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Abstract: The cement industry's carbon emissions present a major global challenge, particularly the 
increase in atmospheric carbon dioxide (CO2) levels. The concrete industry is responsible for a 
significant portion of these emissions, accounting for approximately 5–9% of the total emissions. This 
underscores the urgent need for effective strategies to curb carbon emissions. In this work, we propose 
to use artificial intelligence (AI) to predict future emission trends by performing a detailed analysis of 
cement industry’s CO2 emissions data. The AI predictive model shows a significant increase in overall 
carbon emissions from the cement sector which is attributed to population growth and increased 
demand for housing and infrastructure. To address this issue, we propose a framework that emphasizes 
on implementing carbon sequestration through reuse of construction and demolition (C&D) waste by 
using recycled aggregates. The paper proposes a framework addressing carbon sequestration through 
use of C&D waste. The framework is applied specifically to Maharashtra State in India to calculate 
the potential reduction in carbon emissions by construction industry resulting from recycled 
aggregates. The study reveals a projected saving of 24% in carbon emissions by adopting the suggested 
framework. The process and outcomes of the study aim to address the concerns of climate change 
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through reduced carbon emissions in the construction industry promoting recycle and reuse of 
construction waste. 

Keywords: carbon footprint; cement industry; prediction; carbon compensation; SDGs 
 

1. Introduction 

Concrete stands as a ubiquitous engineering material and is intricately linked to CO2 emissions. 
Balancing these emissions through the carbonation of cement-based materials assumes a pivotal role 
in achieving carbon neutrality within the cement industry, a concept underscored by research [1]. 
Cement emits around 0.79 tons of CO2 per ton, forming a significant portion of global CO2 emissions, 
with the concrete industry contributing approximately 5–9% of this total [2,3]. This percentage has 
surged due to increased cement production and dwindling emission reduction initiatives [2,4]. The 
confluence of soaring infrastructure demands and restricted construction resources has led to 
challenges. Most construction and demolition (C&D) waste ends up in landfills, contributing to urban 
landfill shortages. India alone produces about 100 million metric tons (MT) of C&D waste, a 
staggering volume. Unfortunately, only 2% of Maharashtra's C&D waste undergoes recycling, 
accentuating the need for innovative solutions. Furthermore, the construction sector in India grapples 
with a deficit of aggregates, surpassing 55 billion MT, straining precious natural resources. Amid these 
concerns, global warming casts its shadow. Although many mechanical measures exist to counter the 
emissions, like increasing the water-cement ratio, the dehydration of the concrete is a challenge, 
especially in cold climates [5] (Nilimaa et al., 2023). Other measures include having a comprehensive 
approach covering all stages of cement usage in construction. Phases including raw material extraction 
to production, transportation and eventual disposal contribute to CO2 accumulation. Incorporating 
strategies of using alternative cementitious materials is the need of the hour. Promoting supplementary 
cementitious materials (SCMs) such as fly ash and slag and relying on technologies to reduce carbon 
emission at source and usage location is important [6]. An innovative framework dealing with carbon 
impact can aid in wastage reduction on site thereby leading to indirect CO2 emission control [7]. The 
climate action demands use of innovative yet sustainable practices and materials in construction to 
address the environmental impact and challenges due to amplified carbon emissions [8]. Integrating 
multidimensional methodologies is necessary for making the concrete industry a more sustainable 
industry [9]. Exploring innovative concrete technologies and sustainable construction methods is the 
way forward [10]. Carbon sequestration emerges as a promising countermeasure comprising of 
capturing and reusing emitted CO2. Although C&D waste is abundant worldwide, the use of recycled 
aggregates (RA) remains limited due to discrete properties such as heterogeneity, porosity and lower 
strength compared to natural aggregates [11,12]. Figure 1 outlines the extensive environmental impact 
of the construction industry, highlighting the urgency of addressing these challenges. Using RA 
infused with CO2, in combination with carbon sequestration, aligns with sustainable development goals 
(SDGs) 9, 11, 12 and 13. Integrating CO2 into RA reduces carbon dioxide emissions, a primary 
greenhouse gas (GHG). RA adoption further trims the demand for natural aggregates (NA), lessening 
environmental pressures associated with aggregate extraction. The magnitude of aggregate extraction's 
impact resonates with SDGs 14 and 15, which champion the integrity of terrestrial and aquatic 
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ecosystems [13]. A comprehensive exploration of the cement industry's historical and ongoing carbon 
footprint is fundamental to addressing these intricacies. 

 

Figure 1. Environmental issues related to the construction industry. 

The proposed study analyses carbon emission data from cement manufacturing industries and its 
correlation with global CO2 emissions. The study further provides a prediction of the future CO2 
emissions in India if carbon compensation techniques are not designed or implemented. The study also 
proposes a framework for carbon compensation techniques through carbon sequestration and recycled 
aggregates in the Indian scenario.  

2. Global CO2 emissions scenario 

To understand the global CO2 emissions trend and cement-CO2 trend, data from Feenstra et 
al. [14] Penn World Table v10.0 via Our World in Data and Max Roser [15] is considered for the study. 

 

Figure 2. Population of various countries in 2021. 

  

Lack of land for disposal of C&D waste in landfills 

Shortage of aggregates required for ongoing construction activities 

Contamination of groundwater 

Environmental hazards of generated waste and CO2 emissions 

Cement industry’s oversized carbon footprint 
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Figure 3. Cement- CO2 contribution of various countries in 2021. 

 

Figure 4. Global cumulative % Cement- CO2 contributions of various countries in 2021. 

The cement manufacturing process involves releasing large amounts of carbon dioxide (CO2), 
primarily due to the calcination of limestone and the energy-intensive nature of production. As 
concerns about climate change and environmental degradation intensify, the cement industry has 
recognized the need to address its carbon footprint and transition towards more sustainable operations. 
Based on data on population, cement CO2 and cumulative global share of cement CO2 for the year 
2021, China is a leading country with a global cement CO2 contribution of 34.74% among all nations, 
cement-CO2 emission of 852.961 at a population of 1425893504 in 2021. Countries including India, 
Afghanistan, the United States of America and the United Kingdom are among the top contributors to 
global CO2 due to cement consumption. They can directly correlate with the country’s population 
curve (Figures 2–4). 

The 153 countries considered for the present analysis are grouped based on income into four 
categories: low-income, lower-middle income, upper-middle income and high-income (Figure 5). 50% 
of the global CO2 emission through cement usage is attributed to upper middle-income countries, 
which can be directly related to the infrastructural advancements and developments in the developing 
countries and their high demand for construction activities and thus manufacturing and usage of cement 
(Table 1). 
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Figure 5. 2021 Global cumulative % cement- CO2 contribution of countries grouped based 
on income.  

Table 1. CO2 emissions from cement manufacturing, according to a group of countries. 

Group of Countries Cement CO2  
Low-income countries 15.36 
Lower-middle-income countries 378.49 
Upper-middle-income countries 1055.12 
High-income countries 223.61 

India is witnessing a rapid demand for built environment and infrastructure projects, resulting in 
a paucity of construction materials and a cost upsurge. The majority of C&D waste is dumped in 
landfills causing a shortage of leaving places in urban areas. In India, 100 million MT is the closest 
approximation for nationwide C&D waste production and accounts for 35–40% of the global C&D 
waste annually [16,17]. India recycles only 1% of the C&D waste that is produced, according to the 
Center for Science and Environment estimates (CSE, 2020). For instance, out of the total C&D waste 
generated in Maharashtra, only about 2% is recycled and the rest goes to landfills without processing. 
Hence, in-place technology has a massive potential to address C&D waste in Maharashtra. The Indian 
construction industry is dealing with an aggregate shortage of approximately 55,000 million MT, 
putting an enormous burden on natural resources. Another grave concern is the cement industry’s 
oversized carbon footprint (8% of the total global CO2 emissions) which needs to be inhibited. The 
proposed solution aligns with five of the United Nations (UN) SDGs and plans, presenting a way 
forward to realize the collective goals. India has provisions for protecting and improving the 
environment in its constitution. The demand for aggregates in 2007 increased by five percent to over 
21 billion tons, the largest being in developing countries like India. 

3. Methodology 

Figure 6 shows the methodology of the work. The dataset used in the present study is the carbon 
dioxide emission data from 1930–2021. The data also contains yearly contributions of carbon dioxide 
emissions by the cement industry. The data is analysed to understand the future trend of CO2 emission 
in India if carbon compensation techniques are not adopted. 

https://www.sciencedirect.com/science/article/pii/S2352186422000682#b10
https://en.wikipedia.org/wiki/United_Nations_General_Assembly
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Figure 6. Methodology for cement-CO2 trend analysis and carbon compensation.  

Regression-based prediction of the trend is shown in Figure 7and 8 below. The polynomial 
trendline equation helps in predicting the pattern of CO2 emissions in India caused by cement usage. 

 

Figure 7. Cement CO2 contribution in India. 

It is observed in Figure 7 that there is an exponential increase in CO2 emissions after the 1980s. 
This can be attributed to rapid industrialization and urbanization in India, which is highlighted in 
India's 5-year plan and continues thereafter. The share of CO2 emission from the cement manufacturing 
industry (Figure 8) shows an increasing polynomial trend, purely due to rapid urbanization. 
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Figure 8. Cement CO2 global % share of India. 

It is essential to interpret the root mean squared error (RMSE) value in the context of the scale 
and variability of the CO2 emission data. It is a good practice to compare the RMSE value with the 
range of CO2 emissions over time. If the range of CO2 emissions is substantial and the RMSE is 
relatively small compared to the range, it indicates a reasonable predictive performance. On the other 
hand, if the range is small and the RMSE is close to the average or maximum CO2 emission value, it 
might suggest that the model is not adequately capturing the data's variability. 

Overall, the RMSE value of 75.24 suggests that the polynomial regression model performs well 
on the given data. Using time series forecasting techniques is favourable for longer-term predictions 
and are beneficial especially for complex time-series data. Sophisticated regression models or 
advanced time series forecasting techniques like season autoregressive integrated moving average 
(SARIMA) are useful for such datasets. Autoregressive integrated moving average (ARIMA) focuses 
on non-seasonal data. SARIMA is ideal for handling seasonal fluctuations as it captures and models 
both seasonal variations and non-seasonal trends. This makes SARIMA predominantly useful for 
predicting CO2 emissions with varying seasonal effects over larger periods. Employing SARIMA for 
time series analysis and forecasting entails identifying the appropriate model parameters, both seasonal 
and non-seasonal orders. This can be achieved through autocorrelation and partial autocorrelation 
analysis, grid search or optimization algorithms. Once the model is fitted to the data, it can generate 
predictions for future years. Therefore, opting for ARIMA and SARIMA represents a more advanced 
and potent approach to time series forecasting, especially when addressing data exhibiting seasonality 
and other time-related patterns. 
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Figure 9. Future predictions for CO2 emissions using ARIMA. 

The RMSE value from ARIMA is 2274.70. Therefore, Therefore, this study proceeds with 
SARIMA for a better analysis. 

 

Figure 10. Future predictions for CO2 emissions using SARIMA. 

The glitch observed at the end of the graph is due to the pandemic year wherein the CO2 emissions 
have had an abrupt stop for the majority of activity for a quarter of the year, due to which the 
cumulative emissions have had a disruptive downfall and picked back again after the particular event.  
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Figure 11. Future predictions for CO2 emissions using neural networks. 

Figure 11 illustrates the recalibrated graph after the exclusion of data from the pandemic year, 
projecting CO2 emissions trends up to the year 2030. The extrapolation reveals a worrisome trajectory 
of heightened global CO2 emissions without proactive mitigation measures. The patterns depicted in 
Figures 9–11 reveal that by 2030, the carbon emissions from cement industry would increase 
exponentially demanding immediate attention and action.  

Majority of the construction industry's overall carbon emission is due to material production 
process, sustainable development goals set for the world by the UN provide a guideline to frame 
policies around practices [18]. The following sections offer a methodology for reducing carbon 
emissions by using recycled aggregates, which in turn reduces a substantial amount of carbon 
emissions. By emphasizing the treatment and reuse of C&D waste, the framework supports circular 
economy in the construction sector through carbon sequestration. The extent to which the reuse of 
recycled aggregates reduces the requirement for raw materials and the emissions connected with them 
in the Indian context is also addressed in the article through a case study. The construction industry 
presents an avenue for emission reduction through the strategic implementation of waste reuse 
practices. Enhanced utilization of RA holds the potential to mitigate ecological impacts on both aquatic 
and terrestrial ecosystems. The outlined project aligns with SDGs 9, 11, 12 and 13, fostering innovation 
and sustainable resource utilization for resilient infrastructure and concurrently addressing urban 
environmental challenges. 

3.1. Discussion and framework on carbon compensation using RA 

In construction, RA offer a potent strategy to mitigate carbon dioxide emissions. Traditional 
aggregate production demands substantial energy for raw material extraction, processing and 
transportation. In contrast, recycled aggregates necessitate less energy derived from construction 
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waste. Moreover, transporting virgin aggregates over long distances generates significant emissions, 
which can be avoided by sourcing recycled aggregates locally. 

Recycled aggregates play a pivotal role in minimizing carbon dioxide emissions in the concrete 
industry. The aim is to reduce the quantity of cement utilized in concrete production. One of the 
promising alternatives could be using recycled aggregate and effective concrete mix design. Studies 
suggest emission reductions from 5–50% through recycled aggregate adoption in concrete production. 
Deriving aggregates from C&D waste and using them in concrete poses challenges if used in their 
original form. This is attributed to reduced physical and mechanical properties as compared with 
crushed coarse aggregates. Hence, carbonation of C&D-RA is ideal for enhancing its workability, 
reducing shrinkage and enhancing mechanical performance.  

The efficiency of carbonation is dependent on environmental and sample-specific factors. thermal 
gravimetric analysis (TGA), differential thermal analysis (DTA), x-ray diffraction (XRD) and mass 
gain methods assess CO2 absorption. These tools facilitate understanding of behavioural patterns of 
recycled aggregates after CO2 infusion. The literature underlines the need for comprehensive research 
on concrete with C&D waste reuse, evaluating its potential as a CO2 capture medium and its 
performance as a core construction material alternative. The objective of the present study aligns well 
with the broader pursuit of environmentally sustainable construction materials. 

The utilization of aggregates sourced from C&D waste in concrete naturally hamper the quality 
and result in poor physical and mechanical properties as compared to conventional concrete. This is 
due to the higher void content in RA [19]. Performing carbonation of the C&D-RA is a better 
alternative to address this challenge [20-22]. The use of carbonated recycled aggregates in the 
production of concrete results in enhanced workability and a reduction in shrinkage as compared to 
concrete with uncarbonated RA. A noticeable improvement in the properties of the concrete mix 
motivates further research and builds confidence in using such mixes for structural and non-structural 
members [23]. The process of carbonating C&D-RA is characterized by accelerated kinetics which is 
due to the additional presence of calcium hydroxide (Ca(OH)2) within the aggregate matrix. This 
triggers formation of calcium carbonate (CaCO3) upon exposure to CO2. The calcium carbonate 
permeates into the voids of C&D-RA, thereby increasing the overall performance, quality and strength 
output of the aggregates and the mix [24]. The efficiency of the carbonation process is related to 
ambient temperature, relative humidity, CO2 concentration, exposure duration and particle size [25]. 
Out of the methods employed to quantify the absorbed CO2, TGA and DTA have proved to be very 
reliable tools. Additionally, XRD and mass gain methods are most commonly used [26]. The literature 
highlights the need for further investigation into concrete with recycled concrete aggregates, focusing 
on its potential as an eco-friendly alternative [27]. 



904 

AIMS Environmental Science  Volume 10, Issue 6, 894–910. 

 

Figure 12. Framework for carbon compensation for promoting circular economy. 

3.2. Framework implementation for carbon compensation: A case study of Maharashtra  

The recycled aggregate is a sustainable alternative to virgin aggregate, as it reduces the need to 
extract and process new materials. This can lead to significant carbon savings, as the production of 
virgin aggregate is a primary source of greenhouse gas emissions. According to the Global Alliance 
for Resources, producing concrete and other construction materials accounts for around 7% of global 
CO2 emissions. Recycled aggregate can help in a significant reduction of CO2 emission, depending on 
the type of aggregate and the concrete mix. Table 2 provides a figure for the C&D waste generation in 
Maharashtra, India and the quantum of waste processed and recycled in metric tons per year. The 
analysis uses data from the annual report of the central pollution control board (CPCB), India.  

 

Table 2. Details of C&D waste data generated in Maharashtra and the quantum recycled 
and landfilled.  

Year Total C&D waste in MT per year  Amount of C&D waste processing and recycling in MT per year  

2019 1658864.3 27402 

2020 4704568.7 44004 

2021 3729636.1 80098.1 

2022 6256093 129304 

2023 3008585 218678 
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Figure 13. Percentage of recycled vs landfilled C&D waste. 

It is inferred from Figure 13 that the quantum of C&D waste recycled is insignificant as compared 
to the total amount of waste generated and sent to landfills. The huge amount of landfill C&D waste 
puts pressure on the available landfill resources and contributes to the carbon footprint. The paper 
attempts to understand the carbon emissions of recycling and reusing recycled concrete aggregates 
(RCA) and compare the carbon emission savings due to the recycling of C&D waste to understand the 
benefits of RCA usage. Table 3 provides the data for carbon equivalents corresponding to the 
processing, recycling, and transportation of C&D waste. The study assumes 100% conversion of C&D 
waste sent for recycling into usable RCA.  

From the literature, the carbon dioxide emission due to concrete is estimated to be around 73.1 
kg of CO2 per ton of C&D waste generated. Based on the estimated carbon dioxide emission, the value 
of total carbon emissions due to recycling and reuse of the C&D waste is provided in column D. The 
carbon emissions due to transportation related to recycling and reuse are also covered in column E. 
The amount of carbon emission during reuse, recycling and transportation is considered as per [27,28] 
given in column E. The savings due to recycling and reusing are considered, and the total carbon 
equivalent is calculated for the present recycling status in Maharashtra, given in Table 4. The total 
usage of the recycled aggregates is considered to be 25 % as per IS 383-2016. The entire recycled 
waste, if utilized, leads to savings of around 23% in carbon emissions. Figure 14 provides a visual 
representation of a comparison between the carbon equivalent of conventional concrete and 25% RCA-
replaced concrete. Figure 14 shows a significant saving in carbon emissions. 

Table 3. Computation of carbon equivalent for recycled C&D waste. 

Sr.no (A) 

Year 

(B) Total C&D 

waste generated 

(C) Processing 

and recycling of 

C&D waste 

(D) Carbon 

equivalent 

processing 

/recycling kg CO2 

(E) Carbon 

equivalent 

transportation of C&D 

waste kg CO2 kg /ton 

(F) Carbon 

equivalent saved due 

to recycling credits x 

kg /ton (-) 

(G) Total 

carbon 

equivalent 

generated in 
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/ton of waste (+) (+) kg CO2 / ton 

1 2019 1658864 27402 36324 94631 31857 99098 

2 2020 4704569 44004 58332 151965 51158 159138 

3 2021 3729637 80098 276615 106179 93121 289672 

4 2022 6256093 129304 171407 446545 150328 467624 

5 2023 3008585 218678 289882 755194 254233 790842 

Table 4. Computation of concrete replacement potential and carbon equivalent.  

Sr. 

No. 

Year Total 

quantity of 

conventional 

concrete 

Total 

quantity of 

concrete with 

RCA (75%) 

Aggregate

s replaced 

with RCA 

(25 %) 

The carbon 

equivalent of 

conventional 

concrete 

Carbon 

equivalent of 

75% concrete 

Carbon 

equivalen

t of 25% 

RCA 

concrete 

Total carbon 

equivalent if 

RCA is used 

in 

construction 

(75% + 25% 

RCA) 

Difference 

between the 

carbon equivalent 

of conventional 

concrete and 

RCA replaced 

concrete 

% 

saving 

1 2019 109608 82206 27402 8012329 6009247 99098 6108345 1903984 23.76 

2 2020 176015 132011 44004 12866682 9650011 159138 9809150 3057532 

3 2021 320392 240294 80098 23420679 17565509 289672 17855181 5565497 

4 2022 517216 387912 129304 37808490 28356367 467624 28823991 8984498 

5 2023 874712 656034 218678 63941447 47956085 790842 48746928 15194519 

 

Figure 14. Visual representation of comparison between carbon equivalent of 
conventional concrete and 25% RCA replaced concrete. 
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If the entirety of C&D waste were considered a resource, it would result in huge carbon emissions 
savings. Table 5 provides the computation of concrete replacement potential and carbon equivalent for 
the total quantity of C&D waste generated.  

Table 5. Computation of concrete replacement potential and carbon equivalent for the total 
quantity of C&D waste generated. 

Sr. 

No. 

Year Total quantity 

of 

conventional 

concrete for 

100% C&D 

waste 

utilization 

Total quantity 

of concrete 

with RCA 

(75%) for 

100% C&D 

waste 

utilization 

Aggregates 

replaced with 

RCA (25 %) 

for 100% C&D 

waste 

utilization 

Carbon 

equivalent of 

conventional 

concrete for 

100% C&D 

waste 

utilization 

Carbon 

equivalent of 

75% 

concrete for 

100% C&D 

waste 

utilization 

Carbon 

equivalent of 

25% RCA 

concrete for 

100% C&D 

waste 

utilization 

Total carbon 

equivalent if 

RCA is used in 

construction 

(75% + 25% 

RCA) for 100% 

C&D waste 

utilization 

Difference 

between the carbon 

equivalent of 

conventional 

concrete and RCA 

replaced concrete 

for 100% C&D 

waste utilization 

% 

saving 

1 2019 6635457 4976593 1658864 485051909 363788931 99098 363888030 121163879 24.99 

2 2020 18818275 14113706 4704569 1375615882 1031711912 159138 1031871050 343744832 

3 2021 14918544 11188908 3729636 1090545596 817909197 289672 818198869 272346727 

4 2022 25024372 18768279 6256093 1829281593 1371961195 467624 1372428819 456852774 

5 2023 12034340 9025755 3008585 879710254 659782691 790842 660573533 219136721 

 

Figure 15. Visual representation of comparison between carbon equivalent of 
conventional concrete and 25% RCA replaced concrete for 100% C&D waste utilization. 

The analysis indicates a huge savings of around 25% in carbon emissions due to the full utilization 
of RCA in construction (Figure 15). The amount of C&D waste is increasing in Maharashtra as well 
as increasing globally. If measures addressing recycling and reuse are promoted and adapted, 
significant carbon saving can be achieved. 
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4. Conclusion 

The growing population and rapid urbanization are causing a significant demand for residential 
and infrastructure facilities. This, in turn, leads to a problem of waste disposal as cities generate large 
amounts of C&D waste. Additionally, the construction industry's need for natural aggregates 
negatively impacts the ecological balance and air and water quality. To address these issues, our study 
proposes detailed data analytics to predict future CO2 emissions, focusing on the cement industry's 
contribution. Our findings suggest carbon dioxide emissions will reach 4–6 billion tons within 30 
years. Therefore, it is crucial to implement carbon sequestration methods and prioritize using RA. 
Furthermore, it is planned to analyse the carbon footprint in select regions of India utilizing this 
approach and conduct feasibility studies with the involvement of stakeholders for global impact. The 
present study promotes treating and reusing RA with carbon sequestration techniques as an effective 
way to reduce the overall carbon footprint. It can contribute towards achieving a circular economy by 
utilizing RCAs from C&D waste. The goal of the framework is to decrease the demand for cement in 
the concrete mix without compromising the strength of the concrete. The effectiveness of the 
framework is assessed by using a case study of Maharashtra data on C&D waste and exploring the 
potential for recycling this waste. The findings reveal a significant reduction of approximately 23–
25% in carbon emissions that would have otherwise contributed to greenhouse gases and global 
warming. This paper advocates for a circular economy by reusing and recycling C&D waste. 

The RMSE value of 75.24 generally indicates that the polynomial regression model is functioning 
effectively on the provided data. However, since it was crucial to consider more advanced time series 
forecasting methods for longer-term predictions and when dealing with more intricate time-related 
patterns, more sophisticated regression models or advanced time series forecasting techniques such as 
ARIMA or SARIMA are utilized. In this study, when carbonated recycled aggregates are used in 
producing mortars and concrete, results showed enhanced workability while reducing shrinkage 
compared to those made with uncarbonated RA. 
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