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Abstract: The construction industry is a primary contributor to global greenhouse gas emissions, with cement production alone 

accounting for approximately 8% of global CO2. This systematic review evaluates sustainable concrete technologies, emphasizing their 

environmental benefits and carbon reduction potential. Following PRISMA guidelines, this review synthesizes research from recent 

literature on supplementary cementitious materials (SCMs), recycled aggregates, geopolymer concrete, and nanomaterial integration. 

The findings demonstrate that substituting traditional Portland cement with SCMs can reduce life-cycle environmental impacts by up to 

94.1% in high-volume GGBS systems. Furthermore, geopolymer concrete and carbon capture technologies offer pathways toward 

carbon neutrality. Challenges regarding material availability and performance variability are discussed to guide future large-scale 

implementation. 
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1. Introduction 
 

The construction of transportation infrastructure 

encompassing highways, bridge decks, and urban transit 

systems is a resource-intensive endeavor that relies 

fundamentally on Ordinary Portland Cement (OPC) 

concrete. Global urbanization and the expansion of logistics 

networks have propelled cement production to 

approximately 4.1 billion tons annually, positioning the 

cement industry as the source of nearly 8% of anthropogenic 

CO2 emissions [1], [6]. The environmental toll is dual-

faceted: the chemical process of calcination releases massive 

volumes of greenhouse gases, while the extraction of virgin 

river sand and crushed stone for aggregates leads to severe 

ecosystem degradation and resource depletion [2]. 

 

In the context of the Paris Agreement and global mandates 

for carbon neutrality by 2050, the architecture, engineering, 

and construction (AEC) sectors are under unprecedented 

pressure to decarbonize. Transportation infrastructure 

presents a unique challenge because concrete used in 

pavements and bridges must withstand extreme mechanical 

fatigue, cyclic loading, and aggressive environmental 

exposure [5], [9]. Traditional "Green Concrete" often faces 

skepticism from transportation authorities due to concerns 

over early age strength gain and long-term durability. 

 

However, recent advancements in material science have 

introduced a spectrum of low carbon solutions. These 

include Supplementary Cementitious Materials (SCMs) 

derived from industrial by- products, such as fly ash and 

ground granulated blast furnace slag (GGBS), which can 

significantly lower the "clinker-to-cement" ratio [3]. 

Furthermore, "clinker-free" binders such as geopolymers, 

and the integration of nanomaterials like nano-silica and 

carbon nanotubes, have demonstrated the potential to not 

only reduce the carbon footprint but also enhance the 

microstructure and durability of concrete [4]. 

 

Despite the proliferation of individual experimental studies, 

there remains a lack of consolidated data regarding the 

absolute sustainability limits and life cycle impacts of these 

materials when applied specifically to infrastructure [7]. 

This systematic review addresses this gap by synthesizing 

current literature to evaluate the trade-offs between 

mechanical performance and environmental benefits. By 

utilizing the PRISMA framework, this study provides a 

high-level technical assessment of how sustainable concrete 

can transition from laboratory research to large-scale, 

resilient transportation projects [8], [10]. 

 

2. Objectives of the Study 
 

1) Analyse the environmental impact of sustainable 

concrete materials compared to conventional OPC. [3]. 

2) Evaluate the carbon reduction potential of SCMs and 

alternative clinkers [6]. 

3) Assess the role of Absolute Environmental Sustainability 

Assessment (AESA) in setting CO2 limits for 

infrastructure systems [7]. 

4) Identify technical and economic barriers to the 

widespread adoption of low carbon concrete [1], [10]. 

 

3. Systematic Review Methodology (Prisma-

Based) 
 

This systematic review was conducted in accordance with 

the PRISMA (Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses) 2020 guidelines to ensure 

transparency, replicability, and academic rigor [8].  
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Figure 1: Flow diagram illustrating the literature search and 

selection process for the systematic review 

 

The methodology was structured into five distinct phases: 

 

a) Identification and Search Strategy 

The literature search was performed across high-impact 

databases, including ScienceDirect, SpringerLink, and 

Frontiers, focusing on publications from 2018 to 2025. The 

search utilized Boolean operators to combine keywords: 

("Sustainable Concrete" or "Green Concrete") and ("Carbon 

Reduction" or "LCA") and ("SCMs" or "Geopolymer"). 

Initial identification yielded approximately 124 records 

based on title relevance [3], [6]. 

 

b) Screening and Eligibility Criteria 

Titles and abstracts were screened to exclude studies that did 

not focus on transportation infrastructure or environmental 

impact metrics. 

• Inclusion Criteria: Studies providing quantitative data 

on CO2 emissions, Life Cycle Assessment (LCA) results, 

or mechanical performance of eco-friendly binders [3]. 

• Exclusion Criteria: Papers focusing solely on 

architectural aesthetics, non-peer-reviewed articles, and 

studies without a clear baseline comparison to Ordinary 

Portland Cement (OPC). 

 

c) Quality Assessment and Data Extraction 

Ten core papers were selected for final synthesis after a full-

text review. Data extraction focused on: 

• Chemical Composition: Types of SCMs (Fly Ash, Slag, 

Silica Fume) and alkali activators used in Geopolymers 

[4], [9]. 

• Environmental Indicators: Global Warming Potential 

(GWP), Carbon Intensity (CI), and energy consumption 

[3], [7]. 

• Mechanical Benchmarks: Compressive strength at 28 

and 90 days to ensure structural viability for 

infrastructure [9]. 

 

 

4. Material Innovations and Environmental 

Impact 
 

This section synthesizes the environmental performance and 

technical advancements of the identified sustainable 

technologies. 

 

Table 1: Summary of Evidence and Technical Findings 

from Included Studies 

Source ID 
Core Research 

Focus 
Key Technical Findings 

Nilimaa 

 [1] 

Smart Tech & 

3D Printing 

Integrated smart technologies (3D 

printing, CCS) can significantly 

reduce construction carbon 

footprints. 

Bao 

 [2] 

Construction 

Circularity 

Established strategies for 100% 

waste circularity in emerging 

economies through "harmless 

treatment". 

Althoey et 

al. [3] 

Low-Carbon 

SCMs 

Replacing 70% cement with GGBS 

reduces life cycle environmental 

impact by up to 94.1%. 

Paruthi et 

al. [4] 

Nano-Materials 

in GPC 

Nano-integration increases 

durability and acid resistance in 

geopolymer concrete by 2–2.5%. 

Jaya et al.  

[5] 

Resilient 

Infrastructure 

Enhances hydraulic performance 

and structural resilience for long-

term infrastructure service life. 

Marandi et 

al. [6] 

Alternative 

Binders 

Clinker-free binders and AI-

optimized formulations can 

eliminate up to 80% of CO2 

emissions. 

Heide et al.  

[7] 

Absolute 

Sustainability 

CO2 limits should be based on 

building function rather than area to 

prevent rewarding over-

construction. 

Huang et al. 

[8] 

High-

Performance 

Concrete 

High-performance materials allow 

for reduced structural mass, 

lowering total embodied energy. 

Vargas et 

al. [9] 

Mix 

Optimization 

Optimized SCM blends provide 

superior durability while 

maintaining lower binder intensity. 

Bhagath  

[10] 

Green Building 

Materials 

Emphasizes that durability is the 

key pathway to lowering 

environmental impact in green 

construction. 

 

a) Supplementary Cementitious Materials (SCMs) and 

Carbon Efficiency 

The use of SCMs remains the most effective immediate 

strategy for carbon mitigation. Research indicates that the 

environmental impact is highly dependent on the 

"Substitution Rate" and the "Binder Intensity" (BI) [3], [6]. 

• Fly Ash (FA) vs. GGBS: Studies show that replacing 

70% of OPC with fly ash can reduce the total 

environmental impact by 13% relative to a conventional 

concrete mix.” In contrast, a 70% replacement with 

GGBS achieves an even lower impact of 94.1% relative 

to plain concrete [3]. The significantly higher reduction 

achieved with GGBS is attributed to its lower embodied 

energy and higher clinker substitution efficiency 

compared to fly ash. 

• Ternary Blends: Combining nano-silica with SCMs can 

offset the slow early strength gain of high-volume fly ash 

mixes, allowing for higher substitution rates without 
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compromising the rapid opening of transportation routes 

[9]. 

 

b) Geopolymer Concrete (GPC) as a Zero-Clinker 

Alternative 

Geopolymerization offers a chemical pathway to eliminate 

clinker entirely by using alkaline activators (NaOH and 

Na2SiO3) to trigger aluminosilicate sources [4]. 

• Carbon Benefits: GPC production emits up to 80% less 

CO2 than OPC because it bypasses the high-temperature 

calcination of limestone [6]. 

• Nano-Material Integration: The addition of nano-silica, 

carbon nanotubes, or nano-alumina into GPC improves 

the Interfacial Transition Zone (ITZ). Experimental 

results show that nano modified GPC increases resistance 

to sulphate and acid attacks approximately 2–2.5 times 

which is critical for bridge piers and marine 

infrastructure [4]. 

 

c) Circular Economy: Recycled Concrete Aggregates 

(RCA) 

The transition from a linear "take-make-dispose" model to a 

circular economy is vital for sustainable infrastructure [2]. 

• Waste Valorisation: Emerging economies, particularly 

China, have implemented "Harmless Treatment" 

strategies where construction waste is processed into 

high quality aggregates [2]. 

• Performance Trade-offs: While RCA reduces the need 

for natural resource extraction, it can increase porosity. 

However, when combined with SCMs, the refined pore 

structure compensates for the RCA’s weaknesses, 

creating a carbon neutral structural material [10]. 

 

d) Smart Technologies and Carbon Capture 

Innovation extends beyond materials into carbon 

sequestration and thermal management: 

• Carbon Capture and Storage (CCS): New 

technologies allow for the injection of CO2 into fresh 

concrete during mixing, mineralizing the gas into solid 

calcium carbonate (CaCO3), which permanently 

sequesters the carbon and enhances compressive strength 

[1]. 

• Phase Change Materials (PCMs): Incorporating PCMs 

into concrete pavements helps regulate surface 

temperatures, mitigating the "Urban Heat Island" effect 

and reducing the energy cooling loads of surrounding 

infrastructure [1]. 

 

5. Comparative Environmental Synthesis 
 

To provide a more detailed analysis, this section compares 

the Global Warming Potential (GWP) and energy intensity 

of the materials discussed in the provided literature. 

 

a) Binder Intensity and Carbon Scaling 

Data synthesis reveals that the "Binder Intensity Index" (BI) 

which measures the amount of binder needed to achieve 1 

MPa of strength is a critical metric for sustainability. High 

Performance Concrete (HPC) utilizing nano-silica can 

achieve higher strengths with lower total binder volumes, 

effectively reducing the carbon footprint per unit of 

structural load [9]. 

• Standard Concrete: GWP approx. 350–400 kg CO2-

eq/m3 

• 70% GGBS Concrete: GWP reduced to approximately 

100–120 kg CO2-eq/m3 representing a 60-70% reduction 

at the material level [3]. 

 

b) Absolute Sustainability Limits (AESA) 

A critical finding in recent research is that sustainability 

should not only be measured in percentages but against 

"Planetary Boundaries." Using an Absolute Environmental 

Sustainability Assessment (AESA), it is argued that the CO2 

limits for infrastructure should be functional [7]. For 

example, a bridge designed for a 100-year service life using 

high carbon HPC may be more "absolutely sustainable" than 

a low carbon pavement that requires replacement every 15 

years, due to the avoided emissions of repeated construction 

cycles [7]. 

 

c) The Role of Thermal Management 

Sustainable concrete in transportation also involves 

mitigating the Urban Heat Island (UHI) effect. Technologies 

such as "Cool Pavements" and Phase Change Materials 

(PCMs) integrated into concrete layers act as passive cooling 

systems [1]. These materials reduce the surface temperature 

of urban roads by 10–20°C, indirectly reducing the carbon 

footprint of surrounding buildings by lowering the energy 

required for air conditioning [1]. 

 

6. Synthesis of Findings: Beyond Individual 

Summaries 
 

While a summary would merely list the findings of each 

study, this synthesis evaluates how these diverse 

technologies interact to create a holistic low carbon 

framework. By cross analysing the 10 core studies, three 

primary thematic intersections emerge: 

 

a) The Synergy Between Nano-Materials and High-

Volume SCMs 

A critical conflict in sustainable concrete is that high-volume 

substitution of cement with SCMs (e.g., Fly Ash or GGBS) 

often results in slow early-age strength gain, which is a 

major barrier for highway construction. However, by 

synthesizing the findings of Althoey et al. [3] and Vargas et 

al. [9], a solution is identified: the integration of nano-silica. 

While Althoey provides the evidence for a 94.1% reduction 

in GWP through SCMs, Vargas demonstrates that nano-

additives act as a catalyst, accelerating the hydration process 

and offsetting the strength deficit. This synergy makes high 

reduction mixes practically viable for rapid opening 

transportation infrastructure. 

 

b) Durability as the Driver of Absolute Sustainability 

Traditional assessments focus on the carbon emitted during 

construction. However, a synthesis of Heide et al. [7] and 

Bhagath [10] reveals that absolute sustainability is a function 

of time. Heide’s functional limits suggest that a structure's 

CO2 footprint must be viewed over its entire service life. 

When paired with Paruthi’s findings [4] on how nano 

materials increase acid and sulphate resistance by 2.5%, it 

becomes clear that "High Performance" concrete is the most 

sustainable choice because it prevents the high carbon cost 

of repeated repair cycles. 
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c) Closing the Loop: Circular Economy and Smart Tech 

The review finds a clear link between waste management 

and smart optimization. Bao [2] establishes the "Harmless 

Treatment" model for 100% aggregate circularity, but 

Nilimaa [1] and Marandi [6] provide the technical "future 

proofing" through Carbon Capture and Storage (CCS) and 

AI optimized mix designs. This suggests that the next 

generation of infrastructure will not just be "low carbon" but 

"carbon active," using smart technologies to sequester CO2 

within the very waste aggregates identified in circular 

economy models. 

 

7. Conclusion and Future Outlook 
 

This systematic review has critically evaluated the transition 

from traditional Ordinary Portland Cement (OPC) to 

sustainable concrete technologies, specifically within the 

context of transportation infrastructure. By synthesizing data 

from current literature, several well supported conclusions 

regarding the environmental and structural viability of these 

materials can be drawn: 

 

a) Decarbonization Potential of Alternative Binders 

The evidence confirms that the construction industry 

possesses the technical capacity to reduce its carbon 

footprint by over 90% through the strategic implementation 

of SCMs and geopolymer binders [3], [6]. Fly ash and 

GGBS remain the most commercially viable paths for 

immediate CO2 mitigation, with high-volume replacement 

levels (up to 70%) demonstrating the ability to lower the life 

cycle environmental impact to as little as 5.9% of a 

conventional OPC baseline [3]. However, the study 

highlights that environmental benefits are highly localized, 

depending on the proximity of industrial by product sources 

and the energy intensity of the transportation required. 

 

b) Performance-Durability Synergy 

A critical paradigm shift identified in this review is that 

“High-Performance" and "Sustainable" are no longer 

mutually exclusive. The integration of nano-materials (nano-

silica and carbon nano-tubes) into geopolymer and SCM 

based concrete significantly refines the pore structure, 

enhancing resistance to the aggressive chemical 

environments common in bridge and marine infrastructure 

[4], [9]. Furthermore, the review underscores that durability 

is the ultimate form of sustainability; by extending the 

service life of a structure through superior material density, 

the total functional carbon cost over a 100-year span is 

drastically reduced, even if the initial material cost is higher 

[7]. 

 

c) Transitioning to a Circular Economy 

The successful implementation of recycled concrete 

aggregates (RCA) and reclaimed asphalt pavement (RAP) in 

emerging economies like China provides a template for 

global waste circularity [2]. While technical challenges such 

as increased water absorption in recycled aggregates persist, 

the use of harmless treatment and advanced sorting 

technologies can produce secondary materials capable of 

meeting structural standards for medium to high traffic 

pavements [10]. 

 

 

d) The Role of Absolute Sustainability Metrics 

Current policy frameworks often rely on relative percentage 

reductions. However, this review concludes that the industry 

must move toward Absolute Environmental Sustainability 

Assessments (AESA). Carbon limits should be tailored to 

the specific utility of the infrastructure (e.g., bridge vs. 

sidewalk) to ensure that planetary boundaries are respected 

without stifling necessary urban development [7]. 

 

e) Recommendations for Future Research 

Despite significant progress, several "research gaps" hinder 

large-scale adoption: 

 

Field Performance Data: There is an urgent need for long-

term (10+ years) monitoring of geopolymer and nano-

modified pavements under actual heavy traffic conditions. 

 

Standardization: Current building codes are largely 

prescriptive (based on OPC). A shift toward performance-

based standards is essential to allow engineers the flexibility 

to use alternative binders [6]. 

 

Economic Scalability: Research into low-cost alkaline 

activators for geopolymers and the automation of 3D-

concrete printing will be vital in reducing the current "green 

premium" on sustainable materials [1]. 

 

In conclusion, the path to carbon neutral infrastructure is 

multifaceted, requiring a combination of material 

innovation, circular waste management, and functional 

policy design. While the laboratory results for sustainable 

concrete are promising, the next frontier lies in cross 

disciplinary collaboration between material scientists, 

policymakers, and transportation authorities to standardize 

and scale these low carbon solutions for the resilient cities of 

tomorrow. 
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