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Abstract

This paper is focused on the daylighting system named Modified Double Light Pipe (MDLP) designed by the authors as an evolution
of the Double Light Pipe to eliminate the drawbacks due to its encumbrance and the high luminance of its upper portion. They cut off
its lower part and applied a circular light shelf to the system to prevent people from seeing the upper brightest portion of it. An
experimental activity under real sky has been carried out for four months on a reduced scale model of the MDLP. The dynamic metrics
DA, cDA, DR, and U0 have been calculated on monthly basis. The results can be considered satisfactory both in terms of illuminance
distribution and daylight autonomy, as well as illuminance uniformity, taking into account that the tests have been carried out in winter,
under unfavorable climatic conditions. The results show that, even in winter climatic conditions, the MDLP gives a contribution to
delivering daylight in the intermediate room both on sunny and cloudy days with good uniformity of illuminance distribution on the

horizontal work plane.

© 2022 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license

(https://creativecommons.org/licenses/by/4.0/).

1. Introduction

It is known that natural light ensures visual comfort conditions
inside the rooms, as well as guaranteeing effective energy saving.
It is sustainable and able to play two architectural functions:
illuminating the environment and creating shapes, shadows, and
visual sensations. Daylight varies according to the season and the
time of day following the circadian rhythms of the human
organism, creating favorable psychological conditions for the
occupants. The impact of natural light on human health and
psychological condition is described by the authors of [1-4]. On
the other hand, large windows and skylights can cause high
thermal loads due to solar radiation hitting the transparent
surfaces.

Taking this into account, it is very important to construct
buildings with the correct exposure to optimize natural light
availability without generating high thermal loads.

The use of daylight in buildings allows considerable energy
savings, especially in summer and spring at latitudes characterized
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by sunny weather for most of the year. The high consumption of
electricity for lighting is even higher in public buildings, often
caused by the occupants’ bad habit to use artificial light even in
presence of natural light only for look reasons, negligence, or
sloppiness, as underlined by numerous researchers [5-12].

In underground areas of buildings, daylight is lacking, while in
large industrial warehouses or shopping centers, equipped with
windows on the perimeter walls, it cannot reach a large part of the
occupied zone, too far from the openings. In these cases, light
pipes or other technological devices can be used to introduce
daylight in interior environments. These systems are the topic of
many authors’ studies [13-17]. Commonly, tubular light pipes
produce not very high light levels with low sun elevation angles.
In [18] the authors propose to improve the light pipe performance
with a parabolic collector “that redirects the low altitude incident
rays of the sun efficiently into a mirror light pipe and thus
enhances the lighting to desired levels in the building” [18].

Natural light from a window is not evenly distributed on the
work plane, because illuminance is rapidly decreasing going away
from the light source. In these cases, light shelves can be used to
increase the spatial uniformity of daylight incoming from
windows, as described by the authors of [19-24].

2383-8701/© 2022 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
https://dx.doi.org/10.15627/jd.2022.17
https://solarlits.com/jd
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.15627/jd.2022.17&domain=pdf
mailto:zazzini@unich.it
mailto:dicrescenzo.a@live.it
mailto:luigirossitti@yahoo.com
mailto:robertamirando@gmail.com

229 P. Zazzini et al. / Journal of Daylighting 9 (2022) 228-241

Nomenclature

cDA Continuous Daylight Autonomy

DA Daylight Autonomy

DF Daylight Factor

DLP  Double Light Pipe

DR Daylight Ratio (%)

E; Internal illuminance (Ix)

Eox External illuminance (Ix)

Euvg Average Illuminance on the work plane (Ix)
Enax Maximum Illuminance on the work plane (Ix)
Eoin Minimum Illuminance on the work plane (Ix)
MDLP Modified Double Light Pipe

r Luminous reflectivity
Uy [lluminance Uniformity (Epin / Eavg)

The optimization of daylight distribution in interior spaces
through technological devices (light pipes and similar, light
shelves; etc.) is a topic widely addressed by researchers, that
analyze these systems through numerical simulations or
experimental activities [25-34].

The experimental analysis can be carried out under an artificial
sky, as the one described by the authors in [35], or a real sky, using
a real scale or reduced scale model. In [36] Boccia and Zazzini
underline that the scale model approach is simply to use and
effectiveness, but it usually overestimates the illuminance values,
and its accuracy is often reduced due to occasional causes, such as
the incidence of direct solar radiation on the measure positions.

Natural light transport systems can also be used to illuminate
two underground levels of a building. For example, the authors of
[37] propose a vertical light pipe able to distribute daylight
simultaneously into three rooms of a two levels office building.

When a light pipe is used to introduce daylight in a two levels
underground construction, it creates an annoying encumbrance in
the passageway.

To solve this problem the authors of this paper developed a
daylight transport system: the DLP. It is an evolution of the
traditional light pipe, in which a highly reflective film is applied
both on the internal and external surfaces of the tube. Furthermore,
a second transparent tube is applied to the system concentric to the
first, so that light entering the cavity between the two pipes is
delivered into the passage area, while the internal tube illuminates
the final room, as detailed by the authors in [38] and [39].

The DLP has some drawbacks due to the increased bulk
compared to the traditional light pipe and to the high luminance of
the upper part of the system, which can give rise risk of glare. To
mitigate these weaknesses, the authors cut off the lower portion of
the external tube and contemporarily installed a horizontal light
shelf able to reflect light towards the ceiling and to reduce the risk
of glare preventing the occupants from seeing the most luminous
portion of the DLP. They called this new system MDLP and
described it in [1].

The authors of [40] proposed an analogous idea: a vertical light
pipe that illuminates five levels of a building, but this is a more
complex device, consisting of alternated transparent and opaque
portions, as well as a partially transparent and partially reflective
cone at each level, with a light shelf that reflects towards the
ceiling solar radiation coming from the sun with low elevation
angle.

In this paper, the authors show the results of an experimental
analysis carried out on a 1:2 scale model of the MDLP under a real
sky in dynamic conditions, measuring illuminance in twelve
points on a horizontal work plane in the passage room.

2. The modified double light pipe (MDLP)

The MDLP is an innovative daylight transport system set up by
the authors modifying the DLP, which is described in [38] and [39].

Both the DLP and the MDLP have been designed to illuminate
two underground levels of a building. The first one consists of two
coaxial tubes. A highly reflecting film covers the internal and
external surfaces of the inner tube, while the external one is made
with transparent polycarbonate. Daylight introduced in the internal
tube illuminates the final room like a traditional light pipe, while
that entering the cavity between the two pipes is delivered in the
passage room. The overall dimensions of the system are tolerated
thanks to the illuminating function that it performs even in the
passage area.

The MDLP considerably reduces the system bulk, since the
lower part of the outer tube is cut. It also improves the performance
of the device, thanks to a reflecting panel fixed to the ceiling and
a circular light shelf applied 300 mm distant from the ceiling. This
last is suitable to increase the uniformity of light distribution in the
environment and avoid the risk of glare since it prevents the
occupants from seeing the upper portion of the device with the
highest luminance. The authors showed the principal features of
the MDLP in [1].

Figure 1 represents the features of the two systems and
highlights the smaller size of the MDLP.

3. Description of the experimental apparatus

The authors carried out the experimental activity under a real sky
on a wood 1:2 scale model of a 3.8x3.8 m plan area room, 3.0 m
high, which simulates the passage room of a two-level hypogeal
building illuminated only by the MDLP. The final room is not
included in the apparatus, since the system illuminates it as a
traditional light pipe whose performance is known.

The vertical walls are made of unpainted multilayer wood. The
floor is covered by sheets of grey drawing paper, while a ¢ = 100

- .

Fig. 1. Schematic representation of the MDLP (a) and the DLP (b).
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Fig. 2. The MDLP and the test room.

Table 1. Luminous reflectance of walls, floor, and ceiling of the test room and the components of the MDLP.

Component Material Reflectance
Vertical walls Unpainted multilayer wood 50.0 %
Floor Grey drawing paper 49.1 %
Ceiling White perforated panels 85.0 %
Circular panel applied over the ceiling Grey drawing paper 49.1 %
Circular light shelf Cardboard covered by the reflective film 99.5 %
Upper portion of the internal pipe PVC covered by the reflective film 99.5 %
Lower portion of the internal pipe PVC covered by grey drawing paper 49.1 %

mm circular grey panel is applied over the ceiling around the
external tube, and a circular light shelf covered by a highly
reflective film is suspended parallel to the ceiling, 300 mm from
it. The internal pipe of the MDLP is made of PVC whose upper
part is externally covered by the same reflective film applied on
the light shelf, while the lower portion is covered by the same
sheets of green paper used for the floor. The external pipe is made
of transparent polycarbonate. Figure 2 shows the MDLP and the
test room, while Table 1 shows the luminous reflectance of the
walls, floor, and ceiling of the test-room, and all the components
of the device.

The authors measured the internal illuminance (Ein) with twelve
CIE lux-meters type LSI-BSR001, range 0-25 klx, accuracy 3%
of the reading value, positioned on a horizontal work plane 400
mm high on the floor that simulates a real scale surface 800 mm
high on the floor, as shown in Fig. 3. The external illuminance Ecy
was measured by a CIE sensor type LSI-DPA 503, range 0—100
klx, tolerance 1.5%, positioned on the top of the building under
an unobscured sky close to the collector as shown in Fig. 4. Data
were registered by two data-loggers, type LSI Lastem ELO 310.

4. Daylight indexes

The authors calculated some daylight metrics to define the
performance of the MDLP.

As the tests were carried out under real sky in variable
conditions, they did not consider the static metric DF.
Alternatively, they calculated the DR, defined as the ratio between
the internal illuminance in a measure position and the external
illuminance on a horizontal work plane, for some representative
test days in different climatic conditions (sunny or cloudy).

However, since experimental data relating to only four months
were available, they determined these parameters monthly, from
December 2021 to March 2022.

DA is defined as the fraction of time in which the illuminance
in a point is higher than a reference value. In this paper, two
reference values are considered: 100 Ix and 50 Ix (see equations 1
and 2). The first one is the required value of illuminance for
corridors and entrance halls in places for public assemblies, as
well as for warehouses, resting rooms, boiler rooms in buildings
for industrial activities, and for fully enclosed platforms,
underpasses, or stairs/escalators with a medium number of
passengers in railway installations, while the second is the

3.8
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@
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Secondly, they examined two dynamic daylight indexes: DA  Fig. 3. Configuration of the internal luxmeters on the work plane.

and cDA. These metrics are usually calculated by one-year data.
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required illuminance for drying rooms, man-size underfloor
tunnels or production plants without manual operations in
industrial buildings as well as for fully enclosed platforms,
underpasses or access tunnels in railway installations and rooms
for diagnostics with image enhancers and television systems in
healthcare premises, as indicated by the rule EN 12464-1. Above
all, these illuminance values, although not very high, can give a
useful contribution to energy saving for every type of use,
especially in underground environments.
_ XL Fiy
DAyg0 = S5t

with Fi= 1 if Ej; > 100 Ix and F; = 0 if Ej» <100 Ix

(M

_ ZLiFit
with Fi= 1 if Ei; > 50 Ix and F; = 0 if E;, <50 Ix

To take into account the contribution of illuminances lower than
100 or 50 Ix, the authors considered continuous Daylight
Autonomy (cDA), as defined in Eqgs. (3) and (4).

2

_ i Fi
cDA1 g0 _Z{thi (€)]
with Fi = 1if By > 100 Ix and F; = 22 if E;, < 100 Ix
_ i Fity
DAz = S 4)

with F; = 1if Ein > 50 Ix and F; = 22 if Eyp < 50 Ix.

Fig. 4. The external sensor on the top of the building near the collector of the MDLP.
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Fig. 5. [lluminance data of a typical week (4-9 December) — External illuminance referred to the right axis.
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The authors decided not to consider the Useful Daylight
[lluminance (UDI), defined as the percentage of time in which the
illuminance on a point of the room falls in a defined range.
According to [41], this range is 100-2000 Ix. Since the
illuminances from the MDLP are much lower than 2000 Ix, this
parameter would not add useful information to that provided by

P. Zazzini et al. / Journal of Daylighting 9 (2022) 228-241

Finally, the authors considered the index “Illuminance
Uniformity” that, according to the EN 12464-1, can be defined as
shown in Eq. (5), with a benchmark value Up= 0.4 for the main
applications foresaw:

Emin
UO N Eqvg

)

the DA or the cDA.
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Fig. 6. Illuminance data of a typical sunny day (4 December) — External illuminance referred to the right axis.
100 20
90 18
80 16
70 14
z 60 123
] E
£ s0 1025
3 E
1= =
5 g
E 40 8 2
&
30 6
20 4
10 2

0 T g T T T T T T T T T T T T T T 7 T T T + =0

7:00 7:30 8:00 8:30 9:00 9:30 10:00 10:30 11:00 11:30 12:00 12:30 13:00 13:30 14:00 14:30 15:00 15:30 16:00 16:30 17:00 17:30 18:00
hh.mm

Pos. 2

Pos. 4 Pos. 8

Fig. 7. llluminance data of a typical cloudy day (6 December) — External illuminance referred to the right axis.
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5. Experimental results Figures 5-7 show respectively the results of a typical week (4-9
December), a typical sunny day (4 December), and a typical
cloudy day (6 December).

Figure 5 shows the trend of external illuminance and the
minimum, maximum and average values of internal illuminance.
Figure 6 shows the external illuminance, and data of sensors 2, 11,
10, and 5, where maximum (sensors 2, 11), average (sensor 10),

The authors carried out an experimental activity on the reduced
scale model of the system from December the 1st 2021 to March
the 31st 2022, for 24 hours a day, collecting data every minute and
elaborating them every ten minutes.
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Fig. 8. DR (%) on 4 December (typical sunny day).
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Fig. 9. DR (%) on 6 December (typical cloudy day).
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and minimum (sensor 5) are registered most of the time. Similarly,
Figure 7 shows data from sensors 2, 4, and 8 where maximum,
average, and minimum values are respectively registered all the
time.

As shown in Figure 5, the week from 4 to 9 December was
characterized by alternating sunny days, with external illuminance
peaks exceeding 50 klx, and cloudy days, with very low external
illuminance. Figures 6 and 7 show respectively the illuminance
trend on December the 4" (sunny day) and December the 6%
(cloudy day). In both cases, the internal illuminance trend follows
the external one fairly faithfully in all the measure positions. This
is particularly true on December 6! (cloudy day), as evidenced by

Table 2. DA o and cDA ¢ from December 2021 to February 2022.

Fig. 7. The maximum values always occur in the corners of the
room, particularly in position 2. This demonstrates by some means
the ability of the light shelf of distributing natural light at a certain
distance from the source, thus contributing to the light uniformity
on the work plane.

In the first case (sunny day), the maximum external illuminance
is about 49 klx and takes place at 12.00, while in the second one
(cloudy day) the maximum external illuminance is about 15 klx
and takes place at 12.10. In both cases, there is a time shift in
advance of about ten minutes between the internal and external
illuminances. While on December the 6% (overcast sky) the
maximum illuminance takes place always in position 2, on the 4"

1 2 3 4 5 6 7 8 9 10 11 12 Min Max
Dec DA oo 0.18 0.22 0.11 0.12 0.02 0.03 0.03 0.04 0.16 0.11 0.17 0.17 0.02 0.22
cDA oo 0.45 0.48 0.37 0.38 0.34 0.35 0.36 0.30 0.39 0.33 0.40 0.36 0.30 0.48
Jan DA oo 0.27 0.34 0.21 0.22 0.02 0.10 0.05 0.13 0.26 0.22 0.29 0.29 0.02 0.34
cDA oo 0.54 0.58 0.47 0.48 0.42 0.45 0.45 0.41 0.51 0.45 0.52 0.48 041 0.58
Feb DA oo 0.47 0.51 0.38 0.39 0.24 0.30 0.27 0.31 041 0.38 0.47 0.48 0.24 0.51
cDA oo 0.68 0.71 0.62 0.62 0.57 0.59 0.59 0.56 0.62 0.57 0.63 0.61 0.56 0.71
Mar DA 0.52 0.55 0.42 0.43 0.32 0.34 0.36 0.37 0.48 0.45 0.52 0.54 0.32 0.55
cDA oo 0.70 0.73 0.63 0.64 0.60 0.61 0.62 0.59 0.67 0.63 0.69 0.67 0.59 0.73
1 2 0.6
3 4
5 6 0.5
O
) S 0.4
9 10 s
1 12 < 03
@ 0.2

0.

—_

Fig. 10. DA from December 2021 to February 2022.

1 2 0.8
3
4 0.7
5. 6
O 0.6
70 '8 o
9 10 £
1 12 5 04
Q

®

(

=}
5]

0.

-

Fig. 11. cDA ¢ from December 2021 to February 2022.
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Table 3. DAs) and cDAs from December 2021 to February 2022.

1 2 3 4 5 6 7 8 9 10 11 12 Min Max
Dec DAso 0.38 0.43 0.29 0.30 0.26 0.26 0.27 0.26 0.31 0.27 0.36 0.31 0.26 0.43
cDA5 0.65 0.67 0.53 0.55 0.53 0.55 0.55 0.45 0.57 0.47 0.57 0.49 0.45 0.67
Jan DAso 0.51 0.54 0.42 0.43 0.38 0.39 0.39 0.38 0.47 041 0.50 0.46 0.38 0.54
cDA5 0.78 0.80 0.69 0.70 0.68 0.70 0.70 0.61 0.73 0.64 0.73 0.65 0.61 0.80
Feb DAs 0.66 0.68 0.59 0.60 0.56 0.57 0.57 0.56 0.60 0.57 0.62 0.60 0.56 0.68
cDAs 0.80 0.82 0.74 0.75 0.74 0.74 0.75 0.69 0.72 0.67 0.72 0.68 0.67 0.82
Mar DAs 0.69 0.71 0.62 0.62 0.57 0.58 0.60 0.57 0.66 0.63 0.68 0.66 0.57 0.71
cDAs 0.81 0.82 0.75 0.76 0.74 0.75 0.76 0.70 0.78 0.73 0.77 0.74 0.70 0.82
1 2 038
3 4 0.7
5. 6
O 0.6
o8 0.5
9 10 -
1 1 =

%)

S

—_

Fig. 12. DAs, from December 2021 to February 2022.

Fig. 13. cDA5, from December 2021 to February 2022.

(clear sky with sun) in the period between 9.40 and 10.40 the
maximum illuminance value occurs in position 11, and in position
2 in the remaining time. This is probably due to the incidence of
direct solar radiation, absent in cloudy days.

Figures 8 and 9 show the DR (%) on December 4" and 6"
respectively. It follows a very regular trend in all the measure
positions. The DR values range very regularly between 0.3 and 0.7
% on sunny days, and between 0.2 and 0.6 % on cloudy days for
most of the time between 8.30 and 16.00 Data registered after
16.00 have not been considered since illuminance values are
influenced by the artificial street lighting while on December 6%
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high values of DR occur from 8 to 8.30 probably due to very low
values of external illuminance.

In Appendix A Tables Al and A2 show the DR (%) in all the
measure positions on December 4" and 6" respectively, as well as
the maximum, minimum, and average values of DR (%) in all the
measure positions.

Table 2 summarizes the Daylight Autonomy and the continuous
Daylight Autonomy with a reference value of 100 Ix, for all the
test days from December to February, while Table 3 shows the
same data for the reference value of 50 Ix.

Figures 10-13 show the same data in a graphic form.

2383-8701/© 2022 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/

236 P. Zazzini et al. / Journal of Daylighting 9 (2022) 228-241

Table 2 and Fig. 10 show an increasing trend of DAjg from
December to March. Minimum values range from 0.02 (December)
to 0.32 (March) while maximum values range from 0.22 to 0.55 in
the same period. Maximum values take always place in position 2,
while minimum values in position 5 close to the system. cDA o is
also constantly increasing from December to March as shown in
Table 2 and Fig. 11: minimum values range from 0.30 (December)
to 0.59 (March), while maximum values range from 0.48 to 0.73
in the same period. In this case, maximum values are always

registered in position 2, while minimum values take place in
position 8.

Table 3 and Figs. 12 and 13 show a similar trend of DAso, which
is constantly increasing from December to March, with minimum
values ranging from 0.26 (December) to 0.57 (March) and
maximum values from 0.43 to 0.71. In this case, maximum values
take always place in position 2, while minimum values in position
5 close to the system. Regarding cDA 0, Table 3 and Fig. 13 show
that it is increasing from December to March with minimum
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Fig. 14. [lluminance Uniformity U, — December 2021.
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Fig. 15. Illuminance Uniformity U, — January 2022.

2383-8701/© 2022 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/

237 P. Zazzini et al. / Journal of Daylighting 9 (2022) 228-241

values ranging from 0.45 (December) to 0.70 (March), while
maximum values range from 0.67 to 0.82 in the same period. In
this case, maximum values always occur in position 2, while
minimum values take place in position 8, apart from February, in
which the minimum value is registered in position 10.

Figures 14-17 and Table 4 show the trend of Uy respectively in
December, January, February, and March. This is an important
metric because it allows you to determine the degree of uniformity

1

08

07 L+ - el 8 L _ ]

0.6

05

Uo

03

02

Fig. 16. [lluminance Uniformity U, — February 2022.

09

of the light distribution on the work plane. Some authors
recommend Up > 0.8 as the optimal value and Uy > 0.5 as an
acceptable value, but these limits usually concern environments
with artificial lighting and they are too restrictive for rooms
illuminated with natural light, where lower Uo values can be
considered acceptable. Based on these considerations the authors
opted to use 0.4 and 0.7 as reference values.

Fig. 17. llluminance Uniformity Uy — March 2022.
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As highlighted by Figures 14 to 17 and Table 4, the Illuminance
uniformity Uy is higher than 0.4 in a time ranging from 64 %
(December) to 80 % (March) of the test period, while it is higher
than 0.7 for a fraction of time ranging between 21 % (February) to
48 % (March). The authors consider these results acceptable for
most of the applications listed in paragraph 4.

6. Discussion

The experimental analysis carried out on the reduced scale model
of the MDLP between December 2021 and March 2022 permitted
us to make some considerations about the characteristics of the
system and its lighting performance. The modifications made to
the DLP have reduced its footprint and significantly mitigated the
risk of glare by preventing people from seeing the brightest top of
the MDLP. Furthermore, good results have been obtained in terms
of illuminance distribution, daylight autonomy, and illuminance
uniformity in the passage way.

The internal illuminance in all the measure positions follows the
trend of the external one, with a low time shift, and DR % values
range very regularly between 0.3 and 0.7 % on sunny days, and
between 0.2 and 0.6 % on cloudy days for most of the time
between 8.30 and 16.00.

The MDLP allows reaching a good degree of daylight autonomy
if referred to 100 Ix and 50 Ix, which are the required illuminance
values for many applications in underground areas of buildings or
plants according to the EN 12464-1.

Experimental data confirm that a good uniformity of light
distribution is obtained by the system: maximum values always
occur in the corners of the room (particularly in position 2) while
minimum values near the system. The Illuminance Uniformity is
acceptable, higher than 0.4 most of the time, and higher than 0.7
in favorable cases.

Both DA and cDA values confirm that the performance of the
system increases from December to March. This allows thinking
that it will be more efficient in spring and summer conditions, even
if some problems could be derived from the more intense direct
solar radiation that could produce peak values of illuminance in
some positions, worsening the uniformity of light distribution.

numerical analysis to determine the optimal values of the
geometric and physical features of the components of the system.
This will be one of the objectives of the future developments of
the ongoing research.

Furthermore, it should be specified that in this first phase of the
study the authors did not investigate the topic of the type and size
of the environments in which the system can be installed, but only
tried to define the lighting characteristics in a standard
configuration of the test-room (square plane with known physical
and geometric characteristics). This too will be a subject of further
investigations.

7. Conclusions

In this paper, the authors describe the results of an experimental
activity carried out on a 1:2 scale model of the MDLP, an
innovative daylighting system designed by modifying the DLP.

The experimental activity has been carried out from December
2021 to March 2022 on a 1:2 scale model of the device installed
in a square room that simulates the intermediate room of a two
levels underground building.

The authors calculated the Daylight Ratio, Daylight Autonomy,
continuous Daylight Autonomy, and Illuminance Uniformity to
analyze the performance of the system.

The internal illuminance in all the measure positions follows the
trend of the external one with both clear and overcast sky, and the
DR (%) has a regular trend ranging between 0.3 and 0.7 % on
sunny days, and between 0.2 and 0.6 on cloudy days.

The metrics DA and cDA have been calculated for 100 and 50
Ix, which are the required illuminances in many applications of
underground buildings, according to the rule EN 12464-1.

The Illuminance uniformity is higher than 0.4 most of the test
period and higher than 0.7 in favorable conditions.

The experimental activity is still ongoing and the authors intend
to collect sufficient data to calculate the main dynamic metrics for
a whole year. Furthermore, they aim to carry out a numerical
analysis of the performance of the MDLP through suitable
simulation soft-wares.

The authors will pay particular attention analyzing carefully the =~ Appendix A.
experimental data for a whole year. They intend to perform
Table 4. Percentage of time in which Uy is higher than 0.4 and 0.7 respectively.
U0 > 0.4 U0 >0.7

December 64 % 37 %
January 70 % 42 %
February 67 % 21 %
March 80 % 48 %

Table Al. DR (%) in all the measure positions on December the 4.
hh.mm Pos.1 Pos.2 Pos3 Pos4 PosS5 Pos.6 Pos.7 Pos8 Pos.9 Pos.l0  Pos.11 Pos.12 MAX MIN AVG
8.40 0.31 0.34 0.27 0.27 0.23 0.23 0.24 0.21 0.28 0.24 0.30 0.24 0.34 0.21 0.26
8.50 0.23 0.24 0.19 0.19 0.16 0.16 0.17 0.14 0.20 0.15 0.21 0.15 0.24 0.14 0.18
9.00 0.38 0.43 0.34 0.34 0.29 0.31 0.30 0.26 0.36 0.29 0.36 0.29 0.43 0.26 0.33
9.10 0.46 0.51 0.42 0.44 0.36 0.37 0.36 0.35 0.44 0.39 0.44 0.38 0.51 0.35 0.41
9.20 0.35 0.38 0.32 0.33 0.27 0.27 0.27 0.27 0.32 0.30 0.34 0.30 0.38 0.27 0.31
9.30 0.26 0.28 0.24 0.24 0.20 0.20 0.20 0.20 0.24 0.22 0.26 0.23 0.28 0.20 0.23
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9.40 0.34 0.36 0.31 0.31 0.25 0.26 0.27 0.26 0.33 0.29 0.37 0.31 0.37 0.25 0.30
9.50 0.35 0.36 0.32 0.31 0.26 0.26 0.28 0.26 0.35 0.29 041 0.33 041 0.26 0.31
10.00 0.36 0.36 0.33 0.31 0.27 0.26 0.29 0.27 0.36 0.30 0.44 0.33 0.44 0.26 0.32
10.10 0.27 0.26 0.23 0.22 0.19 0.18 0.20 0.19 0.25 0.21 0.31 0.23 0.31 0.18 0.23
10.20 0.41 0.40 0.36 0.34 0.29 0.29 0.31 0.30 0.39 0.33 0.47 0.37 0.47 0.29 0.35
10.30 0.33 0.31 0.28 0.27 0.22 0.23 0.24 0.23 0.30 0.26 0.35 0.30 0.35 0.22 0.28
10.40 0.34 0.33 0.29 0.29 0.24 0.24 0.25 0.24 0.31 0.27 0.34 0.31 0.34 0.24 0.29
10.50 0.40 0.41 0.36 0.35 0.29 0.29 0.30 0.30 0.38 0.34 0.40 0.39 0.41 0.29 0.35
11.00 0.33 0.37 0.30 0.31 0.25 0.25 0.26 0.26 0.32 0.29 0.34 0.33 0.37 0.25 0.30
11.10 0.32 0.37 0.29 0.31 0.24 0.24 0.25 0.25 0.31 0.28 0.33 0.32 0.37 0.24 0.29
11.20 0.32 0.38 0.29 0.31 0.24 0.24 0.25 0.25 0.31 0.28 0.32 0.32 0.38 0.24 0.29
11.30 0.32 0.39 0.29 0.31 0.24 0.24 0.25 0.25 0.31 0.28 0.32 0.32 0.39 0.24 0.29
11.40 0.32 0.39 0.29 0.31 0.24 0.24 0.25 0.26 0.31 0.28 0.31 0.32 0.39 0.24 0.29
11.50 0.33 0.39 0.29 0.31 0.24 0.24 0.25 0.25 0.31 0.28 0.32 0.33 0.39 0.24 0.29
12.00 0.19 0.22 0.16 0.17 0.13 0.13 0.14 0.13 0.17 0.15 0.18 0.18 0.22 0.13 0.16
12.10 0.28 0.32 0.23 0.24 0.19 0.20 0.20 0.19 0.24 0.21 0.26 0.27 0.32 0.19 0.24
12.20 0.29 0.34 0.23 0.25 0.20 0.21 0.21 0.19 0.24 0.22 0.26 0.28 0.34 0.19 0.24
12.30 0.47 0.56 0.38 0.42 0.32 0.34 0.34 0.33 0.39 0.39 0.43 0.48 0.56 0.32 0.40
12.40 0.31 0.37 0.25 0.28 0.21 0.23 0.23 0.22 0.26 0.25 0.30 0.30 0.37 0.21 0.27
12.50 0.28 0.33 0.22 0.24 0.19 0.20 0.20 0.19 0.24 0.22 0.26 0.27 0.33 0.19 0.24
13.00 0.32 0.35 0.24 0.26 0.20 0.21 0.22 0.20 0.26 0.23 0.29 0.27 0.35 0.20 0.25
13.10 0.36 0.41 0.27 0.29 0.23 0.24 0.24 0.22 0.29 0.26 0.33 0.32 0.41 0.22 0.29
13.20 0.46 0.52 0.35 0.38 0.29 0.32 0.32 0.31 0.38 0.36 0.44 0.42 0.52 0.29 0.38
13.30 0.55 0.64 0.48 0.51 0.39 0.40 0.41 0.41 0.50 0.48 0.55 0.54 0.64 0.39 0.49
13.40 0.30 0.33 0.26 0.27 0.21 0.21 0.22 0.22 0.27 0.25 0.30 0.27 0.33 0.21 0.26
13.50 0.30 0.31 0.26 0.25 0.21 0.21 0.22 0.21 0.27 0.22 0.29 0.24 0.31 0.21 0.25
14.00 0.42 0.45 0.39 0.37 0.30 0.30 0.31 0.30 0.39 0.33 041 0.34 0.45 0.30 0.36
14.10 0.32 0.35 0.29 0.29 0.23 0.23 0.23 0.23 0.29 0.25 0.30 0.26 0.35 0.23 0.27
14.20 0.17 0.18 0.13 0.13 0.11 0.11 0.11 0.10 0.13 0.12 0.15 0.13 0.18 0.10 0.13
14.30 0.29 0.31 0.23 0.25 0.20 0.20 0.21 0.17 0.24 0.20 0.26 0.21 0.31 0.17 0.23
14.40 0.39 0.47 0.34 0.36 0.29 0.30 0.29 0.27 0.35 0.29 0.35 0.31 0.47 0.27 0.33
14.50 0.31 0.38 0.26 0.28 0.22 0.24 0.24 0.21 0.28 0.23 0.29 0.26 0.38 0.21 0.27
15.00 0.53 0.66 0.48 0.52 0.41 0.43 0.43 0.42 0.51 0.48 0.52 0.50 0.66 0.41 0.49
15.10 0.30 0.35 0.27 0.29 0.23 0.24 0.25 0.23 0.29 0.26 0.29 0.27 0.35 0.23 0.27
15.20 0.16 0.18 0.13 0.14 0.11 0.12 0.12 0.10 0.14 0.11 0.13 0.11 0.18 0.10 0.13
15.30 0.16 0.18 0.11 0.12 0.11 0.12 0.11 0.05 0.11 0.05 0.11 0.06 0.18 0.05 0.11
15.40 0.38 0.44 0.26 0.27 0.26 0.27 0.26 0.12 0.26 0.11 0.25 0.08 0.44 0.08 0.25
15.50 0.26 0.27 0.17 0.17 0.18 0.18 0.19 0.07 0.17 0.05 0.16 0.05 0.27 0.05 0.16
16.00 0.14 0.17 0.10 0.10 0.09 0.11 0.10 0.03 0.10 0.02 0.08 0.01 0.17 0.01 0.09
MAX 0.55 0.66 0.48 0.52 0.41 0.43 0.43 0.42 0.51 0.48 0.55 0.54

MIN 0.14 0.17 0.10 0.10 0.09 0.11 0.10 0.03 0.10 0.02 0.08 0.01

AVG 0.33 0.36 0.28 0.29 0.23 0.24 0.24 0.22 0.29 0.25 0.31 0.28

Table A2. DR (%) in all the measure positions on December the 6.

hh.mm Pos.1 Pos.2 Pos.3 Pos.4 Pos.5 Pos.6 Pos.7 Pos.8 Pos.9 Pos.10 Pos.11 Pos.12 MAX MIN AVG
8.40 0.70 0.76 0.41 0.47 0.50 0.53 0.49 0.08 0.46 0.01 0.35 0.00 0.76 0.00 0.40
8.50 0.47 0.54 0.31 0.35 0.34 0.35 0.35 0.08 0.33 0.05 0.25 0.00 0.54 0.00 0.28
9.00 0.49 0.53 0.31 0.32 0.32 0.37 0.33 0.11 0.32 0.08 0.31 0.00 0.53 0.00 0.29
9.10 0.53 0.58 0.33 0.38 0.34 0.37 0.37 0.13 0.35 0.13 0.32 0.08 0.58 0.08 0.33
9.20 0.41 0.46 0.27 0.31 0.28 0.30 0.27 0.12 0.28 0.11 0.26 0.06 0.46 0.06 0.26
9.30 0.44 0.51 0.29 0.32 0.30 0.32 0.32 0.16 0.32 0.16 0.31 0.13 0.51 0.13 0.30
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9.40 0.38 0.41 0.24 0.28 0.23 0.26 0.25 0.11 0.26 0.14 0.26 0.10 0.41 0.10 0.24
9.50 0.36 0.41 0.23 0.26 0.23 0.24 0.24 0.11 0.26 0.13 0.23 0.10 0.41 0.10 0.23
10.0 0.31 0.35 0.21 0.23 0.21 0.23 0.21 0.07 0.20 0.07 0.19 0.05 0.35 0.05 0.20
10.10 0.43 0.49 0.26 0.30 0.29 0.30 0.29 0.11 0.29 0.13 0.27 0.09 0.49 0.09 0.27
10.20 0.35 0.41 0.22 0.25 0.24 0.26 0.25 0.08 0.23 0.07 0.21 0.06 0.41 0.06 0.22
10.30 0.42 0.46 0.27 0.30 0.27 0.30 0.29 0.08 0.28 0.10 0.25 0.08 0.46 0.08 0.26
10.40 0.42 0.49 0.29 0.29 0.28 0.29 0.29 0.11 0.30 0.11 0.28 0.08 0.49 0.08 0.27
10.50 0.45 0.50 0.31 0.32 0.29 0.32 0.32 0.16 0.33 0.18 0.33 0.16 0.50 0.16 0.31
11.00 0.53 0.58 0.37 0.40 0.34 0.36 0.35 0.24 0.40 0.29 0.43 0.31 0.58 0.24 0.38
11.10 0.30 0.35 0.20 0.23 0.20 0.20 0.20 0.13 0.22 0.15 0.23 0.17 0.35 0.13 0.22
11.20 0.30 0.34 0.20 0.22 0.19 0.21 0.21 0.13 0.22 0.14 0.22 0.15 0.34 0.13 0.21
11.30 0.36 0.40 0.24 0.27 0.23 0.23 0.24 0.15 0.26 0.17 0.28 0.20 0.40 0.15 0.25
11.40 0.39 0.44 0.27 0.29 0.24 0.26 0.26 0.17 0.29 0.20 0.30 0.21 0.44 0.17 0.28
11.50 0.33 0.37 0.23 0.24 0.21 0.22 0.22 0.15 0.24 0.19 0.27 0.19 0.37 0.15 0.24
12.00 0.44 0.50 0.31 0.33 0.27 0.28 0.28 0.22 0.34 0.28 0.37 0.30 0.50 0.22 0.33
12.10 0.26 0.30 0.19 0.20 0.16 0.18 0.17 0.13 0.21 0.16 0.22 0.17 0.30 0.13 0.20
12.20 0.21 0.24 0.15 0.16 0.14 0.15 0.14 0.09 0.16 0.10 0.16 0.10 0.24 0.09 0.15
12.30 0.25 0.30 0.16 0.20 0.17 0.19 0.19 0.07 0.19 0.08 0.17 0.08 0.30 0.07 0.17
12.40 0.39 0.45 0.26 0.27 0.24 0.27 0.26 0.12 0.27 0.12 0.25 0.12 0.45 0.12 0.25
12.50 0.43 0.53 0.29 0.32 0.27 0.29 0.29 0.15 0.31 0.18 0.30 0.18 0.53 0.15 0.29
13.00 0.41 0.49 0.27 0.30 0.27 0.27 0.28 0.16 0.30 0.19 0.31 0.20 0.49 0.16 0.29
13.10 0.32 0.38 0.23 0.24 0.21 0.23 0.23 0.13 0.24 0.14 0.24 0.15 0.38 0.13 0.23
13.20 0.34 0.39 0.22 0.25 0.21 0.23 0.22 0.13 0.25 0.15 0.25 0.16 0.39 0.13 0.24
13.30 0.37 0.43 0.26 0.28 0.25 0.26 0.25 0.16 0.28 0.19 0.28 0.20 0.43 0.16 0.27
13.40 0.31 0.36 0.21 0.23 0.20 0.21 0.21 0.12 0.23 0.15 0.23 0.15 0.36 0.12 0.22
13.50 0.30 0.34 0.20 0.21 0.19 0.21 0.20 0.10 0.21 0.12 0.21 0.13 0.34 0.10 0.20
14.00 0.32 0.39 0.22 0.23 0.21 0.23 0.22 0.10 0.23 0.13 0.22 0.12 0.39 0.10 0.22
14.10 0.30 0.32 0.21 0.22 0.21 0.22 0.22 0.06 0.21 0.06 0.18 0.07 0.32 0.06 0.19
14.20 0.33 0.36 0.21 0.23 0.21 0.24 0.22 0.06 0.22 0.06 0.19 0.01 0.36 0.01 0.20
14.30 0.49 0.54 0.32 0.35 0.33 0.35 0.34 0.10 0.34 0.10 0.28 0.07 0.54 0.07 0.30
14.40 0.38 0.45 0.23 0.25 0.23 0.26 0.25 0.08 0.24 0.06 0.19 0.02 0.45 0.02 0.22
14.50 0.32 0.35 0.18 0.23 0.21 0.25 0.24 0.00 0.20 0.00 0.14 0.00 0.35 0.00 0.18
15.00 0.57 0.63 0.34 0.38 0.40 0.43 0.41 0.00 0.35 0.01 0.28 0.00 0.63 0.00 0.32
15.10 0.51 0.61 0.33 0.35 0.34 0.39 0.37 0.03 0.32 0.02 0.20 0.00 0.61 0.00 0.29
15.20 0.50 0.57 0.26 0.30 0.33 0.41 0.37 0.04 0.29 0.00 0.18 0.00 0.57 0.00 0.27
15.30 0.53 0.57 0.29 0.32 0.34 0.43 0.40 0.00 0.31 0.00 0.19 0.00 0.57 0.00 0.28
15.40 0.44 0.47 0.24 0.26 0.31 0.32 0.32 0.00 0.27 0.00 0.14 0.00 0.47 0.00 0.23
15.50 0.64 0.66 0.34 0.41 0.43 0.45 0.43 0.00 0.31 0.00 0.16 0.00 0.66 0.00 0.32
16.00 0.56 0.69 0.27 0.29 0.51 0.56 0.53 0.00 0.30 0.00 0.01 0.00 0.69 0.00 0.31
MAX 0.70 0.76 0.41 0.47 0.51 0.56 0.53 0.24 0.46 0.29 0.43 0.31
MIN 0.21 0.24 0.15 0.16 0.14 0.15 0.14 0.00 0.16 0.00 0.01 0.00
AVG 0.41 0.46 0.26 0.29 0.27 0.29 0.28 0.10 0.28 0.11 0.24 0.10
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