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Abstract: The accelerating demand for sustainable energy solutions in urban environments has prompted the
application of building-integrated photovoltaic (BIPV) systems in electric vehicles (EVS). This study assessed the
impact of BIPV-EV systems in Surabaya, Indonesia, forecasting its energy production, environmental advantages,
and economic viability between 2026 and 2036. Simulations conducted using HOMER Pro and photovoltaic
system (PVsyst) suggested that the rooftop photovoltaic (RPV) capacity will increase from 4.6 GW in 2026 to 6.0
GW by 2036, while facade photovoltaic (FaPV) capacity is projected to grow from 1.6 GW to 2.0 GW. The
combined generation of RPV and FaPV is anticipated to reach 9.71 GWh annually by 2036, ultimately reducing
grid dependency to 36.6%. Additionally, carbon emissions from the BIPV-EV systems are expected to decrease
from 616 tons per year in a grid-based scenario to 520 tons annually, hence reducing carbon intensity to 0.05 kg
CO2/kWh. Although the initial investment is projected at USD 3.2 billion and USD 4.8 billion in 2026 and 2036,
respectively, the implementation of BIPV-EV systems is advantageous owing to significant savings on energy
costs in the long run and decreasing reliance on fossil fuels. These findings underscored the potential of BIPV in
advancing urban sustainability and accomplishing the objectives of energy transition in Indonesia.

Keywords: Building-integrated photovoltaic; Electric vehicles; Renewable energy; Urban sustainability; Energy
transition

1. Introduction

In recent decades, rapid urbanization in major cities including Surabaya, has considerably increased energy
consumption (Cheng et al., 2020). The demand for urban energy surges as population grows and economic
activities expand, thus cities become primary contributors to global carbon emissions. According to the
International Energy Agency (IEA), urban areas accounted for more than 70% of the global carbon emissions,
underscoring the urgency for sustainable energy solutions to mitigate environmental impacts (Dan et al., 2025).
One promising approach is the implementation of building-integrated photovoltaic (BIPV) systems, which is to
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install solar panels in building structures direct (Makhmudov et al., 2025; Reddy & Selvajyothi, 2020). Unlike
large-scale solar power plants that require vast land areas, BIPV systems utilize unused surfaces such as rooftops
and facades, optimizing urban space without disrupting city planning. Besides the generation of electricity, BIPV
offers benefits such as reducing ambient temperatures, minimizing indoor cooling loads, and improving overall
energy efficiency (El Mokhi et al., 2023; Ghosh, 2025). As one of the largest metropolitan city in Indonesia,
Surabaya faces growing challenges in meeting increasing energy demands while maintaining environmental
sustainability (GUven et al., 2025; Schmid et al., 2025). The transition to renewable energy sources forms an
essential part of urban development as the industrial and commercial sectors prosper. By year 2022, the global
installed capacity of rooftop photovoltaic (RPV) systems had already reached 118 GW and was expected to
increase significantly in the coming decades (Nurwidiana et al., 2024). Therefore, integrating BIPV technology
into modern urban architecture in Surabaya presents a vital strategy for developing a greener and low-emission
city (Alhazmi, 2025; Amini Toosi, 2025).

The adoption of BIPV, apart from the generation of electricity, provides a broad range of economic and
environmental benefits, hence attracting interest from researchers and technology developers (Pan et al., 2023).
The cost of PV systems has dropped by nearly 80% since 2010, making them more competitive than fossil fuels.
Several countries, including Australia (Pan et al., 2023), Spain (Saez et al., 2023), and Thailand (Gamonwet &
Dhakal, 2023), have implemented incentive policies to encourage the deployment of BIPV. Recent studies have
further highlighted the potential of PVV-EV integration, since combining solar energy systems with electric vehicles
could offer an innovative solution to combat the challenges faced by the shortage of urban energy (Purlu & Ozkan,
2023; Zhang et al., 2023). Given the increasing relevance of BIPV systems, various studies have analyzed their
technical, economic, and environmental impacts across different regions. For instance, a study by (Anang et al.,
2021) monitored the performance of a grid-connected RPV system in Kuala Terengganu, Malaysia, and focused
on derating factor determination to improve the accuracy of simulation. The results indicated a performance ratio
of 75.72% with a capacity factor between 13% and 16%, highlighting the efficiency of the system under real-world
conditions. Meanwhile, Irshad et al. (2023) explored the optimization of hybrid PV-grid-battery systems in Japan,
Afghanistan, and Saudi Arabia using HOMER Pro software. Their study compared different PV technologies;
among them, monocrystalline silicon (mono-Si) was found to outrun others with a performance ratio (PR) of 83.9%.
Similarly, Jahangiri et al. (2023) conducted a techno-economic-environmental analysis of BIPV across eight
climatic regions in Iran and ranked the cities based on their suitability for the use of BIPV. The study identified
Jask as the most suitable city and Ramsar as the least appropriate, offering valuable insights into climate-based PV
performance (Ni et al., 2025).

To plan for better consumption of urban energy, Freitas et al. (2021) integrated the use of PV energy into
building construction in Brazil, hence developing a Geographic Information System (GIS)-Based optimization
model to assess the feasibility of incorporating PV into the design of urban buildings. Additionally, Dehkordi &
Jahangiri (2022) conducted a sensitivity analysis of a 3E BIPV system in Abadan, Iran, evaluating the impact of
PV tilt angles and azimuth orientations on energy costs. The findings indicated that a 30<tilt and 0<azimuth
resulted in the most economical configuration. Hybrid systems have also been a key focus in BIPV research.
Loghmania & Khosravi (2024) examined the integration of solar water heaters (SWH) and PV into building
facades in Shahrekord, Iran; their study demonstrated the increase in both electricity production by 44.6% and heat
production by 59.3%. Similarly, Felseghi et al. (2021) investigated the feasibility of a hybrid PV-hydrogen system
for the supply of green power in Romania, revealing that PV supplied 32% of the total energy. In comparison, fuel
cells contributed 68%, ensuring a stable and renewable energy source. The advancement in artificial intelligence
(Al) has been applied to BIPV optimization. Nur-E-Alam et al. (2024) utilized machine learning techniques to
enhance the performance of PV systems in cities such as Kuala Lumpur, Sydney, and Toronto. This study
demonstrated that an Al-enhanced hybrid PV system, in combination with BIPV and solar windows, could meet
up to 78% of the total energy demand of a building and make a big stride toward innovative energy solutions.
Finally, Quddus et al. (2024) simulated and validated a BIPV system with PVsyst in Lucknow, India, when the
actual performance was compared with simulated data. The study reported that the difference in annual production
was less than 10%, proving the high accuracy of PV performance modeling. These findings collectively emphasize
the potential of BIPV and PV-EV integration in enhancing the efficiency of urban energy, reducing carbon
emissions, and improving economic feasibility, thus offering more sustainable energy solutions in urban
environments.

The current study analyzed the impact of building-integrated photovoltaics and electric vehicle (BIPV-EV)
systems on the decarbonization efforts of Surabaya. Additionally, it estimated the Levelized Cost of Energy
(LCOE) for years 2026 till 2036. Both technologies, with great potential for large-scale development, are
anticipated to be pivotal in the pursuit of a carbon-neutral society. However, the capacities of RPV and FaPV as
essential components of BIPV in urban energy systems have not been extensively explored within Surabaya and
other cities. Accordingly, this study aimed to evaluate the contributions of RPV and FaPV to BIPV systems and
to assess the environmental and economic advantages of an integrated BIPV-EV system (Fernandez et al., 2024).
Table 1 summarizes key studies on BIPV systems, focusing on the methods used, areas for application, research

378



novelty, and key findings to comprehensively understand the latest advancement in the field. These studies
highlight various aspects, including performance optimization, economic feasibility, energy planning, and hybrid
system integration.

Table 1. State of the art

References Method Application Novelty Research Findings
Performance monitoring of Kuala Derating factor Performance ratio
grid-connected RPV & determination to -
. Terengganu, . - - 75.72%, capacity factor
Anang et al. Techno-economic- : improve simulation .
. Malaysia & Iran - 13%-16%. Jask is the
(2021) environmental BIPV S accuracy & climate- -
S . (8 climatic . most suitable, and
analysis in different climates regions) based BIPV city Ramsar is the least
using HOMER g ranking '
Dehkordi & Urban PV energy planning . The GIS model for PV
Jahangiri with construction Brazil & Abadan, GIS-based PV planning siting, with 30<tilt and

(2022); Freitas
etal. (2021)
Felseghi et al.
(2021);
Loghmania &
Khosravi (2024)
Nur-E-Alam et
al. (2024);
Quddus et al.
(2024)

Prasetyo et al.
(2023); Yu et al.
(2024)

Grande et al.
(2018); Prasetyo

compatibility & Sensitivity
analysis of 3E BIPV system
Combination of SWH and
PV on facades & Hybrid
PV-hydrogen for green
supply

Machine learning
optimization & PVsyst
simulation validation

3E impact with HOMER-
PVsyst & techno-economic
analysis with HOMER

Viability analysis of off-grid
PV-BESS & On-grid PV
economic simulation

Iran

Shahrekord, Iran
& Romania

Kuala Lumpur,
Sydney, Toronto
& Lucknow,
India

Xiong’an, China
& Ngawi,
Indonesia

Yogyakarta &
Indonesia

model & evaluation of
tilt and azimuth angles

Facade-based thermal-
electric PV systems &
PV-H: integration

Al-enhanced hybrid
BIPV-solar windows &
actual vs. simulated
accuracy

Impact of FaPV on
BIPV-EV & surplus
energy feasibility

Excess energy and ROI
analysis & household
EV charging impact

0<azimuth, is the most
economical.
Electricity? is 44.6%,
heat? is 59.3%, PV is
32%, and fuel cell is
68%.

Al-PV system meets
78% energy needs;
<10% difference in the
simulation accuracy.
FaPV1 generation by
67.6%, CO2 |41.91%;
562,227 kWh/year, and
COE: IDR 1,966/kWh.
Off-grid COE IDR
17,783/kWh, ROI -7%;
on-grid ROI 46.6%,
profit IDR 374 juta/25

et al. (2024) (residential)

tahun.

2. Methodology
2.1 Design of the Scenario

This study proposed a framework for evaluating (BIPV-EV) charging systems connected to the power grid. As
shown in Figure 1, this study consisted of three main stages, i.e., data pre-processing, system simulation, and
output analysis. The pre-processing stage included collecting data on solar radiation, BIPV areas, and social and
economic factors that affect the system. Next, the system was simulated using HOMER Pro and PVsyst software
under various scenarios, including a combination of the electricity grid and renewable energy sources (Mahir et
al., 2024; Mohammadi & Gezegin, 2022). The results of simulation were evaluated based on the potential of energy,
environment, and economy (3E), encompassing the energy efficiency and environmental impacts of the system,
such as carbon emissions and economic feasibility based on investment and operational costs (Elaouzy & El Fadar,
2022; Mauludin et al., 2025). This approach aimed to identify optimal sustainable solutions to implement
renewable energy-based EV charging systems (Glven & YUcel, 2023; Rehman et al., 2023). By incorporating
both RPV and FaPV into the analysis, this study further examined the impact of different BIPV configurations on
the overall system performance. The integration of FaPV was particularly crucial due to its potential to enhance
energy generation in urban settings, where rooftop space was often limited (Amini et al., 2024). However, FaPV
presented challenges such as higher installation complexity and maintenance costs when considering its feasibility
(Khan et al., 2023). Multiple system scenarios were designed to thoroughly assess the influence of FaPV, as
summarized in Table 2, given the variations in PV placement, grid dependency, and the implementation of Vehicle-
to-Grid (V2G) technology. Definitions of the scenario were developed by analysing practical urban constraints
and technological feasibility. For instance, the EV-only scenario assumed grid-reliant charging without PV support,
while RPV-EV and FaPV-EV examined partial solar integration. The complete RPV+FaPV-EV configuration
assumed optimal solar harvesting using rooftops and vertical facades; such assumptions included uniform building
distribution, average tilt optimization, and moderate EV penetration aligned with national EV roadmaps. These
scenarios compared in detail the effects between different configurations and energy balance, environmental
benefits, and financial viability of the BIPV-EV charging system. By classifying BIPV systems based on their
energy output, this study provided insights into the most effective deployment strategies for maximizing renewable
energy utilization.
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Figure 1. Assessment framework of this study
Table 2. Definitions of each scenario of the system
Scenario Definition
EV The direct integration of EVs into the power grid represents the most straightforward V2G
configuration.
RPV-EV The highest potential utilization of RPV is in urban areas when combined with EV charging
infrastructure.
FaPV-EV The optimal capacity of FaPV is found in urban environments when PV systems and EVs were
integrated.
RPV+FaPV-EV The maximum feasible deployment of RPV and FaPV is identified in urban settings when merged

with PV-based EV charging systems.

2.2 Energy, Environmental, and Economic (3E) Impact Assessment of the BIPV-EV Systems

2.2.1 Effect of energy optimization

The impact of BIPV-EV system on the reliability and stability of urban power supply was analyzed using three
primary metrics: the BIPV output ratio, the electricity purchase ratio, and the electricity sales ratio. The BIPV
output ratio measures the contribution of the BIPV system to the overall energy consumption of a city, serving as

a significant indicator of urban energy sustainability. The electricity purchase ratio assesses the amount of power

that a city requires from external electricity grids. This dependency could be markedly diminished through the
adoption of BIPV-EV systems. In contrast, the electricity sales ratio reflects the stability of power supply from the

grid to the total energy demand of a city. This stability may be enhanced through the integration of BIPV-EV

systems. The mathematical equations employed to compute these metrics are as follows:

BIPV, ratio = ——0Y6 o 1009 1

T = BIPV, + Grid, ° @

Gridyratio = ——2T % 1000 2

TLApTAtO = B1pV, + Grid, ° @)
Gridg

Gridgratio = X 100% 3)

Total consumption
where, BIPV refers to the electricity produced by the BIPV system, Gridyratio represents the electricity acquired

from the external grid and Grids denotes the electricity fed back into the grid (Liu et al., 2022; Yu et al., 2024). A
higher BIPV ratio suggests that the BIPV system is making a more significant contribution to meeting the energy
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needs of the city, thereby reducing dependence on the external grid. This indicates that a substantial portion of the
energy demand from a building is being met by the PV system, hence improving the energy sustainability.
However, surplus electricity is often redirected to the grid due to the mismatch between energy generation from
the PV system and the actual energy demand. As a result, a lower grid sales ratio typically implies that a more
significant portion of the PV-generated electricity is being consumed directly within the building, increasing the
self-consumption rate. The self-consumption rate is a key indicator of the efficiency and the ability of the system
to reduce its reliance on external energy sources.

2.2.2 Environmental impact

With the increasing adoption of BIPV-EV systems, this integrated approach is anticipated to significantly
diminish carbon dioxide (CO:) emissions in an urban scale. This study employed carbon emissions (CE) and
emission intensity (CEI) as primary metrics to accurately assess the reduction in carbon output (Prasetyo et al.,
2025). The evaluation encompassed various scenarios to analyze the total fuel consumption and emissions from
grid-supplied electricity for electric vehicles (EVs) and other sectors. The formulas utilized for these calculations
were presented below:

CEsystem = EF,;] X E[system + CEFV (4)
CE
CEIsystem = %Mm (5)

where, CEsysiem represents the total carbon emissions of the system, which is a comprehensive measure of the
environmental impact of the system, including both direct and indirect emissions. EFy denotes the emission factor
of grid electricity and Elsysem refers to the electricity supplied by the grid. Additionally, CEgy accounts for the
carbon emissions produced by fuel-powered vehicles, CElssem = Indicates carbon emission intensity, and PP
represents the total electricity generation from the system (Khan et al., 2024; Yu et al., 2024).

A high carbon emission level implies substantial contribution from a region to environmental degradation and
climate change. Likewise, a high Carbon Emission Intensity (CEI) value indicates dependence on carbon-intensive
energy sources, highlighting the urgency of transitioning to cleaner alternatives. To mitigate these effects, adopting
low-carbon energy systems is beneficial and essential for sustainable development. Analyzing environmental
impact indicators at the city level helps identify emission sources and assess reduction strategies. This study
provided a detailed evaluation of urban carbon emissions and examined the potential benefits of deploying BIPV-
EV systems under different scenarios.

2.2.3 The impact of the levelized cost of energy on economic feasibility

This research investigated the financial dimensions of BIPV-EV systems by focusing on two primary indicators:
the total cost and Levelized Cost of Electricity (LCOE). The total cost includes initial capital investment,
operational and maintenance (O&M) expenses, and system replacement costs. These components are critical for
evaluating the financial viability of the project. Conversely, LCOE denotes the cost per unit of electricity generated,
serving as a vital metric for assessing the economic efficiency of a PV system. This parameter also allows
comparative analyses across different power generation technologies. The formula employed to calculate LCOE
is set out below:

total lifetime costs
LCOE = — . (6)
total electricity generation

A higher LCOE signifies an increased cost per unit of electricity, which could result from substantial upfront
investment, high O&M costs, or system inefficiencies. Therefore, a lower LCOE value indicates better cost-
effectiveness, making the system more financially sustainable (Hanig et al., 2025).

3. Data Input

3.1 Information on the Selected Location

Surabaya, located in Indonesia at coordinates 7.25°S and 112.75 °E, covers an area of approximately 374.1 km=
with a relatively flat topography (Safitri et al., 2024). The city receives significant solar exposure, with an average
annual sunshine duration of around 2,200 hours. Based on the data of daily irradiation, the total solar irradiation
intensity in Surabaya reaches 1,887 kWh/m=per year, highlighting its great potential for utilizing solar energy
(Nishanthy et al., 2024). One crucial factor in enhancing the efficiency of solar energy systems depends on the
angle for the installation of solar panels and this could affect the amount of energy received by RPV and FaPV
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systems. As illustrated in Figure 2, optimizing the tilt angle could maximize the absorption of solar energy, thereby
improving the overall performance of the system.
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Figure 2. Data sources: (a) Surabaya map illustration (Aminah et al., 2018), (b) Global horizontal and irradiance
(GHI)

3.2 Building Rooftop and Facade Planning Data

To achieve the ambitious goal of 100% clean energy consumption by 2036, this paper attempted to analyze the
electricity demand in Surabaya. It established two key timeframes: the short term by 2026 and the long term by
2036, having considered the duration required for the adoption of BIPV and the rollout of Vehicle-to-Grid (V2G)
technologies. The fundamental difference between these two timeframes resided in the fluctuations in electricity
demand driven by urban growth and the escalation of electrification. Surabaya, a rapidly evolving metropolitan
area, undergoes continuous infrastructural development and urban renewal, resulting in notable changes in its
landscape. However, challenges arising from the limited access to Geographic Information Systems (GIS) and
building data rendered it difficult for the city to conduct precise assessments. Given that Surabaya adheres to the
urban zoning regulations outlined in the capital development plan of East Java, the building land area and density
parameters are essential for estimating the available rooftop area for solar PV deployment. Both Egs. (7) and (8),
which calculate the developable areas for RPV, are derived from the urban construction land area in Surabaya;
they help ensure alignment with the objectives of the city in respect of spatial planning and development:

BRAl = CAl X BDL (7)
5

TBRA = Z BRA, (8)
i=1
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where, BRA represents the total roof surface of a structure, TBRA signifies the cumulative rooftop space across
all buildings, CA corresponds to the construction zone for different building categories, BD indicates the
concentration of buildings within a given area, and i denotes the specific building classification (Paradongan et al.,
2024).

The expansion of various building categories in Surabaya has undergone dynamic changes over the past five
years, with residential areas consistently occupying the most significant portion of urban space, followed by
industrial zones, as shown in Table 3. This trend reflected the growing energy demand, which aligned with the
increasing potential for solar PV integration on rooftops and building facades. To support future energy needs,
Table 4 presented an estimated RPV and FaPV deployment plan, projecting that the total rooftop area available
for solar PV installation will have reached 40 km=by 2036. In addition, the capacity of facade PV systems is
expected to increase across different city regions, contributing to a more sustainable energy mix. As illustrated in
Figure 3, electricity consumption per capita in Indonesia has shown a steady rise, underscoring the urgency of
expanding renewable energy to ensure a reliable and efficient energy supply in the coming years.

Table 3. Expansion of various building categories in Surabaya over the past 5 years (km?)

Year Residential Administration Commercial Industrial Warehouse Subtotal

2022 42.10 12.20 7.10 28.50 3.20 93.10
2021 41.50 12.00 6.90 27.80 3.10 91.30
2020 40.00 11.80 6.70 27.00 3.00 88.50
2019 45.30 12.50 7.30 30.10 3.50 98.70
2018 44.00 12.80 7.50 29.50 3.60 97.40

Table 4. Plans for short- and long-term RPV and FaPV in Surabaya (km?)

Facade
Year  Rooftop East South West North Total
2026 30 10 10 10 10 40
2036 40 14 14 14 14 56
1.4
1.2
1
=
% 0.8
& 0.65
=
E 0.6
=
0.4
0.2
0

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Figure 3. Electricity consumption per capita in Indonesia (MWH/Capita)
3.3 Economic Metrics of the System

As illustrated in Table 5, the costs for the installation of PV systems in Surabaya are expected to decrease over
time. The projected cost of RPV systems is about 800 USD/KW in 2026 and 589 USD/kW in 2036. The projection
of these costs is derived from the historical global trends and adjusted based on International Renewable Energy
Agency (IRENA) reports as well as estimates from the Indonesian market. Over a decade, a decline of 26% in the
projected cost has reflected continued technological advancement, economies of scale, and local manufacturing

383



capacity. The costs of FaPV system were modeled with a more conservative decline due to their higher complexity
and limited market maturity. Inflation and currency adjustments were incorporated based on the forecasts of Bank
Indonesia and International Energy Agency (IEA). Likewise, the costs of flat-plate PV (FaPV) systems are
expected to decline to 1,071 USD/kW in 2026 and 790 USD/KW in 2036. The operation and maintenance (O&M)
costs will remain steady at 8 USD/kW/year for RPV systems and 10 USD/kW/year for FaPV systems. Furthermore,
an inverter system will be essential for integrating PV power into the grid, with an installation cost estimated at
985 USD/kW, O&M costs at 101 USD/kW/year for a lifespan of 25 years. Electricity consumption in Surabaya is
projected to increase from 5,680 GWh to 5,952 GWh in 2026 and reach 8,760 GWh up to 9,105 GWh in 2036, in
line with the projection of national electricity consumption, which is expected to rise from 1,893 kWh per capita
in 2026 to 3,035 kWh per capita in 2036. Meanwhile, the emission factor is projected to decrease from 1.053 kg
CO2/kWh to 0.678 kgCO2/kWh, reflecting the transition toward cleaner energy. Regarding the introduction of
vehicle electrification, Surabaya is expected to have 403,000 EVs in 2026 and reach 545,000 by 2036, each driving
12,000 km/year with a battery capacity of 77 kWh, as outlined in Table 4. The Feed-in Tariff (FIT) remains at
0.145 USD/kWh, with a sell-back price of 0.6 USD/kWh. Financially, a discount rate of 6.6% and an inflation rate
of 2.54% are considered stable for long-term projections. (Li et al., 2025). These estimates have highlighted the
feasibility of adopting PV and EV in Surabaya over the next decade.

Table 5. Economic aspects of combining BIPV and EV systems

Name data Items Data of 2026 Data of 2036 Unit
Total rooftop area 30 40 km?
RPV RPV system cost 800 589 $/kW
0&M 8 8 $/kW/year
Total facade area 40 55 km?
FaPV FaPV system cost 1071 790 $/kW
0&M 10 10 $/kW/year
Converter Converter cost 985 985 $/kW
0&M 101 101 $/kW/year
Electrical consumption 16.939 39,906 GWh
Electricity Emission factor 1.053 0.678 KgCO2/kWh
FIT 0.145 0.145 $/kWh
Sellback price 0.6 0.6 $/kWh
Number 403,000 545,000 Car
Vehicle EV battery capacity 77 777 kWh
Average annual driving distance 12,000 12,000 Km/year/car
Others Discqunt rate 6.6 6.6 %
Inflation rate 2.54 2.54 %

4. Results
4.1 Potential for Electricity Production from BIPV

The simulation, conducted using PVsyst, assumed that PV installations would reach their maximum potential,
with RPV capacity projected to be 4.6 GW in 2026 and increase to 6.00 GW in 2036. Meanwhile, the maximum
PV capacity on building facades (North, South, East, and West) was estimated to be 1.6 GW in 2026, rising to
2.00 GW in 2036, representing an expansion of approximately 36.2% in BIPV development. As shown in Table
6, the RPV system was installed with a tilt angle of 40=and an azimuth of 0< whereas the facade PV system had
a fixed tilt angle of 90°with azimuths varying by orientation (North = 180< South = 0< East = -90< and West =
909. These angles were selected based on the benchmarks in literature and the solar irradiation profile of Surabaya.
A tilt of 40=for RPV was generally recommended in tropical regions for maximizing yearly output (Yu et al.,
2024) whereas a 90 “vertical tilt for facades reflected typical architectural constraints in dense urban environments.
Besides, azimuth angles followed cardinal orientation to ensure coverage across different sun paths throughout the
day. These differences in tilt and azimuth angles significantly impacted radiation reception, influencing the overall
energy yield of the system. RPV received the highest total radiation at 1773 kwWh/m3year, while the East and West
facades received 1067 kWh/mZyear each, the South facade received 911 kWh/m=year, and the North facade
received the lowest at only 663 kWh/m=year.

Based on Figure 4, the pattern of energy production shows that RPV has the highest production throughout the
year, with an average monthly production of 4.5-6.5 kWh/kWp/day. Production peaks in May to July at around
6.5 kWh/kWp/day, while the lowest production occurs from December till January at approximately 4.5
kWh/kWhp/day. In contrast, the South FaPV exhibits an opposite trend, with peak production in December to
January at around 3.2 kWh/kWp/day and the lowest production in June to July at about 2.2 kWh/kWp/day. The
North FaPV has a more stable production pattern throughout the year, ranging between 1.5 and 2.5 kWh/kWp/day.
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However, it remains lower than the other facades due to limited exposure to solar radiation. Meanwhile, the East
and West facades show symmetry in their patterns of energy production, whereas the East facade generates more
energy in the morning. In contrast, the West facade produces more in the afternoon. Their annual production ranges
between 2.0 and 3.0 kWh/kWp/day, showing higher productivity than the North facade but lower productivity
than the rooftop and South facade. As observed in Figure 4, system loss and collection loss remain relatively
consistent across all PV orientation, accounting for approximately 5-10% of the total energy production.
Nevertheless, RPV maintains the highest efficiency due to its more optimal angle of installation than FaPV.
Therefore, BIPV development contributes significantly to the transition to renewable energy, particularly if panel
design and orientation are optimized based on local environmental conditions.

Table 6. Angel of optimization PV

Facade
Angle Rooftop North  South East West
Tilt (9 40 90 90 90 90
Azimuth (9 0 180 0 -90 90
Capacity in 2026 (GW) 4.6 1.6 1.6 1.6 1.6
Capacity in 2036 (GW) 6.00 2.00 2.00 2.00 2.00

Total Radiation (KWh/m?/year) 1773 663 911 1067 1067
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4.2 Simulation Results

The short- and long-term power outputs of the integrated grid and PV system were obtained through simulation
optimization, given different PV configurations, as illustrated in Figures 5 and 6. The results indicated that RPV
consistently provided the highest energy production throughout the year, with peak generation occurring between
May and July, while the lowest output was observed between December and January. In contrast, the south FaPV
followed the opposite trend, reaching its peak in production in December and January and experiencing a minimum
in June and July. Meanwhile, the north FaPV maintained a relatively lower but more stable production profile
across all months, contributing to a balanced energy supply. The east and west facades also exhibited symmetrical
generation patterns, where the east facade generated more energy in the morning. In contrast, the west facade
produced higher output in the afternoon, ensuring a more evenly distributed energy supply throughout the day.

As shown in the short-term scenario in Figure 5, the total power production reaches 412.6 MWh, with RPV
contributing 229.6 MWh and FaPV adding 180 MWh. In this case, the grid dependency remains high due to the
limited PV capacity. Meanwhile, Figure 6 presents the long-term scenario, where an increased share of PV further
enhances energy independence. In the long run, the integration of FaPV results in an increase of approximately
67.60% in the total PV generation , with RPV producing 5.35 GWh per year and FaPV contributing 2.35 GWh per
year. The combined BIPV output reaches 9.71 GWh annually, reducing grid reliance to 36.6% of the total demand.
The increased PV penetration indicates a gradual shift towards renewable-based power generation, improving
energy sustainability in urban environments. The results also suggested that system and collection losses remained
relatively consistent across all PV orientation, as observed in both scenarios. Despite these, RPV continued to
demonstrate the highest efficiency. The expansion of PV capacity, especially the incorporation of FaPV, largely
enhanced the potential of BIPV to generate energy. Optimizing rooftop and facade PV placements is strategically
significant to achieve higher self-sufficiency and reduce reliance on grid electricity.
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4.2.1 Power generation

To evaluate the performance of the BIPV-EV system, an analysis was conducted on various scenarios of power
generation to assess their effectiveness in meeting the demands for energy. This study examined the contributions
of different configurations, including RPV, FaPV, and grid connections, in supplying electricity efficiently.
Insights into the evolution of energy dependency and utilization were obtained through analyzing the scenarios
between 2026 and 2036. The comparative analysis helped identify trends in renewable energy integration, hence
highlighting the increasing role of solar PV in reducing reliance on conventional power sources. Ultimately, this

analysis provided valuable data for optimizing energy plan and improving the sustainability of future urban energy
systems.
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Figure 7 presents the evaluation of three key energy parameters: (a) grid purchase ratio, (b) grid sell-back ratio,
and (c) BIPV utilization ratio. In Figure 7(a), the GRID scenario shows a 100% dependency on grid electricity in
both years, while hybrid configurations significantly reduce this dependency. For instance, in 2026, the RPV-
GRID and FaPV-GRID configurations reduce grid purchases to 13.6% and 12%, respectively. The combination
of RPV+FaPV-GRID further lowers this value to 9%. By 2036, these values will have decreased to 12%, 15.7%,
and 7.2%, respectively, indicating improved energy independence. Figure 7(b) highlights the energy exported to
the grid. As expected, the pure GRID scenario does not contribute energy, while hybrid systems increase grid
exports. The highest export is observed in the RPV+FaPV-GRID configuration, which will reach 10% in 2026 and
19% in 2036. This suggests that adopting a hybrid system reduces grid reliance and enables energy sharing. Figure
7(c) focuses on the BIPV utilization ratio, representing the effectiveness of using and exporting generated solar
energy. The RPV-GRID scenario maintains a stable utilization of 88% for both years. Meanwhile, the FaPV-GRID
system improves from 79% in 2026 to 84% in 2036. The highest efficiency is achieved with the RPV+FaPV-
GRID system, reaching 91% in 2026 and increasing to 93% in 2036. These findings demonstrated that integrating
rooftop and floating PV systems enhanced energy efficiency and self-sufficiency. The combined RPV+FaPV-
GRID configuration consistently outperformed individual setups, making it the most viable solution for future
sustainable energy systems.

4.2.2 Environmental generation

BIPV-EV systems aim to reduce the costs of electricity and play a crucial role in lowering carbon emissions.
By integrating renewable energy sources such as RPV and FaPV, the dependence on fossil-fuel-based grid
electricity could be minimized, significantly reducing environmental impact.
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To assess this aspect, Figure 8 evaluates the environmental parameters across different scenarios by analyzing
(a) total carbon emissions (ton/year) and (b) carbon emissions per kilowatt-hour (CO2/kWh) for years 2026 to
2036. Figure 8(a) illustrates the annual carbon emissions for different configurations. The GRID scenario has the
highest emissions, with values increasing from 616 tons in 2026 to 620 tons in 2036. When RPV-GRID is
integrated, the emissions are reduced to 548 tons in 2026 but slightly increase to 550 tons in 2036. Similarly,
FaPV-GRID shows a minor increase from 545 to 556 tons over the same period. The most significant reduction is
observed in the RPV+FaPV-GRID configuration, which lowers emissions to 520 tons and 543 tons in in years
2026 and 2036, respectively, hence highlighting the effectiveness of hybrid renewable energy in mitigating
environmental impact.

Figure 8(b) presents the carbon emissions per kilowatt-hour generated electricity. The GRID scenario exhibits
the highest emission factor at 0.63 CO2/kWh for both years. The integration of RPV-GRID significantly reduces
this value to 0.05 CO/kWh in 2026 and 0.07 CO2/kWh in 2036. FaPV-GRID also demonstrates improvement by
decreasing emissions from 0.13 CO>/kWh in 2026 to 0.1 CO2/kWh in 2036. The lowest emissions are recorded in
the RPV+FaPV-GRID scenario, which achieves 0.05 CO2kWh in both years; the hybrid configuration is
confirmed to be the most sustainable solution in terms of environmental impact. These findings indicated that
adopting BIPV-EV systems, particularly in the hybrid RPV+FaPV-GRID setup, was pivotal in reducing carbon
emissions. The data supported the argument that increasing renewable energy penetration in the energy mix was
essential for achieving long-term sustainability and carbon neutrality.

4.2.3 Economic results

The economic feasibility of implementing BIPV-EV systems is crucial in determining their viability as a
sustainable energy solution based on a thorough assessment of both costs and benefits. Apart from the
environmental advantages, the financial viability of integrating renewable energy should be carefully analyzed to
ensure long-term affordability and competitiveness. The evaluation involves calculating the total investment
required for system deployment and the levelized cost of energy (LCOE), which represents the cost for each unit
of electricity generated throughout the operational lifespan of the system. The most cost-effective strategies for
optimizing BIPV-EV implementation were identified by comparing different scenarios in urban environments. As
illustrated in Figure 9, insights into the economic parameters between 2026 and 2036 help stakeholders make
informed decisions about investments in energy in the future.

Figure 9(a) illustrates the total cost of each energy configuration in billion USD. The GRID scenario shows the
lowest cost with a slight increase from USD 1.8 billion in 2026 to USD 2.0 billion in 2036. When RPV-GRID is
integrated, the cost rises to USD 2.6 billion in 2026 and USD 3.8 billion in 2036. A similar trend is observed in
the FaPV-GRID scenario, with costs rising from USD 3.0 billion to USD 4.5 billion. The highest cost is recorded
in the RPV+FaPV-GRID configuration, which requires USD 3.2 billion in 2026 and USD 4.8 billion in 2036.
These results suggested that although hybrid renewable energy systems required higher initial investment, they
might provide long-term benefits such as savings of energy costs and emission reductions. Figure 9(b) displays
the LCOE (USD/kWh) of each scenario. The GRID scenario exhibits the lowest LCOE, with values of 0.0128
USD/kWh in 2026 and 0.014 USD/kWh in 2036. However, when renewable energy sources are incorporated, the
LCOE increases. The RPV-GRID scenario has an LCOE of 0.0173 USD/kWh in 2026 and 0.0254 USD/kWh in
2036. The FaPV-GRID system records slightly higher values at 0.032 USD/kWh in 2026 and 0.03 USD/kWh in
2036. The highest LCOE is in the RPV+FaPV-GRID scenario, with values rising from 0.0214 USD/kWh in 2026
to 0.0316 USD/kWh in 2036. These findings indicated that although the integration of renewable energy might
lead to higher LCOE in the short term, it offered significant benefits for sustainability, including reduced
dependency on fossil fuels and potential cost reductions in the long run. The economic analysis suggested that
while implementing BIPV-EV systems involved substantial investment, the long-term advantages of
environmental sustainability and energy security justified their incorporation. A cost-benefit analysis is
indispensable to optimize financial planning and balance affordability and sustainability.

Figure 10 evaluates the sales ratios of grid electricity across different scenarios, with and without electric
vehicles (EVs), in 2026. In Figure 10(a), the RPV-GRID scenario shows a grid sales ratio of 5% without EVS,
which decreases to 3% when EVs are integrated. Similarly, the FaPV-GRID scenario exhibits a lower grid sales
ratio of 0.30% without EVs, dropping to 0.25% with EVs. Meanwhile, the RPVV+FaPV-GRID scenario records the
highest grid sales ratio among the configurations, at 10% without EVs and slightly decreases to 9% with EVs.
Figure 10(b) highlights a similar trend in lower-ratio scenarios. In the RPV-GRID configuration, the electricity
sales ratio declines from 2% without EVs to 1.50% with EVs. The FaPV-GRID scenario shows minimal values,
with 0.10% without EVs, and drops further to 0.05% with EVs. On the other hand, the RPV+FaPV-GRID scenario
experiences a decrease from 4% without EVs to 3.60% with EVs. These findings indicated that integrating EVs
with systems reduced the surplus energy available for grid sales. This was primarily due to increased energy
demand from EVs, which consume a significant portion of the electricity generated by the BIPV system. Despite
the declining grid sales ratios, direct utilization of renewable energy for transportation reduced reliance on fossil-
based energy, ultimately supporting the efforts of decarbonization on the whole. Therefore, an optimal energy
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management strategy was recommended to maximize the economic and environmental benefits of the BIPV-EV
systems.
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5. Discussion

5.1 Limitations of Research

This study provided insights into the potential of BIPV systems in supporting the sustainability of energy in
Surabaya, in spite of several limitations to be considered as follows. First, the analysis was based on simulations
with HOMER Pro and PVsyst software, though providing reasonably accurate estimates, had limitations in
capturing dynamic field factors such as changes in the patterns of electricity consumption and PV module
degradation over time. The long-term projections presented in this study were subject to several uncertainties. The
growth in electricity consumption depended on population dynamics, economic trends, and behavioral changes,
which were inherently difficult to predict accurately. Similarly, emission factors might vary depending on the
speed of national grid decarbonization, which was influenced by the policies and investments in renewables. The
projected rate of EV adoption assumed favorable market conditions and regulatory support, which could change
significantly. Second, the lack of spatial data necessitated certain assumptions for determining the areas available
for installing RPV and FaPV. Additionally, evolving regulations and policies could affect the results of this study,
especially the electricity tariffs, government incentives, and net metering policies in Indonesia. Further research
combining empirical data and direct case studies is essential to enhance the accuracy and validity of the findings.

5.2 Potential Role of BIPV

BIPV possesses the potential to support the energy transition in Surabaya by utilizing urban space for renewable
energy generation and sustainability promotion. Implementing this system could lead to multiple benefits,
including reduced carbon emissions, improved efficiency of building energy, and decreased dependence on fossil
fuels. Besides, BIPV offers economic advantages through saving the costs of electricity, enabling the sale of
surplus energy to the grid, and creating new revenue opportunities. From a broader perspective, integrating BIPV
into electric vehicle (EV) systems could further strengthen the development of a sustainable smart city, where
buildings generate and supply energy directly to EV charging. This integration reduces the burden on the primary
power grid and enhances the resilience of urban energy, ensuring a more stable and efficient energy supply for the
future.

5.3 Challenges in Implementing BIPV Systems in Surabaya

Despite its numerous benefits, implementing BIPV in Surabaya still faces several challenges. Currently,
Surabaya adheres to the general renewable energy regulations with the launch of Electricity Supply Business Plan
(RUPTL) in Indonesia and Peraturan Menteri ESDM No. 26/2021, which support the installations of RPV.
However, the absence of specific local policies to incentivize the integration of FaPV or BIPV into commercial or
mixed-use buildings. Limitations also arise from ambiguous net-metering schemes and administrative burdens for
grid interconnection. The gaps found in regulatory support hinder investors’ confidence and the scale of a project,
necessitating more proactive policies at municipal-level. One of the primary challenges is the high initial
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investment costs, especially for FaPV systems, which require higher installation complexity than RPV.
Additionally, regulations and incentive policies for solar energy in Indonesia should be strengthened to encourage
the utility of the system. From a technical perspective, limitations in electrical infrastructure and reliance on
conventional power grids pose challenges to the stability and reliability of BIPV systems. Another factor is the
lack of awareness and understanding among the public and building developers regarding the benefits of BIPV,
hence hindering its widespread use. Therefore, an integrated approach involving the government, private sector,
and academia is needed to create an ecosystem that supports the development and implementation of BIPV in
Surabaya.

6. Conclusions

This study confirmed the potential of BIPV systems in the support of energy transition in Surabaya. The system
could, to a great extent, facilitate energy independence and reduce carbon emissions by utilizing the sites of
building rooftops and facades for the installation of solar panels. Simulation results showed that the maximum
capacity of RPV would be increased from 4.6 GW in 2026 to 6.0 GW in 2036, while the maximum capacity of
FaPV would be enlarged from 1.6 GW to 2.0 GW during the same period. The total electricity production from
the combination of RPV and FaPV would possibly reach 9.71 GWh per year in 2036 and this could reduce
dependence on the grid by 36.6%. The implementation of these systems could lower carbon emissions from 616
tons/year in the grid-based scenario (GRID) to 520 tons/year in the BIPV+EV scenario by 2026, with a drop of
carbon emissions intensity to 0.05 kg CO-/kWh. To assist in the economic consumption of energy, although the
BIPV scenario has a relatively high initial investment cost of USD 3.2 billion and USD 4.8 billion in 2026 and
2036 respectively, it provides a viable solution for sustainable urban development in Surabaya and Indonesia with
its potential conservation of energy for the next 10 years and the reduced dependence on fossil fuels. Future
research should prioritize the empirical validation of BIPV performance across various building types in the cities
of Indonesia. Authorities responsible for urban planning should integrate BIPV into zoning laws and building
codes to streamline the procedures of relevant policies. Financial mechanisms such as green bonds and solar
leasing could reduce financial burden and accelerate deployment. Overall speaking, the success of BIPV-EV
systems depends on the coordination of technical, regulatory, and behavioral domains.
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