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Abstract.
To investigate the influence of the spatial geometric
parameters of glazed-atrium on building energy consumption, this
study established a prototypical office building model in the hot
summer-warm winter region in China, and simulated the effect of energy
consumption of six selected factors based on orthogonal experimental
design (OED). Through the statistical analysis, the results showed that
the floor height and the skylight-roof ratio were the most important
parameters affecting the total energy consumption, with the contribution
rates of 55.5% and 18.2%, followed by the section shape parameter
and the plane orientation. In addition, the floor height and the section
shape parameter were closely related to the cooling load and the lighting
load, respectively, and both energy consumption could be reduced to a
lower degree when the atrium inner interface window-wall ratio was
60%. Finally, the optimized parameter combination and energy-saving
design strategies were proposed. This study provides architects with a
simplified energy evaluation of atrium spatial geometric parameters in
the early design stage, and it has an important guiding significance for
the sustainable development of office buildings in the future.
Keywords. Energy consumption; Spatial geometric factors; Glazed
atrium; Office building; Hot summer–warm winter region.

1. Introduction
With the development of urban construction and the continuous improvement of
people’s requirements for building environments, building energy consumption
presents an obvious rising trend. The data show that the proportion of building
energy consumption in China’s total social energy consumption fluctuates between
17% and 21% at present, and this proportion is expected to increase in the coming
years (CABEE, 2018). Due to the characteristics of large building areas and
long-running times, office buildings have huge energy consumption demands,
accounting for about 20% of the total energy consumption of public buildings (Lu,
2020). Hence, it is urgent to integrate energy-saving strategies into the design of
office buildings to minimize building energy consumption.
In recent years, glazed atriums have been widely used in office buildings
due to their highly transparent spatial characteristics. According to the layout
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configurations, a glazed atrium can be divided into single, double, three, and
four-sided type (Saxon, 1986). All kinds of atriums could not only provide
high-quality indoor public communication space but also serve as buffer zones.
Based on natural light utilization and ventilation strategies, an atrium can be used
as an important passive design method to adjust indoor comfort as well as reduce
artificial lighting loads and air conditioning operating times.
The influencing factors for the energy-saving design of an atrium have been
a matter of concern for many researchers, mainly when using the methods of
energy investigation, typical model simulation, and data analysis. It has been
shown that changing an atrium’s plane and section shape (Aldawoud, 2013; Zhao
et al., 2017), area and volume (Nasrollahi et al., 2016; Fan and Zhang, 2020),
glazing form and material (Laouadi et al., 2002; Tabesh and Sertyesilisik, 2016),
and shading configuration (Palma, 2014) will have a significant impact on building
thermal efficiency and ventilation efficiency, thus affecting various energy costs.
In addition, only a few studies have investigated the effect of atrium geometric
parameters (WI, PAR, SAR) on lighting performance (Ghasemi et al., 2016).
To date, studies on the impact of atrium spatial geometric parameters on energy
performance from the perspective of passive design have been quite limited.
The greatest potential of building energy conservation derives from the early
design stage (Zhang et al., 2019). Hence, the early spatial design parameters
closely related to the architectural forms determined by the architects, such as
orientation, height, and plane aspect ratio not only affect the internal dimensions
and spatial experience of an atrium but also lead to a substantial increase in
energy consumption due to improper design (Wang et al., 2017; Vujošević and
Krstić-Furundžić, 2017). Furthermore, the inner physical environment of an
atrium is determined by multi-factors, and sometimes there may be conflicts
between the design requirements corresponding to different energy-saving goals.
Thus, it is necessary to consider not only the relevance of a single factor but
also the coupling relationship between multiple variables and the overall energy
consumption.
The aim of this paper is to fill the aforementioned research gaps. In this study,
a prototypical office building in a hot summer-warm winter region was taken as
an example, and combined with orthogonal experiment and variance analysis, to
examine the effects of the spatial geometric factors of a glazed atrium on building
energy performance and its influence degree. Additionally, the optimal parameter
combination was proposed. The results show a simplified and universal energy
evaluation method for the reasonable design by architects in the early design stage,
and also provide a reference for passive design strategies related to the atrium
spatial geometric parameters, which has important practical significance for the
energy conservation of office buildings in the future.
2. Simulation experiment methods
2.1. SPACE GEOMETRY DESIGN PARAMETERS

This simulation was set in a hot summer-warm winter region in China (taking
Guangzhou as an example). This area has high temperatures and relative humidity
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throughout the year, as well as strong and sufficient solar radiation. Generally,
the energy-saving potential of the glazed atrium in this area mainly came from
reducing the cooling load and the lighting load.
With the consideration of the literature review and corresponding climate
characteristics, six spatial geometric factors for double-sided atriums of general
office buildings (less than 20,000 m2 ) were proposed as the simulation
independent variables, namely, atrium plane orientation (A), plane aspect ratio
(B), skylight-roof ratio (C), floor height (D), section shape parameter (E), and
Inner interface window-wall ratio (F). To analyze the effective range of these
factors, 50 actual projects in nine representative cities in hot summer-warm winter
regions were investigated in this study. The summarized defining characteristics
are shown in Table 1.
Table 1. Design characteristics of the office building in the hot summer-warm winter region.

2.2. PROTOTYPICAL MODEL SETTING

According to the above survey results, for the convenience of calculation and
modeling, the final prototypical model in this study was established as shown in
Figure 1. The total building area was 12,500 m2 (2500 m2 / floor), with a square
plane that was 50 m in length and width and a double-sided atrium. The model
was assumed to have five floors. The fenestration of each facade was set as the
horizontal windows with a window-to-wall ratio of 0.3, and each floor was divided
into three air-conditioned open zones by virtual partitions in the software.

Figure 1. Model’s envelope materials and thermal properties/other parameters setting.

In this study, an annual energy consumption simulation was performed by
using the DesignBuilder (Version 6.1, EnergyPlus simulation engine, CSWD
meteorological data of Guangzhou) and the calculation time was one year (8760
h). This study focused on the comparative examination of the simplified models
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of general office buildings. Thus, to further reduce other influencing factors,
the surrounding buildings and the shading configuration were not considered.
The materials and thermal properties of the model’s envelope, as well as the
assumptions for the interior loads’ parameters and HAVC system were determined
according to the design standards of GB 50189-2015 and 2015 green building
guideline in Guangzhou. The preset values are also shown in Figure 1. One should
be noted that the energy influence on the heating and DHW was not included
in this simulation, and only the cooling, lighting, and office equipment energy
consumption was considered. The cooling period lasted from May 1 to October
31, and the common schedules for weekdays are shown in Figure 2.

Figure 2. Schedules for occupancy, lighting, equipment, and cooling for weekdays.

2.3. ESTABLISHING ORTHOGONAL EXPERIMENT

The orthogonal experiment is an effective way to investigate the multi-factor
coupling relationship by using balanced sampling and typical tests instead of
comprehensive tests. In this study, L27 (313 ) was chosen from the standard
orthogonal array to arrange the experiment. The six atrium spatial geometric
variables and three change levels are displayed in Figure 3-a. It also included
three error columns and two interaction columns, namely, plane orientation and
plane aspect ratio (AxB), plane aspect ratio and floor height (BxD).
As shown in Figure 3-b, 27 cases needed to be simulated in total. The previous
data suggested that the annual unit energy consumption of general office buildings
in Guangzhou was between 60 and 90 kWh / (m2 ·yr). According to the simulation,
the results of all the models were within this range, and through the examination
of the monthly and hourly distributions of the energy consumption, it was shown
that there was no continuous overheating in the indoor temperature of the office
area during the selected working period. Hence, the output results of the typical
model were reasonable and could be used for further comparative analysis.
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Figure 3. Six spatial geometric parameters (three change levels) and simulation arrangements.

3. Results and discussion
3.1. IDENTIFICATION OF THE SIGNICANCE OF EACH PARAMETER WITH
THE ORTHOGONAL METHOD

Range analysis and variance analysis (ANOVA) are commonly used to analyze the
results of an orthogonal test. In this study, SPSS software was adopted to combine
these two methods to examine the annual cooling, lighting, and total building
energy consumption per unit area of different cases. The simulation results are
presented and discussed in this section.
3.1.1. Influence of six parameters on the cooling energy consumption

Figure 4. (a) Trend analysis and (b) ANOVA of influencing factors of the cooling load.

Figure 4-a shows the influence trend of six factors on the cooling load based
on the range analysis. It can be seen from the figure that when the multiple
parameters worked together, the impact of the plane orientation (A), skylight-roof
ratio (C), and floor height (D) on cooling energy was greater than other parameters.
This was because different orientations greatly affected the thermal environment
and the indoor temperature of the main building, as the double-sided atrium
has two solar radiation receiving surfaces, the top surface and the side. Thus,
the west-facing atrium received the strongest solar radiation and had the highest
cooling load. Similarly, when the skylight-roof ratio increased from 15% to 20%,
the upper space had a larger heating area and the cooling load also showed an
increasing trend, at 30.075 kWh / (m2 ·yr) and 31.229 kWh / (m2 ·yr), respectively.
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Furthermore, when the floor height changed from 3.9 m to 4.5 m, the atrium indoor
temperature was distributed unevenly in the vertical directions. Consequently, the
cooling load increased accordingly to achieve an appropriate average temperature.
Figure 4-b presents the analysis of variance and statistical signicance
(P-value) of the experimental results when α = 0.05. The results suggested that
the effects of factors A, C, D, E, and AxB were statistically significant, with
P-values of 0.000, 0.000, 0.001, 0.002, and 0.042, respectively. The F-value
indicated the relative importance of each factor. Accordingly, for the cooling
energy consumption, the influences of the six atrium spatial geometric factors were
ranked as D > C > A > E > F > B. The contribution rates of factors D and C were
as high as 46.19% and 40.23%, while factors A and E are secondary influencing
parameters, and the interaction between BxD is not obvious.
Additionally, previous studies suggested that for the central atrium, the
cooling load simulation results were narrow-shaped atrium > square-shaped atrium
(Aldawoud, 2013). However, In this study, for a double-sided atrium with mixed
effects of multiple factors, the cooling load was narrow-shaped (south-north) <
square-shaped. This was because the decrease of the atrium plane aspect ratio
in the east-west direction meant the increase of the south-north depth, that is, the
width of the external heating surface decreased instead, which ultimately led to the
reduction of the cooling load. Hence, in the initial stage of design, it is better for
architects to minimize the width of an atrium outside interface that is unnecessarily
exposed to direct sunlight to reduce the cooling energy consumption accordingly.
3.1.2. Influence of six parameters on the lighting energy consumption

Figure 5. (a) Trend analysis and (b) ANOVA of influencing factors of the lighting load.

Figure 5-a presents the trend analysis of influencing factors of the lighting load.
In contrast to the variation rules of the cooling load, the result of the lighting load
did not show a significant difference with the influence of the floor height (D).
The plane aspect ratio (B), skylight-roof ratio (C), and section shape parameter
(E) had a greater impact on the lighting load, among which the factors C and E
were significantly negatively correlated with the lighting load. This was because
the space close to the atrium side interface made the best use of natural light. With
the increase of the skylight-roof ratio and the change of the inner interface angle
from 0° to 15°, both sides of the atrium and the ground space could receive more
direct sunlight, ultimately reducing the need for artificial lighting.
In the same way, the atrium plane aspect ratio decreased from 1/1 to 1/3,
which was equivalent to expanding the available natural lighting depth of the
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functional areas, so its impact on the lighting load was consistent with the variation
trends of factors C and E. This result was similar to the study of Boubekri et
al.(1994), that is, increasing the plane width-length ratio was an effective method
for gaining side-lighting. Therefore, the narrow-shaped plane was better than the
square-shaped plane in reducing the lighting load of the atrium.
According to the F-value and the P-value (figure 5-b), it could be determined
that factor E had the most significant impact on the lighting energy consumption,
followed by factor C, with the contribution rates of 65.5% and 22.5%, respectively,
and other factors were general influencing factors. As a result, for atrium design
in hot-humid climate areas, the A-shaped section design was superior to the
rectangle-shaped section design, especially when the ratio of width to length was
relatively large, the significantly reduced lighting energy consumption could be
expected when the skylight-roof ratio and floor height were designed properly.
3.1.3. Influence of six parameters on the total annual energy consumption

Figure 6. (a) Energy consumption simulation results of 27 cases. (b)Trend analysis of
influencing factors of the total/cooling/lighting load.

Figure 6-a displays the simulation results of 27 cases in the three-level variation
range of the six factors. We found that the total energy consumption per unit
area was the highest in case 3 and the lowest in case 13. The difference in the
total energy consumption between the two cases was about 3.5%. Generally, the
increase in the cooling load was mainly responsible for the increase in the total
energy consumption in all models. However, when the increase of cooling energy
consumption was less than the decrease in lighting energy consumption, the total
energy consumption was also expected to decrease.
As shown in Figure 6-b, the total energy consumption trend graph was added
to the cooling and lighting energy consumption trend graph. Although the lighting
load decreased with the increase of the skylight-roof ratio, the cooling load
increased sharply due to the influence of solar radiation on the top interface, which
eventually led to a substantial increase in the total load. This changing trend also
applied to factor D. In contrast, changing the atrium section shape parameter was
not very effective in reducing the cooling load, but it helped to reduce the lighting
load, so the total load decreased with the increase of the atrium side interface
angle. Furthermore, the results showed the inner interface window-wall ratio had
little impact on the building energy consumption, but when the ratio was 60%, the
annual cooling load and the lighting load could both reach lower values. Thus, a
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reasonable design of the inner interface window-wall ratio could not only promote
ventilation, but also contribute to the utilization of the natural light to achieve the
goal of reducing the building energy consumption to some certain extent.
As can be seen from table 2-a, under the joint effect of the six spatial
geometric parameters, the degree sequence of their influence on the total building
energy consumption from high to low was floor height > skylight-roof ratio
> section shape parameter > plane orientation > plane aspect ratio > inner
interface window-wall ratio. The floor height and the skylight-roof ratio were
particularly significant influencing factors, with contribution rates of 55.5% and
18.2%, respectively. Among the other factors, the contribution rates of the plane
orientation and the section shape parameter ranged between 5% and 8%, while
the plane aspect ratio and the inner interface window-wall ratio had less influence
on the total energy consumption, with the contribution rate being less than 4%.
Moreover, the interaction between AxB and BxD did not seem to be significant.
Table 2. (a) ANOVA and (b) Interaction analysisof influencing factors of the total load.

3.2. OPTIMAL SPACE DESIGN PARAMETERS FOR ATRIUM ENERGY-SAVING

According to the analysis described in Section 3.1 and the interaction results
(table 2-b), the optimal combination of the six parameters to obtain the lowest
energy consumption was determined as A2 B3 C1 D1 E3 F2 . This combination was
characterized by the north atrium, with a plane aspect ratio of 1/3, a skylight-roof
ratio of 15%, a floor height of 3.9 m, an inner interface angle of 15°, and an
inner interface window-wall ratio of 60%. After the further simulation, it was
confirmed that the optimized design model could be more energy-saving, with
the unit cooling energy consumption of 28.996 kWh / (m2 ·yr), and the unit total
energy consumption of 73.659 kWh / (m2 ·yr). By comparison, the optimal model
could save up to 10.52% more cooling load than the highest model could, and the
difference of the total energy consumption between the two could reach 5.4%. It is
worth noting that the step difference between the floor height and the skylight-roof
ratio in this study was set to be small, so when the value range is further expanded,
it would produce a higher difference in the energy-saving effect.
Finally, through the investigation and comprehensive consideration of the
influencing factors, we proposed the energy-saving design strategies for glazed
atriums in a hot summer-warm winter region. First, with the condition of a certain
floor area, reducing the floor height can significantly improve the energy-saving
effect. Second, since solar penetration might seriously influence the physical
environment of the functional areas, thus affecting various energy costs, the design
of the double-sided atrium should give priority to the north side. Moreover, based
on meeting the actual lighting needs, it is better to reduce the skylight-roof ratio
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as much as possible and to place shading devices or vertical skylights to avoid
direct sunlight. Third, the architects should consider a specially-shaped atrium in
combination with passive design strategies, such as adopting an A-section atrium,
which is conducive to natural ventilation, and appropriately reducing the plane
aspect ratio to achieve the goal of energy conservation.
4. Conclusion
Based on the orthogonal experiment and variance analysis, in this study,
the influence of glazed atrium spatial geometric parameters on the energy
consumption of office buildings in the hot summer-warm winter region of China
was investigated. The conclusions are as follows:
1) The atrium spatial geometric parameters are important factors to be
considered in passive design. Generally, the influence of the cooling load on the
total energy consumption is greater than that of the lighting load.
2) When the six spatial geometric parameters listed in this study worked
together, the influence degrees sequence on the total annual building energy
consumption per unit area were ranked as floor height > skylight-roof ratio >
section shape parameter > plane orientation > plane aspect ratio > inner interface
window-wall ratio. The contribution rates of the floor height and the skylight-roof
ratio were 55.5% and 18.2%, respectively. In addition, the floor height and
the skylight-roof ratio had a greater influence on the cooling load, while the
skylight-roof ratio and section shape parameters were more important to the
lighting load. When the atrium inner interface window-wall ratio was 60%, these
two kinds of energy consumption could be reduced to a lower degree. Hence, a
better energy-saving effect can be achieved by reducing the floor height as well as
adopting a smaller skylight area and reasonable section shape.
3) With the comprehensive consideration of the energy influence of the six
parameters, an optimal parameter combination with minimum cooling and the
total load was presented. That is, the north atrium with a plane aspect ratio of
1/3, a skylight-roof ratio of 15%, a floor height of 3.9 m, a section shape parameter
(inner interface angle) of 15°, and an inner interface window-wall ratio of 60%. By
comparison, the differences in cooling load across the considered models could be
up to 10.5%, and the total load difference could reach 5.4%. This study provides
architects with a simplified energy impact evaluation in the early design stage,
which could be applied to the simulation analysis and passive design strategy
research for some similar climates and different types of buildings in the future.
4) Limitations and future work. First, there were five thermal design zones
in China, and this study was limited to the hot summer-warm winter region. The
influence of a glazed atrium on the cooling and heating load will vary greatly
in different climatic areas. Hence, for these areas, a designer would need to
balance the effects of the two loads when making a reasonable design. Second,
the results of this study are only applicable to specific assumptions. Changes of
parameters that would have a great impact on the simulation, such as the glazing
type and comprehensive efficiency of the cooling system would significantly
alter the conclusion. In addition, in the early stage of design, architects need
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to consider various factors, including building form, economic cost, technical
difficulty, thus, the ranking and optimization of spatial geometric factors provide
only a preliminary decision-making reference for architects to evaluate the energy
consumption impact. Indeed, the selection of design parameters at the present
stage was not comprehensive, only the basic parameters with great influence were
adopted. Based on the typical model established in this study, in future work we
hope to utilize computational power to simulate more spatial design parameters
with higher analysis standards, such as different glazed atrium types, plane shapes,
and skylight forms to obtain more comprehensive results.
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