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Abstract 

Adaptive façade systems are increasingly used to mitigate glare in daylit spaces; however, their 

performance is often evaluated using illuminance-based metrics or uncalibrated simulations, limiting 

the reliability of visual comfort assessment. This study proposes a calibrated experimental–

simulation framework for assessing glare reduction achieved by a kinetic horizontal shading system 

(KSS )under real daylight conditions. The approach integrates reduced-scale physical measurements 

with Radiance-based simulations using a digitally reconstructed twin of the experimental setup. Two 

geometrically identical test chambers positioned side-by-side —a static reference chamber and a 

kinetic chamber equipped with six 0.63 m-deep adaptive fins—were investigated using a 1:20 scale 

mock-up. Internal illuminance measurements were normalised between chambers, and a sky-scaling 

procedure was applied to calibrate simulated sky luminance distributions against measured data on 

an hourly basis. This enabled the use of photometrically validated HDR renderings for glare 

evaluation. Glare performance was analysed for three representative clear-sky days during periods 

of maximum solar exposure (11:00–17:00). Visual comfort was assessed using Daylight Glare 

Probability (DGP), Daylight Glare Index (DGI), and veiling luminance (Lveil). The KSS reduced mean 

DGP from 0.57 to 0.35 (−38%) and peak glare values by nearly half compared to the static 

configuration. Veiling luminance was reduced by 73%, confirming a substantial physiological 

improvement in visual comfort. These results demonstrate that adaptive fin movement effectively 

suppresses both perceptual and physiological glare during critical daylight hours. The proposed 

calibrated experimental–simulation workflow offers a robust and transferable methodology for 

evaluating glare performance of adaptive façade systems under real-world daylight conditions. 

Keywords: adaptive façade; kinetic shading system; daylight glare; calibrated daylight simulation; 

HDR luminance imaging; visual comfort; radiance 

 

1. Introduction 

Given global commitments to reduce carbon dioxide emissions in response to climate change, 

the building sector is increasingly recognised as a critical area for intervention. Global Status Report 

for Buildings and Construction 2024/2025 states that “in 2023, buildings accounted for 32% of global 

energy demand and 34% of CO₂ emissions” [1] (p. 20), indicating that improvements in the built 

environment can play a substantial role in reducing overall carbon emissions. Within this sector, the 

dominant share of energy consumption is a�ributable to building operations, primarily for 

maintaining thermal comfort. This includes space heating in temperate and cold climates, as well as 

space cooling in hot, dry, and humid regions [2,3]. 

During the summer, solar radiation transmi�ed through glazed openings is a key contributor to 

thermal loads in buildings [4]. It constitutes a major component of building cooling loads, as the 

absorbed energy directly contributes to indoor sensible heat gains that must be removed by 

mechanical systems [5]. This energy is absorbed by interior surfaces and subsequently “trapped” 
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indoors. Its removal is either physically limited or, in air-conditioned buildings, highly energy-

intensive, as it requires the continuous operation of compressors, electric motors, and refrigerant 

circulation systems. 

Cities located between 40° and 60° latitude are predominantly classified as temperate under the 

Köppen–Geiger system, characterised by pronounced seasonal differences in temperature and 

precipitation, with warmer summers and increased cloudiness in winter [6]. In these conditions, the 

primary factor affecting summer indoor conditions is solar gain, which exhibits pronounced seasonal 

variability. This seasonal pa�ern is accompanied by significant variations in daylight duration: 

summer days may exceed 16 hours, whereas winter daylight may be reduced to approximately 8 

hours, resulting in either limited or very low levels of available natural light. 

From an energy perspective, overheating of buildings during summer represents a critical 

challenge, particularly in climates where cooling demand coincides with periods of high solar 

availability. In contrast to space heating in the cold season, which can often be supplied efficiently 

through low-temperature systems or passive gains, the removal of excess heat typically relies on 

active cooling technologies with higher energy intensity. Consequently, in buildings with large 

glazed façades, controlling the amount of solar radiation and daylight entering the interior has 

become essential. This control is commonly achieved through shading devices, which regulate solar 

penetration to limit unwanted heat gains while maintaining visual comfort and energy performance. 

Such systems have been extensively discussed in the literature [7] and include venetian blinds, 

vertical or horizontal “louvres” (approximately 5 cm in width) or fins (for wider devices), perforated 

screens, bris-soleil systems, and related architectural solutions. 

1.1. Adaptive Façades 

The next stage in the evolution of shading devices is the adaptive façade, in which the shading 

system actively modifies its configuration in response to external environmental conditions, 

including solar radiation, sky conditions, and daylight availability. In practice, the most common 

implementations involve systems that respond to incident solar or daylight levels entering the 

interior space. These solutions are typically electromechanical, with a motor, servomotor, or 

comparable actuator adjusting the position or tilt angle of shading elements, thereby regulating the 

amount of daylight admi�ed to the room. 

Kinetic shading systems (KSS) offer several advantages, including effective glare reduction and 

improved utilisation of daylight as a natural resource. However, they also introduce specific 

challenges, including increased system complexity, maintenance requirements, operational 

supervision, and periodic inspections. Moreover, several studies indicate that occupants may 

experience a reduced sense of agency when automatic control systems limit their ability to directly 

influence indoor lighting conditions [8,9]. Such a loss of perceived control has been associated with 

irritation, reduced acceptance of automated façades, and, in some cases, decreased overall workspace 

comfort. 

Constructing and testing KSS at a full 1:1 scale require substantial financial investment and 

technical infrastructure. As a result, current research and professional practice rely heavily on 

daylight simulations conducted using advanced computational tools that model light propagation 

with high accuracy. Among these, “Radiance” is one of the most widely adopted and validated 

software packages. It is a physically based ray-tracing algorithm that simulates the propagation of 

individual light rays to predict luminance distributions and visual conditions within complex 

architectural scenes. 

Despite the widespread use of advanced daylight simulation tools, previous studies [10] have 

demonstrated that simulation-based approaches alone are insufficient for reliably assessing dynamic 

façade systems. In particular, the modelling of adaptive shading devices introduces significant 

uncertainties related to geometry simplifications, control strategies, and rapidly changing boundary 

conditions. As shown in validation studies of Radiance-based simulations of spaces equipped with 

external shading systems, the largest discrepancies between simulated and measured results are 
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a�ributable to the representation and operation of dynamic façade elements rather than to the 

underlying lighting calculation engine [10]. Consequently, experimental investigations conducted 

under real sky conditions remain essential to verify simulation outcomes, capture transient effects, 

and improve the understanding of façade behaviour under actual solar geometries. 

This methodological perspective supports the use of physically scaled experimental testbeds as 

a complementary approach for evaluating adaptive and kinetic façade systems. Such daylight testbeds 

(kinetic mock-ups equipped with sensors) enable the collection of empirical datasets under naturally 

varying sky and weather conditions, allowing investigations that are difficult to reproduce using 

simulation-based methods alone. This approach is particularly valuable for studying KSS under real 

solar geometries and dynamic sky conditions. Experimental studies conducted within the latitudinal 

range of 40°- 60°N are particularly relevant, as buildings in this zone are exposed to both seasonal 

overheating in summer and reduced daylight availability in winter. Together, these contributions 

form a hybrid experimental–simulation framework for evaluating KSS systems under dynamic 

daylight conditions, extending beyond purely simulation-based approaches commonly reported in 

the literature. 

1.2. Paper Objective and Innovativeness, Research Gap 

The primary objective of this paper is to evaluate both daylight availability and visual comfort—

expressed in terms of glare perception—in a room with a KSS, and to compare its performance with 

an identical system operating in a static configuration. The study combines experimental 

measurements with simulation-based analyses to provide a comprehensive assessment of façade 

behaviour under real-sky conditions. Unlike many previous studies that rely exclusively on 

simulation or single-chamber experimental setups, the proposed methodology enables a direct, 

parallel comparison of kinetic and static façade behaviour under identical boundary conditions. 

The research introduces two key innovative contributions: 

 Development of an original experimental setup. An original reduced-scale daylight 

measurement testbed was conceived, engineered, and fabricated specifically for this study. The 

setup consists of two geometrically identical chambers: one equipped with a motorised KSS 

prototype (Chk) and the other with a static counterpart (Chs). The kinetic system is driven by 

stepper motors M1 and M2 and controlled via Raspberry Pi microcomputer with a Python-based 

interface. Both chambers are instrumented with calibrated BH-1750 illuminance sensors and 

designed to reproduce realistic interactions between daylight and façade geometry under 

naturally varying sky conditions. 

 Implementation of a digital twin and a novel calibration methodology. A digital replica of the 

physical testbed was programmed to enable direct comparison between measured and simulated 

illuminance data. By iteratively adjusting sky luminance parameters within the simulation 

environment, the calibrated scaled sky model reproduces the photometric conditions observed 

during the experimental campaign. This approach allows Radiance-based simulations to be used 

not only for illuminance prediction but also for glare assessment, extending the analysis to visual 

comfort indicators such as DGP, DGI, and Lveil and other. 

The primary contribution of this study lies not in proposing a novel KSS mechanism per se, but 

in demonstrating a calibrated experimental–simulation workflow for robust glare evaluation under 

real sky conditions. Together, these contributions form a hybrid experimental–simulation framework 

for evaluating adaptive façade systems under dynamic daylight conditions. The proposed 

methodology combines empirical robustness with computational flexibility, offering a structured 

bridge between physical experimentation and virtual modelling. 

2. State of the Art, Desk Study 

Numerous studies have investigated the performance of dynamic and KSS systems with respect 

to energy efficiency, daylight availability, and control strategies. However, only a limited number of 
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publications have investigated the visual comfort aspects of KSSs, and even fewer have 

experimentally validated glare indices such as DGP or Lveil under real-sky conditions [11–13]. The 

author of this article was a member of the Management Commi�ee of the COST Action 1403 Adaptive 

Facade Network between 2015 and 2019 (lead by Technische Hochschule Lu�ern), which focused on 

the development and comparative analysis of adaptive façade systems, while also critically 

addressing the reliability of measurements, measurement tools, and simulation frameworks; the 

research outcomes of this initiative were disseminated through several publications [14, 15, 0]. The 

author has provided a comprehensive, up-to-date review of these studies—including both 

simulation-based and experimental research—in a recent article in the “Sustainability” journal [17], 

which systematically analyses the current state of knowledge on adaptive and kinetic façade systems. 

Building on the findings of that review, most existing studies focus on energy-related indicators 

and daylight availability, with simulation-based methods dominating the methodological landscape. 

In contrast, fewer publications address visual comfort, particularly glare perception, in spaces 

equipped with KSS. Moreover, experimental validation of glare-related indices, such as Daylight 

Glare Probability (DGP) or veiling luminance (Lveil), under real-sky conditions remains limited, 

particularly in temperate climates. 

Table 1. Overview of representative studies on adaptive and KSS, summarising research teams, methodological 

approach (Research Type), building typologies, climatic context, and the primary focus of daylight and visual 

comfort evaluation. 

No. Ref

. 

no. 

Team R.

T.* 

Building Type Climate Key Focus 

1 [18] Brzezicki H Generic test 

room / 

experimental  

chamber 

Multiple  

climates  

Evaluation of how a bi-sectional 

horizontal KSS improves daylight 

comfort and reduces glare across 

different climatic conditions. 

2 [19] Yunitsyn

a  

et al. 

S Educational 

building 

Not 

explicitly 

specified 

Investigation of biomimicry-based 

kinetic façade configurations aimed 

at improving daylight availability 

and visual comfort in architecture 

classrooms. 

3 [20] Hosseini  

et al. 

S Generic 

building 

façade,  

conceptual 

model 

Not 

explicitly 

specified 

Analysis of interactive kinetic façade 

systems adapting to daylight and 

occupant positions to enhance visual 

comfort through dynamic geometric 

transformations. 

4 [21] Martinh

o 

et al. 

S Generic 

building model 

with  

adaptive 

shading 

Not 

explicitly 

specified 

Assessment of the influence of 

irradiance data temporal resolution 

on daylight performance and glare 

prediction for adaptive shading 

systems. 

5 [22] Fikery et 

al. 

S Office building Hot–arid  

climate 

Evaluation of kinetic shading 

configurations combined with light 

shelves to improve daylight 

distribution and visual comfort in 

office spaces. 

6 [23] Gaber et 

al. 

H Generic 

building  

façade 

Hot 

climate 

Proposal of a hybrid optimization 

framework combining simulations 

and physical validation to enhance 

glare control and daylight 
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performance of perforated shading 

systems. 

7 [24] Hao et 

al. 

H Office building Not 

explicitly 

specified 

Development and validation of a 

model-based control strategy for 

automated shading and lighting 

systems balancing energy use and 

visual comfort. 

8 [25] Soroosh

nia  

et al. 

E Educational  

building 

(library) 

Tropical  

climate 

Experimental evaluation of fixed 

shading geometries to reduce glare 

while maintaining acceptable 

daylight levels in a university library. 

9 [26] Xiong et 

al. 

S Generic 

building model 

Not 

explicitly 

specified 

Simulation-based exploration of 

adaptive façade strategies focusing 

on daylight performance and solar 

control in early design stages. 

10 [27] Kurniasi

h  

et al. 

S Generic 

building model 

not 

explicitly 

specified 

Parametric simulation-based 

assessment of shading configurations 

and their impact on daylight 

distribution during conceptual 

design. 

* Research type: S – simulation, E – experimental, H – hybrid. 

Table 1 summarises selected representative studies on KSS, highlighting their primary 

evaluation metrics and methodological approaches. The reviewed works encompass simulation-

based, experimental, and hybrid research strategies applied to a wide range of building contexts, 

including office buildings, educational facilities, and generic test environments. Several studies rely 

exclusively on numerical simulations to investigate the influence of KSS geometries, adaptive 

configurations, or control parameters on daylight distribution and glare prediction, as demonstrated 

by the works of Yunitsyna et al., Hosseini et al., Martinho et al. [19–21], and contributions reported 

in conference-based studies. Other contributions adopt hybrid approaches that combine simulations 

with experimental validation, such as those proposed by Brzezicki, Gaber et al., and Xiong et al. 

[18,23,26], focusing on automated shading control strategies, perforated façade systems, or 

dynamically reconfigurable shading elements under realistic operating conditions. Purely 

experimental investigations are less frequent and are primarily represented by studies such as 

Kurniasih et al. [27], which assess simplified or fixed shading geometries in specific building types to 

evaluate glare reduction and acceptable illuminance levels. 

Across the analysed studies, the dominant research focus lies on daylight availability and visual 

comfort, with glare-related metrics increasingly incorporated alongside traditional illuminance-

based indicators, as evidenced by Hosseini et al. [20] and Martinho et al. [21]. Climatic context is 

frequently treated in a generalised manner or not explicitly specified like in Yunitsyna et al. [19], 

Xiong et al. [26], although some studies explicitly address performance under high solar exposure or 

contrasting climatic conditions: Brzezicki [18], and Fikery [22]). Overall, Table 1 reveals a clear 

prevalence of simulation-driven methodologies, while experimentally validated datasets—

particularly those addressing KSSs under real-sky conditions in temperate climates—remain 

relatively scarce. This observation highlights the relevance of integrated research frameworks that 

combine controlled experimental measurements with calibrated simulation models to enable robust 

assessment of adaptive façade performance. 

The analysis confirms that empirical datasets for KSS are scarce and that combined 

experimental–simulation frameworks are rarely employed. In this context, the present study 

contributes to the field by integrating controlled experimental measurements with a calibrated 

simulation environment to assess both illuminance distribution and visual comfort under dynamic 

daylight conditions. 
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3. Method 

This section outlines the study’s overall methodological approach, integrating experimental 

measurements with simulation-based analyses. The proposed framework is designed to ensure 

consistency between physical testing and numerical evaluation, enabling a reliable assessment of 

both daylight availability and visual comfort. 

3.1. Experiment Design 

The experimental investigation was conducted using a reduced-scale physical mock-up (1:20); 

the reference test room in the simulation framework was designed to replicate the mock-up geometry. 

The mock-up comprises two adjacent chambers: a kinetic chamber (Chk), equipped with a working 

prototype of the bi-sectional KSS, and a static chamber (Chs), serving as a reference space with a 

shading system of identical dimensions but static. The experimental setup is based on a testbed 

previously developed and tested by the author; a detailed technical description of the original 

configuration was provided in the Supplementary Materials of the earlier study [17]. No 

modifications to the physical configuration of the mock-up were introduced for the present 

investigation, except the installation of a static horizontal shading system in chamber Chs. 

Experimental façade testbeds under real sky conditions were also constructed by Andersen & 

Guillemin, which further supports the validity of the applied experimental method [28]. 

 Materials and Equipment. The reduced-scale mock-up was constructed at 1:20 scale (the 

geometry of the simulated reference test room precisely corresponds to that of the mock-up). 

The mock-up comprises two chambers: Chk, equipped with a prototype of the bi-sectional KSS, 

and Chs, serving as a reference configuration. 

 

Figure 1. Preparatory design validation of the horizontal shading systems: (a) 3D-printed study model at a 1:50 

scale representing the kinetic (Chk) and static (Chs) horizontal shading configurations, developed during the early 

design phase to verify geometric proportions, fin spacing, and system differentiation prior to fabrication of the 

reduced-scale (1:20) experimental mock-up; (b) conceptual schematic of the bi-sectional horizontal shading 

system showing the division into upper fins (αup) and lower fins (αdn), their common rotation axis, the observer 

field of view (FOV) and the observer O1k, and the direction of direct solar radiation. The schematic illustrates the 

functional logic of the kinetic configuration (Chk), in which both fin groups are independently adjustable. 
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Figure 2. Mock-up setup to collect measurements: a) mock-up view with Chk and Chs; b) mock-up view with KSS 

with lower fins closed, showing stepper motors and control unit; c) top view of mock-up with removed top cover 

(ceiling) showing the BH-1750 sensor A1 and sensors B and C (THL-160) in the kinetic chamber Chk; the dash-dot 

line indicates the central axis of the chamber. 

 Shading system geometry. The test chambers had plan dimensions of 4 × 8 m and a height of 4 

m; accordingly, the reduced-scale physical mock-up (1:20) measured 0.20 × 0.40 m and 0.20 m in 

height. The glazed opening in the front façade had dimensions of 0.20 × 0.20 m at model scale. 

Both chambers, the kinetic chamber (Chk) and the static reference chamber (Chs), were equipped 

with an identical horizontal shading system composed of six parallel louvres with a depth of 

0.63 m in full scale (32.5 mm at 1:20 scale). The shading prototype was fabricated from 3 mm 

laser-cut foamed PVC panels and mechanically coupled into two independently controlled 

groups of horizontal fins. Actuation was provided by two 5 V stepper motors controlled via a 

Raspberry Pi 3 microcomputer. These shading elements are hereafter referred to as fins, as their 

depth significantly exceeds that of conventional louvres. In the kinetic chamber (Chk), the 

shading system was dynamically actuated by two stepper motors operating according to the 

control algorithm described in the following section “Control Algorithm”. 

 Sensors. Daylight measurements were recorded using two BH-1750 illuminance sensors 

(manufacturer ROHM Semiconductors Co., Ltd., Kyoto, Japan) installed inside the mock-up, 

with sensor A1 located in Chk at a position corresponding to the virtual sensor used in simulations 

and the second A2 placed in Chs [29]. An SSD unit was used for continuous data storage during 

the measurement campaign. Additionally, two TESTO THL-160 data loggers (manufact Testo 

SE & Co. KGaA, Titisee-Neustadt, Germany) were installed inside mock-up Chk to measure the 

illuminance in the middle of the room (hereafter referred to as physical sensor ‘B’) and in the 

back of the room (hereafter referred to as physical sensor ‘C’). Both sensors ‘B’ and ‘C’ were used 

for detailed illuminance analysis in the study reported in [18]; however, despite being physically 

integrated into the experimental mock-up, they were not utilised for data analysis in the present 

study. The list of measuring equipment is presented in Table 2. 

 Preliminary Studies, Pilot Study. Prior to the main measurement campaign, the mock-up was 

constructed in early May 2024 and subjected to a six-week pilot study conducted at a different 

location. During this period, the control software, data storage system, and log file structure 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 February 2026 doi:10.20944/preprints202602.1193.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1193.v1
http://creativecommons.org/licenses/by/4.0/


 8 of 23 

 

were iteratively refined and tested under varying weather conditions to ensure stable operation 

and reliable data acquisition. 

 Variables: The experimental framework defines the inclination angles of the upper and lower 

shading fins (αup and αdn) as independent variables, while indoor daylight illuminance Eh 

constitutes the dependent variable. The static geometric and material parameters of the mock-

up were treated as control variables. 

 Data Collection Methods. Illuminance values measured in Chk (Ehk) and Chs (Ehs), together with 

the corresponding fin inclination angles, were continuously recorded in a log file stored on an 

SSD drive with a temporal resolution of 2 s. In accordance with the postulate formulated by 

Carlucci et al. [30], the automated control algorithm enabled smooth and continuous fin rotation 

within an angular range of 0° to 60°, allowing for gradual system response rather than discrete 

positional steps. 

 Data Analysis Plan The recorded log files were directly imported into spreadsheet software for 

further processing. Data normalization was not required; instead, the preprocessing stage 

involved temporal downsampling to reduce data volume and to smooth short-term fluctuations 

in illuminance values. The analysis comprised descriptive statistics, including summary tables 

and graphical representations, followed by a comparative assessment between Chk, equipped 

with the bi-sectional KSS, and Chs, serving as the reference configuration. This comparison 

focused on quantifying the influence of fin inclination angles on indoor daylight illuminance, 

with particular attention given to the dynamic interaction between the upper and lower fin 

groups. 

 Installation. The mock-up was installed indoors behind a large glazed window within the 

Faculty building. In this configuration, the existing window glazing effectively acted as an 

external glazing layer for the mock-up, reproducing the solar radiation accumulation typically 

associated with a fully glazed façade. This setup ensured realistic light transmission conditions 

while providing a controlled indoor environment. Additionally, indoor installation protected 

the mock-up and associated wiring from direct exposure to external weather conditions, thereby 

enhancing operational stability throughout the measurement campaign. 

 Orientation, timeframe. The mock-up was installed on a façade oriented 15° West of South, 

following the existing building geometry. As a result, the recorded dataset predominantly 

represents conditions between 13:00 and 18:00, corresponding to the period of highest solar 

irradiance. The 15° westward deviation is clearly reflected in the collected data, where the 

illuminance peak is shifted towards the afternoon hours. This time window, during which the 

mock-up was fully exposed to direct sunlight, defines the valid temporal scope of the 

experimental data and should be taken into account when interpreting the results. 

 Data Validity and Interpretation. For system control, the target indoor illuminance in Chk was 

set to 3000 lx, consistent with the reference value used in the corresponding simulation study. A 

hysteresis band of ±300 lx was implemented to ensure stable system operation, allowing 

illuminance to vary between 2700 and 3300 lx. This control strategy reduced the frequency of fin 

adjustments and prevented oscillatory behaviour of the bi-sectional KSS under short-term 

fluctuations in daylight conditions. 

 Control Algorithm System operation was governed by a control algorithm implemented in a 

Python script running on a Raspberry Pi microcomputer. The algorithm was designed to 

regulate indoor illuminance, Emeas,k (illuminance measured in the kinetic chamber), by adjusting 

the inclination angles of the bi-sectional KSS based on predefined trigger and hysteresis 

thresholds. This control logic represents an extended implementation of the simulation-based 

control scheme, informed by control strategies reported in earlier studies [18], which compared 

a kinetic chamber with a void chamber (no shading system). For Emeas,k values below 3000 lx, both 

upper and lower fin groups remained fully open to maximise daylight availability. When Emeas,k 

exceeded 3300 lx, the fins were progressively rotated up to a maximum angle of 60° to reduce 

excessive illumination. If illuminance dropped below 2700 lx, the fins were reopened 
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accordingly. All adjustments were driven by real-time data from illuminance sensor A located 

in Chk and executed via stepper motors, thereby enabling a continuous and adaptive system 

response. 

 Accuracy and Randomisation. Measurement consistency was ensured by using the same type 

of daylight sensor (BH-1750) for all illuminance measurements, with sensor positions fixed 

throughout the campaign. Factory calibration was retained for all sensors. External solar 

irradiance conditions were monitored using data from the nearest meteorological station 

equipped with a CM11 pyranometer (Kipp & Zonen), located at the Meteorological Observatory 

of the Department of Climatology and Atmosphere Protection, Wrocław University (51°06′19.0″ 

N, 17°05′00.0″ E; elevation 116.3 m) [31]. 

 Timing and location. The measurement campaign was conducted over a one-month period, 

from 15 August to 20 September 2024. The analysed clear-sky days were selected within a period 

characterised by an extended window of predominantly clear-sky weather conditions. This 

unique weather-permitting window, spanning nearly two consecutive weeks, enabled the 

identification of three representative clear-sky days suitable for detailed glare analysis. 

Table 2. The list of measuring equipment. 

No. Device Function Items Characteristics Accuracy 

1 BH-1750 FVI daylight sensor 2 
illuminance range  

1 – 65,535 [lux] 
±21 (±20)% 

1. 
Testo THL 

160 

daylight 

data logger  
2 

illuminance range  

0–20,000 [lux] 

±3% according to DIN 5032-

7  

Class L 

UV Radiation range 

0–10,000 mW × m−2 
±5% 

2.  

Kipp and 

Zonen 

CM 11 

pyranometer 1 

irradiance range 

0–1400 W × m−2, 

sensitivity 

4 to 6 [µV/W × m−2]  

±3% 

1 – minimal value (typical value), as stated by Rohm Semiconductors [29]. 

Within this period, variations in solar altitude and azimuth for corresponding hours were 

relatively small and can be considered negligible for the purposes of the present study. Consequently, 

the analysis does not aim to investigate seasonal variations in solar geometry but rather to assess the 

performance of the KSS under a consistent, well-defined set of clear-sky solar conditions. This 

constraint ensures that observed differences in glare metrics between the static (Chs) and kinetic (Chk) 

configurations are a�ributable primarily to system behaviour and control responses, rather than to 

changes in solar geometry. 

The mock-up was located in Wrocław, Poland (51.11° N, 17.04° E). According to the Köppen 

climate classification, the local climate is classified as C�, bordering on D� when the 0 °C isotherm 

is applied. The experimental period corresponds to summer conditions characterised by high solar 

availability. 

3.2. Hybrid Experimental–Simulation Method 

The performance of the KSS is evaluated using experimental data collected from a reduced-scale 

physical mock-up consisting of two test chambers: the kinetic chamber (Chk) and the static reference 

chamber (Chs), described in detail in the previous section. The analysis is conducted on a predefined 

subset of representative measurement days, selected according to the criteria outlined below. While 

the applied BH-1750 illuminance sensors provide reliable quantitative information on daylight 

availability (illuminance), they do not enable direct assessment of glare-related visual comfort. To 

overcome this limitation, the study adopts an original calibrated experimental–simulation 
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framework that integrates physical measurements with numerical daylight simulation within a single 

methodological workflow, see Figure 3. 

 

Figure 3. Methodological workflow for glare analysis of the kinetic shading system, from measured horizontal 

illuminance data to simulation-based HDR image generation and glare evaluation. The procedure includes the 

selection of representative clear-sky cases, inter-chamber photometric normalisation, and calibrated Radiance-

based simulations. Glare metrics (DGP, DGI, UGR, VCP, CGI, and veiling luminance Lveil) were calculated for 42 

hourly cases. The aggregated results indicate a 38% reduction in DGP and a 73% reduction in veiling luminance 

for the kinetic configuration relative to the static chamber. 

3.2.1. Controlled Reproduction of the Sky 

The core principle of the method is the controlled reproduction of the sky conditions observed 

during the experimental campaign within a simulation environment. A digital twin of the physical 

mock-up is implemented in the Radiance simulation framework using Grasshopper and Ladybug 

Tools (version 1.9.0). Climate-based sky models generated using the “HB Wea From Clear Sky” and 

“HB Climatebased Sky” components are calibrated so that the simulated illuminance values (Esim) 

closely match the experimentally measured illuminance in the kinetic and static chambers (Emeas,k and 

Emeas,s, respectively). 

This calibration procedure, referred to as the sky-scaling method, applies a single multiplicative 

calibration factor ksky at each analysed time step (hourly resolution in the Ladybug environment). The 

factor ksky uniformly scales the simulated sky radiance distribution to reproduce the photometric 

conditions of the real sky affecting the physical mock-up during the corresponding measurement 

interval (Figure 4). Its sole purpose is to bring Esim,x and Emeas,x into amplitude agreement, without 

altering the relative luminance distribution of the sky. 
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(a)  (b)  

Figure 4. Examples of calibrated climate-based sky radiance distributions used in the simulation framework for 

two representative measurement days (3 September at 15:00 and 9 September at 11:00). Each sky dome represents 

the radiance distribution expressed in W/(m²·sr) after photometric calibration of the simulated sky, ensuring 

agreement with experimentally measured indoor illuminance. The colour scale is identical for all cases to allow 

direct comparison of sky luminance structure under different solar geometries. The maps exhibit a pronounced 

high-radiance region corresponding to the solar disc and its circumsolar area. Because the physical radiance of 

the solar disc is several orders of magnitude higher than that of the sky dome, radiance values within the solar 

disc are clipped to the upper limit of the colour scale (e.g., 100 W/(m²·sr)) to maintain visual readability. 

In the present implementation, this photometric scaling was achieved by adjusting the “clear-

sky” parameter within the Ladybug/Radiance framework, as originally performed by Threlkeld and 

Jordan [34]. The resulting photometric effect is formally represented in this study by the sky-scaling 

factor ksky, which describes the effective amplitude correction applied to the simulated sky luminance 

distribution. The applied scaling adjustments remained within a narrow range (approximately 0.95–

1.20), indicating that only minor calibration corrections were required. The calibrated sky luminance 

distributions provided the boundary conditions for subsequent glare simulations, combined with the 

Perez sky luminance distribution model as implemented in Radiance [35]. 

The quality of the calibration is assessed by minimising the discrepancy between the measured 

and simulated illuminance time series under identical geometric and material boundary conditions. 

The quality of the calibration is quantified using statistical error metrics, primarily the Root Mean 

Square Error (RMSE). Once the RMSE falls below the accepted threshold, the calibrated sky model is 

treated as an absolute radiometric representation of the experimental daylight conditions and is 

subsequently used for Radiance-based image generation and glare analysis. High dynamic range 

(HDR) images are subsequently rendered for predefined viewpoints corresponding to the observer 

O1k and O1s position in the physical mock-up. Visual comfort is evaluated using the Daylight Glare 

Probability (DGP) metric calculated with the “evalglare tool” developed by Wienold and 

Christoffersen [32], executed via the Radiance-based workflow implemented in Grasshopper. This 

tool allows the calculation of glare-related indices, including Daylight Glare Probability (DGP), 

Daylight Glare Index (DGI), and veiling luminance (Lveil). In this way, the proposed framework 

extends the experimental analysis beyond illuminance-based metrics to luminance-based metrics, 

including glare perception under experimentally reproduced daylight conditions. 

A sensitivity analysis was conducted by varying the assumed surface reflectance values by ±0.05 

to quantify the influence of material uncertainty on glare prediction. The analysis confirmed that 

these variations did not affect the comparative performance trends observed between the static and 

kinetic shading configurations. 

3.2.2. Selection of Representative Measurement Days 

To ensure that the evaluation of the KSS was based on representative and statistically consistent 

data, a subset of measurement days was selected from the full experimental dataset originally 

spanning from the 29th of Aug. till the 9th of Sept., labelled “A” through “L”. These days represented 
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a range of sky conditions, including clear-sky, overcast (“L”), and partly cloudy (“C”) conditions, in 

order to capture the system’s response under different daylight scenarios. The illumiance Emeas,k and 

Emeas,s values collected in Chk and Chs are plo�ed on Figure 3. A preliminary analysis of the measured 

illuminance data indicated that days characterised by overcast “L” or mixed sky conditions “C” 

provided limited insight into the operational behaviour of the KSS. Under such conditions, the 

shading fins remained fully open in both the kinetic (Chk) and static (Chs) chambers; up and dn = 0. 

As a result, these cases did not warrant detailed simulation-based glare analysis and were treated 

only as reference or control conditions. 

To identify the days characterised by the highest and most stable solar exposure among all 

remaining measurement days, the similarity between measured daylight profiles and an idealised 

reference curve was evaluated. For this purpose, a Gaussian function was generated individually for 

each day and used as a “comparative template” rather than a physical model of solar radiation. Day 

“A” – 29th of August featured only fragmentary data, therefore was skipped in the following 

analysis. 

 

Figure 5. Time series of Emeas in the kinetic (yellow) and static (blue) chambers over the analysed period (29-08 to 

09-09). The plot illustrates the repeatability of clear-sky daily profiles used to select representative analysis days. 

The underlying assumption was that the measured illuminance Emeas,s in the chamber Chs, 

equipped with the static shading system, accurately reflects variations in global irradiance, thereby 

allowing the identification of days characterised by intense, temporally stable sunlight. For each day, 

the number of Gaussian values was matched exactly to the number of available daylight 

measurement points, corresponding to the 14 sunlight hours. This ensured that the comparison was 

conducted using aligned time intervals, without interpolation or resampling of the data. The 

Gaussian reference curve was defined as: 

�(�) = ���(���.�)
�
 (1) 

The identification of clear-sky days was supported by a quantitative selection criterion based on 

the correlation between measured mock-up internal illuminance profiles and a theoretical Gaussian 

curve representing the expected diurnal pa�ern of solar irradiance under stable clear-sky conditions. 

The Pearson correlation coefficient (r) and the associated p-value were used to quantify the similarity 

between the measured and theoretical illuminance curves. Days were ranked by rGauss after excluding 

cases with non-significant correlations (p-value ≥ 10⁻⁵). All reported correlations were statistically 

significant (p-value < 10⁻⁵), see Table 3. The three days exhibiting the highest correlation coefficients 

with statistically significant p-values were classified as representative clear-sky days: “B”, “F”, and 

“K”. This procedure enabled exclusion of days affected by transient cloud cover or atmospheric 

instability, thereby ensuring consistent photometric conditions for subsequent sky calibration and 

glare analysis. 

Table 3. Pearson correlation coefficients (rGauss) and associated p-values quantifying the similarity between 

measured illuminance profiles in the static chamber (Chs) and the corresponding Gaussian reference curves for 

individual measurement days. The p-values are reported in units of × 10⁻⁶. Days exhibiting the highest correlation 

coefficients were selected as representative clear-sky cases for subsequent analysis. 
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calendar day 30-08 01-09 02-09 03-09 04-09 05-09 06-09 07-09 08-09 

label B D E F G H I J K 

rGauss 0.9239 0.8241 0.9024 0.9471 0.8758 0.8664 0.8864 0.8921 0.9088 

p-value (×10-6) 86.47 14.23 8.77 48.11 3.41 1.74 1.10 1.02 0.08 

Consequently, the core analysis was restricted to three representative clear-sky days (“B”, “F”, 

“K”), corresponding to a total of 42 hours of measurement data. This selection enabled the assessment 

of the KSS under conditions of direct solar exposure, where adaptive fin movement in Chk is most 

relevant. The inclusion of multiple clear-sky days ensured that the analysis was not limited to a single 

solar geometry, but instead reflected system performance across a range of solar altitudes and 

azimuths throughout the day. 

3.2.3. Simulation Se�ings and Numerical Accuracy 

Radiance employs a Monte Carlo–based ray-tracing algorithm; therefore, minor numerical 

variations may occur between simulation runs even when identical input parameters are used. These 

stochastic differences are typically limited to within ±2% for illuminance-related outputs. To 

minimise random variation and ensure numerical convergence, all simulations were performed 

using high-accuracy Radiance se�ings. The adopted parameters included an ambient bounce value 

of −ab 3, ambient divisions −ad 4096, ambient super-samples −as 1024, ambient accuracy −aa 0.1, and 

ambient resolution −ar 64 [33]. 

These se�ings were selected to ensure stable convergence of calculated illuminance values and 

consistency across all simulation runs conducted for both the kinetic and static chambers. By 

maintaining identical numerical se�ings throughout the analysis, the influence of stochastic 

variability inherent to Monte Carlo ray tracing was minimised, ensuring that observed differences in 

illuminance and glare metrics could be a�ributed to shading system behaviour rather than numerical 

artefacts. 

4. Results 

4.1. Inter-Chamber Normalisation, Raw Experimental Data Processing 

The experimental testbed was designed such that the two measurement chambers—kinetic (Chk) 

and static (Chs)—were geometrically equivalent. In both chambers, the BH-1750 illuminance sensors 

A1 and A2 were installed at identical positions. When the shading fins were set to 0°, the shading 

systems Chk and static Chs were geometrically comparable and functionally identical. Under this 

configuration, the measured illuminance values in Chk and Chs would be expected to coincide. 

In practice, minor discrepancies between the two datasets of Emeas,k and Emeas,s were observed. 

These differences can be a�ributed to small geometric deviations introduced during manual 

assembly of the reduced-scale mock-up, despite all shading components being laser-cut from a 

common CAD model, as well as to slight variations in the photometric response of the BH-1750 

sensors. To account for these effects, an inter-chamber photometric normalisation was applied. Using 

measurement periods under overcast conditions, without direct solar radiation and with fully open 

fins (αup and αdn = 0°), a correction factor of Wk = 0.0446 (4.46%) was determined as the median relative 

difference between illuminance measured in the kinetic chamber (Emeas,k) and the static chamber 

(Emeas,s). All illuminance values measured in Chs were subsequently rescaled by a factor of 1/Wk to align 

both datasets to a common reference level defined by Chk. 

Following normalisation, the similarity between the two illuminance series Emeas,k and Emeas,s was 

quantified using multiple statistical metrics. A Pearson correlation coefficient of rnorm = 0.9858 

indicates a very strong linear relationship between the datasets. The mean absolute error (MAEnorm) 

was 62.56 lx, while the root mean square error (RMSEnorm) reached 115.79 lx, both reflecting relatively 

small deviations between corresponding values. The coefficient of determination (R² = 0.9607), 

obtained from linear regression, indicates that approximately 96.0% of the variance in one dataset is 
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explained by the other. Together, these results confirm a high level of agreement between the 

normalised datasets, supporting their suitability for comparative quantitative analysis. 

4.1.1. Relative Illuminance Reduction Achieved by the KSS 

To quantify the effectiveness of the KSS in reducing indoor illuminance, the analysis focused on 

periods during which the system was actively operating, defined by non-zero fin inclination angles 

(αup ≠ 0° and/or αdn ≠ 0°). For each hour of active operation, the ratio between illuminance measured 

in the static chamber and that measured in the kinetic chamber was calculated as: 

�� =
�����,�
�����,�

 

The hourly ratios were subsequently averaged over the analysed period. The resulting mean 

ratio was �� = 2.21, indicating that the illuminance level in the kinetic chamber was, on average, 

approximately 1/�� ≈ 0.45 of that recorded in the static chamber during the same hours. This 

corresponds to a mean illuminance reduction of approximately 55% achieved by the KSS relative to 

the static configuration under direct solar exposure. 

4.2. Simulation-Based Glare Evaluation Results 

The comparison of horizontal illuminance levels recorded in the static (Chs) and kinetic (Chk) 

chambers demonstrates a substantial reduction in indoor illuminance achieved by the KSS. However, 

horizontal illuminance alone is insufficient to fully characterise visual comfort, particularly under 

conditions of direct solar exposure. For this reason, the experimental results were complemented by 

simulation-based analyses to quantify glare-related visual comfort metrics in both chambers. 

The assessment of glare in the adjacent static (Chs) and kinetic (Chk) chambers was conducted in 

the following steps: 

 Digital twin. A simulation model of the experimental setup was created and implemented in 

Rhino using the Grasshopper parametric platform. The simulation model reproduced the 

geometry of the reduced-scale mock-up. Virtual observers were positioned at the centre of each 

chamber (O1k and O1s) and “looking” towards the glazed façade, reproducing typical viewing 

conditions during daylight exposure. 

 Sky calibration. To reproduce the daylight conditions observed during the experimental 

campaign, a single simulated sky model was employed and photometrically calibrated against 

experimentally measured indoor illuminance data, following the assumptions defined in Section 

3.2.1. The calibration was performed independently for each analysed hour and aimed at 

matching simulated illuminance values to the corresponding measurements in the kinetic (Chk) 

and static (Chs) chambers. 

Verification of the sky calibration procedure. Once the simulated illuminance (Esim) in the 

reference configuration corresponded to the measured illuminance (Emeas,k) in the kinetic chamber 

Chk, the sky model was considered calibrated for that specific time step. For this verification, 

Emeas,k, Emeas,s, and the corresponding values of Esim,k and Esim,s were plotted against one another, 

and statistical validation metrics, such as RMSE, were calculated [36]. 

 Glare-related metrics were calculated for two virtual observer positions, O1k in the kinetic 

chamber and O1s in the static chamber, both located at the centre of the respective spaces and 

oriented towards the glazed façade. By adapting the photometric scaling of the sky luminance 

distribution to the measured indoor illuminance levels for each analysed condition, for each 

observer position, high dynamic range (HDR) images were generated and subsequently 

analysed to calculate glare-related indices, including Daylight Glare Probability (DGP), Daylight 

Glare Index (DGI), and veiling luminance (Lveil). As the kinetic mechanism is primarily activated 

under clear-sky conditions, the core analysis focuses on three representative clear-sky days (“B”, 

“F”, and “K”), corresponding to sunny conditions. In total, glare simulations were conducted 

for 42 individual hourly cases. This approach enabled the evaluation of the KSS under 

particularly critical conditions characterised by direct solar exposure. This simulation setup 
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enabled a direct, condition-consistent comparison of glare indices between the static and kinetic 

configurations, forming the basis for the quantitative results presented in the following 

section.4.2.2 Photometric Calibration of the Simulated Sky Models against Experimental Data 

This combined evaluation framework enables a direct comparison between the static and kinetic 

configurations that extends beyond illuminance-based metrics. While the measured illuminance 

values quantify the overall amount of light entering the space, the glare indices capture the spatial 

distribution of luminance and the presence of high-luminance regions within the observer’s field of 

view. As a result, the analysis provides a comprehensive assessment of visual comfort, identifying 

conditions under which the KSS reduces glare relative to the static configuration, as well as situations 

in which adaptive fin movement modifies the perceptual characteristics of the visual environment. 

4.2.1. Verification of Calibration 

Table 4 summarises the statistical validation metrics comparing measured and simulated 

illuminance values (Emeas and Esim) for the static (Chs) and kinetic (Chk) chambers across three 

representative clear-sky days (30 August, 3 September, and 8 September). The measured interior 

illuminance under clear-sky conditions aligns with expected profiles described in classical daylight 

coefficient methods [37], providing confidence in the experimental setup. The results indicate a high 

level of agreement between experimental measurements and simulation outputs. 

Table 4. Statistical validation metrics comparing measured Emeas,k, Emeas,s and simulated illuminance Esim values 

in the static (Chs) and kinetic (Chk) chambers for three representative clear-sky days. 

 analysis day: 30 AUG 3 SEP 8 SEP 

stat. 

metrics 

state: static kinetic static kinetic static kinetic 

RMSEabs  Absolute Root Mean 

Square error 
187.6 236.2 273.5 143.6 

429.9* 

224.1 
186.1 

RMSErel Relative Root Mean 

Square Error 
0.055 0.128 0.076 0.075 0.118 0.100 

NRMSErange Normalised Root 

Mean range-

normalised) 

0.022 0.072 0.031 0.044 0.045 0.057 

MdAPE Median Absolute  

Percentage Error 
0.052 0.069 0.012 0.076 0.040 0.080 

* One outlier recorded at approximately 11:00 on 8 September resulted in a disproportionate increase in the 

RMSE value. The data point corresponded to direct solar incidence on the sensor during the simulation, yielding 

an illuminance of approximately 45,000 lx. The outlier was excluded from the statistical analysis. Following its 

removal, the RMSE decreased from 430 lx to 224 lx. 

For the static chamber, the absolute RMSE values ranged from 187.6 lx to 273.5 lx, while for the 

Chk they remained between 143.6 lx and 236.2 lx. Relative error metrics were consistently low, with 

RMSErel values between 0.055 and 0.128 and normalised RMSE (NRMSErange) not exceeding 0.072 

(7.2%), remaining below commonly adopted reference threshold 10% threshold for photometric 

model validation. Median Absolute Percentage Error (MdAPE) values were similarly low, typically 

ranging from 0.012 to 0.080, confirming stable correspondence between measured and simulated 

illuminance. 

A deviation was observed in the static configuration on 8 September, with a single data point 

recorded around 11:00 resulting in a pronounced increase in RMSE. This outlier was associated with 

direct solar incidence on the sensor during the simulation, yielding an illuminance of approximately 

45,000 lx. After excluding this data point from the analysis, the RMSE for that day decreased from 

430 lx to 224 lx, restoring consistency with the remaining validation results (see Figure 6). 
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* The higher RMSE observed for the static chamber on 8 September reflects transient deviations 

around peak direct solar exposure. 

Figure 6. Comparison of measured and calibrated simulated indoor illuminance profiles for three representative 

clear-sky days (29 August, 3 September, and 8 September). Results are shown for the reference static chamber 

(Chs, top row) and the kinetic chamber (Chk, bo�om row). Simulated sky conditions were calibrated hourly to 

match measured illuminance at the reference sensor point, thereby providing the basis for subsequent glare 

analysis. Measured illuminance profiles are shown with a thicker yellow line to improve visual readability and 

to clearly distinguish measured trends from the corresponding simulated curves. 

Overall, the statistical comparison confirms the robustness of the calibrated simulation 

framework across the analysed clear-sky conditions. The validated simulation results are therefore 

used in the subsequent analysis as input for calculating Daylight Glare Probability (DGP) and related 

glare metrics, enabling a reliable comparative assessment of visual comfort performance between the 

static and kinetic façade systems. 

4.2.2. Primary and Supplementary Glare Evaluation Metrics Used in This Study 

Visual comfort was evaluated using three glare-related metrics: Daylight Glare Probability 

(DGP), Daylight Glare Index (DGI), and veiling luminance (Lveil). These indices were selected to 

provide complementary perceptual and physiological perspectives on glare under dynamic daylight 

conditions and to ensure consistency with both contemporary and earlier daylighting research. 

 Daylight Glare Probability (DGP) is the primary metric used in this study. It quantifies the 

probability of discomfort glare perceived by an observer based on the luminance distribution 

within the visual field, explicitly accounting for vertical eye illuminance and the presence of 

high-luminance sources. DGP values below 0.35 correspond to imperceptible glare, values 

between 0.35 and 0.40 indicate perceptible but acceptable glare, and values exceeding 0.40 are 

generally associated with disturbing glare. Due to its robustness under daylight conditions and 

its widespread adoption in recent research, DGP serves as the main indicator of perceptual glare 

in the present analysis. 
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 Daylight Glare Index (DGI) is included as a complementary metric to facilitate comparison with 

earlier daylighting studies. Although DGI has been largely superseded by DGP in contemporary 

research, it remains relevant for benchmarking results against legacy datasets and historical 

literature. DGI is expressed on a logarithmic scale, with values above approximately 24 

commonly interpreted as indicating intolerable glare. 

 Veiling luminance (Lveil) represents the physiological component of glare associated with 

intraocular light scattering in the human eye, occurring primarily in the cornea, crystalline lens, 

and vitreous body. Unlike perceptual glare indices, Lveil directly quantifies the luminance veil 

superimposed on the retinal image, which reduces visual contrast and acuity. Lower Lveil values 

indicate clearer retinal images and improved visual conditions, providing an objective 

physiological complement to perceptual glare metrics such as DGP and DGI. Lveil is expressed in 

candela per square metre (cd/m²). 

In addition to the primary glare metrics discussed in detail in this study (DGP, DGI, and Lveil), 

several supplementary indices commonly reported in the literature—namely UGR, VCP, and CGI—

were also calculated. These indices are reported in tabular form to provide a broader context and to 

confirm the consistency of glare-related trends between the static and kinetic configurations. 

However, because they do not provide interpretive value beyond the selected primary metrics under 

dynamic daylight conditions, they are not discussed further in the main text. 

4.2.3. Glare Results for Static and Kinetic Systems 

The glare analysis focused on three representative clear-sky days—30 August, 3 September, and 

8 September—and compared two façade configurations: a static horizontal shading system and a 

kinetic system with adaptively controlled fins. The evaluation was restricted to the period between 

11:00 and 17:00, corresponding to the hours of highest direct solar exposure. During this interval, 

glare was most pronounced, and the KSS mechanism was active, enabling a meaningful comparison 

of glare-related performance between the KSS and static configurations. Figure 7 shows simulated 

HDR luminance images and complementary glare metrics for a single time step at 12:00 on the “B” 

day. Table 7 presents the combined analysis of glare metrics. All glare metrics for all days and hours 

are provided in Supplementary Table S1. 
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 Static Chamber Chs Kinetic Chamber Chk 

HDR image 

 

 
 

  

day 30 Aug. 30 Aug. 

time 12:00 12:00 

angle dn 0.00 59 

angle up 0.00 18 

DGP 0.56 0.38 

DGI 21.48 23.23* 

UGR 27.29 28.98 

VCP 0.00 0.00 

CGI 34.74 34.36 

Lveil 844.49 553.60 

*DGI is particularly sensitive localised luminance contrasts. 

Figure 7. Comparison of simulated HDR luminance images (identical luminance scale) and glare metrics for the 

static (Chs) and kinetic (Chk) chambers at 12:00 under clear-sky conditions. The images show hemispherical 

luminance distributions (cd/m²) obtained from Radiance-based simulations under identical boundary conditions 

and represent one illustrative example among 42 analysed hourly cases. In the kinetic configuration, the upper 

and lower fins are rotated to angles α_up = 18° and α_dn = 59°, while the static configuration remains fully open. 

In the kinetic configuration, the upper and lower fins are rotated to angles αup = 18° and αdn = 59°, respectively, 

while the static configuration remains fully open. The table below the images summarises the corresponding 

glare indices (DGP, DGI, UGR, VCP, CGI) and veiling luminance (Lveil), illustrating the reduction in perceived 

glare achieved by the adaptive fin configuration despite comparable overall luminance pa�erns. 

Table 5. Combined Analysis (August 30 – September 8), Average Results (Hours 11:00–17:00). 

Index Chs  

(mean) 

Chk 

(mean) 

Absolute  

Difference 

  

[%] 

Interpretation 

DGP 0.57 0.35 0.22 −38% Substantial reduction in 

perceived glare probability. 

DGPma

x 

0.72 0.36 0.36 −50% Peak glare is reduced by 

almost half during critical 

hours. 

DGI 23.19 22.41 0.78 −3.4% Slight improvement, 

consistent with DGP trend. 

Lveil 1689  

cd/m² 

452  

cd/m² 

1237  

cd/m² 

−73% Substantial reduction of 

veiling luminance. 

UGR 29.04 27.60 1.44 −5% Noticeable improvement 

within an acceptable range. 

VCP 0.05 1.40 1.35 +2700% Minor absolute change, but 

same positive trend. 
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CGI 35.97 32.70 3.27 −9% Clear improvement; shift 

below discomfort threshold. 

It is worth noting that while the KSS significantly reduces the overall probability of glare (DGP), 

a marginal increase in the contrast-based DGI is observed at 12:00; this suggests that while vertical 

eye illuminance is lowered, the specific adaptive fin angles may introduce localised luminance 

contrasts to which the DGI is particularly sensitive. 

5. Discussion 

5.1. Interpretation of Glare Reduction Results 

While the present analysis focuses on a narrow late-summer clear-sky window defined by the 

available measurement conditions, the applied calibration-based workflow is readily transferable to 

other seasons, enabling future investigations of kinetic shading performance under a broader range 

of solar geometries. 

Across the analysed clear-sky days, the most pronounced differences in glare performance 

between the KSS and static configurations occurred around 14:00, corresponding to the period of 

strongest direct solar exposure and highest luminance contrast within the test chambers. The 

inclusion of peak glare values (DGPmax) confirms the consistency of this pa�ern. In the static chamber 

(Chs), DGPmax values reached 0.70, 0.71, and 0.75 on the respective analysed days, indicating extremely 

disturbing glare conditions. Under identical external conditions, the KSS reduced DGP to 

approximately 0.35–0.36, corresponding to perceptible but acceptable glare levels. Although glare 

was not fully eliminated, the nearly twofold reduction in DGP demonstrates the substantial 

mitigation potential of adaptive fin movement. 

When averaged across all analysed days, the kinetic façade consistently outperformed the static 

configuration in terms of visual comfort. Mean DGP values decreased from 0.57 to 0.35, representing 

an average reduction of approximately 38% during periods of maximum solar exposure. At the same 

time, veiling luminance (Lveil) was reduced from 1689 cd/m² to 452 cd/m², corresponding to a 73% 

decrease in retinal light sca�er and masking luminance. This pronounced reduction in Lveil provides 

a strong physiological confirmation of the perceptual improvements indicated by DGP. 

Complementary glare indices, including DGI, UGR, and CGI, exhibited consistent downward 

trends, supporting the robustness of the observed results across different evaluation frameworks. 

Although absolute VCP values remained low under daylighting conditions, their relative increase 

further corroborates the overall tendency toward improved subjective comfort in the kinetic 

configuration. 

Overall, the KSS demonstrated a stable, reproducible ability to reduce both perceptual and 

physiological glare across days and varying sky conditions. The adaptive motion of the 0,63 m-deep 

fins proved particularly effective during the critical period between 11:00 and 17:00, when direct solar 

radiation poses the highest glare risk. These findings indicate that kinetic shading not only improves 

average visual comfort but also suppresses extreme glare during peak sunlight exposure, which is 

particularly relevant for daylight-dominated interior spaces. 

Beyond the absolute magnitude of glare reduction, the presented results demonstrate the value 

of combining calibrated experimental measurements with simulation-based glare evaluation. In 

contrast to purely simulation-driven studies, the proposed workflow enables glare metrics to be 

assessed under photometrically validated sky conditions, reducing uncertainty associated with 

uncalibrated sky models. This methodological aspect is particularly relevant for the evaluation of 

KSS operating under highly variable daylight conditions. 

6. Conclusions 

This study presented a calibrated experimental–simulation framework for evaluating glare 

reduction achieved by a horizontal KSS under real daylight conditions. By combining reduced-scale 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 February 2026 doi:10.20944/preprints202602.1193.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1193.v1
http://creativecommons.org/licenses/by/4.0/


 20 of 23 

 

physical measurements with photometrically calibrated sky simulations, the approach enabled 

robust glare assessment using both perceptual (DGP, DGI) and physiological (Lveil) metrics. The 

results demonstrate that adaptive fin movement substantially reduces both average and peak glare 

under clear-sky conditions, particularly during periods of direct solar exposure. Beyond the specific 

case study, the proposed workflow provides a transferable methodology for the evaluation of 

adaptive façade systems under variable sky conditions, supporting more reliable visual comfort 

assessments in daylight-driven architectural design. 

Future studies may extend the presented workflow to different seasonal conditions, façade 

orientations, and adaptive control strategies; however, these aspects lie beyond the scope of the 

present investigation. 

6.1. Limitations of the Study 

The experimental investigation was conducted using a reduced-scale physical mock-up, an 

approach previously demonstrated to be suitable for daylight evaluation in architectural research 

[3840]. While the reduced-scale experimental setup provides a cost-effective and highly controlled 

environment for evaluating KSS geometries, it is important to acknowledge the inherent limitations 

of physical scaling. Specifically, the challenge of precisely replicating the specular and diffuse 

reflectance properties of full-scale architectural materials at a reduced scale may introduce minor 

photometric discrepancies. Furthermore, while the digital twin effectively calibrates the sky 

luminance parameters, future studies at a 1:1 scale would be beneficial to fully validate the system’s 

performance regarding complex inter-reflections and real-world mechanical tolerances 

The experimental configuration, while ensuring high data stability and repeatability through 

indoor placement, inherently isolated the mock-up from dynamic outdoor environmental stressors 

such as wind loads and precipitation. Furthermore, the measurement campaign was limited to a 

specific late-summer window under clear-sky conditions, thereby excluding seasonal variations in 

solar geometry and performance under overcast or intermediate skies. 

While these constraints delineate the specific boundary conditions of the current study, the 

results validate the core control logic and visual comfort assessment methods, establishing a robust 

methodological baseline for future long-term evaluations of KSS across diverse climatic contexts. 

Supplementary Materials: The following supporting information can be downloaded at: 
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Nomenclature 

The following abbreviations are used in this manuscript: 

Symbol Name Unit 

up Upper fin inclination angle [°] 

dn Lower fin inclination angle [°] 

Chk Kinetic chamber - 

Chs Static chamber - 

Emeas Measured illuminance [lx] 
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generic notation; subscripts k and s are used when 

chamber-specific values are required 

Esim Simulated illuminance – 

generic notation; subscripts k and s are used when 

chamber-specific values are required [lx] 

ksky Sky-scaling factor - 

Wk Inter-chamber correction factor - 

Rh Hourly illuminance ratio - 

�� Mean illuminance ratio - 

RMSE Root Mean Square Error [lx] 

RMSEnorm Root Mean Square Error  

in inter-chamber normalisation [lx] 

RMSErel Relative RMSE - 

NRMSErange Normalised RMSE - 

MAE Mean Absolute Error [lx] 

MdAPE Median Absolute Percentage Error - 

R2 Coefficient of determination - 

rGauss Pearson correlation coefficient  

in representative day selection - 

rnorm Pearson correlation coefficient  

in inter-chamber normalisation - 

p-value Significance level - 

DGP Daylight Glare Probability - 

DGPmax Maximum DGP - 

DGI Daylight Glare Index - 

UGR Unified Glare Rating - 

VCP Visual Comfort Probability % 

CGI CIE Glare Index - 

Lveil Veiling luminance [cd/m2] 
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