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A B S T R A C T

This study proposes an adaptive photovoltaic façade system for office buildings in hot summer and warm winter 
regions, integrating shading, daylighting regulation, and solar power generation within a unified multi-objective 
optimization framework. Rotatable lamellar units arranged in a layered array enable dual-axis adjustment in 
response to real-time solar and meteorological conditions. A data-driven XGBoost surrogate model replaces 
computationally expensive simulations, while NSGA-II drives hourly Pareto optimization across five performance 
objectives. A Nash bargaining-based decision criterion selects balanced solutions without relying on subjective 
weighting. Results from representative subtropical climate in Shenzhen, China show the adaptive façade in
creases annual photovoltaic generation by approximately 15% over fixed louver shading and reduces annual 
cooling energy consumption by approximately 33% relative to the unshaded baseline. The annual average 
Spatial Useful Daylight Illuminance (sUDI) reaches 0.89, substantially above the baseline value of 0.66, while 
spatial Daylight Glare Probability (sDGP) is maintained between 0.15 and 0.21 and the Openness Factor (OF) 
averages 0.27. The findings in this work demonstrate the feasibility of coordinated multi-objective optimization 
of energy, daylighting, and visual comfort performance through adaptive photovoltaic façade control.

1. Introduction

The building sector is a major source of global energy consumption 
and carbon emissions [1]. It accounts for approximately 30–40% of total 
energy consumption and around 40% of CO2 emissions, and under 
current development trends, the share of carbon emissions attributable 
to the building sector is expected to increase further by 2050 [2,3]. With 
the acceleration of urbanization, the scale of commercial buildings 
continues to expand, becoming an important contributor to building 
energy consumption and carbon emissions [4]. In office buildings, the 
envelope, particularly the façade system, directly affects solar heat gain 
and loss, indoor daylighting quality, and air-conditioning loads [5]. 
Meanwhile, in order to meet the increasing demand for indoor envi
ronmental comfort, buildings have become increasingly reliant on active 
control systems such as air-conditioning and lighting [6]. Therefore, 
reducing operational energy consumption and carbon emissions while 
ensuring indoor environmental quality has become a key issue that must 

be addressed urgently in the field of office buildings.
Against the backdrop of sustainable development, building façades 

are gradually shifting from traditional static envelope structures toward 
adaptive systems with environmental responsiveness [7]. Owing to the 
significant temporal variability of outdoor climatic conditions, static 
façades are unable to continuously satisfy building performance re
quirements across different seasons and times of day, whereas adaptive 
façades can dynamically respond to the luminous environment, thermal 
environment, and building energy consumption through structural or 
material-level adjustments [7,8]. On this basis, Building-Integrated 
Photovoltaics (BIPV), as an important approach for clean energy utili
zation, has been widely introduced into research on adaptive façades in 
recent years [9]. Adaptive photovoltaic façades can not only participate 
in environmental control processes such as shading, daylight modula
tion, and thermal regulation, but can also simultaneously generate solar 
power during operation, thereby providing a new technological 
pathway for reducing building operational energy consumption and 
carbon emissions [10,11]. Recent studies have further demonstrated 
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that integrating photovoltaic modules into louver-based daylighting 
systems can simultaneously improve indoor environmental quality and 
solar energy utilization, while dynamically reconfigurable photovoltaic 
shading devices offer additional potential for balancing daylight 
admission, solar heat gain control, and electricity generation [12,13]. 
Among the climate zones in China, the hot summer and warm winter 
region faces more severe challenges in controlling building energy 
consumption and carbon emissions due to its hot and humid summers, 
cooling-dominated annual loads, and long operating periods of air- 
conditioning systems [14]. On the one hand, the persistent and 
intense solar radiation in this region provides considerable potential for 
photovoltaic power generation; on the other hand, it also significantly 
increases building cooling loads and the risk of indoor glare. As a result, 
adaptive photovoltaic façades are both necessary and advantageous 
under such climatic conditions [1,15].

Existing research on adaptive photovoltaic façades has gradually 
developed into a research framework centered on façade prototype 
design, building performance evaluation, and operational control 
methods. In terms of prototype and configuration exploration, early 
studies primarily focused on the movement mechanisms and structural 
forms of adaptive photovoltaic façades. The Adaptive Solar Façade 
(ASF) system proposed by Nagy et al. is one of the representative works 
in this field. The system consists of arrayed rhombus-shaped photovol
taic modules and achieves a dynamic response to solar position through 
dual-axis rotation [16]. Subsequently, research expanded from electro
mechanically driven tracking mechanisms to material-driven and 
lightweight configurations. Passive actuation strategies based on the 
adaptive properties of materials can reduce system operating energy use 
and improve structural adaptability [17], while foldable and deformable 
components emphasize structural efficiency and configurational scal
ability [18,19]. In terms of the integration of shading components, 
schemes embedding photovoltaic modules into rotatable shading 
panels/louvers have been widely discussed, and studies have generally 
indicated that the number of components, their spacing, and their 
angular range significantly affect the coupling relationship among self- 
shading, daylight transmittance, and power generation [20]. More 
recent studies have moved beyond static geometric comparisons toward 
automated or dynamically reconfigurable louver systems. For example, 
photovoltaic-integrated daylighting louvers with servo-based slat con
trol have been experimentally shown to improve indoor illumination 
while maintaining solar generation potential [12], and dynamic 

photovoltaic shade systems have been examined through multi- 
objective optimization across multiple climates and configurations 
[13]. In addition, weather-responsive photovoltaic envelopes with hi
erarchical slat control strategies have also been proposed for glazed 
office façades, indicating a growing shift from configuration design to
ward control-oriented façade operation [21]. Research has also begun to 
shift toward validation under real or quasi-real conditions, for example, 
by deploying louver-type photovoltaic façades on existing building el
evations and combining them with parametric methods for periodic 
angle adjustment to examine engineering feasibility and long-term 
operational performance [22]. Meanwhile, the introduction of 
emerging photovoltaic technologies and biomimetic concepts has 
further broadened the possibilities of these systems in terms of effi
ciency, temperature sensitivity, and configuration generation [23–25].

In terms of building performance evaluation, the research focus has 
gradually expanded from power generation gains alone to the integrated 
benefits of power generation, energy consumption, and indoor 
daylighting performance. Existing studies have demonstrated that dy
namic tracking can usually improve power generation potential signif
icantly compared with fixed installation, although the actual benefits 
are strongly influenced by climate, obstruction conditions, and system 
posture constraints [26]. Some studies have incorporated building net 
energy consumption and indoor environmental indicators into the 
evaluation framework, indicating that adaptive photovoltaic façades 
have the potential to reduce cooling demand and mitigate excessive 
solar radiation [16], and that, under certain conditions, power genera
tion optimization and energy consumption minimization may exhibit a 
certain degree of synergy [27]. From the daylighting perspective, dy
namic adjustment and tracking mechanisms have been shown to reduce 
glare risk, improve useful daylighting, and decrease building opera
tional energy use, while the proportion of energy consumed by the 
system itself remains relatively low [28,29]. As the number of objectives 
has increased, multi-objective optimization has gradually become the 
dominant paradigm. In different climate zones and building types, 
various studies have incorporated power generation, energy consump
tion, and visual/thermal comfort indicators into unified optimization 
frameworks, thereby verifying the advantages of adaptive systems over 
static façades in terms of overall performance [30,31]. More recently, 
adaptive BIPV shading systems have been optimized using multi- 
objective algorithms with simultaneous consideration of electricity 
generation, building electricity use, spatial daylight autonomy, and 

Nomenclature

Abbreviation
BIPV Building-Integrated Photovoltaics
CIGS Copper Indium Gallium Selenide
DA Daylight Autonomy
DGI Daylight Glare Index
DGP Daylight Glare Probability
DHI Diffuse Horizontal Irradiance
DNI Direct Normal Irradiance
HVAC Heating, Ventilation, and Air Conditioning
ML Machine Learning
OF Openness Factor
PSO Particle Swarm Optimization
PV Photovoltaic
PVSD Photovoltaic Shading Device
RMSE Root Mean Square Error
R2 Coefficient of Determination
sDGP Spatial Daylight Glare Probability
sUDI Spatial Useful Daylight Illuminance
TMY Typical Meteorological Year

UDI Useful Daylight Illuminance
MPC Model Predictive Control
NSGA-II Non-dominated Sorting Genetic Algorithm II
XGBoost Extreme Gradient Boosting
Sobol Sobol Sensitivity Analysis

Definition
S1 First-order Sobol index
ST Total-order Sobol index
Angle1 Solar elevation angle response for shading
Angle2 Solar azimuth angle response for shading
G Solar irradiance incident on the photovoltaic surface
T Ambient dry-bulb temperature at a given time
A Total installed area of photovoltaic panels
E Photovoltaic electricity generation
t Time
Tref Reference temperature,Tref = 25◦C
μref PV conversion efficiency at the reference temperature
β Temperature coefficient representing the reduction in 

efficiency with increasing temperature
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daylight glare probability, further extending performance evaluation 
from static design comparison to adaptive operational optimization[32]. 
In parallel, machine-learning-assisted BIPV envelope optimization 
frameworks have shown that surrogate models can substantially reduce 
computational cost while preserving acceptable prediction accuracy in 
multi-objective workflows [33,34].

As research has extended from the design stage to the operational 
stage, control strategies have gradually become a major focus. In recent 
years, machine learning methods have been employed for tasks such as 
load prediction, glare prediction, and shading angle control because of 
their ability to capture nonlinear relationships. Existing studies have 
shown that data-driven models, including artificial neural networks, can 
predict building loads, support dynamic louver angle optimization, and 
reduce glare occurrence as well as lighting energy consumption 
[35–37]. Comparative studies of multiple models have further shown 
that data-driven methods can support façade morphing and respond to 
real-time demands under complex environmental boundary conditions 
[38]. Recent research has further expanded this direction by applying 
explainable machine learning to rapid multi-performance prediction of 
BIPV façades and by developing machine-learning-based adaptive con
trol strategies for photovoltaic shading under dynamic energy and visual 
comfort objectives [34,39]. In addition, zoning-based adaptive 
concentrating photovoltaic façade control has also been explored to 
enhance visual comfort and overall energy benefits, indicating that 
façade intelligence is gradually evolving from single-angle adjustment 
toward more refined operational coordination [40].

A synthesis of the existing literature shows that, although adaptive 
photovoltaic façades have made substantial progress in configurational 
innovation, integrated performance optimization, and intelligent con
trol, several limitations remain. First, many studies focus primarily on 
design-stage optimization or on systems with limited motion variables, 
whereas fewer studies address high-degree-of-freedom adaptive photo
voltaic façades under operation-stage, hourly control conditions. 
Although energy generation, energy use, daylighting, and glare have 
been studied in different combinations, their coordinated optimization 
together with view preservation in one unified control framework re
mains limited. Last but not least, most existing studies commonly rely on 
Pareto-front generation followed by preference-based or scenario-based 
selection, while less attention has been given to objective decision rules 
for selecting balanced operating solutions from the Pareto set without 
subjective weighting.

To address these gaps, this study proposes an adaptive photovoltaic 
façade system for office buildings in the hot summer and warm winter 
climate region. The proposed system employs rotatable lamellar units 
arranged in a layered array, enabling dual-axis adjustment in response 
to hourly solar and meteorological variations. A data-driven XGBoost 
surrogate model is developed to replace computationally expensive 
simulations, and NSGA-II is used to perform hourly Pareto optimization 
across five performance objectives, namely photovoltaic power gener
ation, cooling energy use, spatial Useful Daylight Illuminance (sUDI), 
spatial Daylight Glare Probability (sDGP), and Openness Factor (OF). In 
addition, a Nash bargaining-based decision criterion is introduced to 
identify balanced operating solutions from the Pareto set without 
relying on subjective weighting. Using Shenzhen as a representative 
subtropical case, this study aims to provide a unified operational opti
mization framework for adaptive photovoltaic façades that simulta
neously improves energy performance, daylighting quality, visual 
comfort, and view preservation.

2. Methodology

2.1. Adaptive photovoltaic façade system

In the context of building design that places equal emphasis on multi- 
objective energy conservation and indoor environmental quality, the 
adaptive photovoltaic façade is positioned as an integrated building 

envelope system that coordinates shading regulation, daylight admis
sion, and energy harvesting [21,41]. This study introduces a biomimetic 
approach, translating the adaptive principles of natural systems in 
regulating light exposure into façade configurations and movement 
rules. Specifically, biomimetic mechanisms are used to inspire form and 
motion, a multi-objective evaluation framework is employed to define 
performance-oriented criteria, and operational control is further used to 
establish a mapping between façade posture and environmental varia
tion, thereby supporting dynamic optimization.

At the prototype level, this study adopts rotatable lamellar units as 
the basic components and arranges them in an array across the façade, 
so as to reconcile the need for modular scalability in large-area appli
cations with the engineering feasibility required for subsequent 
modeling and controllability.

Fig. 1 illustrates the motion mechanism of the adaptive photovoltaic 
façade. The system adopts a dual-axis rotation mechanism to achieve a 
precise response to the incident geometry of solar radiation and in
troduces a layer-by-layer control strategy at the overall control level. On 
the basis that each unit is capable of multi-degree-of-freedom adjust
ment, the components are divided into multiple mutually independent 
layers according to the differentiated solar exposure conditions along 
the façade height and their varying influences on the indoor luminous 
environment. Independent angle settings and response logics are 
assigned to each layer, enabling targeted regulation of zones at different 
heights based on their respective irradiation conditions, reflective 
interference, and shading relationships.

2.2. Typical office space

This study focuses on open-plan office spaces in office buildings. The 
parameter settings for the office space were determined with reference 
to relevant studies investigating and analyzing the spatial characteristics 
of office buildings [42], while also taking into account common struc
tural systems in office buildings and the subdivision requirements of 
standard unit office spaces. Accordingly, an office space with a floor 
height of 4.2 m, a window-to-wall ratio of 0.64, a bay width of 9 m, and a 
depth of 6 m was selected as the research object. Fig. 2 shows the 
configuration of the adaptive photovoltaic façade. The adaptive photo
voltaic façade was designed based on these window dimensions, 
enabling complete coverage of the window area.

2.3. Evaluation metrics

To enable a closed-loop workflow for façade configuration genera
tion, performance comparison, and control strategy evaluation under a 
unified objective framework, this study ultimately adopts cooling en
ergy consumption and photovoltaic power generation as the core 
energy-related indicators. In addition, sUDI, sDGP, and OF are used to 
characterize daylighting effectiveness, the extent of glare impact, and 
the degree of visual openness, respectively, thereby establishing an 
evaluation framework for the coordinated optimization of power gen
eration, energy consumption, the luminous environment, and visual 
openness.

2.3.1. Energy consumption and production
Cooling energy consumption is used to measure the impact of the 

façade system on the building’s thermal performance and operational 
energy use, and it is a key indicator for evaluating energy-saving po
tential and the comparability of different design schemes [43]. By means 
of dynamic shading, the adaptive photovoltaic façade alters the solar 
radiation and heat gains entering the indoor space, thereby affecting 
cooling load demand and the energy consumption of the air- 
conditioning system.

Photovoltaic power generation is adopted as the primary energy 
output metric, as it more directly reflects the actual electricity contri
bution of the adaptive façade than local indicators such as instantaneous 
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efficiency or peak power [44]. The incident irradiance on each PV 
module is not simply the horizontal global irradiance but depends on the 
module's instantaneous orientation, defined by the dual rotation angles 
θ1 and θ2. The effective irradiance on a tilted and rotated module surface 
is calculated as: 

Geff(t) = Gb(t)⋅max(cosα(t),0 )+Gd(t)⋅
1 + cosβ

2
+ ρg⋅Gh(t)⋅

1 − cosβ
2 

where Gb(t) is the beam (direct) irradiance, cosα(t) is the cosine of the 
angle of incidence between the solar ray and the module surface normal 
(computed from θ1, θ2, and the solar position), Gd(t) is the diffuse hor
izontal irradiance, β is the module tilt angle, ρg is the ground reflectance, 
and Gh(t) is the global horizontal irradiance. The term max(cosα(t),0 )

ensures that back-irradiance conditions are excluded. In the compact 
lamellar arrangement adopted in this study, mutual self-shading among 
adjacent modules further reduces Geff(t); this effect is evaluated through 
Ladybug-based ray-tracing irradiance simulation at each time step and 
for each spatial configuration of the façade.

The PV conversion efficiency is then corrected for module operating 
temperature using [45]: 

η(T) = ηref ⋅
[
1 − βT⋅

(
Tcell − Tref

) ]

where ηref is the nominal efficiency at the reference temperature Tref =

25 ◦C, βT is the temperature coefficient of efficiency (in K− 1), and Tcell is 
the estimated cell operating temperature derived from the ambient dry- 
bulb temperature and incident irradiance. The electricity output of a 
single module layer k at time t is: 

Ek(t) = η(Tk(t) )⋅Geff,k(t)⋅Ak⋅Δt 

Because the façade adopts a layer-by-layer control strategy, the solar 
irradiance received by each layer varies significantly along the vertical 
direction due to differences in tilt angle, self-shading geometry, and 
solar exposure height. The total façade power generation is therefore 
obtained by summing across all N independent layers: 

Etotal(t) =
∑N

k=1
Ek(t), Eannual =

∑

t∈T
Etotal(t)

This layer-resolved aggregation approach is essential for capturing the 
spatial heterogeneity of irradiance distribution across the façade height, 

Fig. 1. Adaptive photovoltaic façade movement mechanism.

Fig. 2. Adaptive photovoltaic façade setting diagram.
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which would be obscured by a single-module approximation. Together, 
EcoolandEannual constitute the two core energy objectives within the 
multi-objective optimization framework, representing the demand-side 
and supply-side dimensions of building energy performance, respec
tively. It should be noted that this irradiance and power aggregation 
approach captures non-uniform irradiance at the geometric and layer 
level, reflecting orientation dependent incidence, diffuse and ground 
reflected components, and inter-module self-shading obtained from ray- 
tracing simulation. Electrical level effects that can arise under non- 
uniform irradiance, including mismatch losses between cells or mod
ules, bypass diode activation, and the specific string and MPPT config
uration, are not explicitly modeled in this study. The reported PV 
generation values should therefore be understood as a system level es
timate rather than an electrically resolved output, and this is discussed 
further as a limitation in Section 4.3.

2.3.2. Indoor daylighting performance metrics
Indoor environmental performance indicators are used to constrain 

and evaluate the façade system from the perspectives of occupant 
experience and indoor luminous environment quality. In this study, 
three indicators—sUDI, sDGP, and OF, are selected to represent 
daylighting adequacy, the spatial extent of glare impact, and visual 
openness, respectively, with particular emphasis on their ability to 
characterize the response of dynamic control strategies at the hourly 
scale.

The quality of indoor daylighting has a substantial influence on 
occupant comfort and work efficiency [46,47]. sUDI (Spatial Useful 
Daylight Illuminance) is used to evaluate the proportion of indoor area 
that falls within the “useful illuminance range” at a given moment. In 
this study, 100–2000 lx is adopted as the useful illuminance range: 
values below this range indicate insufficient daylighting and increase 
the demand for artificial lighting, whereas values above this range are 
more likely to induce glare and excessive heat gains [48]. The expression 
is given as follows: 

sUDIi =
MUDI,i

n
× 100% 

where MUDI,i is the number of indoor test points/sensor points with 
illuminance between 100 and 2000 lx at time step i, and n is the total 
number of evaluated indoor sensor points.

A well-designed indoor luminous environment can effectively 
enhance occupants’ visual comfort and psychological well-being; how
ever, if light intensity or distribution is not properly controlled, glare 
may occur. Glare not only reduces work and learning efficiency but may 
also exert persistent adverse effects on occupants’ physical and mental 
health [49]. sDGP (spatial Daylight Glare Probability) is used to describe 
the spatial extent of glare at a given moment by calculating DGP at 
multiple viewpoints/test points and determining the proportion 
exceeding a specified threshold [50]. In this study, DGP > 0.38 is 
adopted as the threshold for the “disturbing” range to identify glare- 
affected points, and the proportion of such points at a given moment 
is defined as the spatial Daylight Glare Probability (sDGP), thereby 
enabling an assessment of glare-control performance at the spatial scale. 
The equation is given as follows: 

sDGPi =
MDGP,i

n
× 100% 

where MDGP,i is the number of indoor test points/sensor points with DGP 
> 0.38 at time step i, and n is the total number of evaluated indoor sensor 
points.

Outdoor views exert profound physiological and psychological ef
fects on the human body, not only helping to improve health outcomes, 
but also enhancing occupants’ cognitive performance and spatial satis
faction, alleviating discomfort and stress, and generating positive 
emotional responses [51]. OF (Openness Factor) is used to quantify the 

influence of the façade system on the permeability of outward views 
from the interior, thereby reflecting the balance between glare control 
and view preservation. In this study, OF is treated as a key constraint 
indicator and is defined as the proportion of visible openings through 
the shading system from an indoor observation point (which may be 
understood as the proportion of effective sightlines), so as to charac
terize visual openness.

2.4. Machine learning algorithm and meta-modeling

2.4.1. Dataset construction
To replace the high computational cost of performance simulations 

conducted for each design option and each time period, and to support 
subsequent optimization iterations, this study develops a data-driven 
predictive model to rapidly estimate the multidimensional perfor
mance of the adaptive photovoltaic façade under different environ
mental and control conditions. Table 1 illustrates the composition of the 
dataset, which consists of input features (X) and target variables (Y). On 
the input side, key variables are extracted from three categories of 
information—system-intrinsic factors, solar-extrinsic factors, and 
meteorological boundary conditions—to control the dimensionality of 
the feature set while preserving physical interpretability and avoiding 
the introduction of redundancy and noise.

2.4.2. Model selection and setup
In this study, the rapid prediction of façade performance was 

formulated as a supervised learning regression task. Multiple commonly 
used regression-based machine learning models were constructed and 
comparatively evaluated. A unified workflow for data processing, cross- 
validation, and hyperparameter optimization was applied, and model 
performance was comprehensively assessed using metrics such as MSE, 
RMSE, MAE, and R2, fully illustrating the advantages and disadvantages 
of each model across multiple indicators, providing a solid basis for 
subsequent model selection. The hyperparameter settings and perfor
mance comparisons of all algorithms are presented in Appendix II. 
Among them, XGBoost demonstrated relatively low prediction error and 
a high goodness of fit. Therefore, XGBoost was selected as the predictive 
model for the five key performance indicators, and its hyperparameter 
configuration was independently optimized for each target variable to 
accommodate differences in the response complexity of each indicator.

2.4.3. Model training, validation, and performance
To improve training efficiency and prediction accuracy, five-fold 

Table 1 
Adaptive photovoltaic surface feature set.

Feature Name Value 
Range

Unit Data Source

Number of horizontal photovoltaic 
panels (corresponding to module 
count)

[14,21] – Algorithm- 
generated

Layer-wise values of Angle1 for n 
independently controlled façade layers 
(response to solar altitude)

[0,90] Degree 
(◦)

Algorithm- 
generated

Layer-wise values of Angle2 for n 
independently controlled façade layers 
(response to solar azimuth)

[− 90, 
90]

Degree 
(◦)

Algorithm- 
generated

Cosine of the angle between the solar ray 
and the surface normal of the 
photovoltaic panel

[− 1, 1] – Code- 
calculated

Solar altitude angle [0,90] Degree 
(◦)

TMY

Solar azimuth angle [− 180, 
180]

Degree 
(◦)

TMY

Global horizontal irradiance [8] W/m2 TMY
Diffuse solar irradiance [0,400] W/m2 TMY

Note: n denotes the number of independently controlled façade layers. Each 
layer has one Angle1 value and one Angle2 value.
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cross-validation and input–output normalization were adopted to 
enhance training stability [52]. Furthermore, grid search was employed 
for hyperparameter optimization to identify the optimal combination of 
parameters for each target variable. Table 2 presents the optimal 
hyperparameter settings, while the five-fold scatter plots for each per
formance indicator are provided in Appendix III.

Based on the optimized training framework, the predictive perfor
mance of the XGBoost model was further examined for the five key 
performance indicators. Table 3 summarizes the dataset size and model 
performance for each target variable. The results indicate that the 
trained XGBoost models achieved high predictive accuracy and strong 
goodness of fit across different façade performance indicators, demon
strating their capability to effectively replace the conventional high-cost 
simulation process.

2.5. Sensitivity analysis

To gain a deeper understanding of how individual input features 
affect the multi-objective performance of the adaptive photovoltaic 
façade system, this study conducted a Sobol global sensitivity analysis 
based on the trained machine learning surrogate models. The analysis 
systematically quantifies the contribution of each input feature to the 
variation of model outputs. Specifically, the Sobol method decomposes 
the total output variance across the design space into individual effects 
(first-order sensitivity), interaction effects between pairs of inputs 
(second-order sensitivity), and the total effect of each input (total 
sensitivity), thereby providing a comprehensive assessment of the in
fluence of different input features on each performance objective [53].

2.6. Multi-Objective optimization and Decision-Making

Based on the identification of underlying mechanisms, this study 
proposes an adaptive photovoltaic façade control framework that in
tegrates multi-objective optimization with prediction-driven control, 
with the aim of achieving efficient adaptive regulation of the façade 
system while simultaneously satisfying multiple objectives, including 
indoor comfort, energy efficiency, and daylighting quality. The frame
work employs NSGA-II as the core search algorithm and couples it with 
the established multi-objective prediction models for collaborative 
optimization. After obtaining the Pareto solution set, a utility- 
coordination-based decision criterion is used to select a single deploy
able control solution.

2.6.1. Geometric optimization
The objective of geometric optimization is to determine the key 

geometric configurations of the façade system at the design stage, 
thereby establishing a stable foundation for comprehensive multi- 
objective performance throughout the year. The optimization vari
ables focus on the geometric configuration of the façade and hierarchical 
posture control, and their combined effects on power generation, 
daylighting, glare, view, and energy consumption are evaluated simul
taneously within a multi-objective framework. Fig. 3 illustrates the 
optimization workflow of the geometric parameters of the adaptive 
photovoltaic façade. Through non-dominated sorting and elitist pres
ervation iterated by NSGA-II within the design space, a well-distributed 

Pareto-optimal solution set is obtained, providing a rational geometric 
basis and feasible-domain constraints for subsequent hourly dynamic 
control.

2.6.2. Hourly dynamic optimization
Hourly optimization is intended to meet the real-time control re

quirements during the operational stage. Under fixed geometric pa
rameters, control variables such as layer-wise rotation angles are treated 
as the principal decision variables to achieve multi-objective coordi
nated regulation according to the solar position and meteorological 
boundary conditions at the current time step. Leveraging the rapid 
response capability of the predictive model, the environmental inputs at 
each time step are mapped to multi-objective performance predictions, 
and NSGA-II is then used to search for the Pareto solution set for that 
specific time step. In this way, dynamic trade-offs can be established 
among sDGP, sUDI, electricity generation, OF, and cooling energy 
consumption.

2.6.3. Optimization decision-making
NSGA-II outputs a Pareto front solution set; however, engineering 

deployment requires the selection of a representative compromise so
lution from the candidate set to generate executable parameter config
urations and control commands [54]. In this study, a utility- 
coordination-based optimal solution selection method derived from 
the Nash bargaining concept [55] is adopted as the final decision- 
making criterion. Specifically, the five performance objectives in the 
Pareto set are regarded as non-hierarchical participants, and a normal
ized utility function is constructed based on the relative performance of 
each objective within the candidate set. A unique solution is then 
selected by maximizing the product of utilities. The overall utility 
function is defined as follows: 

NP(x) =
∏n

i=1
f∼i (x)

where f∼i (x) denotes the normalized utility value of the i-th objective. 
For minimization and maximization objectives, the utility functions are 
defined as follows, respectively.

For minimization objectives: 

f∼i (x) =
fmax
i − fi(x)
fmax
i − fmin

i 

For maximization objectives: 

f∼i (x) =
fi(x) − fmin

i

fmax
i − fmin

i 

This method does not rely on pre-assigned linear weights, nor does it 
mask the deterioration of any single objective through distance-based 
aggregation. Instead, by means of a multiplicative mechanism, it im
poses a strong penalty on objectives with low utility: if the utility of any 
one objective is excessively low, the overall utility is substantially 
reduced. As a result, the final solution achieves a more robust compro
mise between fairness and overall performance, which is consistent with 
the engineering requirement of adaptive photovoltaic façade systems 

Table 2 
Optimal hyperparameter configuration of the XGBoost model.

Hyperparameter Optimal Value (PV Electricity 
Generation)

Optimal Value 
(sUDI)

Optimal Value 
(sDGP)

Optimal Value 
(OF)

Optimal Value (Cooling Energy 
Consumption)

n_estimators 1000 700 700 1000 700
learning_rate 0.02 0.15 0.15 0.02 0.15
max_depth 4 7 7 4 9
min_child_weight 6 1 1 6 3
subsample 0.5 0.7 0.7 0.5 0.7
colsample_bytree 0.9 0.9 0.9 0.7 0.9
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that no objective should be compromised.

Table 3 
Sample size of machine learning models and model performance table.

Dataset Photovoltaic power generation model sUDI model sDGP model OF 
model

Cooling energy consumption model

Total dataset size 4000 1000*3650 1000*3650 4000 1000*3650
MSE 0.018644 0.000522 0.000306 0.000243 0.016585
RMSE 0.136545 0.022845 0.017508 0.015439 0.128784
MAE 0.096264 0.015816 0.010409 0.012219 0.048731
R2 0.966558 0.986463 0.980874 0.957426 0.996438

Fig. 3. Flowchart of adaptive photovoltaic façade geometric parameter optimization.
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3. Results and analysis

3.1. Sensitivity analysis results

As shown in Fig. 4, which presents the first-order Sobol sensitivity 
indices, and Fig. 5, which presents the total-order Sobol sensitivity 
analysis results, the mechanisms through which different categories of 
parameters affect each performance objective differ markedly. Overall, 
façade-related parameters, solar-position parameters, and meteorolog
ical parameters jointly determine façade performance; however, their 
effect magnitudes and influence pathways are not the same.

Façade-related parameters include the photovoltaic panel module 
and the rotation angle of each layer. Their overall contributions are 
relatively limited in the first-order sensitivity analysis, but they increase 
substantially in the total-order sensitivity analysis, exhibiting the typical 
characteristics of parameters with weak main effects but strong inter
action effects. This indicates that façade-related parameters do not 
directly determine the system performance level; rather, they enable 
fine-grained regulation of radiation reception, shading rhythm, and 
spatial distribution through synergistic interactions with solar-position 
and meteorological parameters. Specifically, the photovoltaic panel 
module primarily amplifies the system response to changes in external 
conditions by altering geometric repetition and shading rhythm, 
whereas the rotation-angle parameters are manifested more as local 
geometric adjustments and play differentiated regulatory roles across 
different performance objectives.

Both solar altitude and solar azimuth exhibit significant contribu
tions in terms of both first-order and total-order sensitivity across mul
tiple performance objectives, indicating that solar-position parameters 
not only directly determine the angle of solar incidence and light path, 
but also affect shading relationships and view distribution through in
teractions with façade geometric parameters. Compared with meteoro
logical parameters, solar-position parameters show greater variation in 
sensitivity across different objectives. In daylighting- and glare-related 
indicators, their interaction effects are particularly pronounced; in 
energy-consumption and electricity-generation objectives, they are 
manifested more as geometric constraint factors acting jointly with ra
diation conditions. These results suggest that solar position is not a 
single controllable variable, but rather an important intermediary 
linking the external environment with the façade regulation mechanism.

Meteorological parameters generally show high and stable contri
butions in the first-order sensitivity analysis, and they constitute sig
nificant main effects for most performance objectives, including 
daylighting, glare, photovoltaic power generation, and cooling energy 
consumption. This indicates that overall system performance is gov
erned first and foremost by external radiation conditions, with the 
meteorological environment providing the fundamental driving back
ground for performance variations in the photovoltaic façade. In the 
total-order sensitivity results, meteorological parameters still maintain 
high contributions, indicating that they not only directly affect perfor
mance outputs, but also amplify the effects of geometric regulation 
through coupling with solar-position and façade-related parameters, 
thereby serving as a prerequisite for the effectiveness of all types of 
design variables.

Taken together, the multi-objective performance of the adaptive 
photovoltaic façade system is not dominated by any single parameter; 
rather, it is jointly determined by a multi-level coupling mechanism in 
which the meteorological environment provides the fundamental 
driving force, solar position imposes geometric constraints, and façade- 
related parameters enable structural regulation. These findings indicate 
that, in subsequent multi-objective optimization, isolated adjustment of 
any single parameter should be avoided. Instead, module configuration 
and angle-control strategies should be coordinated systematically under 
the joint constraints of environmental conditions and solar position.

3.2. Optimization process and results analysis

After clarifying the hierarchical effects of different parameter cate
gories on system performance, this study proceeded to conduct a multi- 
objective optimization to simultaneously improve photovoltaic power 
generation, the indoor luminous environment, and cooling energy 
consumption. All objective functions were normalized. The convergence 
behavior of the algorithm and the quality of the obtained solution set 
were evaluated by observing the evolution of both the objective space 
and the decision space during population evolution.

3.2.1. Convergence analysis
With the progressive advancement of the iterations, the objective 

values, which were initially discretely distributed in the normalized 
space, gradually converged toward high-performance regions, with a 

Fig. 4. Comparison of Sobol S1 across targets.
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marked reduction in distribution range. The solution set evolved from 
the random and disordered state observed at the early stage into a stable 
aggregation along the Pareto front, while the trade-off relationships 
among different objectives became increasingly clear. Meanwhile, the 
high-dimensional decision variables, which were initially fluctuating 
and scattered, gradually formed relatively stable value ranges, and the 
variable combinations corresponding to high-performance solutions 
became progressively concentrated. This indicates that, while main
taining population diversity, the algorithm continuously improved the 
overall quality of the solutions, effectively identified superior solution 
structures, and achieved a stable approximation to the Pareto front.

3.2.2. Optimization result overview
After obtaining the Pareto solution set, this study adopted a 

comprehensive evaluation method based on the Nash utility product to 
rank and stratify the candidate solutions. By calculating the product of 
the normalized objective values of each solution and partitioning the 
solution set according to quartile-based stratification, high-efficiency 
solutions with balanced performance across multiple objectives could 
be identified intuitively.

Fig. 6 illustrates the distribution of solutions evaluated by the Nash 
utility product across different objectives. The results show that solu
tions with high Nash utility are mainly distributed near the Pareto front 
and maintain relatively high performance across multiple objective di
mensions, whereas low-utility solutions are generally disadvantaged 
because one or a few objectives perform poorly. The representative so
lution selected on the basis of this evaluation not only preserves Pareto 
optimality but also achieves a balanced performance among multiple 
objectives, thereby serving as the baseline scheme for the subsequent 
analysis of façade morphology and performance comparison.

3.3. Façade configuration analysis

The optimization results are reflected not only in the performance 
metrics but also in the specific geometric adjustment patterns of the 
façade. Therefore, this section analyzes the variation characteristics of 
the adaptive photovoltaic façade from a morphological perspective, 
with a focus on the angle-change patterns at intra-day, seasonal, and 
annual scales, in order to reveal the control logic of the system under 

multi-objective constraints.

3.3.1. Typical day analysis
The spring equinox, summer solstice, autumn equinox, and winter 

solstice were selected as representative days, and 9:00, 13:00, and 17:00 
were chosen as key moments for intra-day comparative analysis. Table 4
shows the façade morphology at different times on these representative 
days. Overall, the façade exhibits a general pattern of “converging at 
noon and opening in the morning and late afternoon.” During the 
morning and late-afternoon periods, the unit tilt angles are relatively 
large to accommodate low solar altitude conditions and to improve 
daylighting and outward view. Around noon, the tilt angles decrease to 
suppress excessive solar radiation and reduce indoor cooling loads.

At the seasonal scale, the façade is more compact under summer- 
solstice conditions, reflecting a shading response to a high-radiation 
environment. Under winter-solstice conditions, the façade becomes 
relatively open, which is conducive to admitting solar radiation and 
enhancing passive heating. The spring-equinoctial and autumn- 
equinoctial configurations fall between these two extremes. Spatially, 
the units at different height levels exhibit a gradient distribution: the 
upper-level units have smaller angles, the middle-level units are mod
erate, and the lower-level units have larger angles. In this way, a clearly 
differentiated façade structure is formed, with distinct functional roles 
in shading, power generation, daylighting, and view provision. 
Although the morphological generation of the adaptive photovoltaic 
façade in this study was primarily driven by performance indicators such 
as photovoltaic power generation, the indoor luminous environment, 
and cooling energy consumption, its final configuration is an organized 
form with an inherent order produced through multi-objective trade- 
offs. Under this performance-oriented generative logic, the tilt angles 
and opening degrees of units at different heights vary continuously and 
gradually, creating a function-oriented spatial transition. As a result, 
while meeting performance requirements, the façade also presents a 
clearly layered elevation rhythm, thereby avoiding the monotony 
associated with mechanical repetition.

To better illustrate the relationship between the adaptive photovol
taic façade and environmental variables, comparative plots were 
developed by dividing the façade into upper, middle, and lower zones 
according to elevation position. Angle1 was used to characterize the 

Fig. 5. Comparison of Sobol ST across targets.
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shading and light-transmitting state of the façade, whereas Angle2 was 
used to represent the east–west deflection direction, thereby enabling an 
evaluation of the system’s integrated adaptability to variations in solar 
altitude and azimuth.

Fig. 7 and Fig. 8 show the relationships of Angle1 and Angle2 with 
environmental variables, respectively. Angle1 mainly reflects variations 
in the opening and closing state of the components, with its control 
primarily aimed at responding to changes in solar altitude and radiation 
intensity. Overall, the upper- and middle-level components tend to 
converge under high-radiation conditions so as to enhance shading 
performance while also accommodating photovoltaic utilization. In 
contrast, the lower-level components maintain a relatively higher de
gree of openness, indicating that their regulation serves not only shading 
purposes but also simultaneously considers daylighting, outward view, 
and indoor comfort requirements. Angle2 mainly reflects variations in 

the deflection direction of the components, and its function is more 
specifically associated with adapting to the dynamic changes in solar 
azimuth throughout the day. As the sun moves from east to west, the 
components adjust their orientation through deflection to improve their 
adaptability to solar incidence directions at different times of day. 
Accordingly, this angle is more closely associated with directional 
correction than with opening-amplitude adjustment. Overall, the two 
angles assume different roles in opening control and directional 
correction, respectively, and generate differentiated responses across 
height levels, thereby jointly enabling the photovoltaic façade to ach
ieve a dynamic balance among shading, daylighting, power generation, 
and indoor environmental quality.

3.3.2. Annual analysis
Fig. 9 presents a heat map of the monthly mean values of the façade 

Fig. 6. Scatter plot of pairwise relationships among metrics stratified by Nash utility product values.
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rotation angles, namely Angle1 (response to solar altitude) and Angle2 
(response to solar azimuth).

The annual distribution of Angle1 indicates a stable pattern during 
8:00–17:00, characterized by making smaller angles at midday and 
larger angles in the morning and late afternoon. A low-angle interval is 
formed between 11:00 and 13:00, reflecting the façade’s intra-day 
adaptive shading response to variations in solar altitude. A clear 

functional differentiation is observed across height levels. The upper 
zone adopts smaller angles to enhance high-level shading and photo
voltaic power generation efficiency; the middle zone balances shading 
and daylighting; and the lower zone maintains larger angles, particu
larly in the morning and late afternoon, to prioritize outward view and 
visual comfort. Seasonally, higher angles in winter are conducive to 
admitting daylight, whereas lower midday angles in summer help 

Table 4 
Comparison of façade configuration at different times of typical days.

Fig. 7. Typical day Angle1 with climate variables.

S. Liu et al.                                                                                                                                                                                                                                       Solar Energy 316 (2026) 114905 

11 



suppress solar radiation and reduce cooling loads.
Angle2 exhibits an intra-day deflection pattern consistent with the 

solar azimuth: it is negative and eastward in the morning, shifts to 
positive and westward in the afternoon, and approaches zero at noon, 
when it tends toward due south. This angle works in coordination with 
Angle1 to respond to high-angle direct solar radiation. The lower zone 
shows a more moderate deflection range so as to reduce interference 
with outward view, whereas the middle and upper zones adopt more 
active deflection strategies to improve shading performance and 
photovoltaic power generation. Taken together, the annual distributions 
of Angle1 and Angle2 suggest that the photovoltaic façade develops a 
clear hierarchical regulation strategy over the façade height: the lower 
zone prioritizes outward view and occupant comfort, the middle zone 
balances shading and daylighting, and the upper zone primarily re
sponds to solar radiation while enhancing photovoltaic power output.

3.4. Typical day performance evaluation

To investigate the adaptability of the façade under different envi
ronmental conditions, this study comparatively analyzes the relation
ships between the façade performance indicators, including sUDI, sDGP, 
OF, cooling energy consumption, and photovoltaic power generation. 
The analysis focuses on revealing how the façade responds to changes in 
season, climate, and radiation conditions. The dataset covers hourly 

samples collected on four representative days: the spring equinox, 
summer solstice, autumn equinox, and winter solstice.

Fig. 10 and Fig. 11 illustrate the relationships between the façade 
performance indicators and environmental variables. Overall, the 
façade system exhibits pronounced and differentiated responses under 
varying external environmental conditions: some performance in
dicators are primarily governed by the seasonal climatic background, 
whereas others are more sensitive to solar radiation and solar position. 
sUDI is mainly influenced by the seasonal climatic background, partic
ularly air temperature, whereas sDGP is more sensitive to radiation in
tensity, indicating that glare risk is primarily driven by solar radiation 
intensity. OF is negatively correlated with solar altitude and radiation- 
related indicators, suggesting that the façade tends to converge under 
high-radiation conditions to enhance shading, thereby reducing open
ness. Cooling energy consumption shows the strongest positive corre
lation with temperature, indicating that cooling loads are mainly 
controlled by the external thermal environment. Photovoltaic power 
generation is positively correlated with total solar radiation, indicating 
that photovoltaic output is affected not only by solar radiation but also 
by the thermal state of the components.

3.5. Annual performance evaluation

To evaluate the annual performance of the proposed system in a 

Fig. 8. Typical day Angle2 with climate variables.
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consistent manner, four comparison cases were considered under the 
same office-space condition: no-façade, photovoltaic louver shading, 
fixed-angle photovoltaic façade, and adaptive photovoltaic façade. The 
no-façade case was used as the reference, while the other three cases 
were compared under identical geometric conditions. Specifically, in all 
façade-integrated cases, the PV modules were designed to fully cover the 
window area, and the key geometric parameters, including PV coverage, 
element spacing, shading depth, and angle constraint range, were kept 
consistent. In particular, the fixed-angle photovoltaic façade refers to the 
optimal static angle configuration determined through year-round 
optimization of the adaptive façade angle variables, and this fixed 
setting was then used throughout the year for comparison. Therefore, 
the differences in annual performance among these cases primarily 
reflect the influence of different operation and control strategies rather 
than geometric discrepancies. Based on this unified comparison frame
work, the following sections present the annual energy and indoor 
environmental performance of the different cases.

3.5.1. Energy performance evaluation
Fig. 12 compares the monthly cooling energy consumption and 

photovoltaic power generation of the adaptive photovoltaic façade. In 
terms of overall annual electricity generation, the adaptive photovoltaic 
façade demonstrates a consistent advantage in photovoltaic perfor
mance. The no-façade case yields an annual electricity generation of 
0 kWh, whereas the annual cumulative electricity generation of the 
photovoltaic louver shading, fixed-angle photovoltaic façade, and 
adaptive photovoltaic façade is 3590.16 kWh, 4046.17 kWh, and 
4131.50 kWh, respectively. Compared with the photovoltaic louver 
shading scheme, the adaptive photovoltaic façade increases annual 
electricity generation by approximately 15.1%, of which the optimized 
fixed-angle configuration contributes about 12.7%, while hourly dy
namic angle adjustment provides a further improvement of about 2.1%. 

It should be noted that the fixed-angle photovoltaic façade refers to the 
optimal static angle configuration determined through annual optimi
zation and therefore already represents an optimized photovoltaic 
arrangement. From the monthly distribution, the adaptive photovoltaic 
façade achieves higher electricity generation than the fixed-angle 
photovoltaic façade in most months of the year, with a more pro
nounced advantage during the transitional seasons, when solar altitude 
varies substantially. Under the high solar altitude conditions in summer, 
the difference between the two decreases. In addition to the improve
ment in photovoltaic electricity generation, the advantage of adaptive 
angle adjustment is also reflected in the coordinated enhancement of 
overall façade performance, including lower cooling energy consump
tion, improved glare control, and better visual openness.

In terms of cooling energy consumption, the no-façade case records 
the highest annual cooling energy consumption, at 3980.07 kWh. The 
annual cooling energy consumption of the photovoltaic louver shading, 
fixed-angle photovoltaic façade, and adaptive photovoltaic façade is 
2878.60 kWh, 2805.35 kWh, and 2650.34 kWh, respectively. Using the 
no-façade case as the reference, all three shading schemes significantly 
reduce cooling energy consumption, among which the adaptive photo
voltaic façade achieves the highest energy-saving rate, outperforming 
the fixed-angle photovoltaic façade and the photovoltaic louver shading 
scheme. This demonstrates that it delivers the best annual energy-saving 
performance. In terms of monthly variation, the adaptive photovoltaic 
façade exhibits the lowest or nearly the lowest cooling energy con
sumption in most months, with the most significant advantage occurring 
during the high-load summer months. During the transitional seasons, it 
maintains a stable energy-saving performance. In winter, the differences 
among the schemes become smaller, although its energy consumption 
control remains relatively stable.

Fig. 9. Heatmap of the average values of the façade angle for each month.
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3.5.2. Indoor environment performance evaluation
Fig. 13 presents a monthly comparison of the indoor luminous 

environment of the adaptive photovoltaic façade throughout the year. In 
terms of sUDI, the no-façade case shows the lowest annual average 
value. The fixed-angle photovoltaic façade and the adaptive photovol
taic façade achieve annual average sUDI values of approximately 0.85 
and 0.89, respectively, while the photovoltaic louver shading performs 
best, reaching approximately 0.90. Compared with the no-façade case, 
the fixed-angle and adaptive photovoltaic façades improve sUDI by 
approximately 28.8% and 34.8%, respectively, indicating that shading 
and daylight-regulating components can substantially enhance the 
effective use of natural daylight. Among the three shading schemes, 
photovoltaic louver shading performs slightly better in terms of the 
single sUDI metric, exceeding the adaptive scheme by approximately 
1.1%; however, this advantage is limited to this single daylighting in
dicator. From the monthly perspective, the adaptive photovoltaic façade 
achieves higher sUDI than the fixed-angle photovoltaic façade in every 
month of the year, with a more pronounced advantage under the low 
solar altitude conditions in winter. In summer, all shading schemes 
maintain relatively high sUDI levels, and the difference between the 
adaptive photovoltaic façade and the photovoltaic louver shading be
comes small.

In terms of sDGP, the no-façade case records the highest values, with 
glare risk increasing markedly under low solar altitude conditions in 

winter. After shading devices or photovoltaic façades are introduced, 
sDGP decreases significantly in all cases, among which photovoltaic 
louver shading shows the strongest overall glare suppression effect. The 
sDGP of the adaptive photovoltaic façade ranges from 14.84% to 
21.31% and is generally lower than that of the fixed-angle photovoltaic 
façade, indicating that dynamic adjustment is more effective in reducing 
direct solar penetration. In summer, all three shading schemes sub
stantially reduce glare probability, and the adaptive photovoltaic façade 
performs better overall than the fixed-angle scheme. From the monthly 
distribution, the adaptive photovoltaic façade reduces sDGP by 
approximately 2 percentage points relative to the fixed-angle scheme in 
winter, demonstrating that dynamic adjustment can more effectively 
mitigate direct sunlight under low solar altitude conditions. During 
summer (June–August), all three shading schemes significantly reduce 
the probability of glare occurrence. Compared with the no-façade case, 
the adaptive photovoltaic façade consistently lowers sDGP by approxi
mately 8.94–10.74 percentage points, and overall outperforms the fixed- 
angle photovoltaic façade.

For OF, the no-façade case maintains a constant annual value of 1.00. 
The annual OF values of the fixed-angle photovoltaic façade and 
photovoltaic louver shading are 0.22 and 0.23, respectively, indicating a 
relatively high degree of view obstruction. By contrast, the adaptive 
photovoltaic façade increases the annual average OF to approximately 
0.27, demonstrating a better balance between shading control and visual 

Fig. 10. Typical day façade indoor environment performance with climate variables.

S. Liu et al.                                                                                                                                                                                                                                       Solar Energy 316 (2026) 114905 

14 



openness. From the monthly distribution, the OF of the adaptive 
photovoltaic façade remains stable within the range of 0.25–0.29 and is 

consistently higher than that of both the fixed-angle photovoltaic façade 
and photovoltaic louver shading throughout the year. Even during 

Fig. 11. Typical day façade energy performance with climate variables.

Fig. 12. Monthly comparison of energy performance.
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summer (June–August), when shading demand is relatively high, the 
adaptive system is still able to maintain a comparatively high level of 
visual openness, thereby avoiding prolonged and excessive shading.

4. Discussions

4.1. Interpretation of environmental performance of the proposed system

The results demonstrate that the proposed adaptive photovoltaic 
façade achieves simultaneous improvement across energy, daylighting, 
and visual comfort objectives, a finding that aligns with but extends 
beyond previous work in the field. The 15.1% increase in annual 
photovoltaic generation relative to fixed louver shading is consistent 
with prior studies reporting that dynamic tracking mechanisms enhance 
energy capture compared with static configurations, particularly during 
transitional seasons when solar altitude varies substantially. Notably, 
the decomposition of this gain reveals that fixed-geometry optimization 
contributes approximately 12.7%, while dynamic angle adjustment 
provides a further 2.1% improvement, suggesting that geometric 
configuration at the design stage carries greater weight than real-time 
actuation alone. This finding echoes observations by Jayathissa et al., 
who reported that module the ratio of PV width to shading device 
spacing and angle optimization are dominant determinants of annual 
photovoltaic yield in building-integrated systems [27]. In addition to the 
increase in photovoltaic electricity generation, the benefit of adaptive 
angle adjustment is also reflected in the coordinated improvement of 
overall façade performance, including reduced cooling energy demand, 
improved glare control, and better visual openness.

The 33.4% reduction in annual cooling energy consumption relative 
to the unshaded baseline surpasses the performance of both the fixed- 

angle photovoltaic façade (29.5% reduction) and photovoltaic louver 
shading (27.7% reduction), confirming that adaptive shading provides a 
meaningful thermal benefit beyond what static systems can deliver. This 
advantage is most pronounced during peak summer months, when the 
façade adopts a more compact configuration in response to high solar 
altitude and radiation intensity. The sUDI improvement from 0.66 in the 
baseline to 0.89 in the adaptive case represents a 34.8% gain, indicating 
that dynamic daylighting regulation substantially increases the pro
portion of time during which indoor illuminance falls within the useful 
range of 100–2000 lx. Although photovoltaic louver shading marginally 
outperforms the adaptive system on the single sUDI metric (0.90 vs. 
0.89), this narrow advantage is offset by its inferior performance in 
cooling energy reduction, glare control, and visual openness, under
scoring the importance of evaluating façade systems under a unified 
multi-objective framework rather than optimizing for any single 
indicator.

The sDGP range of 0.15–0.21 maintained by the adaptive façade 
throughout the year represents a consistently low glare risk, remaining 
below the commonly adopted “disturbing” threshold of 0.38 at all times. 
This is particularly significant during winter months, when low solar 
altitude angles increase direct sunlight penetration risk; the dynamic 
adjustment of Angle1 in response to these conditions reduces sDGP by 
approximately 2% relative to the fixed-angle scheme, demonstrating a 
clear operational benefit of real-time control. Meanwhile, the annual 
average OF of 0.27, consistently higher than both comparator shading 
schemes, confirms that the adaptive system achieves a more favorable 
balance between shading effectiveness and outward view preservation, 
which is a dimension frequently overlooked in photovoltaic façade 
research.

Fig. 13. Monthly comparison of Indoor environment performance.
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4.2. Mechanisms underlying system performance and design implications

The performance advantages observed in this study can be attributed 
to two interrelated mechanisms: spatially differentiated control through 
layered façade architecture, and temporally responsive regulation 
enabled by the data-driven optimization framework. The sensitivity 
analysis established that meteorological parameters constitute the 
dominant driving force for all performance objectives, while solar po
sition parameters serve as geometric intermediaries that amplify or 
constrain the effect of façade configuration. Façade-related parameters, 
though exhibiting limited first-order effects, show substantially elevated 
total-order sensitivity indices, indicating that their influence is primarily 
realized through nonlinear interactions with environmental variables. 
This finding has a direct implication for design: isolated adjustment of 
any single panel angle or module count is unlikely to yield consistent 
performance gains unless coordinated with the prevailing solar and 
meteorological context.

The layered control architecture addresses this complexity by 
assigning differentiated functional roles across the vertical extent of the 
façade. The upper zone, subjected to more direct solar exposure, prior
itizes shading intensity and photovoltaic output through smaller tilt 
angles and more active azimuthal deflection. The middle zone balances 
shading and daylighting transmission, while the lower zone maintains 
larger opening angles to preserve outward views and support occupant 
visual comfort. This spatial division of function effectively distributes 
conflicting objectives across distinct zones, reducing the degree of trade- 
off that any single layer must resolve and thereby improving the overall 
system's capacity for multi-objective coordination. The emergent 
pattern of “converging at midday and opening in the morning and late 
afternoon” represents a thermally and optically rational response to the 
diurnal solar path, and its consistency across all four representative 
seasons indicates that the optimization framework has successfully 
internalized the periodic structure of outdoor environmental variation.

4.3. Limitations and directions for future research

Despite the promising results, several limitations need to be 
acknowledged. First, the study relies entirely on simulation-based 
analysis using Typical Meteorological Year data for Shenzhen, which, 
while standard practice, cannot fully capture the stochastic variability of 
real climatic conditions or the operational uncertainties inherent in 
physical deployments. The power generation and control models involve 
idealized assumptions regarding module efficiency, mechanical actua
tion response time, and sensor accuracy, which may lead to an over
estimation of system performance under field conditions.

In this study, the PV output model addresses non-uniform irradiance 
at the geometric and layer level but does not explicitly represent elec
trical level effects such as mismatch losses, bypass diode behavior, or 
string and MPPT configuration, all of which can become significant for a 
lamellar façade in which adjacent layers may experience substantially 
different irradiance. As a result, the reported annual PV generation may 
overestimate actual output under conditions of pronounced irradiance 
non-uniformity, and future work should incorporate an electrical level 
model to quantify this gap. Moreover, the current framework does not 
account for the energy consumed by the actuation system itself, which, 
although reported as proportionally minor in comparable dynamic 
façade studies, should still be quantified and incorporated into the net 
energy balance in future work. In addition, the proposed dual-axis and 
layer-by-layer adaptive façade may introduce practical challenges 
related to actuator deployment, mechanical complexity, long-term 
structural reliability, and maintenance requirements. Although the 
layered control strategy may help reduce control complexity compared 
with fully independent actuation of every unit, these engineering factors 
may still influence real-world performance and implementation feasi
bility. Therefore, future research should further examine these issues 
through physical prototyping, long-term operational monitoring, and 

life-cycle assessment.
Lastly, the study is confined to a one building typology, orientation, 

and climate zone, hence the generalizability of the findings should be 
further studied in the future. Future research should extend the valida
tion to measured data from physical prototypes and apply the proposed 
framework to additional climate zones, building types, and façade ori
entations to assess its broader applicability.

4.4. Conclusion

This study proposes and validates a high-degree-of-freedom adaptive 
photovoltaic façade design and control method with hourly respon
siveness for office buildings in hot summer and warm winter regions. By 
coupling parametric modeling, annual hourly performance evaluation, a 
data-driven surrogate model, and a multi-objective optimization 
framework, the study establishes an integrated control system that 
simultaneously considers photovoltaic power generation, luminous 
environment quality, and building energy consumption. In addition, a 
solution-selection strategy based on Nash game theory is adopted to 
improve the balance and stability of multi-objective decision-making. 
The results show that, compared with fixed photovoltaic louvers, the 
adaptive photovoltaic façade increases annual photovoltaic electricity 
generation by approximately 15%. Compared with the no-façade case, it 
reduces annual cooling energy consumption by approximately 33%. In 
terms of the luminous environment, the adaptive photovoltaic façade 
can significantly improve the level of indoor Spatial Useful Daylight 
Illuminance (sUDI), with an annual average sUDI of 0.89. At the same 
time, glare risk is maintained at a relatively low level, with an annual 
average spatial Daylight Glare Probability (sDGP) of approximately 
0.18, while a relatively stable degree of visual openness is preserved, 
with an annual average OF of 0.27.

Nevertheless, several limitations should be acknowledged. The en
ergy consumption of the actuation system itself has not been explicitly 
quantified within the net energy balance, electrical level effects such as 
mismatch losses, bypass diode behavior, or string and MPPT configu
ration were not fully accounted in the research. Moreover, the analysis is 
conducted in a representative office building setup, façade orientation, 
and climate zone. Hence, future research should prioritize experimental 
validation through physical prototypes under real operating conditions 
to assess the gap between simulated and measured performance. 
Extending the proposed framework to additional climate zones, building 
types, and façade orientations would further substantiate its generaliz
ability and support broader engineering implementation. These ad
vances would strengthen the pathway from simulation-validated 
concept to deployable building system, contributing to the wider 
adoption of adaptive photovoltaic façades as an effective technological 
solution for energy efficiency and indoor environmental quality in the 
built environment.
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Appendix 

Appendix I. Building simulation parameters

.

Table A1 
Building simulation parameters.

System Component Simulation Parameter

Building Envelope Wall Aerated concrete, U = 1.5 W/m2⋅K
​ Window Double glazing, U = 2.24 W/m2⋅K
​ ​ Visible light transmittance, Tvis = 0.6
​ ​ Solar heat gain coefficient, SHGC = 0.48
​ ​ Window-to-wall ratio, WWR = 0.53
Shading Device Aluminum structural component Visible light transmittance, Tvis = 0.2
​ ​ Reflectance, Rvis = 0.47
​ Photovoltaic component Visible light transmittance, Tvis = 0
​ ​ Reflectance, Rvis = 0.05
HVAC Cooling condition setting Cooling setpoint = 26◦C
​ ​ Cooling COP = 3.5
​ Cooling setpoint schedule 01:00–06:00: 37◦C; 07:00: 29◦C; 08:00–18:00: 26◦C; 19:00–24:00: 37◦C
​ Ventilation rate Ventilation rate = 30 m3/h per person
Internal Loads Occupancy Occupancy density = 0.1 person/m2

​ ​ Radiative fraction = 0.3
​ ​ Occupancy schedule: 08:00–18:00 

​ Equipment Equipment power density = 15 W/m2

​ ​ Equipment schedule: 08:00–18:00 weekdays
​ Lighting Lighting power density = 8 W/m2

​ ​ Target illuminance = 500 lx
Surface Properties Interior walls Reflectance = 0.5
​ Ceiling Reflectance = 0.8
​ Floor Reflectance = 0.2
Daylighting Simulation Sensor setting Height: 0.75 m above floor level
​ ​ Grid: 0.5 m × 0.5 m

Appendix II. Model configuration and performance comparison

.

Table A2 
Hyperparameter settings for different machine learning models.

Algorithm Hyperparameter Search Range

Linear Regression — —
Lasso Regression α 0.001, 0.01, 0.1, 1, 10
Ridge Regression α 0.001, 0.01, 0.1, 1, 10
Elastic Net Regression α 0.001, 0.01, 0.1, 1, 10
​ l1_ratio 0.1, 0.3, 0.5, 0.7, 0.9
Polynomial Regression Polynomial degree (n) 2, 3, 4, 5
​ Regularization type None, Ridge
​ α (Ridge) 0.01, 0.1, 1
Decision Tree Regression max_depth 3, 5, 7, 9
​ min_samples_split 2, 5, 10
​ min_samples_leaf 1, 3, 5
Random Forest Regression n_estimators 200, 500, 800
​ max_depth 5, 7, 9
​ min_samples_leaf 1, 3, 5
​ max_features sqrt, log2
Extreme Gradient Boosting (XGBoost) n_estimators 500, 700, 1000
​ learning_rate 0.02, 0.05, 0.1, 0.15

(continued on next page)
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Table A2 (continued )

Algorithm Hyperparameter Search Range

​ max_depth 4, 7, 9
​ min_child_weight 1, 3, 6
​ subsample 0.5, 0.7, 0.9
​ colsample_bytree 0.7, 0.9
Multilayer Perceptron (MLP) Number of hidden layers 1, 2, 4
​ Number of neurons per layer 16, 32, 64
​ Learning rate 0.0001, 0.001, 0.01
​ Activation function relu, tanh
​ Optimizer Adam
​ Dropout rate 0, 0.1, 0.3

Fig. A1. Performance Comparison of Different Machine Learning Models across Evaluation Metrics

Appendix III. Five-fold cross-validation scatter plots for Façade performance indicators

Fig. A2. Five-fold cross-validation scatter plot for cooling energy consumption
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Fig. A3. Five-fold cross-validation scatter plot for photovoltaic power generation

Fig. A4. Five-fold cross-validation scatter plot for sUDI
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Fig. A5. Five-fold cross-validation scatter plot for sDGP

Fig. A6. Five-fold cross-validation scatter plot for OF

Appendix IV. Second-order sensitivity

To further clarify the nonlinear interactions among different parameters, second-order Sobol sensitivity analysis was introduced. The results 
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indicate that the nonlinear behavior of the adaptive photovoltaic façade system primarily originates from the coupling between meteorological 
parameters and solar position parameters, as well as their synergistic amplification with photovoltaic façade parameters. Different performance 
objectives exhibit significant differences in dominant interaction types and spatial distributions, reflecting the diversity of system regulation mech
anisms.

Fig. A7. Second-order Sobol sensitivity analysis of photovoltaic power generation

Fig. A7 shows that the performance variation of photovoltaic power generation is predominantly governed by meteorological parameters, with 
synergistic influences from solar position and photovoltaic façade parameters. Among them, the interaction between global horizontal radiation 
(GHR) and diffuse horizontal radiation (DHR) exhibits the highest second-order sensitivity, indicating that power output is highly sensitive to changes 
in radiation composition, which jointly determines the overall solar exposure conditions of the system.

In addition to radiation parameters, the photovoltaic module configuration exhibits a significant interaction amplification effect in the second- 
order analysis. Its interactions with solar altitude, solar azimuth, and multiple façade rotation angles form medium-to-high sensitivity regions, 
suggesting that module configuration indirectly affects power generation performance by regulating shading rhythms, component exposure ratios, 
and shadow distribution. In terms of spatial distribution, the upper and middle façade angles dominate the interactions, indicating that power 
generation is more sensitive to solar exposure conditions at higher façade levels. 
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Fig. A8. Second-order Sobol sensitivity analysis of cooling energy consumption

Fig. A8 indicates that the nonlinear characteristics of cooling energy consumption mainly arise from the extensive interactions between photo
voltaic module configuration and both meteorological and solar position parameters. Continuous high-sensitivity regions are observed between 
module configuration and solar altitude and azimuth, suggesting that module design significantly influences shading patterns and solar exposure 
boundaries under varying solar positions, thereby amplifying the impact of geometric regulation on cooling loads.

Among meteorological parameters, the interaction between diffuse radiation and air temperature is the most prominent, indicating a strong 
coupling effect of radiative and thermal environmental changes on cooling energy consumption. In contrast, the interaction contributions of façade 
rotation angles are generally at a moderate level, with the upper façade angles showing higher sensitivity than the middle and lower parts. This 
suggests that cooling loads are more responsive to geometric adjustments at the upper façade, although these are not the primary source of 
nonlinearity. 
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Fig. A9. Second-order Sobol sensitivity analysis of spatial Useful Daylight Illuminance (sUDI)

Fig. A9 shows that spatial Useful Daylight Illuminance (sUDI) is primarily governed by the interactions between meteorological parameters (GHR 
and DHR) and photovoltaic façade rotation angles. Radiation parameters and façade angles at different levels form continuous and extensive high- 
sensitivity regions, indicating that façade geometry can significantly regulate the formation of effective indoor daylighting ranges under varying 
radiation conditions.

The photovoltaic module configuration exhibits stable medium-to-high sensitivity in the second-order analysis of sUDI, suggesting that it works 
synergistically with radiation conditions and angular control by influencing shading patterns and daylight admission rhythms, thereby affecting 
daylighting stability. In terms of angular distribution, the interaction sensitivity of the upper and middle façade angles is significantly higher than that 
of the lower part, indicating that sUDI is more sensitive to geometric adjustments at higher façade levels, while the contribution of lower angles 
remains relatively limited. 
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Fig. A10. Second-order Sobol sensitivity analysis of spatial Daylight Glare Probability (sDGP)

Fig. A10 indicates that the interaction between solar altitude and solar azimuth constitutes the dominant source of nonlinearity in spatial Daylight 
Glare Probability (sDGP). These parameters form continuous high-intensity sensitivity regions with multiple photovoltaic façade rotation angles, 
demonstrating that glare risk responds highly nonlinearly to variations in solar position. The façade angles, through their coupling with solar ge
ometry, regulate the paths of direct high-intensity light and thus represent critical structural factors influencing glare probability.

In comparison, the interaction sensitivity of photovoltaic module configuration in sDGP remains at a moderate level, indicating that module 
variation can either mitigate or exacerbate glare to some extent, but is not the determining factor. Spatially, higher interaction sensitivity is observed 
in the upper and lower façade angles, corresponding respectively to high-angle direct light penetration and horizontal line-of-sight obstruction, which 
are key regions for glare control. 
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Fig. A11. Second-order Sobol sensitivity analysis of Openness Factor (OF)

Fig. A11 shows that the OF is primarily dominated by interactions among photovoltaic façade parameters, with relatively weak sensitivity to 
meteorological and solar position parameters. The photovoltaic module configuration demonstrates a significant interaction amplification effect, 
indicating that it influences indoor visual openness by modifying shading repetition patterns and working in conjunction with façade rotation angles.

Among angular parameters, the middle and lower façade angles play a dominant role, suggesting that geometric variations in these regions are 
most critical to visual openness. In contrast, the interaction contribution of upper façade angles is relatively limited, as their shading variations have 
less impact on primary indoor viewing directions. These findings indicate that OF is more strongly constrained by internal geometric configurations 
rather than driven by external environmental conditions.

Data availability

Data will be made available on request.
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