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Abstract: Influenced by educational policies and newly emerging educational philosophies, the
proportion of public space is expanding in primary and secondary schools in China. Consequently,
the atrium in school design is increasingly drawing attention due to the consideration of space
efficiency and its accommodability for diverse activities. Although many studies have already
explored the daylighting performance of atriums, the particularities of primary and secondary
schools are rarely noticed, which leads to the lack of a reliable basis for a quick judgment in the
early design stage. This study used the annual daylight metrics of Spatial Daylight Autonomy
(sDAgzg0,50%) and Annual Sunlight Exposure (ASE1gpg,250 h) as the indicators, built a parametric model
in Grasshopper, conducted the simulation using the Ladybug-Honeybee plug-in, and separately
performed the linear regression analysis on the three groups of data from the different types of
atriums. The results show that in Nanjing’s climate, the north and east sides of atriums are the most
suitable orientations for classrooms, and a corridor width of 3 m ensures high-quality daylight for
the bottom floors. The optimal design equations for atrium width and length are provided for the
three types of atriums, respectively, hopefully, to ensure that classrooms surrounding the atrium can
reach the requirement of sDA3g 509 > 0.75, and the design recommendations are offered based on
the results.

Keywords: annual daylighting performance; atrium design; parametric simulation; primary and
secondary school

1. Introduction

The school design patterns in China are changing from “single corridor with fixed
classrooms” to “multiple public spaces connecting class groups” [1]. Previously, the “long
and single corridors” characterized the spatial paradigm of most schools in China due to the
efficiency-first belief [2]. However, the long traffic path and simple space create difficulties
for teaching efficiency and teaching method adjustment [1,2]. With the implementation
of “Quality Education” [3] and “Class Selection System” [4] policies, and the influence
of new educational methods such as the “STEAM” method [5], Multi-age Classroom [6]
and Informal Learning [7], compounding and diverse variations have appeared in school
designs in recent years [8]; public spaces with high flexibility and adaptability which draw
public attention are increasingly used in China [1,9].

The atrium is an important component in teaching spaces [1,8,10]. On the one hand, an
atrium could promote physical activity and social interaction [10,11], shape cultural scenes
and enhance the sense of space [12,13]. On the other hand, an atrium brings daylight into
the center of the building and connects adjacent spaces to the outside world [14,15], which
is significant because daylight from the atrium can replace or reduce artificial lighting, as
well as lower energy consumption [16].

Daylight is considered a prime factor in school design because of its comprehensive
effects on students [17-20]. Research has shown that natural daylight has both physiological
and psychological effects on students’ visual capabilities, productivity and comfort [21,22].
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Good daylight is linked to better emotions and higher motivation, and can enhance the
immune system, lower eyestrain and even improve achievements [23,24]. Additionally,
daylight is beneficial in regulating students’ circadian rhythms, as well as minimizing the
physiological, cognitive, and health effects of circadian disruption caused by an electrical
lighting environment [25].

Many studies have explored the daylighting of atriums and revealed that the day-
lighting performance of an atrium largely depends on its geometric characteristics [26-36]
(Table 1). The main characteristics can be categorized into three types: (1) the skylight
system (skylight height, shape, scale); (2) the atrium form (atrium height, shapes, scale);
(3) the surrounding interface (corridors, windows, etc.).

Table 1. Review of the atrium daylight studies about the building types and parameter targets.

Year Citation Building Types Parameter Targets
Atrium scale (SAR, PAR) !
2012 [26] Unspecified Height and orientation

Surface reflectance

Atrium scale (WI) 2

2015 [27] Unspecified

Skylight form
Atrium scale (SAR, PAR)
2016 [28] Offices Skylight height, Floor
number
o Atrium scale (WI, WID) 3
2017 [29] Unspecified Surface reflectance
2019 [30] Commercial Atrium scale (shape, PAR)
building Building height, Skylight size
. Atrium scale
2021 (311 Office (WI, width to height ratio)
. Atrium scale (SAR, PAR)
2021 [32] Library Height
Commercial Atrium shape and numbers
2022 [33] buildin Profile inclination
utiding Skylight height ratio
Commercial . .
2022 [34] building Atrium shape and height
2022 [35] School building Unspecified
2022 [36] Heritage building Atrium shape and numbers

1 SAR: the Section Aspect Ratio; PAR: the Plan Aspect Ratio. 2 WI: the Well Index [26]. 3 WID: the Well-Indexed
Depth [26].

These studies greatly contribute to our understanding of atriums. However, few
studies particularly focused on the atrium design for the classrooms of primary and
secondary schools. The design of school buildings is different from that of other buildings,
often due to the requirements of national standards. For example, the Code for Design of
School GB50099-2011 issued in China [37] specifies the design modules and the number of
floors for primary and secondary schools, which can cause the specificity of the classroom
daylight and the inapplicability of the geometric indicators of the WI index and SAR;
the vacations of primary and secondary schools also specify the occupancy profile for
simulation.

Therefore, this study aims to evaluate the impact of atrium parameters on the daylight-
ing environment of surrounding classrooms in primary and secondary schools. Specifically,
this study:
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(1) Analyzed the relationship between Spatial Daylight Autonomy (sDA3g50%), An-
nual Sunlight Exposure (ASEjgog 250 1) and the parameters (orientation, floor and scale) of
the atrium;

(2) Obtained design equations and provided suggestions for atrium design to optimize
daylighting performance.

The final conclusions are expected to provide a reference for the designers, enable
them to control daylighting performance in the early design stage through a convenient
process, and hopefully improve the daylight environment of projects in the context of
fast-paced construction in China.

2. Research Methodology
2.1. Research Process

The research process mainly consisted of four steps: (1) parametric simulation, (2) de-
scriptive analysis, (3) regression analysis of the simulation results, and (4) derivation of
design equations and suggestions (Figure 1).

Parametric simulation

\ | v
Model protocol Atrium types and parameters Simulation Settings
I | |
Descriptive analysis
\ | v
Metric analysis Orientation analysis Parameters analysis
| | \
Regression analysis
v | v

Group-type atrium Corridor-type atrium Complex-type atrium
l |

.
Design equation and suggestion

Figure 1. Research flow chart.

2.2. Model Configurations

The atrium-based teaching space was divided into three areas: classrooms and sup-
porting areas on the outside, corridors and traffic spaces in the middle, and the atrium light
box in the center. The classroom is the most important teaching space where students spend
the most time, therefore the classroom units were set in four orientations as the simulation
objects, and the surrounding spaces’ design indexes (i.e., the atrium length L, atrium width
W and corridor width x) were set as the parameters. Based on design conventions and
the national standard [37], the setting of the classroom unit was defined, the interior and
exterior windows were set to 2.1 m height, 2.4 m wide with 1.0 m of sill height and 0.9 m of
shade depth, and the entire model was set to 4 floors with 3.9 m floor height; the skylight
was set to flat form. The final model configurations are shown in Figure 2.

2.3. Atrium Types and Parameters

Based on practical experience, the main atrium forms of a school building in China can
be categorized into 4 types: retreat type, group type, corridor type and complex type [38].
Among them, the retreat type reflecting health concerns is usually for the classrooms which
always receive enough daylight because of the 1-floor daylight depth. The group type
is mainly for mixed-age teaching and inter-class communication. The corridor type is
always for informal learning spaces and the complex type of atrium is generally used for
the STEAM center. The general scales of the 4 types are summarized in Figure 3.



Buildings 2023, 13, 11 40f17

Accordingly, a parametric model was built with Grasshopper and the parameter
ranges were set up; the atrium lengths and widths were set in a range from 9 m to 54 m
(as shown in Table 2, the adjacent two columns or rows are distanced by 9, as 9 m is the
conventional length of the classroom), and the corridor widths were set to 3 m, 4.5 m
and 6 m. Therefore, the following 36 atriums under the 3 different corridor widths were
modeled for simulation.

Northward Classroom Unit

L
. Westward Eastward
Spatial Classroom Atrium Light Box w Classroom
Component Unit Unit
Corridor t X
Southward Classroom Unit
12,900
900, 9000 | 3000
2 = ‘
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Figure 2. Cont.
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Figure 2. The model configurations.

Spatial types
Retreat type Group type  Corridor type  Complex type
Featu.red Open-air Mixed-aged Informal learning STEAM center
function platform group Space
Daylighting 1 floor 2-3 floors 3-4 floors 4 floors
depth
Atrium length 18-36 m 9-18 m 27-54 m 27-54 m
range
Atrium width 3.6m 9-18 m 9-18 m 27-54 m
range

Figure 3. Atrium types and scales.
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Table 2. Parameters (m) of simulation models.

L
N 9 18 27 36 45 54
9 9%9 9x18 9 %27 9 x 36 9 %45 9 x 54
18 18 %9 18 % 18 18 % 27 18 % 36 18 % 45 18 x 54
27 27 x 9 27 % 18 27 x 27 27 % 36 27 x 45 27 x 54
36 36 %9 36 * 18 36 x 27 36 * 36 36 * 45 36 * 54
45 45 % 9 45 % 18 45 % 27 45 % 36 45 x 45 45 x 54
54 54 %9 54 x 18 54 x 27 54 x 36 54 x 45 54 x 54

2.4. Simulation Settings
2.4.1. Software and Metrics

This study adopted the parametric simulation method. Taking advantage of the easy
parametric control in Grasshopper, the simulation was conducted using the Ladybug-
Honeybee plug-in, which uses Radiance as its calculation core, and whose accuracy was
proven by quite a number of studies [31,34,39,40]. The simulation results were imported
into SPSS for regression analysis [41,42].

The central daylight standard adopted in China [43] uses Daylight Factor (DF) as
the evaluation indicator. However, DF lacks the concern of orientation and local cli-
mate and was gradually replaced by annual daylight factors such as Useful Daylight
uminance (UDI) and Daylight Autonomy (DA) internationally. Spatial Daylight Auton-
omy (sDAjzqg 50%) and Annual Sunlight Exposure (ASE1g 250 ), Which were published by
IESNA (Illuminating Engineering Society of North America) as the daylight evaluation
methods in 2012 [44], were adopted by the latest LEED and WELL standards [45,46] as
primary evaluation methods and used in quite a few studies [27,47]. Therefore, sSDA3z00502%
and ASEjgg 250 h» were used as the major metrics for the simulation in this study.

2.4.2. Climate Data

The weather file of Nanjing (118.8° E, 31.0° N) from EnergyPlus [48] was adopted.
Nanjing has a subtropical monsoon climate with distinct seasons and is assigned to the
IV daylight zone in China (based on the annual average illuminance calculated with the
climate data collected in 30 years) [43], which is an important zone that covers most of the
southeast coast of China (Figure 4).

2.4.3. Occupancy Profile

The simulation was scheduled from 01 March to 30 June and from 01 September to
31 January, 8:00 am to 18:00 pm on weekdays, as the time from July to August, generally, is
the summer vacation and February is the winter vacation in China.

2.4.4. Material Attributes

Based on the reflectance range described by the standard [37] in China, the reflectance
of floor, ceiling and walls was set to 0.4, 0.8 and 0.8, respectively. Single-layer glass was
used for interior windows with a visible transmittance of 0.8, while double-layer glass was
used for exterior windows and skylights with a light transmittance of 0.6. The simulation
platform was set to a desk height of 0.75 m.

2.4.5. Blinds System

A dynamic shading system that consisted of interior blinds with a diffuse visible
transmittance of 20% and diffuse visible reflectance of 80% was taken into consideration
for the classrooms to avoid sun glare. According to the requirement of IES [44], the blinds
were set to be pulled down whenever more than 2% of the analysis points received direct
sunlight.
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Figure 4. Geographic information on Nanjing. (a) Daylight Zone of China !. (b) Solar path of Nanjing.
! the map is based on the standard map with the review number GS(2019)1673 downloaded from the
National Platform for Common Geospatial Information Services of China [49], and the base map is

not modified.

3. Results
3.1. Descriptive Analysis
3.1.1. Metric Analysis

From the simulation results of a fixed size model (atrium scale 27 m * 27 m, corridor
width 3 m, the top floor), the initial presentation of the metrics and their comparison were

derived (Figure 5).
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7.00 66.32 533.00
6.32 59.69 - 479.70
5.63 53.06 426.40
4.95 46.42 373.10
i [ © 427 i ]~ so79 [0 = [ 319080
{] Atrium Light Box [% 359 ﬂ Atrium Light Box l | 3316 E: j Atrium Light Box E: 266.50
2.90 26.53 213.20
222 19.90 159.90
Corridor 154 Corridor 13.26 Corridor 106.60
Io.as Ie.es - Isa.ao
) 0.17 3 0.00 — 0.00
(a) Daylight Factor results (b) Daylight Autonomy results (c) Direct sun hour results
ADF =1.75,1.75,1.75, 1.75 sDAsoo50% = 0.62, 0.61, 0.51, 0.50 ASE1000,250h = 0.00, 0.03, 0.13, 0.21
(from north to west) (from north to west) (from north to west)

Figure 5. Simulation results of the metrics in a fixed-size model.

The value of ADF did not meet the requirement of 3.0, while the sDA3g 502, values
of the northward and eastward classrooms both exceeded the minimum requirement of
0.55. Simultaneously, the classrooms were protected from the risk of sun glare, which was
proven to exist by the exceeded ASEj(g0 250 - The consideration of sun glare, orientation
and annual climate, which was not available in the overcast condition of DF, was proven to
be significant in atrium-based classrooms of Nanjing by the comparison.

Specifically, classrooms of the four orientations presented various daylighting perfor-
mances in an order of northward > eastward > southward > westward. Among them, the
classrooms of the last two orientations were equipped with long-term blinds because of an
ASEqg0,250 h higher than 0.10.

In addition, regardless of the orientations, the atrium scale showed a slight influence
on ASEgy0,250 h and a stronger influence on sD A3z 509

3.1.2. Orientation Analysis

Since it is unnecessary to analyze 108 models covering all four orientations and
four floors, to select one orientation as the representative for subsequent analysis, the
ASE1 000,250 h and sD A3 50, results of the four orientations are gathered from a series of
scaled models (Figure 6).

It was proved that the ASE;(g 250 h» remained stable with a variation in atrium scales
and floors, except for the eastward classrooms in which ASE;qyg 2501, varied slightly. There-
fore, the sDA30 500 was the only metric considered in the following analysis.

With the dynamic blinds and exterior shades equipped, the sDA3zg 50 of the four
classroom orientations presented the order of northward ~ eastward > southward > west-
ward. This means that on account of daylight quality, the north and east sides of the atrium
are the best orientations for a classroom.

To reduce the effect of the flexibility of the blind setting, the north orientation was
selected for subsequent analysis because the northward classrooms rarely received glare
and the blinds therefore rarely used. The shade depth was adjusted from 0.9 m to a
structural thickness of 0.3 m because of the minor ASE;g 2501, to fit the actual design.

3.1.3. Design Parameter Analysis

With the north orientation selected, the 108 models with varied parameters were
simulated and the results of sDA3g 509, were compiled (Figure 7).

It can be concluded that:

(1) Under different atrium scales, the changing trends of sDAgzgg 50, varied signifi-
cantly; the variation was gentle in the atrium width range of about 9-18 m and steep in the
atrium width range of about 27-54 m;
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(2) As the corridor width increased, the value of sDA3y 509, significantly decreased,
especially using a corridor width of 6 m, and remained at a low level of less than 0.65.

To clarify the results of the complex charts with multiple variables, the complex
relationship between the parameters and sDAgzgg 509, was simplified using the method
of quantitative analysis. The data were imported into SPSS to conduct multivariable
linear analysis and the relationship between sDA3q 509, and the design parameters were
converted to equations, which thus provided clear and explicit guidance for atrium design.

3.2. Regression Analysis

The parameters for quantitative analysis were reclassified into the three atrium scales
and some new scales were added to ensure consistency in the amount of data for each type.
Large corridor widths were excluded to ensure the accuracy of the results (Table 3).

Table 3. Parameters of atrium scale for linear regression analysis.

Group Type Corridor Type Complex Type

w w w
R 9m 12m  15m  18m R 9m 2m 15m  18m R 27m  36m  45m  54m

9m 9%9 9 %12 9 x 15 918 27m 27%9 27%x12 27x15 27%18 27m 27 %27 27%36 27x45 27 %54
12m 12x9 12%12 12x15 12%18 36m 36%x9 3612 36x15 36*18 36m 36*27 36%x36 36x45 36x*54
15m 15%9 15%12 15%15 15%18 45m  45x9 45%12 45x%15 4518 45m 4527 45%x36 45x45 45x54
1I8m 189 18%12 1815 18%18 54m 54x9 54x12 54x15 54*18 54m 54%27 54x36 54x45 54x%54

e
N

P s i

(=}
—
[T FEEETE

ASE]UU(L 250 h

—————=8

b
o

Atrum widthW)[ 9 | 18 | 27 | 36 | 45 [ 54 | 9 | 18 | 27 | 36 | 45 [ 54 [ 9 | 18 | 27 | 36 [ 45 | 54 | 9 | 18 | 27 | 36 [ 45 | 54
—&— First Floor | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 f0.12 | 0.12 ] 012 {0.12 [0.12 | 0.12 | 0.03 | 0.03 | 0.03 | 0.03 [ 0.03 | 0.03 | 021 [0.21 [0.21 021 |0.21 J0.21

~—®—Second Floor] 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 J0.12 | 0.12 J 0.12 | 0.12 [0.12 [ 0.12 [ 0.03 | 0.03 | 0.03 | 0.03 | 0.03 | 0.03 | 0.21 | 0.21 | 0.21 | 0.21 | 0.21 | 0.21
——Third Floor | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.12 | 0.12 ] 0.12 [ 0.12 | 0.12 | 0.12 | 0.04 | 0.04 | 0.04 | 0.04 [ 0.04 | 0.05 [0.21 [ 0.21 | 0.21 | 0.21 | 0.21 | 0.21

=¥ Fourth Floor| 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.12 | 0.12 | 0.12 | 0.12 | 0.12 | 0.12 | 0.04 | 0.06 | 0.06 | 0.07 | 0.07 | 0.07 [ 0.21 | 0.21 | 0.21 | 0.21 | 0.21 | 0.21
Northward Classroom Southward Classroom Eastward Classroom Westward Classroom
Atrium Length(L)=45m, Corridor Width(x)=3m

(a)
0.6 /.,r—a—-’*—'
£ 0.5
< ]
Q p
= ]
0.4
Atrum widthW)| 9 | 18 | 27 [ 36 | 45 | 54 | 9 [18 | 27 | 36 | 45 [ 54 | 9 | 18 | 27 [ 36 | 45 | 54 | 9 |18 | 27 | 36 | 45 | 54

—®—First Floor | 042 |0.43 1043 [0.45 | 047 10.50 | 042 | 0.43 1043 |0.43 | 0.44 [0.44 043 | 044 | 044 |1 045 | 046 | 049 037 [0.38 ] 0.38 | 0.38 | 0.38 | 0.40
—®—Second Floor| 0.43 | 0.43 | 046 | 0.51 | 053 | 0.54 | 042 | 0.43 | 043 | 0.46 | 047 | 0.47 | 044 | 046 | 047 | 050 | 053 | 0.54 | 038 | 0.39 | 039 | 042 | 044 | 045
~——Third Floor | 0.43 [ 0.50 | 055 | 0.57 | 0.58 | 0.59 | 043 | 0.47 ] 0.48 [0.50 | 0.50 | 0.50 | 0.45 | 0.48 | 0.54 | 0.57 | 058 [ 0.59 | 0.39 | 0.40 | 0.44 | 0.47 [ 0.48 | 0.49
—¥—Fourth Floor| 0.57 | 0.60 | 0.61 | 0.61 | 0.62 | 0.62 | 0.50 | 0.51 ] 0.50 | 0.51 | 0.51 | 0.51 | 0.52 | 0.59 | 0.61 | 0.61 | 0.61 | 0.61 | 042 | 0.49 | 0.49 [ 0.50 | 0.49 | 0.49
Northward Classroom Southward Classroom Eastward Classroom Westward Classroom
Atrium Length(L)=45m, Corridor Width(x)=3m

(b)

Figure 6. Simulation results of the models in 4 orientations. (a) Annual Sunlight Exposure
(ASE1000,250 h) results. (b) Spatial Daylight Autonomy (sDAgzqg 50,) results.
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Figure 7. sDAgz( 509 results under various atrium widths, atrium lengths and floors. (a) Results of
3 m corridor width. (b) Results of 4.5 m corridor width. (c) Results of 6 m corridor width.

3.2.1. Group-Type Atriums

With the atrium scale of group type, the atrium length (L) and width (W) ranged from

9 to 18 m; daylight depth was normally two or three floors. The simulation results are as
follows: (Table 4).

The data of each floor were separately imported into SPSS and the multiple linear

regression analysis was performed with the dependent variable of sDA3g050% and the
independent variables of atrium length and width. The results are as follows: (Table 5).
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Table 4. Simulation results (sDA3pg 509) of group-type atriums.
The Bottom Floor The Second Floor The Third Floor
N 9Im 12m 15m 18 m 9m 12m 15m 18 m 9m 12m 15m 18 m
9m 0.592 0.593 0.594 0.594 0.595 0.598 0.620 0.644 0.809 0.816 0.821 0.821
12 m 0.591 0.593 0.597 0.596 0.596 0.614 0.660 0.705 0.837 0.844 0.852 0.851
15 m 0.592 0.594 0.596 0.597 0.595 0.629 0.694 0.740 0.860 0.863 0.867 0.869
18 m 0.591 0.595 0.596 0.597 0.598 0.638 0.713 0.760 0.866 0.869 0.872 0.876
Table 5. Results of linear regression analysis.
Coefficients ?
Unstandardized Standardized
Model Coefficients Coefficients t Sig.
B Std. Error Beta
(Constant) 0.586 0.002 — 380.754 <0.001
1 Atrium length 0.0002 0.000 0.271 2.022 0.064
Atrium width 0.0005 0.000 0.833 6.222 <0.001

1 Notation: F = 21.401, p = 0.000 < 0.01, RZ = 0.767. 2. Dependent Variable: sDA3zg0 502 (the bottom floor).

The results (F = 21.401, p = 0.000 < 0.05, R? = 0.767) indicated the validity of the
regression equations. The significance of atrium length is 0.064 (>0.05), indicating no
significant change in sD A3 509 due to variation in the atrium length. The significance of
atrium width is 0.000 (<0.05), indicating that there is a significant change in sDA3gg 509, due
to a variation in the atrium width.

Similarly, the regression equations for the floors are as follows:

sDA3z00 509 (the bottom floor) = 0.586 + 0.0002 L + 0.0005 W €))
sDA300 509 (the second floor) = 0.375 + 0.007 L + 0.013 W 2)
sDA300,50% (the third floor) = 0.751 + 0.006 L + 0.001 W (3)

As for the bottom floor, both the atrium length and width had a slight influence on the
sDA300 509 of the bottom floor, which was maintained at about 0.59 with small variations
but meant that the minimum requirement of 0.55 can be reached.

As for the second floor, the sDA3zg 509, was affected by the atrium scales and the related
parameters were ranked as atrium width (coefficient of 0.013) > atrium length (coefficient of
0.007). By deforming the equation, the condition that sDAgzgg 509, can meet the requirement
of 0.75 on the second floor was L + 2 W > 54 m.

And the sDAgz( 509 of the third floor can reach 0.75 no matter how the parameter
changed.

In conclusion, on account of the small lighting box, the daylight performance of
the bottom classrooms in the group-type atrium was at a low level but the minimum
requirement of sSDA > 0.55 can be reached. When the daylight depth was two floors and
the combination of the atrium length and width meet L + 2 W > 54 m, the sDAgzqg 502 of
the bottom classrooms can reach the higher requirement of 0.75.

3.2.2. Corridor-Type Atriums

With the atrium scale of corridor type, the range of atrium width (W) was 9-18 m,
while the range of atrium length (L) was 27-54 m; the daylight depth was normally three
or four floors. The simulation results are as follows: (Table 6).
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Table 6. Simulation results (sDA3pg 509) of corridor-type atriums.
The Bottom Floor The Second Floor The Third Floor The Fourth Floor
N 9m 12m 15m 18m 9m 12m 15m 18m 9m 12m 15m 18m 9m 12m 15m 18m
27 m 0.60 0.65 0.75 0.79 0.59 0.59 0.60 0.61 0.59 0.59 0.59 0.59 0.87 0.88 0.88 0.88
36 m 0.61 0.66 0.77 0.81 0.59 0.59 0.59 0.61 0.59 0.59 0.59 0.59 0.87 0.88 0.88 0.88
45 m 0.61 0.66 0.78 0.83 0.59 0.59 0.59 0.61 0.59 0.59 0.59 0.59 0.88 0.88 0.88 0.89
54 m 0.61 0.67 0.79 0.83 0.59 0.59 0.60 0.62 0.59 0.59 0.59 0.59 0.88 0.88 0.88 0.88

The linear regression results showed that the inputs all passed the F-test (the bottom
floor: F = 28.365, p = 0.000 < 0.05, the second floor: F =14.475, p = 0.000 < 0.05, the third floor:
F =23.267, p = 0.000 < 0.05, the fourth floor: F = 48.841, p = 0.000 < 0.05), and the values
of R? for the four floors were 0.778, 0.743, 0.967 and 0.883, respectively. The regression
equations are as follows:

sDA300 509 (the bottom floor) = 0.585 + 0.00004 L + 0.0005 W 4)
sDA300 50% (the second floor) = 0.554 + 0.0002 L + 0.003 W 5)
sDA300,50% (the third floor) = 0.349 + 0.001 L + 0.024 W (6)
sDA300 509 (the fourth floor) = 0.860 + 0.0001 L + 0.001 W (7)

It was found that, except for the top floor, the effect of the atrium scale increases
significantly with the number of floors (the coefficient ratio of 1:6:48), and the influence of
the atrium width was obviously stronger than that of the atrium length with the average
coefficient ratio of 1:16, which means that the increase in atrium width could be much more
helpful to enhance the daylight in the bottom classrooms, compared with atrium length.

Similar to the group type, the sDA3zgg 509 of the bottom classrooms was basically not
affected by atrium scales, which was maintained at about 0.59 with small variations and
could reach the minimum requirement of 0.55.

As for the second floor, the sDA3zg 509, could also not meet the higher requirement of
0.75 within the scale (0.625 at the maximum scale).

As for the third floor, when the scale satisfied the condition of L + 24 W > 400 m, or
more intuitively when the atrium width reached 15 m with a large atrium length of 36-54
m, the sDA3q 50 can reach 0.75.

As for the fourth floor, the sDA3zp0 502, was also above 0.75, no matter how the parame-
ters changed.

In a word, the corridor-type atriums always had a narrow lighting box, thus resulting
in poor daylight situation in the bottom classrooms. The increased atrium length performed
poorly with an increase in daylight. Meanwhile, the daylight depths of corridor-type
atriums may increase to four floors. On this condition, it was difficult for the classrooms on
the bottom two floors to reach the sDA3q 500, of 0.75. On the higher floor, when the atrium
scale met L > 36 m and W > 15 m, the values of classrooms’ sDA3zgg 502, could meet the
requirement.

3.2.3. Complex-Type Atriums

With the atrium scale of the complex type, the atrium lengths (L) and widths (W) all
ranged from 27 to 54 m and the daylight depth was normally four floors. The simulation
results are as follows: (Table 7).
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Table 7. Simulation results (sDA3g 509) of complex-type atriums.

The Bottom Floor The Second Floor The Third Floor The Fourth Floor

w
N 27 m

36 m

45m 54m 27m 36m 45m 54m 27m 36m 45m 54m 27m 36m 45m 54m

27 m 0.60 0.65 0.71 0.74 0.72 0.77 0.78 0.78 0.83 0.84 0.84 0.84 0.89 0.88 0.88 0.89
36 m 0.62 0.68 0.75 0.77 0.74 0.79 0.80 0.81 0.85 0.86 0.86 0.86 0.89 0.89 0.89 0.89
45 m 0.63 0.70 0.76 0.78 0.75 0.81 0.83 0.84 0.86 0.87 0.87 0.87 0.89 0.89 0.89 0.89
54 m 0.63 0.71 0.78 0.80 0.77 0.83 0.84 0.85 0.86 0.87 0.87 0.88 0.89 0.89 0.89 0.89

The linear regression results in SPSS showed that the input data all passed the F-test
(the bottom floor: F = 127.559, p = 0.000 < 0.05, the second floor: F = 49.863, p = 0.000 < 0.05,
the third floor: F = 38.754, p = 0.000 < 0.05, the fourth floor: F = 13.545, p = 0.000 < 0.05),
and the values of R? of the four floors were 0.952, 0.885, 0.856 and 0.676, respectively. The
regression equations were as follows:

sDA300,50% (the bottom floor) = 0.388 + 0.002 L + 0.006 W (8)
sDA300 509 (the second floor) = 0.594 + 0.002 L + 0.003 W 9)
sDA300,50% (the third floor) = 0.786 + 0.001 L + 0.0005 W (10)
sDA3z00 509 (the fourth floor) = 0.878 + 0.0001 L + 0.0001 W (11)

It can be inferred that the atrium scales of the complex type had an obvious influence
on the bottom classrooms compared with those of the other types, and the impact decreased
as the number of floors increased (the ratio of atrium width coefficients as 2:1). The degrees
of influence of the parameters differed as atrium width > atrium length, but the average
coefficient ratio of 2:1 was much more balanced than that of the other types, indicating
that both the length and the width of the atrium could effectively enhance the daylight
performance of the atrium.

Deformation of the equations showed that the value of sDAjzg0 50 in the bottom
classrooms can reach 0.75 when L + 3W > 180 m, or L = W > 45 m. On the second floor,
the condition changed to2 L+ 3 W > 150m, or L=W > 30 m.

The classrooms on both the third and fourth floors can reach the sDAsqq 509, of 0.75.

In short, complex-type atriums were large in scale and thus had better daylight
performance. The classrooms on the top two floors can reach the sDA3zg 502, requirement
of 0.75 and the classrooms on lower floors can also easily reach the requirement under
uncritical scale conditions. Therefore, it is possible to moderately increase the corridor
width, construct informal learning spaces or add other space details in these atrium designs.

4. Design Recommendation

Accordingly, the recommendations for primary and secondary school design are
summarized as follows:

(1) Classrooms are best placed on the north and east sides of the atrium and should
not be placed on the west side;

(2) The atrium width can be maximized to efficiently improve natural daylighting;

(3) Corridor width should be kept to a minimum such as 3 m for the high-quality
daylighting of the lower floor;

(4) It is better to use the bottom rooms as an office or for activities instead of classrooms,
for a daylight depth of two floors is the best in the atrium scales of the group type and the
corridor type;

(5) Considering the atrium scale of the complex type, it is possible to construct, in the
atrium, both a high-quality daylighting environment and unconventional teaching spaces
such as a learning corner, especially on the top two floors.
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If the project requirements deviate from these recommendations, for example, an
increase in corridor width or a deep daylight depth for conducting various teaching
activities, the artificial lighting in classrooms should be qualified, and thus the increase in
energy consumption should be taken into consideration.

5. Discussion

This study examined the daylighting performance for atrium-based classrooms in
primary and secondary schools, connecting the two research topics of daylighting in the
atrium and innovative school design; using the operable dimensions of the atrium as
parameters, the study provided convenient optimization methods of a series of equations
and related design suggestions for innovative school design.

Unlike the studies that focused on the space within the atrium or the surrounding open
space [26-34], this study took the customized unit of the classroom as the object, and the
variations of sSDA3z( 509 with the atrium scale were similarly regular as the previous stud-
ies [30,34]. Furthermore, previous studies generally used ADF as the only metric [27,28].
Compared to the smooth and ordered variation of ADF, sDAgz 509, requires more quali-
fication and classification to make the variation clear and readable but was proved to be
necessary on account of the consideration of local climate, orientation and glare control.

Nevertheless, the adoption of the annual daylighting metric also caused limitations.
The simulation results may change with each of the input items, such as the site, boundary
settings, occupancy schedule and blinds, which makes it difficult to apply the results in
sites that have different climates or latitudes from Nanjing. Additionally, for the same
reason, it is difficult to compare the results with the studies that have different settings,
especially when the setting is not standard, for example, the specific occupancy of the
school in this study. Therefore, the results are merely applicable to a quick judgment in
the early design stage or serve as a reference, not for professional evaluation and detailed
design.

Furthermore, daylighting is only one aspect of Indoor Environmental Quality (IEQ)
that should be taken into account in the design process of a school [50]. Similarly, the
atrium layout is also just one of the forms that the school buildings are developing [51].
Therefore, extended research on thermal comfort, indoor air quality and acoustic comfort
in the atriums and the expansion of design features are planned to be gradually fulfilled in
further work.

6. Conclusions

In this study, the model configurations of atrium-based teaching spaces were extracted,
four types of atrium scales were summarized, and afterward, the investigation focused
on the daylight performances of group-type, corridor-type and complex-type atriums;
132 operating conditions were arranged, through variations in atrium length, atrium width
and corridor width, and were applied to classrooms on four floors in four orientations.
The simulation was conducted using Ladybug-Honeybee tools with the weather file of
Nanjing, and the traditional evaluation metric of DF was replaced by annual daylight
metrics sDA3zg0 500, and ASEjgg 250 - Finally, practical suggestions on the atrium design for
primary and secondary schools were derived.

(1) On account of the daylight and glare, classroom orientations to the atrium can
be ordered as: northward, eastward, southward and westward, represented by the ratio
of about 9:9:8:7 (ratio of the mean values of sDAs3q 50, in four orientations) and the last
southward and westward classrooms should be equipped with shading measures;

(2) The parameters affecting the daylight performance of the atrium can be arranged
in descending order as corridor width, atrium width and atrium length (coefficient ratios
of width and length vary from 16:1 to 2:1 as scales up);

(3) The design equations for the various atrium types had the common structure of
sDA30 500%_floor =a + b * L + ¢ x W (Table 8). In group-type atriums with three floors of
daylight depth, the sDA3zgg 502, can reach 0.55 in the bottom floor classrooms and 0.75 in
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the second or higher floors classrooms when L + 2 W > 54 m. In corridor-type atriums
with four floors of daylight depth, the sDA could still achieve 0.55 in the bottom two floors’
classrooms and 0.75 in the third or higher floor classrooms when L + 24 W > 400 m. In
complex-type atriums with four floors of daylight depth, the sDA3zg0 50 of the bottom
classrooms can reach 0.75 when L + 3 W > 180 m, and 2 L + 3 W > 150 m in the second
and higher floor classrooms.

Table 8. Aggregation of Equation coefficients.

Atrium Type Nfll;(:er Equation Coefficients sD 12300’3({%: > 0.75
a b * 100 c * 100 onditions
1 0.586 0.02 0.05 X
Group type 2 0.375 0.7 1.3 L+2W2>54
3 0.751 0.6 0.1 Vv
1 0.585 0.004 0.05 X
Corridor 2 0.554 0.02 0.3 X
type 3 0.349 0.1 2.4 L+24 W > 400
4 0.860 0.01 0.1 v
1 0.388 0.2 0.6 L+3W>180
Complex 2 0.594 0.2 0.3 2L+3W >150
type 3 0.786 0.1 0.05 Vv
4 0.878 0.01 0.01 Vv
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