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Abstract

As highway traffic demand continues to rise, research on balancing carbon emissions and traffic
efficiency through Variable Speed Limit (VSL) systems has become a critical topic. However, existing
research has primarily focused on homogeneous road segments and connected autonomous driving
scenarios, resulting in a gap in alignment with the operational requirements of actual road segments.
To this end, this study focuses on heterogeneous highway sections as the core scenario. Based on the
modified Greenshields model and the non-dominated sorting genetic algorithm (NSGA-II), it
proposes a zoned VSL strategy optimized for dual objectives of traffic efficiency and carbon
emissions. The case study results from the Qinnan section of the G75 Lanhai Expressway demonstrate
that this strategy, through dynamic adjustment of speed limits, effectively enhances traffic flow
stability and continuity. It achieves a synergistic increase in both traffic volume and vehicle speed
while simultaneously curbing the progression of congestion during high-traffic scenarios.
Additionally, this strategy achieves a cumulative reduction in carbon emissions of approximately
9.5% while maintaining traffic efficiency. It offers new insights for optimizing speed limit schemes
on expressways under environmental considerations, demonstrating significant practical
engineering value.

Keywords: travel efficiency; carbon emissions; variable speed limits; expressways; multi-objective
optimization

1. Introduction

Changes in atmospheric conditions represent a major global challenge facing human society
today. The transportation sector is not only one of the primary sources of global greenhouse gas
emissions [1], but also the core source of characteristic pollutants from motor vehicle exhaust. The
rapid growth of traffic demand not only leads to frequent paralysis of the transportation system, but
also keeps traffic carbon emissions at a high level for a long time [2]; in particular, expressways, which
are a core component of the transportation system, have their potential capacity for carbon emission
optimization that cannot be ignored. Variable Speed Limit (VSL) is a technology that guides traffic
flow to distribute evenly by dynamically adjusting the speed limit values for road sections: Not only
does it reduce additional emissions caused by speed fluctuations, but it also enhances traffic
efficiency[3]. It is now recognized as an effective means of balancing traffic operations with low-
carbon emission reduction ([4,5]). In recent years, some scholars have carried out relevant research
on the correlation between VSL, traffic efficiency and carbon emissions, and achieved a series of
phased achievements. The VSL strategy is based on the kinematic wave theory [6], and relevant
studies mostly focus on traffic congestion governance, bottleneck optimization and adaptation to
complex environments: Hegyi et al. [7,8] achieved the alleviation of traffic shock waves and the
reduction of travel time by combining Model Predictive Control (MPC) with VSL; Wang et al. [9]
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proposed a coordination scheme of Car-Following Control (CFC) and VSL, which improved traffic
efficiency in both scenarios of manual driving and small-scale penetration of connected and
autonomous driving; Li et al. [10] proposed a Q-learning-based VSL scheme that can interfere with
the formation of traffic congestion in advance and avoid the decline in bottleneck capacity under
fluctuating demand; Han et al. [11] made up for the defects of traffic shock waves by means of the
first-order discrete MPC, and further reduced travel time. Mao et al. [12] used the Cell Transmission
Model and VSL strategies to greatly reduce the duration of traffic congestion from the spatiotemporal
dimension; Vrbanic¢ et al. [13] developed the CD-QL-DPVSL algorithm, and reduced travel time
through congestion area detection and dynamic adjustment of VSL areas; Fang et al. [4] adopted the
multi-agent-based VSL control strategy, which effectively reduced the total waiting time at the
merging bottlenecks of expressways; Li et al. [14] proposed a VSL system suitable for two-lane roads,
and improved traffic efficiency by reducing the collision risk of mixed traffic flow at bottlenecks. In
addition, the studies by Zhu and Ukkusuri [15], Ke et al. [16] and Han et al. [17] have also confirmed
the good adaptability of VSL in complex traffic environments. In terms of carbon emission regulation,
existing studies have made preliminary explorations: the VSL algorithm proposed by Khondaker et
al. [18] based on MPC and the fuzzy logic VSL strategy by Coppola et al. [19] both effectively reduced
vehicle fuel consumption; Roncoli et al. [20] stabilized vehicle speed within the low-emission range
through the integration of multiple measures and achieved indirect emission reduction; Wu et al. [21]
incorporated carbon emissions into the VSL optimization objectives and explored the multi-objective
coordinated optimization strategy; Fondzenyuy et al. [22] clarified the correlation between vehicle
speed control and carbon emissions through a literature review, and provided a theoretical basis for
the integration of VSL and carbon emissions. In addition, Ma et al. [23] and Jin et al. ([24,25]), taking
tunnel traffic as the background, confirmed the importance of considering heterogeneous road
sections under the VSL strategy. These studies have laid an important foundation for solving the core
problems of zonal differentiated speed limit and the coordinated optimization of carbon emissions
and traffic efficiency.

Although the above studies have made certain progress, there are still many unsolved problems
in the existing research on VSL strategies: (1) There is a lack of refined modeling of different speed
limit values for the same road section, and most studies ignore the heterogeneity of road sections and
set a unified speed limit value, which results in the lack of adaptability of speed limit schemes; (2)
The integration strategies for the multi-objective optimization of carbon emissions are insufficient,
and most existing achievements focus on the integration of traffic efficiency and safety or single-
objective optimization. (3) The developed models lack consideration of actual road parameters,
parameter calibration deviates from reality, and most of them rely on simplified traffic flow models
and emission models [26,27], which leads to deviations between theoretical models and actual
engineering practices; (4) The weight balance in multi-objective solution is not perfect, and most
existing studies mostly adopt fixed weights to handle objectives of different dimensions, making it
difficult to adjust the priority of carbon emissions and traffic efficiency according to dynamic traffic
scenarios [28,29]. Therefore, to better align with the actual operation environments and decision-
making scenarios of expressways, this study addresses the above shortcomings, takes heterogeneous
elements such as road alignment, longitudinal gradient, bridges and tunnels as constraint conditions,
takes the zonal variable speed limit of expressways as the regulation measure, carries out scenario-
based upgrading based on the modified Greenshields model and the NSGA-II algorithm, and
establishes a dual-objective optimization strategy for traffic efficiency and carbon emissions by
combining actual road parameters.

2. Materials and Methods

2.1. Analysis of Impacts on Traffic Operation Efficiency and Carbon Emissions Under Zonal VSL

VSL relies on the integrated application of technologies such as electronic control, data
communication and computer processing, dynamically sets the speed limit values for each speed
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limit subzone, and achieves real-time regulation of vehicle travel speed by pushing this information
to drivers. Assuming that the expressway variable speed limit system is divided into n speed limit
subzones, its typical control structure is shown in Figure 1: Detector i is deployed at the connection
section between Subzone i and Subzone i+1 to collect the traffic operation data of Subzone i; Variable
Message Sign i is installed at the end of Subzone i to issue the variable speed limit instructions for
Subzone i+1.

VMS 0 VMS 1 VMS 2 VMS n-1 VMS n
‘ :IDetector 1 I Detector 2 ‘ ----- I Detector n-1 I Detector n
Zone 1 I Zone 2 I ...... ‘ Zone n-1 I Zone n

Vehicle Travel Direction

Figure 1. Typical variable speed limit control (VSL) structure.

The action mechanism of VSL in the fundamental diagram of traffic flow depends on the traffic
flow model. As shown in Figure 2, according to the variation law of the fundamental diagram of
traffic flow, under the unrestricted speed condition, the traffic state will quickly enter the congestion
phase when the traffic density exceeds the critical density k.. Adjusting the speed limit values can
change the fundamental characteristics of traffic flow, and under the working conditions with high
congestion risk, a lower speed limit value is set to prevent road sections from entering the congestion
state prematurely. In addition, after the implementation of VSL, the critical density can be increased
to k&, kZ, which means that a stable traffic flow can still be maintained at a higher critical density.
For this reason, we draw a conclusion: VSL can directly regulate the average travel speed of road
sections, and on this basis, drive the traffic operation state of road sections by indirectly affecting the
traffic flow and traffic density, so as to achieve the homogenization of traffic flow and the alleviation
of traffic congestion.
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Figure 2. The influence of VSL on the fundamental diagram of traffic flow.

VSL can effectively alleviate the travel delay on expressway bottleneck road sections (Figure 3):
the enclosed area by the cumulative vehicle arrival curve and the bottleneck passage rate curve in the
figure corresponds to the total system delay; the capacity of bottleneck road sections is q,; under the
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uncontrolled working condition, while VSL can regulate the bottleneck traffic flow to q,(q, > qq),
thereby avoiding the decline of road section capacity, eliminating bottleneck congestion, and at the
same time reducing the scope of the area corresponding to total delay to achieve a reduction in the
overall delay of road sections. It should be noted that the speed limit values of variable speed limit
must be maintained within a reasonable range and must not exceed the maximum traffic flow value
of speed limit subzones. If this value is exceeded, the bottleneck passage rate will not be able to be
stably maintained at the q, level, and the control measures will fail to achieve the expected delay
reduction effect.

A

Cumulative Vehicles (veh)
VSL-Total Delay

Cumulative Arrival Curve

Uncontrolled Discharge Flow (q4)

VSL-Controlled Discharge Flow (q4)

Time (h;
Figure 3. The influence of VSL on travel delay.

Vehicle speed dispersion has a significant impact on vehicle carbon emissions [30,31]. Within
the statutory speed limit range, vehicle carbon emission levels show significant nonlinear correlation
characteristics with the change of speed limit values, and this rule provides core theoretical support
for the construction of VSL multi-objective optimization schemes. The dual-objective optimization
model constructed later in this study is precisely based on this nonlinear relationship. It regulates the
speed limit values within a reasonable range, which not only improves road traffic efficiency by
increasing traffic flow, but also effectively avoids the problem of a sharp increase in carbon emissions
caused by improper speed limit setting, and ultimately achieves the coordinated optimization
objective of improving traffic efficiency and reducing carbon emissions.

2.2. Data Sources

This study selects the Qinnan Section of Lan-Hai Expressway G75 as the research object. This
section has a total length of 138.48 km, including 57 horizontal curves with a minimum radius of 1
km and the longest straight section of 3.95 km, with horizontal curves accounting for 55.6% of the
total length. It is equipped with 101 grade change points and has a maximum longitudinal gradient
of 3.227%. The actual traffic flow data were obtained from the three consecutive days of traffic flow
data from February 26 to 28, 2023 on the Guangxi Smart Expressway Cloud Control Platform. This
data covers the monitoring information of 3 first-class traffic survey stations and 2 second-class traffic
survey stations, with a total traffic volume of 858,310 vehicle trips recorded. Through the Paramics
simulation platform, the vehicle operation process of the Qinnan Section of G75 Lan-Hai Expressway
from February 26 to 28, 2023 was simulated, and the Monitor module was used to collect vehicle
exhaust emission data. In addition, this study divided the road section into 3 variable speed limit
subzones, and determined the basic road parameters of the section by consulting the construction
design drawings and approval documents of the section:

1. Subzone 1 (20 km): including 15 horizontal curves with a minimum radius of 1 km and a

maximum straight section length of 1.836 km, with a horizontal curve ratio of 63.6%; it has a

maximum longitudinal gradient of 1.85%, a minimum slope length of 521 m and a vertical curve
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ratio of 46.34%, among which the convex vertical curve has a minimum radius of 18 km and the
concave vertical curve has a minimum radius of 12.15 km.

2. Subzone 2 (5 km): including the longest Tieshan Port Cross-sea Bridge in Guangxi, with a bridge
length of 2.898 km and a deck width of 26.5 m. The bridge crosses Tieshan Port and connects the
G75 Yuzhan Expressway and the Lan-Hai Expressway.

3. Subzone 3 (25 km): including 7 horizontal curves with a minimum radius of 1.5 km and a
maximum straight section length of 3.332 km, with a horizontal curve ratio of 60.23%; it has a
maximum longitudinal gradient of 2.219%, a minimum slope length of 0.502 km and a vertical
curve ratio of 56.388%, among which the convex vertical curve has a minimum radius of 11 km
and the concave vertical curve has a minimum radius of 12 km.

2.3. Data Processing

This dataset contains more than 850,000 traffic records, covering vehicle types such as small and
medium-sized passenger cars, large passenger cars and various types of freight trucks, and involving
parameters such as vehicle speed, traffic volume and congestion degree. There are abnormal and
missing phenomena in the data, such as a vehicle speed of 0 and negative traffic volume. Based on
the characteristics of time series, this study adopts the linear interpolation method to process the
missing values of vehicle speed, and eliminates invalid characters and marks at the same time to
ensure the standardization of the numerical format of the data. For abnormal values, if direct removal
is adopted for all of them, problems such as insufficient data and changes in data distribution may
occur. For this reason, the direct deletion method is adopted for abnormal values caused by data
entry errors, incorrect device reports and other such reasons, while the mean value replacement
method of adjacent time periods is adopted for abnormal values caused by emergencies such as traffic
accidents. After the above processing, a total of 124,067 valid vehicle trip data were retained. To focus
on the dual-objective optimization problem of macroscopic carbon emissions and traffic efficiency of
each subzone under VSL, all vehicle types are uniformly converted into standard passenger car
equivalents in accordance with the Technical Standard for Highway Engineering (JTG B01-2014) (Table

1):
Table 1. Representative vehicle types and conversion coefficients.
Representative vehicle type Conversion coefficient Description
Small passenger car 1.0 Seats< 19, Cargo capacity<2t

Medium-sized vehicle 1.5 Seats~19, 2t<Cargo

capacity<7t

Large vehicle 2.5 7t< Cargo capacity< 20t

Tractor-trailer 4.0 Cargo capacity >20t

Meanwhile, to meet the analysis requirements of the time-varying characteristics of traffic flow,
hourly aggregation processing was performed on the screened data, finally generating 144 sets of
valid hourly data. During the simulation data collection process, abnormal values are prone to appear
in the data due to the influence of factors such as improper parameter setting, distorted boundary
conditions and numerical calculation errors. Such abnormal values will seriously interfere with the
accuracy and reliability of subsequent data analysis, so it is crucial to conduct abnormal value
detection in the data preprocessing stage. This study adopts the box plot method for the abnormal
value detection of simulation data. As shown in Figure 4, taking the vehicle speed data of a certain
time series as an example, this data reflects the average vehicle speed over a period of time. The
results show that most of the vehicle speed data is concentrated in the reasonable range above 80
km/h, while the detected abnormal values are mostly distributed in the range above 100 km/h.
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Figure 4. Abnormal value detection.

2.4. Data Analysis

This study takes the three consecutive days of traffic flow data under the fixed speed limit mode
on the Qinnan Section of G75 Expressway from February 26 to 28, 2023 as the sample. After
processing, this sample includes various indicators such as average vehicle speed, equivalent traffic
volume and congestion index. The traffic flow characteristics of the expressway under the fixed speed
limit mode are explained through time series analysis (Figure 5):

(a) Traffic Flow Average Speed Time Series — (b) Traffic Volume Time Series . (c) Congestion Index Time Series
94 —e—02-26 —e—02.26 : —A—02:26
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Figure 5. Traffic flow characteristics under the fixed speed limit mode.

From the multi-indicator characteristics in Figure 5, vehicle speed shows significant fluctuation
characteristics under the fixed speed limit condition: especially during the period from 9:00 to 10:00
on the 28th, the maximum fluctuation range reaches 6 km/h. Meanwhile, the congestion index also
presents the same variation trend, and higher traffic demand will further amplify such instability. In
addition, during the period of rising traffic volume, vehicle speed not only failed to increase
synchronously, but also experienced a reverse decline on many occasions. It can be seen that the rigid
constraints of the fixed speed limit mode not only lead to traffic flow disorder and increase the
difficulty of congestion pre-control, but also reflect its weak adaptability to scenarios with high traffic
demand. To explore the correlation between vehicle speed and carbon emission rate, this study
conducts simulation experiments based on the actual vehicle operation conditions of the study
section. During the simulation process, the standardized method is still adopted to uniformly convert
all vehicle types into passenger car units (PCU), and data cluster analysis at the hourly level is carried
out, finally generating a time-series data sequence containing average vehicle speed and carbon
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emission rate. Figure 6 illustrates the U-shaped nonlinear correlation between vehicle speed and
carbon emission rate. This pattern depicts the dynamic corresponding relationship between vehicle
speed fluctuations and carbon emission characteristics, and provides data support for the subsequent
quantitative analysis of the internal interaction mechanism between the two.

200

150

Carbon Rate (mg/s)
Carbon Rate (mg's)

100

70 80 %0 100 Lo 120
Average Speed (kmvh)

Figure 6. Correlation characteristics between vehicle speed and carbon emission rate.

2.5. Construction of Optimization Functions

Based on the classic traffic flow model, this study accomplished the scenario-based adaptive
upgrading of the model through fitting and calibration with actual data and the embedding of
targeted constraint conditions. Meanwhile, the NSGA-II algorithm is adopted as the solution
framework for the multi-objective optimization function system, anchoring the research focus on the
optimization problems in actual engineering scenarios.

2.5.1. Objective Function

During the solution process of the multi-objective function, this study adopts the min-max
standardization method to perform dimension unification processing on each objective function, so
as to balance the weight relationships among the objective functions and determine the function value

coefficients.
f - fi—f1imin (1
1 Sfimax—F1min

le _ f2=f2min 2)

famax—F2min

f3, - f3=f3min (3)

famax—f3min
Final objective function is:

minF =fi' = f,' + fs' (4)
Where f; is the carbon emission optimization objective function, f, is the traffic flow
optimization objective function, and f; is the travel time optimization objective function.

2.5.2. Carbon Emission Optimization Function

Combined with the operational characteristics of traffic flow and the internal interaction
mechanism of motor vehicle pollutant emissions, this study adopts the data fitting method to
establish a functional correlation model between average vehicle speed and carbon emission rate.

Y(v) = av? + a,v; + a; (5)

Where a4, a,, and as are fitting coefficients calibrated with field data.
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Further considering the spatial division characteristics of the road section, the length of each
subzone within the study section is set as L;, and the functional relationship between the average
vehicle speed vi of each subzone and its carbon emission Y(vi) is derived:

P(v) = %ﬁvl) =1L (‘11‘71 + Z_j + ‘13) (6)

The vehicle operation process on the Qinnan Section of G75 Lanhai Expressway was simulated
using the Paramics simulation platform, and exhaust emission data was collected with the software's
built-in Monitor module. After data preprocessing, the average vehicle speed of vehicles and the
corresponding emission rate data of carbon monoxide (CO) and hydrocarbons (HC) were extracted.
Regression fitting analysis was conducted on the average vehicle speed and carbon emission rate
(defined as the sum of the CO emission rate and HC emission rate), with the fitting results shown in

Figure 7:

20 y =0.0194x2 - 3.6094x + 173.27
- < R>=0.8715
e 15
z
S 10
2 s
5 o
£ 0
B 60 70 80 90 100 110 120 130

Average Speed(km/h)

Figure 7. Fitting results of carbon emission rate and average vehicle speed.

The coefficient of determination of this fitting is R?>=0.8715, which indicates a high matching
degree between the fitted values and the measured values, and the constructed fitting model can
effectively characterize the quantitative correlation between the carbon emission rate and the average
vehicle speed. Based on this, the functional relationship formula between the average vehicle speed
and the carbon emission rate is determined:

Y(v;) = 0.0194v7? — 3.6094v; + 173.27 (7)

Meanwhile, the quantitative functional correlation model between the average vehicle speed
and carbon emissions is obtained:

P(v) =1 — . (0.0194vi +

vi

173.27

- 3.6094) 8)

Based on the fact that the speed limit is generally higher than the average vehicle speed, let the
speed limit of speed limit subzone i be V;, then we have:

v, =AV; 9)

The introduced reduction coefficient A is determined by comparing the actual average vehicle
speed with the speed limit value (Table 2), and its calibration is accomplished through the fitting

i

method based on field observation data.

Table 2. Reduction coefficients under different speed limit conditions.

speed limit value 70 80 90 100 110 120
(km/h)
A 0.93 0.87 0.85 0.84 0.82 0.77

Finally, the carbon emission rate optimization model for the entire variable speed limit control
area is obtained:
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(V) =X P(V) (10)

173.27

PWV) =1, (0.0194,114- + 3.6094) (11)

2.5.3. Traffic Flow Optimization Function

To establish the traffic flow optimization function for highway sections, this study takes the
Greenshields model as the theoretical support. In view of the inherent limitations of the original
model in depicting the evolution law of actual traffic flow on highways, targeted revisions are further
made to it to improve the authenticity and accuracy of traffic flow characterization:

p. (y. —_ ﬁ) v>v
Q) = Ty ot (1
kv? + kv + ks ,0<v <y,
Where p; is the blocking density, vy the free-flow speed, v,, the optimal speed, and k;, k,,
ks the fitting coefficients. The traffic flow optimization function for highways constructed in this
study is shown in the following formula:

(V) =X Q) (13)
f

ki(AV))? + kyAV; + k3,0 S AV; < vy

ki, k, and ks are key fitting coefficients characterizing the road congestion state. This study
conducts parameter fitting based on the measured traffic flow data of the Qinnan Section of the G75
Lanhai Expressway, with the minimization of fitting residuals and the maximization of R* as the
core evaluation criteria. The optimal combination of fitting coefficients is screened out and
substituted into the subsequent research models. The fitting results are shown in Figure 8:

Q) = (14)

2000
-
~ 1500
3
£ 1000 LR — _
= y =-1.3462x2 +255.37x - 10506
= R?=0.8269
i~ 500
=
0
60 70 80 90 100 110

Average Speed(km/h)

Figure 8. Fitting results of traffic flow and average speed.

The R? of this fitting is 0.8269, indicating the reliability of the fitting results. Based on the
quantitative relationship between the speed limit value and the actual average vehicle speed
established above, the correlation model between traffic flow and speed limit value in the speed limit
subzone is finally obtained:

@avy?
o, (m——) AV = v

vf

—1.13462(4V;)? 4+ 255.37AV; — 10506 ,0 < AV; < vy,

QW) = (15)

2.5.4. Travel Time Optimization Function

Given that the section length of variable speed limit subzone i is L;, the average travel time

T(v;) of vehicles within the subzone is given by:
T(w) =4 (16)

Vi
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Combined with the relationship between the speed limit value and the average vehicle speed,
the travel time optimization function for the entire variable speed limit subzone is as follows:

() =Yk, L (17)

i=1 AV;

2.5.5. Constraints

Considering the actual traffic operation characteristics of highways, to avoid traffic flow
disturbances caused by abrupt changes in speed limits on adjacent road sections, this study
establishes a coordinated speed limit constraint: the absolute difference in speed limits between
adjacent road sections in the same time period shall not exceed 20 km/h.

[Vi = Vigs| < 20km/h (18)

Where V; is the speed limit value and set as a discrete integer.

When vehicles travel on curved sections of highways, an excessively high driving speed will
damage the vehicle's lateral dynamic balance and thus induce rollover accidents. To ensure traffic
safety on curved sections, this study imposes the following constraints on the speed limit values of
the sections based on the geometric alignment characteristics of curved roads:

Vimax = Vi < \/127Rimin(‘phmax + ihmax) (19)

Where R, is the minimum curve radius of variable speed limit subzone i; i, is the

pavement cross slope; ¢, is the transverse adhesion coefficient, which is generally taken as 0.6~0.7.

In accordance with the technical requirements of the Technical Standard for Highway Engineering
(JTG B01-2014), the maximum longitudinal slope limits of roads show significant differences with the
variation of design speed, and there is a clear corresponding relationship between the two. To ensure
the stability and safety of vehicle driving on longitudinal slope sections, and avoid driving risks
caused by excessive or abrupt longitudinal slopes, this study incorporates road longitudinal slope
into the constraint system for variable speed limit control. The specific constraint indicators are
shown in Table 3.

Table 3. Maximum longitudinal slope limits.

Design speed (km/h) 60 80 100 120
Maximum longitudinal 6 5 4 3
slope (%)
3. Results

3.1. Algorithm Solution and Analysis

This study introduces the NSGA-II algorithm as the solution framework for the multi-objective
optimization problem. This algorithm can effectively balance the convergence and distribution of
solutions and generate a uniformly distributed Pareto optimal front. In view of the three mutually
restrictive objective functions in the constructed highway variable speed limit control model, to
simplify the calculation process of algorithm solution and reduce the computational complexity, the
objective functions are equivalently reconstructed in the iterative solution stage: maxf, is defined as
f1(x;), and the sum of minf; and minf; is defined as f,(x;).

The NSGA-II algorithm is adopted to solve the reconstructed bi-objective optimization model,
and its dominance relationship is defined as:

X <X S (Vm € {1,2}, fn(x) < fm(xj)) A (Elm € {1,2}, fn(x) < fm(xj)) (20)

In the formula, m corresponds to the number of reconstructed objective functions, and x; =
[V, V2, V3]s x; = [V],V;, V3] are the scheme vectors containing the speed limit values of the three
subzones.
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Regarding dominance count and non-dominance rank assignment, they are the core indicators
of the fast non-dominated sorting in NSGA-II:

nx)=H{yePly=<x}| (20

k
F1:{XEP|n(x):0}:Fk+1:{yEP\UFi'”()’)ZO} (22)
i=1
Where the judgment of y < x is based on the reconstructed f;(x) and f,(x); F; is the Pareto
front for the bi-objective problem, from which the optimal speed limit schemes are selected. The
crowding distance calculation of NSGA-II is adopted to maintain the diversity of solutions:

: fm(xm+1) - fm(xm—l)

"= 2, o — (R

(23)

max max

Where flﬁ(Fk)\ fzm(Fk) are the extreme values of the traffic flow objective and the carbon
emission + travel time objective in the k level non-dominated solutions, respectively. It is assumed
that the boundary individuals have I(x) = c to ensure their priority in selection. Finally, the
crowding comparison operator is adopted for the selection of the next-generation population.

X >eowd ¥ € (rank(x) < rank(y)) Vv (rank(x) = rank(y) AI(x) > 1(y)) (24)

Where x and y both refer to two different individuals of speed limit schemes in the population,
and rank(x) isthe non-dominated rank of individual x (therankof F, is1). Based on this operator,
250 individuals are selected from the merged population, and the iteration is terminated after 500
iterations.

The basic road parameters of the study section are substituted into the optimization model, and
the following parameters are selected as the input parameters of the NSGA-II algorithm (Table 4):

Table 4. Algorithm parameter settings.

Parameter Numerical value
Population size 250
Number of iterations 500
Objective function 2
Dimension 3
Crossover probability 0.9
Distribution index of crossover and mutation 0.02
algorithm

To verify the effectiveness of the bi-objective optimization model in the traffic flow and carbon
emission control of highways, this study completes the verification through the convergence of the
objective function, the analysis of dynamic regulation of zonal speed limits and the visualization of
Pareto optimal solutions. Figure (a) shows that the algorithm effectively explores the global feasible
region of the objective functions at the initial stage of iteration, and all objective functions tend to a
stable convergent state after 200 iterations. Figure (b) further reveals the driving effect of the dynamic
regulation of zonal speed limits on the convergence of the objective functions, with the two having
exactly the same convergence timing. The Pareto optimal solutions presented in Figure (c) clearly
define the non-dominated solution boundary for traffic flow and carbon emissions, which verifies
the rationality of the model solutions from the perspective of optimization results. The optimal speed
limits for each subzone are finally determined as 90 km/h, 80 km/h and 100 km/h. The NSGA-II
algorithm, which serves as the solution framework for this multi-objective optimization problem, not
only features a fast convergence speed and stable solution performance, but also can achieve
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differentiated regulation of zonal speed limits and multi-objective collaborative optimization based
on the differences in traffic characteristics and road conditions of each subzone.
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Figure 9. Tteration process of NSGA-II multi-objective optimization.

In the verification stage, to further test the practical application effectiveness of the proposed
model, the above optimal speed limit scheme is applied to the target study section. Continuous 24-
hour traffic flow monitoring is carried out for the upward and downward directions of the section,
with core parameter data such as vehicle speed and traffic volume collected. After standardized
screening and processing, 48 groups of valid hourly data samples are finally determined. It can be
seen from the verification results in Figure 10 that, compared with the traffic operation characteristics
of highways under the traditional fixed speed limit mode, the zonal VSL strategy, by dynamically
regulating the speed limit values of road sections, not only effectively balances the speed dispersion
within the sections and enhances the stability and continuity of traffic flow operation, but also breaks
through the rigid constraints of fixed speed limits, realizing the coordinated positive correlation
development of traffic volume and driving speed, and at the same time can effectively control the
risk of traffic congestion evolution under high-traffic scenarios.

(b) Downstream Average Speed-Traffic Flow Time Series

(a) Upstream Average Speed-Traffic Flow Time Series o4

Average Speed (km/h)

Traffic Volume (|

5 5
Time (h) Time (h)

—e— Average Speed —o— Traffic Volume —e— Average Speed —e— Traffic Volume

Figure 10. Traffic flow characteristics under zonal VSL.

To clearly characterize the differentiated carbon emission features of each subzone, this study
selects the traffic flow data of the upward direction of the sample section as the baseline data,
compares and verifies the changes in vehicle carbon emissions before and after the implementation
of the VSL strategy, and conducts the analysis with the carbon emissions generated by a single vehicle
passing through each subzone in full as the accounting benchmark. It can be seen from the
verification results in Figure 11 that after the implementation of the zonal VSL strategy, all three
subzones have achieved significant carbon emission reduction effects: Subzone 1 has a reduction rate
of 4.1%, Subzone 2 11.6%, and Subzone 3 has the best emission reduction effect, reaching 13.2%. By
dynamically regulating the speed limit values of the highway, this strategy effectively avoids the
severe fluctuations in vehicle speed and low-efficiency engine operating conditions that are likely to
occur in high-traffic scenarios under the traditional fixed speed limit mode, optimizes the overall
driving state of vehicles, and thus achieves a steady drop in carbon emissions.
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Figure 11. Comparison of per-vehicle carbon emission modes in each subzone.

4. Discussion

To address the problems in existing highway VSL research, such as insufficient collaborative
optimization of traffic efficiency and vehicle carbon emissions, overemphasis on single homogeneous
road sections while neglecting heterogeneous characteristics, and poor adaptability in actual
operation scenarios, this study takes the Qinnan Section of Lan-Hai Expressway G75 as the case
scenario and proposes a multi-objective optimization strategy based on the modified Greenshields
model and NSGA-II algorithm. Relying on actual traffic flow monitoring data and Paramics
simulation data, it incorporates heterogeneous elements including differences between main lines
and bridge-tunnel sections, speed differences of adjacent road sections, horizontal curve parameters
and longitudinal gradients into the constraint system, and establishes a multi-objective function for
carbon emissions, traffic volume and travel time, thus realizing the effective optimization of VSL for
heterogeneous highway sections. Meanwhile, this study takes the NSGA-II algorithm as the solution
framework for the multi-objective optimization problem. Through min-max standardization and
Pareto optimal solution screening, it effectively addresses the problems of dimension unification and
imbalanced weight distribution in multi-objective optimization, verifies the rationality of the model
solutions from the perspective of optimization results, and improves the engineering practicability
of the scheme. Through controlled comparative verification, the optimization strategy proposed in
this study can achieve an effective balance in the mechanistic correlation between vehicle carbon
emissions and traffic efficiency on highways. It reveals that under the VSL mode, the steady reduction
in vehicle carbon emissions does not depend on changes in traffic volume, but is a direct effect of the
dynamic regulation of vehicle speed. It also further clarifies the differences in emission reduction
potential among different subzones within the same road section. However, this study mainly
explores the synergistic optimization effect of traffic efficiency and carbon emissions under the zonal
VSL strategy for highways from a macro perspective. Future research can focus on the driving
characteristics and emission differences of different vehicle types (including new energy vehicles),
refine the dynamic deployment scheme of the zonal VSL system, and improve the adaptation
accuracy of the strategy to vehicle type heterogeneity. In addition, the current research focuses on the
optimization scenario of a single road section with multiple subzones. Future research can expand
the research dimension to the road network scale, further investigate the synergistic regulation
mechanism of VSL for adjacent road sections and interchange nodes, and avoid the problem of traffic
bottleneck transfer that may be caused by the regulation of a single road section through systematic
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optimization, so as to achieve the improvement of the overall operational efficiency and emission
reduction benefits of the road network.
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