities. However, dur-
ing the peak sunshine hours (i.e., maximum power generation) the load
demand is moderate, and the load demand can not only be fulfilled from
the site-generated power but also possibly provide the excess power to
the grid.

Solar irradiance and clearness index

For solar energy-based system utilization, solar irradiance data is
crucial. It reveals how much solar energy is incident at a specific spot on
the surface of the earth over a specific period. The worldwide extra-
terrestrial irradiance ratio on a horizontal plane is what determines the
clarity index. The solar global radiation is obtained from NASA’s
worldwide energy resources database prediction through the HOMER
Pro Solar Global Horizontal Index (GHI) resources feature. The data
obtained through this source is the monthly average for GHI over 22 22-
year period based on the location coordinate introduced to Homer Pro
for the location project. This paper’s analysis takes part in seven
different locations on the earth Kuala Lumpur, Kuwait City, Sydney,
Auckland, Toronto, Riyadh, and Cape Town. It can be seen (in Fig. SF1,
provided in the supplementary file), that the location of Kuala Lumpur
experiences an average solar radiation of 4.91 kWh/m? with the same
clearness index throughout the year is 0.4910 on a horizontal range
surface. With an average of 5.77 kWh per square meter, each day solar
irradiance is experienced by Riyadh city where the clearness index is
0.6250 throughout the year. The minimum irradiation among these
cities is in Toronto which is only 3.59 with an average of 0.4680
clearness index.

Solar PV modules

In this work, we have used typical flat-plate PV modules as they are
capable of generating sufficient power with lowest maintenance. The PV
panels are placed toward the south. According to the research, the op-
timum tilted angle for solar PV panels in Malaysia is between 0 and 15
degrees. We have chosen 15 degrees of the optimum tilt angle during the
simulation process. The appropriate angle could not be set for the
window and semitransparent PV panels. Hence, different derating factor
has been applied for both panel types. For the rooftop PV panel, we
consider the Canadian Solar Superpower (CS6K-295MS), and the
appraised primary cost of a PV module is $USD 992.00, including in-
stallment cost and the replacement cost is $USD 992.00. For the window
panel (Kyocera KD 145 SX-UFU) the projected primary cost of a PV
module is $USD 1180 including installment cost and the replacement
charge is $USD 1180. For semi-transparent glass panels, CAT 115 Watt
four panels are being selected with an efficiency of 7.3 % and a derating
factor of 70 %. The initial cost is $500 and the installation and
replacement cost is $500. All the panels are considered to have a lifetime
of around 25 years. Summary of the parameters and the cost of the PV
modules is provided in the supplementary file (Table ST2)..

Converter

The proposed all-PV hybrid system is considered a grid-connected
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Fig. 2. The schematic representation of daily and yearly load consumption (predicted) profile for a 3-bed room house.

system and the grid provides alternating current (AC) power. However,
the PV modules generate the power in direct current (DC) mode, which
needs to be converted into AC mode to supply to the users. Therefore, a
converter is needed not only to convert an electrical signal from the DC
mode to AC mode but also to synchronize the changing signals (of
converted AC power from the hybrid systems and the grid) along with
supply to load. According to the HOMER suggestion, a system converter
is selected for the proposed system during the simulation process (the
information about the inverter is detailed in Table ST3). The total esti-
mated price of the converter is around $USD 600/kW including the
replacement (if needed) [55]. The system converter rating varies based
on power production. For instance, a three-component (rooftop, win-
dow, and semi-transparent panel) hybrid system requires a 1.24 kW
converter whilst a 1.02 kW converter is enough for a two-component
(rooftop and window panel) hybrid system. In addition, the converter
rating also varies based on the power production (for example 0.992 for
Toronto and 1.28 kW for Cape Town).

Grid

Since it is a grid-connected PV (GCPV) system, the grid power pur-
chase and sell back rates inputs are required to conduct the simulation
process. For Malaysia, according to SEDA (2022), Feed in Tariff (FiT)
rates for solar PV (Non-individual, < 500 kW, 21 years from FiT
Commencement Date) scheme and the FiT for solar PV (low voltage
category < 1 kV) under the commercial category supply range between
1-kW/month and 200-kW/month, the grid sell back price is USD 0.051/
kWh. The power purchase rate for the low voltage commercial tariff
category is USD 0.10/kWh [56].

Financial analysis

In this instance, we employed PV panels, a converter, and a utility

grid to meet the needs of the load that is provided by an on-grid solar
system that is present at the community level. We have done a cost study
for the house that can be powered by both sorts of hybrid combinations.
Based on the sunlight access, we have categorized the best PV panel
selection for rooftop, window, and semitransparent PV modules. At last,
we conduct the financial analysis in terms of NPC (the cost of a
component includes all the costs of installing and operating the
component over the project lifetime, minus the present value of all the
revenues that it earns over the project lifetime), LCOE (Levelized Cost of
Energy measures lifetime costs divided by energy production) and
operating coast, risky emissions, PV plate output analysis, etc. Addi-
tionally, operation and maintenance (O & M) costs must be included in
the overall system cost that is required after the system implementation
[57] shown in the Tables below. To continue the simulation process with
HOMER Por simulation, we have estimated the capital cost for rooftop
PV units as $1170 and about $762 for operation and management. For
the window panel, the PV unit cost is $684, whereas the O&M cost is
$373.15. The semi-transparent PV panel costs $230 with an O&M cost of
$237.87. This estimation has been adopted based on the benchmark of
cost breakdown percentage for 1.18 kW Rooftop, 0.580 kW window PV
System, and 0.460 kW of semi-transparent glass panel [58].

The economic parameter optimization for each type of PV hybrid
system assessed by HOMER Pro software is provided in the supple-
mentary file (Tables ST4 and ST5). The obtained results show that the
overall cost for all types of PV systems where the capital cost is higher for
rooftop, window, and semi-transparent PV systems than only rooftop
and window PV systems. According to Homer Optimizer, the total
construction for all three PV systems is $4346.98. However, the total
installation cost is less (for two PV systems), as we did not consider the
semi-transparent glass PV system in the model. Since the power con-
sumption rate is high during the evening time, the system needs a huge
backup from the grid. Moreover, power production from PV also de-
pends on sunlight irradiation. As a result, the maximum power
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production comes from Cape Town, like Riyadh and Kuwait City, and
thus leads to these cities’ payback being around 15 years. On the other
hand, the lowest production is recorded from Toronto City followed by
Auckland. The payback for these cities is around 20 years. However,
government subsidies in the renewable energy sector can make these
hybrid models more attractive to stakeholders, especially for business
investors in the renewable energy market worldwide.

From both Tables above, we can closely observe that the converter
cost has been changed as well as the grid cost. The reason behind this is
when another Panel type called semi-transparent was added to the
system, the power production increased from the PV panel. Hence, the
reliability of the grid system has significantly decreased; however, the
converter size and price increased at the same time.

Results and discussion

The proposed system’s electrical performance has been analyzed
based on the sunlight intensity for different cities. Fig. 3 shows the
design architecture of the proposed systems. The grid and load are
connected to the AC bus since they are 3- phase based AC system. The PV
system is designed in and exported from the Homer Pro resources which
are connected to the DC bus. An inverter is connected between AC and
DC bus to provide AC load. Furthermore, since this is a grid-connected
system, no capacity shortage or unmet electric load will be occurred
even during the night, on rainy and cloudy days when sunlight irradi-
ation is low, or when the grid/substations must be shut down for
maintenance.

Fig. 4 shows the overall production performance of the proposed
system for different cities. As we can see the maximum power is
generated from the rooftop in all the cities. This study examines the
amount of solar power generated through rooftop panels, window
panels, and semi-transparent panels, as well as the amount of solar
power purchased from and sold back to the grid by each city. The
simulated results indicate that the generation of solar power through
rooftop PV panels, window PV panels, and semi-transparent PV panels is
completely dependent on solar irradiation that varies from city to city. It
can be noticed that all these PV components comparatively showed
minimum power generation possibilities in Toronto while it is possible
to generate higher power in cities like Riyadh and Kuwait City. The
amount of solar power purchased from and sold back to the grid by each
city is also presented in Fig. 4. For example, Kuwait City purchases 4131
solar power units from the grid, while Toronto purchases 4473 units.

Furthermore, Riyadh sells back 11,404 units of solar power to the
grid, while Kuala Lumpur sells back 8365 units. The data provide

AC DC
Grid Electric Load #1 Rooftop Panel
— .
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Converter Window Panel
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Fig. 3. System architecture schematic of the proposed new all-PV-based hybrid
power generation system.
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insights into energy generation from different types of panels and energy
transactions in seven cities. The rooftop panels are the most significant
energy generation source due to functioning under direct sunlight with
the best installation orientation on the roof, compared to PV window
panels and semi-transparent PV panels. The grid purchases are found
relatively to be low, while the grid sellbacks are relatively high, indi-
cating a surplus of energy in these cities. These data will be useful for
policymakers, energy companies, and individuals interested in under-
standing big cities’ energy scenario. The cities like Cape Town, Kuwait
City, and Riyadh have almost similar (the highest) production and grid
sell-back records. The minimum production has been recorded in Tor-
onto, Canada. This is because the average sunlight intensity on the
surface of Toronto is lower compared to others.

Throughout the year, the overall power generation from the pro-
posed PV-hybrid system for all the cities is presented in Fig. 5. The
combination of rooftop, window, and semi-transparent PV sources is
shown to be the dominant source to generate adequate power with
values ranging from 69.1 in Toronto to 78.9 % in Riyadh, where the
“Grid” source is shown to be a secondary source, with values ranging
from 20.1 % in Cape Town to 28.4 % in Toronto (Fig. 5a). On the other
hand, the rooftop and window PV source combination can generate
comparatively less energy and require higher grid backup, as seen in
Fig. 5b.

The utilization of renewable energy sources varies significantly
among the seven cities. It is clear that cities in the Middle East and Af-
rica, such as Riyadh and Cape Town, tend to have higher green energy
production rates. Meanwhile, cities in the Asia-Pacific region, such as
Auckland and Sydney, tend to have higher utilization rates of the grid
supply. These differences are attributed to various factors such as sun-
light intensity and infrastructure.

The maximum output during a peak sunlight hour from all types of
panels is 1.17 kWh for rooftop panels, 0.470 kWh for window panels,
and 0.373 kWh for semi-transparent panels, whereas the maximum
demand is 1.11 kWh (more information is provided in the supplemen-
tary file, Table ST6). As a result, the proposed system is capable of ful-
filling load demand during peak hours while having an excess amount of
power (<2 %) for all types of PV systems. The total panel operation
hours are about 4386 h, equivalent to 182 days. The operation hours
vary for different cities because of different sunlight hours.

In addition, various gas emission quantities from the hybrid power
generation systems for different cities are found very low compared to
that of fossil fuel energy generation processes. The amount of gaseous
emission per year for other cities varies depending on the system oper-
ation hours (though the difference is very small among the cities, more
information are summarised in Table ST7).

According to the published reports [21,59,60], progressing towards
the goal of net-zero energy 2050 scenario (where the CO, emissions by
the buildings are projected to be reduced by up to 50 %), demands for
having clean electricity generation sources of up to 75 % of the total
electricity generation by 2030. Therefore the addition of new clean and
green energy sources (up to four times higher than that of today’s
practice) to the buildings can significantly help to mitigate the expected
high energy demand in 2050. However, our simulated results confirm
that it is possible to generate up to 75 % of buildings’ consumable power
from the installed on-site all-solar PV hybrid model simultaneously can
achieve lower CO, emissions compared to any type of conventional
home. The study reveals that our model is technically and economically
suitable for any country, especially for very hot and humid climate re-
gions. Fig. 6 presents a visual synopsis of the benefits, drawbacks,
challenges, and limitations of all-PV hybrid models.

Overall, all-PV hybrid models offer numerous advantages in terms of
renewable energy generation, energy independence, reliability, cost
savings, and flexibility. However, they have some drawbacks as well
related to initial investment costs, space requirements, intermittent
power generation, system complexity, power output optimization due to
voltage mismatch and shading effects, and environmental impact. When
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Fig. 4. Power production analysis chart for all types of sources among the cities.

determining the viability of an all-PV hybrid system, it’s crucial to
carefully assess these variables and take into account certain situations
including the national energy policy as well. The discounted rate is
suggested by the Homer Pro software. The study is about a performance
estimation of the proposed system. In real life, it can vary based on the
country’s relevant policy applicable at the time. However, selecting the
correct discount rate isn’t easy because it depends on how people view
the investment and its expected risks. Different decision-makers can
often have different opinions on what is a good discount rate for their
investments. The selection of an appropriate discount rate has long been
a central focus in the field of process economics. Valuable insights and
guidance on this topic can be found in the Ref [61]. Despite the book’s
origins dating back to the 1970 s, its contents remain highly relevant,
especially in the context of understanding how individual perceptions
and risk considerations impact discount rate choices in economic eval-
uations of industrial processes. This foundational resource continues to
be a valuable reference in the domain of process economics. In addition,
the PV systems and PV materials (like BIPVs) associated with in-
frastructures can be considered as building materials that will accu-
mulate value to the property, and householders may have different
perceptions and the consequences of the discount rate selection. A
comprehensive view of the considerations for the discount rates and
their varying perspectives in the framework of household financings are
available in Refs [62-64], that can help the homeowner consider when
estimating the financial aspects of PV systems. Furthermore, the
homeowners can benefit from programs like the Low-Income Commu-
nities Bonus Credit (LICBC) which has been recently launched by the U.
S. government to expand access to cost-effective and clean energy for
underserved communities with tax offshoots for solar and wind projects
across the nation. This program offers significant financial incentives
(up to a 70 % credit), to qualifying solar and wind projects in low-
income communities or on trival land, aiming to encourage clean en-
ergy investments and affordable housing development for the benefit of
low-income households [63]. Similar types of government, as well as
private initiatives worldwide, can encourage the public in general to
install smart PV systems or a combined PV system on their property
which will boost the race to shape a green future faster.

Integration of IoT and machine learning approach to enhance
buildings Sustainability

To construct future sustainable buildings, we have employed the
capabilities of a machine learning algorithm to seamlessly integrate our
system with the help of the Internet of Things (IoT). This integration
facilitates data storage for subsequent analysis and remote monitoring.
The employed machine learning algorithm can serve to distinguish the
data separately, thus prompting intelligent switching actions [65]. The
provided schematic diagram (Fig. SF2) illustrates the architectural
layout of the devised configuration system. Within this framework,
sensors are one of the key components that establish connections with
panels, enabling the real-time monitoring of panel temperature and
sunlight intensity. A power sensor is linked to a panel to gauge its power
output. The machine learning algorithm operates by analyzing the
correlations among power generation, temperature, and sunlight in-
tensity. In case of any anomalies arise an automated smart switch will be
activated to shut down the system. Moreover, the air conditioning sys-
tems are designed to be deactivated when the inside room temperature
reaches 20 °C. Similarly, household lighting and fans are designed to be
powered off when human activity is no longer detected.

To achieve this functionality we have considered the ThingSpeak
cloud platform as the principal data storage solution. Facilitating data
communication between the microcontroller and the cloud, the Message
Queuing Telemetry Transport (MQTT) protocol has been adopted, that
enables seamless publishing and subscription of data. In order to
meaningfully operate the system, it is required to include at least three
distinct sensors such as sunlight intensity monitoring sensor (e.g.
BH1750), solar panel power assessment sensor (INA219), and the
DHT11 and LM35 sensors for tracking panel and indoor temperatures.
These sensors are integrated with the NodeMCU microcontroller, facil-
itating data transmission to the cloud. A list of selected sensors and their
technical specification is provided in the supplementary file (see
Table ST8).

The schematic illustration depicts the experimental arrangement
encompassing both the window panel and rooftop panel setups,
accompanied by remote data monitoring through an application as can
be seen in Fig. SF3. The outcomes of the experimental configuration are
showcased in Fig. 7. Specifically, Fig. 7(a) shows the indoor temperature
of the building, while Fig. 7(b) illustrates the corresponding panel
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Fig. 5. Percentage of total production from a three-component system vs. two-component system compared with the total amount of energy supply required to form

the grid.

temperature reaching 56 °C. Simultaneously, the panel attains a peak
power output of 4800 mW, as depicted in Fig. 7(c), and (d) portrays an
ascending trend in sunlight intensity, which culminates at 54,000 lx.
Furthermore, Fig. 7(b) provides a visual representation of ambient
temperature measurements, a critical factor in maintaining optimal
equipment temperatures.

Strategic enhancements can be realized by incorporating a sophis-
ticated solar tracking system and optimizing sunlight exposure to ach-
ieve peak power generation. Additionally, refining the machine learning
algorithm to include a more advanced tripping circuit design capable of
promptly responding to unexpected surges in current flow stands as
another avenue for improvement. The integration of intelligent auto-
mated switches not only augments building sustainability but also am-
plifies overall energy efficiency. These measures collectively promise a
more robust and efficient system poised for future advancements in
sustainable buildings and infrastructure development.

Navigating the all-PV blended technology pathway

The exploration of practical considerations and innovative strategies
that are steering a transformative path towards sustainability and a
clean energy future are needed to achieve the United Nations SDGs goal
targeting a certain (small) level of emissions to me achieved by 2030. A
specific focus on investigating innovative integration techniques can
ensure that renewable energy solutions not only meet functional needs
but also enhance the visual and environmental appeal of the structures
[66-68]. However, the exploration of the all-PV blended technology
evolves with the entire landscape of solar technology integration, where
photovoltaics is poised to play a pivotal role in shaping our energy
future. The practicality of this all-PV blended technology can be
confirmed by the constantly increasing volumes of conventional BIPV
markets (where the wall and spandrel-based non-transparent PV mod-
ules prevail) and the increasing acceptance of unconventional photo-
voltaics using high transparency solar window modules, e.g., the
systems showcased at Murdoch University Solar Greenhouse [69] and in
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Sendai Aqua Ignis Resort solar windows installation built by Tomita
Technologies [70]. Therefore, the separate parts of the combined
blended PV installation may require to be connected to separate inverter
systems, but in terms of overall practicality, these issues are expected to
be minor. In our innovative approach, system design, and integration
stand as fundamental pillars in the development of PV/BIPV-based
hybrid power generation systems. This crucial phase involves tailoring
these systems to diverse building types and energy requirements.
Therefore, future research work will shift towards selecting appropriate

machine learning algorithms for real-time monitoring and control fol-
lowed by possible installation of prototypes in real-world settings, data
collection on energy generation and consumption, and performance
assessment to optimize energy utilization and grid interaction based on
the available opportunities and funding.

Conclusion

An optimized all-PV blended (hybrid) power generation system has



M. Nur-E-Alam et al.

been demonstrated for efficient energy generation and savings on the
demand side that can help reduce the dependency on the grid by up to
75 % in a broader sense which is a substitution of fossil fuel. This newly
proposed hybrid power generation system that is comprised of con-
ventional solar panels, and advanced solar window systems can hold an
important key factor for future sustainable and smart city concepts. In
this study, we found that the proposed system is capable of meeting city
life power demand during peak hours with an excess amount of power
around < 2 %, which can be transferred to the main grid. This study
reveals that an all-PV combination (i.e., Rooftop, PV windows, and
Semitransparent PV modules) is more effective in generating enough
power for most of the cities where more sunshine is available and can
significantly improve the city environment. These proposed all-PV
hybrid power generation systems can be useful in building modern in-
frastructures including multi-storied car parks where electric cars can
get easy access to charge the battery. However, more research and study
need to be conducted to investigate the viability of multiple solar PV
energy generation systems, power loss management due to the
mismatch of high voltage and current, and the cost-effectiveness of
stand-alone all-PV hybrid power generation systems as well as evaluate
the performance of ML integration in buildings energy efficiency
improvement.
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