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Abstract: This study focuses on the green maintenance technology using 60% RAP plant-mix hot recycling, aiming to
reveal the emission characteristics of asphalt mixtures with different gradations in road green maintenance and support
low-carbon transportation infrastructure. Three asphalt mixtures, GAC-13, SMA-13 and GAC-20, were tested.
Emissions of VOCs, inorganic gases and particulate matter during production and construction were monitored.
Summa canisters with GC-MS, flue gas analyzers and filter membrane gravimetric methods were adopted for pollutant
measurement. Results show that under 60% RAP hot recycling, SMA-13 emits more alkanes and amines than GAC-13
and GAC-20 at both construction sites and mixing plants. For CO, and particulate matter, emissions at construction
sites and mixing plants both follow the order SMA-13 > GAC-13 > GAC-20. These findings clarify the gaseous emission
differences among gradations and provide data support for low-carbon road maintenance technology selection and

emission control.
Keywords: Road Maintenance; Asphalt Mixture; Gas Emission.
1. Introduction

As global climate governance continues to deepen, carbon peaking and carbon neutrality have evolved into core
strategies for China’s ecological civilization construction and high-quality development.[1-4]. China has formally
established a "1+N" policy framework, with the Action Plan for Carbon Peaking Before 2030 as the top-level guideline to
comprehensively drive the green and low-carbon transition in key sectors such as transportation, urban and rural
construction, and industrial production. Since the 14th Five-Year Plan period, the country has steadily promoted the
shift from "dual control of energy consumption” to "dual control of total carbon emissions and carbon emission
intensity". It clearly stipulates that energy conservation and carbon reduction should be implemented across the full life
cycle of transportation infrastructure construction, integrating carbon emission management into the entire process of
engineering construction, material production, construction, as well as operation and maintenance.[5-8].

As a key component of transportation infrastructure, road engineering involves concentrated energy consumption and
carbon emissions during asphalt mixture mixing, transportation, paving and other processes, accompanied by
emissions of organic waste gas, particulate matter and other pollutants®19. Coordinated pollution reduction and carbon
reduction have thus become an inevitable requirement for the industry. Driven by both mandatory policy constraints
and green development goals, research on carbon emission and pollutant emission characteristics of asphalt mixtures
with different gradations, combined with the life cycle assessment (LCA) method, and the selection of low-emission
and low-energy-consumption materials and technologies are of great practical significance and engineering value for
achieving national dual carbon goals, promoting the green transformation of transportation infrastructure, and
supporting the construction of near-zero carbon projects[11-14].

Based on the technological characteristics of green projects, methods for the collection, detection and evaluation of
asphalt fumes at construction sites are proposed!”. This green maintenance project covers 11 green technologies,
including clean in-place hot recycling of materials, integrated mixing and paving equipment, insulated bins for clean
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construction, on-site equipment for adding reclaimed or new materials, high-content plant-mix hot recycling

technology, application of non-tracking emulsified asphalt, high-performance epoxy plant-mix hot recycled asphalt
mixture, plant-mix hot recycling equipment, and high-content plant-mix hot recycled green maintenance technology.
In-depth investigation of these processes and materials enables targeted development of asphalt fume collection,
detection and evaluation methods, providing a scientific basis for evaluating the green performance of the project[16-
21].

Asphalt fumes are generated during the production and construction of asphalt mixtures. They mainly consist of
volatile organic compounds (VOCs), inorganic components such as carbon oxides and nitrogen oxides, as well as
aerosol particulate matter (PM). Asphalt fumes not only pose a severe threat to the health and safety of on-site
construction workers but also exert long-term adverse impacts on the ecological environment [22-25]. Therefore, to
evaluate the environmental performance of the project, this study employs a comprehensive assessment method for
asphalt fumes to conduct an in-depth investigation into their composition and concentration levels.

2. VOGCs
2.1 Monitoring Indicators of VOCs

VOCs, or volatile organic compounds, denote a class of organic compounds characterized by high saturated vapor
pressure (>13.33 Pa), low boiling points, small molecular weights, and strong volatility under standard ambient
temperature and pressure. The monitoring indicators in this section focus on VOCs emissions during the mixture
production and construction phases of the green maintenance technology using plant-mix hot recycling. Specifically,
they include VOCs emissions from three types of asphalt mixtures, namely SMA-13, GAC-13 and GAC-20, during the
production and construction stages under the 60% RAP plant-mix hot recycling condition.

2.2 VOCs Monitoring Equipment and Protocol

In this project, asphalt fumes were collected using Summa canisters and analyzed with an Agilent GC-MS system.
During monitoring, asphalt fumes were collected in Summa canisters and pretreated using a three-stage cryogenic trap
atmospheric pre-concentration system. A 400 mL sample was concentrated for analysis, and 50 mL of internal standard
gas was added before rapid heating for injection into the Agilent GC-MS. Separation was performed using gas
chromatography, and qualitative and quantitative analysis was carried out via mass spectrometry. The pretreatment
and analytical instruments used were an atmospheric pre-concentrator manufactured by ENTECH (USA) and a gas
chromatography-mass spectrometry system manufactured by Agilent. The equipment is shown in Figure 2.1, and the
operating parameters of the GC-MS are listed in Table 2.1.

Table 2.1 Operating Parameters of GC-MS System

Instrument
Type Item Analysis Conditions

Capillary Column DB-5MS column (60 m x 320 um x 1 pum)
Gas Column Flow Rate 2.0ml/min

Chromatogra | Inlet Temperature 150 °C; split injection, split ratio 20:1, split flow 40 mL/min

phy Temperature Initial temperature 35 °C, hold for 5 min; rise to 140 °C at 6 °C/min; then
Program rise to 220 °C at 15 °C/min and hold for 5 min
Scan Mode Full scan mode
Mass Range 30~300amu
Ionization Energy 70eV
Mass
Interface
Spectrometry 250°C
Temperature
Ion Source
230°C
Temperature
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Figure 2.1 Agilent GC-MS (Gas Chromatography-Mass Spectrometer)
2.3 Analysis of VOCs Monitoring Results
2.3.1 Comparative Analysis of VOCs Concentrations in 60% RAP Plant-Mix Hot Recycling

This project monitored the VOCs concentrations of three types of plant-mix hot recycled asphalt materials (60% RAP),
namely SMA-13, GAC-13 and GAC-20, at both the construction site and the mixing plant. The researchers ranked the
compounds from high to low according to their concentrations and selected those accounting for the top 80% of the
total concentration for analysis and comparison. These compounds were classified by functional groups into six
categories: alkanes, amines, alcohols, aromatic hydrocarbons, esters, and others.

Comparative Analysis of VOCs Concentrations at Construction Sites

A total of 235 volatile organic compounds were detected at the construction site of SMA-13, 244 at the construction site
of GAC-13, and 240 at the construction site of GAC-20. The proportions of various compounds are shown in Figure
2.2(a), Figure 2.2(b) and Figure 2.2(c), respectively. It can be seen from the figures that alkanes account for the highest
proportion in SMA-13, reaching 51.3%, followed by amines at 35.5%, while the proportions of other compounds are all
less than 10%. For GAC-13, alkanes also account for the highest proportion at 53.7%, followed by amines at 32.0%, with
other compounds each accounting for less than 10%. In GAC-20, alkanes account for 52.8%, the highest proportion,
followed by amines at 32.4%, and the remaining compounds each account for less than 10%.

4.60% 3.40%
-, 3.30%
4.70% _5.10%

®m Alkanes ® Amines ® Alcohols m Alkanes  m Amines » Alcohols
Aromatics ® Esters m Others Aromatics ® Esters m Others
(a) (b)

Editor: Smith,P www.jjert.org.in 51277



E-ISSN: 2349-3194; P-ISSN: 2348-4446

5.40% 3-50%

4.90%

® Alkanes = Amines  ® Alcohols

Aromatics ® Esters ® Others

(0

Figure 2.2 (a) Proportion of Volatile Organic Compounds at SMA-13 Construction Site; (b) Proportion of Volatile
Organic Compounds at GAC-13 Construction Site; (c) Proportion of Volatile Organic Compounds at GAC-20
Construction Site

The researchers analyzed the concentrations of various compounds at the construction sites of SMA-13, GAC-13 and
GAC-20 produced by the 60% RAP plant-mix hot recycling technology, and their comparison is shown in Figure 2.3. It
can be seen from the figure that the total emissions of alkanes and amines at the SMA-13 construction site are higher
than those of GAC-13 and GAC-20 by 10.1% and 13.1% respectively.
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Figure 2.3 Concentrations of Volatile Organic Compounds at Construction Sites of SMA-13, GAC-13 and GAC-20
(ng/m?3)

Comparative Analysis of VOCs Concentrations at the Mixing Plant

A total of 219 volatile organic compounds were detected at the mixing plant of SMA-13, 228 at the mixing plant of
GAC-13, and 230 at the construction site of GAC-20. The researchers ranked the VOCs in descending order of
concentration and selected the compounds accounting for the top 80% of the total concentration for classification. The
proportions of each compound category are shown in Figure 2.4(a), Figure 2.4(b) and Figure 2.4(c). It can be seen from
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the figures that in SMA-13, alkanes account for the highest proportion at 58.7%, followed by amines at 26.7%, with all

other compounds accounting for less than 10%. In GAC-13, alkanes also account for the largest proportion at 45.8%,
followed by amines at 28.4%, while the proportions of other compounds are all below 10%. For GAC-20, alkanes
constitute the highest proportion at 47.8%, followed by amines at 32.8%, and the remaining compound categories each
account for less than 10%.
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Figure 2.4 (a) Proportion of Volatile Organic Compounds at SMA-13 Mixing Plant; (b) Proportion of Volatile
Organic Compounds at GAC-13 Mixing Plant; (c) Proportion of Volatile Organic Compounds at GAC-20 Mixing
Plant

The researchers analyzed the concentrations of various compounds at the mixing plants of SMA-13, GAC-13 and
GAC-20, and their comparison is shown in Figure 2.5 It can be seen from the figure that the total emissions of alkanes
and amines at the SMA-13 mixing plant are higher than those of GAC-13 and GAC-20 by 11.2% and 4.8% respectively.
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Figure 2.5 Concentrations of Volatile Organic Compounds at Mixing Plants of SMA-13, GAC-13 and GAC-20

3. Inorganic Gases

(ug/m?)

3.1 Inorganic Gas Monitoring Indicators

In this section, the monitoring indicators cover the emissions of four inorganic gases, namely CO,, CO, NO, and NO,,

during the mixture production and construction phases of two green maintenance technologies: in-place hot recycling

and plant-mix hot recycling. Specifically, this includes inorganic gas emissions during the production and construction
stages of three asphalt mixtures (SMA-13, GAC-13, and GAC-20) under the 60% RAP plant-mix hot recycling condition.

3.2 Inorganic Gas Monitoring Equipment and Scheme

In this project, monitoring was carried out using an intelligent flue gas analyzer and a high-precision nitrogen dioxide

flue gas analyzer. The inhaled gas concentration information was converted into electrical signals, and the magnitude

of the detected gas concentration was reflected by measuring the intensity of these electrical signals, thus realizing the

detection of the target gases. The operating parameters of the two flue gas analyzers are shown in Table 3.1, and the

instruments are presented in Figure 3.1(a) and Figure 3.1(b).

Table 3.1 Operating Parameters of GC-MS System

Gas N Resoluti R Ti
as Name Measurement Range (ppm) esolution (ppm) esponse Time (s)
Carbon
Monoxide 0~2000 0.1 <60
Nitrogen Dioxide
0~1000 0.1 <60
Sulfur Dioxide 0~2000 0.1 <60
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(@ (b)
Figure 3.1 (a) Nitrogen Dioxide Flue Gas Analyzer; (b) Intelligent Smoke and Flue Gas Analyzer
3.3 Analysis of Inorganic Gas Monitoring Results

To comprehensively monitor the inorganic gases emitted by recycled asphalt mixture during the paving process, a total
of 8 monitoring points were set up at the pavement maintenance site to measure inorganic gas emissions from asphalt
mixture, including the paver, SMA-13 60% mixing plant, SMA-13 60% front site, GAC-13 60% mixing plant, GAC-13
60% front site, GAC-20 60% mixing plant, and GAC-20 60% rear site. The statistical table of inorganic gas emission
monitoring data at the pavement maintenance site is shown in Table 3.2.

Table 3.2 Statistical Table of Inorganic Gas Monitoring Data Volume

Paver SMA-13 SMA-13 GAC-13 GAC-13 GAC-20 60% | GAC-20
ave
Monitoring ( ) 60% Mixing | 60% Front 60% Mixing | 60% Front Mixing Plant | 60% Front
m
Point PP Plant (ppm) | Site (ppm) Plant (ppm) | Site (ppm) (ppm) Site (ppm)
CO2 420 640 620 480 475 460 450
CcO ND1 ND ND ND ND ND ND
NO ND ND ND ND ND ND ND
NO2 0.22 ND 0.052 ND 0.045 ND 0.031

1*ND indicates that the inorganic gas was not detected, or the detected concentration was below the detection limit.
3.3.1 Comparative Analysis of Inorganic Gas Concentrations for 60% RAP Plant-Mixed Hot Recycling

This project monitored the inorganic gas concentrations of three asphalt materials, namely 60% RAP plant-mixed hot
recycled SMA-13, GAC-13 and GAC-20. The monitoring sites were the construction site and the mixing plant, and the
inorganic gases included CO,, CO, NO and NO..

Comparative Analysis of Inorganic Gas Concentrations at Construction Site

At the construction site of plant-mixed hot recycling (60% RAP) SMA-13, two inorganic gases, CO, and NO,, were
detected with concentrations of 620 ppm and 0.052 ppm, respectively. For plant-mixed hot recycling (60% RAP) GAC-
13, CO; and NO, were also identified at the construction site, with concentrations of 475 ppm and 0.045 ppm,
respectively. As for plant-mixed hot recycling (60% RAP) GAC-20, the two detected inorganic gases at the construction
site were CO, and NO,, with concentrations of 450 ppm and 0.031 ppm, respectively. The CO, concentration of GAC-
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13 60% was 5.6% higher than that of GAC-20 60%, and the CO, concentration of SMA-13 60% was 31% higher than that
of GAC-13 60%. SMA-13 60% exhibited the highest CO, concentration, while GAC-20 60% showed the lowest.

Comparative Analysis of Inorganic Gas Concentrations at Mixing Plants

Only one inorganic gas, CO,, was detected at the mixing plant for SMA-13 60%, with a concentration of 640 ppm.
Similarly, only CO, was identified at the mixing plant for GAC-13 60%, at a concentration of 480 ppm, and at the mixing
plant for GAC-20 60%, at a concentration of 460 ppm. The CO, concentration at the GAC-13 60% mixing plant was 4.3%
higher than that at the GAC-20 mixing plant. The CO, concentration at the SMA-13 60% mixing plant was 33.3% higher
than that at the GAC-13 mixing plant. The SMA-13 60% mixing plant had the highest CO, concentration, while the
GAC-20 60% mixing plant had the lowest.

4.Particulate Matter
4.1 Comparative Analysis of Inorganic Gas Concentrations at Mixing Plants

The monitoring indicators in this section focus on particulate matter emissions from two green maintenance
technologies, namely hot in-place recycling and plant-mixed hot recycling, during both mixture production and
construction stages. Specifically, they include particulate matter emissions during the production and construction
phases of three asphalt mixtures, SMA-13, GAC-13, and GAC-20, under the 60% RAP plant-mixed hot recycling
condition.

4.2 Particulate Matter Monitoring Equipment and Scheme

Particulate matter in the flue gas was collected and enriched using a 0.2 um PTFE hydrophobic filter membrane holder
connected to an air sampling pump. Following moisture removal from the particulate matter captured on the filter
membrane, the asphalt fume concentration was determined based on the mass gain of the filter membrane before and
after sampling. To guarantee test accuracy, the filter membrane was first dried in an oven at 100 °C for 2 hours to
eliminate moisture and then stored in a desiccator prior to use. After sampling, the loaded filter membrane was removed
and placed in a desiccator to equilibrate for 72 hours, allowing adsorbed water vapor to be fully removed. The
particulate matter monitoring setup is illustrated in Figure 4.1.
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Figure 4.1. Schematic Diagram of Particulate Matter Monitoring Equipment
4.3 Analysis of Particulate Matter Monitoring Results
4.3.1 Comparative Analysis of Particulate Matter Concentrations in 60% RAP Plant-Mixed Hot Recycling

This project monitored the particulate matter concentrations of three asphalt materials, namely 60% RAP plant-mixed
hot recycled SMA-13, GAC-13 and GAC-20, at the construction site and the mixing plant respectively.
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Comparative Analysis of Particulate Matter Concentrations at Construction Site

The particulate matter concentrations at the construction sites for plant-mixed hot recycled (60% RAP) SMA-13, GAC-
13 and GAC-20 are shown in Figure 4.2. It can be seen from the figure that the particulate matter concentrations are 0.4
pg/m3, 0.31 pug/m?® and 0.3 pg/m? respectively.
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Figure 4.2 Particulate Matter Concentrations at Different Asphalt Construction Sites (ug /m?3)
Comparative Analysis of Particulate Matter Concentrations at Mixing Plants

The particulate matter concentrations at the mixing plants for plant-mixed hot recycled (60% RAP) SMA-13, GAC-13
and GAC-20 are shown in Figure 4.3. It can be seen from the figure that the particulate matter concentration at the SMA-
13 mixing plant is 132.3 ug/m3, that at the GAC-13 mixing plant is 122.4 pg/m?, and that at the GAC-20 mixing plant is
119.8 pug/md. The particulate matter concentration at the GAC-13 mixing plant is 2.2% higher than that at the GAC-20
mixing plant, and the concentration at the SMA-13 mixing plant is 8% higher than that at the GAC-13 mixing plant. The
SMA-13 mixing plant exhibits the highest particulate matter concentration, while the GAC-20 mixing plant shows the
lowest.
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Figure 4.3 Particulate Matter Concentrations at Different Asphalt Mixing Plants (ug/m?)
5.Results

Under the 60% RAP plant-mixed hot recycling technology, the total emissions of alkanes and amines from SMA-13 at
the construction site were 10.1% and 13.1% higher than those of GAC-13 and GAC-20, respectively. The total emissions
of alkanes and amines from SMA-13 at the mixing plant were 11.2% and 4.8% higher than those of GAC-13 and GAC-
20, respectively. SMA-13 exhibited the highest total emissions of alkanes and amines both at the construction site and
the mixing plant.
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Under the 60% RAP plant-mixed hot recycling process, the order of CO, emissions at the construction site for various
asphalt mixtures is SMA-13 > GAC-13 > GAC-20. The order of CO, emissions at the mixing plant for various asphalt
mixtures is also SMA-13 > GAC-13 > GAC-20. For both the construction site and the mixing plant, SMA-13 shows the
highest total CO, emissions, while GAC-20 shows the lowest.

Under the 60% RAP plant-mixed hot recycling technology, the order of particulate emissions at the construction site for
various asphalt mixtures is SMA-13 > GAC-13 > GAC-20. The order of CO, emissions at the mixing plant is also SMA-
13 > GAC-13 > GAC-20. For both the construction site and the mixing plant, SMA-13 has the highest total particulate
emissions, while GAC-20 has the lowest.

6.Conclusion

This study systematically investigated the emission characteristics of volatile organic compounds (VOCs), inorganic
gases, and particulate matter from three asphalt mixtures (SMA-13, GAC-13, and GAC-20) under 60% RAP plant-mix
hot recycling technology during both construction site and mixing plant operations. Based on the experimental results
and comparative analyses, the following conclusions can be drawn.

Under the 60% RAP plant-mix hot recycling condition, alkanes and amines are the predominant VOCs components
emitted from all three asphalt mixtures at both construction sites and mixing plants, collectively accounting for over
75% of total VOCs. SMA-13 exhibits the highest total emissions of alkanes and amines, with emissions at construction
sites being 10.1% and 13.1% higher than those of GAC-13 and GAC-20, respectively, and emissions at mixing plants
being 11.2% and 4.8% higher, respectively.

Regarding inorganic gas emissions, CO, is the primary component detected across all mixtures and monitoring
locations, while CO and NO were either undetected or below detection limits. The CO, emission order for both
construction sites and mixing plants is consistently SMA-13 > GAC-13 > GAC-20. Specifically, the CO, concentration of
SMA-13 at construction sites is 31% higher than that of GAC-13, while at mixing plants it is 33.3% higher, indicating
that SMA-13 has the most significant carbon emission intensity among the three gradations.

For particulate matter emissions, the same order SMA-13 > GAC-13 > GAC-20 is observed at both construction sites and
mixing plants. The particulate matter concentration at the SMA-13 mixing plant is 8% higher than that of GAC-13, and
the SMA-13 construction site shows the highest particulate emission level at 0.4 pg/m?.

Overall, among the three asphalt mixtures evaluated under the 60% RAP plant-mix hot recycling technology, GAC-20
demonstrates the lowest emission levels for VOCs, CO,, and particulate matter, making it the most environmentally
favorable option. SMA-13, despite its superior road performance in certain applications, exhibits the highest pollutant
emissions and therefore requires enhanced emission control measures when employed in green maintenance projects.
These findings provide critical data support for the selection of low-emission asphalt mixtures and the formulation of
targeted emission reduction strategies in low-carbon road maintenance engineering.
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