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Article 

Re-Thinking Lighting in Educational Buildings: A 
Climate-Based and User-Centred Framework 
Integrating Daylight and Smart LED Control (Madrid 
Case Study) 
Berta García Fernández * and Javier Fernández Bonilla 

Universidad Politécnica de Madrid, Madrid, Spain 
* berta.garcia@upm.es 

Abstract 

This study develops and validates a climate-based, user-centred and data-informed framework to 
improve lighting performance in educational buildings through the integrated use of daylight and 
smart LED control systems. The research was conducted in a university facility in Madrid, Spain, 
using a mixed-methods approach combining on-site illuminance measurements, climate-based 
lighting simulations (CBMS) with Dialux Evo 12.1, and structured surveys on user perception. The 
objective was to quantify the dynamic interaction between daylight availability, artificial lighting 
demand, and perceived visual comfort, while assessing the energy-saving potential of daylight-
responsive control strategies. Results show that existing LED systems meet current illuminance 
standards while maintaining low lighting power density (LPD). Daylight and electric lighting act 
complementarily, with daylight reducing artificial lighting demand by up to 50% in optimally 
oriented classrooms, particularly during spring and summer. Smart dimming and adaptive control 
systems provide additional energy savings ranging from 27% to 46%, with estimated payback periods 
of approximately four years. Overall, the findings demonstrate that integrating daylight and adaptive 
LED systems is an effective and scalable strategy for reducing energy use while maintaining visual 
comfort in educational buildings under Mediterranean climatic conditions. 

Keywords: daylighting; smart LED lighting; energy efficiency; educational buildings; visual comfort; 
daylight-responsive lighting control; Mediterranean climate 
 

1. Introduction 
Lighting accounts for a substantial share of electricity use in educational buildings, commonly 

estimated to range between 20% and 40% of total energy consumption, depending on the building’s 
typology, orientation, occupancy paĴerns, and system efficiency [1–3]. In recent decades, the 
transition toward nearly Zero-Energy Buildings (nZEB) and progressively decarbonized building 
stocks has intensified the need for lighting systems that not only reduce energy demand but also 
ensure adequate visual comfort, occupant well-being, and productivity in learning environments 
[4,5]. Daylighting has long been recognized as a central strategy within sustainable architecture, with 
multiple studies demonstrating its capacity to reduce electrical lighting loads [6–9], improve Indoor 
Environmental Quality (IEQ) [10–12], and positively influence user satisfaction, cognitive 
performance, and health-related outcomes [13–18]. These findings are consistent with international 
and European policy frameworks which identify daylighting as a key factor in energy efficiency and 
occupant health, including the recast Energy Performance of Buildings Directive (EPBD) and 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 April 2026 doi:10.20944/preprints202604.0465.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from
any ideas, methods, instructions, or products referred to in the content.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.0465.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

guidelines from the CIE and the International Energy Agency (IEA) on the integration of daylight 
and efficient artificial lighting [13–16]. 

Educational buildings represent a particularly relevant area of study because students spend 
prolonged hours in indoor environments, making lighting conditions a critical determinant of visual 
comfort and circadian alignment and overall learning quality [10,17–19]. Research consistently shows 
that access to natural light supports academic performance, reduces eyestrain and fatigue, and 
produces measurable physiological effects associated with the circadian system, such as sleep quality, 
alertness, and mood regulation [7,17,20–22]. Furthermore, studies conducted in Southern European 
and Mediterranean climates—characterized by high solar availability and significant cooling loads—
highlight the need for carefully designed daylighting strategies capable of balancing visual comfort, 
glare control, solar heat gains, and overall building energy performance [6,23,36,39]. 

In parallel, the rapid evolution of LED technology and intelligent lighting control systems has 
significantly transformed artificial lighting design [30,31]. High-efficiency LED luminaires 
substantially reduce installed lighting power density compared with conventional fluorescent 
systems [3,37], while adaptive dimming, occupancy sensing, and daylight-responsive control 
strategies provide additional operational savings [29,30]. When combined, these approaches can 
achieve total lighting electricity reductions in the range of 50–80% relative to non-controlled 
fluorescent installations [29,30], while ensuring compliance with illuminance and uniformity 
requirements established by standards such as UNE-EN 12464-1 and the Spanish Technical Building 
Code (CTE) [12,31]. In addition to energy savings, smart lighting systems have demonstrated a strong 
potential to improve user satisfaction by maintaining stable illuminance levels, preventing over-
illumination, and increasing spatial flexibility in learning environments [18,30,31]. Recent research 
further highlights the benefits of integrating daylight-linked controls and advanced lighting 
management systems to improve operational energy performance [6,34]. Digital Addressable 
Lighting Interface (DALI) architectures facilitate flexible zoning, individual luminaire control, and 
adaptive lighting operation in educational environments [32]. In parallel, luminance-based design 
approaches contribute to improved visual comfort and glare management, supporting user-centred 
lighting quality [30,34]. Within this framework, solar availability emerges as a key environmental 
resource, particularly in Mediterranean climates such as Madrid, Spain, where annual Global 
Horizontal Irradiance (GHI) typically exceeds 1,600–1,800 kWh/m², providing substantial potential 
for daylight integration and solar-assisted lighting strategies [37,38]. At the same time, European 
regulatory frameworks, including the progressive prohibition of inefficient fluorescent lighting 
technologies, have accelerated the replacement of legacy systems with high-efficiency LED solutions 
in public and educational buildings [20,39]. These developments are directly aligned with European 
and international decarbonization targets for 2030 and 2050, which require significant reductions in 
energy consumption and greenhouse gas emissions from the building sector [2,4,20]. 

Despite these advances, a large proportion of existing university classrooms still operate with 
outdated lighting systems, limited daylight management, and insufficient consideration of user-
centered design criteria [3,29,39]. Moreover, student preferences, perceptual comfort, and behavioral 
responses remain underrepresented in many technical lighting assessments, even though they play 
a decisive role in the real performance and acceptance of lighting strategies [18,21,31]. A clear 
understanding of users’ perception of lighting quality and of the interaction between daylight 
availability and electric lighting systems is therefore necessary to design energy-efficient and human-
centric learning environments. 

The present study addresses this gap by evaluating the lighting performance and user-perceived 
visual comfort in several classrooms of a university building located in Madrid, Spain. Through a 
combined methodology—including daylight availability analysis, climate-based lighting simulations 
using Dialux, on-site measurements, energy performance estimation, and structured student 
surveys—this research investigates: 

(1) the adequacy of existing lighting installations; 
(2) the role of daylight in visual comfort and user satisfaction; 
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(3) the potential benefits of replacing fluorescent systems with high-efficiency LED luminaires; 
and 

(4) the implications of integrating daylight-responsive control strategies to enhance energy 
efficiency. 

By combining quantitative performance indicators with qualitative user feedback, the study 
contributes to the growing body of literature supporting the integration of daylight and LED systems 
as an effective approach to achieving energy-efficient, comfortable, and sustainable educational 
spaces. The results provide evidence-based guidance for lighting retrofit decision-making and 
contribute to the development of low-carbon, energy-efficient university buildings. 

2. Theoretical Framework 
2.1. Daylighting in Educational Buildings 

Daylighting has long been considered a fundamental component of sustainable building design 
due to its well-documented impact on building energy performance and indoor environmental 
quality [6–9]. In educational seĴings, daylight is especially relevant because students and teachers 
spend extended periods in classrooms, making visual comfort and exposure to natural light key 
determinants of learning quality, concentration, and psychological well-being [9–12]. Research 
demonstrates that daylight improves visual acuity and reduces eyestrain by providing a visually 
comfortable luminous environment [10,17]. In addition, exposure to natural light has been associated 
with improved cognitive performance and learning outcomes in educational environments [21,22]. 
These benefits are partly explained by the biological relevance of daylight for circadian regulation 
and alertness [14,16]. From a building physics perspective, daylight distribution depends on the 
interaction of architectural and optical parameters—including window geometry, orientation, 
glazing transmiĴance, sky luminance distribution, and interior surface reflectance—as described by 
climate-based daylight modelling methods [6,7] and design guidelines for daylighting in buildings 
[11,12]. Southern European climates, particularly Mediterranean locations such as Madrid, are 
characterized by high annual solar availability, which can substantially reduce electric lighting 
demand but simultaneously increases the probability of glare and excessive luminance contrasts if 
daylight is not properly controlled. Field studies in educational buildings and solar-climate analyses 
show that achieving adequate visual comfort therefore requires careful daylight modulation through 
architectural design and shading strategies [23,24], together with appropriate luminous environment 
evaluation criteria [8]. The design challenge therefore lies in maximizing Useful Daylight Illuminance 
(UDI) defined as the range of daylight illuminance levels sufficient for visual tasks without requiring 
electric lighting [32] while simultaneously limiting the occurrence of discomfort glare [33] and 
excessive luminance contrasts caused by direct solar penetration [34]. When daylight levels exceed 
the upper UDI threshold, visual disturbance and loss of task visibility may occur due to high 
luminance ratios [6]. Consequently, daylighting design requires the coordinated application of façade 
optimization and shading systems to regulate incident solar radiation, together with daylight-
responsive control strategies to maintain stable luminous conditions over time [34]. 

Furthermore, studies employing Climate-Based Daylight Modeling (CBDM) have demonstrated 
the limitations of static daylight metrics and the importance of annual climate-driven evaluation of 
luminous performance [6,7]. Metrics such as Daylight Autonomy (DA) and Useful Daylight 
Illuminance (UDI) allow the quantification of the proportion of occupied hours in which daylight 
alone can satisfy visual requirements [6]. Using these indicators, several investigations report that the 
integration of daylighting strategies can reduce lighting electricity consumption by approximately 
30–70%, depending on geographic location, façade configuration, and control strategy 
implementation [8,9,31]. 

These metrics have become standard evaluation tools in contemporary lighting design research 
due to their ability to assess dynamic daylight performance over annual cycles rather than relying on 
static, point-in-time illuminance values. The use of climate-based daylight modelling builds on earlier 
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work that established the limitations of static daylight metrics and emphasized the importance of 
annual, climate-driven simulations for capturing realistic daylight behaviour in occupied spaces 
[6,7,11]. 

These findings are consistent with previous studies conducted in Mediterranean educational 
buildings, where daylight availability is strongly governed by façade orientation and solar altitude. 
Classrooms facing south typically achieve higher daylight autonomy values—often exceeding 60% 
of occupied hours—while west-facing façades show significant afternoon over-illumination and glare 
risk during warm seasons [23]. The influence of window-to-wall ratio and shading configuration has 
also been quantified, demonstrating that large, unprotected glazing areas increase luminance contrast 
and discomfort probability, particularly under clear-sky conditions typical of Southern Europe [27]. 
Conversely, north-oriented classrooms provide more stable luminance distributions but frequently 
fail to reach recommended illuminance thresholds without supplementary electric lighting [28,29]. 
Consequently, façade geometry and solar control strategies must be carefully optimized to balance 
daylight utilization and visual comfort across seasonal variations. 

2.2. Visual Comfort, Glare, and Human Factors 

Visual comfort depends not only on horizontal illuminance but also on luminance distribution 
within the field of view, since uneven brightness paĴerns can generate visual fatigue and discomfort 
[17]. In educational environments, inadequate lighting conditions have been associated with reduced 
aĴention and lower task performance during learning activities [21]. Moreover, broader indoor 
environmental quality studies indicate that poor visual conditions may lead to headaches, decreased 
concentration, and reduced academic efficiency among students [22]. Previous research in 
educational environments shows that cognitive performance is closely linked to visual perception 
factors such as glare sensation and luminance contrast within the field of view [10]. Studies 
specifically focused on school classrooms further indicate that inadequate lighting conditions 
negatively affect aĴention and learning outcomes [21]. In addition, investigations on controlled 
classroom lighting demonstrate that daylight–electric lighting interaction and adaptive lighting 
control influence both visual comfort and students’ task performance [31]. 

Discomfort glare represents one of the most critical challenges in daylit classrooms, particularly 
in regions characterized by high direct solar exposure. Architectural daylight design literature 
highlights glare as a primary limitation for the acceptance of daylight in learning environments [6]. 
In practice, glare risk is evaluated using standardized metrics such as the Unified Glare Rating (UGR), 
defined in indoor lighting standards [32], while research-based indicators such as Daylight Glare 
Probability (DGP) are commonly applied in daylight performance assessments. Achieving visual 
comfort without compromising daylight availability requires carefully balanced architectural 
solutions, including optimized window-to-wall ratios and solar control strategies [23]. These design 
decisions directly influence occupants’ physiological and circadian responses to light exposure 
[14,24]. The concept of human-centric lighting (HCL) extends this perspective by explicitly 
addressing the non-visual effects of light on human physiology. Research demonstrates that blue-
enriched spectra promote daytime alertness and cognitive activation, whereas warmer spectral 
compositions support evening relaxation and circadian stability [14–17]. Although educational 
buildings typically operate during daytime, insufficient exposure to natural light, particularly in 
deep-plan or poorly oriented classrooms, has been associated with circadian misalignment, reduced 
alertness, and diminished well-being [14–17]. 

2.3. Artificial Lighting Technologies and Efficiency Standards 

The rapid evolution of LED technology over the past decade has fundamentally transformed 
artificial lighting systems in educational buildings. Modern LED luminaires provide significantly 
higher luminous efficacy than traditional fluorescent lamps, enabling substantial reductions in 
electricity demand during retrofit interventions [30]. In addition, their integration within broader 
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building renovation strategies has been identified as a key contributor to lighting energy savings in 
existing building stocks [29]. 

Beyond efficiency improvements, LEDs offer extended operational lifetimes and advanced 
controllability, allowing precise dimming and adaptive lighting operation compatible with smart 
control strategies [39]. Their improved spectral stability and color rendering characteristics further 
enhance visual quality in indoor environments when compared with legacy discharge-based lighting 
technologies [30]. 

At the regulatory and technical level, the progressive phase-out of inefficient lighting 
technologies has accelerated the adoption of LED retrofits in public buildings, including educational 
facilities, as part of broader building decarbonization strategies [20]. The replacement of legacy 
fluorescent lamps with high-efficiency LED luminaires has been primarily driven by evolving 
ecodesign requirements and minimum performance standards that restrict the commercialization of 
low-efficiency lighting products [39]. These measures are complemented by improved product 
transparency and labeling frameworks, which facilitate the identification and selection of high-
performance lighting systems during renovation processes [20]. These technology-driven transitions 
contribute to significant reductions in energy consumption and carbon emissions in the building 
sector, supporting long-term decarbonization pathways and energy efficiency targets [1,2]. Lighting 
standards such as UNE-EN 12464-1 define photometric requirements for educational interiors, 
including minimum illuminance levels (typically 300–500 lux for classrooms), glare limitations, and 
uniformity criteria [32,33]. Achieving compliance with these standards increasingly requires an 
integrated design approach. High-efficiency luminaires constitute the primary measure to reduce 
installed lighting power density and meet energy targets in nearly zero-energy buildings [8]. 
However, photometric adequacy alone is insufficient, and spatial configuration — including 
luminaire layout, room proportions, and surface reflectance — strongly influences illuminance 
uniformity and visual comfort in classrooms [31]. For this reason, adaptive control strategies that 
adjust lighting output according to occupancy paĴerns have become essential to avoid unnecessary 
operation periods and over-illumination [35]. Finally, daylight-responsive dimming systems 
dynamically modulate electric lighting based on available natural light, allowing compliance with 
illuminance requirements while minimizing electricity consumption [36]. 

2.4. Smart Lighting Controls and Daylight-Linked Strategies 

The integration of lighting control systems is widely recognized as one of the most effective 
strategies for reducing lighting-related energy consumption. Daylight-responsive dimming and 
occupancy-based controls significantly decrease operating hours of electric lighting [31], while LED 
retrofiĴing further amplifies savings in educational buildings [30]. Combined strategies in real 
classrooms have demonstrated substantial reductions in lighting electricity use, typically exceeding 
40% depending on daylight availability and control implementation [28,29]. Conceptual daylight-
integrated design approaches supporting these savings are widely discussed in the literature [6]. 

Daylight-linked dimming systems dynamically adjust luminaire output in response to available 
natural light, maintaining target illuminance levels and avoiding over-illumination, as demonstrated 
in monitored classroom environments [31]. Field investigations in Mediterranean educational 
buildings report reductions in electric lighting demand typically between 30% and 60% when 
daylight-responsive controls are implemented [28]. In addition, retrofit analyses comparing manual 
and automated operation show energy savings that may exceed 50% together with improved 
occupant satisfaction in automatically controlled classrooms [30]. Occupancy sensors, including 
Passive Infrared (PIR) and ultrasonic detectors, reduce unnecessary energy consumption during 
vacant periods by automatically switching or dimming luminaires in intermiĴently used classrooms 
[31]. Retrofit studies indicate that occupancy-based control alone can lower lighting electricity use by 
approximately 20–40% depending on usage paĴerns [29]. More advanced solutions incorporate 
predictive algorithms and data-driven optimization based on monitored occupant behavior [34], 
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while recent developments integrate IoT connectivity and adaptive scheduling strategies that 
dynamically adjust lighting operation according to real-time and historical occupancy data [36]. 

2.5. Energy Performance and Carbon Emissions in Lighting 

Lighting represents a significant contributor to the overall energy intensity of educational 
buildings [1]. Studies on school buildings demonstrate that daylight integration strategies alone can 
substantially reduce lighting demand [9], while high-efficiency LED retrofits further lower electricity 
consumption in existing facilities [30]. When these measures are combined with optimized control 
systems such as dimming and occupancy detection, total building energy use may decrease by 
approximately 10–25% [30], and lighting-related CO₂ emissions can be reduced by more than 40% 
due to improved lighting efficacy and reduced operating hours [8,36]. 

To translate lighting-related energy savings into environmental performance indicators, the 
assessment requires the use of standardized emission factors that allow electricity reductions to be 
expressed as corresponding greenhouse gas emission savings [20]. These factors are commonly 
defined at national or regional level within energy accounting methodologies and are widely used to 
evaluate the contribution of building efficiency measures to decarbonization targets [1,2]. Because 
lighting demand is strongly influenced by local daylight availability, regions characterized by high 
solar resource levels, such as Mediterranean climates, present greater potential for reducing artificial 
lighting use than higher-latitude regions, as demonstrated by solar irradiance analyses in Spain and 
comparable locations [37,38]. This climatic advantage strengthens the effectiveness of integrated 
daylight–electric lighting strategies in educational buildings with regular daytime occupancy, where 
daylight availability directly reduces electrical lighting demand and improves operational 
performance [9,23,31]. Energy simulation tools such as climate-based daylight modelling platforms 
support detailed assessments of daylight–electric lighting interactions, enabling the evaluation of 
luminance distribution, glare risk, energy consumption, and control system performance in 
educational spaces [6,7,31]. These tools are essential for the design and evaluation of lighting retrofits, 
as they enable compliance with current photometric standards while simultaneously ensuring visual 
comfort and energy performance under real daylight conditions [6,7,31,32]. Recent research on 
energy retrofiĴing of educational buildings confirms that daylight integration strategies play a key 
role in reducing electricity demand and improving overall building sustainability. Building retrofit 
studies report total energy savings typically ranging from 15% to 40% depending on system upgrades 
[29], while LED replacements alone can reduce lighting consumption by approximately 40–70% in 
educational facilities [30]. In classroom environments, daylight availability may cover up to about 
50% of occupied hours in Mediterranean conditions [28], and the implementation of daylight-
responsive control systems can provide an additional 20–60% reduction in lighting electricity use 
under real operating conditions [31]. 

2.6. User Perception and Behavioral Factors in Lighting Design 

Although lighting performance is often evaluated using objective photometric indicators, user 
perception plays a decisive role in the effectiveness of lighting interventions. Field studies in school 
buildings show that occupants tend to override or misuse systems they perceive as uncomfortable, 
reducing expected energy savings [9]. Design guidelines therefore emphasize the importance of 
perceived brightness and glare control for successful operation of daylighting systems [11]. Students 
consistently report a strong preference for natural daylight over electric lighting conditions [18], and 
visual comfort satisfaction has been shown to be closely correlated with overall indoor environmental 
quality and learning experience [22,39]. Behavioral paĴerns, such as seating preferences, window 
blind operation, and reliance on daylight, can significantly influence actual energy consumption and 
the performance of automated lighting controls, as occupants frequently override system operation 
in real conditions [9]. Studies in educational environments consistently report a preference for seats 
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located near windows due to access to daylight and outdoor views [18]. These environmental factors 
are associated with improved aĴention levels and reduced visual fatigue in learning tasks [21]. 

Consequently, incorporating user feedback into lighting system design is essential for achieving 
truly human-centric and energy-efficient solutions, since occupant satisfaction and luminous 
environment acceptance strongly influence real performance outcomes [18]. The integration of 
objective photometric measurements with structured perception surveys enables a more 
comprehensive understanding of the luminous environment and its implications for learning 
performance and well-being [22,39]. 

3. Methodology 
3.1. Research Design and Study Context 

This study adopts a mixed-method research design that integrates: 
(i) in-situ illuminance field measurements, 
(ii) daylight and artificial lighting simulations, 
(iii) lighting-related energy performance assessments, and 
(iv) structured user-perception surveys. 
Such a multi-layered methodological framework is consistent with contemporary lighting 

research in educational environments, where reliable assessment requires the combination of 
objective photometric measurements, climate-based simulation techniques, and occupant-related 
evaluation. Previous studies have demonstrated that physical metrics alone cannot fully characterize 
luminous quality, since perceived visual comfort and behavioral responses significantly influence 
real lighting performance and energy use [6,28,32]. 

Climate-based daylight modelling provides robust prediction of annual luminous conditions [6], 
while field measurements enable model validation and compliance verification with lighting 
standards. Complementing these approaches, subjective surveys capture user acceptance and 
comfort perception, which are essential parameters in human-centric lighting assessment [18]. 

The primary objective of this study is to evaluate the performance of daylighting and LED-based 
lighting systems in a set of university classrooms located at the Universidad Politécnica de Madrid 
(UPM), Spain, under real academic operating conditions (Figures 1–3). The methodological 
framework integrates field illuminance measurements and climate-based daylight modelling 
techniques, together with energy performance estimation procedures commonly used in lighting 
retrofiĴing analysis [25]. It also incorporates compliance verification with lighting standards for 
educational interiors and structured occupant perception surveys to assess visual comfort and 
acceptance of the luminous environment [18]. 

a) b)  
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c)  

Figure 1. a) Location of the classrooms studied in Building A. b) Location of the classrooms studied in Building 
B. c) Location of the classrooms studied in Lecture Building. 

By combining physical measurements, simulation outputs, and user-response data, the 
approach enables a direct comparison between objective performance indicators and perceived 
lighting quality, consistent with contemporary classroom daylighting evaluation methodologies. 

The study site is located within a Mediterranean climate zone characterized by high annual solar 
irradiance. Long-term solar resource assessments report an average global horizontal irradiance of 
approximately 4.75 kWh/m²·day for the Madrid region [35], a condition that strongly influences 
daylight availability and visual performance in educational spaces [23]. The analyzed classrooms 
present architectural characteristics representative of typical university teaching spaces in the region, 
including rectangular floor plans, single or dual main façades, and large windows with varying 
orientations (north, south, west, and combined exposures) (Table 1). Interior finishes are 
predominantly light-coloured, with reflectance values consistent with recommended ranges for 
educational environments (walls ≈ 0.70, ceiling ≈ 0.85, floor ≈ 0.30–0.40) [16]. 

Table 1. Construction characteristics of the classrooms and lighting source. 

Parameter 
Classroom  

2 Projects 
Classroom 

6 
Classroom 

7 
Classroom 

8 
Classroom 

 9 Classroom 13 

Building B B B A A A Lecture building 
Floor area (m²) 76 77 115 67 92 71 115 

Number of workstations 30 35 100 49 101 87 103 
Window orientation South North East NW N/S South North 

Window-to-wall ratio 0,14 0,18 0,16 0,17 0,15 0,11 0,10 
Interior reflectance 
(walls/ceiling/floor) 

59/70/5 75/70/46 75/70/56 84/70/50 56/70/15 54/70/15 77/70/50 

Lighting system LED LED LED LED LED LED LED 

The space is equipped with LED luminaires, which replaced previous fluorescent systems as 
part of a recent lighting upgrade, providing an appropriate context for assessing the combined impact 
of daylight availability and efficient artificial lighting on energy performance and visual conditions. 

This heterogeneous yet representative sample provides an appropriate context for assessing the 
combined impact of daylight availability, classroom orientation, and efficient artificial lighting on 
energy performance and visual conditions under real-use scenarios. 

3.2. Daylighting Assessment and Field Measurements 

Daylighting conditions were first characterized using climate-based datasets derived from 
Typical Meteorological Year (TMY) files, a standard input for annual daylight performance 
evaluation in Mediterranean environments [23,25]. Solar geometry parameters —including solar 
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altitude and azimuth angles— were calculated to determine periods of direct solar exposure on the 
classroom façades throughout representative academic seasons. 

To support this analysis, sun-path diagrams were generated and correlated with classroom 
orientation, enabling the identification of potential glare periods and variations in daylight 
penetration depth. These diagrams were produced using validated daylighting and solar-geometry 
simulation tools commonly applied in building performance analysis [6,29,32]. 

Field measurements of illuminance were conducted using a calibrated digital illuminance meter 
(TES 1335) compliant with Class A specifications, following the procedures defined in EN 13032-1 
and UNE-EN 12464-1 [15,16]. Measurements were taken on a regular spatial grid at a work-plane 
height of 0.75 m above floor level, ensuring representative coverage of the occupied area (Figure 4). 

 

Figure 4. Measurement grid and illuminance measurement points. 

Measurements were performed under three operating conditions: 
 Daylight-only (artificial lighting switched off), 
 Artificial lighting with minimized daylight contribution, and 
 Combined daylight–artificial lighting operation. 

To account for daily and seasonal variability, measurements were performed at different times 
of day (morning, solar noon, and afternoon) over several days during late spring and early summer, 
representative of typical sky conditions in the Madrid climate. This temporal sampling strategy 
enables the characterization of variations in daylight contribution and spatial illuminance 
distribution within the classroom environment [24,32]. As summarized in Table 2, the analysed 
classrooms present a range of window orientations and lighting configurations that condition their 
daylighting behaviour. The selected spaces include north-, south-, west-, northwest-, and dual-
orientation façades, allowing the assessment of daylight performance under contrasting solar 
exposure conditions. Photographic documentation supports the identification of façade 
characteristics, window dimensions, and surrounding obstructions, providing contextual 
information essential for interpreting both measured illuminance levels and simulated daylight 
distribution. This diversity of orientations and lighting scenarios ensures a representative evaluation 
of daylight availability and its interaction with artificial lighting under real academic use conditions. 
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Table 2. Photographs and orientations of the classrooms studied. 

Classroom Natural light Artificial + natural light Window orientation 

 

6 

Building B 
  

West 

 

2 

Building B 
  

South 

 

Projects 

Building B 
  

Norht 

 

7 

Building A 
  

North and west 

 

8 

Building A  

 
 

North and south 

 

9 

Building A 
  

South 
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13 

Lecture building 
  

North 

3.3. Lighting Simulation and Energy Performance Assessment 

A three-dimensional digital model of the classroom was developed using Dialux Evo, 
incorporating accurate geometric dimensions, window configuration, surface reflectance values, and 
luminaire layout (Figure 5). Photometric data for the installed LED luminaires were implemented 
using manufacturer-provided files, ensuring consistency between simulated and real lighting 
systems [12,13]. 

 

Figure 5. 3D simulation of the interior of Classroom 2. 

Lighting simulations were performed to assess both daylight and electric lighting performance 
using widely adopted photometric and climate-based indicators, including Daylight Factor (DF), 
Useful Daylight Illuminance (UDI), Daylight Autonomy (DA), and Unified Glare Rating (UGR), 
where applicable. While DF was used to provide a reference under standard overcast conditions, 
climate-based metrics (UDI and DA) enabled the evaluation of annual daylight availability and its 
interaction with the artificial lighting system. This combined approach allows the assessment of 
seasonal daylight dynamics and glare risk following current best-practice methodologies in 
daylighting analysis [6,35]. 

Annual lighting electricity consumption was estimated using the energy calculation module 
implemented in DIALux evo, which determines installed lighting power demand and operating 
hours based on occupancy schedules, academic calendars, and daylight availability conditions. The 
resulting energy performance indicators were expressed as annual electricity consumption 
(kWh·year⁻¹) and evaluated against the limits defined by the Spanish Technical Building Code for 
lighting energy efficiency (CTE HE3) [32].  

To translate lighting-related energy savings into environmental performance indicators, 
nationally defined electricity carbon emission factors were applied to convert electricity reductions 
into corresponding greenhouse gas emission savings [1,2]. This approach enables the estimation of 
potential CO₂ emission reductions associated with the implementation of daylighting and high-
efficiency LED lighting strategies in buildings, particularly in regions with high solar availability [35–
37].  
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3.4. User-Perception Survey 

A structured questionnaire was administered to students regularly aĴending classes in the 
analyzed classroom. The survey design followed post-occupancy evaluation approaches commonly 
applied in classroom lighting studies, where user feedback has proven essential for interpreting 
measured photometric conditions [9]. The structure of the questionnaire was aligned with visual 
comfort assessment criteria defined in lighting evaluation guidelines [11], and incorporated 
perceptual indicators frequently adopted in indoor environmental quality research, such as glare 
sensation, brightness satisfaction, and overall luminous comfort [18,22,39]. 

Responses were collected using a five-point Likert scale, addressing perceived illuminance 
adequacy, glare perception, overall visual comfort, preference for natural versus artificial lighting, 
and the perceived influence of lighting conditions on academic tasks. 

A structured questionnaire was administered to undergraduate and master’s students aĴending 
regular classes in the analyzed classrooms (n = 185). The surveyed population included students 
enrolled in Bachelor’s Degree in Environmental Technologies Engineering, Bachelor’s Degree in 
Natural Environment Engineering, and master’s programmes, with ages ranging from 18 to 40 years; 
the sample comprised 48% female and 52% male respondents. Participation was voluntary and 
anonymous, and the survey was conducted during regular teaching periods to ensure representative 
occupancy conditions. 

The questionnaire consisted of eight items designed to assess students’ perception of lighting 
conditions, visual comfort, and daylight preference. Responses to Questions Q1–Q7 were collected 
using a five-point Likert scale (1 = very low / not at all, 5 = very high / always). The survey included 
the following items: 
 Q1. “At my workstation, I feel that there is enough light.” 
 Q2. “To what extent do you notice glare while in the classroom?” 
 Q3. “How satisfied are you with the visual comfort provided by the lighting at your 

workstation?” 
 Q4. “During academic activities, how much aĴention do you pay to whether lighting is natural 

or artificial?” 
 Q5. “To what extent do you believe that natural light improves your academic performance?” 
 Q6. “During your academic activities, do you prefer classrooms with higher availability of 

natural light?” 
 Q7. “To what extent do you prefer classrooms with views of vegetation or outdoor greenery?” 

An additional multiple-choice item (Q8) addressed seating behaviour in the classroom. Students 
were asked to indicate the primary factor influencing their seat selection, choosing among: (i) 
unobstructed view of the board and teaching materials, (ii) a distraction-free area, (iii) proximity to 
peers, (iv) proximity to windows, or (v) indifference to seating location. 

Survey data were analysed using descriptive statistics, including frequency distributions and 
percentage shares, and were subsequently compared with objective lighting performance indicators 
to explore relationships between measured lighting conditions and user perception. 

The survey was conducted anonymously through an online platform to encourage unbiased 
responses. Data analysis focused on frequency distributions and exploratory cross-tabulations, 
allowing the identification of relationships between visual comfort perception, seating preferences, 
and daylight availability. 

3.5. Methodological Integration and Validation 

The integration of field measurements, simulation outputs, energy performance assessments, 
and user-perception data enables methodological triangulation, thereby strengthening the reliability 
and internal consistency of the results. Alignment with established standards, including UNE-EN 
12464-1 and EN 17037, supports the validity, replicability, and comparability of the findings with 
other studies on educational lighting environments. 
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The combined use of in-situ measurements and simulation-based analysis follows a post-
occupancy assessment approach in which objective photometric evaluation is complemented by 
daylight modelling and user-response analysis. 

Overall, this integrated methodological framework provides a robust and transparent basis for 
evaluating lighting performance and for formulating evidence-based recommendations aimed at 
improving energy efficiency and visual comfort in university classrooms. 

4. Results and Discussion 
4.1. Daylight Contribution and Illuminance Performance 

In line with the orientation-based analysis, daylight contribution exhibited marked seasonal 
variability, with significantly higher natural illuminance levels observed between April and 
September. In classrooms with favourable orientation and large window openings, daylight alone 
provided a substantial share (exceeding 50%) of the required illuminance during up to approximately 
200 occupied days per year, substantially reducing reliance on artificial lighting. 

Digital lighting simulations conducted with Dialux Evo complemented the experimental 
measurements and enabled a detailed spatial analysis of illuminance distribution, uniformity, and 
Daylight factor (D) across all classrooms. The simulations generated high-resolution three-
dimensional illuminance maps, revealing strong spatial heterogeneity linked to window orientation, 
room geometry, interior surface reflectance, and the presence of furniture and equipment. 

Table 3 provides an orientation-based synthesis derived from the detailed classroom-level 
simulation results, allowing a comparative interpretation of daylight behaviour across different 
façade exposures. 

Table 3. Orientation-based comparison of daylight performance and lighting behaviour across classrooms 
(Dialux simulations, natural-light conditions). 

Orientation Classrooms 
Em 

Natural 
(avg) (lux) 

Max 
illuminance 
peak (lux) 

Uniformity 
Um (avg) 

Daylight 
Factor D 

(%) 

Seasonal 
behaviour 

Key 
implications 

North Projects, 13 381–624 617–1,345 0.62–0.81 3.14–3.44 
Very stable 

across 
seasons 

High visual 
comfort; low 

glare risk; 
moderate but 

reliable daylight 
contribution 

South 2, 9 244–509 
17,457–
45,616 0.05–0.53 1.35–3.21 

Strong 
seasonal 

variability 

High daylight 
availability; 
glare-prone; 

requires 
shading and 

daylight-
responsive 

control 

West 6 1,114–
8,529 

56,746–
65,788 

0.16–0.54 4.87 
Pronounced 

afternoon 
peaks 

Extreme 
illuminance; 

poor 
uniformity; 

highest 
potential for 

energy savings 
through control 

North-west 7 571–1,075 34,634–
47,470 

0.17–0.43 3.36 
Strong 
spring 

variability 

Directional 
daylight; 

fluctuating 
comfort 

conditions 
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North–
South 8 245–914 18,917–

19,316 0.25–0.52 3.36 
Asymmetric 

daylight 
behaviour 

Uneven 
distribution; 
benefits from 

zoned or 
façade-based 

control 

In Classroom 2, characterized by large south-facing windows, simulated illuminance values near 
the façade exceeded 45,000 lux under natural lighting conditions. Uniformity values ranged from 
0.068 to 0.47 for mixed lighting and from 0.05 to 0.21 for natural lighting, indicating pronounced 
spatial variability and increased glare risk. It is worth noting that while the integration of LED 
luminaires effectively enhances uniformity under diffuse daylight, its corrective efficiency 
significantly decreases during periods of high solar incidence. In such cases, the extreme luminance 
from direct sunlight overwhelms the artificial light contribution, failing to balance the luminous 
distribution across the room.  

The Projects classroom, with north-facing windows, showed lower illuminance peaks but a more 
balanced daylight distribution, with uniformity values between 0.60 and 0.82 for mixed lighting and 
0.60 to 0.64 for natural lighting, and a daylight factor of 3.44%. 

Classroom 6, influenced by western exposure and partial external shading, exhibited very high 
simulated illuminance values, reaching up to 56,826 lux, with uniformity ranging from 0.16 to 0.54 
and a daylight factor of 4.87%, reflecting strong daylight availability but uneven spatial distribution. 
North- and northwest-facing Classrooms 7 and 8 displayed moderate illuminance levels with notable 
seasonal variations, particularly during spring months when direct sunlight penetrated the space; 
both classrooms presented daylight factor values of 3.36%. 

Despite its south-facing orientation, Classroom 9 showed a relatively low daylight factor of 
1.35%, aĴributable to partial shading and uneven luminance distribution. Finally, Classroom 13 
exhibited a daylight factor of 3.14% with moderate simulated illuminance levels; minor discrepancies 
between simulated and measured values were aĴributed to unmodelled external obstructions 
affecting daylight access. 

Overall, the Dialux simulations proved effective in quantifying the impact of architectural and 
contextual factors on daylighting performance and in supporting the interpretation of experimental 
results. 

4.2. Seasonal Behaviour and Implications for Lighting Performance 

The seasonal analysis revealed that daylight availability does not affect all classrooms uniformly. 
During winter months, reduced daylight availability led to greater dependence on electric lighting, 
resulting in stable illuminance levels but higher energy demand. In contrast, spring and early 
summer were characterized by sharp increases in daylight penetration, producing excessive 
illuminance peaks, reduced uniformity, and increased glare risk, particularly in south- and west-
oriented classrooms. 

By summer, although daylight levels remained high, illuminance distribution became more 
balanced due to higher solar altitude, suggesting improved conditions for daylight utilization when 
combined with appropriate control strategies. These results highlight the limitations of passive 
daylighting alone in highly exposed classrooms and underscore the potential benefits of daylight-
responsive dimming and automated shading systems to mitigate glare while maximizing energy 
savings. 

Although a general seasonal paĴern was observed, its impact varied significantly among 
classrooms due to differences in orientation, window-to-wall ratio, shading obstructions, depth, and 
interior layout. South- and southeast-oriented classrooms (e.g., Classrooms 6, 7, and 8) experienced 
the most pronounced seasonal fluctuations, whereas north-oriented or partially shaded spaces (e.g., 
Projects classroom and Classroom 13) maintained more stable conditions throughout the year. These 
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findings confirm that daylight behaviour is strongly room-dependent, reinforcing the need for 
tailored lighting and control strategies rather than uniform solutions. 

4.3. Student Survey Results: Visual Comfort and Preferences 

Survey responses indicate that a clear majority of students perceived lighting conditions at their 
workstations as adequate, with 63% rating illuminance levels as high and an additional 28% reporting 
neutral satisfaction. Perceived glare was generally limited, as nearly half of the respondents (49%) 
reported low glare perception, while only 14% indicated frequent glare-related discomfort, 
suggesting that the combined daylight and LED lighting configuration provides acceptable visual 
conditions in most cases (Table 4). 

Regarding overall visual comfort, responses were predominantly concentrated in the neutral to 
high categories, with 47% of students expressing high satisfaction and 39% reporting moderate 
comfort levels, indicating a generally positive perception of the luminous environment. AĴention to 
the type of lighting (natural versus artificial) was reported by a substantial proportion of respondents, 
with 62% indicating a high level of awareness during academic activities, reflecting the perceptual 
relevance of lighting conditions in learning environments. 

A strong preference for daylight was consistently observed. Seventy-nine percent of respondents 
considered natural light to have a positive influence on concentration and academic performance, 
while 75% expressed a clear preference for classrooms with higher daylight availability. Additionally, 
86% of students reported a strong preference for classrooms with views of vegetation or outdoor 
greenery, highlighting the importance of visual connection to the exterior as a complementary factor 
to daylight access in perceived comfort and well-being. 

Overall, the survey results confirm that daylight availability, combined with efficient artificial 
lighting, plays a central role in students’ visual comfort and environmental preference, reinforcing 
the need for integrated daylight–electric lighting strategies that address both quantitative 
performance and user perception in educational buildings. 

Table 4. Summary of student survey results on perceived lighting quality, visual comfort, and daylight 
preferences. 

Survey 
item Description 

Low (%) (1–
2) 

Neutral 
(%) (3) 

High 
(%) (4–5) 

Q1 Perceived sufficiency of light at the workstation 9 28 63 
Q2 Perception of glare in the classroom 49 37 14 
Q3 Overall visual comfort satisfaction 14 39 47 
Q4 AĴention paid to lighting type (natural/artificial) 15 23 62 

Q5 Perceived influence of natural light on academic 
performance 

8 13 79 

Q6 
Preference for classrooms with higher daylight 

availability 9 16 75 

Q7 Preference for classrooms with views of vegetation 6 8 86 

Table 5. Primary criterion influencing student seating behaviour (Q8 – single-choice responses). 

Survey 
item 

Description Indifferent 
(%) 

Distraction-
free area (%) 

Proximity to 
peers (%) 

Proximity to 
windows (%) 

Unobstructed view of 
board (%) 

Q8 Seating behaviour 4 16 16 24 40 

Results from Question 8 (Q8) indicate that seating behaviour is predominantly driven by 
functional visual requirements, as respondents were asked to select a single primary criterion. An 
unobstructed view of the teaching board was identified as the main factor by 40% of participants, 
followed by proximity to windows and access to daylight (24%). Reduced distractions and proximity 
to peers each accounted for 16% of responses, while only 4% of students reported no specific 
preference. 
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These findings indicate that, although daylight availability plays a relevant role in seating 
preferences, students prioritise visual task clarity. Consequently, classroom lighting design should 
balance daylight provision with clear visibility of teaching surfaces and visual targets. 

4.4. Energy Consumption and Environmental Impact 

Annual lighting energy consumption for the analyzed LED-equipped classrooms ranged 
between approximately 430 and 750 kWh/year, depending primarily on window orientation, 
daylight availability, and occupancy paĴerns. classrooms with favourable daylight access and 
balanced window configurationse exhibited the lowest annual consumption values, whereas higher 
energy use was associated with spaces characterized by limited uneven, or highly directional 
daylight distribution. 

Based on nationally defined electricity emission factors, the corresponding CO₂ emissions were 
estimated to range between approximately 110 and 240 kg per classroom per year. These results 
underline that, even when high-efficiency LED technology is implemented, lighting systems continue 
to represent a non-negligible contribution to the operational carbon footprint of educational 
buildings. 

Assuming a representative electricity price of 0.10 €/kWh, consistent with tariffs typically 
applied to public university buildings in Spain, the annual operating costs associated with lighting 
ranged between approximately 45 and 75 € per classroom. Although these absolute costs are modest, 
they become significant when aggregated at building or campus level reinforces the relevance of 
optimising lighting energy performance in higher-education facilities. 

Lighting energy consumption values reported in this section were derived from Dialux Evo 
simulations and represent effective operational performance under typical daylight utilisation 
conditions, assuming manual lighting operation and excluding the use of active lighting control 
systems such as photosensors or automated dimming. Energy simulations generally yielded slightly 
higher consumption estimates than simplified direct calculations, due to the adoption of standardised 
operating schedules, conservative assumptions regarding luminaire performance, and uniform 
occupancy profiles. Nevertheless, the two approaches produced consistent results, supporting the 
robustness and reliability of the estimated energy performance indicators. 

Table 6 summarises the effective annual lighting energy consumption, associated CO₂ emissions, 
and operating costs for each analysed classroom under these baseline conditions. Table 6. Annual 
lighting energy consumption, CO₂ emissions, and operating costs under typical daylight utilisation 
conditions. 

Table 6. Annual lighting energy cost, CO2 emissions and operating costs. 

Classroom Energy use (kWh/year) CO₂ emissions (kg/year) Cost (€/year) 
Classroom 2 746 210 74.60 

Projects 669 239 66.90 
Classroom 6 720 225 72.00 
Classroom 7 552 166 55.20 
Classroom 8 627 205 62.70 
Classroom 9 448 123 44.80 

Classroom 13 640 220 64.00 
Average ~600 ~198 ~60.00 

Annual lighting energy consumption values represent the effective operational performance of 
LED-equipped classrooms, accounting for typical academic occupancy schedules and daylight 
availability, but excluding active lighting control systems such as photosensors or automatic 
dimming. Energy use was estimated through Dialux Evo simulations assuming standard operating 
hours and manufacturer-rated luminaire performance. CO₂ emissions were calculated using the 
national electricity emission factor published by the Spanish Ministry for the Ecological Transition 
(MITECO), while annual electricity costs were estimated considering a representative tariff of 0.10 
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€/kWh applicable to public educational buildings. Average values correspond to the mean 
performance across all analysed classrooms and are provided for comparative purposes. 

For completeness, a complementary assessment of gross annual lighting demand without 
daylight contribution is included in the Supplementary Materials (Table S1). These values represent 
the theoretical maximum annual energy demand under full electric lighting operation and are 
therefore higher than the effective operational consumption reported above. 

Simulation results further indicate that the implementation of daylight-responsive lighting 
control systems could provide additional energy savings ranging from 27% to 46%, depending on 
classroom orientation and daylight availability. This reduction potential highlights the significant 
margin for improvement beyond baseline LED retrofits and supports the integration of adaptive 
lighting control strategies as a key measure for improving energy efficiency and reducing emissions 
in educational buildings, consistent with previous field studies on LED retrofiĴing and lighting 
control in classrooms [30,31]. 

The seasonal dynamics of lighting energy demand are further illustrated in Figure 6, which 
compares daily luminous exposure (H) with the electrical energy required to maintain standard-
compliant illuminance levels during occupied days for representative classrooms. The results reveal 
a clear inverse relationship: during late spring and summer (June–July), increased daylight 
availability substantially reduces the need for artificial lighting, whereas demand peaks during 
winter months, coinciding with minimum solar exposure. This behaviour highlights the limitations  
of static lighting schedules and provides strong evidence supporting the adoption of daylight-
responsive control strategies, as discussed in the following section. 

Projects Classroom 7 

Classroom 8 Classroom 9 

Classroom 13 

 

Figure 6. Annual profiles of combined daylight availability and lighting energy demandfor representative 
classrooms. 
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The measured improvements in illuminance levels, uniformity, and energy efficiency are 
consistent with previous field studies evaluating the real-world performance of LED lighting systems 
in educational environments [29]. 

4.5. Potential Energy Savings Through Lighting Control Systems 

Simulations of daylight-responsive lighting control systems revealed a substantial potential for 
reducing electricity consumption in the analyzed classrooms. Depending on window orientation, 
daylight availability, and spatial configuration, annual energy savings ranged between 
approximately 27% and 46% relative to baseline LED operation without automated control. 

Table 7 summarizes the estimated impact of integrating daylight-responsive dimming and 
occupancy-based control strategies. Energy savings were derived from Dialux Evo simulations, 
considering realistic academic schedules and classroom-specific daylight conditions. 

Table 7. Estimated energy, environmental, and economic benefits of daylight-responsive lighting control 
systems. 

Classroom Orientation 
Energy 
saving 

(%) 

Energy saved 
(kWh/year) 

CO₂ 
reduction 
(kg/year) 

Annual 
cost 

saving 
(€/year) 

Sensor 
cost (€) 

Payback 
period 
(years) 

Projects North 37 669 239 79.50 255 3.21 
Classroom 

7 Northwest 47 466 166 55.35 255 4.61 

Classroom 
8 

North–
South 

46 627 205 74.59 255 3.42 

Classroom 
9 

South 27 307 123 36.55 255 6.98 

Classroom 
13 North 29 616 220 73.26 255 3.48 

Total / 
Average 

— 37,2 2.219 / 554 953 / 190 319.25 / 
63,85 

1,275 ~4.0 

Energy savings were estimated through Dialux Evo simulations considering daylight-
responsive dimming combined with occupancy-based control strategies. Associated CO₂ emission 
reductions were calculated using the national electricity emission factor published by the Spanish 
Ministry for the Ecological Transition (MITECO), equal to 0.357 kg CO₂/kWh. Economic savings were 
derived assuming an electricity price of 0.10 €/kWh, representative of typical public university 
building tariffs. The analysis considered the installation of one photosensor per classroom, with an 
assumed unit cost of €255. The simple payback period was determined as the ratio between the initial 
investment and the annual energy cost savings. In the Projects classroom, energy savings reached 
approximately 669 kWh/year, corresponding to a 37% reduction in electricity use, a reduction of 239 
kg CO₂/year, and annual cost savings of approximately 67 €. Similarly, Classroom 8, characterized by 
favourable daylight exposure and balanced orientation, achieved savings of 627 kWh/year, 
equivalent to a 46% reduction. 

The installation cost of one photosensor per classroom resulted in an average payback period of 
approximately four years. Classrooms with limited or less effective daylight access, such as 
Classroom 9, exhibited longer payback periods (exceeding eight years), highlighting the strong 
influence of room-specific daylight conditions on the economic performance of lighting control 
strategies. 

Beyond the specific control logic evaluated in this study, more advanced lighting control 
strategies based on adaptive algorithms and data-driven optimisation may further enhance the 
coordination between daylight and electric lighting in complex building environments, potentially 
improving both energy efficiency and operational robustness under variable occupancy and daylight 
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conditions. Finally, it is important to note that lighting control strategies influence not only energy 
consumption but also indoor environmental quality. Previous studies have shown that well-designed 
lighting systems positively affect visual comfort, user satisfaction, and perceived learning conditions 
in educational buildings [18,22,39], reinforcing the value of integrating control systems as part of 
holistic sustainability interventions. 

5. Conclusions 
This study presents an integrated assessment of daylighting performance, artificial lighting 

behaviour, energy efficiency, and user perception in university classrooms located in a 
Mediterranean climate. The combined application of in situ field measurements, climate-based 
daylight simulations, energy performance analysis, and perception surveys enables a comprehensive 
evaluation of lighting conditions and their implications for visual comfort, energy use, and 
sustainability.Results demonstrate that while the studied classrooms exhibit strong daylighting 
potential particularly near façades daylight distribution is highly uneven, leading to localized glare 
risk and insufficient illumination in deeper zones. The LED lighting retrofit effectively mitigates these 
limitations by providing illuminance uniformity, increasing, and reducing., improved luminous 
efficacy, and electricity consumption. However, this corrective effect is less effective in spaces 
exposed to direct solar radiation; where high luminance contrasts may exceed the compensation 
capacity of the artificial lighting system, highlighting the need for integrating architectural shading 
and glare-control measures to manage direct sunlight and ensure acceptable visual conditions 
throughout the space. 

The observed reductions in energy consumptionand associated CO₂ emission confirm the 
environmental benefits of LED technology, particularly when combined with daylight-responsive 
control strategies. The strong agreement between measured data and simulation outcomes validates 
the modelling approach and supports its application as a predictive tool for future lighting retrofit 
scenarios in educational buildings. Student feedback reveals a clear preference for natural light and 
exterior views, underlining the relevance of daylight for well-being, aĴention, and overall 
satisfaction. Notably, 79% of the surveyed students strongly believed that natural lighting 
significantly enhances their academic performance a perception that aligns with established research 
suggesting that high-quality daylighting fosters cognitive focus and productivity in educational 
seĴings. However, reported discomfort in certain conditions reinforces the need for integrated 
solutions that balance daylight availability with glare control and adaptive lighting strategies. 

Overall, the findings confirm that the integration of daylight and electric lighting systemsis 
essential for enhancing learning environments, reducing energy demand, and supporting 
institutional sustainability objectives in educational buildings. 

6. Limitations and Future Work 
Despite the comprehensive methodological approach adopted in this study, several limitations 

should be acknowledged. First, the analysis is limited to a relatively small number of classrooms 
within a specific climatic, architectural, and functional context, which may restrict the generalisability 
of the results. Future research should extend the proposed methodology to a broader range of 
educational buildings and spatial configurations and climatic regions to strengthen the robustness 
and transferability of the findings. 

Second, daylight measurements were conducted during selected representative periods rather 
than continuously year-long monitoring. Although climate-based simulations partially address this 
limitation, long-term monitoring campaigns would provide more detailed understanding of annual 
daylight variability glare occurrence, and user exposure under diverse sky conditions. 

Third, the evaluated lighting system is based on fixed-output LED luminaires combined with 
relatively simple control strategies. While this configuration allows for a clear assessment of baseline 
performance, future studies should experimentally investigate more advanced solutions, such as 
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continuous dimming, occupancy-based modulation, and integrated daylight-responsive control 
systems In addition, the role of passive solar protection systems including horizontal louvers, 
adjustable blinds, or architectural overhangs deserves further investigation, particularly to regulate 
direct solar radiation and mitigate localized glare at the source. Assessing the combined performance 
of shading devices and adaptive lighting controls would enable a more holistic optimization of visual 
comfort across different seasons and spatial depths. Finally, the thermal implications of lighting 
retrofits were not explicitly addressed in this study. In Mediterranean climates, internal heat gains 
from artificial lighting can significantly influence cooling demand and overall building energy 
performance.  Future work should therefore integrate thermal modelling, HVAC interaction 
analysis, and adaptive comfort assessment to evaluate the combined visual and thermal impact of 
lighting interventions in educational buildings.  

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Supplementary illuminance maps from measurements and simulations. 
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UGR Unified Glare Rating 
WWR Window-to-Wall Ratio 
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