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Abstract: The Qinghai–Tibet plateau, with an average altitude of over 4000 m, has low annual
average temperatures and a high demand for building heating. This region’s abundant solar energy
resources hold substantial practical significance for improving the indoor heat environment and
reducing building energy consumption. This paper investigates the impact of orientation and
skylight area ratio on building heat load and indoor temperature, using both actual measurement
and simulation methods, with a case study of the comprehensive building at Beiluhe Observation
and Research Station of Frozen Soil Engineering and Environment (Beiluhe Station), located in the
Qinghai–Tibet Plateau region. Initially, a model was established using the EnergyPlus 9.4 software,
with orientation variables set from east to west in 15◦ increments, to simulate the variations in
building heat load resulting from orientation changes; simulations were then conducted for three
different skylight area ratios under the optimal orientation to evaluate their influence on heat load
and indoor temperature. The results show that for the architectural style examined in this paper,
the optimal building orientation within the region is 30◦ south by east, with the optimal orientation
range spanning from 45◦ south by east to due south. Heating load is negatively correlated with the
skylight area ratio, and beyond a certain threshold, the rate of decrease in heat load diminishes or
even stabilizes. The conclusions of this paper offer guidance for the orientation and skylight design
of new buildings on the Qinghai–Tibet Plateau.

Keywords: building orientation; skylight area ratio; Qinghai–Tibet plateau; Beiluhe station

1. Introduction

As the global energy crisis intensifies and environmental issues become more severe,
Carbon Neutrality and Carbon Peak have become a common focus of attention for the
international community. The building sector is one of the largest energy-consuming indus-
tries in terms of total energy consumption [1], and its proportion is increasing yearly [2,3].
According to statistics [2], from 2005 to 2018, the energy consumption of the entire lifecycle
of buildings in China rose from 934 million tons of coal equivalent (tce) in 2005 to 2.147 bil-
lion tce in 2018, with an average annual growth of 6.6%. In 2018, the lifecycle energy
consumption of buildings accounted for 46.5% of total energy consumption [2]. There-
fore, building energy efficiency is significant for carbon reduction and global sustainable
development [4,5].

The Qinghai–Tibet Plateau, known as the “Water Tower of Asia”, is the source of
several major rivers in Asia [6]. However, with an average altitude of over 4000 m and low
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average annual temperatures, the region has a prolonged heating period and high energy
consumption for heating [7,8]. The traditional fossil fuel heating methods pose challenges
to the region’s ecological environment and water resource security. Located in the mid to
low latitudes with high atmospheric transparency, the Qinghai–Tibet Plateau has abundant
solar energy resources with tremendous potential for utilization [9]. Fully tapping into the
region’s rich solar energy resources can effectively reduce building energy consumption
and decrease reliance on external traditional fossil fuels [10], promote green development,
and accelerate progress towards the global dual-carbon goals.

During the design stage of a building, optimizing the building’s orientation, structure,
and layout can significantly enhance the thermal utilization efficiency of solar energy and
reduce the building’s heat load [11–13]. Orientation is an essential factor affecting building
energy consumption [14]. Choosing the building orientation wisely can effectively increase
the acquisition of solar energy for the building [15]. Skylights not only utilize natural
light sources but also make use of solar radiation for indoor heating, which improves
building energy efficiency [16]. The orientation of buildings and the use of skylights
as highly effective and low-cost energy-saving strategies have attracted the attention of
numerous researchers.

Numerous studies have demonstrated that optimizing building orientation can signif-
icantly reduce energy consumption [15]. In New Minia in Egypt, the difference in energy
consumption between residential buildings’ best and worst orientation can reach 7.5% [17].
In Iran, orienting a building to the south can reduce energy consumption by 11–39% [18].
In India, the optimal orientation of a building can save an additional 3.41% of energy
compared with a reference building [19]. In China’s hot summer and warm winter regions,
the north–south orientation of residential buildings is 15% more energy-efficient than the
east–west orientation [20]. Other studies also indicate that optimizing building orientation
can reduce energy consumption by 20–36% [21,22]. In winter, the orientation of a building
can significantly reduce its heating energy consumption [23], and an appropriate orienta-
tion can help reduce about 35% of a building’s thermal losses during the winter season [24].
Regarding building energy consumption, the best orientation varies with geographical
location and climatic conditions [25]. In the UK, the optimal residential orientation is south,
while the least efficient is northwest [26]. The best building orientation is northward, and
the worst is southward, in New Minia, Egypt [17]. In the Shandong region of China, the
optimal range for building orientation is south to 15◦ south by east [27].

In addition to building orientation, skylight design is a critical factor in optimizing the
use of solar energy [28]. As atriums serve as hubs connecting indoor and outdoor spaces,
skylights are an essential part of their envelope structures [16,29]. In cold regions, large
skylights can introduce solar radiation to reduce the heat load during the day [30], but they
may also lead to significant heat loss at night due to poor thermal performance [31]. The
area ratio (AR), which is the ratio of skylight area to roof area, is an important parameter
affecting the thermal performance of buildings [32,33], and determining the appropriate
skylight area is crucial for ensuring thermal comfort in atriums. Simulation studies on
energy consumption indicate that reducing the skylight area can improve the thermal
environment [34], achieving optimal daylighting and thermal comfort conditions when
the AR is 1/4 [35]. However, other studies suggest increasing the area ratio can improve
daylighting performance [36]. Furthermore, the skylight area-to-floor area ratio also sig-
nificantly affects building energy consumption. When the skylight-to-floor area ratio is
between 5.5% and 6%, it can reduce energy demand by 19% [28].

These studies above demonstrate clearly that orientation and AR have significant and
complex impacts on building energy consumption. Especially in the Qinghai–Tibet Plateau
region, characterized by unique geographical conditions and severe climate, the research
field regarding building orientation and the skylight area ratio has not been sufficiently
explored, which suggests a clear research void in this region. The Qinghai–Tibet plateau
is the world’s most extensive plateau with abundant solar thermal resources and is home
to nearly ten million people with a strong demand for building heating. Exploring the
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effect of orientation and AR on building energy consumption in this region has significant
practical value. This article takes the comprehensive building of the Beiluhe Station on
the Qinghai–Tibet plateau as the research subject. It validates the applicability of the
EnergyPlus 9.4 software based on monitoring data. It simulates the heat load of buildings
at different orientations from 90◦ (due east) to 270◦ (due west), as well as the heat load
and room temperature under skylights with different ARs, providing reasonable building
orientation and skylight AR for the region. This research can support the energy-saving
design of buildings in the Qinghai–Tibet plateau and similar cold regions.

2. Overview of the Study Region
2.1. Study Subject

This paper selects the comprehensive building of the Beiluhe Station in the hinterland
of the Source Region of the Yangtze River, Yellow River, and Lancang River on the Tibetan
Plateau as the research subject. The station is located at 34◦51′ N and 92◦56′ E, with an
altitude of 4628 m. The annual average temperature is −3.1 ◦C, and it is classified as a severe
cold A zone according to the “Standard of Climatic Regionalization for Architecture” [37].
The building was constructed in 2017. It is a two-story ventilated concrete frame structure
with a floor height of 3.3 m and covers an area of 631.24 m2, with a shape coefficient of
0.31. The building is oriented due south, and at its center is an atrium covering 137.45 m2.
The total roof area is 650.67 m2, and the southern slope of the roof has a skylight covering
316.73 m2, resulting in an AR of 48.68%. The building’s exterior wall facades are equipped
with windows configured differently, with the window-to-wall ratios of each facade listed
in Table 1 and the building’s floor plan presented in Figure 1.

Table 1. Window-to-wall ratio.

Total North East South West

Total Wall Area (m2) 734.36 242.22 124.96 242.22 124.96
Window Area (m2) 84.64 6.60 0.90 76.24 0.90

Overall Window-to-Wall Ratio (%) 11.53 2.72 0.72 31.28 0.72
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Figure 1. (a) Location of the study site; (b) main elevation of the building; (c) back elevation of
the building.

2.2. Monitoring Method

Temperature and humidity sensors were installed in typical rooms within the building.
The model of the sensors is RC-4HC, produced by Jiangsu Jingchuang Electric Co., Ltd. in
Xuzhou, Jiangsu, China. The recording interval is 1 h, the accuracy of temperature recording



Buildings 2024, 14, 755 4 of 16

is ±0.5 ◦C, and the resolution is 0.1 ◦C. The sensors are mounted on brackets fixed to the
wall 3 m above the ground. A layout diagram of the building’s internal monitoring setup
and a schematic of the monitoring equipment are shown in Figure 2.
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In addition, a weather station is located 200 m west of the building to monitor the
meteorological conditions of the region. The weather station has sensors for tempera-
ture and humidity, atmospheric pressure, four-component radiation, wind direction, and
wind speed.

2.3. Local Climate Characteristics

Figure 3 displays the temperature distribution, radiation distribution, and wind fre-
quency diagrams around the Beiluhe Station on the Qinghai–Tibet Plateau. The average
annual temperature at Beiluhe Station is −3.1 ◦C, with monthly average temperatures
below 0 ◦C for seven months. The coldest month is January, with an average monthly
temperature of −14.32 ◦C, while the warmest month is July, with an average monthly
temperature of 7.31 ◦C. According to the observational data, the maximum solar irradiance
is 1155.00 Wh/m2. The average solar radiation before noon, at 12 p.m. local time, is 37.8%
higher than in the afternoon. The wind frequency diagram indicates that the prevailing
winds in the region are from the west, with maximum wind speeds reaching up to 20 m/s.



Buildings 2024, 14, 755 5 of 16Buildings 2024, 14, x FOR PEER REVIEW 5 of 17 
 

 
Figure 3. (a) Annual temperature distribution graph; (b) total radiation distribution graph; (c) wind 
frequency graph. 

3. Study Methods 
3.1. Energy Consumption Simulation Process 
3.1.1. Simulation Software 

The software EnergyPlus 9.4 used in this paper was co-developed by the U.S. Depart-
ment of Energy and Lawrence Berkeley National Laboratory. It is widely used in building 
design and research and can perform comprehensive energy consumption simulation and 
analysis for heating, cooling, lighting, ventilation, and other energy uses in buildings [38]. 
EnergyPlus is recognized by numerous institutions and enterprises worldwide; hence, its 
simulation results are widely accepted. 

3.1.2. Meteorological Data 
The meteorological data mainly comes from the Beiluhe Meteorological Station. The 

separation of the total radiation into direct and diffuse radiation using the Gompertz func-
tion method [39], as shown in Equations (1) and (2). 

4 t
3 2

n 1 2

A KA AK AA
−

=   (1)

In the formula: 
2

1
2

2

3

4

0

0.1556sin 0.1028sin 0.3748
0.7973sin 0.1509sin 3.035
5.4307sin 7.2182
2.990

t

A h h
A h h
A h
A

EK
E

= − + +

= + +
= +
=

=

  
(2)

Figure 3. (a) Annual temperature distribution graph; (b) total radiation distribution graph; (c) wind
frequency graph.

3. Study Methods
3.1. Energy Consumption Simulation Process
3.1.1. Simulation Software

The software EnergyPlus 9.4 used in this paper was co-developed by the U.S. Depart-
ment of Energy and Lawrence Berkeley National Laboratory. It is widely used in building
design and research and can perform comprehensive energy consumption simulation and
analysis for heating, cooling, lighting, ventilation, and other energy uses in buildings [38].
EnergyPlus is recognized by numerous institutions and enterprises worldwide; hence, its
simulation results are widely accepted.

3.1.2. Meteorological Data

The meteorological data mainly comes from the Beiluhe Meteorological Station. The
separation of the total radiation into direct and diffuse radiation using the Gompertz
function method [39], as shown in Equations (1) and (2).

Kn = A1 A2
A3 A2

−A4Kt (1)

In the formula:

A1 = −0.1556 sin2 h + 0.1028 sin h + 0.3748
A2 = 0.7973 sin2 h + 0.1509 sin h + 3.035
A3 = 5.4307 sin h + 7.2182
A4 = 2.990
Kt =

E
E0

(2)

In the formula, E represents the solar irradiance on the surface of the earth, E0 corre-
sponds to solar irradiance outside the atmosphere on a horizontal plane, and h denotes the
solar altitude angle, and the calculation formulas for E, E0, h, and local time, etc., can be
found in the literature [40,41].
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3.1.3. Setting of Building Envelope and Thermal Parameters

The construction of each building envelope structure and the thermal parameters are
shown in Tables 2 and 3. The thermal parameters are derived from the Chinese standard
“Thermal Design Code for Civil Buildings” [42], and the data for transparent envelope
structures come from the International Glass Database (IGDB) [43]. This model is also
based on these fixed settings.

Table 2. Building envelope details and thermal parameters.

Building Envelope Construction Heat Conductivity
(W/m·K) [42] Thickness (m) Heat-Transfer

Coefficient (W/m2·K)

Exterior wall

Cement mortar 0.930 0.005

0.230
Cement lime plaster mortar 0.870 0.011

Autoclaved aerated concrete block 0.140 0.300
XPS insulation board 0.030 0.060

Cement mortar 0.930 0.018

Interior wall

Cement mortar 0.930 0.005

0.580
Cement lime plaster mortar 0.870 0.011

Autoclaved aerated concrete block 0.140 0.200
Cement lime plaster mortar 0.870 0.011

Cement mortar 0.930 0.005

External floor

Cement mortar 0.930 0.020

0.221
Reinforced concrete slab 1.740 0.200
Polyurethane rigid foam 0.024 0.100

Cement mortar 0.930 0.020

Internal floor
Reinforced concrete slab 1.740 0.200

2.460Cement mortar 0.930 0.010

Roof

SBS sheet 0.170 0.008

0.776
Cement mortar 0.930 0.025

Coal ash 0.230 0.080
Cement cinder 0.760 0.510

Reinforced concrete slab 1.740 0.120

Table 3. Thermal performances of skylight and external window.

Building Envelope Construction Solar Heat Gain
Coefficient

Heat-Transfer
Coefficient (W/m2·K)

External window Insulating glass (6 + 12A + 6) 0.749 2.695
Skylight PC board 0.701 2.014

3.1.4. HVAC System

The heating control temperature is set at 18 ◦C (24 h), with a startup temperature of
12 ◦C, and the heating period extends from January to June and from August to December.
The lighting power density is 5 W/m2, and the equipment power density is 3.8 W/m2. The
operation schedules for lighting, equipment, and personnel occupancy are detailed in the
referenced literature [44].

3.1.5. Model Validation

This paper verifies the model by comparing the temperature data obtained from
the atrium measurements with the data obtained from simulations, using the correlation
coefficient (R2) to evaluate the model’s accuracy. The larger the R2 value, the closer the



Buildings 2024, 14, 755 7 of 16

simulation values are to the observed values. The formula for calculating the evaluation
index is as shown in Equation (3):

R2 = 1 −
n

∑
i=1

(Oi − Si)
2/

n

∑
i=1

(O − O)
2 (3)

In the formula, Oi, Si represent the observed and simulated values, respectively, and
O is the average of the observed values.

Figure 4 displays the comparison between the simulated values and the monitored
values of the atrium temperature, with an R2 value of 0.954. The simulation curve slightly
differs from the curve of the observed values, but, overall, the trends are consistent. The
reasons for the simulation error include discrepancies between the actual thermal properties
of the building envelope materials and their parameters in the model. There are also errors
in the process of separating direct and diffuse radiation. The comparative analysis of the
simulation and measurement values indicates that the temperature simulation results of
the EnergyPlus 9.4 software for the object of this study are accurate.
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Figure 4. Comparison between simulated and measured values of atrium temperature.

The heating coal for Beiluhe Station comes from the Mulei Coal Mine in Xinjiang, with
an ash content of 3.83% and a calorific value of 23.97 MJ/kg, classified as Class II anthracite.
Per the “specification for small type boilers and atmospheric hot water boilers” [45], the
boiler’s thermal efficiency is 60%. According to the “general principles for the calculation
of the comprehensive energy consumption” [46], the comprehensive energy consumption
is calculated using formula (4), and the verification of energy consumption uses formula (5)
for determination.

E =
n

∑
i=1

(Ei × ki) (4)

In the formula, E represents the comprehensive energy consumption, n represents the
number of types of energy consumed, Ei represents the quantity of the i type of energy
actually consumed during production or service processes, and ki represents the standard
coal conversion coefficient for the i type of energy.

ERRmonth =

[
(M − S)month

Mmonth

]
× 100% (5)

In the formula, ERRmonth represents the monthly error between the simulated and
actual energy consumption, M represents the actual measured value of energy consumption,
and S represents the simulated value of energy consumption.

Through the analysis of meteorological data, December and January are identified
as the coldest months of the year. Based on the survey of coal usage at Beiluhe Station
during this period, the average daily coal consumption is about 70 kg. Hence, December



Buildings 2024, 14, 755 8 of 16

and January are selected as the key verification months for assessing heating energy
consumption. According to the “general principles for the calculation of the comprehensive
energy consumption” [46], the conversion coefficient for thermal value to standard coal is
0.03412 kgce/MJ for anthracite, and 0.82 kgce/MJ for smokeless coal. Through simulation,
the heating amounts for December and January are 8149.92 kW·h and 9226.57 kW·h,
respectively. Converting these amounts to kilograms of standard coal equivalent (kgce)
using formula (4), they are 1001.07 kgce and 1133.32 kgce, respectively. Ignoring the
thermal loss from the heating system’s pipeline network, the actual heating amounts for
December and January are 1067.64 kgce. Comparing the actual energy consumption with
the simulated values, the deviations for December and January are 6.65% and −6.15%,
respectively. According to the “technical code for the retrofitting of public building on
energy efficiency” [47], a deviation between calculations and simulations within ±15%
is an acceptable error range. Therefore, the energy consumption data simulated by the
EnergyPlus 9.4 software are accurate and reliable.

Based on the dual verification of temperature and energy consumption, EnergyPlus
9.4 software can be used for the analysis of energy consumption and temperature at the
comprehensive building of Beiluhe station.

3.2. Operation Setting

As shown in Figure 5. This paper defines north as 0◦, increasing clockwise by 15◦

increments from 90◦ (east) to 270◦ (west), and uses EnergyPlus 9.4 software to simulate
heat loads for 13 different orientations, as well as the heat load and atrium temperature
under various ARs.
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4. Simulation Results and Analysis
4.1. Analysis of Heat Load Energy Saving for Different Building Orientations

Figure 6 shows the variation curve of the annual total heat load of a building under
different orientations. As shown in Figure 6, the overall annual heat load presents a
parabolic shape that opens upward, showing a trend of decreasing first and then increasing.
Specifically, from 90◦ to 150◦, the heat load decreases. Starting from the 150◦ orientation,
the heat load begins to rise until it reaches 180◦. This is because the general weather pattern
of cloud cover changes in the plateau region: there is less stable cloud cover in the morning,
and it increases rapidly in the afternoon [48–50]. Cloud cover blocks the solar radiation
reaching the ground, leading to the asymmetry in the diurnal variation of total solar
radiation on the plateau, with higher levels in the morning and lower in the afternoon [51].
This result is consistent with the radiation data measured by the Beiluhe weather station.
Therefore, when the building’s orientation is between 90◦ and 270◦, under the condition
that the absolute value of the angle difference between the building’s orientation and the
due south direction is the same, the main facade and the skylight of the building facing
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southeast receive more solar radiation than those facing southwest. The influence of wind
on the primary facade orientation is minor within this range (Figure 2).
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Figure 6. Changes in annual heat load of building under different orientations.

At 150◦, the building’s heat load is the smallest, at 40,597.33 kWh, which is an energy
savings of 2.12% compared with the current actual orientation (180◦) of the Beiluhe Station
comprehensive building. The maximum heat load occurs at 270◦, at 51,012.82 kWh, which
is 22.99% higher than the energy consumption of the current actual orientation (180◦).
The difference in heat load between the two is 25.66%. To further clarify the relationship
between orientation and heat load, a study was conducted on the monthly values of
building heat load.

Figure 7 shows the variation in building heat load from January to December under
different orientations. As depicted, with the progression of months, the overall heat load
for each orientation exhibits a parabola shape that opens upward, showing a trend of
decreasing first and then increasing. This is due to the change in outdoor temperature
affecting the building’s heating demand. From January to June, the outdoor temperature
gradually increases, leading to a decrease in heat load. The outdoor temperature gradually
decreases from August to December, and the heat load increases accordingly. From January
to March and August to December, the heat loads are lower between 135◦ and 180◦. These
months belong to the colder seasons, and due to the strong diurnal variation characteristics
of solar radiation in the Qinghai–Tibet Plateau region, the solar radiation within the range of
135◦ to 180◦ contributes more to the building’s heat gain, reducing the heating requirements
of the building.
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In plateau regions, where temperatures are relatively low throughout the four seasons,
maintaining indoor temperatures requires significant energy. Observing the variation curve
of building heat loads from January to December, it can be seen that the heat load between
135◦ and 180◦ remains at a lower level for most of the year. Considering the annual total
heat load of the building, the heat load at 150◦ is the lowest.

4.2. Analysis of Heat Load with Varied Skylight Areas

Figure 8 presents the annual total thermal load of buildings with different ARs at a
150◦ orientation, demonstrating significant variations in heat load with different skylight
areas. When the AR is 0, the building’s heat load is the highest at 50,535.93 kW·h; with an
AR of 0.25, the heat load decreases to 44,619.69 kW·h; and the smallest heat load is found at
an AR of 0.5, with 40,597.32 kW·h. This indicates that the heat load is inversely correlated
with the area of the skylight. That is, the larger the skylight area, the smaller the building’s
heat load. Adopting skylights in building roofs on the plateau can significantly save energy.
With an AR of 0.5, there is an energy saving of 19.67% compared with buildings with an AR
of 0. The larger the skylight area, the more solar radiation enters the atrium. After the sun’s
short-wave radiation enters the atrium through the skylight, the indoor temperature rises,
and the skylight blocks the long-wave radiation emitted from the atrium, reducing energy
release and thus leading to an increase in atrium temperature [52]. Meanwhile, the existence
of the atrium’s buffering effect [53] also avoids direct contact of the surrounding rooms
with the external environment, creating a suitable daytime activity space for personnel at
workstations, while also providing auxiliary heating to surrounding rooms.
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Figure 8. Building heat load diagram with different AR under 150◦ orientation.

Figure 9 depicts the skylight heat gains and the curve for solar radiation entering
indoors through the skylight at a 150◦ orientation with different ARs. The graph shows
that the heat losses through the skylight and the solar radiation energy entering indoors
positively correlate with the AR. During the summer months of June, July, and August,
skylights contribute significant heat gains to the interior regardless of AR, peaking in July.
In March, April, May, and September, the solar radiation introduced by the skylight far
exceeds its heat losses, and this difference becomes more pronounced as the AR increases.
This indicates that more enormous skylights in these seasons can more effectively utilize
solar radiation to provide heat indoors. In winter, more enormous skylights can lead to
more significant heat loss through the skylight. However, the heat losses can be partially
or entirely offset by the solar radiation energy they introduce, reducing or eliminating the
building’s reliance on traditional heating systems and lowering energy consumption.
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4.3. Indoor Temperature Analysis under Different Skylight Areas

Skylights can effectively utilize daytime solar radiation to improve the indoor thermal
environment, but due to their poor thermal performance, there are significant heat losses
at night. The solar radiation received by the skylight directly affects the atrium, and
since the warehouse is less affected by external disturbances compared with other rooms,
it can serve as an indicator of how changes in the skylight area influence temperature
variations in other rooms. Figure 10 shows the daily temperature variation curves for the
atrium and warehouse under different ARs at a 150◦ orientation. From the graph, it is
evident that for both the warehouse and the atrium, the overall trend of the temperature
curves is consistent across the three ARs, with larger ARs resulting in more pronounced
temperature fluctuations. The temperature positively correlates with the AR for the atrium
and warehouse from March to October. From November to February of the following year,
whether for warehouses or atriums, the temperature difference under the three area ratios
is not significant. During this period, the skylight maintains a balance between the energy
gained during the day and the energy lost at night.
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5. Discussions
5.1. Optimal Building Orientation in the Qinghai–Tibet Plateau Region

This paper utilized EnergyPlus 9.4 software and relied on actual meteorological data
to explore the impact of building orientation on heat load in the cold region of the Qinghai–
Tibet Plateau. The results show that building orientation significantly impacts the heat load
in this region. However, the optimal orientation differs from previous studies, with 150◦

(30◦ south by east) being the orientation with the smallest heat load, and the heat loads
between orientations of 135◦ to 180◦ differing very minimally (Figure 7).

Building energy consumption exhibits differences in heating or cooling demand under
varying climatic conditions. In regions with high cooling energy demands, building
orientations that reduce solar radiation are preferred, such as the best orientation for
Bandung in Indonesia, which is south of the equator, being southwest [54], while for New
Minia in Egypt, which is north of the equator, the orientation is towards the north [17].
For the Iranian Plateau, which is at a similar latitude to the Tibetan Plateau, there is a
need for heating in the winter. However, due to the relatively arid climate of the region,
the difference in radiation between morning and afternoon is small, making a southward
orientation optimal for buildings in this area [18].

The optimal orientation for the comprehensive building of Beiluhe Station is skewed
towards the east. This result aligns with the radiation mechanism of the Yin–Yang slope
along the Qinghai–Tibet Railway, where solar radiation on the plateau is stronger in the
morning than in the afternoon. For the north–south Qinghai–Tibet line, the morning solar
radiation primarily affects the eastern slope, while the afternoon solar radiation primarily
affects the western slope [50]. Therefore, the eastern slope inevitably receives more solar
radiation than the western slope [50]. Thus, for buildings in the Qinghai–Tibet Plateau
region, an eastward orientation allows them to receive more solar radiation. As Morrissey
has pointed out, buildings with many windows on their façades usually benefit from higher
levels of solar radiation inside [55], which can even replace air conditioning systems in
high solar radiation areas, like the Qinghai–Tibet Plateau during winter [10]. The main
façade of the comprehensive building of Beiluhe Station has a large window-to-wall ratio
and a large skylight on the roof. Given the strong total solar radiation in the region and the
particularly intense solar radiation in the morning, this leads to the best orientation range
being between 135◦ (45◦ south by east) to 180◦ (due south).

5.2. The Impact of Varied ARs on Heat Load

The simulation results presented in this paper indicate that, as the skylight AR in-
creased from 0 to 0.25 and 0.50, the heating load of the building decreased by 11.71% and
19.67%, respectively (Figure 8). Studies in Austin and Boston suggest that heat load would
increase regardless of the variation in skylight area ratio [56,57].

Austin and Boston, being low-altitude regions with less winter solar radiation, found
that the positive impact of solar radiation indoors cannot offset the negative effect of heat
dissipation through skylights. Hence, any skylight area can increase the thermal load in
these regions [56,57]. However, for the Qinghai–Tibet Plateau region, the intense winter
solar radiation can partially or completely compensate for the energy loss through skylights
(Figure 9). Consequently, the skylight of the Beiluhe Station’s comprehensive building still
plays a significant role in the warming effect during winter.

Skylight introduces solar radiation indoors, which is a beneficial factor for reducing
energy consumption in the frigid winter months. For low-altitude regions with cold winters
and hot summers, skylights increase the demand for cooling energy in summer [30,58].
However, in the Source Region of the Yangtze River, Yellow River, and Lancang River
on the Qinghai–Tibet Plateau, the average temperature during the warmest month in
summer is below 10 ◦C. According to China’s “Indoor Air Quality Standards” [59], heating
is mandatory for buildings when the temperature falls below 16 ◦C. Hence, even the
summer season requires heating in this region. Under such climatic conditions, buildings
in the region have year-round heating demands. Solar radiation entering indoors will
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only positively impact the indoor thermal environment and will not cause overheating
in summer (Figure 11). An overall analysis for both winter and summer suggests that
skylight design in the Qinghai–Tibet Plateau region can reduce the building’s annual
energy consumption.
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While skylight can reduce the heating load of buildings on the Qinghai–Tibet Plateau,
the energy savings are only 9.01% when the skylight AR increases from 0.25 to 0.50, which
is less than the decrease from 0 to 0.25. This indicates no linear negative correlation between
the heating heat load and the skylight area ratio in the Qinghai–Tibet Plateau region. Once
the skylight area ratio reaches a certain threshold, the rate of decline in the building’s heat
load will slow down or even stabilize.

6. Conclusions

This paper takes the comprehensive building of Beiluhe Station in the Source Region
of the Yangtze River, Yellow River, and Lancang River, located in the hinterland of the
Qinghai–Tibet Plateau, as a case study. Based on monitoring and simulation results, the
paper discusses the impact of building orientation and the area ratio of skylights on the
heating energy consumption of buildings in the Qinghai–Tibet Plateau area and draws the
following conclusions:

(a) In regions with intense solar radiation like the Qinghai–Tibet Plateau, the orientation
and design of skylights significantly affect the building’s energy efficiency and the
quality of the indoor environment.

(b) For the building style discussed in this paper, the optimal orientation of the building
is 30◦ south by east, with the best orientation ranging from 45◦ south by east to
due south.

(c) The skylight design optimization can reduce buildings’ annual energy consumption
in the Qinghai–Tibet Plateau region. There is a negative correlation between the
building’s heat load and the area ratio of the skylight. When the area ratio of the
skylight reaches a certain value, the rate of decline in building heat load will slow
down or even tend to stabilize.
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The conclusions of this paper can provide valuable guidance for the architectural
design and construction in the Qinghai–Tibet Plateau region, especially when considering
the orientation of buildings and the area of skylights. It is recommended that future
design practices take these factors into comprehensive consideration to enhance the energy
efficiency of buildings and the comfort of occupants. This paper provides empirical support
for maximizing building energy efficiency in the region and offers valuable references for
architectural professionals in designing for similar geographic and climatic conditions.
Future research will focus on the optimal window-to-wall ratio for the external fenestration
of building envelopes in the Qinghai–Tibet Plateau region. The expansion of this research is
expected to further improve the buildings’ ability to harness solar radiation and contribute
to the development of more refined design solutions that can adapt to the constantly
changing climate conditions.
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