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Photovoltaic facade gradually diffuses in dense urban environment for decarbonization. In this study, life cycle
cost analysis is applied to assess the economic feasibility of circular photovoltaic fagade. An innovative aerial
video-based 3D modeling method is developed to reconstruct the target structures, significantly reducing time
and labor costs in modeling work. Given the recycling potential, this study develops a workflow to recycle
photovoltaic components to save the spence. Multi-objective optimization is conducted to identify the optimal
configuration of photovoltaic facades given an initial budget constraint. A representative building in Central
Business District is selected to validate the effectiveness of the proposed method. Then the simulation is extended
to major metropolises in China. The results demonstrate that the 3D modeling method can successfully recon-
struct target structures, allowing for accurate simulation of solar radiation access and assessment of the economic
feasibility of photovoltaic facades. Moreover, the photovoltaic facade on the selected building is not profitable
without recycling. Some cities achieve profitability when the proposed recycling strategy is implemented. This
highlights the importance of recycling in achieving economic viability. The study promotes further studies
exploring the feasible deployment of photovoltaic facades in dense urban environments.

1. Introduction

Building sector plays an important role in achieving sustainable
development goals (SDGs) outlined by the United Nations [1], especially
in dense urban environment. The emission of the building sector ac-
counts for more than one-third of the total emission, which is critical for
achieving the ambitious decarbonization target. Practitioners widely
acknowledge solar energy use as a potential way to reduce energy de-
mand of buildings. Integrating photovoltaics on the building envelope,
termed Building Integrated Photovoltaics (BIPV), attracts more atten-
tion to realize carbon neutrality in dense urban environment [2].

Traditional silicon PV technology has been mature for many years.
However, it is rare to see the BIPV projects in high-density cities [3]. The
primary reason is that the output of traditional PV panels is significantly
influenced by the shadow created by surrounding buildings [4]. On the

partial shadow condition, due to the nonlinear output characteristics of
silicon PV panels, the power output will be significantly decreased [5].
Therefore, the silicon PV modules can be only applied on the building
roof, but not the vertical facade despite its far larger area [6]. Moreover,
the majority of building projects encounter challenges with rigid and
heavy flat PV modules, as they contribute to increased envelope loads.
Integration of PV modules demands robust structures capable of sup-
porting their weight, often necessitating reinforcement of substructures
like curtain walls. Consequently, such adaptations escalate installation
costs [7]. The application of BIPV in urban areas is hindered by the
dense urban planning and the prevalence of high-rise buildings.

1.1. Circular perovskite solar cell fagade

The development of perovskite solar cells (PSCs) creates hope for the
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BIPV diffusion in the high-density urban environment. The world’s first
1 GW perovskite photovoltaic production line has begun investment and
construction in Wuxi, China [8]. PSC is regarded as an ideal material to
be the next generation of solar cells for vertical BIPV systems [9]. The
power conversion efficiency (PCE) of PSC has increased significantly
during the past ten years, reaching over 25 %. Additionally, PSC panels
can be directly adhered to the building envelope without requiring
additional substructures, and can thus be integrated easily as light-
weight construction [10]. Furthermore, PSC panels’ ability to regulate
color is another advantage in building applications for satisfying ar-
chitects’ aesthetics concerns. They also outperform silicon solar cells in
low light and diffuse light conditions when applied on vertical envelopes
in dense cities.

However, PSCs has a relatively short lifespan, less than 2 years,
requiring frequent replacement [11-13]. A number of wastes would be
generated in widespread applications. Evaluating the circularity of PSC
technology is vital for its large-scale integration into vertical building
facades [14]. Fortunately, preliminary recycling methods for PSCs have
been established, employing both layer-by-layer and one-step ap-
proaches [15]. Also, Gallegos et al. [16] showed that employing two
environmentally friendly solvents in a room-temperature process with
brief exposure times can effectively dissolve the different layers of PSCs,
allowing for the recovery of the ITO substrate. An introduced procedure
facilitates the individual removal of each layer of the PSCs, allowing for
selective isolation of different materials [17]. This simple recycling
method effectively reduces the risk of contamination and addresses
waste disposal challenges, while also contributing to overall cost
reduction within the system. Li et al. [18] demonstrated that recycling
PSC materials can yield significant economic benefits.

1.2. Economic analysis for photovoltaic fagade

To prove application potential for buildings, the economic feasibility
of photovoltaic facade should be investigated firstly. There are three
steps for the investigation: modeling 3D buildings, analyzing solar ra-
diation access, and conducting lifecycle cost analysis (LCCA). In many
regions, access to urban data for 3D modeling remains challenging, with
accurate dimensional data for buildings often unavailable. Conse-
quently, modeling 3D buildings poses a significant obstacle [19]. Re-
searchers employed theoretical calculations [20], on-site tests [21,22],
and simulation tools [23,24] to investigate solar radiation access for
BIPV systems. For the on-field test, long test time is required. For most of
modeling and theoretical calculations, an issue is that the analyses do
not consider the influence of the shadow caused by surrounding struc-
tures. It can cause large errors in the results especially in dense cities,
leading to overestimation of profits in the LCCA calculation. Accurate
analysis of solar radiation depends on an accurate environmental model.
An efficient 3D modeling approach is required to realize rapid and ac-
curate solar radiation analysis. So, this study uses grasshopper ladybug
to assess the solar radiation of the PSC facade, considering the influence
of the shadow in the studied district. An efficient 3D modeling approach
is proposed to generate editable building models to tremendously reduce
the labor cost for manually access the building information.

LCCA is a lifecycle tool that specifies the expected cost of producing,
transporting, using, and disposing of a product or service [25]. LCCA
enables the financial evaluation of the BIPV project, depending on
criteria to achieve the lowest cost and largest profit. An investigation is
one that enables end-users to select the energy for the buildings while
taking into account the repercussions of their choice. The analysis is
intended to assess a variety of accessible solutions, like various BIPV
systems due to dual purpose as building skins and power generator. Also,
advancements in recycling technology have led to the creation of
innovative methods for conducting LCCA with a focus on circular
economy principles.

The analysis of solar radiation plays a pivotal role in calculating the
economic performance of BIPVs. Additionally, numerous economic
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indicators are employed to illustrate the economic viability of such
systems. Sow et al. [21] investigated the economic feasibility of BIPV
projects, employing the discounted cash flow method and fundamental
economic principles. D’Adamo et al. [26] assessed the impact of sub-
sidies on the BIPV market in Italy, particularly focusing on the rein-
statement of subsidies for PV plants, employing a discounted cash flow
methodology. Olivieri et al. [23] explored the advantages of introducing
PV Distributed Generation at campus using PVSyst. Gholami et al. [27]
conducted a LCCA of a BIPV vertical envelope based on four years of
on-field data collected from 2016 to 2019. The LCCA considered benefits
earning from energy production and three component recycling
methods. Some studies also investigated the economic feasibility of PSC
facade in recent years. Li et al. [25] explored the use of PSCs integrated
into textile envelopes for building energy supply and assessed the eco-
nomic feasibility of the system. The results indicated that PSCs have
significant potential for financial benefits in BIPV applications. Table 1
shows the literature published in last 5 years, along with the main re-
sults. Most of BIPV systems in previous studies are in the environment
without too much shadow. The economic feasibility of PSC facade in
dense urban environments is rarely investigated, which significantly
impacts their adoption and diffusion.

Herein, this study will investigate economic feasibility of circular
PSC facades in dense urban environment using a novel 3D modeling
approach and LCCA. The rest of paper is as following structure: In Sec-
tion 2, the methodology framework is provided, including the 3D
modeling process, building performance analysis, and life cycle cost
analysis; Section 3 presents the case study description; In Section 4, the
results of modeling and economy analysis are presented; Discussion is
shown in Section 5, and a conclusion is provided in the end.

2. Methodology

There are four main parts in the framework: aerial video-based 3D
modeling, building performance simulation, LCCA, and multi-objective
optimization shown in Fig. 1. The details are discussed in this section
(see Fig. 2).

2.1. 3D modeling

The initial step is to use 3D reconstruction method LCM-MVSNet to
generate the point cloud model based on aerial video of the target dis-
trict [31,32]. Following this, the point cloud model is imported into
Rhino, where noise removal is conducted by trimming the model. Sub-
sequently, building boundaries are identified and building surfaces can
be modelled based on the point cloud data. The approach realizes 3D
modeling.

Table 1
Overview of existing economic feasibility studies of BIPV systems.
Year Location Simulation Economic Reference
indicator

2019  Canada Test DPP [21]

2020  Italy Test NPV [26]

2020 Madrid, Spain PVSyst NPV, IRR, DPP [23]

2020 Solsmaragden, Test NPV, DPP, IRR, [271
Norway LCOE

2021 Abruzzo, Italy Proger SpA NPV, DPP. [28]

2022 Zurich, Switzerland  Theoretical DPP [20]

calculation

2022 Melbourne, Revit NPV, DPP, LCOE [14]
Australia

2023 Milan, Italy Theoretical NPV, DPP, IRR, [91

calculation LCOE

2024 Norway Test, PVSyst LCOE [29]

2024  Italy PV-GIS LCOE [30]

2024  Solsmaragden, Theoretical NPV, DPP, IRR, [18]
Norway calculation LCOE
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Fig. 1. Framework for the calculation of economic feasibility of the PSC facade.
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Fig. 2. 4 steps for PSC recycling.

2.1.1. 3D reconstruction of the site
Our research group develops LCM-MVSNet to create the 3D model of
the surrounding environment of the target building. LCM-MVSNet is a
two-stage deep learning-based method for automated point cloud
reconstruction by using drone photography. The details are shown here.
Firstly, it is to finalize depth inference. For feature pyramid extrac-

tion network, multi-view images {I;}Y ; are provided. (L+1)-level fea-
tures {fl RF’XH/ZIXW/ZI}

is the channel number. Next the image features and camera parameters
are required to encode into the network. At level [, a uniform sampling

can be obtained for each image I;, where F;

method is used to create (M; + 1) depth hypotheses throughout the
space. The hypotheses are drawn from the depth range [dmin1, dmax,]
defined by the reference camera’s viewing frustum. Features from the
source perspective are generated in the space using the sampled depth
hypotheses through homography transformation. This process warps
image features extracted from the source perspective into the reference
camera’s frustum, constructing features in the (N+1) perspective. To
store the input views, the cost volumes of the (N + 1) perspective are

xMxH/2!

consolidated to a unified volume C € RFts “W/2' to measure the

corresponding degree of multi-view features.

2.1.1.1. Learnable cost metric. The Learnable Cost Metric (LCM) at level
1 is shown as:

C=M(Vi,, -, Vin)
= M(By,, -+, By) )
—A - Si
= AvgPool | Bip © Z ~ Bl
i=1 Zsl

Il
-

Where By; € RK*F/K)>xMixH/2xW/2! gtands for stands the batched volumes

after evenly separating the original volumes V;; into K batches along the
channel dimension. Vy; into K batches along the channel dimension.
Additionally, the normalized matching score S;/ Zﬁi 1Si is applied as the
source-view significance. ® stands for the Hadamard product.

To regularize the cost volume and estimate the depth, a convolu-
tional neural network is used to regularize the aggregated cost volume

pyramid {C;}}_, and create the probability volume pyramid {PLest}Lo
using the sigmoid activation function. The refinement of the discrete
depth estimation involves adjusting for the estimated discrepancy be-
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tween the actual target depth and the initial discretized depth values:

dmax. - dmin
Dl.est = argmax Pl.est (dm‘l) + M max Pl.ext (dm‘l) (2)
dml M;
<[d min g maxg
where argmax P (dm,) is the discrete depth. (d max,l —dpmin;)/ M;

dm.l .
C[ﬂ minl g max)

is the depth interval. max Py (dy;) is the normalized bias.

In training the network, focal loss is employed to directly supervise
the probability volume, enhancing the model’s ability to focus on hard-
to-classify examples (Li, X. et al., 2020; Lin et al., 2017).

The second stage involves generating the point cloud using the depth
map filtering and fusion strategy. Depth map fusion is performed to
merge the inferred multi-view depth maps {D;}Y ;. During the filtering
of depth maps, a probability threshold 7 is established to remove depth
outliers and define the number of consistent views N, to address depth
inconsistencies. The photometric constraint evaluates the matching
quality of the multi-view depth maps, while the geometric constraint
assesses their consistency. Subsequently, the refined depth maps are
merged to produce the final point cloud.

2.1.2. 3D model generation

The point cloud model, generated through LCM-MVSNet, serves as
the input to Rhino. Currently, the conversion of a point cloud to NURBS
surfaces within Rhino is challenging, particularly in complicated and
cluttered building environments. However, for the purpose of assessing
solar radiation on the PSC facade, the critical information required
pertains solely to the dimensions, form, and relative positions of the
buildings. As such, this study adopts an approach focused on identifying
building boundaries and control point [33]. Initially, the point cloud
data undergoes importation into Rhino to eliminate noise points. Sub-
sequently, the “Resurf” module is used to convert the point cloud into a
mesh. Following this, “single surface from mesh” is applied with *"Max
Tol’ set to 0.5 and Smooth’ set to 'medium,’ resulting in the generation
of a NURBS surface. However, the uneven and defective surfaces
generated from above operations cause many bumps and projections in
the model, which cannot be directly used for the solar radiation simu-
lation. But this step transforms the colorful point cloud into rendered
mesh where the profile of the buildings can be easily identified for
subsequent operations in the Rhino interface. Next, boundary lines are
extracted from mesh. The control points can be selected from the
boundary lines for modeling the building surfaces. Finally, a distance
between these two points in the real world is measured as the reference
for the actual dimension of the model.

2.2. Building performance simulation

Grasshopper serves as a visual scripting platform embedded in the
Rhinoceros 3D computer-aided design application, facilitating the
evaluation of performance through algorithmic processes. The funda-
mental components of the Grasshopper-based investigation comprise
three integral sections: model creation, performance simulation, and
data output. Notably, solar radiation is calculated utilizing Ladybug and
building energy demand is calculated by Honeybee.

For the solar radiation, Ladybug employs Radiance’s GenCumulati-
veSky algorithm to generate sky matrix patch values derived from a
weather file. This process facilitates the computation of radiation
received by the building facades at each hour throughout the year. The
outcomes manifest in the form of visually interpretable colored mesh
representations. PSCs are integrated into varying proportions of the
building facade, specifically at percentages of 20 %, 40 %, 60 %, 80 %,
and 100 %. This variation is implemented to evaluate and determine the
optimal integration percentage. For indoor lighting, spatial daylight
autonomy (sDA) represents the proportion of the building area where
the illuminance level equals or surpasses 300 lux for a minimum of 50 %
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of daylighting hours (8-18 o’clock) annually. It is also calculated by
Ladybug.

For the building energy demand, Honeybee is a plugin tool in the
grasshopper based on EnergyPlus. The installation of PSCs on the ver-
tical glazing facade influences the building heat gain. The building
function for the block is uniformly set as office buildings. The parameter
settings primarily align with Chinese building codes.

2.3. Life cycle cost analysis

The LCCA is primarily used to figure out the viability of new prod-
ucts. In this study, it serves as the tool for evaluating the economic
viability of the target PSC facade. The investigating scope of the LCCA
spans from 2021 to 2050.

2.3.1. Life cycle cost

Initial investment consists of the material cost and personnel cost.
The expenses associated with PSCs, inverters, and other components are
collected. Given the absence of commercial PSC panels on the market,
the cost of PSCs is derived from selling price forecasts. Notably, in this
study, it is assumed that the PSCs are produced in a large-scale local
factory. The price for the PSC is intricately linked to the purchasing
amount of PSC and follows the model proposed in the literature
(Mathews et al., 2020). The personnel, electricity, equipment, and other
costs are set as 20 % of the total material cost based on the project
conducted by company Heliatek. Heliatek produces organic solar cells,
which have similar physical characters with PSCs. Therefore, the expe-
rience in their products is introduced as a reliable reference. The costs
for the aforementioned materials are provided in Table 2.

Operation and maintenance (O&M) cost is allocated for sustaining
the daily operation of the PSC facade. According to the BIPV project
implemented in Ruichang E-commerce Center, where the O&M expen-
diture amounts to approximately 0.5 % of the initial cost per annum.
This study adopts the same O&M cost percentage for the LCCA study.

Non-O&M cost includes taxes, insurance, etc. The PSC facade dis-
cussed in this paper aligns with the income tax rate of 25 % applicable to
non-main power generation enterprises. Given the susceptibility of PSC
facade operations to the impact of unpredictable factors such as extreme
weather and natural disasters, it is customary to mitigate risks through
insurance coverage. An annual insurance fee equivalent to 0.25 % of the
initial investment is considered a prudent measure for stabilization and
loss prevention [34].

Table 2
Parameters of the BIPV project for the economic analysis.

Parameter Value Unit

Site Beijing, China

PSC price 4.28RMB/W for 3.14 MW
purchasing
4.33RMB/W for 2.62 MW
purchasing
4.41RMB/W for 1.97 MW
purchasing
4.53RMB/W for 1.31 MW
purchasing
4.68RMB/W for 0.66 MW
purchasing

Personnel, equipment, and other 20 %

cost

RMB/W

PSC PCE 12 %

O&M cost 0.5 %

Insurance cost 0.25 %

Inverter replacement cost 10 %

Transmission line lost power 6 %

Power delivery cost 20 %

Electricity price 0.49 RMB/
kWh

Electricity tariff inflation rate 2.5%

Discount rate 2.6 %
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Replacement cost includes both the inverter and PSC replacements
[35], with the assumption that the replacement price equals the initial
purchase price in the first year.

2.3.2. Investor income

Electricity sale income stands as a crucial component, influenced by
both electricity production and the local electricity price prevailing in
the market. For a grid-connected BIPV project, the electricity price
(including taxes) is established at 0.49 RMB/kWh in 2023. The provided
report indicates a year-on-year increase of 2.5 % in the electricity price.
Consequently, this study adopts a growth rate of 2.5 % for the electricity
price.

Recycling benefits stands as the value of BIPV systems in the End-of-
Life (EOF) phase by recycling the layers of PSCs. Recycling PSCs can
reduce the financial pressure of investor and enhance the sustainability
of the building sector. Specifically, the direct bonding of PSC panels to
the vertical envelope fosters recyclability by eliminating the need for
substructure materials required for silicon PV cells. This study applies a
common cell architecture proposed in Ref. [36] and includes the silver
front electrode, Spiro-OMeTAD, perovskite layer, ITO electrode, PET
substrate, and final encapsulation barrier ETFE. This reduction in ma-
terial diversity within the multi-material composite contributes to a
more streamlined recycling process. A novel and realizable recycling
process is conducted in TU Delft. The details (Fig. 3) are shown as the
following steps:

Step 1 is to peel off the ETFE foil mechanically. Next, the silver front
electrode is first detached using ethyl acetate, then filtered to separate
the silver. The substrate is subsequently removed from the solution and
dried under a nitrogen stream. Step 3 is to reconverted the perovskite
layer into Pbl, and methylammonium iodide (MAI) through a brief
immersion in double-distilled water. Subsequently, after removing MAI
from the water, the materials are dried using a nitrogen stream. The
substrate is subsequently placed on a 100 °C hotplate for 10 min to
ensure all residual water is evaporated. Pbl, is removed from the sub-
strate by putting the sample in dimethylformamide. The process con-
cludes with treating the samples in a 1.5 M potassium hydroxide
solution and subsequently rinsing with deionized water to recover the
ITO-coated PET.

Cost analyses present the significance of ITO-PET as a primary factor
influencing the cost of solar cells. In the work, the cost assessment

‘ ' ‘4 -
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outlined in Table 3 shows that ITO-PET stands as the most substantial
contributor to the overall cost of PSCs. Spiro-OMeTAD is also identified
as a notable cost factor; but recent research indicates the potential for
low-price materials as alternative of Spiro-OMeTAD, thereby diminish-
ing the criticality of recycling Spiro-OMeTAD. Conversely, the perov-
skite layer, including Pbl, and MAI, constitutes a comparatively minor
portion of the total PSC cost. Moreover, the contribution of silver elec-
trodes is minimal due to the low silver content per square meter. The
overall recycling rate is set as 80 % based on the experiments. The
corresponding recovery prices for materials are detailed in Table 4.

Power distribution benefits lie in the cost saving related to the power
transmission line and delivery systems with the application of PSC
facades.

2.3.3. Social benefits

Transmission line lost power refers to the energy dissipated during
long-distance transmission from the grid to the user. However, this
concern is mitigated in the case of the PSC facade, as the generated
energy can be utilized for the building’s operations [39]. Based on World
Bank Data, the electricity transmission loss in China is reported to be
5.26 %.

Power delivery cost refers to the costs associated with the infra-
structure constructed and maintained for the transmission of electricity
[40]. In contrast, the installation costs of PSC facade are directly on the
building, leading to a substantial reduction infrastructure construction.
Typically, power delivery costs constitute approximately 20 % of the
electricity price.

Table 3
The benefits of materials recycled from the PSC.
Recycling benefits (RMB/  Source
m?)
ITO-coated 154.3 Mianyang Prochema Commercial
PET Co., Ltd.
Perovskite 5.6 [37]
Ag electrodes 3.0 [38]
ETFE foil 93.7 [38]
i SIS
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Fig. 3. Building information. (a) (b) Location of the Zhengda Center. (c) Aerial view of the district. (d) Zhengda Center.
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Table 4
Cost of input materials for the recycling.
Price for 10 Amount Price Source
MW (/m* (RMB/m?)
Ethyl 160.2RMB/  0.02L 2.6 Sigma-Aldrich
acetate L Shanghai Co Ltd
DMF 70 RMB/kg 29¢g 0.2 Sigma-Aldrich
Shanghai Co Ltd
1.5M KOH 23.7 RMB/L 0.03 L 0.6 Sigma-Aldrich

Shanghai Co Ltd

2.3.4. Economic indicators

In this LCCA study, the primary economic indicators utilized to de-
pict the profitability of the PSC facade are LCOE, NPV, and DPP.

Levelized Cost of Energy stands as a pivotal economic indicator in
the realm of renewable energy technologies [41]. It is essentially the
ratio of investments to power generation, representing the cost per unit
of energy. Typically, LCOE is assessed in comparison to the prevailing
market electricity price. The formulation of LCOE is expressed by the
following equation:

— CL
LCOE A 3

8

where E, stands for the electricity production in the whole life. C; means
the whole cost in the lifecycle.

CG=Q+Co €]

where Q; means the initial investment and Co is the cash outflows. Cp of
the system in year i can be calculated by the follow:

Coi = Comi + Cri 5)

where Coy; stands for the O&M costs and Cg; stands for the investment
for equipment replacement in the i year.

Net Present Value is an important financial metric that signifies the
net advantages throughout the life of one project. It is determined by
subtracting the total costs incurred over the project’s lifespan from the
present value of its benefits. Calculation method is expressed as
following equation:

n

NPV="(Cr—Co)(1 + Dg)" (6)
1

where C; stands for the cash inflows. Dg stands for the discount rate and
n stands for the lifespan of the PSC facade. The discount rate represents
the interest rate [42]. This work sets the real Dy at 2.6 %.

This study uses two NPV methods: traditional NPV and compre-
hensive NPV. The traditional NPV considers life cycle cost and investor
income. Besides the two parts, the comprehensive NPV method extends
its purview to include social benefits (transmission line lost power
saving and power delivery cost saving) to show the economic perfor-
mance based on the view of the society. The comprehensive NPV is to
assist decision-makers in comprehending the overall benefits of BIPV
projects within the broader context of the country. A noteworthy sce-
nario arises wherein the traditional NPV is negative, signifying that the
property owner may not accrue individual profits. However, the
comprehensive NPV is positive, indicating societal or administrative
area benefits. In such cases, the project is incentivized and advanced
through government subsidies to align with broader societal goals.

Discounted payback period is a commonly used metric that mea-
sures the time needed for a system to recover the full initial investment.
It quantifies the number of years required for the net cash flow to match
the initial expenditure. The calculation method is presented as the
following equation:
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n

> (Ci—Co)(1+Dr) "=Q ™

i

where Cj; and Cp; mean the cash inflow and outflow in the i year.
2.4. Pareto optimization

Genetic algorithms have found extensive application in addressing
multi-objective building performance optimization challenges within
parametric modeling platforms. This study employs the NSGA-II algo-
rithm, available through the Wallacei plugin, for multi-objective opti-
mization tasks. NSGA-II stands as a well-regarded evolutionary
algorithm utilized for multi-objective optimization tasks. This algorithm
integrates a rapid non-dominated ranking method, which effectively
mitigates computational complexity and enhances solution efficiency.
By integrating crowding computation and an elite retention strategy,
NSGA-II meticulously selects individuals to ensure the retention of the
finest solution from each generation for the subsequent iteration. As a
result, NSGA-II yields a varied and top-tier population of solutions,
closely approximating the Pareto optimal frontiers.

The PSC is a kind of semi-transparent foil whose installation in-
fluences the indoor heat obtain and lighting of the building. This study
aims to explore the solutions using multi-objective optimization algo-
rithms while ensuring reducing LCOE, increasing indoor daylighting
distribution performance, and reducing building energy demand. A
MOO approach is used and the objective functions are defined as fol-
lows:

i (w%, %) = Min(LCOE) ©)]
fo(@%, %) = Max(sDA) ©)]
fs(w%, %) = Min(EUI) (10)

where EUI represents energy use intensity of the building and sDA rep-
resents spatial daylight autonomy. PSC installation ratio ¥% and PV
effective area 7% are defined as variables. The investment is a constant
value. Since a MOO approach is employed, the three objective values are
treated as independent and are not subject to any weighting effects.

3. Case study

Beijing is one of most dense urban cities in the world. Zhengda
Center, situated in the Beijing at coordinates 39.91° N, 116.46° E, is a
representative commercial building in dense central business district
(CBD) (Fig. 3 and Table 5). Comprising two office towers, each soaring
to a height of 238 m, this super high-rise complex plays a pivotal role in
the daily operations of the CBD. Given the substantial energy re-
quirements for the buildings, the implementation of PSC facades
emerges as a potential solution to curtail energy consumption and
alleviate financial burdens. For the purpose of this study, one of the two
buildings within Zhengda Center is selected as the focal point. This
choice aims to assess the feasibility and viability of integrating PSC fa-
cades in a modern city setting in China. Notably, the selected building
features vertical surfaces entirely covered by glazed facades, offering an
ideal canvas for the seamless integration of PSCs. The PSCs are affixed

Table 5
Project ‘Tower 1 of Zhengda Center’ information.

Project Data

City Beijing, China

Location 39.91° N, 116.46° E

Building function Commerce and office complex
BIPV installation position Vertical facade

Height 238 m

Facade area 37392 m?
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directly to the glass facades using a backside adhesive. The study as-
sumes the identification of a suitable adhesive through comprehensive
testing, including accelerated aging tests. The four vertical facades of the
building are all integrated PSC foils. The fagade area available for PSC
integration 37392 m2.

This study contemplates the retrofitting of a vertical PSC facade. The
PSC is designed as 20 %, 40 %, 60 %, 80 %, and 100 % of the building
area from the top. In the study, the PCE of PSCs is conservatively esti-
mated at 12 %. We conduct some preliminary calculations for the eco-
nomic viability of PSC facades across varying PSC lifespans. It reveals
that a 5-year lifespan is generally insufficient to achieve investment
payback in most regions. This suggests that a 2-year lifespan is even less
feasible. However, when incorporating a recycling strategy, PSCs with a
5-year lifespan become economically viable in certain regions. Based on
these results, the uncertainty surrounding the lifespan of the product
prompts the consideration of three scenarios: 5, 10, and 15 years,
allowing for an examination of the influence on economic viability. If
the PV panels reach lifespan, all the panels are replaced.

4. Results

The results are shown in this section by illustrating the effectiveness
of the reversed modeling approach to generate target buildings, the
detailed LCCA results for different application scenarios of PSC facade
on the target building and the feasibility of PSC facades across difference
regions in China.

4.1. 3D modeling

The initial phase of the feasibility analysis involves the modeling of
Zhengda Center and its surrounding structures. A previous aerial video
for the district was employed for the collection of building data,
extracting 243 images from diverse viewpoints. It is noteworthy that
each successive image encompassed 50 % of the area covered by the
preceding one. Subsequently, these images underwent processing
through the algorithm detailed in Section 2.1, realizing the three-
dimensional reconstruction of the buildings. The resulting point cloud
model was addressed involving the removal of noise points and non-
essential elements (Fig. 4b). But the top half of the highest building
were not reconstructed very well because there were few shots of the
tallest buildings in the video. The refined point cloud model file was
then imported into Rhino, where the identification of building edges was
straightforward. Utilizing these boundaries, building blocks were con-
structed within Rhino, as illustrated in Fig. 4c.

The accuracy of the building models was investigated. The infor-
mation of Zhengda Center and CITIC Tower (China Zun, the highest
building in Beijing) was obtained. So, the two buildings were selected to
verify the accuracy of the 3D modeling approach. Zhengda represents
the regular building form. The length of the facade and the height were
compared with the true value. Table 6 respectively shows the compar-
ison between the results of reverse modeling data and the real data for
the two buildings. The surface of CITIC Tower is curved. The middle line
of the east facade was extracted for the validation. 100 sample points
were selected. One middle point of the line was set as coordinate system

(a)
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Table 6

Modeling accuracy.
Attributes Modeling result Real data Deviation
Height (m) 239.8 238.6 0.5%
Length 1 (m) 41.7 41.3 1.0 %
Length 2 (m) 42.4 421 0.7 %

origin and their horizontal coordinates were extracted for the compar-
ison. The mean square error (MSE) was used to evaluate the error of the
curved surface. The MSE result is 4.2 %.

4.2. Solar radiation analysis

The solar radiations incident on the facades throughout the year are
computed using Ladybug in Grasshopper, as shown in Fig. 5. Various
scenarios representing different percentages (20 %, 40 %, 60 %, 80 %,
100 %) of the vertical facade designated for PSC installation were
examined. Observing the results, it becomes evident that the received
solar radiation gradually diminishes from the top to the bottom of the
building. This phenomenon is attributed to the shading effects imposed
by surrounding structures. Consequently, the assessment proposed in
this paper for evaluating diverse PSC deployment configurations as-
sumes significance for investors navigating various investment
strategies.

4.3. Life cycle cost analysis

Results of traditional NPV are presented in Fig. 6, providing insights
into the financial gains or losses for the building owner. 80 % PSC
installation area is selected to show the trends of traditional NPV. The
capacity of installed PSC facade system is around 3.0M W, thus the
purchase price of PSCs is 4.33 RMB/W. The investigation includes three
distinct lifespans for PSC - 5 years (PSC5), 10 years (PSC10), and 15
years (PSC15). Recycling scenario of PSCs is also considered as PSC5-R,
PSC10-R, and PSC15-R. The results show that the investment of six PSC
facade systems is same at 13.1M RMB. Without considering PSC recy-
cling, all PSC facades fail to realize positive returns throughout their
lifecycle. The traditional NPV of PSC5, PSC10, and PSC15 is —32.9M
RMB, —10.5M RMB, and —3.9M RMB, respectively. Recycling PSCs can
help the investor decrease the spence of the PSC facade and make PSC
facades exhibit profitability for the building owner. PSC15-R emerges as
the most financially robust system among the six, achieving an
impressive NPV performance of 3.5M RMB. Moreover, PSC10-R also
demonstrates a net benefit at 1.4M RMB. However, PSC5-R still run a
business at a 3.9M RMB loss in its lifespan.

Fig. 7 shows the calculation results for the comprehensive NPV of six
different scenarios. Comprehensive NPV considers the saving from so-
cial benefits. Therefore, the comprehensive NPV is higher than the
traditional NPV. Without considering PSC recycling, the analysis reveals
that PSC5 and PSC10 fail to recover the total investment over its life-
cycle, which is consistent with the findings of the traditional NPV
analysis. They exhibit negative NPV of —27.2M RMB and —5.2M RMB,
respectively. However, different from the result of traditional NPV, the

Fig. 4. Procedures of the reverse modeling. (a) 3D point could reconstruction model. (b) Trimmed model. (¢) 3D district model in rhino.
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Fig. 5. Annual solar radiation of the building facades.
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Fig. 7. Comprehensive NPV of the PSC facade of Zhengda Center in 30-year lifecycle in Beijing.

comprehensive NPV of PSC15 demonstrates the profitability, yielding a
positive outcome 1.0M RMB. If considering PSC recycling, PSC15-R
stands out with the highest NPV result, totaling 8.5M RMB. Following
closely, PSC10-R demonstrates commendable comprehensive NPV of
6.7M RMB. The collective analysis proves the critical importance of

recycling in enhancing the overall profitability of the PSC facade. As for
PSC5-R, the comprehensive NPV is —1.7M RMB, which shows a sharp
increase compared to its traditional NPV. Moreover, results show the
social benefits account for 20 % of comprehensive NPV when the recy-
cling strategy is not considered. The social benefits account for 5 % of
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Fig. 8. The results of economic indicators for the PSC facade of Zhengda Center in Beijing. Different installation ratios (20 %, 40 %, 60 %, 80 %, 100 %) and different

PSC lifespans (5, 10, 15 years) are considered.
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comprehensive NPV considering recycling strategy.

The economic performance of various PSC deployment strategies
(20%-100 %) is depicted in Fig. 8. The observed decline in solar irra-
diation from the top to the bottom of the building contributes to a
diminishing slope in electricity generation as the PSC installation ratio
increases. Within a consistent PSC deployment, PSC5 shows the highest
investment, primarily attributable to frequent replacements. The total
investment exhibits a linear growth pattern corresponding to the pro-
portion of PSC installations. The investment range for PSC5 spans from
14M RMB to 63M RMB, while PSC10 exhibits an investment range from
8M RMB to 35M RMB. Additionally, the investment for PSC15 varies
within the range of 6M RMB to 15M RMB.

The trends observed in traditional NPV reveal a linear decrease with
an increase in the PSC installation ratio. The traditional NPV of PSC5
ranges from -7M RMB to —39M RMB, while PSC10 exhibits an invest-
ment range from -1M RMB to —13M RMB. Additionally, the investment
for PSC15 varies within the range of 0.3M RMB to —5.1M RMB. Notably,
the scenario with PSC15 and a 20 % installation ratio is the sole instance
where a positive benefit is realized. Noteworthy trends in traditional
NPV with EOL emerge across distinct PSC lifespans. For PSC15, tradi-
tional NPV with EOL increases with an escalating PSC installation ratio,
while PSC5 and PSC10 witness a decrease in NPV with increasing
installation ratios. For PSC5, the NPV shifts from -7M to —39M RMB as
the installation ratio increases from 20 % to 100 %, resulting in a dif-
ference of 32M RMB. In contrast, the benefits from recycling PSC5 range
from 6M to 30M RMB, which is less than the NPV variation due to
installation ratio changes. On the other hand, for PSC15, the NPV
changes from 0.3M to —5.1M RMB across the same installation range,
with a difference of 5.4M RMB. The recycling benefits for PSC15,
ranging from 1.9M to 8.5M RMB, exceed the NPV change associated
with installation ratio adjustments.

As PSC installation rates increase, the slope of LCOE shows a
downward trend. Furthermore, the increase in PSC lifespan correlates
with a decrease in LCOE because frequent replacement of PSCs increases
the investment. LCOE reaches the aforementioned lowest value when
utilizing PSC15. PSC15 with 20 % installation area shows the lowest
LCOE, reaching 0.4 RMB/kWh. PSC10, with a 20%-100 % installation
area, demonstrates an LCOE range of 0.52-0.67 RMB, approximating the
local electricity price. Conversely, PSC5 yields an LCOE range of
0.88-1.13 RMB.

For DPP, PSC5 fails to recuperate the investment. For PSC10, only 20
% installation ratio can pay back the initial investment in the 29th year.
Moreover, PSC15 can achieve investment payback in any installation
ratio. At 20 % installation ratio, PSC15 shows the best performance.
Which can return the investment in the 23rd year. However, with a 100
% installation area, PSC15 requires 30 years to achieve payback. When
considering the recycling process, PSC5 with a 20 % or 40 % installation
ratio can achieve investment payback within 30 years.

From the results, a 6M RMB investment in a PSC15 facade yields 14M
kWh electricity generation, translating to 2.2M RMB profits with PSC
recycling. The LCOE can be reduced to 0.4 RMB/kWh. If the investor
aims to maximize electricity generation, PSC5 for 100 % installation
area should be selected with a 63M RMB investment, electricity gener-
ation up to 55M kWh. But it incurs a higher LCOE of 1.13 RMB/kWh. But
it cannot realize a positive benefit over the lifecycle.

4.4. Pareto optimal solutions

In this section, an optimization is conducted with a total investment
of 40M RMB. The optimal solutions are showed in Fig. 9. The optimi-
zation process conducted a total of 300 iterations, resulting in 104 so-
lutions, of which 34 are identified as Pareto front solutions. Each point
stands for one configuration of PSC facade. The optimal values of EUI
range from 122.6 to 147.3 kWh/m? The optimal values of sDA range
from 31 % to 49 % and the optimal values of LCOE range from 0.92 to
1.05 RMB/kWh. This multi-optimization process offers a methodology
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Fig. 9. Pareto front solutions and the distribution interval of the final Pareto
front set objective values.

for determining the optimal configuration of PSC facades given an initial
budget constraint.

4.5. Feasibility of PSC fagade in different regions of China

The sensitivity analysis conducted earlier emphasized the significant
impact of solar radiation and electricity prices [43]. This phenomenon is
commonly observed across various nations, with particularly pro-
nounced effects in China for its vast territory and different energy pol-
icies in different regions with dense urban environment.

Therefore, the feasibility of PSC facade in 32 province capitals of
China is also investigated. The research area focuses on the mainland,
including 23 province capitals, 5 autonomous region capitals, and 4
municipalities. This study focuses on the PSC facade applied in high
density urban cities. So, the province capitals in China are selected as the
target cities to show the feasibility. Because the multi-objective opti-
mization requires too much time. So, the analysis assumes a 5-year
lifespan for PSCs and an 80 % installation ratio to represent the most
realistic near-future scenario. Zhengda Center and Beijing CBD district
planning are still used as a similar case and urban environment is
assumed to exist in most province capitals. The received solar radiation
of Zhengda Center in every city is simulated in Grasshopper. The elec-
tricity price of every province capital is also collected. These data are
provided in the Supplementary Information.

The results are presented in Fig. 10. It can be found that the PSC
facade exhibits a prominent level of energy production (58.6M-65.0M
kWh) in Lasa city and Xining city. Conversely, the PSC facade in the
middle regions of China demonstrate the least energy generation and the
highest LCOE. The northwest region, in particular, stands out with the
best LCOE performance, ranging from 0.81 to 0.97 RMB/kWh. Mean-
while, the northeast and southeast regions present intermediate LCOE
levels (1.13-1.28 RMB/kWh). For the traditional NPV and comprehen-
sive NPV, the PSC facade fails to achieve profitability in any of the cities
examined. But if considering the recycling of PSCs, except Naning city
and Guiyang city, positive traditional NPVs can be realized in other
cities. Notably, Lanzhou city shows the most favorable performance,
reaching 12.6M RMB. Although the PSC facade in Urumqi city shows
relatively high electricity generation, the NPV remains low due to the
city’s lower electricity price. The results in Urumgqi city demonstrate that
high solar radiation is not the only factor for the feasibility of PSC facade



Q. Lietal

Electricity
Generation
32M
—
- 5.0M kWh

081

.59 RMBKWh

ol 7y 3
LCOE / j
{‘s

Renewable Energy 238 (2025) 121914

Comprehen-
A _sive NPV

—15.0M
=

Traditional
. . NPV

—25.5M

A
-

I
]

40.1M RMB -36.3M RMB

Traditional
NPV with
. EOL

§ -2

Comprehen-
sive NPV
with EOL

— 1 5M
=

12.6M RMB 20.1M RMB

Fig. 10. The results for PSC facade in major metropolises in China.

application. Electricity prices are also crucial considerations. For
comprehensive NPV with EOL, PSC facade proves profitable in all cities,
highlighting the pivotal role of PSC recycling in enhancing the overall
profitability of the facade system.

5. Discussion

This study also provides a novel 3D modeling approach to solve the
labor-intensive manual work required in the modeling phase in urban
renovation scenarios. This approach captures district-scale data from the
aerial video replacing time consuming and labor-intensive modeling
tasks. But the approach proposed in this work has some limitations. The
approach can only provide the dimensions, shape, and relative position
of individual buildings. But for the detailed building elements, such as
windows and shading, cannot be identified directly from the videos and
built in the model. So, this approach is not suitable for the research
requiring refined modeling. In the modeling process, it is also found that
this approach is easy to establish a 3D building model with a rectangular
shape. However, for buildings with curved edges, more control points
are required to capture the curvature accurately. Therefore, further in-
vestigations are warranted to explore techniques for identifying and
segmenting complex building features.

The PSC technology makes a significant progress in recent years. In
the context of carbon neutral, the deployment of vertical PSC facades
emerges as a crucial opportunity for the decarbonization of buildings.
Identifying suitable cities for pilot projects followed by widespread
diffusion to other feasible deployment regions becomes imperative. The
NPV is one of the most closely monitored indicators for investors. Based
on the results in Section 4, Haikou and Guangzhou in the south of China
appear as promising cities for PSC facade applications. In the northern
regions, Jinan and Huhehaote stand out in terms of NPV. Meanwhile,
Lanzhou and Lasa exhibit notable performance in the northwest regions.

The results highlight the financial significance of the PSC recycling.
Due to the short lifespan of PSCs, the PSC facade will generate a large
amount of waste. An efficient recycling strategy is required to avoid
pollution and realize cost reduction. Despite employing a relatively high
PSC lifespan of 5 years in the calculations, the PSC facade in the case
fails to recover the investment without considering PSC recycling across
urban cities in China. If considering EOL scenario, most of cities can
realize benefits without any subsidy from government. Therefore, the
development of a recycling strategy should be synchronized with the
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ongoing advancements in PSC technology.

Circular PSC facade is also beneficial for the current carbon
neutrality policy. In the case, the building equipped with a PSC5 facade
at an 80 % installation ratio is projected to generate approximately
4758 kWh over 30 years, equivalent to reducing 4.67 tons of COo-
equivalent emissions from hard coal-generated electricity. This high-
lights the substantial potential of circular PSC facades in contributing to
carbon neutrality. In our future research, we will further explore and
quantify the environmental benefits associated with PSC facades.

In future research, we plan to expand the current analysis by further
investigating the impact of surrounding buildings’ height and deploy-
ment on solar access for PV facades. While the current study focuses on
existing buildings with fixed neighboring structures, we recognize the
importance of exploring how variations in the height and configuration
of adjacent buildings influence the potential for PV panel installation.
This will involve creating dynamic models that account for the changing
shadows cast by neighboring buildings at different times of day and
throughout the year, particularly in dense and compact urban areas.
Additionally, we aim to investigate how these inter-building effects, in
combination with building height, density, and urban compactness, can
be more precisely linked to the optimal placement and efficiency of PV
panels on facades. This expanded analysis will help to refine our un-
derstanding of the solar potential for PV facades in complex urban en-
vironments, leading to more accurate life cycle cost assessments and
deployment strategies.

On the other hand, we aim to enhance the financial modeling of PV
facade systems by incorporating a more detailed analysis of the self-
consumption of electricity produced and its effect on the building’s
overall energy performance. Specifically, we will model the proportion
of electricity generated by the PV system that is consumed on-site versus
exported to the grid, taking into account factors such as building occu-
pancy patterns, energy storage systems, and time-of-use electricity tar-
iffs. This will allow for a more accurate assessment of cash inflows, as
both the savings from reduced grid energy consumption and the revenue
from exporting excess electricity to the grid will be integrated into the
life-cycle cost analysis. By incorporating these factors, we can provide a
more comprehensive evaluation of the NPV and the financial viability of
PV facades, giving a clearer picture of their economic performance over
time. This approach will improve the accuracy of our investment as-
sessments and support more informed decision-making for investors in
urban PV systems.
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6. Conclusions

The economic feasibility of circular PSC facades in dense urban
environment was figured out based on an efficient 3D modeling
approach proposed in the study. A circular strategy for PSCs was pro-
vided to reduce the cost and decrease environmental impacts. Zhengda
Center in Beijing CBD was selected as the target building for the appli-
cation of PSC facade and then the simulation was extended to major
metropolises in China. The 3D modeling approach used LCM-MVSNet
method to realize 3D reconstruction based on the aerial video. With
such a novel approach, the 3D model of Zhengda Center and sur-
rounding structures was constructed semi-automatically, significantly
reducing time and labor costs in modeling tasks. The deviation between
the real data and reverse modeling data is within 1 % for buildings with
regular shape.

For the economic analysis, the solar radiation of the PSC facade was
evaluated by Ladybug. Different PSC deployment ratios and different
PSC lifespans were considered. Traditional NPV and comprehensive
NPV were proposed to compare the influence of social benefits. PSCs
require frequent replacement due to their short lifespan. The recycling
strategy potentially reduces the 33%-39 % of the total investment. The
development of a recycling strategy should be synchronized with the
ongoing advancements in PSC technology. A multi-objective optimiza-
tion was conducted to offer a methodology for determining the optimal
configuration of PSC facades given a budget constraint.

The PSC facade (5-year PSC lifespan) can realize profitability in the
most of China dense urban cities considering the PSC recycling. In
Lanzhou, the net benefit is up to 12.6M RMB. Polit cities for PSC facade
applications were figured out. Haikou and Guangzhou in the south of
China appear as promising cities for PSC facade applications. In the
northern regions, Jinan and Huhehaote stand out in terms of NPV.
Meanwhile, Lanzhou and Lasa exhibit notable performance in the
northwest regions. The northwest region also stands out with the best
LCOE performance, ranging from 0.81 to 0.97 RMB/kWh.
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The study could be instrumental for enabling further studies
exploring the feasible deployment of vertical PSC facades in dense urban
environments. It also provides deep insights in the potential cities for
circular vertical PSC facade applications in China.
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ACVA Adaptive cost volume aggregation n Lifespan of the PSC facade
B Batched volume NPV Net present value
BIPV Building Integrated Photovoltaic NURBS Non-Uniform Rational Basis Splines
C Cost volume P Probability volume pyramid
CBD Central business district P Pixel
Cy Cash inflows PCE Power conversion efficiency
Co Cash outflows PET Polyethylene terephthalate
CNN Convolutional neural network P Predicted probability volume
D Depth map Prg Ground-truth probability volume
DPP Discounted payback period PSC Perovskite solar cell
Dr Discount rate PV Photovoltaic
EOF End-of-Life sDA Spatial daylight autonomy
ETFE Ethylene tetrafluoroethylene SDGs Sustainable development goals
EUI Energy use intensity of building UAV Unmanned aerial vehicle
I Image a Learnable parameter
IRR Internal rate of return B Tunable balancing
ITO Indium tin oxide A Loss weight
O&M Operation and maintenance 4 Focusing parameter
LCCA Lifecycle cost analysis n% PV effective area
LCOE Levelized cost of electricity 0% PSC installation ratio
MAI Methylammonium iodide R Real number set
MOO Multi-objective optimization r Total loss
MSE Mean square error © Hadamard product
MVS Multi-view stereo
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