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The sustainability of the concrete industry is in jeopardy due to the use of natural resources
which impacts the environment. A swift shift towards sustainable thinking is required considering the
emergency triggered by human activity on the climate. Glass concrete (GC) has sparked curiosity of the
construction industry owing to its environmentally friendly approach. This article examines the envi-
ronmental implications of partially replacing natural aggregates in concrete with recycled glass aggre-
gate at various percentages i. e. 10 %, 25 %, 50 %, and 75 % which is then compared to controlled con-
crete specimen (CC). The assessment indicated 287 kgCO,Eq were generated for control concrete (CC),
whereas concrete with 20 % glass aggregate (GA) resulted in 258 kg CO,Eq. global warming potential.
Likewise, M25 concrete was reported to have 1.68 kg CFC''Eq compared to 1.85 kg CFC-11Eq for nat-
ural aggregate concrete. Even though glass concrete demonstrates lower values in several environmental
effects, there is need for improvement in impact categories including acidification and respiratory or-
ganics.

Key words: Concrete, Glass aggregates, Environmental impact, Life cycle assessment and Car-
bon footprint.

Introduction

The extensive application of concrete in construction has raised multiple environmental concerns due
to its high usage of raw materials, elevated energy consumption from cement manufacturing, logistics, and
the creation of large volumes of old concrete from demolition wastes (Casini, 2022). The release of CO,
from concrete has a notable impact on the environment, which poses a serious threat in construction indus-
tries (Limbachiya, Leelawat, & Dhir, 2000; Akan, G. Dhavale, & Sarkis, 2017). Cement being an intensive
and primary raw material, is the main component of concrete. Its manufacture releases significantly high
quantities of carbon dioxide (CO,) into the atmosphere hence making the construction industry one of the
primary contributors to global greenhouse gas (GHG) emissions which has a significant impact on global
warming (Ni, et al., 2022). Approximately 6 % of all greenhouse gas emissions in the United Kingdom and
up to 8 % of global emissions are presently produced by cement manufacture (Li, Han, Liu, & Chen, 2019).
A collective study reported that annual cement production has quadrupled from nearly one billion to over
4 billion tonnes a year in 30 years (Villalba, Liu, Schroder, & Ayres, 2008). In the next decade it is ex-
pected to increase a further 500 m tonnes a year. Unless there is a dramatic change, cement emissions are
expected to continue to rise beyond 2050 (Environment, L. Scrivener, M. John, & M. Gartner, 2018).
There has been constant attention towards determining the solution towards sustainability to avoid using
concrete to reduce environmental impacts. Various research on achieving sustainable concrete by utilising
recycled aggregates have been considered by incorporating materials like fly ash, blast furnace slag and
glass particles (Zhu, Li, Xu, Wang, & Kou, 2019; Limbachiya, Leelawat, & Dhir, 2000). Concrete incorpo-
rating waste is often reported to exhibit inferior mechanical performance and durability.

Therefore, various studies on replacing cement by alkali-activated binders have been utilised. The
use of agate-based reinforcements (AR) benefits in enhancing the strength of concrete and further support
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in hydration and reduction of energy consumption and CO, emissions (Alyousef, et al., 2021). Various
research on AR have been considered to enhance mechanical properties and, in some instances, remarkable
enhancements have occurred (Castro & Brito, 2013; Manzoor, kumar, & Sharma, 2022; Nedeljkovic,
Visser, Savija, Valcke, & Schlangen, 2021). In recent years, the versatile applicability of glass products has
brought a drastic increase in the amount of glass waste generated, urging to its proper utilization. Using
waste glass in concrete is an excellent way to keep waste glass out of landfills and reduce the pollution.
Large amount of greenhouse gases and natural resources can be reduced by employing waste glass while
enhancing the essential properties of the concrete (Manzoor, Kumar, & Sharma, 2022). However, it is vital
to evaluate the new materials in terms of their performance, quality and costs as well its environmental
impacts. Therefore, to carry out a fair environmental comparison between AR concrete and conventional
concrete (CC), any change in the concrete properties, modification of the mix design, and differences due
to waste treatment must be thoroughly contemplated (M. Manjunatha, Malingaraya, H. G.Mounika, &
Ravi, 2021). Life Cycle Assessment (LCA) is a powerful tool that can be used for such comparison. LCA
results can contribute to a better understanding of the environmentally friendly conclusion and appropriate
incorporation rate of a given solid waste by comparing AR concrete with CC. LCA also supports in balanc-
ing the use of material and energy as well quantify the environmental impact (Gursel, Masanet, Horvath, &
Stadel, 2014).

This article focuses on developing and understanding the environmental impact of concrete rein-
forced with aggregates glass material through LCA. For the purpose of LCA, Kingston University London
is considered as the final transportation and preparation location, and the functional unit of the present
study is one cubic meter of concrete reinforced with different percentages of waste glass aggregates as
shown in Table 1.

Table 1
Mixture ratio and content percentage
Mix Cement . Water Glass Aggregates
1A kg/m®
Name (kg/m’) w/c ratio (kg/m’) Natural Aggregates (kg/m”) (ke/m’)

- - - - Fine Coarse Fine Coarse
MC 350 0.52 183 552 1288 - -
MI10 350 0.52 183 496.8 1159.2 55.2 128.8
M25 350 0.52 183 441.6 1030.4 110.4 257.6
M50 350 0.52 183 276 644 276 644
M75 350 0.52 183 138 322 414 966

Materials and Methods

The methodology towards this research was based on the cradle-to-grave technique provided by
ISO 14040. ISO 14040 defines LCA as the process of “compilation and evaluation of the inputs, outputs
and the potential environmental impacts of a product system throughout its life cycle”. The LCA frame-
work consists of four interrelated cycles: goal and scope, inventory analysis, impact assessment and inter-
pretation (Zhang, et al., 2019). As described above, function grade and locational gradient are required
towards understanding the LCA of the study. Along with it, it is very much required to understand the
scope of the LCA. In this research, LCA system boundaries were analysed using “cradle to gate” tech-
nique, considered one of the most utilised LCA techniques to understand environmental implications. This
cycle involves the environmental implications of extradition/production of raw materials, transportation
impact to location and impact of concrete production (Bianco, Tomos, & Vinai, 2021).
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Goal, Scope & Assumptions

The goal and scope of this research are to understand the environmental implication of using glass
aggregates in Kingston, a region located in Greater London were analysed in the research. The materials
and its compositions are provided in Table 1. Along with the type of LCA, certain assumptions were con-
sidered towards the LCA, which are due to a lack of information from supplied companies about emission
from different stages of production/extraction of raw material such as dust emission from quarry and
demolition waste. The impact associated with moving waste was also not considered. In addition to this, an
essential assumption that was evaluated was the cradle-to-grave cycle without application, maintenance, or
demolitions. However, mechanical properties are reported in upcoming chapters to support the applica-
tional sector. The LCA was carried out through GaBi V9, educational package provided to Kingston Uni-
versity, London. The software included the databases which followed cradle-to-gate technique and also
followed ISO 14040.

Functional Unit

The functional unit towards this research was defined as 1 m® of concrete for facilitating draft data
management and application. A further assumption was towards the different mixtures as stated in Table 1
indicated similar mechanical properties, workability and durability. The use of 1 m’ concrete is done by
various researchers as densities of the material are mostly similar (Density about 2400 kg/m”).

System Boundaries

The system boundaries of concrete production and transport is illustrated in Fig. 1. The system
boundaries also involve energy requirement, processing of raw materials, transportation and concrete pro-
duction. Further to system boundaries, some treatments of artificial aggregates were eliminated due to lim-
ited data, and a total distance of raw material transportation was set to 10 km between the concrete mixing
and concrete production plant and 50 km for plant and raw material retrieval.

Cement
Fuel - | Water
Water
—  Transport }—v Production ‘
Natural Aggregates J ]
Land
- Emission
Glass Aggregates

Fig. 1. Concrete production flowchart

Although numerous studies document the production of natural aggregates, recycled glass aggregates
have their own Life Cycle Assessment (LCA) and process plan, as shown in Fig. 2. The recycled glass
aggregates may be obtained from either residential or commercial areas, or a combination of both. Though
the processing or accruing technique of the glass aggregates is not widely reported, it could be stated that
the amount of recycled glass aggregates is very limited and most of the recycled aggregates could end on
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landfills. Fig. 2 illustrates a cycle which could be followed by glass recycled aggregates provided by our
supplier information. From Fig. 2, two out of three glass recycling systems could be eliminated as it does
not support/contribute towards the concrete development industries. These two systems are marked in dot-
ted red line in Fig. 2. The remaining system contributes directly to the construction industries as it supplies
manufacturers/suppliers with recycled glass aggregates.

Inventory Analysis

The Inventory phase relates to the phase of data collection required to achieve the goals set towards
the research paper (LCI). The data towards this research were collected from various suppliers, as reported
in Table 2, and some were assumed from standard data provided by The Concrete Society, United King-
dom. The European Life Cycle database were utilised to complete any missing data. Further, a literature
review on certain LCA studies were also useful in accruing data. Inventory data on basic consumption for
natural aggregates i. e., Electrical energy (1.85 kWh/t), diesel consumption (0.50 1/t) and water consump-
tion (0.45 1/t) were requested from supplier. However, data on raw material extraction were limited and
assumptions were created.

Glass recyeling Glass recyclmg
program from program from
residential area commercial area
Materials recovery
facilities

I

Glasz cullet recovered

[
! l
Container recycling Land filling For uze in construction
) Transporting to )
Processing plass Landfll Contammant removal
(Glass marmfacturing Landfilling Size reduction through
facility transportation - crushing and grinding
Glass container Transport to concrete
manufacturing plant
Re-transfer to retailer Concrete processing

Fig. 2. Life cycle flowchart of glass attained from residential and commercial space to different application

Table 2

Sources and location for databases utilised.

Material Details Supplier Location
Cement Portland Cement Tarmac Pvt Ltd. UK
Water Tap Water Kingston university UK
Natural Aggregates (Fine) River sand Brett Aggregates Limited UK
Natural Aggregates Crushed Stone Brett Aggregates Limited UK

(Coarse)

Glass Aggregate (Fine) Recycled glass Specialist Aggregates Limited UK
Glass Aggregate (Coarse) Recycled glass Specialist Aggregates Limited UK
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Impact Analysis & Interpretation

The data of the Life Cycle Inventory (LCI) are used to evaluate the relevance and probable environ-
mental implications during the Life Cycle Impact Assessment (LCIA) phase. The inventory data is linked
to the specific impact categories. This stage provides data to the interpretation phase. During the LCIA
phase, impact categories, category indicators, and characterization models must be identified, and out-
comes assigned and calculated. The LCIA only assesses the environmental concerns identified in the aim
and scope and does not provide a full assessment of all environmental issues related to the investigated
system. Table 3 list the potential impact indicators that are most used.

Table 3

Impact assessment as per Gabi V9

Impact Categories Nomenclature Units
Global warming Potential GWP kgCO,Eq.
Ozone Layer Depletion ODP kgCFC"Eq.
Acidification Potential AP kgSO,Eq.
Eutrophication Potential EP kgPO,Eq.
Photochemical Oxidants Potentials POCP kgC,H,Eq.
Abiotic depletion ADP kgSb,Eq.
Energy Equivalent EE MJ

Results and Discussion

Environmental Assessment

The results and discussion section provides the interpretation of the results attained towards this re-
search through Gabi V9. This approach allows an understanding of many impact categories, including hu-
man health, resource depletion and quality. Although GaBi can be used to access different impact catego-
ries towards this research, four major impact categories were analysed for environmental assessment: glob-
al warming potential (GWP), acidification, ecotoxicity and energy categories. Fig. 3 shows the percentage
impact of all mixtures on various environmental aspects.

120

mEMC mM10 m M25

100 + -
i M50 = M75

80 1+

40 +

20 +

Carcinogens Resp. Organics Resp. Ozone Layer Acidification  Ecotoxicity Climate
Inorganics Change

Impact Categories

Fig. 3. Various Impact of concrete and its types on environments
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The analysis highlighted that conventional concrete (MC) had the highest impact in most of the cate-
gories and in some cases, glass aggregate concretes indicated close match to normal concrete. However, in
most impact categories, 10 % and 25 % recycled glass reinforced concretes had very little impact on all
categories. The M10 is not as carcinogenic, ecotoxic and influential to climate change as the rest of the
composition. This could have been due to the small amount of glass reinforcement used to prepare the con-
crete mixture. These results indicate that with an increase in glass aggregate in concrete, there is an en-
hancement in all impact categories. This might be a result of recycled glass aggregates made of silica,
which has the potential to cause human cancer through respiratory inorganics. The U. S. National Toxicol-
ogy Program has classified crystalline silica of respirable size as a human carcinogen. The basis for these
classifications is sufficient evidence from human studies, indicating a causal relationship between exposure
to respirable crystalline silica in the workplace and increased lung cancer rates in workers (A. Soliman &
ArezkiTagnit-Hamou, 2017). On the other hand, the impact on the ozone layer remains high regardless of
the percentage of embodied energy within the glass aggregates. This might be because a massive amount
of energy is needed to heat the raw materials to make glass. Other than that, during the melting of the raw
materials for glass, gas pollutants such as sulphur dioxide and carbon dioxide, which can react with the
ozone layer in detrimental ways, can be released. Also, since glass requires materials such as silica sand,
soda ash and dolomite to be mined for its production, it poses all the environmental impacts associated
with mining which all, directly and indirectly, contributes the thinning of ozone layer. On the contrary,
Environmental toxicity stood out as being the least impacted factor in using waste glass aggregates in con-
crete (Bianco, Tomos, & Vinai, 2021). This factor measures two separate impact categories, which exam-
ine freshwater and land, respectively. The key reason for that is that the quarrying production of aggregates
and silica is not detrimental and do not trigger the emission of toxic substances that can have impacts on
the ecosystem or the environment when it is done with proper control measures (Limbachiya, Leelawat, &
Dhir, 2000). In the United Kingdom, the concrete industry contributes significantly to biodiversity and
nature conservation by managing and restoring quarrying sites. The industry strategy prioritises the quarry
actions and since 2020, all sites have been following an action plan for site restoration, biodiversity, or
geodiversity (Ni, et al., 2022).

Table 4 displays the gaseous emissions associated with the different mixes emitted into the air.

Table 4
Gaseous emissions from concrete and its types

Substance Units MC M10 M25 M50 M75
Carbon dioxide, Bio. ke 286.75 270.41 258.42 274.16 283.45
Carbon dioxide, Fossil kg 26.45 21.14 20.08 24.16 25.98
Carbon monoxide g 248.09 218.18 198.75 210.48 239.15
Aluminium g 6.75 4.62 3.68 3.98 5.16
Ammonia g 14.64 16.42 19.41 26.48 44.26
Ethane g 0.78 1.2 1.35 1.74 1.99
Nitrogen based Oxides g 577.45 608.15 644.36 690.45 715.44
Silicon dioxide g 19.42 37.41 57.65 92.48 148.22
Sulphur dioxide g 125.07 119.41 108.49 149.42 168.44

Carbon dioxide is the most prominent emission in all mixtures, with most of it coming from the
production of cement present in the concrete. Furthermore, there has been a 20 % reduction in the emis-
sions of gases such as sulphur dioxide. This gas is known to be the primary cause of acidification. How-
ever, emission generally increases with an increase in the glass ratio. This could be because glass and con-
crete production are both energy-intensive processes depending mainly on fossil fuels. It might also be due
to the inclusion of silica in the glass production cycle for aggregate production, which could all lead to
pollutive gas emissions. The global warming potential (GWP) and ozone depletion potential (ODP) of all
concretes are listed in Table 5. Results shows that GWP is highest with emission of 286.75 Kg for normal
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concrete. However, the CO, emission reduces by 10 % in the M25 mix before increasing with a higher
amount of recycled glass (M75). The trend was similar for ozone depletion potential as it showed reduction
till M25 and further increase. On both cases, this could have been due to the rise in glass content within the
concrete. According to a study, each glass bottle produced in the United Kingdom emits approximately
500 g of carbon dioxide, with the figure rising to almost 2 tonnes of CO, per tonne of glass when transpor-
tation is considered. (Environment, L. Scrivener, M. John, & M. Gartner, 2018). All results indicated in
Fig. 3, Table 4 and 5 demonstrates that the M10 and M25 mixtures prepared are considered to be better in
terms of impact factors than normal concrete or any other of glass concrete matrix.

Table 5
GWR and Ozone values of concrete & its mixtures
Impact Categories Units MC M10 M25 M50 M75
Global Warming Po- 286.75 270.41 258.42 274.16 283.45
tential kgCO,Eq
Ozone Depletion kgCFC11Eq 1.85E-11 1.74E-11 1.68E-11 1.98E-11 2.22E-11
Ozone Formation,
Human Health kgNOxEq 5.14E-03 4.86E-03 4.24E-03 5.46E-03 5.76E-03
Mineral Resource
Scarcity kgCuEq 2.18E-03 2.41E-03 2.68E-03 2.98E-03 3.16E-03
Energy Assessment

Fig. 4 indicates the cumulative energy required from the renewable and non-renewable resources for
1 m’ of concrete and its mixtures.

M75 —
M0 [ = Cement
E m Admixture
£ w25 [
f]
= Additive
Mi0 |
vC |
0 500 1000 1500 2000 2500 3000

MJ/m3

Fig. 4. Cumulative energy consumption by concrete production

The energy required for the concrete preparation was the same for all the different mixes. In contrast,
the energy demand to produce raw materials and additives is higher for glass concrete. This indicates that
the overall production processes of glass concrete consume more energy. Although there is no definite
documentation on glass recycling and certain assumptions were maintained to understand the total impact,
it could be said that the energy depends mainly on the cradle i. e., the raw material synthesis and quantity
of material procured. Thus, there is over a 100 % increase in energy requirement from MC to M75. Pro-
ducing glass consumes a lot of energy as high temperatures are needed to melt the raw materials. Due to its
high share of energy per tonne of product, the glass industry is usually referred to as an energy-intensive



Environmental assessment of recycled glass aggregates in reinforced concrete 99

industry in the literature (Manzoor, Kumar, & Sharma, 2022). The bulk of energy consumed in the glass
manufacturing industry comes from natural gas combustion used to heat furnaces to melt raw materials to
form glass. These furnaces are mainly natural gas-fired, but there are a small number of electrically pow-
ered furnaces. Many glass furnaces use electric boosting (supplementary electric heating systems) to in-
crease throughput and quality. After the melting and refining process, the glass is formed and finished to
create the final product (W. Griffin, P. Hammond, & C. McKenna, 2021). Specific manufacturing proc-
esses depend on the intended product and can include annealing (slow cooling), tempering, coating, and
polishing, which require additional energy. It is reported that glass factories alone emitted 2.2 Mt of CO, in
the early 2010s with approximately 3MWh/t of energy consumption (W. Griffin, P. Hammond, & C.
McKenna, 2021; Schmitz, Kaminski, Scalet, & Soria, 2011).

Conclusion

Life cycle assessment of the concrete and its recycled glass mixtures through GaBi software was
conducted to understand the environmental impact of the mixtures in nature. However, certain assumptions
were considered with GaBi conducted through 1 m® samples. It could be concluded that M10 and M25 had
reduced environmental impacts compared to concrete other than energy showing its suitability for the fu-
ture. However, care should be taken in the production of M10 and M25 as according to LCA, the produc-
tion may lead to respiratory inorganics and carcinogenic in nature. The GWP also showcased that the M10
and M25 had ~5-10 % lower GWP than concrete. Thus, the percentage of recycled glass aggregates could
have a higher impact on the GWP but affect energy production. The investigation revealed that conven-
tional concrete had the most significant influence in most categories, with glass-reinforced aggregate con-
crete having almost same impact in some areas. In contrast, 10 % and 25 % of recycled glass-reinforced
concrete had a negligible effect on climate change, respiratory organics, and acidification. The results sug-
gested that impact categories increase with greater amounts of glass aggregate in the concrete matrix. This
is possibly due to the recycled glass reinforcements prevalence for silica, a carcinogen that affects people
via inorganic respiratory particles.
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Kinrcroncekuii yniBepcurer, Jlonnon, BenukoOpuraHnis,
[Ikona iHxeHepii 1 HABKOJIUIITHBOI'O CePEOBHUILA

EKOJIOTTYHA OIIIHKA BUKOPUCTAHHS 3AIIOBHIOBAYIB,
OJEPXKAHUX 3 PEHUKJIIHI'Y CKJIAHUX BIAXOAIB, B 3AJII3OBETOHI

© lenean I, K'io X, 2023

Cranuii po3BUTOK OETOHHOI ITPOMUCIIOBOCTI € ITifl 3arpO30I0 Yepe3 BUKOPUCTAHHS NPUPOTHHUX PECYPCIB,
III0 HETAaTHBHO BIUTUBA€ HAa HABKOJIMIIHE CEPEIOBUINE, BKIIOYAIOUN ByrieueBuid ciia. HeoOXigHuil mBHAKuiA
Tepexij 10 CTaoro MUCJISHHS, BpaXOBYIOUM HaJ3BUYANHY CHUTYAIlil0, CIIPUYMHEHY BILUIMBOM JIIOAWHH Ha 3Mi-
HU KJIiMaty. beToH 3 100aBKOIO BiIXOMIB PELUKIIIHTY CKJIa BUKJIMKAB 3alliKaBJICHICTh Y Oy IiBeIbHIN ramysi 3a-
BJISIKM CBOEMY €KOJIOTIYHOMY TiIX0ay. PO3IIISTHYTO €KONOTivHI HACHiIKH YaCTKOBOI 3aMiHU MPUPOIHHUX 3aII0B-
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HIOBauiB y OCTOHI 3alOBHIOBaYEM, OJIEP)KaHUM 13 PEIUKIIHTY CKISHUX BIJIXOMIB, i3 PI3HUM iX BiJICOTKOBHM
BMicToM, a came 10, 25, 50 i 75 mac. %, sIKi TIOTiM TTOPIBHIOIOTHCS 3 KOHTPOJIBOBAHUM CKJIaZoM OeToHy. OIliH-
Ky xurreBoro nukiny (LCA) Oyno nposeneno uepe3 GaBi V9, ocBiTHill naket, Hafganui KiHrCTOHCBKOMY YHi-
Bepcutety (M. Jlonnon, BenmukoOpuranis). [Iporpamue 3a0e3nedeHHs BKIOYAI0 0a3u JaHUX, sKi BIAMOBIAaIH
TEXHOJIOTIT “Bill KOMUCKU 10 Mormwim”, a Takox IS0 14040. Pe3ynpraTé MOCTiIKEHb CBiq4aTh, mo 287 Kr
CO,Eq. renepyeThes i1 yac BUPOOHHMIITBA 3BHUAIHOr0 KOHTPOJILHOTO OETOHY, TOJI 1K OeToH i3 nobaBkoro 20 Mac. %
BiJIXO/IIB PEUUKIIIHTY CKJIa MPU3BOJHUTH IO 3MEHIIEHHS MMOTEHIiaTy IN100aIbHOTO MOTEIUIIHHS, SIKUHA CTAHOBHUTH
258 xr CO,Eq. SIk BumHO 3 pe3yabTaTiB JOCTimKeHb, 6eToH M25 mictuth 1,68 kr CFC-11Eq. mopiBHsAHO 3
1,85 xr CFC-11Eq. nns 6erony 3 npupoaHoro 3anoBHioBavya. beronu M10 i M25 3 nob6aBkoro 10 ta 25 mac. %
BiJIXOJIIB PEIMKIIHTY CKJIa MaJld HE3HAYHHI BIUIMB Ha IMOKa3HUKU 3MiHHU KIJIIMATy, PeCHipaTOPHUX OpraHIiYHUX
PEUYOBHH Ta ImiAKHCIeHHs. He3Baxxaroun Ha Te, 10 OETOH 3 J00aBKOIO BiIXOMIB PELMKIIIHTY CKJIA XapaKTepPH3y-
€THCS KIJTbKOMa HIKYUMHM [TOKa3HUKaMH BIUTMBY Ha HaBKOJIMIIHE CEPEOBUIIE, ICHYE MTOTpeda y MOKpalleHH]
JieskrX (haKTopiB, a caMe MiIKUCICHHSI Ta pECIipaTOPHUX OPraHIYHUX PEUOBUH.

Kuio4uoBi ciioBa: 0eToH, CKJISIHI 3aI0BHIOBAYi, BIULIMB HA HABKOJIUIIHE CepeJoBHILE, OLIHKA KU T-
TEBOI'0 HUKJIY Ta ByIVIeleBMil cJil.



