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Abstract: This article analyzes the current status of the lighting quality at the Escuela Técnica Superior
de Ingeniería Aeronáutica y del Espacio (ETSIAE), the aerospace engineering faculty at the Universidad
Politécnica de Madrid (UPM), and evaluates possible improvement actions based on the use of DIALux®

lighting simulation software together with measured data. The results show rather low levels of
measured illuminance on classroom desks and blackboards in one of the buildings comprising
the faculty. The improvements proposed (a new coat of paint on the walls and replacement of
luminaires) were simulated in four individual classrooms representing all rooms in two of the ETSIAE
buildings (where the lower illuminance levels were measured). In order to study these improvements,
the current situation of the four selected classrooms was simulated using DIALux® and fine-tuning
attenuation of the luminaires to take into account their wear and tear. The correlation between
the DIALux® simulation and the test results was analyzed with quite good results. The results
clearly reveal a need to fully replace the classroom lighting systems in ETSIAE building A (the oldest
building, dating back to 1955). According to the results from the selected classrooms, the average
lighting over the desks can be greatly improved by using LED technology in order to meet UNE
12464-1 standard (that is, 500 lx, from an initial situation with much lower illuminance values: 129 lx
to 295 lx). This article represents an innovative way to perform lighting improvement projects as real
measured lighting data is used as initial input for the lighting simulations.

Keywords: DIALux; simulation; lighting quality; teaching institution; classroom lighting

1. Introduction

The importance of proper lighting conditions (i.e., visual comfort) at academic institutions has
been emphasized at all levels, from elementary, primary, and secondary education schools [1–6] to
university faculties [7–16]. In general, it can be said that comfort in academic environments has been
widely analyzed as it has important effects on learning. On this subject and attending to the available
literature, three main different aspects can be underlined in first place: thermal comfort, noise comfort,
and visual comfort [12,14,17]. After them, other less relevant aspects such as wall colors, furniture,
spatial arrangements, ventilation, etc. can also be added when analyzing the aforementioned comfort
in academic institutions [4,10,12,13,15]. Visual comfort mainly depends on lighting. However, it is
somehow affected by thermal and noise levels [14,17].
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In the available literature, some examples were found of lighting analysis in classrooms and other
academic environments [8,18–23]. Some of these focused mainly on energy costs and efficiency [18,20,21,23],
as lighting represents about 20% of the world’s demand for electrical energy production [23]. On the
other hand, many analyses on visual comfort and the effects of lighting seem to be based on
surveys/interviews rather than measuring the illuminance levels [5,6,11,12,15]. Even those works that
reflect lighting measurements include surveys [13,16,24,25], adding subjective (and statistical) factors
to the study.

Many of the studies on lighting similar to the present one found in the available literature were
conducted using DIALux® [8,19–23], although it seems that there are many possibilities when it comes
to lighting simulation tools [26–29]. However, leaving aside some works related to validation of
lighting analysis software [30–33], there seems to be a lack of studies evaluating the accuracy in the
prediction of actual lighting results. Finally, it is worth mentioning the quite high accuracy in artificial
lighting simulations (0.5% average error) reported by Maamari et al. [33].

This paper discusses the results of research conducted on the current lighting in the classrooms
of the Universidad Politécnica de Madrid (UPM) Faculty of Aerospace Engineering (Escuela Técnica
Superior de Ingeniería Aeronáutica y del Espacio (ETSIAE), see Section 2) without daylight (that is,
during evening/night periods and with the window blinds lowered) and analyzes different proposals
for improving it. To this end, illuminance was measured on student desks and blackboards in
39 classrooms, including those used for exams. This study excludes other areas of the faculty with
special characteristics, such as the library, computer rooms, laboratories, and other common areas.
It was considered relevant to focus on this group of classrooms, where students and instructors
spend most of their time and where lighting quality is most crucial. Measurements were carried
out by measuring the illuminance levels on the selected surfaces (blackboards and desks) with a lux
meter. This is a quite direct and simple technique that allowed a first evaluation of a quite relevant
problem. However, it is somehow limited when compared to High Dynamic Range (HDR) imaging
technology [24,25,34,35], as it does not give other interesting variables such as glare.

In addition, it should also be said that the selection of illuminance as a lighting-quality variable has
some drawbacks, as it might not correlate well with perceived brightness or visual comfort. Cuttle [36]
suggested the use of the Perceived Adequacy of Illumination (PAI) as an alternative to minimum
illuminance levels in standards, this concept of lighting being quantified by Mean Room Surface
Exitance (MRSE) as a control variable. Besides, some studies show limitations of illuminance as the
proper variable to define the adequacy of indoor lighting [37,38] and others show new lighting-quality
metrics being required if health is taken into account when designing work environments [39], whereas
other studies propose that the proper illumination on artwork needs to be specifically defined [40,41].

The aim of the present work is to propose a lighting analysis technique that may ensure the
compliance of lighting upgrade projects with UNE 12464-1 standard, which regulates lighting projects
in working environments. Taking into account that, based on this standard, visual quality is only
quantitatively ensured by

• the illuminance value,
• the color rendering index,
• the illuminance uniformity index, and
• the Universal Glare Rating value,

illuminance was selected as a control variable in the present work.
Leaving aside the illuminance measurements taken in the classrooms, the most original

contribution from the present work is the DIALux® calibration/tuning carried out by comparison
between the data from the simulation of the present situation and the measurements. After this
calibration and validation, three different lighting improvement actions were studied. To the best of the
authors’ knowledge, no study of this type had ever been conducted at ETSIAE or any other faculties
at the Universidad Politécnica de Madrid (UPM). It is worth emphasizing the lack of renovation with
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regard to lighting quality in the oldest building at ETSIA (building A, dating back to 1955), despite the
importance of lighting maintenance as one of the categories which influence building environment
condition [42].

The paper is organized as follows: Section 2 describes the instrumentation and methodology
used in the measurement campaign and subsequent simulations. Section 3 discusses the results and
shows the actual current situation of the classroom lighting, along with the expected situation after
implementing the proposed improvements. Finally, Section 4 summarizes the conclusions.

2. Materials and Methods (Testing and Simulation Methodologies)

The Escuela Técnica Superior de Ingeniería Aeronáutica y del Espacio (ETSIAE) at the Universidad
Politécnica de Madrid (UPM) is the university’s aerospace engineering faculty. It was created by
merging two older engineering schools within the same university: the Escuela Técnica Superior de
Ingenieros Aeronáuticos (ETSIA) and the Escuela Universitaria de Ingeniería Técnica Aeronáutica (EUITA).
This followed the university’s implementation of the new degree programs regulated by Royal Decree
1393/2007, within the framework of the European Higher Education Area. The available data, from
academic year 2016–2017, indicate a total of 3468 students. This makes the ETSIAE one of the UPM’s
largest faculties, with a surface area of 36,500 m2, 240 professors and researchers, and 140 service and
administrative staff.

Following the renovations undertaken in recent years, ETSIAE has four buildings dedicated to
teaching, known as buildings A, B, C, and E (see Figure 1). Due to the high number of students at
the school and the degree programs offered and depending on the time of year, it is normal for many
students to spend all or part of their school day using only artificial lighting, with the visual fatigue that
this entails. For this reason, it is essential for classroom lighting to meet regulatory requirements [43]
in order to be suitable for the tasks performed at this faculty.
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Figure 1. Aerial view of Escuela Técnica Superior de Ingeniería Aeronáutica y del Espacio (ETSIAE): there are
four buildings dedicated to teaching (A,B,C,E), and two buildings housing the library, laboratories,
offices, cafeteria, and common areas (D,F). Source: Universidad Politécnica de Madrid.

This study comprises several successive steps, starting with measurement of the present
illumination levels (i.e., illuminance, E) of a significant number of ETSIAE classrooms. Four different
types of classrooms were then selected as representative of the entire set, and the current situation was
reproduced using DIALux® lighting simulation software. Once the current situation in the selected
classrooms was properly simulated, three proposals for improvement were analyzed, using as reference
the simulation of the current situation.
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2.1. Testing Campaign

The first step in the proposed methodology was the design of the testing campaign, where it was
necessary to define the scope of the research and to establish a schedule for measuring the lighting
levels in the chosen classrooms. When creating the schedule, it was important to define the times of
day during which the data should be collected, as these data might be greatly affected by sunlight.
Thus, it was determined that the measurements should be taken in the most unfavorable case in
terms of illumination, which is between sunset and sunrise (when there is less outside light and
the classroom lighting reaches the minimum possible value). It should be emphasized that there is
still academic activity at ETSIAE after sunset. It was also necessary to plan the manpower and time
needed to properly conduct the testing campaign, as the measurements in a single classroom can take
a significant amount of time (between 30 min and several hours). Finally, it should be highlighted
that the measurements were taken in winter, when there are more hours of darkness for measuring,
and with all window blinds lowered.

This study includes measurements of the lighting levels on student desks and blackboards in 39
ETSIAE classrooms (see Figure 2), distributed among buildings A, B, and E. It includes all ETSIAE
classrooms dedicated to traditional teaching (i.e., not multimedia classrooms). A CEM-DT 1308
lux meter and a DEXTER CM30 distance meter were used in this testing campaign (see Figure 3).
In addition to the geometry of the classrooms, the arrangement of lights, desks, blackboards, and other
elements that might interfere with lighting (such as platforms, cabinets, columns, pillars, beams, etc.)
were precisely identified. This was done in order to reproduce both the geometry and the lighting
conditions of the classrooms as accurately as possible in the subsequent simulation. Similarly, the brand
and model of each light in the classrooms were also identified.
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Figure 3. Equipment used in the testing campaign: (a) CEM-DT 1308 lux meter, (b) DEXTER CM30
distance meter, and (c) measuring tape.

Once the geometry of the classrooms was determined, the illuminance values, E, were measured
on the surfaces of interest (blackboards, tables, and student desks). Blackboards are elements of great
importance to the educational process, as students use them to take notes and to understand the
professors’ explanations. In fact, UNE 12464-1 gives them special importance in terms of lighting,
with an average illuminance reference value of 500 lx. (This value may vary according to national
regulations [20].) In order to measure the illumination distribution, it was chosen to measure points
one meter apart on the average line of the blackboard (see Figure 2). These points were measured
at mid-height, since direct classroom observations revealed that most of the professors’ notes on the
blackboard were made in this area.

With regard to student desks, it was noted that students rarely place paper in the center of the desk
to write, but tend to tilt it toward one side depending on their dominant hand. Bearing this in mind,
the four corners of the desk as well as the central point were defined as measurement points. For long
desks with more than one seat, the part corresponding to each seat was treated as an individual desk
and the two corners in contact with each other were treated as a single point (see Figure 2).

A significant number of measurement points was obtained in each classroom, ranging from
134 points in the smallest classroom to 2275 points in one of the examination rooms. The measurements
were collected on cards such as the one shown in Figure 4. Each group of desks is identified in one color
according to the level of lighting achieved (the closer the desks are to the dark red color, the poorer
the lighting).
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Figure 5. Comparison between an actual image of classroom A-038 (a) and the simulation carried
out using DIALux® software (b), and calculation points for the illuminance and Unified Glare Rating
(UGR) in the DIALux® simulation of classroom A-016 (c).

The geometry of the classes was reproduced using the data obtained in the test campaign.
As explained in Section 2.1, with the aid of the distance meter DEXTER CM30, an accurate geometry of
the classes was obtained. For the luminaires, a complete inventory of which luminaires were in use in
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all the classrooms was performed in the test campaign. With this information, DIALux® ready-to-use
data was obtained from the manufacturers’ data catalogues. This allowed to directly implement the
luminaires and their performance in the simulation, with only a need to adjust their attenuation to take
into account wear and tear. In the testing campaign, together with the geometry of the classrooms,
an extensive set of data regarding the position and shape of all desks, chairs, blackboards, and elements
that may affect lighting was measured. Using the aforementioned data, the necessary objects were
created and arranged to be taken into account in the simulation. With regard to the windows, as the
lighting analysis is based on the results obtained in the most unfavorable scenario (at night), no light
was set to be transmitted through them, with the blinds being lowered. Finally, taking into account the
importance that surface textures have in light reflection, the colors of the walls, ceiling, blackboard,
chairs, and tables were reproduced in the simulation. Furthermore and in relation to the floors, as their
texture was not uniform, customized textures were created with the aid of imported photos of the
present floors at the simulated classrooms.

The different points of interest with regard to the lighting on student desks and blackboards as
well as the Unified Glare Rating (UGR) were established in the simulations. The UGR calculation points
were placed in the center of each chair where the eyes of an average-sized student would be sited.

3. Results and Discussion

The results of this study are described and discussed in this section. First, the results of the
ETSIAE classroom lighting measurement campaign are analyzed. Second, the improvements applied
to four representative classrooms using the DIALux® software are analyzed. This section begins
with a comparison between the experimental lighting results measured on the student desks in the
selected classrooms and those extracted from the direct simulation of the current situation conducted
using DIALux®. An accuracy estimation of the simulated results is then established. After this
calibration/tuning, three proposed improvements are studied: (1) changing the color of the walls;
(2) replacing the luminaires with new ones (of the same model); and (3) replacing the luminaires with
new ones but employing LED technology.

3.1. Testing Results

As mentioned above, the testing campaign included measurements from 39 classrooms in three
different ETSIAE buildings (buildings A, B, and E). Table 1 shows the average illuminance values
measured on student desks and blackboards in each of these classrooms, along with the surface areas
of the classrooms. A first look at these results reveals rather low values in all classrooms in building
A and in nearly all in building B, much lower than the 500 lx level stablished by the standards [43].
In some building A classrooms, the average lighting is below 200 lx. As expected, the situation is much
better in building E.

In building A, most of the classrooms have very poor lighting, with only three rooms recording a
measured illuminance, Em, higher than 200 lx and none recording higher than 300 lx. The average
illumination value on all desks measured in building A was 169 lx, well below the recommended 500
lx. In building B, better results were obtained, with 30% of the classrooms achieving the illuminance
values recommended by regulations. In 50% of the classrooms, illuminance values of 300 lx to 400
lx were obtained, with only one classroom recording a value below 300 lx. Finally, all classrooms in
the newest building, building E, had acceptable levels of lighting on the study desks. Based on the
above results, it is clear that the improvements to be proposed should focus on increasing the average
illuminance levels in the classrooms in buildings A and B while keeping the UGR glare index below
the maximum level (maximum value of UGR should be below 19, according to UNE 12464-1).
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Table 1. Average illuminance measured on student desks, Emdk, and blackboards, Embd, in the ETSIAE
classrooms studied: the table also includes the surface areas of these classrooms, A, and the number of
desks, n.

Classroom A
[m2] n Emdk

[lx]
Embd
[lx] Classroom A

[m2] n Emdk
[lx]

Embd
[lx]

A-003 102.57 36 133 212 A-139 399.22 276 182 107
A-004 103.5 36 133 251 A-242 455.22 325 304 183
A-005 103.53 36 133 224 BSS-02 341.3 224 740 794
A-006 114.43 42 129 236 B-003 86 23 356 443
A-013 103.53 36 138 174 B-004 86 32 336 145
A-014 68.3 24 148 244 B-005 90.21 32 307 339
A-015 114.15 42 124 205 B-202 196.49 50 662 270
A-016 31.2 10 132 112 B-205 146.91 40 759 315
A-025 103.53 36 134 224 B-305 87.40 32 336 429
A-026 103.53 36 138 224 B-306 86.94 32 293 456
A-027 104.4 37 145 195 B-319 87.40 32 338 404
A-029 74.88 19 163 271 B-324 87.40 32 350 473
A-036 105.02 36 218 439 E-004 69.44 15 688 458
A-037 66.75 19 146 203 E-005 69.76 15 744 593
A-038 111.59 42 132 246 E-006 36.80 8 987 787
A-039 31.16 10 188 142 E-104 67.52 16 907 780
A-113 105.17 24 299 373 E-105 69.76 16 913 764
A-114 104.17 24 309 336 E-107 70.08 16 759 571
A-115 114.33 39 134 206 E-303 323.13 180 875 987
A-120 102.96 37 150 188 - - - - -

3.2. DIALux® Analysis Results

As stated in the methodology described in Section 2, four model classrooms were selected as
representative of the different types of poorly illuminated classrooms, three of which were in building
A and one was in building B (see Figure 6):

• A-005 (medium-sized classroom model)
• A-016 (smaller classroom model)
• A-038 (large classroom model)
• B-306 (classroom with the worst lighting result in building B)

The heterogeneous classroom sizes in building A prompted the selection of a higher proportion of
cases from this building. In contrast, the classrooms in building B are much more homogeneous with
regard to their geometry.

To get a better idea of the current status of the illumination levels in the selected classrooms (in
addition to the results from Table 1), the percentage distribution of the individual desks with regard to
the measured illuminance, Em, was plotted (see Figure 7). This histogram clearly indicates the poor
lighting conditions in the building A classrooms.

Before analyzing any possible improvement, the current situation of the selected classrooms
was simulated as accurately as possible using DIALux®. As shown in Figure 4, the geometry and
conditions of the classrooms were simulated, including the furnishings and position of all luminaires.
Finally, the attenuation of these luminaires was adjusted to bring the results of the simulation as close
as possible to the measurements taken (see Table 2 for the average and maximum values of measured
and simulated lighting on the desks and blackboards in the selected classrooms). Figure 8 compares
the illumination from the testing campaign, Em, and the DIALux® simulation, Edl, on each individual
desk. The quality of the correlation between the two results can be appreciated compared to the ideal
simulation indicated by the continuous line included on the graphs.
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Figure 6. Pictures of classrooms A-005 (a), A-016 (b), A-038 (c), and B-306 (d) selected for this study
as representative of all classrooms at the Escuela Técnica Superior de Ingeniería Aeronáutica y del Espacio
(ETSIAE) at the Universidad Politécnica de Madrid (UPM).

Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 17 

Figure 6. Pictures of classrooms A-005 (a), A-016 (b), A-038 (c), and B-306 (d) selected for this study 
as representative of all classrooms at the Escuela Técnica Superior de Ingeniería Aeronáutica y del Espacio 
(ETSIAE) at the Universidad Politécnica de Madrid (UPM). 

The heterogeneous classroom sizes in building A prompted the selection of a higher proportion 
of cases from this building. In contrast, the classrooms in building B are much more homogeneous 
with regard to their geometry. 

To get a better idea of the current status of the illumination levels in the selected classrooms (in 
addition to the results from Table 1), the percentage distribution of the individual desks with regard 
to the measured illuminance, Em, was plotted (see Figure 7). This histogram clearly indicates the poor 
lighting conditions in the building A classrooms. 

 
Figure 7. Percentage distribution of the individual desks with regard to the measured illuminance, 
Em, in the classrooms selected for this study (A-005, A-016, A-038, and B-306). 

Before analyzing any possible improvement, the current situation of the selected classrooms was 
simulated as accurately as possible using DIALux®. As shown in Figure 4, the geometry and 
conditions of the classrooms were simulated, including the furnishings and position of all luminaires. 
Finally, the attenuation of these luminaires was adjusted to bring the results of the simulation as close 
as possible to the measurements taken (see Table 2 for the average and maximum values of measured 
and simulated lighting on the desks and blackboards in the selected classrooms). Figure 8 compares 
the illumination from the testing campaign, Em, and the DIALux® simulation, Edl, on each individual 
desk. The quality of the correlation between the two results can be appreciated compared to the ideal 
simulation indicated by the continuous line included on the graphs. 

This correlation can also be quantified by means of the Root Mean Square Error (RMSE). For 
each classroom, assuming data is reasonably distributed according a Gaussian process (data from the 
A005, A016, and B036 classrooms are Gaussian according to the Shapiro–Wilk test with 0.05 
significance level; data from A038 do not; however, this last result changes if the two points—from a 
42-point sample—representing the larger difference between simulated and testing data are not taken 
into account), the RMSE represents the limit encompassing 66% of the differences between the 
simulated and measured illuminances (i.e., the limit marking 66% of the desks displaying a minor 
difference between those illuminances. This difference is reflected by the vertical distance between 
the points and the unit slope line on the graphs in Figure 8). The RMSE values obtained from the 
simulations are as follows: 16.0 lx (A-005), 26.3 lx (A-016), 18.7 lx (A-038), and 33.7 lx (B-306). Bearing 
in mind that the above data show a difference between the simulated and measured data of 3.2% to 
6.7% of the reference value of the recommended illuminance level, 500 lx [43], the accuracy of the 
simulation performed with DIALux® was assumed to be reasonable. 

0%

20%

40%

60%

80%

100%

<100 100-200 200-300 300-400 400-500 >500
Em [lx]

A-005
A-016
A-038
B-306

Figure 7. Percentage distribution of the individual desks with regard to the measured illuminance, Em,
in the classrooms selected for this study (A-005, A-016, A-038, and B-306).
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Table 2. Average and maximum illuminance on the desks (Eav,dk and Emax,dk) and blackboards (Eav,b

and Emax,b) in the classrooms studied in the following cases: current (measured by lux meter), current
case simulation by DIALux®, case 1, case 2, and case 3. The average and maximum UGR glare values
obtained in the simulations have been also included.

Classroom Eav,dk [lx] Emax,dk [lx] Eav,b [lx] Emax,b [lx] UGR
(Average)

UGR
(max)

Current
Case

A-005 133 168 224 242 - -
A-016 112 152 112 120 - -
A-038 132 166 246 275 - -
B-306 293 478 456 509 - -

Current
Case

Simulation

A-005 133 187 222 237 24 25
A-016 135 157 113 118 18 20
A-038 129 205 243 256 24 25
B-306 295 509 467 501 21 23

Case 1

A-005 148 202 235 249 23 24
A-016 152 176 126 132 17 19
A-038 141 218 254 265 23 25
B-306 311 531 483 520 21 23

Case 2

A-005 304 403 431 451 23 25
A-016 213 340 354 360 23 25
A-038 267 372 413 440 23 25
B-306 973 1088 974 1044 22 24

Case 3

A-005 536 698 570 795 13 19
A-016 614 686 593 696 16 19
A-038 506 809 555 745 14 19
B-306 564 855 527 581 15 19
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Figure 8. Illuminances calculated by DIALux®, Edl, on each of the desks in classrooms A-005, A-016,
A-038, and B-306, compared to the measurements taken in each case, Em: A line indicating the ideal
simulation is included on each graph. The Root Mean Square Error (RMSE) of Edl in relation to Em is
included in each graph.
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This correlation can also be quantified by means of the Root Mean Square Error (RMSE). For each
classroom, assuming data is reasonably distributed according a Gaussian process (data from the A005,
A016, and B036 classrooms are Gaussian according to the Shapiro–Wilk test with 0.05 significance
level; data from A038 do not; however, this last result changes if the two points—from a 42-point
sample—representing the larger difference between simulated and testing data are not taken into
account), the RMSE represents the limit encompassing 66% of the differences between the simulated
and measured illuminances (i.e., the limit marking 66% of the desks displaying a minor difference
between those illuminances. This difference is reflected by the vertical distance between the points
and the unit slope line on the graphs in Figure 8). The RMSE values obtained from the simulations
are as follows: 16.0 lx (A-005), 26.3 lx (A-016), 18.7 lx (A-038), and 33.7 lx (B-306). Bearing in mind
that the above data show a difference between the simulated and measured data of 3.2% to 6.7% of
the reference value of the recommended illuminance level, 500 lx [43], the accuracy of the simulation
performed with DIALux® was assumed to be reasonable.

After studying the reasonable suitability of DIALux® simulations, 3 different case studies were
proposed in order to improve the current situation:

• Case 1: The proposal consists of painting the walls of the classrooms white. In this case,
the luminaires (and lamps) and their distribution are maintained.

• Case 2: Installation of new lamps (in the luminaires), using the same model as before, should
increase their luminous flux. This improvement was programmed in DIALux® by applying a 0%
attenuation value to all simulated control groups.

• Case 3: Replacement of the current luminaires with a different model employing LED technology,
PHILIPS SM134V PSD W20L120 1 xLED37S/840 OC, was chosen to maintain the current
arrangement of the luminaires in order to simplify the installation process. Because of the
project size, it was decided to choose a single luminaire model in order to achieve two fundamental
advantages: to simplify maintenance and to reduce the investment by increasing the purchase
volume and by possibly obtaining additional discounts. The following numbers of luminaires
were used in each of the classrooms studied: 18 (A-005), 8 (A-016), 19 (A-038), and 17 (B-306).
Most of the lamps currently installed (PHILIPS) have a luminous flux of 3350 lm. Since the aim
is also to increase the current average illuminance value, it was decided to choose lamps with a
higher luminous flux: 3700 lm. Because the ceilings in the building A classrooms are very high,
it was advantageous to choose luminaires that can be hung (or installed directly on the ceiling,
which is necessary in the building B classrooms due to their lower ceiling height). In addition, an
“OC” diffuser was chosen. Regarding the color temperature of the luminaires, 4000 K was selected
(current situation and recommended by the regulations). On the technical data sheet provided by
the manufacturer, it should be emphasized that the color reproduction index is greater than or
equal to 80, thus complying with European standards.

Table 2 includes the average and maximum illumination on the desks and blackboards in the
selected classrooms for the cases studied, along with the maximum UGR glare values obtained in
each case:

• Current Case (represented by the experimental measures)
• Current Case Simulation
• Case 1 (change of paint on the walls)
• Case 2 (replacement of the lamps using the same models)
• and Case 3 (replacement of the lamps with LED models)

In addition and due to their special importance, Figure 9 shows the percentage distributions of the
desks in the selected classrooms, classified according to their illuminance in cases 1, 2, and 3 and with
regard to the initial case (current case simulation). The results of this study clearly indicate the need
for a change in the lighting of the ETSIAE classrooms, as a real and true approach to the minimum
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conditions (500 lx) is not achieved unless the luminaires and lamps are replaced. More specifically,
it can be said that changing the color of the walls and replacing the existing luminaires would both
have positive effects but are not sufficient to provide adequate lighting for the classrooms. Therefore,
for the purposes of the case study, changing the lighting technology is considered the best option in
order to meet the standard [43] in the building A and B classrooms.Appl. Sci. 2020, 10, x FOR PEER REVIEW 13 of 17 
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Figure 9. Distribution of desks by lighting levels and improvement cases (case 1, case 2, and case 3)
from the initial illuminance levels in each of the selected classrooms.

As it can be observed in Table 2, for the option chosen as the appropriate improvement action
(case 3), the UGR or glare values are below the limits established by the UNE 12464-1, which means no
further action is needed to comply with the standards in terms of glare.

However, if other options were to be implemented (as in case 2 for the B-306 classroom),
technologies for glare reduction should be considered and tested via simulations in order to reduce the
maximum UGR value to comply with the standards (maximum UGR value of 19). Such technologies
include translucent or polarizing covers or reflectors to prevent light spreading horizontally. In addition,
focusing on case 2 for the B-306 classroom, this particular case could be evaluated with some of the
luminaires turned off, as there is a wide margin for illuminance reduction that could lead to meeting
the glare standards.
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4. Conclusions

This study analyzes the quality of the lighting in the classrooms at the Escuela Técnica Superior de
Ingeniería Aeronáutica y del Espacio (ETSIAE) at the Universidad Politécnica de Madrid (UPM). The main
motivation for this work is the lack of lighting maintenance and improvement on ETSIAE classrooms
in the last decades. The work was carried out

• by measuring the illuminance in a large number of classrooms from this faculty and
• by simulation.

The results of measurements carried out in 39 classrooms of ETSIAE revealed deficient lighting in
evening/night conditions.

Three possible improvements were studied:

• white painting on the walls,
• replacement of the existing luminaires with the same models, and
• replacement of the existing luminaires with different models employing LED technology.

These improvements were analyzed using the simulation program DIALux® after performing
a prior simulation of the current measured situation in order to calibrate/tune the attenuation of the
lamps and to achieve the same lighting levels.

Analysis of the correlation between the results from the simulation and the data obtained from the
measurements revealed acceptable results, showing the aforementioned method of tuning the lamp
attenuation in the DIALux® software suitable for obtaining a simulation of the actual lighting situation
for its use in improvement action evaluation.

The results clearly indicate that the current luminaires must be replaced with different ones in
most of the classrooms from the oldest building of the faculty if compliance with current standards is
to be ensured. In this sense, replacing the luminaires with others based on LED technology has proven
to be the best option. According to the results from the selected classrooms, the average lighting over
the desks can be improved from 133 lx (classroom A-005), 135 lx (classroom A-016), 129 lx (classroom
A-038), and 295 lx (classroom B-306) to 536 lx, 614 lx, 506 lx, and 564 lx, respectively.

Future works that follow this study should focus on

• improving the lighting analysis by using more sophisticated tools and procedures such as High
Dynamic Range (HDR) imaging technology;

• including daylight in the lighting analysis, as some classrooms might have glare problems at
certain periods of the day; and

• including new lighting design, as according to the new social situation caused by covid-19,
classrooms might need to combine in-class and online teaching.

Finally, the importance of this study must be emphasized as it reveals a serious problem that
could also exist at other UPM schools and faculties and at other Spanish universities.
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