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Introduction: Dockless bike-sharing systems have become popular in urban
China. However, how dockless bike-sharing influence users’ daily travel choices
has rarely been investigated.

Methods: Drawing upon travel-related data collected by the day reconstruction
method in Fuzhou, this study explores whether and how themode shift caused by
dockless bike-sharing reduces the carbon emission effect in different scenarios.

Results: The results show that the mode proportion varied before and after the
introduction of dockless bike-sharing and affected by travel distance. The carbon
emission reduction effect of shared bikes shows an inverted U-shape with the
increase of distance, with the carbon emission reduction gain from the medium-
distance travel group of 3-5 km being the largest. The unit carbon emission
reduction coefficient presents an inverted U-shape rather than a linear rise with
distance. The annual personal carbon emission reduction of dockless bike-
sharing users is 4,312.42 g and the total in Fuzhou is 33.03 Mt per year.

Discussion: These findings indicate that a improve of the city’s fast cycling lane
system can promote the travel mobility and efficiency in the central downtown
area.
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1 Introduction

As defined by the SAE International standard J3163, shared bikes are categorized into two
primary systems: dock-based bike-sharing (DBBS) and dockless bike-sharing (DLBS), also
known as station-based and free-floating bike-sharing, respectively (SAE International, 2018).
The key distinction between these two systems lies in the presence or absence of fixed docking
stations. DLBS enables users to rent and return bicycles flexibly at any location through the
integration of smartphone applications (Pal and Zhang, 2017). Representing an emerging mode
of urban mobility, DLBS has experienced significant growth in adoption and has rapidly
expanded across major metropolitan areas in countries such as France, Germany, Singapore, the
United States, and China (Reiss and Bogenberger, 2015; Zamir et al., 2019).

DLBS was first introduced in China in 2016 and rapidly gained traction with the
infusion of social capital, reaching peak utilization by late 2017. It has since become the
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dominant mode within the public bicycle service sector, effectively
replacing traditional DBBS. According to statistics from the
Ministry of Transport of China (2020), approximately 20 million
shared bikes have been deployed across more than 360 cities,
covering 60% of the country’s area, with an average of
45.7 million daily orders. Despite its rapid proliferation, the
exponential growth and oversaturation of DLBS have presented
new challenges for urban traffic management and spatial resource
allocation, including issues such as low utilization rates and the over-
occupation of public spaces. Nevertheless, bike-sharing has emerged
as a critical mode of transportation for urban residents, fostering
intermodal connectivity and advancing sustainable urban mobility
(Link et al., 2020).

Additionally, carbon emissions have become a global crisis
because they are a driver of climate change. Recognizing its role
as a significant global power, China demonstrated its commitment
to addressing this challenge by pledging in a joint climate statement
with the United States in November 2014 to peak carbon emissions
around 2030 and achieve carbon neutrality by 2060. The
transportation sector, particularly in urban areas, is the fastest-
growing contributor to energy consumption and CO2 emissions
worldwide (Yan and Crookes, 2009). In this context, the emergence
of bike-sharing systems has the potential to bolster international
confidence in China’s capacity to mitigate carbon emissions. This is
attributed to the environmentally friendly nature of bike-sharing
(Carrus et al., 2008) and the modal shift it promotes, which
generates substantial environmental benefits (Tao and Zhou, 2021).

DLBS facilitates the evolution of urban transportation systems
and contributes to the restructuring of urban carbon emission
profiles. While prior research has offered initial evaluations of
the environmental impacts associated with the development of
bike-sharing from various perspectives, significant knowledge
gaps persist. Numerous studies have explored the potential
environmental benefits of bike-sharing, particularly in the
domains of energy efficiency and resource utilization (Jie et al.,
2020; Tao and Zhou, 2021). However, research examining the
relationship between carbon reduction outcomes and
transportation mode shifts remains relatively sparse, especially
with regard to empirical investigations focused on mode shifts
induced by DLBS. Although certain studies have employed big
data algorithms to infer alternative transportation modes
potentially replaced by DLBS in specific scenarios (Li et al.,
2021), or have used the existing traffic structure as a proxy for
substitution ratios, these approaches do not rely on the actual travel
behavior data of DLBS users. Furthermore, most analyses of the
carbon reduction effects of DLBS adopt a lifecycle perspective for
individual shared bikes or a regional bike-sharing system (Ding
et al., 2021), thereby limiting the ability to perform quantitative
comparisons across cities or countries.

To fill this gap in the literature, in our study, we aim to gain
insights into the riding characteristics and travel pattern
transforming of DLBS users based on the questionnaire survey
data of users, and try to propose a new approach from user
perspective to calculate the carbon emission reduction effect
caused by DLBS, whose result is more accurate but comparable
to those from the bicycle system in the literature.

The remainder of this paper is organized as follows. In Section 2,
we review the literature related to riders’ behavioral patterns and the

carbon reduction effect. Section 3 introduces the research data and
methodology used in the empirical analysis. Section 4 provides a
detailed analysis of the behavioral characteristics and trip chain of
bike-sharing users. In addition, the potential environmental effects
of DLBS under various scenarios are calculated. Section 5 and 6
present the discussion, conclusions, and limitations.

2 Literature review

2.1 Behavior and travel pattern of shared
bike users

Behavior patterns of bike-sharing users have raised considerable
concerns worldwide. Studies have mainly focused on users’ personal
characteristics (Chen et al., 2020a; Zamir et al., 2019) and usage
patterns (Link et al., 2020; Wei et al., 2021), including the travel
speed and time, usage types, and spatial structure of bike-sharing
trips (Link et al., 2020; Zhang et al., 2017). In addition, some studies
have discussed factors affecting users’ behaviors (Shen et al., 2018),
as well as the benefits of and problems caused by bike-sharing (Tao
and Zhou, 2021).

Regarding user characteristics, studies have found that younger
individuals or those with a high education level and high income
usually show an inclination for shared bikes (Hirsch et al., 2019; Li
et al., 2018). Evidence suggested that individuals who used to travel
by private bicycles, buses, and rail transit have a higher probability of
traveling by a dockless shared bike than those who used to travel by
electric bikes (Tang et al., 2017).

As for usage pattern, studies have also investigated usage
features from the perspective of different levels (Zhang et al.,
2017): at the individual level, the average riding frequency was
between 15 and 75 times per month, and 70% of users rode dockless
shared bikes at least once per day; at the system level, each bike was
used 4.5 times per day; and the average overall utilization of DLBS
was approximately 50% (Chen et al., 2020b; Xing et al., 2020). Most
studies have shown that shared bikes are consistently used for short-
distance travel of less than 3 km (Ai et al., 2019; Link et al., 2020;
Zhang and Mi, 2018), and a few studies have posited that shared
bikes are more attractive for long-distance travel than private
bicycles (Li et al., 2019). For travel time, the travel peak was
higher in the morning than in the evening on weekdays;
however, the situation was the opposite on weekends (Wei et al.,
2021). As for riding purposes, the routes were more varied for leisure
activities (e.g., shopping) (Wergin and Buehler, 2017), with a longer
average distance and duration, than for trips for specific necessary
purposes (Xing et al., 2020).

Recent studies have attempted to explore the travel behavior and
patterns of users of bike-sharing systems and the main influence
factors using data mining and visualization with big data support
from bike-sharing companies (Xing et al., 2020). However, a serious
limitation in these studies is that riding purposes are always
speculations rather than the real intentions of participants, which
are inferred from nearby POIs. Introducing the trip chain is a good
way to understand the travel behavior of a bike-sharing user because
of the combination of user information and trip information. The
trip chain pertains to the daily travel in 1 day composing of several
travel activities. Due to different type of transportation utilized in
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each journey, the trip chain should encompass all the transportation
modes commonly used in daily life. At present, studies that have
provided insights into the usage and role of DLBS within different
urban backgrounds can be classified into two categories: user survey-
based studies and trip-based studies. The former can obtain more
information about individual attributes and habits, but it lacks
space-time information for trips and the sample capacity is
limited. The latter has a large amount of data, but the
information is fragmented, which ignores a large amount of
useful details, such as travel purpose, and the sequence of
consecutive trips within a trip chain. Besides, there is evidence
that the effect of travel purpose on other factors is critical in the trip
chain (Tang et al., 2017).

However, as most studies have been conducted on DBBS, less
attention has been paid to DLBS. Although the two types of bike-
sharing systems have many similar features, such as cycling peak,
duration, and distance (Fishman et al., 2014; Zamir et al., 2019), they
differ in some aspects. For example, DBBS is consistently used in
inflexible travel activities, such as commuting trips, and DLBS is
mainly used for flexible purposes, such as leisure (Li et al., 2019;
Zamir et al., 2019). Additionally, studies that have provided insights
into the usage and role of DLBS within different urban backgrounds
can be classified into two categories: user survey-based studies and
trip-based studies. The former can obtain more information about
individual attributes and habits, but it lacks space-time information
for trips and the sample capacity is limited. The latter has a large
amount of data, but the information is fragmented, which ignores a
large amount of useful details, such as travel purpose, and the
sequence of consecutive trips within a trip chain. Notably, the
trip chain is essential for understanding the travel behavior of a
bike-sharing user because of the combination of user information
and trip information. For example, Zhang et al. investigated a
sequence of DBBS trips made by the same user on the same day
in Zhongshan, China (Zhang et al., 2018), and Raux et al. found that
DBBS users are multimodal in their day-to-day travel behavior and
that shared bikes are used by them in different travel patterns (Raux
et al., 2017). However, as few studies have been conducted on DLBS,
this study on DLBS is necessary.

2.2 Carbon emission reduction effect of
shared bikes

From the perspective of carbon emission reduction, previous
studies have provided evidence that the total environmental benefits
of DLBS are positive in both low- and high-utilization cases (Tao
and Zhou, 2021). There are different methods to measure the carbon
reduction emission effects of DLBS. Chen et al. calculated the whole
life cycle carbon footprint of one bike as 34.56 kg CO2 according to
the Life Cycle Analysis (LCA) theory (Chen et al., 2020a); Li et al.
calculated that one bike-sharing trip could reduce approximately
80.77 g CO2-eq per distance travelled in greenhouse gas emissions
(Li et al., 2021), and Sun et al. compared the quantity of reduced
carbon emissions due to DLBS between railway stations in Beijing
(Sun et al., 2020). However, the conclusions of the studies on
environmental benefits produced by DLBS differ substantially
and are difficult to compare. Aggregated greenhouse gas emission
reductions caused by DLBS mainly depend on the following aspects:

average trip distances, transportation mode shifts, DLBS ridership,
and the built environment, which can influence the first three
aspects (Li et al., 2021; Tao and Zhou, 2021).

However, several controversies remain in this area of study. The
first disputed point is the transportation modes substituted by a
bike-sharing trip, because this aspect strongly depends on travel
contexts (e.g., population density, land use entropy, metro station
density, and transit networks) (Abdulrazzaq et al., 2020; Gao et al.,
2021; Kou et al., 2020) and individual characteristics (Fukushige
et al., 2021), and has substantial spatial–temporal variances (Li et al.,
2021). Empirical evidence has revealed that mode shifts after the
appearance of the bike-sharing are also uncertain. Some studies have
found that bike-sharing mainly replaces public transportation and
walking or are substitutes for private bicycles, not for private
motorized means of transportation (Link et al., 2020; Tang et al.,
2017; Zhang et al., 2017). Other studies have found that nearly half
the trips by shared bikes were originally intended to be by car, and
the remainder were planned to be by bus, using a bike, or walking
(Barbour et al., 2019). Moreover, the proportion of each mode of
transportation varied with distance. For example, the proportion of
walking a short distance is higher than that for a long distance, and
the proportion of private cars over a long distance is higher than that
over a short distance. Substitution rates of bicycles for different
transportation modes change as the travel distance increases, and
the functional unit of the carbon reduction coefficient for
transporting one passenger for 1 km probably fluctuates.

In summary, the usage patterns of bike-sharing users depend on
the city scale, the city layout, individuals’ lifestyles, and the bike-
sharing system scale (Du et al., 2019; Kou and Cai, 2019), and the
carbon reduction emission effect of bike-sharing programs is based
on riders’ behavioral characteristics, which vary by city (Kou et al.,
2020). The second disputed point is whether a carbon reduction
effect occurs when shared bikes replace other types of transportation
modes. For example, Chen et al., indicated that bus and rail carbon
emissions will not decrease with reduced passenger flow because of
the fixed public transportation schedule (Chen et al., 2020b). Other
debates are related to whether shared bikes could be regard as a zero
carbon emission mode when they replace walking or private
bicycles. The third disputed point is how to get the accurate
mode shift data. Existing literature only considered effect on
mode substitution of DLBS, actually connection effect of DLBS in
the whole traffic network can also promote the mode shifts. Most
studies have mainly emphasized the alternative choice of shared bike
users if a shared bike was not available for this trip, which is an
individual-level hypothetical situation and tends to result in
structured errors. Although some scholars have used the
calibrated mixed logit model to construct a reference preference
scenario to predict the probabilities of choosing certain types of
transportation modes if there were no DLBS (Li et al., 2021), this
result is still assumed and estimated by machine learning rather than
the reality. These disputes concerning the carbon reduction emission
effect require further case studies.

2.3 Research design and framework

A reasonable estimation of the impact of DLBS on the structure
of the entire transportation system is an important part of the
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estimation of its emission reduction effect. DLBS bridges the gaps in
existing transportation networks and encourages residents to use
multiple transportation modes (Ai et al., 2019; Link et al., 2020),
although no evidence has been presented on how DLBS increases
mobility and substitute travel modes. On the one hand, in the
literature, all the substituted effects are usually attributed to the
introduction of shared bikes (Ding et al., 2021). Notably, DLBS can
promote some transportation modes that directly shift into other
types through connecting and transferring roles. On the other hand,
most studies have used the estimated data of the substitution rates of
DLBS for other transportation modes (Li et al., 2021; Luo et al.,
2019), and no reliable, accurate data based on individuals’ choices in
real situations are available. Previous studies found that the average
substitution rates of different transportation modes to DLBS are not
homogeneous in both spatial and temporal dimensions; thus,
collecting real daily trip chain data is essential.

Therefore, to fill this gap, our study aims to summarize the real data
of each type of transportation mode usage from the microscopic level.
First, we provide statistics on the percentage change in the number of
users for each type of transportationmode after the emergence of DLBS.
The data on the users-based mode shifts are based on this question:
“What types of transportation do you commonly take in daily life
before/after the emergence of dockless shared bikes?“. Next, combined
with the proportion of trips by each kind of transportation mode based
on the data of trip chain, we speculate on the change in the
transportation structure after the emergence of trip-based shared
bikes under different distance scenarios.

Notably, the trip chain in this study is not continuous, unlike
that in DBBS research, but a summary of individuals’
transportation-related behavior during a certain time period on
1 day or 1 week. In our study, the trips involving two or more steps
were classified into the dominant transportation mode and
respondents were asked to judge the dominant transportation

mode by assessing the specular distance of this step. Additionally,
travel time contains the sum of travel times in different stages of the
same trip. For example, the time of a bus trip comprises the time
taken to walk to the bus stop from the origin, wait for the bus, and
arrive at the destination. Finally, by collecting and summarizing the
travel behavior characteristics of weekday and non-weekday trips
during the week, we measured the carbon emission reduction effect
contributed by one DLBS cyclist in 1 week, and the carbon emission
reduction effect produced by DLBS in this region in 1 year.

Following Li et al. on the personal carbon reduction of public
bicycles (Li et al., 2016), we introduced the carbon reduction
coefficient to compare the real environmental effects due to
DLBS at different distances. Under perfect assumptions, the
proportion of mode use on trip level can be thought of as the
average share of distance travelled by each mode of transport for the
trip with certain distance. As shown in Figure 1, after the appearance
of dockless shared-bike, changes were observed in the proportion of
each transportation mode. To calculate the average carbon emission
coefficient per kilometer for a given distance scenario, the
proportion of each transportation mode was multiplied by its
corresponding carbon emission factor, and using the values
before subtract the values after the introduction of shared bike.
Finally, combined with the population, average riding times, and
average riding length of the area, the carbon emission reduction
effect can be calculated.

3 Study area and survey

3.1 Study area

Fuzhou, a fast-growing coastal city located in the southeast of
China, is the provincial capital of Fujian Province (Figure 2). It has

FIGURE 1
Framework of the calculation design.
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become one of the central cities of China, regardless of its industrial,
transportation, or commercial fields. The city has six districts, six
counties, and one county-level city, with a permanent resident
population of approximately 7.66 million within its
administrative area (11,968 km2). Fuzhou has 1.19 million private
cars, 90 bus lines, and two subway lines, and a GDP of 939.23 billion
CNY (14.47 billion USD) (Fuzhou Statistics Bureau, 2020).

The public bicycle system was introduced in Fuzhou as early as
2011: more than 200 bike stations have been built by local
governments, and more than 7,900 bikes have been launched in
the market, which started the evolution of new travel modes. With
the development of DLBS, DBBS has completed its historical
mission and gradually exited the public bicycle market. As the
first city in China to completely stop using the DBBS, Fuzhou
began to promote DLBS at the end of 2016. At least six bike-sharing
operators, such as, ofo,Hellobike, andDiDi, have operated in Fuzhou
in succession, and gradually evolved to become prosperous and
reached a peak in 2018, with approximately 500 thousand bikes.
Additionally, Fuzhou ranks first in the average personal cycling time
of dockless shared bikes, according to the report on bike-sharing in
Southeast China published by Guangzhou Transport Planning
Research Institute and Mobike. Therefore, we used Fuzhou as the
empirical study area.

3.2 Survey and data

This study builds on surveys that have aimed to explore
individuals’ bike-sharing usage rates and mode substitution and
estimate the carbon emission effect. Therefore, the targeted group
comprises all individuals who have used a dockless shared bike at
least once. We conducted a cross-sectional questionnaire survey in
five municipal districts of Fuzhou during July to August in 2017,
using a random sampling method based on the population
proportion of each district. To ensure the accuracy and reliability

of the data, we only selected participants near places where
individuals returned shared bikes, usually in five types of
locations: a university, residential area, bus or subway station,
park or sports center, and shopping mall. Additionally, the
survey was anonymous to decrease the possibility of socially
derivative responses. After removing samples with missing and
unclear information, 690 valid samples were collected, and the
valid response rate was 93.97%.

The questionnaire comprised three sections. In addition to the
standard sociodemographic and riding behavior characteristics of
the respondents, the users’ attitudes and opinions toward bike-
sharing were included in this survey. The first part of this
questionnaire was designed to understand the basic information
of the respondents, for example, gender, age, educational
attainment, annual income, place of residence, and occupation.
The second part focuses on the travel behavior patterns of the
respondents, mainly to obtain detailed data on riding habits. The
third part is a table of the daily trip chain in which the day
reconstruction method (DRM) is used, with special attention to
identifying differences in riding characteristics on weekdays and
weekends. Participants were also asked basic questions, such as the
frequency and duration of daily use and their regular choice of
transportation before and after the emergence of DLBS. Next, they
filled out a 2-day travel dairy of a continuous weekday and a
weekend day (e.g., Friday and Saturday). However, some
participants only filled this diary for one weekday or one
weekend day, rather than both. Finally, we obtained data on
2,249 trips made by approximately 50% of the participants who
provided valid data on their daily trip chain, because the travel chain
includes several trips in a day. The third part of this questionnaire
mainly explored the respondents’ attitudes toward shared bikes,
such as the attractions of bike-sharing, the problems encountered,
and how they perceived the prospect of bike-sharing.

Information on basic attributes is shown in Table 1. For shared
bike usage, the proportions of men and women are relatively

FIGURE 2
Location of the study area.
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balanced, and the youth group aged under 30 years accounts for
more than 75%. Approximately 60% of users have an educational
attainment of university or above, and more than 50% of the
respondents own cars in their families. Notably, we found that
bike-sharing participants’ families tended to be relatively wealthier,
with a higher average monthly household income of USD 3305.69,
which is similar to the findings in the literature (Fishman, 2016;
Woodcock et al., 2014). This phenomenon may be attributed to the
longer commuting distance for the lower-income group due to a
job–housing imbalance; thus, they are less likely to use shared bikes
in their daily lives. The sample with urban and rural household
registration was 60.25% and 39.75, respectively, and the proportion
of local residents was 56.10%. All these attributes are similar to those
of other cities, such as Vienna (Austria) and Seattle (the
United States), suggesting that shared bike users are
predominantly young, educated, and have a relatively high
household income (Hirsch et al., 2019; Link et al., 2020).

4 Results

4.1 Behavioral characteristics

4.1.1 Basic behavioral characteristics
By analyzing the trip chain data and other related questions, we

have drawn the following conclusions on the travel characteristics of
dockless shared bike users. In a basic 1-week unit, the average

personal riding frequency is 4.07 times per week, and the group that
uses shared bikes less than five times a week accounts for over 70% of
the respondents (Figure 3a). Specifically, the percentage of DLBS
trips on weekends in all-day trips was higher than that on weekdays
(23.84% and 17.72%, respectively). Figures 3c, 4d reveal two peaks
(6:00–9:00 and 18:00–21:00) of the number of departures and
arrivals during a day, and the second peaks are the most
pronounced: twice as high as those in the morning.

The morning peak period is later and smoother on weekends
than on weekdays due to lifestyle differentiation. Notably, the
second utilization peak of DLBS in Fuzhou is later than that in
the literature for Shanghai (Yan et al., 2020); the reason for this
difference might be that people in medium-sized cities like Fuzhou
are used to riding DLBS as an exercise at night whereas in megacities
like Shanghai this activity is likely to be seen as unsafe and
impracticable. The average riding distance is almost the same in
different time periods on workdays and fluctuates on weekends. The
average distance on weekdays was shorter than that on weekends
(2.67 km vs 3.98 km), but the average speed was faster than that on
weekends (10.47 km/h vs 9.90 km/h). The longest average trip
distance (2.5 km and 2.48 km) was observed from 00:00 to 06:
00 and 18:00 to 21:00; the rides between 12:00 and 15:00 tend to be
shorter than those during other periods of the day.

4.1.2 Difference between weekday and weekend
Travel purpose influences travel characteristics to some extent.

Even for the same travel purpose, there are apparent disparities in

TABLE 1 Descriptive statistics of users of dockless shared bikes.

Variables Descriptions Proportion or mean

Gender Female 51.45%

Male 48.55%

Household registration Rural 39.75%

Urban 60.25%

Identity Non-local 43.90%

Local 56.10%

Educational level Junior high school or below 40.50%

University or above 59.50%

Age (years) Age 12–19 19.75%

Age 20–29 55.35%

Age 30–39 16.35%

Age 40–49 6.42%

Age 50–59 2.01%

Age >60 0.13%

Monthly household income U.S. dollar 3,305.69

Vehicle owing to respondents’ family Bike 12.08%

Electric bicycle 39.75%

Motorcycle 8.18%

Car 56.10%
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riding speed and riding distance between weekdays and weekends.
For the riding purpose (Figures 3b, 4b), transferring is a crucial
function of bike-sharing and ranks first along with entertaining. The
main purpose of riding on weekends is entertainment and
exercising, and on weekdays, commuting is the main riding
purpose, which covers 52.30% of weekday trips. When riding for
exercise or entertainment purposes, the distance tends to be longer
than that for other riding purposes, namely, 4.61 km and 4.12 km,
respectively. From Figures 3d, 4a,c, it is evident that the average trip
distance on weekends is larger than that on weekdays, regardless of
the purpose, except for transferring. Riding distances for
recreational purposes on weekdays are twice as long as those on
weekends, and the gap ranks first, followed by the purpose of
shopping and visiting.

When individuals ride for entertainment and shopping on
weekdays, they are willing to ride more slowly than on weekends,
despite the distances for these two purposes being shorter than those
on weekends. This finding indicates that riding is regarded as a
relaxing means of transportation for these two purposes on
workdays, and individuals can enjoy it. On weekends, the riding
speed for eating and visiting was the fastest. However, on weekdays,
the riding speed for dining and transfer was the fastest. Additionally,

the riding distance for diet is usually the shortest, and the speed is
the fastest.

4.2 Carbon emission analysis

4.2.1 Carbon emission factor
The carbon emission factor is the average resource demand

and carbon emission per function unit during the entire life cycle
(ISO, 2006), and the transportation life cycle includes the vehicle
cycle and fuel cycle. Considering the many empirical references
about carbon emission factors based on the LCA theory, we
directly used the average value provided by other scholars and
institutions, such as the Energy Foundation of the USA and
Beijing Transport Institution (Schipper et al., 2011; Loo and Li,
2012). Because there are no data available on the carbon
equivalent per kilometer of DLBS, we referred to other
literature and standards (Zhang and Mi, 2018) and set the life
of each bike as 3 years, with a turnover rate of 4.55 times a day
and a 2.2 km average riding distance (Chen et al., 2020b; Zhang
and Mi, 2018). The total kilometers a shared bike can be utilized
throughout its lifecycle can be derived by multiplying its total

FIGURE 3
Statistics of total behavioral characteristics. (a) Riding frequency and distance in aweek. (b) Proportion of riding purpose and responding distance. (c)
Distribution of riding volume in a day. (d) Average riding distance in a day.
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using period (in days) by the average daily usage frequency and
the distance traveled per ride. Subsequently, dividing the
cumulative carbon emissions generated over the lifecycle by
the total kilometers traveled yields the carbon emission factor
of DLBS. Based on lifecycle analysis, the carbon footprint of a
single shared bike is estimated at 34.56 kg CO2 (Chen et al.,
2020b), resulting in a functional unit carbon emission value of
3.15. Notably, this value is approximately half that of a private
bicycle. This discrepancy can likely be attributed to the higher
daily usage frequency of shared bicycles, which extends their total
travel distances across their lifecycle, from production to
eventual disposal (Wang and Lindsey, 2019).

Besides, most studies have assumed that decreased trips by bus
or subway would not lead to carbon emission reduction, because of
the fixed schedule of buses or subways, which does not change with
fluctuations in passenger flow (Chen et al., 2020b; Tao and Zhou,
2021). In this study, transferring from public transportation and
riding a shared bike are considered effective behaviours in reducing
carbon emissions, because our focus is on the overall change in the
transportation structure. In contrast with the literature (Ding et al.,
2021), in this study, walking was assumed to be a zero carbon
emission travel method. Figure 5 showed the carbon emission
factors of different travel mode.

4.2.2 The proportion of travel mode under
different scenarios

As the preference of travel mode choice depends on the travel
distance, the proportion of shared bike use is seemed as an important
factor in determining carbon emission reduction effect in different
scenarios in this study. The findings of our study indicate the role played
by shared bikes in urban transportation networks (Table 2).

For short-distance trips, dockless shared bike is used as a main
mode directly replacing other modes. Trips using dockless shared bikes
account for over one-fourth of short-distance trips, and short trips
(≤3 km) account for nearly half of the daily travels. Additionally,
approximately 75% of riders reported that their regular riding distance
is less than 3 km, which indicates that dockless shared bike is an useful
and accessible tool in short-distance trips. Surprisingly, there is only a
small gap between the speed of a shared bike and that of any othermode
of transportation for short trips below 3 km. Based on the comparison
of travel speeds of different transportationmodes,motorcycles rank first
with a speed of 13.06 km/h, and the speeds of other transportation
modes fluctuate at around 10 km/h, which is inconsistent with the fact
that private cars are usually the fastest mode of transportation, possibly
due to bad traffic conditions. Research results from Lyon, France, also
proved that public bicycles can competewith cars in speed in downtown
areas (Jensen et al., 2010). And our survey showed that more than 75%

FIGURE 4
Behavioral characteristic differentiation of shared bike users between weekdays and weekends. (a) Average riding distance in a day. (b) Population
ratio for different purposes. (c) Distance and speed for different riding purposes. (d) Distribution of riding volume in a day.
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of short trips occur during rush hours in the morning and evening on
weekdays. All of these has demonstrated that shared bikes have
substantial advantages in short-distance trips, such as more
convenience and energy efficiency than other transportation modes,
and require less time and cost.

For long-distance trips, considering that transferring to
other transportation modes is one of the most mentioned
trip purposes for bike-sharing in the literature (Xing et al.,
2020), we need to carefully evaluate whether its impact on
carbon emission reduction in this context is as effective as
directly replacing other transportation modes. Figure 6 shows
that shared bikes are used quite frequently in long-distance
travels by public transport, including both metro and bus trips.

However, when combined with the results from Table 4, it
becomes clear that shared bikes primarily serve as a
connecting mode for long distance commuting, replacing
walking rather than other modes. Therefore, their impact on
carbon reduction in this context is not as significant as it is for
short-distance travels. From Figure 5, it is evident that shared
bikes substantially contribute to improving the sustainability
and efficiency of the urban traffic network, and the
combinations of “Shared bike + Subway” and “Shared bike +
Bus” are the most popular combinations in the transferring
mode, with 49.25% and 66.70%, respectively. Notably, this
result does not mean that the DLBS expands the quantity of
public transportation user groups. In fact, the usage of nearly all
transportation modes decreases to a certain degree, except for
the subway (Table 3), and this finding is similar to that of a
survey conducted in the United States. All of these illustrates
that the percentage structure of travel mode based on users base
is entirely different from that based on trips, that is, a
transportation mode with a larger user base uncertainly has a
higher travel flow.

Based on these findings, we obtained accurate substitution rates
for each type of transportation. First, we totalled all trips as cases
from the trip chain to calculate the proportion of each
transportation mode in the total traffic field after the emergence
of DLBS (Table 4). Next, we combined that number with the
fluctuating percentage of the user base for each mode (Table 3).
We speculated on the proportion of each transportation mode
before the emergence of DLBS by assuming that all DLBS users
have similar travel habits.

4.2.3 Carbon emission reduction effect
When calculating the carbon emission reduction effect of the

whole area, we assume that individuals’ daily traveling behavior is

FIGURE 5
The carbon emission factors of different travel mode.

TABLE 2 Comparison of travel speeds in different travel situations.

Travel
mode

Average speed
(km/h)
(trips ≤3 km)

Average speed (km/h)
(trips >3 km)

Car 11.91 29.34

Taxi 10.51 21.23

Motorcycle 13.06 24

Subway 12.45 34.63

Private bicycle 7.91 11.83

Bus 9.18 25.64

Electric bicycle 9.29 22.23

Walking or
running

7.14 13.15

Shared bike 9 12.8
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regular for a week, and the average riding distance for a single trip
and the average riding times are the same for each DLBS user.
Referring to Li et al. (2016) research on personal carbon emission
reduction (Li et al., 2016), we made some innovation to the
calculation of the Ecof formula. In Li et al.’s study, the mode
share calculation only accounted for the proportion of users for
each transportation mode of different distance trips prior to the
introduction of DLBS, which is inaccurate. In this study, taking one
trip as a basic research unit, the percentage of trip flow for each type
of transportation mode can be converted to the mode proportion in
the unit distance; thus, we obtained the unit carbon emission

reduction coefficient (Ecof ) of DLBS in different scenarios, the
specific calculation formula for Ecof is as follows (Equations 1):

Ecof � ∑Pi pEFi( ) − ∑P’
i pEFi( ) (1)

Pi: the percentage of transportation mode i before the emergence
of shared bikes;
P’
i: the percentage of transportation mode i after the emergence of

shared bikes; and
EFi: the functional unit carbon emission of transportation mode i
assessed by LCA (g CO2 eq./passenger-km).

FIGURE 6
Proportion of transferring modes.

TABLE 3 Transportation mode shifts and the carbon emission factor.

Travel
mode

Population of
users before DLBS
appearing

Population of
users after DLBS
appearing

Change in
user
population

Percentage change
in this
transportation

Functional unit carbon
emission assessed by LCA
(g CO2 eq./
passenger-km)

Car 237 207 −30 −12.66% 154.95

Taxi 202 140 −62 −30.69% 131.33

Motorcycle 25 19 −6 −24.00% 61.43

Subway 159 210 51 32.08% 22.47

Private
bicycle

74 41 −33 −44.59% 6.8

Bus 459 367 −92 −20.04% 31.38

Electric
bicycle

256 187 −69 −26.95% 17

Walking 245 184 −61 −24.90% 0

Shared bike 0 396 396 - 3.15
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Taking 1 week as the basic time unit, we calculated the annual
total carbon emission reduction due to DLBS in Fuzhou by
considering the average personal riding times and miles per week
and the total population in this region. The transportation efficiency
enhancement effects of the DLBS are assessed as follows
(Equations 2–4):

WAVE � Dweekday pT p 5/7( ) + Dweekend pT p 2/7( )[ ] (2)
EAcof � EScof pPS + EMcof pPM + ELcof pPL (3)

ER � EAcof pWAVE p 365/7( ) pN (4)

Dweekday: Average travel distance for one trip by DLBS
on weekdays;
Dweekend: Average travel distance for one trip by DLBS
on weekends;
T: Average personal riding times in 1 week;
EScof /Mcof/Lcof : Ecof for different distances;
PS/M/L: Percentage of trips with different distances;
WAVE: Average personal travel distance in a week (km/week);
N: The total population of users of DLBS in this area;
ER: The total carbon emission reduction (g).

Finally, we calculated the personal average riding distance on
weekdays and weekends separately and found them to be 2.67 km
and 3.98 km, respectively. With an average of 4.07 times per week and
an average of 7.66 billion for the population in central urban areas, the
annual personal carbon emission reduction of users of DLBS was
calculated. The result is 4,312.42 g, and the total carbon emission
reduction due to DLBS in Fuzhou is approximately 33.03 Mt CO2-eq
per year. Regarding the order of magnitude of carbon emission
reduction, the results for Fuzhou and Beijing are similar, although
they used the annual emission reduction of one dockless shared bike in
1 year as the basic research unit (Ding et al., 2021).

Furthermore, the carbon emission reduction coefficients (Ecof )
due to DLBS do not continuously increase with the increase in

distance (Table 5), which slightly differs from the conclusion of Li
et al. (2016). This may be attributed to the decrease in the usage of
dockless shared bikes with an increase in distance. In addition, by
comparing Ecof in the user-based mode shift and in trip-based mode
shift, we find that using the user group structure directly as the actual
travel structure tends to lead to an overestimation of Ecof due to an
underestimation of the use of cars, which indicated that there is no
established positive connection between the user population scale
and the trip flow for one transportation mode.

5 Discussion

There is much evidence on the relationship between carbon
emissions and transportation, therefore, it is of substantial
significance to explore the carbon emission reduction effect
caused by dockless shared bikes. However, knowledge gaps
remain, especially regarding the personal space–time behavior of
users of DLBS at a very fine resolution. Therefore, we attempted to
fill these gaps by conducting this study by tracked the trip chain of
DLBS users in Fuzhou, China. This study contributes to the
literature in several dimensions. First, combination of asking
questions and the DRM has been used in this study to record
real personal traveling data of DLBS users in various situations at a
very fine resolution, which is an improvement on traditional
methods (Li et al., 2021). Second, our study develops a more
accurate and comprehensive method to estimate the
environmental benefits of DLBS than is found in the literature.
Under the premise distance, we introduce the concept of the carbon
reduction coefficient and perfected it, which effectively avoids errors
caused by differences in population, average riding times, and
average riding length. In addition, we consider the proportion by
every transportation mode based on trips before and after the
emergence of DLBS, which effectively sidesteps the problem
caused by calculating mode shift only based on users number.

TABLE 4 Proportion of each travel mode under different scenarios.

Travel mode Trip based User based

Short distance Medium distance Long distance

(≤3 km) (3–5 km) (>5 km)

Before After Before After Before After Before After

Car 8.04% 6.76% 23.51% 19.90% 37.81% 37.06% 14.30% 11.82%

Taxi 4.01% 2.67% 9.11% 6.12% 9.23% 7.18% 12.19% 8.00%

Motorcycle 1.37% 1.00% 0.00% 0.00% 0.78% 0.67% 1.51% 1.09%

Subway 2.10% 2.67% 4.19% 5.36% 6.76% 10.02% 9.60% 11.99%

Private bicycle 6.26% 3.34% 2.38% 1.28% 1.07% 0.67% 4.47% 2.34%

Bus 17.17% 13.20% 30.33% 23.50% 23.63% 21.20% 27.70% 20.96%

Electric bicycle 19.12% 13.43% 25.58% 18.11% 18.94% 15.53% 15.45% 10.68%

Walking 41.93% 30.28% 4.91% 3.57% 1.78% 1.50% 14.79% 10.51%

Shared bike - 26.69% - 22.19% - 6.18% - 22.62%
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Our study shows that the key to quantifying the environmental
influences of DLBS is the shift in the use of all transportation modes
caused by DLBS. Most studies have only considered the substitution
of DLBS with other modes (Li et al., 2021). Notably, DLBS can also
indirectly promote the transfer of users from some transportation
modes to other transportation modes (i.e., from private car to public
transportation), which is supported by the results in this study on
the increase in subway usage. Meanwhile, our study also proved that
the preference for the pattern of “shared bike + public
transportation” does not mean an increase in public
transportation use, because some bus trips are directly replaced
by cycling trips. The same results are showed in the study in
Edinburgh, UK (D’Almeida et al., 2021). When a shared bike
plays a connecting role, it can save more time compared to
walking and promote sustainable daily mobility by integrating
with other transportation modes; when a shared bike serves as a
direct alternative to traditional transportation modes, it can decrease
a trip’s duration, especially for short trips less than 3 km.

Furthermore, combined with other studies in Shanghai, Beijing,
and Washington, we can find the structural proportion of mode
shifts in different cities may be divergent (Chen et al., 2020b; Li et al.,
2021; Shaheen and Martin, 2015), depending on road density, land
use, and accessibility of public transit systems (Sun et al., 2018; Tao
and Zhou, 2021). Additionally, because the basic proportion of
different transportation modes varies based on distances, the carbon
reduction coefficient also changes with distance. As aforementioned,
our results show that the carbon reduction coefficient is nonlinear
and does not continuously increase, which is inconsistent with
results in the literature (Li et al., 2016). This probably occurs
because we use the shifts in all transportation modes facilitated
by DLBS in the calculation, rather than using the initial
transportation composition as the proportion of what was
directly replaced by DLBS.

A recent study in Shenzhen, China (Lv et al., 2024), found that
the carbon reduction per person for a 1-km trip using a shared bike
is 96g, if everyone switches from their original modes of transport to
shared bikes. This is much higher than the findings of this study,
which suggests that the actual substitution rate of shared bikes for
different transport modes is a key factor to consider. Otherwise, the
environmental benefits of shared bikes might be overestimated,
because a very small fraction private car users change their travel
choices because of the availability of shared bikes. Although private
cars are usually used more frequently in long-distance trips (>5 km)
than in medium-distance trips (3–5 km), the decline in private car
use caused by DLBS is greater in medium-distance trips than in
long-distance trips, which is why the carbon reduction coefficient in
middle-distance trips is larger than that in long-distance trips. The

reduction in carbon emissions per kilometer caused by DLBS
depends primarily on the decrease in electric bicycle and the
increase in public transportation. In addition, we found that the
percentage of DLBS use gradually decreases with increases in
distance, but other studies have often not considered this in their
calculations, which could lead to biased results. However, regardless
of the distance, the overall trend of carbon emissions per kilometer
decreases after the emergence of DLBS, verifying the positive impact
of DLBS on environmental protection.

This empirical study shows that the government should target
middle-distance commuters when it formulating some preferential
and incentive policies to reduce energy consumption (such as
issuing ticket coupons for bus or subway riders). For urban
planning designer, the density of multifunction super malls and
other public service facilities, which are less than 5 km around
residential areas, should be increased to improve travel willingness
by public transport. At the same time, improving the connection of
bike lanes and the landscape quality around subway stations and
bus stations is helpful for the prosperity of green transportation.
Besides, it is proposed to improve the city’s fast cycling lane system
so that people can reach destinations within 5 km radius more
rapidly by bicycles during the morning and evening rush hours,
which is a more recommended and appropriate choice to promote
the travel mobility and efficiency in the central downtown area.
And when considering other travel benefits, shared bikes should be
encouraged to use in entertainment oriented long-distance travel
in weekends or other leisure time, which is a good way to not only
enhance people’s physical quality but also reduce region traffic
carbon emissions.

6 Conclusion

By analyzing dockless shared bike users’ riding habits and trip chain
data, we find that riding speed and riding distance vary substantially
across riding purposes and different regularity is observed between
weekdays and weekends. We further compared the carbon benefits
resulting from the use of dockless shared bike at different distances
according to the total traffic structure transforming caused by DLBS
rather than DLBS usage as a substitute for other transportation modes.
We also illustrate that using 1 week as the time unit is better than using
1 day to calculate the potential environmental benefits. In addition,
through this empirical analysis, we combine travel purpose with other
travel characteristics, which is useful in deeply understanding DLBS
users’ behaviors and exploring various regular cycling patterns. This
research makes a timely contribution to advance the understanding of
DLBS riders’ behaviors and travel patterns and the relationship between

TABLE 5 Carbon emission reduction benefits due to DLBS under different scenarios.

Trip based User
based

Short
distance (≤3 km)

Medium distance
(3–5 km)

Long
distance (>5 km)

Carbon reduction coefficient (Ecof ) (g CO2 eq./
passenger-km)

5.42 12.05 4.36 11.43

Percentage 44.68% 23.95% 31.36% -
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the carbon emission reduction effect and the introduction of DLBS in
medium-sized Chinese cities.

This study has limitations regarding the data and approach.
First, data were collected in 2017. Notably, a glut of shared bikes and
the double riding cost caused a decrease in the bike-sharing usage
ratio after 2018, which may have affected the change in trip purpose
and travel patterns of bike-sharing users to a certain extent. In
addition, because our study used self-reported data constructed by
individuals’ memories, the accuracy of the data is a concern. Third,
although we collected the proportions of each transportation mode
under different distances, the change ratio of the same
transportation mode used was the same for the three distances.
Additionally, the substitution rates of DLBS for different
transportation modes have substantial spatial–temporal variances
and depend strongly on travel contexts (Li et al., 2021). In further
research, we plan to further analyze the environmental impacts of
DLBS at the group level with different travel characteristics.

Considering the variability in carbon emission reduction across
different travel distances, policy interventions should be tailored to
maximize the environmental benefits of DLBS. Short-distance trips,
though moderate in per-trip carbon reduction efficiency, dominate
in trip frequency and often occur during multimodal transit
transfers. Incentive measures, such as ride discounts based on
trip frequency, alongside financial subsidies for public
transportation like metro systems, can encourage sustainable
short-distance travel. Medium-distance trips exhibit the highest
carbon reduction efficiency per kilometer, making distance-based
financial subsidies an effective strategy to reduce reliance on
motorized modes for trips within this range. For long-distance
trips, which constitute a smaller proportion of overall travel yet
remain vital for leisure and continuous cycling, constructing
dedicated bicycle highways would ensure uninterrupted and
efficient long-distance mobility. These targeted measures
collectively aim to optimize the carbon reduction potential of
DLBS and support the development of a sustainable urban
transportation network.
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