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Abstract: Against the backdrop of the increasing scarcity of natural mineral aggregates and the underutilization of excessive steel slag resources, extensive research has confirmed the applicability of steel slag as a road aggregate and its favorable pavement performance properties. However, systematic quantitative assessments of steel slag asphalt pavement (SSAP) across multiple dimensions, including environmental and economic benefits, remain relatively limited. Among SSAP with 100% replacement of coarse aggregates by steel slag, the material production stage exhibits the lowest energy consumption and carbon emissions; this is followed by SSAP with a 60% steel slag replacement ratio, while conventional asphalt pavement (CAP) with 0% replacement demonstrates the highest values. When the transportation distance for natural aggregates is 180 km and for steel slag is 60 km, SSAP with 100% steel slag replacement shows the minimal energy consumption and carbon emissions during the transportation stage, whereas CAP with 0% replacement records the highest. Notably, this relationship reverses in the construction stage. The total carbon emissions generated during the construction period for SSAP with steel slag replacement ratios of 0%, 60%, and 100% are 142,841.16 kg, 122,775.15 kg, and 119,220.11 kg, respectively. Specifically, CAP (0% replacement) exhibits the maximum total energy consumption and carbon emissions during construction, while SSAP with 100% steel slag replacement presents the minimum values. These results demonstrate that replacing natural aggregates with steel slag can effectively reduce energy consumption and carbon emissions during the construction of asphalt pavements.
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1 Introduction
With the continuous expansion of transportation infrastructure, annual demand for natural mineral resources has been rising, while reserves of these non-renewable resources have been progressively depleting. Natural stone materials, sand and gravel aggregates—critical components in road construction—have suffered severe overexploitation, leading to acute resource depletion [18]. This trend has intensified the urgent shortage of high-quality mineral resources in regions, while mining areas face mounting pressure from growing construction demands, necessitating the exploration of new alternative materials to alleviate resource strain.
Steel slag, an industrial by-product, currently has a utilization rate below 30%. The majority of unutilized steel slag is often simply stockpiled near steel plants [19]. As a by-product of steel refining processes, steel slag, after appropriate treatment and processing, exhibits favorable physical-mechanical properties and chemical stability. Experimental validations have confirmed that its pavement performance indicators meet high-standard requirements, making it suitable for surface layer construction of high-grade roads.
Since the 1990s, the life cycle assessment (LCA) methodology was first introduced into road engineering. Finnish scholars pioneered its application in conducting comparative analyses of pavement environmental impacts. Since then, the scope of LCA application in road engineering has expanded continuously, with research depth also deepening. Current primary strategies for LCA implementation in road engineering by international researchers include three main approaches: construction process-based life cycle analysis [1–7], economic input-output model-based life cycle analysis [8], and comprehensive life cycle analysis [9–13]. Anastasiou et al. [14] revealed that in Greece, substituting cement with fly ash and aggregates with steel slag in concrete pavement materials can effectively reduce CO₂ emissions. Through sensitivity analysis of alternative material transportation distances, they found that steel slag only achieves emission reduction effects within short-distance transportation ranges. Additionally, interactions between road pavements and vehicles (e.g., rolling resistance) significantly influence environmental impacts during the use phase. Akbarian et al. [15] further indicated that pavement conditions—including roughness, texture, and deformation under load—can affect vehicle operational carbon emissions to a certain extent. Huang et al. [16] conducted a quantitative analysis of environmental impacts from a highway maintenance project in the UK, showing that due to the long service life of pavements, energy consumption and CO₂ emissions from transportation dominate. Thus, in future pavement LCA studies, environmental impacts such as traffic congestion caused by road renovations should not be overlooked. Pontarollo John et al. [17], based on life cycle theory, explored the trade-off between costs and environmental impacts in highway engineering construction. By analyzing skid resistance, macro-textural properties, and financial investment data of different pavement materials in Australia and New Zealand, they emphasized that decision-making should not solely pursue the lowest cost.
2. Life Cycle Assessment (LCA) Methodology
Life cycle assessment (LCA), as a scientific tool for quantifying the environmental impacts of product systems, essentially tracks the flow of materials and energy across the entire lifecycle—"resource extraction-production-processing-transportation-use-disposal"—to precisely account for environmental burdens at each stage and identify pathways for improvement [20]. With the global dissemination of the ISO 14040 standard, LCA has transcended its initial application in industrial product evaluation, deeply integrating into macro-decision-making fields such as infrastructure development and energy strategy. Notably, in addressing the challenge of carbon neutrality, LCA constructs a full-life cycle carbon accounting model spanning "raw material production-construction-operation-maintenance-recycling," enabling precise localization of carbon emission impacts across road engineering stages .
2.1 Goal and Scope Definition
This study focuses on a case of a 4-lane bidirectional expressway, defining a 1 km single-directional two-lane pavement (7.5 m wide, excluding hard shoulders, with two 3.75 m lanes) as 1 functional unit. Given the focus on the surface layer of steel slag asphalt pavement (SSAP), the surface course thickness is specified as 18 cm, composed of (from top to bottom): a 4 cm SMA-13 layer, a 6 cm AC-20 layer, and an 8 cm AC-25 layer. Three pavement structures are selected, with all schemes using limestone as fine aggregates:
Scheme 1: Conventional asphalt pavement with 0% steel slag substitution for coarse aggregates;
Scheme 2: Asphalt pavement with 60% steel slag substitution for coarse aggregates;
Scheme 3: Asphalt pavement with 100% steel slag substitution for coarse aggregates.

RESULT & DISCUSSIONS

2.2 Inventory Analysis
Common methods for inventory analysis include the process-based method, economic input-output (EIO) method, and hybrid method. This study adopts the process-based approach, dividing the LCA of asphalt pavements into three primary unit processes: raw material production, transportation, and construction, with further tracing of upstream sub-processes. The inventory is established primarily based on industry standards such as the Budget Quota for Highway Engineeringand Cost Quota for Highway Engineering Machinery Shifts, supplemented by field survey data.
2.3 Life Cycle Impact Assessment
The core task of life cycle impact assessment is to transform energy consumption and emission data into intuitive environmental impact metrics (e.g., primary energy consumption, global warming potential [GWP]) using characterization factors. Since crude oil, raw coal, and natural gas are primary fossil energy sources, their calorific values are directly used as energy consumption characterization factors. Characterization systematically categorizes various emissions into distinct environmental impact types using specific characterization factors. Focusing on the most relevant environmental impact type for SSAP—global warming—the assessment quantifies greenhouse gases (GHGs) by converting CH₄ and N₂O into CO₂-equivalent (CO₂-eq) using characterization factors, with CO₂ as the reference substance. The influence factors and characterization factors for CO₂, CH₄, and N₂O are obtained from the National Greenhouse Gas Emission Factor Database.


3. Carbon Emission Inventory for Steel Slag Asphalt Pavement Construction
3.1 Carbon Emission Inventory for Raw Material Production Stage
The primary raw materials for steel slag asphalt pavement include steel slag, mineral aggregates, and asphalt. The unit energy consumption and carbon emission data for producing mineral aggregates were sourced from Lian Ruiyu at Chang'an University. Production data for asphalt were obtained from a subsidiary of Sinopec [22]. The energy consumption and carbon emissions associated with the secondary processing of steel slag were determined as 17.89 MJ and 3.01 kg CO₂-eq, respectively. The carbon emissions generated from the production of raw materials are summarized in Table 1
Table 1  carbon emission inventory in raw material materialization stage
	Material Type
	Scheme 1
	Scheme 2
	Scheme 3

	
	Carbon Emissions(kg)
	Carbon Emissions(kg)
	Carbon Emissions(kg)

	Steel Slag
	—
	5318.20 
	6726.29 

	Limestone 
	16654.87 
	8203.80 
	6775.26 

	Basalt
	3865.71 
	1526.51 
	—

	Mineral Filler
	1291.11 
	1298.37 
	1505.59 

	 70# A Asphalt 
	9706.72 
	10266.51 
	12069.55 

	SBS-Modified Asphalt
	7821.37 
	8695.72 
	9097.44

	Total
	39339.77 
	35538.39 
	36288.81 


As indicated in Table 1, the carbon emissions for Scheme 1 during the raw material production stage are 39,339.77 kg CO₂-eq, representing 1.10 times and 1.08 times those of Schemes 2 and 3, respectively. The primary sources of these emissions are asphalt and aggregate. In Scheme 1, aggregate and asphalt contribute 52.17% and 44.55% of the total carbon emissions, respectively. For Scheme 2, these values are 42.61% (aggregate) and 53.71% (asphalt), while Scheme 3 shows contributions of 37.32% (aggregate) and 58.52% (asphalt).
The carbon emissions from aggregate in Scheme 1 are 36.36 times and 51.99 times higher than those in Schemes 2 and 3, respectively. Conversely, emissions from asphalt in Scheme 1 are 8.18 times and 17.19 times lower than in Schemes 2 and 3. This phenomenon occurs because increased steel slag incorporation replaces conventional aggregate, thereby reducing its contribution to the total production-stage emissions. However, higher steel slag content necessitates greater asphalt usage. As asphalt is a high-carbon, energy-intensive material, its increased proportion elevates the overall impact. This also explains why Scheme 2, despite incorporating less steel slag than Scheme 3, exhibits lower production-stage carbon emissions than Scheme 3.
3.2 Carbon Emission Inventory for Raw Material Production Stage
The following transportation distances are assumed:Limestone and basalt to asphalt mixing plant: 180 km,Steel slag to asphalt mixing plant: 60 km,Mineral filler to asphalt mixing plant: 50 km,Asphalt mixing plant to construction site: 15 km,Petroleum asphalt and SBS modified asphalt to asphalt mixing plant: 20 km,The calculated carbon emissions for the transportation stage are detailed in Table 2.
Table 2  Carbon Emissions Inventory Generated in the Transportation Stage
	Material Type
	Scheme 1
Carbon Emissions(kg)
	Scheme 2
Carbon Emissions(kg)
	Scheme 3
Carbon Emissions(kg)

	Steel Slag
	—
	11138.92
	14088.15

	Limestone 
	58184.27
	27632.56
	19390.28

	Basalt
	
	
	

	Mineral Filler
	2087.86
	2470.34
	2337.04

	Asphalt(70# A Asphalt /SBS-Modified Asphalt )
	964.68
	1034.57
	1184.25

	bituminous mixture
	5492.41
	5852.62
	5938.54

	Total
	66729.21
	48129.01
	43123.07


As shown in Table 2, the proportions of energy consumption and carbon emissions from transporting various materials to the total energy consumption and total carbon emissions are identical across the three schemes. This is because the transportation distances and energy consumption for each material are consistent among the three scenarios, leading to the same proportion of energy consumption and carbon emissions per material. Among all materials, aggregate transportation accounts for the largest share of energy consumption and carbon emissions in each scheme, with proportions of 87.19%, 80.55%, and 77.91%, respectively. The corresponding energy consumption values are 897,650.90 MJ, 647,438.41 MJ, and 577,611.88 MJ, and the carbon emissions are 66,729.21 kg, 48,129.01 kg, and 43,123.07 kg. Specifically, the energy consumption and carbon emissions from aggregate transportation in Scheme 1 are 1.39 times and 1.55 times those in Scheme 2 and Scheme 3, respectively. This discrepancy arises because the transportation distance of natural aggregates is three times that of steel slag. The underlying assumption is that as steel slag replaces natural aggregates, the overall weight of aggregates, asphalt, and asphalt mixtures increases, requiring more machinery shifts for transportation. Consequently, energy consumption, carbon emissions, and costs naturally rise, diminishing the advantages of steel slag in terms of low energy consumption, low emissions, and low cost.
For asphalt, mineral powder, and asphalt mixture transportation, their proportions of energy consumption and carbon emissions gradually increase. This is because higher steel slag content necessitates greater quantities of asphalt and mineral powder, significantly increasing the total weight of asphalt mixtures. Despite the shorter transportation distance for steel slag, the overall reduction in transportation energy consumption due to the increased proportion of steel slag leads to a gradual rise in the relative contribution of asphalt, mineral powder, and asphalt mixture transportation to total energy consumption and carbon emissions.
3.3 Carbon Emission Inventory for the Construction Stage
Due to differences in steel slag content, the density of steel slag asphalt mixtures varies, resulting in distinct energy consumption and carbon emissions during material loading, mixing, and other construction processes. Based on the inventory analysis of loaders and mixing equipment for steel slag asphalt mixtures with different content levels in previous sections, the energy consumption and carbon emissions per functional unit are presented in Table 3
Table 3 Carbon Emissions Inventory in the Construction Stage
	Process Stages 
	Scheme 1
Carbon Emissions(kg)
	Scheme 2
Carbon Emissions(kg)
	Scheme 3
Carbon Emissions(kg)

	Material Loading 
	1351.09 
	1460.20 
	1490.36 

	Mixing
	27507.30 
	29733.74 
	30404.07 

	 Paving
	284.57 
	284.57 
	284.57 

	Compaction
	7629.23
	7629.23
	7629.23

	Total
	36772.19 
	39107.75 
	39808.23 


As shown in Table 3, the mixing and compaction processes are the two key factors influencing the total carbon emissions during the construction stage of both conventional and steel slag asphalt pavements (SSAP). Among these, the mixing process generates the highest carbon emissions, with values of 27,507.30 kg, 29,733.74 kg, and 30,404.07 kg for the three schemes, respectively. The energy consumption and carbon emissions of Scheme 2 and Scheme 3 are 1.06 times and 1.08 times those of Scheme 1, respectively. This phenomenon arises because as the steel slag content increases, the density of the steel slag asphalt mixture rises, requiring more energy for mixing compared to conventional asphalt mixtures, thereby resulting in higher carbon emissions than Scheme 1.
Carbon emissions from the material loading process exhibit a gradual incremental trend, with values of 1,351.09 kg, 1,460.20 kg, and 1,490.36 kg. This is primarily attributed to the progressively increasing density of the steel slag asphalt mixture across Schemes 1 to 3, leading to greater total weight of the mixture in Scheme 3 compared to Scheme 2, and Scheme 2 compared to Scheme 1. Consequently, under loaders with equivalent capacity, the energy consumed during material loading increases stepwise, naturally leading to a gradual rise in carbon emissions.
Regarding the paving and compaction processes, the carbon emissions for all three schemes are identical, yet their proportional contributions differ. This discrepancy stems from the varying total carbon emissions across the construction stages of the three schemes, meaning the impact of paving and compaction on the overall construction stage carbon footprint differs among the schemes.
3.4Carbon Emission Inventory for the Construction Period of Steel Slag Asphalt Pavement
Based on the above calculations, the carbon emission inventory for the construction period of steel slag asphalt pavement is presented in Table 4.
Table 4 Carbon emission inventory of steel slag asphalt pavement construction 
under different mixing proportions
	Life Cycle Stages
	Scheme 1
Carbon Emissions(kg)
	Scheme 2
Carbon Emissions(kg)
	Scheme 3
Carbon Emissions(kg)

	 Raw Material Production
	39339.77 
	35538.39 
	36288.81 

	Transportation 
	66729.21 
	48129.01 
	43123.07 

	Construction
	36772.19 
	39107.75 
	39808.23 

	Total
	142841.16
	122775.15
	119220.11


As presented in Table 4, the total carbon emissions for Schemes 1, 2, and 3 are 142,841.16 kg, 122,775.15 kg, and 119,220.11 kg CO₂-eq, respectively. In Scheme 1 (conventional asphalt pavement), the transportation stage contributes most significantly to carbon emissions, followed by the raw material production stage, with the construction and demolition stages having the least impact. While the transportation stage remains the dominant emission source in Schemes 2 and 3 (steel slag asphalt pavements), the construction stage emerges as the secondary contributor, followed by raw material production, and finally demolition. This shift is primarily attributable to the substantial carbon emissions generated during the mixing process. Notably, carbon emissions increase correspondingly with the rising bulk specific gravity of the steel slag asphalt mixture.
In summary, the transportation stage dominates carbon emissions in conventional asphalt pavement (Scheme 1), followed by raw material production, with construction having the smallest contribution. However, as steel slag incorporation increases (Schemes 2 & 3), the relative contribution of both raw material production and the construction stage to the total carbon emissions of steel slag asphalt pavement becomes increasingly prominent, while the proportion attributed to transportation diminishes. Crucially, within the overall carbon footprint, the construction stage exerts a greater influence than the raw material production stage in steel slag asphalt systems.
4 Conclusions
(1) This study establishes the research background and significance of environmental impact assessment for steel slag asphalt pavement (SSAP), analyzes the applicability of life cycle assessment (LCA) theory in quantifying the environmental effects of SSAP, and clarifies the research objectives and system boundaries. The research objective is to systematically compare the quantitative differences in environmental impacts among asphalt pavements with varying steel slag contents using LCA. The system boundary encompasses the complete life cycle of SSAP, specifically divided into three stages: raw material production, transportation, and construction.
(2) Based on the structural parameters of conventional asphalt pavement surface layers, three pavement schemes were designed with steel slag substitution ratios for coarse aggregates of 0%, 60%, and 100%. Results from the raw material production stage indicate that the carbon emissions of Scheme 2 (60% substitution) and Scheme 3 (100% substitution) are reduced by 26.67% and 34.20% respectively compared to Scheme 1 (0% substitution). The total carbon emissions of Scheme 1 amount to 39,339.77 kg, which are 1.10 times and 1.08 times those of Scheme 2 and Scheme 3, respectively. This demonstrates that replacing natural aggregates with steel slag reduces carbon emissions during the raw material production stage.
(3) Transportation stage calculations reveal that due to the natural aggregate transportation distance of 180 km and steel slag transportation distance of 60 km, the carbon emissions of Scheme 1 are 1.39 times and 1.55 times those of Scheme 2 and Scheme 3, respectively. Therefore, when the transportation distance of natural aggregates far exceeds that of steel slag, higher steel slag substitution ratios result in lower energy consumption and carbon emissions during the transportation stage of SSAP, yielding better energy conservation and emission reduction effects.
(4) Construction and demolition stage calculations show that the carbon emissions during the construction stage for Scheme 1, Scheme 2, and Scheme 3 are 27,507.30 kg, 29,733.74 kg, and 30,404.07 kg, respectively. Specifically, the carbon emissions of Scheme 2 and Scheme 3 are 1.06 times and 1.08 times those of Scheme 1. Additionally, the mixing process accounts for 73.28%, 74.56%, and 74.92% of the total carbon emissions in the construction stage for Scheme 1, Scheme 2, and Scheme 3, respectively, indicating that the mixing process dominates the construction stage in terms of carbon emissions.
(5) The total carbon emissions during the construction period for the three SSAP schemes (Scheme 1: 0% steel slag substitution; Scheme 2: 60% substitution; Scheme 3: 100% substitution) are 142,841.16 kg, 122,775.15 kg, and 119,220.11 kg, respectively. These results confirm that conventional asphalt pavement (Scheme 1) exhibits the highest total carbon emissions during construction, while SSAP with 100% steel slag substitution (Scheme 3) has the lowest. Thus, replacing natural aggregates with steel slag effectively reduces carbon emissions during the construction of asphalt pavements.
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