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Abstract: Good daylighting performance positively affects students” physical and mental health,
learning efficiency, and the building’s energy-saving capability. Due to the terrace classroom having
ample space, large capacity, the ability to avoid obstructing sight, and the ability to meet various use
needs, it is the most important place in university buildings. However, research on the daylighting
performance of university terrace classrooms is limited, leading to a lack of quantitative guidance
in early design stages. This study aims to explore the effects of interior space and window geom-
etry of terrace classrooms in universities in severe cold regions on daylighting performance. This
research took Shenyang as an example; spatial daylight autonomy (sDAsq 509 ) and useful daylight
illuminance (UDI;gp_000) Were selected as daylighting performance evaluation indices. Based on
the Grasshopper parametric platform, the simulation was carried out using Ladybug and Honey-
bee plugins. Correlation and regression analyses revealed the relationship between interior space
and window geometry parameters and the evaluation indices. The results showed the following:
window-to-floor ratio (WFR), classroom height (Hy), window height (Hyw), window-to-wall ratio
(WWR), classroom width (Wy), and window width (W) have positive effects on improving the
daylight sufficiency of the terrace classrooms facing each orientation, and the degree of the effect
decreases in order. To ensure the overall daylighting performance, the Wy. can be maximized. The
width of walls between windows for south-facing and west-facing classrooms should be 0.9 m. The
WWR and WER for south-facing classrooms should be 0.3-0.5 and 0.11-0.14, respectively. The WWR
and WER for north-facing classrooms should be 0.6-0.7 and 0.14-0.20, respectively. Prediction models
are established for the sDA3q 509, and UDIgo_p000 of the terrace classrooms facing each orientation.

Keywords: daylighting performance; terrace classrooms; interior space geometry; window geometry;
severe cold regions

1. Introduction

Daylighting for buildings is natural and does not exhibit stroboscopic effects while
simultaneously being rich in changes, and it exhibits unique and innate advantages that
are incomparable to other artificial light sources. Appropriate interior space and window
geometry can effectively play the positive role of natural light and provide a comfortable
light environment. This is beneficial to the physical and mental health of users. Furthermore,
it can improve learning and work efficiency and can also reduce energy consumption [1-3].

Currently, scholars have performed substantial research on the influence of the in-
terior space and window geometry of multi-functional buildings in different areas on
daylighting performance [4-6]. Ghisi and Tinker [7] and Susorova et al. [8] studied the
impact of window size, orientation, and room geometry on the daylighting performance
of office buildings in different climatic zones, such as desert climate, subtropical climate,
Mediterranean climate, and temperate broad-leaved forest climate, which aimed to opti-
mize daylighting quality and energy-saving levels. Lee et al.’s research explored the best
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window designs of office buildings in five typical climatic zones in Asia (tropical monsoon
climate, subtropical monsoon climate, subtropical marine monsoon climate, temperate
monsoon climate, and temperate marine monsoon climate), by simulating the influence of
window-to-wall ratios and window orientations on natural light. By conducting an analysis
on solar radiation and building energy consumption, design guidelines for energy-saving
lighting windows were proposed [9]. With the help of field measurements and numerical
simulation methods, Omar et al. explored the promotion effect of window geometry, room
depth, and other factors on natural light in a university library in the Mediterranean climate
zone to enhance daylighting performance [10]. Fan et al. selected a gymnasium in Xiong’an,
Beijing, located in the warm temperate continental monsoon climate zone as the research
object. They proposed an optimization method for the window design of the stadium
facade based on the average illumination, average solar radiation accumulation per hour,
and glare index when the stadium was opened in summer [11]. Huang et al. carried out
research on the daylighting performance of painting and calligraphy exhibition halls in
museums and took daylight factor (DF), DF uniformity, and discomfort glare index (DGI)
as evaluation indicators, by comparing and analyzing the daylighting performance of four
lighting modes—low side window, high side window;, flat skylight, and sawtooth skylight.
Huang et al. proposed the window geometry optimization design method [12]. In addition,
many studies evaluated the impact of different interior spaces and window geometries on
the natural daylighting performance and visual comfort of residential buildings [13-18].

As the central place to carry out educational activities, educational buildings’ indoor
physical environment quality is closely related to students’ physical and mental health,
growth, and living quality [19-21]. In addition, a high-quality indoor environment can
effectively improve students’ learning efficiency and performance, as well as the interaction
and social state between teachers and students, which is conducive to students’” subsequent
professional development and future social development [15,22]. Daylighting environ-
ments are essential parts of indoor physical environments. Providing good daylighting
conditions can create a good development environment for students. Therefore, daylighting
performance in educational buildings has attracted significant attention. Currently, many
research studies on the light environment of educational buildings emphasize improving
environment quality and energy-saving levels. Only a few research studies focus on evalu-
ating and improving the natural light environment [23], mainly concentrating on ordinary
classrooms, professional classrooms, and laboratories [19,24]. Pellegrino et al. evaluated
the daylighting performance of ordinary classrooms in an Italian school with the hope of
providing reasonable solutions to improving daylight availability [25]. Rubies et al. took
an academic classroom in L’Aquila University as a case to explore the influence of interior
space and window geometry on daylighting performance and building lighting energy
consumption, by simulating and analyzing parameters such as room geometry, window-to-
floor ratio, window shape, window orientation, etc. [26]. Ashrafian and Moazzen selected
west-facing and east-facing classrooms in a temperate continental climate zone for simula-
tion to explore whether the average illuminance provided under different window-to-wall
ratios met the needs of users; they obtained a window geometry design method that is
beneficial for lighting energy saving [22]. Moreover, most regions selected for existing
research studies on educational buildings are in middle and low latitudes, such as tropical
or warm and humid climates, which makes it difficult to apply the relevant research results
to areas with different climates or latitudes [27-30].

With the expansion in enrollment observed in Chinese universities, teaching locations
that are spacious and have large capacities are needed to meet the increasing number of
students and diversified use needs. Terrace classrooms have the following advantages: A
large area, a large number of people, and a stepped floor, which can meet the requirement
for more indoor seats and avoid the problem of vision blocking. As the most important
teaching location in universities, a terrace classroom’s use functions are flexible and change-
able and can be used as the principal space for students’ self-study, examination, meetings,
and community activities. Therefore, the terrace classroom has become the most frequently
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used classroom type for university students. The quality of its daylighting performance is
of great significance for meeting the needs of students’ study life, maintaining physical and
mental health, and reducing building energy consumption.

However, currently, the research on the natural light environment of terrace classrooms
needs to be improved, and most existing research studies are aimed at artificial lighting and
energy consumption [31,32]. In addition, China’s related standards and design datasets
lack specific guidance strategies for daylighting design in terrace classrooms. Therefore,
in order to improve the daylighting performance of university terrace classrooms so that
they can play a positive role in students’ learning and life and saving architectural lighting
energy consumption, it is urgent to study the daylighting performance of university terrace
classrooms and propose corresponding design suggestions [33].

China’s severe cold regions have higher latitudes and long cold winters. The total
illuminance and sunshine hours are fewer than in other areas, so it is necessary to improve
the utilization rate of sunlight and play an active role in natural daylighting. Thus, improv-
ing the daylighting performance of terrace classrooms in severe cold regions has become
an urgent problem. This paper aims to study the relationship between interior space and
window geometry and the daylighting performance of university terrace classrooms in
severely cold areas. Based on the Grasshopper parameterization platform, the daylighting
performance simulation used the Ladybug and Honeybee plug-in in Shenyang, China.
Via correlation analysis, box diagram analysis, and multiple linear regression analysis,
quantitative analyses were conducted on the relationship between all terrace classroom
orientations: (1) Interior space geometry parameters include the following: classroom
width (Wy), classroom depth (Dy), and classroom height (Hy). (2) Window geometry
parameters include the following: window height (Hy ), window width (Wy ), number
of windows (Ny,), the width of wall between windows (W), windowsill height (Hys),
window-to-wall ratio (WWR), window-to-floor ratio (WFR), and selected daylighting per-
formance evaluation indices (sDAgzgg 50% and UDIjgo_2000). Then, the prediction model of
the daylighting performance evaluation indices of terrace classrooms facing each orien-
tation was established. The research results provide a reference and evaluation basis for
designing university terrace classrooms in severe cold regions.

2. Methodology
2.1. Workflow

The research process mainly includes four steps: (1) problem formulation and objec-
tives; (2) simulation model building, initial parameter setting, and simulation running;
(3) parameter analysis and prediction model establishment; (4) description and interpreta-
tion (Figure 1).

2.2. Location and Climate

Shenyang is located at 41°48’ northern latitude and 123°25’ eastern longitude, in the
south of northeast China and the middle of Liaoning Province. Shenyang has four distinct
seasons, with long winters and short summers throughout the year. It belongs to the
temperate subhumid continental climate and the severe cold area in China’s thermal divi-
sion [34]. Meteorological data released by the National Meteorological Center (2009-2018)
show that the average monthly temperature is —12~25 °C; the average monthly relative
humidity is 49%~79%; and the average temperature in spring, summer, autumn, and winter
is 3~16 °C, 18~29 °C, 3~15 °C, and —15~—3 °C, respectively [35].
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Figure 1. Research workflow.

Ladybug

According to GB 50033-2013 [34] and the annual mean total illuminance obtained
by different solar elevation angles, cloud types, cloud cover, and sunshine duration in
other regions of China, Shenyang belongs to class III (Figure 2), and the mean total il-
luminance of natural light years is between 35 and 40 klx. According to the National
Meteorological Data Center statistics, the average annual peak sunshine duration was
1406-1582 h in Shenyang from 2000 to 2022. The average annual global horizontal irra-
diance can reach 5063-5096 M]/ m?, and the average annual direct horizontal irradiance
can reach 4804-4812 MJ/m? (Figure 3a). The average monthly peak sunshine duration
is 64-184 h, the average monthly global horizontal irradiance is 230663 MJ/m?, and the
average monthly direct horizontal irradiance is 178-561 MJ/m? (Figure 3b).

2.3. Daylighting Performance Evaluation Criteria

The daylighting performance evaluation index is divided into static and dynamic,
forming two types. Among the static daylighting evaluation indices, the daylight factor (DF)
is the most widely used index for evaluating light environments [34]. DF lacks orientation
and local climate concerns and has been gradually replaced internationally by the more
useful daylight illuminance (UDI) and daylight autonomy (DA) indices. Compared with
DEF, DA reflects the influence of regional photo-climate on the natural lighting performance
of buildings and can evaluate their natural lighting level more comprehensively and
accurately [36]. Still, DA cannot reflect the proportion of the area reaching the given
illuminance in the space. To comprehensively evaluate the DA values of all calculation
points, the [lluminating Engineering Society (IES) proposed the sDA index in 2013. If only
sDA3zg01x 50% is used as the evaluation index, the glare caused by excessive daylighting
will be ignored. If only UDI is used as the daylighting performance evaluation index, the
adequacy of illuminance cannot be judged [37]. Therefore, this paper selects SDA and UDI
as the evaluation indices of daylighting performance.
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Figure 3. Statistics of solar radiation intensity and peak sunshine duration in Shenyang from 2000 to
2022: (a) mean monthly meteorological data statistics; (b) mean annual meteorological data statistics.

Spatial daylight autonomy (sDA) measures the sufficiency of daylight illuminance in a
given area. It is defined as the percentage of the floor area of a building that receives natural
light above a specified minimum illuminance value (300 Ix for educational buildings)
during a specified working period throughout the year (for example, 50% of the time from
8 am. to 6 p.m.) [38]. Based on natural illuminance, this dynamic lighting evaluation
index specifies the range or percentage of illuminance, which can accurately determine
and evaluate the natural illuminance of building spaces [39]. Therefore, SDA3zy 1y 509 is
selected as the evaluation index in this paper. sSDA3z 14, 509 is the measure recommended
by the Illuminating Engineering Society of North America (IES) and LEED. In addition, IES
LM-83-12 rated the sufficiency of the ambient daylight available according to DAz 1x, 50%-
When sDA3z 1, 507 is greater than or equal to 75%, the daylight sufficiency of the analysis
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area is rated as “preferred”. When sDAgg 1y, 500 is in the range of 55-75%, the daylight
sufficiency of the analysis area is rated as “nominally acceptable”.

Useful daylight illuminance (UDI) represents the frequency at which natural lighting
illuminance reaches a certain range throughout the year. The distribution of natural lighting
illuminance is divided into three fields: UDI is defined as the available illuminance within
the scope of 100-2000 1x, <100 Ix is the range of too-low illuminance, and >2000 Ix is the
range of too-high illuminance [40]. Natural lighting illuminance that is too low leads to
low daylight availability, and natural lighting illuminance that is too high easily causes
glare and visual discomfort. Therefore, UDI go_2000 is selected as the evaluation index in
this paper.

2.4. Simulation Settings
2.4.1. Simulation Tools

Based on the Rhino and Grasshopper platforms, Ladybug and Honeybee plug-ins were
used to set the simulation parameters, and the Radiance software was used to simulate the
optical environment. This daylighting analysis platform is widely used in building daylighting
research, and many studies have verified that this platform has good accuracy [41-44].

As a parameter modeling programming tool of the modeling software Rhino [43],
Grasshopper runs on the Rhino platform and is one of the mainstream software used in
data design. Radiance, a relatively advanced illuminance forecasting tool, was used as the
daylight engine in this study. Ladybug is a microclimate analysis plugin software based
on the Grasshopper parameterized platform. The plugin can import EnergyPlus Weather
(EPW) data on demand for data analysis and visualization [45]. The Honeybee plug-in
can invoke various building performance analysis software for the simulation analysis of
natural lighting, thermal comfort, building energy consumption, and output visualization
results. This paper used Honeybee to connect Grasshopper to Radiance for the building
lighting simulation experiments.

2.4.2. Establishment of Simulation Models

Figure 4 shows the geometric parameter information of the terrace classroom simula-
tion model. This paper determined simulation models by using six parameters, including
Wi, Dic, Hw, Hws, Wiypw, and the number of walls between windows. According to the
relevant provisions in the Architectural Design Data Set [46], the horizontal distance (a)
between the front edge of the first step and the front wall of the classroom was set as 5.5 m,
the depth of the platform at the back of the classroom was set as 3 m, the slope of the
step was set as 9°, and the distance (c) between the upper edge of the window and the
ceiling was set as 0.2 m. The width (d) of the window end wall was 1 m [47]. Wi, Hus,
and H,, determined Hi.. In addition, the windows in the model were evenly distributed
horizontally. Wi, Wy, and the number of walls between the windows determined W,

Wuwbw c

a=5.5m
d Huw Ww d
| — 1 b=3.0m
Hue c=0.2m
5 d=Tm
a b 0=9°

Figure 4. The geometric parameter information of simulation models.
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This paper adopted the orthogonal experimental method [48] for the experimental
design. Orthogonal experiment design is a scientific method for studying and dealing with
multi-factor experiments. This method uses an orthogonal table to scientifically select the
test conditions and reasonably carry out the multi-factor test by analyzing part of the test’s
results to master the overall test situation, and then optimize the optimal horizontal combi-
nation. According to the relevant regulations of terrace classrooms in the public teaching
buildings of colleges and universities [46], the size of terrace classrooms was set as the
common 150-360 students, and the corresponding room space varied from 16 to 23 m. The
classroom depth varied from 12 to 15.5 m. According to the GB 50352-2019 standard [49],
the windowsill height range was 0.6-1.3 m and the window height was 1.4-2.8 m. It is
required in the GB 50352-2019 standard [47] that the width of the walls between windows
should not be greater than 1.2 m, and when the width of the walls between windows is less
than 1 m, constructional columns should be set. Therefore, the width range of the walls
between windows was set to be 0-1.2 m, varying at unequal spacing. The number of walls
between windows ranges from 1 to 8. The values of each factor and level are shown in
Table 1. SPSS was used to generate orthogonal experiments [50], and 64 terrace classroom
simulation models were formed. The experiment combined east, south, west, and north
(four orientations) and finally determined 256 simulation models. The direction of the
classroom in this paper refers to the orientation of the window wall.

Table 1. Design factors and levels of terrace classrooms.

Level Classroom Classroom Window Windowsill Width of Wall Number of Walls
Width Depth Height Height Between Windows Between Windows
1 16 m 12m 14m 0.6 m 0Om 1
2 17 m 125m 1.6m 0.7 m 0.3m 2
3 18 m 13m 1.8m 0.8 m 045 m 3
4 19m 13.5m 2m 09 m 0.6 m 4
5 20 m 14 m 22m Im 0.75m 5
6 21 m 145m 24m 1.1m 09m 6
7 22m 15m 2.6m 12m 1.05m 7
8 23 m 155 m 2.8 m 1.3m 1.2m 8

2.4.3. Initial Parameter Settings
1.  Weather Data File and Material Properties

The US Department of Energy website’s weather data file retrieved via Ladybug uses
the Shenyang (123.25° E, 41.48°N) weather file by EnergyPlus [45].

According to the reflectance range described in GB50033-2013 [34], combined with
Shenyang’s geographical location and the terrace classroom’s actual situation, the re-
flectance of the floor, wall, and ceiling was set as 0.30, 0.55, and 0.75, respectively. The
interior windows comprised laminated glass with a visible light transmission ratio of 0.88.

2. Measuring Point Setup and Simulation Process

According to the GB/T 5699-2017 standard [51], the horizontal plane with a vertical
height of 0.75 m from the ground was set as the illuminance calculation plane. According
to the size of the interior space, the calculation plane was divided into analysis grids
of 1.0 m x 1.0 m. The measuring points were located in the center of each grid, and the
spacing between the measuring points was 1.0 m. The simulation time was set from 8:00 to
18:00 every day.

The meteorological data files, material parameters, analysis grid, and simulation
time determined above were inputted into the designated positions in the program. The
built-in daylight simulation engines, Ladybug and Honeybee, were run. The 256 models
determined above were simulated and sorted into groups according to their orientation;
finally, the data were obtained.
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2.5. Statistical Analysis

This paper used statistical methods such as correlation analysis and multiple linear
regression analysis to explore the influence of interior space and window geometry pa-
rameters on daylighting evaluation indicators in a terrace classroom. Firstly, a correlation
analysis was conducted between independent variables (classroom interior space and
window geometry) and dependent variables (sDAgzq 500 and UDI;pp2000) to determine the
degree and linear trend of linear correlations between each parameter and the evaluation
index of the natural lighting environment. Pearson’s correlation coefficient in SPSS was
used to determine the existence of correlation and the closeness of the relationship between
variables [52]. Next, multiple linear regression analysis [42,53], which has been used in
several relevant studies, was selected to establish the prediction models of the terrace
classrooms’ interior space and window geometry parameters, and the sDAzqg 509, and
UDI0p_2000 in the terrace classroom facing each orientation, by using SPSS software.

3. Results
3.1. Correlation Analysis

This study conducted a linear correlation analysis between the interior space and
window geometry of terrace classrooms facing east, south, west, and north using sDA30 500
and UDIgo_000. Table 2 shows the results of the correlation analysis. According to the
definition of a significant correlation, when the significance value (Sig.) is less than 0.05,
the independent and dependent variables are significantly correlated. In addition, the
correlation coefficient (r) indicates the degree of closeness between the independent and
dependent variables. The greater the absolute value of the correlation coefficient, the closer
the relationship.

Table 2. Correlation analysis results of interior space and window geometry parameters with
sDA300,50% and UDI0-2000-

Orientation Index Wie Dy Hie Wy Hy Wubw Hys Nw WWR WFR
E SDA 0.331 ** —0.405 ** 0.663 ** 0.309 * 0.664 ** —0.232 0.156 —0.246 0.591 ** 0.883 **

ast UDI 0.415 ** —0.097 0.322 ** 0.060 0.215 0.057 0.291 * —0.057 0.159 0.230
South SDA 0.309 * —0.315* 0.702 ** 0.267 * 0.693 ** —0.208 0.183 —0.211 0.575 ** 0.844 **

out UDI 0.273 * 0.022 —0.246 * —-0.119 —0.367 ** 0.313* 0.184 0.244 —0.381 ** —0.454 **

W SDA 0.294 * —0.328 ** 0.693 ** 0.254 * 0.694 ** —0.230 0.162 —0.203 0.583 ** 0.858 **
est UDI 0.376 ** —0.084 0.042 —0.059 —0.098 0.266 * 0.292 * 0.067 —0.212 —0.163
North SDA 0.329 ** —0.399 ** 0.646 ** 0.321 ** 0.642 ** —0.245 0.159 —0.260 * 0.595 ** 0.877 **
ort UDI 0.412 ** —0.190 0.492 ** 0.135 0.399 ** —0.031 0.301 * —0.118 0.311* 0.463 **

Notes: * and ** represent significant test results at 5% and 1% levels, respectively.

Wi is positively correlated with sDA3pg 502, and UDI;pp2000 for each classroom ori-
entation, while other parameters have different linear correlations with sDA3zg 502, and
UDI; 00000 for each classroom orientation. WFR, Hy., Hy,, WWR, Wy, and Wy, had a
significant linear positive correlation with sDAgzq 50, in the terrace classrooms facing each
orientation, and the correlation degree decreased in turn. This indicates that the above
parameters positively affect sDA3p50%, and the effect degree decreases successively. In
addition, Dy and sDAgzq 50 for each classroom orientation had significant linear negative
correlations, with an | r| value between 0.315 and 0.405, which shows that the Dy for the
sDA3g0,50% for each classroom orientation had certain inhibitions. In addition, Ny was
only negatively correlated with sDAgzg 509, in north-facing classrooms but to a low degree.

In addition, for east-facing classrooms, Wy, Hi., and Hys were significantly positively
correlated with UDIjpy_2000, and the degree of correlation decreased successively. Wy,
Hys, and Wy, were positively correlated with UDIg9_n000, and their effects decreased
successively for west-facing classrooms. WFR, WWR, H,y, and Hy. were negatively corre-
lated with UDI;¢g-2000 in south-facing classrooms but positively correlated with UDI;g0-2000
in north-facing classrooms. In addition, the correlation coefficients between UDI 02000
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and each parameter for each orientation of the classroom were relatively small, with an
It value between 0.25 and 0.50.

3.2. Exploratory Analysis

The relationships between terrace classrooms’ sDA3q 502, and UDI;gp_p000 and geome-
try parameters that have significant influences on them were further analyzed by a boxplot.
The lines in the box are the medians; the top and bottom edges of the box indicate the 75th
and 25th percentile of all values sorted from the smallest to the largest, and the top and
bottom T-bars indicate maximum and minimum values, respectively.

3.2.1. Interior Space Geometry Parameters and Daylighting Performance
Evaluation Indices

In terms of the terrace classroom width, when Wy, was within the range of 16-19 m,
with the increase in Wy, the median value of sDA3zg 502, of the terrace classrooms facing
each orientation showed an obvious upward trend (Figure 5a), among which the south-
facing classroom’s sDAjgg 509 increased the most. When Wy, increased from 19 m to
20 m, the median value of sDA3zgg 502, changed a little in terrace classrooms facing each
orientation. When Wy, ranged from 20 to 23 m, the value of the terrace classrooms facing
each orientation resumed an upward trend, among which the increase in the value of south-
facing classrooms was the lowest. In addition, as Wy, gradually increased, the median
sDA3g0,50% was always the highest in south-facing classrooms, followed by west-facing
classrooms, and it was similar and the lowest in east-facing and north-facing classrooms.
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Figure 5. The analysis results of the distribution interval between the classroom width and the
evaluation indices: (a) the analysis results of SDA3gg50%; (b) the analysis results of UDI;g0_000-

When Wi, was 16-20 m, with the increase in Wy, the median values of UDI gg_ggp in
the terrace classrooms facing each orientation showed an upward trend (Figure 5b). When
the Wi was between 20 and 23 m, with the increase in Wy, the median values of south and
west UDI o900 tended to be stable, while the median values of UDI;gg_pggg in the east-
and north-facing classrooms showed an upward trend. In addition, the median values of
UDIj09-2000 in the north-, east-, west-, and south-facing classrooms decreased in turn.

In terms of the terrace classroom depth, with the increase in Dy, the sDA3z( 509, of the
terrace classrooms facing each orientation showed an overall downward trend (Figure 6).
When Dy increased from 12.5 m to 13 m and from 14 m to 14.5 m, the median value
of sDA3zg050% of the terrace classrooms facing each orientation decreased significantly.
In addition, the median value of sDA3z( 509, was the highest in south-facing classrooms,
followed by west-facing classrooms. East-facing and north-facing classrooms exhibit similar
sufficiency and the lowest daylight sufficiency.
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Figure 6. The analysis results of the distribution interval between the classroom depth and the

evaluation index.

In terms of the terrace classroom height, when H;. was within the range of 2.5-3.4 m,
with the increase in Hy., the median and interquartile values of sDA3g 509 of the terrace
classrooms facing each orientation showed an obvious upward trend (Figure 7a). When
Hi. increased from 3.4 m to 3.7 m, the median value of sDA3q 509, 0f the terrace classroom
facing each orientation changed a little. When the H;. was 3.7—4.3 m, the median value
of sDA3zg050% showed a slight upward trend. In addition, when the Hi. was 2.5-2.8 m,
the median sDA3zg 509, of west-facing and north-facing classrooms was similar and about
5% higher than that of east-facing classrooms. When the H;. was 3.1-4.3 m, the median
sDA3zg0 502 of the east- and north-facing classrooms was similar and lower than that of
the east-facing classroom. The median sDAj3g 509, was always the highest in the south-
facing classroom.
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Figure 7. The analysis results of the distribution interval between the classroom height and the
evaluation indices: (a) the analysis results of sDAzq 50%; (b) the analysis results of UDI;go_2000-

When Hi. was within the range of 2.2-3.1 m, with the increase in Hy, the median value
of UDIgo_2000 in east-, south-, and north-facing terrace classrooms showed an obvious
upward trend (Figure 7b). With the increase in Hy. in the range of 3.1-4.3 m, the changing
trend of UDIgo_2000 Was different for the terrace classrooms facing each orientation, among
which the median values of UDIpp_p00 in south-facing, east-facing, and north-facing
classrooms decreased, stabilized, and slightly increased, respectively.
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3.2.2. Window Geometry Parameters and Daylighting Performance Evaluation Indices

In terms of the window width, when Wy, was 0.5-4.1 m, the median value of the
sDA3g0,50% of the terrace classrooms facing each orientation showed a slight upward trend
with the increase in Wy, (Figure 8). When W, increased from 4.1 m to 5.3 m, the median
value of the sD Az 509 of the terrace classrooms facing each orientation decreased slightly.
When Wy, was 5.3-8.9 m, the sD A3 509 Of the terrace classrooms facing each orientation
resumed a slight upward trend. In addition, the median value of sDA3q 50 in south-
facing classrooms was the highest, followed by west-facing classrooms. East-facing and
north-facing classrooms exhibited similar sufficiency and the lowest daylight sufficiency.

ﬁﬁWWWW~.*
0
Ty

SD A 0,500 (%0)

50 |

‘ l Eastward classroom
40+ J Southward classroom
- I Westward classroom

I Northward classroom

050 170 290 4.10 530 7.70 8.90 10.10
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Figure 8. The analysis results of the distribution interval between the window width and the
evaluation index.

In terms of the window height, as Hy increased from 1.4 m to 2.4 m, the sDA3z(( 509
of the terrace classrooms facing each orientation showed a significant increasing trend
(Figure 9a). When H,, was within 1.4-2.4 m, the median sDAgq 509 of east-facing and
north-facing classrooms was close. The difference between them and the median sD A3 502
of west-facing and south-facing classrooms gradually increased with an increase in Hy,.
In addition, the median value of sDA3zgg 50, in south-facing classrooms was always the
highest. When H,, increased within 2.4-2.8 m, the sDA3 502, tended to be stable in the
terrace classrooms facing each orientation, with the median and interquartile range values
of sDA3zg,50% being higher in south-facing classrooms, moderate in west-facing classrooms,
and similar and lowest in east-facing and north-facing classrooms, respectively.

Additionally, for south-facing terrace classrooms, the median values of UDI;0p_2000
tended to be stable when H,y, was within the range of 1.4-1.8 m (Figure 9b). Moreover, the
median values of UDI;g000 showed a slightly decreasing trend as H,, gradually increased
from 1.8 m to 2.8 m. For north-facing terrace classrooms, the median UDI;p_p000 showed
an apparent upward trend when H,, increased in 1.4-2.0 m, after which the UDI;0p_2000
median values leveled off as H,y continued increasing. Furthermore, the median value of
the UDIgp_2000 of north-facing classrooms was always larger than those of south-facing
classrooms, with a maximum difference of about 15%.

In terms of the width of the wall between windows, with the gradual increase in Wiy,
within the range of 0-0.9 m, the UDI;np_2009 of south-facing and west-facing terrace classrooms
showed an upward trend (Figure 10). After that, as Wy, continued increasing, the median
value of UDIjpp2000 in south-facing and west-facing classrooms decreased and changed
significantly. In addition, the UDI 9000 of the west-facing classrooms was consistently larger
than that of the south-facing classrooms, with a maximum difference of about 5%.



Buildings 2023, 13, 603

12 0f 23

SDA 00 500 (%0)

100

90

80

70

60

50

40

30

I
ro

ﬂ ‘h" 1

I

UDIH]U-EO()O(%)

140 1.60 180 200 220 240 260 280
Window height (m)

(a)

80

70

60

w
=]

40

1.40  1.60

1.80 2.00 220 240 2.60 280
Window height (m)

(b)

Eastward classroom

Southward classroom
I Westward classroom
I Northward classroom

Figure 9. The analysis results of the distribution interval between the window height and the
evaluation indices: (a) the analysis results of sDAzq 50%; (b) the analysis results of UDI;go_2000-
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Figure 10. The analysis results of the distribution interval between the width of the wall between
windows and the evaluation index.

In terms of the windowsill height, the median values of UDI;gy_pq09 for north-facing
classrooms showed an increasing trend as Hyys increased (Figure 11). Moreover, as Hys grad-
ually increased in the range of 0.6-1.0 m, the median values of UDI;_00o for east-facing
and west-facing classrooms showed a steady and slightly decreasing trend, respectively.
With the gradual increase in Hy in 1.0-1.3 m, the median UDI 000 Value in east-facing
and west-facing classrooms showed an upward trend. In addition, the median value of
UDIp-2000 in north-facing, east-facing, and west-facing classrooms decreased sequentially.

In terms of the number of windows, only Ny, in north-facing classrooms had a signifi-
cant impact on sDA3zg 509 (Figure 12). When Ny, was 4, the median value of sDA3g 502
was about 15% higher than other Nw. When N, was 5-9, with the increase in Ny, the
median value of sDA3zgg 502 changed a little, while the maximum and minimum values
showed a clear downward trend.

In terms of the window—wall ratio, with the increase in WWR, the sDAj3q 50, of the
terrace classrooms facing each orientation showed an upward trend, and the median value
of sDA3g0,50% in south-facing classrooms was always the highest (Figure 13a). Among them,
when the WWR was 0.20-0.30, the sDA3z 509, of west-facing and north-facing classrooms
was similar, and the median value was greater than that of east-facing classrooms by about
5%. When the WWR was in the range of 0.30-0.60, the sDA3zg 502, of east-facing and north-
facing classrooms was similar, with median values that were about 10% and 17% smaller
than those in west-facing and south-facing classrooms, respectively. When the WWR was
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0.60-0.70, the median sDA3g 50 in east-, west-, and north-facing classrooms was similar
and about 5% smaller than in the south.
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Figure 11. The analysis results of the distribution interval between the windowsill height and the

evaluation index.
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Figure 12. The analysis results of the distribution interval between the number of windows and the
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Figure 13. The analysis results of the distribution interval between WWR and the evaluation indices:

(a) the analysis results of sDA3zg 50%; (b) the analysis results of UDI;gg_000-

For south-facing and north-facing terrace classrooms, when the WWR increased from
0.2-0.3 to 0.3-0.4, UDI; 92000 showed a clear upward trend, and the increase in north-facing
classrooms was significantly larger (Figure 13b). As the WWR gradually increased in the
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range of 0.3-0.7, the UDI;gg2000 of the two classrooms showed a downward trend, and the
median value of UDIgg_2000 in the north-facing classroom was about 10% greater than that
of the south.

In terms of the window—floor ratio, with the increase in WFR, the sDA3zg 50, of the
terrace classrooms facing each orientation showed a clear upward trend, and the median
value of sDA3 509, in the south-facing classroom was always the highest (Figure 14a).
When the WER was within the range of 0.04-0.11, the median sD A3 509 value of west-
and north-facing classrooms was similar and about 4% greater than that of east-facing
classrooms. When the WFR was in the range of 0.11-0.17, the sD A3z 50, of east-facing and
north-facing classrooms was similar, and the median value was lower than that of west-
facing classrooms by about 5-10%. When the WFR was 0.17-0.20, the median sDA30 502
value difference between classrooms was small.
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Figure 14. The analysis results of the distribution interval between WFR and the evaluation indices:
(a) the analysis results of sDA3zg 50%; (b) the analysis results of UDI;gp_000-

As the WFR gradually increased within the range of 0.04-0.11, the median value of
UDI4g0-2000 in the south-facing terrace classrooms showed an upward trend. Later, as
the WEFR continued to increase, UDI;yy_2000 showed a clear downward trend (Figure 14b).
When the WFR gradually increased in the range of 0.04-0.14, the median UDI o000 value
in north-facing classrooms showed an upward trend; then, UDI 0000 decreased slightly
as the WFR continued to increase. In addition, the UDI;gg_000 in the north-facing classroom
was always larger than in the south-facing classroom, and the maximum difference between
the two-facing UDI;op_2000 Was about 15%.

3.3. Prediction Model

According to the correlation analysis results of the interior space geometry parameters
and window geometry parameters of terrace classrooms with sDA3zgg 50%, and UDI;pp-2000,
the geometry parameters with a significant influence on sDA3g 509, and UDI;gp_2000 Were
taken as independent variables, and sDA3zp 502, and UDI ;2000 were taken as dependent
variables for the multiple linear regression analysis. Prediction models for the sDA3q 509
and UDIypp_2000 of terrace classrooms facing each orientation were constructed.

Firstly, to describe the quantitative relationship between variables more accurately, the
curve estimation method was used to fit the selected geometrical parameters (independent
variables) with sDAgz( 500 and UDI;gp2000 (dependent variables) with various curve types,
and based on the significance index (Sig.) values, to determine the curve relationship
between variables. This study focuses on several common curve models, including linear,
conic, cubic, and logarithmic curve models.

To comprehensively consider the interactive effects of geometry parameters in the re-
gression model and seek the optimal combination of geometry parameters that can explain
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the variation law of differently oriented terrace classrooms’ sDA3p050% and UDIgo-2000,
in this study, the curve fitting model exhibiting statistical significance between each ge-
ometrical parameter, and terrace classroom’s sDAgzqg 509, and UDI;g92000, were selected
as independent variables and comprehensively applied to the regression analysis. Using
multiple linear regression step-by-step methods, multiple iterative regression analyses for
different variable combinations were carried out. Finally, the optimal variable combination
was selected, and the prediction model was built.

The regression equation for the sDA3zg0 509 (%) of the terrace classrooms facing each
orientation is as follows.

sDA300,50% (eastward) = 0.002-Wi.> — 103.920-WWR? + 613.203-WER + 0.256, (1)

sD A0 50% (southward) = 0.001-W.> — 78.776-WWR? + 60.087-In(WFR) + 223122, (2)
sDAs00,50% (Westward) = 0.001-W.> — 75.377-WWR + 63.075-In(WFR) + 242.057,  (3)

sDA300,50% (northward) = 0.002-W.> — 114.202-WWR? + 693.732-WEFR — 12.771-In(H,,)—0.945, (4)

The adjusted R? of the multiple linear regression model for east-, south-, west-, and
north-facing classrooms’ sD Az 500 is 0.885, 0.861, 0.844, and 0.882, respectively, indicating
that the interpretation degree of the model for the east-, south-, west-, and north-facing
classrooms” UDI 02000 is 88.5%, 86.1%, 84.4%, and 88.2%, respectively. The model has
high goodness of fit. The significant values (Sig.) of the regression models in the variance
analyses were all lower than 0.05, indicating that the established regression models had
significant statistical significance. The Sig. values in the t-test were all less than 0.05,
indicating that the regression coefficients were significant, and there was a significant
correlation between the independent and dependent variables. In addition, the variance
inflation factors (VIF) of the independent variables ranged from 1.029 to 5.622, all of which
were lower than 10, indicating no multicollinearity in the models (Table 3).

Table 3. Comprehensive analysis results of multiple regression models of sDA3zgq 50, in differently
orientated terrace classrooms.

Independent Standardized

. . . 2 . P .
Orientation Adjusted R Sig. Variable Coefficients t Sig. VIF
Constant —_ 0.073 0.042 —_
Wil 0.260 6.000 0.000 2.442
East 0.885 0.000 WWR3 ~0.383 ~5.687 0.000 1.029
WEFR 1.147 17.158 0.000 2.479
Constant —_ 19.317 0.000 —_
Wil 0.207 4.338 0.000 1.032
South 0.861 0.000 WWR2 —0427 5624 0.000 2619
In(WER) 1.180 15.611 0.000 2.594
Constant _ 14.630 0.000 _—
Wicd 0.200 3.947 0.000 1.037
West 0.844 0.000 WWR —0.434 —4.99 0.000 3.054
In(WFR) 1.198 13.895 0.000 3.010
Constant _ —0.254 0.008 _
Wil 0.249 5.467 0.000 1.038
North 0.882 0.000 WWR3 —0.420 —5.496 0.000 2.921
WER 1.294 12.214 0.000 5.622
In(Hy) —0.162 —2.177 0.034 2.791

In addition, according to the standardized regression coefficient, the influence of
WFR, WWR?, and W on the sDA300,50% in the east-facing and north-facing classrooms
decreased successively. For the north-facing classrooms, In(H,,) was only more influential
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than W.2. For the sDA300,500% prediction model for south- and west-facing classrooms,
WWR? and WWR had the greatest influence, followed by Witc?, and In(WFR) had the

least influence.

The regression equation for the UDI 9000 (%) of the terrace classrooms facing each

orientation is as follows.

UDI00-2000 (eastward) = 0.68-Wi. — 0.96-Hw? + 18.13-In(Hyc) + 37.01,

UDI;00-2000 (southward) = —1670.36-WFR® + 12.45-In(Wy.) + 26.83,

UDI00-2000 (westward) = 13.98-In(Wic) + 2.13-Huys® + 3.08-Woyp + 19.40,

UDI00-2000(northward) = 15.00-In(Wic) — 65.73-WWR® + 21.41-In(WFR) — 0.21-H,> + 84.07,

Q)

(6)
@)

®)

The adjusted R? of the multiple linear regression model for east-, south-, west-, and
north-facing classrooms’ UDI; 9000 is 0.310, 0.385, 0.287, and 0.774, respectively, indicating
that the interpretation degree of the model for the east-, south-, west-, and north-facing
classrooms’ UDIgp-2000 is 31%, 38.5%, 28.7%, and 77.4%, respectively. The model has high
goodness of fit. The significant values (Sig.) of the regression models in variance analyses
were all less than 0.05, indicating that the established regression models had significant
statistical significance. The Sig. values in the t-test were all less than 0.05, indicating that the
regression coefficients were significant and there was a significant correlation between the
independent and dependent variables. In addition, the variance inflation factor (VIF) of the
independent variable ranged from 1.000 to 4.451, all of which are less than 10, indicating

no multicollinearity in the models (Table 4).

Table 4. Comprehensive analysis results of multiple regression models of UDI;gg_pggg in differently-

orientated terrace classrooms.

Independent Standardized

. . . 2 . .
Orientation Adjusted R Sig. Variable Coefficients t Sig. VIF
Constant _ 6.683 0.000 _
Wie 0.415 3.963 0.000 1.000
East 0.310 0.000 Hy, 2 ~0.490 2221 0.030 4.451
In(Hye) 0.773 3.501 0.001 4.451
Constant —_ 2.475 0.016 _
South 0.385 0.000 WER3 —0.574 ~5.779 0.000 1.010
In(Wic) 0.337 3.393 0.001 1.010
Constant —_ 1.675 0.009 —_
In(Wic) 0.382 3.595 0.001 1.000
West 0.287 0.015 Hyysd 0.322 3.024 0.004 1.000
Wb 0.266 2.504 0.015 1.000
Constant —_— 8.215 0.000 —_—
In(Wic) 0.349 5.496 0.000 1.056
North 0.774 0.000 WWR? ~0.842 —8.784 0.000 2.400
In(WFR) 1.360 11.083 0.000 3.929
Hy,3 ~0.260 ~2916 0.005 2.081

In addition, according to the standardized regression coefficient, In(Hjc), H,2, and
Wi successively reduced the influence on the UDIgo_2000 of the east-facing classrooms. For
south-facing classrooms, WFR? had a greater influence on UDI;pp_p000 than In(Wy). For
west-facing classrooms’ UDIgp_2000, the influence of In(Wy.), Hus®, and Wy, gradually
decreased. In(WFR) had the greatest influence on the north-facing classrooms” UDI;p9_2000,

followed by WWR3 and In(Wy.), and H,,> exhibited the least influence.
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4. Discussion
4.1. Impact of Interior Space Geometry

Hic, Dtc, and Wy are three essential parameters affecting interior space. The correlation
analysis showed a significant positive correlation between the Hi. and the sDA3z( 509, of
the terrace classrooms facing each orientation. With the increase in Hy., the increasing
range of sSDA3g 500 of the classrooms facing each orientation gradually decreased. This is
because daylight illuminance increased with Hy., which led to the improvement of overall
illuminance levels and an increase in the effective natural light area. When Hy. increased
to 3.7 m, most interior areas reached the standard of sDA3zg 502 After that, the increasing
speed of the available lighting area in the terrace classrooms slowed down. Moreover,
the results showed that the UDI;g02000 of the east-facing, south-facing, and north-facing
terrace classrooms had an apparent upward trend when Hy. increased gradually within
the 2.2-3.1 m range. Later, with the increase in Hy, the UDI;g9_p000 of south-, east-, and
north-facing classrooms showed a noticeable decline, a steady trend, and a slight increase,
respectively. This is because the direct sunlight received by classrooms in the south,
east, and north orientations decreased in turn. Therefore, when H;. was low, with the
increase in Hyc, the increasing gains in the amount of light entering mainly extended the
time period of when illuminance exceeded the lower limit of UDI;py_2000, thus increasing
the cumulative time of available illuminance for natural lighting. However, when Hi.
continued increasing, the increase in the amount of light entering gradually extended the
time period within which the south-facing classroom exceeded the upper limit illuminance
of UDI 02000, resulting in a decrease in the cumulative time of available illuminance for
natural lighting. In the east-facing terrace classrooms, the time exceeding the lower and
upper limits of UDIgg2000 illuminance increased with the continuous gain of daylighting,
so the cumulative time of available illuminance for natural lighting tended to be stable. The
increase in the amount of light entering for the north-facing classroom mainly extended the
time period within which the lower limit illuminance of UDI;pp_p000 Was exceeded, thus
continuing to increase the cumulative time of available illuminance for natural lighting.

With the increase in Wy, the sDA3zgg 502 of the classrooms facing each orientation
showed an upward trend. UDIgg20q0 in east- and north-facing classrooms continued to
increase, while UDI o000 in west- and south-facing classrooms increased and tended to
be stable. During the construction of the simulation model, Wy largely determined the
range of Wy,. When W,, increased, the increase in incoming daylight would increase the
overall illuminance level and the available lighting area. Additionally, with the increase in
Wi within 16-20 m, the illuminance time below the lower limit of UDI;py_p000 gradually
decreased, so UDIjpp_p000 showed an upward trend. Later, with the further increase in Wy,
the cumulative time of available illuminance for natural lighting in east- and north-facing
classrooms continued to increase. However, the amount of direct sunlight received in south-
and west-facing classrooms amounts to more than that in east- and north-facing classrooms.
With the further increase in Wy, the time period in which the lower limit of UDIgg_000 at
the far window was exceeded increased continuously. In contrast, the time period in which
the upper limit of UDI;pp_p000 at the close window was exceeded increased gradually. Thus,
the cumulative time of available illuminance for natural lighting tended to be stable.

Compared with Wy, Dy had a more significant impact on sDA3g 509, and negatively
influenced the sDA3g 509 of the terrace classrooms facing each orientation. Voll et al.
concluded that when the room was shallower and windows were larger, daylighting was
better, which indicated that classroom depth was negatively correlated with sDAzq 509.
This is the same as the result obtained in this paper [54]. Susorova et al. chose the ratio
of room width to depth as one of the design parameters when studying the daylighting
performance and energy consumption level of commercial office buildings. It was observed
that classroom width determines the amount of received daylight, and classroom depth
determines the distance of daylight penetration. Wide and shallow rooms have better
daylighting performance. The increase in classroom depth will decrease the available
lighting area, resulting in a significant increase in energy consumption [8]. Although the
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use function and spatial form of research objects in this paper have differences, the research
results are consistent with those of our predecessors. Therefore, attention should be focused
upon the proportional relationship between Dy and W, under different orientations and
the choice of Hi. when designing the interior space of terrace classrooms.

Different orientations of the terrace classrooms have a great impact on daylighting
performance. The results of the correlation analysis showed that in most cases, the inte-
rior space and window geometry parameters except Di. were positively correlated with
sDA3z00 509 and UDI o000 in east-, west-, and north-facing classrooms. However, due to
the large amount of direct daylight received by south-facing terrace classrooms, Hy,, Hc,
WWR, and WEFR were significantly negatively correlated with the UDI;pp2000 of south-
facing classrooms. In addition, due to the difference in the amount of light entering relative
to differently oriented terrace classrooms, the south-facing classrooms performed best in
sDA3zg0,50%, followed by west-facing, and east- and north-facing classrooms performed
worst. Ignacio Acosta et al. found that when the windows’ geometries remained un-
changed, the DAjs5g 1y of the south-facing room was three times that of the north-facing
room, and the DAjs5 1, of the east-facing or west-facing room was nearly twice that of the
north-facing room [18]. Due to the differences between the study’s site and object, the
results of their analysis are different from this paper’s numerical values. Nevertheless,
the research results of the overall natural illuminance level of classrooms with different
orientations in this paper again confirmed the above conclusions.

4.2. Impact of Window Geometry

Hyw, Wy, Hws, Wipbw, and Ny, are the five important parameters that determine the
geometry of windows. Among them, W, and H,, determine the area of the individual
windows. Hys, Wypbw, and Ny, determine the distribution of windows on the exterior wall.

Different H,, and Wy, will have a great impact on daylighting performance. As H,y in-
creased, the sDAgzq 50, of the terrace classrooms facing each orientation first increased and
then stabilized. UDI;gp_p000 in south-facing classrooms first stabilized and then decreased,
while the north-facing UDI;gp2000 and the south-facing UDI g0_2000 changed in reverse.
Direct sunlight is the main source of indoor daylighting [55]. The higher the Hy,, the less
direct sunlight is blocked, and the higher the natural light illuminance level. When the
amount of light entering reaches a certain level, almost all measurement points receive nat-
ural light above 300 Ix all year round, and the time reaches 50%. At this moment, increasing
H,, will not help the natural light illuminance levels much, and it will also increase the
energy consumption of heating and cooling. Since the south-facing classroom can receive
significantly more direct sunlight than the north-facing classroom, as the amount of light
entering increased, the time for exceeding the upper limit illuminance of UDIgp_2009 in the
south-facing classroom increased gradually. In contrast, the time below the lower limit
illuminance of UDIjgp_z000 in the north-facing classroom gradually decreased. Therefore,
the north-facing classroom and the south-facing classroom changed in reverse. In addition,
W, is only positively correlated with sDA3z¢ 509, and compared with H,,, Wy, has less
influence on daylighting performances. Deng et al. found that the increase in window
height caused sDA 5 509 or SDA450 509 to increase significantly more than the effect of a
window’s width on it in the daylighting performance of the reading room [56]. Although
their research objects and study areas differed from this paper’s, the results were consistent.
In order to improve the quality of natural light, Hy, and Wy, should not be too large. Rupp
et al. stated in their paper that while an increase in window area can increase lighting,
controlling a certain window area can improve daylight availability [57]. Zheng simulated
a total of seven groups of classrooms facing 0-30° southeast and concluded that UDI;gp_2000
decreased with an increase in window height, which is consistent with the local curve trend
of south-facing classrooms in this paper [58]. After simulating the influence of north-south
facing classroom window height on the natural light environment, Zhang pointed out
that for south-facing classrooms, choosing a larger window height size can improve the
daylighting quality of the classroom, which is inconsistent with the results of this paper [59];
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this is because her research subjects were ordinary classrooms with interior spaces and
window geometry that were quite different from those in this study.

The results of the correlation analysis showed that the south- and west-facing terrace
classrooms” UDIjgp_p000 are positively correlated with Wy,,,. Deng et al. confirmed that
the enlargement of the width of the wall between windows could improve the illuminance
uniformity of the deeper areas of the room while introducing a certain shading effect [56]. In
addition, this paper’s results showed a significant positive correlation between UDI;gp_2000
and Hys in east-, west-, and north-facing classrooms. With the increase in Hyys, the north-
facing classrooms’ UDIg0_2000 always reflected an upward trend, and the east- and west-
facing classrooms’ UDIjpp_p000 reflected a downward and then upward trend. For east-
and west-facing classrooms, when Hy,s was less than 0.75 m of the working plane’s height,
as Hys increased, direct sunlight near the window increased, and the UDIgg_20g0 in the
classroom decreased; when H,,s was greater than 0.75 m, as Hy; increased, the light
reaching the depth of the classroom increased, while direct light near the window decreased,
and the UDI;pp 2000 in the classroom increased. Since there was no direct light in the
north-facing classroom, the UDI;g92000 always increased as Hys increased. Allam et al.
mentioned in their analysis of the relationship between windowsill height and lighting
energy that when the windowsill’s height is higher, the amount of blocked direct sunlight
increases. That is, the natural light illuminance level will decrease with the increase in
windowsill height, and sDA will decrease [55]. Therefore, in architectural designs, the
relationship between the time period between the available illuminance for natural lighting
and the illuminance adequacy of natural light should be balanced, and an appropriate Hyys
should be used.

For WWR and WFR, as WWR or WER increased, the sDA3zgg 509 of the terrace class-
rooms facing each orientation showed a clear upward trend. Both the south-facing and
north-facing classrooms’” UDI;gp_2000 showed increasing and then decreasing trends, but
the decreasing trend of north-facing classrooms was smaller than that of south-facing
classrooms. Since the south-facing classroom can receive more direct sunlight than the
north-facing classroom, and when the WWR or WER is small, with the increase in WWR
or WEFR, the increase in the amount of light entering mainly increases the time period
in which the south- and north-facing classrooms exceed the lower limit illuminance of
UDI4 002000, thereby increasing the cumulative time of available illuminance for natural
lighting. However, when WWR and WFR increased to a certain extent, as the amount of
light entering continued to grow, the excess direct sunlight in the south-facing classroom
led to a significant increase in the time period within which illuminance exceeded the upper
limit of UDIjpp_2000; thus, the cumulative time of available illuminance for natural lighting
decreased significantly. The intensity of sunlight incidence in the north-facing classroom
is relatively low, so the decrease in UDI;gg 200 is relatively small. Fila et al. pointed out
in their study that when WWR reached 10%, the overall illuminance level significantly
improved. When WWR increases to 30% or even 50%, the room will contain too much
sunlight, which will increase the time period within which the upper limit illuminance
of UDIjgp_2000 is exceeded, which is not conducive for the improvement of daylighting
performance [60]. The change trend of UDI;gp_p000 obtained from the above studies is
basically consistent with that in this paper, but because the research site is located in a
low-latitude tropical region and the research object is located in mid-latitude temperate
zones, there are great differences in the variation intervals of WWR.

4.3. Limitation

The study site of this paper was in Shenyang, so applying results to regions with
different climates or latitudes than Shenyang is difficult. In addition, this paper only
analyzes the most common unilateral natural lighting conditions in the terrace classrooms
of universities in severe cold regions, and the classroom’s size is set to the most common
150~360 people. Moreover, considering the need for the overall effect of the facade in
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architectural designs, the windows are only evenly arranged horizontally. Therefore,
comparing the study’s results with studies in different settings is difficult.

Various scales of terrace classrooms and window arrangements in different climate
zones will be studied in the future. In addition, glare and reflection problems in the
classroom and other indoor physical environment variables will be combined to conduct a
comprehensive study to effectively improve the quality of the indoor environment.

5. Conclusions

This paper used Shenyang as an example. The relationship between interior spaces and
window geometries and the daylighting performance of university terrace classrooms in
severe cold areas was studied by combining numerical simulations and statistical analyses,
which provided a quantitative reference and evaluation basis for designing university
terrace classrooms. The findings and design recommendations are as follows:

1.  WEFR, Hi., Hy, WWR, W, and Wy, positively affected the sDA3zg 50 of the terrace
classrooms facing each orientation, and the degree of effect decreased sequentially. Dy
has an inhibitory effect on sDA30 500, of the terrace classrooms facing each orientation,
and the effects on the east-facing and north-facing classrooms are more obvious. In
addition, when the classrooms’ geometry is the same, the south-facing classrooms
have the highest daylight sufficiency, followed by west-facing classrooms, and the
east- and north-facing classrooms are relatively low. For UDI;g02000, the geometry pa-
rameters that significantly impact classrooms facing different orientations vary greatly.
Hyw, Hie, WWR, and WFR showed significant negative and positive correlations with
UDI 092000 in south-facing and north-facing classrooms, respectively.

2. For east- and north-facing terrace classrooms, enlarging Wy, and Hy. can effectively
improve the daylighting performance, so it can be set to the maximum. In addition,
when Wy, and Hy. are greater than 22 m and 3.4 m, respectively, and Dy, is less than
14 m, the sufficiency of the ambient daylight available is preferred (sDAgzgp50% > 0.75).
For south-facing terrace classrooms, Wi, can be maximized to enhance the overall
natural lighting. When Hy. is greater than 3.1 m, the daylight sufficiency increases
with the increase in Hy., but the cumulative time of available illuminance for natural
lighting decreases. In addition, when Wi, and Hi. are greater than 17 m and 3.1 m,
respectively, and Dy is less than 15 m, daylight sufficiency is preferred. For west-
facing terrace classrooms, Wi, can be maximized. In addition, when Wi, and Hjc
are greater than 19 m and 3.4 m, respectively, and Dy is less than 14 m, daylight
sufficiency is preferred. Therefore, when designing the interior space geometry of the
terrace classroom, attention should be focused upon grasping the appropriate size
relationship between Dy, Wi, and Hy in different orientations.

3. The addition of Hy helps improve daylight sufficiency in the terrace classrooms
facing each orientation. When the Hy, of south- and west-facing classrooms is greater
than or equal to 2 m and the Hy, of east- and north-facing classrooms is greater than
or equal to 2.4 m, daylight sufficiency is preferred. In addition, for north-facing
classrooms, adding Hy, can increase the cumulative time of the available illuminance
for natural lighting, so Hy can be maximized to enhance the overall daylighting
performance. For south-facing classrooms, when H,, is greater than 1.8 m, UDI;pp_2000
decreases with the increase in Hyy, which is not conducive to the improvement of the
overall daylighting performance. Compared with Hy,, Wy, introduces fewer effects
on daylighting quality in terrace classrooms. When the east-facing and north-facing
classrooms” Wy, is greater than or equal to 4.1 m and the west-facing W,y is greater
than or equal to 1.7 m, the sufficiency of the available ambient daylight is preferred.
For south-facing and west-facing terrace classrooms, appropriately increasing Wiy
is conducive to improving the cumulative time of the available illuminance for natural
lighting, and it is best when Wy}, is 0.9 m. There is a significant positive correlation
between Hy,s and UDI;p2000 in east-, west-, and north-facing terrace classrooms. For
east- and west-facing classrooms, Hyys should be larger than the indoor desktop height.
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With the increase in WWR and WER, the sDAgz( 500, of the terrace classrooms facing
each orientation always reflected an upward trend, and south-facing and north-facing
terrace classrooms’ UDI o000 reflected a trend that first increased and then decreased.
To improve the overall daylighting performance, the WWR and WEFR of the south-
facing classroom should be 0.3-0.5 and 0.11-0.14, respectively, and the WWR and
WER of the north-facing classroom should be 0.6-0.7 and 0.14-0.20, respectively.

4.  Taking the interior space and window geometry parameters of the terrace classrooms
as the independent variables, the prediction models of the sDA3g 509 and UDI;g0-2000
of the terrace classrooms facing each orientation were constructed, and the model’s
fit was high and had significant statistical significance. The prediction model can
provide an accurate quantitative evaluation of the daylighting performance of the
terrace classrooms of universities in severe cold regions.
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