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Abstract 

This study examines the existing pathways for the management of glass waste in the construction industry, which 

include the options of reuse, remanufacturing, and recycling. The study is motivated by the fact that large amounts of 

glass waste are disposed of by various sectors, including major contributions from the construction and food sectors. 

The low recycling rates and accumulation at landfills also drive the need for efficient circular strategies. This study 

compares existing pathways of reuse and recycling in terms of material retention, environmental impact, energy use, 

and performance to assess their feasibility for long-term circular economy goals and waste management by developing 

a matrix system. The study concludes that the reuse of waste and minimising downcycling lead to achieving 

environmental sustainability. 
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1.INTRODUCTION 

Glass is a material that is everywhere, in all kinds of products. It is widely used in the construction and technology 

sectors, but its waste disposal poses a major environmental challenge. Approximately 130 million tonnes of glass are 

discarded each year, and only around 21% is recycled (Müderrisoğlu, 2025). The rest is sent to landfills, taking up space 

and wasting natural resources. The practice of disposing of glass in landfills represents both a waste of space within the 

waste stream and a depletion of finite natural resources, in particular siliceous sand, which is essential to the manufacture 

of glass (Ng et al., 2024). Glass is very sturdy and can last in landfills for thousands of years without decomposing. The 

accumulation of glass waste in landfills is considered unsustainable because it involves throwing away materials that 

can be recycled indefinitely and requires new raw minerals. Extracting these raw materials is an energy-intensive 

process (Chowdhury et al., 2026). Making new glass uses a lot of energy and needs large amounts of materials like 

sand, soda ash, and limestone, leading to significant carbon emissions (Chowdhury et al., 2026). 

One of the most significant contributors to the generation of glass waste is the construction sector, primarily due to 

architectural flat glass and renovation activities. In 2020, the construction and demolition waste generated by the 

European Union constituted 37.5% of all waste produced (Tihomirovs et al., 2023). Due to the “renovation wave” 

driven by the European Green Deal, Germany produces an estimated 251,000 tonnes of glass waste from windows each 

year (Tihomirovs et al., 2023). In Brazil, the use of tempered “safety glass” in civil construction results in 35% of waste, 

largely from leftover cut materials such as shavings and unusable pieces (Reshamvala et al., 2024). Some renewable 

energy sources also started contributing to glass waste. Most photovoltaic modules last about 25 years. When they reach 

the end of their life, they are often thrown away in landfills because people see them as waste instead of a resource 

(Chowdhury et al., 2026). In many places, glass containers from the beverage industry make up most of the municipal 
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glass waste (Lu et al., 2017). Industrial glass waste, which includes discarded electronics and TV screens, often contains 

non-glass materials like metal and plastic lids. This situation makes recycling more difficult (Ouslimane et al., 2024). 

In addition to the increasing scarcity of natural resources such as siliceous sand (Reshamvala et al., 2024), the efficient 

management of glass waste is important for environmental sustainability, as the glass sector contributes to 36% of 

carbon dioxide emissions and 40% of energy consumption. Discarding materials like glass instead of repurposing them 

results in the loss of the embodied carbon released during their original energy-intensive production, which occurs at 

temperatures of 1600°C. This loss requires another round of high CO₂ emissions to produce replacements. Recycling 

processes can sometimes have risks, such as the use of harmful solvents like cyclohexane. If not handled properly, these 

solvents can negatively affect both human and aquatic health (Chowdhury et al., 2026). The circular economy offers a 

sustainable alternative to the traditional linear "take-make-waste" approach. It is a model of production and consumption 

that seeks to keep goods and materials in circulation for longer periods (Barbosa et al., 2026). For glass in the circular 

economy, the first preference is for the direct reuse and remanufacturing of intact panes from Insulating Glass Units 

(IGUs) and Photovoltaic (PV) modules. This approach does not need the energy-intensive remelting process and keeps 

the embodied carbon (Chowdhury et al., 2026). In a closed-loop method, the material is converted back into the same 

or a similar product. In the open-loop method, material is converted into different products, like opening into different 

chains. While open-loop methods use waste glass in mortar, as partial aggregate in asphalt mixtures, and specialised 

industrial composites, closed-loop recycling can save 1.2 tonnes of virgin raw materials for every tonne of cullet when 

reuse is not practical (Chowdhury et al., 2026). 

A substance's material value retention is determined by how well it maintains its original utility. This includes upcycling 

techniques, which involve rerouting glass to high-performance applications, such as reintegrating it into the float glass 

production cycle or converting old window panes into new Insulating Glass Units (IGUs) (Rota et al., 2023). The 

process of converting recycled glass into less valuable goods like mineral wool, road aggregate, or concrete filler is 

termed “downcycling” (Chowdhury et al., 2026). Though downcycling decreases waste accumulation in landfills, it 

still offers limited environmental benefits relative to reuse practices. The main reason for this is that when a material's 

superior qualities are reduced, it also loses the potential to cut down on its carbon footprint (global warming potential) 

(Müderrisoğlu, 2025). As an instance, making 1 kg of float glass produces around 1.13 kg of CO₂ (Rota et al., 2023). 

The technological, manual, and logistical efforts required to transform post-consumer glass into a format appropriate 

for its further life cycle are referred to as processing complexity in the context of glass waste (Reshamvala et al., 2024). 

The requirements for disassembly, cleaning, and safety certification raise the operational challenges compared to simple 

landfilling or downcycling (Rota et al., 2023). 

 

2. NEED OF THE STUDY 

Reuse practices are prioritised over recycling in the 9R framework and waste hierarchy. But they lack standardised 

evidence. Current studies use inconsistent methods and show limited comparisons across pathways. Moreover, data for 

life cycle assessment have not been developed beyond aggregation. Process-level and minor impacts are ignored, which 

reduces the accuracy of understanding environmental impacts. In addition, the practical feasibility of reuse pathways is 

not always clear due to the uncertainties in costs and environmental considerations, and the theoretical methods lack 

well-defined procedures. Recycled glass is difficult to assess for durability due to technical problems, such as the 

inability to use non-destructive tests and the lack of necessary data on performance during long periods of time. Current 

research is trying to address these gaps through life cycle assessment modelling to compare reuse and recycling. The 

study shows that reuse can reduce environmental impacts considerably but stresses the importance of the transport and 

processing stages. This study fills the gaps by proposing a framework for comparative multi-parameter evaluation by 

combining performance index (PI) and environmental aspects for more standardised ranking of pathways. 

 

3.METHODOLOGY 

 

2.1 Problem identification 

This study adopts a qualitative comparative analysis framework to evaluate existing reuse and recycling pathways of 

glass waste in the construction sector. The objective is to systematically assess these pathways based on their material 

performance, environmental impact, and contribution to circular economy principles. The first step of the process begins 

by identifying the problem, which focuses on the increasing amount of glass waste and the lack of a standardised 

framework for assessing current reuse and recycling practices. 
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2.2 Literature review 

The following step involves a comprehensive review of the literature, which involves extracting data from peer-

reviewed journal articles, conference papers, and open-access databases. The selection of literature is based on its 

relevance to glass waste management within the construction sector, particularly focusing on studies that provide either 

quantitative or qualitative insights into environmental and mechanical performance. 

 

2.3 Screening criteria and pathway classification 

A screening and selection process is used to ensure that only studies focused on reuse and recycling pathways are 

included. This is especially true for those that provide quantitative performance and environmental metrics. The 

identified pathways are then categorised into two groups. The first being reuse pathways, which includes direct reuse 

of glass components like insulating glass units (IGUs). The second is recycling pathways. This includes applications 

such as sand replacement in mortar, partial replacement of cement, incorporation into ceramic tiles, and partial 

substitution as aggregate in asphalt pavement. 

 

2.4 Comparative evaluation framework 

A comparative analytical framework is created to evaluate each pathway after classification. This involves the formation 

of two complementary matrix systems. The first is a comparative evaluation matrix (Table 1), which combines both 

technical performance parameters and quantitative environmental indicators. It considers parameters such as 

mechanical performance, material value retention, and processing complexity, as well as processing energy and carbon 

emissions for conducting direct comparisons between studies. These parameters were selected because of their data 

availability for comparison across studies and their relevance for evaluating the circular economy. 

The second is a qualitative environmental impact matrix (Table 4), which examines the broader environmental 

implications of each pathway, including resource conservation, environmental risks, and associated positive and 

negative impacts. Instead of being presented quantitatively, the implications of embodied energy and carbon emissions 

are interpreted qualitatively in this matrix.  

 

2.5 Multi-criteria evaluation and performance index (PI) 

To enable standardised comparison across diverse pathways, a multi-criteria evaluation matrix methodology is used. 

Each parameter is rated on a three-point scale (low = 1, moderate = 3, high = 5), based on observed performance. The 

observed values are compared with the standard or controlled values to calculate performance index (PI) values. This 

allows standardisation across different studies. These ratings are combined using a composite scoring system that 

incorporates performance, environmental, and circularity indicators to offer a multi-faceted assessment of each 

pathway. Finally, the overall scores are used to rank each of the pathways based on their feasibility, sustainability, and 

alignment with the circular economy in the long term. This systematic approach enables a transparent and 

comprehensive comparison of glass waste management strategies. The overall methodological workflow of the study 

is illustrated in Figure 1. 

 

http://www.jetnr.org/


                                                                                     © 2026 JETNR | Volume 4, Issue 6 June 2026 | ISSN: 2984-9276 | JETNR.ORG 

 

 

JETNR2606128 Journal of Emerging Trends and Novel Research (www.jetnr.org) 
 

 

b27 

 

 

Figure 1: Methodology flowchart 

 

4. MATERIAL  

4.1 Reuse pathways 

This pathway focuses on circular treatment of architectural flat glass, i.e., insulating glass units (IGUs). It aims to reuse  

rather than to recycle traditionally. In this study (Rota et al., 2023; Reshamvala et al., 2024), the first step includes 

collecting post-consumer glass from buildings scheduled for demolition or renovation. Then the glass is cleaned and 

quality checked to find out whether it can be directly reinstalled or broken apart to be used in new glazing products. 

Low carbon emission: Life cycle assessments (LCAs) indicate that the direct use of insulated glass units (IGUs) can 

reduce carbon emissions by 93% to 94% compared to the new ones. Even the remanufacturing process, where only one 

internal pane from a triple IGU is used, can lead to a reduction of around 10% embodied carbon (Reshamvala et al., 

2024). 

The study (Rota et al., 2023) shows that the characteristic bending stress of the post-consumer glass with a high surface 

quality (Quality Level 1 or QL1) is ~53–55 MPa, which is almost equal to the strength of the new pre-consumer glass 

(~58 MPa). This feature makes it more appropriate for structural applications. 

Strength Enhancement through Tempering: Thermal tempering of used glass can cause “crack healing”, which helps in 

repairing surface flaws and enhances the glass’s resistance to structural stability (Rota et al., 2023). 

Barriers for design and disassembly: Most modern IGUs were not designed for disassembly, so taking out panes is a 

time-consuming, manual work process that isn't standardised in the industry (Reshamvala et al., 2024). 

High-Performance Coatings Are Not Very Strong: "Soft" coatings that protect against solar and thermal damage often 

deteriorate or corrode easily when they are taken apart. This signifies that these pans must be remelted instead of reused. 

(Reshamvala et al., 2024) 
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High Rate of Unqualified Material: In testing, 45% of post-consumer glass was found to be “unqualified” for high-

standard reuse due to surface defects, ageing or conditions like corrosion. The Quality Level 3 (QL3) glass had a 

considerable loss in strength to around 37 MPa and, therefore, was not appropriate for high load applications (Rota et 

al., 2023). 

Legal and Warranty Uncertainties: The absence of the required data and the legal provisions related to the reduced 

remaining service life (RLT) of the reused glass make it difficult to establish commercial warranties. The existing 

Environmental Product Declarations (EPDs) lack detailed information on secondary processes such as cleaning, cutting 

or edge treatment (Reshamvala et al., 2024), making it difficult to assess the environmental balance of reuse. 

 

4.2 Recycling pathways 

 

4.2.1 As a replacement for sand  

This pathway (Ng et al., 2024) involves the repurposing of industrial clear glass waste (such as discarded food and 

beverage bottles or window glass) as a sustainable alternative to natural siliceous sand in cement mortar. It is effective 

in replacing the fine components in the mortar mixture, simultaneously addressing the environmental problem of waste 

disposal and reducing the exploitation of natural sand resources. Glass waste powder (GWP) is crushed to be aligned 

with the size distribution of natural sand, especially between 4.75 mm and 150 mm. Ng et al. (2024) used a cement-

sand-water ratio of 1:5:1.24 for moderate and optimal balance. 

Enhanced Mechanical Performance: The study (Ng et al., 2024) found that the mechanical performance of materials, 

including compression, splitting tensile, and flexural strength, improved with sand replacement. The mixture with 100% 

sand replacement showed the highest values at every curing interval (7, 28, 56, and 90 days). 

Improved Microstructure: The GWP particles are irregular and angular in shape, which allows them to pack more tightly 

and interact better with each other compared to natural sand. This “filling action” fills the empty space within the mortar 

and makes it denser and more compact. This enhances the pore arrangement and reduces the probability of cracking. 

Improvement of ductility: The inclusion of GWP in a dense mortar matrix helps manage the distribution of loads and 

flexural stresses without failing immediately. 

Improved workability and flow characteristics: Adding GWP improves the workability of the fresh mortar by increasing 

its flowability by about 10 to 20%. The smooth glass surface reduces internal particle friction and makes mixing and 

handling easier. At higher sand replacement levels (75–100%), mortar showed excessive flow distribution values of 

220–240 mm and exceeded the desired 200 mm limit. Such high fluidity may reduce its suitability for applications that 

require higher rigidity and shape preservation, such as in vertical casting or manual plastering. 

Impurity Risk: The glass used in the mixture should be devoid of any impurities, as they may affect the efficiency of 

the mortar due to either stopping the hydration reaction of cement or reducing the mortar’s durability. 

Durability and Bond Strength Risk: The bond strength of cement and glass may not be sufficient, resulting in cracking.  

Alkali–Silica Reaction (ASR): When the particle size is too coarse, the major technical drawback is the ASR, which 

occurs when hydroxyl ions in cement react with the silica in glass, leading to long-term expansion and cracking. (Ng et 

al., 2024) 

 

4.2.2 As a partial replacement of cement in mortar 

The pathway (Kara et al., 2016) involves using waste glass powder (WGP) as a pozzolanic substitute for Portland 

cement. When glass is finely powdered, it acts as a reactive binder due to its amorphous structure as well as high silicon 

and calcium content. When the glass particles are smaller than 75 μm, silica dissolves and reacts with free portlandite 

(Ca(OH) ₂), which is a by-product of the cement hydration. This reaction yields other cementitious compounds. Thus, 

the glass helps to improve the strength of the mortar rather than being a filler. The study evaluated 5 types of waste 

glass (soda lime and special glass) as a partial replacement for cement. Portland cement was replaced by 20% and 30% 

finely ground glass powder (463–608 m²/kg). Mortar was prepared as per EN 196-1:2005 with constant w/c = 0.29.  

Strength Development: WGP mixtures showed rapid compressive strength gain between 28 and 118 days, growing 

faster than neat cement during this window. At later ages, 20% substitution with special glass (D20 and A20) achieved 

strengths equal to or better than neat cement. This happens because the "dilution effect" (having less actual cement) 

begins to outweigh the strength gain from the pozzolanic reaction of the glass. 
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Thermal Control: WGP reduces the total heat of hydration and retards peak temperatures by up to 5 hours. It can lower 

peak temperatures from 93°C (standard cement) to between 68°C and 84°C, significantly reducing the risk of thermal 

cracking.  

Cracking and Expansion: The time before the first early-age shrinkage crack appeared was delayed by 35%. Also, the 

fine WGP particles lower expansion due to alkali-silica reactions (ASR) to less than 0.12%. 

Increased Drying Shrinkage: The total drying shrinkage deformation increases with the amount of WGP, reaching up 

to 2.5% over a long period of time. This is due to the moisture loss in mortar over time from higher substitution levels.  

Density and Absorption Changes: Lower densities and more water absorption are obtained during higher replacement 

levels (30%) of glass particles. This is due to the finesse of WGPs compared to Portland cement, which changes the 

mortar’s physical packing and porosity. 

Sensitivity to Glass Type: The source material has a significant impact on performance. When ground for the same 

duration of time, special glass (such as bulbs) can reach a fineness up to 30% higher than soda-lime glass. As a result, 

mortars manufactured with soda lime glass often perform worse mechanically than mortars manufactured with certain 

glass powders (Kara et al., 2016).  

 

4.2.3 As a substitution in ceramic tile production 

In this study (Pillai, 2024), a sustainable technique for manufacturing ceramic tiles is proposed where recycled waste 

glass powder is used as the main constituent along with an energy-efficient low-energy process, i.e., by mixing and sun-

drying, rather than by the conventional kiln process. The proposed process involves the preparation and sifting of waste 

glass by crushing the discarded glass and mixing it with clay and 43-grade cement to achieve a smooth paste. The 

mixture is then moulded to the shape of a tile, allowed to harden for 24 hours, water-cured for 48 hours and then sun-

dried for 24 hours. Six different batch compositions (0–30% glass powder) were tested by changing the amount of clay 

while keeping the amount of cement the same. This was done to find the best mix for performance. The study (Kara et 

al., 2016) showed that batch 4 (25% glass powder replacement) acts as the best mixture for most performance metrics, 

while batch 1 (10% replacement) is best for tension. 

Compressive Strength: The addition of glass powder increases the tiles’ capacity to withstand pressure. Thus, batch 4 

(25% glass) exhibited the highest strength of 246.09 MPa in comparison to only 90.85 MPa for control batches.  

Water Absorption: Generally, higher glass content increases resistance to moisture. The lowest absorption rate was 

therefore seen in Batch 4 (8.3%). In contrast, conventional clay cement tiles (Batch 0) absorb 17%. 

Flexural strength improved, being 50.7 MPa at about 10% glass content compared to 40.5 MPa for the control. However, 

strength decreases at higher replacement levels, especially above 25%. Though the addition of more glass increases the 

resistance to compression, it lowers flexural strength by making the material more brittle and less resistant to bending 

stresses. 

Material Composition: The XRD analysis showed that the glass powder is an inorganic material that is primarily 

composed of quartz and silicon, which allows it to interact strongly with the clay-cement matrix. When combined with 

different particle sizes, this improves bonding. This, in turn, significantly increases compression strength and enhances 

resistance to wear, stains and scratches. 

SEM images showed that hand grinding produces particles of different sizes. This non-uniformity is beneficial as it 

creates unique visual effects like glossy, translucent or iridescent finishes that make the tile look better by introducing 

depth and surface irregularities. 

Problems with consistency: The amorphous structure and the non-uniformity of particle size due to manual grinding 

and filtering can cause batches to perform in unexpected ways or vary in quality. 

Hazardous Composition: Some glass powder made from industrial waste is considered dangerous because it contains 

certain harmful chemicals, which thus requires careful sourcing (Pillai, 2024). 

 

 

4.2.4 As a partial replacement of aggregate in asphalt pavement 

This research pathway (Hasan et al., 2025) investigates the utilisation of waste glass powder (WGP) as a partial 

replacement for aggregates in asphalt mixtures to enhance mechanical performance while promoting sustainable waste 

management. It solves the problem of non-biodegradable glass waste by adding finely ground glass to asphalt mixtures. 

This practice boosts hardness and increases resistance to rutting and cracking. 
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The process starts by cleaning and crushing glass into small pieces (less than 0.15 mm). Then, it is mixed (dry process) 

with heating bitumen to 150–200°C. The Marshall method is used to make samples, which are then compacted for 

testing. A total of twelve samples were made. Three of them were controls (0% glass), and the other nine were split into 

groups with 4%, 7%, and 10% WGP by weight. The samples were tested for strength and deformation resistance using 

Marshall stability and resilient modulus tests. 

Stability and stiffness went up: The Marshall stability went up by 18.42% (to 9.813 kN) at the 7% level, and the stiffness 

went up by 50.20% compared to the control mix. 

Improved Deformation Resistance: The 7% variation led to a 24.72% drop in flow value, which means that the mixture 

is much less likely to deform from traffic. 

Improved Elasticity: The resilient modulus, which measures how well a material can recover from repeated loads, rose 

by 9.91% when 7% was added. 

Structural Interlocking: The sharp edges and hardness of the glass powder help to fill the voids between the larger 

aggregate particles. This increases the density and interlock of the structure and prevents the movement of the asphalt 

binder. 

Density does not imply strength: The 10% mix obtained the highest bulk density (2.330 g/cm³), indicating that this 

higher density does not mean improvement in mechanical properties. Instead, the flexibility and internal bonding 

weakened, resulting in low Marshall stability (9.210 kN) as compared to the 7% mix (9.813 kN). 

The asphalt mastic with 10% inclusion of glass, which is stiff and non-absorbent, is too rigid and brittle, which reduces 

flexibility to withstand traffic loads. This is evidenced by the decrease in resilient modulus by 51.05%, indicating poor 

elastic recovery. Thus, energy is accumulated as stress cannot be effectively relieved, and the pavement becomes very 

vulnerable to cracking. 

Ineffectiveness of Low Concentrations (4%): At a low WGP content of 4%, the variation fails since the amount of filler 

is not enough to increase the stiffness of the asphalt significantly. Hence, the stability and stiffness are reduced slightly 

by 2.89% and 1.56%, respectively. As glass does not absorb or react with anything, it does not bond well with bitumen. 

This means glass particles can move around under the pressure of traffic rather than being locked together. This 

movement reduces internal friction. This makes the mix behave like a weak, lubricated system, which is slightly less 

rigid and durable than standard asphalt. 

 

5. RESULTS AND DISCUSSIONS 

Table 1 presents a comparative overview of the identified reuse and recycling pathways based on key parameters, 

including material value retention, mechanical performance, processing complexity, embodied energy, and carbon 

footprint. 

 

Table 1. Comparative evaluation of glass waste pathways based on performance, energy, and environmental 

parameters. 

Pathway  
Circula

r Type 

Material 

Value 
Application 

Mechanical 

Performanc

e  

Processing 

Complexity 

Processing 

Energy  

Carbon 

Emission

s 

Flat glass 

reuse  

(Rota et al., 

2023; 

Reshamval

a et al., 

2024) 

Closed 

Loop 

Full 

preservatio

n 

Insulation 

(Windows & 

Facades) 

Same as 

new: 53–55 

MPa 

(bending 

strength of 

QL1 post-

consumer 

glass) 

Multi-stage 

industrial 

process 

(disassembly, 

trimming, 

scanning) 

Low industrial 

energy (100% 

reduction) 

93–94% 

reduction 

(3–10 vs 

135 kg 

CO₂/unit) 
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GW as 

sand in 

mortar 

(Ng et al., 

2024) 

Open 

Loop 

 

Upcycling  
 

Masonry  

19.5 MPa  

(compressiv

e strength) 

Mechanical 

processing 

(sorting, 

grinding, and 

sieving to 

match the 

precise size) 

Moderate 

energy required 

(Processing- 

crushing/sievin

g) 

 

60% 

reduction 

(emits 9 

kg 

CO₂/ton 

vs. 23 kg 

for 

natural 

sand) 

Cement 

substitutio

n with 

glass 

powder 

(Kara et al., 

2016) 

Open 

Loop 
Upcycling  Structural  

108 MPa 

(compressiv

e strength) 

Mechanical 

processing 

(requires a 

specific 

particle size 

to avoid 

expansion) 

Moderate 

energy 

reduction 

(Intensive 

planetary ball 

milling) 

20-30% 

reduction 

GW in 

ceramic 

tiles (Pillai, 

2024) 

Open 

Loop 
Upcycling  

Decorative 

tiles, 

cladding 

50.7 MPa 

(flexural 

strength) 

Manual/simpl

e 

processing 

(hand-

mixing, 

manual 

sorting) 

Low industrial 

energy (100% 

reduction) 

Low 

emissions 

(reduced 

firing) 

GW in 

asphalt 

(Hasan et 

al., 2025) 

Open 

Loop 
Upcycling  

Infrastructur

e (Paved 

road) 

9.813 kN 

(Marshall 

stability)  

Mechanical 

processing 

(crushing, 

heating) 

High energy 

required 

(reduces 

manufacturing 

energy by 27%)  

 

Reductio

n by 37%  

 

The comparison indicates that pathways differ not only in performance outcomes but also in their underlying material 

strategies. Reuse pathways show high material retention with minimal changes. In contrast, recycling pathways depend 

on modifying materials to improve performance. This shows a shift from preservation of materials to focusing on 

transformation.  

To enable a standardised comparison of mechanical performance across studies, the performance index (PI) is calculated 

for each pathway, as presented in Table 2. 

 

Table 2. Performance index (PI) values for mechanical parameters across pathways. 

Pathway 
Parameter 

Used 

Observed 

Value 

Controlled 

value 

PI = Observed / 

Standard 
Interpretation 

Flat glass reuse 
Bending 

strength 
53–55 MPa 

 

58 MPa 
0.91–0.95 

Maintained 

(slightly lower) 

GW as sand in mortar 
Compressive 

strength 
19.5 MPa 9 MPa 2.17 Highly improved 

Cement substitution 

with GW powder 

Compressive 

strength 
108 MPa 105 MPa 1.03 Slight improvement 
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GW in ceramic tiles 
Flexural 

strength 
50.7 MPa 40.5 MPa 1.25 Improved 

GW in asphalt  
Marshall 

Stability 
9.813 kN 8.287 kN 

 

1.18 
Improved 

 

 

The PI values show variations in performance efficiency among applications. According to the output, some recycling 

pathways work better than the controlled conditions. In contrast, reuse pathways tend to keep baseline properties without 

improving them. 

Based on the calculated PI values, a scoring criterion is developed to categorise performance levels, as shown in Table 

3. 

Table 3. Performance Index (PI) value score criteria 

PI Range Score (S) Meaning 

PI < 1.0 1 Below control 

1.0 – 1.5  3 Satisfactory 

> 1.5 5 Significant improvement 

 

This classification turns quantitative performance differences into a standard scoring system. It enables consistent 

integration of mechanical behaviour into the broader evaluation framework. 

Table 4 presents a qualitative assessment of the environmental impacts associated with each pathway, considering both 

beneficial outcomes and potential risks. 

 

Table 4. Environmental impacts of each pathway 

S. 

No. 
Topic 

Environmental impact 

Positives  

(Resource conservation) 
Negatives (Environmental Risk) 

1 Flat glass reuse 

Full reuse 

 Maximum energy and 

carbon savings, as there is 

no need to remelt at high 

temperatures 

 Resource efficient (1 kg of 

reused glass saves 1.2 kg of 

raw minerals) 

 

Low risk 

 Transport emissions (about 8%) 

 Waste generation from panels that are 

broken or cannot be reused due to coating 

constraints 

 

2 
GW as sand in 

mortar 

Full reuse 

 Prevents sand depletion 

 keeps non-biodegradable 

glass out of landfills, which 

supports circular economy 

practices 

Moderate risk 

 Energy-intensive and water-intensive 

(collected waste glass requires thorough 

water washing to remove contaminants), 

and transport-related emissions remain 

key environmental drawbacks 

  
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3 

Cement 

substitution 

with GW 

powder 

Partial (20% - 30%) 

 It reduces the amount of 

clinker that emits a huge 

amount of CO₂ and lowers 

the heat of hydration (less 

thermal stress). 

 encourages the recycling of 

waste glass and mitigation 

Moderate risk 

 Risk of hazard from handling toxic waste 

 High resource consumption and a higher 

risk of drying shrinkage due to the ASR 

reaction that affects the long-term 

performance of the structure 

4 
GW in ceramic 

tiles 

Partial (10% - 30%) 

 Resource saving as it 

eliminates industrial energy 

needs (sun-drying, reduced 

firing) and enables waste 

valorisation 

High risk 

 Inhalation and skin irritation risk from 

handling fine particles and higher water 

absorption affect durability 

5 GW in asphalt 

Limited (4% -10%) 

 Reduces natural aggregate 

mining, which causes habitat 

loss and soil erosion 

 Helps diverting glass waste 

from landfills 

Moderate risk 

 High energy demands more resources 

 durability concerns (rutting/cracking) and 

variable thermal behaviour 

 

The assessment shows that environmental benefits are often accompanied by process-related aspects, emphasising that 

reduced emissions or resource use can still involve secondary impacts such as energy-intensive processing or durability 

concerns. 

To integrate the various performance and environmental indicators, a multi-criteria evaluation matrix is developed, as 

summarised in Tables 5 and 6. 

 

Table 5. Material circularity and resource efficiency matrix evaluation criteria 

Parameter Description 
Low  

(Score = 1) 

Moderate  

(Score = 3) 
High (Score = 5) 

Material Value 

Retention (MV) 

Degree to which original 

material quality is 

preserved 

Downcycling 

(value loss) 

Upcycling (value-

added transformation) 

Full preservation 

(same-grade reuse) 

Circularity (CI) 
Type of material loop in 

lifecycle 

Open-loop 

recycling 
— Closed-loop reuse 
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Resource 

Conservation (R) 

Reduction in raw 

material use 
Limited Partial 

Significant / full 

reuse 

 

 

Table 6. Technical and environmental performance matrix evaluation criteria 

 

The matrix provides a structured comparison and gives equal importance to technical, environmental, and circularity 

parameters, therefore reducing bias toward any single performance dimension. 

The aggregated scores derived from the evaluation framework are presented in Table 7, providing a comparative ranking 

of all pathways. 

Total score calculation formula: (PI+PE+CE+CI+MV+P+ R+ER) / 8, where: 

PI = Performance index 

PE = Processing energy 

CE = Carbon emissions 

CI = Circularity  

MV = Material value  

P = Processing complexity 

R = Resource conservation 

ER = Environmental risk 

 

Table 7. Composite evaluation results and ranking of glass waste pathways based on the multi-criteria 

evaluation matrix. 

Parameter 
Flat glass 

reuse 

GW as sand in 

mortar 

Cement 

substitution 

GW in ceramic 

tiles 

GW in 

asphalt  

PI  

(Performance index) 
Low (1) High (5) Moderate (3) Moderate (3) Moderate (3) 

PE  

(Processing energy) 
Low (5) Moderate (3) Moderate (3) Low (5) High (1) 

CE  

(Carbon emissions) 
Low (5) Moderate (3) High (1) Low (5) High (1) 

Parameter Description High (Score = 1) Moderate (Score = 3) Low (Score = 5) 

Processing 

Complexity (P) 

Level of effort and 

technology required for 

implementation 

Multi-stage 

industrial 

processes 

Mechanical processing 

Manual / simple 

processes 

 

Environmental 

Risk (ER) 

Durability, toxicity, 

lifecycle risks 
High risk Moderate risk Low risk 

Processing 

Energy (PE) 

Energy reduction in 

industrial processing and 

production 

High energy 

required (less than 

50% reduction) 

Moderate reduction in 

energy (50 to 100% 

reduction in energy) 

No/low industrial 

energy (100 

reduction) 

Carbon 

Emissions (C) 

CO₂ emissions associated 

with production 

Less than 50% 

reduction 
50 to 70% reduction  

70% to 100% 

reduction 
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R  

(Resource 

Conservation) 

High (5) High (5) Moderate (3) Moderate (3) Low (1) 

ER  

(Environmental risk) 
Low (5) Moderate (3) Moderate (3) High (1) Moderate (3) 

CI (Circularity) High (5) Low (1) Low (1) Low (1) Low (1) 

MV  

(Material value) 
High (5) Moderate (3) Moderate (3) Moderate (3) Moderate (3) 

P  

(Processing 

complexity) 

High (1) Moderate (3) Moderate (3) Low (5) Moderate (3) 

Average Score 

(Total/8) 
4 (i) 3.25 (ii) 2.5 (iii) 3.25 (ii) 2 (iv) 

 

The ranking demonstrates how combined parameter interactions influence overall feasibility, rather than any single 

factor, highlighting the importance of integrated assessment in evaluating circular strategies. Overall, the results 

demonstrate that pathway performance is multi-dimensional, requiring simultaneous consideration of material 

efficiency, environmental impact, and implementation feasibility. This reinforces the importance of integrated 

evaluation frameworks in circular construction research. 

 

6. CONCLUSION 

The study showed a comparative evaluation of the performance, environmental impacts and circular economy aspects 

of the current reuse and recycling options for glass waste in the construction sector. This evaluation provides a clear 

order of feasibility. Comparative assessment established following order of feasibility and sustainability hierarchy for 

environmental sustainability: reuse, use in mortar, ceramic tiles, as cement substitutes, and asphalt mixtures. 

The findings indicate that pathways with minimal energy processing and reduced reliance on virgin raw materials, such 

as reuse and integration into mortar and tile manufacturing, present superior environmental performance and long-term 

sustainability. Whereas energy-intensive processes (asphalt heating, grinding) contribute to carbon emissions and 

thereby global warming, which reduces the overall sustainability gains. 

In particular, the reuse of flat glass has the highest sustainability potential due to total material retention and low 

environmental burden. But in practice, its use remains limited due to lack of standardisation for disassembly and 

processing complexities. Although mortar and ceramic tile applications achieved comparable scores, using glass as a 

sand replacement in mortar appears to be the most practical large-scale implementation pathway due to its broad 

applicability within existing construction practices. 

Glass in ceramic tiles is an alternative way of moderate feasibility and to minimise glass waste, especially for non-

structural and decorative applications. But its broader structural use is limited by its consistency and durability.  

Glass powder as a partial cement replacement has promising potential for the long term, as it reduces dependence on 

high-emission materials but is limited by material variability and processing requirements. 

Glass in asphalt is a less sustainable option due to higher energy demand and performance limitations, which leads to 

lower long-term feasibility compared to other materials, even though glass can be used in infrastructure. 

However, there are some limitations to this study. The evaluation is based primarily on data derived from literature and 

qualitative assessment, which may lead to subjectivity in scoring and limiting the applicability of results. Furthermore, 

variability of material properties and lack of standardised testing frameworks also hinder accurate pathway option 

comparisons. 

Future research should bridge these gaps by developing standard protocols for glass reuse that involve non-destructive 

testing techniques and establishment in comprehensive life cycle and techno-economic databases. In addition, validation 

of the proposed framework with real-world case studies will be crucial to improve its applicability and enable large-

scale implementation. Such advancements will be critical in closing the gap between the theoretical potential for 

sustainability and its practical adoption in the construction sector.  
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