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Abstract: As an icon of sharing economy and product service systems, bicycle sharing is gaining an
increasing global popularity, yet there is little knowledge about the environmental performance of
this emerging traveling mode. To seek the answer to the question, the paper employs a survey-based
method and a life cycle assessment (LCA) approach. We first conduct a questionnaire-based survey to
identify the changes in traveling modes after the introduction of shared bicycles. The survey results
show that the use of shared bicycles is more popular among young and low-income populations,
and shared bicycles are predominantly used to replace walking and bus-taking. Based on the survey
results, we model the environmental impacts of the changed traveling behaviors and the life cycle
of shared bicycle with the aid of Gabi software. The LCA results shows that bicycle sharing is
currently an environmentally friendly practice, as it brings environmental savings in all the indicators
except metal consumption. Further, the results of sensitivity analysis show that aging, rising rental
fees, and increasing volume of shared bicycles would impart negative impacts on the environmental
performance of bicycle sharing. The findings of this work facilitate the management and development
of bicycle sharing.

Keywords: life cycle assessment; bicycle sharing; traveling mode; environmental
impact; sustainability

1. Introduction

As a representative of sharing economy and product service system (PSS), bicycle sharing has been
adopted in major cities such as Shanghai, London, Chicago, and Paris [1,2]. In China, it has reported
that more than 23 M shared bicycles have been introduced and attracted 400 M users as of January
2018 [3], the rapid development of bicycle sharing service has created over 100,000 jobs [4]. OFO, one
of bicycle sharing startups in China, has approximately 8 M yellow-framed bicycles in more than 170
cities in nine countries. The company is reported to have approximately 25 M orders per day and 3 B
cumulative orders through to July 2017 [5]. In March 2018, OFO received an investment of $866 M
USD, setting a record for the bicycle sharing industry [6]. Bicycle sharing has also enjoyed a substantial
growth in the United States from 2010 to 2016; the number of shared bicycles has reached over 42,000 in
2016, while the figure was only 1600 in 2010 [7]. However, the environmental sustainability of bicycle
sharing is a center of controversy, as this traveling mode is under heavy criticisms, such as oversupply
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and low recycling rate [8]. Furthermore, there is little knowledge about the environmental performance
of this emerging traveling mode. Caggiani et al. [9] stated that bicycle sharing can significantly reduce
air pollution, since it provides users with a carbon-free traveling mode. This argument is agreed by
other scholars like Shaheen et al. [10] and Otero et al. [11] and Cohen [12], yet, their claim lacks of
quantitative support.

Due to limited data availability [13,14], only one study quantitatively examines the environmental
performance of bicycle sharing. Zhang and Mi [15] employed a dataset provided by Mobike to analyze
the environmental performance of bicycle sharing, and found that the adoption of bicycle sharing in
Shanghai saved 8358 tons of gas and 25,240 tons of CO2 emission. In the work of Zhang and Mi [15],
it is assumed that shared bicycles are only used to replace taxi or walking; it is inconsistent with the
literature on the adoption of bicycle sharing [1,16,17]. Additionally, the work only includes carbon
emission and oil consumption [15], which only account for a very small proportion of the overall
environmental impacts; other categorized environmental impacts, such as particulate formulation and
human toxicity, have been neglected. Moreover, the environmental impacts of the entire life cycle
of shared bicycles have not been considered in the extant literature on bicycle sharing. To conclude,
until now, the question of “whether bicycle sharing is an environmental practice” is still in need of a
proper answer.

The primary objective of our work is to answer the aforementioned question, as well as to identify
the influential factors that affects the answer. To this end, we employ a life cycle assessment (LCA)
approach to quantitatively analyze the environmental impacts of the traveling behaviors that are
changed by the introduction of bicycle sharing and the life cycle environmental impacts of a shared
bicycle. To overcome the limitations in data acquisition, we conduct a questionnaire-based survey to
identify the changes in traveling modes that are associated with the introduction of bicycle sharing.
The survey method was adopted to investigate the information of shared bicycle users in China,
rather than the general public, due to the availability, comprehensiveness, and accessibility of the data
obtained from the questionnaire. China is the leading market of bicycle sharing, as the number of
sharing-trips in China has exceeded 10 B, accounts for 67% of the global market share [18]. Extensive
participation promotes the understanding of sharing economy, suggested by Böcker and Meelen [19].
On the basis of the survey results, we employ the LCA method to model the whole life cycle of a
shared bicycle, including the replaced traveling processes during its life cycle. The questionnaire
surveys the weekly short trip due to the following reasons: (1) shared bicycles are generally used as
a solution to the “last mile problem” [1,20], mainly for short trips; (2) the weekly traveling data can
avoid the differences between working days and weekends [21]. With the aid of the Gabi software
package (Leinfelden-Echterdingen, Germany), we evaluate the life cycle environmental impacts of
changed traveling behaviors and shared bicycles in terms of both the ReCiPe mid- and end-level
indicators. A sensitivity analysis is carried out to assess the changes of parameters of the following
four aspects: (1) population structure, (2) rental fee, and (3) service life of a shared bicycle, and (4)
volume of shared bicycle.

The contribution of this work is threefold. First, we combine the life cycle data of shared bicycles
with users’ traveling behaviors to assess the environmental impacts of bicycle sharing. Second, we
evaluate the environmental performance of bicycle sharing in a comprehensive manner, as multiple
environmental impact indicators, such as global warming potential, fossil depletion potential, and
metal depletion potential are included. Third, we conduct a sensitivity analysis on the four selected
factors to identify their potential impacts on the life cycle environment performance of shared bicycles.
Based on the results, we provide recommendations on the management and development of bicycle
sharing, with the objective to promote the environmental benefits.

The rest of this paper is organized as follows: Section 2 illustrates the design of questionnaire and
the procedure of the LCA methodology. Section 3 presents the results of surveys and LCA. Section 4
discusses the shortcomings of this work and offers recommendations for administrators and business
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practitioners. The conclusive marks are given in Section 5, as well as the potential directions of
future research.

2. Methodology

2.1. Questionnaire Design

Since the data of sharing bicycles from bicycle sharing companies can only obtain traveling
trajectories of their users, while the demographic information of users and the potential changes
in their traveling modes are unknown. The primary objective of our work is to assess whether the
environmental impacts of the reduced mileage of other traveling modes that are replaced by shared
bicycle can sufficiently offset the life cycle environmental burdens associated with shared bicycle.
Without information of socioeconomic characteristics and changed traveling behaviors, our goal
can never be achieved. Additionally, such datasets from bicycle sharing companies are always in
short supply. Self-reported data is widely used in the study of shared bicycle [22–24], since it can
efficiently investigate user characteristics, attitudes and usage of shared bicycles, although it may be
biased and participants may overestimate their traveling intention to meet social expectations towards
environmental behaviors [25], besides, the survey results are also difficult to copy, which is one of
the defects of the questionnaire survey method [26]. To achieve our objective, we thereby carry out a
questionnaire-based survey to explore the impacts of adopting bicycle sharing on individual traveling
modes, and take some measures to ensure the authenticity and representativeness of online survey
results, such as questionnaire screening and stratified adjustment. Since the purpose of this study is
to investigate the replacement of shared bicycle by its users, the survey target at shared bicycle users
rather than the general public. The questionnaire consists of the three following parts, and its complete
form is shown in Table A1 in the Appendix A:

(1) The socioeconomic (demographic) information of the respondents, including age, gender,
occupation, income, and location. This information is used to understand the persona of shared
bicycle users.

(2) The changes in traveling modes after the introduction of bicycle sharing are identified in terms
of mileage per capita per week. Based on the previous literature that reports the use of shared
bicycles [27–29], options of original traveling means are thereby developed: bus, subway, private
car/taxi, electric bicycle, private bicycle, and walking. The information is used to model the
environmental impacts associated with replacing original traveling means with shared bicycles.

(3) The perception, attitude towards the bicycle sharing, e.g., how the respondents view the number
of existing shared bicycle in their city, and whether increasing the volume of shared bicycle will
affect their traveling modes. This information is used to evaluate residents’ attitudes toward
bicycle sharing, with the objective of providing suggestions on managing this traveling mode.

Online survey is adopted in this study since it has the characteristics of wide coverage, high speed,
convenience and high efficiency [30]. It is conducted during 20 January 2018 to 20 November 2018. To
ensure the authenticity and representativeness of online survey results, the following measures are
adopted:

(1) The questionnaire is published through WJX (www.wjx.cn), a survey app based on WeChat which
is one of the most popular social networking platforms in the world, with over 1000 M monthly
active users [31].

(2) Record the respondent’s Internet Protocol (IP), to exclude duplicate responses from the same IP
address, and to guarantee that the responses are taken from major Chinese cities where bicycle
sharing has been introduced.

(3) Only the returned questionnaires from the respondents over 12 years old are included. As Shared
bikes are prohibited to provide services to users under the age of 12, the respondents of this paper
are users over the age of 12 [32].

www.wjx.cn
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(4) Record the time spent on filling out the questionnaire. According to the reading habits [33], a
questionnaire with a timespan of less than 15 s is considered as invalid.

(5) Stratified adjustment [34] is conducted according to the number of shared bicycles in different
levels of cities [35], instead of age structure, because there is no data on the age structure of shared
bicycle users. The aim of this adjustment is to correct possible bias in the different traveling
demands, public transit infrastructures, and adoption rates of bicycle sharing in different levels
of cities [36].

The existing questionnaire processing techniques include descriptive statistic [37–39], a simplest
and most widely used method, regression analysis [40,41], correlation analysis and cluster
analysis [42–44]. Since the purpose of the questionnaire in this paper is to observe the usage and
attitude of different groups on bicycle sharing, the focus is to apply the replaced mileage of various
alternative vehicles in subsequent calculation, this paper adopts the method of frequencies statistics
and cross-analysis to deal with the collected questionnaire.

2.2. Life Cycle Assessment

Life cycle assessment (LCA) is a popular tool to assess environmental impacts associated with a
product [45,46] or a business model [47,48], and it has been widely employed in the environmental
impacts of traveling modes like car, bus and rail [49,50]. This study employs the LCA methodology
to answer the question of “whether bicycle sharing is an environmental practice”. According to the
related ISO 14040 standard [51], the LCA study includes four basic stages: goal and scope definition,
life cycle inventory (LCI), life cycle impact assessment (LCIA), and interpretation [45,46,52].

2.2.1. Goal and Scope

The objective of this LCA study is to assess whether the environmental impacts of the reduced
mileage of other traveling modes that are replaced by shared bicycle can sufficiently offset the life cycle
environmental burdens associated with shared bicycle.

Functional unit (FU) is defined as the quantified performance of a product system for use as
a reference unit [45,53]. Based on the previous LCA studies on bicycling [54], the FU of this study
is defined as “the complete life cycle of a 17 kg shared bicycle, with an aluminum frame and an
expected lifespan of three years, and includes the reduced traveling process of the replaced vehicle
during the life cycle”. Considering the differences in residents’ traveling behaviors on working days
and weekends [55], the questionnaire surveys the weekly mileages replaced by shared bicycles. The
datasets for the LCA study are taken from the survey results, and public databases like Eco-Invent (EI),
the datasets and assumptions are illustrated in the following subsection.

Adopting “zero burden assumption” and to be consistent with the goal of this LCA study, the
system boundaries shall include the whole life cycle of a shared bicycle and the traveling process of
alternative traveling modes, as the cradle-to-grave LCA method is approached in evaluating the whole
systems, which is shown in Figure 1. Considering the fact that replacing private bicycle and walking
with shared bicycle do not change the environmental performance, system boundaries of this study
only cover the first four types of vehicles. This study studies bicycle sharing of both private and public
sectors, electric bicycle sharing and car sharing are not included. The processes in the studied system
include (1) taking bus, (2) taking subway, (3) taking a private car/taxi, (4) using an electric bicycle,
(5) producing a shared bicycle, (6) using a shared bicycle, (7) maintaining a shared bicycle, (8) recycling
a shared bicycle, and (9) leaving a shared bicycle without disposal options.
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2.2.2. Inventory Analysis

In this study, both primary and secondary data are employed. Surveyed behavioral changes in
traveling means are exploited as the primary data, the secondary data refers to the public datasets
which cover a wide range of existing materials, traveling means and energy consumption processes.
The overall environmental impacts can be calculated using Equation (1), details of the operational
data and related assumptions for life cycle impact modeling are reported in this section, as shown in
Table 1. The inputs of each process are shown in Table A2 in Appendix A.

Table 1. Data and assumptions for the modelling of the process.

Process Description of Datasets and Assumptions Used

Producing a shared bicycle

Smart bicycle locks are the main difference between shared bicycles and ordinary bicycles.
Since they are relatively small compared to the whole bicycle and lack of data, the
environmental impact of producing a shared bicycle is equal to that of ordinary bicycle here.
The EI dataset “Row: bicycle production [unit]” is used. This study assumes that an average
shared bicycle weights around 17 kg including accessories like lights and carrier, and the
frame material is made of aluminum.

Using a shared bicycle

The EI dataset “Row: transport, passenger, bicycle [person × km]” is used. The dataset reflects the
traveling of one person one kilometer on a bicycle. Capacity utilization: 1 person. This dataset
includes the operation of a bicycle and the use of road infrastructure. The mileage data of
Shared bicycles are derived from the replaced mileage of various alternative vehicles in the
questionnaire.

Maintaining a shared bicycle The EI dataset “GLO: maintenance, bicycle [unit]” is used. This dataset includes the maintaining
of a bicycle throughout its life cycle.

Recycling a shared bicycle

The EI dataset “GLO: treatment of used bicycle [unit]” is used. The dataset reflects the disposal of
a bicycle of 17 kg. Aluminum and steel parts are fully recycled. The reuse of recycled materials
is not considered in this study. Plastics are assumed to be incinerated, though recycling could
be more environmentally friendly [53]. This dataset includes the disposal of all remaining
parts that are not recycled. Transport for recycled materials is also included. It also assumed
that 5% of shared bikes are recycled.

Leaving a shared bicycle without
disposal options

It is assumed that the 7.53 kg of steel, 6.987 kg of aluminum, 1.96 kg of waste polyethylene and
0.03 kg of waste polyurethane in the shared bicycle material are all naturally degraded, and
the 0.563 kg of waste rubber is naturally incinerated. It also assumed that 95% of shared bikes
are not recycled. The EI datasets “RoW: aluminum treatment of waste aluminum, sanitary landfill
[kg]”, “RoW: steel treatment of scrap steel, inert material landfill [kg]”, “RoW: polyethylene treatment
of waste polyethylene, sanitary landfill [kg]”, “RoW: polyurethane treatment of waste polyurethane,
sanitary landfill [kg]”, “RoW: synthetic rubber treatment of waste rubber, unspecified, municipal
incineration [kg]” are used.

Taking bus

The quantitative proportion of the diesel buses to pure electric buses is 7:3 [55], the distance
between each station of bus is assumed to be 1.5 km. The EI datasets “GLO: transport, regular
bus [person × km]” and “GLO: transport, trolleybus [person × km]” are used. This data includes
fuel consumption and emissions, electricity and wears caused by the utilization of tires, brakes,
and road.
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Table 1. Cont.

Process Description of Datasets and Assumptions Used

Taking subway

The EI dataset “GLO: transport, passenger train [person × km]” is used, the distance between
each station of subway is assumed to be 2 km. The dataset reflects the transport of one person
on one kilometer on subway. Capacity utilization: one person. The module calls the modules
“operation of vehicle”; “production, maintaining and disposal of vehicles”; “construction and
maintaining and disposal of railway tracks”.

Taking a private car/taxi The EI dataset “GLO: transport, passenger car [person × km]” is used. This data includes fuel
consumption and emissions as well as wears caused by the utilization of tires, brakes and road.

Using an electric bicycle

The EI dataset “GLO: transport, passenger, electric bicycle [person × km]” is used. The dataset
reflects the transport of one person on one kilometer on an electric bicycle. Capacity
utilization: 1 person. This data includes the operation, maintaining and disposal of an electric
bicycle and the use of road infrastructure.

The environment performance of bicycle sharing is determined by the traveling process of
alternative traveling modes and the environmental impacts of a shared bicycle’s full life cycle. The
overall environmental impacts can be calculated using Equation (1):

S = B + F =

(
Pro +

4

∑
i=1

αi ∗ Rid + Maint + Rec + NoD

)
+

4

∑
i=1

αi ∗ fi ∗ VoU/VoB ∗ Weeks (1)

where S is the mid- or end-level indicators, and its value determines whether bicycle sharing is a
burden or a savior to the environment; B is the environmental impacts associated with the whole life
cycle of a shared bicycle; F stands for the reduced environmental impacts associated with replacing
other traveling means with shared bicycles; Pro represents the environment impacts arising from the
production of one shared bicycle; Rid represents the environment impacts arising from the use of a
shared bicycle per kilometer; Maint represents the environment impacts arising from the maintenance
of a shared bicycle; Rec represents the environment impacts arising from the recycling of a shared
bicycle; NoD represents the environment impacts of leaving a shred bicycle without disposal options,
which can be calculated based on the type and amount of material in one shared bicycle, as detailed
in Table A2 in the Appendix A; ai represents the mileages of one user each week that shared bicycle
instead of other traveling modes, which can be obtained by questionnaire, and the median value of the
questionnaire option interval serves as the alternative mileage in this case; i can be 1,2,3,4 representing
bus, private car/taxi, electric bicycle, subway, respectively; fi represents the environment impacts of
the corresponding traveling modes that are replaced by bicycle sharing; VoU represents the volume of
active shared bicycle users since it is more representative of the number of users using shared bicycles,
and the current number of VoU is 56.53 million [56]; VoB represents the volume of shared bicycle, and
the current number of VoB is 23 million [3]; and Weeks represents the number of weeks during a shared
bicycle’s life cycle, which is three years, 156 weeks in this scenario.

2.2.3. Impact Assessment

As an up-to-date LCA method, the ReCiPe method has been applied on modeling traveling
behaviors [50,57]. The following mid-point indicators of the ReCiPe method are selected: Global
warming potential (GWP, in kg CO2 eq), fossil depletion potential (FDP, in kg oil eq), freshwater
ecotoxicity potential (FETP, in kg 1,4 DB eq), freshwater eutrophication potential (FEP, in kg P eq),
human toxicity potential (HTP, in kg 1,4-DB eq), ionizing radiation potential (IRP, in kg U235 eq),
marine ecotoxicity potential (METP, in kg 1,4-DCB-eq), marine eutrophication potential (MEP, in kg
N-eq), metal depletion potential (MDP, in kg Fe eq), particulate matter formation potential (PMFP, in
kg PM10-eq), and photochemical oxidant formation potential (POFP, in kg NMVOC). Three end-point
ReCiPe indicators are selected, namely, ecosystem quality, human health, and resources. It is worth
mentioning that the selected indicators measure the potential environmental impacts rather than the
actual impacts.
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2.2.4. Sensitivity Analysis

A sensitivity analysis is carried out to assess the fluctuations in LCA results by changing individual
assumptions and parameter specifications [58]. In this study, the influences of the potential changes
are investigated in the following four aspects: (1) the population structure, (2) the rental fee of shared
bicycle, (3) the service life of shared bicycle, and (4) the volume of shared bicycle. The current situations
of these four aspects are denoted as “base scenario”, which have been described in inventory analysis
section and based on the current situation.

(1) Population structure
China is aging rapidly [59]. According to Szeto et al. [60], the traveling mode of elderly residents

is quite different from that of young ones; aged groups favor shorter walking distance and more
seat availability. In the analysis of this aspect, age structure is taken as an independent variable to
explore the effect on the replaced mileages and LCA results. Based on the literature on behaviors and
attitudes [61,62], this study assumes that the attitude of the same age group to the shared bicycle is
unchanged. The population-age ratios of China from 2015-2035 are obtained from the report of United
Nations Population Division (UNPD) [63], the current population-age ratio of shared bicycle users
is obtained from the survey. The population-age ratio of shared bicycle users for the forthcoming
years are calculated based on assumptions that the proportion of shared bicycle users in different age
groups remain the same, which can be calculated using Equation (2). Table 2 shows the population-age
ratios and the estimated ratios of shared bicycle users. By changing the population-age ratio of shared
bicycle users, it will affect the mileages that shared bicycle instead of other traveling modes, namely ai
in Equation (1), and we obtain the changed LCA results relative to that of the base scenario:

Population − age ratio in 2015
Population − age ratio in N year

= Population−age ratio of shared bicycle users in 2015
Population−age ratio of shared bicycle users in N year

(2)

where N is the year, and N can be 2020, 2025, 2030, or 2035. The population-age ratios of China from
2015–2035 are obtained from the report of UNPD 64, the current population-age ratio of shared bicycle
users is obtained from the survey.

Table 2. Population-age ratios of China and population-age ratios of shared bicycle users from 2015
to 2035.

Generation
Population-Age Ratio Population-Age Ratio of Shared Bicycle Users

12–24 25-49 ≥50 12–24 25–49 50 and above

2015 16.4% 40.9% 42.7% 71.00% 24.00% 5.00% *
2020 14.6% 38.2% 47.2% 63.21% 22.42% 5.53%
2025 14.7% 35.0% 50.3% 63.64% 20.54% 5.89%
2030 15.0% 33.6% 51.4% 64.94% 19.72% 6.02%
2035 14.6% 32.3% 53.1% 63.21% 18.95% 6.22%

* The population-age ratio of shared bicycle users in 2015 are obtain from the survey result, see Section 3.1.1
for detail.

(2) The rental fee of shared bicycles
In this study we assume the rental fee and demand follow the principal of the demand curve [64];

in general, the quantity demanded for a commodity is low when its rental fee is high, and high when
its rental fee is low. In February 2018, the rental fee of Mobike and OFO’s monthly card raised from
1 to 20 RMB [65], which may affect users’ decisions. Referring to commuting and driving elasticity
coefficients [66,67], this paper assumes that the elasticity coefficient of shared bicycle price is 0.15, that
is, when the rental fee of shared bicycle increases by 10%, the demand for shared bicycles decreases by
1.5% and the demand for other traveling modes increases by 1.5%. We explore the changes in LCA
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results relative to that of the base scenario when the range of rental fee variation is set between 80%
and 120%.

(3) The service life of shared bicycles
The environmental friendliness of bicycle sharing depends on the environmental impact of its

replacement process, which is related to its service life. Short service life may lead to insufficient
environmental impact saved by the replacement process to offset the environmental impact of its
production, maintenance, and recycling processes, while prolonged service life may lead to a greater
maintenance rate, thus resulting in a poor user experience [68]. This study assumes that the change
in the shared bicycle’s service life is positively related to the environmental impacts of maintaining a
shared bicycle. We explore the changes in LCA results relative to that of the base scenario when the
service life is set as a year (52 weeks), two years (104 weeks), and three years (156 weeks), four years
(208 weeks), and five years (260 weeks).

(4) The volume of shared bicycles
The large-scale diffusion of bicycle sharing leads to low usage rate [69], cost inefficiency [70], and

traffic congestion, but its impact on environmental performance has yet to be verified. A survey shows
that the idle rate of shared bicycles is around 50% [71]. Hence, it is assumed that changing the volume
of shared bicycle only affect the idle rate rather than usage. We explore the changes in LCA results
relative to that of the base scenario when the volume of shared bicycles is set to 50%, 75%, 125%, and
150% of the current volume.

3. Results

3.1. Survey Results

After eliminating respondents under the age of 12 and non-shared bicycle users, the total number
of returned questionnaires is 525. Excluding all foreign IP addresses, IPs from the cities where there
are no shared bicycles and questionnaires with less than 15 s, the total number of valid questionnaires
is 507; the availability rate is 97.3% with an average completion duration of 1 min. According to Leedy
and Ormrod [72], sample size over 400 is acceptable for a large population even for national scale. The
valid questionnaires cover 30 provinces, 109 cities of China. It is observed that the proportion of valid
respondents is consistent with the users’ geographical distribution in different city categories [73], as
shown in Table 3, indicating that the stratification of the questionnaire is valid and the questionnaire
is representative.

Table 3. Research sample cities and the number of valid questionnaires returned.

City Category Geographical
Distribution of Users

Quantity of Valid
Questionnaires

Proportion of Valid
Questionnaires

First-tier cities and new first-tier cities 55.10% 300 59.17%
Second-tier cities 26.80% 128 25.25%

Others 18.10% 79 15.58%
Total 100% 507 100%

3.1.1. Demographic Information

The socioeconomic characteristics of respondents is shown in Figure A1 in the Appendix A.
Among the 507 effective questionnaires, there is a bias in the sample that toward female (59%), 12–24
years (70.36%), students (66.92%), and low income (0–3000 RMB per month) (64.63%) respondents. The
characteristics of shared bicycle users in this survey are consistent with Wang’s survey results [74] and
the survey results of Shaheen et al. [75], hence, we do not correct for the age bias. The demographic
composition implies that young residents are more willing to complete the questionnaires. Figure 2
shows that 80.16% of respondents between 12–24 years are students, and 77.72% of this group are
low-income earners.
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3.1.2. Processes Replaced by Bicycle Sharing

The socioeconomic characteristics of the respondents are linked to the changes in their traveling
modes, as shown in Figure 3. Figure 3a shows that shared bicycle is predominantly used to substitute
walking and bus taking; this observation is consistent with the finding of Fishman et al. [76]. It is
shown that the modal shift from taking private car/taxi, riding on electric bicycle, taking subway,
and walking to shared bicycles between female and male users are similar, in general, but have some
noticeable differences. Female users are more likely to replace buses with shared bicycles and less to
replace their own bicycles. This can be explained by the fact that more males owned and used private
bicycles before the introduction of bicycle sharing [60].Sustainability 2019, 11, x FOR PEER REVIEW 10 of 26 
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Figure 3b shows that the introduction of bicycle sharing has the greatest impact on respondents
between 25–35 years, while for other age fractions, shared bicycle has little influences on their traveling
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behaviors. For the respondents between 46–55 years, the introduction of shared bicycles has less impact
on their traveling modes of taking subway and riding electric bicycle; the observation is consistent with
the findings of Szeto et al. [60]. For the respondents between 12–24 years, shared bicycles are mainly
used to replace walking. This is due to the age group is generally consisted of students; their short-trip
traveling destinations are generally either school or home, walking is the predominant traveling means
of these respondents [77]. For the respondents between 25–35 years, shared bicycle replaces subway
at a higher frequency. This can be explained that people of this age group are most likely to be office
workers, and subway is their favored traveling mean [78]. Similarly, bicycle sharing has a moderate
impact on the traveling modes of the respondents between 36–45 years, as their traveling modes have
been affected to a similar extent.

Figure 3c shows that traveling mode shift for lower income earners (0–3000 RMB per month)
is mainly from bus taking or walking to riding shared bicycle, whilst higher income respondents
(6000–9000 RMB per month) substituted more car/taxi trips than the lower income ones, and their
major substituted modes are still bus, walking, and private bicycles. The differences in the original
traveling modes of people with different income levels can be explained by Fishman et al. [76]; higher
income earners tend to choose faster and more comfortable traveling means.

The results of this survey that the mileages of using shared bicycle to replace other four traveling
means per week of different age groups, is shown in Table 4. The results suggest that bicycle sharing
affects all travel modes, consistent with Shaheen’s survey [75]. We calculate the replaced mileages of
four traveling means according to age-level, and then multiply by the corresponding population-age
ratio of shared bicycle users (Figure 2b) to get an average mileage of general population, that is, αi in
Equation (1).

Table 4. The mileages that using shared bicycle instead of taking other traveling means per week of
different age groups.

Age Group Bus (km) Private Car/Taxi
(km)

Electric Bicycle
(km) Subway (km)

12–24 6.28 1.66 0.75 3.26
25–35 7.20 3.35 1.28 7.19
36–45 7.89 2.63 1.84 0.53
46–55 1.50 1.00 0.00 0.00

Average mileage replaced by
bicycle sharing 6.52 2.10 0.92 4.06

3.1.3. Attitudes toward Bicycles Sharing

As shown in Figure 4a, 72.19% of respondents can easily find a shared bicycle when they need,
while 19.62% of respondents could find a shared bicycle all the time, indicating that the supply of
shared bicycle is basically sufficient in the opinion of most respondents. Figure 4b shows that 47.81% of
respondents believe that the volume of shared bicycle is suitable, while 27.81% of respondents thought
that there are already are too many shared bicycles. Most of the respondents (83.11%) expressed their
willingness towards using shared bicycles (Figure 4d), regardless whether they think of the number
of existing shared bicycles is sufficient. The quantitative impacts of increased the number of shared
bicycles needs to be further explored.
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Figure 4. The attitude towards bicycle sharing measured by the following questions: (a) Can you find
a shared bicycle every time you want to ride it? (b) What do you think of the volume of bicycles in
your city? (c) Perception and attitude towards shared bicycle, and (d) if the volume of shared bicycles
increased, would you prefer to choose it to travel?

3.2. Results of Life Cycle Assessment

Table 5 shows the mid-point LCA results of shared bicycle. The value of the selected eleven
impact categories, except MDP, are negative, indicating that the environmental savings of using shared
bicycles are sufficient to offset the environmental impacts of shared bicycles arising from their entire
life cycles. This work partially quantitatively proves the assertion of Caggiani et al. [9], which regards
shared bicycles as a sustainable carbon-free mode of transportation, and deem it can significantly
reduce pollution. However, the results show that bicycle sharing is environmental unfavorable in
terms of metal depletion.

Table 5. The mid-point LCA results of bicycle sharing.

Indicator Value Unit of Measurement

Global Warming Potential −383.9922 kg CO2 eq
Fossil Depletion Potential −150.4658 kg oil eq

Freshwater Ecotoxicity Potential −7.4629 kg 1,4 DB eq
Freshwater Eutrophication Potential −0.0707 kg P eq

Human Toxicity Potential −79.1909 kg 1,4-DB eq
Ionizing Radiation Potential −49.9196 kg U235 eq
Marine Ecotoxicity Potential −6.3071 kg 1,4-DCB-eq

Marine Eutrophication Potential −0.9213 kg N-eq
Metal Depletion Potential 2.5644 kg Fe eq

Particulate Matter Formation Potential −0.9141 kg PM10-eq
Photochemical Oxidant Formation Potential −2.8881 kg NMVOC
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Compared to the original traveling modes, the environmental savings of one bicycle sharing
are 383.9922 kg CO2 eq, 150.4658 kg oil eq, 79.1909 kg 1,4-DB eq, and 2.5644 kg Fe eq during its life
cycle. The CO2 savings are equivalent to 52.08 kg per bicycle sharing user per year. However, in the
work of Zhang and Mi [15], bicycle sharing in Hongkou district, Shanghai resulted in a decrease of
2.9 kg CO2 emissions per resident in 2016. The gap between these results is quite significant, and it
can be explained by the following three reasons. First, the research scopes are different: only users of
shared bicycles are included in this work, while the work of Zhang and Mi [15] covered all residents in
Hongkou district, Shanghai, including both bicycle sharing users and non-users. Second, Zhang and
Mi [15] only considered that shared bicycles are used to replace taxis, while this study tends to include
all traveling means that can be replaced by the use of shared bicycles, such as subway and bus-taking.
Third, the frequency of shared bicycle use is increasing.

The decomposition of the LCA results into the processes that belong to the studied system is
displayed in Figure 5a. It shows that the environment impacts of each traveling process can be
ranked in a descending order: taking a private car/taxi and bus, taking subway, using a shared
bicycle, and using an electric bicycle. This result is inconsistent with the sequence of traveling means
ranked according to annual greenhouse gas emissions [79]; the order was: car taking, bus-taking, and
subway-taking. The reason behind this difference lies in the different coverages of the two works;
this study explores the travel of Chinese residents of all ages, while Czepkiewicz et al. [79] studied
the travelling behaviors of Dutch residents aged 25-40. People of different ages in different regions
might have distinctively different traveling patterns. This order proposed in this work indicates that
replacing buses and private car/taxi by shared bicycles can bring are more environmental benefits,
mainly attributing to the longer distances traveled by these means, see Table 4.

In Figure 5b, the LCA results are displayed according to the individual processes that belong to
each life cycle of shared bicycle. It is shown that the overall life cycle of shared bicycles is a burden
to the environment, and the producing process accounts for almost 50% of the overall normalized
impact values. This is probably due to the consumption of 7.53 kg aluminum and 6.49 kg steel. The
environmental impacts of the recycling process are minor but yet positive, because the recycling
process does not include the reuse of recycled materials. Remarkably, the environmental impact of
leaving a shared bicycle without disposal options is nearly ten times that of the recycling process,
although they make up a small proportion of the entire cycle of a shared bicycle. However, it is
necessary to increase the recycling rate of shared bicycles since it is significant for the sum of 23 million
vehicles, although increasing the recycling rate has little impact on the life cycle environmental impact
of one bicycle.

Figure 5c,d shows that the LCA results are displayed according to age. It’s interesting to note that
the contribution of users between 12–24 years to the bicycle sharing’s environmental friendliness is
less than that of users between 25–35 years and 36–45 years, although the number of users between
12–24 years is the highest. Combined with Table 4, users between 25–35 years have the highest average
mileages using shared bicycles to replace other traveling means, followed by those between 36–45 years.
This shows that opening up the 25–35 year old user market and increasing its user stickiness would
bring more environmental benefits to bicycle sharing.
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Figure 5. Split the LCA results into the individual processes: (a) the processes that belong to the studied
system, (b) the processes that belong to each life cycle of shared bicycle, (c) age (one customer), and (d)
age (age group).

The end-point environmental impacts of all studied processes are displayed in Figure 6. Figure 6a
shows that compared to the original traveling modes, using shared bicycles can improve 8.46 points in
term of ecological quality, 16.60 points in human health, saves 17.84 points in resources, and brings a
total of 42.90 points of environmental benefits through the life cycle of a shared bicycle. In Figure 6b,
the descending order of environmental impact of each process in the end-point results are consistent
with those of mid-point results in Figure 5a. The results suggest that replacing electric bicycles by
shared bicycles would not bring noticeable environmental benefits. Reducing the impacts from the
production and using process can significantly diminish the overall life cycle environmental impacts
of shared bicycles.
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3.3. Results of Sensitivity Analysis

By adjusting the assumptions of input parameters according to Section 2.2.4, the percentage
changes of LCA results relative to the base scenario are obtained, which are shown in
Figure 7. The results of sensitivity analysis show that the increases in the aged population,
rental fee rising, and volume of shared bicycles increasing would impart negative impacts on the
environmental performance, while prolonging the service life has a positive impact on the overall
environmental performance.
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Figure 7. Changes in environmental impacts associated with (a) the aging population, (b) the rental fee
of shared bicycle, (c) the service life, and (d) the volume of shared bicycles.

The processes affected by selected sensitivity factors are sorted into two categories: one is the
usage of various traveling modes, assuming the sum of these traveling processes’ environmental
impacts is k; the other is the producing, maintaining and recycling shared bicycles, assuming the sum
of these life cycle processes’ environmental impacts is b. The four studied variables impart their most
significant impacts on the category of MDP, where the ratio of k to b is close to −1. For the other
ten categories, the ratio of k to b is between −8 to −2. In other words, the values of MDP are more
sensitive to the changes in the selected factors.

3.3.1. Effects of Population Structure

It can be seen from Figure 7a that the environmental benefits of all the categories decrease with
the aging population. This is attributed to that older residents use bicycles at a much lower frequency;
as the proportion of older residents increases, the replaced mileages will decrease. Figure 7a shows
that from 2015 to 2035, the values of all the categories except MDP will drop by 12.12%, 3.17%, −0.31%,
and 2.88% relative to the LCA results of the base scenario from the previous period, and the value
of MDP would be decreased by an average extent of 87.05%, 26.23%, 0.87%, and 28.75% of the base
scenario. The fastest decreases of the environmental benefits during 2015–2020 can be attributed to the
rapid decline in the proportion of residents aged 12–24, who are the major users of shared bicycles.
The results indicate that the aging population is negative for the environmental benefits of shared
bicycles. Combining the results presented in Section 3.2., increasing the number and stickiness of users
aged 25–45 can offset the negative impact of aging to some extent.
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3.3.2. Effects of Rental Fees

Figure 7b shows that the environmental benefits would be decreased with the increasing rental fee.
It is for this reason that higher rental fees will lead to fewer users, and the mileages of other traveling
means that are replaced by shared bicycles will be reduced, resulting in lower environmental benefits.
In terms of the 10 categories other than MDP, every 10% increase in the rental fee would reduce the
environmental benefits by 2.40% relative to those of the base scenario. For MDP, every 10% increase
in the rental fee reduces the value of MDP by 18.61% relative to the LCA results of the base scenario;
the negative correlation is much more significant than the other 10 indicators. This section shows that
raising the rental fee has little impacts on the environment but will undoubtedly increase the income.

3.3.3. Effects of Service Life

Figure 7c shows that the longer service life of shared bicycles generally brings more categorized
environmental benefits, due to that the increased replaced mileages. When the service life of shared
bicycles is one year (52 weeks), most of the selected factors, such as FETP, FEP, HTP, and METP, have
positive environmental impact values, indicating that bicycle sharing is environmentally unfriendly.
When the service life of shared bicycle is assumed to be two years (104 weeks), the environmental
impacts of all categories except MDP are negative, indicating that bicycle sharing is environmentally
favorable when the service life is two years. Bicycle sharing is an environmental practice in terms of
metal consumption, provided that the service life of a shared bicycle is no less than four years (208
weeks). However, the MTC stipulates that shared bicycles must be scrapped for three years [80].

3.3.4. Effects of Volume

It can be seen from Figure 7d that a decrease in the volume of shared bicycles generally brings
more categorized environmental benefits. This is attributed to the idea that the reduction of idle shared
bicycles will not affect people’s travel choices; it greatly reduces the environmental impact caused by the
production of shared bicycles. The changes in the environmental benefits become increasingly obvious
when the volume of shared bicycles is reduced from 150% to 50%. In particular, the environmental
benefits are basically increased by 100% when the quantity drops from 75% to 50%. This suggests that
reducing the current volume of shared bicycles can lead to significant environmental improvements.
When the volume of shared bicycles is assumed to be 75% of the current volume, the environmental
impacts of all categories are negative; the use of shared bicycles is still an environmentally friendly
traveling mode.

4. Discussion

To maximize the environmental benefits of sharing bicycles, recommendations for business
practitioners and administrators are proposed as follows:

For business practitioners, first, the use of environmentally-friendly materials in shared bicycles
should be encouraged. The LCA results show that a significant proportion of the environmental
impacts of shared bicycles are attributed to the materials used (Section 3.2). Therefore, the use of more
environmentally friendly materials can be a feasible measure to further reduce the environmental
burdens. Currently, bicycle sharing companies are taking actions to adopt more environmental
materials in their bicycles. Mobike, for example, changed to the body of shared bicycles from 25 kg of
aluminum to 18 kg of steel [81]. According to the EI databases, this change in material and weight
reduces 0.91 kg CO2 eq, 0.47 kg 1,4-DB eq, and 0.02 kg Fe eq. Second, bicycle sharing enterprises can
relieve their financial pressure by appropriately increasing rent fee, without impart any significant
impacts on the overall life cycle environmental performance. Third, business practitioners can achieve
greater environmental benefits by encouraging young customers to use shared bicycles for long
distances and tapping into potential customers aged 25–45. Various methods of making bicycle sharing
more available can be found in Gleason’s report [82] and Nair’s report [83].
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For administrator, first, the implementation of legislative measures such as Extended Producer
Responsibility (EPR) should be supervised. EPR requires a throughout life cycle management of
products or services, a regulatory measure that has been proposed in many countries [84]. According
to the results that are presented in Section 3.2, without recycling, the environmental burdens would
be significantly increased. Second, the administrator needs to control the volume of shared bicycles.
Bicycle sharing companies and their venture capitalists believe in a winner-takes-all model [85,86],
therefore, they always oversupply shared bicycles without bearing any necessary administrative costs,
significantly reducing the environmental benefits of bicycle sharing. The administrator should set up a
proper range for the number of available shared bicycles [87] to reduce the environmental impacts and
the administrative expenses simultaneously.

5. Conclusions

To seek the answer to the question of “whether the bicycle sharing is an environmental practice”,
this study obtains the changes in traveling modes after the introduction of bicycle sharing through a
questionnaire-based online survey. The LCA results confirm that bicycle sharing is an environment
practice in ten selected ReCiPe impact categories, except MDP, at the mid-point level and the end-point
level; 80% of the environment savings are associated with the replaced traveling processes of taking
bus and private car or taxi attributing to the longer distances. Recycling would also alleviate the
environmental burdens of shared bicycles. The sensitivity analysis suggests that bicycle sharing
enterprises should increase the attraction and stickiness to people aged 25–45, because these users
bring more environmental benefits than younger generation due to higher average mileages using
shared bicycles to replace other traveling means. The results imply that the increase the rental fees can
ensure the sustainability of economic performance without compromising the overall environmental
performance. Further, the service life of shared bicycle should more than two year, to ensure the
environmental friendliness of this emerging “sustainable” traveling mode. Moreover, reducing the
current volume of shared bicycle by half can lead to significant environmental improvements.

Future research can be carried out in accordance with the following directions. First, new
methods can be employed to acquire shared bicycle users’ detailed traveling behaviors, offering a
more comprehensive view that includes all urban traveling means. Another aspect of interest is to
combine the economic and environmental data to quantitatively analyze its equilibrium status and
influencing factors. The models should also consider quantitative indicators, such as the volume of
shared bicycles on usage in future study efforts.
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Nomenclature

Abbreviations
EI Eco-Invent
EPR Extended Producer Responsibility
FDP Fossil Depletion Potential
FEP Freshwater Eutrophication Potential
FETP Freshwater Ecotoxicity Potential
FU Functional unit
GWP Global Warming Potential
HTP Human Toxicity Potential
IP Internet Protocol
IRP Ionizing Radiation Potential
LCA Life Cycle Assessment
LCI Life Cycle Inventory
LCIA Life Cycle Impact Assessment
MDP Metal Depletion Potential
MEP Marine Eutrophication Potential
METP Marine Ecotoxicity Potential
MOT Ministry of transport of the residents’ republic of China.
NACTO National association of city transportation officials
PMFP Particulate Matter Formation Potential
POFP Photochemical Oxidant Formation Potential
PSS Product service system
SIC State Information Center
UNPD United Nations Population Division
Symbols
ai The mileages of one user each week that shared bicycle instead of other traveling modes, which

can be obtained by questionnaire, and the median value of the questionnaire option interval
serves as the alternative mileage in this case; i can be 1, 2, 3, 4 representing bus, private car/taxi,
electric bicycle, or subway, respectively.

B The environmental impacts associated with the whole life cycle of a shared bicycle.
F The reduced environmental impacts associated with replacing other traveling means with

shared bicycles.
fi The environment impacts of the corresponding traveling modes that are replaced by bicycle

sharing.
Maint The environment impacts arising from the maintenance of a shared bicycle, which can be

obtained from EI dataset.
N The year, it can be 2020, 2025, 2030, 2035.
NoD The environment impacts arising from leaving a shared bicycle without disposal options.
Pro The environment impacts arising from the production of a shared bicycle, which can be obtained

from EI dataset.
Rid The environment impacts arising from the use of a shared bicycle of one kilometer, which can be

obtained from EI dataset.
Rec The environment impacts arising from the recycling of a shared bicycle, which can be obtained

from EI dataset.
S The mid- or end-level indicators.
VoB The volume of shared bicycle, and the current number of VoB is 23 million [3].
VoU The volume of active shared bicycle users since it is more representative of the number of users

using shared bicycles, and the current number of VoU is 56.53 million [57].
Weeks The number of weeks during a shared bicycle’s life cycle, which is three years, 156 weeks in this

scenario
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Table A1. The online questionnaire—the influence of the appearance of shared bicycles on residents’
traveling modes.

Segments Questions Options

Socio-economic (demographic)
information

Gender
(a) Male

(b) Female

Age

(a) 12–24
(b) 25–35
(c) 36–45
(d) 46–55

(e) >56

Occupation

(a) Students
(b) Enterprise Employees

(c) Freelancer
(d) Other

Income level (RMB per month)

(a) <3000
(b) 3000–6000
(c) 6000–9000

(d) >9000
(e) If convenient, please fill in___

The traveling mode replaced by
bicycle sharing

What kinds of traveling mode has been replaced
by the introduction of bicycle sharing?

(a) Bus
(b) Subway

(c) Private car/taxi
(d) Electric bicycle
(e) Private bicycle

(f) On foot

The total number of bus stations replaced by
bicycle sharing per week:

(a) 1–10 stops
(b) 11–20 stops
(c) 21–30 stops
(d) >30 stops

(e) If remember, please fill in___

The total number of subway stations replaced by
bicycle sharing per week:

(a) 1–10 stops
(b) 11–20 stops
(c) 21–30 stops
(d) >30 stops

(e) If remember, please fill in___

The total mileage of private car/taxi replaced by
bicycle sharing per week:

(a)1–10 km
(b) 11–20 km
(c) 21–30 km
(d) >30 km

(e) If remember, please fill in___

The total mileage of electric bicycle replaced by
bicycle sharing per week:

(a) 1–5 km
(b) 6–10 km
(c) 11–15 km
(d) 16–20 km

(e) If remember, please fill in___

The total mileage of private bicycle replaced by
bicycle sharing per week:

(a) 1–5 km
(b) 6–10 km
(c) 11–15 km
(d) 16–20 km

(e) If remember, please fill in___

The total walking steps replaced by bicycle
sharing daily:

(a) 0–5000 steps
(b) 5001–10,000 steps

(c) 10,001–15,000 steps
(d) >15,001 steps

(e) If remember, please fill in___

The perception, attitude, and
behaviors towards the bicycle

sharing

Can you find a shared bicycle every time you
want to ride a bicycle?

(a) Rarely or never
(b) Quite often
(c) All the time

What do you think of the volume of shared
bicycle in your city?

(a) Too few
(b) Suitable

(c) Too much
If increase the volume of shared bicycle, would

you prefer to choose it to travel?
(a) Yes, I will

(b) No, I won’t
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Table A2. The inputs from the technosphere of the process.

Process Inputs from the Technosphere/Inputs from the Technosphere, Wastes * Amount

Producing a shared
bicycle

Inputs from the
technosphere

aluminum, wrought alloy 7.53 kg
chromium steel removed by turning, average, conventional 0.159 kg

electricity, medium voltage 6.89 kWh
heat, district or industrial, natural gas 13.6 MJ

heat, district or industrial, other than natural gas 0.193 MJ
injection molding 1.96 kg

polyethylene, high density, granulate 1.96 kg
polyurethane, flexible foa 0.03 kg

powder coat, aluminum sheet 0.35 m2

road vehicle factory 9.37E-10 unit
section bar extrusion, aluminum 3.77 kg

steel, chromium steel 18/8, hot rolled 1.59 kg
steel, low-alloyed, hot rolled 4.9 kg

synthetic rubber 0.563 kg
tap water 0.744 kg

welding, arc, aluminum 0.75 m
wire drawing, steel 0.338 kg

Inputs from the
technosphere, wastes

municipal solid waste −4.5 kg
used bicycle −1.0 unit
wastewater average −7.44E-04 m3

Using a shared bicycle Inputs from the
technosphere

bicycle 6.67E-05 unit
road 4.92e-5 m × year

Maintaining a shared
bicycle

Inputs from the
technosphere

aluminum alloy, AlMg3 0.377 kg
chromium steel removed by turning, average, conventional 0.228 kg

injection molding 0.979 kg
polyethylene, high density, granulate 0.979 kg

polyurethane, flexible foam 0.03 kg
section bar extrusion, aluminum 0.377 kg

steel, low-alloyed, hot rolled 0.228 kg
synthetic rubber 1.69 kg

tap water 0.0744 kg

Inputs from the
technosphere, wastes

waste plastic, mixture −1.01 kg
waste rubber, unspecified −0.844 kg

Recycling a shared
bicycle

Inputs from the
technosphere

waste plastic, mixture −1.99 kg
waste rubber, unspecified −0.281 kg

Leaving a shared bicycle
without disposal options

Inputs from the
technosphere

aluminum treatment of waste aluminum, sanitary landfill 7.53 kg
Steel treatment of scrap steel, inert material landfill 6.987 kg

Polyethylene treatment of waste polyethylene, sanitary
landfill 1.96 kg

Polyurethane treatment of waste polyurethane, sanitary
landfill 0.03 kg

Synthetic rubber treatment of waste rubber, unspecified,
municipal incineration 0.563 kg

Taking bus (fuel)

Inputs from the
technosphere

bus 7.14E-08 unit
diesel, low-sulfur 0.025 kg
maintenance, bus 7.14E-08 unit

road 4.57e-4 m × year 4.57E-06 m × year

Emissions to air

Acetaldehyde 2.99E-06 kg
Ammonia 3.57E-07 kg
Benzene 2.15E-07 kg

Cadmium 2.65E-10 kg
Carbon dioxide, fossil 0.0789 kg

Carbon monoxide, fossil 2.30E-04 kg
Chromium 1.66E-09 kg

Chromium VI 2.50E-12 kg
Copper 7.04E-08 kg

Dinitrogen monoxide 9.44E-07 kg
Formaldehyde 5.50E-06 kg

Lead 2.02E-09 kg
Mercury 5.00E-13 kg

Methane, fossil 1.61E-06 kg
NMVOC, non-methane volatile organic compounds,

unspecified origin 5.35E-05 kg

Nickel 2.11E-09 kg
Nitrogen oxides 9.17E-04 kg

PAH, polycyclic aromatic hydrocarbons 2.86E-11 kg
Particulates, <2.5 µm 3.17E-05 kg
Particulates, >10 µm 4.05E-06 kg

Particulates, >2.5 µm, and <10 µm 4.40E-06 kg
Selenium 2.50E-10 kg

Sulfur dioxide 2.50E-06 kg
Toluene 1.12E-06 kg
Xylene 5.37E-07 kg

Zinc 5.32E-08 kg
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Table A2. Cont.

Process Inputs from the Technosphere/Inputs from the Technosphere, Wastes * Amount

Taking bus (fuel)

Emissions to water

Cadmium, ion 1.27E-10 kg
Chromium, ion 6.05E-10 kg

Copper, ion 8.50E-09 kg
Lead 5.22E-09 kg

Nickel, ion 1.64E-09 kg
Zinc, ion 3.58E-07 kg

Emissions to soil

Cadmium 1.27E-10 kg
Chromium 6.05E-10 kg

Copper 8.50E-10 kg
Lead 5.22E-09 kg

Nickel 1.64E-09 kg
Zinc 3.58E-07 kg

Taking bus (electricity)

Inputs from the
technosphere

bus 5.03E-08 unit
electricity, medium voltage 0.117 kWh

maintenance, bus 5.03E-08 unit
road 5.30E-04 m × year

Emissions to air

Cadmium 1.62E-10 kg
Chromium 1.46E-09 kg

Chromium VI 2.91E-12 kg
Copper 2.43E-09 kg

Ethane, 1,1,1,2-tetrafluoro-, HFC-134a 4.81E-07 kg
Lead 8.09E-10 kg

Nickel 1.30E-09 kg
Particulates, <2.5 µm 1.15E-06 kg
Particulates, >10 µm 1.63E-05 kg

Particulates, >2.5 µm, and <10 µm 2.73E-06 kg
Zinc 1.30E-07 kg

Emissions to water

Cadmium, ion 1.69E-10 kg
Chromium, ion 1.52E-09 kg

Copper, ion 2.54E-09 kg
Lead 8.47E-10 kg

Nickel, ion 1.36E-09 kg
Zinc, ion 1.36E-07 kg

Emissions to soil

Cadmium 1.69E-10 kg
Chromium 1.52E-09 kg

Copper 2.54E-09 kg
Lead 8.47E-10 kg

Nickel 1.36E-09 kg
Zinc 1.36E-07 kg

Table A3. City category (note: CBN 35).

City Category Cities (Note: CBN, 2018)

First-tier cities and new first-tier cities
Shanghai, Beijing, Shenzhen, Guangzhou, Chengdu, Hangzhou, Chongqing,
Wuhan, Suzhou, Xi’an, Tianjin, Nanjing, Zhengzhou, Changsha, Shenyang,

Qingdao, Ningbo, Dongguan, Wuxi

Second-tier cities

Foshan, Hefei, Kunming, Dalian, Xiamen, Fuzhou, Harbin, Jinan, Wenzhou,
Changchun, Shijiazhuang, Changzhou, Quanzhou, Nanning, Guiyang,

Nanchang, Nantong, Jinhua, Xuzhou, Taiyuan, Jiaxing, Yantai, Huizhou,
Baoding, Taizhou, Zhongshan, Shaoxing, Urumqi, Weifang, Lanzhou

Others

Ankang, Anqing, Anyang, Anshan, Baoji, Benxi, Binzhou, Chengde,
Zhangzhou, Datong, Dongying, Fushun, Fuxin, Zhangzhou, Guilin, Haikou,
Hechi, Hegang, Huzhou, Huludao, Huaihua, Huai’an, Huangshi, Jiamusi,
Jinzhong, Langfang, Leshan, Liaoyang, Linyi, Liuzhou, Luoyang, Meishan,

Nanyang, Pingdingshan, Qinhuangdao, Sanya, Shantou, Shangqiu,
Shangrao, Shaoguan, Shuangyashan, Zhangzhou, Siping, Tangshan,

Xiangyang, Xinyang, Xuchang, Ya’an, Yancheng, Yangzhou, Yangquan,
Yichang, Yinchuan, Yulin, Zhangjiakou, Zhenjiang, Zhoukou, Zhuhai,

Zhumadian, Zunyi
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