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Abstract

Refurbished heritage buildings usually lack in meeting the required standards defined for the new function especially when reused as
educational buildings. Therefore, they are usually equipped with different post-occupancy retrofit strategies to achieve an acceptable
level of environmental quality and energy demand. Daylight quality and the distribution of natural light is a critical issue in educational
spaces, given that the low level of illuminance in classrooms can decrease students' performance and disrupt visual tasks. In this study,
daylight performance of below-grade south-facing classrooms in a heritage building in Tehran, Iran is investigated by implementing 57
different daylighting retrofit strategies using climate-based daylight simulations, in relation to the metric Useful Daylight Illuminance
300-3000lux (UDI-Autonomous). The research proposes the use of reflectors on the interior ceiling and exterior side of the windows
(on the ground) to achieve the highest result possible. Although, applying these two systems individually, can boost the spatial
distribution of daylight to 75 % and 71%, respectively, the combination of them provide users with UDI-Autonomous in 99% of the

classroom space for more than half of the occupancy time.

© 2021 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

The cultural value of heritage buildings makes them critical
components of the built environment. As these structures lose their
primary functions, they could be adaptively reused with a new
purpose. This can hinder the destruction process and eliminate the
need for new constructions. Adaptive reuse procedure is
considered a common method of coping with the current demand
of buildings with various functions while saving the cultural
heritage [1], and entailing several sustainability advantages [2].

To adapt these buildings with existing standards and
requirements regarding their new function, they usually
experience refurbishment alteration. This approach is usually
employed to boost buildings performance in terms of their energy
consumption and the level of environmental comfort they offer to
their occupants [3]. However, there are usually constraints for
adding new elements to heritage buildings. They might not either
be able to bear extra loads or might have aesthetic values that limit
designers to install additional architectural elements.
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Multiple studies have focused on developing and evaluating
retrofit strategies in heritage buildings. They either have proposed
methods to reduce the energy consumption of these buildings
through modification of building envelope and HVAC systems
[3,4], or evaluated integrating passive strategies and renewable
energy sources with the building [5,6]. While many studies have
worked on thermal comfort and energy performance of adaptively
reused heritage buildings, limited works have been done to date
on improving daylight quality and visual comfort in such interiors
[7]. This is despite the fact that daylight optimization can
remarkably affect the energy consumption of buildings [8].
Studies of Chi et al. confirmed that controlling daylight can
significantly contribute to balancing heating and cooling loads by
adjusting the annual amount of solar gains [9]. Moreover, results
from further researches have revealed that uniform distribution of
daylight can considerably decrease the need for artificial lighting,
specifically when daylighting fixtures and controllers are linked
with electrical lighting systems [10]. The physical and mental
health effects of daylight in the built environments have also been
a point of interest to numerous researchers. Balancing inhabitants'
circadian rhythm and reducing their stress level are some of the
approved benefits of natural light [11].
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Nevertheless, findings of a study on occupants' satisfaction of
an adaptively reused heritage building indicate that daylight
performance of the interior falls below standards for its current
function as an office [12]. Further, Al-Sallal et al. reveal that
discomfort glare caused by uncontrolled daylight penetration
could be problematic in such buildings [2]. In similar works on
heritage buildings that have been reused for educational purposes,
researchers concluded that the daylight availability and its
distribution do not pass the acceptable standard required for such
a function, and these buildings demand careful treatments such as
interior modifications before being used for academic purposes
[13]. Nocera et al. have proved that the principal problem with
such classrooms is the ununiformed distribution of natural light
[14].

Meanwhile, the daylight quality of interiors can significantly be
improved by employing various daylighting systems. A Highly
reflective ceiling can increase daylight access in farther areas from
windows without intensifying glare probability [14]. Skylights
and windows have repeatedly been studied in terms of their
physical properties such as proportions, dimensions, arrangement,
ratio to floor and wall, as influential factors on directing and
distributing natural light into the buildings [11,15]. Studies of
Marzouk et al. verified that skylight as a covering for certain
heritage buildings can help to enhance daylight conditions and
visual comfort [16]. Nonetheless, in the retrofit process of existing
buildings, additional elements are usually applied to the existing
windows to harvest, redirect, or even block the sun rays [17].
These elements could be generally categorized into two groups of
dynamic and fixed daylighting systems based on their ability to
correspond with the ever-changing conditions of daylight to
achieve the best possible result [18]. Among them, light shelves
and blinds have acquired noteworthy results by guiding direct
sunlight further into the interiors and enhancing daylight metrics
[19]. Several studies have worked on optimizing such equipment
by proposing optimum size and tilt to redirect daylight
appropriately inside [20,21]. A study of Freewan shows that
curved light shelves can perform more efficiently than the flat
version [22]. Moreover, Salem Bahdad et al. developed an
optimization method to determine the optimum design parameters
of light shelves using a parametric approach [21]. Based on this
method, optimum light shelves can considerably improve the
daylight performance of indoor spaces. Similarly, blinds design

has been investigated by a number of studies to acknowledge their
promising results on uniform distribution of daylight [20,23].
Regarding the sensitivity of working on heritage buildings,
daylight improvement strategies such as using light shelves,
blinds, and ceiling configurations have often been favored over
other available methods in these projects due to their less
destructive effects on the original structure [13,14]. Susan and
Prihatmanti in 2017 suggest the use of curved ceilings and material
reflectance treatment [13], while in a study by Nocera et al. (in
2018), efficient windows with low transmissivity and double-
curved inclined false ceiling are investigated to improve visual
comfort for students in heritage schools. It has been proven that
the combination of the two latter strategies can provide an
acceptable UDI level in 70% and the minimum illuminance of 300
lux in 95% of the time for most of the useful surfaces (DA 3001ux)
[14]. Accordingly, the presented work has selected four
nondestructive strategies, and devised an innovative method based
on the verified systems to address daylighting issues with respect
to the existing restriction of heritage buildings refurbishment. Iran
has many historical buildings reflecting the cultural antiquity of
this country, in which different reuse approaches have been
employed. These spaces are dedicated to different functions such
as museums, hotels, and restaurants. Reused historical buildings
usually cannot meet the standards and have deficiencies in
providing an acceptable level of environmental quality, including
visual comfort. This can be highlighted when they function as
educational spaces, especially when classrooms are located under
the ground level and can hardly access daylight. Accordingly, the
aim of the present study is to improve daylight availability and
uniformity under such conditions. Considering that many of the
existing daylighting strategies are not applicable in these spaces,
the main objectives are:
e  Assess the impact of four groups of non-destructive daylight
retrofit strategies on daylight performance
e Compare their individual and cumulative impact on the
daylight availability and uniformity
e Define the most promising alternatives in below-grade
classrooms in reused heritage buildings

2. Methodology

The proposed research evaluates four types of daylighting
strategies, including (1) ceiling reflectors, (2) exterior reflectors,
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(3) venetian blinds, and (4) vertical fins, to improve daylight
sufficiency and distribution in a below-grade educational space.
Accordingly, 57 alternatives, including 12 individual and 45
integrated daylighting systems, are assessed.

Using computational tools, the predefined geometry of the case
study and daylight systems are modeled, and the daylight
performance is simulated individually. Consequently, promising
alternatives are identified, and in the next step, the cumulative
effect of the strategies is investigated through assessing the effect
of alternatives when joined in groups of two. Accordingly, the
dynamic daylight metric of Useful Daylight Illuminance (UDI) is
employed to analyze and compare results to the base model. The
basic workflow of the research is shown in Fig. 1.

Three different forms for each group of daylighting strategy, are
developed and implemented to the model. After comparing these
12 individual systems, the impact of the integration of these
systems with each other (45 alternatives) on UDI 300-3000 lux
and spatial daylight distribution is investigated.

2.1 The case study

A side-lit south-facing classroom located in the below grade level
of an old masonry building is selected as the case model (Fig. 2),
which is adaptively reused as the faculty of architecture at the
University of Art, Tehran, Iran. This building is located within a
historical complex called "Bagh-e Melli ", which dates from 1906
and was renovated in 1922 representing the cultural values of Iran

at different eras. This complex has had military uses in the past,
and it is only less than 20 years that cultural and educational
functions are dedicated to its different buildings. A major problem
with these reused spaces is that they cannot meet the standards
suggested for an acceptable level of indoor environmental quality
and the associated visual comfort. Most of the classrooms in this
complex are located under the ground level.

Tehran’s (35° 4121.32" N, 51° 24'59.35" E) sky is clear sky in
67%, partly cloudy 24%, and cloudy 9% over the year. This
provides considerable potential for providing visual comfort for
students and reducing the energy demand for lighting purposes.

The selected classroom is located 1.8 meters below the ground
surface and is covered with gray-colored granite. Interior walls
consist of the building's exposed brick structure, and a hanging
wooden waffle ceiling has been employed below the black colored
ceiling to conceal mechanical equipment that has been added in
the refurbishment process. The size of the classrooms is 8.2 meters
in length and 6 meters in width, with a height of 4.2 meters. As
shown in Fig. 3, daylight access is provided by two identical
south-facing clerestory windows with the optical properties of 80%
transmittance and 9% solar absorbance. The size, window-to-wall
ratio (WWR), and window-to-floor area ratio (WFR) of these
double pane glazing windows are 1.3x1.3 meters, 9.8%, and 6.8%,
respectively.

The light reflectance value (LRV) of the materials are measured
using MLX-713 LUX meter with the accuracy of +5% +10d (1000
lux) (Fig. 4(a)). Nevertheless, not all of them are aligned with the
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Fig. 4. Reflectance of the interior surfaces (a) of the case study classroom (b) IESNA suggested values.

standard suggested by IESNA (Fig. 4(b)) [24]. According to the
IESNA, the minimum reflectance value for interior walls should
be 60%, while in the case study with brick walls, this value is 10%
less than the suggested reflectance. Furthermore, the applied
ceiling in the refurbishment process with a reflectance coefficient
of 20% (70% less than IESNA standard) can decrease the
illuminance level considerably, as the ceilings are one of the most
important architectural elements affecting daylight distribution.

2.2 Simulation

This study uses 3D modeling software Rhinoceros to generate the
geometry and control the parameters of reflective devices. After
defining materials properties and calculation settings, daylight
simulations were completed using Diva V 4.1 for Rhino. This tool
is a validated Radiance based plugin for Rhino and Grasshopper,
which efficiently calculates various daylight metrics using
raytracing method [25]. In the simulation process, Tehran weather
data (TMY2) was used to calculate annual UDI values during
working hours (8:00 to 18:00).

Useful daylight illuminance (UDI) is a dynamic daylight metric
proposed by Nabil and Mardaljevic (2006), which contains lower
and upper thresholds and considers the percentage of working
hours of the space when illuminance levels fall between a range of
UDI underlit, UDI overlit, and UDI useful as acceptable values
[26]. Suggested by Reinhart and Weisman (2012), the target UDI
level for classrooms should be above 50% [27].

Different range of UDI is often considered in studies with
different objectives. The upper bin and lower bin are mostly set to
100 lux and 3000lux respectively, where values in the upper bin
(UDI >3000lux) indicate the oversupply of daylight, which might
lead to visual and thermal discomfort while values in the lower bin
(UDI <100lux) present the insufficiency of daylight [9]. However,
the UDI range 0f 100-3000 lux can be subdivided to 100-300 and
300-3000 lux called UDI supplementary and autonomous,
respectively. According to Mardaljevic in 2015, this is the UDI
bond that mostly eliminated the need for artificial lighting systems
[28]. As the minimum illuminance level for educational spaces is
suggested to be 300 lux, a UDI range of 300-3000 lux (UDI-

autonomous) is selected in the presented study to evaluate the
availability and spatial distribution of natural light in a classroom.

The collected numeric data from the simulations are studied to
analyze the efficiency of designed strategies on the availability of
useful illumination at the given work plane. UDI levels were
measured at 165 sensor nodes located on centers of a 0.6%0.6
meters grid web, which is modeled at 0.76 m above the floor equal
to the height of the working desks. The generated .11l file contains
illuminance values for predicted nods and is inspected using MS
Excel. Consequently, the performance of each alternative is
compared through calculating the percentage of nodes with an
illuminance value between 300 to 3000 lux as an acceptable level
of daylight availability in the course of a year during the
occupancy schedule.

2.3 Illuminance measurements

To check to accuracy of the model outputs, simulation results were
compared with field measurements. The illumination values for
the case study were measured at a specific point in time (2 pm, 17
November), under clear sky conditions using a handhold lux meter
(MLX-713 LUX meter with the accuracy of £5% +10d (1000 lux))
(Fig. 5(a)). The illumination values were measured at identical
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Fig. 5. (a) LUX m? used for field measurement and (b) distribution of the
measured spots (sensor nodes).
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locations with the simulation nodes (165 points at the center of a
0.6*0.6 m grid and 0.76 m height) (Fig. 5(b)).

A comparison of simulated and measured data shows that there
is a strong correlation between the data obtained from the
simulation and the real measurements (Fig. 6). The high value of
R?=0.84 calculated with Pearson correlation confirms the model’s
acceptable prediction accuracy. The difference in the actual

K. Soleimani et al. / Journal of Daylighting 8 (2021) 120133

irradiance value and TMY?2 data could be known as the main cause
of the variance.

2.4 Designed daylighting systems

Considering that, the base case has poor daylight performance in
late spring and early summer with a minimum UDI-Autonomous
of 40.5%, four daylighting systems were developed to collect and

Illuminance data

3000

2500

2000

X

3
1500
1000
500

0

-
o0

— O O

n o

© - ©
© ~ N~

— O = O WO O ©
A H N NN SN =Y

Nods Number

Fig. 6. A comparison of measured and simulated illuminance values.

Table 1. Designed scenarios of daylighting systems.

Measured

= Simulated
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Strategies Alternatives

Ceiling 1.1.HC: Horizontal Ceiling 1.2.IC: Inclined Ceiling 1.3.BC: Bent Ceiling

Reflectors reflector horizontally hanged below ceiling reflector is tilted 10 degrees towards windows  reflector is bent 20 degrees from its central axis
- | S R )

Exterior 2.1.HR: Horizontal Reflector 2.2.IR: Inclined Reflector 2.3.BR: Bent Reflector

Reflectors

reflector horizontally fixed adjacent to the
window

window

reflectors are titled 10 degrees towards

reflectors are bent 20 degrees from their central
axis
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3.1.HB

Horizontal Blinds
Venetian blinds fixed horizontal 0.5m from
windows

Venetian 3.2.ITB

Blinds

4.1.PF: Parallel Fins

interior fins fixed parallel to each other

Vertical Fins

room center

Inward Tilted Blinds
Venetian blinds tilted 20 degrees inwards

4.2.DF: Divergent Fins

interior fins tilted 20 degrees away from the

3.3.0TB

Outward Tilted Blinds
Venetian blinds tilted 20 degrees outwards

4.3.CF: Convergent Fins

interior fins tilted 20 degrees towards the room
center

L_

distribute daylight more uniformly into the room. Furthermore,
objectives such as installation costs and complications, as well as
the heritage value of the building and its associated limitations, are
among the responsible factors in selecting the daylighting systems.

As represented in Table 1, the first alternative aims to improve
the geometry of the ceiling and its reflectance factor by adding a
reflective surface. The current ceiling showed 20% LRV on the
field measurements, and manipulating its geometry would

probably enhance its performance in terms of daylight distribution.

Accordingly, three types of ceiling geometry with white colored
gypsum plaster material (70% LRV), are examined. The next
alternative includes adding horizontal exterior reflectors with
identical dimensions to the windows placed on the ground next to
the windows, which performs similar to a light shelf. These flat
surfaces with 90% LRV would presumably increase the
penetration of daylight into the room while directing it to the
ceiling with the aim of preventing visual discomfort and
enhancing daylight distribution. Another strategy is Venetian
blinds, a common method of redirecting daylight and preventing
visual discomfort [10]. These systems are used to improve the
spatial distribution of natural light and decrease glare probability
caused by contrast. This strategy has the potential to improve
daylight distribution while eliminating bright light spots that cause
contrast glare. Proposed venetian blinds consist of seven 0.2¥1.3
m horizontal blades with 70% LRV and are aligned 0.2m above
each other on the window frame. Three tilt variations for this

system are presented in this study. The last strategy is interior fins,
which are similar to the previous strategy, while the only
difference is their vertical orientation. These options are presumed
to redirect daylight on the eastern and western sides of the room.

After evaluating each twelve options individually, 57 new
alternatives are proposed based on the combination of the previous
options and are examined to find the most efficient systems to
optimize daylight performance. Results are analyzed and
compared in the following sections.

3. Results

A preliminary graphic study on daylight distribution in the case
study was carried out, aiming to investigate the existing condition
of the classroom. As represented in Fig. 7(a), the spatial
distribution of natural light in the classroom seems to be
acceptable with an average UDI 300-3000 lux of 65.1% of the
occupancy time, and only in the side spots, which are usually
considered unoccupied spaces, daylight access is limited.
However, the annual analysis of illuminance level (Fig. 7(b))
shows that students might suffer insufficient daylight access
during a certain time of the year, which is the main issue with the
case study classroom. The annual analysis of the UDI-
Autonomous indicates that a low level of illuminance is
experienced for more than half of the occupancy time in the late
spring and early summer (up to 60%), which might face users with
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difficulties doing visual tasks. Hence, the performance of designed
daylighting strategies is also investigated during different times of
the year.

3.1. Daylighting availability

In this study, designed scenarios are mostly based on the strategies
that provide the highest daylight availability at different times of
the year, especially in seasons with higher sun altitude angles that
it is difficult to achieve a uniform distribution of natural light.
Accordingly, the effectiveness of each designed scenario for
different daylighting systems is presented in Fig. 8. Alternatives
are compared using the effective percentage, representing the
difference in their UDI-Autonomous values with the base case
model.

Considering the individual use of daylighting systems, ceiling
reflectors can supply the desired illuminance level of 300 to 3000
lux for a longer time, equal to 74.6%, during the occupancy hours.
Among the three alternatives proposed for this strategy, the use of
bent reflectors on the ceiling (1.3.BC) represents the highest UDI
value of 75.0%, which could improve illuminance level by 9.9%
compared to the base case classroom (Fig. 9). This is the optimum

solution to direct daylight into the spaces located under the
windows. Following by inclined (1.2.IC) and horizontal (1.1.HC)
ceiling reflectors, they can provide the illuminance range of 300-
3000 for 74.9% and 74.0% of the occupied hours, respectively.

Nevertheless, integrating this daylight system with exterior
reflectors can increase UDI-Autonomous values up to 79.0%
averagely. While installing exterior reflectors individually, can
only present an average useful daylight illuminance (300-3000 lux)
of 70%. Exterior reflectors are the next optimum option to achieve
an even distribution of natural light in below-grade spaces.
Installing inclined reflectors (2.2.IR) outside of the buildings, next
to the windows, can bring more daylight into the space compared
to horizontal (2.1.HR) and bent (2.3.BR) reflectors. Exterior
reflectors can perform 4.7% less effectively than reflectors
installed on the interior ceiling of the classrooms.

The combination of the bent ceiling (1.3.BC) and inclined
reflectors (2.2.IR) is the solution that direct the maximum amount
of daylight inside. This daylighting strategy improves the UDI-
Autonomous value of the base case classroom from 65.1% to
79.9%. This means that the desired illuminance level of 300 to
3000 lux can be provided for almost 80% of the occupancy time
by using the optimum option of ceiling and exterior reflectors
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Fig. 10. Impact of daylighting devices (venetian blinds and vertical fins).

simultaneously in the classrooms. Installing the other integrated
types of reflectors might decrease the results up to 1.0% but still
would enhance the lighting quality up to 13.7% compared to the
base model.

The other investigated daylighting systems including interior
venetian blinds and vertical fins have shown poor performance in
improving daylight quality of below-grade spaces (Fig. 10) by
blocking natural light. The three selected alternative of venetian
blinds, including horizontal (3.1.HB), inward tilted (3.2.ITB), and
outward tilted (3.3.0TB) blinds represent the illuminance range of
300-3000 lux for 41.9%, 57.1%, and 25.4% of the occupancy

hours. Therefore, inward tilted blinds represent the best case
among their own kind. The other types might face users with
visual issues associated with the low level of brightness in the
classrooms, and disable them to do their tasks effectively.
Vertical fins can perform better than venetian blinds up to 7.6%,
averagely. Nevertheless, this strategy also reduces UDI values in
the base case classroom. UDI-Autonomous values of 52.7%,
49.5%, 45.1% belongs to the parallel (4.1.PF), divergent (4.2.DF),
and convergent (4.3.CF) fins, respectively. The combination of
these two strategies with the optimum reflector devices installed
on the ceiling and exterior side of the window can improve the
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Fig. 11. Daylighting systems performance in different seasons.
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Fig. 12. Integrated Systems performance during the year.

lighting condition. Nonetheless, the UDI results would still be less
than the illuminance level exists in the base case. Only the
combination of the optimum ceiling reflector type (1.3.BC) with
inward tilted blinds (3.2.ITB) increases UDI 300-3000 lux value
to 1.9% compared to the base model.

Integrating Venetian blinds and vertical fins with ceiling
reflectors still offer better results than the simultaneous use of
them with exterior reflector systems. The combination of interior
ceiling reflectors with the optimum type of Venetian blind
(3.2.ITB) and vertical fins (4.1.PF) can increase UDI 300-3000 lux
values to 9.4% and 11.2% averagely, compared to the individual
use of blinds. However, integrating these devices with exterior

—-==Bent Ceiling (1.3.BC)+ 2.2.IR
Bent Ceiling (1.3.BC)+ 2.3.BR
Inclined Ceiling (1.2.1C)+ 2.3.BR
—®— Inclined Ceiling (1.2.IC)+ 2.2.IR
== Bent Ceiling (1.3.BC)+ 2.1.HR
—&— Horizontal Ceiling (1.1.HC)+ 2.2.IR
=== Inclined Ceiling (1.2.IC)+ 2.1.HR
-~ Horizontal Ceiling (1.1.HC)+ 2.3.BR
—@— Horizontal Ceiling (1.1.HC)+ 2.1.HR
=g Base Case

reflectors can improve UDI-Autonomous to 6.4% and 4.7%,
respectively.

Generally, the illuminance level decreases in the first and last
hours of the occupancy time. In contrast, this value reaches an
acceptable limit of 300 to 3000 lux in the middle hours of the day
time. Applying optimum daylighting systems can increase the
duration of this time frame, and the associated UDI 300-3000 lux
value. This can also reduce the electricity used for lighting
purposes in these classrooms. Ceiling and exterior reflectors
provide users with the highest level of lighting availability and
ease the visual tasks for students.
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Table 2. Simulation results of integrated systems performance.
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Daylighting Systems Ceiling Reflectors Exterior Reflectors
Type 1.1.HC 1.2.1C 1.3.BC 2.1.HR 2.2.IR 2.3.BR
Exterior Reflectors 2.1.HR 78.2 78.8 79.1 - - -
2.2.IR 78.6 79.3 79.9 - - -
2.3.BR 78.4 79.2 79.4 - - -
Venetian Blinds 3.1.HB 56.1 57.9 59.1 49.5 524 51.1
3.2.ITB 65.9 67.0 67.0 62.9 63.5 64.4
3.3.0TB 453 45.7 46.9 32.0 345 33.7
Vertical Fins 4.1.PF 62.91 64.2 64.7 57.0 57.6 57.5
4.2.DF 61.5 61.7 63.2 54.5 56.5 56.3
43.CF 55.9 58.2 57.8 50.6 51.6 51.9
Table 3. Spatial distribution of UDI 300-3000 lux.
Daylighting System Ceiling Reflectors Exterior Reflectors
Type 1.1.HC 1.2.1C 1.3.BC 2.1.HR 2.2.IR 2.3.BR
Models
v - o A
% of the space 92.7 95.1 93.9 76.9 83.0 84.2
. 21LHR 98.7 99.3 99.3 - - -
58 22IR 100 100 98.7 - - -
22 23BR 993 993 100 - - -
=
= 3.1.HB 50.3 55.1 59.3 31.5 42.4 41.8
§ % & 32ITB 75.7 80.0 75.1 63.6 67.8 69.6
% E é 3.3.0TB 224 272 27.8 12 1.8 1.8
g = 4.1.PF 64.2 69.6 70.9 52.1 50.3 53.9
E; % g 42DF 61.2 60.6 67.2 472 54.5 52.7
S > K 43.CF 484 53.9 52.7 40.0 40.6 43.6
Daylighting System Venetian Blinds Vertical Fins
Type 3.1.HB 3.2.ITB 3.3.0TB 4.1.PF 4.2.DF 4.3.CF
Models
% of the space 10.3 51.5 0.0 43.0 40.0 29.0

The base case model, fails to meet the acceptable limit of UDI
300-3000 in the late spring and early summer. This is while the
UDI underlit increases and UDI overlit decreases in all the models
with different applied daylighting strategies. However, the
optimum options can improve UDI 300-3000 lux in these seasons
and delimit underlit (<300 lux) hours. The only system that can
provide UDI-Autonomous for more than 50% of the occupancy
hours is ceiling reflectors. Although the other alternative of
exterior reflectors considerably improves the availability and
distribution of natural light, the non-optimal option of this
daylighting solution cannot reach the desired UDI limit in Jun and
July (Fig. 11). Nevertheless, the optimum option of this system
(2.2.IR) shortens this timeframe to the one last month of the spring
(Jun).

As represented in Fig. 12, users of the below-grade classroom
experience the UDI-Autonomous range for the maximum
occupancy hours (more than 65% of the time) in mid and late
autumn. Although most of the proposed daylighting systems meet
the minimum UDI of 50% in early winter and late autumn, not all
of them can perform acceptably in other times of the year.
Integrating ceiling and exterior reflectors, as the optimum
daylighting systems, can enhance results up to 6.3% averagely.
The combination of these systems (9 alternatives) provides users
with UDI range of 300-3000 lux for the minimum occupancy time
of 64.9% in June, and the maximum value of 79.3% in December
(Fig. 12).

Daylighting systems of venetian blinds and vertical fins cannot
provide an acceptable level of illuminance for students, even when
they are integrated with the other optimum strategies. Table 2
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Fig. 13. Integrated Systems performance during the year.
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Fig. 14. UDI-Autonomous in the classroom with the applied Venetian blinds and vertical fins (optimum options) and their integration with optimum daylighting

systems (ceiling and exterior reflectors).

represents UDI-Autonomous data obtained from daylight
simulations with applied integrated systems.

3.2. Daylight distribution

Uneven distribution of natural light is the major issue with spaces
located below the ground level. As the windows are usually
installed at the highest level possible in the clerestory classrooms,
to increase the amount of daylight received, dim spots under the
window extend into space. This problem can also happen in the
spaces where the windows are installed on the upper part of the
walls due to different aesthetic or structural reasons. Therefore, in
this section, the impact of applied strategies on the spatial
distribution of daylight is reported.

In the base case model, 71.5% of the space benefits the UDI
range of 300-3000 lux for more than 50% occupancy time.
However, the use of optimum daylighting systems can improve
this value and increase daylight penetration to the under-window
located spots. Table 3 represents the percentage of classroom
space that UDI-Autonomous is provided for at least 50% of the
occupied time in different designed scenarios.

Considering the spatial distribution of natural light in the base
case classroom, applied ceiling type 1.2.IC and exterior reflectors
type 2.3.BR represent the best daylighting devices that each can
enhance the spatial rate of UDI-Autonomous (in 50% of the
occupied time) up to 93.9% and 83.0%, respectively. Nevertheless,
integrating these two systems do not provide the maximum spatial
distribution of daylight (Fig. 13), which is happening in
1.1.LHC+2.2.IR, 1.2.IC+2.2.IR, and 1.3.BC+2.3.BR designed
scenarios (equal to 100% of the space).

The combination of optimum ceiling and exterior reflectors with
non-efficient systems (venetian blind and vertical fins) cannot
bring results to the acceptable limit of UDI-Autonomous in 50%
of the occupancy time. Nevertheless, the integration of ceiling
systems with inward tilted venetian blind can boost this value to
an average of 5.4% compared to the base case. Vertical fins could
not provide students with an acceptable level of illuminance, even
if they are integrated with the other optimum daylighting systems
(Fig. 14).

The graphical analysis of luminance in the case study classroom
before and after the application of optimum daylighting systems
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Fig. 15. Comparision of the luminance parameter in the classroom before and after applying optimum daylighting system.

Table 4. Spatial distribution of UDI 300-3000 lux.

Daylighting Systems Ceiling Reflectors Exterior Reflectors

Type 1.1.HC 1.2.1C 1.3.BC 2.1.HR 2.2.IR 2.3.BR

Exterior Reflectors 2.1.HR 13.1 13.6 13.9 - - -
2.2.IR 13.4 14.1 14.8 - - -
2.3.BR 13.3 14.1 14.3 - - -

Venetian Blinds 3.1.HB -9.0 -7.1 -5.9 -15.6 -12.6 -13.9
3.2.ITB 0.7 1.9 1.9 -2.1 -1.5 -0.7
3.3.0TB -19.8 -19.3 -18.1 -33.1 -30.5 2313

Vertical Fins 4.1.PF 2.2 -0.8 -0.3 -7.9 -1.5 -1.5

4.2.DF -3.6 -3.4 -1.8 -10.5 -8.6 -8.7
4.3.CF 9.1 -6.9 -1.2 -14.4 -13.4 -13.1

(1.2.IC+2.3.BR) shows the extent to which this solution is able to
reduce the bright spots that cause contrast glare (Fig. 15).

4. Discussion

Results indicate that applying reflectors on the ceiling can
averagely perform 28.3% more efficient than the other daylighting
systems. However, reflectors installed on the exterior side of the
windows can also boost the interior brightness level up to 5.8%
compared to the base case classroom. Therefore, they represent the
second priority to be used as a daylight improvement strategy. The
other systems of Venetian blinds and vertical fins have poor
performance in directing natural light into this below-grade
classroom, and they even decrease daylight access. Especially
during the seasons with higher sun altitude angles. Nevertheless,
these systems are proposed to improve daylight distribution and
reduce the risk of glare caused by contrast. An unwise use of these
devices in similar cases to control daylight glare, can pose
negative effects on illuminance level and the associated students'
visual tasks.

Integrating daylighting systems can improve their efficiency,
especially during the time when users experience a lower level of
illuminance. This situation is more probable to happen in the
summer months, especially in the first and last hours of the
working hours. The combination of the ceiling (type 1.3BC) and
exterior (type 2.2.IR) reflectors is the most effective solution

improving daylight availability (measured by UDI-Autonomous)
while inclined ceiling (1.2.IC) and bent exterior (2.3.BR)
reflectors provide the highest daylight uniformity in the case study
classroom. Nevertheless, integrating these optimum daylighting
systems with venetian blinds and vertical fins cannot compensate
for the negative effect these systems pose on daylight access.
Nevertheless, by the combination of inward tilted blinds type with
ceiling reflectors, a slight improvement percent of 1.5% (on
average) is observed (Table 4).

It should be noted that the shading effect of surrounding
obstacles, trees canopy, and interior furniture is not considered in
the evaluation process, so that the results can be generalized and
used in other similar cases. Daylight can easily be hindered by
adjacent buildings and obstacles and negatively affect the
illuminance level in these spaces. However, interior furniture can
either improve or impair daylight distribution based on its optical
properties (reflectance coefficient). Therefore, results can be
changed by varying physical properties of the case study,
including interior materials, the orientation, size, and type of the
windows.

This study is conducted based on the computational simulation
methodology, and the results need to be further measured in real
conditions. Although Radiance has proven to be a valid tool for
daylight simulation, it is suggested that daylighting strategies be
applied on-site and field measurements be performed alongside
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computational simulation. As the main objective of this study is to
improve daylight availability in below-grade educational spaces,
the UDI range of 300-3000 lux (UDI-Autonomous) is evaluated,
assessing different strategies. Nevertheless, different UDI bonds
(100-2000 lux, 100-3000 lux, etc.) may be considered in other
studies. Further, results can be different by calculating other
daylight evaluation indexes such as daylight autonomy (DA,
special DA, etc.) at different times of the year. Other indicators of
daylight glare probability (DGP) and annual sunlight exposure
(ASE) might further be used to assess students' visual comfort,
which is beyond the scope of this study. Moreover, it is suggested
to prioritize strategies based on their overall costs and run an
economical analysis along with the daylight simulations. Altering
architectural elements in a space can affect the energy consumed
for lighting, heating, and cooling purposes. Therefore, it is
necessary to consider these aspects while exploring different
daylighting systems.

The present study suggests the optimum daylighting systems
that can be used in heritage buildings regarding their constraints.
Results can be further used by architects, stack holders, and
interior designers to improve daylight access and uniformity in
reused projects, especially when dealing with below ground level
spaces.

5. Conclusion

Improving daylight availability play a crucial role in the
environmental quality of academic spaces. The necessity of this
issue can be highlighted when a heritage building is refurbished
for educational purposes. Given that these spaces are not designed
based on the updated standards, and the location of the classrooms
in the buildings might not be selected wisely. Hence, this study
investigates the combination of different daylighting systems to
improve daylight distribution in a south-facing below-grade
classroom in Tehran, Iran. The methodology is based on obtaining
the highest percentage of UDI 300-3000 lux while improving
daylight distribution at different times of the year. A set of 57
alternatives representing four daylighting systems of Venetian
blinds, vertical fins, ceiling and exterior reflector are analyzed.
Based on the results, installing reflectors on the ceiling and
exterior side of the windows are the most effective solutions to
achieve an acceptable level of illuminance in all spots of the
classroom. Combination of these two systems, provide users with
UDI-Autonomous in the maximum occupancy time. The other
strategies have negatively affected this value and limited daylight
access. Therefore, the evaluation of the simultaneous effect of
shadings and daylight improvement strategies is suggested for
future studies. Daylight assessment in a more extensive range of
case studies can help generalize results, based on which a
guideline can be offered on different daylighting systems that can
be used in similar below-grade spaces to improve natural daylight
penetration. Results obtained from this study assist designers to
achieve the maximum efficiency from daylighting strategies,
which leads to a uniform distribution of natural light throughout
the space.
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