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What is IEA PVPS TCP?

The International Energy Agency (IEA), founded in 1974, is an autonomous body within the framework of the Organisation
for Economic Cooperation and Development (OECD). The Technology Collaboration Programme (TCP) was created with
the belief that the future of energy security and sustainability starts with global collaboration. The programme is made up
of 6.000 experts across government, academia, and industry dedicated to advancing common research and the application
of specific energy technologies.

The IEA Photovoltaic Power Systems Programme (IEA PVPS) is one of the TCPs within the IEA and was established in
1993. The mission of the programme is to “enhance the international collaborative efforts which facilitate the role of
photovoltaic solar energy as a cornerstone in the transition to sustainable energy systems”. In order to achieve this, the
programme’s participants have undertaken a variety of joint research projects in Photovoltaic (PV) power systems
applications. The overall programme is headed by an Executive Committee, comprised of one delegate from each country
or organisation member, which designates distinct ‘Tasks’ that may be research projects or activity areas.

The IEA PVPS participating countries are Australia, Austria, Belgium, Canada, China, Denmark, Finland, France,
Germany, India, Israel, ltaly, Japan, Korea, Lithuania, Malaysia, Morocco, the Netherlands, Norway, Portugal, South
Africa, Spain, Sweden, Switzerland, Thailand, Tlrkiye, the United Kingdom and the United States of America. The
European Commission, Solar Power Europe and the Solar Energy Research Institute of Singapore are also members.

Visit us at: www.iea-pvps.org

What is IEA PVPS Task 15?

The objective of Task 15 of the IEA Photovoltaic Power Systems Programme is to create an enabling framework to
accelerate the penetration of Building-Integrated Photovoltaics (BIPV) products in the global market of renewables,
resulting in an equal playing field for BIPV products, Building-Applied Photovoltaics (BAPV) products and regular building
envelope components, respecting especially economic, technological, legal, aesthetic, reliability and normative issues.

DISCLAIMER
The IEAPVPS TCP is organised under the auspices of the International Energy Agency (IEA) but is functionally and legally autonomous. Views,
findings and publications of the IEA PVPS TCP do not necessarily represent the views or policies of the IEA Secretariat or its individual

member countries.
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ARTICLE INFO ABSTRACT

Keywords: Building-integrated photovoltaics (BIPV) are essential for the transition towards net-zero energy buildings, yet a
Building-integrated photovoltaics (BIPV) comprehensive multi-regional understanding of how energy yield, temporal complementarity, and economic
Economic viability feasibility interact across diverse configurations remains limited. Task 15 of the International Energy Agency

Energy yield
Multi-objective optimization
Smoothness

Temporal complementarity

Photovoltaic Power Systems Programme conducted a cross-regional, multi-objective assessment of 357 BIPV
design options across eight application types in 44 cities, using a standardized 1 m? module with efficiencies
between 5% and 25%. Energy yields were simulated using climate-specific irradiance datasets, and economic
viability was assessed under three price tiers. A multi-objective Genetic Algorithm optimized the azimuths of
vertical BIPV based on temporal complementarity and smoothness of the aggregated generation profile with
optimal-yield rooftop BIPV system and conventional PV system (BIPV-PV). The combination of rooftop and
vertical BIPV demonstrates strong daily and seasonal complementarity, enhancing the stability and continuity of
solar energy conversion across time scales. Complementary area-ratio analysis indicates that vertical BIPV sur-
faces require approximately 1.7-2.5 times more area to match the yield of optimally tilted rooftop BIPV-PV

Abbreviations: AC, Alternating Current; AOI, Angle of Incidence; API, Application Programming Interface; BAPV, Building-Attached Photovoltaics; BIPV, Building-
Integrated Photovoltaics; CC, Capital Cost; DC, Direct Current; DHI, Diffuse Horizontal Irradiance; DNI, Direct Normal Irradiance; DSF, Double-Skin Facade; EBS,
Electricity Bill Savings; FIT, Feed-in Tariff; GA, Genetic Algorithms; GHI, Global Horizontal Irradiance; GSA, Global Sensitivity Analysis; GS, Grid Savings; IEA,
International Energy Agency; IEA-PVPS, International Energy Agency Photovoltaic Power Systems Programme; IEC, International Electrotechnical Commission; IRC,
Inverter Replacement Cost; LCOE, Levelized Cost of Electricity; LMC, Lifecycle Maintenance Cost; MATLAB, Matrix Laboratory; MRV, Material Replacement Cost;
NPV, Net Present Value; NSRDB, National Solar Radiation Database; NREL, National Renewable Energy Laboratory; POA, Plane of Array; PV, Photovoltaics; R&D,
Research and Development; RE, Rebate; SALib, Sensitivity Analysis Library; SAPM, Sandia PV Array Performance Model; SC, System Capacity; STC, Standard Test
Conditions; SV, Salvage Value; TMY, Typical Meteorological Year; USD, United States Dollars.
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systems. At low BIPV prices, over 90% of configurations become economically viable for efficiencies starting at
around 18%, and in some cases even lower. Even at high price ranges, more than half remain viable, highlighting
BIPV's increasing competitiveness and cost-reduction potential through improved installation practices and
knowledge sharing. Overall, BIPV economic performance depends on complex, interdependent factors, indi-
cating that single measures such as product cost-reduction are insufficient without holistic financial and market

integration.

1. Introduction

Building-integrated photovoltaics (BIPV) replaces conventional
building materials, serving a dual role as electricity generators and
functional building elements [1]. Unlike the typical building-attached
PV (BAPV) installation (roof-mounted), which exhibits peak genera-
tion around midday [2], BIPV yield a broader generation profile due to
its range of orientations and tilt angles as a function of building surface
exposition, as well as capturing reflected direct and diffuse radiation
from nearby surfaces, even in shaded or dense urban areas [3]. BIPV
replicates the role of a power plant at building scale, that potentially can
be integrated into the entire building envelope [4]. BIPV is often
compared to BAPV and to conventional building materials in terms of
electricity generation and economic viability [5,6]. Achieving optimal
energy yield alongside positive economic performance is key for social
acceptance and is influenced by multiple factors [7].

For the past decades, research field of BIPV is gradually leaning from
material and technological advancement towards the optimisations of
field trails, performance evaluation, and technoeconomic assessments
[8]. For instance, a study for BIPV adoption in office building in five
Chinese cities [9] considering relevant factors of building orientations,
access to visual light, PV material, etc. The authors identified that
among the analysed parameters, the deployment orientation is of the
greatest significance for BIPV energy and economic performance across
the cities. A recent study for BIPV economic viability for India [10]
revealed the similar observation that the angular settings for BIPV sys-
tem have strong impacts on the economic outlook. This study selected
temperature-corrected efficiency as the method for BIPV performance
evaluation and key economic performance indicators of NPV, LCOE, and
payback year. A study in Scottland [11] adopted similar approach across
four Scottish urban area. The study formed a workflow with PVsyst for
PV performance modelling and MATLAB for automated analytic process.
Notably, this study applied a single optimal angular setting across all
studied location while arguing that the angular placements are crucial
for the analysed economic indicators including yield generation per
year, LCOE, and payback years.

The recent studies as discussed above shown that the BIPV systems
can achieve excellent economic and energy performance locally, while
most of these studies emphasized the importance of the designs of
implementation in achieving expected performance, especially the
angular settings. Yet, it is evident that the current studies are usually
limited to geographic locations [10,12,13], case studies on individual
buildings [14,15], limited angular settings [11], and pre-selected BIPV
products. Although these refined scopes allow more sophisticated per-
formance modelling and specific considerations for local climatic, eco-
nomic, and product-specific parameters settings, it is often lack of
grounds to provide generic findings to advise the BIPV implementation
as an effective measure to facilitate renewable energy transition in the
built environment. This leads to fragmented knowledge that is difficult
to generalize. In the absence of cross-regional comparative studies, as-
sessments of BIPV applications remain highly case-specific, limiting
their relevance for broader market adoption, policy formulation, design
strategy development and early investment decision-making.

In relation to algorithmic development for BIPV design optimisation,
a substantial body of literature has investigated various approaches,
including metaheuristic-based multi-objective optimisation [9,15-17],
mathematical optimisation methods for identifying global optima

through the construction of response surfaces [11], and integrated
machine-learning approaches [16,18]. The purpose of this review is not
to critique the advancement of optimisation algorithms, as this is beyond
the scope of the present study. Rather, it is to contextualise the selection
of optimisation strategies commonly adopted in BIPV-related studies.
Mathematical optimisation methods can be effective for well-structured
or relatively linear problems but may become less flexible when the
design space involves multiple interacting parameters and non-linear
constraints. Machine-learning-based approaches can provide highly
refined predictive or optimisation capabilities, but often require exten-
sive training data, careful tuning, and may involve reduced interpret-
ability or increased computational burden. In comparison, metaheuristic
approaches, such as particle swarm optimisation and genetic algorithms,
offer a practical balance between search capability, computational de-
mand, and implementation flexibility, making them suitable for com-
plex BIPV design optimisation problems where multiple objectives and
constraints must be considered simultaneously.

Built upon the existing knowledge development in the field of BIPV
and the identified research gaps, this study conducts a macro-level,
multi-objective assessment of BIPV energy yield, temporal comple-
mentarity and economic feasibility, using standardized 1 m? modules
with module efficiencies ranging from 5% to 25% in 1% increments.
Conducted as a part of the International Energy Agency Photovoltaic
Power Systems Programme (IEA-PVPS) Task15, the analysis covers eight
BIPV applications across 44 cities in 12 countries (see Table 1).

Following objectives are proposed for this study: (1) To identify
viable design options for BIPV systems across various climate zones; (2)
To conduct energy-yield simulation and multi-objective optimization/
trade-offs across energy generation and stability indicators; (3) To
evaluate the techno-economic feasibility of BIPV systems following IEA-
PVPS framework. Associated with the identified objectives, the key
contribution of this study are presented as the followings: (1) the con-
struction of a 44-city comparative BIPV economic assessment; (2) the
integration of expert-informed local economic parameters into a
harmonised simulation framework; and (3) the identification of cross-
city and cross-economy patterns in BIPV economic performance that
are not visible from single-city or case-specific studies.

The remainder of this paper is structured as follows: Section 2 de-
scribes the materials and methods used in this study. Section 3 presents
and discusses the combined results. Section 4 concludes the study by
summarizing key insights and implications.

2. Materials and methods

The diagram above (Fig. 1) demonstrates the design and workflow of
this study. The workflow provides a macro-level assessment covering 44
cities with diverse climatic conditions and irradiance profiles focusing
on BIPV's energy yield capacity, complementarity effect to smooth the
generation pattern, and provide broader insights into the techno-
economic feasibility of the BIPV applications across different climate
zones. Detailed data collection and methods are introduced in the
following sections.

2.1. BIPV configuration design

2.1.1. Selection of cities
The selected cities across six continents represent a broad spectrum
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of climatic conditions and solar irradiance levels, enabling evaluation of
BIPV performance potential under varying environmental conditions. A
standardized 1 m2 BIPV surface area is used across all locations to ensure
comparability. The study covers 44 cities in 12 countries, representing
major climate zones relevant to the built environment. Global horizontal
irradiance (GHI) values are used to ensure the inclusion of cities with
both high and low solar energy potential. Summary of selected cities,
their GHI values [19], and corresponding climate zones [20] is pre-
sented in Table 1.

2.1.2. Angular configurations of BIPV

Seventeen distinct configurations identified by an “Option coding”
are considered based on: the tilt and azimuth angle of the BIPV panels.
The tilt angles included horizontal (tilt angle of 0°), optimal (optimized
local tilt angle that achieves highest annual plane of array (POA) irra-
diation), latitude (tilt angle, same as the absolute value of local latitude),
75° (tilt angle of 75° inclination from horizontal) and 90° (vertical).
Each tilt angle, except “Horizontal”, has four corresponding azimuth
orientations: north (0°), east (90°), south (180°), and west (270°).

The selection of tilt angles includes practical configurations such as
the annual-yield-optimized tilt angle, the empirical practice of using
local latitude as the tilt angle [21], and typical facade tilt angles of 75°
and 90° for envelope-integrated BIPV, as outlined by IEC 63092-1:2020
[22]. In addition, the 0° tilt angle was included to represent near-

Table 1
Climatic details of the selected cities.
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horizontal BIPV applications associated with specific building ele-
ments, such as flat or continuous roofs, skylights, and selected external
integrated devices. This selection is further supported by [23], which
identifies BIPV as part of building-envelope systems including contin-
uous roofs, atrium/skylight systems, facades, and external integrated
devices.

Table 2 summarises these systematic breakdowns of tilt and orien-
tation angles for different BIPV applications in the simulation. A
checkmark indicates that the specific tilt and azimuth combination is
suitable or applicable for the corresponding BIPV application and is used
as a scenario in the simulation.

These angular configurations are then analysed in combination with
21 nameplate module efficiency levels, ranging from 5% to 25% at 1%
increments. This resulted in a total of 357 design options (17 angular
configurations x 21 efficiencies).

2.1.3. Selection of applications

The BIPV application types are classified based on the standardized
definitions from the IEA-PVPS Task 15 report on BIPV application ty-
pologies [23]. These classifications are based on BIPV integration into
specific elements of the building envelope, aligning with traditional
construction system definitions. The main categories are roofs: discon-
tinuous roof, continuous roofs and skylights, facade: curtain walls,
rainscreens, double-skin facade (DSF), external integrated devices:

No. Continent Country Country Code City GHI Climate zone

1 Asia China CHN Chengdu 900 Warm temperate moist

2 Asia China CHN Beijing 1400 Warm temperate dry

3 Asia China CHN Xining 1700 Boreal dry

4 Asia China CHN Shenyang 1400 Humid continental dry

5 Asia China CHN Guangzhou 1500 Humid subtropical

6 Asia China CHN Shanghai 1500 Humid subtropical

7 Asia Japan JPN Aomori 1204 Cool temperate moist

8 Asia Japan JPN Tokyo 1423 Warm temperate moist

9 Asia Japan JPN Fukuoka 1350 Warm temperate moist

10 Asia South Korea KOR Seoul 1400 Warm

11 Asia South Korea KOR Daejeon 1500 Temperate

12 Asia South Korea KOR Gwangju 1450 Dry

13 Asia South Korea KOR Busan 1550 Humid subtropical

14 Asia Singapore SGP Singapore 1600 Tropical moist

15 Asia Indonesia IDN Jakarta 1400 Tropical moist

16 Asia Indonesia IDN Medan 1700 Tropical moist

17 Africa Nigeria NGA Port Harcourt 1500 Tropical moist

18 Africa Nigeria NGA Abuja 1800 Subtropical moist

19 Africa Nigeria NGA Kaduna 2000 Subtropical moist

20 Africa Nigeria NGA Kano 2150 Tropical dry

21 North America Canada CAN Toronto 1200 Humid continental, hot summer
22 North America Canada CAN Winnipeg 1400 Humid Continental, warm summer
23 North America Canada CAN St. Johns 1000 Humid continental, warm summer
24 North America Canada CAN Yellowknife 1100 Subarctic

25 North America USA USA Portland 1300 Cool temperature moist

26 North America USA USA Denver 1700 Cool temperature dry

27 North America USA USA Atlanta 1800 Warm temperate moist

28 North America USA USA Albuquerque 2100 Warm temperate dry

29 North America USA USA Phoenix 2200 Subtropical dry

30 South America Brazil BRA Curitiba 1500 Cool temperature moist

31 South America Brazil BRA Rio de Janeiro 1700 Subtropical moist

32 South America Brazil BRA Cuiaba 1900 Tropical moist

33 South America Brazil BRA Teresina 2100 Tropical dry

34 Europe Spain ESP Gijon 1269 Oceanic

35 Europe Spain ESP Madrid 1790 Continental Mediterranean

36 Europe Spain ESP Malaga 1862 Hot-summer Mediterranean
37 Europe Sweden SWE Stockholm 989 Cool temperate moist

38 Europe Sweden SWE Lund 1028 Cool temperate moist

39 Europe Sweden SWE Kiruna 803 Boreal moist

40 Australasia Australia AUS Melbourne 1500 Cool temperate moist

41 Australasia Australia AUS Rockhampton 1800 Humid subtropical

42 Australasia Australia AUS Wagga Wagga 1500 Humid subtropical with semi-arid influence
43 Australasia Australia AUS Adelaide 1700 Mediterranean, hot summer
44 Australasia Australia AUS Broome 2000 Subtropical steppe (semi-arid)
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balcony balustrades and solar shading devices: shading device. This
classification highlights the dual role of BIPV as both a building enve-
lope component and a source of renewable energy, emphasizing its
integration into architectural and structural functions.

2.2. Energy assessment

2.2.1. Model components and functional description

Hourly weather data and site-specific information are used to esti-
mate the energy performance of the systems following the sequential
workflow illustrated in Fig. 2. The simulation first determines the solar
position based on the geographic location and timestamp. The calcu-
lated solar position together with irradiance data is then used to esti-
mate the plane of array (POA) irradiance incident on the receiving
surface. Subsequently, PV cell temperature is calculated and incorpo-
rated into a temperature-adjusted efficiency to estimate the DC power
output. Finally, the NREL inverter model is applied to convert the DC
output into AC energy generation.

Table 3 summarises the data inputs and system parameters used in
the energy simulation. These inputs directly drive the sequential
modelling workflow described above, where meteorological variables
are used to determine solar geometry, while system parameters define
the conversion from incident solar energy to electrical output.

2.2.1.1. Solar position and plane of array (POA) irradiance. The solar
position is estimated using Sandia National Lab's ephemeris function.
The function takes the input parameters for the local time in the format

Energy & Buildings 369 (2026) 118031

of YYYY-MM-DD-HH-mm-ss, geographic location (latitude, longitude,
and altitude), atmospheric pressure in Pascals (default to 1 ATM), and
the ambient air temperature (°C). The function output includes the sun's
azimuth angle (°), actual elevation (°), apparent elevation (angle of the
sun above the horizon after accounting for atmospheric refraction), and
the solar time in decimal hours with 12.00 corresponding to solar noon.
The outputs from the solar position function (solar zenith angle and solar
azimuth angle) together with PV module tilt angle (°) and azimuth angle
(°) are used as inputs to PVLib's AOI function. This resulted in angle of
incidence (AOI) (°) under the defined solar position/module angular
conditions.

The calculated AOI is then used to determine the irradiance incident
on the tilted PV surface. The direct irradiance is calculated as the
product of DNI and the cosine of AOIL The computation only considered
when the sun is above the receiving plane corresponding to the sun
elevation angle is larger than 0° and AOI values are between 0° and 90°.
The diffuse irradiance is calculated using the Hay and Davies model
[25,26]. This model takes DHI and the tilt angle of the receiving surface
as inputs and estimates the diffuse irradiance on the tilted plane.
Ground-reflected irradiance is calculated using PVLib's ground diffuse
reflection function. This required inputs of GHI, the receiving surface's
tilt angle, and the ground reflection coefficient (albedo). A default al-
bedo value of 0.2 is used in this study.

The POA irradiance on the tilted PV surface is obtained from the
combination of direct, diffuse sky, and ground-reflected irradiance
components, with the direct component adjusted using the AOI The
resulting POA irradiance therefore represents the total solar energy

/Objective 1 h /Objective 2 h
Latitude City selection - Meteorological
44 cities and irradiance Plane 9f arr.ay
| Gllivate zone // data (POA\) irradiance
Global 17 angular - l
r configurations of —! 357 design SAPM cell
BIPV options temperature model
4 Tilt options i J
Nameplate Temperature Generic Algorithm based
efficiency range [ coefficiert-based multi-objective
options (5-25%) BIPV performance optimisation
Horizontal 7 Application simulation - .
anel types Energy yield modelling
A N J
/0bjective 2 )
Conventional
material cost
Economic
/ BIPV cost /— Economic performance -
Correlation and
—| performance outcomes (NPV, seneltivityanalysle
Electricity price of modelling LCOE, payback
the selected cities periods)
Discount rates of
the selected cities
_4

Fig. 1. Study design and workflow.
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Table 2

Angular configurations of different BIPV application.

Energy & Buildings 369 (2026) 118031

Config-uration coding Tilt Azimuth Roof BIPV Facade BIPV
Continuous roof  Discontin-uous roof  Skylight Balustrade Curtain wall Rain-screen Shading device

1 0° (Horizontal) N/A v v v v
2 Optimal 0° (N) v v v v
3 Optimal 90° (E) v v v v
4 Optimal 180° (S) v v v v
5 Optimal 270° (W) v v v v
6 Latitude 0° (N) v v v v
7 Latitude 90° (E) v v v v
8 Latitude 180° (S) v v v v
9 Latitude 270° (W) v v v v
10 75° 0° (N) v v v v
11 75° 90° (E) v v v v
12 75° 180° (S) v v v v
13 75° 270° (W) v v v v
14 90° 0° (N) v v v v
15 90° 90° (E) v v v v
16 90° 180° (S) v v v v
17 90° 270° (W) v v v v

pvl absoluteairmass.m

pvl_ephemeris.m —»  pvl date2doy.m —» pvl leapyear.m

pvl getaoi.m

. . pvl grounddiffuse.m
PVsimulation.mlx

pvl haydavies.m

pvl_relativeairmass.m

pvl sapm.m

pvl_sapmcelltemp.m

Fig. 2. Dependency diagram illustrating the overall workflow and function relationships within the simulation model [24].
Table 3 incident on the PV surface and is used as the primary input for subse-

able

Data inputs for energy simulation.

Data Input Data Unit Reference Data source
categories parameter structure value
Time series Direct Time w/ NA Primary data
Normal series m? source:
Irradiance NREL
(DNI) National
Diffuse Time W/ NA Solar
Horizontal series m? Radiation
Irradiance Database
(DHI) (NSRDB) API
Dry bulb Time °C NA Secondary
temperature series data source:
Wind speed Time m/s NA EnergyPlus
series TMY hourly
weather data
base
System DC/AC ratio Constant 1.2
specification ~ Inverter Constant % 96
efficiency
Module area Constant ~ m? 1
size
Module STC Variable % 5-25
efficiency
System loss Constant % 20

ratio

quent performance modelling.

2.2.1.2. Cell temperature and electrical performance. The POA irradiance
together with wind-speed (m/s), and ambient air temperature (°C) is
used as inputs to estimate PV cell temperature using Sandia PV Array
Performance Model (SAPM) cell temperature function [27]. It charac-
terizes PV module behaviour using five points on the IV curve: short
circuit current (Isc, 0), current with !; open circuit voltage (Ix, % Voc),
current and voltage at maximum power (Imp, Vmp), current with '; of
the aggregated open circuit volage and maximum power voltage (Ixx, %2
(Vmp + Voc), and open circuit voltage (0, Voc).

Although the SAPM approach offers a reasonably accurate repre-
sentation of PV operational performance, its reliance on field-measured
coefficient sets introduces additional uncertainties when applied to
present study. To balance model fidelity, transparency, and applicability
across diverse case studies, this study adopts a hybrid modelling
approach. The cell temperature (T_c) is calculated using the established
thermal framework from the SAPM, ensuring that key physical drivers
such as irradiance, ambient temperature, and wind effects are retained.
However, instead of resolving the full I—V curve, the electrical perfor-
mance is approximated using a temperature-corrected efficiency [28]
formulation defined using eq. (1).
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”:”refx (1 7”(T57T'5f)) (1)

where, 17,,is the system reference efficiency (%) provided by the
manufacturer, g is the temperature coefficient (1/K) measured and
provided by the manufacturer and Tis the reference temperature (°C)
at which reference efficiency is tested. Default values are selected for the
temperature coefficient and reference temperature, which are —0.005
for pu, and 25 °C for Tr.

This simplification is motivated by two key considerations. First, the
detailed parameterization required for full SAPM implementation (e.g.,
spectral and I—V curve coefficients) is not consistently available for
contemporary BIPV products, limiting model applicability and repro-
ducibility. Second, for large-scale comparative analyses across multiple
climates and product types, the marginal gain in accuracy from full [—V
modelling is outweighed by increased data requirements and associated
uncertainties.

By leveraging SAPM-derived cell temperature while simplifying the
electrical model, this approach preserves the dominant thermal-
performance coupling while enabling consistent, transparent, and scal-
able evaluation across all study cases. Similar trade-offs between accu-
rate physical models and thermal coefficient models have been
discussed in many previous studies. In a study of [29] compared a
simplified model with the detailed model chain of single-diode and
SAPM model. The authors suggested that despite the complete model
chain having significant advantages for low absolute errors, the
simplified model exhibits stronger robustness across diverse climatic
and temporal conditions. It is also suggested by IEA-PVPS Task 13 [30]
that the selection of PV model depends on the reason for modelling, and
it is applicable to use efficiency-only model when the purpose is to
calculate simple kWh/kWp. Yet it should be noted that complete and
accurate model chains that PV modules' I-V characteristics are still the
more suitable evaluation approach, especially for studies with scope of
specific sites and/or specific systems.

Therefore, an approximation of the BIPV system's operating power
can be defined by eq. (2).

Ppc =POA x5 x S 2

where Py is the DC output power (W) of the BIPV system, and S is the
size of the PV module (m?).

The NREL inverter model is then used to convert the DC power
output into AC power output. The model estimates the AC output of the
PV model by assuming a reference inverter efficiency of 0.9637 (n,ef). As
this study applies scenario analysis using multiple PV modules with
various nameplate capacity, it is unreasonable to set a default inverter
capacity for all these modules. Hence, an assumption has been made that
the inverter AC capacity meets the upper limit of the PV module's
nameplate DC output. With a further assumption of 1.2 DC-to-AC ratio,
the assumed inverter AC capacity for each module can be calculated
using eq. (3).

P invac — ¥ nameplate_PVpc / RDC*AC (3)

The default efficiency of the inverter is set to 96% for all modules,
and the AC power outputs can be estimated using the eqs. (4), (5) and (6)
[31].

P;
Py, = ———28 (C))
”defaultEﬁiciency
Ny = ndefaultEfﬁciency +0.9858 — 0.0162 x Fload _ 01?059 (5)
”ref load
Pac = Ppc X 1]y (6)

2.2.2. Energy simulation
This section extends the modelling approach described in the section
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2.2.1 to system analysis across the selected cities. The hourly AC power
outputs obtained from the simulation model are used to evaluate
optimal design configurations, temporal performance characteristics
and spatial variations in BIPV system performance.

For each city, a bounded one-dimensional optimisation is imple-
mented in MATLAB to identify the annual-yield-maximising tilt angle
under four fixed azimuth orientations: 0°, 90°, 180°, and 270°. The tilt
angle is treated as the decision variable, and the objective function for
this process is formulated as the negative annual energy yield calculated
from location-specific weather data, allowing MATLAB's fminbnd
function to identify the tilt angle associated with the maximum annual
generation within the defined angular range.

The process begins by iterating over a list of cities. For each city, the
algorithm loads relevant weather data and then applies fminbnd to
determine the optimal tilt angle corresponding to each of the four car-
dinal azimuths of each city. Further methodological details are provided
in Supplementary Material S1. The resulting optimal tilt angles for each
azimuth and city are reported in Supplementary Table 1.

Using the optimized configurations, hourly AC power output profiles
are generated for each city to evaluate the impact of varying tilt and
azimuth configurations on BIPV performance. The power output for
each hour represents the average output over all days of the month at
that specific hour (e.g., the value at 7:00 AM is the average of daily
outputs at 7:00 AM across the month).

These hourly values are plotted in time-series line charts, with the x-
axis spanning from 00:00 to 23:00 to reflect a full day of output variation
across months. As illustrated in Fig. 3, the x-axis chronicles the time
from 0:00 to 23:00 in hourly intervals. The power output for a given
hour represents the average of the aggregated power outputs at that time
over the month duration (e.g., the combined output at 7:00 AM from
February 1st to 28th, subsequently averaged).

To further understand the benefits of vertical BIPV (i.e. 90° tilt)
annual average daily generation profiles of optimally tilted, equator-
facing rooftop BIPV-PV and vertical BIPV are compared. Both rooftop
BIPV-PV and vertical BIPV configurations are modelled with a name-
plate efficiency of 20%.

2.2.3. Coupling and optimization

To investigate the coupling effects between optimal-yield rooftop
BIPV-PV and vertical BIPV, three PV configurations are simulated for
each of the 44 selected cities. These include (i) optimal-yield rooftop
BIPV-PV: A unit size rooftop BIPV or PV system facing the equator and
with an optimized tilt angle as outlined in section 2.2.2, (ii) VBIPV-E: A
unit size vertical BIPV (i.e. 90° tilt) facing east and (iii) VBIPV-W: A unit
size vertical BIPV (i.e. 90° tilt) facing west.

A multi-objective optimization approach is applied using a Genetic
Algorithm (GA) to identify the most effective combinations of rooftop
BIPV-PV and vertical BIPV configurations. The GA is selected due to its
suitability for problems with non-linear, multi-modal objective func-
tions and large solution spaces. It mimics natural selection by evolving a
population of candidate solutions over successive generations, using
operators such as selection, crossover, and mutation to explore the
search space efficiently.

In this study, a GA is applied to optimize the azimuth angles of the
two vertical BIPV systems, within the following bounds: VBIPV-E is
constrained between 0° and 180°, while VBIPV-W is constrained be-
tween 180° and 360°. The full semi-circular range is used instead of pre-
constraining BIPV orientations to fixed ranges (e.g., 75°~105° for east)
to preserve generality and avoid introducing selection bias. The rooftop
BIPV-PV remains fixed at the equator-facing orientation to ensure
consistent comparison.

The GA optimization uses a population size of 150 and allows a
maximum of 200 generations. The termination criteria are as follows:
either (i) the geometric average of the relative change in Pareto front
spread over the last 50 generations falls below 10™* and the current
spread is less than the mean spread during that period, or (ii) when the
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Fig. 3. An example of hourly average AC power output of BIPV modules for different angular configurations.
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maximum number of 200 generations is reached. Across all 44 cities, the
optimization met the first convergence criterion, indicating convergence
to stable, well-defined solutions (see supplementary Note 2).

Three objective functions are formulated to guide GA optimization
process.

2.2.3.1. Objectivel: temporal complementarity and coupling. The align-
ment and offset between vertical BIPV and optimal-yield rooftop BIPV-
PV generation profiles are assessed using a cross-correlation metric. This
highlights how effectively vertical BIPV “fills in” when rooftop BIPV-PV
underperforms (e.g., mornings, late afternoons, or during seasonal dips),
favouring configurations where the two systems reduce volatility.

First, hourly generation pattern for the three systems is simulated
and for each day cross-correlation coefficient and corresponding lag
values are computed for east-facing vertical BIPV versus rooftop BIPV-
PV, and west-facing BIPV systems versus rooftop BIPV-PV using valid
generation hours (when at least one of the three systems has a genera-
tion value above 0). The lag associated with the maximum correlation
coefficient is selected for each pair and a directional reward is assigned
based on whether VBIPV-E leads and VBIPV-W lags relative to rooftop
BIPV-PV. This approach ensures the following: Firstly, the VBIPV-E and
VBIPV-W have a similar pattern with the rooftop BIPV-PV; Secondly, the
vertical BIPV system patterns should be leading or lagging the rooftop
BIPV-PV pattern. This approach tries to ensure combined output of three
systems will provide longer coverage, and more evenly distributed
generation peak across the day.

%% Cross-correlation signal coupling.

%% approach .

[ccl, lagsl] = xcorr(valid_bipvl, valid_baseline, ‘coeff’); % East
(bipv1) vs roof.

[~, idx1] = max(ccl);

bestLagl = lags1(idx1); % If bestLagl < 0 — bipv1 leads.

[cc2, lags2] = xcorr(valid_bipv2, valid_baseline, ‘coeff’); % West
(bipv2) vs roof.

[~, idx2] = max(cc2);

bestLag2 = lags2(idx2); % If bestLag2 > 0 — bipv2 lags.

reward]l = max(0, -bestLagl); % More reward if bipv1l leads.

reward2 = max(0, bestLag2); % More reward if bipv2 lags.

%%

supplementaryScore(d) = 0.5 * (rewardl + reward?2);

A daily reward is then calculated for each day of the total simulation
length (8760 h over 365 days), namely the ‘supplementaryScore’ as
outlined in the code sample above, which is the average of the two re-
wards of leading and lagging effects provided by vertical BIPV. For the
entire year, objective function 1 is defined by the daily average of the
supplementaryScore.

2.2.3.2. Objective 2: smoothness of generation pattern. In addition to the
temporal coupling effects provided by vertical BIPV, the second objec-
tive function is defined to ensure the overall smoothness of the aggre-
gated generation pattern. This is quantified using normalized statistical
dispersion (e.g., standard deviation) of the combined hourly output,
expressed as the ratio of daily standard deviation to the mean
generation.

smoothness(d) = daily_std / mean(Valid_day_power); % normalized
std.

The objective function value is then obtained as the annual average
of daily smoothness score.

2.2.3.3. Objective 3: maximize total generation. To prevent the risk of GA
optimization prioritizing Objectives 1 and 2, a third objective is intro-
duced to maximize total system generation. This objective is defined as
the annual total electricity produced by the combined rooftop BIPV-PV
and vertical BIPV systems. The optimization objectives are formulated to
evaluate not only the total energy yield, but also the temporal
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characteristics of PV generation, which are critical for effective inte-
gration into building and urban energy systems. Rather than relying
solely on conventional energy-based metrics, this study introduces two
additional indicators that capture the interaction between rooftop PV
and facade-integrated BIPV systems.

Objective function 1 quantifies temporal complementarity using a
cross-correlation and lag-based approach. Cross-correlation of time-
series data has been utilized in previous studies for coupling and
matching multiple generation sources [32], and to maximize power
point tracking of the PV systems [33]. This formulation evaluates
whether BIPV generation occurs before or after the peak output of
rooftop PV, thereby extending the overall generation window. East-
facing BIPV systems are expected to generate earlier in the day, while
west-facing systems contribute later to the afternoon. By rewarding
leading and lagging behaviour relative to rooftop PV, this objective
promotes configurations that reduce temporal concentration of gener-
ation and improve intra-day coverage. Although this metric does not
directly model load matching or curtailment, it serves as a proxy for
enhancing self-consumption potential and reducing peak export condi-
tions. Objective function 2 assesses the smoothness of the aggregated
generation profile using a normalized measure of statistical dispersion.
This reflects the degree of fluctuation in combined PV output over time.
A smoother generation profile indicates more stable power delivery,
which is beneficial for reducing ramping requirements, improving
compatibility with building demand profiles, and lowering dependence
on energy storage or grid balancing mechanisms. Objective function 3
maximizes the total annual energy generation, ensuring that improve-
ments in temporal distribution are not achieved at the expense of overall
system productivity.

Although the GA formulation includes three objective functions, the
final compromise solution was selected primarily based on the Euclidean
distance to the ideal point for Objective 1 and Objective 2 because the
purpose of this optimisation step is to identify azimuth configurations
that improve the temporal quality of rooftop-facade PV coupling.
Objective 3, total annual generation, is retained in the multi-objective
optimisation to prevent the search from favouring low-yield solutions
that may appear highly complementary or smooth only because gener-
ation is reduced. Therefore, Objective 3 acts as a yield-preservation
criterion within the Pareto optimisation, while the final compromise
selection prioritises the two generation-shaping objectives: temporal
complementarity and smoothness. This selection strategy reflects the
observed trade-off between generation shaping and yield maximisation:
configurations that maximize total annual yield tend to concentrate
generation around periods of high solar exposure, whereas configura-
tions that improve complementarity and smoothness distribute genera-
tion more effectively across the day (See Appendix A).

The objective functions are selected to represent the core technical
dimensions of rooftop—facade PV coupling rather than the full set of
economic or policy-related performance indicators. Specifically, the
optimisation aims to capture: (i) temporal complementarity between
rooftop PV and BIPV generation profiles, (ii) smoothness of the aggre-
gated generation pattern, and (iii) total annual generation. These ob-
jectives are chosen because they jointly describe when electricity is
generated, how evenly the combined system generates electricity, and
how much electricity is produced. Other economic indicators, such as
payback period or electricity cost impacts, are evaluated separately in
the techno-economic assessment and were therefore not included in this
technical coupling optimisation.

2.2.3.4. Area ratio between vertical BIPV and optimal-yield rooftop BIPV-
PV systems. To complement the temporal performance-based optimi-
zation, a follow-up analysis is conducted to evaluate the area efficiency
of different BIPV configurations. While the GA focused on improving
generation smoothness and temporal complementarity
(Objectives1&2), it does not directly prioritize total energy output.
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Therefore, this analysis investigates how much vertical BIPV area would
be required to match the energy output of an optimal-yield rooftop
BIPV-PV installation. East-facing and west-facing vertical BIPV config-
urations refer to azimuth angles obtained from the GA compromise so-
lution, specifically Pareto-optimal points selected for their minimal
distance to the ideal Objectivel&2 values. These configurations are
optimized to shape the temporal generation profile rather than maxi-
mize annual output. For benchmarking, an equator-facing vertical BIPV
system and a conventional rooftop BIPV-PV system (with optimal tilt
and equator-facing azimuth) are also modelled. All systems are assumed
to have identical nameplate efficiencies, enabling a direct comparison of
energy output per unit area.

2.3. Economic assessment

2.3.1. Economic data collection

The economic evaluation is based on a set of key variables that
directly influence the economic performance of the BIPV systems. These
include the country and city defining the geographical context of the
analysis, discount rate (%), BIPV price (USD/rnz), conventional material
replacement benefits (USD/mZ), electricity price (USD/kWh) and elec-
tricity price change rate (%/year). The complete dataset, including
conventional material replacement benefits, electricity price, electricity
growth rate and capital price change is tabulated in Appendix B.

BIPV price represents cost of installing BIPV per square meter for
each application type. The prices of the selected BIPV applications are
compiled from published databases and categorized into low, medium,
and high price ranges for each integration typology. Table 4 presents the
resulting cost ranges across all BIPV application types considered in this
study. These price ranges are used to evaluate the sensitivity of eco-
nomic performance to capital cost variations.

Conventional material replacement benefits reflect the avoided cost
of conventional building materials replaced by BIPV module, incorpo-
rated as a cost offset in the economic analysis. This study considers eight
BIPV applications that replace eight most popular conventional mate-
rials, suggested by local co-authors, in consultation with experienced
professionals, or in accordance with country-specific guidelines
[37-46]. The economic assessment considered only the direct material
cost of the replaced conventional material (Appendix B). Additional
costs such as installation and other soft costs are excluded as these add-
on costs can vary significantly depending on system configuration and
specific building contexts, which are beyond the scope of this study.

The electricity price is the reference electricity price of each city and
electricity price change rate is the increase or decrease rate of the
electricity price in each city, which captures the variation in electricity
prices. The economic assessment is based on the most recent country-
specific electricity prices and electricity growth rate. Electricity prices
[47], electricity price change [48] are obtained from recent databases
and published articles.

The discount rate is used to calculate the present value of life-cycle
costs and benefits, directly influencing both effective LCOE and

Table 4
Price ranges of each BIPV application.
Types Lowest price Medium price Highest price Sources
(USD/m?) (USD/m?) (USD/m?)
Continuous roof $ 272.00 $ 741.50 $1211.00 [34-36]
Discontinuous $227.00 $ 842.50 $ 1458.00 [34,35]
roof
Skylight $ 403.00 $ 630.50 $ 858.00 [34]
Rainscreen $133.00 $ 811.50 $ 1490.00 [34-36]
Balcony $133.70 $ 746.85 $1360.00 [34]
balustrade
Shading device $ 593.00 $1152.50 $1712.00 [34]
Double skin $503.30 $503.30 $503.30 [34]
facade
Curtain wall $ 388.00 $ 763.50 $1139.00 [34,35]
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effective NPV. The discount rate is informed by the financial parameters
and sensitivity of effective LCOE outcomes to weighted average cost of
capital and other economic assumptions discussed in prior studies [49].
Based on multi-regional experience in the energy sector, the authors
determined discount rates of 9.0% for developed countries and 12.5%
for developing countries.

2.3.2. Economic performance evaluation

Following the collection of economic input data, the economic per-
formance of the BIPV systems is evaluated using effective NPV, effective
discounted payback period, and effective LCOE. To capture the dual
functionality of BIPV systems, these metrics explicitly incorporate both
energy generation benefits and the benefits from conventional material
replacement. The calculations follow the methodology proposed by [50]
and are aligned with IEA-PVPS guidelines [51]. The core principle
behind these metrics is that the cost of conventional materials is avoided
due to their replacement by BIPV modules.

Effective NPV integrates lifecycle energy savings, grid export reve-
nue, and cost offsets from conventional material replacement, dis-
counted over the system life span. Effective NPV calculation is given by
eq. (7) [48,49].

LifeSpan ry Y-1
Pi*(1-DR)" ' —MC+58Vy_y;
EffectiveNPV=RB-CC+P, + 5 Lo 1 —DR) a R)yf e
+

Year=2

)

Where, RB is the replacement benefit of replacing conventional
materials with BIPV CC; is the total capital cost of BIPV product,
inverter, and installation, assumed to be 120% of the BIPV system cost;
P; is the year 1 energy saving from electricity generation, calculated
with total electricity generation (kWh) times electricity price (USD/
kWh); LifeSpan is the total lifespan of the BIPV system, assumed to be
30 years within economic analysis of the performance indicators, and
25-50 years range within sensitivity analysis; DR is the degradation of
PV generation over the year, assumed to be 0.5% per year; MC is the
maintenance cost, assumed to be 1% of the CC; SV is the savage value
calculated at the end of lifespan, assumed to be 5% of the CC; R is the
discount rate for the lifecycle analysis.

The effective discounted payback period is calculated along with the
NPV calculation (eq. (7)), where payback period is recorded at the year
when cumulative discounted cashflow of eq. (7) reaches 0. Effective
LCOE represents the net cost of electricity generation after accounting
for conventional material replacement benefits and life cycle costs.
Effective LCOE calculation is given by eq. (8),

LifeSpan
(CC—RB) +

MC—SVy_pifespan
Y1
Year=2 (1+R) (8)
LifeSpan Y1
S, Pi*(1-DR)"

Year=1

Effective LCOE =

2.3.3. Correlation analysis

Correlation analysis is conducted to identify how variations in key
technical and financial parameters influence effective NPV across a wide
range of plausible conditions. While the preceding economic assessment
focused on specific cities, influential variables such as discount rates,
conventional material replacement benefits, and electricity tariffs can
vary substantially across regions, market cycles, or application contexts.
Therefore, each parameter is defined by a minimum and maximum
value derived from the aggregated city-level profile and economic data
used in this study, to ensure realistic and representative sampling across
multi-regional contexts. Table 5 summarises the parameter ranges used
in the correlation analysis.

A 30-year system lifetime was adopted as the baseline assumption for
the economic analysis. In the sensitivity analysis, system lifetime was
treated as an uncertain parameter ranging from 25 to 50 years. The
lower bound reflects a conventional PV project lifetime, while the upper
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Table 5

Parameter boundaries of the correlation analysis and GSA.
Parameter Lower Upper Units

Bound Bound
Electricity Generation 10 500 kWh/m?/year
BIPV Price 130 1800 USD/m?
Discount Rate 0.05 0.13 -
Lifespan 25 50 years
Electricity Price 0.01 0.30 USD/kWh
Electricity Price Growth Rate -10 20 %/year
Conventional Material 30 800 USD/m>
Replacement Benefits

BIPV/Conventional Material Price Derived Derived Dimensionless

Ratio

bound was included as an exploratory scenario to account for the
building-integrated nature of BIPV, where PV elements may be consid-
ered together with longer building-envelope component lifecycles. The
50-year value was therefore not used as the baseline economic lifetime,
but only as an upper-bound sensitivity case to evaluate the influence of
extended service-life assumptions on economic performance.

Each sampled combination is input into the effective NPV evaluation
model and resulting effective NPV values are recorded. Subsequently,
Pearson's correlation coefficient is calculated between each input
parameter and the resulting effective NPV array to establish an estimate
of linear relationship between the two. The results are presented in
Table 7.

2.3.4. Sensitivity analysis

To further investigate the influence of model inputs beyond linear
relationships, global sensitivity analysis (GSA) is conducted using the
variance-based Sobol method. GSA captures nonlinearities and input
interdependencies across the full parameter space, making it suitable for
nonlinear economic models with time-dependent financial structures.
The model includes seven uncertain parameters: annual electricity
generation, BIPV price, discount rate, system lifespan, electricity price,
electricity price growth rate, and replacement benefit (modelled as the
avoided cost of conventional materials). Each parameter is defined over
a realistic range derived from market data and technical assumptions. In
the absence of specific probability distributions, all parameters are
assumed to follow uniform distributions bounded by their minimum and
maximum values. Sobol analysis is implemented using the SALib Python
library with Saltelli's sampling scheme to generate an input sample
matrix, which ensures robust estimation of both first-order and second-
order Sobol indices. A total of 50,000 base samples is generated,
resulting in approximately 800,000 model evaluations when accounting
for the extended matrix required for full second-order analysis. The
effective NPV model is evaluated externally, and the outputs are used to
calculate sensitivity indices. First-order indices (S1) quantify variance
contributions of each parameter in isolation, total-order indices (ST)
capture combined effects including interactions, and second-order
indices (S2) quantify contributions from parameter pairs, identifying
synergistic or conditional relationships not evident from marginal effect.
Sensitivity results are visualized using bar plots and interaction heat
maps to highlight dominant parameters and key interactions.

3. Results and discussion
3.1. BIPV energy-related assessment

The annual electricity output of the selected BIPV applications is
simulated across 17 angular configurations (see Table 2), in combina-
tion with nameplate module efficiencies. At the lowest efficiency (5%),
annual yields ranged from less than 25 to more than 50 kWh/m?, while
at higher efficiencies (25%), outputs spanned 120-260 kWh/m?2. The
optimal tilt angles for each city for maximum annual electricity
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generation under each cardinal azimuths and the best and second-best
orientation and tilt combinations for rooftop and facade BIPV across
all cities are summarized in Supplementary Material S1.

For rooftop BIPV-PV, conventional design often aligns panel tilt with
local latitude, labelled above as “latitude orientation”. However, our
studies confirm consistent deviations from this rule (see Supplementary
Table 1). For example, Australian cities such as Melbourne (~37.8°S),
Rockhampton (~23.4°S), and Wagga Wagga (~35.1°S) exhibited
optimal tilt angles lower than their latitudes. Similarly, high-latitude
cities like Yellowknife, Canada (62°27'N), and Kiruna, Sweden
(67°50'N), showed optimal tilts (57.76° and 52.46°, respectively). These
deviations are largely attributable to solar position, climate factors, at-
mospheric light-scattering, and the seasonal solar irradiance balance.
Locations with frequent cloud cover or substantial diffuse radiation
benefit from smaller tilt angles, allowing the modules to capture diffuse
sunlight more effectively due to a higher view factor of the sky. Addi-
tionally, smaller angles enhance summer generation, which can domi-
nate annual yield in regions with clearer summer conditions.

Most cities achieved peak performance with an optimal tilt angle
paired with an equator-facing orientation; north-facing in the southern
hemisphere and south-facing in the northern hemisphere, consistent
with conventional PV design principles (see Supplementary Table 2).
Exceptions are found in equatorial cities such as Jakarta, Medan,
Singapore, and Teresina, where east- or west-facing orientations out-
performed equator-facing panels due to the high solar altitude path
yielding more symmetrical irradiance throughout the day and reducing
the dominance of equator-facing configurations.

For facade BIPV, all top-performing configurations employed a 75°
tilt to enhance irradiance capture near solar noon, when the sun was
highest in the sky. In many cities, particularly those above 35° latitude;
the second-best options featured a 90° vertical tilt, indicating that ver-
tical fagades remain capable of substantial annual generation, especially
in mid-latitude to high-latitude regions with persistently low solar
elevation. Many high-performing facade configurations had east or
west-facing azimuths, indicating that non-equator-facing facades can
generate valuable electricity during morning and late afternoon hours,
supporting load-matching and offering greater architectural flexibility
without significant energy loss.

When the average hourly output is considered (see example in
Fig. 2), BIPV systems with different angular configurations exhibited
distinct power generation patterns, diverging especially between
rooftop and fagcade BIPV designs. This highlights the potential for syn-
ergistic BIPV combinations to enhance energy resilience. However,
realizing this potential requires more detailed data analysis and rigorous
evaluation procedures.

To further explore the practical potential of synergistic BIPV com-
binations, vertical BIPV (i.e., 90° tilt) is selected for detailed assessment.
This configuration is less sensitive to dirt accumulation and poses fewer
spatial challenges compared to rooftop BIPV-PV installations, making it
a realistic and scalable option for widespread urban deployment. It is
also more common and compatible with standard facade designs than
systems installed at a 75° tilt.

To evaluate its performance, annual average daily generation pro-
files of optimally tilted, equator-facing rooftop BIPV-PV and vertical
BIPV systems are compared. Rooftop BIPV-PV and vertical BIPVs are
assigned 20% efficiency to unify the product specification) (see Ap-
pendix C). Rooftop BIPV-PV delivered higher yields in most cities due to
their greater efficiency and optimal tilt/azimuth alignment. However,
vertical BIPV exhibited clear diurnal and seasonal complementarity in
higher-latitude cities. Such complementarity indicates that integrating
rooftop BIPV-PV and vertical PV systems can smooth daily and annual
generation profiles, reduce seasonal variability and enhance overall
energy availability. This flexibility is particularly beneficial for the
building sector to maximize energy ownership and suggests an inte-
grated design approach leveraging their complementary temporal gen-
eration can enhance overall system performance. Thereby, the detailed
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synergy between rooftop BIPV-PV and vertical BIPV systems is further
investigated next.

3.2. Coupling of vertical BIPV and optimal-yield rooftop BIPV-PV

Multi-objective optimizations, using genetic algorithm (GA) targeted
three objectives: (1) temporal complementarity, (2) generation
smoothness, and (3) total electricity output. Existing studies [52] fo-
cuses on energy outputs (i.e. Objective 3); however, overlooked the
flexibility contributions of vertical BIPV as explained in the last section
[53-55]. This study advances this approach by balancing all three ob-
jectives simultaneously. The results of the multi-objective optimization,
trade-offs among temporal complementarity, generation smoothness,
and total annual yield are presented in Supplementary Material S2.

Optimization solutions are selected from the Pareto front (Supple-
mentary Fig. 1) by minimizing the Euclidean distance to the ideal point
for Objectives 1 and 2, identifying optimal azimuth angle pairs for east-
and west-facing vertical BIPV across multiple cities. The average hourly
generation profile (see Appendix D) demonstrates how azimuth design
choices translate into real-world power distribution across the day.
Rooftop BIPV-PV peaks at noon, while VBIPV-E and VBIPV-W dominate
in the morning and afternoon, respectively. Their combined output
produces a flatter, more stable profile with reduced ramp rates. The

Table 6

Vertical BIPV area ratio to the rooftop BIPV-PV area that reaches equal generation.
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azimuth angles obtained from this optimization (Pareto-optimal points;
selected based on their minimal Euclidean distance to the ideal values of
Objectives 1 and 2) are then used for subsequent analysis.

To complement the temporal performance analysis, the area ratio (i.
e. ratio of annual rooftop BIPV-PV yield to the annual yield of east-facing
and/or west-facing vertical BIPV) is evaluated by comparing the vertical
BIPV area required to match the annual output of an optimally tilted,
equator-facing rooftop BIPV-PV with the same system efficiency (see
Materials and methods; 2.2.3). Table 6 summarises the required vertical
BIPV area relative to rooftop BIPV-PV to achieve equivalent annual
electricity generation.

As tabulated in Table 6, the selected cities average required vertical
BIPV area is only 2, 2.5, and 1.7 times that of rooftop BIPV-PV for east-
only, west-only, and equator-only orientations, respectively. When
combined orientations are considered, the selected cities average
required vertical BIPV area to match rooftop BIPV-PV output is twice for
an equally distributed east-west-equator combination and 2.2 times
larger for an equally distributed east-west combination.

As efficiency scales linearly in our performance model, the ratio can
be adjusted by multiplying by the efficiency factor; for instance, if the
rooftop BIPV-PV operates at 1.5 times the efficiency of the vertical BIPV,
the required vertical BIPV area should be increased by the same factor.
Therefore, even if vertical BIPV is only half as efficient as rooftop BIPV-

Country City East Only West Only Equator Only East + West + Equator distributed equally East + West distributed equally
China Chengdu 2.2 1.9 1.7 1.9 2.0
China Beijing 2.2 2.6 1.4 1.9 2.4
China Xining 2.4 21 1.4 1.9 2.3
China Shenyang 1.8 2.9 1.3 1.8 2.3
China Guangzhou 2.0 2.1 1.7 1.9 2.1
China Shanghai 1.5 2.6 1.7 1.8 1.9
Japan Aomori 1.5 2.4 1.6 1.8 1.8
Japan Tokyo 1.8 2.8 1.5 1.9 2.2
Japan Fukuoka 2.1 2.4 1.7 2.0 2.3
South Korea Seoul 2.2 2.6 1.5 2.0 2.4
South Korea Daejeon 2.1 2.5 1.5 2.0 2.3
South Korea Gwangju 2.2 2.6 1.6 2.0 2.4
South Korea Busan 2.2 2.6 1.5 2.0 2.4
Singapore Singapore 1.9 1.7 2.4 2.0 1.8
Indonesia Jakarta 1.3 2.3 1.8 1.7 1.6
Indonesia Medan 1.7 1.9 2.1 1.9 1.8
Nigeria Port Harcourt 1.9 21 2.2 21 2.0
Nigeria Abuja 1.9 2.2 2.2 2.1 2.0
Nigeria Kaduna 1.9 2.1 2.2 2.1 2.0
Nigeria Kano 1.9 21 2.2 21 2.0
Canada Toronto 2.1 2.6 1.5 2.0 2.3
Canada St. Johns 1.8 2.4 1.4 1.8 2.0
Canada Winnipeg 2.5 2.5 1.4 1.9 2.5
Canada Yellowknife 2.1 2.6 1.2 1.8 2.3
USA Portland 2.2 2.4 1.5 2.0 2.3
USA Denver 1.8 3.3 1.4 1.9 2.3
USA Atlanta 2.1 2.6 1.6 2.0 2.4
USA Albuquerque 2.3 3.3 1.6 2.2 2.7
USA Phoenix 2.4 3.0 1.7 2.2 2.7
Brazil Curitiba 2.2 2.4 1.8 2.1 2.3
Brazil Rio 1.7 2.8 1.8 2.0 2.1
Brazil Cuiaba 1.6 3.0 1.8 2.0 2.1
Brazil Teresina 1.3 2.8 2.3 1.9 1.8
Spain Gijon 2.3 2.1 1.5 1.9 2.2
Spain Madrid 2.6 2.5 1.6 2.1 2.5
Spain Malaga 2.7 2.3 1.6 2.1 2.4
Sweden Stockholm 1.9 2.3 1.3 1.7 2.1
Sweden Lund 2.1 2.2 1.4 1.8 2.2
Sweden Kiruna 2.0 2.2 1.3 1.7 2.1
Australia Melbourne 2.0 2.5 1.6 2.0 2.2
Australia Rockhampton 1.4 2.5 1.8 1.8 1.8
Australia Wagga Wagga 2.2 2.7 1.6 2.1 2.4
Australia Adelaide 1.7 2.9 1.5 1.9 2.1
Australia Broome 1.7 3.0 1.9 2.1 2.2
Average 2.0 2.5 1.7 2.0 2.2
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PV due to shading or tilt, the additional area needed to generate the
same amount of electricity is still within the reasonable building surface,
demonstrating that vertical BIPV is still a viable option. However, this
interpretation does not account for practical building constraints such as
window-to-wall ratio, shading and obstruction, fire safety regulations,
maintenance access, daylighting requirements, and architectural design
limitations; therefore, detailed building-level simulations would be
required for implementation assessment. This is especially relevant for
medium- to high-rise buildings, where rooftop space is limited or
occupied. Moreover, optimizing temporal complementarity and
smoothness does not substantially increase the required area, supporting
the viability of vertical BIPV.

3.3. BIPV economic assessment

Historically, economic performance of renewable energy technolo-
gies has been evaluated by using Net Present Value (NPV) and Levelized
Cost of Electricity (LCOE) [56,57]. Due to conventional calculation
methods failing to account for the dual functionality of BIPV, the eco-
nomic potential of BIPV is often undervalued. To address this, this study
adopts effective NPV, effective LCOE, and effective discounted payback
period as defined in IEA-PVPS guidelines [58,59] (see Materials and
methods; 2.3.2). The analysis includes only conventional material cost
offset, excluding add-on costs (e.g. additional installation and soft costs
associated with BIPV compared to conventional materials). This is
because the add-on installation and soft costs [60] vary significantly
across building contexts. When interpreting the results, it should be
noted that the BIPV prices (see Table 4), include combined module and
add-on installation and soft costs; hence, the reported values should be
interpreted as indicative rather than absolute. Further, the assessment
considers the aforementioned efficiency range to identify the minimum
efficiency required to achieve economic viability under each BIPV price
scenario as well as the average payback years across efficiency range
within different BIPV price bands (See Appendix E).

At low BIPV prices (133-600 USD/m? depending on application,
Table 4), more than 90% of configurations became economically viable
(effective NPV > 0; effective LCOE < reference electricity price) starting
from efficiencies of around 18%, and in some cases even lower. As BIPV
price increases to medium (500-1160 USD/m? depending on the ap-
plications) and high levels (500-1720 USD/m? depending on the ap-
plications), viability remained substantial, as more than half of the
configurations according to effective NPV and nearly 80% of configu-
rations according to effective LCOE achieved viability with 18% or
higher efficiency, and even lower values in some cases. These results
demonstrate the competitiveness of BIPV systems even under elevated
price scenarios, contrasting with prevailing perception of BIPV as a high-
cost technology, especially in the future if additional installation and
soft costs can be minimized through training and knowledge sharing.

Across applications, double-skin facades (DSF) and skylights
consistently demonstrated favourable performance in most cities under
both effective LCOE and effective NPV viability criteria, as well as
achieved acceptable payback period across the price bands, due to their
high conventional material replacement benefits. In contrast, shading
devices consistently showed limited viability: under effective NPV,
nearly half of the cities faced challenges in achieving economic viability
at a medium BIPV price, while under effective LCOE, one-fourth of cities
required 19-25% efficiency to achieve viability at the same price. This is
mainly due to the low conventional material replacement benefits.
Similarly, the average payback period steeped towards over 30 years
within the high BIPV price band for many of the cities. In general, when
the cost of conventional material replacement is high, BIPV applications
are more likely to achieve economic competitiveness.

Across the countries, Australia, Singapore, South Korea, and Japan
demonstrated favourable economic performance, with all BIPV appli-
cations achieving positive effective NPVs and reasonable payback year
even for the high BIPV price category for a minimum efficiency of 18%,
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or occasionally still lower (Appendix F). In these countries, grid parity;
where the cost of BIPV electricity equals grid prices is also reached under
high BIPV price conditions at similar efficiency levels. This is primarily
attributed to high electricity prices, high electricity price growth, and
substantial conventional material replacement benefits in these regions.
In addition, according to the effective LCOE metric, Brazil and Spain
achieve grid parity across all applications for the high BIPV price cate-
gory at minimum efficiency of 18% or lower in some cases. According to
the effective NPV metric, for the medium BIPV price category, all the
applications in Spain and China demonstrated viability at an 18% effi-
ciency threshold or lower in some cases. These trends reflect the influ-
ence of high electricity price (Spain) and electricity price growth (China)
(see Appendix B).

According to the International Renewable Energy Agency (IRENA)
[61], the global average LCOE for utility-scale solar PV reached USD 43/
MWh in 2024. The corresponding average effective LCOE values of the
selected BIPV applications, across nameplate efficiencies and price cat-
egories, are compared with the values above and are displayed in Fig. 4.

As shown in Fig. 4, when BIPV prices are high, the average effective
LCOE values exceed those of utility-scale PV. However, at medium BIPV
prices, effective LCOE values become comparable to or lower than
utility-scale PV when the efficiency reaches around 21% or higher.
When BIPV prices are low, effective LCOE values fall below those of
utility-scale PV for all studied efficiencies. As electricity prices are ex-
pected to rise in the future [62], the effective LCOE values for BIPV could
thus potentially decrease further.

It is important to note that the purpose of this analysis is not to
prioritize specific locations for BIPV applications but to illustrate how
economic performance varies based on local sensitivities to key input
variables across different contexts. Overall, both effective NPV and
effective LCOE outcomes are influenced by key input parameters,
including electricity price, electricity price growth rate, BIPV price, and
conventional material replacement benefits. A comprehensive correla-
tion and sensitivity analysis is conducted to evaluate the relative impact
of these variables, as detailed in the following section.

3.4. The Most influential parameters of economic performance

Correlation analysis is conducted to assess the directional influence
of individual input parameters. While this study considers an opera-
tional lifespan range from 25 to 50 years, BIPV may continue to generate
electricity up to this period [63]. To examine this effect, the perfor-
mance across multiple lifespan scenarios is assessed. The results of this
analysis are tabulated in Table 7, which summarises the correlation
between key input variables and both economic indicators under
different lifespan assumptions.

Electricity price growth exhibits the strongest positive correlation
with effective NPV. Electricity generation, electricity price and con-
ventional material replacement benefits also correlate positively,
though their influence declines with increasing lifespan. BIPV prices
consistently correlate negatively with effective NPV. However, this
negative effect weakens over longer lifespans, indicating that extended
generation can offset initial investment. The discount rate shows a
moderate negative correlation, highlighting its impact on long-term
returns.

By contrast, effective LCOE correlations differ; electricity generation
has the strongest negative correlation (i.e. more generation means lower
effective LCOE), while the BIPV price correlate positively, directly
contributing to price burden. The discount rate and electricity-related
parameters show minimal influence on the effective LCOE, whereas
conventional material replacement benefits exhibit a moderate negative
correlation, particularly over shorter lifespans, suggesting that material
offsets marginally improve cost competitiveness. Lifespan extensions
have a negligible effect on effective LCOE correlations compared to their
significant impact on effective NPV.

To capture the combined and nonlinear influence of these
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Fig. 4. Average effective LCOE values of BIPV across nameplate efficiencies. Average effective LCOE values (USD/MWh) are shown (USD/MWh) for low (133-600
USD/m?), medium (500-1160 USD/m?), and high (500-1720 USD/m?) BIPV prices versus efficiency levels from 5% to 25%.

Table 7
Results of correlation analysis.

Correlation with
‘Life Span’ for effective NPV

Parameter

25 years 25-30years 50 years

‘Electricity Generation’ 0.3394 0.3129 0.1680
‘BIPV Price’ —0.3410 —0.2762 —0.0290
‘Discount Rates’ —0.1651 —0.1633 —0.2013
‘Life Span’ NaN 0.0539 NaN
‘Electricity Price’ 0.3279 0.3161 0.1672
‘Electricity Growth’ 0.4843 0.4853 0.3960
‘Conventional Material Replacement

Benefits 0.1349 0.1038 0.0169
‘BIPV/Conventional Material Price Ratio’ —0.1999 —0.1622 —0.0256

Correlation with
‘Life Span’ for effective LCOE

Parameter 25 years 25-30 years 50 years
‘Electricity Generation’ —0.4104 —0.4123 —0.4097
‘BIPV Price’ 0.3933 0.3884 0.3901
‘Discount Rates’ 0.0139 0.0131 0.0212
‘Life Span’ NaN —0.0187 NaN
‘Electricity Price’ —0.0028  0.0057 0.0054
‘Electricity Growth’ 0.0048 0.0062 0.0058
‘Conventional Material Replacement

Benefits -0.1792  —0.1858 —0.189
‘BIPV/Conventional Material Price Ratio’ 0.2488 0.2466 0.2492

parameters, global sensitivity analysis (GSA) is performed using the
variance-based Sobol method. The Sobol method decomposes the vari-
ance of model outputs into contributions attributable to individual input
variables and their interactions. In this study, first-order Sobol indices
are used to quantify the direct contribution of each input parameter to
the variance of the economic performance metrics, while total-order
indices capture both the direct effect of each parameter and its inter-
action effects with other parameters. Fig. 5 presents the Sobol-based
sensitivity analysis results for effective NPV and effective LCOE across
all input parameters. A higher Sobol index indicates that the corre-
sponding input parameter has a stronger influence on the variability of
the economic outcome under the tested parameter ranges.

For effective NPV (Fig. 5a), the first-order indices for all examined
variables (electricity generation, discount rate, electricity price and
BIPV price) are near zero, indicating minimal isolated impact on vari-
ance. In contrast, total-order indices are consistently high, indicating
that effective NPV variance is primarily driven by parameter in-
teractions. A similar trend is observed for effective LCOE (Fig. 5b).
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Building on these findings, the second-order Sobol indices are further
examined to explicitly quantify pairwise parameter interactions. Fig. 6
presents these second-order Sobol indices for both effective NPV and
LCOE.

Detailed examination of second-order interactions (Fig. 6a), high-
lights dominant pairs influencing effective NPV variance: (conventional
material replacement benefits x life span), (electricity generation x
discount rate), (electricity price growth x discount rate) and (BIPV price
x electricity generation). These interactions carry clear economic im-
plications. For instance, the benefit of conventional material replace-
ment is strongly influenced by the system lifespan, while the impact of
electricity generation on effective NPV diminishes if future returns are
heavily discounted. For effective LCOE (Fig. 6b), key interactions
include (electricity price x BIPV price), (electricity generation x con-
ventional material replacement benefits), (electricity price growth x
BIPV price) and (conventional material replacement benefits x life
span).

Overall, BIPV economic performance is governed by nonlinear,
interdependent parameter interactions. Variables with negligible indi-
vidual effects can become critical through these interactions, particu-
larly in long-term financial contexts. This underscores that isolated
interventions (e.g. product cost reductions) may be insufficient without
integrated financial and market assessment. Future R&D should priori-
tize these key parameters to effectively enhance BIPV economic
viability.

4. Conclusions

As a building-integrated solution, facade BIPV supports comple-
mentary and efficient electricity generation in urban environments.
When combined with rooftop BIPV-PV, it provides temporal comple-
mentarity, smoother generation profiles, and improved seasonal bal-
ance. Strategic deployment of vertical BIPV with varied orientations can
further enhance generation stability without substantially reducing
overall energy yield in dense urban contexts. The findings of this study
suggest that potential of BIPV may be more promising than is often
assumed, both in terms of energy performance and economic feasibility.

The economic performance of BIPV is influenced by a combination of
interrelated technical, financial, and market factors, suggesting that cost
reduction alone may not be sufficient to achieve large-scale adoption. To
accelerate BIPV adoption, technical improvements in efficiency and
lifespan must go hand in hand with targeted training and knowledge-
sharing initiatives that build industry capability and reduce soft costs
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Fig. 5. Global sensitivity analysis of key economic metrics using Sobol indices. a, First-order and total-order Sobol indices for effective NPV. b, First-order and total-

order Sobol indices for effective LCOE.

across design, construction, installation, and long-term operation. As the
study aims to provide a generalised, screening-level assessment to sup-
port early investment decision-making, it does not incorporate detailed
urban morphologies (e.g., building density, ambient and ground-
reflected radiation, and shading). Given the complexity of BIPV
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system design, continued efforts in digitalization and system optimiza-
tion, including those underway within IEA-PVPS Task 15, will be
important to advance future integration and adoption.

This study also highlights the need for more coordinated and up-to-
date data collection efforts at a multi-regional scale. Future research
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would benefit from strengthened international collaboration among
academia, industry, and policymakers to develop and maintain
comprehensive datasets of BIPV-related economic factors (such as
maintenance cost, labour cost, inverter cost, etc.). Establishing such
shared and regularly updated data repositories would significantly
improve the accuracy, comparability, and practical relevance of techno-
economic assessments, ultimately support more informed decision-
making and accelerate the deployment of BIPV systems.

A key limitation of this study lies in the use of uniform system-level
assumptions, including inverter efficiency, DC/AC ratio, albedo, tem-
perature coefficient, and aggregate loss factors, across all BIPV appli-
cations and locations. This approach is adopted to ensure
methodological consistency and enable comparative analysis across 44
cities and eight application types. However, it does not explicitly capture
application-specific operational differences, including ventilation
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Fig. 6. Second-order Sobol indices showing interaction effects between paired variables. a, Interaction effects on effective NPV. b, Interaction effects on effec-
tive LCOE.

conditions, rear-side or backsheet temperature, shading and self-shading
behaviour, soiling effects, optical properties, installation methods,
mounting constraints, and local boundary conditions. These factors may
vary substantially between roofs, curtain walls, rainscreens, double-skin
facades, skylights, balustrades, and shading devices, and can influence
both module operating temperature and effective irradiance. As a result,
some performance variations between different BIPV configurations
may be underrepresented. Therefore, the results should be interpreted as
comparative scenario-based estimates under harmonised assumptions,
rather than project-specific predictions for individual BIPV installations.

Future research should incorporate application-sensitive parame-
terisation and develop more refined modelling frameworks that account
for thermal, optical, environmental, and installation-specific effects. In
particular, integrating empirical datasets and conducting uncertainty or
sensitivity analyses tailored to different BIPV applications would
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improve the robustness and practical relevance of large-scale techno-
economic assessments.
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