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ARTICLE INFO ABSTRACT
Keywords: Ridesplitting promises to reduce emissions. Previous studies mainly compared ridesplitting
Ridesplitting with single rides like taxis, leaving its impact on other modes unclear. This study quantifies

Modal substitution
Carbon emission
Built environment
Shared mobility

the reduction or increase in CO, emissions due to ridesplitting from a modal substitution
perspective and explore the nonlinear impacts of built environment factors on emission
reductions. Considering different urban contexts, we choose Chengdu and Xi’an as representative
examples for analysis. The results indicate that most ridesplitting trips lead to an increase in
CO, emissions when compared to other modes. In Chengdu, a mere 8.92% of ridesplitting trips
result in emission reduction, whereas in Xi’an, this figure stands at 4.68%. Emission reduc-
tion is predominantly linked to taxi substitution. Moreover, many built environment factors
exhibit positive relationship with the increase in emission resulting from ridesplitting, and
present nonlinear and threshold effects. The findings offer a framework to assess ridesplitting’s
environmental benefits, aiding urban planners and policymakers.

1. Introduction

On-demand mobility services such as transportation network companies (also known as ride-sourcing or ride-hailing), matching
drivers with passengers via smartphone applications, have become one of the most popular sharing services thanks to their flexibility,
convenience and efficiency (Tingstad Jacobsen et al., 2023). In recent years, some argue that the benefits of ride-sourcing services
may be outweighed by its harm due to shifting users from more sustainable transportation modes, undermining public transportation
and increasing vehicle ownership, vehicle-miles-traveled(VMT), which leads to aggravated traffic congestion and environmental
pollution (Taiebat et al., 2022; Tirachini, 2020; Cui et al., 2024). Ride-hailing leads to more than 38% modal shift from public transit
in Chengdu, China from a perspective of affordability (Qiao and Yeh, 2023). Referring to comprehensive investigation including Lyft,
UberX, LyftLine and UberPool, ride-hailing leads to approximately 83.5% more VMT than would have been driven had ride-hailing
not existed (Henao and Marshall, 2019). Compared to 22% in a counterfactual scenario without transportation network companies,
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weekday vehicle hours of delay increased by 62% between 2010 and 2016 (Erhardt et al., 2019). The announcement of the ride-
hailing service initially resulted in a decrease in PM2.5 pollution in the month preceding the service launch and during the early
months following its introduction. However, in the long term, the increased number of overall trips has contributed to a rise in
vehicle pollution (Barnes et al., 2020).

Ridesplitting, as a specific type of ride-hailing service, is expected as a remedy for the above-mentioned downsides by enabling
different riders to share a vehicle while traveling along similar routes (Shaheen et al., 2016b). For existing studies on ridesplitting,
the impacts of ridesplitting on vehicle kilometers traveled (Chen et al., 2021), vehicle use and purchase willingness (Zheng et al.,
2019), cost and time saving (Tu et al., 2019), adoption rate (Xu et al., 2021), travel behavior (Chen et al., 2017) have been
investigated. However, only a few studies quantified environmental benefits of ridesplitting based on field data. Li et al. (2021)
found that ridesplitting significantly reduced emissions of CO,, CO, NO,, and HC by 28.7%, 32.5%, 27.7%, and 31.2%, respectively,
based on ride-sourcing dataset in Chengdu, China. 22% of vehicle hours traveled could be reduced due to ridesplitting (Li et al.,
2019). Therefore, ridesplitting could generate potential benefits in alleviating traffic congestion and reducing traffic pollution
compared to ride-sourcing without sharing. These studies provide reference for understanding the potential of emission reduction
from ridesplitting. However, most of these studies evaluate environmental benefits by comparing ridesplitting with single rides
(i.e., regular non-ridesplitting service). The role of ridesplitting in the entire transportation system has not been well understood.
Apart from single rides, ridesplitting may attract passengers from more sustainable transportation modes, such as bus and metro
transit. The various advantages of ridesplitting services, such as affordable fares and high priority, may lead to a shift of public
transit passengers towards ridesplitting option (Zhu et al., 2020), resulting in additional emissions due to ridesplitting. In Hangzhou
of China, the implementation of ridesplitting reduced road vehicle usage by 52,731 per day compared to single rides, including taxi,
Express, and DiDi Private Car. When considering the modal shift from public transportation to ridesplitting, the actual decrease in
road vehicle usage was only 3,051 per day (Zheng et al., 2019). Therefore, it is crucial to consider modal shifts among different
transport modes when examining the environmental benefits of ridesplitting. This is essential for gaining a precise understanding
of how ridesplitting contributes to sustainable transportation systems.

The modal shift of ridesplitting trips refer to the fact that a traveler would use other transport modes (e.g., car or public transit)
for the same trips if ridesplitting did not exist. In the realm of ridesplitting, and more broadly, within the framework of ride-hailing
services, users’ transportation mode choice behavior have been investigated based on different data sources (Shaheen et al., 2016a;
Chen et al., 2017; Zheng et al., 2019; Wang et al., 2019; Shi et al., 2021; Rafiq and McNally, 2023; Wali, 2023). The methods
generally employed in existing studies are questionnaire-based surveys or data-driven analysis. Questionnaire-based surveys assess
substitution rates using survey questions such as “How would you complete this trip when ridesplitting is not available?” (Wang
et al., 2019; Zheng et al., 2019; Wali, 2023). In terms of data-driven analysis, machine learning techniques are utilized to examine the
correlation between users’ willingness to use various ride-hailing services, including ridesplitting, and factors such as demographics
and the built environment (Chen et al., 2017; Huang et al., 2021). This approach typically involves data that cover the different
modes of ride-hailing used for each trip. However, a limitation of this approach is that, due to the lack of comprehensive survey
questionnaire data, it primarily analyzes the factors at an aggregated level and tends to overlook modes beyond ride-hailing, such
as public transit. In contrast to relying solely on data-driven analysis, our study merges questionnaire-based surveys with data-
driven techniques. This hybrid approach allows for a more thorough examination of the substitution effects of ridesplitting on other
transport modes, leading to a more precise and detailed estimation of its impact on carbon emission reduction for each trips. By
integrating direct user feedback with empirical data, this study provides a more comprehensive understanding of transportation
mode choices, thereby enhancing the accuracy and depth of our findings.

Moreover, exploring the effects of various built environment factors on shared mobility has become a focal point in urban
transportation planning and management. It has been reported that built environment factors have a significant influence on
ride-sourcing demand (Yu and Peng, 2019) and other travel mode choices (Gao et al., 2023b, 2021a). Especially, several built
environment factors, such as distance to the city center, land use diversity and road density, pointedly affect the adoption of
ridesplitting (Tu et al., 2021). These will consequently impact the emission reduction from ridesplitting. The understanding of
relations between emission reduction from ridesplitting and built environment factors can help reveal why and how to expand the
environmental benefits of ridesplitting in different urban contexts.

To address the aforementioned gaps, this study uses a trip-level approach to infer which transport mode is substituted by
ridesplitting. The travel mode choice modeling is employed to consider empirical factors significantly influencing the transport
modes substituted by ridesplitting (such as travel time and costs of available options at the origin and destination locations), which
helps prevent biases caused by distinctions in different spatiotemporal contexts. Based on modal substitution of ridesplitting to other
transport modes (i.e., metro, bus and taxi), quantified emission reduction from each ridesplitting trip is estimated. Simultaneously,
the spatial heterogeneity in emission reduction from ridesplitting is further investigated by exploring nonlinear relations between
built environment factors and reduced emission from ridesplitting. The potential contributors to spatial heterogeneity of emission
reduction from ridesplitting are unraveled. The findings could be utilized by urban managers and transportation network companies
to expand the environmental benefits of ridesplitting.

The remaining sections are structured as follows. Section 2 describes empirical data used in this study. Section 3 elaborates on
the technical details of methods, followed by the results and discussions in Section 4. The concluding remarks are summarized in
the last section.
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Fig. 1. Spatial distribution of ridesplitting trip origins.

2. Datasets

This study utilizes ride-sourcing transactional data acquired from Didi Chuxing through the GAIA Open Data Initiative (https:
//gaia.didichuxing.com). The dataset encompasses critical records such as order IDs, diver IDs, and trajectory specifics, including
longitude and latitude information of vehicles every 3 s for every ride-sourcing trip. This comprehensive dataset spans a period
from October 1, 2018, to November 30, 2018, encompassing both Chengdu and Xi’an. Chengdu, situated as a major metropolis in
the southwest, and Xi’an, recognized as the largest city in the northwest, represent two of China’s most significant ride-sourcing
markets. However, considerable demographic distinctions exist between these cities, encompassing factors such as population,
income distribution, and cultural dynamics. For instance, while Chengdu registered a population of 21.268 million in 2022, Xi’an’s
population stood at 12.996 million, approximately half of Chengdu’s. Moreover, the differences in built environments and urban
contexts further contribute to the distinctiveness between these two cities. These disparities, encompassing structural, demographic,
and cultural facets, likely lead to divergent usage patterns in ridesplitting services observed across Chengdu and Xi’an.

Recognizing a distinct weekly periodicity, we specifically select a standard seven-day week (from November 3-9, 2018) for our
analysis. The dataset, on average, comprises over 220,000 daily trip records in Chengdu, serviced by more than 40,000 drivers.
In contrast, the average daily count in Xi’an includes around 140,000 trip records facilitated by over 20,000 drivers. The dataset
encompasses both single rides and shared rides, with the latter denoting scenarios where riders jointly share their trip, thus dividing
the incurred costs among them (Zhang et al., 2023). Shared rides are also referred to as ‘ridesplitting trips’ within this investigation.
In order to identify ridesplitting trips, we adopt a criterion established by Li et al. (2019), which emphasizes temporal overlap
between two rides serviced by the same driver. In this study, the ride-sourcing dataset is segmented according to driver ID, creating
multiple sub-datasets where each encompasses trips conducted by a same driver. For each sub-dataset, we conduct a comparison
of the departure and arrival times across all trip pairs. When there is a temporal overlap between any pair of trips, it indicates
the presence of ridesplitting trips. Using this process, we obtain ridesplitting trips that account for approximately 7% of all raw
ride-sourcing orders. However, it is essential to note a potential scenario where drivers accept new orders before completing the
previous one, resulting in temporal overlap between two single rides without actual shared ridership. We exclude ridesplitting trips
featuring temporal overlaps of less than 3 min, which are regarded as single rides. After this, the ridesplitting rides account for
about 3% compared to raw data. Additionally, our focus in this research lies specifically on ridesplitting trips involving two riders
sharing the same vehicle. We remove the ridesplitting trips involving more than two riders. We also filter out outliers, specifically
ridesplitting trips with durations under 3 min or exceeding 1 h, which are considered implausible. The potentially duplicated records
are eliminated as well as. After cleaning and selecting, the dataset utilized in this study comprises 65,622 ridesplitting trips in
Chengdu and 49,926 ridesplitting trips in Xi’an.

This study spans an area of 8.5x8.5 km” in Chengdu, encompassing famous business clusters like Tianfu Square and Chunxi
Road. The study area in Xi’an spans 8.5x9.0 km? and includes renowned business clusters such as Xi’an Tower and Xiaozhai.
Fig. 1 Hlustrates the spatial distributions of ridesplitting trips in Chengdu (Fig. 1(a)) and Xi’an (Fig. 1(b)). In Chengdu, a noticeable
disparity in origins of ridesplitting trips is observed between the southern and northern parts of the study area. Additionally, there is
a discernible surge in ridesplitting demand around business clusters like Xi’an Tower and Xiaozhai, surpassing the demand observed
in other areas.
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3. Methods

This section delineates the methodologies employed to assess CO, reduction through ridesplitting and investigate the nonlinear
effects of the built environment on this reduction. Initially, we deduce the transport mode substituted by ridesplitting for each trip,
operating under the assumption that passengers would have opted for the inferred substituted mode in the absence of ridesplitting.
Subsequently, a comparative analysis is conducted between the CO, emissions generated from ridesplitting trips and those associated
with the transport mode replaced by ridesplitting. The disparity in CO, emissions is then deemed as the emission reduction resultant
from ridesplitting. Furthermore, we integrate CO, reduction and built environment into each analysis zone (AZ) and explore the
nonlinear relationship between them using interpretable machine learning techniques.

3.1. Trip-level inference approach

This study adopts a trip-level approach to ascertain the transport mode substituted by ridesplitting, following methodologies
outlined in previous works (Gao et al., 2023a, 2021a). The primary objective of this method is to determine the alternative
transportation mode that a user would have opted for in the absence of ridesplitting services. To estimate the substituted mode
for each ridesplitting trip, we employ a three-step process. Initially, we extract the specific detailed information such as the trip’s
origin, destination and departure time from each ridesplitting trip. Subsequently, we use the Application Programming Interface
(API) provided by the Baidu Map Open Platform to obtain alternative transport modes and their associated level-of-service attributes
for each trip. This step involves estimating crucial factors like travel time and cost, taking into account the accessibility of various
transport modes, realistic network and traffic conditions. Finally, we apply a travel mode choice model to estimate the transport
mode that would have been used in place of ridesplitting for each trip. This model operates under the hypothetical scenario of
non-existence of ridesplitting services. We input the level-of-service factors of alternative transportation modes into this model to
estimate the preferred modes prior to the emergence of ridesplitting. This approach allows us to gauge the plausible substituted
transport mode for ridesplitting trips.

Unlike the conventional use of average substitution rates across all trips, this trip-level approach aims to infer the substituted
transport mode for each specific ridesplitting trip, resulting in a more precise estimation. On the one hand, the selection of a
particular transport mode for a specific trip is contingent upon the accessibility of transportation options, which tend to vary due
to spatial disparities in the origins and destinations of distinct trips. On the other hand, travelers take into account diverse factors,
such as travel time, cost, and comfort, when choosing their preferred mode of transport among the available options. Even when
trips share similar distances, travel durations, and purposes, there exists notable variability in the likelihood of selecting a specific
transport mode. Consequently, inferring the substituted transport mode by ridesplitting at the trip level proves indispensable for
practical and analytical purposes.

3.1.1. Extracting alternative transport modes

The Baidu Maps API serves as an expansive toolkit specifically tailored for location-based applications and solutions. Its
functionality encompasses robust route planning recommendations that leverage real-world urban context, integrating variables
such as road networks, transit routes, timetables, and traffic conditions. For our study, the origin, destination, and departure time
details of each recorded ridesplitting trip are employed as input parameters for the API. Due to the API’s limitation in handling
past departure times, we execute a retrieval process for corresponding route plans concerning all available transport modes. This
is initiated when the recorded day of the week and hour of the day coincide with those registered for each ridesplitting trip. For
instance, in the case of a ridesplitting trip recorded at 8:00:00 on November 5, 2018 (Monday), the departure time inputted to the
API aligns with 8:00:00 of the following Monday following the API query moment. This meticulous approach is employed to ensure
logical and precise alignment of the data with the respective trips.

This study encompasses bus, metro, taxi, and walking as potential transport modes that ridesplitting may substitute. Notably,
the analysis excludes the consideration of ridesplitting as a substitute for private car usage. This limitation stems from the inherent
constraints of our dataset, which does not provide information on whether a traveler has access to a private vehicle. While
assumptions could be made about the likelihood of having access to private cars based on ownership statistics, such presumptions
may introduce significant biases. Moreover, the travel patterns linked with private car usage, particularly in estimating parking
durations, are laden with uncertainties (Xue et al., 2024). These factors are crucial as they profoundly affect the economic costs and
consequently influence transportation mode choices. The complexity introduced by these uncertain parking durations escalates the
potential for analytical biases, thereby precluding the precise assessment of the impacts related to private car usage. Therefore, this
study restricts its focus to publicly accessible transportation options, namely bus, metro, taxi, and walking. It is imperative to note
that the distinction between traditional taxis and solo rides in ride-hailing or e-hailing services is not explicitly delineated in this
study. Rather, the reference to the “taxi” transport mode encompasses all solo rides across diverse forms. Furthermore, the outputs
generated by the API offer route planning details for available transport options, including corresponding attributes such as travel
time, monetary cost, and trip distance for each specific trip. The route planning for public transit often entails transfers between
bus and metro, which implies that the coupled structure between the two modes can be well considered by API (Gao et al., 2021b).
We categorize the routes involving transfers as the mode taking longer travel time.
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3.1.2. Estimating transport mode substitution

We adopt Multinomial Logit (MNL) model to estimate the transport mode substituted by a ridesplitting trip, which is widely
used in travel choice behavior, including travel mode choice, travel route choice and etc. The travel mode choice modeling in this
study is based on two assumptions.

Assumption 1. We assume that travelers choose the transport mode based on the most highest subjective utility, comprehensively
considering both time and economic costs. Although other factors such as in-vehicle crowding can also be considered, we use time
and cost on account of the available data extracted from map APIL

Assumption 2. We assume that the travel mode choice model in Shanghai is adapted for Chengdu and Xi’an. Although the survey
dataset was collected from Shanghai, a city differing from Chengdu in our study, both cities are significant metropolitan areas in
China, representing regions that are highly developed economically and culturally (Wang and Zhou, 2017). This similarity minimizes
the potential bias due to geographical disparity. We assume that the bias resulted by this disparity is considered to be minimal.

For rider j, the utility of selecting transport mode i is determined as

B 2. BijeXiz + T+ gy ie{taxi, walking}
A

PijzXiz + 1 +€;+0, ie{metro, bus}

(€D

where x;, denotes the zth level-of-service factor of transport mode i, referring to travel time, monetary cost or walking distance
in this study. f;;, is the corresponding coefficient of x;,. z; is a constant coefficient representing rider ;’s unobserved preference
to transport mode i. ¢ is the random error term to model the stochastic. In terms of bus and metro, an error component between
bus and metro ¢ is added in the model to consider the nested structure between the two public transit options (Gao et al., 2021b).
Here we take buses as an example. When compared to taxi (denoted by k), the probability of choosing the bus as transport mode
(denoted by i) is

Pr(y; =1)=Pr(U; >;)

=P"(Zﬂijz+fi+5ij+‘7>Zﬂka+fk+5kj+°')
z z
:Pr<2ﬂ,jz+r‘-+a—(2ﬂka+rk)>ekj—su>

z zZ

y;; = 1 indicates that traveler j choose option i for the trip. ¢;; is assumed to be identical and independent Gumbel distributions
(Ben-Akiva and Lerman, 1985), so that we can get

exp(6; U[“j)

(2)

Pry;=1)= ————— .
Y X exp(6;U})
where
Us = 2. Bijz + Tis ie{taxi, walking} “
! 2. Bijz +Ti+o, ie{metro, bus}

0; is the index to denote if transport mode i is available or not for a specific trip. U;’; denotes simplified utility function. Table 1
illustrates the parameters of f,;,, 7; and o, which were calibrated by Gao et al. (2023a). The transport mode i with the highest
probability is determined as the substituted option, namely, the transport mode that the user would choose if there was no
ridesplitting.

3.2. The impacts of ridesplitting on CO, emission

This study defines the discrepancy in CO, emissions between ridesplitting and the corresponding substituted transport mode
for identical trips as the CO, emission reduction attributed to ridesplitting trips. Our methodology involves distinct calculations
of emissions for both the ridesplitting and substituted modes concerning the same trip. Subsequently, a comparative analysis is
conducted to ascertain the escalation or reduction in CO, emissions. This comparison is made under the assumption that passengers
would select the substituted mode in the absence of ridesplitting services. It should be noted that the “emission” in the following
contents refers to CO, emission.

3.2.1. CO, Emission from a ridesplitting trip

Fig. 2 shows that an example of a ridesplitting trip consists of overlapping segments where two different passengers are in the
same vehicle (i.e., sharing the vehicle) and solo segments where only one passenger is in the vehicle. Emission from overlapping
segments is equally divided into the trip emission of each passenger. For each ridesplitting trip, the emission from the trip of one
passenger is presented by

Eover/apping

Eridesp[irting = E.volo + 2 5 (5)



Z. Zhang et al. Transportation Research Part D 130 (2024) 104160

o—e ridesplitting trip 1 @@ ridesplitting trip 2

O, ¢

Solo |segments

0O,

Overlapping segments

D2 Dl
=

Solo segment

Fig. 2. Overlapping and solo segments in a ridesplitting trip.

Table 1

Parameters in MNL model (Gao et al., 2023a).
Parameters Values
Peost -0.0355
P(traveltime,,;) —-0.0307
Braveltime,,,) -0.0279
Braveltime,) -0.017
Baraveltime,yng) -0.0614
o 1.39
Thus 0
Tmetro 1.38
Traxi -1.29
Tiwalking -0.3

where E,, and E, e, 4ppin, are the emissions from solo segments and overlapping segments, respectively.

We estimate E,, and E,,;qpping Using COPERT model. COPERT model, initially developed in accordance with European emission
standards, has gained widespread application in estimating vehicular emissions across different countries. Recently, it has been
adapted to calculating emissions from ride-sourcing vehicles in Chinese contexts (Yan et al., 2020; Li et al., 2021; Zhang et al., 2023;
Ding et al., 2024; Li et al., 2024). This adaptation is especially pertinent considering that the majority of ride-sourcing vehicles in
China comply with the China IV emission standard, which is equivalent to the European 4 standard (Ding et al., 2024). Therefore,
in our research, we employ the COPERT model in accordance with the European 4 standard, ensuring a relevant and accurate
assessment of emissions. Given that ridesplitting trips consist of multiple short-distance segments, we initially compute the emissions
for each segment using the COPERT model. The cumulative emissions from all segments are then considered to represent the total
emissions for a single trip. The emission of the segment j is calculated by

E;= Y EF, ;0 Xd, ), 6)
where d; ;,, (unit: km) denotes the distance between GPS points j and j+1. EF; ;, (unit: g/km) is the emission factor and determined
by

s
Vjj+1

2
exuj’j+1+§><uj,j+1+n

2
axvj’j+1+ﬂ><vj,j+1+y+

EF, 0 = , @)
where v 1 denotes the average speed between GPS points j and j + 1. The parameters «, #,7,8,¢,{,n are obtained based on the
emission standards of vehicles and the type of pollutants. For CO, emissions from ride-sourcing vehicles, the specific parameters
are as follows: @ = 3.32x e, = —17.6,y = 1450,6 = 1.76 x 71, e = 8.01 x e™*,{ = 9.13 x e72,# = 3.51, referring to Li et al.
(2021). Our dataset for this study includes GPS trajectories of the vehicle from each ridesplitting trip. By leveraging the timestamps
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and coordinates from these trajectories, we can obtain the distance and average speed between two GPS points, of which the time
difference is 3 s (Cui et al., 2023). Thus, the CO, emissions between two GPS points can be estimated using the COPERT model.
The CO, emission of a trip can be acquired by aggregating the CO, emissions of segments of the trip directly.

3.2.2. CO, Emission from other transport modes

Previous studies has explored emission factors using diverse models such as COPERT, MOVES, and HBEFA, utilizing varied
activity data like driving records and traffic conditions to compute emission factors for distinct vehicle types. These factors provide
a quantitative representation of the volume of pollutants discharged per unit distance (g/km), time (g/s), or fuel consumption
(g/kg) (Smit et al., 2010; He et al., 2024). While these models are proficient in estimating emissions from different vehicles,
their adequacy for estimating public transport emissions remains uncertain. Estimations of bus and metros emissions stem from
amalgamated results from multiple passengers, contrasting with individual passenger emissions. Consequently, this study adjusts
public transport emissions accounting for vehicle occupancy (e.g., the number of passengers). Several studies have developed
emission factors for buses and metros, taking into account the number of passengers in the context of Chinese urban contexts (Liu
et al.,, 2023; Wang et al., 2015; Yu et al., 2020). Specifically, this study employs emission factors denoted per passenger per
kilometer (passenger-kilometer, PKM). Notably, the CO, emission factors for bus and metro are 28.60 g/PKM and 48.85 g/PKM,
respectively (Wang et al., 2015).

Regarding taxis, this study exclusively accounts for taxis transporting a single passenger as the transport mode substituted by
ridesplitting. Thus, PKM is also appropriate for calculating CO, emission from taxi. The CO, emission factors for taxi taking one
passenger is 165.98 g/PKM (Wang et al., 2015). The total CO, emission of a trip is determined as

E; =Y EF,xd, )

where d; ,, denotes the distance traveled by passenger i using a particular transport mode m. EF,, denotes CO, emission factor for
transport mode m. If a trip is a combination of bus and metro, the total emissions are calculated by the sum of CO, emissions
generated by the sub-trips of using the bus and the metro.

Finally, the CO, emission reduction resulting from a ridesplitting trip refers to the difference between emission from the
ridesplitting trip and the emissions of using the inferred mode for the same trip.

ED= Esubst[tuted - Eria'esplitt[ng’ (9)

where ED can be either positive or negative. When ED > 0 indicates that ridesplitting reduces CO, emissions in contrast to
the inferred substituted mode. Whereas ED < 0, a ridesplitting trip increases CO, emissions compared to the scenario without
ridesplitting and using the inferred transport mode for the same trip.

3.3. The potential effects of built environment on emission reduction

The results of substitutions to other transport modes are crucial in calculating emission reductions due to ridesplitting. We
investigate the effects of transport-related built environment factors considering two aspects. First, the modal substitution of
a ridesplitting trip to other transport modes is associated with built environment factors. The transport mode substituted by
ridesplitting for each trip is influenced, either directly or indirectly, by various urban built environment factors, such as the
accessibility of public transport stations and road density. Secondly, at aggregated level, the total number of ridesplitting trips
is influenced by the built environment, with geographical variations leading to diverse travel demands. The demand of using
ridesplitting trips in an area is related to the aggregated emission effects of ridesplitting.

Utilizing the available dataset and the methodologies outlined earlier, we embark on quantifying the CO, emission reduction
attributed to individual ridesplitting trips, followed by aggregating these outcomes across diverse urban contexts. We divide the
study area into grids with 500 x 500 m, and each grid is an AZ. The aggregated CO, emission reductions from trips are allocated
to respective grids by leveraging trip origins, typically reflective of demand patterns. Making the best of the results, we further
unravel the influencing factors on spatial variation in CO, emission reduction due to ridesplitting in different urban contexts.
To unravel these influences, we assess built environment factors pivotal in shaping travel mode preferences and travel demand,
consequently impacting the resultant CO, emission reduction through ridesplitting. Employing machine learning techniques, we
model and interpret the nonlinear impacts of these factors on CO, emission reduction stemming from ridesplitting.

3.3.1. Built environment factors

The investigated built environment factors encompass density, diversity, design, destination accessibility, and distance to transit,
commonly known as the 5-D built environment factors (Cervero et al., 2009; Ewing and Cervero, 2010; Gao et al., 2021b). All these
factors are computed for each AZs, as illustrated in Table 2.

(1) Density. Population density is one of the factors considered. The population dataset is sourced from the Resource and
Environment Science Data Center of the Chinese Academy of Sciences (https://www.resdc.cn/DOI/). It constitutes a raster dataset
presenting population density with a resolution of 1 km2, integrating diverse elements such as land use types, nighttime light
intensity, residential density, and other pertinent demographic factors.

(2) Diversity. Diversity factors encompass POI (Point of Interest) mixture and land use ratios, comprising residential land use
ratio, public service land use ratio, commercial land use ratio, industrial land use ratio, park and square land use ratio. These factors
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Table 2

Built environment factors used in this study.
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5-D

factors

data sources

computation methods

Density

population density

Resource and
Environment Science
Data Center of the
Chinese Academy of
Science

provided by dataset

Diversity

POI mixture
land use ratios

POI dataset from Amap

POI entropy
TE-IDF

Design

road densities

OpenStreetMap

length of road per km?

Destination
accessibility

work facility density
leisure facility density
education facility
density

park and square facility
density

POI dataset from Amap

number of POIs per km?

Distance to
transit

ARBus
ARMetro
ARParking

POI dataset from Amap

The proportional overlap between
transit stations’ influence areas
and respective AZs

Table 3

Reclassified land use categories and corresponding POIs in Amap.

Land use categories Code Big-category in Amap Mid-category in Amap
Residential land use 1 Commercial House Residential Area
2 Governmental Organization & all mid-category (for example,
Public services land use Social Group Governmental organization,
Social Group, etc.)

3 Medical Service all mid-category (for example,
hospital, pharmacy, etc.)

4 Science/Culture & Education all mid-category (for example,

Service museum, school, etc.)

5 Commercial House Industrial Park, Building,
Commercial House Related

6 Daily Life Service all mid-category (for example,

Commercial land use ticket office, laundry, etc.)

7 Finance & Insurance Service all mid-category (for example,
bank, insurance company,
etc.)

8 Food & Beverages all mid-category (for example,
Chinese food restaurant, coffee
house, etc.)

9 Shopping all mid-category (for example,
supermarket, clothing store,
etc.)

10 Accommodation Service all mid-category (for example,
hotel, hostel, etc.)

11 Sports & Recreation all mid-category (for example,
sports stadium, recreation
center, etc.)

12 Enterprises Company, Enterprises, Famous
Enterprise

Industrial land use 13 Enterprises Factory

Transport service land use 14 Transportation Service all mid-category (for example,
railway station, parking lot,
etc.)

Park and square land use 15 Tourist Attraction Park & Square

are derived from the POI dataset obtained from Amap (https://lbs.amap.com/), comprising 23 big-categories and over 200 mid-
categories that delineate POI types. We utilize two approaches to compute these factors. Firstly, we employ selected big-categories
to assess POI mixture using entropy within each AZ. Concurrently, we reclassify POIs to determine land use ratios. Following
the guidelines of the Code for Classification of Urban Land Use and Planning Standards of Development Land (GB 50137-2011),
we reclassify these POIs into six distinct land use categories: residential land use, public services land use, commercial land use,

industrial land use, park and square land use ratio, and transport service land use, representing the primary functions of an urban
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area (Chen et al., 2022). The relationship between land use categories and the respective POI types from the Amap dataset is outlined
in Table 3. Subsequently, land use ratios are computed employing the Term Frequency-Inverse Document Frequency (TF-IDF)
methodology, as detailed in Gao et al. (2021b).

(3) Design. The design factors encompass various road densities, specifically the density of expressways, major arterials, minor
arterials, and branches. These datasets are sourced from OpenStreetMap, which comprehensively catalogs four primary urban road
types in China, namely expressways, major arterials, minor arterials, and branches (Yan et al., 2019).

(4) Destination accessibility. Destination accessibility is evaluated through several metrics including work facility density, leisure
facility density, education facility density, and park and square facility density. Work and leisure facility densities are quantified
by aggregating the number of corresponding POIs identified by codes within the set and as outlined in Table 3. Education facility
density is calculated based on the ‘school’ mid-category POIs obtained from Amap, while park and square facility density relies on
the ‘park and square’ mid-category POIs from Amap.

(5) Distance to transit. To assess transit accessibility comprehensively, we consider indicators reflecting the coverage and
accessibility of transportation facilities. These metrics, specifically ARBus, ARMetro, and ARParking, are designed to provide insights
into transport convenience within each Analysis Zone (AZ). While previous studies commonly utilize the count of transit stations
within AZs, a drawback lies in the oversight of transit station influence areas. To mitigate this, we introduce ARBus and ARMetro,
adapted from Li et al. (2020), which evaluate the proportional overlap between transit stations’ influence areas and respective AZs.
The influence area for each transit station is defined as a buffer zone with a radius determined as the mean of the distances between
adjacent transport stations (Li et al., 2020). For this study, a radius of x=83 meters and x=438 meters is adopted for bus and metro
stations in Chengdu, while x=75 and x=603 are used for bus and metro stations in Xi’an, respectively. Expanding on this concept,
we introduce ARParking, representing the proportion of overlap between parking lot influence areas and corresponding AZs. The
influence area for parking lots is determined by a radius of x=37 and x=45 for Chengdu and Xi’an, respectively, based on field
dataset measurements.

3.3.2. Interpretation of nonlinear effects

We initiate our analysis by employing machine learning (ML) algorithms to establish connections between CO, reduction and
the built environment. In contrast to traditional methods like Least Squares Regression and Geographically Weighted Regression,
ML algorithms offer an advantage in unveiling intricate nonlinear effects (Gao et al.,, 2023a; Liu et al.,, 2022). Among these
algorithms, XGBoost stands out as a highly efficient and versatile model, renowned for its robustness in handling diverse data types
and tasks. Its widespread utilization in real-world applications owes to its superior performance and ability to estimate feature
importance accurately. In this study, we leverage XGBoost to elucidate the nonlinear impacts of built environment factors on CO,
emission reduction resulting from ridesplitting. The performance of the model is evaluated through metrics such as the coefficient
of determination (R?) and adjusted R.

Next, we delve into interpreting the nonlinear effects of the built environment using ML interpretation techniques. A critical
step in this investigation involves assessing the significance of each feature to understand their relationship with the dependent
variable. In XGBoost regression, feature importance serves as a common method for evaluating the significance of features. It
relies on the concept of Gain, measuring the average improvement in model loss attributed to individual features during the tree-
building process. However, considering a more fundamental perspective, feature importance can be viewed as the reduction in model
performance when a feature is permuted. Consequently, permutation-based importance offers a more fundamental evaluation of
feature importance. This method quantitatively measures the impact of permuting a feature by examining the reduction in R,. Yet,
permutation-based importance faces challenges in handling correlated features, which is a common limitation in many importance
interpretation methods. To mitigate this, we conduct an examination for potential multicollinearity among all built environment
factors to prevent any biases. Specifically, we filter influencing factors to ensure that the correlation coefficient between all the built
environment factors remains below 0.7. Additionally, explanatory variables with a variance inflation factor (VIF) greater than 5 are
omitted from the analysis to maintain the accuracy of results.

Permutation importance offers insights into the average impact on CO, emission reduction. Furthermore, we delve deeper into
understanding the specific nonlinear relationships between crucial built environment factors and emission reductions derived from
ridesplitting. To quantitatively illustrate the nonlinear effect of each factor, we employ partial dependence analysis (PDA) (Friedman,
2001). PDA serves to both visualize and quantify the relationship between an independent variable and the model’s predictions.
Its primary aim is to reveal the marginal effects of features on the dependent variable within ML estimators. By generating partial
dependence plots, we can visually comprehend how the model’s predicted outcomes vary as the feature of interest changes, while
other features remain constant. This method facilitates an investigation into how predictions are partially dependent on various
feature values.

4. Results and discussion

This section provides an exposition of the outcomes concerning the substitution rates of ridesplitting services to various transport
modes, the resultant CO, emission reduction, and the associations of these outcomes with built environment factors. Simultaneously,
comprehensive discussions and implications are furnished alongside the results for a more nuanced understanding.
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Fig. 3. Substitution rates of ridesplitting to other modes by distance in Chengdu (a) and Xi’an (b).

4.1. The substitutions of ridesplitting to different transport modes

Utilizing the trip-level inference approach, we estimate the specific transport mode substituted by each ridesplitting trip.
In Chengdu, the substitution rates of ridesplitting to walking, bus, metro, and taxi are 5.20%, 41.62%, 22.68%, and 30.50%,
respectively. In Xi’an, the corresponding rates are 3.70%, 60.10%, 15.67%, and 20.54%, respectively. Generally, walking exhibits the
lowest probability of being substituted, while buses emerge as the most frequently replaced mode, particularly evident in Chengdu,
where the substitution rate to buses could exceed 60%. Comparatively, in Xi’an, the substitution rates to buses are higher than in
Chengdu, while the substitution rates to metro and taxis in Xi’an are lower than in Chengdu. This observed divergence can potentially
be attributed to variations in infrastructure, demographic profiles, and other contextual factors. Our analysis specifically explores
these discrepancies from the viewpoints of metro accessibility and the city’s average income levels. The higher rates to buses and
lower rates to metro in Xi’an could be linked to the relatively lower accessibility of metro services, especially when compared with
Chengdu. Consequently, passengers in Xi’an, when considering public transportation options, tend to favor buses, which are more
readily available. Furthermore, the subdued preference for taxis in Xi’an might be associated with the city’s lower average income
relative to Chengdu. It is a reasonable conclusion that passengers with more modest incomes are less likely to opt for the higher-cost
taxi services.

Given the established correlation between travel mode choice and trip distance (Gao et al., 2021a), we explore variations in
the substitution rates of ridesplitting trips concerning different transport modes with respect to trip distances. Fig. 3 delineates
these substitution rates within 500-meter intervals. Notably, for short trips of less than 500 m, the overwhelming majority of
ridesplitting trips (over 96%) are in lieu of walking. As trip distance increases, the likelihood of substituting bus, metro, and taxi
escalates. However, beyond a certain threshold trip distance, a discernible decline is observed in the substitution rates to buses
and taxis. Conversely, the substitution rates to the metro consistently rise with increasing trip distance. Notably, differences exist
between Chengdu and Xi’an in this regard. Substitution rates to the metro in Chengdu surpass those in Xi’an, with the probability of
ridesplitting trips substituting the metro exceeding 50% for distances beyond 12.5 km in Chengdu. In contrast, in Xi’an, substitution
rates to the metro remain below 50% across all trip distances. In summary, ridesplitting is more inclined to replace the metro for
longer distances in comparison to other modes, while it exhibits a higher likelihood to replace buses and taxis for mid-range distance
trips (e.g., 2-10 km).

Fig. 4 illustrates the spatial patterns of substitution rates of ridesplitting to other transport modes, namely metro, bus, taxi,
and walking. The intensity of the darker blue shading within a grid signifies higher probability of ridesplitting trips replacing a
specific transport mode in that particular grid. Substantial spatial variations are discernible across different AZs. Fig. 4 (al) and
(b1) elucidate the spatial variation of substitution rates to metro in Chengdu and Xi’an, respectively. The red nodes and black lines
in both figures denote metro stations and routes, respectively. Notably, these rates exhibit discernible variations along metro lines.
Proximity to a metro station correlates with a higher probability of ridesplitting trips replacing the metro. Fig. 4 (a2) additionally
showcases spatial patterns for substitution rates to buses in Chengdu, where variations are observable across spatial locations. The
red nodes denote bus stations, and grids with a higher density of bus stations correspond to a larger probability of ridesplitting
trips replacing buses. However, a distinctive contrast in substitution rates to buses between the two cities can be observed. In Xi’an
(b2), substitution rates to buses are evenly distributed across the AZs. This divergence can be attributed to distinct road network
layouts, with Chengdu adopting a ring road network and Xi’an featuring a conventional grid network. Consequently, the spatial
distribution of bus stops in Xi’an is uniform, while in Chengdu, it is not. The substitution rates to the two cities exhibit different
spatial variations, but it is evident in both two cities that substitution rates to buses are associated with bus stop density and road
network.

Figs. 4 (a3) and 4(b3) depict the spatial variability of substitution rates to taxis. An intriguing observation is that areas with
lower metro accessibility tend to exhibit higher substitution rates to taxis, which is reasonable as more users tend to use taxis in
places without convenient access to metro stations if there was no ridesplitting service. Finally, Fig. 4 (a4) and (b4) reveal that
walking consistently registers the lowest substitution rates across all grids.

10



Z. Zhang et al. Transportation Research Part D 130 (2024) 104160

50%

(al) substitution rates to metro in Chengdu (a2) substitution rates to bus in Chengdu

\ ? IR

40%
30%
20%

10%

2 g Warrionghong

(a3) substitution rates to taxi in Chengdu(a4) substitution rates to walking in Chengdu

0%
50%

/ ® $ . + & s N
Q\‘ 3 Bailianc

ol e 1 y]

ot
L

40%
S Jinniu ‘m;u o

NOMENK

30%
Enxial

20%

Chel

10%

Chengdu

ot

DS SKL s . Wamidigons

0%

‘ 50%

: ‘ & : 40%

e - ; ] ! 30%
- : ’ ~ 20%

L 2 ‘. ‘ . ; 10%
bk L] g _; - ® ‘ 5 ik b PO S s : - 0%

(b3) substitution rates to taxi in Xi'an (b4) substitution rates to walking in Xi'an
3 = =3 =1

1 50%
A A
ghe Rd | BEREE EE ?h ghe Rd CE L ?l-.
iﬁ‘ salianhiu Xing ng %o : 1 iﬁ“ Lianhu Xincheng 1 40%
ﬁﬂ\ Ber 7 Lianhu
(7 i'a - J S Xi‘an

30%

X K s X

20%

o
-
R

1 s Yanta
10%

BFMEE g B
. ® ] 0%

Fig. 4. Substitution rates of ridesplitting to other modes in two cities. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

11



Z. Zhang et al. Transportation Research Part D 130 (2024) 104160

replacing walking (a) Chengdu replacing walking (b) Xi'an
replacing bus replacing bus
L B replacing metro 0.05  mm replacing metro

replacing taxi replacing taxi

0.04 ||I|| 0.04 III
0.03 ||| | 0.03 IIIIII Ill
AR

0.02 L]

Probability of CO, emission reduction

0.01 I 0.01
lIlIII i -".I 3
__---. - 77_-—---
0:00 5000 -1500 -1000 -500 0 0:00 -2000 -1500 -1000 -500 0
CO, emission reduction(g) CO- emission reduction(g)

Fig. 5. Emission reduction from ridesplitting trips due to replacing other transport modes.

4.2. The impacts of ridesplitting on CO, emission

We conduct a comparative analysis of CO, emissions emanating from substituted transportation modes and ridesplitting for
identical trips to gauge the emission reduction potential associated with ridesplitting. Fig. 5 elucidates the probability distribution
of emission reduction resultant from ridesplitting. The X-axis delineates positive values signifying reduced emissions (in grams)
due to ridesplitting, while negative values denote increased emissions attributed to ridesplitting compared to replaced transport
modes. Concurrently, the Y-axis represents the probability of emission reduction arising from ridesplitting trips supplanting
alternative transportation modes. Within each interval, different color bars denote the likelihood of emission reduction consequent to
ridesplitting trips displacing specific transport modes. It is noteworthy that a predominant proportion of ridesplitting trips culminate
in an increase of CO, emissions. In the Chengdu study area, ridesplitting trips effecting CO, emission reduction constitute merely
8.92% of the total trips, whereas in the Xi’an study area, 4.68% of ridesplitting trips yield emission reduction. The preponderance
of emission reduction instances emanates from the substitution of ridesplitting to taxis. Quantitatively, among ridesplitting trips
in Chengdu resulting in emission reduction, 97.85% substitute taxi, and 2.11% and 0.04% replace metro and bus, respectively. In
Xi’an, among ridesplitting trips yielding emission reduction, 99.95% and 0.05% entail taxi and metro substitution, respectively. This
underscores that the observed emission reduction in ridesplitting trips primarily stems from the displacement of taxis.

Fig. 6 illustrates the impacts of ridesplitting on CO, emissions at both the aggregated grid level and the average trip level in
two cities. At both levels, the maximum values of CO, emission reduction in analysis zones (AZs) are negative in both cities. This
indicates that ridesplitting leads to an overall increase in CO, emissions in aggregated AZs, despite some ridesplitting trips indeed
producing emission reduction by replacing taxis. The larger the absolute value, the greater the increase in CO, emissions. More
importantly, noticeable differences are observed in different AZs. Specifically, at the aggregated grid level, AZs closer to the city
center in Chengdu experience a more substantial increase in CO, emissions due to ridesplitting. In the Xi’an study area, AZs on
the western side show a greater increase in CO, emissions. AZs with a higher increase in CO, emissions due to ridesplitting at the
aggregated level may stem from the locations of business clusters, which significantly affect the demand for ridesplitting. The spatial
distributions of business clusters align with the AZs with large emission increases in both cities. This implies that a larger demand
for ridesplitting trips leads to a higher increase in emissions at the aggregated grid level compared to scenarios without ridesplitting.
Conversely, at the average trip level, the spatial patterns of increased CO, emissions per trip display a different and even opposing
trend compared to the aggregated level results. AZs with higher aggregated increases in CO, emissions tend to have lower average
increases in CO, emissions per trip, which should be ascribed to the higher probability of ridesplitting replacing taxis. AZs with
lower average increases in CO, emissions per trip are mainly distributed in suburban or rural-urban areas with less convenient
public transit service than business areas, which may be the reason for a higher probability of ridesplitting substituting taxis.

4.3. The effects of built environment factors on CO, emission reduction

We develop and train discrete XGBoost regression models with the objective of examining the associations between built
environment factors and the CO, emission impacts of ridesplitting at the aggregated zone level in two distinct urban contexts.
The decision to employ distinct models for each city is based on the discernment of substantially distinct outcomes concerning the
influences of built environment factors. Both independent and dependent variables have been amalgamated into analysis zones (AZs),
where the dependent variable is the reduction in CO, emissions (g). Five-fold cross-validation is applied to ascertain optimal hyper-
parameters. In Chengdu, the R, value for the optimal model is 0.78, signifying commendable model performance and generalization
capacity. The adjusted R, for the regression model in Chengdu is 0.72, denoting that the selected variables explicate 72% of the
variability in R, emission reduction across diverse AZs in Chengdu. Conversely, in Xi’an, the R, value for the optimal model is 0.50,
accompanied by an adjusted R, of 0.42. These metrics suggest that the identified variables account for 42% of the variance in CO,
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Fig. 6. The impacts of ridesplitting on CO, emission (g) in Chengdu (al-a2) and Xi’an (b1-b2).

emission reduction across discrete AZs in Xi’an. The disparities in model performance between the two cities underscore the unique
and context-specific nature of the relationships between built environment factors and the CO, emission impacts of ridesplitting.

Fig. 7 illustrates the permutation importance of built environment factors in the cities of Chengdu and Xi’an. The depicted
figures highlight discernible distinctions in the built environment factors associated with CO, emission reduction between the two
cities. In Fig. 7(a), it becomes evident that variables pertaining to destination accessibility and distance to transit exert the most
pronounced impact on CO, emission reduction resulting from ridesplitting in Chengdu. Subsequently, factors related to land use
ratios, population density, and road design follow in significance. Notably, the pivotal factors encompass leisure facility density,
ARParking, work facility density and ARBus. These built environment factors contribute to improvements in R, of 0.22, 0.13, 0.08
and 0.06, respectively. Contrastingly, Fig. 7(b) elucidates that major arterials density, ARParking and leisure facility density are
the preeminent factors relating to CO, emission reduction resulting from ridesplitting in Xi’an. These factors contribute to an R,
improvement exceeding 0.05. Other factors including population density, ARBus and expressways density also show pretty large
relation with the dependent variable, but with a lower contribution to the R, (between 0.02-0.05). The divergent importance
rankings of built environment factors underscore the city-specific nuances in the determinants of CO, emission reduction resulting
from ridesplitting.

Moreover, we make the best of partial dependence analysis to interpret the relationship of a factor with the dependent variable.
The following partial dependence analysis focuses on the built environment factors with importance score of more than 0.02, namely,
factors contributing to the R, improvement of more than 0.02. Fig. 8 and Fig. 9 illustrate the nonlinear effects of built environment
factors on CO, emission reduction in Chengdu and Xi’an, respectively. Dependent variable is defined as CO, emission reduction (g),
so the positive effects of built environment means that it links to higher CO, emission reduction resulting from ridesplitting.

As illustrated in Fig. 9, both leisure facility density and ARParking manifest initial negative association with CO, emission
reduction when they fall below specific threshold values. Subsequently, these effects stabilize upon surpassing the threshold values.
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Fig. 8. Nonlinear effects of built environment factors in Chengdu.

Precisely, the identified threshold values for leisure facility density and ARParking are 6148 and 0.48, respectively. Throughout
this progression, as the independent variables advance towards their respective threshold values, CO, emission reduction exhibits
fluctuations, but the overarching trend remains characterized by negative relations. Consequently, our analysis primarily underscores
this predominant trend. Work facility density initially demonstrates a negative impact on CO, emission reduction when it is below
770. However, when work facility density surpasses this threshold, CO, emission reduction experiences a discernible increase.
Overall, ARBus, commercial land use ratio, and major arterials density link negatively to CO, emission reduction. This observation
may be attributed to the fact that these factors denote district attractiveness and transportation convenience, signifying a heightened
demand for ridesplitting. As depicted in the analysis presented in Fig. 6, where most ridesplitting trips result in increased CO,
emissions, a higher demand for ridesplitting trips correlates with a more substantial increase in emissions stemming from ridesplitting
(i.e. less emission reductions). Moreover, with an increase in residential land use ratio, emission reduction undergoes pronounced
fluctuations before gradually ascending and ultimately stabilizing. A comparable trend pattern is observed in population density.

Fig. 9 reveals associations of six most pounced built environment factors with the CO, emission reduction resulting from
ridesplitting in Xi’an. Several independent variables, including major materials density, ARParking, leisure facility density, ARBus
and expressways density, manifest negative impacts on emission reduction within certain ranges. Outside these ranges, these
variables do no influence emission reduction. Specifically, the ranges for major materials density, ARParking, leisure facility density,
ARBus and expressways density are [2.22, 10.70], [0.27, 0.48], [752, 1868], [0.08, 0.25] and [2.66, 44.05], respectively. This
observation may can also be explained by the fact that a higher demand for ridesplitting trips indicates a greater increase in emissions
resulting from ridesplitting. As for population density, an increase within the range of 60317 and 84504 initially does not affect
much before a threshold but leads to a decline in CO, emission reduction when exceeding the threshold. A commonly found pattern
from the results is that a lot of factors present nonlinear and threshold effects on the reduced CO, emission.

Due to diverse urban context, demographics and other potential factors, various built environment factors have nonlinear
effects on the increased emission resulting from ridesplitting in both cities. The threshold effects varies in different cities. The
purpose of identifying these thresholds is to understand the critical points at which different built environment factors begin to
significantly impact CO, emission reduction and how the effects on emission reduction differ below or above these thresholds.
The identification of threshold values for various factors holds practical implications that can inform strategies for ridesplitting
services. For example, in areas that are far from the urban center and marked by low leisure facility density, limited ARParking
availability, sparse work facility density, and fewer ARBus options in Chengdu, ridesplitting emerges as a promising avenue for
achieving more pronounced reductions in emissions. The combination of low leisure facility density, minimal ARParking, limited
work facility density, and scarce ARBus services typically characterizes underdeveloped regions where public transit options are
insufficient or less convenient. In these contexts, ridesplitting becomes a crucial component of daily travel, filling the gap left by
less accessible public transport. This suggests that ridesplitting can be strategically employed to offer flexible mobility options in
areas with specific environmental considerations. It also underscores the potential of ridesplitting to be strategically leveraged in
areas with unique environmental and infrastructural challenges. By offering a flexible mobility solution, ridesplitting can significantly
contribute to lowering overall carbon emissions, especially in parts of the city where other sustainable transport options might be
limited. Consequently, incorporating ridesplitting into the broader urban transport strategy could be instrumental in addressing the
specific mobility needs of these areas, while simultaneously advancing the city’s environmental sustainability goals.

Urban planners and policymakers can utilize the insights from our study to design more sustainable transportation systems
and incentivize ridesplitting, particularly in areas where it can significantly reduce emissions. For instance, policymaker could
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Fig. 9. Nonlinear effects of built environment factors in Xi’an.

implement dynamic incentive schemes for ridesplitting based on threshold values. In areas where essential amenities and public
transport are below the threshold levels, enhanced incentives for ridesplitting could be offered as a compensatory measure for the
limited sustainable transit options. Furthermore, policymaker could also adjust parking policies based on the ARParking threshold.
In areas characterized by low ARParking availability, measures like escalating parking fees for single-occupancy vehicles could be
introduced, thereby incentivizing ridesplitting and supporting environmental objectives. Given the variations in urban planning
and characteristics across different cities, policymakers could formulate tailored policies based on local conditions. Recognizing the
nuanced impact of built environment factors and understanding the specific contexts in which ridesplitting operates can enhance
the environmental benefits and contribute to sustainable urban mobility solutions.

5. Conclusions

This study undertakes an assessment of the potential CO, reduction attributable to ridesplitting services and delves into the
nonlinear impacts of the built environment on variation in emission based on field big data, especially considering mode substitution
for different transport modes using multivariate data resources. The main findings can be summarized as follows.

In Chengdu, the substitution rates of ridesplitting trips to walking, bus, metro, and taxi are 5.20%, 41.62%, 22.68%, and 30.50%,
respectively. In Xi’an, the substitution rates to walking, bus, metro, and taxi are 3.70%, 60.10%, 15.67% and 20.54%, respectively.
Trip distance exerts discernible influence on substitution rates, the proportions of substituting bus and taxi demonstrating an ascent
followed by a descent, but the substitution rates to the metro consistently increase with the increase in trip distance.

The majority of ridesplitting trips do not yield a reduction in CO, emissions compared to substituted transport modes. In Chengdu,
a mere 8.92% of ridesplitting trips result in emission reduction, whereas in Xi’an, this figure stands at 4.68%. Emission reduction
is predominantly linked to taxi substitution. Additionally, ridesplitting leads to an overall increase in CO, emissions in aggregated
analysis zones, despite some ridesplitting trips indeed producing emission reduction by replacing taxis.

Additionally, there are nonlinear and threshold associations between different built environment factors and CO, emission
reductions resulting from ridesplitting. Factors such as ARParking play significant roles in CO, emissions reduction resulting from
ridesplitting in both cities. However, specific threshold values for these factors differ between the studied cities. Therefore, tailoring
ridesplitting strategies in operation and matching in different urban contexts, taking into account these threshold values, could be
helpful for optimizing environmental benefits while ensuring efficiency of the service.

Ridesplitting does not necessarily lead to a decrease in CO, emission. However, emissions are just one aspect of evaluating
shared mobility system. Ridesplitting can be applied in certain scenarios to simultaneously produce environmental benefits and
offer flexible mobility options. This study is rooted in Chengdu and Xi’an, but the methodological framework and insights derived
can serve as a scholarly guide and reference for analogous analyses in diverse urban settings, contingent upon the availability of
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pertinent data. The findings in this study provide references for the design and refinement of ridesplitting services within sustainable
transportation frameworks. There are several limitations need to be listed for further extending the present study. Due to the data
limitations, we did not consider all possible replaced transport modes by ridesplitting, which could be compensated by other data
sources in the future. Moreover, we assume that the travel mode choice model in Shanghai can be adapted for Chengdu and Xi’an,
considering that they are all large metropolises. Ideally, using survey data from the same city when constructing the choice model
would yield more precise outcomes. The calibrated travel choice models could be improved by more comprehensive behavioral
data in Chengdu and Xi’an to enhance accuracy. Furthermore, our investigation delves into the role of certain built environment
factors on CO, emission reductions. Yet, due to constraints in our data, we acknowledge that our analysis might not encompass all
potential variables. Specifically, factors extending beyond the built environment such as demographic attributes including income
and age, which could have direct or indirect impacts on emission reductions, have not been thoroughly examined. Additionally, the
public transit station data used in this study corresponds to their configuration as of 2023 due to data limitation. The study area
encompasses almost the busiest districts of Chengdu and Xi’an, where public transit accessibility was already well-established in
2018. We assume that new stations introduced between 2019 and 2023 did not significantly impact our study area. This could be
calibrated as long as the relevant data becomes available. These may be promising research directions for future work on the basis
of the outcomes in this study.
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