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Abstract: As a critical transportation infrastructure, with a high flow of people and high-energy
consumption in China, coach stations have great potential in energy saving and CO, emission
reduction. In this paper, the building information and energy consumption data of 29 coach stations
in five climate regions of China were obtained by field investigations. The annual total comprehensive
building energy consumption was 31.37-128.08 kWh/(m?-a). The annual total CO, emissions from
building operation in the coach stations was 17.01-134.77 kgCO,/(m?-a). The heating, ventilation and
air conditioning (HVAC) system was the largest energy using and CO, emissions sector: 30.42-72.47%
of the energy consumption and 30.42-83.93% of the CO, emissions were generated by HVAC system.
The energy consumption and CO, emission level of coach stations and that of other kinds of public
buildings were compared. Results showed that the energy consumption and CO, emission levels
of coach stations investigated were relatively low, mainly because the passenger thermal comfort
was scarified. Based on the investigation data, energy consumption analysis models of coach
stations in five regions were established by simulation when the passenger thermal comfort was met.
The potentials of energy saving and CO, emission reduction were studied from forms of the HVAC
system, heat recovery and natural illumination.

Keywords: coach station; energy consumption; CO, emissions; energy saving; emission reduction

1. Introduction

As the second-largest energy consumer and the largest CO, emitter, China faces great challenges
in energy saving and emission reduction [1,2]. According to the “13th Five-Year Comprehensive
Work Plan for Energy Saving and Emission Reduction” in China, by 2020, the annual total energy
consumption per 10,000 yuan of the Gross Domestic Product (GDP) should be reduced by 15%.
In addition, the CO, emission intensity in 2020 should be reduced by 40-45% [3]. For these purposes,
as the two major energy-using and emission sectors, the transportation and building industry have
been regarded as priorities of energy saving and emission reduction by the government [4,5]. In the
transportation industry, highway passenger transportation takes up a pivotal role [6]. From 2010 to
2017, the mileage of highway constructed in China has increased by 20%. At the end of 2017, the annual
passengers of highway transportation reached 14.57 billion people, which took up 80% of the total;
moreover, the revenue passenger kilometers exceeded 976 billion person—kilometers [7]. With the
development of highway passenger transportation, the number of coach stations has increased rapidly
in recent years, and will increase by at least 50% in the next few years [8]. As large transportation hub
buildings for passengers to rest and wait for coaches, coach stations are both important infrastructures
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for highway passenger transportation and large public buildings in the building industry, which
have higher occupancy, higher energy consumption, and CO, emissions than other kinds of public
buildings. Moreover, most of the coach stations in China were built 10-20 years ago; the heat insulation
performance of the building envelope is poor, since the earlier energy saving design standards were
followed. The energy efficiency level of HVAC (Heating, Ventilation and Air Conditioning) equipment
is low, resulting in high-energy consumption and CO; emissions from the building operations of coach
stations. Therefore, it is urgent for the government to understand the status and structure of energy
consumption and the operating conditions of equipment in the stations in order to realize the targets
of energy saving and CO, emission reduction. Because of the large space, high window-to-wall ratio,
large demand of fresh air, and different operation strategies, the energy consumption structure and
CO; emission levels of coach stations are different from other kinds of public buildings, indicating
that energy saving measures and emission reduction should be studied based on the characteristics of
coach stations.

Related research on energy consumption of coach stations were mainly qualitative analyses on
influencing factors and establishment of energy consumption assessment systems. Eighteen influencing
factors of the energy consumption of coach stations were analyzed by analytic hierarchy processes
with group decisions; the weights of each factor were then calculated and ranked to determine the
evaluation indices [9]. For establishing green coach station assessment systems, seven evaluation
indices, concerning energy saving, water saving, and operation were selected [10]. Research on
quantitative analysis of energy consumption of coach stations was not abundant. Based on the
questionnaire, concerning the investigation of coach stations in five climate regions of China, the values,
20% above and below average total energy consumption per 100 passengers of each region, were
selected as common (and excellent) indicators of energy consumption assessment, respectively [6].
There have been few studies focused on energy consumption structure and energy saving analysis of
coach stations compared with other types of public buildings.

Most research on the energy consumption of public buildings was based on detailed field
investigations on energy consumption of each energy-using sector. The annual total energy consumption
of airport terminals and railway stations was 206.3 and 115.7 kWh/(m?-a), respectively [8]. The sub-item
annual power consumption of eight railway stations in different climate regions in China were obtained,
results showed that the HVAC system was the largest energy-using sector. The energy saving potential
was analyzed from climate characteristics, natural lighting, and natural ventilation [11]. It was indicated
that more than 40% of the total energy consumption was expended by air conditioning systems for
airport terminals in China [12]. Energy consumption data of 29 airport terminals in Greece were
obtained; comparison of energy consumption levels was conducted between airport terminals and
other types of public buildings. The energy conservation potential was analyzed on three airport
terminals, among them, in detail, around the premise that indoor environmental quality was met [13].

The energy saving potential of the public buildings were mainly studied on the HVAC
system [14,15] and lighting system [16,17]. Energy saving effect under different forms of air conditioning
systems, lighting power, and heat transfer coefficient of the envelope was studied by simulation,
based on energy consumption data of public buildings in Tianjin [18]. According to the benchmarking
index system established by H. Li, et al. [19], the energy saving measures were developed mainly from
reasonable ventilation cooling load and improvement of air conditioning system energy performance.

The vehicle exhaust and the building operation are the main sources of CO; emissions in coach
stations. Research of the vehicle emissions in transportation terminals was most concentrated on
pollutant emissions of vehicle exhaust and its negative effects on the indoor environment of the
terminals [20,21]. According to research on a coach station with 30,000 daily passengers in cold region
of China, annual pollutant emissions (CO and PM2.5) from vehicle exhaust were 0.43t/a in the coach
station [22]. In a coach station, in a hot summer and cold winter region in China, the CO, emissions
from building operations accounted for 47.25% of the total CO, emissions [23]. It is indicated that
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the CO, emissions from building operations are the critical part of the total CO, emissions in the
transportation terminals.

Research on CO, emissions from the building operation in other kinds of public buildings were
abundant. The CO, emissions of the public buildings are mostly calculated by using CO, emission
factors of each energy type, based on the investigation results of the energy types and quantities used
in the buildings. The CO, emission intensity of all kinds of public buildings were 51 kgCO,/(m?-a) on
average in China in 2020, excluding the CO, emissions of heating in northern cites [24]. The HVAC
system and lighting system were the two largest parts of CO, emissions for building operations [25].
More than 30 measures and strategies of CO, emission reduction in commercial buildings were
summarized in [26], half of which were related to the HVAC system and lighting system. Moreover,
there was a positive correlation between CO, emissions and energy consumption, indicating that the
measures of CO, emission reduction and energy saving can complement each other.

In this paper, the energy consumption and CO, emissions from building operations in coach
stations were investigated and analyzed. The potentials of energy saving and CO, emissions reduction
were studied, which fills in the gap in the energy consumption and CO, emissions data of coach
stations in China and provides data support for energy saving and CO, emission reduction of various
transportation hub buildings. Twenty-nine coach stations in five climate regions of China were
investigated. Detailed information of building instruction, HVAC systems, energy consumption, and
CO; emissions were obtained. Energy consumption and CO, emission levels of coach stations were
compared with that of other kinds of public buildings. Thermal environment tests were conducted in
waiting halls of three coach stations in the hot summer and warm winter, severe cold, and cold regions.
According to the field investigation data, energy consumption analysis models of coach stations in five
climate regions were established by simulation when the passenger thermal comfort was met, then
the annual energy consumption and CO, emissions were analyzed. The potentials of energy saving
and CO; emissions reduction of coach stations were studied from forms of the HVAC system, heat
recovery, and natural illumination.

2. Energy Consumption Investigation

2.1. Basic Information

Field investigation was conducted on 29 coach stations in five regions, including the severe
cold region, cold region, hot summer and cold winter region, hot summer and warm winter region,
and mild region of China, as shown in Figure 1 [27]. The climate regions are divided based on the
average temperature in the coldest and hottest month. The thermal performance of the buildings
should meet the requirements for each climate region. In severe cold and cold regions, the average
temperature of the coldest month is below 0 °C, and the average daily temperature for more than 3
months is less than 5 °C. Therefore, the heating in winter must be ensured, while the air conditioning
in summer is mainly considered in some areas of a cold region. In hot summer regions, the average
temperature of the hottest month is above 25 °C, indicating that the heat protection in summer is of
vital importance. The heating in winter is generally not considered in hot summer regions because the
average temperature of the coldest month is above 0 °C. Due to the comfortable climate and relatively
small annual temperature range, the heat protection of the buildings in the mild region can be ignored.
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Figure 1. Climate regions of coach stations investigated.

The investigation on coach stations included the following four aspects: (a) basic information
about building construction, including building age, area, and envelope parameters, etc.; (b) operation
information, including annual passengers and operating time, etc.; (c) energy bills, including categories
of energy used in the station and the monthly and annual energy consumption; (d) information of
lighting and electrical equipment, especially in a waiting hall, office room, and equipment room. Coach
stations in China usually have two or three floors. External walls of coach stations investigated mainly
use glass curtain walls. The coach stations are open all year round with an average operating time of
11 hours per day, and the annual passengers are about 1.14 million people. Due to the high frequency
of departures and long operating times, the density of people in coach stations is high; hence, HVAC
systems are of particular importance to ensure the indoor environment. Detailed information about
annual passengers, building areas, and HVAC systems of coach stations investigated are listed in
Table 1. In the severe cold region, the forms of heat sources are all district heating; the heating systems
are mainly radiators and radiant floor heating systems. The air-conditioners are rarely equipped; the
waiting halls of these stations are only ventilated by electric fans in the summer. In the cold region,
centralized air conditioners are used for air conditioning and heating in most stations. However,
heating systems are seldom operated in winter in some coach stations of the cold region. In hot summer
regions, only equipment for air conditioning are installed. Centralized air-conditioners are mainly
used in the waiting halls and split air-conditioners in the office rooms. In the hot summer and cold
winter region, the cold sources used in the coach stations are various. In the hot summer and warm
winter region, only water-cooled chillers and split air-conditioners are used as the cold sources in the
coach stations. There are no HVAC systems equipped in coach stations of mild regions because of the
comfortable climate conditions.
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Table 1. Information of coach stations.

50f 20

Annual

Station Passengers Bulldng Cold Source Heat Source Air Conditioning Heating Form
3 Area (m?) Form
(10° People)
Centralized air Radiant floor
S01 2555 18,290 Water-cooled chiller District heating i heating system &
conditioner X
Radiator
Direct-fired lithium . . .
S02 2886 6800 bromide absorption District heating Centra.ll.zed ar Rac!lant floor
. conditioner heating system
chiller-heater
. . Electric fan and Radiator & Radiant
S0 1379.8 16,061 B District heating Split air conditioner  floor heating system
S04 453.7 2250 - District heating - Radiant floor
heating system
S05 684 9876 - District heating Electric fan Radiator
506 879 6088 Split air conditioner  District heatin Electric fan and Radiator and
P 8 Split air conditioner Electric heater
s07 535 2500 - District heating Electric fan Radiant floor
heating system
508 316 6500 Direct-fired llth{um bromide absorption Centralized air conditioner
chiller-heater
509 554 6600 Ground source heat pump Centralized air conditioner
S10 200 13,000 Variable Refrigerant Volume (VRV) VRV
S11 58.8 2430 Split air conditioner EleFmC far} & Split Split air conditioner
air conditioner
S12 123.5 1922 Split air conditioner Gas fired boiler Elef:tnc far} & Split Radiator
air conditioner
S13 20 4800 Split air conditioner Split air conditioner  Split air conditioner
Fan coil unit (FCU)
S14 1391 14,791 Air-cooled chiller - and Split air -
conditioner
S15 4510 20,000 VRV - VRV -
16 3778 2850 Ground source heat _ Centra}lged air N
pump conditioner
s17 14212 363883  Water-cooled chiller - Centralized air -
conditioner
Centralized air
S18 1405.5 15,361.4 Air-cooled chiller - conditioner and -
FCU
Centralized air
S19 957.3 16,969.19 Water-cooled chiller - conditioner and -
FCU
Centralized air
S20 327.2 6500 Water-cooled chiller - conditioner and -
FCU
s21 14138 746 Split air conditioner - Electric fan and -
Split air conditioner
522 7.9 677.26 Split air conditioner - Split air conditioner -
Centralized air
S23 1405.5 6100 Water-cooled chiller - conditioner and -
Split air conditioner
524 796.2 1800 Split air conditioner - Split air conditioner -
s25 76 914 Split air conditioner - FCU and Split air -
conditioner
526 2616.3 7486.08 - - - -
S27 2490.5 7152 - - - -
528 2860 6000 - - - -
529 1640.4 5129.1 - - - -

2.2. Energy Consumption and CO, Emissions

Various types of energy consumption consumed in coach stations are converted to equivalent
electricity consumption, according to GB/T 34913-2017 [28]. The CO; emissions from building
operations in coach stations are calculated by Equation (1) [29].

CM = Z E;EF; 1)

where CM is annual total CO, emissions (tCOj), E; is the consumption of the ith energy type (t, m3
or GJ), EF; is CO, emission factor of ith energy type (tCOy/t, tCO,/m3, or tCO,/GJ), i is the number
of energy type. Since the main forms of energy used in coach stations investigated are natural gas,
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municipal hot water, and electricity, the CO, emission factor of each energy type is introduced as
Equations (2) and (3).

Y. FCiEFco,,
EF,, = ————=— 2
EF, = (EFgyiq.0m + EF grid ) /2 3)

where EF,, is CO, emissions factor of municipal hot water (tCO,/GJ), FC; is the consumption of ith
energy type for heating in 2017 (t or 10*m?), EFco,, is CO; emission factor of ith energy type (tCO,/t
or tCO,/10*m3), HG is the heating capacity of heating system in 2017 (10'%k]), i is number of energy
type, EF, is CO; emissions factor of electricity (tCO,/kWh), EFg;ig,0Mm is operating margin emission
factor (tCO»/kWh), EFg,ig gy is build marginal emission factor (tCO,/kWh). The CO, emission factor
of natural gas can be obtained from [30].

The annual total comprehensive energy consumption and CO, emissions per unit area are shown in
Figure 2. The annual average comprehensive energy consumption is 79.03, 58.21, and 39.51 kWh/(m?-a)
in severe cold and cold regions, hot summer regions, and mild region, respectively. The HVAC system
is the largest energy-using part in coach stations, which takes up 30.42-72.47% of the total energy
consumption. In the severe cold region, the energy consumption of heating systems is 53.49 kWh/(m?-a)
on average, which takes up 62% of the total energy consumption. The energy consumption of air
conditioning systems is 4.91 kWh/(mZ-a), which is 61.5% lower than that in the cold region, because
the air-conditioners rarely operate in the coach stations of the severe cold region. In the cold region,
the heating energy consumption intensity is relatively low because heating devices are not opened
in some stations in winter. In the hot summer and warm winter region, the air conditioning energy
consumption is 24.75 kWh/(m?-a) on average, which is 33.5% higher than that in the hot summer
and cold winter region. Compared with severe cold and cold regions, the air conditioning energy
consumption in hot summer regions is 1.3 times higher. In the mild region, there is only energy
consumption of lighting and electrical equipment; hence, the average total energy consumption is only
half of that in other regions. The lighting energy consumption intensity of coach stations varies from
0.7 to 23.24 kWh/(m?-a) in different regions. For severe cold regions and hot summer and cold winter
regions, average lighting energy consumption is only 2.23 and 3.83 kWh/(m?-a), mainly because the
average operating time of lighting system is no more than 6 hours, and the lighting utilization rate
is low.

The annual total CO, emission intensity of building operations in coach stations investigated is
between 17.01 and 134.77 kgCOz/(mz-a). It can be seen that the CO, emissions are positively related to
energy consumption. The CO, emissions of the HVAC system takes up 30.42-83.93% of the total CO,
emissions in the coach stations, indicating that the HVAC system is also the largest CO, emissions
sector. In severe cold regions, the CO, emissions of heating systems are 97.35 kgCO,/(m?-a), which is
4 times higher than that in cold region. In hot summer regions, the CO, emissions of air conditioning
systems are around 13 kgCO,/(m?-a) on average, which is 68.7% than that in severe cold and cold
regions. In the mild region, the annual total CO, emissions of the coach stations are all at low levels,
with an average of 21.39 kgCO,/(m?-a). In addition, the annual average CO, emissions per passenger of
building operations in the coach stations investigated are 0.32 kgCO,/(capita-a), which are 11.37% lower
compared with the CO, emissions per passenger of vehicle exhaust in the coach station mentioned
in [23]. It is indicated that the CO, emissions from building operations account for about 42% of the
total CO, emissions in the coach stations investigated.
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Figure 2. Energy consumption and CO, emissions of coach stations investigated in five regions.

The comparisons of energy consumption and CO, emissions between coach stations and other
kinds of public buildings are conducted, which focus on severe cold, cold, and hot summer regions
in China, as shown in Figure 3 [31-34]. The total energy consumption intensity of coach stations is
much lower than other types of public buildings, even 25% less than that of office buildings. Moreover,
the total energy consumption intensity of coach stations is nearly 60% lower than that of railway
stations and airport terminals, which are also large transportation hub buildings. In addition to low
energy consumption levels, the energy consumption structure of coach stations is quite different from
other kinds of public buildings. The ratio of lighting energy consumption is 13% in coach stations, while
it is more than 30% in other kinds of public buildings with higher indoor illuminance requirements.
The ratio of energy consumption of electrical equipment in coach stations is 37%, which is higher
than other kinds of public buildings, mainly because there are all kinds of electrical equipment with
large quantities and stable energy consumption throughout the year in the coach stations, such as
security check devices, elevators, electrical water heaters, and office equipment. In severe cold and
cold regions, the heating energy consumption of coach stations is 33.27% less than that of railway
stations. The air conditioning energy consumption of coach stations in hot summer regions is about
80% lower than that in railway stations and airport terminals. The CO, emissions of coach stations are
also at low levels because of the relative low energy consumption. The CO, emission intensity of coach
stations is 43.51 kgCOz/(mz-a), which is 32% lower than the average level of public buildings in China.
Compared with airport terminals and railway stations, the CO, emissions intensity of coach stations is
60% lower. According to the investigation results and the comparison above, it can be concluded that
the energy consumption and CO, emission levels of HVAC systems in coach stations are relatively low,
which can be explained by the quite low installation and utilization rate of related equipment. In the
circumstances, thermal environment tests were conducted on waiting halls of coach stations to study
whether thermal comfort met the basic requirements of passengers.
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Figure 3. Energy consumption and CO, emissions of public buildings in five regions. Notes: SC means
severe cold region, C means cold region, HC means hot summer and cold winter region, and HW
means hot summer and warm winter region.

2.3. Thermal Environment Tests

501, S08, and S19 were selected as the representative stations to conduct thermal environment
tests in the summer in the severe cold region, cold region and hot summer and warm winter region,
respectively. The indoor and outdoor temperature and relative humidity were tested by temperature
and humidity recorder (measurement range: —40-70 °C +0.1 °C, 0-100%RH +1%RH). The air velocity
was tested by a hot-wire anemometer (measurement range: 0-50 m/s £0.015 m/s). The indoor and
outdoor thermal environment parameters of these stations during the testing period are shown in
Table 2. The passenger thermal comfort was investigated by questionnaire, the American Society of
Heating Refrigerating and Airconditioning Engineer (ASHRAE) 7-point scale of thermal sensation was
used to measure passenger thermal sensation.

Table 2. Indoor and outdoor environment parameters.

Indoor Outdoor
; Air Relative Mean Air Relative
Station g Radiant Air Velocity g
Temperature Humidity Temperature Humidity
A o Temperature (m/s) A o
QO (%) o Q) (%)
Q)

S01 28.6 51 30.3 0.08 27.1 46

S08 26.8 66 27.8 0.07 31.9 58

S19 27.3 73 26.5 0.06 32.5 72

The influences of both indoor air temperature and mean radiant temperature on passenger thermal
comfort are considered in the operative temperature. The operative temperature can be calculated as
the following equations:

fo=atg+ (1-a)k, 4)
0.08(tup + taown) + 0.23(trignt + trest) + 0.35(t front + toack)
b= 1.32 ®)

where ty (°C) is operative temperature, f, (°C) is indoor air temperature, f, (°C) is mean radiant
temperature, « is air velocity related factor, which is 0.5 when indoor air velocity is 0-0.2 m/s, 0.6
when indoor air velocity is 0.2-0.6 m/s, 0.7 when indoor air velocity is 0.6-1.0 m/s, « is 0.5 in this
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paper according to the air velocity measurement results, tup, taown, trights tiefts t fronts toack(°C) are the
wall temperatures in the test area, which were tested by infrared thermometer (measurement range:
—40-800 °C +1.0 °C). Combined with the results of passenger thermal sensation votes, the linear
relationship between operative temperature and mean thermal sensation (MTS) can be obtained.
The thermal neutral temperature, which represents the temperature when the passengers just feel
thermal comfort (MTS = 0), is calculated as 27.7 °C, 28 °C and 26.4 °C in S01, S08, and S19, respectively.

Results show that in the severe cold region, the average thermal sensation votes are 0.66 in S01,
which is beyond the comfort range of —0.5-+0.5. The thermal neutral temperature of S01 is less than
the average operative temperature, indicating that the waiting hall is warm. In addition, the indoor air
temperature of S01 is even higher than outdoor air temperature, which indicates that it is necessary to
open the air-conditioners to meet the passenger thermal comfort. The similar results are shown in hot
summer and warm winter regions. As shown in Figure 4, 25.71% of passengers feel warm in 519, and
the thermal neutral temperature is less than the average operative temperature. In the cold region,
the passengers who feel neutral in S08 account for 65.71%, the average thermal sensation votes are
within the comfort range, indicating that the passengers in S08 are mostly comfort. However, the air
conditioning energy consumption intensity of S08 is the largest among the coach stations investigated
in the cold region, which is around two times of the average energy consumption of these coach stations.
As a result, the thermal comfort of passengers in other stations with lower energy consumption of air
conditioning systems cannot be ensured to a largely extent. Overall, the energy consumption level
of coach stations is low because the passenger thermal comfort is sacrificed. Therefore, the energy
consumption analysis models of coach stations should be established to show the actual energy
consumption when the thermal comfort is met.

80%

g S0l
= 70%

g S08
2 60% I S19
=

=

5 50% f

S 40%

[

2

g 30%

S

o

8 20% f
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0%
Cold Cool  Slightly cool Neutral Slightly warm Warm Hot

Figure 4. Passenger thermal sensation in waiting hall.

3. Energy Consumption Simulation Analysis

Based on the field investigation data, the energy consumption analysis models of coach stations
in five regions are necessary to be established by simulation when the passenger thermal comfort is
met, the annual energy consumption and CO, emissions are analyzed. The potentials of energy saving
and CO, emission reduction of coach stations were studied from forms of the HVAC system, heat
recovery, and natural illumination. The eQUEST (the Quick Energy Simulation Tool) is used to establish
the energy consumption models and conduct the energy consumption simulation. By inputting the
parameters of weather data and the building envelope, the load of the building can be calculated. Then,
according to the indoor thermal disturbance parameters, indoor air design temperatures and HVAC
system forms, the energy consumption of the building throughout the year can be calculated.
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3.1. Energy Consumption Analysis Model

3.1.1. Building Description

The architectural appearance of the coach stations is shown in Figure 5. The building area of the
station is 5400 m?. The ground floor includes waiting hall and ticket lobby, and the second floor is for
office. The daily operating time is from 6:00 to 17:00. The parameters of lighting, electrical equipment,
and occupancy are shown in Table 3 and Figure 6. The indoor design temperature is set as 18 °C
in winter and 26 °C in summer to meet the basic thermal comfort of passengers in coach stations.
Five cities are selected as the representatives of different regions; related information is listed in Table 4.
The supply and return water temperature of the water-cooled chiller is 7/12 °C in the first four regions,
and that of the gas fired boiler is 75/50 °C and 55/45 °C for the severe cold region and cold region,
respectively. The fresh air volume is set as 30 m3/(capita-h) in office rooms and 10 m3/(capita-h) in
waiting halls.

Exterior walls

Roofs

Window type 1

Window type 2

Door type 1

S,

Figure 5. Architectural appearance.

Door type 2

Skylight

OEONEEO

Table 3. Occupancy, lighting and electrical equipment power density.

Lighting Power Density =~ Power Density of Electrical Area Per One Person

Type of Room (W/m2) Equipment (W/m?) (m?/person)
Waiting hall and ticket 7 8 11
lobby
Office room 11 20 10
Corridor 5 - 20
Retail store 11 20 8

09
08
0.7
0.6
05
04
03

02

Rate

01 23 45 6 7 8 9 10111213 141516 17 18 19 20 21 22 23 24
Time h

~®-Occupancy rate of waiting hall on weekdays Occupancy rate of waiting hall on weekends

=#-Occupancy rate of office room -#-Equipment utilization rate of waiting hall

=&-Lquipment utilization rate of office room

(a) Occupancy rate and electrical equipment utilization rate of waiting hall and office room for all regions.

Figure 6. Cont.
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/=

345 6 7 8 9 10111213 14151617 18 19 20 21 22 23 24

Time h

=3
L.
»

<
%)

Office room

Waiting hall in severe cold region
—#=Waiting hall in cold region
—=Waiting hall in hot summer and cold winter region
~+—Waiting hall in hot summer and warm winter region
-e-Waiting hall in mild region

(b) Lighting rate of waiting hall and office room in different regions
Figure 6. Occupancy rate, lighting and electrical equipment utilization rate.

Table 4. Information of representative cities and HVAC systems in different regions.

Hot Hot
. . Summer Summer .
Climate Region Severe Cold Cold and Cold and Warm Mild
Winter Winter
Representative city Harbin Tianjin Ningbo Shenzhen Kunming
Location 45.75° N 39.10° N 30.03° N 22.53° N 25.00° N
126.77° E 117.17° E 122.10° E 114.00° E 102.65° E
Average temperature of the ~16.9 °C _35°C 6.4°C 16.0 °C 94°C
coldest month
Average temperature of the 23.8°C 27.0°C 27.1°C 29.0 °C 203°C
hottest month
Jul May May May
Air conditioning period 1A Y 15-September 1-September 1-November -
—August 31 15 30 31
Heating period Octobgr November _ _ _
20-April20  15-March 15
Cold source Water-cooled Water-cooled Water-cooled Water-cooled _
chiller chiller chiller chiller
Gas fired Gas fired
Heat source . . - - -
boiler boiler
Constant air
Air conditioning form V((élzr\r;;j CAVsystem  CAV system  CAV system -
system
Heating form Radiator CAV system - - -
Heat transfer ~ Exterior wall 0.45 0.5 0.8 1 1
coefficient Window 1.7 2 2.5 3 3
[W/(m2-K)] Roof 0.35 0.45 0.5 0.5 0.5

3.1.2. Energy Consumption and CO, Emissions Analysis

The annual energy consumption and CO, emissions of coach stations in five regions when the
passenger thermal comfort is met are shown in Figure 7. The air conditioning energy consumption
includes the energy consumption of chiller, heat rejection, fans, and pumps in air conditioning period.
The heating energy consumption includes the energy consumption of fans, pumps, and natural
gas. The annual total comprehensive energy consumption intensity is 118.83, 108.00, 59.19, 88.91,
and 41.08 kWh/(m?2-a) in severe cold, cold, hot summer and cold winter, hot summer and warm winter
and mild regions, respectively. In severe cold and cold regions, about 80,000 m® natural gas is used
annually in the severe cold region for heating, which is more than two times used in the cold region.
The air conditioning energy consumption of coach stations in the severe cold region is 59.43% lower
than that in the cold region, because the air conditioning period of the severe cold region is only from
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July to August. The monthly energy consumption is stable in hot summer regions during the air
conditioning period. The annual total air conditioning energy consumption is 25.61 kWh/(m?-a) in the
hot summer and cold winter region, and 45.69 kWh/(m?-a) in the hot summer and warm winter region.
Lighting energy consumption of mild region is relatively low, due to the long sunshine duration is
and the high solar radiation intensity in Kunming. For severe cold region and hot summer and cold
region, lighting energy consumption is only 4.69 and 5.09 kWh/(m?-a), due to the short operating time.
The annual total CO, emissions of coach stations range from 22.27 to 67.83 kgCOz/(mz'a). The variation
trend of CO, emissions is the same as that of energy consumption throughout the year in each region.
The CO; emissions from natural gas consumption account for 50% and 20% in severe cold and cold
regions, respectively. Besides, CO, emissions are only contributed by electricity consumption in
other regions.
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Figure 7. Annual energy consumption and CO, emissions of coach stations in five regions: (a) severe
cold region; (b) cold region; (c) hot summer and cold winter region; (d) hot summer and warm winter
region; (e) mild region.

The comparison between energy consumption simulation and investigation results is shown in
Figure 8. For severe cold, cold, and hot summer and warm winter region, the simulation results under
actual thermal environment in summer are used to verify the reliability of the energy consumption
analysis models. The mean relative errors of sub-item energy consumption between investigation and
simulation results under actual thermal environment except heating are less than 13%, which can be
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acceptable. The investigation results of heating energy consumption in severe cold region and cold
region is 30.43% and 24.03% lower than simulation results, respectively, indicating that the passenger
thermal comfort requirements in coach stations is probably not met in winter. The simulation results
of air conditioning energy consumption are higher than investigation results in coach stations of
severe cold region, cold region and hot summer and warm winter region, which are in agreement
with the results of thermal environment tests in summer. Similarly, the annual total CO, emissions of
coach stations obtained by investigation and simulation are compared with each other, as shown in
Figure 9. The simulation results are consistent with the investigation results except in the severe cold
region, because the CO, emission factors of municipal hot water used in coach stations investigated
is much higher than that of natural gas used in the simulation. If the heat source in the simulation
is changed to municipal hot water with same heat (3456 GJ), the CO, emissions intensity of heating
is 118 kgCO,/(m?-a), which is 24% higher than that in coach station investigated, meaning that the
simulation results are reasonable.

Severe cold region 2

Cold region

Hot summer and
cold winter region

Hot summer and }
warm winter region f

Mild region

n L " L L "

0 20 40 60 80 100 120 140
Annual total comprehensive energy consumption per unit area kWh/(m?-a)

M Air conditioning ® Heating = Lighting * Electrical equipment
B Investigation result Simulation results

B Simulation results under actual thermal environment in summer

Figure 8. Comparison between simulation and investigation results of energy consumption in five regions.

Severe cold region

Cold region  p7z27777777777777777777777 77777 77737 7777777

Hot summer and
cold winter region

Hot summer and
warm winter region

Mild region
0 20 40 60 80 100 120 140
Annual total CO, emissions per unit area kgCO,/(m?-a)
M Electricity ™ Natural gas
W Investigation result Simulation results

Simulation results under actual thermal environment in summer

Figure 9. Comparison between simulation and investigation results of CO, emissions in five regions.
3.2. Potentials of Energy Saving and CO, Emission Reduction

3.2.1. Forms of HVAC System

The energy consumption and CO; emissions of the coach stations with two kinds of heating
system were compared, including radiators and radiant floor heating systems. For the cold region and
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hot summer regions, the energy consumption and CO, emissions of the coach stations with variable
air volume (VAV) system and FCU were compared with that of CAV system. Under the premise
of meeting the same requirement of indoor thermal comfort, the indoor air design temperature for
radiant floor heating system can be set 2 °C lower than that for radiator. Therefore, the indoor design
temperature was set as 16 °C when using radiant floor heating system, 18 °C when using radiator.
The monthly energy consumption and CO; emissions with different HVAC systems are shown
in Figure 10. It is indicated that the application of radiant floor heating system in severe cold region,
VAV and FCU in other three regions shows obvious energy saving and CO, emission reduction
effects. As shown in Table 5, the annual natural gas consumption can be reduced by 11.36% with
radiant floor heating system, resulting in a reduction of 20 tCO, emissions a year. Although the pump
energy consumption of the radiant floor heating system increases compared with the radiator system,
the energy consumption and CO, emissions of heating system decreases by 7% and 4.21%, respectively.
Moreover, for large-scale buildings such as coach stations, the passenger thermal comfort in the waiting
halls with radiant floor heating system is superior than that with radiators, because the comfortable
temperature gradient can be met in the people activity area with radiant floor heating system.
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Figure 10. Energy consumption and CO, emissions with different HVAC systems: (a) severe cold
region; (b) cold region; (c) hot summer and cold winter region; (d) hot summer and warm winter region.

Table 5. Energy consumption and CO, emissions with different forms of heating system.

Annual Total Pump Energy Comprehensive -
. . . Energy CO; Emissions of
Forms of Heating Consumption of Consumption of ? .
. Consumption of Heating System
System Natural Gas Heating System . 2
[Nm3/(m?2-a)] [kWh/(m?-a)] Heating System lkgCO-/(m™-a)]
[kWh/(m?-a)]
Radiator 14.79 1.56 76.89 34.65
Radiant floor 13.11 467 71.60 33.19

heating system

The detailed energy consumption and CO, emissions of coach stations with different air
conditioning systems in the cold region and hot summer regions are shown in Table 6. In the
cold region, the energy consumption of HVAC system with VAV system and FCU can be reduced by
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4.32% and 12.13%, compared with that of CAV system. The CO, emissions from electricity consumption
of HVAC system when using FCU decrease by 29.24%. In hot summer regions, the energy consumption
and CO, emissions of air conditioning both can be reduced by more than 15%. The energy consumption
of air conditioning system decreases by 15.47% and 19.05% when using the VAV system and FCU in the
hot summer and cold winter region, 24.03% and 31.62% in the hot summer and warm winter region.
Although the pump energy consumption slightly increases when using FCU, the energy consumption
of HVAC system decreases greatly, because the fan energy consumption can be reduced by around
54% compared with the CAV system. In addition, with the low energy consumption and the flexibility
of arrangement, FCU is especially suitable for using in the office area of the stations and the waiting
halls of smaller-scale coach stations.

Table 6. Energy consumption and CO, emissions with different forms of HVAC system. (VAV means

Variable Air Volume).
Comprehensive
. Forms of Air Energy- Energy. Energy. .sz
Climate Conditioning Consumption Consumption Consumption Emissions of
Region System of Pumps of Fans of HVAC HVAC System
[kWh/(m?-a)] [KkWh/(m?2-a)] System [kgCO,/(m>-a)]
[kWh/(m?-a)]
CAV 7.12 16.64 65.07 37.24
Cold VAV 6.71 16.50 62.26 35.86
FCU 7.30 7.57 57.17 31.25
Hot summer CAV 6.61 10.00 25.61 16.61
. VAV 6.57 9.37 21.65 14.04
and cold winter FCU 6.70 4.64 20.73 13.44
Hot summer CAV 9.41 14.84 49.03 26.58
and warm VAV 9.31 13.35 37.24 20.19
winter FCU 9.53 6.64 33.52 18.18

3.2.2. Heat Recovery

A large amount of fresh air is required to ensure the indoor environment quality because of high
occupancy of waiting halls in coach stations. According to our investigation results, the fresh air load
takes up around 30-60% of the total load. Hence, there will be considerable energy saving and CO,
emission reduction effects if the heat recovery unit is used in HVAC system to pre-cool or preheat
fresh air with the heat of exhaust air. The enthalpy plate and wheel heat recovery unit were added in
the HVAC system of coach station models in the severe cold, cold, hot summer and cold winter, hot
summer and warm winter region for analysis of energy saving and CO, emission reduction potential.

In the severe cold and cold region, the energy savings and CO, emission reduction effects when
using heat recovery in winter are greater than in summer. As shown in Figure 11a,b—the energy
consumption and CO, emissions of the heating system in severe cold and cold region drop dramatically
by using heat recovery unit, especially during the months with low outdoor air temperature. The heating
energy consumption in the cold region decreases by 29.42% and 21.05% when using the wheel and
plate heat recovery unit, respectively. In the severe cold region, the energy reduction rate of heating
system is 28.76% and 20.57% for using the wheel and plate heat recovery unit. The CO, emissions of the
heating system decrease linearly with the decrease of energy consumption, which can be reduced to 9.2
and 5.4 kgCO,/(m?-a) when using wheel heat recovery in the severe cold and cold region, respectively.
In hot summer regions, the energy consumption and CO, emissions of air conditioning system both
decrease greatly, as shown in Figure 11c,d. The energy saving and CO, emission reduction rates with
the heat recovery unit in coach stations of the severe cold and cold regions are higher than that in
hot summer regions, mainly because the enthalpy differences between indoor and outdoor air in hot
summer regions are far less than that in the severe cold and cold regions.
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Figure 11. Energy consumption and CO, emissions with different heat recovery units: (a) severe cold
region; (b) cold region; (c) hot summer and cold winter region; (d) hot summer and warm winter region.

Moreover, the negative effects of increased fan energy consumption can be eliminated by the
decreased energy consumption of chillers, heat rejections, and gas fired boilers. In particular, in coach
stations of the severe cold region, the total energy consumption drops by 18.24% with wheel heat
recovery, although the fan energy consumption increases by 53.7%, as shown in Table 7. It can be seen
that the fan energy consumption of plate heat recovery is 6.75% higher than that of wheel heat recovery.
The energy saving rate of plate heat recovery is 3.50% less than that of wheel heat recovery, since the
effectiveness of plate heat recovery is low.

Table 7. Fan energy consumption with different type of heat recovery.

ai . Heat Recovery Fan Energy Total Ener_gy
imate Region Type Consumption Consumption
yP [KWh/(m?2-a)] [KWh/(m?2-a)]

None 4.20 118.83

Severe cold Plate 7.34 103.76

Wheel 6.46 97.15

None 16.64 108.00

Cold Plate 19.22 100.04

Wheel 18.24 95.74

None 10.00 59.19

Hot summer and cold winter Plate 10.85 55.81

Wheel 10.45 54.78

None 14.84 88.91

Hot summer and warm winter Plate 16.58 80.61

Wheel 15.90 79.46

The economic analysis of plate and wheel heat recovery is conducted based on the methods of life
cycle cost (LCC). The annual operation cost savings and payback periods of the heat recovery units
are calculated as shown in Table 8, compared with the CAV system without heat recovery units. It is
indicated that the payback periods of heat recovery units are both less than 5 years, which shows great
energy efficiency. Due to the remarkable effect of heat recovery in heating period, the payback period
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in the severe cold region is less than 3 years. In hot summer regions, the payback period is around
4 years. Although the cost savings of wheel heat recovery is higher than that of plate heat recovery,
the payback period of wheel heat recovery is generally longer than that of plate heat recovery, due to
the large size, high initial investment, and high maintenance costs for wheel heat recovery unit.

Table 8. Annual operation cost savings and payback period of heat recovery units.

Plate Heat Recovery Wheel Heat Recovery
Region Annual Operation Pavback Period Annual Operation Pavback Period
Cost Savings y (Year) Cost Savings y (Year)
(RMB) (RMB)

Severe cold 66,774 2.76 90,975 2.87

Cold 48,184 3.82 62,058 4.06

Hot summer and 21,864 432 28,572 441
cold winter

Hot summer and 29,029 433 33,063 4.44

warm winter

3.2.3. Natural Illumination

Natural illumination technology combines the natural lighting with the artificial lighting through
reasonable control methods; the lamps can be dimmed or turned off when indoor illuminance reaches
or exceeds the set value. The reduction of lighting energy consumption by natural illumination
also influences the energy consumption of air conditioning and heating indirectly [16]. Therefore,
the sub-item energy consumption of the coach stations with different lighting control methods were
studied, when the illuminance of the horizontal plane, 0.75 m away from the ground, reached 300Ix.

As shown in Table 9, the lighting energy consumption declines dramatically in both five regions
when natural illumination is conducted, the discrete step control with two levels and three levels
show significant energy saving effects compared with continuous dimming control. The energy saving
rate of lighting system is 61.79-81.19% with discrete step control in five climate regions. Because the
usage of natural illumination reduces the utilization rate of lamps indoors, the air conditioning energy
consumption decreases slightly, while heating energy consumption increases by 0.96% and 1.47% in
the severe cold and cold regions, respectively. Although the decrease of lighting energy consumption
eliminates the negative effect of natural illumination on heating, the energy saving rates of total energy
consumption in the severe cold and cold region are still lower than that in other regions, mainly because
there is no negative effect in remaining regions. The increased heating energy consumption also has a
little effect on total CO, emissions. The annual total CO, emissions can be reduced by 2.88% and 11.23%
with discrete step control in the severe cold and cold regions, respectively. In hot summer regions,
the energy consumption of air conditioning and lighting both decreases. The total energy consumption
and CO, emissions in hot summer and warm winter region can be both reduced by 13.01%, which is
slightly higher than that in the hot summer and cold winter region. Because the energy consumption in
mild region only contains lighting and electrical equipment, the annual total energy consumption and
CO; emissions decline markedly, with the reduction rate of 24.08%. It is indicated that, on the basis of
meeting the required indoor illuminance in coach stations, the natural illumination with the discrete
step control can be applied to the lighting systems for better energy saving and emission reduction
effect, especially in the waiting halls with large areas of glass curtain walls.



Energies 2020, 13, 3600 18 of 20

Table 9. Annual total energy consumption and CO, emissions with different lighting control method.

Energy Consumption Continuous Control Discrete Step Control
Climate (CO; Emissions) - -
Region KWh/(m? a) None With With With Two  With Three
(kgCOy/(m?-a)) Minimum = Minimum Levels Levels
Light of 20% Light of 10%
Lighting 4.69 (3.37) 2.71 (1.95) 2.22 (1.6) 1.85 (1.33) 1.79 (1.29)
5 » Air conditioning 8.76 (6.3) 8.69 (6.26) 8.69 (6.25) 8.68 (6.24) 8.68 (6.24)
evere co Heating 76.89 (55.15)  77.29 (55.36)  77.38 (554)  77.43 (5542)  77.45 (55.43)
118.83 117.18 116.78 116.43
Total (64.83) (63.56) (63.25) 116.45 (63) (62.96)
Lighting 1444 (1029)  7.61 (5.42) 5.9 (4.21) 437 (3.11) 4.55 (3.24)
Cold Air conditioning 2159 (15.39)  20.83 (14.85)  20.76 (14.8)  20.7 (14.76)  20.7 (14.76)
° Heating 4348 (42.15)  4376(42.19) 4395 (4227) 44.13 (42.47)  44.12 (42.21)
Total 108 (67.83) (160204669) 99.11(61.27)  97.7 (60.34)  97.86 (60.22)
Hot summer Lighting 5.09 (3.3) 2.34 (1.52) 1.64 (1.06) 1.01 (0.66) 0.96 (0.62)
and cold Air conditioning 2561 (16.61) 2559 (16.59) 2556 (16.58)  25.54 (16.56)  25.54 (16.56)
winter Total 59.19 (38.38)  56.42(36.59)  55.7(36.12)  55.04 (35.69)  54.99 (35.66)
Hot summer Lighting 1473 (7.99)  7.49 (4.06) 5.67 (3.08) 4.19 (2.27) 4(2.17)
and warm Air conditioning 4569 (24.77) 4511 (24.46) 44.99 (24.39)  44.85(2431)  44.84 (24.31)
winter Total 8891 (48.2)  81.09 (43.96) 79.15(42.91)  77.53 (42.03)  77.33 (41.93)
Mild Lighting 1259 (6.83)  5.99 (3.25) 431 (2.34) 2.83 (1.54) 2.7 (1.46)
1 Total 41.08 (22.27) 3448 (18.69)  32.8(17.78)  31.32(16.98) 31.19 (16.91)

4. Conclusions

According to investigations on 29 coach stations in five regions of China, the status and structure

of energy consumption and CO, emissions of coach stations were analyzed. Thermal environments of

waiting halls in three coach stations were tested. Based on the energy consumption simulation, annual

energy consumption and CO; emissions in coach stations were analyzed when passenger thermal

comfort was met, then the potentials of energy saving and CO, emission reduction of coach stations

were studied. The main conclusions were summarized as follows:

)

)

®)

4)

The annual total comprehensive energy consumption of coach stations was 41.55-128.08 kWh/
(m2-a) in severe cold and cold region, 40.66-88.99 kWh/(m?-a) in hot summer regions, and
31.37-43.04 kWh/(m?-a) in mild region. The annual total CO, emissions from building operation
in coach stations were between 17.01 and 134.77 kgCO,/(m?-a). Results showed that 48% of
the energy consumption and 49% of the CO, emissions were generated by HVAC system in
coach stations;

Due to the low installation and utilization rate of HVAC system, the energy consumption and CO,
emission intensity in coach stations were relatively lower compared with other kinds of public
buildings. Therefore, the passenger thermal comfort in coach stations was affected, according
to the thermal environment test results. In this regard, the management department should
supervise the installation and utilization of temperature control devices in coach stations, and
improve the passenger complaint mechanism for thermal environments;

For the severe cold region, the effects of energy saving and CO, emission reduction with radiant
floor heating system were superior than with radiators. For cold region and hot summer regions,
VAV systems and FCU are both recommended for air conditioning in summer. The energy
consumption and CO, emissions of HVAC system can be reduced by about 21% with VAV system
and 27% with FCU in coach stations of hot summer regions;

Exhaust heat recovery was also an effective measure to reduce the energy consumption and CO,
emissions in coach stations, especially during the heating period in the severe cold and cold
regions, the energy consumption and CO, emissions of heating system both can be reduced by
25% when using wheel heat recovery unit. The payback periods of the heat recovery units are
both less than 5 years, indicating that the energy saving and economic benefits can be achieved
with heat recovery;
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(5) By conducting natural illumination with the discrete step control, the lighting energy consumption
can be reduced at least 60% in coach stations.
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