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Abstract

This study presents an integrated approach combining environmental risk assessment
and experimental performance evaluation for asphalt production plants incorporating
reclaimed asphalt pavement (RAP). Unlike previous studies, which focus separately
on mechanical performance or environmental impact, our methodology applies a semi-
quantitative Environmental Impact Score (EIS), calculated using legal requirements (L),
pollutant characteristics (P), and control measure effectiveness (C). The EIS framework is
based on ISO 14001 and ISO 31000 principles. The results indicate that significant impacts
are mainly associated with high-temperature processes and hazardous materials, while
mitigation measures effectively reduce residual risks. The experimental investigation com-
pared conventional asphalt mixtures with mixtures containing 9.71% RAP across different
bitumen contents. Key quantitative findings include a 3-point increase in EIS for RAP
mixtures due to higher volatile organic compound (VOC) emissions and a 3-8% improve-
ment in Marshall stability and stiffness at lower bitumen contents (3.8-4.2%). The results
demonstrate that RAP can enhance mechanical performance while supporting circular
economy objectives, provided that environmental risks are actively managed through
process control and mitigation measures. This work highlights the novel integration of
quantitative environmental scoring with laboratory validation, providing a reproducible
framework for sustainable and risk-informed asphalt production.

Keywords: reclaimed asphalt pavement (RAP); environmental impact assessment; EIS; envi-
ronmental risk management; circular economy; asphalt production; sustainable development

1. Introduction

Asphalt production is a critical component of modern infrastructure, but it involves
significant environmental pressures, including energy consumption, emissions, and waste
generation [1]. These environmental pressures have prompted researchers and industry
practitioners to explore sustainable alternatives, such as the incorporation of recycled
materials, the use of warm-mix asphalt technologies, and the implementation of circular
economy principles to reduce the ecological footprint of asphalt production.
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In this study, the term “asphalt” refers to the mixture of aggregates and bitumen,
whereas “bitumen” refers specifically to the binder. The utilization of reclaimed asphalt
materials (RAPs) contributes to circular economy principles by reducing virgin material
extraction and landfill disposal [2]. However, the integration of RAP introduces additional
environmental risks, such as higher emissions of volatile organic compounds (VOCs) and
dust, especially under abnormal operational conditions [3].

1.1. Background and Context

At the global level, the development of road infrastructure is closely linked to economic
growth, mobility, and connectivity, but requires large amounts of mineral aggregates and
bituminous binders, resulting in significant carbon emissions and waste generation [4]. In
this context, the circular economy has emerged as a key strategy in international sustainable
development policies promoted by the EU, the United Nations, and other countries [5,6].

The circular economy shifts from a linear to a regenerative model, keeping materials in
use for as long as possible and promoting reuse and recycling in road infrastructure [7]. As-
phalt recycling exemplifies this closed-loop approach, as RAP contains reusable aggregates
and bitumen, contributing to reduced waste and efficient resource use [8-11]. Globally,
road network exceeds 21 million km, consuming vast amounts of aggregates and bitumen,
with RAP usage averaging 30% in asphalt layers and reaching 40-50% in advanced projects
in the USA, Germany, and the Netherlands [12-14].

The use of recycled materials, particularly RAP and recycled concrete aggregates
(RCAs), is a key strategy for promoting circular economy principles in road infrastruc-
ture [10,15]. However, their high variability in composition, age, contamination, and
processing can significantly affect pavement mechanical performance and durability [10].
Regulatory frameworks for recycled material use remain inconsistent across countries, and
perceived risks, certification costs, and potential environmental hazards, such as leaching
of heavy metals or VOC emissions, limit widespread adoption [16-18]. Improper character-
ization or integration of recycled materials can lead to accelerated degradation, cracking,
or reduced load-bearing capacity, particularly in heavily trafficked roads [13,14]. Existing
studies tend to address mechanical, environmental, or economic aspects separately, with a
limited integration of technical and ecotoxicological risks [18-22].

The circular economy is a regenerative model that keeps products and materials in
use for as long as possible, minimizing waste and environmental impact. [23-25]. In road
infrastructure, this involves recycling, reuse, or recovery of materials, reducing the demand
for virgin aggregates and bitumen. Asphalt recycling, using RAP from maintenance or
reconstruction, allows multiple reuse cycles with minimal loss of performance [26]. Simi-
larly, construction and demolition wastes, such as concrete, can be processed as recycled
aggregates for road foundations.

The waste hierarchy—prevention, reduction, reuse, recycling, energy recovery, and
disposal—is a key principle guiding circular approaches in pavement management [5,27].
Extending pavement service life through maintenance, rehabilitation, and recycling reduces
resource consumption and postpones full reconstruction [28]. Effective implementation of
circular economy principles in road infrastructure requires integrated approaches, technical
standards, and clear regulatory frameworks [29].

The scientific literature (Table 1) classifies the wastes used in roads into several major
categories, based on their origin and properties.
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Table 1. Use of residual materials in road construction: applications and limitations.

Waste Material Main Road Applications Proven Advantages Risks/Limitations
Reclaimed Asphalt Asphalt mixtures; Reduced virgin materials; Aged binder;
Pavement (RAP) in-place recycling lower CO; emissions material variability
Recycled Concrete Soil stabilization; Reduced cement demand; Heavy metal leaching risk
Aggregate (RCA) bound layers improved strength y &

Ground Granulated Blast
Furnace Slag

Crumb Rubber (waste tires)

Base layers; ngh dura‘plhty; Volumetric expansion risk
asphalt aggregates abrasion resistance
Rubber-modified bitumen ngher elast1.C1ty; Higher production
noise reduction temperatures

Key scientific references relevant to the table above [5,10,16-18,30,31].

Asphalt production facilities, particularly those using recycled materials, operate under
international standards and EU regulations to ensure environmental protection, risk manage-
ment, and legal compliance. ISO 14001 provides a framework for minimizing emissions, waste,
and energy use while improving environmental performance [32,33], and ISO 31000 guides
the systematic identification and mitigation of environmental, technological, and occupational
risks [34,35]. EU legislation, including the Waste Framework Directive 2008/98/EC [36] and
Industrial Emissions Directive 2010/75/EU [37], sets the requirements for waste management,
emissions control, and adoption of Best Available Techniques (BATs), while the Landfill Di-
rective 1999/31/EC [38] restricts the disposal of recyclable materials. Compliance with these
standards and directives ensures reduced environmental impact, legal certainty, and supports
the integration of recycled materials, such as RAP, into road infrastructure, fostering circular
economy practices and sustainable construction.

1.2. Benefits and Technical Limitations of Using Waste in Asphalt

Numerous studies have shown that the controlled use of waste can lead to mechanical
performance comparable to or even exceeding that of conventional materials. For example,
incorporating RAP into asphalt mixtures improves stiffness and resistance to permanent
deformation, especially in base and binder layers, due to the presence of aged bitumen
with a high elastic modulus [39,40]. In the case of industrial waste, such as metallurgical
slags, studies report a significant increase in load-bearing capacity and wear resistance,
making them suitable for heavy-traffic roads [41]. The use of certain wastes also contributes
to extending the service life of pavement structures. Scrap tire rubber, when used as a
bitumen modifier, enhances the fatigue resistance and flexibility of asphalt, reducing the
risk of cracking under extreme climatic conditions [42,43]. Recycled concrete aggregates,
when used in subbase layers, provide good long-term structural stability, provided that
compaction and drainage requirements are met [44,45]. By reusing existing materials, road
infrastructure becomes more material-efficient, reducing losses and optimizing resource
use. Studies indicate that pavements containing recycled materials achieve a favorable
performance-to-material ratio without requiring significant increases in layer thickness [46].

On the other hand, other studies indicate that certain wastes—particularly plastics,
rubber, and slags—have limited compatibility with conventional bitumen, leading to phase
instability, segregation, and loss of homogeneity in asphalt mixtures [47,48]. To over-
come these issues, the literature suggests the use of modified bitumen, chemical additives,
and compatibilizing agents, but these solutions increase technological complexity and
production costs [49]. Plastic wastes can thermally degrade at typical hot-mix asphalt
temperatures (160-180 °C), generating emissions and affecting binder performance, while
tire rubber requires higher temperatures and longer mixing times [48]. These factors can
accelerate bitumen aging, increase energy consumption, and limit use in conventional
asphalt plants [50]. TRB (Transportation Research Board) and NAPA (National Asphalt
Pavement Association) studies show that most asphalt plants are optimized for conven-
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tional materials, and the use of waste materials requires dedicated dosing systems, RAP
fractionation and drying, and advanced process control [51].

High RAP or slag content increases mixture stiffness, affecting fatigue and low-
temperature performance and increasing the risk of premature cracking [49,50]. Plastics
integrated into asphalt reduce stress—relaxation capacity, which can increase cracking
susceptibility, while higher viscosity may complicate workability and compaction [40].
Recycled glass and metallurgical slags may exhibit a poor adhesion to bitumen, promoting
stripping and separation in the presence of water [49,52].

The literature identifies certain technically safe maximum thresholds, beyond which
major performance risks arise: RAP: 15-30%; RAP > 40% requires specialized technologies;
Plastic: 1-10% of binder mass; Rubber: 5-15% of bitumen mass [53,54]. A critical aspect
of recycling various wastes in asphalt production is that the subsequent recyclability of
asphalt containing, for example, RAP from mixtures with rubber or plastic may create
difficulties in further recycling and raises questions about long-term performance [55,56].
According to international comparative analyses, regulations on waste use in asphalt remain
conservative, validated calculation models are lacking, and there is still reluctance from
road authorities [14,49]. The scientific literature confirms that the use of waste in asphalt is
technically feasible, but requires strict control, has compatibility and durability limitations,
demands carefully limited addition percentages, and its large-scale implementation requires
further regulation and research.

The production of asphalt involves a series of interconnected technological processes
(Figure 1), including the storage and heating of aggregates, mixing with bitumen, and
handling of recycled materials such as RAP. The introduction of recycled materials or
additives may require adjustments in temperature, mixing time, or process control to
maintain homogeneity and desired mechanical properties.

Natural
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Figure 1. Technological scheme of the asphalt recycling process with RAP.

Modern asphalt plants incorporating RAP are designed to valorize recycled materials
obtained from the milling of existing road pavements and reducing the consumption
of natural resources [57,58]. The installation includes, in addition to the conventional
components (aggregate bins, dryer, mixer, bitumen, and filler silos), dedicated equipment
for the handling, dosing, and controlled introduction of RAP. These systems typically
consist of separate RAP bins, variable-speed conveyor belts, independent weighing systems,
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and specialized integration points within the production process (such as a mid-ring,
parallel mixer, or combined drum) [59].

The technological flow begins with the feeding granulometrically sorted natural
aggregates into pre-dosing bins, while RAP from milled road layers is stored separately
to minimize segregation and degradation Its flow rate is carefully controlled, and the
automation system adjusts RAP content according to production recipe and taking into
account the maximum allowable percentage in accordance with SR EN 13108-1:2016 [60].
Natural aggregates are dried and heated through direct contact with hot gases generated
by the burner. When RAP is used, it is not exposed to direct high-temperature heating in
order to prevent burning or the degradation of the existing bitumen. Depending on the
type of plant, RAP is introduced either into a mid-section of the drum, where it is indirectly
heated through thermal transfer from the hot aggregates, or directly into the mixer, where
it is heated through contact with the warm aggregates. This technological solution allows
partial activation of the aged bitumen in the RAP and helps reduce the amount of new
binder required [61].

Gases from drying pass through bag filters, and recovered filler is collected and reused,
with automatic adjustment of dosing to maintain gradation [62]. Fresh bitumen is stored in
tanks and dosed gravimetrically or volumetrically; RAP reduces the need for new binder,
with usage limits set by SR EN 13108-1:2016 [60] (at maximum allowable percentage is
10%). Hot aggregates, filler, and RAP are dosed separately via compartmentalized silos
and dedicated weighing systems to ensure mix consistency [63].

In the twin-shaft mixer, components are combined in sequence, with bitumen sprayed
after homogenization to ensure uniform distribution and effective binder reactivation, while
avoiding overheating [64]. The automation system monitors temperatures, dosed materials,
and bitumen use, ensuring traceability of each batch. Asphalt mixtures containing RAP
are subject to the same quality requirements as conventional mixtures, in accordance with
SR EN 12697-27:2017 and SR EN 13108-21:2016. Strict process control ensures the high
performance of the pavement while providing economic and environmental benefits [65].

Alongside these technological operations, asphalt production facilities—especially
those handling recycled materials—are exposed to multiple sources of risk that must
be carefully managed to ensure environmental safety, process reliability, and worker
protection [66]. These risks can be broadly categorized into environmental, technolog-
ical, and occupational risks.

Environmental risks in asphalt plants include emissions of particulate matter, VOCs,
and greenhouse gases, which can impact air quality and contribute to climate change.
Wastewater from cleaning processes and runoff from stockpiles may contaminate soil and
surface water if not properly managed. Improper handling of reclaimed asphalt or other
waste materials can lead to localized pollution and long-term environmental impacts [67].

Technological risks involve potential process failures, equipment malfunctions, and
fire hazards. High temperatures used in asphalt production, especially when incorporating
materials like rubber or plastics, increase the likelihood of thermal degradation, explosions,
or fires. Equipment failures, such as pumps, mixers, and storage silos, can disrupt produc-
tion and lead to material losses or safety incidents. Proper maintenance, process control,
and emergency response planning are essential to mitigate these risks [68].

Occupational risks refer to hazards that can affect workers in asphalt production
facilities. These include exposure to high temperatures, hot bitumen, dust, fumes, and
heavy machinery. Long-term exposure may result in respiratory issues, skin irritation, or
musculoskeletal injuries [69]. Adequate training, use of personal protective equipment
(PPE), and strict adherence to safety protocols are critical to ensuring worker safety [70].
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Identifying and managing these environmental, technological, and occupational risks
is fundamental for the sustainable and safe operation of asphalt production facilities,
particularly when incorporating recycled materials into the production process.

Recent research on recycled asphalt materials has predominantly focused on either
life cycle-based environmental assessments or on mechanical performance evaluation, with
limited integration between these two perspectives. Life Cycle Assessment (LCA) studies
have demonstrated the potential environmental benefits of RAP use in terms of reduced
greenhouse gas emissions, energy consumption, and depletion of natural resources [71-73].
However, such analyses are typically performed under idealized operating conditions
and do not explicitly account for site-specific environmental risks, abnormal operational
scenarios, or technological failures that may occur during asphalt production. Conversely,
a substantial body of literature addresses the mechanical and durability performance of
asphalt mixtures containing RAP, emphasizing stiffness, fatigue resistance, and rutting be-
havior [74-76], while largely neglecting the associated environmental and operational risks
at the production stage. As a result, existing approaches provide fragmented knowledge
that is insufficient for decision-making at the asphalt plant level, where environmental
compliance, process safety, and mixture performance must be managed simultaneously. In-
tegrated frameworks that combine environmental risk identification, operational conditions,
and material performance evaluation remain scarce in the current literature, particularly in
the context of asphalt plants operating under real industrial constraints. This gap limits
the practical applicability of both LCA-based and mechanics-based studies for supporting
sustainable and risk-aware implementation of RAP in asphalt production.

The objectives of this study are to identify and assess environmental and operational
risks in asphalt production with RAP, classify the significance of impacts under normal
and abnormal conditions, propose mitigation measures, compare conventional and 9.71%
RAP mixtures at different bitumen contents through key physical-mechanical tests, and
demonstrate the integration of environmental risk assessment with mixture performance
for practical application in asphalt plants using recycled materials.

This study addresses these gaps by identifying and evaluating environmental and
operational risks in an asphalt production plant using recovered waste materials. A repro-
ducible, ISO 14001-based environmental risk assessment methodology is proposed, and its
results are linked with experimental evaluation of conventional and RAP asphalt mixtures.
Key laboratory tests—including Marshall stability, flow, bulk density, air voids, water
absorption, and moisture susceptibility—enable a comprehensive assessment of material
performance alongside environmental impacts, providing a framework for sustainable
asphalt production using secondary raw materials.

2. Methodology for Environmental Aspect and Impact Assessment

The environmental risk assessment methodology applied in this study is based on a
semi-quantitative scoring approach, aligned with the principles of ISO 14001 (Environmen-
tal Management Systems) and ISO 31000 (Risk Management) [64,66].

2.1. Environmental Impact Score Assessment Methodology

The method enables systematic identification, evaluation, and classification of envi-
ronmental aspects associated with asphalt production processes that incorporate recovered
waste materials, such as RAP. The assessment considers both normal operating conditions
(N) and abnormal conditions (A), including accidental spills, equipment failures, fires, and
process loss.

Environmental aspects were identified for each process unit, including logistics and
transport, raw material and waste storage, asphalt production, laboratory activities, main-
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tenance, utilities, and administrative operations. The identification process accounted
for resource consumption (energy, water, and fuels), atmospheric emissions, wastewater
generation, waste production, accidental pollution risks, noise, and vibration. Special
attention was given to processes involving recovered waste materials, due to their potential
to increase emissions, material losses, and soil or water contamination risks.

Each identified environmental aspect was evaluated using three criteria: legal require-
ments (L), pollutant characteristics (P), and control measures (C). Numerical values were
assigned according to predefined scales.

The legal requirements (L) criterion reflects the degree of regulatory applicability,
compliance obligations, and the potential risk of legal non-compliance associated with
each environmental aspect. The scoring scale ranges from 1 (negligible legal relevance) to
10 (strict regulatory control with high non-compliance risk), as detailed in Table 2.

Table 2. Scoring framework for legal and regulatory requirements (L).

L Score Description

No specific legal requirements apply; aspect is not regulated
General environmental principles apply, no explicit limits
Minor regulatory references, no monitoring required
Legal requirements apply indirectly
General environmental legislation applies
Specific legal requirements with basic compliance obligations
Mandatory monitoring or reporting obligations apply
Strict legal limits apply (e.g., emission thresholds)

High regulatory scrutiny, frequent inspections required
Critical legal relevance; high risk of non-compliance or penalties

S0 0N U i WN R

The pollutant characteristics (P) criterion evaluates the intrinsic hazard, persistence,
and potential environmental impact of emissions, effluents, or waste streams generated
by the assessed activity. The scale ranges from low-impact, non-hazardous pollutants to
highly hazardous substances with long-term environmental effects. Table 3 outlines the
scoring framework applied to pollutant characteristics (P) for the comparative environmental
risk assessment.

Table 3. Scoring framework for pollutant characteristics (P).

P Score Description

Negligible impact; non-polluting or inert substances
Very low environmental impact
Low impact; biodegradable or easily managed
Slight environmental impact
Moderate environmental impact
Persistent pollutant with limited dispersion
Significant environmental impact
High-impact pollutant with potential accumulation
Very high environmental impact; long-term effects
Hazardous pollutant; severe and irreversible impact

50 0N ONU W=

The control measures (C) criterion assesses the effectiveness, reliability, and adequacy
of existing technical, organizational, and procedural controls implemented to prevent or
mitigate environmental impacts. Higher scores indicate lower control effectiveness. Table 4
outlines the scoring framework for control measures (C) within the overall environmental
risk assessment methodology.
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Table 4. Scoring framework for control measures (C).

C Score Description

—_

Fully effective controls, continuously monitored
Highly effective controls with redundancy
Effective controls, minor gaps
Controls generally effective, limited monitoring
Partially effective controls
Controls exist but are inconsistently applied
Limited control effectiveness
Controls insufficient for risk level
Minimal control measures in place
No control measures implemented

O 00N O Ul W

—_
o

The Environmental Impact Score (EIS) for each aspect was calculated as the sum of
the three evaluation criteria:
EISi = Li + Pi + Ci (1)

where L; € [1,10], P; € [1,10], C; € [1,10]. The EIS can vary between a minimum value of
3 and a maximum value of 30.

Based on the calculated EIS, environmental aspects were classified into two categories:
non-significant (NS), if EIS; < 20 and significant (S), if EIS; > 20.

The EIS threshold defining significant environmental aspects (EIS > 20) was selected
as a conservative screening criterion, corresponding to approximately two-thirds of the
maximum possible score. This threshold is consistent with ISO 14001-based environmental
management practices, where significance levels are defined to support prioritization rather
than absolute risk quantification.

The semi-quantitative scoring approach involves expert judgment in assigning L, P,
and C scores, which introduces inherent subjectivity. While this approach supports relative
prioritization of environmental aspects and ensures transparency, it does not provide an
absolute quantification of environmental risk. To ensure objectivity and consistency in
scoring, the L, P, and C values (1-10) were assigned by three domain experts, each with over
10 years of experience in asphalt production and environmental assessment. The scoring
was guided by predefined criteria for each aspect, as described in Tables 2—4, to minimize
subjective interpretation. Inter-rater reliability was evaluated using Cronbach’s alpha,
resulting in a value of 0.87, indicating high agreement among the experts. This approach
ensures that semi-quantitative scoring provides consistent and reproducible results while
reflecting expert judgment.

For processes involving recovered waste materials (e.g., RAP), an additional evalu-
ation step was applied to account for increased uncertainty and variability. The EIS was
recalculated under abnormal operating conditions by adjusting the pollutant and control
parameters as follows:

Pa =P + AP, where AP € {0, 2.5, 5} reflects additional emissions or material losses; (2)

Ca =C + AC, where AC € {0, 2.5, 5} reflects reduced control effectiveness during abnormal conditions. 3)

Abnormal operating conditions were evaluated separately, considering accidental spills,
fires, and equipment failures. In such cases, environmental aspects were assumed to have
higher impact severity and reduced control efficiency, leading to increased EIS values.
Environmental aspects identified as significant under abnormal conditions were prioritized
for emergency planning, preventive maintenance, and staff training.
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The stepwise increments AP and AC were deliberately defined as discrete values (0, 2.5,
and 5) to represent increasing levels of deviation from normal operating conditions. A value
of 0 corresponds to minor disturbances with negligible additional emissions or loss of con-
trol, while intermediate (2.5) and maximum (5) increments represent moderate and severe
abnormal scenarios, such as partial equipment malfunction or major accidental events. This
semi-quantitative approach allows the methodology to capture the increased uncertainty,
variability, and reduced process control typically associated with the use of recovered waste
materials, without resorting to overly conservative worst-case assumptions.

Uncertainties arise from the semi-quantitative nature of L, P, C scores and AP/AC
increments, as well as from process variability. Consequently, the EIS values should be
interpreted as relative indicators of environmental significance rather than precise measures
of impact severity.

Aspects classified as significant were further analyzed and addressed through mitiga-
tion measures, environmental objectives, and monitoring programs.

The EIS was calculated using a simple additive approach to ensure transparency, repro-
ducibility, and alignment with semi-quantitative environmental aspect assessment practices
under ISO 14001. At this screening level, legal requirements, pollutant characteristics, and
control measures were considered equally relevant, as the EIS is intended to support the
relative ranking and prioritization of environmental aspects under normal and abnormal
operating conditions rather than to quantify absolute environmental risk.

Future applications of the methodology may incorporate weighted scoring approaches
to reflect sector- or site-specific priorities. In such cases, the EIS may be expressed as (4):

EISI = ZUL-Li + ZUp-Pi + wC-Ci (4)

where the weighting coefficients (wy, wp, wc) reflect the relative importance of legal,
environmental, and control-related factors. However, these weights are inherently context-
and industry-dependent and may introduce subjectivity if not supported by extensive
expert elicitation or regulatory guidance. An example could include weighting factors such
as wr, = 0.35, wp = 0.40, and w¢ = 0.25; however, no universal weighting scheme can be
considered valid across different industrial sectors.

2.2. Application of the Environmental Impact Score Methodology to an Asphalt Production Plant

The proposed methodology was applied to a representative asphalt production plant
using RAP as a secondary raw material. The analysis covered key operational processes
and activities with potential environmental relevance.

Tables 5-10 summarize the environmental aspects and associated impacts of asphalt
plant operations using RAP, with significant and non-significant risks to air, soil, water,
resources, and waste management identified.

Table 5. Environmental impacts of logistics and transport operations.

Activities Environmental Aspect Conditions Environmental Impact L P C EIS  Classification
Fuel consumption N Resource depletion 5 3 1 9 NS
Operation of vans, trucks CO,, NOx, particulate emissions N Air pollution 10 5 5 20 S
Traffic noise N Noise pollution 1 3 1 5 NS
Accidental fuel /oil spills E“"‘mnment‘;‘ég’mﬁmmm"“ A Soil pollution 0 5 5 20 s

Abbreviations: N—normal operating conditions; A—abnormal operating conditions; L—legal requirements;
P—pollutant characteristics; C—control measures; EIS—Environmental Impact Score; NS—non-significant;
S—significant.
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Table 6. Environmental impacts of raw material and reclaimed waste storage.

Activities Environmental Aspect Conditions Environmental Impact L P C EIS Classification
Bitumen storage Fire risk A Air pollution 10 5 5 20 S
Dust N Air pollution 5 5 3 13 NS
Aggregates/RAP storage Material losses A Soil pollution 5 3 3 11 NS
Packaging Packaging waste N Waste management 5 3 3 11 NS
Abbreviations: N—normal operating conditions; A—abnormal operating conditions; L—legal requirements;
P—pollutant characteristics; C—control measures; EIS—Environmental Impact Score; NS—non-significant;
S—significant.
Table 7. Environmental impacts of asphalt production process.
Activities Environmental Aspect Conditions Environmental Impact L P C EIS Classification
Aggregate drying Combustion gas emissions N Air pollution 10 8 5 22 S
(Rotary Dryer) Gas/fuel consumption N Resource depletion 5 3 1 9 NS
Aggregate dosing (Cold
Aggregate dosing and Hot Dust N Air pollution 5 3 3 11 NS
Aggregate Bins)
Aggregate/waste of Wi o .
. aste management A Soil/air pollution 10 5 5 20 S
non-conforming products
RAP'usage (RAP Additional emissions N Air pollution 10 5 5 20 S
Dosing System)
RAP material losses Waste management A Soil pollution 5 3 3 11 NS
Baghouse filter Captured dust emissions N Air pollution 8 4 2 14 NS
Asphalt transport
(Asphalt Storage Silo to Fuel emissions N Air pollution 6 3 3 12 NS
Mixing Tower)
Bitumen handling/storage Light emissions N Air pollution 5 2 2 9 NS
Aggregate . S .
handling/storage Material/dust losses N Soil/air pollution 5 3 3 11 NS
Equipment washing Wastewater from equipment cleaning N Soil /water pollution 9 9 6 24 S
Abbreviations: N—normal operating conditions; A—abnormal operating conditions; L—legal requirements;
P—pollutant characteristics; C—control measures; EIS—Environmental Impact Score; NS—non-significant;
S—significant.
Table 8. Environmental impacts of laboratory and quality control activities.
Activities Environmental Aspect Conditions Environmental Impact L P C EIS  Classification
Hazardous waste N Waste management 10 10 5 25 S
Asphalt testing Wastewater N Water pollution 10 5 5 20 S
Vapor emissions N Air pollution 5 3 3 1 NS
Abbreviations: N—normal operating conditions; L—legal requirements; P—pollutant characteristics; C—control
measures; EIS—Environmental Impact Score; NS—non-significant; S—significant.
Table 9. Environmental impacts of technical and maintenance activities.
Activities Environmental Aspect Conditions Environmental Impact L P C EIS Classification
Used oil N Waste management 10 5 3 18 NS
Oil change Accidental spills A Soil pollution 10 5 5 20 S
Metal waste N Waste management 5 3 3 11 NS
Abbreviations: N—normal operating conditions; A—abnormal operating conditions; L—legal requirements;
P—pollutant characteristics; C—control measures; EIS—Environmental Impact Score; NS—non-significant;
S—significant.
Table 10. Environmental impacts of administrative and utilities activities.
Activities Environmental Aspect Conditions Environmental Impact L P C EIS  Classification
Offi L Paper waste N Waste management 5 1 1 7 NS
lce activities Energy consumption N Resource depletion 1 1 1 3 NS
Cleaning Wastewater with detergents N Water pollution 10 3 3 16 NS

Note: Aspects classified as significant are managed through environmental objectives, monitoring, and operational
measures in accordance with ISO 14001. Abbreviations: N—normal operating conditions; L—legal requirements;
P—pollutant characteristics; C—control measures; EIS—Environmental Impact Score; NS—non-significant.

https://doi.org/10.3390/eng7020095


https://doi.org/10.3390/eng7020095

Eng 2026, 7,95

11 of 23

The analysis highlights that processes with significant risk (S) are mainly those in-
volving air emissions, accidental hydrocarbon spills, hazardous waste, or wastewater.
These aspects require operational measures and continuous monitoring in accordance with
ISO 14001 standards [64], while processes with non-significant risk (NS) can be managed
through standard environmental procedures.

Table 11 presents the main environmental aspects identified for each process in asphalt
production, together with the risk factors related to legislation, potential impacts, and

existing control measures.

Table 11. Key environmental risk factors identified for asphalt production processes.

Identified . Pollutant
Process Environmental Aspect Legal Requirements (L) Characteristics (P) Control Measures (C)
Combustion gas . . . Combustlon gases and Cyclone separators and
. . Subject to strict emission  particulate matter have . ;
Aggregate drying emissions (CO;, . . N filters installed;
limits and continuous significant .
(Rotary Dryer) NOy, SOy, and . . efficiency decreases
. regulatory oversight environmental and .
particulate matter) . under variable loads
health impacts
I Waste materials can Standard waste
Aggregate Legal obligations apply L - . .
. . . significantly impact soil segregation and
waste/non- Soil and air pollution for waste management . o .
formi duct nd di 1 and air quality if not disposal procedures
COTIOTINE products a Sposa properly handled implemented
. Standard emission
RAP use (RAP . . Regvulated gnder Add'ltlonal VO.C a nd controls applied but
Dosing System) Additional emissions industrial particulate emissions mav be less effective at
&Y emission legislation due to RAP heating y

high RAP content

Equipment washing

Wastewater from
equipment cleaning

Discharge limits apply
under water
protection regulations

Wastewater contains
hydrocarbons and
suspended solids

On-site treatment exists
but has limited capacity

The results indicate that processes involving high-temperature operations and the
handling of liquid hydrocarbons represent the most significant environmental risks in
asphalt production plants that utilize recovered waste materials. While the incorporation
of RAP contributes to resource efficiency and supports circular economy objectives, it
also increases emission-related risks during the mixing and drying stages. Wastewater
management was identified as the highest-ranked risk, highlighting the need for enhanced
treatment capacity and stricter operational controls.

A comparative risk analysis was established between conventional and RAP asphalt. To
quantify the influence of waste-derived materials, a comparative risk index was calculated (5):

AEIS = EISgap — ElSconventional 6)
Table 12 presents a comparative assessment of the EIS for the asphalt mixing process.

Table 12. Comparative EIS for conventional and RAP asphalt in the asphalt mixing process.

Scenario L P C EIS
Conventional asphalt 8 6 5 19
RAP asphalt 8 8 6 22
AEIS=22 -19=+43 0 +2 +1 +3

Abbreviations: L—legal requirements; P—pollutant characteristics; C—control measures; EIS—Environmental
Impact Score.

The observed AEIS increase of +3 for RAP asphalt indicates moderately higher envi-
ronmental risk, primarily due to increased VOC emissions and reduced control efficiency.
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This increase must be weighed against life cycle benefits such as reduced virgin aggregate
extraction and a lower carbon footprint. In practice, this suggests that operational measures
such as enhanced emission monitoring, preventive maintenance, and staff training should
be prioritized for RAP-containing processes.

The results confirm that asphalt plants incorporating RAP exhibit higher operational
environmental risks. However, these risks are controllable and can be significantly reduced
through technological upgrades. The methodology demonstrates that environmental
sustainability and circular economy practices can coexist with regulatory compliance,
provided that risk-based environmental management is applied.

For each stage where the impact was classified as significant, control measures were es-
tablished. After their implementation, the final scores (L¢, P¢, and C¢) and the corresponding
reclassifications are calculated in Table 13.

Table 13. Environmental impact assessment after implementation of control measures.

Activities Control Measures | Py Cs EIS;¢ I;iecle}ssr
cation
. - Continuous monitoring of parameters
Operation of vans and trucks _ Process optimization 10 5 3 18 NS
Accidental fuel/oil spills - Equipment maintenance 10 3 3 16 NS
. - Monitoring of process parameters
Bitumen storage - Intervention measures 10 3 3 16 NS
Aggregate drying (Rotary Dryer) - Process analysis and optimization 10 5 3 18 NS
- Processing only under optimal environmental conditions
— Continuous monitoring of parameters
Aggregate'/ waste of - Optimization of mixing process 10 3 2 15 NS
non-conforming products - Staff training
- Equipment maintenance
RAP use (RAP Dosing System) - Continuous monitoring of parameters 10 3 3 16 NS
. . - Optimization of washing process
Equipment washing - Neutralization of wash water 9 4 4 17 NS
- Controlled disposal of waste
Asphalt testing - Continuous monitoring of wastewater parameters 10 4 3 17 NS
- Neutralization of wash water
Oil change - Maintenance process optimization 10 3 3 16 NS

Abbreviations: Li—Final Legal Requirements; Ps—Final Pollutant Characteristics; C;—Final Control Measures;
EISf—Final Environmental Impact Score; NS—non-significant.

Processes involving high-temperature operations and handling of liquid hydrocarbons
represent the highest environmental risks. RAP incorporation moderately increases emissions
and material losses, but risks remain controllable through targeted operational measures,
monitoring, and staff training. The methodology provides a clear framework for prioritizing
environmental management actions while supporting circular economy objectives.

It should be noted that the present application of the EIS methodology is specific to the
hot mix asphalt production process described above, incorporating RAP. Its applicability to
other asphalt production techniques, such as warm mix asphalt or alternative technological
variants, has not been evaluated and represents a limitation of this study.

2.3. Comparative Analysis Based on Key Parameters: Conventional vs. RAP Asphalt

To assess the influence of RAP on the performance of asphalt mixtures, a comparative
experimental study was conducted between a conventional mixture without recycled
material and a mixture containing 9.71% RAP, in accordance with the mix design presented
in Table 14.
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Table 14. Mix design of asphalt mixtures with and without RAP.
Percentage (%)
Component Source
Conventional with RAP
RAP 0-16 mm 0 9.71 Asphalt plant storage
Natural aggregates 16-22.4 mm 26.20 22.94 Zlasti quarry, Romania

Natural aggregates 8-16 mm 21.50 19.12 Zlasti quarry, Romania
Natural aggregates 4-8 mm 20.00 18.16 Zlasti quarry, Romania
Natural aggregates 04 mm 25.00 22.94 Calan area + Zlasti quarry

Limestone filler 2.90 2.87 HeidelbergCement Romania

Bitumen 50/70 4.40 4.40 MOL Hungarian Oil

Note: RAP was collected from National Road 7 (DN7 - Calan—Petrosani section), with a particle size range of
0-22.4 mm and a bitumen content of 4.2%, determined by chloroform extraction.

The RAP content of 9.71% was selected based on the mix design presented in Table 14 in
order to maintain the target aggregate gradation and mechanical performance of the asphalt
mixture. Various bitumen dosages (3.8-4.6%) were tested, and Marshall specimens were
prepared for each combination to identify the mixture achieving the best mechanical per-
formance while complying with technical standards. The optimal combination—bitumen
with 9.71% RAP—ensures that the mixture meets or exceeds stability, flow, air voids, and
water sensitivity requirements. This RAP content represents the threshold at which the
mixture becomes sustainable without compromising safety, while maintaining compliance
with regulatory tolerances and enabling effective partial substitution of virgin materials.
This proportion complies with the requirements of SR EN 13108-1:2016, which introduces
additional constraints when RAP content exceeds 10% by mass for mixtures produced
with paving-grade (unmodified) bitumen, including mandatory characterization of the
recovered binder and mix formula adjustments. By maintaining the RAP content below
this threshold, the mixture avoids these additional requirements while still enabling partial
substitution of virgin aggregates and bitumen, allowing the environmental and mechanical
effects of RAP incorporation to be evaluated without compromising mixture performance.

Water absorption [67] was determined for cylindrical Marshall specimens prepared
according to SR EN 12697-30. Dry specimens (m,) were initially weighed in air, then
submerged in water at 20 °C for 1 h and weighed in air (m;) and water (m;) to determine the
initial volume, V = (m; — my)/ 0w [cm?], where o, —density of water. Specimens were then
placed in a vacuum desiccator filled with water at 20 °C. A vacuum range of 15-20 mmHg
was applied for 3 h, followed by 2 h at atmospheric pressure. After blotting, specimens
were weighed in air (m3) and water (my) to calculate the final volume, V1 = (m3 — my)/ 0w
[cm3]. Water absorption (Ap) was calculated as: If V > Vq: Ay, = (m3 — my)/my-100 [%];
IfVy>V: A = {(m3 — my) — [(m3 — my) — (my — my)]}/my-100 [%].

Compressive strength was determined on cylindrical asphalt mixture specimens to
evaluate Marshall stability and flow, which are critical for mix design and performance
under traffic loads [67]. Specimens were first immersed in a water bath at 60 °C for
30 min, allowing them to reach a temperature in the range of 55-60 °C. After removal, the
specimens were lightly blotted to remove excess surface water. Testing was performed
24 h after preparation at a temperature of 50 °C, using a universal testing machine with a
capacity of 50-100 kN.

For each bitumen content and mixture type (conventional and RAP), three Marshall
specimens were prepared and tested, in accordance with SR EN 12697-34. The reported
values represent average results, with observed variability remaining within the limits
specified by the applicable standards. No abnormal scatter was observed among replicate
specimens, indicating acceptable repeatability of the experimental results.

Marshall stability was recorded as the maximum load at specimen failure (kN). Testing
was conducted with specimens placed in the mold at 60 °C. Specimens had a diameter
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of 100 mm and a height of 63.5 mm, and the force was applied along the specimen’s
generator until rupture. Recommended minimum values (STAS 174-1/97) are: 5.0-9.0 kN
for fine aggregate asphalt mortars and concretes, 6.5-9.5 kNN for coarse asphalt concrete,
and 3.5-7.0 kN for open-graded and large-aggregate asphalt concretes.

The flow (fluage) index represents the vertical deformation of the specimen at failure,
measured in mm. The piston displacement rate was 50 mm/min.

Table 15 presents a comparative overview of the Marshall properties and physico-
mechanical characteristics of conventional asphalt mixtures and those containing 9.71%
RAP, in relation to the requirements of SR EN 13108-1 and AND 605-2016 standards.

Table 15. Comparison of Marshall properties and physico-mechanical characteristics of conventional
vs. RAP asphalt mixtures.

Marshall Bulk

lél;‘:tre‘ixt‘ Stability (kN) Flow (mm) S/I Ratio (kN/mm) Density (kg/ma) Void;r(%) Water Absorption (%) Moisture Susceptibility (%)
(%) c RAP c RAP c RAP c RAP c RAP c RAP c RAP
38 92403 100404 3054015 2704016 3024020 3704023 237547  2385+9 45403 45404 26403 21403 82943 88.0+-4
10 96404  103+£04 3204012 2864015 3004016  360+£022  2388+9  2396+£10  41+02 41403 23402  19+02 83.0+3 88544
12 100+05 108405 3424016 3304015 2934018 3274019 2398410 2406412  34+02  34+03 20402  16+02 835+2 89.0 +2
41 103+05 98403 3614014 3494017 2854019 2814020  2405+8 2412411 25402 25403 18401  14+02 84042 89543
16 99+04  94+04 4084015 4104014 2434020 2914018 2410410 2418411  17+02 17402 16402 12402 83543 89.0 42

SR [53,68] 65-13.0 15-4.0 >16 - 15-60 - >80

Note: C—Conventional, without RAP; RAP—with RAP; SR—Standard Requirement; Reported values represent
mean = standard deviation obtained from three Marshall specimens tested for each mixture type and bitumen
content, in accordance with SR EN 12697-34.

Asphalt mixtures containing RAP exhibit slightly higher Marshall stability at lower
bitumen contents (3.8—4.2%) due to the stiffness provided by aged bitumen and fine frac-
tions. At higher bitumen contents (4.4—4.6%), stability slightly decreases below that of the
conventional mixture due to the excess binder. Marshall Flow shows lower values for RAP
asphalt than for conventional asphalt at a bitumen content up to 4.2% in the mixtures. This
indicates higher stiffness and better resistance to plastic deformation. However, in the
4.4-4.6% bitumen content range, conventional asphalt performs better in terms of Marshall
Flow than RAP asphalt.

The stability /flow (S/I) ratio is higher at lower bitumen contents, reflecting a better
balance between stiffness and deformability, but drops below 3.0 at 4.6% bitumen, similar
to the conventional mixture. The bulk density of RAP mixtures is slightly higher and air
voids are lower, suggesting more efficient compaction; maintaining air voids in the 3-4%
range limits permeability and deformation. Water absorption is also lower, highlighting
the positive effect of RAP on water resistance and reduced mastic permeability.

The incorporation of 9.71% RAP results in increased mixture stiffness and reduced
water absorption. These changes are generally beneficial for pavement performance, as they
improve resistance to permanent deformation (rutting) and reduce mastic permeability,
which may enhance durability. However, increased stiffness may reduce low-temperature
cracking resistance and overall flexibility, representing a trade-off that should be considered
in pavement design. This analysis highlights the need to balance mechanical performance
and environmental benefits when using recycled asphalt materials. Marshall stability is
not compromised, and all properties remain within the limits of SR EN 13108-1 standards.
Compared to conventional mixtures, lower bitumen contents are sufficient to achieve
similar performance, emphasizing the advantages of using recycled materials. This analysis
highlights the need to balance mechanical performance and environmental benefits when
using recycled asphalt materials.

While the incorporation of RAP improves stiffness and reduces water absorption,
potentially enhancing resistance to permanent deformation, the increased mixture rigidity
may adversely affect low-temperature cracking resistance and fatigue performance. These
potential impacts on long-term durability were not directly measured, as advanced rheo-
logical or fatigue testing was not performed. Therefore, the results presented here should
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be interpreted as indicative of short-term mechanical behavior, highlighting the need for
future studies to assess long-term performance and pavement life.

3. Discussion

The incorporation of waste-derived materials and recycled asphalt into asphalt mix-
tures has emerged as one of the most promising avenues for developing sustainable road
infrastructure. Recent studies consistently show that both non-bituminous recycled materi-
als and RAP can enhance mechanical performance, reduce construction and maintenance
costs, and significantly mitigate environmental impacts. These approaches align closely
with circular economy principles and address the growing demand for durable, resource-
efficient pavement systems. A deeper analysis reveals that increased RAP content can
adversely affect fatigue and cracking performance due to the stiffening of aged binders. For
example, a recent review [77] found that high RAP levels (>30%) often reduce fatigue resis-
tance and increase susceptibility to fatigue cracking compared to conventional mixtures,
despite improvements in stiffness and rutting resistance [78-81].

Although RAP incorporation reduces environmental impacts and improves stiffness
and rutting resistance, the higher rigidity of aged binder can compromise low-temperature
cracking resistance or fatigue life, as observed in both laboratory and field studies [82].
These trade-offs should be considered when selecting RAP content, mix design, and rejuve-
nation strategies [8,83-86].

The performance of RAP-modified mixtures is also influenced by traffic levels and
climatic conditions. Some studies report that stiffness gains from aged binder are more
beneficial under warm climates and heavy loads, whereas fatigue and cracking performance
may deteriorate in colder climates or under high cyclic traffic [75,77,87].

A wide range of waste materials has been explored for their potential to improve
asphalt mixture performance. For example, recycled rubber derived from end-of-life tires
has been found to increase dynamic stability, elasticity, energy dissipation capacity, and
long-term resistance to deterioration [40]. Metallurgical slag shows mechanical behav-
ior, increasing crack resistance, and can fully replace natural aggregates while achieving
performance levels comparable to or exceeding those of traditional mixtures [14].

Recycled plastic materials have been widely studied for their ability to enhance resis-
tance to permanent deformation, particularly under high-temperature loading conditions.
Nevertheless, their performance at low temperatures remains variable and strongly depen-
dent on polymer type, particle size, and incorporation method [88]. Similarly, the inclusion
of recycled glass has been reported to improve mixture stability and resistance to long-term
deformation when appropriately processed and incorporated at optimized contents [45,89].

Among recycling strategies, RAP remains the most extensively implemented and
industrially mature solution. Both national and international studies indicate that asphalt
mixtures containing up to 30% RAP can exhibit mechanical and durability performance
comparable to mixtures produced exclusively with virgin materials [90,91]. Despite the
well-established technical, economic, and environmental advantages of RAP utilization,
global practice still reflects relatively conservative application levels. Recent international
assessments reveal that the average RAP content used worldwide remains approximately
30%, underscoring a substantial gap between research advancements and large-scale
implementation [6,8,92].

3.1. Lessons Learned

The reviewed studies clearly demonstrate that waste materials can significantly en-
hance the performance of asphalt mixtures. Research indicates that the incorporation of
steel slag, rubber, plastic waste, RAP, and industrial ashes leads to notable improvements
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in mechanical behavior, including strength, stiffness, and durability [14,93]. These find-
ings confirm the technical feasibility of waste-based asphalt mixtures and support their
increasing consideration in modern pavement engineering.

However, the performance of recycled materials is strongly dependent on appropriate
processing and material preparation. Metallurgical slag, in particular, must be crushed,
sieved, and properly stabilized to eliminate undesirable volumetric expansion and to
ensure adequate compatibility with bituminous binders [94]. Similarly, plastic waste
exhibits variable behavior at low temperatures and often requires the use of compatibilizing
additives to achieve satisfactory performance within asphalt mixtures [95].

From an environmental and economic perspective, the utilization of waste materials
contributes substantially to the reduction of natural resource consumption, energy demand,
and greenhouse gas emissions. The partial or full replacement of conventional materials
with waste-derived alternatives has also been shown to reduce overall project costs, thereby
increasing the attractiveness of these solutions for both public authorities and industry
stakeholders [40].

An important lesson derived from the literature is that combining different waste
materials within a single asphalt mixture may generate performance synergies that can-
not be achieved through the use of a single recycled component. In several cases, waste
materials have demonstrated the potential to function as high-performance substitutes for
conventional constituents, occasionally surpassing the performance of natural aggregates
or virgin binders [96]. Nevertheless, recycled materials do not exhibit uniform behavior, as
their properties vary depending on source, composition, and processing method. Conse-
quently, rigorous laboratory testing, detailed material characterization, and strict quality
control are essential prior to field implementation to ensure reliable and durable pavement
performance [97].

Finally, the absence of clear and harmonized technical standards remains a major
barrier to large-scale adoption. The development of well-defined specifications and
performance-based regulations would significantly accelerate the safe and efficient integra-
tion of waste materials into asphalt mixtures, supporting their transition from experimental
applications to routine practice in sustainable road infrastructure [98].

3.2. The Long-Term Impact

In the long term, maintaining a conventional technological process without integrat-
ing recycled materials may lead to a range of negative environmental effects, including
increased compliance costs, accidental pollution events, operational vulnerability in the
event of incidents, and intensified pressure on natural resources [99]. These potential
consequences highlight the importance of adopting proactive environmental management
strategies and transitioning toward more sustainable production practices.

By contrast, the controlled incorporation of recycled waste into the asphalt manufactur-
ing process can significantly contribute to reducing environmental impacts, provided that
appropriate technical and organizational measures are implemented. The valorization of
materials such as RAP and other compatible wastes enables a reduction in natural resource
consumption and associated emissions, while simultaneously improving overall process
efficiency [100].

To mitigate environmental impacts, the implementation of an integrated set of tech-
nical, organizational, and preventive measures is recommended. These include installing
emission capture filters at the drying stages, optimizing temperatures during RAP process-
ing, ensuring proper management of hazardous substances, analyzing the characteristics
of wastes introduced into the technological flow, recirculating process water, performing
periodic technical inspections of operating equipment, conducting internal environmental
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audits, and developing plans for the prevention and control of accidental pollution [101].
These measures support enhanced operational resilience, regulatory compliance, and im-
proved environmental performance, contributing to the development of a production
system aligned with circular economy principles and sustainable development.

The incorporation of various waste materials into asphalt production generates durable
long-term effects on road infrastructure, the environment, and the overall economic sus-
tainability of pavement systems. The findings reported in the literature [102] consistently
confirm that this approach represents one of the most promising directions in the develop-
ment of sustainable road construction practices. By integrating waste materials into asphalt
mixtures, the pavement industry can achieve measurable environmental, technical, and
economic benefits over the entire service life of road infrastructure.

From an environmental perspective, the use of waste-modified asphalt contributes
directly to emissions reduction during material production. Recent studies indicate that
asphalt mixtures incorporating waste materials can significantly reduce emissions of VOC
and carbon-related emissions during manufacturing processes [40]. In parallel, the re-
placement of natural aggregates with metallurgical slag or other industrial by-products
substantially decreases the extraction of virgin resources and limits the volume of waste
sent to landfills, thereby mitigating pressure on natural ecosystems [14].

Industrial-scale data further support the long-term environmental advantages of
recycling practices. Recent reports indicate that the recycling of bituminous materials can
result in annual savings of tens of millions of tons of natural aggregates, highlighting the
strategic importance of recycling in preserving finite resources [103]. These reductions not
only enhance material efficiency but also contribute to improved sustainability performance
at the national and international levels.

In addition to environmental benefits, the long-term economic impact of waste uti-
lization in asphalt mixtures is equally significant. The incorporation of recycled asphalt
pavement and industrial waste materials has been shown to reduce production costs by
approximately USD 10 per ton when compared to conventional asphalt mixtures [104].
Replacing natural aggregates with metallurgical slag represents a cost-effective solution,
as procurement costs for virgin aggregates may decrease by up to 50% through the use of
recycled alternatives [105].

Over the long term, these practices contribute to a road construction industry that
is less dependent on finite natural resources, thereby reducing vulnerability to material
shortages and market price fluctuations. The utilization of metallurgical slag and other in-
dustrial by-products in asphalt mixtures emerges as a robust, sustainable, and economically
advantageous strategy for modern pavement engineering.

The scientific literature confirms that the long-term implementation of waste-derived
materials in asphalt mixtures leads to improved pavement performance, reduced construc-
tion and maintenance costs, minimized environmental impact, and effective support of
circular economy principles [106-108]. These findings reinforce the role of waste-based
asphalt technologies as key contributors to the future of sustainable road infrastructure.

4. Conclusions

This study presents a novel and structured framework for quantitative environmen-
tal risk assessment in asphalt production plants, integrating both conventional asphalt
and asphalt mixtures containing RAP. The EIS methodology proves to be a practical and
structured tool for environmental risk assessment in asphalt production. Its advantages
include the systematic integration of regulatory requirements, pollutant characteristics,
and control measure effectiveness, enabling the prioritization of significant risks. However,
limitations include its reliance on accurate input data and potential variability in real-world
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operational conditions. The method is particularly applicable in scenarios where both
conventional and RAP-containing asphalt mixtures are produced, supporting informed
decision-making for sustainable and compliant operations.

The experimental results confirm that incorporating 9.71% RAP is technically feasible
and leads to improvements in key physico-mechanical properties, including increased
Marshall stability, reduced water absorption, and improved compaction, while all charac-
teristics remained within standard limits. The environmental risk assessment highlights
that RAP utilization can lead to slightly increased operational impacts, particularly during
drying and mixing stages, due to intensified emissions and reduced effectiveness of control
measures at elevated temperatures.

The comparative analysis confirms that while RAP introduces some additional opera-
tional risks, these can be effectively mitigated through targeted technical and organizational
measures, while simultaneously reducing the consumption of virgin materials.

The findings emphasize that RAP represents a more sustainable and cost-effective
alternative to conventional mixtures, provided that an integrated risk—control-monitoring
approach is applied.

For asphalt plant operators, the findings indicate that RAP can be safely integrated
into production processes provided that enhanced control measures are applied during
high-temperature operations, particularly at drying and mixing stages. Targeted measures,
such as temperature optimization, emission control systems, preventive maintenance, and
staff training, are essential to mitigate increased environmental risks. For policy makers,
the results support the promotion of moderate RAP incorporation levels within existing
regulatory frameworks, as a viable pathway toward circular economy objectives without
compromising environmental compliance or product performance.

The experimental characterization of RAP-containing mixtures, combined with the
comparative EIS analysis before and after control measures, provides a quantitative link
between technical performance and environmental impact, demonstrating how RAP use
influences both mixture durability and operational environmental risk.

Future research should focus on field-scale validation of the proposed EIS method-
ology, including long-term environmental monitoring under real operating conditions.
Further studies should also investigate higher RAP contents, different mixture types, and
varying traffic and climatic conditions to assess long-term durability, fatigue performance,
and cracking behavior. The integration of advanced rheological and performance-based
testing would further strengthen the applicability of the proposed framework.
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