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Abstract: Bikeshare, as a convenient transport mode, can address the first- and last-mile travel
needs of metro trips while generating many environmental benefits, such as reducing the use
of environmentally unfriendly transport modes and lowering the carbon emissions of the urban
transportation system. This paper takes bikeshare as a feeder mode of metro stations (BS-FMMS)
as the research object and compares the spatial and temporal differences in the carbon emission
reduction benefits of BS-FMMS on workdays and non-workdays by using the framework of BS-FMMS
carbon reduction benefit analysis and the methods of time-series analysis, spatial aggregation analysis,
and box plot analysis. The results show that the carbon emission reduction benefit of bikeshare
has obvious morning and evening peaks on workdays, while it tends to be stable without obvious
peaks during the day on non-workdays. From the perspective of spatial distribution, the carbon
emission reduction benefits of BS-FMMS are more significant in the metro station areas in the south
of Baoan district, the west of Nanshan district, the central of Longhua district, and the south of Futian
district in Shenzhen city, and the metro stations where the carbon emission reduction benefits of the
non-workday are greater than those of the workday are mainly concentrated in Nanshan district,
Futian district, and Luohu district. There is a significant positive correlation between BS-FMMS
ridership and carbon emission reduction. These findings can provide clear policy implications for the
decarbonization development of urban transportation systems.

Keywords: bikeshare; carbon emission reduction benefits; spatiotemporal characteristics; connecting
metro station; workday; non-workday

1. Introduction

Global warming has attracted widespread attention around the world, and more and
more countries are devoting their efforts to carbon emission reduction actions [1-4]. As a
low-carbon and environmentally friendly green mode of transport, bikeshare is receiving
increasing attention in the process of sustainable urbanization, with its features of reducing
vehicle miles traveled (VMT), lowering vehicle emissions, easing traffic congestion, increas-
ing commuting alternatives, facilitating public transit use, high travel convenience, and
low use costs [5-8].

In many developing countries, over-reliance on car travel has become the main cause
of urban environmental pollution, traffic congestion, and social equity [9], and prioritizing
public transit (buses, metros, etc.) provides the answer to these problems [10,11]. Bikeshare
as a feeder mode of metro stations (BS-FMMS) can effectively alleviate the first- and
last-mile travel problems. The integration of bikeshare and metro facilitates multimodal
travel in urban areas, making it a hot topic in urban transportation research. Relevant
studies focus on transfer characteristics [12,13], use frequency [14,15], route analysis [16,17],
accessibility [18,19], and the impact of the built environment [20,21].
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Many existing studies have hypothesized that bikeshare travel may replace other
modes of transport (i.e., those that have an adverse impact on the environment), leading to
reduced environmental impacts [22-24]. Carbon emission reduction has been a popular
research topic for the environmental benefits of bikeshare [25,26]. The integration of
bikeshare and metro is a special type of bikeshare cycling behavior [20], which also has the
potential to be a substitute for environmentally destructive modes of transport, resulting in
the carbon emission reduction benefits of bikeshare. However, two research gaps remain in
the existing studies: (1) How does one measure the carbon reduction benefits of BS-FMMS?
(2) What are the spatiotemporal differences in the carbon reduction benefits of the BS-FMMS
between workdays and non-workdays?

To fill the above research gaps, this paper uses bikeshare data and metro station data
in Shenzhen, China, to study the carbon emission reduction benefits of BS-FMMS and its
spatiotemporal differences between workdays and non-workdays. First, a framework for
measuring the carbon emission reduction benefits of BS-FMMS is established for identifying
the transfer behaviors of bikeshare and then measuring the carbon emission reduction
benefits of bikeshare. Next, the carbon emission reduction of BS-FMMS is counted into
the corresponding time pane and spatial unit, and the spatiotemporal differences between
workday and non-workday are analyzed by using spatiotemporal visualization techniques.
The study findings can serve as valuable references for the relevant departments involved
in developing carbon reduction plans for urban transportation.

The rest of the paper is organized as follows: Section 2 reviews the related work;
Section 3 introduces the study area and data; Section 4 presents the analysis framework and
specific methods of carbon emission reduction benefits of BS-FMMS; Section 5 discusses
the carbon reduction benefits of BS-FMMS by combining the results of spatiotemporal
visualization; and Section 6 summarizes the results and provides a research outlook.

2. Literature Review
2.1. Environmental Benefits of Bikeshare

The environmental benefits of bikeshare refer to the fact that bikeshare replaces other
transport modes during the travel stage, which reduces VMT and fuel consumption, as
well as greenhouse gas (GHG) emissions (e.g., CO; and NOy) [6,7,27]. In many studies, the
environmental benefits of bikeshare are analyzed from the perspective of carbon emission
reduction, with bikeshare regarded as a zero-carbon transport mode, the carbon dioxide
emitted during travel by the transport modes that bikeshare replaces (walking, cars, and
public transit) is quantified as the carbon emission reduction of bikeshare.

Early studies of bikeshare travel often only looked at a few alternative transport
modes and did not consider the full range of possible replacement options. Tatsuya
et al. [27] considered that the environmental benefits of bikeshare in both reducing VMT
and lowering GHG emissions depend mainly on bikeshare substituting for car travel and
with less relevance to transport modes such as public transit, private biking, and walking.
Similarly, Ruxin Lai et al. [28] believed that the environmental benefits of bikeshare are
mostly achieved by substituting other high-carbon emission transport modes during the
travel stage. Zhang and Mi [6] set the travel distance threshold at 1 km and assumed that
bikeshare travel shorter than 1 km could substitute for walking without environmental
benefits and conversely substitute for car travel, resulting in environmental benefits. The
results showed that bikeshare travel in Shanghai resulted in reduction of 8358 tons of
gasoline, 25,240 tons of CO, emissions and 64 tons of NOy emissions in 2016. However,
the study only considered bikeshare as a substitute for walking and cars, ignoring the
environmental benefits of bikeshare replacing other transport modes.

Subsequent studies have acknowledged that bikeshare can also replace public tran-
sit [29], and overlooking this fact may lead to an inaccurate assessment of the environmental
benefits of bikeshare. To obtain more reliable results, related studies have started to incor-
porate public transit as an alternative mode when analyzing the environmental benefits
of bikeshare. Kou et al. [30] considered that bikeshare could replace walking, cycling,
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cars, and public transit and proposed a bikeshare carbon emission reduction estimation
model (BS-EREM) to quantify the environmental benefits of bikeshare. Kateryna et al. [7]
studied the environmental benefits of bikeshare in two scenarios in Chengdu. In the first
scenario, hypothetical bikeshare travel substituted walking and car travel. It is assumed
that when the travel time is less than 3.87 min, bikeshare substitutes walking and vice versa
substitutes car travel, which finds that the reduction in fuel consumption by bikeshare
is 19,964.31 L, and the carbon emission reduction is 4125.13 kg. In the second scenario,
it is hypothesized that bikeshare travel substitutes walking, car, bus, and metro travel,
and the three relationships of substitution, integration, and complementation between
bikeshare and public transit are identified based on the first scenario, which reveals that
the reduction in fuel consumption by bikeshare is 13,198.68 L, and the carbon emission
reduction is 2564.31 kg. Lv et al. [26] analyzed the spatiotemporal characteristics of the
carbon emission reduction benefits of bikeshare in Shenzhen and found that the carbon
emission reduction of bikeshare within 500 m of the metro station areas accounted for
57.23% of the total carbon emission reduction of the whole day.

It is worth noting that existing studies [6,7,22,25,26,30] have focused on the use phase
of bikeshare, considering that the carbon emission reduction benefits of bikeshare are
generated by substituting other transport modes in the travel.

2.2. Research Gap

The existing literature reveals that the methods of measuring the carbon emission
reduction benefits of bikeshare have been gradually improved. However, most of these
studies consider that travelers only use a single mode of transport during their trips, and
there is a lack of in-depth discussion on the carbon emission reduction benefits of BS-FMMS.
The combination of bikeshare and metro can effectively leverage the environmental advan-
tages of both modes, replacing high-carbon emission transport modes in travel. Especially
in the context of public transportation priority development and the decarbonization of the
city, BS-FMMS has a broad development prospect and application market [12,31]. However,
the existing studies are less related to the carbon emission reduction benefits of BS-FMMS,
and the distribution characteristics of the carbon emission reduction benefits in different
temporal and spatial areas are not clear. Therefore, this paper uses BS-FMMS as the study
object to measure the carbon emission reduction benefits of bikeshare under the scenario
of connecting to metro stations. By using spatiotemporal visualization, the spatial and
temporal differences in carbon emission reduction benefits of bikeshares between work-
days and non-workdays at different times of the day and in different metro station areas
are revealed.

3. Study Area and Data

This section outlines the study area, the sources of the datasets, and their processing.
The study uses multi-source datasets, including bikeshare data and metro station data
in Shenzhen, which were all collected in 2018 to ensure that the multi-source data could
be integrated.

Study area: Shenzhen is located on the southeast coast of China, with 10 administrative
regions under its jurisdiction. It is a national economic center city and an international
comprehensive transportation hub city, with strong transportation impact both domestically
and internationally. This paper uses Shenzhen as the study city. To be consistent with the
time of the study data, the study area of this paper is the six administrative districts (Futian
District, Luohu District, Nanshan District, Baoan District, Longgang District, and Longhua
District) that operated the metro in the same period in Shenzhen. The study area is shown
in Figure 1a.

Metro station data: The metro stations opened for operation in Shenzhen in 2018 can
be found at https://www.szmc.net (accessed on 10 November 2023). The metro station
data are obtained through the API of AMAP (a map application, https://www.amap.com/,
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(accessed on 10 November 2023)), and the spatial distribution of metro stations is shown
in Figure 1b.

‘Guangming Guangming

Bacan Longhua Longgang Pingshan AR Loghua Longgang Pingshan

Ye Yantian
Dapeng Luohy Dapeng Lohy Dapeng

(c) (e)

‘Gyangming Guangming

Dapeng Liiohy Dapeng R Dapeng
Nanshan  Futlan Nanshan  Fulian

Figure 1. Spatial distribution of study area and study data. (a—f) are the spatial distributions of the
study area, metro stations, workday bikeshare origins, non-workday bikeshare origins, workday
bikeshare destinations, and non-workday bikeshare destinations, respectively.

Bikeshare data: This paper uses bikeshare order data from October 24 (workday) and
28 (non-workday) in 2018, including OFO, MOBIKE, One Step, U-bicycle, and
99 bicycle. The raw data contain the sequence number, bike ID, date, timestamp, lon-
gitude, latitude, and status. Historical weather information from http://lishi.tiangi.com
(accessed on 8 November 2023) shows that the weather during this period was sunny or
cloudy, with suitable temperatures and low wind levels having less impact on the demand
for bikeshare trips. Using the Transbigdata package [32] in Python, the travel chains con-
taining the latitude, longitude, and timestamps of the origin and destination of bikeshare
trips were extracted, and those with a travel time of less than 1 min or more than 30 min
and a travel distance of less than 100 m or more than 5000 m were eliminated [18,33]. The
spatial distribution of the origin of bikeshare on the workday and non-workday is shown
in Figure 1c,d, while the spatial distribution of the destination is shown in Figure 1e f.

In addition, to ensure the accuracy of the results, the multi-source data were converted
to the same coordinate system, and the WGS84 coordinate system was used in this study.

4. Methods

This section first proposes a framework for analyzing the carbon emission reduction
benefits of BS-FMMS and then proposes a spatiotemporal visualization method for the
carbon emission reduction benefits of BS-FMMS. The framework of the methods is shown
in Figure 2.
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Figure 2. The framework of methods.
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4.1. BS-FMMS Carbon Emission Reduction Benefit Analysis Framework

The framework includes two parts, which are the identification of bikeshare transfer
behavior and the measurement of bikeshare carbon emission reduction.

4.1.1. Identification of Bikeshare Transfer Behavior

Temporal constraint: The operating hours of each metro line should be considered
when developing the temporal constraints. Among the metro lines in operation, some
of them have extended operating hours to meet the travel demand in different regions.
To reduce the analysis error caused by the inconsistency of the line operation time, the
common operation time of each line is selected as the temporal constraint for extracting the
behavior of the feeder, i.e., the temporal constraint is satisfied when the start timestamp
and the end timestamp of a bikeshare trip are both considered or one of them is within the
period of metro operation.

Spatial constraint: There is no standardization in the size of the metro station transfer
range between different cities in the existing studies [18,30,33,34]. Differences exist in the
frequency of bikeshare transfer use in different cities, and the spatial characteristics of the
city also affect the traveler’s choice of transport mode. Based on the existing research [34],
the actual travel data of bikeshare in Shenzhen were used to establish the radius of the
metro station transfer range, ranging from 50 m to 300 m. Within this range, the amount of
bikeshare ridership was counted every 10 m, and the growth rate of the ridership between
neighboring transfer ranges was calculated. A line graph was then plotted, and the value
corresponding to the turning point, where the growth rate changes from a steep increase to
a flat increase, was taken as the radius of the metro station transfer range. The growth rate
of g; of the bikeshare ridership in the i-th catchment area is calculated as follows:

_Vi—Vi4

8i = Vi*l (1)

where V;_j and V; are the total bikeshare ridership in the (i — 1)-th and i-th catchment area,
respectively. In particular, when i is equal to 1, g; is equal to 1.

When one of the origins and destinations of a bikeshare trip is located within the metro
station connection, a connection is considered to exist between the bikeshare and the metro.
When the destination of a bikeshare trip is located within the metro station catchment area,
it is termed as access-integrated; when the origin of a bikeshare trip is located within the
metro station catchment area, it is referred to as egress-integrated [35]. Moreover, when
the origin and destination of the bikeshare trip are both located within the metro station
catchment area, it is recognized that bikeshare serves as an alternative transport mode to
metro travel, which should be removed.

4.1.2. Calculation of Carbon Emission Reductions from Bikeshares

Under the bottom-up carbon emission calculation idea of the Intergovernmental Panel
on Climate Change (IPCC), this study adopts the calculation method based on the distance
traveled to calculate the carbon emissions of each transport mode [6,7,26]. The carbon
emission reduction of bikeshare can be quantified by comparing the carbon emissions
generated by bikeshare with the carbon emissions generated by other transport modes for
the same distance traveled.

The travel chain of a bikeshare only contains the origin and destination locations, without
specific paths or driving trajectories. The Manhattan distance, which is the sum of the distances
moved along the horizontal and vertical directions between two points, is commonly used
to estimate the distance between two locations in the urban road network [36] and is more
applicable to the estimation of bikeshare cycling distance. Therefore, the Manhattan distance
is used to approximate the estimation of the bikeshare transfer distance.

Based on the literature [6], the following hypotheses are proposed by considering the
potential transport modes that can be connected with bikeshare in daily travel in Shenzhen:
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(1) When the riding distance of bikeshare is less than 1 km, it is considered that
bikeshare would substitute walking and other non-motorized transport modes (bikeshare,
private bicycle, electric bicycle, etc.) during the feeder process and that this portion of the
ride would not result in carbon reduction benefits.

(2) When the riding distance of a bikeshare is more than 1 km, it is considered that
bikeshare would substitute three transport modes (car, taxi, and bus) in the feeder process,
and this portion of the ride would generate carbon emission reduction benefits.

According to the Shenzhen 2020 travel survey report (see Table 1) [26], the ratio of
mode share between the metro and other transport modes is evenly distributed among
the three transport modes, cars, taxis, and buses, and it can be obtained that the ratio of
mode share of these three transport modes is 61%, 13%, and 26%, respectively. To ensure
randomness in the traveler’s choice of travel mode, Python was used to simulate the travel
chains with a connection distance greater than 1 km, and 61% of the bikeshare travel chains
were randomly selected as alternatives to car trips, 13% as alternatives to taxi trips, and the
rest as alternatives to bus trips.

Table 1. Share of different transport modes.

Transport Mode Bus Subway Taxi Car Other
Mode share 18% 20% 5% 53% 4%

Source: Shenzhen Planning and Natural Resources Bureau.

Fuel vehicles contribute directly to carbon emissions during the use phase. Electric ve-
hicles do not cause carbon emissions during use, but the energy consumed in the operation
of electric vehicles also causes emissions during production, so the use phase of electric
vehicles also indirectly causes carbon emissions. Shenzhen has completed the electrification
of all buses in 2017 and taxis in 2018. Among cars, electric vehicles occupy a certain share,
and all of them should be taken into consideration when measuring the carbon emission
reductions of bikeshare. Referring to existing studies [26], the carbon emission factors of
cars, taxis, and buses in Shenzhen are 139.48 g/pkm, 155.00 g/pkm, and 79.62 g/pkm,
respectively (see Table 2). Bikeshares often serve a single traveler, while cars, taxis, and
buses can usually accommodate multiple travelers at the same time. Therefore, bikeshare
has a passenger loading of 1, cars and taxis have an average passenger loading of 1.5, and
buses have an average passenger loading of 17 [7].

Table 2. Carbon emission factor and passenger loading.

Transport Mode Carbon Emission Factor (gCO,/km) Passenger Loading
Bikeshare 0 1
Car 139.48 1.5
Taxi 155.00 1.5
Bus 79.62 17

Source: Carbon Emission Factor [26]; Passenger Loading [7].

In this study, it is considered that bikeshare does not consume energy (fuel, electricity,
etc.) or cause carbon emissions in the use stage, so the carbon emissions caused by the
transport modes replaced by bikeshare are taken as the carbon emission reduction of
bikeshare. The equation for calculating the carbon emission reduction of bikeshare is

as follows:
B 0 if d; < 1km
Ei = { di-aj/Lj if di>1km @)

where E; is the carbon emission reduction of the i-th bikeshare, d; is the feeder distance of
the i-th bikeshare, o is the carbon emission factor of the j-th transport mode, and Ljis the
average passenger loading of the j-th transport mode.
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4.2. Spatiotemporal Visualization Analysis
4.2.1. Time-Series Analysis

The carbon emission reduction of bikeshare is counted in hourly time panes and
visualized in the form of a heat map to characterize the temporal distribution of carbon
emission reduction of bikeshare.

4.2.2. Spatial Aggregation Analysis

The K-Dimensional tree (K-D tree) algorithm is used to match the origin or destination
of the bikeshare with the nearest metro station and calculate the Euclidean distance between
them. As a data structure for storing and retrieving k-dimensional data, the K-D tree can
construct a k-dimensional tree spatial index based on the latitude and longitude information
of the metro station, efficiently search for the nearest-neighbor stations of origin and
destination of the bikeshare in the tree, and further compute the nearest-neighbor distance
between them. This algorithm can be implemented with the TransBigData [32] package in
Python 3.9.13 software.

Specifically, carbon reductions from bikeshare access to the feeder are matched to the
nearest metro station at the destination of the trip, and carbon reductions from bikeshare
egress to the feeder are matched to the nearest metro station at the origin of the trip.

4.2.3. Box Plot Analysis

Box plot analysis is a statistical and data visualization method used to understand and
describe the distribution and statistical characteristics of data. Box plots typically include
the maximum, minimum, median, upper quartile, and lower quartile of the data. The
representation of carbon emission reductions aggregated at the temporal and spatial levels
in the form of box plots allows for a visualization of the distributional characteristics of
the data.

5. Results
5.1. Bikeshare Transfer Characteristics

Considering that the inconsistency of the operating time of different metro lines may
lead to bias in the analysis, 6:30 to 23:00 was chosen as the temporal constraint for the
extraction of bikeshare transfer behavior. As shown in Figure 3, the growth of bikeshare
ridership shows a decreasing trend with the increase in the catchment area range of the
metro station and stabilizes after 150 m. Therefore, 150 m is selected as the radius of the
catchment area of the metro station, and the Geopandas package in Python is used to
establish a buffer zone for the metro station, which is used as the catchment area of the
metro station. The catchment area of the metro station is used as the spatial constraint for
the extraction of bikeshare transfer behavior.

Growth rate (%)
o
[4)]
1

P

I I I I I I I I I I 1 I I
50 70 90 110 130 150 170 190 210 230 250 270 290

Catchment area (m)

0.0 -

Figure 3. Growth rate of bikeshare ridership within the catchment area.

After the selection of spatiotemporal constraints, the bikeshare feeder volume on
workdays and non-workdays is obtained, as shown in Figure 4a,b. The bikeshare feeder
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volume on the workday has obvious morning and evening peaks from 7:00 to 9:00 and
17:00 to 19:00, while the bikeshare feeder volume on the non-workday reaches the morning
and evening peaks at the same time, but the peaks are not obvious.
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Figure 4. Distribution of transfer characteristics of bikeshares. (a,b) show the temporal distribution of
bikeshare feeder volumes on workdays and non-workdays, respectively. (c,d) are the feeder distance
distributions of bikeshare on workdays and non-workdays, respectively.

Feeder distance is an important consideration for travelers to choose metro feeder
transport mode. As shown in Figure 4c,d, there are 88.81% and 89.38% of bikeshare feeder
distances within 2 km on workday and non-workday, respectively, indicating that bikeshare
mainly serves the short-distance feeder.

5.2. Temporal Distribution of Carbon Reduction Benefits of BS-FMMS

Based on the measurement method mentioned above, the carbon emission reduction
of BS-FMMS was measured, and it was counted in an hourly time frame. As shown in
Figure 5, the carbon emission reduction benefits of BS-FMMS on workdays have obvious
morning and evening peaks, which are consistent with the morning and evening peak
periods where the bikeshare transfer behavior occurs (7:00 to 9:00 and 17:00 to 19:00). The
carbon reduction benefits of BS-FMMS on non-workdays are evenly distributed throughout
the day, with no obvious peak hours.

On the workday, the distribution of BS-FMMS carbon emission reductions spanned a
wide range (see Figure 5a), reaching the highest value (1460.37 kg) during the 8:00 to 9:00
period and the lowest value (244.84 kg) during the 10:00 to 11:00 period, with an average
carbon emission reduction of 540.37 kg per hour.

On the non-workday, the distribution of carbon emission reduction of BS-FMMS is
more concentrated (see Figure 5b), reaching the highest value (599.33 kg) during the 18:00
to 19:00 period and the lowest value (168.59 kg) during the 6:30 to 7:00 period, with an
average carbon emission reduction of 396.05 kg per hour.



Appl. Sci. 2024, 14, 5107

9 of 14

2000

1500 -

1000 -

500 o

Carbon emission reduction (kg)

8 9 10 1 12 13 14 15 16 17 18 19 20 21 22

Hours of the day
(a)

1000

750 A

500 o

250 A

Carbon emission reduction (kg)

T T T T T T T T T T T T T T T
8 9 10 1" 12 13 14 15 16 17 18 19 20 21 22

Hours of the day

(b)

Figure 5. Temporal distribution of carbon reduction benefits of BS-FMMS on workdays and non-
workdays. (a) represents the workday and (b) represents the non-workday.

5.3. Spatial Distribution of Carbon Reduction Benefits of BS-FMMS

The carbon emission reductions of bikeshare are aggregated to the metro station level
to facilitate the observation of the spatial distribution characteristics of the carbon emission
reduction benefits of BS-FMMS. In this part, comparative analyses are conducted in the
all-day period (6:30 to 23:00), morning peak period (7:00 to 9:00), and evening peak period
(17:00 to 19:00) when the bikeshare transfer behavior occurs, respectively.

5.3.1. All-Day Period

Comparing workdays and non-workdays, it is found that the carbon emission re-
duction benefits of BS-FMMS show similar spatial characteristics. The carbon emission
reduction of BS-FMMS in the metro station areas in the south of Baoan district, the west
of Nanshan district, the central part of Longhua district and the south of Futian district
is relatively high, while the carbon emission reductions of BS-FMMS in the metro station
areas in the north of Baoan district (see Figure 6a,b), the northeastern part of Longgang
district and the western part of Luohu district is relatively low. There are 31 metro station
areas with higher carbon emission reductions on non-workdays than on workdays, mostly
in Nanshan district, Futian district and Luohu district (see Figure 6c¢).

In comparison, the carbon reduction benefit of BS-FMMS on the workday is more
obvious and the distribution of carbon emission reduction is wide (see Figure 6d), and
the top three metro station areas with the largest carbon emission reduction are Bihaiwan
station (316.82 kg), Nanshan station (302.74 kg), and Gushu station (249.11 kg), with an
average carbon emission reduction of 53.71 kg per metro station area.

However, the carbon emission reduction benefit of BS-FMMS on non-workdays is
relatively limited and spans a small range (see Figure 6d), and the top three metro station
areas with the largest carbon emission reductions are Pengzhou station (186.03 kg), Nanshan
station (185.29 kg), and Longhua station (184.58 kg), with an average carbon emission
reduction of 39.37 kg per metro station area.
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Figure 6. Spatial distribution of carbon reduction benefits of BS-FMMS on workdays and non-
workdays. From top to bottom, it shows the spatial distribution of workday, the spatial distribution
of non-workday, the spatial distribution of the difference between workday and non-workday
(type 1 is that the carbon emission reduction on workday is larger than that on non-workday, and
type 2 is that the carbon emission reduction on workday is smaller than that on non-workday), and
the distribution of the box plots within the same period. From left to right, these are the all-day period
(6:30 to 23:00), the morning peak period (7:00 to 9:00), and the evening peak period (17:00 to 19:00).
(a,e i) show the spatial distribution of carbon emission reductions during the all-day period, the
morning peak period, and the evening peak period on workdays, respectively. (b,f,j) represent the
spatial distribution of carbon emission reductions during the all-day period, the morning peak period,
and the evening peak period on non-workdays, respectively. (c,g,k) show the spatial distribution of
the difference in carbon emission reductions between workdays and non-workdays in the all-day
period, the morning peak period, and the evening peak period, respectively. (d,h,1) represent the box
plots distribution of carbon emission reductions between workdays and non-workdays in the all-day
period, the morning peak period, and the evening peak period, respectively.

5.3.2. Morning Peak Period

During the morning peak period, the spatial distribution characteristics of the carbon
emission reduction benefits of bikeshares on workdays are similar to those of the all-day
period, and the metro station areas with larger carbon emission reductions are mainly
concentrated in the southern part of Baoan district, the western part of Nanshan district,
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the central part of Longhua district, and the southern part of Futian district (see Figure 6e).
In comparison, the carbon emission reduction benefits of bikeshare on non-workdays show
different spatial distribution characteristics, and the carbon emission reduction of BS-FMMS
in different regions is smaller (see Figure 6f). There are three, two, and two metro station
areas in Baoan district, Nanshan district, and Futian district, respectively, where the carbon
emission reductions on non-workdays are higher than those on workdays (see Figure 6g).

The carbon emission reduction of BS-FMMS on the workday spans a wide range
(see Figure 6h), and the top three metro station areas with the largest carbon emission
reductions are Bihaiwan station (129.11 kg), Xixiang station (83.83 kg), and Pengzhou station
(83.82 kg), with an average carbon emission reduction of 16.26 kg per metro station area.

The carbon emission reduction of BS-FMMS on non-workdays is relatively limited,
and the difference in carbon emission reduction between different metro station areas
is relatively small (see Figure 6h). The top three metro station areas with the largest
carbon emission reduction are Pengzhou station (29.53 kg), Nanshan station (28.94 kg), and
Longhua station (28.52 kg), with an average carbon emission reduction of 5.58 kg per metro
station area.

5.3.3. Evening Peak Period

For the workday, the carbon reduction benefits of BS-FMMS are more pronounced in
the southern part of Baoan district, the western part of Nanshan district, the central part of
Longhua district, and the southern part of Futian district (see Figure 6i). For non-workdays,
the overall distribution of carbon emission reduction benefits of BS-FMMS is more similar,
but the carbon emission reduction benefits are relatively obvious in the south of Baoan
district, the west of Nanshan district, and the central part of Longhua district (see Figure 6j).
There are 39 metro station areas with higher carbon emission reductions on non-workdays
than on workdays, with more distribution in Nanshan district and Luohu district, relatively
less distribution in Baoan district, Futian district and Longgang district, and no distribution
in Longhua district (see Figure 6k).

From Figure 6], it can be seen that the carbon emission reduction of BS-FMMS on
workdays is widely distributed, and the top three metro station areas with the largest
carbon emission reductions on weekdays are Nanshan station (77.20 kg), Yitian station
(69.25 kg), and Bihaiwan station (54.97 kg), with an average carbon emission reduction of
10.79 kg per metro station area.

The carbon emission reduction benefit of bikeshare on non-workdays is relatively
limited (see Figure 6l), and the top three metro station areas with the largest carbon emission
reduction are Bihaiwan station (37.53 kg), Nanshan station (34.85 kg), and Longhua station
(33.20 kg), with an average carbon emission reduction of 7.02 kg per metro station area.

5.4. Relationship between Ridership and Carbon Emission Reduction in BS-FMMS

The ridership and carbon emission reductions from BS-FMMS were aggregated in
hourly time panes and spatially scaled in the metro station area, respectively. The scatter
plot of ridership and carbon emission reduction is plotted and fitted, as shown in Figure 7.
It is seen that the R? values for the workday and non-workday fits are 0.98 (see Figure 7a)
and 0.97 (see Figure 7b), respectively.

While the carbon emission reduction of a single bikeshare feeder trip is affected
by the riding distance and the carbon emission factor of alternative transport modes,
considering the metro station area, the carbon emission reduction benefit of bikeshare
shows a significant positive correlation with ridership. In addition, the slopes of 0.121 (see
Figure 7a) and 0.120 (see Figure 7b) for workdays and non-workdays, respectively, showed
that bikeshare ridership on workdays had a slightly greater impact on carbon emission
reduction than that on non-workdays.
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Figure 7. Relationship between ridership and carbon emission reduction. (a,b) are plots of workday
and non-workday, respectively. X is the ridership of bikeshare in a specific metro station area during a
specific time period, and Y is the carbon emission reduction of bikeshare in the corresponding metro
station area during the corresponding time period.

6. Conclusions

In summary, this paper compares the differences in carbon emission reduction benefits
of BS-FMMS in the spatial and temporal dimensions between workdays and non-workdays.

It was found that the carbon emission reduction benefit of BS-FMMS on a workday
has obvious morning and evening peaks, reaching up to 1460.37 kg in the highest hour
(8:00 to 9:00), with an average carbon emission reduction of 540.37 kg per hour, while
the carbon emission reduction benefit of BS-FMMS on a non-workday tends to be stable
throughout the day and only reaches 599.33 kg in the highest hour (18:00 to 19:00), with
an average carbon emission reduction of 396.05 kg per hour. The metro station areas with
significant BS-FMMS carbon emission reduction benefits on workdays and non-workdays
are mostly concentrated in the south of Baoan district, the west of Nanshan district, the
central part of Longhua district, and the south of Futian district in Shenzhen. From an
overall perspective, the carbon emission reduction benefits on a workday are better than
those on a non-workday. However, there are some metro station areas with greater carbon
emission reduction on the non-workday than on the workday, and these areas are mainly
concentrated in Nanshan district, Futian district, and Luohu district. Also, the study found
a significant correlation between bikeshare ridership and carbon emission reduction in
metro station areas.

From the perspective of real application, this paper proposes a BS-FMMS carbon
emission reduction benefit analysis framework that can quantify the carbon emission
reduction benefit of bikeshare through the refined BS-FMMS carbon emission reduction
measurement method. Combined with the spatiotemporal visualization method, the
temporal and spatial distribution of the carbon emission reduction benefits of bikeshares
can be intuitively understood so as to provide empirical evidence for the formulation of
urban low-carbon transportation policies. In addition, this paper analyzes in depth from
the metro station level and finds that there is a strong correlation between the ridership and
carbon emission reduction of bikeshare in metro stations, and the relevant departments
can roughly estimate the carbon emission reduction of bikeshare according to the ridership
of bikeshare in metro stations. Also, strengthening the supply of bikeshare in the metro
station area can effectively promote the enhancement of carbon reduction benefits.

There are existing studies showing that the built environment is an important factor
affecting carbon emissions [37,38], and in future studies, the reasons for the difference
in carbon reduction benefits of bikeshare between workdays and non-workdays can be
analyzed in the context of the built environment elements of the metro station area.
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