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Abstract
China’s national goals of peaking carbon emissions by 2030 and achieving carbon 
neutrality by 2060 necessitate a comprehensive transition of Chinese cities from high-
carbon to low-  and zero-carbon development. The transportation sector, a crucial 
area for energy conservation and emission reduction, faces significant challenges 
in achieving carbon neutrality due to rapid urbanization and motorization, which 
are projected to increase total emissions. Accurate monitoring of carbon emissions 
is vital for managing these emissions and achieving the “dual carbon” goals. This 
study provides a detailed analysis of Beijing’s integrated carbon emission monitoring 
system for urban mobility. It examines the innovative technical framework, which 
combines top-down and bottom-up approaches, enabling real-time and precise 
emissions tracking. The findings reveal that the system significantly improves 
data accuracy, supports effective governance strategies, and offers practical 
recommendations for scalability and adoption by other cities. In addition, the 
study evaluates the policy effectiveness of Beijing’s initiatives, providing evidence 
of substantial progress toward reducing carbon emissions. The research highlights 
the potential for replicability of Beijing’s system worldwide in transforming urban 
carbon governance. By addressing challenges such as data integration and resource 
limitations, the study contributes a comprehensive framework that advances the 
field of urban mobility emissions monitoring. This approach highlights the necessity 
of digital transformation in achieving sustainable urban development while setting a 
benchmark for other cities aiming to align with global climate goals.

Keywords: Dual carbon goals; Low-carbon cities; Mobile source carbon emissions; 
Monitoring technology; Digital transformation

1. Introduction
China’s ambitious “dual carbon” goal of achieving peak carbon emissions by 2030 and 
carbon neutrality by 2060 necessitates a transformative shift across all sectors (Yang et al., 
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2024). Urban mobile sources, encompassing emissions 
from vehicles such as cars, trucks, and airplanes, have 
emerged as a critical area for intervention. The International 
Energy Agency released the 2023 Carbon Emissions 
Report, showing that China’s carbon dioxide emissions in 
2023 were approximately 12.6 billion tons, with per capita 
emissions 15% higher than those of developed economies. 
The road transport sector accounts for 9.8%of the country’s 
total carbon emissions (Khan et al., 2020). In addition, 
according to the World Energy Organization’s prediction, 
the growth rate of transportation carbon emissions in 
developing countries is expected to reach 3.4% and 2.2% 
from 2010 to 2030 (Jaramillo et al., 2022). Similarly, in 
Beijing, mobile sources account for one-third of total urban 
emissions, posing a substantial obstacle to achieving these 
“dual carbon” goals. This situation necessitates a paradigm 
shift from traditional governance models toward more 
refined and intelligent management strategies for energy 
conservation and emission reduction of mobile sources.

Consequently, energy conservation and emission 
reduction management has evolved into a stage of refined and 
intelligent oversight. Fueled by advancements in information 
technology, mobile sources are undergoing systematic digital 
transformations (Hanelt et al., 2021). Rapid advancements 
in big data, cloud computing, blockchain, and artificial 
intelligence are fostering a more integrated transportation 
ecosystem (Rane et al., 2024). This digital transformation is 
fundamentally altering the landscape of urban transportation 
systems. By leveraging big data collection, analysis, and 
evaluation, coupled with improved intelligent monitoring 
technologies, it becomes possible to eliminate the ambiguity 
surrounding urban mobile source carbon emissions. This 
allows for comprehensive characterization of emission 
profiles, trend forecasting, regulation impact prediction, 
and, ultimately, accurate evaluation of mobile source carbon 
reduction efforts (Wang et al., 2020).

In Beijing, the two zones construction plan emphasizes 
the role of digital economy infrastructure in driving this 
transformation forward (Liu et al., 2019). This initiative 
aims to build a secure and compliant data flow and 
sharing system encompassing data infrastructure, digital 
transactions, platforms, and scenarios (Erie & Streinz, 
2021). This new business model promotes data element 
sharing, driving digital transformation across various 
sectors. Notably, in the context of mobile sources, digital 
transformation is not merely a planning exercise but a 
crucial step toward achieving a low-carbon strategy.

This study examines the potential of digital monitoring 
technology in mitigating mobile source carbon emissions 
under China’s “dual carbon” framework goals. By 
employing an inductive approach, we analyze Beijing’s case 

study to derive a comprehensive framework for developing 
a mobile source carbon emission monitoring technology. 
Through the lens of Beijing’s digital transformation, we 
explore how advancements in big data, cloud computing, 
and artificial intelligence can be integrated to build an 
effective monitoring system. The study highlights the 
limitations of traditional monitoring methods, presents 
the technical framework and capabilities of a digital 
monitoring system, and assesses its potential to support 
carbon reduction targets in urban transportation.

2. Literature review

2.1. Theoretical approaches to urban mobile source 
carbon emission monitoring

Managing urban mobile-source emissions is a complex and 
systematic project that requires processing data generated 
by vehicles (engine performance and fuel consumption), 
industry (fuel sales data), and public interaction data 
(traffic flow patterns, public transportation usage 
statistics) (Raghavan & Tal, 2021). With the advancement 
of information technology, the collection and analysis 
of these diverse data sets have become increasingly 
refined, providing robust support for the comprehensive 
governance of urban mobile sources. Integrating these data 
streams forms the big data of urban mobile sources, which 
is foundational for integrating traffic pollution control and 
traffic flow management.

Accurate carbon emission measurement is critical for 
effectively monitoring urban mobile source emissions 
(Zheng et al., 2022). Top-down methods, which use statistical 
data, such as vehicle registration data and fuel consumption 
estimates, often lack spatial and temporal resolution (Pla 
et al., 2021). This limitation makes it challenging to reflect 
the dynamic behaviors of mobile sources, such as changes 
in driving patterns or vehicle types. Conversely, bottom-up 
methods utilize multi-source big data from onboard vehicle 
sensors, traffic cameras, and other sources, offering a better 
understanding of emissions. However, they can lack target 
orientation and carry high uncertainty, complicating 
their direct association with specific carbon emission 
management goals. The application of carbon emission 
monitoring technologies in different urban transportation 
sectors is detailed in Table 1.

In Beijing, for instance, bottom-up approaches have 
been integrated into the monitoring framework, leveraging 
real-time data from onboard vehicle sensors to monitor 
emissions with high precision (Zhong et al., 2024). This 
integration has enabled precise tracking of emission trends 
and the identification of high-emission vehicles, addressing 
the limitations of top-down methods that use broader 
statistical data. Smart carbon monitoring platforms, such 
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Table 1. Application of carbon emission monitoring technology in various urban transportation fields

Area Methods Monitoring situation Role Source

Weinan, Shaanxi, China Top-down Use the Moves model to analyze 
the impact of vehicle type, fuel, and 
emission standards on greenhouse 
gas emissions and establish a high-
resolution carbon emission inventory.

Promotes clean energy 
vehicles, provides a technical 
basis, and offers data support 
for predicting future carbon 
emission trends.

Li et al. (2022)

Multiple cities Top-down Use remote sensing technology to 
monitor emissions from buses and 
other public transportation vehicles, 
tracking emissions over time and space.

Improve vehicle efficiency 
and reduce overall 
emissions.

Feng (2021)

Multiple urban areas Top-down Use remote-sensing technology to 
identify vehicles with high emissions, 
targeting them for maintenance or 
replacement.

Reduce overall emissions 
from the urban 
transportation sector.

Huang et al. (2020)

Multiple urban public 
transportation systems

Top-down Analyze the emission characteristics 
of urban buses with different engine 
types in urban scenarios using remote 
sensing technology.

Monitor and improve 
the efficiency of public 
transportation vehicles.

Middela et al. (2024)

Beijing, China Bottom-up Integrated data from vehicle sensors to 
monitor emissions in real time.

Enabled precise tracking 
of emission trends and 
identification of high-
emission vehicles.

Han & Zalhaf (2023)

Multiple cities Combination of top-down 
and bottom-up

Use the Internet of Things technology 
to monitor emissions from vehicles in 
real time.

Dynamic management 
of urban transportation’s 
carbon footprint.

Zhang et al. (2021)

Multiple urban locations Combination of bottom-up 
and top-down

Deploy networks of low-cost sensors 
at various points for granular data, 
reflecting a bottom-up approach and 
integrating into larger statistical models 
for a top-down perspective.

Provide detailed and cost-
effective carbon emission 
data.

He et al. (2020)

Multiple urban areas Combination of top-down 
and bottom-up

Apply interdisciplinary approaches 
to estimate urban carbon emissions 
and simulate the transport process 
of carbon dioxide molecules in the 
atmosphere.

Provide data to understand 
emission trends and the 
effectiveness of mitigation 
strategies.

Xiong et al. (2023)

Seoul and San Francisco Combination of bottom-up 
and top-down

Deploy low-cost gas sensors to form 
a carbon monitoring network that is 
relevant to China’s “dual carbon” target.

Provide detailed carbon 
monitoring data for urban 
areas.

Han & Zalhaf (2023)

Multiple small cities Combination of top-down 
and bottom-up

Integrate traditional carbon control 
methods with Internet of Things 
technology, providing real-time 
estimates of carbon emissions at the 
block and street scale.

Enable dynamic monitoring 
and management of low-
carbon development in 
small cities.

Zhang et al. (2021)

Multiple urban areas in 
the United States

Combination of top-down 
and bottom-up

Estimate urban carbon emissions 
and simulate the transport process 
of carbon dioxide molecules in the 
atmosphere, enhancing the data quality 
of low-cost carbon dioxide sensors.

Improve understanding 
of urban carbon emission 
trends.

Xiong et al. (2023)

as those employing Internet of Things (IoT) technology, 
demonstrate the potential for dynamic management of 
urban transportation’s carbon footprint (Musa et al., 2023). 
These platforms combine top-down approaches, like 
statistical data, with bottom-up methods using big data 

from multiple sources. Several cities have implemented 
low-cost sensor networks within a top-down framework 
to collect high-resolution traffic flow and emissions data, 
thereby enabling in-depth analysis of urban mobility and 
its environmental implications. For example, in Changsha, 
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China, a low-cost sensor network has been deployed to 
gather high spatiotemporal resolution data, which has been 
analyzed to characterize pollutant emissions (Zhang et al., 
2021). Similarly, researchers have performed comparative 
analyses between the Loire region and Île-de-France 
(France) using the Olympus activity-based emission model 
to investigate the interrelationships between demographic 
factors, urban morphology, transportation patterns, and 
air pollutant emissions (Salas et al., 2024). The resulting 
datasets are integrated into comprehensive statistical 
models, providing a top-down perspective that enhances 
the understanding of the interplay between urban mobility 
and associated emissions.

Remote online monitoring using remote sensing 
technology has effectively tracked emissions from buses 
and other public vehicles (Borken-Kleefeld, 2020). This 
approach provides detailed spatial and temporal emission 
data for improving vehicle efficiency and reducing 
overall emissions in the public transportation sector. The 
interdisciplinary carbon dioxide (CO2) urban monitoring 
networks, combining top-down and bottom-up methods, 
offer another example of effective technology application. 
These networks estimate urban carbon emissions and 
simulate the transport process of CO2 molecules in the 
atmosphere. This combined approach enhances data 
quality and provides valuable insights into emission trends 
and the effectiveness of mitigation strategies. In addition, 
intelligent transportation systems (ITS) use a variety of 
sensors and data analytics to monitor and manage traffic 
flow. By optimizing routes and reducing congestion, 
ITS indirectly affects carbon emissions by improving 
vehicle efficiency. This example highlights the benefits of 
integrating advanced monitoring technologies into urban 
transportation management.

The case of Zhengzhou, Henan, China, illustrates the 
benefits of establishing an urban carbon monitoring 
network. This network, which combined top-down and 
bottom-up approaches, improved data accuracy and 
spatial-temporal resolution, enhancing the ability to 
predict carbon emissions based on energy consumption 
and population growth (Chao et al., 2023). Similarly, in 
Seoul, South  Korea, and San Francisco, United States 
of America, the deployment of low-cost gas sensors has 
formed effective carbon monitoring networks, providing 
detailed carbon monitoring data for urban areas (Jiang 
et al., 2023). The integration of advanced data collection 
and analysis technologies in urban mobile source carbon 
emission monitoring enhances the precision and reliability 
of emission data. By integrating both top-down and 
bottom-up methodologies, urban areas can gain a holistic 
and adaptable perspective on their carbon emissions. This 

dual approach empowers cities to implement management 
practices and mitigation strategies that are notably more 
effective (Cifuentes et al., 2021).

2.2. Applications of urban mobile source carbon 
emission monitoring

With digitization and information technology 
advancement, cities like Beijing and Shanghai have made 
significant progress in exploring methods for carbon 
emission measurement and monitoring of mobile sources 
(Liao & Liu, 2024). These technologies have been applied 
in various ways, but challenges remain regarding their 
effective implementation.

A primary application of carbon emission monitoring 
is the collection of data from individual vehicles. This 
approach often relies on roadside or onboard vehicle 
sensors to capture emissions data (Ropkins et al., 2009). 
While it provides valuable insights into vehicle-specific 
emissions, it faces a key challenge in its inability to capture 
the dynamic behaviors of mobile sources. For example, it 
does not account for the variability in driving patterns, 
road conditions, or traffic congestion, which can all 
significantly influence carbon emissions. This limitation 
makes it difficult to develop a comprehensive, real-time 
understanding of emissions from mobile sources and 
restricts the ability to effectively formulate policies that 
address these fluctuations.

Another significant application is integrating real-time 
traffic flow data with emission monitoring systems. By 
linking traffic flow data to emission measurements, cities 
can better understand how congestion and traffic patterns 
impact overall emissions. However, this application faces 
challenges related to the accuracy and resolution of data. 
Traffic flow data alone does not provide a complete overview 
of the emissions, as it fails to account for additional factors, 
such as vehicle types, driving behavior, and specific road 
conditions. Moreover, high-density urban environments 
make collecting accurate, real-time traffic data challenging, 
resulting in gaps in the analysis, especially in congested 
areas (Cecchel et al., 2018).

In addition to vehicle and traffic monitoring, the 
integration of multiple data sources, such as Global 
Positioning System (GPS) data, environmental sensors, 
and traffic cameras, is increasingly being used to enhance 
emission measurement. This approach offers a more 
holistic view of carbon emissions across different contexts. 
However, the integration of these diverse data sources 
presents several challenges. Data from different systems 
often use incompatible formats or measurement units, 
making it difficult to combine them into a cohesive dataset 
for analysis. The lack of a unified platform that integrates 
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traffic data with environmental monitoring data further 
complicates efforts to gain a comprehensive understanding 
of carbon emissions from mobile sources (Wang et al., 
2024).

Another application involves monitoring carbon 
emissions during peak traffic periods when emissions 
are at their highest. This requires sophisticated modeling 
techniques to capture emission fluctuations under 
varying traffic conditions. However, the absence of 
precise algorithms to account for the influence of different 
vehicle types, road types, and congestion levels makes it 
challenging to obtain accurate emission data during peak 
hours. This limits the effectiveness of emission reduction 
policies aimed at peak traffic congestion (Shan et al., 2021).

2.3. Integrated urban mobile source carbon 
emission monitoring technology

To effectively manage urban mobile source carbon 
emissions and achieve “dual carbon” goals, the integration 
of carbon emission monitoring technologies into broader 
urban planning efforts is essential. However, as mentioned 
above, current monitoring systems face several challenges, 
including fragmented data, limited spatial and temporal 
resolution, and insufficient coordination between 
departments. These limitations hinder the development 
of comprehensive policies and reduce the reliability of 
emission assessments.

A key challenge is the lack of effective collaboration 
between transportation and environmental management 
departments, resulting in siloed data that cannot be 
fully utilized for integrated policy development (Pan 
and Zhang, 2021). Existing systems are also constrained 
by their inability to capture dynamic emissions data 
across different vehicle types, road conditions, and traffic 
situations, making it difficult to monitor emissions in real 
time and accurately assess the impacts of various policies 
(Borja et al., 2024).

To address these issues, developing a comprehensive 
monitoring technology that integrates data from multiple 
sources is critical. Such a system would require advanced 
sensors and IoT devices to capture real-time data on 
traffic flow, vehicle emissions, and public transportation 
usage. In addition, integrating various measurement 
technologies into a unified platform would improve data 
consistency and allow for more precise analysis. Machine 
learning techniques could then be used to analyze these 
data, providing deeper insights into emission patterns and 
helping evaluate the effectiveness of policy measures. By 
developing a more integrated monitoring system, cities can 
improve the accuracy and reliability of carbon emission 
data, enabling better governance and more effective policy 

development. A  comprehensive monitoring framework 
will not only support the achievement of “dual carbon” 
targets but also contribute to the overall sustainability of 
urban development.

3. Methodology

3.1. Research design

This study adopts a case study approach, focusing on 
Beijing’s mobile source carbon emission monitoring 
system. Beijing, with a high degree of urbanization and 
vehicle ownership, exemplifies typical carbon emission 
characteristics. Selecting Beijing as the research subject 
reflects the complexity of carbon emission monitoring 
in large cities and provides a reference for other cities 
transitioning to low-carbon models. This study adopts 
the city’s long-established transportation informatization 
infrastructure and multi-source big data to build a 
comprehensive carbon emission monitoring system.

Drawing upon empirical information from policy 
documents, technical reports, and monitoring data 
released by the Beijing government, the study conducts 
a systematic analysis of the monitoring system’s technical 
architecture and its policy support. Modern technologies 
such as sensor networks, remote sensing, and the IoT are 
employed in the monitoring system, enabling real-time 
and efficient tracking and analysis of mobile source carbon 
emissions within the city. The sensor network monitors 
vehicle emissions, and remote sensing technology identifies 
carbon emission hotspots via satellites and drones. At the 
same time, IoT ensures seamless data integration and 
efficient transmission, forming a unified data management 
platform.

During the data analysis process, the study applies inductive 
reasoning, drawing from the specific performance of Beijing’s 
mobile source carbon emission monitoring system. This 
inductive approach facilitates the derivation of generalized 
conclusions about the key technological methods and policy 
combinations applicable to other cities. By analyzing Beijing’s 
experience, the study identifies effective policy interventions 
and technological frameworks, assessing their contributions 
to carbon reduction and emission monitoring. Based on these 
findings, the research provides insights into the construction 
of a comprehensive urban mobile source carbon emission 
monitoring system, offering practical guidance and technical 
support for other cities aiming to achieve similar carbon 
emission monitoring and reduction goals.

3.2. Case study and data analysis

The study adopts a case study approach to provide an 
in-depth examination of Beijing’s carbon emission 
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monitoring for urban mobile sources. This approach is 
particularly suitable for exploring complex real-world 
issues and understanding challenges and solutions 
relevant to the “dual carbon” goals in rapidly developing 
cities. The case study methodology enables the analysis of 
multi-dimensional data across macro, meso, and micro 
levels, drawing insights from Beijing’s experience that can 
be applied to other cities facing similar environmental 
pressures. According to Yin (2017), case studies facilitate 
the exploration of phenomena within their real-life context, 
making them valuable for investigating urban sustainability 
issues where variables are difficult to control. In addition, 
the case study approach facilitates the identification of 
key patterns and strategies that can inform broader policy 
and technological applications, offering valuable lessons 
for urban carbon monitoring efforts in other socio-
economically transitional countries (Flyvbjerg, 2006). 
Through this approach, this study aims to highlight the 
challenges Beijing has faced and the innovative solutions 
it has implemented, offering a replicable model for other 
cities striving to meet their carbon reduction targets.

The choice of Beijing as a case study is especially 
pertinent, given the city’s rapid socio-economic 
transformation and the need to balance urban development 
with environmental sustainability. Since 2012, Beijing 
has experienced rapid economic and social development 
alongside accelerated urbanization, leading to profound 
changes in its energy consumption structure. As one of 
the three main industries targeted for energy conservation 
and emission reduction in Beijing, mobile sources have 
entered a stage focused on deeply promoting green 
mobile sources and comprehensively advancing energy 
conservation in mobile sources (Chen et al., 2023). This 
context has driven the implementation of several policies 
aimed at reducing carbon emissions as a core aspect of 
atmospheric pollution prevention and control. Notable 
initiatives include the Beijing Blue Sky Battle 3-Year Action 
Plan, the Beijing Green Travel Action Plan, and the Beijing 
2013 – 2017 Clean Air Action Plan. In addition, the Beijing 
Comprehensive Implementation Plan for the Construction 
of Energy Conservation and Emission Reduction Fiscal 
Policy Demonstration City emphasizes improving 
statistical monitoring and assessment systems, supporting 
financial screening for mobile source energy consumption 
and emissions, and advancing energy conservation 
and emissions reduction in the mobile source sector 
(Ezenkwu et al., 2024). In Beijing, the data includes various 
dimensions, such as road network traffic operation data, 
vehicle location data, energy consumption monitoring 
data, traffic emission data, and energy consumption 
data. Specifically, the road network traffic operation 
data covers real-time traffic management system data 

from over 1,600 monitoring points, data from more than 
1,200 traffic monitoring points, and floating vehicle data 
covering 170,000 road links. Vehicle onboard diagnostics 
data monitors fuel consumption, emissions, and other 
indicators from 18,500 vehicles. The traffic emission data 
includes emission data from 27,000 passenger vehicles, 
as well as speed-emission relationship factor data from 
54,000 vehicles. In addition, data on new energy vehicles, 
urban passenger transport, and environmental data also 
contribute to the carbon emission monitoring system. By 
integrating and analyzing these data from multiple levels, 
the study enables an accurate assessment of Beijing’s 
transportation carbon emissions, their characteristics, 
development trends, and policy effects, thus promoting the 
implementation of energy-saving and emission-reduction 
strategies based on big data. These data range from macro-
level road network operations to micro-level individual 
vehicle emissions, covering the city’s carbon emission 
monitoring needs at different levels and providing a 
scientific basis and technical approach to achieving carbon 
reduction goals.

Overall, Beijing’s approach to carbon emission monitoring 
for mobile sources highlights the importance of integrating 
advanced data collection and analysis technologies. It 
emphasizes the need for high-resolution, real-time data 
to support dynamic and effective management strategies. 
Through continued innovation and refinement, Beijing 
sets a benchmark for other cities within China and in fast-
developing countries globally to achieve their “dual carbon” 
targets and promote sustainable urban development.

4. Results and discussion
The study focuses on Beijing’s carbon emission monitoring 
system, providing an empirical analysis of how it integrates 
multiple technological innovations at micro, meso, and 
macro levels. It examines the roles of technologies like 
Mobility as a service (MaaS), big data, and IoT in enhancing 
the accuracy of emission monitoring and supporting policy 
decisions. The discussion also addresses the theoretical 
implications of these technologies. It evaluates their 
effectiveness in achieving carbon reduction goals while 
considering the global replicability of this model based on 
the empirical findings.

4.1. Multi-level carbon emission monitoring

Beijing’s carbon emission monitoring system operates 
through a multi-level approach that integrates micro, meso, 
and macro-level strategies to enhance the accuracy and 
effectiveness of emission tracking. Figure  1 illustrates the 
core characteristics and technological framework of carbon 
emission monitoring in urban transportation in Beijing.
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At the micro level, Beijing utilizes the MaaS platform 
to enhance its carbon emission monitoring and reduction 
efforts. MaaS integrates diverse modes of transportation, 
such as public transit, shared mobility, and active 
travel, into a seamless and user-friendly platform. This 
integration enhances accessibility and convenience and 
provides an effective framework for monitoring and 
managing carbon emissions. By centralizing data from 
various transport options, MaaS enables more accurate 
tracking of emissions and promotes environmentally 
friendly travel behaviors. This comprehensive 
approach supports efforts to reduce carbon footprints 
by encouraging shifts toward low-emission or zero-
emission transportation modes, aligning with broader 
goals of sustainable urban mobility and climate change 
mitigation (Xi et al., 2024). The platform promotes a 
“one travel, multiple ways” strategy, encouraging the use 
of multiple transportation methods in a single journey, 
such as combining bus, subway, walking, and cycling, as 
considering various travel scenarios can help optimize 
carbon reduction strategies (Athanasopoulou et al., 2022). 
Beijing’s MaaS platform plays a crucial role in the detailed 
measurement of individual travel carbon emissions. It 
incorporates advanced navigation and multi-source data 
cross-verification to ensure the accuracy and reliability 

of carbon emission measurements. This system supports 
high-precision and high-frequency monitoring of mobile 
source energy consumption emissions, as highlighted by 
Liu et al. (2023). Their work stresses the real-time nature 
of future carbon emission monitoring, which aligns with 
our argument that real-time data collection significantly 
enhances the accuracy and timeliness of carbon emission 
assessments. By precisely measuring personal carbon 
emissions, the platform lays a solid foundation for 
personal carbon asset management and facilitates carbon 
trading and carbon-inclusive policies.

Since its inception in 2019, Beijing’s MaaS platform, in 
collaboration with Amap and Baidu Map, has provided the 
public with a wide array of travel services (Mitropoulous 
et  al., 2023). These services include integrated travel 
planning, real-time bus queries, bus and subway congestion 
queries, and future time predictions (Zhao et al., 2023). This 
comprehensive approach significantly enhances the travel 
experience, particularly for those using a combination of 
“bus + walking” strategies. In September 2020, the MaaS 
platform introduced a green travel carbon-inclusive 
incentive mechanism. Citizens registered on the MaaS 
platform can participate in the MaaS Travel Green Move 
the City campaign. Through this initiative, the platform 
automatically converts travel activities—such as taking 

Figure 1. Core features and the technical framework for urban mobile source carbon emission monitoring. Source: Diagram by the authors
Abbreviation: GPS: Global Positioning System.
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the bus, riding the subway, walking, and cycling—into 
corresponding carbon emission reductions. Participants 
can then redeem their reduced carbon emissions for bus 
cards, vouchers, or donations to environmental public 
welfare activities. This incentive mechanism effectively 
motivates individuals to adopt greener travel habits. As of 
now, the MaaS platform has registered 1.4 million users, 
with cumulative carbon emission reductions exceeding 
140,000 tons. This significant achievement highlights the 
potential of MaaS platforms in promoting sustainable 
urban mobility and reducing carbon emissions. The micro-
level monitoring approach in Beijing demonstrates the 
power of MaaS platforms in promoting individual action 
towards carbon reduction. By providing seamless access to 
various travel options, detailed carbon emission tracking, 
and incentive programs, MaaS empowers users to make 
conscious choices that contribute to a more sustainable 
urban transportation system.

The meso-level of Beijing’s mobile source carbon 
emission monitoring system focuses on the core 
technology of integrating data resources and information 
infrastructure. This level is characterized by its ability to 
collect data with high accuracy, resolution, and frequency. 
Beijing has integrated multiple elements of knowledge 
mapping and multi-scenario simulation methods to 
develop a comprehensive decision analysis technology 
for mobile source carbon emission reduction (Wang & 
Bai, 2023). This technology enables precise identification 
of the “peak inflection point” for urban mobile source 
carbon emissions and accurately determines the carbon 
neutrality trajectory rate. Evaluating the contribution and 
potential demonstration applications of various policies 
and measures provides policymakers with clear policy and 
governance focal points. This facilitates the preparation 
of a comprehensive route chart for achieving the “dual 
carbon” goals in the mobile source sector, offering robust 
technical support for policy design and implementation 
tracking.

The meso-level monitoring system, equipped with 
panoramic decision analysis technology, provides crucial 
information to policymakers, helping them identify clear 
policy targets and areas for improvement in governance 
strategies. In addition, it allows them to chart a well-defined 
course for mobile source decarbonization, ultimately 
contributing to a more sustainable urban transportation 
system. The system also addresses challenges related 
to measurement in policy design and implementation 
tracking. By providing policymakers with a more 
comprehensive understanding of the mobile source sector 
and the potential effects of different interventions, the 
meso-level monitoring system facilitates the development 

and implementation of more effective policies for achieving 
“dual carbon” goals.

At the macro level, Beijing’s approach to carbon 
emission monitoring focuses on analyzing the 
mechanisms, current situation, composition, and 
development trends of carbon emissions from mobile 
sources, based on statistical monitoring data from the 
mobile source sector. By examining the significant 
transformations and innovations in Beijing’s mobile 
source field, the research explores core strategies, such 
as energy structure transformation, optimization of 
travel patterns, and adjustments in freight transportation 
structures. These strategies provide crucial support for 
the city’s carbon neutrality targets. The comprehensive 
analysis aims to forecast overall trends and support top-
level planning and strategic decision-making. The carbon 
emission monitoring technology in Beijing integrates 
massive data collection, transmission, processing, storage, 
analysis, and application, forming a holistic information 
technology framework. Currently, various types of data 
are collected, including demand, economy, land use, 
behavior, facilities, tools, operation services, road traffic, 
mobile source working conditions, and emissions. This 
extensive data collection allows for a thorough and 
reasonable assessment of policy effects. Overall, Beijing’s 
macro-level carbon emission monitoring system provides 
robust technical support for achieving the city’s carbon 
neutrality goals. By focusing on comprehensive data 
analysis and strategic planning, this system ensures that 
policymakers have the necessary tools and insights to 
make informed decisions and drive effective emissions 
reduction initiatives.

4.2. Theoretical insights into technological 
integration in emission monitoring

As urban management evolves, the integration of data 
resources into comprehensive “carbon emission metering 
instruments” represents a shift toward a more sophisticated 
and data-driven approach to emissions monitoring. This 
transformation expands beyond traditional vehicle tracking 
to include a wide array of data, such as vehicle positioning, 
safety records, and maintenance issues. The increasing 
informatization of urban mobility systems has resulted in 
the convergence of three essential data sources: directly 
generated vehicle data, industry-specific data, and public 
interaction data. Vehicle data is automatically collected 
from vehicles, while industry data is sourced from sectors 
such as traffic management and fuel consumption. Public 
interaction data is gathered through citizen participation, 
including reports on traffic congestion and emissions 
violations.
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The convergence of these diverse data streams forms 
a comprehensive big data ecosystem that underpins 
effective carbon reduction strategies and emission control. 
According to Bibri & Krogstie (2020), this data-driven 
approach significantly improves decision-making precision, 
enhances policy formulation, and facilitates more informed 
strategies for urban mobility. The integration of advanced 
technologies, such as big data analytics, allows for the 
refinement of carbon emission analysis, uncovering patterns 
and trends that were previously difficult to assess. Moreover, 
as these technologies evolve, they expand the scope of 
incentive programs and enable more targeted engagement 
with specific demographics, driving greener behavior. This 
innovative use of data aligns with the goal of fostering 
sustainable urban practices, as it enhances the capability to 
analyze emission patterns, assess policy effectiveness, and 
create actionable strategies for carbon reduction.

Despite the potential of big data, many cities still lack the 
infrastructure to collect and integrate data from multiple 
sources. Data fusion bottlenecks can hinder the ability to 
conduct detailed investigations. However, by leveraging 
multi-source data, including vehicle registration, positioning, 
emission monitoring, and motor vehicle emissions 
measurement models, the system can assess vehicle structure 
and travel patterns. Data on vehicle ownership, activity levels, 
and comprehensive emission factors provide a detailed 
picture of the overall vehicle population and travel patterns. 
This data can also evaluate policy effectiveness, assessing the 
impact of policy interventions on transportation, energy 
use, and emission structures. This comprehensive approach 
facilitates a precise linkage between policy decisions and 
overall urban planning strategies, paving the way for a 
more sustainable future. For example, integrating data from 
various sources can help create a detailed vehicle emissions 
inventory, allowing for the development of targeted emission 
reduction strategies. In addition, a comprehensive system 
can support the evaluation of policy effectiveness, ensuring 
that policies remain adaptable and contribute to achieving 
carbon reduction goals.

The integration of big data also facilitates the 
development of innovative solutions. As mentioned in 
Section 4.1, utilizing data from mobile source carbon 
accounts can encourage individuals to adopt greener travel 
habits. By providing incentives based on their carbon 
footprint, cities can promote sustainable transportation 
choices and enhance public awareness of the importance 
of emissions reduction. Big data is foundational to 
the development of comprehensive carbon emission 
monitoring systems. By integrating diverse data sources 
and leveraging advanced analytical techniques, cities can 
develop effective strategies for carbon reduction. This 

approach not only supports informed decision-making 
and policy evaluation but also fosters innovation and 
public engagement in sustainable practices.

To achieve carbon neutrality in the field of mobile 
sources, it is crucial to capture the spatial and temporal 
patterns of carbon emissions accurately, precisely 
characterize key indicators, and conduct coordinated 
analyses of decision-making elements. Zampou et al. 
(2022) emphasize the importance of precision and spatial-
temporal monitoring, supporting our argument for the 
integration of advanced technologies to track urban 
emissions effectively. This requires the development 
of multi-caliber precision characterization techniques 
for vehicles and individuals, along with medium-level 
measures and macro-level target decisions, ensuring a 
comprehensive and systematic approach to urban carbon 
emission management.

The carbon emission measurement and monitoring 
system for urban mobile sources should integrate 
the entire chain of carbon measurement technology 
related to mobile source travel, including the formation 
mechanism analysis of carbon emissions from multiple 
subjects, panoramic decision analysis for “dual carbon” 
goals, and carbon universal trading technology, all while 
considering data security to support policy decisions 
at different levels (Cai & Hong, 2024). By integrating 
these technologies, the system can support macro-
level target decision-making, the formulation of meso-
level measures, and the characterization of micro-level 
behavior.

Accurately capturing spatial and temporal carbon 
emission patterns involves deploying advanced sensors 
and IoT devices across the urban environment to collect 
real-time data on vehicle movements, traffic flow, and fuel 
consumption (Ang & Seng, 2016). Integrating these data 
sources enables a comprehensive understanding of when 
and where emissions occur, providing a detailed temporal 
and spatial map of urban carbon emissions.

Secondly, precise characterization of key indicators 
requires the use of multi-caliber precision characterization 
techniques. These techniques can sensitively detect 
variations in emissions at both the individual vehicle 
and aggregate levels. For example, by monitoring specific 
vehicle types and their usage patterns, the system can 
identify high-emission vehicles and propose targeted 
interventions. At the individual level, data from personal 
travel behaviors can inform strategies to encourage greener 
transportation choices.

Thirdly, the coordinated analysis of decision-making 
elements necessitates the use of advanced data analytics and 
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machine learning algorithms. These tools can process vast 
amounts of data from diverse sources to uncover insights 
and predict future trends. By analyzing the relationships 
between different variables, such as traffic density, fuel 
types, and emission levels, the system can inform policy 
decisions that balance environmental, economic, and 
social considerations.

Furthermore, the integration of carbon universal 
trading technology enables the creation of a market-based 
approach to emissions reduction. This technology allows 
for the trading of carbon credits, providing economic 
incentives for individuals and organizations to reduce their 
emissions. By ensuring data security and transparency, the 
system fosters trust and participation in carbon trading 
initiatives.

The development of such a comprehensive carbon 
emission monitoring system involves several key 
components. Whole chain carbon measurement 
technology tracks carbon emissions throughout the 
entire travel chain, from the start of a journey to its end 
(Xing et al., 2022). This technology provides a holistic 
view of emissions, capturing data from various modes 
of transportation and activities. Formation mechanism 
analysis technology examines the factors behind carbon 
emissions, considering aspects such as vehicle efficiency, 
driving behavior, and fuel types, helping to identify 
root causes and potential intervention areas (Qu et al., 
2023). Panoramic decision analysis technology supports 
comprehensive decision-making by integrating data from 
multiple sources and scenarios, allowing policymakers 
to simulate the impact of different measures and choose 
the most effective strategies for emissions reduction (Li & 
Song, 2021). Finally, carbon universal trading technology 
facilitates the trading of carbon credits, incentivizing 
emissions reduction and supporting the broader goal of 
carbon neutrality by ensuring that emissions reductions 
are economically viable and scalable (Wu et al., 2023).

4.3. Policy effectiveness and global replicability

Beijing’s multi-level carbon emission monitoring system, 
driven by data analytics, technological integration, and 
targeted policies, demonstrated substantial success 
in reducing emissions and offers valuable insights for 
global replication. At the macro-level, the city’s model 
integrates multi-mode carbon measurement technologies 
to monitor emissions on a large scale, encompassing 
various transport systems. By utilizing vehicle GPS data, 
emission monitoring data, and navigation data, Beijing can 
track carbon emissions in real time, allowing for dynamic 
adjustments to policies and infrastructure. For instance, 
by evaluating carbon baseline examinations and carbon 

roadmaps, Beijing has been able to define clear emission 
reduction targets and track progress toward carbon 
neutrality. This data-driven decision-making framework 
enables policymakers to refine policies continuously, 
enhancing their effectiveness in meeting emission goals. 
In addition, carbon-inclusive trading technologies have 
been integrated to encourage industrial and individual 
participation in emission reductions. The market-based 
approach incentivizes emissions reductions, making it a 
critical component of the city’s long-term sustainability 
strategies (Cai & Hong, 2024).

At the meso-level, the city employs traffic carbon 
decision analysis technologies, which analyze the formation 
mechanisms of carbon emissions from various traffic 
sources. This allows policymakers to identify high-emission 
sectors within the transportation network, such as inefficient 
traffic flows or areas heavily reliant on fossil fuels. By applying 
panoramic decision analysis and data fusion, the system 
provides actionable insights to optimize traffic management, 
prioritize electric vehicle adoption, and improve energy 
efficiency in the transport sector. This approach has 
allowed Beijing to adapt its energy transformation policies, 
prioritizing sustainable transport solutions, such as 
electrification and clean energy integration. The use of real-
time data and continuous feedback loops ensures that policy 
adjustments are timely, improving the overall efficiency of 
the transportation network and contributing to carbon 
reduction goals (Bibri & Krogstie, 2020).

At the micro level, Beijing’s system monitors individual 
travel behaviors through technologies that track vehicle 
running data and personal carbon emissions. This granular 
level of monitoring allows the city to implement targeted 
policies, such as green travel incentives that reward citizens 
for choosing low-emission modes of transport. For example, 
the MaaS platform, combined with personal mobile source 
carbon accounts, enables individuals to track their carbon 
footprints and receive incentives based on their carbon-
saving activities. This level of individual engagement has 
proven effective in promoting environmentally friendly 
travel choices, with over 140,000 tons of carbon reductions 
achieved through the program (Zhao et al., 2022).

The global replicability of this model is a significant 
strength. While Beijing’s approach is highly effective 
within the context of China’s urban infrastructure, its 
flexibility and adaptability allow it to be applied in cities 
with varying levels of technological development. By 
focusing on a scalable approach, starting with data 
collection and gradually expanding to more advanced 
monitoring systems, Beijing’s framework can be tailored 
to fit the specific needs of other cities. The use of carbon 
credits and green incentives offers a universal tool that 
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can be implemented in cities worldwide, promoting 
sustainable behavior across diverse urban environments. 
For cities with fewer resources, starting with basic emission 
monitoring and expanding as infrastructure grows can 
help lower the entry barriers, making it an inclusive model 
for global carbon reduction efforts.

5. Conclusion
This study addresses the complexities of carbon emission 
monitoring from urban mobile sources within the context 
of “dual carbon” goals. Focusing on Beijing’s approach, 
the research emphasizes the critical role of integrating 
multi-source data and technological innovations, such 
as big data, artificial intelligence, and IoT, in enhancing 
the accuracy and effectiveness of emission tracking. The 
findings reveal that a data-driven approach, supported 
by real-time data and advanced analytics, enables precise 
emissions measurement, helping policymakers design 
targeted and effective carbon reduction strategies.

Moreover, the study highlights the importance of 
policy integration at various levels (macro, meso, and 
micro) to create a cohesive system that addresses emission 
reduction and supports the broader goal of sustainable 
urban mobility. Effective policy implementation requires 
a coordinated effort across sectors, integrating vehicle 
emission standards, energy optimization, and efficient 
traffic management. In addition, public participation plays 
a vital role in achieving the “dual carbon” objectives. The 
study shows that incentive and engagement platforms 
motivate citizens to adopt greener travel habits, accelerating 
the transition toward low-carbon mobility systems.

Despite the promising results, the study acknowledges 
challenges such as the high costs of real-time data collection 
and data integration bottlenecks, which could impede the 
scalability of these systems in cities with fewer resources. 
However, the study offers practical recommendations, such 
as the gradual adoption of these systems and a focus on 
scalable, flexible policies to suit different urban contexts.

Beijing’s carbon emission monitoring model 
provides valuable lessons for other cities, particularly in 
rapidly urbanizing or industrializing regions. The study 
demonstrates that through technological innovations, 
comprehensive policies, and public engagement, cities can 
effectively manage emissions from urban mobility and 
contribute to achieving carbon neutrality. The insights 
offered by this case study apply to Beijing and provide a 
replicable model for cities worldwide seeking to reduce 
emissions and move toward sustainable urban development.
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