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Abstract: In the context of China’s dual-carbon goals, energy efficiency in public buildings has
become a focal point of public concern. As large-scale public transportation buildings, the indoor
thermal comfort and the current state of energy consumption of coach stations are increasingly being
emphasized. This research used existing coach stations in the Xi’an region as the object; through
on-site investigations and field tests of indoor thermal environments in winter and summer seasons,
it was found that the coach stations had energy waste and high energy consumption; the enclosure
structures had poor thermal performance; and the stations lacked effective energy-saving measures.
Energy-saving transformation strategies were proposed from two aspects: enclosure structures and
renewable energy utilization. Using DeST-C for energy consumption, the external walls, roofs,
insulation materials, and glass materials were simulated, and nine different combinations of energy-
saving schemes were simulated using orthogonal experiments. The optimal scheme was selected
based on the comprehensive energy-saving rate and economic analysis results, which included using
80 mm XPS external insulation for the external walls, low-e hollow glass for the windows (low
transmittance type), and an 80 mm PUR board for the roof insulation. The energy-saving rate of
this scheme was 26.84%. The use of rooftop solar photovoltaic power generation and fresh air heat
recovery devices can effectively reduce building energy consumption, and the investment payback
period is less than 5 years. The research applications have practical significance for improving the
indoor environment of existing coach stations and saving energy consumption.

Keywords: coach stations; energy consumption simulation; renewable energy utilization; energy-
saving transformation strategy

1. Introduction

With the rapid development of the global economy;, it is inevitable that there has been
overexploitation of natural resources and excessive energy consumption. However, with
the introduction of sustainable development goals (SDG), there is a growing emphasis
worldwide on reducing various forms of energy consumption and increasing the utilization
of renewable energy [1-3]. Energy consumption is mainly concentrated in three areas:
buildings, transportation, and industry [4,5]. Various types of transportation buildings have
been identified as the focus of energy conservation and emission reduction work. These
public transportation buildings generally have higher energy consumption levels than
ordinary public buildings [6]. The highway transportation industry occupies a dominant
position in the transportation system [7]. By 2020, the total mileage of highways in China
had reached 5.1981 million kilometers, and the annual passenger traffic of commercial
passenger transportation had reached 6.894 billion people, accounting for 71.3% of the
total passenger transportation traffic [8]. The continuous development of the highway
transportation industry has also led to a continuous increase in the number of coach stations.
However, while the number and building area of coach stations continue to increase, the
energy consumption of these buildings remains high. Most of coach stations were built
earlier and designed based on early energy-saving design specifications [9], with little
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consideration for building energy conservation, resulting in poor thermal performance of
the enclosure structure, poor quality of the indoor thermal environment, and high energy
consumption of some coach buildings.

The research on energy consumption of coach stations mainly focuses on establishing
evaluation indicators and analyzing the important factors affecting energy consumption,
while there is less research on the analysis of indoor thermal environment and the energy-
saving strategies of coach station buildings. Fan et al. [10] calculated and ranked 18 factors
affecting the energy consumption of coach stations in four aspects: site selection, hardware
configuration, building facilities, and layout technology. The study was based on the group
decision-making hierarchical analysis method (GAHP) and provided a basis for determin-
ing evaluation indicators. Yang [11] conducted a survey of bus stations in five climate zones
in China and used five factors that affect energy efficiency to determine seven highway
coach station energy efficiency evaluation indicators. The energy efficiency classification of
the bus station was determined by scoring the seven indicators. The research on energy
consumption of other types of public transportation buildings mainly focuses on the indoor
thermal environment and energy consumption status. Huang et al. [12] conducted indoor
thermal environment testing and thermal sensation voting surveys at railway stations in
cold regions; they found that the thermal comfort evaluation of waiting halls was signifi-
cantly correlated with passenger’s age and the length of residence in the local area. After
analyzing the indoor thermal environment data of airports, Mambo et al. [13] found that
energy-saving measures could be implemented by considering different comfort set points
while ensuring temperature and humidity control, which not only improved passenger
comfort but also reduced energy consumption by 20% to 25%. Alkis et al. [14] analyzed the
measured indoor temperatures of three airports and proposed the maximum use of natural
light to save lighting energy based on the acceptable temperature range for passengers.

Due to the promotion of the Sustainable Development Goals worldwide, there are
higher requirements for the energy efficiency of large public buildings, such as green build-
ings [15,16]. Not only are energy-saving and environmentally friendly building materials
necessary, but also the use of renewable energy sources such as solar and geothermal
energy is required to reduce building energy consumption [17-19]. Therefore, for the
energy-saving renovation of existing coach stations, the thermal performance of the enve-
lope structure can be improved by using high-efficiency insulation materials, and renewable
energy technologies such as solar photovoltaic power generation and heat recovery can
be utilized. The research found that energy-saving renovation of building envelopes and
the use of renewable energy sources are also common ways to achieve energy efficiency
in public buildings [20-24]. The envelope structure has a significant impact on the energy
consumption of buildings [25]. By using orthogonal experimental design (OED) to optimize
the types of envelope structures, such as external walls and roofs, as well as the thickness
of insulation layers [26,27], the optimal combination is determined to reduce the opera-
tional energy consumption of buildings. Feng et al. [28] established a thermal performance
function model for the enclosure structure of residential buildings in cold regions based on
energy-saving standards, and they used the Lagrange’s method of multipliers to calculate
the optimal insulation thickness for external walls and roofs. Gindi et al. [29] simulated
the transformation of building roofs, south-facing facades, and west-facing facades using
photovoltaic components and obtained the optimal tilt angles and component types for
each direction, effectively reducing energy consumption. Fouad et al. [30] established a
regression prediction model for the power of photovoltaic panels, indoor lighting, and
indoor temperature with the tilt angle of the photovoltaic system based on experimental
data and determined the optimal tilt angle of the photovoltaic shading system in Egypt.
Angeliki et al. [31] used Matlab to calculate the electricity generation from applying photo-
voltaic technology on buildings in six European cities and analyzed the impact of different
building orientations on the internal rate of return of building-integrated photovoltaics
(BIPV). Lu et al. [32] conducted a study on the advantages and challenges of applying
Building Integrated Photovoltaics (BIPV) technology in Singapore. Although BIPV can



Buildings 2023, 13, 1215

30f21

bring economic benefits and reduce carbon emissions, its high cost and uncertainty in
energy conversion efficiency are still issues that must be considered before applying this
technology. Faranda et al. [33] have applied photovoltaic power generation to train stations
in Italy, achieving the station’s sustainable development goals. They have discussed the
feasibility of the plan in terms of specific parameters such as the converter and distributor
of photovoltaic generators. Zhang et al. [34] compared the energy-saving effects of using
new air heat recovery in public buildings in seven typical cities and found that full heat
recovery is the most energy-saving and cost-effective method in cold regions. Heat recovery
technology is widely used in high latitude countries such as Germany and Sweden [35,36].
In cold climates, using heat recovery technology can reduce building energy consumption
by about 20%. Liu et al. [37] used an optimization design method to determine the optimal
shape of the heat recovery device from the perspectives of energy-saving and reducing
material costs. The aforementioned studies have explored the application of energy-saving
strategies that utilize renewable energy in public buildings. However, renewable energy uti-
lization technology has not been widely applied in China’s coach stations, which presents
enormous energy-saving potential. The application of energy-saving retrofit strategies must
consider not only their energy-saving effects but also their economic feasibility. Therefore,
when analyzing these strategies, it is necessary to calculate the cost of each retrofitting plan
as well as the payback period.

As a major urban transportation hub, the coach station has increasingly high require-
ments for its indoor thermal comfort and thermal performance of the envelope structure.
Taking the coach stations in Xi’an as an example, this research collected building informa-
tion, passenger thermal comfort feedback, and indoor thermal environment testing through
field investigations to analyze the existing problems and the potentials of energy saving.
Energy-saving renovation strategies were proposed, including the transformation of the
building envelope structure such as the external walls, windows, and roof, the use of solar
photovoltaic systems for power generation, and the installation of new air supply and heat
recovery devices to reduce the building’s operational energy consumption. In addition,
the feasibility of these energy-saving strategies is estimated through economic analysis to
ensure that they are both energy-efficient and economically viable. The energy-saving reno-
vation strategies can provide reference value for the energy-saving renovation of existing
coach stations or the energy-saving design of newly built coach stations in cold regions,
with the aim of achieving sustainable development goals for buildings [38].

2. Survey and Analysis on Coach Stations

The following subchapter first conducted on-site visits and research to the automobile
passenger transportation stations in the Xi’an area, obtaining basic information and energy
consumption status of each station. Secondly, the indoor thermal environment of the
buildings was tested and surveyed in both winter and summer seasons, and the results were
analyzed to determine the indoor comfort level. Finally, based on the research information,
the Xi’an Chengxi Passenger Transportation Station was selected as the benchmark model
for modeling and analysis in the DsST-C software.

2.1. Overview of Survey Area

Six first-class coach stations in the Xi’an area were selected for field research to collect
basic information about the buildings. The Xi'an area is located in the central part of
the Guanzhong Plain in northwest China, with hot and rainy summers and cold and dry
winters. According to the architectural thermal design partition, the Xi’an area belongs to
the cold region. The meteorological data of Xi’an are shown in Figure 1, with an annual
average temperature of 13.0~13.7 °C and an annual precipitation of 522.4~719.5 mm. The
highest precipitation occurs from July to October, and the relative humidity is above 70%
throughout the year, with about 70% of the time falling within the range of 40~70% of the
human body humidity comfort zone. The annual sunshine duration is more than 2000 h,
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with peak solar radiation of 647.23 W/m? in August, and the solar radiation is particularly
high from May to August.
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Figure 1. Annual weather data map of Xi’an. (a) Monthly temperature range in the Xi’an area;
(b) Xi’an area’s relative humidity range throughout the year.

2.2. The Current Status of the Buildings and Energy Consumption Situation

The surveyed coach stations in Xi’an area all face the north-south direction. The
waiting halls and ticket halls of the complexes are mostly 1-2 stories high and are open
for more than 12 h a day with an annual passenger volume over 500,000 people. The
selection of heating and cooling equipment varies among each station, but the main en-
ergy consumption comes from electricity and water usage, with the majority of the air
conditioning systems being fan coil unit and fresh air system. The construction year of the
researched coach stations ranged from 1983 to 2013—relatively early construction years
in which there was less consideration for energy conservation. The thermal performance
of the building envelope structures no longer meets the requirements of current public
building energy-saving design standards [39]. Although the envelope structures and air
conditioning systems have been renovated in subsequent operation processes, there are still
problems with high energy consumption per unit area, poor indoor thermal comfort, and
low energy efficiency of the air conditioning and lighting systems. The survey information
regarding each coach station is shown in Table 1.

The annual electricity consumption and comprehensive energy consumption per unit
area of coach stations A to F are shown in Figure 2. The energy consumption of the coach
station buildings ranges from 23.68 to 89.58 kW-h/(m?-a). The electricity consumption peak
mainly occurred in the air conditioning and heating period during the summer months of
July and August and the winter months of December and January, when the heating and
cooling equipment were operated for longer periods of time, consuming a large amount of
electricity and natural gas. During the remaining transition periods, electricity consumption
mainly came from the lighting systems and electrical equipment. Station E was jointly
built with a large shopping mall and subway station, and no separate energy consumption
measurement system was installed, so it was not included in the statistical analysis.

2.3. Indoor Thermal Environment Overview

The quality of indoor thermal environment will have a significant impact on the
physical sensations of waiting passengers. Therefore, crowded waiting halls and ticketing
halls were chosen as test locations for thermal environment analysis. The following section
analyzes the indoor thermal environment from three aspects: indoor thermal environment
testing, evaluation, and questionnaire survey.
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Table 1. Basic information on coach station buildings.

Building Sign A B C D E F
Construction year 1983 2012 2005 1999 2013 2002
Construction area (m?) 12,000 29,000 9200 18,000 8946.2 8000
Building height (m) 10 22.5 22 24 7 15
Annual passenger 730 k 1640 k 820 k 750 k 2600 k 510 k
volume
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Figure 2. Energy consumption situation of each coach station: (a) monthly power consumption;
(b) energy Intensity.

2.3.1. Questionnaire Survey Analysis

In the summer, a questionnaire survey was conducted among passengers waiting in
the waiting hall to understand the passengers’ intuitive perception about the indoor thermal
environment of the waiting hall. A total of 208 questionnaires were distributed. Among the
surveyed passengers, passengers aged 20 to 30 accounted for the largest proportion, with
a total of 134 male passengers, accounting for 64.42% of the total. Most of the passengers
traveled for short distances within the province.

It can be seen in Tables 2 and 3 that 63.02% of the passengers felt that the waiting area
was relatively comfortable; 10.57% of the passengers felt that the indoor environment of the
waiting room was relatively cool; and 19.23% of the passengers thought that the waiting
room was a bit hot. Largely, the passengers did not feel obviously cold when they first
entered the waiting hall from the outside, but after sitting for a long time, they felt slightly
cold after a period of heat loss. Additionally, 81.25% of the passengers felt that the humidity
in the waiting area was moderate, and 11.05% of the passengers felt a bit damp. Since Xi’an
is rainy in summer, the evaporation of rainwater increases the water vapor content in the
air, resulting in an increase in the humidity in the waiting hall.
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Table 2. Questionnaire on hot and cold feelings of respondent passengers.

Hot and Cold Feeling Cold Slightly Cooler Comfortable Slightly Hotter
Number of people 17 22 129 40
Percentage taken by 8.17% 10.57% 62.02% 19.23%

Table 3. Questionnaire on Air Humidity Feelings of Respondent Passengers.

Wet and Dry Feeling More Humid Slightly Damp Moderate Humidity Slightly Dry Drier
Number of people 4 19 169 14 2
Percentage taken by 1.92% 9.13% 81.25% 6.73% 0.96%

2.3.2. Indoor Thermal Environment Test

The Xi’an Chengxi coach station was selected for indoor thermal environment testing
in both winter and summer seasons. Figure 3 shows the distribution of the measuring
points. A total of four measuring points were set up, which were outdoor measuring point
A, measuring point B in the ticket office, and measuring points C and D in the waiting area
on both sides of the east and west sides. The height of the indoor testing equipment was
placed on the resting level of the waiting passengers at 0.8 m above the ground. Outdoors,
it was placed away from direct sunlight, 1.5 m above the ground.

) ¥ ) ¥
ShOp En shop , ‘ N ShOp -
& i & A A ¥
o H * % & % — 2
TOILET | %|g e ‘ e || E
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5 T E ?
£ £ west waiting area cast waiting area  Lgg @ 45
£
o | & ™ i
. =3 *
- Test point A
ticket hall
// -
- Test point B
bid £
g2 i

Figure 3. First floor plan in DeST software.

As shown in Figure 4, during the winter testing period, the average outdoor tempera-
ture was 4.4 °C; the lowest temperature in the indoor waiting area was 7.2 °C, while the
highest temperature was 13.7 °C; the average temperature was 10.9 °C, and the average
temperature in the ticketing area was 10.8 °C. Due to the proximity of the waiting area
to the entrance and the station shops and the low energy efficiency of the heating system,
the temperature in the waiting area was lower than 16 °C, and the thermal comfort of the
human body was low. If their waiting time was longer than half an hour, the passengers
felt cold if they sat for a long time. The average relative humidity of the outdoor air was
45.0%; the relative humidity of the indoor ticket lobby was 37.7%; and the average relative
humidity of the waiting hall area was 34.6%. The overall relative humidity level was low,
resulting in dry indoor air.

As shown in Figure 5, during the summer testing period, the average outdoor tempera-
ture was 32.3 °C, and the average temperatures in the east and west passenger waiting areas
and ticketing areas were 28.3 °C, 27 °C, and 27.7 °C. Although the average temperature
was within the specified range of 22 °C to 28 °C, the temperature in the waiting hall and
ticket lobby was higher than 28 °C due to the increase in the afternoon. Since the waiting
area is close to the outside, the outdoor heat can enter through the ticket gate and store
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temperature/°C

passage, and the temperature varies with the outdoor temperature. The average relative
humidity of the outdoor air during the summer was 50.4%. The average relative humidity
in the ticket hall and waiting rooms on the east and west sides was 60.5%, 63.0%, and 58.4%,
respectively. The relative humidity of the air does not fluctuate significantly, remaining
within 10%.
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Figure 4. Variations of indoor and outdoor air temperature and relative humidity in winter sea:
(a) Indoor and outdoor temperature (b) relative humidity.
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Figure 5. Variations of indoor and outdoor air temperature and relative humidity in summer season.
(a) Indoor and outdoor temperature; (b) relative humidity.

With the changes and fluctuations, the passengers felt slightly hotter during this time.
According to the “Indoor Air Quality Standard” (GB/T18883-2022) [40], the standard value
of air-conditioned room temperature in summer is 16~24 °C, and that of heating in winter
is 22~28 °C. The comparison shows that the indoor temperatures in winter and summer do
not meet the requirements.

2.3.3. Indoor Thermal Environment Evaluation

The waiting hall where passengers spend the longest time in a day was selected
to analyze the indoor thermal environment, using the International Organization for
Standardization ISO7730 as the evaluation standard, with an indoor air velocity of 0.1 m/s.
Based on the survey questionnaire results, the thermal resistance of passengers’ winter
clothing was taken as 1.5 clo, and the thermal resistance of summer clothing was taken as
0.5 clo. Considering that waiting passengers are in a sedentary state, the metabolic rate of
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the human body was taken as 1.0 met. According to the indoor thermal environment data
obtained from the test, the predicted average thermal sensation index PMV and predicted
percent dissatisfied (PPD) were calculated for the same time period.

As shown in Figure 6, the predicted average thermal sensation index PMV value
during winter season was between —1.75 and 0.75, with an average value of —1.23; the
predicted unsatisfactory percentage PPD value was between 30% and 70%, with an average
value of 39.13%. According to the “Evaluation Standards for Indoor Humidity and Heat
Environment of Civil Buildings” (GB/T 50785-2012), the indoor environment in winter met
the overall evaluation standard of level III, indicating poor thermal comfort, with more
than half of the passengers waiting for the bus feeling relatively cold.

PV - PWV
W PPD; = PPD)

L e i e B B S B B I I I I I L I B B I B B B L I I I I B I I I I I I I B I L I R

0.5

-
T

.
PPD/%

PPD/%
MV
-
.

Figure 6. Thermal comfort change in the waiting hall of Chengxi coach station between winter and
summer seasons. (a) winter; (b) summer.

The predicted average thermal sensation index PMV value during summer season was
between 0.4 and 1.3, with an average value of 0.90; the predicted unsatisfactory percentage
PPD value was between 5% and 35%, with an average value of 23.83%. The indoor PMV
value was slightly higher in summer, meeting the overall evaluation standard of level II,
indicating that over 75% of passengers felt comfortable. However, during some periods
from 1:00 p.m. to 5:00 p.m., the PMV value was high, and the indoor environment was
slightly hot.

2.4. Influencing Factors of Energy Consumption and Benchmark Models

The following section combines research findings to analyze the existing problems
and energy-saving potential of the Xi’an region’s automobile passenger transport stations.
The Xi’an Chengxi Passenger Transport Station is selected as the benchmark model in
the DeST-C software to simulate and establish a foundation for various energy-saving
renovation schemes.

2.4.1. Influencing Factors of Energy Consumption

Through the analysis of the results from the on-site research and testing mentioned
above, it was found that there are the following energy-saving problems in the coach station
in Xi’an: the low energy efficiency of the air-conditioning system results in energy waste
and high energy consumption and poor thermal insulation performance of the external
wall and roof, leading to excessively high or low indoor temperatures. Additionally, no
effective energy-saving measures have been taken, and the utilization rate of renewable
energy is not enough. For example, the bus station has a large roof area, but solar energy is
not fully utilized for power generation, etc.

The factors that affect the energy consumption of coach station buildings mainly in-
clude climate zone, construction age, enclosure structure condition, building orientation,
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cooling and heating equipment, indoor personnel density, etc., while the reconstruction of
existing coach station buildings is mostly envelope structure retrofitting [41-44], adding
energy-saving measures [45,46], etc. In response to these problems and with the aim
of reducing building energy consumption, combined with the geographical and mete-
orological environment of Xi’an area, the energy-saving strategy of coach stations was
analyzed by taking Xi’an Chengxi Coach Station as an example, including the use of high-
efficiency heat insulation materials for the building envelope to reduce heat loss and the
use of solar photovoltaic power generation and fresh air heat recovery to reduce building
power consumption.

2.4.2. Benchmark Models

A Xi’an Chengxi Coach Station was selected as the benchmark model, and energy
consumption simulation software, DeST-C, developed by Tsinghua University, was used to
develop the model, as shown in Figure 7. DeST-C is developed based on AutoCAD, and
its operation and interface are similar to CAD software, making it very user-friendly. The
software simulation results can be exported through Excel spreadsheets and visualized for
further analysis.

Figure 7. Three-dimensional building model drawing in DeST software.

Firstly, the actual information of the architecture of the coach station is used to build
a model. After the modeling is completed, specific model materials are set based on the
parameters of the building enclosure structure, including meteorological parameters, room
thermal disturbance, indoor and outdoor ventilation, etc. Then, building energy consumption
calculations can be performed, and the calculation results can be exported and viewed in
report form. Finally, based on the benchmark model, quantitative analysis of the impact of
different building materials or material thicknesses on building energy consumption can be
achieved by conducting building energy simulations after adjusting the global settings of the
building or replacing local building components with different materials.

The passenger station is located in Lianhu District, Xi’an City, Shaanxi Province. It
was built in 2001. The construction area is 9200 square meters, and the building faces
south. There are six floors in total; the first floor is the waiting hall and ticket hall area,
including lounges, offices, shops and foyers, etc.; the second floor is the pedestrian corridor
for passengers leaving the station; the third to sixth floors are hotel rooms and offices. The
building envelope parameters are shown in Table 4.
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Table 4. Envelope parameters.

Envelope Structure

20 mm cement mortar + 240 mm hollow brick + 20 mm cement

External wall .
lime mortar

Outside window Single-layer plastic steel window

20 mm cement mortar + 120 mm reinforced concrete precast
panel + 20 mm cement mortar + 50 mm cement expanded
perlite + 20 mm cement mortar

Roof

The air conditioning and lighting equipment in the building are turned on during the
bus station business hours, that is, from 8:00 to 20:00. The cooling period is set from May
to October, and the heating period is set from 15 November to 15 March of the following
year. Parameters such as indoor heat disturbance and the temperature settings are shown
in Table 5.

Table 5. Indoor thermal disturbance parameters.

Type Lounge Office Shop Corridor/Foyer Hotel Room
Calorific value per capita/(W/m?) 62 66 58 58 61
Humidity production per capita/(g/ (h-person)) 68 102 184 184 109
Fresh air volume/(m?3/ (h-p)) 30 30 20 20 20
Maximum light heat disturbance/(W/m?) 11 18 12 15 12
Maximum equipment heat disturbance/(W /m?) - 13 13 - 20
Indoor temperature in summer/°C 24-26 23-25 22-27 18-28 24-26
Indoor temperature in winter/°C 20-22 21-23 20-22 18-28 18-26
Relative humidity in summer/% 50-60
Relative humidity in winter/% 30-40

The hourly air conditioning load calculation results for the whole year are shown in
Figure 8.

thermal load(kw)

cooling load(kw)
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' l"1."1f'-I‘)l"ug['”al'[” |
Y
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—-200

—400
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-800

—1000

11 211 31 4/1 sn 6/1 m 81 91 101 111 121
Figure 8. Annual calculation results of the building’s heating and cooling load.

3. Energy-Saving Renovation of Enclosure Structure

The enclosure structure is an important component of the main body of a building,
and the material selection and performance of the enclosure structure directly affect the
indoor thermal environment and energy consumption of the building. The following
subchapter discusses the energy-saving renovation of the enclosure structure from three
aspects, external walls, windows, and roofs, and uses orthogonal experiments and economic
evaluation to analyze the optimal energy-saving solution.
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3.1. External Wall Insulation Improvement

External wall insulation is the main way to achieve energy-saving for the external wall.
Common forms of thermal insulation include the external thermal insulation of external
walls and internal thermal insulation of external walls. Considering the renovation of
existing buildings, in order to ensure that the indoor space is not reduced, external thermal
insulation of the external walls was selected. External wall insulation materials include
expanded polystyrene board (EPS), extruded polystyrene board (XPS), rock wool board,
polyurethane board, glass wool, etc. Among them, EPS has high compressive strength,
good stability, and a low price; XPS has good water resistance and low thermal conductivity
and is lightweight; rock wool board has strong fire resistance and low thermal conductivity.
Therefore, these three materials were selected as the research objects. The thickness of the
insulation board was used as a variable, and the selected range was from 20 to 120 mm.

As shown in Figure 9a, with the increase in the thickness of the insulation board,
the annual cumulative total load of the building decreased significantly. Meanwhile, the
calculation results show that the building’s annual cumulative heat load was reduced by
10.8%, 10.6%, and 11.5%, respectively, when using EPS board, XPS board, and rock wool
board as insulation materials. However, the building’s annual cumulative cooling load
increased by 2.13%, 2.11%, and 2.34%, respectively. The annual cumulative heating load
of the building decreased, while the annual cumulative cooling load increased. The rate
gradually decreased as the thickness of the insulation board increased. This was due to
the increase in the thermal insulation effect of the external wall, which led to the slowing
down of the accumulated heat loss in the building after the outdoor temperature decreased
at night in summer, which is similar to increasing the indoor heat disturbance, resulting in
an increase in the cooling load of the building the next day.
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Figure 9. Influence of different thickness of insulation materials on building energy consumption (1):
(a) Changes in energy consumption; (b) changes in energy-saving rate.

According to the results in Figure 9b, it can be seen that the three insulation materials
had good energy-saving effects. When the thickness was in the range of 0-90 mm, the
annual cumulative total load decreased significantly. The energy-saving rates for three
types of insulation materials used were 12.17%, 12.27%, and 11.76%, respectively. When
the thickness increased from 90 mm to 120 mm, the energy-saving rates only increased by
0.47%, 0.45%, and 0.59%. After the thickness of the insulation material reached 90 mm,
there was limited space for the energy-saving rate to rise, and the material cost continued
to increase. Therefore, it is advisable to choose 80 mm-thick EPS board and XPS board and
90 mm-thick rock wool board as the external wall optimization scheme.
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3.2. External Window Material

As the weak link of the thermal insulation of the external enclosure structure, external
windows have great energy-saving potential. By selecting different glass materials for the
outer windows and conducting energy consumption simulations for each type of glass
material, the annual cumulative load calculation results for the building are shown in
Table 6. Low-e glass can reduce the indoor and outdoor heat exchange while ensuring
indoor lighting due to its far-infrared filtering characteristics. Low-e glass costs more but
has better energy-saving effects. Low-transmittance, low-e film-coated glass windows had
the lowest energy consumption: the energy-saving rate reached 6.40%. The energy-saving
rate of high-transparency low-e insulating glass reached 5.82%. Considering the economy
of energy-saving optimization, low-transmittance, low-e film-coated glass windows and 6
mm + 12 mm air + 6 mm insulating glass windows were selected as the optimal solutions.

Table 6. Influence of window type on building load.

Annual Accumulative Energy-Saving

Type Total Load/kW-h Rate

Low-e hollow 6 + 9 + 6 (low permeability type) 1,037,282 6.40%
Low-e hollow 6 + 9 + 6 (high transparency type) 1,043,617 5.82%
Vacuum + Low-e glass (3 + 0.1 + 3) 1,046,767 5.54%
Vacuum glass 3 + 0.1 + 3 1,060,542 4.30%

6 mm + 12 mm air + 6 mm 1,059,880 4.36%

6 mm + 9 mm air + 6 mm 1,062,122 4.15%

3.3. Roof Insulation Improvement

The roof receives the longest and strongest exposure to solar radiation, and it is the
main channel for indoor-outdoor heat exchange in the top-level room. Therefore, the
thickness of the roof insulation layer should be greater than that of the external wall
insulation layer. However, the fire resistance of the insulation material is lower than that
required for the external wall. The essence of the roof insulation method is to add or replace
a new insulation layer on the basis of the original roof. After investigation, it was found
that the roof insulation layer in the Xi’an area did not suffer major damage and still had a
certain insulation effect. Therefore, a new insulation layer was chosen to be added above
the original roof. XPS board, rock wool board, and rigid polyurethane foam board (PUR)
were used as the roof insulation materials. The PUR board had good thermal insulation
and waterproof performance and a long service life. The material thickness range was
20~120 mm. The simulation results of each thickness are shown in Figure 10.
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Figure 10. Influence of different thickness of insulation materials on building energy consumption (2):
(a) Changes in energy consumption; (b) changes in energy-saving rate.
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As shown in Figure 10a, it can be seen that with the increase in the thickness of
the insulation layer, the cumulative total load of the building for the whole year was
significantly reduced. According to the results in Figure 9b, when the thickness of the
insulation board increased from 0 mm to 80 mm, the energy-saving rates of buildings using
PUR board, XPS board, and rock wool board increased by 8.92%, 8.58%, and 8.05%. PUR
board had the highest energy-saving rate. After the thickness of the material reached more
than 80 mm, the rising curve of the energy-saving rate tended to be flat, and the energy-
saving effect was limited, but the cost continued to increase. Thus, the energy-saving
effect of the XPS and PUR boards was better than that of the rock wool boards. Therefore,
considering the economy and energy-saving effects, 80 mm thick XPS board and 70 mm
and 80 mm thick PUR boards are the optimal solutions for the roof.

3.4. Orthogonal Experimental Design

In order to analyze the energy-saving effects under the joint action of different envelope
structure optimization schemes, orthogonal experiments were conducted on the external
walls, external windows, and roof, as shown in Table 7. Each factor has three levels, and the
energy consumption in the single-factor optimization is the lower basis for selection. A total
of nine energy-saving optimization schemes are designed, and the energy consumption
simulation of each scheme is simulated, as shown in Table 8. It can be seen in the results
that the building’s cooling and heating loads of each scheme decreased compared to the
benchmark model, and the average annual cumulative load energy-saving rate of different
schemes was 25.00%. Among them, scheme 12 has the best energy-saving effect, with an
energy-saving rate of 26.84%.

Table 7. Factor level settings for orthogonal test.

Level

External Wall Insulation External Window Material Roof Insulation
Improvement Improvement
80 mm XPS board Low-e hollow 6 + 9 + 6 (low permeability type) 80 mm PUR board
X1 Y Z;
80 mm EPS board Vacuum + Low-e glass (3 + 0.1 + 3) 70 mm PUR board
X2 Yo Zy
90 mm rock wool board 6 mm + 12 air + 6 mm 80 mm XPS board
X3 Y3 Z3

Table 8. Orthogonal test simulation results.

Annual

External Wall External Roof Annual Accumulative Annual Energy-
Scheme Insulation Window Insulation Accumulative Coolin Accumulative Saving
Improvement Material Improvement  Heat Load/kW-h Load IkV\% h Total Load/kW-h Rate
oa
1 X1 Y1 71 376,780.55 433,944.79 810,725.34 26.84%
2 X1 Y, Z3 374,201.42 458,422.60 832,624.02 24.86%
3 X1 Y3 Zs 379,959.12 466,495.38 846,454.50 23.62%
4 X5 Y, Z3 381,954.06 433,428.19 815,382.25 26.42%
5 Xo Y, Zy 374,337.12 457,924.82 832,261.94 24.90%
6 Xa Y3 VA 379,544.65 466,034.03 845,578.68 23.70%
7 X3 Y, Zs 382,429.24 432,710.07 815,139.31 26.44%
8 X3 Y, 71 374,235.05 457,219.02 831,454.07 24.97%
9 X3 Y3 Z3 384,946.61 465,143.74 850,090.35 23.29%

3.5. Economic Analysis

In order to select a scheme with both economical and energy-saving effects, an eco-
nomic analysis of the above nine energy-saving schemes was carried out, and the net
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present value (NPV) and static investment payback period of each scheme were calculated.
The formula for calculating the net present value is as follows:

n —t
NPV =) (CI—CO) - (1+1) 1)
t=1

where NPV—net present value, CNY; Cl—annual savings, CNY; i—discount rate, %;
t—service life, years.

By conducting research, the discount rate was set at 5%. The electricity fee in Xi’an was
0.62 CNY/kW:-h, and the material prices of the EPS, XPS, PUR, and rock wool insulation
boards were 420 CNY/m3, 600 CNY/m?3, 680 CNY/m?, and 750 CNY/m?, respectively.
The prices of the ordinary insulating glass (12 mm), low-transmittance, low-e glass, and
vacuum + low-e coated glass were 80 CNY/ m?, 190 CNY/m?, and 240 CNY/m?, respec-
tively. The service life is 15 years, and the annual income is assumed to be consistent.

The net present value and static payback period of each energy-saving scheme were
calculated, and P is the initial investment amount/annual income. The results of the net
present value and static payback period of each scheme are shown in Figure 11 and Table 9.
According to the results, it can be concluded that schemes 1, 4, 5, and 7 had large net
present values and short static payback periods, and the energy-saving rates among the
four schemes ere not much different, so schemes 1, 4, and 7 are all optimal schemes, among
which the energy-saving rate of scheme 1 was the highest at 26.84%.

T T
160 I net present value

140
120
100 N
80
60
40

20

net present value/(CNY/m’)

scheme

Figure 11. Net present value of nine energy-saving schemes.

Table 9. Static payback period of energy-saving scheme.

Energy-Saving Energy-Saving Rate Net Present Static Return on Investment
Scheme Value/CNY Period/Year
1 26.84% 1,365,672 2.97
2 24.86% 1,210,859 3.29
3 23.62% 1,107,574 3.55
4 26.42% 1,378,575 2.79
5 24.90% 1,248,268 3.08
6 23.70% 1,138,926 3.38
7 26.44% 1,317,305 3.13
8 24.97% 1,181,268 3.49
9 23.29% 1,054,848 3.79

4. Renewable Energy Utilization

Due to the strict environmental and operational requirements of new energy-saving
technologies in practical applications, as well as the high cost of using renewable energy
equipment and technology, the utilization of renewable energy in automobile passenger
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transportation stations has not yet matured, become widespread, or been universally ap-
plied. Improving the energy form and increasing the use of clean energy is an important
way to improve the energy consumption structure of existing automobile passenger trans-
portation stations. The following subchapter focuses on the study of two aspects: the use
of roof solar photovoltaic power generation and new air heat recovery.

4.1. Roof Photovoltaic Energy-Saving Design

According to the survey findings, it was discovered that the roofs of the buildings at
the coach stations in Xi’an area have large areas of idle space, aside from the placement
of outdoor air conditioning units. The unsheltered rooftop space is the optimal choice for
installing solar photovoltaic equipment that the building can support. The annual sunshine
duration in Xi’an is 2200~3000 h, and the annual solar radiation is 5016~5852 MJ /(m?-a).
The separated photovoltaic roof was selected for the energy-saving design of the existing
coach station, and the photovoltaic system was integrated into the public grid for operation.
Autodesk Ecotect software was used to simulate the annual solar radiation on the outer
surface of the area where the target building is located, and the obtained 3D color map of
solar radiation is shown in Figure 12. Based on the distribution of solar radiation shown
in the figure, it can be seen that the roof receives the most annual solar radiation per unit
area on the outer surface of the building. A polysilicon power generation system with
higher power generation efficiency is selected for the photovoltaic system on the roof of
the building, and the photoelectric conversion efficiency is 15%.

51y Wl Night Time
20% B 4~158

(b)

Figure 12. (a) Total solar radiation range at all times throughout the year in Xi’an region; (b) Three-
dimensional annual solar radiation map of building surface.

Using Pvsyst software to simulate and calculate the polysilicon photovoltaic system,
set the azimuth of photovoltaic array as 0°, and install it in the due south direction, the
optimal installation inclination of photovoltaic panel is 25°; the annual power generation
of the photovoltaic system was 169,057 kW-h; and the range of solar light available for
photovoltaic modules under different solar elevation angle and solar azimuth angle are
shown in Figures 13 and 14. The power generation of photovoltaic systems varies with
different regions, temperatures, and installation inclinations. The comparison shows that
the peak periods of power generation are concentrated in April, May, June, July, and August,
and the power generation in July is the largest. Considering the attenuation of photovoltaic
modules, the attenuation rate was set as 2% for the first year; the average attenuation rate
from 2nd to 25th year was 0.72%; the total attenuation rate for 25 years was 20%; and the
total power generation of photovoltaic system for 25 years was 3,826,130 kW-h. The annual
power generation is shown in Table 10.
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Figure 14. Range of solar light available for photovoltaic modules.
Table 10. Annual power generation of photovoltaic system over 25 years.
Year Power Year Power Year Power
Generation/(kW-h) Generation/(kW-h) Generation/(kW-h)
1 169,057 10 156,463 19 145,665
2 166,701 11 155,215 20 144,473
3 165,424 12 154,023 21 143,267
4 164,148 13 152,831 22 142,075
5 162,858 14 151,639 23 140,883
6 161,582 15 150,447 24 139,677
7 160,306 16 149,241 25 138,485
8 159,015 17 148,049
9 157,739 18 146,857

The net income in the life cycle of the photovoltaic system is the difference between
the total power generation income of the photovoltaic system and the total investment cost
in 25 years.

The power generation income W in the 25-year life cycle is

W=[(B+D)xQx5+D xQ x20] ()
The total investment cost Z is

Z=71+2y+ 73 3)
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The static payback period T is

Zq

T:W—Z 4)

where B is the photovoltaic subsidy price of Xi’an, which is 0.1 CNY/kW-h for 5 consecutive
years; D is the electricity price of Xi’an; and Q is the annual photovoltaic power generation.
Z1 is the initial investment cost of the photovoltaic system; Z; is the maintenance cost during
system operation; and Z3 is other costs, such as inverter maintenance and replacement.
The calculation results of the main economic parameters are shown in Table 11. Combining
the various costs, the payback period of investment was 5.61 years, and the total power
generation income of the photovoltaic system is

W =169,057 x (0.62 + 0.10) x 5+ 169,057 x 0.62 x 20 = 270.49 million CNY

Table 11. Main economic parameters of photovoltaic system.

Annual Power Life Initial Investment/ Annual Maintenance  Other Expenses/
Generation/kW-h Cycle/year 10,000 CNY Cost/10,000 CNY 10,000 CNY
169,057 25 203.53 2.60 23.85

4.2. Fresh Air Heat Recovery

Due to the large number of passengers transported daily at the coach station and the
high density of people in the indoor waiting halls and ticket halls, mechanical ventilation
is required to ensure fresh air volume for the indoor personnel. According to on-site
investigations, it was found that the fresh air load of the coach station building can account
for 40% to 70% of the total load. The use of a fresh air heat recovery system can preheat or
precool the fresh air in summer and winter, as well as prehumidify or dehumidify it, thus
reducing the energy consumption of the air conditioning system when handling fresh air.
Both total heat and sensible heat recovery devices were used for the target buildings, and
the two types of energy savings were calculated using the annual hourly dynamic calcula-
tion method. The year-round outdoor meteorological data for Xi’an were retrieved from
the “China Building Thermal Environment Analysis Meteorological Dataset”, including
outdoor air temperature and enthalpy, as shown in Figure 15.
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Figure 15. Annual parameters of outdoor air temperature and outdoor air enthalpy in Xi’an.

Due to the additional fan energy consumption caused by the resistance of the heat
recovery module after the fresh air heat recovery system is started, this part of the energy
consumption increment should be subtracted from the energy saving. When the net energy
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saving is greater than 0, the energy saving of the fresh air heat recovery system will be
calculated. Using the calculation formula, the conditions when the net energy-saving rate
is greater than 0 are shown in Table 12.

Table 12. Effective energy-saving conditions for fresh air heat recovery system.

Type Summer Winter
Sensible heat recovery tw > 26.85 °C tw < 18.15°C
Total heat recovery hw > 57.36 kJ/kg hw < 35.72 kJ/kg

The formula for calculating the net energy saving is

_ Geppr & B
Wt = 3600 x COP l.;'hw‘h"‘ Wihi ®)
W, = OEPTCP th — t| — Weh ©)
73600 x COP =" ™" s
Wf _ (GF + Gp)-AP %

3600 x @ x 1000

where W; and W; are the net energy saving of total heat and the sensible heat recovery,
kW-h; Wy is the increase in fan energy consumption due to the resistance from the heat
recovery module; /i; and h; are the opening time of the heat recovery device, I1; I, and hy,
are the enthalpy values of the indoor and outdoor air, K] /kg; t, and t;, are the temperatures
of the indoor and outdoor air, °C; p is the air density, and the value was 1.29 kg/ m?;
Cp is the mass specific heat capacity of the air at constant pressure, and the value was
1.005 kJ/(kg-°C); G and Gr are the exhaust air volume and fresh air volume, m3/h; 1t is
the heat recovery efficiency of the total heat recovery device, which was 70% according to
the standard; 75 is the sensible heat recovery device efficiency, which was 75%; AP is the
resistance of the heat recovery section, and had a value of 250 Pa; ¢ is the efficiency of the
fan and had a value of 0.75; the COP of the air conditioning system had a value of 3.0.
The indoor temperature and humidity parameters were 20 °C, 40% in winter and
25 °C, 50% in summer. According to the calculation formula, the net energy saving in
winter and summer is 37,273.77 kW-h and 10,525.15 kW h, respectively, when using the
total heat recovery device. When recycling the device, the net energy saving in winter and
summer is 27,697.52 kW-h and 1635.73 kW-h. The economic efficiency of the heat recovery
device is judged according to the static investment payback period, and its calculation

formula is

I
€= MW ®)

where C is the static payback period, a, and I is the initial investment cost of the fresh air
heat recovery system. The fresh air full heat recovery module was 11 CNY/(m3/h), and
the sensible heat recovery was 8 CNY/(m3/h). W is the annual energy saving, kW-h, and
M is the electricity price in Xi’an, which was 0.62 CNY/kW-h.

The calculation result shows that the payback period for using the total heat recovery
device was 2.09 years, while the payback period for the sensible heat recovery device was
2.97 years. Xi'an is located in a cold region where the winter time is longer than the summer
time. The energy-saving effect of the heat recovery device in winter is significantly better
than that in summer. As the total heat recovery device can simultaneously recover both
the sensible heat caused by the temperature difference between the indoor and outdoor air
and the latent heat caused by the moisture content, its energy-saving effect of the total heat
recovery device is better than that of the sensible heat recovery device.
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5. Conclusions

Through an on-the-spot investigation and indoor thermal environment tests of a
highway bus station in the Xi’an area, the existing problems of the bus station in this area
were analyzed. Based on simulation models, the energy-saving potential of the passenger
bus station was studied from two aspects of the envelope structure and the utilization of
renewable resources, and the following conclusions are drawn.

(1) The coach stations in the Xi’an area were built earlier as a whole; the majority of
passenger stations were built before the year 2005; and the thermal performance of
the building envelope structure does not meet the requirements of the new energy-
saving design standards for public buildings. The annual comprehensive energy
consumption is 46.68~89.58 kW-h/(m?-a). The average indoor temperature of the
indoor waiting hall area in winter and summer is 10.9 °C and 28.3 °C, both of which
do not meet the standards for indoor environmental quality, with a requirement of
22-28 °C during summer and 16-24 °C during winter. The results show that there
are energy waste and high energy consumption problems in the coach stations in the
Xi’an area; while energy consumption measurements for various systems are lacking,
the potential for energy efficiency in buildings is significant.

(2) Through the simulation of different thicknesses of external wall and roof insulation
materials and building energy consumption under external window glass materials, it
was found that with an increase in the insulation material thickness and the improve-
ment of insulation materials, the energy-saving rate increased significantly, but the
upward of the energy-saving rate change curve gradually tended to be flat. DeST-C
software was used to calculate the building energy consumption of different material
combinations. The energy-saving rate and net present value were combined, and the
best enclosure structure combination was selected, that is, the external wall adopting
80 mm XPS external insulation, the external window glass adopting low-e film-coated
insulating glass (6 + 9 + 6) (low permeability type), and using 80 mm PUR board for
the roof insulation. The energy-saving rate of this scheme is 26.84%.

(3) The solar photovoltaic power generation system can effectively utilize the large-area
roof space of the passenger station. Taking Chengxi Coach Stations as an example,
the annual power generation is 169,057 kW-h, and the investment payback period is
5.61 years.

(4) Using a heat recovery device to pre-treat fresh air is also an effective measure to reduce
energy consumption. The energy-saving effect of using total heat recovery is better
than sensible heat recovery; the annual energy savings can reach 47,798.92 kW-h; and
its investment payback period is less than 2.97 years.
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