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Abstract: The transportation sector plays a pivotal role in China’s efforts to achieve CO, reduction
targets. As the capital of China, Beijing has the responsibility to lead the era’s demand for low-
carbon development and provide replicable and scalable low-carbon transportation development
experience and knowledge for other cities in China. This study calculates the CO, emissions of
the transportation sector in Beijing from 1999 to 2019, constructs an extended STIRPAT model
(population, affluence, technology, and efficiency), employs ridge regression to mitigate the effects of
multicollinearity among the eight indicators, reveals the extent and direction of influence exerted
by different indicators on CO, emissions, and predicts the development trends, peak times, and
quantities of transportation CO, emissions in nine scenarios for Beijing from 2021 to 2035. Finally,
adaptive low-carbon planning strategies are proposed for Beijing pertaining to population size
and structure, industrial layout optimization, urban functional reorganization and adjustment,
transportation infrastructure allocation, technological research and promotion, energy transition
planning, and regional collaborative development. The results are as follows: (1) The total amount of
CO; emissions from Beijing’s transportation sector exhibits a trend of gradually stabilizing in terms
of growth, with a corresponding gradual deceleration in the rate of increase. Kerosene, gasoline,
and diesel are the main sources of transportation CO; emissions in Beijing, with an annual average
proportion of 95.78%. (2) The degree of influence of the indicators on transportation CO, emissions,
in descending order, is energy intensity, per capita GDP, population size, GDP by transportation
sector, total transportation turnover, public transportation efficiency, possession of private vehicles,
and clean energy structure. Among them, the proportion of clean energy structure and public
transportation efficiency are negatively correlated with transportation CO, emissions, while the
remaining indicators are positively correlated. (3) In the nine predicted scenarios, all scenarios, except
scenario 2 and scenario 4, can achieve CO, emission peaks by 2030, while scenarios 7 and 9 can
reach the peak as early as 2025. (4) The significant advancement and application of green carbon
reduction technologies have profound implications, as they can effectively offset the impacts of
population, economy, and efficiency indicators under extensive development. Effective population
control, sustainable economic development, and transportation efficiency improvement are viable
means to help achieve carbon peaking and peak value in the transportation sector.

Keywords: urban sustainable development; low-carbon planning; transportation sector; CO; emis-
sions; carbon peak; STIRPAT model; scenario forecast; Beijing
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1. Introduction

As the issue of global climate change becomes increasingly severe, there is an interna-
tional consensus that low-carbon development should be pursued to address this problem.
In 2021, the transportation sector accounted for 25% of global CO, emissions, reaching 7.7
billion tons [1]. The transportation industry is therefore a key sector for achieving global
CO; emission reduction targets [2—4]. As the largest developing economy, China is under-
going rapid industrialization, motorization, and urbanization. This rapid development has
led to a significant increase in energy consumption and greenhouse gas emissions. China is
currently the world’s largest emitter of CO, emissions [5,6], with its transportation sector
ranking third in CO; emissions across all industries [6-9]. Furthermore, China is also one of
the countries experiencing the fastest growth rate of CO, emissions from the transportation
sector [10]. Consequently, the transportation industry will become a priority sector for
achieving China’s “dual carbon” goals of a carbon peak by 2030 and carbon neutrality by
2060 [4,6].

As the capital of China, Beijing is also a national low-carbon pilot city and a low-carbon
transportation pilot city; as such, Beijing must play a vital leading and demonstrative role in
CO; emission reductions in transportation. In 2019, transportation-related CO, emissions
in Beijing accounted for nearly 40% of energy-related CO, emissions, ranking first among
cities across the country [10]. Due to its unique urban economic structure, Beijing faces
greater challenges in low-carbon transportation development than other cities. Therefore,
it is crucial and urgent to clarify the mechanisms of CO, emission growth in Beijing’s
transportation sector during its development and to efficiently and accurately predict
future trends in transportation CO, emissions by using scientific methods. Based on the
prediction results, the government and relevant decision-making departments can manage
and control the development status and trends of transportation CO, emissions in advance.
By doing so, they can plan the main focus areas of low-carbon transportation development
ahead of time, formulate targeted CO, emission reduction strategies, and play a significant
role in promoting the early realization of China’s “dual carbon” goals.

Current studies on predicting transportation CO; emission mainly focus on two as-
pects: the identification of factors affecting transportation CO, emissions and the prediction
of trends in transportation CO; emissions. Clarifying the influencing factors of trans-
portation CO, emissions is the basis for establishing prediction models. Researchers have
explored the influencing factors of transportation CO, emissions from different perspec-
tives, including the influencing factors related to energy and industry, such as population
size, economic growth [11], energy structure, energy efficiency [12], industrial structure [13],
energy intensity [14,15], transportation intensity [4,16], urbanization level, technological
innovation level [17], degree of trade openness [18], and fixed asset investment; the factors
related to the transportation sector, such as transportation infrastructure investment [19],
transportation mode [20], transportation industry added value [21], civilian car owner-
ship [22], freight turnover [23], and passenger turnover [24]; and the factors related to
transportation infrastructure, such as road mileage [25], public transportation [26,27], city
size, urban road density, and private car ownership [28,29].

In terms of the prediction of transportation CO; emission trends, researchers have
built prediction models based on the abovementioned influencing factors to predict trans-
portation CO, emission trends under different scenarios and provide targeted strategies.
Relevant model building methods include forecasting models based on environmental
economics principles [30-33], grey prediction models based on grey system theory [34-37],
the linear programming-based LEAP model [38-43], system dynamics models [44-46],
combined applications of various machine learning models [47-50]. The objects of empir-
ical research cover different scales such as countries, regions, provinces, and cities. The
same influencing factor may have different effects at different scales, which means that
transportation CO, emission prediction is a very complicated process. Therefore, the par-
ticularity of the research object and the availability of data should be fully considered when
selecting a prediction model.
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Previous studies on the CO, emission forecast of the transportation sector in Beijing
mainly focus on the changes in energy consumption structure, predictions of CO, emissions,
and comparisons of CO; emission reduction effects under different transportation policy
scenarios, such as public transportation electrification substitution [51], vehicle purchase
restrictions and promotion of new energy vehicles [52], growth in motor vehicle owner-
ship [53], license plate restrictions and lottery [54], and various policy combinations [55].
Additionally, micro-level research has been conducted on the CO; emissions from daily
transportation [56] and commuting emissions forecasts [57,58]. However, few studies have
examined the overall CO, emission forecast of the transportation sector in Beijing, and
there are also issues with data timeliness [59,60], which has limitations in reflecting the
changing trends and peak predictions of Beijing’s transportation CO, emissions in recent
years. Moreover, this study needs to confirm the applicability of existing influencing factors
and forecasting methods for empirical research in Beijing, due to its unique urban and
economic structures.

Compared to existing research, this study offers the following contributions: (1) It
presents transportation CO; emissions in Beijing from 1999 to 2019 and forecasts their
development trends and peak timeline during the period of 2021-2035, addressing the
data currency limitations in prior studies on influencing factors and projections related
to transportation carbon emissions in Beijing. These findings are crucial for assessing the
risks and quality of Beijing’s low-carbon sustainable development. (2) This study expands
the coverage of the indicators in the transportation CO, emission forecasting model, in-
corporating “efficiency” as a new factor into the three traditional STIRPAT model factors
(population, affluence, and technology), and further explores the influence of new variables,
such as public transport efficiency, transportation turnover, and private car ownership,
on Beijing’s transportation CO, emission predictions. (3) In the forecasting model, three
levels of change rates are set for variables—low speed, business as usual (BAU), and high
speed—combined with Beijing’s recent development status and official planning objectives.
This provides nine different characteristic forecasting scenarios, offering references for the
development route and expected effects of low-carbon transportation planning in Beijing
and differentiated decision-making guidance for matching scenarios. (4) This study also
presents Beijing’s sustainable development strategies in terms of population, economy,
technology, and efficiency, which provides important insights into ecological environment,
low-carbon spatial planning of urban and rural areas as well as urban reconstruction and
development in Beijing and its surrounding regions.

The remainder of this paper is organized as follows. Section 2 introduces the research
methods and data sources. Section 3 presents empirical results and discussions. Section 4
concludes and discusses the potential policy implications.

2. Materials and Methods
2.1. Data Sources

The time range examined in this study was from 1999 to 2019. In China, the trans-
portation, storage, and postal services are considered as a single industrial sector, mainly
including operational vehicles related to transportation operations such as public transport,
freight transport, and passenger transport, excluding non-operational civilian vehicles
(such as private cars). Given that the energy consumption of the storage and postal services
is relatively small, the energy consumption data of the transportation, storage, and postal
services are used when calculating the energy-related data of the transportation sector [61].
CO; emissions and CES data for the transportation sector were obtained from the “China
Energy Statistical Yearbook” for the years 2000-2020, while other indicator data were
obtained from the “China Statistical Yearbook” and “Beijing Statistical Yearbook” for the
years 2000 to 2020. To guarantee the comparability of economic indicators (PF and TG), the
influences of price factors were excluded. The corresponding data from 1999 were taken as
the baseline for recalculating at comparable prices.



Sustainability 2024, 16, 4670

40f23

Given the impact of the COVID-19 pandemic in Beijing from 2020 to 2022, home
isolation policies significantly affected the operation of the transportation sector. There-
fore, the growth values for the three indicators GDP by transportation sector (TG), total
transportation turnover (TT), and public transportation efficiency (PTE) were calculated
based on the 2020 statistical data during the pandemic period (2020-2022). By 2023, as the
pandemic’s impact lifted, the transportation sector essentially returned to its pre-pandemic
state, and these three indicators were calculated based on the 2019 pre-pandemic data. The
growth values for the other five indicators were calculated according to the 2022 “China
Statistical Yearbook” and “Beijing Statistical Yearbook”.

2.2. Calculation of Transportation CO, Emissions

In this study, the total CO, emissions of the transportation sector are composed of
direct CO, emissions from energy consumption in the transportation industry (excluding
indirect CO, emissions from electricity consumption) and CO, emissions from gasoline
and diesel consumption in residents’ lives [62,63]. The calculation of total CO;, emissions
in the transportation sector is as follows:

C = CFy + CFy; (1)

where C denotes the total CO; emissions of the transportation sector, CF;, represents the
CO; emissions from fossil fuel consumption in the transportation sector, and CFj; represents
the CO; emissions from the consumption of gasoline and diesel related to transportation
activities in residential life.

The CO, emissions from energy consumption in the transportation sector are calcu-
lated as follows:

n
CF =} Ej x NCV; x CC;j x O (2)
J

In the CO, emission calculation of CFy,, E j represents the total consumption of the
j-th fossil fuel, and n represents the total number of energy consumption statistics in the
transportation sector, involving Raw Coal, Briquettes, Gasoline, Kerosene, Diesel Oil, Fuel
Oil, Liquefied Petroleum Gas, Natural Gas, and other energy sources. NCV is the heat
value produced per physical unit of fossil fuel combustion. CC; is the CO, emissions per
unit net calorific value produced by fuel j (carbon content); O; is the oxidation ratio during
fossil fuel combustion. For CFj;, only the CO, emissions from the consumption of gasoline
and diesel oil related to transportation in the residential life sector are calculated. The CO,
emission factors used in the above calculations are all derived from the study by Shan
etal. [62].

2.3. Extended STIRPAT Model

Ehrlich and Holdren [64] first proposed the IPAT model, which considered the envi-
ronmental impact of three factors: population, affluence, and technology. To overcome the
limitations of the IPAT model in practical applications, York et al. [65] introduced random
variables and regression methods to improve the IPAT model and proposed the STIRPAT
model (Equation (3)). The STIRPAT model has various advantages such as flexibility, inter-
pretability, and predictability. It has been widely applied in exploring influencing factors of
carbon emissions and for prediction [30,31]. The logarithmic form of the STIRPAT model is
shown in Equation (4).

I =aPPA°T% (3)

Inl =lna+binP+cinA+dinT +Ine 4)

where I represents the environmental impact, P represents population, A represents afflu-
ence, T represents the technology, a represents the model coefficient, and b, ¢, and 4 are the
parameters to be estimated. e denotes the random error term.



Sustainability 2024, 16, 4670

50f23

In order to comprehensively and systematically consider the factors affecting
transportation-related CO, emissions in Beijing, and to improve the explanatory power
and accuracy of the prediction model, this paper builds upon the previously mentioned
factors affecting transportation CO, emissions. Furthermore, it refers to studies on the
factors affecting transportation CO, emissions in Beijing [66—72]. The STIRPAT model is
expanded in four aspects—population, affluence, technology, and efficiency—and eight
related indicators are constructed. (1) Population size (P) is represented by the permanent
population in Beijing. (2) Affluence is represented by three indicators: the per capita gross
domestic product (PG) reflects the overall economic development level of the city, the
gross domestic product by the transportation sector (TG) reflects the prosperity of the
economic development of the transportation sector, and the possession of private vehicles
(PV) reflects the wealth of residents, which can also, to a certain extent, indicate the city’s
transportation demand, energy consumption, and traffic congestion. (3) Technology is
represented by two indicators: energy intensity (EI) reflects the overall energy utilization
efficiency and energy conservation level of the transportation sector, and the clean energy
structure (CES) reflects the level of clean energy technology application. (4) Efficiency is
represented by two indicators: the total transportation turnover (TT) reflects the transporta-
tion demand, operational efficiency, and quality of the transportation system, while the
public transportation efficiency (PTE) reflects the transportation capacity and efficiency of
the public transportation system (Table 1).

Table 1. Description of the STIRPAT model variables.

Influencing

Explanation and Calculation of the

Factors Related Indicators Indicator Unite
Permanent population in Beijing
Population Population size (P) refers to persons actually living for Ten thousand people
more than half a year
Per capita GDP (PG) Gross Regional PrOd.llCt/ Yuan/person
Affluence Permanent population
GDP by transportation sector (TG) - 108 Yuan
Possession of private Vehicles (PV) - Ten thousand vehicles
. . Energy consumption per unit of
technology Energy intensity (EI) fransportation GDP Tons/ten thousand Yuan
Clean energy consumption (electricity
Clean energy structure (CES) and natural gas)/total %
energy consumption
. The sum of total passenger turnover
.. Total transportation turnover (TT) . Ten thousand tons-km
Efficiency and total freight turnover
. . o Passengers traffic of pubhF Ten thousand
Public transportation efficiency (PTE) transport/number of operating . .
. . . . person-times /vehicle
public transport vehicles in operation
Note: The calculation of the TT indicator is based on the research method of Wang et al. [73]. The passen-
ger turnover is converted into freight turnover according to the conversion factor of 1 t-km = 7.1 person-km
and summarized.
Thus, the extended STIRPAT model, a prediction model of transportation CO, emis-
sions, can be expressed as:
Inl =Ina+ a1InP + aIn PG + a3In TG + a4ln PV + asIn EI + agln CES 4 ayIn TT + agln PTE + Ine (5)

where I represents CO; emissions from the transportation sector, and P, PG, TG, PV, EI,
CES, TT, and PTE are the abbreviations for the eight indicators listed in Table 1. ay, a, a3,
ay, as, ag, ay, and ag are the regression coefficients of the respective variables, reflecting the
elasticity relationship between each indicator and transportation CO, emissions. When
controlling other variables, a 1% change in the indicators PG, TG, PV, EI, CES, TT, PTE
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will cause the CO, emissions I to change by a1%, a2%, a3%, a4%, as%, as%, a;%, and ag%,
respectively.

2.4. Ridge Regression Analysis

Ridge regression is a regularization method used for addressing linear regression prob-
lems; it is essentially an improved least squares method. By sacrificing the unbiasedness of
the least squares method, it trades off the loss of some information and reduced accuracy
to tackle multicollinearity and overfitting issues. By penalizing the model coefficients,
it prevents the model from being overly complex, thus enhancing the robustness and
generalization capability of the model.

Using SPSS 25.0 software, ordinary least squares linear regression was conducted to
analyze the multicollinearity among the eight influencing factors of the extended STIRPAT
model; the regression results are shown in Table 2. As can be seen from the regression
results, the VIF values of In P, In PG, In TG, In PV, In EI, and In TT are all greater than 10,
indicating the presence of multicollinearity among the factors (Table 2). Only by eliminating
multicollinearity in the model can the accuracy of the relationships between transportation
CO; emissions and influencing factors be ensured. Therefore, ridge regression was required
for reanalysis in the prediction model.

Table 2. The results of ordinary least squares regression.

Variable Coefficient Sig.f VIF
Constant —3.812 0.182 -
InP 0.222 0.171 289.313
In PG 0.506 0.043 * 2542.442
InTG 0.410 0.069 3328.976
InPV 0.097 0.049 * 427.961
InEI 0.860 0.000 ** 15.016
InCES —0.048 0.001 ** 2.596
InTT 0.062 0.306 181.311
In PTE —0.040 0.255 3.955
Sample size 21
R? 1.000
Adjusted R? 1.000
F 16,229.649 (p = 0.000)
D-W 1.740

Note: * significant at the 5% level, ** significant at the 1% level.

2.5. Scenario Forecast Analysis
2.5.1. Setting Growth Rates of Influencing Factors in Different Scenarios

In this study, scenario analysis was employed to predict CO, emissions from the
transportation sector in Beijing. The growth rates of the eight influencing factors in the
prediction model were set for low-speed, BAU, and high-speed scenarios, based on the
planning and development goals for 2025 and 2035 in the 2017 “Beijing City Master Plan
(2016—-2035)” (“Policy 1), 2021 “The 14th Five-Year Plan for National Economic and Social
Development of Beijing and the Outline of Long-Term Goals for 2035” (“Policy 11”), 2022
“Beijing Transportation Development and Construction Plan in the 14th Five-Year Plan
Period” (“Policy III”), and “Beijing Energy Development Plan in the 14th Five-Year Plan
Period” (“Policy IV”), as shown in Table 3.
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Table 3. Setting of the indicator change rates.
Rate Period P PG TG PV EI CES TT PTE
Mode
2021-2025 —0.13% 6.50% 8.00% 2.50% —2.50% 5.00% 7.00% 1.50%
Low 2026-2030 —0.18% 4.50% 6.50% 2.00% —3.50% 7.00% 5.00% 0.50%
2031-2035 —0.23% 2.50% 5.00% 1.50% —4.50% 9.00% 3.00% 0.00%
2021-2025 —0.08% 8.50% 9.00% 3.00% —3.50% 7.00% 9.00% 2.50%
BAU 2026-2030 —0.03% 6.50% 7.50% 2.50% —4.50% 9.00% 7.00% 1.50%
2031-2035 0.02% 4.50% 6.00% 2.00% —5.50% 11.00% 5.00% 0.50%
2021-2025 —0.03% 10.50% 10.00% 3.50% —4.50% 9.00% 11.00% 3.50%
High 2026-2030 0.02% 8.50% 8.50% 3.00% —5.50% 11.00% 9.00% 2.50%
2031-2035 0.07% 6.50% 7.00% 2.50% —6.50% 13.00% 7.00% 1.50%

(1) Population size (P)

The annual average change rate of the population size was set based on the require-
ments of official policies “Policy I” and “Policy II”. Specifically, the population size is
limited to <23 million people for 2021-2025 and strictly limited to 23 million people by
2035. It is evident that the future growth of the permanent population in Beijing will
be significantly constrained. Therefore, under the high-speed scenario, the permanent
populations for 2025 and 2035 cannot exceed the specified limits. Although the annual
average growth rate of the permanent population in Beijing was 2.8% from 1999 to 2019, it
has been in decline since reaching its peak in 2016, with an annual average growth rate of
—0.081% from 2016 to 2019.

Based on the above analysis, under the BAU scenario, the annual average change
rate of the permanent population in Beijing was set to —0.08% for 2021 to 2025, —0.03%
for 2026 to 2030, and 0.02% for 2031 to 2035. Under the low-speed scenario, based on the
BAU scenario, the annual average change rate of this indicator for each period decreases
by 0.05%, i.e., —0.13% for 2021 to 2025, —0.18% for 2026 to 2030, and 0.23% for 2031 to 2035.
Under the high-speed scenario, the annual average change rate of this indicator for each
period increases by 0.05%, i.e., —0.03% for 2021 to 2025, 0.02% for 2026 to 2030, and 0.07%
for 2031 to 2035 (Table 3).

(2) Per capita GDP (PG)

“Policy I” aims for Beijing’s per capita GDP to reach RMB 2.1 million by 2025 and over
RMB 3.2 million by 2035. Therefore, under the low-speed scenario, the per capita GDP
values for 2025 and 2035 must meet the planned targets. Meanwhile, historical data show
that Beijing’s per capita GDP (at comparable prices) had annual average growth rates of
10.62% from 1999 to 2019, 8.38% from 2011 to 2019, and 9.68% from 2016 to 2019.

Based on the analysis given above, under the BAU scenario, the annual average change
rate of Beijing’s per capita GDP was set to 8.5% for 2021 to 2025, 6.5% for 2026 to 2030,
and 4.5% for 2031 to 2035. Under the low-speed scenario, based on the BAU scenario, the
annual average change rate of this indicator for each period decreases by 2%, i.e., 6.5%
for 2021 to 2025, 4.5% for 2026 to 2030, and 2.5% for 2031 to 2035. Under the high-speed
scenario, the annual average change rate of this indicator for each period increases by 2%,
i.e., 10.5% for 2021 to 2025, 8.5% for 2026 to 2030, and 6.5% for 2031 to 2035.

(3) GDP by the transportation sector (TG)

“Policy III” states that by 2035, Beijing will be the first to achieve a 2 h intra-city
connection within the Beijing-Tianjin—-Hebei urban agglomeration, a 3 h connection to
major cities nationwide, and a global fast cargo logistics circle with 1-day domestic delivery,
2-day delivery to neighboring countries, and 3-day delivery to major cities worldwide.
In terms of transportation hub system construction, a global international express hub
cluster comprising Beijing—Tianjin—Xiong’an will be established. “Policy III"” also specifies
that by 2025, the number of air passenger throughput will increase from 50.6 million in
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2020 to 140 million; the number of national railway passenger hubs will increase from 6
in 2020 to 8; and the length of rail transit will increase from 1091.7 km in 2020 to 1600
km. Furthermore, historical data show that the annual average growth rate of the GDP
by the transportation sector in Beijing (at comparable prices) was 9.67% from 1999 to 2019
and 9.2% from 2016 to 2019. It is worth noting that Beijing is a city in the late stage of
urbanization, with a high urbanization rate of 87.6% in 2022. Having passed the rapid
expansion phase of transportation infrastructure construction, the economic development
of the transportation sector will be affected by marginal effects.

Based on the above analysis, and referring to the setting method from existing stud-
ies [31], under the BAU scenario, the annual average change rate of the GDP by transporta-
tion sector in Beijing was set to 9% for 2021 to 2025, 7.5% for 2026 to 2030, and 6% for 2031
to 2035. Under the low-speed scenario, based on the BAU scenario, the annual average
change rate of this indicator for each period decreases by 1%, i.e., 8% for 2021 to 2025,
6.5% for 2026 to 2030, and 5% for 2031 to 2035. Under the high-speed scenario, the annual
average change rate of this indicator for each period increases by 1%, i.e., 10% for 2021 to
2025, 8.5% for 2026 to 2030, and 7% for 2031 to 2035.

(4) Possession of private Vehicles (PV)

In “Policy I”, it is proposed that by 2035, more scientific and rational vehicle ownership
and usage management strategies will be implemented, prioritizing the allocation of new
energy vehicles and implementing differentiated parking supply and charging policies.
However, there is no explicit requirement for the number of private vehicles. Meanwhile,
according to historical data, the annual average growth rate of private vehicle ownership
in Beijing was 3.11% from 2011 to 2015, and 3.18% from 2016 to 2019. It is noteworthy
that Beijing is one of the cities with the largest vehicle ownership and most severe traffic
congestion in China, with the strictest policies on new vehicle registration and traffic
restrictions. In December 2020, Beijing established the principle of “a maximum of one
vehicle per person” for vehicle purchase. With the continuous improvement of Beijing’s
public transportation system and the diversification of residents’ travel modes (especially
shared mobility), it can play a certain role in curbing the growth of private vehicles.
Moreover, thanks to the technological development, policy support and market acceptance
of new energy vehicles, private vehicles in Beijing in the future will mainly consist of new
energy vehicles replacing aging fuel vehicles. Therefore, the number of private vehicles in
Beijing is expected to gradually slow down and grow at a lower rate than it has historically.

Based on the above analysis, under the BAU scenario, the annual average change rate
of private vehicle ownership in Beijing was set to 3% for 2021 to 2025, 2.5% for 2026 to 2030,
and 2% for 2031 to 2035. Under the low-speed scenario, based on the BAU scenario, the
annual average change rate of this indicator for each period decreases by 0.5% (i.e., 2.5%
for 2021 to 2025, 2% for 2026 to 2030, and 1.5% for 2031 to 2035). Under the high-speed
scenario, based on the BAU scenario, the annual average change rate of this indicator for
each period increases by 0.5% (i.e., 3.5% for 2021 to 2025, 3% for 2026 to 2030, and 2.5% for
2031 to 2035).

(5) Energy intensity (EI)

“Policy II1” states that by 2025, the target proportion of green travel in the central urban
area is 76.5%, with a green transportation ratio of at least 12% for the arrival and dispatch
of goods across the entire city. Key energy-consuming enterprises in industries such as
public transportation and rail transit should be managed to improve energy efficiency and
thus promote green and low-carbon transformation in the transportation industry. The
digital transformation and intelligent upgrading of transportation infrastructure should be
promoted to enhance the network effect and operational efficiency. The efficiency of supply—
demand matching between public transportation and rail transit should be improved, with
the construction of smart roads exceeding a total mileage of 300 km. Meanwhile, historical
data show that the annual average growth rate of energy intensity in the transportation
sector in Beijing was —0.15% from 2011 to 2015 and —3.18% from 2016 to 2019.
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Based on the above analysis, under the BAU scenario, the annual average change rate
of energy intensity in the transportation industry in Beijing was set to —3.5% for 2021 to
2025, —4.5% for 2026 to 2030, and —5.5% for 2031 to 2035. Under the low-speed scenario,
based on the BAU scenario, the annual average change rate of this indicator for each period
decreases by 1%, i.e., —2.5% for 2021 to 2025, —3.5% for 2026 to 2030, and —4.5% for 2031
to 2035. Under the high-speed scenario, the annual average change rate of this indicator
for each period increases by 1%, i.e., —4.5% for 2021 to 2025, —5.5% for 2026 to 2030, and
—6.5% for 2031 to 2035.

(6) Clean energy structure (CES)

In “Policy II”, it is proposed that by 2025, the total energy consumption control target
in the transportation sector should be limited to 3.5 million tons of standard coal, compared
to the previous target of 2.21 million tons of standard coal in 2020; the total CO, emissions
of operating vehicles in the transportation sector should decrease by 10% compared to
those in 2019; and the proportion of new energy vehicles in the transportation sector should
increase from 18% in 2020 to 50% in 2025. “Policy IV” states that by 2035, Beijing will be
able to control its total energy consumption at around 90 million tons of standard coal. It
can be seen that there is a significant demand for clean energy in the transportation sector
in Beijing. Meanwhile, according to historical data, the annual average change rate of the
clean energy structure in the transportation industry in Beijing was 5.19% from 1999 to
2019 and 5.11% from 2016 to 2019.

Based on the above analysis, under the low-speed scenario, the annual average change
rate of the clean energy structure in the transportation sector in Beijing was set to 5% for
2021 to 2025, 7% for 2026 to 2030, and 9% for 2031-2035. Under the BAU scenario, based on
the low-speed scenario, the annual average change rate of this indicator for each period
increased by 2%, i.e., 7% for 2021 to 2025, 9% for 2026 to 2030, and 11% for 2031 to 2035.
Under the high-speed scenario, based on the BAU scenario, the annual average change rate
of this indicator for each period increased by 2%, i.e., 9% for 2021 to 2025, 11% for 2026 to
2030, and 13% for 2031 to 2035.

(7) Total transportation turnover (TT)

“Policy III” outlines the transportation development goals for 2025 and 2035, as de-
tailed in Section 3 above. In addition, “Policy I” also states the transportation development
goals for 2035: to solidly promote the integration of mainline railways, intercity railways,
suburban railways, and subways, achieving coordinated and integrated development of
rail transit and urban areas; to enhance subway network service capabilities, improve the
network density in key areas, and strengthen rapid connections between employment cen-
ters and residential clusters; to jointly build a highly efficient and integrated comprehensive
transportation network; to adhere to the principle of prioritizing public transportation
and improving the public transportation network; and to improve international tourism
reception facilities and dedicated transportation services. Meanwhile, historical data show
that the annual average growth rate of total transportation turnover in Beijing was 7.12%
from 1999 to 2019 and 9.32% from 2016 to 2019.

Based on the above analysis, under the BAU scenario, the annual average change rate
of the total transportation turnover in Beijing was set to 9% for 2021 to 2025, 7% for 2026 to
2030, and 5% for 2031 to 2035. Under the low-speed scenario, based on the BAU scenario,
the annual average change rate of this indicator for each period increased by 2%, i.e., 7% for
2021 to 2025, 5% for 2026 to 2030, and 3% for 2031 to 2035. Under the high-speed scenario,
based on the BAU scenario, the annual average change rate of this indicator for each period
increased by 2%, i.e., 11% for 2021 to 2025, 9% for 2026 to 2030, and 7% for 2031 to 2035.
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(8) Public transportation efficiency (PTE)

In “Policy 11”7, it is stated that by 2025, an additional 300 km of urban rail transit will
be in operation, with a total mileage of 1600 km, increasing the proportion of rail transit
in public transportation to 56%. The proportion of public transportation in motorized
travel in the central urban area will be increased from 49.5% in 2020 to 62.3% in 2025.
“Policy 1” states that it is necessary to improve public transportation efficiency, promote the
construction of a public transportation system coordinated with rail transit development,
optimize ground bus networks, scientifically set up dedicated bus lanes, and improve
connection and transfer conditions. Additionally, intelligent transportation systems should
be developed, and the digital transformation and intelligent upgrading of transportation
should be promoted at a high level. According to historical data, the annual average growth
rate of public transportation efficiency in Beijing was 2.25% from 2016 to 2019.

Based on the above analysis, under the BAU scenario, the annual average change rate
of the public transportation efficiency in Beijing was set to 2.5% for 2021 to 2025, 1.5% for
2026 to 2030, and 0.5% for 2031 to 2035. Under the low-speed scenario, based on the BAU
scenario, the annual average change rate of this indicator for each period decreases by
1%, i.e., 1.5% for 2021 to 2025, 0.5% for 2026 to 2030, and 0% for 2031 to 2035. Under the
high-speed scenario, based on the BAU scenario, the annual average change rate of this
indicator for each period increases by 1%, i.e., 3.5% for 2021 to 2025, 2.5% for 2026 to 2030,
and 1.5% for 2031 to 2035.

2.5.2. Scenario Design for Transportation CO, Emission Prediction

To streamline the scenario design for subsequent analysis and eliminate redundant
scenarios with minor differences, while retaining full scenarios of peak, non-peak, and
advanced peak, and referring to the scenario setting method proposed in an existing
study [1], a scenario design method suitable for this study was established. Firstly, this
study divided the scenarios into two types based on technological levels: technical stability
and technical breakthrough. In the technical stability scenario, EI and CES were set at the
values from the BAU scenario. In the technical breakthrough scenario, these two indicators
were set at the values from the high-speed scenario. Secondly, this study divided the
scenarios into two types based on efficiency levels: high efficiency and low efficiency.
In the high-efficiency scenario, TT and PTE were set at the values from the high-speed
scenario. In the low-efficiency scenario, these two indicators were set at the values from
the low-speed scenario. Finally, this study divided the scenarios into two types based on
population and affluence levels: high growth and low growth. In the high-growth scenario,
the four indicators corresponding to population and affluence (P, PG, TG, and PV) were set
at the values from the high-speed scenario. In the low-growth scenario, the four indicators
were set at the values from the low-speed scenario. The BAU scenario assumes stable
development in technology, efficiency, population, and economy in the future, with all
eight indicators corresponding to their respective BAU scenario values. As a result, a total
of nine scenarios were formed (Table 4).

Table 4. Types of scenarios.

Scenarios P PG TG PV EI CES TT PTE

Scenario 1 BAU

Scenario 2 High High growth H H H H BAU BAU H H
Scenario 3 Technical efficiency Low growth L L L L BAU BAU H H
Scenario 4 stability Low High growth H H H H BAU BAU L L
Scenario 5 efficiency Low growth L L L L BAU BAU L L
Scenario 6 High High growth H H H H H H H H
Scenario 7 Technical efficiency Low growth L L L L H H H H
Scenario 8 breakthrough Low High growth H H H H H H L L
Scenario 9 efficiency Low growth L L L L H H L L
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3. Results and Discussion
3.1. Accounting Results of CO, Emissions from the Transportation Sector in Beijing

Based on Equation (1), this study calculated the CO, emissions of Beijing’s transporta-
tion sector from 1999 to 2019. The results are presented in Figure 1 and Table 5. The total
amount of CO, emissions emitted by Beijing’s transportation sector exhibits a trend of
gradual stabilization in terms of growth, with a corresponding gradual deceleration in the
rate of increase. CO, emissions increased from 5.43 million tons in 1999 to 37.84 million
tons in 2019, with an annual average growth rate of 10.42%. The annual average growth
rate during 2011-2015 (the 12th Five-Year Plan period) was 4.49%, and it was 5.29% during
20162019 (the 13th Five-Year Plan period). This study found that 2009 was a turning
point for CO, emissions in Beijing’s transportation sector. Before 2009, the annual growth
rate of transportation CO, emissions fluctuated significantly. After 2009, the growth rate
stabilized, which is consistent with the findings of Sun et al. [70] that the growth rate of
CO; emissions in Beijing’s transportation sector was faster before 2008 and stabilized after
2010. In a different approach to CO; emission accounting based on energy consumption,
Wang et al. [74] conducted bottom-up transportation CO, emission accounting based on
travel modes (such as buses, taxis, and subways) and reached a similar conclusion, i.e.,
that the annual average growth rate of transportation CO; emissions in Beijing stabilized
from 2006 to 2018. A possible reason for this is that after 2008, Beijing implemented the
national fourth phase of motor vehicle emission standards and restrictions on license plate
numbers [68].
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Figure 1. Total CO, emissions and annual growth rate of transportation sector in Beijing from 1999
to 2019.
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Table 5. CO, emissions and annual growth rate of Beijing transportation sector from 1999 to 2019

(10* 1).
Year IC{aw Briquettes  Gasoline Kerosene Diesel Fuel Oil LPG Natural TOt?I .COZ Annual Gor owth Rate
oal Gas Emissions (%)

1999 37.85 0.26 86.43 33241 75.80 5.29 0.03 4.75 542.82

2000 32.84 0.00 113.56 355.93 95.01 1.90 0.00 9.29 608.54 12.11
2001  32.40 0.00 177.16 390.35 146.28 0.00 0.25 0.00 746.44 22.66
2002  30.72 0.00 217.98 437.85 153.58 0.00 0.00 0.00 840.13 12.55
2003  29.46 0.00 301.28 416.57 136.04 7.22 2.16 20.53 913.26 8.70
2004 29.92 0.00 362.30 551.91 175.23 0.00 2.57 36.73 1158.66 26.87
2005 33.49 0.00 443.40 573.76 193.52 0.00 2.25 25.71 1272.14 9.79
2006  38.29 0.00 543.32 707.89 261.55 0.00 5.07 32.84 1588.96 24.90
2007  39.92 0.00 631.45 839.34 317.52 0.00 2.00 46.24 1876.47 18.09
2008 39.34 0.00 702.24 964.66 398.89 0.44 1.85 58.34 2165.76 15.42
2009  36.80 0.00 756.51 1036.34 399.90 0.42 1.71 59.25 2290.93 5.78
2010 2843 1.07 793.27 1190.24 395.71 0.64 1.37 52.66 2463.39 7.53
2011  25.75 0.50 844.31 1272.79 416.58 0.48 1.06 51.43 2612.89 6.07
2012  22.63 0.48 890.61 1343.94 364.75 4.05 1.06 76.40 2703.94 3.48
2013  23.20 0.10 940.63 1446.28 384.93 5.04 1.10 50.78 2852.05 5.48
2014  23.45 0.08 967.93 1539.02 391.88 5.96 0.99 68.50 2997.81 5.11
2015  17.99 0.07 1027.84 1650.45 365.07 5.67 1.19 45.59 3113.89 3.87
2016  11.65 0.03 1041.99 1801.84 340.07 4.72 0.87 43.05 3244.22 4.19
2017 4.72 0.01 1086.01 1952.53 330.98 4.77 3.68 38.96 3421.66 5.47
2018  1.38 0.00 1170.11 2095.68 340.66 0.25 4.85 80.38 3693.31 7.94
2019  0.60 0.00 1229.06 2116.01 308.79 0.86 54.51 73.90 3783.72 2.45

This study further analyzed the energy consumption types contributing to CO, emis-
sions in Beijing’s transportation sector from 1999 to 2019 (Figure 2, Table 6) and found
that the annual average proportion attributed to kerosene was 50.88%, related to the rapid
development of Beijing’s aviation industry. The annual average proportion of gasoline
was 30.5%, and their combined annual average proportion reached as high as 81.38%.
Diesel accounted for an annual average of 14.4%. These three energy sources are the main
contributors to CO, emissions in Beijing’s transportation sector, with a combined annual
average proportion of 95.78%. The proportions of natural gas and liquefied petroleum
gas are relatively small. The same conclusion was made by Fan and Lei [69] on the main
energy consumption types in Beijing’s transportation sector from 1995 to 2014. Although
Sun et al. [70] mainly focused on road transportation and did not account for kerosene
consumption in the transportation sector from 1995 to 2016 (i.e., excluding the aviation
sector), they found that over 85% of urban transportation CO, emissions were caused by
gasoline and diesel, which is similar to our finding of the high proportions of these two
energy sources, excluding kerosene.
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Figure 2. Contribution of Beijing’s transportation energy consumption types to CO, emissions.
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Table 6. Contribution of Beijing’s transportation energy consumption types to CO, emissions (%).

Year Raw Coal Briquettes Gasoline Kerosene Diesel Fuel Oil LPG Ng::al
1999 6.97 0.05 15.92 61.24 13.96 0.97 0.01 0.88
2000 5.40 0.00 18.66 58.49 15.61 0.31 0.00 1.53
2001 4.34 0.00 23.73 52.30 19.60 0.00 0.03 0.00
2002 3.66 0.00 25.95 52.12 18.28 0.00 0.00 0.00
2003 3.23 0.00 32.99 45.61 14.90 0.79 0.24 225
2004 2.58 0.00 31.27 47.63 15.12 0.00 0.22 3.17
2005 2.63 0.00 34.85 45.10 15.21 0.00 0.18 2.02
2006 241 0.00 34.19 44.55 16.46 0.00 0.32 2.07
2007 2.13 0.00 33.65 44.73 16.92 0.00 0.11 2.46
2008 1.82 0.00 32.42 44.54 18.42 0.02 0.09 2.69
2009 1.61 0.00 33.02 45.24 17.46 0.02 0.07 2.59
2010 1.15 0.04 32.20 48.32 16.06 0.03 0.06 2.14
2011 0.99 0.02 32.31 48.71 15.94 0.02 0.04 1.97
2012 0.84 0.02 32.94 49.70 13.49 0.15 0.04 2.83
2013 0.81 0.00 32.98 50.71 13.50 0.18 0.04 1.78
2014 0.78 0.00 32.29 51.34 13.07 0.20 0.03 2.28
2015 0.58 0.00 33.01 53.00 11.72 0.18 0.04 1.46
2016 0.36 0.00 32.12 55.54 10.48 0.15 0.03 1.33
2017 0.14 0.00 31.74 57.06 9.67 0.14 0.11 1.14
2018 0.04 0.00 31.68 56.74 9.22 0.01 0.13 2.18
2019 0.02 0.00 32.48 55.92 8.16 0.02 1.44 1.95
Annual 2.02 0.01 30.50 50.89 14.44 0.15 0.15 1.84
average

3.2. The Results of Ridge Regression

Before constructing a ridge regression model, it is crucial to determine the value of the
ridge parameter K, which is used to adjust the size of the penalty function. Ridge regres-
sion is a biased estimation, as the value of K increases, the influence of multicollinearity
decreases. The smaller the K value, the smaller the deviation will be. When the K value is 0,
it becomes an ordinary least squares linear regression model. Thus, the minimum K value,
when the standardized coefficient of determination and the coefficients of each variable
tend to be stable, was used as the value of the ridge parameter K.

Ridge regression analysis was conducted using SPSS 25.0 software, with the range of
the regression coefficient K value set from 0 to 1, and the data interval set at 0.005. When the
K value was 0.005, the standardized determination coefficients and independent variable
coefficients tended to be stable, and the ridge trace plot started to stabilize. Therefore, the
optimal K value was 0.005, while the R? and adjusted R? were 0.9998 and 0.9997, respec-
tively, indicating a high degree of model fit. The F value was 8450.084, with a corresponding
sig. value of 0.000, indicating the overall strongly significance of the regression equation.
Moreover, all the influencing indicators passed the 5% and 1% significance level tests.
Thus, the ridge regression parameters are as shown in Table 7, and the extended STIRPAT
regression equation is obtained as follows:

InI = —5.01+0.39In P + 0.44In PG + 0.331In TG + 0.09In PV + 0.849In EI — 0.043In CES 4-0.15In TT — 0.107In PTE (6)
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Table 7. The results of ridge regression.

Variable Coefficient Sig.f
Constant -5.01
InP 0.39 0.000 **
In PG 0.44 0.000 **
InTG 0.331 0.000 **
InPV 0.09 0.000 **
InEI 0.849 0.000 **
InCES —0.043 0.012*
InTT 0.15 0.000 **
InPTE —0.107 0.005 **
Sample size 21
R? 0.9998
Adjusted R? 0.9997
F 8450.084 (p = 0.000)

Note: * significant at the 5% level, ** significant at the 1% level.

The results showed that the P, PG, TG, PV, EI, and TT have a positive impact on the
CO; emissions of Beijing’s transportation sector, while the CES and PTE have a negative
impact. The degree of influence among the indicators varied significantly. When the
influencing indicators, P, PG, TG, PV, El, CES, TT, PTE, changed by 1%, the CO, emissions
of Beijing’s transportation sector would change by 0.39%, 0.44%, 0.331%, 0.09%, 0.849%,
-0.043%, 0.15%, and -0.107%, respectively. The order of impact from greatest to smallest
was EI > PG> P > TG > TT > PTE > PV > CES.

For the indicators with greater impact, similar conclusions were drawn in previous
studies on CO, emissions in Beijing’s transportation sector. Li et al. [75] pointed out
that transportation energy intensity is a significant main driving factor for CO, emission
reduction in the transportation sector. Further research showed that transportation energy
intensity, economic development, population size, and transportation turnover intensity
are also major factors affecting Beijing’s transportation CO, emissions [66-68,70,71].

Among the indicators with a smaller impact, Li et al. [71] found in their study of
Beijing’s transportation sector from 2004 to 2013 that the possession of private vehicles
has a positive impact on transportation CO; emissions. The smaller impact in our study
may be attributed to the widespread application of new energy vehicles in Beijing in recent
years, which has diminished the impact of traditional fuel vehicles on transportation CO,
emissions. Fan and Lei [68] and Sun et al. [70] found that the inhibitory effect of clean
energy structure on Beijing’s transportation CO, emissions is not evident. The impact
found in our study may be due to the significant improvement in clean energy in the
transportation sector in Beijing in recent years (data timeliness impact). Although the
negative impact of the clean energy structure proportion on transportation CO, emissions
is small in numerical terms, an increase in the clean energy structure proportion can greatly
promote the low-carbon, intelligent, and efficient upgrading and transformation of the
transportation sector with broader scope, thereby significantly reducing the transportation
energy intensity. Therefore, it is a key driving force for energy conservation and emission
reduction in Beijing’s transportation sector [52,75,76] and the first priority for achieving
China’s carbon peak and carbon neutrality targets [77,78].

3.3. Forecast Model

According to Equation (6), the prediction model for transportation CO, emissions in
Beijing based on the extended STIRPAT model is as follows:

I = exp(—5.0140.39In P + 0.44In PG + 0.331In TG + 0.09In PV + 0.849In EI — 0.043In CES + 0.15In TT — 0.107In PTE) (7)
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To assess the predictive performance of the model, this study simulated transportation
CO;, emissions for Beijing from 1999 to 2019 by using historical data and compared the
results with actual values. As shown in Figure 3 and Table 8, the average error rate
between the predicted values and the actual values was only 0.818%, with the maximum
error of 1.94% occurring in 2011. The predictive performance of the model was found to
be satisfactory.
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Figure 3. Comparison of simulated and actual values of CO, emissions from transportation in Beijing.

Table 8. Comparison of simulated and actual values of CO, emissions from transportation in Beijing
(10* ¢).

Year Actual Value Simulated Value Error Rate (%)
1999 542.82 539.65 0.58
2000 608.54 615.00 1.06
2001 746.44 750.14 0.50
2002 840.13 851.13 1.31
2003 913.26 927.94 1.61
2004 1158.66 1176.57 1.55
2005 1272.14 1270.90 0.10
2006 1588.96 1596.46 0.47
2007 1876.47 1877.81 0.07
2008 2165.76 2158.58 0.33
2009 2290.93 2268.97 0.96
2010 2463.39 2507.33 1.78
2011 2612.89 2663.46 1.94
2012 2703.94 2742.65 1.43
2013 2852.05 2859.37 0.26
2014 2997.81 2993.75 0.14
2015 3113.89 3118.75 0.16
2016 3244.22 3270.20 0.80
2017 3421.68 3453.04 0.92
2018 3693.31 3676.94 0.44
2019 3783.72 3813.18 0.78

3.4. Forecast under Multiple Scenarios

Based on the nine predefined scenarios and the prediction model, this study forecasts
the peak of transportation CO, emissions in Beijing for the period 2021 to 2035. The results
for each scenario are displayed in Figure 4 and Table 9.
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Figure 4. Scenario forecast of Beijing’s transportation CO, emissions from 2021 to 2035.

Table 9. Forecast of transportation CO, emissions in Beijing from 2021 to 2035 (10% t).

Year Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario
1 2 3 4 5 6 7 8 9
2021 4605.63 4627.38 4599.36 4611.60 4583.67 4539.02 4511.53 4523.53 4496.14
2022 4812.30 4900.15 4757.07 4866.77 4724.67 4760.47 4621.46 4728.04 4589.99
2023 4828.56 4936.19 4737.67 4919.35 4721.51 4749.47 4558.46 4733.27 4542 91
2024 5045.23 5227.17 4900.12 5191.56 4866.75 4981.19 4669.54 4947.26 4637.73
2025 5271.63 5535.29 5068.15 5478.83 5016.45 5224.21 4783.32 5170.92 4734.53
2026 5375.49 5721.71 5112.84 5643.57 5043.01 5347.92 4778.82 5274.89 4713.56
2027 5481.41 5914.41 5157.92 5813.26 5069.70 5474.57 4774.34 5380.94 4692.68
2028 5589.40 6113.60 5203.40 5988.05 5096.54 5604.22 4769.85 5489.12 4671.89
2029 5699.53 6319.50 5249.29 6168.09 5123.52 5736.93 4765.37 5599.48 4651.20
2030 5811.83 6532.34 5295.57 6353.55 5150.64 5872.79 4760.90 5712.06 4630.60
2031 5781.59 6589.01 5208.89 6382.32 5045.49 5865.98 4637.30 5681.96 4491.83
2032 5751.51 6646.18 5123.63 6411.21 4942.49 5859.17 4516.92 5652.03 4357.22
2033 5721.59 6703.85 5039.77 6440.24 4841.59 5852.38 4399.65 5622.25 4226.65
2034 5691.82 6762.02 4957.28 6469.40 4742.76 5845.59 4285.44 5592.63 4099.99
2035 5662.21 6820.69 4876.13 6498.69 4645.94 5838.81 4174.18 5563.16 3977.12

In Scenario 1 (BAU scenario), the eight influencing factors continue their current
development trends. Transportation CO, emissions in Beijing are expected to peak in 2030
at 58.12 million tons, approximately 1.54 times the level in 2019. After 2030, transportation
CO; emissions will gradually decrease. In this scenario, the transportation sector in Beijing
can achieve its carbon peak target by 2030.

In scenario 2 (technical stability-high efficiency-high growth), the green carbon re-
duction technologies (EI, CES) do not experience disruptive breakthroughs but develop
steadily. The efficiency of passenger and freight transport (TT) and public transportation
(PTE) significantly improves, while population and economic factors (P, PG, TG, PV) exhibit
high growth rates. The growth rate of transportation CO, emissions in Beijing will slow
down after 2030, and by 2035, transportation CO, emissions will increase to 68.21 million
tons, approximately 1.8 times the level in 2019. Under this scenario, the transportation
sector in Beijing cannot achieve its carbon peak target by 2030.

In scenario 3 (technical stability-high efficiency—low growth), the green carbon re-
duction technologies develop steadily. The efficiency of passenger and freight transport
and public transportation significantly improves, while population and economic factors
exhibit low growth rates. Transportation CO, emissions in Beijing are expected to peak in
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2030 at 52.96 million tons, approximately 1.4 times the level in 2019. Under this scenario,
the transportation sector in Beijing can achieve its carbon peak target by 2030.

In scenario 4 (technical stability—low efficiency-high growth), the green carbon re-
duction technologies develop steadily. The efficiency of passenger and freight transport
and public transportation experiences low growth rates, while population and economic
factors exhibit high growth rates. The growth rate of transportation CO; emissions in
Beijing will slow down after 2030, and by 2035, transportation CO, emissions will increase
to 64.99 million tons, approximately 1.72 times the level in 2019. Under this scenario, the
transportation sector in Beijing cannot achieve its carbon peak target by 2030.

In scenario 5 (technical stability-low efficiency-low growth), the green carbon reduc-
tion technologies develop steadily. The efficiency of passenger and freight transport and
public transportation experiences low growth rates, while population and economic factors
exhibit low growth rates. Transportation CO, emissions in Beijing are expected to peak in
2030 at 51.51 million tons, approximately 1.36 times the level in 2019, and then gradually
decrease. In this scenario, the transportation sector in Beijing can achieve its carbon peak
target by 2030.

In scenario 6 (technical breakthrough-high efficiency-high growth), the green carbon
reduction technologies achieve significant breakthroughs and are effectively applied (i.e.,
the TT and PTE significantly increase). The efficiency of passenger and freight transport
and public transportation significantly improves. Population and economic factors also
exhibit high growth rates. Transportation CO, emissions in Beijing are expected to peak in
2030 at 58.73 million tons, approximately 1.55 times the level in 2019, and then gradually
decrease. In this scenario, the transportation sector in Beijing can achieve its carbon peak
target by 2030.

In scenario 7 (technical breakthrough-high efficiency—low growth), the green carbon
reduction technologies achieve significant breakthroughs and are effectively applied. The
efficiency of passenger and freight transport and public transportation significantly im-
proves, while population and economic factors exhibit low growth rates. Transportation
CO;, emissions in Beijing are expected to peak in 2025 at 47.83 million tons, approximately
1.26 times the level in 2019. In this scenario, the transportation sector in Beijing can achieve
its carbon peak target ahead of schedule by 2025.

In scenario 8 (technical breakthrough-low efficiency—high growth), the green carbon
reduction technologies achieve significant breakthroughs and are effectively applied. The
efficiency of passenger and freight transport and public transportation experiences low
growth rates, while population and economic factors exhibit high growth rates. Trans-
portation CO, emissions in Beijing are expected to peak in 2030 at 57.12 million tons,
approximately 1.51 times the level in 2019, and then gradually decrease. In this scenario,
the transportation sector in Beijing can achieve its carbon peak target by 2030.

In scenario 9 (technical breakthrough-low efficiency—low growth), the green carbon
reduction technologies achieve significant breakthroughs and are effectively applied. The
efficiency of passenger and freight transport and public transportation experiences low
growth rates. Population and economic factors also exhibit low growth rates. Trans-
portation CO, emissions in Beijing are expected to peak in 2025 at 47.35 million tons,
approximately 1.25 times the level in 2019. In this scenario, the transportation sector in
Beijing can achieve its carbon peak target by 2025, ahead of schedule.

In summary, in the prediction of CO, emissions in Beijing’s transportation sector,
excluding scenarios 2 and 4, all scenarios can reach the CO, emission peak by 2030. Notably,
scenarios 7 and 9 are expected to reach the peak as early as 2025. This study found that in
terms of their impact on achieving carbon peak and the magnitude of carbon emissions,
green carbon reduction technologies (namely EI and CES) are most significant. Their
significant progress and application carry great significance, as they can effectively offset
the impacts of population, economy, and efficiency indicators under extensive development.
Therefore, in all scenarios of technical breakthroughs, transportation CO, emissions can
meet the targeted carbon peak. Existing research also proves that technological progress is
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the most critical way to reduce energy intensity [79,80]. It not only improves production
efficiency [81], but also contributes to the development of new energy and the adjustment of
industrial structure [82,83], thus facilitating the realization of transportation CO, emission
reduction goals [55].

In terms of the influence on the magnitude of carbon emissions from transportation,
besides the most significant technological factors indicators (EI and CES), indicators of
population and economic factors also have important impacts, followed by indicators of
efficiency. This suggests that under the uncertainty of whether green carbon reduction
technology can achieve significant breakthroughs and widespread application in the fu-
ture, effective population control, sustainable economic development, and transportation
efficiency improvement are viable means to help achieve carbon peaking and peak value
in the transportation sector. Existing research based on different countries and regions
also proves that population size is the primary influencing factor of transportation CO,
emissions [4,11-15,70]. Sun et al. [13] pointed out that population growth leads to increased
demand for material resources, resulting in greater energy consumption and promoting
the expansion of the transportation sector (e.g., an increase in the number of motor vehi-
cles), generating more travel activities, and thereby producing more transportation CO,
emissions [67]. Wang et al. [84] stated that increasing the urban population density in
mega-cities in China is an effective measure to reduce CO, emissions. Chen and Lei [67]
emphasized that improving population quality can play a restraining role in transportation
CO; emissions by reducing the energy intensity and transportation intensity.

Existing research shows that sustained economic growth is the leading factor in
increasing transportation CO, emissions [4,11-15,70]. Sun et al. [13] pointed out that the
growth rate of Beijing’s transportation CO, emissions is faster than the population growth
rate, showing an extensive growth mode. Chen and Lei [67] found that transformation of
the economic growth mode can suppress the growth rate of transportation CO, emissions to
a certain extent by directly reducing energy intensity and indirectly reducing transportation
intensity. Therefore, Beijing’s economic development must shift from an extensive growth
mode to a more intensive economic growth mode.

Regarding the improvement of transportation efficiency, Fan and Lei [68] and Chen
and Lei [67] pointed out that as residents’ income levels continue to rise, the demand
for tourism and private cars will gradually increase, thereby promoting the generation
of transportation CO, emissions. Hou et al. [42] and Tang et al. [46] emphasized that
private cars are the key to reducing transportation CO, emissions. Zhu and Li [14] found
that under the combined effects of improving public transportation efficiency, developing
the availability of public bicycles, improving energy efficiency, and promoting electric
vehicles, Beijing’s daily transportation CO, emissions can be reduced by 43%. In our
study, this study found that a 1% change in the Total Transportation Turnover (TT) and
Public Transportation Efficiency (PTE) indicators would result in a 0.15% increase (positive
impact) and a 0.107% decrease (negative impact), respectively, in carbon dioxide emissions
from Beijing’s transportation sector. Furthermore, existing studies have relatively limited
exploration of the role of public transportation efficiency, represented by the PTE indicator,
in predicting transportation CO, emissions. Consequently, our research contributes to
the development of more refined low-carbon passenger and freight transportation, as
well as public transit planning strategies. Regarding the development of low-carbon
transportation efficiency in Beijing, it is necessary to promote new transportation modes,
such as autonomous vehicles, shared mobility, and intelligent transportation systems, to
enhance transportation efficiency and reduce CO, emissions from the sector [58].

4. Conclusions and Policy Implications
4.1. Conclusions

Firstly, this study quantified the growth of CO, emissions from Beijing’s transportation
sector from 1999 to 2019, increasing from 5.43 million tons to 37.84 million tons, with an
annual average growth rate of 10.42%. Overall, the growth exhibited a trend of gradual
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stabilization in terms of growth, with a corresponding gradual deceleration in the rate of
increase. Kerosene, gasoline, and diesel were identified as the primary sources of CO,
emissions from Beijing’s transportation sector, addressing the data currency limitations
in existing studies. Secondly, the study extended the traditional STIRPAT model by incor-
porating “efficiency” as a new influencing factor in addition to the three existing factors
(population, affluence, and technology). Furthermore, it explored the effects of new indica-
tors, such as PTE, TT, and PV, on predicting CO, emissions from Beijing’s transportation
sector, broadening the indicator coverage in transportation CO, emission prediction re-
search. To address multicollinearity among indicators, ridge regression was employed to
establish the predictive relationships between the indicator set and CO, emissions. The
degree of influence of the indicators, from highest to lowest, was EI > PG > P > TG > TT
> PTE > PV > CES. Subsequently, based on the extended STIRPAT model, nine scenarios
for the development trends and peak scenarios of CO, emissions from Beijing’s trans-
portation sector were projected for the period 2021-2035. These comprehensive scenarios
encompassed the peak scenario in 2030, the non-peak scenario, and the advanced peak
scenario in 2025. The prediction results indicate that the progress and application of green
carbon reduction technologies are of great significance, as they can effectively offset the
impacts of population, economic, and efficiency indicators under extensive development
scenarios. Effective population control, sustainable economic development, and transporta-
tion efficiency improvements emerge as viable means to help achieve carbon peaking and
control peak values in Beijing’s transportation sector. Finally, it is crucial to note that the
importance of the predictive model in forecasting transportation CO, emissions cannot be
solely determined by the numerical magnitude of indicator impacts, as indirect effects are
also highly significant. For instance, while the clean energy structure (CES) exhibited the
least apparent numerical impact on transportation CO, emissions in this study, improving
the clean energy structure can greatly facilitate broader low-carbon, intelligent, and effi-
cient upgrades and transformations in the transportation industry, thereby significantly
reducing transportation energy intensity, which is an important measure for low-carbon
transportation development.

4.2. Guidelines for Policy Makers

In terms of technology, according to the prediction model, energy intensity (EI) has
the most significant positive impact on transportation CO, emissions in Beijing. For every
1% reduction in EI, transportation CO; emissions will decrease by 0.849%. Therefore,
Beijing should fully leverage its favorable research environment and the agglomeration
effect of high-end talents to vigorously promote the development and popularization of
energy-saving and carbon-reducing transportation technologies, as well as facilitating
the introduction of relevant advanced technologies from abroad. Although the negative
impact of clean energy structure (CES) on transportation CO, emissions is relatively small
in numerical terms, improving the CES can greatly promote the low-carbon, intelligent,
and efficient upgrading and transformation of the transportation sector on a broader scale,
thereby significantly reducing transportation energy intensity. Beijing should prioritize
promoting an energy transition plan for electrification in the transportation sector, phas-
ing out older fossil fuel vehicles, and continuing to support subsidy policies and driving
policies (such as unrestricted driving, parking fee reductions, etc.) for new energy vehicles.
Furthermore, the city should expand the deployment of new energy transportation infras-
tructure (such as fast charging stations, wireless charging, etc.) in terms of quantity and
service scope, to reduce public usage costs and improve user experience.

In terms of population, affluence, and efficiency development, firstly, Beijing should
further control the scale of the permanent population while ensuring steady economic
development, preventing it from exceeding the transportation service capacity baseline.
The city should focus on continuously optimizing the structure and quality of the pop-
ulation to improve the overall quality of the population. Secondly, the optimization of
industrial structure and the reorganization of internal functions are conducive to the sus-
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tainable development of Beijing’s economy and can effectively control the population size.
Therefore, it is necessary to further promote the rational reorganization of Beijing’s internal
functions, and effectively disperse non-core functions and non-capital functions. For in-
stance, Beijing should (1) extend industries and functions to surrounding areas through
government guidance, collaborative construction, and market operation; (2) strengthen
the industrial cooperation between urban sub-centers and surrounding areas, encourage
Beijing enterprises and industrial parks to dock with key industrial parks in surrounding
areas, and optimize the regional industrial chain layout; and (3) continue to promote the
relocation of local universities to surrounding cities (such as Xiong’an New Area).

Lastly, to steadily promote the transition of Beijing’s transportation sector to a more
quality- and efficiency-focused intensive development model, it is necessary to promote
the integrated and coordinated development of the transportation sector and emission
reduction systems in Beijing-Tianjin—-Hebei, build efficient and diverse regional and internal
transportation networks, and promote the integrated development and radiation effects of
Beijing’s transportation sector in tourism, modern logistics, and public transportation. At
the same time, the city should encourage the development of multimodal transportation
to continuously promote the shift of passenger and freight transport from high-energy-
consumption, high-pollution road transportation to low-carbon transportation modes,
such as railways, urban public transportation, new energy, and shared travel. This would
further achieve effective connections in goods transportation and efficient transfers in
passenger transportation, thereby improving the overall transportation efficiency of the
transportation sector and promoting the coordinated and sustainable development of the
various transportation modes.
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