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H I G H L I G H T S  

• We quantitatively explore the impacts of COVID-19 on the usage of bike sharing. 
• A novel method is proposed to estimate trip distances and trajectories of bike sharing. 
• Complex network theory is employed to explore the transformation of user behaviors. 
• COVID-19 impacts the user behaviors and environmental benefits of bike sharing significantly.  
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A B S T R A C T   

The COVID-19 pandemic spreads rapidly around the world, and has given rise to huge impacts on all aspects of 
human society. This study utilizes big data techniques to analyze the impacts of COVID-19 on the user behaviors 
and environmental benefits of bike sharing. In this study, a novel method is proposed to calculate the trip dis-
tances and trajectories via a python package OSMnx so as to accurately estimate the environmental benefits of 
bike sharing. In addition, we employ the topological indices arising from complex network theory to quantita-
tively analyze the transformation of user behavior pattern of bike sharing during the COVID-19 pandemic. The 
results show that this pandemic has impacted the user behaviors and environmental benefits of bike sharing in 
Beijing significantly. During the pandemic, the estimated reductions of energy consumption and emissions on 6th 

Feb decreased to approximately 1 in 17 of those on a normal day, and the environmental benefits at most 
recovered to 70% of those in normal days. The impacts of COVID-19 on the environmental benefits in different 
districts are different. Furthermore, the decline of average strength and strength distribution obeying exponential 
distribution but with different slope rates suggests that people are less likely to take bike sharing to the places 
where were popular before. The pandemic has also increased the average trip time of bike sharing. Our research 
may facilitate the understanding of the impacts of COVID-19 pandemic on our society and environment, and also 
provide clues to adapt to this unprecedented pandemic so as to respond to similar events in the future.   

1. Introduction 

The rapid spreading of coronavirus disease 2019 (COVID–19) 
pandemic has brought unprecedented challenges and threatens to the 
normal life of human beings and global public health [1]. Since the first 
case of COVID-19 was identified in December 2019 in Wuhan city [2], 
there had been more than 31.3 million confirmed cases across 188 
countries and territories, and the COVID-19 had resulted in more than 

965,000 deaths by 22nd September 2020 [3]. In addition, this unprec-
edented disease has caused the huge impacts on global economy [4], 
global energy markets [5], geopolitics [6], environment and climate [7], 
and so forth. Due to high infectivity and destructiveness of COVID-19, 
and the suddenness of its outbreak, Chinese government has taken 
strong measures to stop the spreading of this new disease, such as 
national-wide lockdown and isolation of people at high risk areas [8]. 
However, COVID-19 is able to spread from human to human, while 
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public transport tends to contain many people in one shared space, 
which implies people probably change their attitudes and behaviors to 
public transport [9], although it is a primary travelling mode for most of 
people [1]. 

Meanwhile, in recent years, as the rapid growth of the number of 
private vehicles, shortage of urban land resources, and deterioration of 
air quality in cities, city administrations have realized the importance of 
sustainable pubic transport. As a green and low-carbon transport mode, 
bike sharing has become increasingly popular in many cities across the 
world, and has been regarded as an important way to integrate public 
and sustainable transport due to its significant advantages in energy 
conservations, alleviation of traffic congestion, mitigation of environ-
ment pollution [10,11]. In general, bike sharing refers to a service which 
allows shared use of bicycles to public for a short term, and serves as a 
form of public transportation [12]. As the innovation of Internet of 
Things (IOT) technology and the extensive use of smart phones, dockless 
bike sharing emerges to solve the “first mile” and “last mile” problems 
and connects the users with pubic transits, which provides convenience 
for users [13,14]. The benefits generated by dockless bike sharing 
include reduced congestion, emissions, and fuel use [15]. Compared to 
the traditional docked bike-sharing systems, the dockless bike sharing is 
able to provide flexible mobility [16,17]. Under this severe COVID-19 
pandemic, people’s lifestyle and travelling modes have been drasti-
cally changed because of the pandemic panic and strict restriction 
measures such as city lockdown and traffic control. It is expected that 
bike sharing is also affected by such unprecedented COVID-19 
pandemic. However, owing to the better ventilation, convenient disin-
fection, and avoidance of close contact between travellers, people have 
more positive attitude to use bike sharing for travelling than public 
transport during the pandemic [18]. Although COVID-19 impacts the 
total demand of bike sharing, it shows better resilience than subway to 
the pandemic [19]. 

Although bike sharing has existed for about 50 years, its popularity 
has been significantly increasing in recent years owing to the advance of 
IoT technology. There are some studies analyzing the development 
history [20,21], and business models of bike sharing [22]. They deem 
that bike sharing has four generations so far, and dockless bike sharing 
belongs to one type of the fourth generation. Compared to the traditional 
docked bike sharing, the dockless one may provide much greater con-
venience to users [23]. In addition, existing research concerning bike 
sharing mainly focuses on three areas [24], which is slightly different 
from Médard and Caruso [25]. The first area refers to bike sharing 
rebalance problem (BRP) [26], which was first proposed by Benchimol 
et al. [27]. BRP can be divided into dynamic and static rebalancing [28]. 
Dynamic BRP takes into account daytime operations and real-time de-
mand variations, and such problems have complex dynamic nature 
[29,30]. For example, Shui and Szeto [31] adopt a rolling horizon 
method to handle the complexity caused by the routes and demand 
variations of bikes over a multi-period operational horizon. Most of BRP 
studies concentrate on static rebalancing, which only considers night-
time operations and the station demand of bikes is assumed to be con-
stant [27,32]. The static rebalancing problem of bike sharing can be 
described as one redistributing one commodity among vertices in order 
to reach a target distribution with a minimum cost [33,34], while Kadri, 
Kacem, et al. [35] regard such problem as travelling salesman problem 
with additional constraints. Following this, Pal and Zhang [36] propose 
a Novel Mixed Integer Linear Program (NMILP) to solve the static 
complete rebalancing problem, which can handle single and multiple 
vehicles, and allow the same vehicle visiting the same node multi-times. 
Many heuristic algorithms are proposed to solve static BRP. For 
example, Li, Szeto, et al. [37] utilize a combined hybrid genetic algo-
rithm to solve the static bike repositioning problem, which can be 
formulated as a mixed-integer linear programming problem. The second 
area includes demand prediction and location optimization of bike 
sharing [38,39]. Reasonable demand prediction and location optimi-
zation of bike sharing are able to directly impact the service quality of 

bike-sharing systems. Vogel, Greiser, et al. [40] utilize data mining 
methods to derive bike activity pattern based on extensive operational 
data of bike-sharing systems. Following this, Kaltenbrunner, Meza, et al. 
[41] and Chen, Ma, et al. [42] also propose the methods based on data 
mining to infer spatial–temporal bike trip patterns. In addition, many 
methods are utilized to predict the demand of bike sharing. Zeng, Yu, 
et al. [43] adopt the gradient boosting decision tree (GBDT) and neural 
network (NN) techniques to extract the global features of bike-sharing 
systems so as to improve the demand prediction. To achieve the sus-
tainable development of dockless bike sharing, Hua, Chen, et al. [44] 
employ clustering analysis to identify the virtual stations of shared bikes 
in Nanjing, and parking demand is estimated based on trip data of 
Mobike and bike-sharing survey. Kaspi, Raviv, et al. [45] leverage a 
Bayesian model to detect the station demand of bike sharing based on 
trip transaction data. As well as this, machine learning methods 
combining with big data are used for forecasting demand of dockless 
bike-sharing systems [46,47]. 

As for the third area, it mainly involves the evaluation of bike sharing 
from economic, social and environmental perspectives [48]. Air pollu-
tion reduction caused by bike sharing is presented by Shaheen, Guzman, 
et al. [20], while Brand, Goodman, et al. [49] argue that the CO2 
emission reduction requires a supportive built environment. Wang and 
Zhou [50] investigate the evidence that bike sharing can effectively 
reduce the congestion during rush-hour time by studying cases of cities 
in the US. Following this, Li, Zhu, et al. [51] have confirmed that the 
dockless bike sharing in China may improve the users’ first mile and last 
mile connections with public transit. In addition, a framework of sus-
tainable business model is proposed by Gao and Li [22] to address the 
social-environmental benefits by analyzing Mobike, the largest dockless 
bike-sharing operator in China. Sun, Wang, et al. [52] evaluate the 
feasibility and adaption of shared transportation including shared bikes 
from five perspectives: resource, environment, convenience, economy 
and governance. Based on their research, bike sharing is regarded as an 
important way to alleviate the traffic and environment problem in Bei-
jing. As well as this, Zhang and Mi [14] investigate the environmental 
benefits of bike-sharing systems in Shanghai by using big data analysis, 
and bike sharing of Mobike is used as example to estimate the reduction 
of energy consumption and emissions for the whole city. The results 
show that the more developed districts in Shanghai have higher envi-
ronmental benefits, and environmental benefits at the evening peaks are 
more significant than those at morning peaks. Teixeira and Lopes [19] 
find the transfer mode from some subway users to bike sharing during 
the COVID-19 pandemic in New York city, and they emphasize that bike- 
sharing system is more resilient than subway to disruptive events. 

The existing studies related to bike sharing are very abundant, 
however, to date, limited studies explore the impacts of COVID-19 on 
the bike-sharing systems, although it is an important sustainable trans-
port mode. Particularly, to some extent, the transformation of user 
travelling behaviors and environmental benefits is able to reflect the 
emergency response patterns of people in cities when suffering from the 
pandemic, which facilitates the further understanding of impacts caused 
by COVID-19 on our society, so as to help adapt to the ongoing 
pandemic. Therefore, this study mainly explores the environmental 
benefits and user behaviors of bike sharing during the pandemic, which 
has definitely changed lifestyle of human beings. 

In this paper, we have made three main contributions. Firstly, we 
propose a novel method to estimate trip distances and trajectories of 
bike sharing with the longitudes and latitudes of origins and destinations 
via a free open python package OSMnx, which apparently provides a 
feasible way to estimate environmental benefits without detailed time 
sequential GPS track data. Secondly, we set up novel complex networks 
based on bike-sharing trips and the topology of the road network, and 
the topological indices arising from complex network theory, strength 
and its distribution, are employed to explore user behavior pattern in 
terms of statistical characteristics during the pandemic. Thirdly, the 
dockless bike-sharing data of three main operators (accounting for more 
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than 95% of total average daily orders) in Beijing are utilized to inves-
tigate the transformation of user behaviors and environmental benefits 
of bike sharing under COVID-19, and such dataset can provide more 
accurate estimations compared to the one with only one bike-sharing 
operator’s data. 

The remaining of this study is organized as follows. Section 2 in-
troduces data source and the methods used in this study, including the 
proposed method to estimate the trip distances with limited trip infor-
mation, and the topological indices arising from complex network the-
ory. In Section 3, we show the results and discussions related to bike- 
sharing trip analysis, environmental benefits, and user behaviors for 
bike sharing. Finally, Section 4 presents the conclusions. 

2. Data and methods 

2.1. Study area and data source 

As the capital of China, Beijing is one of the most populous cities 
around the world with more than 21.54 million residents within an area 
of 16,410 km2 (Fig. 1)1. Beijing is the political, cultural and educational 
center of China, its Gross Domestic Product (GDP) was 458 billion dol-
lars in 2018, approximately 3.45% of China’s total GDP. Its nominal 
GDP per capital was 21,261 dollars, and ranked No.1 in China2. Beijing 
is located in the north of China, and consists of 16 districts, such as 
Haidian, Chaoyang, Changping and Fengtai districts. In addition, Beijing 
owns multiple ring roads, which are all expressways and cover the 
majority parts of the city. The Central Business District (CBD) of Beijing 
is located in the east of the city and between the 3rd and 4th ring roads. In 
this study, most of bike-sharing trip data fall within the 6th ring road, 
and nearly all of the trips are within the red box, which marks the study 
area, as shown in Fig. 1. By the end of 2019, Beijing possessed 900,000 
dockless shared bikes [53], and the number declined greatly compared 
to 2.35 million in 2017 due to the cleaning up and rectification of the 
city administrations3. 

The data used in this study are obtained from the Traffic Information 
Center of Beijing Municipal Commission of Transport (BMCT), where is 
in charge of managing and regulating the operations of bike-sharing 
operators in Beijing. Compared to the bike-sharing data used in other 
studies [14], the dataset here includes trip data of three main dockless 
bike-sharing operators in Beijing: Mobike, Hello bike and Qingju bike, 
which account for the 95.7% of the average daily orders. The dataset 
covers the main periods during the outbreak of the COVID-19 pandemic 
(from 14th Jan to 10th Mar 2020). By the end of 2019, average daily 
orders of bike sharing was up to 1.23 million, and Mobike was most 
frequently used with 839,000 daily orders [54]. The dataset provided by 
BMCT includes 17,761,557 valid orders, and contains the basic trip in-
formation including bike ID, start time, end time, the longitudes and 
latitudes of origin and destination points. It is noteworthy that the 
dataset does not include any user information and GPS track data due to 
the protection of user privacy and business secrets. Therefore, we cannot 
know the real bike trip trajectories of the users. In Section 2.2, a novel 
method is proposed to solve this problem. 

The spatial distributions of origins and destinations from 14th Jan to 
10th Mar for all bike-sharing trips are presented in Fig. 2 by Geograph-
ical Information System (GIS) software. As can be observed, most of trips 
take place in Beijing’s central areas, such as Dongcheng, Xicheng, 
Chaoyang and Haidian districts. 

2.2. Estimation of environmental benefits of bike sharing 

2.2.1. Trip distance estimation 
The estimation of environmental benefits is based on the trip dis-

tances of bike sharing [14]. In most of cases, in order to satisfy the se-
curity and privacy concerns, the data concerning bike sharing do not 
include the GPS track with temporal information, which is necessary for 
the calculation of the accurate trip distances. Here the obtained bike- 
sharing data just contain the longitudes and latitudes of trip origins 
and destinations. In the traditional way, the trip distances are calculated 
based on the straight lines between origins and destinations, namely, 
Euclidean distance, which tends to underestimate the realistic distances 
of trips. Given this, we propose a novel method to calculate the trip 
distances with limited trip information. This method assumes that all 
users of bike sharing are very rational and always choose the shortest 
paths between origins and destinations as their routes. Therefore, the 
main idea of this method is to calculate the shortest paths between or-
igins and destinations based on urban bikeable road networks extracted 
by OSMnx, which is an open python package to extract, model, visualize, 
and analyze road networks from OpenStreetMap [55]. In the extracted 
road network, nodes refer to the intersections or junctions of roads, and 
links represent the road segments between nodes. The calculation pro-
cedures of the proposed method are shown in Table 1: 

2.2.2. Estimation of energy conservation and emission reduction 
In this study, the environmental benefits refer to the energy con-

servation and emission reduction (ECER) potentially caused by using 
bike sharing. Here we adopt the method developed by Zhang and Mi 
[14] to estimate the ECER, and bike sharing is assumed to be able to 
replace the travelling by vehicles if the distances between origins and 
destinations are reasonable. In other words, if the distance exceeds a 
threshold, people consider to take taxi or private cars for travelling. The 
energy consumption of a vehicle can be calculated as follows: 

E =

⎧
⎪⎨

⎪⎩

0, if d < θ

d’.ρ1.ρ2

1000.e1.e2
if d ≥ θ

(1)  

where E is the energy consumption of a vehicle, and θ is the threshold 
(unit: m) which determines people’s travelling mode, d is the distance of 
bike sharing obtained from Table 1 (unit: m), d’ is the distance of po-
tential vehicle usage, which can be derived from Table 2, ρ1 is the 
density of petroleum (unit: kg/m3), and we take 745.2 in the study (from 
Energy Statistics Handbook [56]); ρ2 is the petroleum consumption per 
km (unit: m3/km), here we take 7.2 × 10− 5 (from IEA [57]); since the 
efficiency of petroleum exploitation and transportation is considered, 
here e1 and e2 represent the exploitation efficiency and distribution ef-
ficiency separately, and take 87% and 95%, respectively [58]. 

According to Intergovernmental Panel on Climate Change (IPCC) 
[59], CO2, NOx, and CO are main pollutants emitted by road transport, 
so in this study we mainly focus on the estimation of CO2 and NOx 
emissions. Eq. (2) is used to calculate the emissions generated by vehicle 
fuel consumption. 

Mi =

⎧
⎨

⎩

0, if d < θ

d’.ρ1.ρ2.ci

1000
, if d ≥ θ

(2)  

where Mi is emissions generated by fuel consumption, and ci is emission 
factors for different types of greenhouse gas pollution generated by 
driving vehicles, which are obtained from EPA [60]. The calculation 
procedures for environmental benefits of bike sharing are presented in 
Table 2. 

As can be seen from Table 2, if the trip distance of bike sharing ex-
ceeds the threshold, the distance of potential vehicle usage is calculated 
according to step (3)-(5) based on the road network for vehicles Gv. This 

1 Beijing Municipal Bureau of Statistics and Survey Office of the National 
Bureau of Statistics in Beijing 2018: http://tjj.beijing.gov.cn/  

2 National Bureau of Statistics of the People’s Republic of China: http://www. 
stats.gov.cn/tjsj/  

3 http://www.mnw.cn/news/shehui/1844556.html 

W.-L. Shang et al.                                                                                                                                                                                                                               

http://tjj.beijing.gov.cn/
http://www.stats.gov.cn/tjsj/
http://www.stats.gov.cn/tjsj/
http://www.mnw.cn/news/shehui/1844556.html


Applied Energy 285 (2021) 116429

4

calculation process is similar with distance calculation of bike sharing, 
but it is worth noting that we utilize the network of vehicles Gv rather 
than the bikeable network G. Given that bicycle roads often cannot share 
with vehicles, for example, bicycles are not allowed on highways, so 
using Gv to calculate the environment benefits can achieve more accu-
rate and realistic estimation. Following this, we can calculate the po-
tential fuel consumption and emissions based on Eqs. (1) and (2), 
respectively. 

More detailed interpretations concerning the method to estimate the 
energy consumption and emissions can be referred to Zhang and Mi 
[14]’s work. In this study, θ also takes 1 km, which implies that bike- 
sharing trips with distances larger than 1 km have potential for ECER. 
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Fig. 1. Study area of Beijing.  
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Fig. 2. The distribution of origins and destinations of all bike-sharing trips.  

Table 1 
The calculation procedures for the distances of all bike-sharing trips.  

1 Extract the bikeable road network in Beijing with OSMnx, which is denoted as 
G(N, L),where N is the set of nodes, and L is the set of links.  

2 Define the sets of longitudes and latitudes of origins and destinations for bike 
sharing as (Olon,Olat) and (Dlon ,Dlat), respectively.  

3 Find the nearest point locations of (Olon,Olat) and (Dlon,Dlat)from G, denoted as 
(O’lon,O’lat) and (D’lon,D’lat).  

4 Input (O’lon,O’lat), (D’lon,D’lat) and G, utilizing Dijkstra algorithm to calculate the 
shortest paths of all bike-sharing trips.  

5 Save the length of the shortest paths as R.   
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To accurately estimate the environmental benefits of bike sharing in 
Beijing during COVID-19 pandemic, the estimated results are divided by 
95.7%, the average daily orders share of three bike-sharing operators. 
Here we need to emphasize that the method used in the study can 
effectively handle huge amount of bike-sharing data despite not 
considering realistic factors such as scheduling and different travel 
modes, so it can be employed to explore the impacts of COVID-19 on 
environmental benefits and user behaviors of bike sharing. Although the 
proposed method can effectively estimate the trip distances with limited 
trip information, it still requires extensive computation time due to 
repeat calculation of the shortest paths. In the future, more sophisticated 
methods which consider many realistic factors can be further explored, 
and the efficiency of calculation and the complexity of models should be 
balanced when handling a massive amount of data. 

2.3. User behavior pattern analysis based on complex network theory 

The number of studies regarding user behaviors of bike sharing is 
considerable, and the methods are diverse, such as spatial agent-based 
model [61], user surveys [62], a video-based observation method 
[63], data mining [64], and theory of planned behaviors [65]. However, 
there are limited studies and methods to explore the impacts of COVID- 
19 on user behaviors based on GPS data of bike sharing. In this study, in 
order to observe the transformation of user behaviors for bike sharing in 
Beijing under unprecedented COVID-19 pandemic from the perspective 
of statistical mechanics, we propose to set up novel complex networks 
based on the realistic road network and trip data of bike sharing (as 
shown in Fig. 6), and topological indices arising from complex network 
theory: strength and strength distribution, are utilized to quantify such 
transformation. These indices are first proposed by Barrat, Barthelemy, 
et al. [66] to quantify the strength of nodes in terms of the total weight of 
their connections. To build the network, firstly we divide the study area 
into small lattices with size of 1 km × 1 km; following this, these lattices 
are defined as the nodes of the network, the links exist if there are bike- 
sharing trips between two nodes, and the number of trips within the 
lattices is the weight of the links. Based on this novel complex network, 
the strength of each node sican be calculated as: 

si =
∑N

j=1
wij.aij (3)  

where aij denotes the connection between node i and node j; if i and j are 
connected aijis 1 otherwise it is 0, and N is the number of the network 
nodes; wij is the weight of the link between node i and node j. 

The strength distribution of the network P(s) is very important in 
studying real networks, which is very similar with degree distribution 
[67]. p(s) is defined as a ratio of the number of nodes with strength s(Ns)

to the number of all nodes(N), that is, Ns/N. P(s) represents the cumu-
lative strength distribution [68], as shown below. 

P(s) =
∑∞

s’=s

p(s’) (4) 

The mean strength of a network is the average of the strength of all 
nodes, denoted as 〈s〉 [69]. In this study, strength and strength distri-
bution are used to measure the impact of COVID-19 on user behaviors of 
bike sharing from the perspective of complex network theory. 

3. Results and discussions 

3.1. Bike-sharing trips during the COVID-19 

The data of bike-sharing trips used in this study are from 14th Jan to 
10th Mar 2020, 57 days in total, which covers the dates of important 
events during the outbreak of COVID-19 pandemic, including the date 
when Prof. Nanshan Zhong announced COVID-19 was human-to-human 
transmission (20th Jan, red vertical line in Fig. 3), the date of Wuhan 
lockdown (23rd Jan, purple vertical line), and the end date of extended 
Spring Festival Holiday (2nd Feb, blue vertical line), which all have 
impacts on the activities and mobility of people. During this period, the 
minimal number of bike-sharing trips is 48,516 (6th Feb), and the 
maximal trip number is 912,761 (15th Jan). Compare to 1.27 million 
average daily usage in 20194, the average number of trips during the 
COVID-19 pandemic drops to 311,606. In this study, in order to explore 
the transformation of environmental benefits and user behaviors of bike 
sharing in Beijing during the COVID-19 pandemic, we attempt to utilize 
these landmark events to distinguish the different stages of the 
pandemic. Although the first COVID-19 case can be traced back to 
November 2019 [70], there was no panic when people were not aware of 
this virus, and all social and economic activities ran normally. Until 
human-to-human transmission of COVID-19 was reported by media and 
the lockdown of Wuhan city was officially announced, the panic spread 
across the country immediately, which greatly impacted all aspects of 
our society. Following this, the end of extended holiday, which was 
officially announced, represents an attempt for work resumption. The 
landmark events used in the study are all known to public and widely 
reported by media, which can effectively distinguish the different stages 
of the COVID-19 outbreak in China. 

In this study, invalid trip orders of bike sharing mainly refer to ones 
with zero values of longitudes and latitudes of origins/destinations, 
which are probably caused by malfunctions of bike sharing. After 
removing invalid orders, we plot the number of bike-sharing trips during 
COVID-19 in Fig. 3. As we can see, overall the number of bike-sharing 
trips decreased significantly after 20th Jan and 23rd Jan, which was 
probably caused by the panics of people. Afterwards, the number of 
bike-sharing trips stayed at a low level. The number of trips gradually 
increased after the holiday, but still remained a lower level compared to 
that before Wuhan lockdown, which shows that the COVID-19 outbreak 
has significantly negative impacts on the utilization of bike sharing. In 
order to observe the relationship between trip numbers of bike sharing 
in Beijing and the development of COVID-19 pandemic in China, we 
present the trips, total confirmed cases, active cases and new cases in 
Fig. 3. 

As can be seen from Fig. 3, as the pandemic evolves, the utilization of 
bike sharing approximately is divided into several different stages. 
Before the announcement of human-to-human transmission on 20th Jan, 
the number of bike-sharing trips was above 700,000 except that on 
Saturday (18th Jan). Thereafter, the number of trips decreased greatly 
due to the panic to this new disease, the event of Wuhan lockdown 
exacerbated the COVID-19 panic, the trip number continued a quick 
downward trend until the day of Spring Festival. During this period, the 

Table 2 
The calculation procedures for environmental benefits of all bike-sharing trips.  

1 Extract the road network for vehicles in Beijing with OSMnx, which is denoted as 
Gv(Nv, Lv),where Nv and Lv is the set of nodes and links of the road network for 
vehicles.  

2 When trip distance d of bike sharing is larger than the thresholdθ, step (3)-(6) are 
conducted repeatedly:  

3 Find the nearest point locations of (Olon,Olat) and (Dlon,Dlat)from Gv, denoted as 
(Ov’lon,Ov’lat) and (Dv’lon,Dv’lat).  

4 Input (Dv’lon,Dv’lat), (Dv’lon,Dv’lat)and Gv, utilizing Dijkstra algorithm to calculate 
the shortest paths of all potential vehicle trips.  

5 Save the distance length d’of the shortest paths of potential vehicle usage asRv.

6 Based on Eqs. (1) and (2), calculate the potential fuel consumption E and 
emission Mi, namely, environmental benefits of one bike-sharing trip.  

7 Add up potential fuel consumption E and emission Mi of all bike-sharing trips, 
and environmental benefits of bike sharing are obtained.   

4 http://global.chinadaily.com. 
cn/a/202002/26/WS5e55e4bca31012821727a76c.html. 
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number of new cases for COVID-19 had been increasing steadily, and the 
government called on people to reduce travelling. Here we would like to 
say that the migration of population during the Spring Festival in Beijing 
also caused the drop of bike-sharing orders, but apparently COVID-19 
pandemic had greater impacts on bike-sharing trips (the explanations 
are presented in the following paragraph). We may see that even after 
2nd Feb, the end of extended holiday, the trips of bike sharing still went 
down since the panic was difficult to vanish within a short time. As the 
decrease of new cases and active cases, the number of trips grew very 
slowly despite the end of the holiday and work resumption, and during 
this period people tended to less use bike sharing on Saturday, for 
example, the trip number reduced by nearly 50% on 29th Feb compared 
to that on the previous weekday. In addition, we notice that the abrupt 
growth of COVID-19 new cases on 12th Feb clearly hinders the 
increasing use of bike sharing within a short term. 

Here we need to emphasize that weather and the Spring Festival are 
also important factors to affect travelling, but the impacts of these fac-
tors on the analysis of bike sharing in the study are very limited. Firstly, 
the highest amount of bike-sharing trips in the dataset occurred in 
January, approximately 0.91million, when was the coldest time before 
the outbreak of the pandemic (average temperature in Jan was − 1 ◦C)5, 
and the Spring Festival travel season had already started for one week. 
However, in February and March, when the temperature rose gradually, 
the orders of bike sharing were still far less than the minimum usage 
before the pandemic. Secondly, according to the statistics from BMCT, 
the population of Beijing decreased by approximately 40% during the 
Spring Festival6. Assuming that the usage of bike sharing reduced with 

the same proportion, and the number of orders decreased to approxi-
mately 0.76–0.95 million per day during the Spring Festival, which was 
consistent with the trend before 20th Jan shown in Fig. 3. However, the 
orders of bike sharing declined rapidly after the outbreak of the 
pandemic, and remained at a low level after 30 days of the end of the 
holiday, which fully demonstrated the overwhelming impacts of the 
pandemic on the usage of bike sharing, and such impacts exceeded 
temperature and the Spring Festival. In the future, if necessary datasets 
are available, we can further explore the heterogeneous impacts caused 
by different factors on the bike-sharing system. 

In order to visually observe the variations of spatial distribution of 
origins and destinations for bike-sharing trips during the COVID-19 
pandemic, we select 4 different typical days to exhibit the trip distri-
bution of bike sharing at different stages of COVID-19 outbreak, as 
shown in Fig. 4. 

On 17th Jan, Spring Festival travel season had begun, but there were 
still many trip orders of bike sharing in Beijing. As can be seen from 
Fig. 4, most of trip origins and destinations are distributed in central 
areas of Beijing, such as Dongcheng, Xicheng, the parts of Haidian and 
Chaoyang districts. It is expected that people’s behaviors remain normal 
state before announcement of human-to-human transmission and 
Wuhan lockdown. Thereafter, the COVID-19 panic widely spread in 
China, the government extended the holiday to 2nd Feb accordingly, so 
the users of bike sharing in Beijing decreased greatly after 20th Jan. At 
the stage of pandemic spreading, we select the distribution of origins 
and destinations on 25th Jan to demonstrate the decline of bike-sharing 
orders in Beijing, and the trips at the city center were significantly 
reduced, as observed in graphs (c) and (d) of Fig. 4. Due to the strong 
measures taken by Chinese government, such as restrictions on public 
transport, quarantining infected cases and promoting wearing masks, 
this COVID-19 pandemic was effectively and quickly controlled. 
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Fig. 3. Number of trips of bike sharing in Beijing and the number of confirmed cases of COVID-19 in China.  

5 https://www.timeanddate.com/weather/china/beijing/historic  
6 https://www.sohu.com/a/125402812_457595 
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However, the number of bike-sharing trips did not recover but decreased 
to a lower level even after the end of the holiday on 2nd Feb. At the early 
stage of work resumption, the impact of pandemic panic still existed, as 
can be observed from graphs (e) and (f) of Fig. 4, the trip number for 
bike sharing kept going down. Afterwards, the number of bike-sharing 
trips slowly climbed along with fluctuations, which showed people 
were reluctant to increase their travelling due to shocks of the pandemic, 
and the distribution of origins and destinations on 10th Mar shown in 
graphs (g) and (h) of Fig. 4 had confirmed this point. 

3.2. Impact of COVID-19 on the environmental benefits of bike sharing 

In this section, we adopt the method introduced in Section 2.2 to 
estimate the environmental benefits of bike sharing in Beijing during the 
COVID-19 pandemic, so as to explore the impacts of this pandemic on 
the bike-sharing systems. It is widely accepted that bike sharing has 
considerable potential to reduce energy consumption and emissions. 
The spatial distribution of environmental benefits for bike sharing under 
COVID-19 pandemic is shown in Fig. 5. We can see that the environ-
mental benefits are more significant in more central areas, where in-
cludes many business centers, shopping malls and places of interests, 
and population density is relatively higher. Before the pandemic panic 
spread, bike sharing led to a reduction of 99.06 tonnes of petroleum 
consumption, 252.69 tonnes of CO2 and 2.21 tonnes of NOx on 17th Jan, 
a typical normal day at this stage. As shown in the graphs (a), (b) and (c) 
of Fig. 5, the environmental benefits are mainly distributed in Dong-
cheng, Xicheng, west of Chaoyang and southeast of Haidian districts. 
After the Wuhan lockdown, bike-sharing orders significantly reduced, so 
the environmental benefits went down accordingly. On 25th Jan, a 
reduction of 13.49 tonnes of petroleum, 34.4 tonnes of CO2 and 0.3 
tonnes of NOx was caused by bike sharing, and environmental benefits 
apparently decreased compare to 17th Jan, which demonstrated the 
COVID-19 pandemic had severe impacts on the environmental benefits 
of bike sharing. At early stage of work resumption, the environmental 
benefits unexpectedly continued to decline. On 6th Feb, environmental 
benefits caused by bike sharing reduced to 5.72 tonnes of petroleum, 
14.59 tonnes of CO2 and 0.13 tonnes of NOx, which was approximately 1 
in 17 of those on 17th Jan. As the pandemic was put under control, the 
environmental benefits grew up to a reduction of 70.14 tonnes of pe-
troleum, 178.93 tonnes of CO2 and 1.57 tonnes of NOx, and accounted 
for approximately 70% of those on 17th Jan. As can be observed from the 
graphs (j), (k) and (l) of Fig. 5, the distribution of environmental benefits 
demonstrates that the use of bike sharing gradually recovered from the 
COVID-19 pandemic, and the central areas such as business centers, 
transportation hubs and other important public places started recovery 
earlier. In addition, detailed quantitative environmental benefits can be 
shown in Table 3. 

Although Ricci [71] argues that no evidence shows the significant 
reductions of carbon emissions and pollution caused by bike sharing, in 
this section, we employ the proposed method to prove that the bike 
sharing has potential to achieve significant environmental benefits, and 
also reveal that the impacts of this severe COVID-19 pandemic on the 
environmental benefits of bike sharing cannot be ignored. 

In this study, the study area covers nearly all of bike-sharing trips in 
Beijing, and excludes four districts (Miyun, Pinggu, Yanqing and 
Huairou) due to few bike-sharing orders. As can be seen from Table 3, 
the environmental benefits are apparently higher in the districts with 
larger size of populations. For example, Chaoyang and Haidian districts, 
where population density is larger, have the highest and second highest 
environmental benefits before and after the outbreak of the pandemic, 
respectively, while the environmental benefits of Mentougou district are 
the lowest due to the least population in Beijing. It can be observed that 
this pandemic greatly impacts the environmental benefits of bike 
sharing in all districts, and the environmental benefits of the districts on 
6th Feb decreased to 4%-9% of those on 17th Jan, except the Xicheng 
district where reduced to 14%. In addition, it also can be observed that 
the recovery of environmental benefits in different districts was also 
different in more than 30 days after the end of the holiday. Most of 
districts are able to recover to 60%-80%, such as Dongcheng, Fengtai 
and Changping districts, but Shunyi and Xicheng districts can only 
recover to 25% and 48%, respectively. Furthermore, the environmental 
benefits in some districts were even higher than those on 17th Jan, for 
example, Mentougou, Tongzhou and Daxing increased by 132%, 78% 
and 21%, respectively, which apparently shows that people within these 
areas more frequently use bike sharing than before. A reasonable 
explanation for this phenomenon is that people in these districts started 

(a)  Jan 17th Origin (b)  Jan 17th Destination

(c)  Jan 25th Origin (d)  Jan 25th Destination

(e)  Feb 06th Origin (f)  Feb 06th Destination

(g)  Mar 10th Origin (h)  Mar 10th Destination
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Fig. 4. Spatial distribution of origins and destinations for bike sharing under 
COVID-19 pandemic. 
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(a) Jan 17th Energy Comsumption (b) Jan 17th Carbon Emission (c) Jan 17th NOx Emission

(d) Jan 25th Energy Comsumption (e) Jan 25th Carbon Emission (f) Jan 25th NOx Emission

(g) Feb 06th Energy Comsumption (h) Feb 06th Carbon Emission (i) Feb 06th NOx Emission

(j) Mar 10th Energy Comsumption (k) Mar 10th Carbon Emission (l) Mar 10th NOx Emission
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Fig. 5. Spatial distribution of environmental benefits of bike sharing in Beijing.  
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for work resumption earlier compared to other districts, and they were 
more likely to utilize bike sharing to replace public transits for daily 
travelling due to the impact of COVID-19. In the future, we may explore 
this point further if job-housing data in Beijing are available. 

3.3. Impact of COVID-19 on user behaviors of bike sharing 

In this section, we utilize complex network theory to explore the 
impacts of the pandemic on the user behaviors of dockless bike sharing 
in Beijing. As introduced in Section 2.3, the complex networks based on 
bike-sharing trips are built, as shown in Fig. 6. We attempt to present the 
trip distributions in the proposed complex network by using links with 
different colors, but it does not work very well. Therefore, here we use 
node heatmap to exhibit the trip distribution of bike sharing in Beijing 
from the perspective of complex network theory, which is presented in 
Fig. 7. 

In Fig. 7, we can see that the trip distributions in the proposed 
complex networks are significantly different at different stages as 
COVID-19 pandemic evolves in China. At the stage before announce-
ment of human-to-human transmission (20th Jan), the nodes with higher 
strength, namely, more trips, were mainly located in Xicheng, Dong-
cheng, southeast of Haidian and west of Chaoyang districts, which 
covers major business centers, transportation hubs, education in-
stitutions, places of interests and so on, as shown in the graph (a) of 
Fig. 7. The trip distribution on 17th Jan represents the one of a typical 
normal day at this stage, which demonstrates the normal state that 
people adopted bike sharing for daily travelling before 20th Jan, and the 
average strength on this day was 40.38, which implies that each node (1 
km × 1 km lattice) had more than 40 user orders before pandemic panic 
began. At the stage after Wuhan lockdown (23rd Jan), as shown in the 
graph (b) of Fig. 7, nodes’ strength significantly decreased due to the 

reduction of users caused by the pandemic. The average strength on 25th 

Jan had reduced to 13.07, and the distribution of nodes with relatively 
high strength were still located in four central districts, but the coverage 
extent reduced greatly. When the extended holiday ended on 2nd Feb, it 
was expected that user number of bike sharing would have gradually 
recovered to the normal state. However, at early stage of work 
resumption, the average strength on 6th Feb had dropped to 7.41, even 
much smaller than that on 25th Jan. The distribution shown in the graph 
(c) of Fig. 7 displays that the trips in the central districts of Beijing were 
very low as well. In 37 days after work resumption, the bike-sharing 
orders had increased, and the average strength on 10th March rose to 
18.31, which was still much lower than that before 20th Jan. As can be 
observed from the graph (d) of Fig. 7, there are only a few nodes with 
high strength, and these nodes are mainly distributed around the hos-
pitals, CBD and transportation hubs. 

In order to clearly show the most important nodes in the complex 
networks during the pandemic, the top 10 nodes with largest strength at 
different stage are summarized in Table 4. We can see that most of nodes 
with high strength are distributed within Haidian, Chaoyang, Dong-
cheng districts. In addition, it can be observed that node #1912 was the 
most popular place in the normal days (17th Jan) before the outbreak of 
the pandemic, but this node was not top 10 locations with largest 
strength anymore for bike sharing after the outbreak of the pandemic, 
even more than one month after the holiday, it did not appear in Table 5 
again. Other nodes, such as #2034, #1741 and #1494, were not top 10 
locations with largest strength either. In addition, although some nodes 
such as #2033 and #1680 still existed in Table 5 after the outbreak of 
the pandemic, their rankings were significantly lower than those before 
the pandemic. Therefore, we draw a conclusion that the popularity of 
the places where people usually take bike sharing to visit has been 
changed by the pandemic, even after the end of the holiday more than 

Administrative 
Boundary 
Beijing 6th    

Ring Road
Study Area

0 10 20 km

Fig. 6. Topology of the complex network based on bike-sharing trips in Beijing.  
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30 days, most of these places cannot become popular again to bike- 
sharing users. This point is also verified by the analyses for Fig. 8. 

To observe the transformation of user behaviors of bike sharing in 
Beijing from macroscopic perspective, the strength distributions of bike- 
sharing trips in log–log scale are illustrated in Fig. 8. 

As can be seen from Fig. 8, the y-axis represents logarithm of the 
complementary cumulative probability P(S ≥ s), which is the probabil-
ity that a randomly chosen node has strength equal to or larger than s. 
The slope of the distribution curves in Fig. 8 describes the speed of 
descent of the strength distribution curves, which reflects whether the 
majority of nodes of the proposed complex networks have frequent bike- 
sharing orders. Before the pandemic panic spreads, strength distribution 
on 17th Jan shows a smaller slope rate, which implies that the ratio of 
nodes with fewer trips is smaller, while the nodes with high strength 
account for a larger proportion. After the declaration of human-to- 
human transmission and Wuhan lockdown, the slope of strength dis-
tribution on 25th Jan becomes smaller, and the slope on 6th Feb deceases 
further even after holiday has ended for 4 days. The slope of strength 
distribution on 10th Mar shows that bike-sharing trips are gradually 
recovering, but still far from the normal state. The COVID-19 has caused 
huge impacts on people’s behaviors and lifestyle, and user behaviors of 
bike sharing in Beijing have also been inevitably changed. The slope of 
the strength distribution used here plainly shows the change of bike- 
sharing use, in order to quantify such change, the fitted strength dis-
tributions are summarized in Table 5. 

As can be observed from Table 5, although these four distributions all 
follow exponential distribution well, the slopes are different, which can 
reflect the transformation of bike-sharing use pattern to some extent. 
Compared to before COVID-19 outbreak, people are less likely to take 
dockless bike sharing to places where bike-sharing users used to go, even 
though the pandemic is under control and work resumption has begun 
for a period of time. 

In order to further observe the travel behaviors of bike-sharing users, 
we plot the average trip time during the outbreak of the pandemic in 
Fig. 9. It can be observed that the average trip time of bike sharing was 
approximately 1330–1360 s before the pandemic. However, since 
human-to-human transmission of COVID-19 and the lockdown of 
Wuhan city were announced, the average trip time began to increase 
gradually, and then reached the highest on 6th Feb, approximately 1600 
s. Thereafter, the average trip time decreased to a relatively stable level, 
which was still higher than that before the pandemic, even though the 
temperature had risen significantly and the pandemic had been under 
control. The possible explanation is that people tend to use bike sharing 
for longer trips due to the impacts of COVID-19, which used to be done 
by using public transits. 

4. Conclusions 

In the time of COVID-19 pandemic, our study has a special value and 
significance. Exploring the transformation of user behaviors and envi-
ronmental benefits of bike sharing will help to comprehend how the 
severe pandemic caused by COVID-19 influences people’s life, behav-
iors, and our society and environment, and also provide some clues to 
adapt this pandemic. 

This study focuses on the user behaviors and environmental benefits 
of bike sharing during the pandemic. Firstly, a novel method is proposed 
to calculate trip distances and trajectories of bike sharing with limited 
information via an open python package OSMnx. Following this, we 
utilize the complex network theory to capture the transformation of user 
behavior pattern of bike sharing at the different stages of COVID-19 
outbreak. In addition, more complete bike-sharing data from three 
main operators in Beijing are obtained to explore the impacts of COVID- 
19 on bike-sharing systems. This study fills the gap on the research of 
transformation of user behaviors and environmental benefits of dockless 
bike sharing under COVID-19 pandemic. 

The results show that the average daily trips of bike sharing in Ta
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Beijing reduce to approximately 0.3 million during the period of COVID- 
19 outbreak (from 14th Jan to 10th Mar), and the origins and destinations 
of bike-sharing trips are distributed in central areas of Beijing, such as 
Dongcheng, Xicheng, the parts of Haidian and Chaoyang districts. Since 
the announcement of human-to-human transmission and Wuhan lock-
down, the number of bike-sharing trips decreased greatly and did not 
recover to the normal state even at the early stage of work resumption. 
In addition, bike sharing has potential to achieve significant environ-
mental benefits, and the ongoing pandemic causes huge impacts on the 
environmental benefits of bike sharing. The estimated reductions of 
energy consumption, CO2 emission and NOx emission on 6th Feb reduced 
to approximately 1 in 17 of those on a normal day (17th Jan), and the 
environmental benefits on 10th Mar recovered to 70% of those in normal 
days, even though holiday had ended for more than one month. There 
are higher environmental benefits in the districts with larger size of 
population, and Chaoyang and Mentougou districts, where have the 

largest and least size of population in Beijing, achieve the highest and 
lowest environmental benefits of bike sharing before and after the 
pandemic outbreak, respectively. The impacts of COVID-19 on the 
environmental benefits of bike sharing in different districts vary, and the 
environmental benefits on 10th Mar in some districts are even higher 
than those on 17th Jan. The results also suggest that the travel behaviors 
of bike sharing can be impacted by the COVID-19 greatly. The nodes 
with high strength are mainly distributed in Xicheng, Dongcheng, 
southeast of Haidian and west of Chaoyang districts in normal days, and 
the average strength, which represents the trips within local areas, 
dropped from 40.38 (on 17th Jan) to 13.07 (on 25th Jan), and further 
reduced to 7.41 (on 6th Feb) due to the pandemic panic. Even after the 
end of the holiday more than one month, most of these places in Beijing 
cannot become popular again to bike-sharing users. The slopes of 
strength distribution of the proposed complex networks have also 
confirmed such change. The average trip time of bike sharing after the 

Fig. 7. Trip distribution of bike sharing in the complex networks.  
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outbreak of the pandemic was higher than that before the pandemic, 
even though the temperature had risen significantly and the pandemic 
had been under control. To summarize, the user travelling behaviors and 
environmental benefits for bike sharing have been transformed signifi-
cantly, and the impacts caused by COVID-19 are difficult to disappear 
within a short term. 

Although this study provides the innovative methods to quantita-
tively analyze the impacts of the COVID-19 pandemic on the 

environmental benefits and user behaviors of bike sharing, there are 
several limitations in this study. Firstly, due to the sensitivity of data 
during the pandemic, only bike-sharing data from 14th Jan to 10th Mar 
can be provided, which restricts further in-depth analysis. In addition, 
the proposed method to calculate the trip distances is time-consuming 
since it relies on the extensive computations of shortest paths. In the 
future, high performance computing including parallel/distributed 
computing and Graphics Processing Unit (GPU) can be employed. 

Table 4 
Top 10 locations of bike-sharing trip distribution.  

     Days                                       

No.

17th Jan 25th Jan 6th Feb 10th Mar

Node ID Location Node ID Location Node ID Location Node ID Location

1 1912 Haidian 1542 Haidian 1494 Dongcheng 1542 Haidian
2 2033 Haidian 1741 Chaoyang 1375 Chaoyang 2119 Chaoyang
3 1542 Haidian 1494 Dongcheng 1669 Haidian 1619 Chaoyang
4 1619 Chaoyang 1375 Chaoyang 1682 Chaoyang 1603 Haidian
5 1680 Chaoyang 1682 Chaoyang 1621 Chaoyang 1375 Chaoyang
6 2034 Haidian 1680 Chaoyang 1542 Haidian 2033 Haidian
7 1682 Chaoyang 1677 Dongcheng 1428 Xicheng 2119 Chaoyang
8 1741 Chaoyang 1669 Haidian 1376 Chaoyang 1680 Chaoyang
9 1494 Dongcheng 1437 Chaoyang 2038 Haidian 2120 Chaoyang

10 2097 Haidian 1616 Dongcheng 1677 Dongcheng 1682 Chaoyang

Table 5 
Strength distribution type of bike-sharing trips.  

Days 17th Jan 25th Jan 6th Feb 10th Mar 

Strength distribution Exponential Exponential Exponential Exponential 
P(S ≥ s)∝eγs  P(S ≥ s)∝eγs  P(S ≥ s)∝eγs  P(S ≥ s)∝eγs  

γ  R2  γ  R2  γ  R2  γ  R2  

0.3352 0.8833 0.4754 0.8713 0.5453 0.8956 0.3865 0.8966  
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Fig. 8. Strength distribution of bike-sharing trips in log–log scale.  
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Thirdly, it will be more meaningful to explore the impacts of the 
pandemic on all types of public transport, such as subway, bus and bike 
sharing, and the user transfer between different travel modes will 
disclose more realistic transformation of travel behavior patterns of 
people in cities under this severe pandemic. These explorations may 
facilitate the further understanding of impacts of COVID-19 pandemic 
on our society and environment. 
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